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Preface

The field of stress analysis has gained its momentum from the widespread applications in
industry and technology and has now become an important part of materials science. Various
destructive as well as nondestructive methods have been developed for the determination of
stresses. The author of this book aimed at a comprehensive review of the nondestructive
techniques for strain measurement and stress evaluation. Experts of the respective fields were
recruited to contribute to this book.

For all the experimental methods described in this book, i.e. X-ray and neutron diffraction,
ultrasonic and micromagnetic techniques, an explanation is given of the underlying physical
principles, the instruments used, the data acquisition strategies and the data evaluation proce-
dures. Representative results are given and compared with the results of mechanical testing
methods, of theoretical investigations, and of finite-element calculations, although the calcu-
lation methods themselves are not dealt with. The bulk of the results refer to metallic
materials; but ceramic, polymeric and composite materials are dealt with as well.

The largest part of this book is devoted to X-ray stress analysis (XSA). A special effort was
made to deal with all those cases where the simple siny-method is inapplicable or leads to
questionable results, i.e. where the lattice parameter vs. sin®y-distributions are nonlinear
because of texture, strong plastic deformation or very steep stress gradients. The main content
of this book will therefore be the measuring and evaluation methods, which can help to solve
the problems of today, the numerous applications of metallic, polymeric and ceramic materials
as well as of thin-film-substrate composites and of advanced microcomponents. The big fields
of origin and calculation of residual stresses are not dealt with. This book contains data,
results, hints, and recommendations that are valuable to the laboratories for the certification
and accreditation of their stress analysis. Some of the experimental results shown here were
deliberately chosen from rather early investigations using film techniques, and that for two
reasons: on the one hand to demonstrate the value of the early investigations, and on the other
hand to stimulate similar studies using modern equipment to confirm and to supplement the
early results.

Stress analysis is an active field in which many questions remain unsettled. Accordingly,
unsolved problems and conflicting results are discussed in this book as well. Last but not
least, the assessment of the experimentally determined residual and structural stress states on
the static and dynamic behavior of materials and components will be discussed in a special
part.

The total number of publications dealing with the topic of this book is so large that it was
not possible to list them all. Nevertheless, we think that the references given here will be very
useful for any newcomer in the field. For the purpose of documenting the development of a
special method from its very beginnings to the present state-of-the-art, some papers published
already a long time ago were included into the list of references. Of course, such a selection of
"historically important” publications will inevitably be subjective. Some enlightening ideas on
this matter can be found in the booklet "The History of Physics" by Max von Laue
(Universitits-Verlag, Bonn, 1946), from which we quote a paragraph (p. 15 - 16, translation
by L. Pintschovius).

"For all epochs the following statement is valid: when an important finding has been pub-
lished by a particular scientist, it will not take long to hear that the finding is not really new.
There will be persons claiming either for themselves or for a third party to have had



"essentially” the same idea. Sometimes these complaints are not totally wrong. There are cases
where a certain discovery is "in the air", and indeed is made independently by several persons
as a result of the general development. According to Lord Rutherford it is even rarely the case
that a scientific discovery is made without substantial preparatory work by the scientific
community. Nevertheless, complaints of the sort in question should be met with scepticism.
Very often they are based on vaguely worded conjectures that are interpreted with hindsight as
equivalent to the clear view achieved by others. Sometimes a person makes an observation or
gets an idea, but the importance and consequences of this observation or this idea is grasped
only by somebody else. A discovery should be dated only to that point of time when it was
described with sufficient clarity and definiteness to have an impact on further progress. If it is
true that it was published this way, then the original publication should not be scrutinized
punctiliously, if really every detail is correct. Perfection cannot be achieved by men."

Concerning the references the author tried to follow the spirit of Max von Laue: Cite the
first conjecture and the most complete handling of the new effect. We hope that this procedure
to make reference older literature of premium papers will stimulate other scientists to imitate
this model.

The author is pleased to present this book to students and engineers of materials science
and scientists working in laboratories at universities or in industries. We hope that the book
will find interested readers.

The author gratefully thanks the named experts for their valuable contributions which
helped to shape the book into an integral whole. Special thanks are granted to Prof. Dr. W.
Reimers and to Dr. H. Behnken for their engagement adding or improving some sections. The
English-American wording was kindly revised and improved by Dr. H. Ledbetter, National
Institute of Standards and Technology, Boulder, Colorado, USA and by Dr. L. Pintschovius,
Institut fiir Nukleare Festkorperphysik, Kernforschungszentrum Karlsruhe, Karlsruhe. The
help preparing the manuscript and the secretary work with special care for figures, tables and
formulae of Dipl.-Phys. J. Birkhélzer, S. Charisis, Dipl.-Phys. D. Chauhan and Dipl.-Phys. B.
Kriiger of the authors group in Aachen and of Mrs. B. Luhm, Hahn-Meitner-Institut, Berlin
will be appreciated. The Publisher brought up a lot of patience till the finishing of the book.
Thank you.



1 Introduction

1.1 Existing literature

The interest and significance of a scientific branch is documented by the published litera-
ture, papers in journals and books. The number of papers which appeared in journals each year
is plotted in Figure 1. Three periods of growing efforts can be distinguished: up to 1960, from
1960 to 1980, and later. At present, more than 100 papers per year are published. Not all are
of genuine nature, part of the sum is secondary literature. But Conferences in Europe, Interna-
tional Conferences on Residual Stresses (1. ICRS in Garmisch Partenkirchen 1986, 2. ICRS in
Nancy 1988, 3. ICRS in Tokushima 1991, 4. ICRS in Baltimore 1994, 5. ICRS in Linképing
1997) and the yearly Denver X-Ray Conferences are of big importance; they elicit great
response and give impetus to the worldwide expansion and development of this scientific
section.

Figure 1. The publications per year and the cumulative number on X-ray and neutron-ray
stress analysis. (Literature survey by J. Hauk), plot [1] updated.

The following books, major parts of books and Conference proceedings treat the origin, the
measurement and the assessment of structural and residual stresses.

F. Halla, H. Mark: Réntgenographische Untersuchung von Kristallen, J.A. Barth, Leipzig
1937.

H.P. Klug, L.E. Alexander: X-Ray Diffraction Procedures, I. Wiley, New York 1954.



G. Clark: Applied X-Rays, Mc Graw-Hill Book Comp. New York, Toronto, London, 4th edi-
tion 1955.

Internal Stresses and Fatigue in Metals, eds: G.M. Rassweiler, W.L. Grube, Elsevier Publish-
ing Company, Amsterdam, London, New York, Princeton 1959.

M. v. Laue: Rontgenstrahleninterferenzen, Akad. Verlagsges., Leipzig, 3rd edition 1960.

A. Peiter: Eigenspannungen I. Art - Ermittlung und Bewertung, Michael Tritsch Verlag,
Diisseldorf 1966.

R. Glocker: Materialpriifung mit Rontgenstrahlen unter besonderer Beriicksichtigung der
Réntgenmetallkunde, Springer-Verlag, Berlin, Heidelberg, New York, 5th edition 1971.

Residual Stress Measurement by X-Ray Diffraction, SAE J 784a (1971).
Mechanische Anisotropie, ed.: H.P. Stiiwe, Springer-Verlag, Wien, New York 1974.

X-Ray Studies on Mechanical Behaviour of Materials, ed.: S. Taira, The Society of Materials
Science, Japan 1974,

Spannungsermittlungen mit Rontgenstrahlen. In: Harterei Tech. Mitt. 31, 142/76, 1976.

J. Hauk, Literature on residual-stress analysis with X- and neutron-rays.
(Schrifttum tiber Spannungsermittlung mit Rontgen- und Neutronenstrahlen)
1925-1975 in: Hirterei Tech. Mitt. 31 (1976), 112-124.
1975-1981 in: HTM-Beiheft Eigenspannungen und Lastspannungen, eds.: V. Hauk,
E. Macherauch, Carl Hanser Verlag Miinchen, Wien (1982), 223-237.
1982-198S, supplements to 1981 in: HTM 42 (1987), 225-239.
1986-1988, supplements to 1985 in: HTM 45 (1990), 373-388.
1989 in: HTM 47 (1992), 189-195.
1990 in: HTM 48 (1993), 133-136.
1991-1992 in: HTM 49 (1994), 406-419.
H. Behnken, 1993, 1994, e-mail: zfp@iwk.rwth-aachen.de.

C.S. Barrett, T.B. Massalski: Structure of Metals, Pergamon Press, Oxford 1980.

Eigenspannungen, Entstehung - Berechnung - Messung - Bewertung, DGM Informations-
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1.2 Significance of structural and residual stress analysis for
materials science and technology

The next three blocks are taken from a previous paper [2].

It is well established that virtually no material, no component and no structure of technical
importance exists free of residual stresses (RS). RS are always produced if regions of material
are inhomogeneously elastically or plastically deformed in such a permanent manner that
incompatibilities of the state of deformation occur. Especially in structural parts, a great
variety of RS-states can exist as a consequence of various technological treatments and
manufacturing processes.

As a matter of fact, RS can have both detrimental and favourable consequences for the
behavior of materials, components and structures under certain conditions. The experiences
reach from the explosion of heat-treated shafts lying unloaded on stock up to the dramatic in-
crease of fatigue strength of components resulting from mechanical or thermomechanical
surface treatments. Now as before, however, in actual cases the knowledge of the really exist-
ing RS is mostly unsatisfactory, and a large lack of RS-data exists in this respect. Conse-
quently, reliable experimental methods for RS-determination are of great practical importance.

All technical components and structures have to be designed and fabricated with sufficient
reliability. In the correct dimensioning of structural parts, the relation between local stresses
and strength response of the materials used must be considered. Consequently, RS have to be
taken into account in the design to make the component safe and reliable.

The stress state is a characteristical parameter of the material state; together with the
microstructure and the texture, the stress situation defines the material properties. A summary
of the origins of RS is given in Figure 2. It includes the RS that arise from various mechanical
treatments.

Formation of Residual Stresses I

material material processing material load
L____e.g. multiphase material, | Casting | Mechanical
inclusions (thermal residual stresses) e.g. rolfing
| Reshaping | Thermal
(inhomogeneous plastic deformation}) temperature fields
|___. Cutting — Chemical
(working residual stresses: H-diffusion
grinding, honing)
L Joining
(brazing, welding)
{—— Coating
L Material properties

(e.g. case hardening)

Figure 2. Origin of residual-stress formation [3].



The importance and the wide scope of residual-stress analysis is also demonstrated by the
applications that E. Macherauch listed in his introduction to the session “Residual Stresses
and the Distortion due to the Influence of Heat” within the 3rd ECRS held 1992 in Frankfurt/
Main [4]:

- Analysis and evaluation of residual-stress states occurring as a consequence of
distinct heat treatments or combinations of thermal and non-thermal treatments.

- Improvement of measuring techniques for the analysis of residual-stress systems.

- Modeling of distinct processes causing residual stresses and quantitative calculations
of residual-stress distributions.

- Determination and evaluation of micro-residual stresses.

- Elucidation of the influence of grain size and grain anisotropy on the development of
residual-stress states.

- Residual-stress analysis of thermally treated multiphase material states.

- Evaluation of shape- and size-effects on the development of residual stresses.

- Determination of unknown material data for the calculation and evaluation of
residual-stress distributions.

The term stress state means the knowledge of the triaxial stress tensor over the entire cross
section of the component, the determination of all kinds of RS in all phases of the material,
and a complete study of the outermost surface region. In recent years, progress has been
achieved concerning the knowledge about the different kinds of micro-RS and about the influ-
ences, that different parameters - like external mechanical load, temperature or environment -
exert over their stability or relaxation. Here, diffraction methods, which allow to separate
micro- and macro-RS, are an indispensible tool. A better understanding of the processes in the
material science was also achieved with the help of the Eshelby/Kréner [5,6] theory. These
papers and the many applications of the theory are basic tools of all scientists in the strain-
stress area.

Progress in materials science and technology has lead to new challenges for residual-stress
analysis. As examples, advanced multiphase materials, thin-film-substrate composites,
ceramics, and polymers must be mentioned. Studying the RS-state of these materials, espe-
cially after various mechanical surface treatments, resulted in advances of measuring tech-
niques and of evaluation methods. Here, problems accumulate due to depth gradients of
macro- and micro-RS, of microstructure and of texture. Although theoretical and experimental
studies already dealt with this complex situation, further progress must be achieved.

Stress analysis by nondestructive methods has brought new conceptions of stress values
into the discussion. Earlier, values exceeding some hundreds of MPa were commonly han-
dled. Measurements with X-rays on film-substrate composites yielded large values of many
thousands of MPa. Metallurgical studies of the influence of solute atoms in thin films by
Oecttel and others [7] gave values of ten thousand MPa. Values of this order are hard to
believe, but they are realistic and must be considered.

Stress analysis is important for components and constructions of every size. The stress state
of joints in platforms in rough sea environment, of large diameter pipelines, of essential parts
of aircrafts, or of machines has to be determined, as well as that of small components in micro
electrical devices and single crystals within polycrystalline metals. The areas that are to be
checked for RS are of different size, they range from large areas in the neighborhood of
welding zones to small parts of microchips. The extensions of stress fields are demonstrated
by a plot of linear dimensions of microstructures and defects [8] in Figure 3.
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Figure 3. Linear dimensions of microstructure and defects [8].

The strain- stress- analysis is of particular utility for elucidating causes of failure. Even the
stresses are basically relaxed due to the formation of cracks and the occurence of fractures,
measurements offer a lot of information on the damaged spot itself, on the region nearby, or
on another appropriate spot of the component.

Residual stresses are of special interest in view of the improvement of material properties
and of the increase of the lifetime of components. It has to be the aim to induce RS of the
proper sign and magnitude for the choice of an appropriate manufacturing process and of the
fabrication parameters. The RS should be distributed in such a way over the component that
the external load is counterbalanced as far as possible, especially in the most critical part of
the component [9].

The performance of stress analysis regarding time and location is related with the manufac-
turing and the lifetime of the component. Of specific interest are in situ installations to control
the origin, the propagation, the stability, the increase or the relaxation of RS. In many produc-
tion facilities, the RS-state analysis is a quality control instrument. Despite much progress in
stress analysis with regard to scientific knowledge its use in industrial laboratories and on site,
there will ever be need for further studies and new applications. The following chapters will
show the present state of the art of the nondestructive methods, the problems that remain
unsolved, and the accommodations to use the techniques in science and practice. The goals are
to elaborate new ideas, new methods of measurement and evaluation, to increase their use in
manufacturing processes and to insert the effect of RS into standards and customers specifi-
cations.
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1.3 Characteristics of different methods of evaluating structural-load
stresses (LS) and residual stresses (RS)

The methods to determine LS and RS increased in recent years, and also the variety of
applications. This has one main consequence: the selection of the proper method has become
more complex. A lot of characteristics have to be considered to find the optimal technique.
Figure 4 shows the linear dimensions of different nondestructive methods for RSA. In cases
where information about the stress states over several magnitudes of length is needed, at least
two complemetary methods must be used.

Figure 4. Nondestructive testing techniques versus linear dimensions {8].

The different nondestructive methods will be dealt with in the respective sections and
chapters. Here, a comparison of the different methods will be given without going into detail,
more or less as a summary. The first comparative description was published by [2]; we present
it in an updated and revised form. The important features are:

Physical principle, measurement of strain or other material parameter

Relative or absolute method

Required data for evaluation

Determination of a single stress component or a combination thereof (6,,-Gs3, G, £ G,,)
LS and/or RS
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Macro- and/or micro-RS, phase specific measurement
Penetration depth

Accuracy of measurement

Surface condition

Minimum gauge volume

Possibility of determining gradients

Examples of equipment, time, objects

Required environment conditions

Table 1 contains the characteristics of various techniques, some remarks will follow [2 up-
dated].

LS and RS cannot be determined directly. Distinct physical quantities have to be measured,
from which the kinds of RS causing them can be derived. In this respect, a distinction has to
be made between destructive and nondestructive measuring techniques. According to their
nature RS can be derived
- from macroscopic strains that are released while material is removed from parts loaded by

RS. This is the basis of all mechanical methods, thus exclusively investigating RS of the

I. kind
- from homogeneous residual lattice-strain distributions. This is the basis of X-ray and neu-

tron diffraction methods, which determine RS of the I. and II. kind
- from propagation velocities and birefringence of ultrasonic waves influenced by RS

I. kind. A survey is given in Table 2 {10].

- from magnetic properties and phenomena that are influenced by all kinds of RS.

The mechanical techniques, well established in materials technology, have been improved
in recent years by the development of new semi-nondestructive methods, with which also
strains in relatively small areas in surface near regions of distinct material states can be
measured. The X-ray techniques have achieved a wider application because the equipment has
become easier to handle, and the measurements are less time consuming. The neutron-diffrac-
tion techniques offer unique advantages in determining RS within the cross section of struc-
tural parts. In recent years, nondestructive techniques using ultrasonic and magnetic quantities
have also been rapidly developed. However, further investigations have to be made and more
practical applications must be developed, if reliable results are to be obtained with these new
methods.

Figure 5 shows the range of the analyze methods [2]. The trend of stress-state studies is the
use of more than one method to solve complicated stress states or to calibrate one method by
the other. The final results should be complemented by an error analysis and a modeling
study.



Table 1. Characteristic data of the various techniques to measure strains and related quantities to evaluate LS and RS [2 updated].

Techniques Measuring quantities Required data Surface condition | Smallest analyzed
area/diameter
Boring out, Strains caused by releasing Young's modulus, Suitable for applica-
turning off, of stresses Poisson's ratio, tions of strain gages
Mechanic sectioning calib{ation coefficients/
functions
Hole drilling, 1.8 mm
Ringcore 14 mm ring diamet,
Bragg’s angles, X-ray elastic constants, Roughness 0.2 mm diamet.
X-rays lattice strains in different directions | lattice parameter of stress- | (arithmetical mean) times penetration
of stress states free material state in <2x average depth
Diffraction special cases penetration depth
Synchrotron radiation
0.5%0.5%10 mm?
Neutrons volume
Velocities or times-of-flight of Ultrasonic path length, Roughness <0.1 % ultra-|
longitudinal and/or shear and/or SH| Young’s, shear moduli and | sonic wavelength with | 30 mm? probe area
Ultrasonic . and/or Rayleigh waves propagating | III. order-elastic constants 10.3 <A <5 mm
Acousto-elasticity  {and vibrating in principal stress di- |or acoustic-elastic con-
rections and, in case of texture, also|stants of material under Brushed surfaces
in principal directions of texture investigation sufficient
Incremental permeability vs. H¢ The measured ferromag- | Roughness
Magnetinductive (tangential magnetic field strength), | netic quantities have to be | < 0.1x probe diameter, | Imm?2
eddy current parameters calibrated by X-ray or by [surface preparations
strain-gage measurements |are not necessary
. Amplitude of the magnetostrictively,
Micro- . ited ultrasonic waves vs. H 10 mm?
ic |Magnetoelastic excitec ultrason >t
magnetic amplitude of the acoustic Bark-
hausen noise vs. Hy
Amplitude of the magnetic Bark-
Ferromagnetic hausen noise vs. H, 0.5 mm?

distortion factor

¢l



Table 1. continued.

Evaluated Stress Accuracy of Evaluation of Equipment Applications
evaluated stress stress gradient Measuring time
Possible Strain gage (rosette) All kinds of components
measuring device, (dimension > 10mm)
Variation of hole drilling | depending on the extent of if geometrical conditions
1. kind + 10 MPa depth the measurements are fulfilled

Variation of ring notch
depth

triaxial stress states,

I.+I1. kind,

separation possible in specific
cases,

applicable to each phase of
multiphase-materials with
sufficient volume content

Depending on materials
state and measuring
effort + 10 MPa.

Variation of wavelength
and/or etching depth

Shifting of specimen in
steps of 0.5 mm

X-ray source, diffractometer,
minutes to hours per stress
component.

Synchrotron-ray source,
diffr., min. to hours per stress
component.

Neutron-ray source, diffr.,
hours per stress component

All kinds of components
and materials with at least
one crystalline phase of
sufficient volume content

I. kind (macrostresses),
surface stresses, bulk stresses.
The result is a mean value of
the principal stress or of the
difference of two principal
stresses acting in the part of
the component, propagated by
ultrasonic wave(s)

+ 3.5 % of stress value
+( 5-10) MPa

If microstructure is known
alteration of frequency

of surface waves for
analyzing depths between
0.3 and S mm

Set-ups to measure ultrasonic
times-of-flight,

set-ups for automated evalu-
ation of stress states,

I measurement per minute up
to 200 measurements per
second

Components of metallic
and ceramic materials,
increasing efforts are
necessary in case of
pronounced textures

I.+IL+II. kind,
multiparameter testing proce-
dures are necessary to sup-
press disturbances and to get
quantitative results after
calibration

Reproducibility
about 10 %

Variation of analyzed
frequency with particular
consideration of micro-
structure and texture

Multiparameter
micromagnetic device,
1 sec. per measuring quantity

Components of ferro-
magnetic material, except
regions which can not be
excited magnetically

14!
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Table 2. Determination of the macrostress states by means of ultrasonic techniques {10].

stress state technique result remarks
shear horizontal o1 65 penetration depth £ 6 mm
longitudinal wave (SL) ’ length > 30 mm
surface stresses penetration depth < 3 mm
uniaxial or Rayleigh wave (R) (01,62) (~0.3 - 0.5 mm steps)
biaxial length > 50 mm
penetration depth < 3 mm
- C1,0
SH-wave (SH) (01,02) length > 50 mm
volume stresses | longitudinal and trans- o) gage area > 3 mm diam.
uniaxial verse wave (L+T) length = thickness
o doub’le rtf,fraction @27 0)-02 gage area > 3 mm diam.
biaxial longitudinal wave (L) 0110 length = thickness
2T+L 61,02
longitudinal wave (L) G}, 02, 03 test area 2 3 mm diam.
length = thickness
transverse wave (T) O1, G2, O3 propagation along
triaxial mainstress direction
0,-03 along o
double refraction (2T) 03-G7 along 6,
0,-0) along o3
--4———————— Boring out, turning off, sectioning —~————————1-
4 Hole drilling ———————
————— Ringcore technique ———-——t------| -
D Bt 4 Cu-Ka,
X-rays and Synchrotron radiation
—t t Mo-Kq.
Neutron °
diffraction
L-, S-waves -
SH-surface waves ——e——————
Magn. and —_
magn./acoust. methods
0.001 0.01 0.1 1 10

Measuring range, penetration depth, min. thickness in mm

Figure 5. Measuring range and penetration depth of the different techniques,
minimal thickness of the material to be tested [2].
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Phys. USSR 6 (1929), 3-16.

Residual stress determination
R. Drahokoupil: Ermittlung von Eigenspannungen in metallischen Werkstiicken mit-
tels Rontgenstrahlen, VDI Z. 74 (1930), 1422.

Strain/stress determination
G. Sachs, J. Weerts: Elastizititsmessungen mit Rontgenstrahlen, Z. f. Phys. 64 (1930),
344-358.

Strain/stress determination )

A.E. van Arkel, W.G. Burgers: Eine zur Bestimmung von kleinen Anderungen in der
Gitterkonstante des a-Eisens geeignete Rontgenstrahlung, Z. Metallkde. 23 (1931),
149-151.

Discovery of the neutron
J. Chadwick: The existence of a neutron, Proc. Roy. Soc. London A136 (1932),
692-708.

Strain/stress determination
F. Regler: Neue Methode zur Untersuchung von Faserstrukturen und zum Nachweis
von inneren Spannungen an technischen Werkstiicken, Z. f. Phys. 71 (1931), 371-388.

Strain/stress determination
F. Wever, H. Moller: Uber ein Verfahren zum Nachweis innerer Spannungen, Arch. f.
d. Eisenhiittenwesen 5 (1931), 215-218.

Strain/stress determination
C.S. Barrett: Internal Stresses: Metals a. Alloys 5 (1934), 131-135, 154-158, 170-175,
196-198, 224-226.



1935

1936

1937

1938

Strain/stress determination
R. Berthold: Anwendungsmdoglichkeiten der Rontgenstrahlung zur Ermittlung von
Spannungen in Werkstoffen und Bauteilen, Z. f. techn. Phys. 15 (1934), 42-48, 207.

Strain/stress determination
R. Glocker: Rontgenstrahlen und Werkstofforschung, Z. f. techn. Phys. 15 (1934),
421-429.

Strain/stress determination

S. Tanaka, C. Matano: The New Method for the Detection of the Internal Strain of
Solids by Radiograph, J.S.M.E. Japan 37 (1934), 860-863, Proc. Phys.-Math. Soc 16,
(1934) Ser. 111, 288-290.

Single stress component
R. Glocker, E. Osswald: Einzelbestimmung der elastischen Hauptspannungen mit
Rontgenstrahlen, Z. f. techn. Phys. 16 (1935), 237-242.

Elastic anisotropy

H. Moller, J. Barbers: Rontgenographische Untersuchung iiber Spannungsverteilung
und Uberspannungen in Flufistahl, Mitt. K.W.I. Eisenforsch., Diisseldorf 17 (1935),
157-166.

Single stress component
C.S. Barrett, M. Gensamer: Stress Analysis by X-Ray Diffraction, Physics 7 (1936),
1-8.

Single stress component
F. Gisen, R. Glocker, E. Osswald: Einzelbestimmung von elastischen Spannungen mit
Roéntgenstrahlen I1, Z. f. techn. Phys. 17 (1936), 145-155.

Neutron capture
H. Halban, P. Preiswerk: Physique Nucleaire - Sur ’existence de niveaux de resonance
pour la capture de neutrons, C.r. hebd. Séanc. Acac. Sci. Paris 73 (1936), 133-135.

Neutron diffraction
D.P. Mitchell, P.N. Powers: Bragg Reflection of Stow Neutrons, Phys. Rev. 50 (1936),
486-487.

Stress component in the thickness direction
W. Romberg: X-Ray Determination of Stress-Tensor, Tech. Phys. USSR 4 (1937),
524-532.

Plastic bending
F. Bollenrath, E. Schiedt: Rontgenographische Spannungsmessungen bei Uberschrei-
ten der FlieBgrenze an Biegestiben aus Fluistahl, VDI Z. 82 (1938), 1094-1098.
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1939

1940

1941

Elastic anisotropy

R. Glocker: Einfluf einer elastischen Anisotropie auf die rontgenographische Messung
von Spannungen, Z. f. techn. Phys. 19 (1938), 289-293.

Single stress component

R. Glocker, B. Hess, O. Schaaber. Einzelbestimmung von elastischen Spannungen mit
Rontgenstrahlen 111, Z. f. techn. Phys. 19 (1938), 194-204.

Elastic anisotropy

E. Schiebold: Beitrag zur Theorie der Messungen elastischer Spannungen in Werk-
stoffen mit Hilfe von Rontgenstrahl-Interferenzen, Berg- u. Hiittenw, Monatsh. 86
(1938), 278-295.

Plastic strain
F. Bollenrath, V. Hauk, E. Osswald: Réntgenographische Spannungsmessungen bei

Uberschreiten der FlieBgrenze an Zugstéiben aus unlegiertem Stahl, VDI Z. 83 (1939),
129-132.

Single crystals )

F. Bollenrath, E. Osswald: Uber den Beitrag einzelner Kristallite eines vielkristallinen
Korpers zur Spannungsmessung mit Rontgenstrahlen, Z. Metallkde. 31 (1939),
151-159.

Dynamic load
R. Glocker, G. Kemmnitz, A. Schaal: Rontgenographische Spannungsmessung bei
dynamischer Beanspruchung, Arch. f. d. Eisenhiittenwesen 13 (1939/40), 89-92.

Elastic anisotropy
H. Moller, G. Martin: Elastische Anisotropie und réntgenographische Spannungsmes-
sung, Mitt. KWI Eisenforsch., Diisseldorf 21 (1939), 261-269.

Triaxial evaluation
O. Schaaber: Rontgenographische Spannungsmessungen an Leichtmetallen, Z. f.
techn. Phys. 20 (1939), 264-278.

Plastic compression )
F. Bollenrath, E. Osswald: Rontgen-Spannungsmessungen bei Uberschreiten der
Druck-FlieBgrenze an unlegiertem Stahl, VDI Z. 84 (1940), 539-541.

Geiger counter, Q-diffractometer
R. Lindemann, A. Trost: Interferenz-Zihlrohr als Hilfsmittel der Feinstrukturforschung
mit Rontgenstrahlen, Z. Physik 115 (1940), 456-468.

Elastic anisotropy, XEC

F. Bollenrath, E. Osswald, H. Méller, H. Neerfeld: Der Unterschied zwischen mecha-
nisch und réntgenographisch ermittelten Elastizititskonstanten, Arch. f. d. Eisenhiit-
tenwesen 15 (1941/42), 183-194.
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1949
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1952
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Calculation of XEC
H. Neerfeld: Zur Spannungsberechnung aus réntgenographischen Dehnungsmessun-
gen, Mitt. KWI Eisenforsch., Diisseldorf 24 (1942), 61-70.

D;-determination
A. Durer; Verfahren zur Bestimmung der Gitterkonstanten spannungsbehafteter Pro-
ben, Z. Metallkde. 37 (1946), 60-62.

Micro-RS after deformation
G.B. Greenough: Residual Lattice Strains in Plastically Deformed Metals, Nature 160
(1947), 258-260.

Geiger counter
H. Méller, H. Neerfeld: Die Verwendung des Interferenz-Zahlrohrs zur réntgenogra-
phischen Spannungsmessung, Arch. f. d. Eisenhiittenwesen 19 (1948), 187-190.

Stress gradient
E. Osswald: Der EinfluB einer tiefenabhéingigen Spannungsverteilung auf die rontge-
nographische Spannungsmessung, Z. Metallkde. 39 (1948), 279-288.

K,-doublet separation
W.A. Rachinger: Correction for the o0, Doublet in the Measurement of Widths of
X-Ray Diffraction Lines, J. Sci. Instr. 25 (1948), 254-255.

Plastic strain
W.A. Wood: The behaviour of the lattice of polycrystalline iron in tension, Proc. Roy.
Soc. A 192 (1948), 218-231.

Micro-RS
G.B. Greenough: Residual lattice strains in plastically deformed polycrystalline metal
aggregates, Proc. Roy. Soc. London A 197 (1949), 182-186.

D,-determination

R. Glocker: Bestimmung der Spannung und des Wertes der Gitterkonstanten fiir den
spannungsfreien Zustand aus einer Rontgenstrahlaufnahme, Z. Metallkde. 42 (1951),
122-124.

Micro beam method
P.B. Hirsch, I.N. Kellar, An X-Ray Micro-Beam Technique: I-Collimation, Proc. Phys.
Soc. (London) B64 (1951), 369-374.

Single crystallites in coarse-grain steel
G. Frohnmeyer, E.G. Hofmann: Rontgenographische Spannungsmessungen an einzel-
nen Kristalliten eines auf Zug beanspruchten Stahls, Z. Metallkde. 43 (1952), 151-158.



22

1953

1955

1958

1959

1961

Cast iron (multiphase material) D-vs.-sin2y plot

V. Hauk: Réntgenographische und mechanische Verformungsmessungen an GrauguB,
Arch. f. d. Eisenhiittenwesen 23 (1952), 353-361.

D-vs.-sin2y plot
A.L. Christenson, E.S. Rowland: Residual Stress in Hardened High Carbon Steel,
Transactions ASM 45 (1953), 638-676.

Micro-RS
V. Hauk: Réntgenographische Gitterkonstantenmessungen an plastisch verformten
Stahlproben, Naturwiss. 40 (1953), 507-508.

Micro-RS
E. Kappler, L. Reimer: Réntgenographische Untersuchungen iiber Eigenspannungen in
plastisch gedehntem Eisen, Z. f. angew. Phys. 5 (1953), 401-406.

Use of Seemann-Bohlin focusing
G. Wassermann, J. Wiewiorowsky: Uber ein Geiger-Zihlrohr-Goniometer nach dem
Seemann-Bohlin-Prinzip, Z. Metallkde. 44 (1953), 567-570.

Dy-determination, strain-free direction

F. Binder, E. Macherauch: Die dehnungsfreien Richtungen des ebenen Spannungszu-
standes und ihre Bedeutung fiir réntgenographische Spannungsmessungen und Unter-
suchungen von Strukturen, Arch. f. d. Eisenhiittenwesen 26 (1955), 541-545.

Strain/stress within a bicrystal
H. Méller, F. Brasse: Spannungs- und Verzerrungszustand an der Grenzfliche zweier
Kristalle, Arch. f. d. Eisenhiittenwesen 26 (1955), 437-443.

XEC-determination

E. Macherauch, P. Miiller: Ermittlung der réntgenographischen Werte der elastischen
Konstanten von kalt gerecktem Armco-Eisen und Chrom-Molybdén-Stahl, Arch. f. d.
Eisenhiittenwesen 29 (1958), 257-260.

Use of Seemann-Bohlin focusing

A. Segmiiller, P. Wincierz: Messung von Gitterkonstanten verspannter Proben mit
dem Zzhlrohr-Goniometer in der Seemann-Bohlin-Anordnung, Arch. f. d. Eisenhiit-
tenwesen 30 (1959), 577-580.

Y-diffractometer
U. Wolfstieg: Réntgenographische Spannungsmessungen mit breiten Linien, Arch. f.
d. Eisenhiittenwesen 30 (1959), 447-450.

Ceramics
L.N. Grossman, RM. Fulrath: X-Ray Strain Measurement Techniques for Ceramic
Bodies, J. Am. Soc. 44 (1961), 567-571.
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The sinZy method
E. Macherauch, P. Miiller: Das sin2y-Verfahren der rontgenographischen Span-
nungsmessung, Z. angew. Phys. 13 (1961), 305-312.

Micro-RS II1., dislocation celis
B.D. Cullity: Residual Stress after Plastic Elongation and Magnetic Losses in Silicon
Steel, Trans. Metallurg. Soc. AIME 227 (1963), 359-362.

Thin films

A. Segmiiller: Rontgenfeinstruktur-Untersuchungen zur Bestimmung der Kristallit-
grofle und des Mittelwertes der Eigenspannungen 2. und 3. Art an diinnen Metall-
schichten, Z. Metallkde. 54 (1963), 247-251.

Micro-RS
V. Hauk: X-Ray Stress Measurement in the Range of Plastic Strains, Proc. Fourth
Internat. Conf. Non-Destruct. Test., London , 09.-13.09.1963, (1964), 323-326.

Mobile diffractometer

K. Kolb, E. Macherauch: Ein Riickstrahlgoniometer nach dem Bragg-Brentano-Prinzip
zur rontgenographischen Spannungsmessung, J. Soc. Mater. Sci. Japan 13 (1964),
918-919.

y-splitting

M.Ya. Fuks, L.I. Gladkikh: On some distinctive features of the X-ray method of mea-
suring elastic stresses, Zavodskaya Laboratoriya 31 (1965), 978-982 and Industrial
Laboratory 31 (1965), 1217-1221.

Stress gradient
S. Taira, K. Hayashi: Measurement of Stress Gradient by X-Rays, J. Soc. Mater. Sci.,
Japan, 14 (1965), 972-977.

Diffractometer for large components

H. Lange: Ein im Mittelpunkt freies Goniometer zur Ermittlung elastischer Spannun-
gen nach dem Rontgenverfahren und seine Anwendung bei groBen Bauteilen aus dem
Bereich des Eisenbahnwesens, VDI-Ber. Nr. 102 (1966), 51-58.

Fundamental aspects, surface anisotropy

J. Stickforth: Uber den Zusammenhang zwischen rontgenographischer Gitterdehnung
und makroskopischen elastischen Spannungen, Tech. Mitt. Krupp, Forsch.-Ber. 24
(1966), Juli Nr. 3, 89-102.

XEC-calculation, Eshelby-Kroner model
F. Bollenrath, V. Hauk, E.H. Miiller: Zur Berechnung der vielkristallinen Elastizitits-
konstanten aus den Werten der Einkristalle, Z. Metallkde. 58 (1967), 76-82.
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1968

1969

1970

1972

Stress gradient
T. Shiraiwa, Y. Sakamoto: The Effect of X-Ray Penetration on the Stress Measure-
ment of Hardened Steels, J. Soc. Mater. Sci. Japan 16 (1967), 943-947.

Parallel beam method

S. Aoyama, K. Satta, M. Tada: The Effect of Setting Errors on the Accuracy of Stress
measured with Parallel Beam X-Ray Diffractometer, J. Soc. Mater. Sci. Japan 17
(1968), 1071-1076.

Single crystals in a coarse-grain material
F. Bollenrath, V. Hauk, E.H. Miiller: Rontgenographische Verformungsmessungen an
Einzelkristalliten verschiedener KorngréBe, Metall 22 (1968), 442-449,

Position-sensitive detector
C.J. Borkowski, M.K. Kopp: New type of Position-sensitive-proportional detectors of
ionizing radiation using rise-time measurement, Rev. Sci. Instr. 39 (1968), 1515-1522.

Two-phase material, plastic strain
F. Bollenrath, V. Hauk, W. Ohly, H. Preut: Eigenspannungen in Zweiphasen-Werk-
stoffen, insbesondere nach plastischer Verformung, Z. Metallkde. 60 (1969), 288-292.

Plastic strain

F. Bollenrath, V. Hauk, W. Ohly: Uber die Ausbildung von Gittereigenverformungen
in Stihlen nach bleibender einachsiger Dehnung, Arch. f. d. Eisenhiittenwesen 41
(1970), 445-450.

Thin films
R. Feder, B.S. Berry: Seemann-Bohlin X-ray diffractometer for thin films, J. Appl.
Cryst. 3 (1970), 372-379.

Oscillations, textured material

T. Shiraiwa, Y. Sakamoto: The X-Ray Stress Measurement of the Deformed Steel
Having Preferred Orientation, The 13th Jap. Congr. on Mater. Res.- Metal. Mater.
(March 1970), 25-32.

XEC of hexagonal material

P.D. Evenschor, V. Hauk: Berechnung der rontgenographischen Elastizititskonstanten
aus den Einkristallkoeffizienten hexagonal kristallisierender Metalle, Z. Metallkde. 63
(1972), 798-801.

Stress gradient

S. Iwanaga, H. Namikawa, S. Aoyama: X-Ray Stress Measurement of the Specimen
with a Steep Stress Gradient in Its Near Surface Layer, J. Soc. Mater. Sci. Japan 21
(1972), 1106- 1111.
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Oscillations
T. Shiraiwa, Y. Sakamoto: X-Ray Stress Measurement and Its Application to Steel,
Sumitomo Search 7 (1972), 109-135.

RS-definitions
E. Macherauch, H. Wohlfahrt, U. Wolfstieg: Zur zweckmiBigen Definition von Eigen-
spannungen, Hirterei Tech. Mitt. 28 (1973), 201-211.

y-splitting
H. Walburger, Ground steels with y splitting, AWT-Task Group (1973).

XEC of textured material

P.D. Evenschor, V. Hauk: Rontgenographische Elastizititskonstanten und Netz-
ebenenabstandsverteilungen von Werkstoffen mit Textur, Z. Metallkde. 66 (1975),
164-166.

D-vs.-sin?y, textured material
P.D. Evenschor, V. Hauk: Uber nichtlineare Netzebenenabstandsverteilungen bei
réntgenographischen Dehnungsmessungen, Z. Metallkde. 66 (1975), 167-168.

Texture independent direction

V. Hauk, D. Herlach, H. Sesemann: Uber nichtlineare Gitterebenenabstandsvertei-
lungen in Stahlen, ihre Entstehung, Berechnung und Beriicksichtigung bei der Span-
nungsermittlung, Z. Metallkde. 66 (1975), 734-737.

Polymers, amorphous, with metal powder
C.S. Barrett, P. Predecki: Stress Measurement in Polymeric Materials by X-Ray Dif-
fraction, Polymer Engineering and Science 16 (1976), 602-608.

Stress tensor
H. Délle, V. Hauk: Rontgenographische Spannungsermittlung fiir Eigenspannungs-
systeme aligemeiner Orientierung, Hirterei Tech. Mitt. 31 (1976), 165-168.

Plastic strain
G. Faninger, V. Hauk: Verformungseigenspannungen, Harterei Tech. Mitt. 31 (1976),
72-78.

y-splitting
G. Faninger, H. Walburger: Anomalien bei der rontgenographischen Ermittlung von
Schleifeigenspannungen, Harterei Tech. Mitt. 31 (1976), 79-82.

Position-sensitive detector
M.R. James, J.B. Cohen: The Application of a Position-Sensitive X-Ray Detector to
the Measurement of Residual Stresses. Adv. X-Ray Anal. 19 (1976), 695-708.
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1977

1978

1979

Thin films

B. Kémpfe, G. Wieghardt, R. Riihl: Réntgenographische Spannungsmessung in diin-
nen Titankarbidschichten auf Werkzeugstahl, Neue Hiltte 21 (1976), 503-504.

Peak symmetrizing

U. Wolfstieg: Die Symmetrisierung unsymmetrischer Interferenzlinien mit Hilfe von
Spezialblenden, Hirterei Tech. Mitt. 31 (1976), 23-26.

Systematics of lattice strain distributions
H. Dolle, V. Hauk: Systematik méglicher Gitterdehnungsverteilungen bei mechanisch
beanspruchten metallischen Werkstoffen, Z. Metallkde. 68 (1977), 725-728.

Porous materials
V. Hauk, H. Kockelmann: Zur Spannungsermittlung mit Réntgenstrahlen an pordsen
Werkstoffen, Materialpriif. 19 (1977), 148-151.

Two-phase material
V. Hauk, H. Kockelmann: Berechnung der Spannungsverteilung und der REK zwei-
phasiger Werkstoffe, Z. Metallkde. 68 (1977), 719-724.

Welding-RS
H. Wohlfahrt, E. Macherauch: Die Ursachen des Schweilleigenspannungszustands,
Materialpriif. 19 (1977), 272-280.

Texture
H. Dolle, V. Hauk: EinfluB der mechanischen Anisotropie des Vielkristalls (Textur)
auf die rontgenographische Spannungsermittlung, Z. Metallkde. 69 (1978), 410-417.

Integral evaluation method
A. Peiter, W. Lode: Integralverhalten der Réntgenspannungsmessung, VDI-Berichte
313 (1978), 227-236.

Synchrotron radiation
H. Winick, A. Bienenstock: Synchrotron Radiation Research, Ann. Rev. Nucl. Part.
Sci. 28 (1978), 33-113.

Stress gradient

H. Délle, V. Hauk: Der theoretische EinfluB mehrachsiger tiefenabhingiger Eigen-
spannungszustinde auf die rontgenographische Spannungsermittlung, Harterei Tech.
Mitt. 34 (1979), 272-277.

Texture
H. Délle, V. Hauk: Rontgenographische Ermittlung von Eigenspannungen in texturier-
ten Werkstoffen, Z. Metallkde. 70 (1979), 682-685.
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XEC
V. Hauk, H. Kockelmann: Rontgenographische Elastizititskonstanten ferritischer,
austenitischer und gehirteter Stihle, Arch. f. d. Eisenhiittenwesen 50 (1979), 347-350.

Energy dispersive method

M. Kuriyama, W.J. Boettinger, H.E. Burdette: X-ray Residual Stress Evaluation by an
Energy Dispersive System, Accuracy in Powder Diffraction, NBS Special Publication
(energy dispersive method) 567 (1980), 479-489.

NSA
A. Allen, C. Andreani, M.T. Hutchings, C.G. Windsor: Measurement of internal stress
within bulk materials using neutron diffraction, NDT Intern 14 (1981), 249-254.

Stress gradient

T. Hanabusa, H. Fujiwara, K. Nishioka: Theory of the Weighted Averaging Method on
the X-Ray Residual Stress Analysis for the Deformed Layer with Steep Stress Gradient
(Japan.), J. Soc. Mater. Sci. Japan 30 (1981), 247-253.

Grinding-RS, stress separation )
V. Hauk, R. Oudelhoven, G. Vaessen: Uber die Art der Eigenspannungen nach Schiei-
fen, Harterei Tech. Mitt. 36 (1981), 258-261.

Dy-gradient
R. Priimmer, H.W. Pfeiffer-Volimar: EinfluB eines Konzentrationsgradienten bei ront-
genographischen Spannungsmessungen, Z. f. Werkst.Tech. 12 (1981), 282-289.

Synchrotron radiation

H. Ruppersberg: Einsatz von Synchrotronstrahlung zur Klidrung spezieller Fragen bei
der Roéntgenspannungsanalyse. Proc. 2. Europ. Tagung fiir zerstorungsfreie Priifung,
Osterr. Ges. fiir zerstérungsfreie Priifung, Wien, (1981), 85-90.

Energy dispersive method
C.J. Bechtoldt, R.C. Placious, W.J. Boettinger, M. Kuriyama: X-Ray Residual Stress
Mapping in Industrial Materials by Energy Dispersive Diffractometry, Adv. X-Ray
Anal. 25 (1982), 329-338.

RS after surface treatment

V. Hauk, P.J.T. Stuitje, G. Vaessen: Darstellung und Kompensation von Eigenspan-
nungszustidnden in bearbeiteten Oberflachenschichten heterogener Werkstoffe. In:
Hirterei Tech. Mitt. Beiheft: Eigenspannungen und Lastspannungen, eds.: V. Hauk,
E. Macherauch, Carl Hanser Verlag, Miinchen, Wien (1982), 129-132.

Polymers, semicrystalline
V. Hauk, A. Troost, G. Vaessen: Zur Ermittlung von Spannungen mit Réntgenstrahlen
in Kunststoffen, Materialpriif. 24 (1982), 328-329.



28

1983

NSA

A.D. Krawitz, J.E. Brune, M.J. Schmank: Measurements of Stress in the Interior of
Solids with Neutrons. In: Residual Stress and Stress Relaxation, eds.: E. Kula,
V. Weiss, Plenum Press, New York, London (1982), 139-155.

Assessment of RS

E. Macherauch, K.H. Kloos: Bewertung von Eigenspannungen. In: Hirterei Tech.
Mitt. Beiheft: Eigenspannungen und Lastspannungen, eds.: V. Hauk, E. Macherauch,
Carl Hanser Verlag, Miinchen, Wien (1982), 175-194.

NSA

L. Pintschovius, V. Jung, E. Macherauch, R. Schifer, O. Véhringer: Determination of
Residual Stress Distributions in the Interior of Technical Parts by Means of Neutron
Diffraction. In: Residual Stress and Stress Relaxation, eds.: E. Kula, V. Weiss, Plenum
Press, New York, London (1982), 467-482.

Crystallite group method
P.F. Willemse, B.P. Naughton, C.A. Verbraak: X-Ray Residual Stress Measurements
on Cold-drawn Steel Wire, Mater. Sci. and Eng. 56 (1982), 25-37.

Texture, ODF
C.M. van Baal: The Influence of Texture on the X-Ray Determination of Residual
Strains in Ground or Worn Surfaces, phys. stat. sol (a) 77 (1983), 521-526.

Texture, ODF

M. Barral, J.M. Sprauel, G. Maeder: Stress Measurements by X-ray Diffraction on
Textured Material Characterised by its Orientation Distribution Function (ODF). In:
Eigenspannungen, Entstehung - Messung - Bewertung, eds.: E. Macherauch, V. Hauk,
Deutsche Gesellschaft fiir Metallkunde e. V., Oberursel, vol. 2, (1983), 31-47.

Texture, ODF

C.M. Brakman: Residual Stresses in Cubic Materials with Orthorhombic or Mono-
clinic Specimen Symmetry: Influence of Texture on y Splitting and Non-linear Beha-
viour, J. Appl. Cryst. 16 (1983), 325-340.

Strain gradient
P.D. Evenschor: Zur réntgenographischen Ermittlung von Dehnungen beim Vorliegen
von Dehnungsgradienten, Z. Metallkde. 74 (1983), 119-121.

RS after surface treatment

V. Hauk, P.J.T. Stuitje: Eigenspannungen in den Phasen heterogener Werkstoffe nach
Oberflichenbearbeiten. In: Eigenspannungen, Entstehung - Messung - Bewertung,
eds.: E. Macherauch, V. Hauk, Deutsche Gesellschaft fiir Metallkde. e. V., Oberursel,
vol. 2 (1983), 271-285.
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RS-determination by different methods

V. Hauk, E. Schneider, P. Stuitje, W. Theiner: Comparison of Different Methods to
Determine Residual Stresses Nondestructively. In: New Procedures in Nondestructive
Testing, ed.: P. Holler, Springer-Verlag, Berlin, Heidelberg, New York (1983),
561-568.

RS after surface treatment

V. Hauk, P.J.T. Stuitje: Eigenspannungen in den Phasen heterogener Werkstoffe nach
Oberfliachenarbeiten. In: Eigenspannungen, Entstehung - Messung - Bewertung, eds.:
E. Macherauch, V. Hauk, Deutsche Gesellschaft fiir Metallkunde e. V., Oberursel,
vol. 2, (1983), 271-285.

Texture, stress evaluation

V. Hauk, G. Vaessen: Réntgenographische Spannungsermittlung an texturierten Stéh-
len. In: Eigenspannungen, Entstehung - Messung - Bewertung, eds.: E. Macherauch,
V. Hauk, Deutsche Gesellschaft fiir Metallkunde e. V., Oberursel, vol. 2, (1983), 9-30.

Lattice deformation polefigures

J. Hoffmann, H. Neff, B. Scholtes, E. Macherauch: Flachenpolfiguren und Gitterde-
formationspolfiguren von texturierten Werkstoffzustinden, Harterei Tech. Mitt. 38
(1983), 180-183.

NSA by TOF
S.R. MacEwen, J. Faber jr., A.P.L. Turner: The Use of Time-of-Flight Neutron Dif-
fraction to Study Grain Interaction Stresses, Acta metall. 31 (1983), 657-676.
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E. Broszeit, V. Hauk, K.H. Kloos, P.J.T. Stuitje: Der Eigenspannungszustand in ober-
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tionsgesellschaft Verlag, Oberursel (1993), 179-184.
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Stress gradient, Q-¥-mode

1. Detemple, H. Ruppersberg: Evaluation of 633 from Diffraction Experiments Perfor-
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fraction Spectrometry Using Micro X-Ray Beam, Jpn. Appl. Phys. 34 (1995),
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Thin films
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lopment and Relaxation of Stress in Thin Layers, Proc. ICRSS (1997), in the press.
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2.02 Symbols and abbreviations

8

oY

T

(hkl), {hkl}

unity vectors of the crystal-, specimen- and laboratory-system; i=1,2,3

transformation matrices between the laboratory- and the specimen-system,
crystal- and specimen-system, crystal- and laboratory-system

unity vector in measuring direction

azimuth and pole angle of the measuring direction m within the specimen-
system

azimuth and pole angle of the measuring direction m within the crystal-system
stress-free, stress-independent direction within the specimen-system
orientation of a crystal within the specimen-system
orientation-distribution-function (ODF)

rotation-angle of a crystallite around the lattice-plane normal; also wave length;
also Lamé-constant

Bragg's angle
penetration depth

lattice plane, all equivalent lattice planes, Miller' indices

[uvw], <uvw> lattice-plane normal direction, all equivalent normal directions

RD, TD, ND

< >

D{hkl}
Do
€

o

Do,y g,y

rolling-, transverse-, normal-direction
average value

lattice distance of the plane {hkl}
stress-free lattice distance

strain

stress

average lattice distance, average strain in the (9,y) direction of all crystallites
which contribute to the interference line/peak



Dw+, DW-

E(P,\P(Q)

o(€2), ()

£9(£2), 0p(£2)
em, gm

oL

al, gll, glll

¢, C,s, S

Caps Sap
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lattice distance for y>0°, y<0°

average strain of the crystallites of the orientation Q in the measuring
direction (@,y)

stress- and strain-tensor and their coordinates averaged over oij(Q), eij(Q)
the volume of a crystal or of a crystallite-group with the orientation  within
the specimen-system

average stress tensor, -of a phase

average phase stress determined

components of stress
principal stress

phases

amorphous polymeric phase

part of the average phase stresses which is independent of the macrostresses
part of £(£2) and o(£2) which is independent of average phase stresses
macro-strain- and stress-tensor

load stress (LS)

residual stress (RS) 1., I1., III. kind; macro-, micro-RS

tensors of stiffnesses and of compliances of the mono- (small) and polycrystal
(capital)

monocrystal stiffnesses and -compliances in the crystal-system, Voigt's notation

Cijui(€2); Sijia(€2) coordinates of the stiffness- and compliance-tensor of the crystallites of the

tuijkl’ fumn

fU.

orientation € in the specimen-system
elastic polarization tensor

stress transfer factors, coordinates of stress transfer tensor of the o, phase,
tensor-, Voigt's notation

£y -f %
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E,K,G,v Young's-, compression-, shear-modulus, Poisson's ratio
A, 1 Lamé's constants of the elastic isotropic material

Rp0,2’ R, A vyield-, tension-strength, elongation

Sy, Y28y X-ray elastic constants (XEC) of quasiisotropic materials

Fij(9, v, hkl) X-ray stress factors of textured materials related to the specimen-system

<>a measured average on o phase

<ol > average micro-RS of a phase o

<ol 5@ average micro-RS of those regions of a phase o which contribute to the inter-
ference line

nomenclature material

macrostructure homogeneous, heterogeneous

microstructure single-phase (monophase), dual-/multiphase

elastic anisotropy isotropic, anisotropic

texture mechanically isotropic, textured (preferred orientation)

strain compatibility

stress equilibrium, compensation

example of a homogeneous material: two phases, isotropic or textured, (each volume element
is representative of the bulk)
example of heterogeneous material: layer-, fiber-composite

Abbreviations

FWHM Full Width at Half Maximum
GIXD Grazing Incidence X-ray Diffraction
GXR Grazing X-ray

LS Load Stress

NSA Neutron Stress Analysis

RS Residual Stress

XEC X-ray Elastic Constant(s)
XEF X-ray Elastic Factor

XRD X-ray Diffraction

XRF X-ray Fluorescence

XSA X-ray Stress Analysis
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2.03 Some basic relations to the stress analysis using diffraction
methods

H. Behnken

2.031 Introduction

In this chapter some basic relations and agreements will be described which are necessary
for the stress analysis using X- and neutron rays, for the interpretation of the measured data,
and for the calculation of averaged elastic properties and X-ray elastic constants (XEC).

In particular the following subjects will be considered:

- Representation of strains, of stresses, and of the data of elastic properties by tensors of
2nd and 4th rank

- The reference systems of coordinates and the transformation of tensors

- Orientations of crystals within a polycrystalline material

- Calculation of elastic properties by averaging the single-crystal elasticity data

- Relations between the stresses within a material and the results of strain measurements
using diffraction methods

- Kinds of residual stresses and their mutual relations

In the following, tensors of 1st rank (vectors), 2nd and 4th rank are used to describe forces,
stresses and strains, and the elastic material properties, respectively. The definition of tensors,
their transformation behavior, and their representation is comprehensively outlined by Nye
[1]. Here, only the results that are necessary in later chapters are presented.

For the writing of products of vectors, 2nd- and 4th-rank tensors, and of matrices, the
summation convention will be applied, i.e. if an index occurs twice in a term, the summation
is taken from 1 to 3.

Tensors of 2nd rank as well as their components are noted by greek letters (e.g. stress tensor
o, strain €, with the components o;; and ¢)), those of 4th rank by latin letters (S, s, ¢, ¢jj). The
capital letters stand for 4th rank tensors describing macroscopic behavior or the behavior of a
material phase (e.g. Sy the elastic compliances of the specimen); the respective small letters
appertain to single (mono) crystallites or to crystal orientations (e.g. sjjy, Cj)- Vectors are
underlined. Unity vectors in direction of axes X!, X2, X3 are noted according to the
appertaining axes: X!, X2, and X3.
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2.032 Stresses, strains, and elastic material properties

To illustrate and define the stress components we consider a small cube with face areas A
within a homogeneously stressed body. The cube is aligned to the axes of the coordinate
system X1, X2, X3 (Fig. 1). Each face is characterized by one of the unit vectors X!, X2, X3 or
-X!, -X2, -X3. Firstly we regard the faces towards the positive directions. The surrounding
material will produce forces fi on the face i of the cube. They are proportional to the area A.
Each of the forces fi can be resolved in the components parallel to the three axes: fi, fiy, fis,
Now, the stress component o is defined to be the force per area acting on the face i in
direction j:

For instance, oy, is acting on the 1-face in 1-direction, 6,3 acts on the 2-face in 3-direction.
o;; are called normal components, because the respective forces act normally to a face, the
Gjj (i#j) are called shear components, they act parallel to a face. Since the small cube is
assumed to be homogeneously stressed, the forces on the three opposite sides are of the same
amount but of opposite direction. The faces' normals are opposite too, Equ.1 therefore yields
the same stress. The equilibrium consideration [1] of the stressed volume element reveals the
symmetry: o;; = 0j; The stress components o;; form a symmetrical tensor of 2nd rank.

X3

(04 1]
__.C_I_zs
o 5/ O32
T34 022
On = 0z —)i j

Xy

Figure 1. To the definition of the stress components.

If a body is stressed, each point x within the body may undergo a displacemeqt u, wh.ic!l .in
the following is assumed to be small. The strain of a one dimensional string with the initial
length Ly is known to be £(x) = du/dx. If ¢ is homogeneous, i.¢. it does not depend on x, it
holds:

e=(L-LeLy=ALLy . uXx)=ex Q)
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In three-dimensional bodies the displacement of a point x is described by the vector
u(x)=(uy,up,u3), Fig.2. In the vicinity of a fixed point x, the displacements can be developed
up to first order, which is sufficient for small distances Ax = x - X,

u(xgtAx) = uxg) + (Qu/ox)) Axy + (dufdxy) Axy + (Quifdx3) Axy;  i=1,2,3 (3)

3
X ,
P
ulx)
wo| P
et \\ PI IX+U(X)
'J:(O) xal |3 3 Xa
]
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w0 U | px
-

xl+ u‘( x)

Figure 2. To the definition of the strain components.

The spatial variations of displacements ¢;=du;/dx; form a tensor of 2nd rank. Equ.3 can be
rewritten:

3
u(xo+ AX)  =ui(xg) +ejAx (= u(xp) + Z ¢;; AX; ; summation convention!)
=1
=u(xo) +Yaley—ep) Ax;  + Vi(ejte;) Ax; i=1,2,3
= uil + uil' + uiS (4)

The antisymmetrical part of the tensor e
l/z(eij - eji) = ‘/z(au,/axj - an/aXi) (5)

describes the rotation of the volume around x,. The term u;f as well as the translational part
ut=u(xy) is of no interest in regard of material behavior. The term u; describes the
contribution of the strain to the displacements. The strain alters the distances and the relative
positions between the points within the body. The strain tensor is defined as the symmetrical
part of the tensor e:

&;; = Ya(ej + €5) = 2 (duy/ox; + duy/ox;) ©

The diagonal components €,}, €5,, and €33, i.e. the normal strains, signify the stretches in the
respective directions. For instance €,, = du,/0x,, as it would be in the one-dimensional case. If
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only normal strains are present, a cube of the initial dimensions d,, d, d; will be strained to
the dimensions d, (1+g,,), d, {14€,,), d; {1+€;3;). The non-diagonal components stand for the
shear strains. The geometrical meaning of €3, as example, is the alteration of the angle
between two lines that were initially parallel to the coordinate axis X! and X3, respectively.
By applying the shear strain €5 the angle between these lines changes from % to (“an—2€;3).

Strains and stresses both form symmetrical 2nd rank tensors. They each have 32=9 compo-
nents Oy, €;;, which can be written in matrix notation

Ij’ 1>
_ |11 %12 %13 €1 €12 €13 ,
G = 10, Oy O3 €= (£ € Ep3 0]
G31 032 O3 €31 €32 £33

Because of the symmetry oj; = 0j; and €;;=g;;, only 6 of the 9 components are independent
and are sufficient to describe the stress and the strain at a point in the material.

If a coordinate system has been fixed and the stress tensor is known, we may ask for the
stress on a plane located normally to a special direction with unit vector n. This question
corresponds to the calculation of the projection of a vector v on the direction n which is given
by the scalar product v n = v; 1, Correspondingly, the stress in direction n is the projection of

the stress tensor 6 on n:

3 3
Oy =0, (=2 Zoymm)

@®)

=002+ 0 m2+ 0532 + 2000y + 2030 N3+ 203 my g
Similarly the strain in the direction n is given by

&

=gnn

=& 02+ Epn? +Ex3ng? +2€ N My +2€)30 N3+ 2853y Ny ®
Introducing the representation of the vector n by its azimuth ¢ and polar angle y:

n = (cos siny , sin@ siny , cosy)

and using the geometrical identity 2 sina coso. = sin20.,
one obtains:

&

=g} cos2Q sin?y + €,, sin2 sin?y + £33 cos2y
+ €, sin2@ sin?y + €3 cos@ sin2y + €, sing sin2y (10)

When a body underlies certain stresses, the strain response depends on the elastic
properties of the material. The strain can be of elastic and of plastic kind.

8:£Cl.+€pl. (11)

When stresses are released, the elastic strain will vanish and the plastic part will r'emgin.
For stresses not exceeding the yield limit of the material, the strain response is of elastic kind
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only. If the elastic strains are sufficiently small, they depend linearly on the applied stresses.
This is actually valid in most practical cases.

el o (12)

In the one-dimensional case the Young's modulus E connects the stress and the strain
(Hooke's law):

c=Ee¢ (13)

The most general linear relation between the stress and the strain tensor is given, when
each stress component depends linearly on all the 9 strain components. That are 9 equations
with 9 independents.

Gij = Cijki €t (14)

This relation defines the 4th rank tensor of elastic stiffnesses c, it has 34 = 81 components c;jy,.
Before the relations between the strains and stresses are further discussed, the definition of
tensor products have to be introduced.

The product (b ¢) of two fourth rank tensors b and ¢ with the components by and ¢y is
defined [1,2] as: )

3 3
(® )1 = bijmn Crmnki (= )n-:'= ] n{]bijmn Crnnkl ) (15)

and the product (c €) of a tensor of 4th rank (c) with a tensor of 2nd rank (g):

(C £)ij = cijmn €mn (16)
The inverse tensor of 4th rank is defined by

ccl=1 an

with I the unit tensor of rank 4: Lijka = Y2 (B 8y + 8 8y) (18)
1 ifi=j

Sij Kronecker delta: 6.:= e
0 ifi#;

Yy

With Equ.14 the stress tensor results as the product of the tensor of elastic stiffnesses ¢ and
the strain tensor €.

G=c¢ (19)

Relation (14) and (19) are called the generalized Hooke's law.



The stress as well as the strain tensor is symmetric, and so the tensor ¢ is written
symmetrical too:

Cijkl = Sjikt = Sijik (20)

Therefore, the maximum amount of independent components reduces to 36. It is now
convenient to introduce the abbreviations of the Voigt's notation [3,4]. Each pair of indices ij
will be abbreviated by one Voigt-index m, according to the following scheme:

1151;22-52; 3353,
23954; 1355, 12-6;
3254; 31 5 5; 21 - 6; 21

Relation (14) can now be expressed by the 6 equations

O)=Ci € +C €yt C383+Cpy €+ C15€5HCi5 8
03 =Cy1 €) T Cx €y 7 Cp3 €3+ Cxy €4+ Cp5 €5+ Cog &g
O3 =C3; € +C33 € T C33 83+ C34 €4 +C35 €5+ C36 &
03 =C41€) 1 Cyp €y Cp383TCyy€y+Cys€5+Cyg€g
O5=Cs51 € T Csp €y + C53 83+ C54 €4 T Cs5€5+ Cs6€g
Og = Cp1 €1 T Co2 €2 T Cp3 £3 T Cgq €4 + Cq5 E5 T Cg6 € (22)

and the components ¢, can be arranged in a 6x6 matrix. But it has to be noted at this point,
that the ¢, are not the components of a tensor. If calculations are performed containing tensor
multiplications or tensor transformations, the components have to be treated using the 4-
indices tensor notation. The Voigt's notation with only 2 indices should be regarded as a
convenient abbreviation.

The consideration of the elastic energy reveals, that, additionally to the symmetry relations
of Equ.20, it holds: ¢ = ¢y, 1.€. € = €y in Voigt's notation [1,3]. That makes the matrix
of ¢, symmetric, and the number of independent components reduces to 21.

The inversion of Equ.19 yields the generalized Hooke's law in the form
; with s=c¢! (23)

e=so and g

ij = sijmn Omn

The tensor s of the elastic compliances s;,,, is the inverse tensor of the stiffness tensor c.
The Voigt's notation applies for s too, but the following additional agreements are usual.

Smn= Sijt for(m<3andn<3)
Smn =28 for (m <3 and n>3) or vice versa
Smn =4 Sjq  for (m>3 andn>3) (24)

These agreements hold for the tensor s only. The Voigt's notation of all other 4th rank
tensors in this book will follow the previously described scheme:

@235

Cmn = Sijki
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The number of independent components is further reduced by the symmetry elements of
the crystal lattice [1]. For instance, the s, and c, of orthorhombic crystals show the
following arrangement with 9 independent components:

Ci1 €12 C13 0 0 0
. Cyy €3 0 0 0
4 ° Ci3 0 0 0
c =
. L] L] c44 0 0
L] L L] L] c55 0
. . . . . Cgs (26)

The matrix is symmetric, therefore, as usual, only the upper triangle is written. With increa-
sing symmetry of the crystal lattice one obtains further simplifications, i.e. for hexagonal
symmetry:

€117 22 €13~ €23,

w

5117 522 5137 S35
S44=Ss5,  See=2(S11512) 5 Caa=Css,  Cge= /2(Cy1Cp)) (27

and for cubic symmetry:

S11 7 822 = S33 5 € T €T 03
S44 = S55 = Seg 5 €447 Cs57 Cgg
S12 =813 = S3 i €T C3T Oy (28)

For elastically isotropic bodies it holds additionally to Equ.28:
S44 = 2(5y1-812) 5 Caa=Ya(CyyCrp) 29

In the last case only two independent components are left: S;,=1/E, S, = -v/E. The elastic
behavior of an isotropic body is fully described by the Young's modulus E and the Poisson's
ratio v. Several other descriptions are in use too, for instance noting the modulus of compres-
sibility K and the shear modulus G. But, in any case, two values are sufficient to describe
isotropic behaviour, they all can be transferred each to another combination according to
Table 1 [2].

The arrangements of tensor components ¢, and s, of different crystal systems are dis-
posed in Table 2 [5]. A comprehensive collection of the known single-crystal data s, and ¢,
is given in [6]. In accordance to [1], the components cy) are called stiffnesses, and the sy,
compliances, as it is the American usage. The c;;, are written in units of MPa or N/mm?, the
S;ji in MPa-! or mm2/N. Both ¢ and s describe tfxe elastic properties of a crystal. Not specify-
ing whether c or s is meant, we will speak of elastic data. (Some English authors use the nota-
tion "elastic modulus” for the sy, and "elastic constants" for the cj,. This can be confusing,
because the macroscopic Young's modulus (unit MPa) would be an elastic constant, not an
elastic modulus)
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Table 1. Relations between the macroscopic elastic data of quasiisotropic materials

Ev E,G A p KG | nv i 12 S115 812
E E g | GA+2uu [ 9KG 2 (1+v) p| Gz e2)en+ 2e) | 1
A+ 3K+G ci+cip S11
v v E-2G A 3K-2G v C12 =812
2G 2(/1+Ll) 6K+2G| Cli+cCi2 S11
K E EG 3l+2],l K 2].1(1+V) cri+22¢p; 1
3(1-2v) [3(3G-E) 3 3(1-2v) 3 3(s11+2512)
G=|,l E G m G m C11—C12 1
2(1+v) 2 2(s11—s12)
vVE G(E-2G) 3K-2G| 2uv —-s12
A — = A 12
(1-2v)1+v) 3G-E 3 1-2v (811—512)(S|1+2S|2)
¢ LUVE _|GEG-B) . 13K+dGud-v)| si+si
(1=2v)}1+v)| 3G-E 3 1-2v (si1—s12)(sn1+2s12)
vE _ |G(E-2G) 3IK-2G| 2uv —si2
Cpp I A c12
(1-2v)(1+v)} 3G-E 3 1-2v (s11—s12)(sn1+2s12)
s _1_ _]_ A+p 2G+6K 1 (cri+ci2) s,
" E E | nGA+2m) | 18KG |2p(1+v)|(Cri-cra)en+2cn)
s -V 2G-E -A 2G-3K] -V —C12 S12
2 E 2EG  |20G2+2m)| 18KG |2u(1+ )| en—ciaXei+2¢i2)
m -y 2G-E -A 2G-3K} -v -C12 St
Si E 2EG |2n(3A+2p)| 18KG |2p(1+V)|(c1i-cizXen+2c12)
1
_Lsm 1_+_‘i L _1_ L 1+v S“—Slz
272 E 2G 21 2G {2u(1+v) ch-¢12
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Table 2. Forms of the matrices of elastic stiffnesses and elastic compliances for the different
crystal classes. The components beneath the diagonals are not potted. The matrices are sym-
metric with respect to the diagonals. International as well as Schoenflies notation of the crystal

classes. {5].

arrangement of arrangement of
crystal crystal class stiffnesses and crystal crystal class stiffnesses and
system compliances in || System compliances in

matrix notation; matrix notation;

number of inde- number of inde-
pendent compo- pendent compo-
nents nents

T IR

e e . XXX - @ o oo
triclinic | all classes cos |21 4 (Sq) ot 7
.o .
. tetragonal |4/m (Cyy) .
4
) |y
R Bk 2m D | “4...] 6
mono- all classes ceo - .o
clinic .- 422 (Dy) ™
[ 4 L]
- mm (D,
- (Dap)

Teell. Nl
ortho- all classes ® o .. | 9 || hexagonal |all classes *.llys
rhombic * P 8 x .

[ ] (<]
3@ \*1; vl
3 (Cy) 7 || cubic all classes «--|3
trigonal \
2 ) g
3m (Csy) 6 || isotropic 0.2
— O o
Im D3y °
. [ > o-e e 4o
s;=0 5;#20 S = Skl Sk = S si=2(s11=32) S =28y
¢;j=0 c;#0 Cij = Cu Cx1 = -Gy Cy="a(c—¢n) =g
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2.033 Reference systems and transformations of tensors

The components of the stress and strain tensor are connected with the coordinate system.
The same tensor will show other components, if one chooses another system and describes the
components with respect to the new coordinate axes. That holds for vectors as well as for 2nd
and 4th rank tensors. A vector m is known to be transformed from a system X1, X2, X3 to new
axes X', X%, X¥ by applying the transformation matrix a;:

m'; = a; m; (30)

The components a;; of the transformation matrix are given by the cosines between the new
axes X' and the old axes Xi. It can be derived from the following scheme [1]:

old
X Xy X5
X\ ay ap ag .
new X, ) ay ay ; a5 = cos (X", XJ)
Xy’ a3 a3 ay €2))

Each transformation matrix has the following properties: The row vectors are unit vectors
and are perpendicular to each other, the same holds for the column vectors. The inverse matrix
is equal to the transposed matrix

(ay) = (ay)T = (ay)). (32)

Therefore we can transform the stress components from the X' system to the X system by
applying the transposed matrix (aji)=(aij)T:

m; = aji m'j (33)

The transformation of 2nd and 4th rank tensors are performed analogously:

c,'ij =3y ajn Omn > cij = Ay anj 0-'mn (34)
and

—_ . —_ '
c'ijkl = & & Ao Ap Crpop > Cijki = 3mi Anj Aok 3p! € mnop (33)

On the other side, Equ.34 can be used to define a tensor of 2nd rank: The 9 components Gj;
form a tensor of rank 2, if they transform from one set of coordinate axes to a new set accor-
ding to Equ.34. The same holds for 4th rank tensors and Equ.35

Some combinations of tensor components, the scalar invariants of the tensor, do not alter,
if the tensor is transformed to another coordinate system:

vector m: i=m2+my? + m;? (36)
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49

Gy + O 1 033

iy =—(G}) Oy + G33 Oy + Oy O33) + G2 + 633+ 032 @7
i3=0}) Oy O33 +2 012 013 Oz3 - Oy 037 - O O3 - O35 G

tensor 4th rank c: 1, = Cijki 5ij Oy
iy = Cijut By By oy

There are some special coordinate systems, that are used frequently:

crystallite system C:
(unity vectors Ci)

system of
principal stresses P:

specimen system S:
(unity vectors S')

laboratory system L:
(unity vectors L)

The axes are parallel to the symmetry axes of the considered crystal,
and are built up by the three unity vectors Ci (i=1,2,3). The components
of tensors of elastic stiffnesses show up with the simple arrangement
according to Table 2.

With respect to these reference axes, all non-diagonal components of
the stress tensor G are zero. For each symmetric 2nd rank tensor one set
of principal axes exists. The respective normal components are called
principal stresses.

The 3-axis is the specimen's normal (ND), the 1- and the 2-axis corre-
late with the symmetry directions in the surface, e.g. the rolling
direction (RD) and the transverse direction (TD) in case of rolled
specimens.

The laboratory (measuring) system is connected with the direction of
measurement. If a physical property is measured in the direction m, the
L3-axis is parallel to m. The 2-axis lies parallel to the specimen's
surface. Herewith the direction of the vector L! is fixed too as the
product L2xL3.

Strains, stresses, and the elasticity tensors ¢ and s can be described with respect to each of
the coordinate systems. Parameters described with respect to the laboratory (measuring) system
are marked by an apostrophe (example €'y3), for the specimen system no indication will be
added. If necessary parameters in the crystal system will be marked by a ° (example c°;3)

The matrices for the transformation from one to another system are given by the cosines
between the axes of the respective old and the new set of axes. Fig. 3 illustrates the notation of
the different matrices [7].

For performing mutiplications of tensors according to Equ.15 and 16 it is important to
express the components of both tensors with respect to the same set of coordinate axes.
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With respect to the specimen system the direction of the measurement, m (= L3), is given
by its polar coordinates, the azimuth ¢ and the polar angle . It is usual to denote directions

(¢+180°,y) as (¢,-y), Fig. 4. The angle A describes the rotation of the crystallites around the
measuring direction m, see section 2.036a.

transformation to
stress |~ principal axes, [~g{  principal
components ajj X stresses

system of
principal
stresses P

specimen
system S

external
rolling
system B

PR
B

single-crystal data

Figure 3. Notation of the different transformation matrices.

Fig. 5 shows the relative orientation between the specimen system and the laboratory
system. The transformation matrix ;; between these systems can be expressed with ¢ and
cos@ cosy  sing cosy  -sing
(o) = -sing cosP 0
cos@ siny  sin@ siny cosy 39)
The third column vector is the direction of measurement m, that coincides with the 3-direction
of the laboratory system.

The value ¢'y3 in the laboratory system corresponds to the projection of the strain tensor €
in direction m, Equ.10. €';; is as well obtained by transforming the ¢ tensor from the

a=33

specimen- to the laboratory system.
€ = Wy W) €y (40)
Gm = aij m; m)
= €33 = W Wy €

=g, cos2@ sin2y + €5, sinZQ sin2y + €33 cos?y

+ €} Sin2¢ sin?y + €13 cos@ sin2y + €3 sin@ sin2y 41)

which corresponds to Equ.10, again using the relation 2 sina cosa = sin2a.
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" rolled

// specime/ 1
s S

Figure 4. Description of the measuring Figure 5. Orientation of the laboratory system
direction by the angles @ and . relative to the specimen system.

2.034 Orientation of crystals within a polycrystalline material

Most materials are polycrystalline compounds of one or more material phases, they are
built up by numerous monocrystals of different sizes and shapes. Each phase consists of
crystals with the identical crystal lattice and physical properties. The crystals of one phase
may differ to each other by their size and shape, and by the orientation of their lattice with
respect to the specimen system.

One of the parameters determining the behaviour of a polycrystal is the distribution of the
crystal orientations within the material. If the orientations are randomly distributed the mate-
rial is quasiisotropic, i.e. the properties of the macroscopic material are the same in each
direction, although, on a microscopic scale, the constituent crystals show -in general - an
anisotropic behaviour. If the material is textured, i.e. the orientations are not randomly distri-
buted, also the macroscopic body can be anisotropic.

The orientation of a crystallite in a polycrystalline composite will be described in respect to
the specimen system and is given by the transformation matrix n that connects the crystal- and
the specimen system. The matrix elements 7;; are the cosines between the vectors §; and C;.

It is often useful to express the orientation between the specimen-system and the crystal
system by the three Euler angles (¢,,9,p,) or by the Miller indices {hki}<uvw>.

{hkl} represents the lattice plane that lies parallel to the specimen's surface and <uvw> the
lattice direction parallel to the specimen's 1-axis.



52

Figure 6. To the definition of the Euler angles.

The specimen system can be aligned to the crystal system by applying the following
consecutive rotations of Euler angles ¢,,,¢, [8], Fig.6.

The first rotation ¢, around S3 transforms the S! and the S2 axis to the new axes S!" and
S2'. SI" has to be perpendicular to S3 and to C3.

The second rotation ¢ around the S! axis has to align the S3 to the C3 axis and trans-
forms S2'to S2".

The third rotation ¢, around C3 aligns S! to C! as well as $2" to C2.
0<¢<2rn; 0<p<2rn; 0<0<m

The transformation matrix ntT from the specimen to the crystallographic system can now be
expressed using one of these descriptions [8]:

T(01.9,:9) =
COS(; COSP, -sin@; sing, cos sing; cos@, + cos, sin@, cosd sing, sing
-COSQ,; sing, -sin@; cos@, cosd -sin@, sing, + cosQ; cos@, cosdp  cos, sin
sin@; sin¢ ~cos(,; sing cosd
(42)
u kw-lv. h ]
N MN M
. _ v lu-hw  k . M=(Mh2+k2+12)
nT(hkD<uvw>) = N N M with N= (242 + W)
w hv-ku |
(N MN M | 43)
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The orientation distribution function (ODF) de-
scribes the relative frequency of the different cry-
stal orientations in the polycrystal, [8,9,10]. It
will be noted as f(2), Q stands for the orientation
expressed by the Euler angles: f(¢,, ¢, ¢,). It is
normalized:

1
—_ = 4
2 jf(Q) dQ=1 (44)

Random distribution means f{Q) = 1. Usually the
ODF is graphically plotted as contour lines in the
Euler space (¢, ¢,9,) for ¢,=constant or
¢,=constant. The orientations belonging to diffe-
rent combinations of angles may be physically
identical due to the symmetry of the crystal lat-
tice. It is therefore only necessary to consider the
ODF in a part of the total range of angles of the
Euler space. The necessary range is further de-
termined by the specimen's symmetry. For cubic
materials with orthorhombic specimen symmetry
(e.g. rolled steel sheets) the range 0° to 90° of all
Euler angles is sufficient to represent the ODF
{8,9,10]. An example is shown in Fig.7. In fact

Figure 7. Intensity pole figure of the this part of the space can be further divided in
{110} of a cold-rolled ferritic steel three parts, each containing all physically
1.0370 and the ODF in cuts of the different crystal orientations {8].

Euler angle @,=const. The ODF can be evaluated from a number of in-

tensity pole figures of different peaks measured
by means of X- or neutron-rays. The evaluation, calculation and assessment are among others
outlined in [8,9,10].

In textured materials some orientations are highly occupied with crystals whereas other
orientations are less represented. Besides the ODF, the orientations of the mainly present
crystallite groups can serve to describe the texture state of a material, using the {hkl}<uvw>
notation. For example, in cold rolled ferritic steels, the crystallite group {211}<011> is often
the main texture component. Crystallite group 2 means the ensemble of all those crystallites
having the same orientation Q. Although spatially separated, for calculations of the average
elastic behavior or for special stress evaluation methods, they can be treated as one crystal.

2.035 Averages of elastic data

Strain measurements by diffraction methods or by mechanical methods yield the mean
value of all those crystallites that contribute to the measurement. To get the respective
connection between the strains and the appertaining stresses, it is necessary to know the
averaged elastic behaviour of the crystals, which results from averaging the elastic properties
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over the volume under study. Averaged tensors will be noted by acute parenthesis, if neces-
sary, showing the kind of averaging, for example an averaging per volume

1
C=<c>V= v ]cdv 45)

The average of a physical parameter taken over the volume of all crystallites of a phase will
now be replaced by the average over all crystallite orientations. By doing this, the following
possible influences are neglected: relations of orientations of neighbouring crystallites, the
shape of the crystallites and the correlation between crystallite shape and orientation.

1
<@pe= o, !2 (@) f(Q) d0 (46)

with the ODF f(2) as weight function. If one uses the Euler angles, dQ can be replaced:
dQ = Sin¢ d(pl dq) d(Pz (47)

In Equ.46 the components of the tensors c¢(Q2) of the different orientations have to be
described in the same system, usually the specimen system, and therefore previously trans-
formed, according to Equ.35, from the crystal system, where they are known (c®mnop)» to the
specimen system:

1 .
<>y = -87:2”'[ Tim Tin Tko Tip Smnop {(P15 &, @) sind do; d¢ do, B

A simplification of the averaging of a tensor c¢ over all orientations is possible if the
material is not textured, therefore f(2)=1. The averaged tensor is isotropic and only two linear

independent components are present. For every tensor of fourth rank the two scalar invariants
[11,12]

Cijkt 8 &y and ¢y 8y By

exist (Equ.38), therefore it holds [11]:

<c>ji 8y 8y = (Qjjia 85 8y

<c>jji Bik 8y = c(Q)jjra Six 8y 49
Equ.49 is valid for each orientation Q. Therefore the components of ¢® with respect to the

crystal system may be inserted. These are known and the same for all crystallites of a phase.

The both independent components of the averaged tensor <c> can be calculated using
Equ.28,29. All macroscopic parameters as Young's modulus, shear- and compression modu-

fus, Poisson's ratio as well as the Lamé constants A and p are therefore fixed. Two of them can
be taken as independent, the relations to the others are collected in Table 1 [2].
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2.036 Relations between the stress state and the results of strain determinations using
diffraction methods

2.036a Elastically isotropic material

The X-ray stress evaluation is based on the diffraction of the X-rays on the lattice of the
crystals. The same is valid for the procedure with neutron-rays.
For every wavelength A one can observe interferences in those directions the scattering vector
of which coincides with a vector of the reciprocal lattice [5]. One formulation of the condition
for the occurrence of interferences is the Bragg's law:

2 D(hkl) sin® =n A (50)

therein D(hk]) is the lattice plane distance (interplanar spacing) of the plane collective with the
Miller's indices {hkl}, © the Bragg's angle, and n the order of the interference, which usually
will be combined with the Miller's indices; example {222} is the second order (n=2) of the
{111} interference. 20O is the angle between the primary and the diffracted X-ray beam, both
beams are inclined by © to the lattice plane. For a fixed wavelength A the 2© positions of the
interferences are directly connected with the interplanar spacings D{hkl}. The precise
measurement of the 20 angles, therefore, yields the D-spacings and, if the stress-free spacing
D, is known, also the strain € = (D-D,)/D,,

All those crystallites of a polycrystalline material contribute to the {hkl}-interference line,
the lattice plane (hkl) or physically equivalent planes of which are oriented perpendicular to
the measuring direction which is given by the direction of the scattering vector or by the
halved angle between in- and outgoing X-ray, Fig.7. The orientation of the crystallites
contributing to the interference can be transformed to each other by rotation A around the
measuring direction m, see Fig.4 and S.

Crystallites remote from the surface contribute with less weight to the interference line
because of the exponential attenuation of the X-rays by the material.

1(d) = I, exp(-pd) (51)

with p the attenuation coefficient of the material and d the penetrated distance.

The positions of the diffracted interference line therefore yield the average D-values, taken
over the volume V¢ of all crystallites contributing to the interference, weighted with the expo-
nential decrease:

J D(z) exp(-z/1) dz
D- \%

[ exp(-z) dz (52)
vC

with z the depth and 7 the penetration depth, i.e. the thickness of the surface region from
which the part (1-1/e) = 63% of the information is obtained. It depends on the wavelength, the
material, and of the direction of measurement. These averages, that are taken over the contri-
buting crystallites considering the attenuation of the X-rays will be meant, if we speak about
"X-ray averaging”, which sometimes will be marked by an index "x". The intensity of the
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interference line supplies a measure of the mean volume part of the participating crystallite

orientations. The respective averaging of neutron measurements are in detail discussed in
part 3.

primary beam

reflected beam

surface

lattice planes (hkl)

Figure 8. Reflection of X- or neutron-rays at the lattice planes of a crystallite.

The principle of the stress analysis by X- and neutron rays is the determination of the stress
state in the material by the measurement of the interplanar spacings in different directions.
The strain measured in the direction m, that in the specimen system is given by the angles
©,y, corresponds to the €'33-component in the laboratory system, Fig.5.

D, -D
En= oy = €3> = % (53)
D

(4]

If the elastic properties of the material are homogeneous on a microscopic scale, the X-ray
results and the macroscopic strain values are identical. €,,, can be expressed as projection of
the strain tensor in the measuring direction (@, y) within the specimen system {13}, Equ.9, or
as the €'y; component in the laboratory system, according to Equ.41.

Egy = <& m; m;
= <g|;>* cos2 sin2y + <€,,>* sin2@ sin2y + <g33>X cos2y
+ <gj,>* sin2@ sin?y + <g;3>* cos@ sin2y + <€,3>* sin@ sin2y 59

Assuming the €;; to be homogeneous within the penetration depth of the X-rays and the
material to be elastically isotropic, and applying the Hooke's law of isotropic materials:

E g;=(1+v) 6 - v §; (0, + O + 033) (55)

we obtain the respective relation between €, and the oj;:
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oy = /25;™ [0} cos?@ sin2y + Gy, sinZp sin?y + g3 cosy]

+ Y48,™ [0, sin2¢ sin2y + G)3 cos@ sin2y + G, sing sin2y]
+5,M [0}, + Oy + O3] (56)
with the macroscopic elastic data

1+v -v
1/252m = —E N S]m = E (57)

Equ.56 represents the strain-stress relation of an elastically isotropic body. It is valid only,
if the measuring method of ¢, averages over all phases and all crystallite orientations, that
means over a representative volume of the material. Examples are the mechanical and the
non-destructive method using ultrasonic waves. But in general, it is not valid in this form for
the results of diffraction measurements.

Strain measurements using X- or neutron-rays samples for each direction (¢,y) only those
crystallites the planes {hkl} of which are perpendicular oriented to the direction (¢@,y). This
part of all crystallites is different for each measuring direction. The equation corresponding to
Equ.54 is therefore not the projection of the same averaged strain tensor on each measuring
direction, but for each direction a different strain tensor must be considered. The <¢>*;; on the
right side of Equ.54 should be replaced by [<e>*(¢,y)];; which is dependent on (@,y), i.e. the
measuring direction m. The result corresponds to Equ.54 if the crystals are elastically

isotropic, but it will differ for anisotropic crystals, as it is discussed in the next section.

2.036b Quasiisotropic polycrystalline material, definition of the X-ray elastic constants
(XEC)

Measurements using diffraction methods always pick up only a small part of all crystallites,
depending on the lattice plane under study. The elastic behavior of this collective may differ
from the macroscopic one due to the elastic anisotropy of the crystals. To take the elastic
anisotropy into consideration the constants Y2s,™ and s,™ in Equ.56 were formally replaced by
the {hkl}-dependent "X-ray elastic constants (XEC)" s,(hkl) and Y%s,(hkl). The validity of this
procedure was experimentally often proved. The theoretical proof was done by Stickforth
[14]. He showed that for macroscopic stresses the macroscopic isotropy and homogeneity are
sufficient presuppositions. Independently on the model assumption about the crystallite
coupling, the averaged stresses G @ of a phase result in lattice strain distributions according to
Equ.58 [2,14,15], which was firstly introduced by [13].

Egy = V25(hkl) [0, cos?@ sin?y + G sin2( sin?y + 633 cos?y]
+ Yis,(hk1) [0, sin2¢ sin?y + G35 cos@ sin2y + G,3 sing sin2y]

+5y(hkl) [0, + 09, + 033] (58)



58

Equ.58 is the fundamental strain-stress relation of the X-ray stress analysis. Triaxial stress
states can easily be evaluated using the measured lattice-strain distributions in azimuths
¢ = 0°, 45° and 90° [16].

The XEC can be determined experimentally in uniaxial tension or bending tests [1 7,18], or
they can be calculated using the single-crystal data and a model about the elastic coupling of
the crystallites within the material {15,19,20,21,22,23]. Averaging the XEC of all planes (hkl)
have to result in the macroscopic value:

<S|(hk])>hkl = S]m = - (59)

<Y hkl =l m = It
ssp(bkI>PEL = Yasym = —= (60)

X-ray measurements will be done predominantly on a certain azimuth. Equ.58 simplifies for
9=0°:

Epny = Si(hkl) [0y + 0 + G33] + Vasy(hkl) 033
+ l/ZSz(hkl) [Gl ]'033] Siﬂzw
+ Yas,(hkl) 6,5 sin2y (61)

The diagrams D or ¢ versus sin?y show linearity if only principal stresses are present.
Shear components lead to elliptical splitting between the values Dy,.g and Dy, (y-splitting).

However, Equ.58 and all consequently connected relations regard only the parts of strains,
that are originated by averaged stresses G ®. The different kinds of residual stresses are the
subject of the next paragraph 2.037.

2.036¢ Textured polycrystalline material, definition of the X-ray stress factors

In case of textured materials, the relation between the measurable lattice strains and the
averaged stresses within the respective phase cannot be presented in the simple form of
Equ.58. D-vs.-sin?y plots regularly show not up not with linear dependences but with more or
less oscillations, depending on the lattice plane. Exceptions are the {h00} and {hhh} of cubic
materials. They are principally linear {24] as long as influences of texture in connection with
average phase stresses are present only. Also the D-vs.-sin?y dependences of textured
materials built up by elastically isotropic crystallites are linear, so they are created by averaged
stresses G2 The dependence of the X-ray-averaged strains on the mean stresses will be
described by the X-ray stress factors Fij, [7,25,26]:

€gy = Fi(@.W,hKD) G (62)

They are dependent on the measuring direction and the respective lattice plane {hkl}. But
they do not form a tensor and, therefore, must not be transformed to other coordinate systems.

Due to the elastic anisotropy, the strain value €, and herewith the F;;, are dependent on the
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frequency of the different orientations, i.e. the texture present. The transition to the quasi-
isotropic material follows by comparison with Equ.58 and 61. For quasiisotropic materials the
F;; stand for a combination of the s, and ':s,. For example F,(0°,y,hkl) becomes:

textured — quasiisotropic
F(0°,y,hkl) — s,(hkl) + Yas,(hkl) sin?y (63)
The respective combinations (¢=0°) for the other Fj; are:

Fij(0°,w,hkb) g asiisotropic material =
sy(hkl)+¥%s,(hkl)sin2y 0 (1/2) Vas,(hkl)sin2y
0 s,(hkl) 0
(1/2) Yasy(hkl)sin2y 0 sy(hkl)+¥es,(hkl)cos2y (64)

For a given stress state the profiles of F;; versus sin?y determine the form of the D-vs.-sin?y
distributions. As well as the XEC they can be determined experimentaily by tension- or
bending tests, or they can be calculated from the single crystal data considering the respective
weight function ODF [25,27,28,29]. Details will be discussed in chapter 2.13

As it is the fact for Equ.58 in case of quasiisotropic materials, also Equ.62 considers only

that part of stresses that is caused by the averaged stresses G within the phase.

2.037 Kinds of stresses, and their mutual relations

All stress states within a material which are independent of outside forces are called
residual stresses (RS). Load- or applied stresses (LS) are caused by outside forces. The
average of the residual stresses taken over each cross section of the body has to be zero.

A classification of the different kinds of RS was made in [30] on the basis of the literature
published up to that date. The destinction of RS of kind I (macro-RS), and of kind 1I and 11l
(micro-RS) was fixed. Up to now, this is the basis of discussion about stresses determinable
by diffraction methods.

The RS of kind I, !, is the volume average of the position-dependent residual stresses o(x),
taken over all crystallites and phases within the considered volume, e.g. the volume exposed
to the X-ray beam or the volume studied by strain gauges. It has to be chosen large enough to
represent the macroscopic material.

1
ol= v {,c(x) dav (65)

A shift or a release of ol can cause macroscopic alterations of the body's shape. This is the
basis of mechanical methods of stress determination.
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The ol within a crystal are defined as the mean deviation from the macrostress level, and
olll as the position-dependent deviations from the average stress of the crystal:

oll = 1 J [o(x) - 61] dV (66)
\Y crystal ’

volume V
olll(x) = o(x) - ¢! - ol! 67)

Figure 9. To the definition of residual stresses [31].

To accommodate the conception of the micro-RS to the results of X-ray and neutron-ray
methods, we will comprehend as RS I the average <o!l>® taken over the crystallites of the
phase or over the crystallites contributing to the measurement, Fig.8, [31]

1
RS =<gll>o= — ,[ [o(x) - o1] dV (68)
A% phase
volume V

The respective average of ol is equal to zero, by definition. According to the definition,
the average value <o1I>AV taken over all crystallites gets zero; AV is a volume which contains
sufficient crystallites to be representative. But diffraction methods study the different phases
separately, and these may be stressed against each other due to differences of their elastic and
plastic properties. Furthermore, even in single-phase materials only a part of all crystallites,
depending on the measuring direction, contributes to the interference line. The strain of this
part may differ from the strain of another crystal collective that diffracts at a second
measuring direction. As a consequence there may be <o!I>X measurable even in single-phase
materials.

Similar reasons hold for the existence of <olll>%, The RS o!ll average to zero over one
crystallite, so it is defined. Therefore, it should influence the widths of the peaks only and not
the line shifts. This holds, if the whole volume of the crystallites contribute to the measure-
ment with the same weight. But especially in plastically deformed materials this is not the
case. Within the crystallites dislocation cell structures may have been created. The volume
inside the cells and the cell walls are stressed against each other. The regions of low disloca-
tion density (cell interiors) show higher diffraction capability than the cell walls with their
high dislocation density. Therefore, the cell interiors predominate the observed peak shifts and
stresses <g!>x can be determined [32,33,34].
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The X-ray method determines the stress G of the considered phase of the material. G is the
average value taken over those crystallites of a phase o that contribute to the result, if neces-
sary, it will be marked with an index, ¢ ®. According to this definition G % contains LS, RS of
kind I, the average RS-value of kind II, and the X-ray RS-average of kind III in the phase.

6% =gl + ol + <gll>a + <glll>a = gm + <gll>a + <gll>a (69)

The terms ol and ¢! are constant within the exposed volume. The sum oL + ¢! is the stress
average over all crystallites and phases. It will be signified as macrostresses (index m), and
can be determined also by mechanical methods.

The microstresses <o'I>% represent the average mutual constraints between the phases
which are compensating each other.

% oo <gli>a = (70)

o=

with c@ the volume portions and n the number of phases.
In case of absence of <olll>%, the respective averaging of the stresses G over all the n
different phases present in the volume AV will result in the macrostress o™:

ﬁlca ge=gl+gl=gm )
o

Equations 70 and 71 are used to separate macro- and microstresses.

In the following, a subdivision of the microstresses will be introduced. This is of advantage
for the handling of the formulae to determine the XEC, chapter 2.13, of the separation of the
micro-RS of different origins, chapter 2.06, and of the interpretation of lattice strain distribu-
tions of plastically deformed materials, chapter 2.16. The detailed consideration is necessary
since the averaged <g!!>% contain parts which depend on load stresses and macro-RS.

All crystallites of a phase in the volume AV which have the same orientation Q will be
collected to a crystallite group, abbreviation 2. The averaged stress state of a crystallite group
is 6(€2). The crystallites of one group have all the same elastic data expressed with respect to a
space-fixed coordinate system. The crystallite group Q will therefore be treated as one single

crystal with the orientation Q. In the absence of texture, the phase-averaged value & ¢ is there-
fore

G = <g(Q)>R (72)

The stress o(€2) consists of a part which is originated by the averaged stresses G (linear
dependent) and of an independent part which is also present when G =0, called 6,%(<), and
in the same way £,%(€2).
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0%(Q) =0™(Q) +B(Q) 6 (73)
£XQ) =gXQ) + A(Q) G (74)
with  g%(Q) =s(Q) 6,XQ)

A(Q) =s(Q)B(Q)

The elastic coupling of the crystallites within a phase is expressed by the 4th rank tensors A
and B. They determine the distribution of the averaged stresses G on the different orientations
or the crystallite groups. Different assumptions of models are in use to calculate the tensors A
and B. They will be treated in chapter 2.13.

It can be proved [2,14], that the second term on the right side of Equ.74, A(Q) G, will lead
to a lattice-strain distribution according to Equ.58.

The micro-RS 6,(Q2) are compensating each other between the crystallites of different
orientations and they will deliver no contribution to the stress average value. But they can
essentially influence the Dy, -or €, -distributions. The reason is merely the selective character
of diffraction methods. The usual evaluation of measured results by diffraction methods on the
basis of Equ.58 presumes, that this part can be neglected.

The microstresses 6(€2) are correlated with the orientation of the crystallite groups. They
may be originated by anisotropic plastic behavior or by anisotropic thermic expansion of the
crystallites. They have to compensate between all crystallite orientations, i.e. between the
crystallite groups of a phase; it holds:

<O Q>2=0 ; <e(QP>*=0 (75)

Analogous to the definition of the stress 0y(€2) as 6(Q, 5 *=0), there will be a part of the
phase stress 6% which is independent from load stresses or macroscopic residual stresses
(load- and macro-RS)

G y* = ¢ Yol+ol=0) (76)
with n
Yc*gye=0 7
o=l

These stresses G * are originated by differences in the macroscopic plastic behavior and
by the macroscopic thermal expansion coefficients of the phases within the material, whereas
the G(€2) were originated by microscopic or orientation-dependent differences within a phase.

To get the correlation with the usual classification of the stresses, the distribution of the
load stresses and the RS of kind | on the different phases has still to be regarded. These both
macroscopic kinds of stresses are defined to be constant over many crystallites and their effect
on the strain of the crystallites is supposed to be the same in macroscopically homogeneous
materials. This is the reason why they are called macrostresses.

Every macrostress causes an alteration of the averaged phase stresses ¢ which depends
on the space arrangement and the macroscopic elastic characteristics of all phases. An aver-
aged stress state within the volume of the material 6™=cl+c! may not be equally distributed
to all phases. Deviations of the phase stresses G® from the macrostress level ol+c! are
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defined as microstresses <g!l>+<g!i>0, These parts of microstresses, that are originated by
macro-stresses, are proportional to the latter as long as no relaxation by plastic deformation,
creep or diffusion exists.

With defining the tensor f of the stress-transfer factors fijr:

9(G @)
()i = e (78)
d(cl+ot)y

the averaged stress of the phase a can be written as

0%= 5y + fu[ol+ol] = G (* + ol+o! + [fo-]] [ol+ol] (79
with

o fu=] (80)
o=l

With Equ.77 and 80, the averaging of Equ.79 yields again Equ.71. The definition of f in
Equ.78 can simplier be written using Voigt's notation.

AT %Yp,
™= —— m,n=1..6 81)
d(ol+ol),

In macroscopically homogeneous materials, f is of isotropic structure as long as surface
effects can be neglected.

After introducing the subdivision of stresses, the following relations hold, in accordance
with Fig. 9 (CG: crystallite group)

<G”>CG = G(Q) - OL -gl

= 0¢(Q) + B(Q) 6+ [B(Q) fo-I] [cL+01] (82)
<G”>(1 = gW- GL - Gl
= G+ [f-1] {ol+0'] (83)

The last equation illustrates, that the RS of kind I, defined as the averaged value <g!>¢,
beside the constant term G g, contains a part [f*-[] [ocL+0!] which is dependent on the macro-
stress. The tensor [f*-I] is a measure of the differences between the elastic properties of the
phases within the material. This tensor can experimentally be evaluated by determining the
compound-XEC, or it can be theoretically calculated. In the calculations, the mutual elastic
constraints between the phases are considered by respective models about the crystal coupling.
This will be discussed in chapter 2.13. The above mentioned considerations are valid for
macroscopically homogeneous materials. The tensor f can be position-dependent if the
distribution of the phases is macroscopically heterogeneous, e.g. in layer- and fiber-composite
materials. In these cases distinction has to be made between the stress-transfer factors of the
load stress and of the RS of kind 1.
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2.04 Lattice strain measuring techniques

2.041 Physical fundamentals

X-rays are electromagnetic waves with wavelengths ranging from approximately 1 to
0.01 nm (10 to 0.1 A). X-rays are generated when electrons with a high velocity are
decelerated upon penetrating matter. In principle, X-rays can be produced by two different
mechanisms. When a fast electron is decelerated on passing through the strong magnetic field
near a nucleus, it can give off a part of its energy as X-rays with the frequency v, which is
given by the following relation:

AE = hv )

As this equation clearly shows, the maximum energy of the X-rays cannot be greater than
that of the accelerated electron, which is given by the acceleration voltage. Thus, the shortest
possible wavelength that can be produced with a given acceleration voltage can be calculated
using Equation 1. This is only valid if the electron gives off all its energy in one step.

AE,, =eU=h-v,, =£ﬁ— @

min

e charge of the electron: 1.602 - 107%¢C
U acceleration voltage in volt

h Planck’s constant: 6.626-1074Js

c light velocity: 2.998-108ms™!

After inserting the constants into Equation 2, the following equation is obtained:

12400
Ay =220 & 3
min =5 3
For example, the shortest X-ray wavelength that can be obtained using an acceleration
voltage of 25 kV is A = 0.496 A.

But deceleration takes place in steps of any size between zero and AE,. ; thus the
radiation consists of a spectrum of energies, forming a white spectrum.

The wavelength at the highest intensity of the radiation is found at about 1.5A;,.
Towards high energies, the profile ends abruptly at the wavelength A, corresponding to
Equation 3. Towards lower energies, the relative intensity approaches zero very smoothly.

If the acceleration voltage suffices to eject an inner shell electron from the target material, the
continuous X-ray spectrum is superposed by characteristic radiation lines. The wavelength of
this radiation is characteristic for each element (characteristic spectrum).

The origin of the characteristic X-ray radiation can be explained according to Bohr's
model of the atom.
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Figure 1. The maximum of the intensity, as well as the short-wavelength limit of the
continuous X-ray spectrum, move towards shorter wavelengths as the acceleration voltage is
increased (tungsten anode) [1].

When an electron near the nucleus is hit by a highly energetic electron, it can be ejected from
the atom. Thus, the atom gains energy, and reaches an excited state. Having lost an electron
from the K shell, the atom reaches a K state; when an electron is missing from the L shell, the
atomic state is called an L state, and so on. Because the bonding energy of K-electrons
exceeds that of L-electrons, the K state possesses more energy than the L state. X-ray
radiation is produced, when the excited atom decays to the ground state by filling the vacancy
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Figure 2. The characteristic radiation: K series of a Cr tube and L series of a W tube [2].
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with an electron from a higher energy shell. The energy that this electron is losing in going
from a higher to a lower energy shell is emitted in form of X-rays.

o
r N
T E5.
L L L
Ly L
K, K K K;
Iy )

Figure 3. Energy level diagram (above) and simplified shell model of the atom (below) [1].

For X-ray diffraction studies, mainly the K-series is used.

According to Moseley’s law, the atomic number Z is proportional to the square root of the
frequency v of the X-ray radiation lines.

Z=k1 .‘\'VKG +k2 (4)
k;,k, -constants
Vke - frequency of K -radiation
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When passing through matter, X-rays are attenuated. The attenuation in the frequency
range used for X-ray diffraction is caused by photoabsorption and scattering.

Attenuation
- ~ v -

Photoabsorption Scattering Pair Formation

Fluorescent Photo- Classical Compton .
Radiation electron Scattering Scattering Electron Positron

v A
Modified Compton Annihilation Radiation

Radiation electron

Figure 4. Relation between the physical processes in X-ray attenuation (for radiation energies
less than 1.02 MeV, only the left and middle column apply; for radiation energies higher than
1.02 MeV, all columns are valid).

When a thin, monochromatic X-ray, possessing the intensity I , passes through a
homogeneous plate, t cm thick and oriented perpendicular to the ray, the intensity of the
emerging X-ray is given by Equation 5:

I = Lpexp(-pt) &)

W is called the linear attenuation coefficient in cm-l. Because the attenuation of the
intensity depends on the amount of the material that is penetrated, | is often divided by the
material density, yielding the mass-attenuation coefficient, a value independent of the
chemical and physical state of the absorber. wp is given in cm2/g. In mixtures and
compounds, the mass-attenuation coefficient is the sum of the component mass-attenuation
coefficients. The Wp values depend on the wavelength. When the p/p values are plotted as a
function of the X-ray wavelength for any element, the curve is not smooth, but it has
pronounced drops, which are called absorption edges. Figure 5 shows this function for
tungsten. For wavelengths between 2.0 and 1.2 A the value of wp decreases continuosly
towards shorter wavelengths (higher energies), and then it increases abruptly. This happens
when the energy of the radiation is just high enough to eject an electron from the L-III shell of
the atom, causing a rise in the attenuation coefficient. When the energy is increased further, at
first, the mass-attenuation coefficient decreases; upon reaching certain energies; it rises again.

When dealing with X-ray diffraction, it is, for a number of reasons, of interest to pay
attention to the absorption edges. For example, there are absorption filters and
monochromators, which are distinguished by possessing absorption edges within the range of
Kpg-radiation, while they attenuate Kg-radiation significantly less. Also, an adverse

composition of the photomaterial may lead to an attenuation of the radiation by means of
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Figure 5. Mass-attenuation coefficient and in cm?/g absorption edges of tungsten [1].

photoabsorption. As a consequence, fluorescent radiation is produced, which increases the X-
ray background radiation level.

When dealing with low incidence angles a, refraction and total reflection are of interest
{3, 4]. Here, formulae will be used, which were presented by R.W. James and used by P. X.
Predecki et al [5].
Figure 6 and also Figure 26 in paragraph 2.045 show the principal arrangement for grazing
incidence measurements.

The deviation of the measured value 20' from the true value 20, is given by

i in(20, - &) 2 1
20'-20, = + sina +sm( o =5 L1 6
0 sin2®o[ sin(20, — o) sino sin20, o ©
242
8=;‘° }‘2=1—n=10*‘3 1))
nmc

The refraction coefficient is denoted as n. According to [6], the index of refraction for X-
rays is

n = 1-8-if ®

where § is the refractive, and P the absorption-index decrement. The critical angle for total
reflection is ©,q, =~ 25 . Figure 7 shows the reflectivity curves normalized at @, . The
fraction of reflection depends on the ratio of absorption over refraction.
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2.042 Radiation sources; choice of X-ray tube

The X-ray sources are either tubes with static or with rotating anodes and the synchrotron
radiation. The characteristics that are important for the selection of the suitable tube are the
following: wavelength of the target material, focal size, maximum rating and intensity on the
specimen to be tested. In the following, typical features will be demonstrated. Detailed
information on the tubes may be obtained from the leaflets of the manufacturers. Table 1
contains the wavelengths of the usually produced tubes. The maximum voltage usually is 50

or 60 kV.

Table 1. Common target elements with appertaining wavelengths of eigenradiations in nm
and P-filters (7, 8].

Target element Ka Ky K3 B-filter

Al 0.833899 0.834144 0.79811 -

Ti 0.274841 0.275205 0.251382 -

v 0.250340 0.250718 0.228430 Ti

Cr 0.2289649 0.2293531 0.2084789 v
Mn 0.210175 0.210574 0.191005 Cr

Fe 0.1935979 0.1939923 0.1756554 Mn
Co 0.1788893 0.1792801 0.1620703 Fe

Cu 0.1540501 0.1544345 0.139216 Ni
W 0.147634 0.148738 0.128175 Cu
Mo 0.0709261 0.0713543 0.0632253 Zr
Ag 0.0559363 0.0563775 0.049701 Pd,Rh,Ru
Au 0.0180185 0.0185064 0.0158971 Ir,Os,Re, W

* wvaluesforLy; , Ly, Ly

Table 2 shows the focal spot sizes and the maximum rating of the different types.
Effective line- and point focuses are usually available. The high intensity beam of the rotating
anodes allows the use of a strong paralle] beam to measure lattice strains up to high values .

Table 2. Some examples of data of X-ray tubes. Focal spot sizes are in mm times mm, the
maximum rating is given in watts [9].

target static anode rotating anode
material |normal focus |fine focus |long fine focus

1x10 04x8 04x12 05x10]03x3 }0.2x2 |0.1x1
Cr 1800 1300 1900 12000 | 3600 | 2000 | 800
Fe 1500 900 1000 9000 | 2700 | 1500 | 600
Co 1800 1200 1800 12000 | 3600 ) 2000 | 800
Cu 2000 1500 2200 18000 | 5400 | 3000 | 1200
Mo 2400 2000 3000 18000 | 5400 | 3000 | 1200
w 2400 2000 3000
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All different designs use beryllium as the material for the windows. The attenuation
coefficients y for beryllium are listed in Table 3 for different radiations [10].

Table 3. Attenuation coefficients in cm! of beryllium and air for different radiations {10, 11].

radiation | Ti-K, { Cr-K, | Fe-K, | Co-Ky | Cu-Ky | Mo-K, | W-L, | W-Lg
HBe 10.841 | 62345 | 3.7555 | 29415 | 1.8315 | 0.481 1.6465 1.221
Waic 0.06793 | 0.03922 | 0.02338 | 0.01868 | 0.01193 | 0.00124 | 0.010445 | 0.006855

Although the attenuation of the emitted radiation varies for different tube constructions,
the relative absorption shows a similar behaviour for different wavelenghts. As an example,
Figure 8 shows the absorption of the window of a tube.

f
100

go}
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70

beryllium-transmission factor in %

6o}

50—y T T T T T T
0.28 0.24 0.20 0.16 0.12 0.08
wavelength in nm

Figure 8. Beryllium-transmission factor versus wavelength, thickness of window of X-ray
tube as parameter [11].

Additional attenuation of the radiation occurs on the way from the tube to the specimen
and to the counter. The attenuation in air can be calculated approximately according to the
following formula.

ol
p air p (6]

+0.767(-‘f) +0.013(E) 9)
p N2 p Ar

2
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The mass-attenuation coefficient is a function of the wavelength. Figure 9 shows the air-
transmission-factor versus the wavelength for different path lengths in air.

Figure 9 shows that the attenuation of the X-ray intensity in the window and in the air is
significant especially for those X-rays with relatively high wavelengths.

One should monitor the proper performance of the tubes. The following checks should be
done periodically: homogenity of the radiation at the focus, loss of intensity and tests on the
presence of foreign radiation. In the following, some results collected by the members of the
German Task Group ,,Eigenspannungen* will be presented. Figure 10 shows the decrease of
the intensity of the peaks of a dual-phase steel versus its lifetime.
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Figure 9. Air-transmission factor versus wavelength, path length of X-rays as parameter [11].

The loss of intensity of the two tubes is enormeous, but there is the third tube, which still
has the original intensity. From the tungsten cathode, a foreign radiation, W-L,, radiation, can
be observed after relatively short burning time, Figure 11.

In Figure 12 the intensity loss and the increased W-L , radiation of some tubes are plotted.

Automated X-ray equipments with diffractometer are in operation for 24 hours a day in
many laboratories. Especially tubes with Chromium-anodes are used for many years in tests
with steel components. In often-used tubes, the decrease of intensity and the presence of
foreign radiation, W-L radiation, might be noticed. It is necessary to test the X-ray tubes
regularly in regard to W-L radiation, otherwise overlapping of interference lines in the front
reflection region will occur. The control tests should be made without B-filter and with
constant load parameters of the tube, e.g. 40 kV and 10 mA. As a reference sample, a Si-
gauge is recommended. Here, the {111}-peak should be measured, and its average intensity
should be taken for a y-range over - 45°S y £ 45°,
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Figure 10. Intensity versus runtime of three Mo-X-ray tubes, measurements on a two-phase
steel, by A. Voskamp, SKF Engineering & Research Centre B. V., Nieuwegein, Netherlands

[11].
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Figure 11. Debyeogram of a Au powder, Cr-K-radiation, 1000 h burning time, measurements
by B. Eigenmann, University Karlsruhe (TH) [11].
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The above mentioned German Task Group has suggested a guarantee declaration saying
the following, see Table 4.

Table 4. Proposed guarantee for X-ray tubes. Courtesy AWT-FachausschuB , Eigenspan-
nungen“ [11].

o  Spectral purity
- tobe tested on the {111} peak of Si test plate or
of Au-powder at 40 kV without any B-filter
- as delivered: peaks of foreign radiations < 0.1 %
relative to the respective radiation
- increase of the W-L-radiation peak < 0.1% / 1000h
o Loss of intensity < 1% / 1000h of an appropriate peak
o  The rating of the tube during the lifetime should be
registered as well as the maximum value stated by the manufacturer
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There are some methods for suppressing or at least diminishing the foreign radiation.
Table 5 lists some methods to do so and their results.

Table 5. Intensity in counts per 5 seconds of tubes with a Cu anode [12].

Arrangement, tube Kai Kp |
No filter new 29000 7000 112
used 20000 5000 600
Ni-filter new 15000 200 —
used 11000 145 15
Mono- quartz new 17000 — —

chromator prim.
graphite used 9000 8 6

sec.

multilayer used 11000 20 5

prim.

Synchrotron radiation

This X-ray source is known since about 1960, but in recent years more facilities have
been installed for the use in XSA studies. The physical and technical aspects are collected in
[13, 14]. Stress studies were performed by [15-20]. The synchrotron radiation is emitted in
the neighborhood of electron or positron storage rings. It is an electromagnetic radiation with
a wide spectrum ranging from ultraviolet to X-ray wavelengths. Further characteristics
include: polarized continuous radiation, small divergence and high intensity. The main
advantages for the use in stress analysis are the following: according to the installed
monochromator, the wavelength can be continuously varied so that, with a fixed 20 Bragg’s
angle, the different {hkl} peaks vs. y rotation can be measured [19). The great variety of
wavelengths is the main advantage in contrast to the individual ones of the X-ray tube.
Figure 13 graphically shows the peaks of Ni and Fe in the range 140° < 20 < 170° versus the
wavelength.

With the radiation of X-ray tubes, only a restricted variety of peaks can be tested, whereas
the use of synchrotron radiation allows access to many more peaks. Consequently, an
important range of penetration depths can be realized, which is useful for the analysis of
stress gradients. Also, it is possible to perform measurements at high-y polar angles, which is
especially helpful for carrying out measurements in the £2-mode. Figure 14 shows results of

D-measurements on cold rolled Ni in the Q- and the ¥-mode up to high y-tilts [17].
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Figure 13. a) Peaks of fcc nickel in the region of 140° <20 < 170° [20],
b) Peaks of bec iron in the region of 140° <20 < 170° {21].

Energy dispersive method

With the use of very hard radiation of 150 keV, the RS profile of steel components up to
10 mm thick can be tested.

A further advantage of this method is the possibility to gain results for many peaks in a
short time and up to y < 88°, and thus to measure the strain profile well below the surface.
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Since the introduction of this method by {22, 23], two papers [24, 25] have been
published on this subject, both report on the RS-state of a ground steel plate that was studied
by X-rays [26]. Detailed results are presented below.

As the X-ray source, the bremsradiation of a W-anode is used. Using high energies up to
150 keV, the transmission technique is applied so that it is possible to determine the stress
state throughout the cross section of the sample. The diffracted X-ray beam is then analyzed
by an energy-dispersive germanium detector. The main formulae are

hc _ 12.4
2D{hkl}sin® 2D {hkl}sin®

=(AE_) (10)
ki) \ E Jinia)

Due to the short wavelengths at an acceleration voltage of 150 keV, the intensity of the
reflections rapidly decreases with increasing 20©-position of the detector. So the 20@-values
are limited to < 10°, which results in a parallelepiped shape of the gauge volume element.
Limiting the acceleration voltage to approximately 50 kV, then higher 20-values for the
detector are possible. Of course the penetration depth of the radiation is then reduced, so that
in this case the measurements are performed in reflection-mode geometry. In [24), the
diffracted radiation was measured at a fixed angle of 20 = 33.5°. A wide spectrum of peaks
of iron from {110} up to {530+433}, at y = 0° up to Wy = 88° and on different azimuths was
measured, Figure 15.

E {hkl} =

; e{hkl} = (-ADB)
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Figure 15. Energy dispersive X-ray diffraction spectra of a ground steel plate, y = 0° and 88°
[25]).

From fitted curves, the € vs. sin®y dependencies were evaluated.
New impulses to the art of the diffraction techniques and the use of XSA in materials science
can be expected from this new radiation source.

2.043 Measuring schemes

The principal arrangement of all XSA and NSA methods is the Debye-Scherrer
technique, which, in some countries, is also called Hall technique. Figure 16 illustrates the
geometrical arrangement for performing measurements with monochromatic radiation on
polycrystalline specimens . If the wavelength of the radiation used and the interplanar lattice
distances of the polycrystalline sample material are of the same order of magnitude, then the
interference lines (hkl} of the specimens arise at discrete 20-values. Shortly after the
introduction of this technique, the question of focusing divergent rays was solved. The
focusing principles of Bragg-Brentano and of Seemann-Bohlin were introduced (Figure 17).
The focusing condition says that the focus of the X-ray tube, the irradiated area of the
specimen and the interference line have to lie on a circle, the focusing circle. In this way, the
reflected intensity from all individual crystallites fulfilling Bragg’s law is focused best, so
yielding sharp interference lines. So the position of the interference line can be precisely
measured, hence allowing the precise determination of the interplanar lattice spacings. Then,
the strain values can be obtained on an absolute scale from the shift of the interference line.
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Figure 16. X-ray optics in a powder diffractometer.

Figure 17. Focusing conditions according to Seemann-Bohlin (left) and Bragg-Brentano
(right).

Preponderantly used are the K-doublets of different radiations and rarely the single Kg-
line of different radiations. In recent years, continuous polychromatic W-radiation was chosen
for the energy dispersive X-ray method. Also, continuous polychromatic neutron radiation
and different monochromators are being used. The distribution of the diffracted intensity is
registered by a single proportional or scintillation counter or by a position sensitive counter
(PSC) in the front-reflection 20 < 90° (© the Bragg's angle) or in the back-reflection-area
20 >90°, especially in the range from 150° to 165°. Bragg’s equation yields the resolving
power of the determination of the lattice-plane distance.
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A =2D-sin® an

A; wavelength,
D: lattice-plane distance

A20 = 2[—— - -—) tan © for A = const.
Ay Dy
(12)

A20 = —2-A—Q-tan9
Dy

The lattice-plane distance is calculated by well known formulae from the lattice constants
and angles according to the crystal system. For materials with a cubic structure, the formula is
given by

D{100)= D{hki}(h?+k2+12) (13)

D, is the lattice-plane distance or the lattice constant of the strain-, stress-free state. For a
given lattice strain, the peak shift increases with tan®. This is the reason for measuring lattice
strains in the back-reflection area. But with high-performance diffractometers, using long
counting times and small steps in A20, precise measurements on polymeric materials, as well
as on metallic and ceramic materials, are also possible in the front region.

The strain can be calculated very accurately if Dy is known.

_D-Dy _sin®p —sin®

€
Do sin©

14

The accuracy of a measurement on different lattice planes using different radiations
should be checked by plotting the D100} values versus an appropriate test parameter. The

discussion and assessment of the test results should take the evaluated strain into account.
Diffraction methods are phase selective (Figure 18).

The pole angle y (angle between the normals of the specimen and the selected lattice
plane) y< 0, the azimuth @ and the angle & of the specimen cut in regard to the rolling,
grinding, or other special directions are displayed in Figure 19. A is the angle around the
normal to the lattice plane (not shown).

Although the present methods to evaluate strain and stresses require diffractometers of
different designs, depending on the purpose, see chapter 2.05, the basic film method is still in
use.

Figure 20 shows the schematic arrangement of a flat-film camera with the film positioned
in the back-reflection region. To determine the distance between the X-ray illuminated spot
on the specimen and the film, a calibration powder in the form of a thin layer on the specimen
is usually utilized. If the material is not fine grained, spotty rings or single reflection spots
will be noticed. The shape of the spots, the number of their appearances and their variances
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can be analysed easily. The film technique is revitalized by the increasing use of now
available imaging plates.
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Figure 19. Definitions and notations of angles and directions.
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Figure 20. Principle of a flat-film camera in back reflection position.

Q- and W-diffractometers are in use. Both arrangements are usually based on the Bragg-
Brentano focusing principle. This means that the angular velocity of the detector is twice that
of the sample around the same axis. The definition of the pole angle y < 0 directions of both
diffractometers can be found in Figure 21.

The azimuth ¢ = 0 in the specimen should be defined by the direction of drawing, rolling,
mechanical surface treatments, or injection molding. In Q-diffractometer, the rotation of the
specimen occurs around the diffractometer axis, and vertical to that in the ‘Y-diffractometer.
In an Q-diffractometer the specimen is oriented in such a way, that the azimuth ¢ = 0 and the
reflected X-ray at y = 0 form an acute angle. Y < 0 means a rotation of the specimen-normal
direction towards smaller 20@-angles and vice versa. In Figure 21 a tilt @’ is also marked
within the W-arrangement. This tilt is necessary for measurements in near-surface regions.
The maximum tilt @’ is @’ yax = ©. This could be called the combined ¥-Q2-method.

The characteristics of both types of diffractometers are listed in Table 6. The ¥-mode is
used increasingly in modern installations. But designs are known, that allow one to measure
both in the Q- and the ¥-mode. More information is given in chapter 2.05.

The choice of the anode material of the X-ray tube depends on the material to be tested,
the interference line and the maximum rating of the tube. Modem tubes have two windows
with a point focus and two with a line focus. Table 7 shows the different effective sizes of the
focus used in Q- and in ¥-diffractometers. Usually, fine focus should be used in tests with a
monochromator and on curved areas. -filters are in use on the tube- and/or detector-side.



Figure 21. Schemes of 2 (left) and ¥ (right) diffractometers.

Table 6. Characteristics of diffractometer types.

characteristics Q-diffractometer
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Y-diffractometer

perpendicular to the diffractometer
plane
asymmetrical for y <0 and y >0

axis of -y-tilt

beam geometry with respect to
specimen

line, perpendicular to the
diffractometer plane, uncritical but
has to be limited

aperture to limit defocusing errors

irradiated specimen surface line shaped, decreasing steadily for
y<Oandy>0

positioning of specimen sensitive in regard to excentricity

required for broad interference
lines

PLA correction

maximum velocity high for routine measurements
because of high intensity

lattice-strain measurement practically restricted to range of

back reflection, sin2y < 0.8, y < 0

texture analysis not appropriate

parallel to the diffractometer plane

symmetrical for y > 0 and y < 0

point, critical

point-shaped, slightly increasing
with 7‘!’ r

less critical

not required if only slopes of D vs
sinzw are evaluated

low for large diffractometer radius
no restriction in 20, sinzw <09
for back reflection

state-of-the-art for modern devices
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Figure 22 shows the positions of tube, detector and sample in the Q-mode.
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relative movements
samp G, baam (etactor)

Incident beam § moving: half 20 speed| 26 scan of one paak

diffracted beam { moving: haif 26 speed
{datactor)

 fixed, various values, © =y + ©

Figure 22. Different positions in the Q2-mode.

Table 7. Effective sizes of focus used in Q- and W-diffractometers.

Diffractometer Normal focus Fine focus Long-Fine-focus
Q 0.1 x 10 mm? 0.04 x 8 mm2 0.04 x 12 mm2
¥ 1x 1 mm2 0.4 x 0.8 mm2 0.4x 1.2mm2

For defining small gauge areas, e.g. notches or certain parts of the cross section, masks
are applied on the surface. Care must be taken that no foreign interference line disturbs the
peak that is to be measured.

Regarding the size of the slits, the following should be observed: They are smaller for the
Q- than for the W-mode, smaller in the back than in the front reflection zone, and smaller for

sinz\y 2 0.5 than for lower sinz\y-values. The angular ranges are from 0.1° to 1°. Soller slits
with divergence < 0.15° are used on the tube- and/or detector-side. In Japan, also two Soller
slits are used to achieve a maximum insensitivity against misalignment, Figure 23.

Monochromators are also used on the tube- and/or detector-side; they are curved or plane,
Figure 24. Depending on the X-ray diffractometer arrangement and the required resolution,
different monochromator materials can be chosen: Quartz, Germanium, Graphite.
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X-ray tube

Soller slit

Figure 23. The parallel beam method uses two Soller slits {27].

Figure 24. Possible positions of monochromators [28].

Polymeric semicrystalline materials have interference lines from the crystalline phase
only in the front reflection zone. Therefore, ‘V-diffractometers are used to extend the
accessible y-range. In the case of amorphous polymeric materials, a fine crystalline powder
must be added to the polymer and the peaks of this powder have to be measured to evaluate

the RS-state. Figure 25 illustrates the possible arrangements of both the amorphous and the
semicrystalline polymeric material.
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Figure 25. Measuring geometry for the analysis in amorphous and semicrystalline polymeric
materials.

If the rays are parallel (long Soller slit) the specimen can be irraditated at a very low angle
o of only a few degrees. In this way, very thin surface layers can be tested.

A low-incidence angle Q-arrangement has been used frequently in recent years. The aim
is to measure the lattice strain in near-surface regions. The Seemann-Bohlin-focusing
principle is applied. Figure 26 shows the details.

Several interference lines are evaluated. Hereby, different y-positions are obtained. For
the measurements at y < 0, the specimen must be rotated through 180°. The following
connection holds: y= -(©-0), o being the incidence angle of a few degrees. The reverse-rays
way was proposed by [29]. A very low incidence angle, smaller than 1°, was used by [30, 31].

For an optimum definition of the gage volume element to be measured, a Soller slit with
a small divergence of < 0.15° is mounted on the detector side.

The geometry arrangement used for high energy X-ray diffraction is shown in Figure 27.
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Figure 27. Principal setup for energy dispersive experiments [32].
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2,044 Alignment, calibration

The producers of diffractometer arrangements deliver instructions for the basic
alignment. The calibration of the equipment is performed with fine crystalline powders. An
evenly thin layer of this powder should be placed on a glass plate or on a sticking strip
directly on the component. The following powders are used as calibration substances:
especially Au but also Ag, Cr, Fe, Ni, Si. K- and K,-peaks must be clearly separated. The

distance A20 between the calibration peak and the peak used for the later measurements
should be smaller than 3°. In the case of precise, absolute measurements, the maximum
displacement A20 of the calibration peaks should not exceed +0.01 in 20 throughout the
total Y-range -Ypax € ¥ S + Yy It is important not to use coarse-grained powder because it
might easily lead to a miscalibration.

In the case of materials with a relatively low attenuation factor (polymers, ceramics), the
larger penetration depth must be corrected for eccentricity with a stress-free sample.

Some papers and studies on the alignment and calibration of diffractometer devices can
be found in [33-37].

2.045 Interference-peak determination

W. Reimers

The exact determination of the interference-peak position is a prerequisite for the
evaluation of residual stresses. In [38-40], the fundamental peak location methods are
demonstrated. The increasing requirements of the determination of residual stress states, in
particular of triaxial residual-stress states, and the development of data processing result in
improvements of determining the peak positions. There are worked-out processes, which
correct the diffraction-angle-dependent part of the intensity, taking into consideration the K-
doublet splitting. The asymmetrical influences of steep gradients on the peak shape are
investigated, and will be discussed in chapter 2.15. Because of progress in measuring
equipment and the automation of the measuring procedure, the measured data for the
interference profile are available as discrete values of I vs. 20 in most cases. From this data
set, the evaluation of the peak position can be performed in a straightforward way. But for
each step of the evaluation, the validity of the physical conditions implied has to be checked
carefully beforehand. In a first step, the measured intensity values are corrected for the
absorption of the X-ray beam, which depends on the material and on the beam path of the
incident and the reflected beam. The absorption correction factor A, for specimens with a
thickness much larger than the penetration depth of the X-rays, is given by:

A=L(1—tan\ycot®cosn) (15)

I - attenuation coefficient

7 describes the rotation of the sample around the measuring direction given by ¢ and y
{41].
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For the determination of the peak position, not absolute but relative intensities are
necessary. In this case the attenuation coefficient is canceled out.

For fixed values of y and 1, data processing yields:

1(20)
1426 A(20)

When measurements are performed in the 2-mode (n = 0°), Equation 15 simplifies, and
for series measurements in the ¥-mode (1 = 90°), A becomes a constant.

In the next step, a background correction is recommended. In XSA, interference lines are
often broad, caused by microstresses, small grain size effects, or the back- scattering
measuring procedure. Furthermore, comparatively small intensity to background ratios are
often found for different reasons. Thus, an asymmetry of the background may seriously
influence the determination of the peak-position. The intensity data I5(20) are corrected for
the background on both sides of the interference line by

1A8(20) =1a(20) - f3(20) a7

(16)

The background-correction function fg(20) is obtained by fitting a polynomial of low
order (usually first or second) to the background intensities b, respectively b, on the left hand
side respectively right hand side of the interference line. This procedure requires a rather
precise determination of the background on both sides of the interference line. Consequently,
in cases where the background on one side of the interference line cannot be measured, e.g.
for interference-peak positions at very high 2@ values, XSA should be performed on a
different interference line.

The polarization factor P(20) and the Lorentz factor L(20) [42] are further correction
terms. Whereas 1(20) is only applied to the integral-reflection intensity, a stepwise correction
P(20) is of importance especially for broad interference lines:

1

L(20) = 18

(20) sin 20 (18)
2

p(2@)=1_+&52.& (19)

L(20) is a geometrical correction factor valid for all cases, where the rotation axis for the
profile measurement in the ©-20 - mode is perpendicular to the diffraction plane. The
polarization factor corresponding to Equation 19 refers to the partial polarization of the X-
radiation of a standard X-ray fine-structure tube. A geometrical correction that depends on the
measurement techniques has to be completed [43]. The entire correction factor of the integral
intensity for the Debye-Scherrer method is 1 + cos*2@ / sin’® cos®. In the case of the
stepwise, discrete intensity measurement cos® will become = 1. If a monochromator is used,
an additional polarization of the X-radiation is provided, so that in principle the polarization
correction has to be applied twice, where the P-factor that is caused by the first diffraction by
the monochromator is given by:

Py = (cos? 20m+1)/2 (20)
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O is the take-off angle of the monochromator. If the monochromator position is kept
fixed during the interference profile measurement, Py is a constant and may be dropped.
Special polarization factors have to be calculated when using synchrotron radiation, which is
usually highly polarized.

For an evaluation of the absolute peak position, the background and the PLA correction
factors have to be taken into account. If only relative values are needed for the assessment,
the interference lines should be corrected for background and PLA for high values of
y(sin2y > 0.5).

In XSA, mostly X-radiation, conditioned only by Kg-filters, is used for reasons of
intensity. Therefore, the K;-K, splitting and its intensity ratio of approximately 2:1 leads to

an asymmetry or even splitting of the observed interference lines. The spacing A20 of the
Ky -Kq, doublet interference line of the stress-free material with constant Dy is

A20 = Z%taneo @1

The doublet splitting increases with the tangent of Bragg’s angles and with smaller
wavelengths. The line doublet broadens with increasing inhomogeneous strains and/or
decreasing sizes of the crystallites.

A doublet splitting of about 1° in 20 of a stress-free material is blurred even by relatively
small inhomogeneous strains of the grains measured. In materials with strongly inhomogene-
ous strains, doublet splittings only occur at high Bragg’s angles if A20 (K, K;) exceeds 2°.

Neglecting the doublet structure of the profiles may lead to uncertainties in the further
evaluation. This situation may be avoided either by experimental or by subsequent data
treatment methods (Figure 28).

Co-K, Cu{400} 20k, 20k, 2Ka1
20(K) = 163.506°
FWHM = 1.9%in 26
i !
f { 26K { 4 !
A i 2
¢ 3 1 1%6Kn
i i
! il
! |3 )
i il ]
160 168 164 164 168
29 in® 20 in° 28 in®
single slit after separation mathematical
background correction symmetrization

Figure 28. Corrections for the Ky / K;-splitting.
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The Ky, line may be suppressed by a secondary monochromator, which, however, leads
to a loss of intensity. A further experimental solution of the K.,-K,, doublet problem is
offered by the use of symmetrizing slits [44], which renormalize the intensity ratio of K-
K to 2:1 because of their shape. But attention has to be paid to the peak shift caused by the
slit geometry. Depending on the K(-Kq, splitting, the evaluated peak position has to be
corrected:

20 = 20, - (207 - 26012 (22)
0, = arc sin (Ay;/2D)

However, several drawbacks of the use of symmetrizing slits are evident: the peaks are
broadened because of the doubled aperture of the slits in comparison with the single-slit
geometry. Furthermore, the symmetrizing double slits have to be adjusted for each anode tube
material and for the 2©-region under study. Moreover, no slit systems can be installed in the
diffracted beam path when using a position-sensitive detector. So parallel to the progressing
automation of the measurements, the mathematical methods for taking care of the doublet of
the interference structure lines are advancing. With a mathematical procedure, the effect of
symmetrizising slits without any peak shift can be simulated on single-slit measurements
{451:

Lym(26) = 1(20) + V31(20+3) (23)
&: doublet separation

Besides an increase in the intensity, the advantage of this creates a working procedure of
general availability, even if measuring with a position-sensitive detector or monochromator.
Two methods for the o,-elimination are commonly used: the substitution correction (usually
referred to as the Rachinger method [46,47]) and the Fourier-correction [48]. Both methods
are based on the assumptions that (I) the two components have the same shape, (II) the
intensity ratio is known, and (II) the doublet separation is also known. According to [49] one
obtains:

[,1(20) = 1,,(20) - Rl (20-9) 24)

R=1I /1

al, max/ ‘a2, max

20y, - 20, =2 arc sin(z&—"—‘-z—z%)—)—”"‘—l +5in Q) - 20,

However, 8 = A20 is known to increase with increasing values of 20. Therefore, it is
more efficient to use a doublet separation that is constant on such a scale. Thus, transforming
the profile on the reciprocal sin®-scale, the corresponding doublet separation becomes

8= (k-1)sin®@ with k = Agor / Ako (25)
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So, after replacing 20 by sin® in Equation 23 and denoting the first position on the left
side of the profile by x, = sin@,, the subsequent positions required for the separation are

obtained by x,=x,k™ The use of Equation 23 then yields a recursive formula for the
Rachinger separation that is given by:

Lui(xg) = Liga (Xs)
I<g) (Xsk™) = Lo (Xk™) - Rl (xkm 1) m21 (26)

After having applied the oy, separation to the experimental data, the profile should be

transformed to the D-scale, where symmetrical intensity distributions should be obtained. So,
asymmetries are easily detected either by optical inspection or by calculating the derivation to
symmetrical functions ¢.g. Gaussian distributions. The observation of asymmetric Rachinger
corrected profiles necessitates a careful inspection of the material state under study:
- insufficient measuring time may give rise to the occurence of erroneous reflection profiles.
Statistical considerations for the fit quality are given below.

- insufficient grain statistics may give rise to Bragg reflections of individual grains for
accidental diffractometer positions, thus e.g. enhancing the K,; or K, reflection subprofile.
Effects caused by coarse grains are also indicated by intensity variations at different
diffractometer positions @, y. Accurate lattice-strain determinations can only be achieved if a
sufficient number of grains of the material phase under study is randomly oriented in the
specimen area irradiated by the incident X-ray beam. This presupposition is not fullfilled in
coarse-grained materials or in materials with preferred orientations of the grains. In such
cases, the interference lines show different intensities when varying the measuring directions
t y. With a y-scan at a constant Bragg’s angle ©g, one can settle whether there is a coarse-
grained material or a material with strong preferred orientations. Figure 29 illustrates the
method showing three material states: fine crystalline, textured and coarse grained. With a
film tilted between X-ray and surface of the specimen the material state can also be checked.

In coarse-grained materials, the number of crystallites measured can be increased by a
motion of the sample’s surface relative to the incident X-ray beam, by a slight pendulous
motion of the object surface around an axis through the center of gravity of the irradiated
area, by an enlargement of the irradiated surface area, or by using X-rays with deeper
penetration. The attenuation of X-rays depends on the wavelength, the measuring direction
and the material under investigation.
- The observed reflection profile may be due to a superposition of crystallographically
different interference lines. For steel, the influence of the C-content on the reflection line
splitting is demonstrated schematically in Figure 30. Measured reflection profiles are shown
in Figure 31.

Another peak determination problem exists for broadened martensitic interference lines
{211} measured with Cr-K, radiation on hardened steels. Steel components are prevailingly

tested with Cr-K,, radiation. The {211} peak of the ferritic phase lies at 20 = 156.07°. The

FWHM reaches values of 10° or more than 20° in 20.
When the broad {211} peak of martensite can not be measured with the usual Cr-K,

radiation, other peaks can be chosen.
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Figure 29. y-scan of fine-crystalline quasiisotropic, textured and coarse grained materials.

Figure 30. Reflection splitting in steels with different carbon contents.
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Figure 31. Reflection profiles for steels with different carbon contents.

Evidently, superposition of reflections is often observed in two-phase or multiphase

materials (Figure 32). In such a case it should be examined, whether it is possible to
investigate another, undisturbed interference line.
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Figure 32. Superposition of reflections in two-phase HPSN.
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A correct determination of the interference peak position may be achieved, if it is
possible to perform a double or multiple profile analysis (Figure33).
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Figure 33. Splitting of the {200]}-martensite interference line caused by the tetragonal
distortion of the unit cell.

- Gradients of stresses or of the Do-value within the penetration depth of the X-rays influence
the reflection profiles. Adequate evaluation procedures are discussed in chapter 2.15.

- Stacking faults may give rise to asymmetric D-distributions. Details are discussed in chapter
2.09.

For the interference-peak determination on the basis of corrected and inspected data,
several methods are available, which may be divided into two categories: - Interference-peak
determination methods which are based on the analysis of selected parts of the profile (e.g.
H/2 - method, parabolafit).

These peak evaluation methods may be applied e.g. to study polymeric materials, where only
superponed interference profiles at very low 20-values are available (Figure 34).

However, if the full interference profile is available, the disadvantage of these methods is
evident, because most part of the measured information is not used. So these methods should
only be used exceptionally. Problems that may arise from the suppression of the background
correction or from ignoring possible profile asymmetries have been discussed above.

- Interference peak determination methods based on the analysis of the full profile. Here the
center-of-gravity method is still widespread.This method is often performed on the 20-scale
of the data, because K,;-K,-splitting is quasiautomatically averaged out in the result. The

interference peak position is calculated by
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Figure 34. Reflection profiles for polymeric materials.
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Asymmetries in the reflection profiles are indicated by a shift in the <20.> values, when
the integration limits in Equation 27 are varied systematically. In this case the center-of-
gravity of the entire K,-separated line will give the correct 2©-position. Usually the
integration limits should be varied from 0.55 to 0.80 of the maximum peak-intensity in steps
of 0.05 in case of the symmetrizised line and from 0.20 to 0.70 in steps of 0.10 in case of the
separated line. Averaging these values of peak positions validates the result in a statistical
manner. Investigations on computed interference lines, symmetrizised or K-separated with
and without PL-correction, were made, to show the errors in determining the peak location by
using the center-of-gravity method for several peak positions in 20 (Figure 35) [50].
The disadvantage of the center-of-gravity method is its limitation to only one profile. In
contrast to the center-of-gravity method the Gauss-algorithm offers the advantage that it may
be easily extended to two or more subprofiles:
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Figure 35. Errors (20-20,) of the peak positions from different evaluations.The errors are
displayed as a function of the FWHM (Cu-K;-interferences, 2@, = 160°, 165°, 170°) [50].

o (D~ D ax )
Lot (D) = Z Ii,max exp- ___%ax___
i=1 20

I — maximum intensity of subprofile i

i, max

(28)
D; nax — D-value at the maximum intensity of the subprofile i

__ %

o =
' J2n2

with w; = full width at half maximum of the subprofile i
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It should be mentioned that Rachinger corrected profiles should be used preferably, where
the I (20) values are converted to I (D) values.

Figure 36 gives an example for a multi-Gauss evaluation.
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Figure 36. Superposition of reflection profiles in the nickelbase superalloy SC 16 after
uniaxial creep deformation in [001].

In special material conditions or in the case of high resolution experiments (e.g. parallel-
beam methods, synchotron radiation), the experimental profiles are no more represented by
Gaussian distributions, Here, it is recommended to use Pearson VII-functions, or the more
physically based Voigt-functions, which are more flexible in describing profiles over the
whole range from Lorentzian to Gaussian distributions. The Pearson VII-function [51] is
given by:

2
Ix) = Iou+(—"l—;13‘(;‘;lr"‘ 29)

The parameter m varies with the peak shape. For narrow peaks m = 1 is appropriate, in
which case (29) is a Lorentzian. When m approaches infinity, it can be shown that I(x)
Equation 29 becomes a Gaussian function.

A different access to the analysis of D-vs.-siny distributions is possible by the cross-
correlation method [52,53], where the interference line positions are calculated relative to a
reference interference peak position, e.g. measured at y = 0°.

2(A20) = f.l 1,26,)-1,(26; +420) (30)

L(26©) - intensity of the reference reflection at 20,
I,(26; + A20) - intensity of the second reflection at 26; + A20
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The maximum of the function & (A20) yields the shift A20 of the reflection line to be

evaluated relative to the reference-peak position.
In Figure 37 the different methods for peak position determination are graphically
displayed. In Table 8 the methods are listed and assessed.
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Figure 37. Comparison of methods used for peak position determination.

Table 8. Assessment of methods for peak position determination.
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For judging the quality of a profile, using e.g. Gauss or Pearson VII-functions, the x*-test
is often used:

n — .
x2=2(2’;_y("x“‘21’;"‘ml=mng a1
i i
ay, ..., ap, - fitting parameters
A - standard deviations of the individual intensities

Since the value of %2 depends on the number of fitting parameters applied, it is useful to
proceed to a more general description of the fit quality by calculating the goodness-of-fit
probability Q [54]:

Q= Q(—V —x (32)

v=n-m
n - number of measured intensity values
m - number of fitting parameters

Q(a, x) is the uncomplete Gamma-function:

Q(a,x) = % fett*ldt. (33)

Experience shows that the model used for the interference-profile fitting should be
basically correct when %2 = v = n-m is achieved. In this case, Q-values of Q > 10-3 are
calculated, whereas for Q-values < 10-18 the fitting model used has to be revised.

The statistical error of the fitting parameters Am;, e.g. interference-peak position, full
width at half maximum, are calculated by:

Am; (K )—l i(ll obs ncalc)2 (34)
! n-m i=1 (Al obs)

K;; - diagonal element j of the inverse coefficient matrix K-1 of the normal equation
system.

2.046 Basic data

The following figures and tables should help to perform lattice-strain measurements and
evaluations of stresses. The wavelengths of industrially produced sealed X-ray tubes with the
given anode-metals are listed in Table 1. Also, filter materials are named, which serve to
absorb the Kg-radiation.
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The lattice constants of different materials and calibration powders are listed in Tables 9,
10. These data were used to calculate the different parameters noted here. For some metals,
getting pure powders is difficult, so the lattice constant may be different and a calibration
versus Au-powder must be made. When samples for calibration purposes are not fine-grained,
and procedures used to enhance the number of reflecting crystallites are not sufficient to
counteract the coarse-grained effects, erroneous results may be obtained.

Figures 38-40 show the Debyeograms of the calibration powders Au, Cr and Fe for the
different K, radiations of Ti, Cr. Fe, Co, Cu, Mo. For the often-used Si calibration sample,
the 2© values are given in Table 11.

The penetration depths are defined as those distances from the surface, out of which 63%
or 1-1/e of the intensity of the interference lines originate. Corresponding values for Q- and ¥
-diffractometers are given by the formulae in the first line of Table 12. For some materials in
Table 13 the attenuation coefficients are listed and Figure 41 shows these penetration depths
vs. sin?y, when distinct {hkl}-planes are measured with specified K,-radiations. Mean
penetration depths can be calculated for siny =03 i.. y= 33.21°. Also values are used
corresponding to depths that contribute about 95% or 99% to the total intensities. Table 14
contains Ty 3 (‘V-diffractometer) and o (€2- and ‘Y- diffractometer) for iron-base materials
versus different radiations. The dependence of the penetration depths versus sin?y is different
for Q- and ‘P-diffractometers in the region of high y-angles. For clarification only, some
curved lines are drawn in Figure 41 for the Q-mode. For y = ©, the penetration depth of the
Q-arrangement equals zero. In some gradient studies, the fact is used that the strains of
different crystallites in the same depth can be measured with one radiation on the same
interference line using the Q- and the ¥-mode of the diffractometer. The penetration depth

decreases if the specimen thickness is finite and approximates the thickness t itself. The
formula used in thin film studies holds:

T=1T(COS \y[—ln(e“1 +eY% —e("“"_])J] (35)
Figure 42 shows an example [55].

Table 9. Lattice constant at room temperature and crystal system of distinct base materials
[7, 8].

material lattice constant in nm crystal system
a-Fe 0.28665 b.c.c.
v-Fe 0.359 £ 0.001 fcc
Al 0.40491 f.c.c
Cu 0.36141 fcc
Ni 0.35238 f.c.c
a-Ti 0.29505, < =1.5873 hex.
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Table 10. Lattice constant of the most often used calibration powders at room temperature [7,
8] and crystal system.

calibration powder lattice constant in nm crystal system
Ag 0.40865 fc.c.
Au 0.40786 fc.c.
Cr 0.28844 fc.c.
Fe 0.28665 b.c.c.
Ge 0.56575 2f.c.c.
Si 0.54319 2f.c.c.
w 0.31650 b.c.c.
Nb 0.32986 b.c.c.
Cdo 0.46951 2f.c.c.
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Figure 38. Interference lines of Au-powder obtained with different K- (closed column) and
Kg)- (open column) radiations.
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Figure 39. Interference lines of Cr obtained with different K- (closed column) and Kg,

(open column) radiations.
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Figure 40. Interference lines of Fe obtained with different K- (closed column) and Kg)
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Table 11. Two-theta-angles for the reflection lines of silicon [56].

hkl D in nm Mo K CuKy | CoKyy Fe K, CrKy
111 0.313537 12.988 28.443 33.150 35966] 42.830
220 0.192001 21.288 47.303 55.530f  60.550 73.204
311 0.163739 25.016 56.123 66.221 72.480 88.720
400 0.135766 30.284 69.131 82.419 90.956| 114.964
331 0.124587 33.076 763771 91767 101.966| 133.526
422 0.110852 37.316 88.032y 107.584| 121.670

511-

333 0.104512 39.670 949541 117.702

440 0.096001 43.358 106.711] 137.604

531 0.091794 45.452 114.094| 154.011

620 0.085866 48.788 127.547

533 0.082816 50.708 136.897

444 0.078384 53.798 158.638

711-

551 0.076044 55.596

642 0.072570 58.508

731-

553 0.070701 60.212

800 0.067883 62.988

733 0.066346 64.622

822-

660 0.064001 67.298

751-

555 0.062707 68.878

840 0.060716 71.476

911-

753 0.05609 73.016

Table 12. Formulae for the penetration depth and the PLA factor.

Q-diffractometer

Y-diffractometer

1 sin? © — sin® y

1 sin®-cos y
2

netration depth
pe P 2L sin©-cosy
2 2
PLA _1___1+co; 20 (1-tany-cot©) _l___l+€:o§ 26
20 sin“@© 2p sin“@
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Table 13. Attenuation coefficients p in cm~l of different metals for distinct
eigenradiations{10].

Metal Fe Al Cu Ni Ti

density in glom> 787 2.70 8.93 8.90 451
Ti-Kq 1437.6 693.8 2212.2 1997.8 513.0
Cr-Ky 873.3 421.1 13439 1213.6 27393
Mn-Kg 691.4 3333 1064.0 960.8 2167.9
Fe-K¢ 552.6 255.2 850.3 767.2 1731.9
Co-Kg 4453 202.1 685.3 618.8 1395.3
Cu-Kq 2490.6 130.0 4559 411.6 927.5
Mo-Kg 288.5 13.2 432.7 3943 107.9

187 o razye(e5) 187 o een

ferrite austenite

penetration depth tin um

0 T T L T L) c ] T T T
0 02040608 1 0 02040608 1
sinz y sin? y

Figure 41. 63% penetration depth versus sin2y; material noted, different radiations and peaks,
P-diffractometer, Q2-mode dashed line.
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Table 14. Mean penetration depth of different radiations in iron base materials.

To3 [um] To
- [(nm]
radiation hkl 20 B [um] b g Q
Cr-Kq 211 156.072 0.08733 4.69 4.60 5.60
Fe-Kq 211 111.618 0.05526 6.26 5.02 7.48 -
Co-K,, 211 99.694 0.04453 7.18 4.99 8.58
Cr-Kq 200 106.024 0.08733 3.83 2.90 4.57
Ti-K, 200 146.993 0.14376 2.79 2.69 333
Cu-Kq 222 137.129 0.24906 1.56 1.46 1.87
+monochromator 211 82.325 0.24906 1.11 0.49 1.32

20 = 6C° 20 = 150

Crkg | | CrK

information depth in um
N
8
7%
plels ]
/ZL;/g

o 1m
24 a?:n 4 Sm
R *N

0

0 02 040608 10 02 04 06 08 1
sin?y sin? y
Figure 42. Thickness 7 of those surface regions, where 1 - 1/e of the reflected intensity comes

from, depending on the layer thickness t. The calculations were made for a ‘P-diffractometer
and a TiN layer material [55].
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The peak intensity I of an interference line is determined by

I~-HS2PLA (36)

where H is the multiplicity factor, S the structural factor, P the polarization factor, L the
Lorentz factor, and A the absorption factor. For measurements with Q- or ‘-diffractometers,
the PLA product is given by the equations in the second line of Table 12. The PLA values
increase with increasing 2©. Using Q-diffractometers, PL depends on the measuring
directions y according to the data collected in Table 15. For measurements with ‘-
diffractometers, PLA is independent of y.

The data needed to evaluate strain measurements on the base materials of both iron, Al,
Cu, Ni, Ti with different radiations on various peaks are listed in the following Tables 16-21
[58, 59 supplemented]. Data for appropriate calibration powders are also given. The peaks of
calibration powders which may overlap with the peaks of the material to be studied are
marked by a *. Values 20_ > 20, are identified by **.

Table 15. PL-data for measurements with Q-diffractometer; for the integral intensity (integral
width) the data must be multiplied with the factor 1/cos® [57].

20/ vy 0° +15° +30° +45° 160°
140° 1.7970 1.6218 1.4194 1.1430 0.6642
1.9723 2.1747 24511 2.9299
142° 1.8131 1.6459 1.4527 1.1888 0.7318
1.9804 2.1736 2.4375 2.8945
144° 1.8292 1.6699 1.4860 1.2348 0.7998
1.9884 2.1723 24235 2.8586
146° 1.8450 1.6939 1.5193 1.2809 0.8680
1.9962 2.1707 2.4091 2.8220
148° 1.8605 1.7176 1.5525 1.3270 0.9365
2.0035 2.1686 2.3940 2.7846
150° 1.8756 1.7410 1.5855 1.3731 1.0052
2.0103 2.1658 2.3782 2.7461
152° 1.8902 1.7639 1.6181 1.4189 1.0739
2.0165 2.1623 2.3615 2.7065
154° 1.9042 1.7864 1.6504 1.4646 1.1427
2.0220 2.1580 2.3438 2.6656
156° 1.9175 1.8082 1.6821 1.5099 1.2115
2.0267 2.1528 2.3250 2.6234
158° 1.9299 1.8294 1.7133 1.5548 1.2802
2.0305 2.1465 2.3051 2.5797
160° 1.9416 1.8498 1.7439 1.5992 1.3486
2.0333 2.1392 2.2839 2.5345
162° 1.9523 1.8694 1.7738 1.6431 1.4167
2.0351 2.1308 2.2615 2.4879
164° 1.9620 1.8881 1.8028 1.6863 1.4844
2.035% 2.1212 2.2378 2.4396
166° 1.9707 1.9059 1.8310 1.7288 1.5516

2.0356 2.1104 2.2127 2.3899
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Table 16. Data needed to perform lattice strain measurements on b.c.c. iron, ferrite and
martensite of iron base materials.

radiation wave- filter ~peak peak 20, ,- penetration calibra- peak pesk

length plane  angle 20 depth tion plane angle
nm {hkl} 28, al pm, sin2y=0,3 powder {hkl}, 20,
Q ¥
Ti-Kqy 0.274841 - (200} 14699 052 27 28 Al* {220) 147.45%*

Cr-Kqy 0.2289649  V {211} 15607 093 4.6 4.7 Cr {211} 15292
Fe-Ky 0.1935979 Mn {220} 14554 076 69 72 Au {400} 143.37
Co-Ky 0.1788893  Fe (211} 99.69 030 5.0 72 Au (222} 98.87

{310} 16132 159 9.2 9.3 Au {420} 157.48
Cu-Ky 0.1540501 Mono- {222} 13713 073 15 1.6 Au {422} 13539

chrom. Si* {533} 136.89
MoK, 00709261 Zr {732} 15388 3.17 138 141 Cr* {732} 15097
+(651) +{651}

Table 17. Data needed to perform lattice strain measurements on f.c.c. iron, retained austenite
and austenitic base materials.

radiation  wave-  filter peak peak 20,,- penetration calibra- peak peak

length plane angle 20 depth tion plane angle
nm (hkl} 28, ol m,sin2y=0.3 powder {(hkl}. 26,
Q k4

Ti-Kg 0.274841

{111) 83.06 0.13 09 1.9 Cr {110} 84.70**
{200} 99.92 0.18 1.6 22 Si* {311}g 100.28**
Cr -Kg 0.2084789 - {311} 148.74 - 58 7.1 Au {222}, 152.99**
-Kqg 02289649 V {220} 128.84 041 39 43 Au {222)g 124.59
Mn-K, 02101747 Cr (311} 15226 0.89 5.7 59 w {220} 139.81

Si {422) 142.88
Fe-Kq 0.1935979 Mn {311} 126.83 047 6.0 6.8 Ge {333} 125.51
+{511})
{222} 138.15 061 6.6 71 Au {400} 143.37**
Cr {220] 143.32*+
Si {333} 135.69

+{511)
Mono- (420} 147.28 099 16 19 Ge (711} 152.96**
+({551)
CuK,  0.1540501 chro- (331) 13853 0.76 15 19 Ge (444} 141.21**
mator Si {533} 136.89
MoK, 00709261 Zr (844} 15087 279 136 140 W+ {gg(l)} 149.10
+

+{743)
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Table 18. Data needed to perform lattice strain measurements on alaminum and aluminum
base materials.

radiation wave- filter peak peak 28,,- penetration calibra-  peak peak

length plane  angle 20 depth tion plane angle
nm (hk} 20, P91 sindy=03 powder (hkl). 26,
Q b 4
Ti-Kg, 0.274841 - {220} 147.45 052 5.6 5.8 Fe* {200} 146.99
Cr-Kqy 0.2289649 V (222} 156.71 0.96 9.6 9.7 Au {222} 152.99
Fe-K, 0.1935979 Mn {400} 14598 0.77 150 157 Au {400} 143.37
Si* (531}g 146.19**
Co-Kq 0.1788893 Fe {420} 162.15 1.67 202 204 Au {420} 157.48
{331} 148.68 0.91 193 199 Au {331} 145.85
{111} 38.48 0.10 - 127 Au {111} 38.19
Cu-Ky 0.1540501 Ni {511} 162.57 1.98 315 318 Au {511} 157.81
+(333}) +{333}
Si {444) 158.63
{422} 13747 0.74 280 300 Au {422} 135.39
Si* {533) 136.89
{880} 164.51 6.41 3115 3140 Au* {880} 159.29
Mo-K,  0.0709261 Zr (1111} 152.50 2.99 2999 3078 Au* {1111} 149.29
+{775} +{775}

{1042} 147.24 244 292.8  304.1 Au* {1042} 144.53

Table 19. Data needed to perform lattice strain measurements on copper and copperbase
materials.

radiation wave- filter peak peak 20,,- penetration calibra- peak peak

length plane angle 26 depth tion plane angle
nm {hkl} 20, ol m,sin2y=0.3 powder {hKl}, 20,
Q b4
Ti-Ky 0.274841 - {111} 8236 0.16 05 1.2 Si {220]‘3 81.78

{200} 99.01 0.18 10 21 Si (3l1)g 10028**
Fe-Ky, 0.1935979  Mn__ {222) 136.19 058 42 46  Au__ (400] 14337+
Si*  (333] 135.69

+(511}
CoK, 01788893 Fe (400} 163.74 186 60 60  Au  (420) 15748
CuK,  0.1540501 Ni {420} 144.77 091 84 87  Au  (422] 13539

Si_ (533) 136.89

(331) 13655 072 79 85 _ Au__ (422} 13539

Si* _ (533)  136.80¢*

MoK, 00709261  Zr  (844] 148.06 2.51 90 93 Cr* ({732] 15097**
+{651}
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Table 20. Data needed to perform lattice strain measurements on nickel and nickel base
materials.

radiation wave- filter peak peak 26,,- penetration calibra- peak peak

length plane angle 20 depth tion plane angle
nm {(hkl} 209 Ty gin?y=03 powder (hkl}. 2,
Q v
Ti-Ky 0.274841 - {200} 102.51 0.19 12 1.6 Si {311} 100.28

Cr-Ky 0.2289649 A% {220} 133.53 045 29 32 Au {311} 137.17*+*

Si* {331} 133.53
Fe-K, 0.1935979  Mn {222} 14420 0.73 5.0 52 w {310} 150.55**

Si {53”ﬁ 146.19**

CuK,  0.1540501 Ni  {420) 15567 136 97 99 Au (511} 157.81**
+{333)
(331} 14465 091 93 97 Ge {711} 152.96
+{551}
Au (422} 135.39
MoK, 00709261  Zr  (844) 160.84 466 103 105 w* {662} 15527

Table 21. Data needed to perform lattice strain measurements on titanium and titanium base
materials.

radiation wave- filter peak peak 26,,~ penetration calibra- peak peak
length plane angle depth tion plane angle

nm {hkl} 28, 26a1 um, siny=0.3 powder {hkl}, 20,
Q k4
Ti-Kg 0.274841 - {110} 137.34 0.39 7.1 7.6 Si {400]B 135.57

Cr-Kg 0.2289649 Vv {201} 136.50 0.49 1.3 14 Au* {311} 137.17**

_{004) 155.80 _0.92 1.5 1.5 Au {222) 152.99
Fe-Kqy 0.1935979 Mn {203} 156.50 1.15 23 24 w {310} 150.55

Co-Kqy 0.1788893 Fe {114} 15448 1.13 29 29 w {222) 156.46**

Au {420} 157.48**
Si* {531} 154.02

Cu-Ky 0.1540501 Ni {213} 139.38 0.78 40 4.2 Si {533} 136.89
{006} 161.36 7.06 44 45 Au* {511} 157.81
+{333}

Si* (444) 158.63
(302) 14843 131 42 4.3 W (400} 153.54%*
St (642)g 147.15

MoK, 0.0709261 ZI«c the many peaks are not listed
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2.05 Stationary and mobile X-ray equipment

W, Pfeiffer

2.051 Historical review

During the past 15 years X-ray diffraction techniques have been greatly improved and are
now a reliable tool for measuring residual stresses. This development was not least promoted
by the general availability of powerful and easy to use X-ray equipment, computers and
software. Previously commercial equipment had only allowed measurements on samples that
were not too demanding concerning the size, geometry and complexity of the stress state.
However, easy to handle, flat and 'well-sized' samples, being the rule in X-ray phase analysis,
are rather the exception in stress analysis. The requirement to analyze bigger samples or real
parts of complicated geometry using high diffraction angles and the side inclination method
[1] lead to the development of numerous unique measuring devices. Figure 1, for example,
shows a stationary diffractometer with 13 axes for measurements on large components. A
remarkable feature of this equipment is the capability of a completely independent positioning
and rotation of the X-ray tube and the detector. This results in an exceptional flexibility.

The specific demands of X-ray residual stress analysis have also been taken into
consideration where commercial equipment was developed, since the interest in residual stress
measurements has increased. Within the wide field of X-ray diffraction techniques residual
stress analysis is a minor application, which is usually ordered only as part of an application
package. Therefore, only mobile equipment is designed especially for stress measurement.
Stationary diffractometers are mostly powder-diffractometers, equipped with special devices
that may be used both for stress and texture analysis.

The development of mobile equipment started with the design of stationary equipment
applicable to large components (e.g. [3]). Stress determinations on large components not
fitting into the circle of conventional diffractometers made it necessary to develop so called
‘centreless' diffractometers which, of course, imply serious restrictions concerning small
diffraction angles used for powder diffraction methods. Next the availability of position
sensitive detectors (PSD) reduced the total measurement times to minutes. Additionally the
PSD's allowed the use of miniaturized X-ray tubes, small sized X-ray generators and
autonomous cooling systems. Thus, the essential components needed for really mobile
equipment have become available. During the last 20 years an increasing number of
manufacturers have been offering mobile equipment (see {4, 5]). Today (1995) five companies
are on the market (American Stress Technologies Inc. (AST), PROTO Manuf. Ltd., Rigaku,
Siemens and TEC).
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Figure 1. 13-axes diffractome-
ter designed for stress
measurements on large com-
ponents [2].

1 = X-ray tube,

2 = detector,

3, 4 = alignment laser,

5 = specimen carrier.

In the following an overview is given about the state of commercial equipment and some
new developments suitable for stress analysis.

2.052 Stationary equipment

Most residual stress measurements are performed with stationary diffractometers using the
bragg-brentano parafocusing technique (see Fig. 2). Monochromators may be added to the
beam path when e.g. problems arise due to overlayed peaks (focusing primary
monochromatores) or in case of high fluorescence radiation produced by the sample
investigated (focusing or non-focusing secondary monochromators). The problem of the
extreme loss of intensity when using focusing primary monochromators may be overcome by
the new X-ray ‘mirrors’. Using the diffraction of the primary beam at a ‘multilayer’ single
crystal with the layers slightly tilted a monochromized beam of excellent intensity and high
parallelism can be produced [e.g. 6]. The diffractometers are usually located inside a radiation
protective box protecting the operator completely from radiation during usual operation of the
equipment. But one should realize that the alignment of the equipment or the inspection of the
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size and location of the measurement spot often can be performed only by direct observation
with the box opened.

Figure 2. Basic set-up of diffractometers using the bragg-brentano parafocusing technique
(left) and some optional devices for collimating and monochomazating of the X-ray beam
(right).

Precision and speed of the angular positioning of today's diffractometers fulfill highest
demands as a rule. Using diffractometer diameters in the range of 400 mm to 600 mm,
numbers like *0.005° for the absolute accuracy of angular positioning or
+0.0025° in the case of built-in optical encoder disks are stated. At first glance such accuracy
seems to be unnecessary for stress determination but becomes important, if measurements
must be performed at unfavorable small diffraction angles or if results derived from different
lattice planes must be combined. The advantage of high positioning speeds up to 1000° per
minute is obvious if one recognizes the sum of angular movements of sample and detector
during a typical stress measurement.

Manufacturers of X-ray diffraction equipment place increasing importance on computer
control of operating functions. Positioning of measurement spots and directions and
collimating of the beam path by primary and secondary slit systems by stepping motors or
control of the X-ray generator and the energy discrimination of the detector can often be
performed comfortably and precisely with the help of the computer and software. Extensive
software packages are available for all common diffraction methods. Especially AT-
compatible PC's using the WINDOWS® operating system have been gaining acceptance
against workstations. The DEC-VAX®-computers, widely spread in former times have
become the exceptional case.

The special demands of X-ray stress analysis on measuring techniques are met by the
manufacturers using different strategies. Thanks to slim X-ray tubes and shielding housings
high diffraction angles up to 28 = 165° can be reached by nearly every equipment. In order to
allow measurement using the side inclination method so called ¥-diffractometers [1] are used
or different attachments are available which all may be used also for texture analysis using the
Schulz method {7].
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The Seifert-version of a W-diffractometer, the 'TS-Attachment’, is based on the concept of
Krause and Demirci [8], see Fig.3. A remarkable feature of this attachment is the
parallelogram system used for the w-tilting which does not restrict the lateral sample
extension and allows for 8-angles down to 0°. Additionally the samples can be rotated by the
angle @ for determination of different stress components or for texture measurements.

Figure 3. Special attachment allowing for both residual stress and texture measurement
(Seifert "TS-Attachment')

The Huber diffractometer '4030' also does not suffer from limitations concerning the lateral
sample extension since some drawbacks of the predecessor (which was based on the concept
of [1]) have been eliminated. Additionally the new design allows for an increase of the
accessible sample volume by a simple enlargement of the mechanical dimensions of the
attachment.

The possibility of, both stress and texture measurements, is also facilitated by acentric open
Eulerian cradles, which are available through all major manufacturers of diffractometers (see
example in Fig. 4). The gap in the y-circle eliminates shading of the high diffraction angles,
which are important for stress measurements. The displacement of the y-circle with respect to
the @-circle increases the accessible sample volume. Some types of Eulerian cradles may also
be equipped with linear stages for positioning purposes or to reduce coarse grain effects by
linear oscillation of the sample.
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Figure 4. Acentric open Eulerian cradle allowing for both residual stress and texture
measurements (Huber 424 - 512.51)

Of course the size and weight of samples fitting into all these attachments are limited and
depend additionally on the size of the diffractometer circle and on additionally mounted
accessories. In general feasible sample sizes up to 100 x 100 x 100 mm3 and weights up to
3 kg are specified by the manufacturers. Larger and heavier samples may be possibly handled
by stationary equipment using a 6-6 configuration, if one abstains from the preferable side
inclination method: By keeping the sample in a fixed position and moving the X-ray tube and
the detector, large and heavy components may simply be placed in front of the diffractometer
and positioned by special linear stages (see example in Fig. 5). But possible locations of
measurement spots are still restricted by the height of the X-ray focus above the basis of the
diffractometer and by the needed freedom of movement of tube and detector.

Measurements on extremely small areas may be preferably performed using specially
designed micro-diffractometers (see example in Fig. 6). They are equipped with collimator
systems allowing for beam diameters of, e.g., 20 yum, focused laser pointers and video
microscopes for adjustment of the measurement spot.
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Figure 5. Typical experimental arrangement of residual stress measurements on large

components using a 8-8-diffractometer (Philips PW 3050/10" diffractometer with ceramic
tube and automated slit system).

Accessories for an easy mounting and alignment of such samples, which do not have the
size and geometry of flat ‘'standard’ samples are rarely available for conventional powder
diffractometers.

Open Eulerian cradles and the other attachments mentioned above may be equipped with
linear stages and micrometer gauges in order to align curved samples by simply adjusting the
measurement spot to maximum (or minimum) height during lateral displacement of the
sample. A flexible collimating of the primary beam, which may be needed for measurements
of exactly defined areas or curved samples, can be done effectively only with the help of self
built masks or collimators, as a rule. The loss if intensity when using small sized pinhole
collimators may be compensated by the above mentioned ‘X-ray mirrors’ or by using the
effect of total reflection in collimators based on glass capillaries [9].

In the case of diffractometers operating in iso-inclination technique and using the line focus
of the X-ray tube automatic divergence slits may be applied. These slit systems allow to keep
the width of the irradiated area constant during W-tilting in the case of the iso-inclination
method. But due to the length of the line focus the length of the irradiated area cannot be
reduced effectively by slits without loss of most of the intensity. A more universal
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arrangement for stress measurements therefore is the use of the point focus of the X-ray tube
with the primary beam collimated by pinhole collimators. The disadvantage of less intensity
and angular resolution when recording conventional diffraction patterns may be solved by the
new ‘ceramic-tube’ of Philips (see Fig. 5). The high accuracy of the focus position allows a
change from point to line focus by a simple rotation of the tube head without additional
alignment.

Localization of the irradiated area in general needs the laborious and inaccurate use of
fluorescence material applied to the sample and a dangerous inspection by the operator. This
disadvantage may be eliminated by X-ray collimator carriers with laser beam tracer, as
supplied by Huber for use with point focus arrangements. This equipment makes the size and
location of the irradiated area visible by a bright semiconductor laser beam, which is directed
collinearly with the X-ray beam by a small mirror turned into the collimator axis.

Figure 6. Microdiffractometer with area detector, laser pointers and video microscope for
adjustment of the measurement spot (Siemens ‘PLATTFORM’-diffractometer with
‘GADDS’-detector system)
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2.053 Mobile equipment

Deciding criteria for reliable and economic stress determinations using mobile equipment
are the size and weight of the equipment, the possibility of a stiff connection between
diffractometer and component to be measured and, above all, a simple alignment of the meas-
urement spot and direction of measurement. The weight of the today's mobile diffractometers
is in the range of 10 kg to 25 kg, the weight of the complete equipment in the range of 75 kg
up to 125 kg with an overall size fitting into a usual passenger car. In particular, the AST-
diffractometer 'G2' stands out due to its small size (especially with the @-rotation dismounted)
being the result of the use of solid state photo detectors with a distance to the specimen of
only 50 mm (Fig. 7). Such an ultra compact construction is advantageous in the case of
measurements in cramped conditions (e.g. measurements inside tubes). On the other hand, a
small distance between diffractometer and component may be of disadvantage, if the
measurement spot is located on a concave surface with the surroundings being close to parts
of the diffractometer.

Figure 7. Compact mobile X-ray stress analyzer with position sensitive solid state photo
detectors (AST).

The coupling between component and diffractometer normally is done by tripods equipped
with magnetic mountings or suckers. Some diffractometers may be mounted on a wheel stand
as an option allowing additional linear and angular movements for precise adjustment of
measurement spots. Without such wheel stands the precise adjustment of the location of the
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measurement spot and of the yo-angle is a tricky and time-consuming procedure, because the
complete diffractometer has to be moved stepwise. For the alignment of the distance between
diffractometer and sample the manufacturers usually provide micrometer gauges and linear
stages. In the case of the AST-diffractometer the alignment of the height of the diffractometer
is completely automated. The quality of the adjustment of height and the maintenance during
operation of course cannot be as precise as in stationary diffractometers. Since most mobile
diffractometers may be operated in the side inclination mode this does not affect the accuracy
of stress determinations significantly when performed at high diffraction angles.

The effects of misalignment are reduced by the scintillation counter version of the Rigaku-
diffractometer as this diffractometer uses parallel beam optics [10]. The direction of the stress
measurement can be selected by a stepping motor operated rotation of the diffractometers
(optionally in some cases) which enables one to determine the complete stress tensor without
a time-consuming manual moving of the equipment.

The 20-range simultaneously obtained by the PSD’s is about 20°-25°. Thus the total dif-
fraction lines can be recorded simultaneously in most cases. The 26-position of the centre of
the PSD in some cases can be changed in a continuous way by a simple movement of the
detector (AST, Rigaku) or, which is a time-consuming operation, by exchange of the detector
mounting (Siemens). The highest diffraction angle to be measured is in the range of 164°-170°
with a value of 164° being not very satisfactory in the case of the most frequent application,
the measurement of broadened {211}-lines of steel. Due to geometrical restrictions and an
increasing influence of misalignments on the accuracy with increasing \-angles the y-range is
limited to about £ 45° in most cases.

Conduction of the measurement and treatment of the stored data are usually performed by
AT-compatible PC's and menu-controlled software. This gives a better flexibility in the
treatment of ‘unusual’ data compared to ‘hardwired' calculation parameters, that are better
applicable to not too demanding routine measurements.

2.054 Detectors

The scintillation counter is a basic accessory of a diffractometer. This type of detector
permits uncomplicated handling, as its counting characteristic is nearly independent of
operating time and temperature fluctuations. Due to small dead time effects high intensities
can be measured. Thus, measurement times comparable to those of PSD's (which show higher
dead time effects as a rule) may be possible when strong diffraction lines, large irradiated
areas and/or high tube power are available. As resolution and reproducibility of angular
measurements are fixed by size and position of slits, a high reproducibility of measurements
can be attained over long periods of time due to the fixed mechanical alignment of the
equipment. Therefore the scintillation counter is also the best suited detector for the alignment
of an X-ray diffractometer.

In the field of (the more expensive) position sensitive detectors a whole lot of different
types of linear detectors have been developed (for an overview see [11]). For residual stress
measurements especially proportional counters have been proved, which use 50 mm up to
100 mm long anode wires [12] or fan-shaped wound cathode wires [13] operating in gas filled
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ionization chambers. The gas mostly consists of an Ar/CH4- or Ar/fCO,-mixture. For Cr-
radiation a higher quantum gain can be expected when a (more expensive) Xe/CH -mixture is
used. The anode-wires are 20 pm glass-wires with a high-resistance coating or metal-wires
(Pt). Two different principles are used to locate the position of the ionization event caused by
the X-ray photons. In the case of high-resistance anode wires the current ratio between the
left- and right-hand end of the wire is determined. The second principle determines the
difference between rise times of the signal at the ends of the anode wire. Although problems
of the high resistance coatings have been solved and the current ratio systems provide a better
local resolution, the rise time systems have been proved for stress measurements since their
electronic is simpler (and cheaper) and their wires are more robust. Common to all systems
are some problems with 'blind' sections of the wire due to an increasing deposit of cracked gas
molecules during operation. Additionally a significant influence of the temperature and
pressure of the gas on the pulse height discrimination and the position calibration has to be
considered. These effects necessitate an increased effort in controlling the counting
characteristics of the PSD's. Thus, the profit of decreased measurement time compared to
scintillation counters is partly lost. An interesting alternative may be therefore the use of
PSD's on the basis of solid state photo detectors. Up to now the application of these detectors
has been the exception , but the development is in progress (see the mobile equipment of
AST).

For special applications of stress analysis, e.g. measurement of very small areas, strongly
textured materials, coarse grained materials, or single crystals, area detectors may become of
increasing interest. These two-dimensional PSD’s are able to detect part of or complete
diffraction cones of one or more diffraction planes at once. Since the diffraction geometry is
not compatible to the classical sin2y-method, modified evaluation methods like the ¢-integral
[14] or ¢-rotation method {15] or a conversion to traditional diffraction data have to be
applied. Three different types of area detectors are of special interest for X-ray diffraction:
One system, being a two-dimensional version of the proportional detectors with anode wires,
uses a multi-wire grid , see e.g. [16]. The second type uses the photoluminescence effect, see
Fig. 8 and e.g. [15, 17]: First, a latent image of the diffraction pattern is stored on a specially
coated flat plate. Then the imaging plate is scanned by a 150 um laser beam with the
photoluminescence light being detected by a coupled photo multiplier. The third type of an
area detector is the CCD-based solid state photo detector [18]. A one-dimensional version is
already used in mobile equipment. Due to the possibility of in-situ observation of the
measurement, it is expected that the solid state detector will win through against the imaging
plate.

2.055 Software

An essential part of today's X-ray diffraction equipment is an extensive software package
supporting all common diffraction methods. The packages in general have a modular
structure. Basic programs manage, e.g., the system parameters or the adjustment of the
diffractometer and electronics. Special stress software packages allow comfortable and, thanks
to graphics support, also clear treatment of measured data.
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Besides the basic routines for PLA-, Ka,- and background-correction different methods for
the determination of the peak position are available: Common methods are the parabolic fit to
the top part of the peak, the centroid methods and the mid of the cord method. Sometimes
routines for fitting the peak using analytical functions or the cross correlation method are
available. In addition to the calculation of single normal stress some programs allow the
calculation of shear components due to y-splitting or the evaluation of the complete stress
tensor from measurements performed at different ¢-angles.

Figure 8. Experimental arrangement for residual stress measurements using an imaging plate
detector [15].

Single or double exposure techniques are rarely used due to the extreme uncertainties
related to stress determinations using these techniques. Other evaluation methods like the ¢-
rotation method [15] or the integral method [19] are rarely used.

Thanks to commercially available software based on well established methods of stress
analysis there is usually no need for self made software anymore. On the other hand especially
due to the large number of available parameters for measurement and evaluation the risk of
using inadequate conditions has increased. Therefore the evaluation of a PC-based expert
system [20] may be useful for the assessment of X-ray residual stress determinations.
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2.056 Recommendations

It is obvious, that the choice of a diffractometer to be used for stress measurements strongly
depends on the type of samples to be investigated, on the type of additional diffraction
experiments to be performed and on the budget available. However, some basic requirements
should be fulfilled in most cases and therefore the following requirements can be given.

High diffraction angles up to 20 = 165° should be possible and the diffractometer should
allow the side inclination method at least by using optional attachments. In order to be able to
analyze also bigger samples or real parts of complicated geometry accessories for an easy
mounting and alignment of such samples should be available. The possibility of the
localization of the irradiated area by laser pointers ore large-distance microscopes is often of
great advantage.

Deciding criteria for reliable and economic stress determinations using mobile equipment
are the size and weight of the equipment, the possibility of a stiff connection between
diffractometer and component to be measured and, above ail, a simple alignment of the meas-
urement spot and direction.

The scintillation counter is a basic accessory of a stationary diffractometer. One-
dimensional position sensitive detectors are meanwhile reliable instruments that reduce
measurement times dramatically in case of weak diffraction lines and small irradiated areas.
But there is also an increased need for maintenance and calibration procedures. Area detectors
are still very expensive and have some draw backs if the diffractometer has to be used for
general diffraction experiments. They are therefore mainly of interest for some special
applications concerning coarse grained materials, single crystals or small spot sizes.

An essential part of today's X-ray diffraction equipment is a software package supporting
all common diffraction methods. The stress software must be able to calculate normal and
shear stress components as well as the complete stress tensor using the established methods.
The software should be clearly structured and easy to be handled. Measurement parameters,
conditions of evaluation, and results have to be clearly documented and should be stored in
some standard data format allowing for further use by e.g. standard word processing and
desktop publishing programs. Standard measurements should be possible with a minimum of
interaction. For more complicated applications a larger flexibility in selection of measurement
and evaluation parameters is needed and it is very helpful if intermediate results are available
for further evaluations by user designed software.
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2.06 Definition of macro- and microstresses and their separation

The definition of residual stresses (RS) besides the structural or load stresses (LS) was set-
tled in /1,2,3/. The bases were the numerous proposals in the literature. RS I are called in the
US-literature macro-RS and meanwhile this is a common designation. Of course, load stresses
are macrostresses. RS II and RS III are called micro-RS. Dealing with micro-RS has led to an
extended definition of RS [I. They are not related to a single crystallite but to the average
value of several crystallites /4/. Also RS Il have been studied on plastically deformed crystals
and polycrystalline metals /5,6/. The dislocation structure, cells and walls, were early consid-
ered to explain the origin of compression-RS in plastically deformed quasi-homogeneous
metals. Micro-RS appear as peak shift and peak broadening. In paragraph 2.037 the kinds of
stresses, their definitions and relations are presented and discussed. The main formulae will be
repeated here:

—a L ! H\* m\®
o =0 +0 +{C +{o ()
z [24
el =
a=1
and with

o
<o_lll> -0 (3)
n
zca0a=O'L+0'l=O'macro (4)
o=I

These formulae enable one to separate macro-(¢l + o!)- and micro-(<0'” )a)-RS if strain
measurements on all phases of the material in question exist. The separation of <0' n >a and

(o”’ >a' is not known at the present. o' is a part of o, see paragraph 2.037.

The problem of separating macro- and micro-RS was raised in early times and was related
to the question of stress compensation within the cross section and within the phases of the
material. It was pointed out in 1964 that in hardened martensitic-austenitic steels micro-RS
besides macro-RS are present and the way to determine RSI was shown based on
measurements on both phases /7/. During the discussion about shear components in steels
after grinding, in 1981 the following formulae were introduced /8/ with t the thickness of the
flat specimen and ¢ the volume content of iron:

{
Joldz =0 o! dependent on z only (5)

0



Table 1. Designation and characteristics of micro residual stresses and the observed microstresses in monophase materials (open symbols),

multiphase materials (closed symbols), cubic (O,M), non cubic phases (A,A) /21,22/.

Designation Origin X- ray analysis of g, D Compensation of microstress
FWHM g, D-sin®y [lattice-plane |between crystal  |dislocation- |between |hemogeneous orientation
|dependence |orientations cell walls  |phases region dependence
random plastic strain, > possible within and within and not |RS II: one crystal
stress transformation between between con- |[RSII:-
crystals crystals cerned
phase |elastic mean stress  |different Eand| Jisolmpic materials: | due to not
averages |deformation vofthe phases| ~ |linear dependences |elastic concerned
anisotropy
plastic plastic strain textured materials: not m) AR phase no
deformation oscillations concerned
|thermal different
expansion not
coefficients coucemed1
|phase change of cell
transformation dimension
orientation|elastic intergranular [elastic due to corresponds to
averages |deformation |stress lanisotropy 2 elastic the different
anisotropy |models of XEC
calculation
AD, A m i
plastic plastic strain oscillation around Oom Om con- | crystallite group yes
deformation 2 |horizontal line cemed
thermal thermal, _ |isotropic materials:
; = |;
non cubic inear dependences shrong A
systems o
textured materials:
oscillations
phase change of
transformation non cubic cell

0gl
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! u .
<0' I> and <0' > should be constant over the cross section
Fe Fe;C

! t
c‘[ofr:”dz+(l—c)‘[0'lpgé dz=0 (6)
0 0

and in each depth
c{o13) i, + (1= €)013) e =0 (7)

I
o33=0

In the following years the separation of macro- and micro-RS and their compensation were
often applied to different material problems /4,9,10,11,12,13,14/. In the following papers there
is a writing mistake in the formulae cited:5}, should be replaced by o4/ in/15,16,17,18,19/.

Table 1 describes the different RS II and RS III, their origins, and their manifestations
/20,21,22/. In general RS 11 are today defined as the average RS of a phase or of a group of
crystallites minus the macro-RS 1. Lot of attempts have been made to alter the definitions of
the RS or to add new notations. But after thorough thoughts the above mentioned definitions
are well established. The very important effect in X-ray and neutron ray diffraction is the fact
that macro- and micro-RS are both contributing to the lattice strain, the peak shift. Further-
more, the micro-RS can be partly dependent from the macro-RS, but partly non dependent,
section 2.122d. The experimental methods to determine macro- and micro-RS are listed in
Table 2 /23/. In most cases, the weighted-averaged value over the measuring volume will be
evaluated. This does not matter if gradients of any kind are not present. But it has to be taken
into account especially if steep gradients in thickness direction are present. Attention should
be paid to the explanations of chapter 2.15. Influences of texture have to be considered prior
to the separation of macro- and micro-RS.

Table 2. Methods to determine macro- and micro-RS /23/

method RS1 RS (11 +III)

mechanical, for example bending arrow

ultrasonic

micromagnetic

diffraction by X- or neutron rays

diffraction on all phases of the material

diffraction by X-ray on very thin plates

diffraction by neutron rays as average over total cross section

X X X X X
+

X X X X X
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2.07 Evaluation of LS and RS

2.071 Feormulae and data
2.071a Nontextured, mechanically isotropic material

Reference is made to chapter 2.03. But in the following the consequences for practical use
of the basics are drawn. According to the theory of elasticity the strain €p,y IS given as a
function of the strain components &;(1,j=1,2,3) by

Dy — Dy . . . .
Epy = LWD——— =gy cos? @sin? y +€); sin2¢sin? y + €13 cossin2y (8)
o

+£2; sin? @sin? y + €3 sin@sin2y + £33 cos? y

This formula was used for the first time in the XSA by /24/. Using the generalized Hooke's
law

1 51
Oy =5 £g-5g—-—(£||+822+€33) (%)
1 15743
752 552 51

or

Ej =-;-S20',‘j —(S,jsl(O'n +0 +O‘33)

(10)
Lifi=j
05=3
Oifizj
formula ( 8 ) becomes
| 2 .2 .2 .2 2
Epu =7s2(0'1|cos @sin” ¥ + 0 sin” @sin” ¥ + 33 cos u/)
+%s2(012 sin2@sin’ y + 013 cos@sin2y + 023 sin(psinzw) (11)

+s1(011 +022 +033)
sy and -:f_.-sz are the X-ray Elastic Constants (XEC) depending on the interference plane {hkl}
and the materialphase. For cubic materials the following equation holds:
1-2v 1
E 3K
The generalized transformation between specimen and measuring (laboratory) system is given
by

£ =Wy jIEN (13)

3S|(hk1)+%.¥2(hkl) = 3S| +-;-52 = ( 12 )

cos@cosy sin@cosy —sing
w=| -sing cosQ 0 (14)
cos@siny sin@siny  cosy
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For the measuring direction within the specimen system it holds that

£33 = W3k W3EY = MMIE Y (15)
m cos@siny
my |=| sin@siny (16)
m3 cosy

Referred to Equ. 11 and with the assumption or evidence that no shear components gk or
oik (i # k) are present the formula reduces to

g,p,,,— [(o(p o‘;)sm y/+0'3]+91(0'1+0'2+0'3) (17)
with

2 .2
Op =01C08 Q+0;sIn @ (18)

Neglecting 65 the formula simplifies for the azimuth ¢ = 0° and ¢ = 90° to
oy =5 L sy61sin l/I+S1(O'|+O'2) (19)

890,.,,=5‘szo'zsin \//+S|(O'1+O'2) (20)

Measuring D¢,y in both directions y > 0°, y < 0° versus different sin®y values, and regressing
the averaged D vs. sin?y by a straight line the most-used formula holds:

1 degy 1 1 9Dy 1 cot®g 9(20¢y)

Op-03=T———5 =T "7 =5 ~" T 5 (21)
? l92 Jsin’ v 252 Doy 3sin’ 11 %32 2 asinzu/

For the determination of o3 the strain-stress-free lattice distance D must be known exactly,
see Fig. 5 and chapter 2.11.
The stress determined by diffraction methods from line shifts is, as already stated, an average
Ea, Equ. I.

Two distinct directions within the D- or e-vs.-sin®y diagram are of special interest. The
strain-stress-free direction y* to determine the lattice constant Dy of the strain-stress-free state
of the material according to the following equation:

Hery +E-y)=0 (22)

and the strain/stress-independent direction y'. The D-vs.-sin®y straight lines of different load
stresses ol are crossing in the point D', sin?y'. The equation for this condition is

I3 (Evy +£y)

T (23)
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2.071b Examples of XEC

The Table 3 summarizes the evaluation constants necessary for the stress determination
from linear lattice-strain dependences. The XEC s, and -zlsz are calculated according to the
model of Eshelby-Kroner by /25/. The data given are valid for the said elements and their base
materials /26,27 supplemented/. The XEC of Ti are recalculated using newer monocrystal
data. The ©)-dependent data are derived from the XEC of this table and the ©4-values of
Tables 16-21 in paragraph 2.046. Significant deviations from the data of Table 3 may occur
and noted by experimental tests. These deviations arise from textures, strong deformations,
coarse grain sizes, alloying elements and second phases.

Table 3. XEC and related constants for the evaluation of lattice strain.

) . , ~1cot® | cot®g
material radiation| interference =51 352 S 7
1 352
{hkl} 106 MPa-!{10-6 MPa-!| 105 MPa | 104 MPa
Ti-K {200} 1.89 7.67 0.784 1.932
Cr-Kq {211} 1.25 5.76 0.848 1.840
iron, Fe-Ky {220} 1.25 5.76 1.241 2.692
ferritic-pearlitic Co-K, {211} 1.25 5.76 3.375 7.324
iron-basis-materials {310} 1.66 6.98 0.495 1.178
Cu-K, {222} 1.04 5.12 1.888 3.834
Mo-K, {732}+{651} 1.34 6.05 0.866 1.917
Ti-K, {111} 1.28 5.21 4.411 10.836
{200} 2.40 8.56 1.751 4,908
CrKg {311} 1.87 6.98 0.748 2.004
retained austenite, | Cr-K, {220} 1.56 6.05 1.534 3.956
austenitic Mn-K, {311} 1.87 6.98 0.660 1.769
iron-basis-materials | Fe-K {311} 1.87 6.98 1.338 3.585
{222} 1.28 5.21 1.494 3.670
Cu-K, {420} 1.86 6.95 0.789 2.111
{331} 1.48 5.81 1.279 3.258
Mo-K, {844} 1.56 6.05 0.833 2.147
Ti-K,, {220} 497 19.07 0.294 0.765
Cr-Ky {222} 4.79 18.56 0.215 0.555
Fe-K,, {400} 5.51 20.60 0.278 0.743
Co-K, {420} 5.17 19.62 0.152 0.400
aluminum, {331} 492 18.93 0.285 0.740
Al-basis-materials | Cu-K, {111} 4.79 18.56 2.991 71.719
{511}+{333} 5.22 19.77 0.147 0.388
{422} 497 19.07 0.392 0.102
Mo-K {880} 497 19.07 0.137 0.357
{1111}+{775}  5.15 19.57 0.238 0.625
{1042} 5.20 19.75 0.283 0.744
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Table 3 continued. XEC and related constants for the evaluation of lattice strain.

) 0. . —%cot@o %cot@o
material radiation| interference -5 352 ]

8 552
{hkl} 106 MPat [ 10-6 MPa-!| 105 MPa | 104 MPa

Ti-K, {111} 2.02 8.52 2.829 6.708

{200} 3.75 13.71 1.139 3.114

copper, Fe-Kq {222} 2.02 8.52 0.995 2.360
Cu-basis-materials | Co-Kg {400} 3.75 13.71 0.190 0.521
Cu-Ky {420} 2.92 11.22 0.544 1.415

{331} 2.33 9.44 0.855 2.110

Mo-K {844} 2.45 9.82 0.584 1.457

Ti-K¢ {200} 1.99 8.14 2.016 4.929

Cr-K, {220} 1.24 5.88 1.731 3.651

nickel, Fe-K {222} 1.01 5.20 1.599 3.106
Ni-basis-materials | Cu-Kg {420} 1.48 6.61 0.728 1.631
{331} 1.17 5.68 1.362 2.805

Mo-K,, {844} 1.24 5.88 0.681 1.435

Ti-Ky {110} 2.94 11.98 0.664 1.630

Cr-Ky {201} 2.93 11.94 0.681 1.671

Cr-K {004} 2.25 9.96 0.476 1.076

titanium, Fe-K {203} 2.79 11.54 0.373 0.901
Ti-basis-materials | Co-Kg {114} 2.64 11.11 0.429 1.019
{213} 2.85 11.73 0.649 1.578

Cu-K, {006} 2.25 9.96 0.365 0.824

{302} 2.91 11.90 0.486 1.188

2.071c Textured material

The XEC are substituted by the stressfactors Fj;. They are in addition dependent on the
direction (@,y). Experimentally they are evaluated by a uniaxial tension or bending test. Also
the stress factors can be calculated using the monocrystal data and a model of crystallite
coupling (Voigt, Reuss, Eshelby-Kréner) and the ODF as the weight function, chapter 2.13.
For non-textured materials the F;; correspond with combinations of XEC.

In the case of materials with strongly oriented crystallites there is no common relationship
of the strain-, stress-free direction with the appropriate parameters. As Fig. 1 shows, there
exist more than one point of the strain-stress-independent direction in the D-vs.-sin®y diagram
/28/. Kind and intensity of texture are the influences. More on that subject in chapter 2.16.
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Figure 1. D100} and relative intensity versus sin®y of a textured steel strip,
left: decreasing loads after regression analysis, right: points at maximum
load and straight lines after linear-regression analysis /28/.

2.072 Stress evaluation of mechanically isotrepic materials
2.072a The principal D-vs.-sin*y distributions

The numerous applications of RSA with X- and neutron-rays on mechanically isotropic and
textured multiphase materials determining the LS- and RS-profiles led to different methods of
stress evaluation. Also different measuring devices require different methods to determine the
stress state. In the following, presently used methods of evaluation stresses from strain
measurements are dealt with taking into account quasiisotropic and textured materials. The
basic formulae €¢,y as function of €;; and eix will be used. It is obvious that the y- or the ¢-
evaluations, the other coordinate constant or a (¢,y)-evaluation must tend toward the same
result. The number of lattice-distance measurements have been increased with the years. XSA
started with one film exposure and perpendicular ray incidence, followed by the two exposure
technique. Since 1952 Hauk et al. made a lot of exposures and counter registrations to get the
linear dependence D-vs.-sin?y as accurately as possible. It serves also to identify oscillations
by micro-RS. The procedure to evaluate stresses from linear e-vs.-sin’y dependences was
given 1961 by Macherauch and Miiller. Since 1964 Hauk et al. made measurements in both
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directions y >0 to ensure the correctness of alignment. Later (1975) it was found that

y-splitting requires this procedure. The method to evaluate the strain/stress tensor was pub-
lished by Délle and Hauk. Details and references will follow. In the following, the evaluation
of measured lattice-strain distributions to obtain stress components and/or the stress tensor
will be dealt with. In the main cases the geometrical interpretation of the appropriate equa-
tions will be discussed showing the data that can be evaluated from the measured Dg, y-values.
Although the formulae are usually written in terms of € and Gikx we prefer to use Dy y as the
parameter in question, calculated from the measured 2(9(97\,,. The reason for that is the
contemplation, especially if shown up as Dg, {100}, the lattice constant of cubic materials.
Another reason is the possibility to plot results gained from measurements with different
wavelengths on different peaks. The discussion of results in gjx are only possible if the lattice-
plane distance Dy, of the strain-stress-free state is accurately known.

There exist four basic D-vs.-sin®y distributions /29/: linear dependence, y-splitting, curved
lines and oscillations, Fig. 2. Combinations of these basic distributions are possible and are
being observed. Fig. 3 shows more details in respect to mechanically isotropic and textured
materials, eight D-vs.-siny dependences /30/. As indicated in the figure there are two
distributions with y-splitting, which means that measurements in the -y and in the +y range
yield different curves. In all other cases the results in ty directions fall within one straight or
one curved line.

lattice spacing

0 sin2y 05 0 Siny 05 0 Sin2y 0.5
Figure 2. Major types of lattice-strain distributions /29/.

Modern diffractometer installations deliver plots with the following parameters, each
versus sin’y: penetration depth, lattice spacing D190}, FWHM, intensity as well as the error
bar of the calibration accuracy + 0.01 degree in 20. A linear regression analysis show up
deviations of the measured lattice-strain distributions. Fig. 4 left demonstrates a linear; Fig. 4
right shows a D-vs.-sin®y distribution with oscillations. The captions give the details.
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Figure 3. Different lattice-strain distributions as originating from certain phenomena /30/.
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Figure 4. left: Linear D-vs.-sin®y dependence, TiN-layer-steel composite,
Cu-K radiation, {220}, fiber texture <111>; right: D-vs.-sin®y distribution with
oscillations, rolled unalloyed steel, Cr-Kq radiation, {211}, rolling texture.
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2.072b The linear D-vs.-sin*y dependence

Fig. 5 and 6 exhibit the graphical interpretation of the above explained formula Equ. 8, which
here has been simplified for principal stresses /26,27 supplemented/:
Epy = ——’—D_—O =gy cos? @sin? y +&; sin? @sin? y +£3 cos? y
o
(8)

= 1s2(01 cos? @sin? y + &5 sin? gsin? y + 03 cos? ¥)+si(o1+02+03)
@ = 0° and 90°

The indicated distances and the zero intercepts serve to evaluate the strains and stresses, the
lattice constant of the strain-stress-free state and the control of the experimental results. The
D-vs.-sin*y linear dependences of different azimuths must meet in one point D y=o . In case
Dy is known the regression analysis allows one to determine the stress component 65 in thick-
ness direction.

The most conspicious advantage of the siny method is its lucidity. Deviations from the
linear D-vs.-sin®y dependence can easily be detected. Furthermore, only one of the XEC,
namely 5'sz, is needed. The influence of an unknown 63-component can be neglected in many
practical cases, in particular for measurements to study the effect of a special parameter:

aD
AG¢=LLA———¢2’—W— (21')
352 Do gsin” y

In this case an approximate value of Dy is sufficient, also in all checked circumstances
where 03 is zero or can be neglected. In many cases, especially in the neutron-ray technique
the regression analysis D vs. sin’y is replaced by two strain measurements at D= y=o and
Dy, y=90 With the supposition these two points represent the linear dependence. This procedure
may be erroneous since deviations of the linear dependence often occur at low and high
y-values.

The film technigue was the only method available from the beginning of the strain-stress

determination up to the introduction of the different counters. But also today it remains useful
to show up spotty images of single crystallites and their alterations by different influences as
dynamic loads, recrystallisation, plastic deformations and others. A new variation is the image
plate, mentioned in chapter 2.05.
Different cameras can be used, their shape may be cylindrical, conical or in most cases plane.
The usefulness of the film registration is limited by the intensity ratio of the peak to the back-
ground which is often low when the peaks are broad. Nevertheless the evaluation method will
be described in the following. Fig. 7 shows the principle of the measuring arrangement and
the symbols used. An appropriate fine-grained calibration material is necessary to determine
the distance from the irradiated point on the specimen to the film. The measurements on the
film will be done by appropriate magnification of both the material (index y, ) and the cali-
bration (c) Kg;-rings.
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Figure 5 (left). D,y -vs.-sin’y dependences for ¢ =0° and 90° of a triaxial strain state with the principal strains €, and &, parallel
to the surface of the specimen. For arbitrary azimuth @ : €] — €, £2 — Eg+90°-

Figure 6 (right). D,y -vs.-sin?y dependences for ¢ = 0° and 90° of a triaxial stress state with the principal stresses ¢; and 6, parallel
to the surface of the specimen. For arbitrary azimuth @ : 6 = Gy, G2 — Gp+90°-
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Figure 7. Principle of film-exposure method, diffraction patterns of material and
calibration powder; 1 =90 — O, Wy, = yp t 1.
re=A-tan2n, = —A-tan20,
(24)
ry = A-tan2ny =-4-1an20,

dry __ 24 (25)
0y cos? 20y,

2
8:8(@0)+i£- A@zO—cot@oA(-):cot@oM—O-Ar
©=0 2
(26)

_ _1tan20, cot @ cos? 20QpAr = tar;ZGc cot & cos? 260(AW - AO)

Fe e
The measured Ay-values have to be normalized to a fixed r, = const. value, for example

r. = 25 mm. To evaluate the stresses the foregoing formulae between strain and stresses have

to be used. Measuring direction (@,y = 0°):
ta“zzec cot O cos? 20(Agy-0 ~ Ao) (27)
e

(O'” +0'22)s1 +0'33(S| +%S7_)=
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This formula was usually used for 63 = 0. Measuring direction (¢ = 0° or 90°, y):

1 tan2 dAg-
(0‘“522—0’33)=-]— O cot@ocosz2®0-—-¢,—0—’29l (28)
2752 2 dsin? y

An example will illustrate the evaluation method:
Nonalloyed steel, RS-state 6y, # 0, Cr-Kg , {211}, Cr powder {211},
Do e = 0.28665 am ; Dy o, = 028844
TR e T

The prime incidence angles should be Yp = 12°,33°, 39°, 45°. The measuring results D=gey
are plotted in Fig. 8 and the regression straight line is drawn.

3.6

nm ; 5= -1.25-106 MPa’! ; 15,=5.76-106 MPa'!

A

2.8 T
0 02 04
sinay

T

—
06 08
Figure 8. Plot for stress evaluation from several film measurements.

The result (¢, y = 0°) for 53 =0 is:
tan20,

c

1
(oin+on)= 5 cot O cos? 20¢(Ag,y=0 - Ao)

=1448-(344-329)=217MPa

The result (¢ = 0°, y) for ;3 =0 is:

ol =—314--‘?—A_l=—°l=314-(0.6410.03):214i9MPa
dsin? y

The results are the same indicating that 6,, = 0. If the room or outdoor temperature is very
different from normal temperature, corrections must be introduced, especially if the expansion
coefficients of the material and the calibration powder are very different from each other. A
simple formula using the difference of expansion coefficients does not hold, see /31/.
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Two examples of older results demonstrate the numerous measurements and their scatter,
Fig. 9 and 10/32,33/.
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Figure 9. Bending stress on cast
Co-K,, {310} /32/.
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Figure 10. D-vs.-sin?y plot of four plastically elongated steel samples, Co-K, radiation,
{310} peak /33/.

To get an impression of the measuring volume and the scatter of the results using a dif-
fractometer counter method the lattice strains of a TiAl6V4 sheet are plotted for the azimuths
¢ =0°45°90°, Fig. 11.
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Figure 11. Dyy4}-vs.-sin*y diagrams of a shot-peened TiAl6V4 sample, azimuth 0°, 45°, 90°

The stress evaluation was done using a linear-regression analysis up to sin®y <0.8 using the
equations in Fig. 5. The result is 6,,=-5701 12 MPa, 6,,=-580 % 14 MPa, 63;=-150+ 11 MPa
using the strain-stress-free lattice distance Dg{114} = 0.091227 nm.

To get an impression of the effect of a 633-component, Fig. 12 illustrates the following
example: steel, Dy=0.28665 nm, Cr-Kq radiation, {211}, o|;=-300 MPa, ©,,=0,
633 = 0 £ 100 MPa. The error of Dy y-measurement is + 1-105 nm. The influence of the o33
can be determined in the low-sin?y range. The 6;3-independent direction

1
S| +582 mech. |
sin2 y” = (—]2——) =0783 = —

3 2 1+v
is clearly to be noticed.
If the stress component in the thickness direction equals zero, this holds of course on the
outermost surface, the following equation can be derived using Hooke's law:

1 s
o033 =0=7—|¢€3 ——l——'———(en +Ex +£33)
%52 252 + 35
€33 N ~v{hkl}
En+En+en  tm+3s  1-2v{kkl}
vimki}= — =3 (29)

€33 €N —E€
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This needs very accurate lattice distance measurements, otherwise the error is very big. To
use this value of v together with an experimentally determined Young's modulus E at least
may lead to big errors in the determined stress state.

0.2870
E
=
S 0.2868
8
=
2 0.2866
S
3
3
£ 028641
~©
0.28624+— — T
0 0.2 04 0.6 0.8 1
sin2y

Figure 12. Influence of 633 on the D-vs.-sin*y dependences.

Early in the history of XSA the method to evaluate the biaxial stress state at the surface
region (0; = 0) from a single film exposure was introduced by /34/. The Debye ring was
measured at four points: (9, £ M+, Wp), (¢, Yp £ 11) with index p for primary incident. The
method was not often used. But in recent times with the introduction of the imaging plate the
method was further developed /35/. The Debye ring will now be measured at many points.
The result is the stress component G¢. The method of evaluating the stress state from a single
exposure cannot be very accurate since only the strains in the limit of @pEn, ¥, tm),
i.e. only the small range Asin®y = 0.4 is used. Furthermore, texture and gradient effects will
have a large influence on this determination of the stress state. Therefore linearity of
D vs. sin?y is an essential assumption. The calibration of the measuring data on the film will
be performed with the help of an exact circle, for example produced by the interference of a

metallic powder.
Fig. 13 shows the incident X-ray beam, the reflected Debye-Scherrer ring, the definition of

o and the other parameters /35/. The direction (@, , ) of the incident beam is the L'; axis and
the L'; axis lies in the surface plane of the specimen system. The transformation matrix from
the specimen to the system L', Equ. 14, is in this case

COSQ,CcoSY , Sin@pcosy, —siny,
~sing, cosQ 0 (14')

cosQ,siny , sin@,siny, cosy,
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The measuring directions with respect to the L'-system can be described by a rotation around
the L'3(9, , ) axis

0 ~cosQ
m=| 0 [+sinn-| sina 0sa<2r (16")
cosn 0

X-ray beom

Specimen
UZ ] €2

Figure 13. Coordinate system, Debye-Scherrer ring and definition of &(c) /35/.
After transformation of m' to the specimen system with

€5 =€1c0s2 @ +&sin? @

) (30)
£, =¢&1sin? @ + €2 cos? @
we get
. . 2 Y
Em = Ejj-m; -m; = Egy = Ex(cosY , sinncosa—siny , cosn)” +¢&,(sinnsina)
. : 2 v
+£3(siny , sinncosa +cosy cos7) (31)

+(e1 - €2)sin2¢, sinfsina{cosy , sinncosa ~ siny p cos7)

This equation can be found in /35/.
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_ Dpy —Do _ cosng —cosn
Epy = Dy

cosn

The index zero indicates again the strain/stress-free parameter. Now we introduce
n=no+5(a)

sin1 = sin7g +cosng - 6 (32)

€os7] = cosg —sin7g - 6

Inserting Equ. 32 in the above formulae we get:
sin7]g -8

—_———  , sinfp -6 << cosNy
cosg —sinng -3

Epy = &(a) =

= tan1ny - 8(a)

. . 2 Y
= £4(cosy , sinmo cosa —siny , costo) + &, (sin7o sincr)

. . 2 (33)
+ 83(smwp sin7g oS + cosy ,, cosno)

+(€1 —€2)sin2¢ , sinmg sina(cosy , sino cosa — siny , cos1g)

As in the case of /34/ the &(ct) will be measured at & = 0, M/, T, 3%/, and therefore €, €,, €;
and the Dy — 033 relation may be determined with corresponding errors. Following the paper
135/ 8(+o) and &(xor+ ) will be measured and the following function used for further
evaluation of G, in the plane stress state:

£a = 1e(@) - e(o+ )+ e(-a) - e(-a + 7))
(34)
= ~%szc(p[sin2(wp +10) - sin?(y , ~ no)]cosa

With [ being the distance from the center of the ring, R the distance between film and
specimen, and with the abbreviation

Aa = 1(a) - (o + ) + I(~a) - [(~a + )] (35)
we get the final relationship /35/
2 a(a
Gy = ILcot@ . €OS 29 Aa _ const.—(-gl (36)
2% 2R [smz(w,, +1)-sin2(y , —n)] cost d cosa

An example of measurements on a high-strength steel (HT80) under bending load with
Cr-Kg radiation on the {211} peak is shown in Fig. 14 /35/.
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Figure 14. Ao — cosa diagram of the measurement on a high-strength steel (HT80)
under bending load, M slope /35/.

2.072c¢ The tensor evaluation, y-splitting, Dille-Hauk method

It was shown by /24/ that the linear D-, €-sin®y relationship is a special case of the basic
relation

oy = £i((0.w). {hki}] mim;.

This relation or Equ. 8 was written in the form

Dy v — Dy
£j_y=£§3=—‘&—Wb——2=A+Bsin2w+Csinwcosy/ (37)
o
A=¢€3;3
B=¢€qcos?p+€n sin2 - €33 +(€12 +£2|)sin(pcosq) (38)

C =(g13 +€31)cos@ +(€23 +€32)sinQ

The geometrical interpretation is shown in Fig. 15. In case that there are no shear
components the usual siny-law is obtained. The y-splitting and the determination of the
complete strain tensor were thereby introduced in the XSA.

The practical evaluation of the stress tensor was brought forward and developed by /36/.
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Figure 15. Possible lattice-strains versus sin®y distributions with y-splitting /24/.

The Dg,y-vs.-sin*y dependences have to be measured in planes through the normal to the
specimen and the three azimuths ¢ = 0°, 45°, 90°, sometimes in addition ¢ = -45°. The combi-
nations of €;; and € can be determined from the D-vs.-sin?y measurement, which can be seen
in the diagrams of Fig. 16. The stresses G can be evaluated using Hooke's law, Equ. 9, 10 or
Equ. 91, 92, 93 and 96. The accurate value of Dy is necessary to evaluate G3;. In this way the
complete stress tensor is determined.

The advantage of this evaluation method is the fact that only linear regression analyses of
the determined dependences D-vs.-sin®y and AD-vs.-sin2y are used. Furthemore, the evalu-
ation of the averaged D-values for y <0° and y > 0° come up to the usually used method of
the normal-stress determination. The errors can be determined easily. Also here the experi-
mental results can be easily checked, especially by exploiting the fact that all Dy, -vs.-sin*y
dependences have to meet at one point D y—.

The tilt Ay of the principal stress components may be calculated. If €55 and €3 are non-zero
the following equation holds:

Ay :la,ctan(__ﬂ_)=laman(——3‘-’£—) (39)
2 £11-€33) 2 11— 033

There exists a strain circle similar to the Mohr's stress circle with

] =-;—(81| +£33)—

3]
(‘0

2 =

=%(£|| +833)+r
(40)

2=Mexp—en) +ehy
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oSt



151

Since this method /36/ is generally used throughout the world, numerous experimental
results of evaluating stress tensors are published. Here is one example, Fig. 17.

0.2869 -
w 0=0° =90
E O
< ovYo
£ 02684 O Co g
g
= 0
o -
£ 0.2867# ° ’
©
3 °
[+
£ 0.2866- o0, | {OVs0
= R *le y>0
9—
“'_:_ X +0.01 deg in 20
0.2865 —_——
2 100%@)_5—0_!_670 T‘Q‘Q‘U’m'@
s
= 0% . v
smzw sm2w

Figure 17. D-vs.-sin*y distributions of a ground steel sample, Cr-Kq , {211}.

The non-linear, elliptic D-vs.-sin?y distribution for azimuth ¢ = 0° (Cr-Kq, {211}, is given in
Fig. 17. The C45 steel specimen was ground in azimuth ¢ = 0°. The transverse direction
shows linearity. The RS-evaluation with Dy=0.2867inm and s =-1.25-106 MPa’l,

%sz =5.76-10-6 MPa-! results in

-123 -71 10 4
-242 4 | £ 7 3| MPa'!
~-71 4 58 4 3 7

The strain-free direction for ¢ = 0° will be sin®y* = 0.53 as indicated in Fig. 17.

Another evaluation method was proposed by /36a/. The first application of the Dolle-Hauk
method were published by /36b,36¢/.

2.072d Other evaluations of the fundamental strain-stress equation

There are some constructions of diffractometer known where the main rotation is done by
varying the azimuth ¢ but holding the pole angle y constant /37/. The main advantage of the
y-methods is the fact that oscillations can be detected obviously. This is not the case here.
The often mentioned feature of the measuring in the same depth is not reliable.
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When the lattice-strain measurement will be done through variation of ¢, y, the funda-
mental Equ. 11 applies:

Epyt = %sz[(()'” cos2 @+ 0 sin @ —0'33)Sin2 8} +O‘33]
+—ész(a|2 sin2¢sin? | + 03 cos@sin2y | + 023 sin(psin2|//|)
+S|(0'” +02 +O’33)

For two values, measured at azimuth 0° and 90° for example, it follows that

Eoyt —E90y1 =152(011 —02)sin? +12-S2(0|3 - 023)sin2y (41)

Only the differences of stress components appearing in Equ. 41 can be determined. But
only with measurements at two | and y, the usual (o) — 033) term can be evaluated. The

supposed feature of measuring in one penetration depth is gone. This is shown in the
following

Eoyl —Eoy2 = %Sz (0'11 —0'33)(sin2 v —sin? w2)+%szc|3(sin2w| —sin21//2) (42)

Another evaluation method was developed and used by /38/ for thin polymeric plates in
transmission technique where Dy, y-gg{100} can directly be measured.
For 6j; =0 i#}, the fundamental equation is

Eow :%sz[(cn cos? @ + 07 sin? @ - 0'3)sin2 w+03]+s|(o| +02+03) )

de .
,¢2;w =%sz(0'2—0'1)sm2u/
dsin? ¢

For y = const. one gets the difference of the main stresses in the surface plane. Another
way is to determine the XEC in the case of 6) = 6, 0y = 03 =0 and y = 90°

as—;(’)_”%:%sz{IOO}cosz(p+s|{100}
0E p=90,y=90 9 2epy=90
100} = —E2¥ET ; 15 {100} = —=——
{100} o0 2S2{ ) dcos? pd oy

2.072¢ A method using at least six different Dy -measurements

W. Reimers

Basically, the strain and stress tensor can be calculated using a data set of at least six
non-coplanar D y-spacings according to the basic formula. The following suppositions must
be fulfilled: linear D-vs.-sin?y dependences, that means no oscillations, no orientation-
dependent micro-RS and no gradients with the depth from the surface. The method was intro-
duced by /39/. The authors claim to get results of less scatter by choosing optimal measuring
directions (¢,y).
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The basic Equ. 11 may be written as follows:
Dyy = 0’”(%32 sinZ y cos @ + 5y )Do + 0'22(%sz sin ysin2 @ + sl)Do
+0'33(s1 +2157 - 357 5in? ly)Do +O'|2(-2LS2 sin2 v/sinZ(p)Do (11"

+0'|3(%sz sin2 wcos<p)Do + 0'23(%sz sin2y sin(p)Do + Dy

Equ. 11" can be used to calculate the stress tensor components 0;; using a least-squares proce-
dure as follows. The interplanar lattice spacing D is written as D = D(6,, 633, 633, Dy, ¢, W),
where Dy is supposed to be kept fixed in the calculation algorithm. Furthermore, a set of n

measured data points Dy with experimental errors A; is given. The stress tensor can be
evaluated by minimizing the following function:

n

2
Dy, - Di)* !
xz EZ(—{’W'—le min. (44)

A;

i=1

For finding the minimum of %2 the partial derivations have to vanish. Thus, the corresponding
condition is:

8)(2
(90’,‘]

=0 i,j=1,2,3,i<j (45)

To make the following calculations more transparent, Equ. 11' can be written as:

D; =a;011 +bion +¢i033 +di01y +ei613 + [iG23 + Dy (46)

a;, ..., f; describe the individual orientations (¢,y); of the specimen during the measurement of
Dy, yi - Equ. 45 can be explicitly written:

ox’ Ei(ap,% ”Di).a' =0

do A2

i=

(47)

n

alz Z(D‘P,V’l _Di)
= -fi=0

don A2

i=1

Expanding Equ. 47 leads to a set of simultaneous equations, the "normal equations”, which
can be written as

K-p=1 (48)
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p is the unknown vector (G}, Gz, G33, Gy, Oy3, Op3)T and I the vector

n T

n
zainp,v, ZfiDtp,w,
2 2
Ai i=l Ai

i=1

The matrix K of known coefficients contains all permutations of

n

Exi -Z,Vi Xy =aief;
A;

i=1

in alphabetical order. The solution of Equ. 48 yields the full stress tensor oj; , ij = 1, 2, 3.
Generally, the present formalism allows the calculation of three-dimensional stress states. Ab-
solute values for particular components of the stress tensor can be given, if the stress-free
lattice parameter Dy is known precisely. In the case of X-ray diffraction, one can often assume
plane-stress conditions because of the negligible penetration depth. Here, the procedure at
hand opens the possibility for the calculation of the stress-free lattice parameter Dy (near the
surface). Equ. 11' shows the dependence of D,y on G;; , 9, ¥ and Dg. On the other hand, 633
can be understood as a function of Dy : 633 = F(Dg). This function contains the whole least-
squares algorithm, and the direction of 63, is perpendicular to the surface of the specimen. At
the surface 633 = 0 must be fulfilled. If Dy is not known precisely, the procedure o33 = F(Dy)
yields a value of 633 not equal to zero. Using a simple numerical method like the "regula falsi"
for the determination of the roots of F, the exact value for Dy, which leads to a vanishing 033,
can be found. The regula falsi method needs two initial or starting values Dyl - 2) and Dyfi -
with F(Dgfi-2) )-F(Dgli- 1) ) < 0. Now, the new value of Dy() can be calculated by applying the
following iteration rule:

(i-1) (i-2)
i i-2 i-2 D -
D((, ) (() ) F( (() ) 0

g (49)

) ()

After a few iterations, the condition 653 = 0 is fulfilled, and the corresponding value for Dy is
found. Then, the resulting stress tensor takes the following form:

ocn oz =0
o;=1012 02 =0 (50)
=0 =0 0

If the off-diagonal elements G;; are not equal to zero within their error bars, the sample
possibly exhibits stress gradients or gradients of Dy in the near-surface region. In this case the
procedure does not work properly.
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2.072f Accuracy of stress evaluation, the errors

The following considerations and formulae have been summarized and supplemented by
B. Kriiger /40/ using books of mathematics and statistics /41,42,43/, of physics and chemistry
/44,45/ and those reflections of errors that are related to XSA /26,46,47,48,49/. Emphasis is
laid on practical use. Therefore general considerations and the appropriate equations for the
evaluations of XSA are explained by practical examples.

Kinds of errors

Repetition of measurements under identical conditions results in an average value with a
variance, also called an error. Results of repeated measurements will be in the confidence
range with a defined probability. Several parameters influence the value of the error, therefore
the chosen parameters and the method of calculation should be named. Besides the statistical
errors there exist the systematic errors. Fig. 18 demonstrates the possible cases of a series of
identical measurements namely with small and large variance, with and without systematic
error.

y statistical y y systematic
errors 3 error
I i} T b * ..4
e X J— e q o X X . L4 .-‘ X
HH et D 4 T ¢

Figure 18. Principal results of a series of measurements with small and large statistical errors
without (left) and with (right) systematic error /41/.

The following explanation differentiates between the effect and the determination of the
statistical and of the systematic error.

The statistical error depends as well on the counting statistics as on the procedure to
evaluate the position of an interference line, for example using the parabola method /47,48/. A
repetition of a measurement will give in general a variation of the previous result. Supposing
that systematical errors can be neglected, the statistical errors are demonstrated in Fig. 19
(left). It is obvious that considering those statistical errors, also the slope of the
D-vs.-sin®y line is connected with a statistical error. An increase of the counting rate (a higher
precision of the position determination of each interference line) will cause smaller errors.

A further kind of statistical error, but in a local manner, is given because of the heteroge-
neity of a multicrystalline material within the irradiated volume. The reason for this may be
the grain microstructure, local variations of chemical composition or different grades of
mechanical treatment /50/. Only a series of identical measurements with local variations can
remove these influences.
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Figure 19. Effects on the regression line caused by the two kinds of errors and their
superposition.

The systematic errors, which superimpose linearly, belong to different parameters of the
measuring and evaluation procedure. The accuracy of the alignment of the measuring device
and the measuring of the lattice parameter Dy influences the D-vs.-sin*y line, Fig. 19, also
done by local alterations of the material properties, which cause a systematic error in a single
measurement. Additional errors are caused by the evaluation data and the evaluation
procedure when calculating the stress components and finaly by measuring on different
samples of the same material. Neglecting the statistical error, a repetition of a measurement
will give always the same result.

The systematic errors of a single measurement cannot be determined. So it is necessary to
cross-check results, especially strange ones, before making conclusions about possible reasons
and effects. Repeated precise alignment of the measuring device is appropriate to avoid
experimental errors.

In the following, some well-known formulae will be introduced that are necessary for
further explanations.

N
2 yi = 2 Vi (N = number of measuring values y; )
i=1

The variance var, the square of the standard deviation, is a measure of the variations of the
single values /41,42,43,44,45/.

D=3 D -+(Xr) (51)

N-1 N-1

var(y) =
y= Tll"z Vi arithmetic average of all measuring values y;

The statistical error err also known as standard deviation is defined :

err(y) = y var(y) (52)

The average squared error of the average value called standard error is defined /44,45/:

var(y)=V—aI'V@ (53)
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The parameter covariance cov (sum of the differential products) will be used for simplifica-
tion and calculation of the regression lines and their errors /41,42,43,44,45/.

IR IR XD

ovix,y)= 54
cov(x,y) = = — (54)
Equ. 51 and Equ. 53 hold for weighted measuring data as well /44,45/:

wi(vi - WiYi
var(y Z - 2 - w; = weighting factors (55)

T T

The naming of errors makes sense only if the number of measured values exceeds the number
of parameters.

Linear regression

The consideration of statistical errors is twofold: One method describes the direct relation
between the measuring data and the regression result, Fig. 20 (left); the other takes the error
propagation into account, Fig. 20 (center).

The regression on the data points will be done by the minimization of the sum of squares of
the errors, which are the differences between the y-values of the measured data and the linear
regression resulting from the same x-values.

Y(X)=ap+mX o Y(X)=y+a(X-%) (56)

The linear regression coefficients ap and a; result in the values /41,42,43,44,45/

_ cov(x,y) _ Z(xr -3\ Nz Xiyi ~ ZMZ)’:

(37)
S T s R )
Zyzzx _leleyx 5 _)_/(f) (58)
VYt -(3)
The variance of all measured values y; relating to the linear regression /41,42/
var(y,x): Z(J’i —Y)2 - 2)’,2 _‘102)’1' —012)&)’,’ (59)

N-2 N-2
says, that in case of N = c measurements approximately 68% of the measuring values are

within a range of width t,/var( y,x) around the regression linear dependence.

The variance of the regression values Y(X) describes a nonlinear confidence range with a
minimal width at the center of gravity of the measured data /44/.

var(x)+(X—f)2) (60)

var(y)=var(a.).( -
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lattice spacing

sin?y sin2y Sin?y
Figure 20. Calculation of the statistical errors of the regression line and confidence ranges.
left: direct relation between measuring data and regression result; center: error propagation
taking into account the known variances of the measuring data; right: confidence ranges
var(y,x), dashed lines, and var(Y), continous lines.

The resulting variances of a; und a, are /44,45/:
D X I L Yk VX N
= —-a
DY) 3 B VOO ) 30
2
Z; (62)

The correlation coefficient r is often used to express the quality of a regression
analysis (0 means no correlation, 1 means perfect correlation) /42,44/.

var(ay) = (61)

and var(ag) = var(a,)-

2 ()= co\,z(x,y) - _var(y,x)
(x.) var(X)'var(y)"1 var(y) (63)

If the result depends on several parameters y(a,b,c,...) the total variance can be calculated from
the single variances by error propagation /41,44,45,47/.

var(y)=(%)2 var(a) + (g;) ar(6) + ( )var()+... (64)

2 2 2

d’y d’y d°y . .

+2 covia,b)+ cov(a,c)+ cov(b,c) |+ further differential terms
(3a3b (.6) dadc (a.c) dbdc (b:c)

The differential terms yield zero, if the parameters are independent from each other.

For comparative reflections the relative variance is advantageous:

O (6s)
y
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The variances of the slope aj, of the intercept ay and any y-value of the regression straight
line Y using the error propagation theory are

Z(x,- - f)z var(y; ) Z(yi - 9)2 var(x; ) Z(xi - f)z var(x; )

var(an) = — + 4 ™
(X (=i -5)) (X -%7) (X (i -%))

~4a Y (5 - %)’ 2, =)o =) vl (66)

Z(xi - X)var(y;)
NZ(x,- - %)

z var(y; ) +a? Zvar(xi)

N2

var(ag) = + X2 var(a)) - 2%

D (xi - %) var(x;)
LOYCRB)

+2%a; Z(xi _¥)? Z(Yi —f)vargx;) (67)
M2 -#))

var(Y) = var(ao) + var(a)- x? (68)

If the errors of all data of a measuring series are the same, then the two last terms of Equ. 66
and the very last one of Equ. 67 are zero.

Determination of the position of the interference with the center-of-gravity method

This method will be discussed in detail because the simple calculation algorithm is fit for
automatic measurement data evaluation. The intensity distribution should be registered in N
equidistant steps A2©

1;(20;) = 1;(20) +(i - 1)A20). (69)
The center of gravity 20,,;, of this intensity distribution is /46/
A20 Y (i-1)I;
DY

20 graviyy =20 + (70)
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By the use of the error propagation theory and neglecting the errors in A2 one gets
Y (261 - 26 graiy ) var(I;)
(21)
Supposing the Gaussian distribution it follows /41,42,43,44/
var(/;) = 1(20;) (72)

All procedures done before the determination of the center of gravity must be taken into
account. There are to be mentioned the background and the PLA-corrections as well as
smoothing procedures.

var(/;) = PLA(2©;)- 1(20; ) + Ipackground (20;) (73)

var(20 graviry ) = (71)

Furthermore the following variances hold if the symmetrization or K-separation of the lines
take into account the doublet distances Ay, respectively 4, g, :

var(Igm(20;)) = var(1;(20;)) + 025 var(1;(20; + Ake))

with A ko =20 ka2 — 2@ ka1 and 20 kg = 2arcsin(’12’;‘) (74)

var(/,ep(20;)) = var(1;(20;)) + 025 var(1;(20; - Aj ka))

with A; kg =20; —2arcsin[lka' sin@,-)
Aka2

An example demonstrates the method and shows the different influences, Fig. 21. After
background- and PLA-correction the Kg-doublet was symmetrized numerically as well as
separated. The centers of gravity were determined by varying the threshold. The symmetrized
interference line was evaluated in 5% steps in the range of thresholds between 55% to 80% of
the maximum intensity, the Ky-separated one in 10% steps in the range of 30% to 80% of the
maximum intensity. Both averaged results are 2@s,=114.817°10.010° and
204,= 114.806° £ 0.007°, a very good agreement. The errors implied by the counting statis-
tics of the single centers of gravity are of the symmetrisation 0.0007° (80%) up to 0.0009°
(55%) and of the Kqy-separation 0.0009° (80%) up to 0.0018° (30%). They are one order of
magnitude smaller than the standard deviation of the 2@-average values, calculated from all
intensity values. Using a larger scatter of the intensities, that means more than 68% of all
intensity values are within the scatter range, the error of the peak position will increase
according to Equ. 71.

To demonstrate the influence of the intensity, of the peak-to-background ratio and of the
20 step width, the intensities of the measured interference line have been altered by calcu-
lation (Fig. 21) and the errors of the centers of gravity have been calculated (Ky-separation),
Table 4.
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Figure 21. a) {114}-interference, TiAl6V4, Cu-Ky radiation, y= 0° b — e) numerically
altered to show up the following influences: b) intensity, c¢) peak-to-background ratio,
d) 20 step width, ) intensity and 20 step width.

Table 4. Error in 20 of the center-of-gravity evaluation, K¢ separation, thresholds
0.3 to 0.8 times the maximum intensity, 10% step, different measurement conditions.

peak Imax | Ibackeround | Imax. |stepwidth 2@} error of 20
Iba\ckground

[ets] [cts] [deg] [deg]
a 2725 704 3.87 0.02 0.004
b 545 140.8 3.87 0.02 0.009
c 9061 7040 1.29 0.02 0.009
d 2725 704 3.87 0.04 0.006
€ 5450 1408 3.87 0.04 0.004

D-versus-sin®*y method

The D-vs.-sin®y dependence is a straight line if the normal stress component in the
irradiated volume of a nontextured material is constant. The formulae are repeated here /26/:
0E ST T T (75)
0752 a(sin v/) 0752

o

D‘*’"”=°:D"[”Sl("”+"22+033)+%Szo33] (76)
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According to the Equ. 57 to 63 and supposing that N measurements were made at different
y-angles the two coefficients of the regression straight line and their variances are given by

Dypy = Dgy=o +mysin’ y (717)

Y e )

T S ety ey
_ Ny (sin? yiDgus) = 3 sin® yi Y. Do (78)
WY sty (it )
Dy g = 2 Do (502 i)' - 3 sin yi 3 (sin? Do) (79)

NZ(sin2 wi)z —(2 sin? v/i)z
L | VY Dg (X Do)

var(mg) = — — (mp)’ (80)

) N-2 NZ(sinz w,—)2~(zsin2 I[/,)
Zentv)| (81)

N

Using the error propagation theory the variances of mg und D¢ y=o can be related to the
20@-variances. The error of sin?y will be neglected:

—_—
in2 y; ~sin2 y) var(Dp i
var(m¢)=2(sm visiny) vai(Dow) (82)

(S vi-9) |
z var(Do,yi )

var(Dy,y=0) = var(my )-

Et(sin2 vi- m) var(Dg,i)

2
var( Dy y=0) = +(sin2y) var(my)-2sin? y
(Do) N? ( ) ! Nz:(sin2 v —sin? w)z
(83)
2 2
_| A cos© k2 var(29) 84)
var(Dyyi ) = [—Zsinze) (180) 4 (

For the variance of Sy follows:

2 2
Va,(o¢)=_£’(£’£)_+(i’£) var(oo){%] var(Lsz) (85)

(DQ%S2)2 Do 2
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Again a practical example. Fig. 22 shows errors according to the Equ. 82, 83, 84 of 6 and
of Dg,y=0 versus sin’y range for different Asin®y steps. Details are given in the caption.

10 a 6
L 0.2 - o
8 * o 1 i 1
1 £
< 0T o5 1 & 4 T
1, % 2 4 -
£ 6 gp5 © A 1 = . A
09 B i ‘—g | ° -,
S o ° =] o ° . o
5 4fF o« A & S 0 *
5 © S 2 © o ]
k] B ] = (@]
O . by Cc ¢
2+ (0] | |
" parameter: step width Asin2y
0 T T H ¥ i T 1 0 T ¥ T 1 T 1
04 0.6 0.8 1 0.4 0.6 0.8 1
maximum of sin?y-range maximum of sin?y-range

Figure 22. Errors in G (left) and in Dg,y=o (right) versus sin’y range and Asin’y steps,
error of determination of position of peak +0.01° in 20, Cr-Ky radiation, Fe{211},
Dy= 0.28665 nm, s, =5.76-10: MPa!.

The tensor evaluation, the Dille-Hauk method

The method is described in 2.072c. Lattice-strain measurements should be made at the azi-
muths ¢= 0°, £45°, 90°. The following abbreviations are helpful.

Dgyi » Dyyi = +(Dpsy * Dy y) (86)
var(D(;’v,,A) = var(D,j,,Wi) = %[var(D(p,W ) + var(Dq,,_.,, )] (87)

The advantage of this method is that only linear dependences are used. Therefore the
explanations of the foregoing block hold. One should note that the number of the data points
reduces after averaging the measured values, M = 21( N+l)or M= %, N being even or odd.

Using Equ. 57, 61 and 66 according to the regression line D' g,y= m-g [sin2y] it follows that
2. (sin2wil | sin2y | Dpyi ~ Doy )

3 lsin2w |- | siwaw |
MY (sin2yi|Dp) - Y fsin2yil Y, Doy,
MY 2y (3 sin2y])

m,;:

(88)
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1 M Z quwi - (z Dy yi )2
M-2 MZISin2Wi|2 —(ZIsin2v/,~|)

Using the error propagation theory and neglecting the error of sin2y it follows that

var(m(;) - Z(|Sin2v’i|—| —s—l_n-Z—I/lDz var(D(P,V’i) (90)

(Snaw- {5

The following equations will be repeated from the previous explanations:

=~ (m;)’ (89)

var(ma ) =

aD+ +
(0p-03)= ll o m‘f (91)
Do 352 a(sinzy/) Do 352

1 a D;»W _ m;

= 92
Dods; 9(jsin2y]) Dois, (%2)

(013,0'23)=

The appropriate variances follow from Equ. 85. The stress component in thickness direction
G35 can be calculated according to

1 + 51 + +
033 =———| Dy y=0 — Do ———mp +mog (93)
Do(3sl+%s2)( ov %sz( )]

The square errors of the normal components are as follows ( Ny : numbers of azimuths ¢ ):

s? (var(m&' )+ var(mg, )) . z var(Dg,Wo)

var(o33) =
(Do%sz(:}sl +%sz))2 (N,,,Do(3sl +%s2))2
2
N EI—___S_I mt +me ) ___EI_(&)__
( oW=0 %32( i o) Dg(3sl+%S2)2

2
si(3s1+ 2%sz)] var(}s2)
4
(%32)2 D§(3s| +352) (94)

2
+ B(D —D+, = )— mg + mo ) ___&(Sl_)__
( b= Dy )= (i + i) Da(3si +1s2)"

+ + +
+[D() - Dq,,w:o + (m() + m%)
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var(o‘“)z var(cn —0'33) + var(0'33)

(95)
+ 2
var|{myo _ 2 _
= ( ) + [G” 033) var(Dy) + ———GHI I3 var(%s2)+var(o33)
(Do % 52 ) Dy 752
(analogous to G55)
Measurements at @= 45° or = - 45° allow the determination of 6y, , Equ. 96 to 99.
i 1 + 1 + +
1012 = O p=145 —5((0n -on)+(on-03))= Do ls: ("&45 —E(MO +M9o)) (96)
1
var(m;gs) + Z(Var(mg ) + var(m;o )) ) var( Do) var(% sz)
var(o|2)= 3 + (0'12) 2 + 3 (97)
(Do) (Do) (}52)
+ +
o= -m_ (98)
12 2D0%sz (m45 m 45)
+ +
var|myq4s | + var{m _45) ar( D, var _ls2
Var(0|2)= ( ) ( + (0_12)2 v ( 0) (2 ) (99)

(Dois:)’ (Do) (3s)’

With the assumption of G33= 0 the lattice spacing of the stress-free state Dy and the variance
of it can be calculated.

Do = Dy =0~ 1~ (mg —mso) (100)
252
var(Do) = s} (var(m()r )+ var(mgo)) . zvar(Dg,wo)
T ) (M)’
(101)

2
D
+(Do(o1s +622))2 var(s) + (MJ Var(%sz)
752

Using this assumption the variances of the normal stresses are as follows
var(0,,) = var(0| - O33) and var(0y;) = var(Gy; - G33).

The following example will illustrate the last explanations. In Fig. 23 there are plotted the
D-vs.-sin?y distributions of a ground and roll-peened surface of a TiAl6V4 specimen, Cu-K,

radiation, {114}. Table 5 represents the evaluation results, based on the equations of the last
two blocks. The details are given in the caption.
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Figure 23. D-vs.-sin’y distribution, TiAl6V4, ground and roll-peened, Cu-K , {114} /51,52/.

Table 5. Evaluation of the lattice-strain measurements according to Fig. 23 and the equations
of the last two blocks with the following assumptions: precision of the interference line
position £0.01° in 26, Dp{114}= 0.091227 nm, s;= -2.64 106 MPa"l, %s2= 11.12-10-6 MPa-l,

The errors considered are slope, intercept and +4-106 nm in Dy{114}.

regression error erz)(;.grlgpiig;gon
errors taken into account|errors taken into account
o My Mg My My
Doy=0 | Dowy=0 | Doy=0 | Dey-o
[MPa] Dy Dy
61,0133 428 4 4 7 7
01,033 -467 9 9
033 96 11 18 9 17
Oy -524 12 18 12 18
Oy -563 14 20
O3 -8 12 12 2 2
023 28 3 3
0(45°) -491 13 13 7 7
(Y} -44 14 14 8 8
0(-45°) -410 10 10 7 7
012 -38 11 11 8 8
0 15(£45°) -41 8 8 5 5
Do{114} innm
0320  [0091199] 3106 | 3106 | 3106 | 31106
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XEC
Here again only straight lines are used to determine s; and 1 552. The necessary formulae are

derived in chapter 2.13. The external load is signified by 6l and Ng gives the number of the

applied loads. The following formulae need no special explanatory remarks:

9 Dyy-
s1=5‘-8‘”L° (102)
0 c
L
I ). _1am (103)

Do 9o dsin’ v Dogot

3D$=0 Z(GIL ‘0'_L)(Dil,“0 _BOT) NGZ(O'I'LD,{“())_ZG:‘LZDI'I,“O

= — = (104)

¥ (ot -o7) ¥s Y (o) ~(Tot)
Imt _ Z(O',L —O'—L)(m,»l‘ —;L_) ) NGZ(G,LmiL)—ZGiLZmiL

Jdol —\2 3 2 (105)
> Xlet-ot) No(0F) ~(Xot)
b Y04 ~(F0h)  (ang Y

var[aaDoL ]zNOI—Z[ UzDi 2_(2(1;) B (jl;L] ] (106)

v (3:2) N(,I_z[]Nv:%E::z:E%:’;;z (g:L)z] (107)

+ . (108)

+ (109)
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Using error propagation theory and Equ. 102 and 103 the square of standard deviation
(variance) of 5| and -ZLsz are obtained as

1 9 Dy-o (s, )2
var(s) = —| var +|— var(D, 110
) D¢ {aoL ] Dy (Do) (110)
2
1 dm" 1s
var(1ls, )= —| var +| 2= D 111
(52)=z {ML] (DO) var(Dy) (111)

The following example considers only errors associated with counting statistics (Fig.22).
Fe{211}, Cr-Kq , D(=0.28665 nm, 0 < sin’y < 0.9, Asin*y = 0.1, 6 load steps ol from 300
down to 100 MPa in steps of 40 MPa, error of ol is £ 1 MPa, error of Dy of +1 -10-5 nm can be
neglected. Result: s;= -(1.25 + 0.05) 106 MPal, %s2= (5.76 £ 0.10) 106 MPa-1. Taking into

account the local variances of the material properties the error of the XEC will increase.

2,072g The D-, -, 6-, FWHM-polefigures

In analogy to intensity polefigures 20¢ -, D¢y, €¢y-» FWHM-polefigures provide an
overview of the lattice-strain state at certain points of a component. Numerous measurements
of the specific {hkl} peak in the coordinates (¢,y) have to be performed to establish such a
polefigure. The measured values of 20,y or Dg,y o, if the Dy-value is precisely known, of

&g,y Will be plotted versus ((o,tan(%)) or (@,y) or (@,sin’y).

Modern stress- and texture-diffractometers with adequate data processing and printing sys-
tems enable the production of such presentations. To show up the different distributions,
appropriate polefigures are shown in Figures 24, 25 and 26. The first four polefigures are cal-
culated ones, for stress tensors as indicated /19/. The scale in sin?y enables one to read
directly the strain dependences in the usual manner. The polefigures in Fig. 25 are experimen-
tally determined ones /19/. Shown are the intensity- and the lattice-spacing polefigures of a
rolled steel, also in a stereoscopic view /19/.

Fig. 26a shows a deformation state in which the axes of the stress tensor do not coincide
with the axes of the specimen system /53,54/. The lattice-deformation polefigure observed on
{211}-lattice planes of a ground-steel specimen (German grade Ck45) is presented. The pat-
terns displayed belong to the near-surface state of stresses comprising the components 6,
Oy,, 0|3 determined with Cr-K¢ radiation. The lattice deformation polefigure is symmetrical
with respect to the grinding direction GD. The tilt of the stress tensor around the transverse
direction TD can clearly be seen. An example of a deformation polefigure of the 2nd kind is
displayed in Fig. 26b. The patterns are valid for {211}-planes of a 78% cold-rolled Armco-
iron sheet measured with Cr-K¢ radiation. The data were obtained from the total deformation
polefigure of the {211}-planes and that of {721+633+552}-planes determined with Mo-Kq
radiation. The latter was assumed to be equal to the 1st-kind-deformation polefigure of the
material investigated. 2nd-kind-deformation polefigures like that shown in Fig. 26b charac-
terize the texture-related deviations from the quasiisotropic material behavior of the lattice
planes {hkl} considered.
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Fig. 26¢ and 26d demonstrate results obtained on a cold-rolled highly textured Ni-strip /55/.
Fig. 26¢ shows the intensity and Fig. 26d the lattice-strain polefigure. The ideal orientations
are indicated and the rolling direction is marked. The evaluation of these data revealed small
macro-RS and big micro-RS with a steep gradient of the stress component in RD.

0-30
-200 +30
0

Figure 24. D-polefigures calculated for different stress tensors (with sin®y as the distance
from the center, the rim corresponds to sin?y=1). The symbol 0 represents
Dy =0.28665 nm; 0 - G, Ap =-3-10-5 nm; 0 - 4, Ap = 3-10-5 nm /19/.
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\‘4 ".‘» —v

.~ \:;?52/ :;\(j'\ '// ‘

W T

Figure 25. (above): {211} polefigures (with sin®y as the distance from the center) of a rolled
steel; left: Intensity polefigure; right: Lattice-spacing polefigure (D values should be read as
0.286 nm + 10-6 times the numbers given) /19/. (below): The same polefigures in a stereo-
scopic view (75° left from RD and 15° inclined to the surface) /19/.

. . o,
1: 26 =156.889 GD ) 10.:;.:-0.251./.. RD
0: 20 =155.862" 428 = 0103 0:€ii-0.283%e

Acm = 0,053 %o
)

{211} {211}-{721/552/633}

Figure 26a. 1st-kind-deformation polefigure of a surface residual stress state with
o4y =77 MPa, 0y, = -216 MPa and o3 = 50 MPa determined with Cr-Kg-radiation
(GD grinding direction) /54/.

Figure 26b. 2nd-kind-deformation polefigure of a 78% cold-rolled Armco-iron sheet /54/.
Stereographic projections, the rim of both figures corresponds to jy| = 70°
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12Dy = 03522 WG
9 Dy < 03526 0
Aoy = 5-10° aim

Figure 26¢. {420} intensity polefigure, rolled Ni strip, Mo-Ky-radiation /55/
Figure 26d. {420} lattice-distance polefigure, rolled Ni strip, Cu Ky-radiation /55/.

2.072h The ¢- and y- integral method

The conception, the basic formulae and a few examples of applications are published
mostly by Lode and Peiter. This special literature can be found in the book /56/. In recent
papers of these authors it is claimed that this method is the only one to get the total strain,
stress tensor. But the evaluation method ignores the real material state and the details of the
measuring techniques. A restriction of the method is the fact that mechanically isotropic mate-
rials and linear strain gradients are supposed. Furthermore detailed measuring instructions are
not given. The method is not transparent. The use of the method is limited and some of the
published results are somewhat doubtful. More in section 2.152h.

The following will follow the papers of /57,58/. The strain profile with depth from the sur-
face z is developed into a Mac-Laurin-Taylor series

de;(z=0)
(€5)=¢4(z= 0+z 812 7k (112)

For the @-integral method the fundamental formula holds with

de(s=0 .
&} =_____£'1E12 ) and Ty =—S‘“(;);‘“"’ (113)
Z

Eoy =%+ Aj cos@ + A cos2¢ + By sing + B; sin2¢ (114)
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Ao =(eni(z=0)+ 1", +£2(2 = 0)+ 78’5, )sin2 y +2(e33(z = 0) + 7”5, ) cos? y

A =(e13(z = 0) +7¢’,;)sin2y (115)

LN

2=3(en(z=0)+1e’,, —e2(z=0)- 1", )sin? y
By = (823(2 = O)+1£'23)sin2w

By =(e12(z=0)+ 7€'\ )sin? y

2z
1
Ay = ;I(e¢w>cosn¢d¢ (116)
0
2z
1
B, = ;j<e¢v,>smmpd(p (117)
0

The 20y, respectively the (Dy,y,) are measured over the range 0° < ¢ < 360°. To evaluate
the twelve components €;(z = 0) and €';; at least three tilt angles \ are necessary.

The often-praised possibility offered by the @-integral method to measure in one depth
from the surface is questionable. An error analysis by /59/ showed high unacceptable values
when assuming typical measurement conditions. In general we do not recommend to use the
¢-integral method in the present form to determine the strain, stress tensor and the linear
gradients of the components. There is one application of a ¢-method for samples with a fiber
texture with the fiber axis perpendicular to the specimen surface. This will be reported in
2.073d.

The y-integral method is even more nontransparent. An example will be discussed in 2.15.

2.072i The deviatoric-hydrostatic-stress approach

A pure hydrostatic stress state is characterized by a horizontal Dy, y-vs.-sin®y straight line
parallel to that of the strain-stress-free state. The Dy-constant has to be known very exactly to
determine the hydrostatic stress state. For cubic materials there exists a special relation:

0=0°:

Doy - D
go'w=—————0’WD 0=S|(0’|+O'2+G3)+-%Sz[(0'|—0'3)Sin2ll/+0'3] (117)
o
G| =0,=03=0y: (118)
Eoy =o-H(3s| +%s2)=const. (119)

In /60/ the fact was discussed that each RS-state can be considered as a superposition of a
hydrostatic stress state and a deviatoric stress state characterized by the deviator tensor. In /61/
the RS-state of the ceramic material Al,O5 + SiC was evaluated in this way. The RS-state of
a-Fe and Fe;C was analyzed by /62/ by hydrostatic stress state and deviatoric stresses empha-
sizing that the exact Dy-value is only necessary to determine the hydrostatic phase stresses.
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In the following the basic formulae will be cited. It will be shown that the usual evaluation
method /36/ and the deviatoric — hydrostatic method will deliver the same information. An
example will illustrate the procedure and discuss the results.

Any stress tensor can be divided:

o2 = od + o ZG§‘=0 (120)
o3 63’ i

deviator hydrostatic definition
stress

The same is valid for the phase stresses, index o.. From Dy y-vs.-sin®y measurements one gets

d D¢ dD¢
=0, =90,
d sin® y d sin? y

with the condition

d,
Y ot =0=0(, 634, 63%and 0" (the exact Df mustbe known).  (121)
i

With ¢, the volume content the macrostress tensor is

et
O] a
o2 = ZCaGg’a + Ecac‘,", (122)
O3 a a
et
a
03=0‘3’+0H=2ca0‘3"’“+oﬁ=0 (123)
a
o,,:—zcac;’-“ (124)
a
The usual method /36/ evaluates
of -0 =of* ~o§" of -0f =03 - 03" (125)

The deviator is given by 20'71"1 =0; Dg must be known.

i

m—o;cha(of‘—o‘j‘) 02—03=2ca(o‘2’—0§) (126)

a ¢4
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The result of the evaluation with 63 = 0 yields the same information:
o 201 -0
o2 =— 20, -0 +

(0’1+O'2) (127)
o) 3 - (o) +037)

W[ —

An example of evaluating RS of an Al,0;+SiC+ZrO, specimen:

The RS-state of a sintered Al,03+SiC two-phase material has been studied with X-rays
761,63/ and with neutron-rays /64/. Part of the following evaluation has been published /65/;
here are the detailed results of a thorough evaluation of the RS-state.

The X-ray study was done on a three-phase material from which the powder mixture and
the sintered specimen, a slice 5 mm thick, diameter 60 mm, were available. The lattice strains
were measured by X-rays in the center of the slice. The composition is 73 wt% Al O3, 17 wt%
SiC and 10wt% ZrO,.

The peaks of ZrO, could not be measured. There are three possibilities to deal with a three-
phase material in which only two phases are measurable, (chapter 2.12).

a) Neglect the third phase because of its small amount. This was done in the following.

b) Determine the macro-RS by another method; not possible here.

¢) Determine the phase stresses of only two phases, but in this case only differences of macro-
stresses are available.

The X-ray measurements of the lattice strains in both phases of the powder and of the
specimen for the azimuths ¢ = 0° and 90° are shown in Fig. 27. All data used for the evalu-
ation and the results of the stress evaluation are listed in Table 6.

008ZATS, o0’ 990°

oeo‘éeee
Pesspset@oesesp
powder powder
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SiC
0.0839, I
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COQOOQ( 00544

lattice spacing

(5114333 1 M
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e O
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sin?y sin? y
Figure 27. Lattice spacings of the powder and the sintered sample,
73 wt% Al,O; + 17 wt% SiC + 10 wt% ZrO, ,
above Al,04{146}Cu-Kq , below SiC{511+333}Cu-Kq .
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From the slopes of D,y vs. sin®y the differences (6,—03)"*!! and (6,-03)!*!! are determi-
ned. Index (I + II) means macro- + micro-RS. o;!*1 is evaluated using the relation between o3
and Dy, as given in chapter 2.11. For separating macro- and micro-RS the formulae Equ. 2, 4,

The results are given as the following tensors.

259
27

chapter 2.06 will be used.
81
19 MPa
41
Macro-RS

Micro-RS AlL,O4

- 933

- 998

MPa

- 853
Micro-RS SiC

Table 6. Data and results of an evaluation of a sintered three-phase material, with the third

phase neglected.

phase Al 04 SiC
vol.% 0.783 0.217
{hkl} {146} {511+333}
powder-Dy{hkl}  Dginnm 0.083062 0.083827
XEC -S| 0.54 0.49
in 106 MPa! 1s) 2.92 3.00
macro- and (o1 -0'3)“” 62110 -41+91
micro-RS (02-03)"" 18£10 -167+77
in MPa oy 278 £ 10 812+34
O.II+II 340 -852
oyt 296 -979
macro-RS (o 81
in MPa o2 19
o3 41
micro-RS o 259 -933
in MPa o, 277 -998
o; 236 -853
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As a check test the vol.% weighted sum of the micro-RS should be zero:
o B

Cq0; +Cpo; = 0
As an example, we obtain for 6| with the not-rounded values
0.783 - 258.7-0.217 - 933.3 = 202.6 - 202.5 MPa

These results of the example are valid only if it is assumed that both lattice constants of the
phases Dg P and the concentrations ¢** are not altered during the manufacturing of the
B values of the sample by means that are

pointed out by /65/. But care should be taken of the possibilities to make experimental
mistakes that are listed in chapter 2.10.

The method to neglect 65 to determine an unknown Dy leads to the following RS.

sample. It is recommended to determine the Dg ’

macro- and micro-stresses

62 - 41
18 - 167
0 0
Al,04 SiC
and after separation into macro-micro-RS
40 22 - 80
-22 40 - 145
0 0 0
macro-RS micro-RS Al,04 micro-RS SiC

The values of D: P for 65 = 0 follow from the measurements according to the y*-method

sin’ V’* = 'l_l (l+2)
532 (o]

to 0.083 1nm and 0.0837nm.
0.54 18
iny*=|— |l 1+— =024
AL O4 sin® y (0.92)( 62)
049 167
i in2y*=|—1|l1+—[=083
SiC sin® y (3.00)( 4])

Going back to the above-mentioned results for the two-phase Al,03+SiC material with
known Dg P powder values. The tensors of macro- and micro-RS can be transformed to
hydrostatic stresses and deviator tensors as follows:
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Phase stresses in MPa

35
340 +296 + 278
ALO;: 305 + -9 ;305 _340+296+278
=27
2 852 -979 - 812
SiC: -881 + - 98 , —88l= =~ %
69
Macro-RS
> 81+19+41
47+  -28 . 47= _+§_+__
-6
Micro-RS
1
259 +277 +236
AlLOj: 257+ 19 : 257=—§——
-21
-3 933998 — 853
SiC: -928 + - 70 ) AL s
+75

The evaluating manner of /62/ following the results of the strain measurements is as follows:
First the deviator tensors of the phase stresses will be determined (ot £ Al,O5):

(G,li,a —o?‘“) _ (0? _0131)”" =62 MPa

1+
(0‘21"’—0‘31’“)=(G%—0‘31)+ =18 MPa
04% = _gla _gd% o _ 62— g%% _18-0%% = %% =—1.80=-27 MPa

With the value of Dy the 6§ -component can be determined to 278 MPa. Therefore the result
for the macro- and micro-phase-stresses is:
of 35
o% = 305+ -9
of - 27

the same as previously determined. All the other results can be verified in the same way.
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2.072j The y-method with '-tilt

To study entirely the near-surface region especially of surface deformed materials the
specimen in a ‘W-diffractometer will be tilted by the angle o' as indicated in Fig. 28. The
method w—y was experimentally and mathematically developed by /66/. The formula of the
penetration depth considers first the y-independent tilt ' of the Q-mode and then the y-tilt of
the ‘¥-diffractometer, here called y,, Table 12, paragraph 2.046.

sin? @ —sin? @’

Tyl =To,w COSY| = :
v 2usinOcosw’

cosy| (128)

The material-independent expression 21 of the penetration depth depends only on functions
of the angles ©, y,, . The discussion of the formula can be done for y, = 0° taking
®' = const. or © — ®'y,, = const.,, Fig. 28. If the angle of incidence o of the X-ray beam is
small, the penetration depth is nearly constant versus 20. This can be checked by the
following: for y, = 0° and ®' =0 — o= Equ. 128 looks like

sin” @ - sin’ (0-a) [sin® + sin(© - )] [sin® - sin(© - t)]

2 ) = =
Htto sin©cos(© - ar) sin®cos(0 - a)
(129)
1 : (26—0:) a S(ZO—a) . a]
= -| 2sin cos—-2co! sin—
sin®cos(© - @) 2 2 2 2
sinersin(20 - @) sina ) .
= = -1sin®cos(® — &) + cosOsin(O@ —
sin@cos(@—a) _ sin@cos(0 - a) [sin®cos©-a) ©-)] 130,
= sinat [1+ cot © tan(© - )]
for o << ©: 2utoe =2sina

Figure 28. Representation of the simultaneous ®'- and ,-tilting and @,-rotation by the help of
stereographic projection /67/.
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To establish the strain formula for an ®'-tilt a tensor transformation has to be made. The
usual transformation between specimen- and laboratory-system (w'-tilt = 0°) has to be modi-
fied when @' # 0.

cos@siny = sin@’sin@; +cos@’siny | cosQ;
sin@siny = —sin@’cos@ +cosw’siny | sing (131)
cosy = cosw’ cosy |
The strain equation €y, . as a function of the g;; is the following /66/:
Eplylw = £33
= [cos2 w’sin2 yjcos? @) + %sin(Zw’)sin(2(p1)sinu/| + sin? @’sin? (p|]~e|1
+[sin(2(p| )(cos? w’sin? ' —sin? @’) + sin(2w’) siny; (2sin? p; - 1)]-8,2

(132)
+[sin(2w|)c052 @’ cos@| + sin(2w’)sing, cosw|]~£13

+[cos2 ’sin2 yysinZ o) — %sin(Zw')sin(2<p1)sin Vi + sin? @’ cos? (pl]-ezz
+[sin(2l//|)cos2 o’sing; - sin(20’)cos@; cosl//|]-£23
+[cos2 @’ cos? w|]~£33

with the limiting conditions

0'=0-a, w0y (133)
—ain2

sin2 gy = -0 Y (134)
COs“ @

Fig. 29 demonstrates the relationships.

An example will illustrate the above mentioned thoughts. The following stress and strain
tensors will be illustrated in D-vs.-sin®y diagrams for @'-tilts of 0°, 30°, 60°, 75° and azimuths
¢ of 0°, 45° and 90°.

-300 0 -100 -922 0 -6l0
o= 0 -400 0 |MPa e=| 0 —1s31 0 |10
-100 0 20 -610 0 1029

with the mechanical values of E = 210 GPa and v = 0.28. The variety of Dy, vs. sin®y
decreases rapidly with increasing o', Fig. 30. The limiting positions for Cr-K¢ {211} peak of
iron specimen are reached with a = 0°, @', = 78°. To determine the total stress tensor the
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o'-tilt should be restricted to approximately 30°. At least six measurements (@;,y,,0') should
be made to evaluate the strain tensor, see section 2.072¢. With Hooke's law the stress tensor

can be calculated.

L | | | |
) | | | |
084+ — —1— — 4 — 4+ _ _
| | |
1 | | | |
- 06— —A- =S
g ] | 1 | |
@ | | |
04— A~ ST~
4 | l | |
0%_~J__I_ vy L
0 =0/1w"=307 Tw'=45°|
- | | | |
0——+4—F—FH+——~+—
0 02 04 06 08 1
sindy

Figure 29. Relation between the y, tilt of the diffractometer system and the y-tilt of the

specimen system
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Figure 30. Example of the influence of the tilt ' ; details in the text.
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2.072k A method for the analysis of surface layers

A method was published by /68/ that allows one to determine the RS-state of a removed
surface layer. This procedure can be used for thin layer-substrate composites or on bulk mate-
rial with very steep stress gradients. The principle is to substract the intensity versus 20-peak
of the remainder material from the respective dependence measured on the original surface.
These difference peaks versus siny enables one to evaluate the RS-state of the surface layer.
An example will illustrate the foregoing /69/.

Fig. 31 shows a theoretical RS-state of -500 MPa compression constant over a thickness of
3 um and the case where a surface layer of 2 um thickness is removed. The following data are
taken to calculate the D-vs.-sin®y dependences of the original surface a, the surface after
removing a 2 pm thick layer b and of the layer c itself:

Fe{211}, Cr-Kg, D{100} = 0.286648 nm, p = 905 cm'!, W-diffractometer. The material will
be mechanically isotropic. The formulae are

1,=0(20)— L= (2®)exp{— %} .
Ie0-c(20) = ;o Za—E (135)
{ c} T sin@cosy
1—-expyi——
T

The D-vs.-sin?y distributions having a curvature depending on the RS-gradient are illustra-
ted in Fig. 32 for the cases a and b but is {inear for the 2 pum thick layer as shown in Fig. 32,c.
A correct value of RS =-500 MPa is obtained.

0 zinpm 2 3

0 ——

I
a.
=
R
O
-500

< a

je— ¢ —>te— D

Y i

Figure 31. Compressive RS-state of -500 MPa in a surface layer of 3 um thickness before and
after removal of a 2 um thick layer.
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Figure 32. D-vs.-sin®y distributions (a) before and (b) after removal achieved at the respective
surface and the D-vs.-sin®y dependence of the removed layer.

2.0721 The low-angle-incidence method

The low-angle-incidence XSA was introduced to study the RS in thin films /70/. Recently
published papers give new results /71, 72/. A special case is the grazing incidence (angle v,)
where total reflection occurs:

e-A | N
= J201- =———J—
Yo (1-n c V\nn-m

This formula was already cited in paragraph 2.041. The refraction coefficient is n, ¢ and m
are the charge and the mass of an electron, N is the number of electrons per volume, ¢ the

velocity of light and A the wavelength.

The arrangement is shown in Fig. 6, paragraph 2.041, the diffractometer used is an Q-dif-
fractometer, the focusing condition is not the Bragg-Brentano method but the Seemann-Bohlin
one will be used /73/. The very small incidence angle o > 7, is kept constant during the
measurement. Measurements at different y-angles have to be realized by monitoring a few
interference lines at different Bragg's angles 20.

The formula for the penetration depth (Q2-mode) is /71, 72/

sinarsin(20 - @)

-1 Snasn for ¢ =0 -0’ (136)
§ sina +sin(20 - @)

Ta
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This is the formula for y = 0:

_ sin(@-w)sin(0@+w’) —3(c0s20 - cos2w’)
Hofa= sin(@-w’)+sin(@ +®’)  2sinOcosw’

—1{cos? © - sin? @ - cos? @’ + sin? a)’)
=2 (137)
2sin®cosw’

sin? © —sin? @’
2sin®cosw’

For Bragg-Brentano-focusing principle the penetration depth is obtained according to
Equ. 136 and /70/

a=0: 14=2%  y=0 (138)
2u

and for a low-incidence arrangement

small @ =0 -y : razS‘Z“ , ¥=0 (139)

1
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Figure 33. Penetration depth (attenuation-factor normalized) versus 20

with the ®'-tilt as well as with o the low incidence angle as parameters.

Fig. 33 shows the dependence of the penetration depth of the two methods on 20. For a
fixed incidence angle o the penetration depth is nearly constant. In contrast to the usual
technique, T does not depend on the measurement direction ¥ = © — ¢ , but it can be varied
with o. This allows one to study the stresses in very small but distinct depths. Surface
gradients can be tested by successive measurements varying the angle of incidence.

From Equ. 8 it follows for a biaxial RS-state: 6, =0, =0,6;=0

€y =352-0sin? Yy +2s5-0
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The rotationally symmetric RS ¢ will be determined from the slope of the linear dependence
Dy vs. 153 sin? y +2s.

The strain-free and stress-independent direction is given by

sin2 y* = :l-zﬂ ,thatisat 355 sin? y* +25y = 0.
7%

This procedure may be explained by an example: Ni-layer, 6 = -300 MPa, Dy = 0.35238 nm,
Cu-Ky-radiation, Fig. 34. The positions of the peaks are plotted for the angle o. between the

X-ray beam and the surface of 0°, 5° and 10° respectively.
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Figure 34. Calculated result of a low-incidence measurement (Seemann-Bohlin-focusing
principle), details of rotationally symmetric biaxial stress state in the text.

From Equ. 8 it follows for a triaxial RS-state: 6, =6, =0,03 20
ey =1n|(0-03)sin2y +03)+51(20 +03)

From this one gets the strain-free direction:
-1503-5(20+03)

2
%sz(d—d’:;)

sin2 y* =



and the ¢,-independent direction:

—2S|

1
752

sin2 y’ =

185

In this case the 6;-independent direction should be considered, too:

1

. 582 + 5]

sin2y” =2 1
252

Dy

N

Do[s,(26+6,)+1s,0,]

Do +

15,04(0-05)

Dols(20+0,)+1s,0]

H 9
0 sin?y sibs, |
-5,(20+0,)- 35,0, \_251 __‘1_st
1s,(0-0) T 752

Figure 35. Triaxial (6, = 0, =0, G3) stress
state: the D-vs.-sin®y dependence, the
strain-free- and the stress-independent-
direction as well as the oj-independent
direction.
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Figure 36. Dy ggy-vs.-sin*y straight lines
with o3 as parameter; details in the text.

The graphical representation of the above explained formulae is plotted in Fig. 35. To
calculate the stresses ¢ and 6, the slope and the indicated distance on the ordinate are to be
evaluated. To find the exact Dy-value the values of the stresses are necessary.

An example will illustrate the above mentioned considerations: TiN layer, Dy =0.42400 nm,
¢ = -6000 MPa, 3 = 0, -500 MPa, -1000 MPa, o = 5°, Fig. 36. The mechanical XEC are
used, otherwise there would not be straight-line dependences. This is not a severe restriction
because the elastic anisotropy of ceramics and hard materials is smatl.
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A very low-angle-incidence method with decreasing o down to 0.6° (total reflection angle
Y0 =0.5°) was used to determine the micro-strain profile from the FWHM observed at the
surface of mechanical treated ceramics /74/. Fig. 37 shows the relation of micro-strain and the
residual stress determined by the usual method of two surface-treated ceramics.

0 0
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a ]
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3 1 * grinding 007 % grinding O

8 -80 | Olapping 5 1 Olapping Y

A0+————7——7— 600t

02 03 04 05 06 1 12 14 16 18 2

microstrain in 1073

microstrain in 103

Figure 37. Relationship between micro-strains and residual stresses of surface layers
of machined Al,O5 and Si;N, /74/.

The characteristics of the y- and the grazing-incidence X-ray diffraction (GIXD) are listed in

the following.

characteristics

y-method

GIXD

mode

©/20-rotation of specimen
focusing

scan range 20O of detector

penetration depth

gauge area
interference line

y-values
elastic anisotropy effects from

stress evaluation from
D vs. sin*y depends on

D vs. sin*y for quasiisotropic
material

possible influence of texture
on D vs. sin?y

Q¥

yes
Bragg-Brentano

small

relatively large
increasing with y

one

+y arbitrary in '¥-mode
one {hki}

respective XEC

linear

oscillations

Q
no

Seemann-Bohlin,
Bragg-Brentano defocusing

large, ot = const.
small

constant

several

v = o — O({hkl},A)
several {hkl}

averaged XEC

deviations
(elastic anisotropy)

"scatter"
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2.072m An ultra-low-angle-incidence method

For extremely thin layers the incidence angle o has to be reduced to nearly zero degrees.
Therefore the divergence of the X-ray beam must be also made sufficiently small by using a
special Soller slit and a mirror, Fig. 38 /75/. Fig. 39 shows a diffraction pattern from a Au film
only 1.3 nm thick. The evaluation result is a high stress state of 1.6:103 MPa and a relatively
small lattice constant of 0.405 nm.

. 44 !
Soller slits g | !
BER
source %‘ 2 'J ‘s ;X ’l\
o 4 : ¥ ' 2
e\ { uf \@9 J ‘hp’\
/v— [=1 [=1 o\ (=] ho =] o™~
| =& § "y ¢ 89 g
WU 2K S N 1 N M 1
T T T T T T T M T T T
40 60 80 100 120 140
20
Figure 38. Schematic diagram of major Figure 39. GIXD scan for a Au film of
components of a thin-film diffractometer 13 A average thickness. Each reflection is

used for GIXD (Grazing Incidence X-ray indexed as indicated /75/.
Diffraction) /75/.

2.073 Textured materials, strongly deformed materials, lattice-strain distributions with
oscillations

Many studies have been made on strongly nonlinear lattice-strain distributions dealing with
the types of oscillations, their origins and the methods to evaluate stresses, especially for the
RS-state of textured and/or severely deformed materials. Here the methods to evaluate the
stresses will be considered. More about the physical background of the oscillations will be
dealt with in the respective chapters.

The Figures 40, 41 demonstrate the variety of D-vs.-sin?y distributions measured on dif-
ferent peaks of the ferritic and the austenitic phase of plastically elongated steels. The X-ray
measurements were made at the center of the specimen on a thin plate; the neutron results are
the average of RS 1l over the cross section when the specimen was totally bathed in the
neutron beam /76/. The different D-vs.-sin*y distributions demonstrate very clearly
« good agreement between X- and neutron-ray measurements
« very different shapes of the curves for different {hkl}

» when the measurements — especially with X-rays — do not cover a very large part of the
range 0 < sin?y < |, unreliable and erroneous stresses will be evaluated.
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Figure 40. Lattice parameter and relative intensity versus sin®y as measured on a 25CrMod
steel after 8% plastic strain using different {hkl} peaks. Left-hand side: X-ray results for a
specimen after removing 770 pm by electropolishing. Right-hand side: neutron results, which
represent averages over the whole cross section /76/.
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Figure 41. Lattice parameter and relative intensity versus sin?y as measured on the austenitic
phase of a X2CrNiMoN22-5 steel after 12% plastic strain using different {hki} peaks.
Left-hand side: X-ray results obtained at the center of the specimen. Right-hand side: neutron
results, which represent averages over the whole cross section /76/.

2.073a Linearization of D-vs.-sin*y distributions with oscillations

The most experimentally investigated peak is the {211} one measured with Cr-Kq radia-
tion on the ferritic phase of steels. The next frequently used interference may be the double
peak {732+651} also on the ferritic phase of steels but registered with Mo-K¢ radiation. In
general they will have a different shape, characteristic oscillations at the {211} peak and an ap-
proximately linear dependence in case of the {732+651} interference. Fig. 42, 43 show exam-
ples of those D-vs.-sin?y distributions /76/. The linear regression analysis of the {211} peak
shifts in connection with the XEC of the quasiisotropic iron —;-sz = 5.76-10-6 MPa-! results in

values discussed in /4/, Table 7. The linearity of the Mo-K, peak {732+651} is explicable by



190

Fhe presence of many texture poles in the neighborhood of the rolling or the strain direction,
i.e. azimuth 0°, Fig. 44, the high multiplicity of this twofold peak and the larger penetration
depth. The RS of the explained example using the averaged XEC are also listed in Table 7.
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Figure 42. Distributions of D vs. sin®y and

intensity vs. sin?y for the {211} peak in
RD and TD for two different depths z, two
specimens of rolled steel /4/.
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Figure 43. Distributions of D vs. sin®y and
intensity vs. sin?y for the {732+651} peak
in RD and TD for two different depths z,
two specimens of rolled steel /4/.

Table 7. RS (in MPa) evaluated by the crystallite-group method and by linear regression
analysis of the D-vs.-sin?y distributions, rolled steel /4/.

crystallite-group method

linear regression analysis

{100}011) {111}2TT) {211)01T)

Cr Fe Cu Mo
{211} {220} {220} {732+651}

01-G3 -183 -185 -218 -182£21 -213+£26 -162+13 -216%+10
Gy-03 -162 -221 <211 -176 £ 80 -166+5 -161+£10 -161%7
03 41 24 36

When lattice strain distributions with oscillation are linearized and the stress state calcu-
lated using the XEC of mechanically isotropic material the result has to be checked carefully.
The evaluated macrostress should be checked either by other measurements on different peaks
(see next section) or by a mechanical method. Experience has shown that linearization often
works quite well but no physical proof is known. Table 8 shows the extent of nonlinearities
observed on different peaks grouped according to their origin /78/. D-vs.-siny distributions of
peaks with strongly preferred orientations should not be evaluated by linearization.
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Figure 44. Calculated polefigures showing ideal orientations of rolled steel, left {211},
right {732+651} peak /77/.

Table 8. Qualitative classification of the nonlinearities observed in D-vs.-sin?y distributions of
cubic materials caused by texture, uniaxial plastic straining or different kinds of rolling /78/.

hkl Texture Deformation

(+ elastical tension) uniaxially tensile deformed rolled
200 linear strongly convex oscillating
311 osctillating slightly convex slightly oscillating
211 strongly oscillating = linear slightly oscillating
220 = linear strongly concave oscillating
222 linear = linear oscillating

Linear D-vs.-sin’y dependences can be achieved if those of different peaks are averaged.
The muitiplicity factors of the lattice planes and the relative intensities as well as the XEC for
the stress evaluation should be used. Two examples will illustrate this procedure. Fig. 45, 46
show the weighted averaged D- and intensity-versus-sin®y linear dependences, Fig. 45 of a
quenched-and-tempered steel, and Fig. 46 of the ferritic and the austenitic phases of a duplex
steel, both after plastic elongation /76/. The details of the figures are selfexplaining.

The multi-peak summation is a useful method to evaluate the macro- plus microstress from
several individual D-vs.-sin®y distributions. The method is time consuming but helpful to
solve some severe problems of lattice-strain distributions with strong oscillations. Details on
the nature of micro-RS states cannot be found out in this way. To do that other ways must be
followed; see the chapter on texture and plastic deformation 2.16.
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peaks of the austenitic phase /76/.
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2.073b The crystallite-group method.

This method was introduced by /79,80/ evaluating RS-states of drawn wires. The procedure
was further developed for rolled materials by /81,82,83/ and for fiber texture by /84/. Theo-
retical thoughts were published by /85/.

Stress evaluation by the crystallite-group method is confined to materials with strong tex-
tures. The texture has to be described by ideal orientations. The crystallite groups, i.e. all
crystallites with the same orientation, are treated as being one crystal. That means, the method
presumes the stresses within all crystals of one crystallite group being the same, whereas other
crystallite groups may have different stresses.

After determining the strains at the intensity poles of a crystallite group, its stress state can
be evaluated using the monocrystal elastic data and the respective formulae developed in the
following.

The strain measured in a direction m is always the average of that value of all crystallites
having the lattice plane {hkl} under study oriented perpendicular to m. The strains are
weighted by the frequency of the orientation (ODF, orientation-distribution function).

The main presupposition of the crystallite-group method is that in direction corresponding
to the intensity poles of the ideal orientations only the considered group contributes to the
respective interference line, and therefore one determines the exact strain value of the group.
All influences of other crystallites reflecting in this direction m too, are neglected. This
assumption is justified only if the texture is very strong. This was discussed in /86/. The
strains in the different intensity poles have to be determined very accurately. Different radia-
tions and measurements on different peaks in different 20-ranges may be necessary.

The formulae for evaluating the strains of a crystallite group are developed beginning with
the strain of a crystal in a certain measuring direction m and with Hooke's law (chapter 2.03):

c c C

£, =Emm; mn™i M (140)

_ C
™M) = Sijmn®

m

The index "C" refers to the crystal system C. However stresses should be determined with
respect to the specimen system S, here denoted by the index "S". The relationship between
directions in C and S is given by the transformation matrix 1. The notation of the components
of T will be used as introduced by /81/:

Ty T2 713 oy By o
(”U)= a1 mp Wy |=|a2 B2 72 ; m“=|p (141)
T3 W 733 ay B3 73 Y

The stresses o€ and the measuring direction m can now be expressed with respect to the

. T
specimen system, T =7 j;.
Ofin = XL WLOF = MmO (142)

mE =nlmd =m.ms (143)
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With Equ. 142 and Equ. 143 one gets from Equ. 140:

Em = Soun( Tk 0 3 JmEMG = G (T imT 100 Y rimS 1 5)

(144)

= syc"mnof[mi‘smi‘g”kmnln”ri”sj

Equ. 144 is the general relation between the crystallite-group strains and the stresses in the
specimen system. It is valid for all crystal symmetries, all stress states and all crystallite
groups /87/. For a similar formula see /88/. The measuring direction is given by the angles ¢,y:

cos@siny
m’ =| singsiny (145)
cosy

Introducing Equ. 145 into Equ. 144 one gets for ¢ = 0° an equation with terms in sin®y and
siny cosy = Jz-sin 2y . This means a linear dependence or an elliptical dependence on sin*y
as it is the case in the usual stress evaluation procedure. The coefficients of the terms depend
on the stresses gj; , the monocrystal compliances and the components of the transformation
matrix %. The strains of the crystallite group which are determined at special azimuths ¢ can
be drawn as usual versus sin®y and sin2y respectively. From the slopes and the intercepts the
stresses can be derived.

In case of cubic materials only the compliances s;, s;, and s,4 are independent. Further-
more a principal stress state is assumed. From Equ. 144 with the notation of Equ. 141 the fol-
lowing relation holds /89,90,91/:

Em = [s|2 +so(a2a? + B2B2 +72y?) + 3 saa(cex; + BB +yyi)2]~a,- (146)
with sg = s11—812 —%344 .
o
m® =| B | is given by the normal to the studied lattice plane {hki}. Transformed to the
14
specimen system it is given by Equ. 145. The row vectors of ® are the specimen axes
expressed in the crystal system. Therefore the following relations hold /81/:

¢=0° ¢=90°
ooy + B+ = siny 0 (147)
oo+ BBa+yr2 = 0 siny
oo+ B3 +yys= cosy cosy
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And Equ. 143 reads in more detail:

@=0° ©=90°
o= oy siny + o3 cosy a7 siny + a3 cosy (148)
B= Bisiny + B3 cosy B2 siny + B3 cosy
Y= Y1Siny +¥3cosy Y2 siny + 73 cosy

Inserting Equ. 147 and 148 into Equ. 146 we again get the dependence of the crystallite-
group strain versus siny and sin2y, but now for the special case of cubic symmetry.

The components of the transformation matrix depend on the crystallite group itself. The
ideal orientations are described by {mnr}{uvw), {mnr} are the Miller's indices of the lattice
planes lying parallel to the specimen surface and {uvw) the indices of the specimen's 1-axis in
the crystal system. For cubic materials, the direction (mnr) is aligned with the normal to the
lattice plane {mnr}. Therefore the specimen's third axis is {mnr).

The transverse direction follows from

X m U
yl=lnix|v (149)
z r w

The transformation matrix © between the crystal and the specimen system is built up by the
unit vectors in the directions (uvw), (xyz) and {mnr).

(150)

NEEIEISIE
§|= ><|'~< e
NARIERE

with

U=\/u2+v2+w2 , X=\/x2+y2+22 s M:\/m2+n2+r2 (151)

Three common crystallite groups in rolled steels are {100}{011), {111}(211) and
{211}{011). The respective transformation matrices are disposed in the following table with

the notation of the T according to Equ. 141. The relationship between specimen and crystal-
lite systems of the ideal orientations of iron are as follows /81, supplemented/:
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Table 9. Components of transformation matrices between crystal and specimen system
/81, supplemented/.

specimen system crystal system
{100} {010} {001}
{1003(011)
RO K[01])] ai=0 [31=% y|=_j?
— -1 1
TD 7';[011] o =0 /32=7_2_ =7
ND [100]] a3=1 B3=0 73=0
{(1H1}2TT)
LRI we== A= n=k
RD 7 7 =T
— 1 —1
™ F[01T]] @2=0 b= 1=
1 1 1
ND w1 =7 [33=7§- =5
{21101 1)
RO F[oiT)| @i=0 By =I/l7 ” =—T;
— -1 1 1
TD ‘J/—;[lll] a2=ﬁ ﬂz=-ﬁ 72=7§'
2 1 1
o Ll me=E e -

With Table 9, Equ. 146, 147 and 148 the (sin®y, sin2y) relations of the crystallite groups
are fixed, and they are collected in Table 10.

Knowing the €-vs.-sin®y relation of the crystallite group the (¢, ¥) angles of the poles, to
measure the strains, are to be calculated. From Equ. 143 follows

m,s = ;pmg
1 h cos@siny
with m® = ————=1k m’ =| singsiny (152)
Vh2 + k2 +12 | cosy

and m;, according to Equ. 150.
There are two independent equations for the unknown @ and , the third being dependent
on the other two because of the unit length of the vector m.



Table 10. Formulae for strain stress relationship of five ideal orientations, RD (¢ = 0°) and TD (¢ = 90°) /82,83/.

Ideal Zone | Phase, {hki}
orientation Eo=0,y axis | solid
solution
2014017 ~ Fe (11032113220}
{211}(01T) [fu]| % [{541}{642)
(S12 +-é—S())O'1+(512 +%S0)0’2+(5‘12 +—;-S44 +%So)0’3 Cu Zn [{211}
T 1 2 —(2 in2
1Y | +4 [(sae +350) 01— (350 + 504 )03 ]sin? y [T | 220800
Ni
{TT)| (512 +3s0)01 +(s12 +350)02 +(s12 + 504 +{s0)03 oiT]| re |{L10N200p211)
+é [(3S44 +S())O'1 — 5002 —35440'3] sin? v+ %ﬁso(dl —-O’z)sinz\l/ {220} {222}
{100(011) 51201 + 51202 + 51103 +1[(s4a +50)01 + 5002 = (250 + 544 )03 ]sin? y [0T1] Fe g;g;{zoomn}
PUKTI | (512 +ds0) o0+ (s12 +450)02 +(s12 + 54 + 4 50) 03 [oTaf | cu a203311p4222)
+—2L[S440'| +%s00'2—(%s0 +544)03]sin2w+%«/§so(0'2 - 03)sin2y Ni {311}

L6]



Table 10 continued.

Ideal e Zone | Phase, {hkl}
orientation =90,y axis | solid
solution
2114011 T {110}{200} {211
{211K017T) (s12 +50) a1 +(s12 +L50) o2 +(s12 +Lsas +1s0)03 [o1T] | Fe {220}{222§{ }
+-%[ 15001 + 540402 - (~§-so +S44)0'3]Sin2 v+ %‘/550 (01 -03)sin2y Cu Zn |{211}
{011}(211) (SIZ‘*’%SO)Gl +(Slz +-:1;SO)O'2 +(512 +';—S44 +%SO)0’3 [ZIT] Cu {220}{311}{420}
+-21-[%so0'| + 544072 —(%m +S44)0'3]Sin2 v Ni
{111}(21 l) (512 +’_};SO)0'1 +(S|2 +-§so)0’2 +(S12 +-2LS44 +%-so)0'3 [ZTT] Fe {110}{222)
+%[—s00'| +(3S44 +S0)O’2 —3S44O'3]Sin2 v
{100)011) 51201 + 51202 + 51103 +-2L[s00'| + (544 +50)02 — (250 +S44)03]sin2 v [o11] Fe g;g;{zoo}{m 1}
{211}(T11) (S12 +%So)0’| + (Slz +—é—so)0‘2 + (Sl2 +%S44 +—;—S0)O‘3 [Tll] Cu {220} {844}
+—;—[(S44 +-§—so)0'z —(%So +S44)0'3] sin? y Ni

861
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The transverse direction (xyz) is parallel to all those lattice planes {hki} showing poles in
(¢ = 0°, y) directions, that means for cubic materials (xyz) is perpendicular to the directions
(hkl). {xyz) is the zone axis for those lattice planes. For measurements in (¢ = 90°,y) the
1-axis (uvw) is the zone axis for the respective poles.

From Equ. 152 these relations follow:

siny
0 J
cosy

1

00
1 _ (153)
Jh2 + k2412 0

siny | @=90°
cosy

h
-l ki
I}

The first two rows of the Equations 153 run in detail:

1 siny  @=0°
oah+Bik+7l) ——m—m——m———= 154
( p ) Vh2+k2 412 g 0 =90° (154)
1 0 =0

(@2h+ Prk+72l) ———==

VR + k2 + 12 siny ¢ =90°

As an example one gets for the {211}(011) group

(k-1 1 ~ siny =0

V2 ik o (mk=1)  =90°
(~h+k+1) I |0 (mh=k+))  g=0
V3 IR+ |siny 0 =90°

(k-1 : .
2—(h-2-—+k_2+1—2—)- Wlth(h=k+l) 0=0
sin2 y =
(~h+k+1)

—————"— with (k=1 =90°
3(h2 +k2 +12) with (& =1) ¢
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The Table 11 contains the data for iron which help to select the radiation, peak, and
direction sin*y to evaluate strain distributions with oscillations /92 supplemented/. Fig. 47 and
Fig. 50 show D-vs.-sin?y results of a rolled unalloyed steel /4/. The ideal orientations are
indicated. The specific D, sin®y values are plotted in Fig. 48, also the Dy-values are noted for
RD (¢ = 0°) and TD (¢ = 90°) and all three major crystallite groups. The evaluation of the RS
will be done in the usual manner using the compliances of the monocrystal. In Table 7 the RS

evaluated by the crystallite-group method and by linearization of the D-vs.-sin®y distributions
are listed /4/.

The method to get the strain-free direction sin®y* is principally the same as previously
indicated:

3(€0+y +€0-y)=0

The formulae can be found in section 2.112b.

Table 11. Data of the poles of the three ideal orientations in RD and TD,
iron-base material, D, = 0.28665 nm.

{hk} Key 20 7 sin®y
in degree in degree
RD D RD TD
{100}¢011)
110 Ti 85.37 90 90 1 1
Cr 68.78
200 Ti 146.99 0 0 0 0
Cr 106.02
Fe 84.97
Co 77.23
Cu 65.02
211 Cr 156.07 35.26 35.26 0.33 0.33
Fe 111.62
Co 99.69
Cu 82.32
220 Fe 145.54 90 90 1 1
Co 123.91
Cu 98.93
222 Cu 137.13 54.74 54.74 0.67 0.67
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Table 11 continued.

{hkl} Kal 20 v sin®y
in degree in degree
RD TD RD TD
{111}211)

110 Ti 85.37 35.26 90 0.33 1
Cr 68.78

200 Ti 146.99 54.74 - 0.67 -
Cr 106.02
Fe 84.97
Co 77.23
Cu 65.02

211 Cr 156.07 | 19.47,90 - 0.11,1 -
Fe 111.62
Co 99.69
Cu 82.32

220 Fe 145.54 35.26 90 0.33 1
Co 123.91
Cu 98.93

222 Cu 137.13 0, 70.53 - 0,0.89 -

{211}01T)

110 Ti 85.37 30,90 54.74 0.25,1 0.67
Cr 68.78

200 Ti 146.99 - 35.26 ~ 0.33
Cr 106.02
Fe 84.97
Co 77.23
Cu 65.02

211 Cr 156.07 0, 60 70.53 0,0.75 0.89
Fe 111.62
Co 99.69
Cu 8232

220 Fe 145.54 30,90 54.74 0.25,1 0.67
Co 123.91
Cu 98.93

222 Cu 137.13 - 19.47, 90 - 0.11,1
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Figure 47. Distributions of D vs. sin®y and intensity vs. sin®y for the peaks {211} and {220}
in RD and TD, 88%-cold-rolled unalloyed steel. The positions of the poles of three crystallite

groups are indicated /4/.

02870 T T T T T T %
RD 1D

12111011

0.2868

0.2866

100§ <019

0.2868
0.2866 -
[
0.2866 ® {211} 012000  Cr-K, radiation
&1{220) Fe-Kq radiation
extr} (222 Cu-Kg radiation

0286 o 05 08 1 007 04 06 08 1
sint

Figure 48. Lattice distances of the three crystallite groups vs. sin’y taken from the respective

poles of different D-vs.-sin?y distributions in RD and TD, 88%-cold-rolled unalloyed steel;

extr. (extrapolated). /4/
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2.073¢ The crystallite-group method, fiber texture

The stress evaluation in fiber-textured materials showing nonlinear D-vs.-sin®y distri-
butions can also be done by the crystallite-group method. The procedure is described in /84/.
Here are the main points. The ideal orientation has the form {mnr}{uvw), with {mnr} being
the fiber axis and (uvw) the ¢ = 0° direction. Table 12 shows the formulae for the main fiber
crystallite groups for the strain and the strain-stress-free and -independent direction. The
suppositions are 6, = G, , G; = 0 ; the fiber axis is perpendicular to the surface of the film or
the specimen:

K=o3(a -ai)+ B3(B3 - 1) +73(r3 - 1) (155)
o i u
o R (156
a3 m

1

_— 157
6 W (D

Y3

o, Bi, vi are the cosines of the angles between crystal- and specimen-systems.

Table 12. Formulae to evaluate fiber-textured cubic materials, details in the text /84/.

crystallite group gy = sin2 y* =
{100) [2 512 +('21‘S44 +so)sin2 l//]-o‘l l =251
3 544 + 50
— -1
{110) [2512 +%—so +(%S44+K's0)sin2 V’]'O'l 2512 — 5 50
Lsag+K-s
5 %44 0
— .2
(1) [2312 +—§-So +%s44 sin? W]'Gl 2512 350
1544

The representations of the poles of different peaks are shown in Fig. 49 for the three main
fiber textures for a specific material. Examples of single and double fiber textures are
discussed by /84/. In /93/ the formulae were given for hexagonal-crystal films with the fiber
axis {001) perpendicular to the surface. The formula is

E'33=[(S11+S12 +2S|3)Sin2l/I+ZS|3]~O'| (]58)

Measurement at different distinct poles given by sin®y result in a linear D-vs.-sin?y
distribution. A recent paper /88/ extended the formulae to a triaxial principal stress state.



Cu <100> fiber texture Ni <110> fiber texture
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Figure 49. Stereographic projections of the poles of particular crystallite groups and fiber textures with the fiber axis perpendicular to
the surface /84/.
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Also /88/ extended the formulae for a fiber texture of a cubic material with the (111} axis
perpendicular to the surface for a general stress state as follows. The evaluation of 6;, 6,5,
G33, O}, Will be done according to the Ddlle-Hauk method /36/. In case a of rotational biaxial
stress state 6) = G5, 03 = 0 the formulae simplify to those previous given by /84/.

2.073d The ¢-integral method for a fiber texture

RS in specimen with a fiber texture may also be determined by using the ¢-integral
method, which will be outlined in the following /94/. The basic formulae can be found in
section 2.072h, The measurements will be done at least at two y-values for ¢ = 0° to 360°.
With these measurement results the coefficients A, and B, can be evaluated and therewith the
equation system for the € ; least-square error method should be used. From the & tensor, the
oy tensor can be evaluated using the general Hooke's law and appropriate XEC and neglecting
the texture or in case of low anisotropic materials (as for example most of the ceramics) the
Young's modulus E and the Poisson's ratio v.

The fiber texture should be not too weak to get strong circles in the polefigure with the
fiber axis perpendicular to the surface of the specimen.

The method is applicable only when linear D-vs.-sin®y dependences exist. It is a lucky cir-
cumstance that despite of strong fiber textures the D-vs.-sin>y dependences of ceramic mate-
rials and ceramic layers are often practically linear because of the weak elastic anisotropy.

2.073¢ Evaluation of D-vs.-sin*y distributions with texture conditioned oscillations,
the o-modeling

The evaluation of LS and RS from D-vs.-sin*y distributions with oscillations will be
described in chapter 2.16. Here the case will be handled where the values of the stresses will
be given and the strain distributions modeled. The oscillations have their origin in the strongly
preferred material state (texture) and/or, not considered here, plastic deformation.

The suppositions are: experimentally evaluated ODF, the assumption of a model of the
crystallite coupling, the elastic coefficients of the monocrystal, the Young's modulus and the
compression modulus of the polycrystalline materials. The formula

Epy = Fjjoyj (159)
holds.

The stress factors Fjj will be calculated using the ODF and the model of coupling. Usually
the well-known models according to Voigt (homogeneous strain), Reuss (homogeneous
stress) and Eshelby-Kroner (anisotropic ellipsoid in homogeneous matrix) will be taken into
account. With the assumption of the RS or LS state the D-vs.-sin?y distribution will be calcu-
lated. By comparison with the experimental D-vs.-sin®y the real stress state can be evaluated
by multilinear regression (least-squares method) /28,95,96,97,98,99,100/.

In order to check the validity of the operation the {h00} and {hhh} peaks should be linear.
The following example is described in detail in /28/. The specimen is a cold-rolled highly
textured unalloyed steel strip. Figures 47, 50, 51 demonstrate the comparison between
measured and calculated D-vs.-sin*y distributions of different {hkl} in the RD and TD.
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Figure 50. Measured D-vs.-sin*y and intensity-vs.-sin®y distributions for the peaks
{211}see Fig. 47, {222}, {732+651} observed at the surface of the steel strip /4/.
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Figure 51. Calculated D-vs.-sin®y and intensity-vs.-sin®y distributions for the
peaks {211}, {222}, {732+651} and a RS-state with 6 = 6,5 = -200 MPa,
Cj2=0137 093033~ 0/4/.
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2.073f The o- and the Dy-modeling

An interesting fact is that in many cases D-vs.-sin®y distributions calculated on the basis of
the Reuss model fit the experimental ones better than that using the Eshelby-Kroner model.
The latter is in good agreement with measurement results for quasiisotropic materials, Fig. 52
and Fig. 53 show that even the Reuss model does not demonstrate all the oscillations. The
reason for this could be that the calculation takes into account only the texture induced
oscillations but plastic deformation will have an effect too /78/.

L . | l 0.2870
N 9-0 10370 RD
- isotropic .
ofwin oy L ferrite {211}
2F oot 211> .
- alatioon <o1 )
g . Kréner 2 g 0.28689%
= o c
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< Reuss ® 35
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©ie \/ < linear 3 0.2866
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w Oy, ¥*°
o op s
- :lzomw xg 1200f in 28 o U>0
) . 0.2864
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Figure 53. Comparison between experi-
mentally determined and calculated
D-vs.-sin®y distribution using F;; from
the Reuss model as well as the stresses
oy = -150 MPa and 65, = -120 MPa
1781

Figure 52. Anisotropic stress factors F|;-vs.-sin?y.
Above: Calculations of an isotropic material and
for two assumptions of the coupling and two
descriptions of texture. Below: Experimental
results, regression line for the {211} peak shifts
and for the isotropic material /4/.

In most practical cases of LS and RS problems well-separated interference lines are
observed, there are no gradients of the strain, the stress, the composition, the microstruture as
well as the texture within the effective penetration depth of the radiation. But there are a lot of
possibilities to make the situation less ideal. Peaks may be overlap, there may be pronounced
changes of the strains, the stresses, the microstructure, the composition of the materials,
Dy-profiles, and the texture as a function of depth and moreover, these quantities may depend
on the depth in a nonlinear way. In case that there is a simple relationship between the
different parameters, it may be possible to find an appropriate data evaluation procedure.
However, there is no universal way to attack this problem.
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In the event of overlapping peaks, one may have recourse to commonly used deconvolution
procedures. In case that D and/or the RS show a rapid variation with depth, model calcu-
lations should be performed to establish the relationship between the depth dependence of
these quantities and the D-vs.-sin*y distributions observed for different {hkl} peaks.

The chosen example belongs to an Fe-ion implanted copper-foil /98/. Fig. 54 shows the lattice
strains measured with Co-K¢ radiation on the {400} peak and with Ti-Ky radiation on the
{111} peak for azimuth ¢ = 0° and 45°. Fig. 55 illustrates the Dy~ and o-profiles. The arrows
indicate the parameters which will be varied /99/.

The following formulae (paragraph 2.036, 2.152) will be used:

I Dy(z2) exp(- ~:—)dz
Dy =4— (160)

T ~[l - exp(- )]
jo ,j exp dz

T -[1 —exp(- —;)]

The lattice-strain profiles versus sin?y were calculated using the shown models and formu-
lae. It is a tedious and obviously an inexact method to evaluate the D-vs.-sin?y profiles for the

two peaks of the two radiations. Fig. 56 shows a typical result of the modeling. The data used
are indicated in the caption /98/. The final solution of such problems is of course a con-

do
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Figure 54. D-vs.-sin*y distributions for the ion-implanted area. Left: four measurements
averaged, Co-Kq radiation, {400} peak, 20 = 163.5°, ¢ = 0°; center and right: three
measurements averaged, Ti-K, radiation, {111} peak, 20 = 82.4°, ¢ = 0° and 45° /98/.
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Figure 56. D-vs.-sin?y distributions for the {400} peak observed with Co-K, radiation
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Points: measured and averaged values; curve: calculated by combination of both models

(Dg and residual-stress profile) with the following parameters, Dy, = 0.361498 nm,
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2.08 Peak width and its relation to different parameters

The full width at half maximum of a peak (FWHM) is determined by the distribution of
the randomly oriented lattice plane distances. There are many causes for the spread of the
interplanar spacings: distributions of the lattice parameters by alloying, interstitial site
occupation, precipitations, undirected micro distorsion created by micro stresses. The non
directed micro stresses can originate from thermal or/and plastic deformation (relaxation, slip,
twinning, stacking faults, orientation differences). Small crystallite sizes are also contributing
to the broadening of the interference lines.

The experimental determination of the FWHM is demonstrated in Figure 1. The
background may be constant or increasing with 20 and should be taken into account within a
range of five times the half width. The integral width is also of physical significance.
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Figure 1. Determination of the full width at haif maximum of peak interference profile.

Different procedures for a thorough analysis of the line broadening are discussed in
chapter 2.17. Some information, however, can already be obtained by merely considering the
values of the FWHM. Therefore, the measurements on the sample material should be
corrected for the instrumental peak broadening by subtracting the FWHM-values of a
calibration powder of the same base material measured under the same experimental
conditions and at the same sin2y orientations. If the FWHM of different {hkl} are necessary

in appropriate studies, the values of FWHM times cot © should be compared. In many papers,
the corrected FWHM values are used to relate them to one systematically varied parameter,
whereas the remaining parameters are kept constant. So Figure 2 shows the relationship
between hardness and half width for steels {1].
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Figure 2. Full width at half maximum of X-ray diffraction lines of steels in different states
(1].

It is often observed that the RS and the FWHM are correlated in the case of plastically
deformed metals and also in mechanically surface treated metals and ceramics. The sign of
the correlation depends on the hardness of the material. Whereas in the case of ground Si3N,

the FWHM increases with increasing RS (Figure 3), the opposite behavior is observed for
shot peened steel samples (Figure 4) and also for machined steel samples (Figure 5).

0

residual stresses [MPa]

half-width values [°]

10 20 ‘ 30
distance from surface {um}]

Figure 3. Depth distributions of residual stresses and half-width values of differently ground
Si;N, obtained with V K ,-radiation [2].
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Figure 5. Turning of hardened steel, German grade: 100 Cr Mn 6 [4].

Further examples for relationships between different parameters and the FWHM-values
are given in the literature [5-8].

An interesting aspect is the influence of a texture formation on the FWHM-value. The
corresponding results on rolled, textured materials prove that in the direction of the ideal
orientation the undirected micro-stresses are smaller than in the other directions. Figure 6
shows experimental results for a ferritic unalloyed steel [9].
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Figure 6. Distribution of D-values, half-widths, and intensity versus sin2y; ferritic steel
1.0370 {9].

In Figure 6 the lattice distance versus sin2y is displayed and the ideal orientations are
marked. Furthermore, the distributions of FWHM as well as the relative intensities are plotted
versus sin?y. In the RD, the minima of the FWHM are clearly related to the maxima of the
intensities. Also for rolled Ni sheets, the minima of the FWHM are found in the directions of
the ideal orientations, Figure 7 [10].

In [11], the {211} intensity- and the interference line broadening pole figures of a steel
are presented. Three different deformation modes were considered: 70% cold worked, 5%
uniaxially elongated and 0.6% biaxially expanded. The authors conclude ,that the main
texture orientations have stored less energy due to plastic deformation than the others“. The
influence of the deformation modes on the results is not discussed in detail.
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Figure 7. Minima of the FWHM in the directions of ideal orientations in rolled Ni-sheets

[10).

Different results were reported for uniaxially elongated specimens. Older studies with
film registration and no texture information showed the dependencies of FWHM versus § =
90-vy displayed in Figure 8 and Figure 9.

2.0

1.9

—
~J

(310) Co - Ko /

q
1.5 N

1.4

relative FWHM B 0 [mm]
>

1.3

1'60 80

70 60 50 40
B in degree

Figure 8. Full width at half maximum versus B (B = 90 -y), iron [12].
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Figure 9. Line width of Cu (420) versus B (B = 90 -y), nickel [13].

The minima of FWHM are found in the strain free direction sin2y* = —s, / %52 .

The authors conclude that the minimum FWHM relates to the broadening of the peak by
random distortion and particle size, and that the directed micro RS result in an additional
broadening. Studies of the crystal orientation and the micro structure in the surface region are
not reported. From today’s point of view, it seems probable that strong texture and very sharp
stress gradient are the reasons for a minimum of the FHWM. A RS gradient might be the
consequence of a work hardened surface layer.

It can be stated that the values of the FWHM are generally valuable characteristics of the
material. It is useful to exploit them systematically in view of their relations to different
material parameters. The FWHM should always be measured and registered, not only at y =0
but also versus sin2y. For the interpretation of the values of the FWHM, however, besides the
lattice distortions, the domain size has to be considered, too. There are programs available to
analyse the interference lines in regard to lattice distortion and domain size. They should be
used more often than it is done today.

2.09 Stacking faults

W. Reimers

For cold worked metals and alloys in addition to the broadening of X-ray diffraction lines
due to a reduction in size of the coherently diffracting domains and from the inhomogeneous
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strain within the domains, the diffraction lines may be influenced by stacking faults in the
material. The fundamental work in this field was done by Paterson [14], Warren et al. [15),
and Wagner [16] based on a diffraction theory given by Paterson. They considered the main
aspects of stacking fault density and stacking fault type (deformation stacking faults, twin
stacking faults) for f.c.c. crystals. As an important result for X-ray stress analysis, it was
found that deformation stacking faults may cause X-ray line shifts which correspond to
fictious strains. In the case of b.c.c. crystals this effect is of minor relevance since line shifts
will occur only if additional spacing faults are present [17].

Both types of stacking faults can be distinguished by the type of faulting in the ideal
sequence of closed packed layers in an f.c.c. crystal. The ideal f.c.c. structure can be described
by a regular ABCABC ... sequence of closed packed (111) planes, where the B and C layers
correspond to different sets of hollows between the atoms of the A layer. Figure 10b shows a
deformation stacking fault introduced by slip in the (111) plane in such a way that a B layer
becomes a C layer. The following sequence was not influenced. A twin stacking fault is
produced if each layer after the first faulted layer is shifted according to Figure 10c. Since this
type of fault typically occurs during the growth of a crystal it is also known as a growth
stacking fault.

(a) (b) (c)
Figure 10. (2) regular f.c.c. sequence, (b) deformation stacking fault, (c) twin or growth fault.

Paterson calculated the detailed intensity distribution in reciprocal space for a random
distribution of infinitely extended stacking faults [14]. The calculations are based on the
scattering power of single (111)-planes which are equal in amount but different in phase for
the A, B, and C layers. In a faulted lattice, in contrast to a regular fcc lattice, the phase
relationship between any two planes m layers apart from each other will be a function not
only of m but also of the stacking fault density. Using these phase relationships for the
calculation of the intensity distribution it follows that X-ray lines (hkl) are not affected by
stacking faults if | + k + | = 3N (N any integer) . If |k + k + 1| = 3N % 1 the peak is
shifted due to the deformation stacking fault density o [18]:

A(20°) = £ 227 0 0. cosd tan® ()]
nl,

where O is the Bragg’s angle, ¢ is the angle between the (ki) plane and the (111) plane,

where deformation faulting occurs, Iy = (h2 + k2 + 2)1/2, The (%) sign corresponds to the (1)

of |h+k+1| = 3N £ 1. Therefore, different diffraction lines might be shifted into different



223

directions due to deformation stacking faults. In fact, a peak shift may originate from a high
twin stacking fault density, too, but it is negligibly small [16]. Equation 1 is only valid for one
point (hkl) in reciprocal space. In a powder or polycrystal, all interferences {Ak} are observed
simultaneously in one line. Therefore, one has to use an average value for A(20°) to calculate

the stacking fault density o :
2

70 .
o=t s o (cos 9),,, j tan® )

<A(2®°)>

where j is the fraction of lattice planes affected by stacking faults and (cos¢)y,, the mean
cosine of ¢ of the shifted lines only. In Table 1, the peak shifts for the lines with
h? + k2 + I2 < 27 are listed as a function of the deformation stacking fault density a.
According to Bragg’s law the peak shift is related to a fictious strain da/a = -cot © d© which
is also listed in Table 1 [18]:

da -

3 .
= F—— o (cos 3
a 4n ( ¢)hk'J )

Table 1. {(cosd)yy, peak shifts and fictious strains for various X-ray lines due to deformation
stacking faults [18].

hkix (cosPpi AQO°% - o!| dala-a!
111 173 +3.95 - tan O] -3.45-102
200 1A/ -7.90 - tan © | +6.90 - 10-2
220 216 +395-tan ©| -345-102
311 | \BAflL -143 - tan © +1.26 - 102
222 173 -1.97 - tan © | +1.27 - 10°2
400 1A\3 +3.95 - tan ©| -3.45-102
331 TN57 +0.83 - tan ©| -0.73- 102
420 115 -0.79 - tan © ] +0.69 - 102
422XX 0 0 0

511 17/18 -0.33 - tan ©{ +0.29 - 10-2

x Note that positive as well as negative hkl have to be considered
xx Positive and negative shifts add up to zero

An example for the influence of deformation stacking faults on lattice strain
measurements is given in Figure 11. The plot shows lattice strains calculated from the peak
shifts of different reflections for tensile deformed o-brass. The differences between the
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shifts of different reflections for tensile deformed o-brass. The differences between the
different orders of the same reflections should not occur for real lattice strains. According to
Table 1 they can be attributed to deformation stacking faults. The stacking fault density o
calculated from these differences is shown in Figure 12. Compared to filings, the stacking
fault density of tensile deformed o-brass of 10-2 is about two orders of magnitude lower.

0]
-2 0 (222) o4
s \\0\?05 R B
s .4 |
E (200)
6 |
0 10 20 30 40

€in %

Figure 11. Fictious strains in tensile deformed o-brass 70 as function of deformation [18].

4
% —
™~ 2 % ,2/ X
]
o
0 10 20 30 40

ein %

Figure 12. Deformation stacking fault density as a function of the deformation of tensile
deformed o-brass 70 [18].

Furthermore, peak broadening is symmetrical in the case of deformation stacking faults
and asymmetrical if twin stacking faults are present. It can be interpreted in terms of a
stacking fault induced reduction of the average coherent domain size (chapter 2.17) [16]):

I 1 . 15a+p .
-1, La+p 4
Ly L Da1 {c0sb)yy J @

where D (111) is the lattice spacing of the (111)-planes and P the twin stacking fault
density. Typical for the influence of stacking faults on the coherent domain size is its
anisotropy due to the (cos@),,-term (Table 1). It allows one to estimate the influence of

stacking faults as opposed to a dislocation induced reduction of the coherent domain size [17,
18].
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The influence of stacking faults is most important for alloys with a low stacking fault
energy (e.g. austenitic steels). If the deformation stacking faults density is to be determined
from peak shifts and Equation 2, additional peak shifts, due to the influence of macroscopical
residual stresses, have to be considered, too. Therefore, a lot of investigations were performed
on filings. In the case of compact samples (e.g. after tensile deformation or cold working) the
influence of macroscopic residual stresses can be eliminated by considering different orders
of the same diffraction line (e.g. (200)-(400), (111)-(222) ) [17, 18]. In contrast to residual
stresses, which cause a shift of each line of these pairs into the same direction, the peak shifts
due to deformation stacking faults show opposite signs (Tab. 1). From another point of view,
residual stress determination might become erroneous due to fictious strains from the stacking
fault peak shifts [18, 19]. In those cases, the comparison of different orders of the same line is
helpful, this time for eliminating the stacking faults effects.

According to Equation 3, the value 1.50 + B may also be evaluated by a detailed line
profile analysis (chapter 2.17). A separate evaluation of B by a careful analysis of the peak
asymmetry is in principle possible but in general difficult to perform [16, 18].

As pointed out above, the Equations 2 and 4 for peak shift and coherent domain size are
obtained under the assumption of infinite large stacking faults distributed randomly on one
(111)-plane. If more than one {111}-plane contains stacking faults, the total stacking fault
density can be calculated as the sum of the densities of single planes. If the stacking faults are
not distributed randomly but clustered or ordered, a further asymmetry in peak broadening
occurs [18, 20]. A finite width of the stacking faults must be considered if the width is lower
than the coherent domain size [18, 21].

2.10 Recommendations for strain measurement and stress evaluation

In principle, XSA aims at the determination of the triaxial stress state, considering, if
necessary, gradients of stress, texture and Dg values. Such a comprehensive question,
however, leads to extensive and complex procedures - during the actual measurements as well
as when evaluating the data. Thus, if the technical problems are to be solved in decent time,
simplifications are normally called for. Of course, those simplifications, like e.g. the
assumption of a biaxial stress state, or of an isotropic orientation distribution of the
crystallites under study, can only be made after assuring their applicability for the special
case. Especially when using the software that is offered for the determination of RS by
service companies and equipment manufacturers, it is necessary to check whether the implicit
requirements of the program are indeed fulfilled for the specimen in question, and whether
the evaluation procedures represent the state of the art.

Continuing the statements made in [22, 23], recommendations for strain measurements will
be listed in the following order: material characteristics, choice of measuring conditions,
alignment and calibration, number of measurements to be performed, X-ray elastic constants
(XEQC).

It is recommended

1. to consider the characteristical parameters of the material state of the specimen or
component in question. Significant factors are e.g.: chemical composition, phase
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composition, microstructure, texture. Important information concerning, for example, the
presence of gradients, can be derived from the history of the specimen - heat treatment,
plastic deformation, mechanical surface treatment, etc. An additional factor that needs to be
considered for the experimental setup as well as in the interpretation of the results is the
roughness of the surface [24-27]. In order to avoid misinterpretations, the static and dynamic
strength properties like E, v, Ry 5 Ry, A and strain stress diagrams should also be taken into
account if they are available.

2. to define the type of stresses to be investigated. If possible, micro and macro residual
stresses should be separated. In multiphase materials, the XSA should be performed in all
phases detectable with X-ray diffraction. Dy should be evaluated on that spot (or equivalent
place) where XSA is performed, otherwise erroneous results due to decomposition by heat
may occur.

3. to select the appropriate X-ray wavelength. The wavelength substantially influences the
penetration depth, thus determining the depth of information for the registered stresses.

The availability of reflections {hkl} with their different intensities (atomic form factor,
structure factor, multiplicity), and the line positions in 20 also depend on the wavelength.
Furthermore, choosing the wavelength entails the choice of filtermaterials and of the suitable
calibration powder for an optimum diffractometer adjustment. The angular distances between
the reflections of the sample and the calibration powder should be as small as possible. A
summary of the necessary X-ray data for measurements on ferritic and austenite steels,
aluminum, copper, nickel and titanium is presented in chapter 2.04.

4, to align and calibrate the diffractometer such that the peak positions of the {hkl}-lines
of the calibration powder do not differ more than £ 0.01° in 20 over the whole + y-range
chosen for the intended measurements.

5. to check the necessity to install a monochromator, additional soller slits or a multilayer
mirror, The peak/background ratio and the FWHM-value should be considered for correct
assessment.

6. to register and to control the temperature during the complete time of the
measurements for XSA. If the temperature is not kept constant throughout the measurements,
corrections with respect to a reference temperature have to be applied.

7. to measure 20 o, , D, ,, versus sin? y in steps of Asin?y = 0.1 for the positive and

negative y-branch up to the highest possible value, because nonlinearities in the D, ,, versus

sin2 y diagram often show up for high sin2 y-values only.
8. to check the linearity of the D, versus sin2 y-distribution. Only if the linearity is

proven, the number of measuring directions can be reduced to a minimum of at least four
different positions in y in the same azimuth ¢. If nonlinear D, ,, versus sin2 y-distributions

are observed, the intervals of Asin2y should be reduced and additional measurements with
different wavelengths on several types of lattice planes are very useful.

9. to analyze the interference line intensity versus sin? y. For ‘P-mode measurements the
observed intensity should be constant over the whole y-range. For Q-mode measurements a
continuous decrease of the intensity is expected with increasing inclination angle . If further
intensity variations are observed, the sample should be checked for coarse grains or texture.
Coarsely grained specimen should be moved relative to the X-ray beam during the
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measurement in order to sample a larger number of grains. If texture is present, the strain
measurement should be performed in the texture poles and their vicinity.

10. to study the interference line profile. The analysis of the full width at half maximum
value may give important hints about the material state under study. For comparing the
FWHM-values determined from different interference lines, a correction in the form of a
multiplication with cot © has to be made. After having performed the correction for the
K. Ky doublet splitting, a symmetric profile should be obtained. Asymmetries may
indicate a stress- or a Dy- gradient within the information depth of the measurements. An
asymmetric interference profile may also be due to overlapping reflections. However, if
possible, the interference line chosen for the strain measurement should be free from
overlapping with other peaks. Truncated interference profiles as a consequence of a limited
measuring range (for example < 165° in 20) may result in important errors. Peaks at lower
Bragg’s angles should be chosen.

11. to apply the intensity correction factors and, subsequently, to use K, separation

methods when determining the peak position. For the peak position determination methods
taking into account the full reflection profile are preferable to methods where only a part of
the available information is used. If the statistical scatter of the obtained D ,, ,, -values is too

important, the measuring conditions and the alignment of the diffractometers should be
checked. When the measurement has to be repeated, the irradiated area should be changed
instead of merely increasing the counting statistics.

12. to state the standard deviations of multiple measurements (parameters: y-values
included, azimuths ¢ selected, counting time, A(20) = £ 0.01°). When different (hkl)-planes
with different radiations are measured, the obtained D ¢, i)~ Vvalues should be converted

into D100y to facilitate the detection of errors of alignment and measurement.

13. to take into consideration the consequences of elastic anisotropy. The XEC should be
calculated from the mono crystal compliances according to the model of Eshelby-Kréner or to
the models of Voigt and Reuss (average value). When only a small anisotropy is present, the
mechanical XEC can be used. If the mono crystal data are not available, the XEC should be
determined experimentally.

14. to complement, if possible, the results of X-ray stress analysis with additional
physical or mechanical data for practical assessment.
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2.11 Determination of the lattice distance of the strain-stress-free
state Do and the relation with the stress component in the
thickness direction 033

2.111 Historical review

The idea to determine the lattice distance of the stress-free state Dy, (in older papers d;) in a
stressed material was first put forward by /1/ and by /2/ for a rotationally symmetric stress
state, but Glocker /3/ stated the formulae for some uni- and biaxial stress states. Binder and
Macherauch /4/ treated this problem basically for the general plane stress state.

The importance of knowing the correct D, for material physics and for the determination of
the exact value of the strain is obvious. The necessity to use the precise value of Dy was noto-
rious when the triaxial strain and stress tensors was introduced in XSA /5,6/. Here, the di-
lemma of the diffraction method was evident: the connection between D and 653. Additional
considerations or experimental efforts are necessary to separate the influences of D, and o3;.
Different methods, both theoretical and experimental, to determine Dy and the possible errors
of the tests will be dealt with in the following /7/. It is important to consider the presence of
micro-RS.

2.112 Theoretical aspects

2.112a Non-zero Gj;-components

The following thoughts and equations are valid for isotropic and anisotropic, mechanically
isotropic and textured materials. Since o;3 (i = 1, 2, 3) are zero at the very surface of the
material, non-zero values are related to gradients. The following formulae of elasticity theory
are the basis of discussion of several examples

divo=f [ load density )
For free outside surfaces but not for inner ones like in tubes or in a pipe it holds:

divo; =0 (2)
o;n;=0 (3)

There is a further condition for each cross section:

[oynada=0 (4)
A
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Equ. 2 means in detail:

Jdo 0 do
1, 9012 0013 _

0
ox oy oz
30']2 30’22 190'23

=0 5
= + % >, (3)
30'13+30'23 30'33=0
ox dy oz

If there are no gradients of the stress components in the surface plane z = 0, then
30’13 _ 30’23 _ 30'33 _ 30’,-3 _
oz oz oz oz
Therefore, there are no macrostress components G;3 at the surface and inside the specimen.
An example, which is often misunderstood, is the bending specimen with a prismatic cross

0 (6)

. . doi) doi;
section. There are no gradients at the plane surface, but % # 0 and nevertheless % =
and of course o'{; = 0. But if in contrast, there is a gradient in the surface plane, for example

do o o do
a(;x” £0 or 2222 %0 there may be gradients in the z-direction, for example 13240 or
Jdo
—B 0.
oz

When micro-RS are present, the o;;-components are still zero at the surface, but the
microstresses vary in x- and y-direction. Therefore gradients of ¢/{-components may occur.
Additionally the following condition must be fulfilled in each depth:
cg <ol > +cg<oll >P+.=0
In the following, some examples for applications will be discussed.

Examples for LS are tubes loaded from inside, where ¢4; = —p; at the inside surface and
L

. . . . do
o}, =0% =04 =0 at the outside surface. A bent flat specimen with a gradient 7” 20
L L
905 _ 0903 _
oz
A specimen with RS I only and no gradients of 6{,04,,0{, in any depth z shows ¢, =0

has 0.

do
and 733 = 0 at the surface, and therefore ¢4{;(z) =0 at any depth z. If no RS Il are present in

a single-phase material then o;; is 0. But in a two-phase and multiphase material, there are

doli(z=0) do !l

always RS II and RS III present and therefore 6/4(z =0) but #0 and 7‘3 #0

though there are no gradients of averaged stresses <o‘ " )aat the surface.
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1
But if there are gradients of o" at the surface in the x- and the y-direction, then %3— # (0 may

not be zero:

dol, doi do! d%o d%c}

—L 20 —2=0=>—8B 20 lLx0 i3 7
E” Y % P 20 o0 0 (7)

In general, the diffraction methods determine the sum of macro- and average micro-RS. The
following holds for the 633-components:

(033)" =0, +<o§3> =0% +od

sincec; =0

(8)

ca <O >*+cg<ofl>P=0

Experimental results for cylindrical samples of an AlL0;+ SiC composite show that o;; is
zero near the surface /8/ and not zero in the center of the cross section /9/. This can be

1 1 I
explained since do 8;2 # 0, therefore 33223 #0 and ——33233 #0.

4
A bending beam with rectangular cross section will show that G;; is zero and —33 9o =0,

/
3022

o!
although aaz #0 and =0. The same stress state holds for RS 1 after plastic bending

with a small curvature. An RS II state may superpose onto the bending stress state. Other

examples are notches in specimens of a single-phase material with LS or RST (macro-RS)
dok _

state: % # 0 and a triaxial stress state below the notch ground.

In the following, some examples of micro-RS in two- and multiphase materials will be
discussed. When macrostresses ol and/or o are present, there are micro-RS gradients at the
surface and can be calculated as the average over the penetration depth. In a multiphase
material without macrostresses, <o/ >@ may be non-zero from previous plastic
deformation. If such a material with macrostresses is loaded, < Ggg >% may be non-zero too.

Table 1 summarizes the stress states for one- and two- (multi-) phase materials and the ¢;3-
gradients to be evaluated.

2.112b Material state, the cases handled

The experimental methods use powder or small parts of the sample. Errors may arise from
an improper choice or cutting or grinding of the sample material, so that additional micro-RS
may feign unrealistic values. It has to be distinguished, whether the following parameters are
zero, are constant versus the depth from the surface or have a gradient. The parameters to be
checked are: Dy, 633, Gy}, Gy, micro-RS, 6,3, content of phases, 1, texture. In some cases a
few parameters can be determined by calculation or by modeling.

Table 2 gives a survey of the different possibilities of determining D, The relation
between Dy and 633 should be taken with care.



Table 1. Appearance of load-, macro- and microstresses in one- and in two-phase materials after different material treatments.
Those kinds of microstresses II and III are considered, that cause line shifts as do macrostresses. Stresses that are neglegible are
written in parentheses.

LS RSI microstress II | microstress 111
material geometry | treatment obyn o4 ok | ol o Loh|o 1o &L olt|o m ol oy
one phase plane elastic bending x  (X)

(initially) plastic bending x x x x
plastic elongation x x
grinding X x
shot-peening x
roll-peening X X X X
two phases elastic bending x  (x) X x
plastic bending X x X x x x
plastic elongation x x x x
grinding X X X X X X X
shot-peening X X X X X
roll-peening x X X X x X X
one phase cylindrical | heat treatment x x
two phases | cylindrical | heat treatment x x x x

£eT
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Table 2. Determination of Dy, possible sources of errors.

procedure characterization

strain — stress freedirection| | . . .

. . withg33 =0 mechanically isotropic and textured
relationshipo3z — Dy } materials
03320 Dy, from other material test
Ao, exact Dy not necessary
oy, o9 exact D, only for 6}, necessary
stress-free heat treatment decomposition at the surface
powder micro-RS & hydrostatic stress state
thinned plate micro-RS, hydrostatic stress state
cube (n-diffraction) micro-RS, hydrostatic stress state
stress-free zone hydrostatic stress state
stress state on surface z=0 extrapolation necessary

Note: pure hydrostatic stress state: 6; = 6, = 63 only in two-phase and multiphase material

2.112¢ The strain-stress-free direction y*

The fundamental equation and the definition of the strain-stress free direction

%(&p,wo +Egy<0)=0 fory=y* (9)

yields for a mechanically isotropic material with no steep gradient:

%(eq,,w +Ep-y)= %sz [G11cos2 @sin? y + Gz sin? @sin? y (10)
+012sin2¢sin? y + 533 cos2 y]+ 51 -[6’11 +0n +6’33]= 0

¢=0: 15)[(11-53)-sin?y + 833+ 51 -[G11 + 52 +533] =0 (11)

—-— — —_— l —_
-51(G11+082 +033)—5S2 033

352(611-03)

sin2 y+* =

(12)
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1
582 | _
(3+—2——]~0’33
. -5 Gn-0 S
smzul*:'l—l (422 O8N 7 (13)
752 011 -0 C11-033
This equation reduces to
8D¢=90°,W
. - G20 - d'sin?
SanW*:l_l~|:]+T22_.__33_:|-_—l—l ]+_.8T__W... (14)
352 O11—033 252 0=0°y
dsin? y
when lg” +E)'_22| >> |(-)'_3—;|
If 6‘33 =0, the formula reduces to
. -5 c v o
szv,*zl_L(H__E) mech, _(H__zz) (15)
352 Oil 1+v Ol

@ = 45°; %sz [%(6,#622 +2012 '—25‘33)-Sin2 VI+5'33] + 5 ((—)’11 +0 +5’33)=0 (16)
—23|(511+522+533)—%S2533 (17)

in2 —
sin V/*— — — = —
%s; (O'H +G +2012 —20’33)

The y*-direction is independent of the stresses if 033 = 6y, = 0. In this case, the formula
reduces to

szw*___-2s| mech, 2V (18)
152 1+v
2
¢ =90° %,&2[(6-22‘“6‘33)-Sin2|//]+51[6'|]+6'22+6’33]=0 (19)
" *51(6'11+6'22+5'33) “%526'33
sin? gy = — 0,
7352(62 - 63)
if 633 = sinys = L[4 O mech V_ (1+Q’_)
Hon=0 Y %Sz on 1+v G2 (21)

Table 3 contains the formulae for the triaxial stress state and the formulae for the two-
dimensional general, rotationally symmetrical and the torsional stress state, and the formulae
for the uniaxial stress state.



Table 3. Formulae of sin®y* for different stress states. G, =0y cos? @ + G sin? @

stress state ¢ azimuth Pp=0°
o330 G33=0 O33 20 033=0
— - - g11+0n+t0 § g o o c o c o o
G11 2020 #0133 - ”__ 22_ 33 l 1 _ - 33_ Gll_“'GZZ ]Sl _ O'II:'O'ZZ_"”O'Z} lsl - = 0’33- _ontoxn s
Go—G33 35 Cp—0n Gy 352 G11-033 35 Oun-03 Gn is
~ — — 2011 +0 s ] s G11+0 G
0’“=0'22 #:0'33 -:_lL__T.E}_ _]_1._. — :___3_?’_:__ _ ‘__l_. _M ]_s!_ - _:__9-_%_ — __s_l_
g11—033 332 C11— 033 252 Oi1—033 382 011 —033 %S2
Gi1=-02 %033 G133 8| - s
- |7t 0 :—%— i Lo+ 0
Cp—033 | 352 C1n—033 {55
G #0202 =033=0 ‘——1‘2_“'1_3]" L3
co 1 1.
s° @ 252 252

9¢T
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The value of D (y*) found by an approximate formula (633 = 0) can per definition not be
inserted for a triaxial stress evaluation. The errors would be:

— 1—v—v§—2£

022 1 = _ mech. Ol =
Do(y*)= Do = Dol 251 + 22 5, + 15, |53y 2k py—— Ul 5
o(y*) = Do 0( SR 252) 33 o Z 33 (22)
Do(y*)- Do = Do (351 +45:) 533 2k Do-——l_Ezv 53 withon=on (23)

The real purpose of this procedure which has been applied for many years (¢33 =0) is to
obtain an indication about the presence of 033 or an alteration of D,
Equ. 10 with 033 =0 was discussed by /4/. Fig. 1 shows the stress-free directions in a

G
polar diagram siny* versus azimuth ¢ for v = 0.28 (steels) and m = 5_22 /44,
11

YO,

Ol

Figure 1. Stress-free directions for steels (v=0.28) and 633 =0 with the parameter m = a2 4y,
on

2.112d The Do -~ 033 relation

Corresponding to the fundamental equation, the exact value of Dy is necessary to determine
o33. The methods to measure or to evaluate Dy and possible errors will be dealt with in the
following. First of all, a survey of the measuring methods is given in Table 4. The material
parameters that can vary are listed in Table 4. Distinction has been made between stress states
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with and without a gradient as a function of the distance from the surface. The methods that
can be used to get the exact Dy-value are indicated. In some cases, the relation between
033 and Dy has to be used in discussing the presence of a Dy-, a G33-, or a combined profile.
The possible error due to a hydrostatic pressure state should be considered.

To use this table, further assumptions must be made. A gradient is confirmed if the
alteration of the respective parameter is clearly measurable within the penetration depth 7, for
y = 0. For textured materials or plastically deformed materials that show D-oscillations versus
sin’y, the same procedures should be applicable if the influence of texture (oscillations) can
be separated. In other words: the D-vs.-sin?y distributions should be linearized. Methods for
this purpose can be found in chapter 2.16. If the previously described methods fail,
measurements on powdered material are recommended.

Table 4. Different material states, methods to evaluate Dy, + recommended,
+ manyfold determination after removing layers may be necessary, — not applicable.

method
= L
" o 2|8
material | 6,0y 033 Dy ‘E'g .§ % E g §§. g%" ,§ t?

one-phase and 0 constant { 4+ | + | + [ + | + | +
multiphase, constant £0 _ N + N . N
not textured, or 0 gradient + + + + — -
no oscillations gradient £0 B _ _ . _ +

For mechanically isotropic materials and linear D-vs.-sin?y dependences, the intercept for
y =0, Dy = o — Do can be used to get the relation between D and 63;3:

D, y=0° mech.

Dy-¢r (24)
L

Do = mech —
1+s1(6’”+6‘22)+(s1+2s2)0'33 E-v(Gn+02) +53;

—0° — - D c o = O-D ol o
(Dy=0° = Do) = Do 51 (Gii +T22) mech, Dy=0-Do p | V(611 +0622) (25)
Do(s|+%sz) - Do

033 =

If one uses mechanical constants, knowing of Young’s modulus E and the Poisson’s
constant v is necessary. A relation between 033 and D, can generally be found by the
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foliowing consideration. According to the basic formula of XSA, the following equation, with
oi =0 (i # k), is obtained:

1
2

K] (6'||—~6'33 +5’22—6’33)+ (3s1+%s2)(_)'33 + %S2((_)'|1—6'33)Sin2lll (26)

M (6’1] +0n +(—)'33) +

i

p— l — -— .
Ep=0°y 52033 + 552 (Gn —G33)sin? y

I

Ep=90°,y = S](O']] ~0331+022 -0'33) + (3S| +552)O’33 + 5S2 (0'22 —0'33)sm2 "4 (27)
l(D¢=0°.v + D=0,y )“ Dy
l(g 0°w+£<0 900w)= 2
o=0°, = .
2 Do 28
= (3S| +%s2)6'33 + (281 +%s2 sin? ly)((_)'n —-033+022 —6’33) ( )
. . 51 ..
With sin2y* = — 2 I, - the value for the biaxial stress state, one gets
252
L Dyoge ye + Dpmgos ys)— D
~ 1 2 | Po=0,ye T Do=00°, y» 0 (29)
033 = 1
351 +5 52 Dy

the relation between D, and 033 in the stress-free state of O11+3G2 state /10/,
Dy=ge,y+ and Dy_gp- y» stands for the average of %(DO",w* +D|80°,un) respectively of
%(Dw,w* + D27o°,un).

A relation between g;3and Dy can also be taken into account in the following way. The

lattice strain measurement is made at azimuth @ = £ 45°. Thus,

E(p:idj",y/ =5 (6'” +6’22 +6’33) + -;—Sz(%a'” Sin2W+ %5’22 sin2w+ 6’33C052 VI) (30)
| _ sssinly )
= (s1 +552 cos? w)o;; +| s +E——— (611 +52n) (31)
. . St
With sin?y* = — 2 7 it holds that
2%
G i Dw: 145°, y» “DO
3=
35 +%s2 Dy (32)

In Fig. 2 different stress states with linear D¢, y-vs.-siny dependences are drawn, and the
Dy-determination is outlined. The data used are given in the caption.
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O, : -100MPa -100 MPa -100 MPa +100 MPa +100 MPa +100 MPa
O,,: -200 MPa 0 +200 MPa - 200 MPa 0 +200 MPa
02870 Ferrite
Crk, 211 | | D
0.2868 |
o
E Oof k"
£ 02866 )
=
8 o4t g0’
S 02870
o
S s
k7]
g 0.2868 |- &
2 D =
b= 0 8
5 0.2866 por?? .
3 b"‘
0.2864 -
A

, 10 | 10 10 10
sin2y sindy sinty sin2y Siny
Figure 2. Determination of Dy, for linear Dy, y-vs.-sin?y dependences

When this evaluation method is applied, the accuracy of G33 depends of course on the
accuracy of the Dy-determination, on the choice of the XEC and on the precision of the D y-
measurements.

In case of thin film-substrate composites, there exists an elegant procedure to determine D,
without knowing the XEC of the layer material /11/.

The obvious assumptions are 6, = 6, =6, 63 = 0, & = 0, Dy(z) = const.
For different specimens at any azimuth @, measurements are made of Dy y vs. sin®y. The

D,
intercept D,y =g° and the slope —é—sﬁ are determined by linear regression.
For ¢ = 0° and the above assumptions, the basic equation can be expressed
Dy - Dy A
9=0°% —V—D;—=2slo‘+%sz0'sm2w (33)
D * D .
o=0°y+ 2 "0 . 2s|0'=—-;—szosm2|//* (34)
o

Dy-p> =Dy —%sz Dy osin2y *=Dy ———‘?D—-sinzu/*
dsiny
oD (33)

___—=0; D =o:D
dsiny y=om =0
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Fig. 3 /11/ and Fig. 4 /12/ show two examples of a Dy-determination for a CVD-TiC coating
on steel and a CVD-TiN coating on Mo.

0.0886

0.0885

/7

A 1.2at % Crin solid solution

008821 o 3patucr
s 19at%Cr N
0.0881 L L 1 1
-0.8 -0.6 04 -0.2 0 0.2

mg x10%  (nm)

Figure 3. The spacing dy-. versus the slope my for CVD-TiC coatings
(TiC {422}-Cu K reflection) /11/.

0.07172 _
i e series A (973 K)
¢ series B (973 K)
0.07170
E
=
~ 0.07168
o
>
A
o

gL 007166

h=]
v

0.07164

0.07162 L L L
0 6.1 0.2

Mgy, (1 0-3nm)

Figure 4. Plot of < dj'ge >y versus < mg >y, /12/.

2.112e Nonlinear D-vs.-sin*y distributions

For stress states with shear components, the y-splitting should be ignored and the averaged

%(qu‘wo + D(p,w<0)values taken to perform the linear regression. Further procedure is
described in 2.112c and d. There is no general method to determine Dy if there are nonlinear
D-vs.-sin?y distributions with oscillations. As shown in paragraph 2.073, it is possible to
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average the Dgy,-vs.-sin?y measurements of different lattice planes. The sin?y*-value should
be calculated with averaged XEC in this case. Some effort is necessary to get a sufficiently
exact value.

The crystallite-group method to evaluate stresses in textured materials is mentioned in
chapter 2.07. Here, linear and elliptic dependences D-vs.-sin?y exist. Therefore, the method in
2.112c and d can be used. The formulae are listed in Table S.

In the cases of stress gradients in the z-direction, the lattice-strain measurements should be
made on thin plates cut out parallel to the surface of the specimen. The measurements should
be performed at the surface, in the initial state and then the plate should be thinned by etching
on the backside. The Dj-value can then be evaluated by using the appropriate method
mentioned above.

In case of a Dy-profile at the surface of a specimen, the strain measurement should be made
by using different radiations and different peaks to probe different surface regions. The results
of the Dy-profile must be corrected by deconvoluting the specific integrated thickness.

Another way is using a soft radiation with a small penetration depth and an appropriate
peak to measure at the outermost surface. Thin layers of different thickness must be etched to
get the Dy-profile.

2,112f Correcting the approximately assumed value of D,

The stress-tensor evaluation requires the correct Dy-value. If Dy is known only approximately,
an improved value can be evaluated by the following iteration. If the depth profiles of for
example 03 and 033 seem to be unrealistic, the G3;3-values in a special depth should be
corrected to zero. Hence the Dy-value will be altered and becomes the correct value. Here we
give a procedure based on the general Hooke’s law:

1 si{fen+ent+en)| . _Di—=Dy
033 =,——{£33— ( 1 ) 3 Eij ———DO (36)
392 35 +ESZ
D33—-D s
Dyo33 =i,—°-—(Dn+Dzz—2Ds3)T———'—l— (37)
3 +352 352 (3S|+252)

If 633 is set to zero, the strain-stress-free lattice constant will become Dy

_ Dy3-Dy 5] (38)

= -(Di +Dxn-2D
3s1+%sz (Dt +Dzz ) ls2(3s|+-%sz)

2

Combining both equations,

' 9
D()O'}3(3S1+12S2)=D0—D0 (39)
=2V
Dy =Dy +D0(3s1 +-2Ls2)0'33 mech Do + Dy o %) (40)
. 1-2v
With % =- 2At:ne(9 it follows 200 =200-2013 tan Qg

That is the formula that was previously derived by /13/.



Table 5. Relation between the lattice constant of the stress-free state D, and the stress component in the thickness-direction 033 for
cubic materials and for a crystallite group of the ideal rolling texture of iron. XEC {211} in 10-6 MPa-l: s; = -1.25 and % s, = 5.76;
coefficients of the single crystal in 10-6 MPa'l: s;; = 7.67, s;, = -2. 83, 54, = 8.57 and s, = 6.22 /7/.

quasiisotropic
{211} - lattice plane

textured
{21 1}(0 1 T> crystallite group

D0= DW=°° Dw:O“
1+51(611 +5’22)+(S1 +—;—52)633 1+(S12 +%S0)6'|1 +(512 +%So) ey +(S12 +%S44 +%S0)6’33
Dw=0° DV=0°
1—-1.25(6’“ +C_)'22)+4.51 033 1-1.79011 076 622 +4.56 533
= _ - 1 _1 1 1
Gy = £33 s1(e11 + €22 —2€33) £33 2(en 833)[S44(S12 +Ls0)~Lso(si2 + 350)] _2(en - e33) (s12+150)
351 +1s, 1g, 3s1+isz S11+2 512 S44{S11 + 512 ) {544 +—2-S() Sa4 S“+2S12)
2 2 2 3
€11, E11+€n—2¢€33 €33 €N €33 €nTE€xn
2.01 9.26 2.01 795 1136
<2 — ls
sin®y* = — = 252 | _
Cu+on+ l+=— |03 (| (. 1 (51> +L50) G = (517 +Lsaa + Ls0) T
_ St 5124650011 —{S12+350)022 =(S12 + 3544 + 350033
15 G11—033 %(544 +%So)(5u ~G33)
¢=0°

0.22(6'” +5’22)—0.78 033

011—033

0.28 6” +0120» —0.726'33
011-033

€y



Table 5 continued.

textured
{111} (2 T T) crystallite group

textured

{100}(011) crystallite group

D, = Dy-=o° Dy ¢
) —— —
1+(s|2 +%s0)(6n +622)+(s12 + 4544 +%s0)633 1+532(G11+02)+511533
Dy=o° Dy=o-
1—-0.76((-7” +6‘22)+3.536’33 1—2'83(6” +622)+ 767633
1
G033 = €33 512 + 350 € £33 512
- 1n+€2-2¢e3 - + -
s1+ 2512 %544(511*'2512)( ) S11 — 2512 (S|1 -s12)(s1|+2s12)(£” €22 2633)
€33 €11 +E22 —2€33 £33  Entén—2en
2.01 1136 201 746
sin?y* = —(Slz +§So)(5n +5'22)—(S\2 + 4544 +l3so)533 =512(G11 +G22) =153
(Lsas+L50)811 — L5052~ 544533 1[(saa +50) G11 + 505 22 — (250 + 544)5 33
¢=0° 0.14(6||+6'22)—0.666'33 038 (6’||+6'22)—l.046'33

011 ~019062—-081633

C11+04262 —142 633

e
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2.113 Experimental results

2.113a Examples of D; determination and of correlation between D and 035

Fig. 5 demonstrates examples of D-vs.-sin®y plots for different stress states of mechani-
cally isotropic materials and the relation of the stress-independent point to the Dy-value. The

details are given in the figure and in the caption.
For a textured material, an example for strain-stress-independent points and for the deter-
mination of the Dy-value according to the crystallite-group method are given in Fig. 6.

0.2878 , T T I
Oyy=-100 MPa o= -100 ofp= -100 o= -100
0= 05=03=0| | o5=-200 afs= -200 02%= -200 /

033=05=0 5= 50 0= -0 /
Cr (211 n a
£ Q28T E o= 0 o= -S0)s
=
=4
3 02870
&
3
=
0.2866
L‘
%52 g in MPa
! 04))0
1 J 1 1L

028020— 95 10 05 10 05 10 05 1

sinzw

Figure 5. Lattice-strain distribution, stress-independent direction and load stress as a parameter
superimposed onto different residual-stress states, calculated for quasiisotropic iron, Cr-Kg

radiation and {211} lattice plane, A=D'-D, /7/
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0.2874

0.2872

0.2870

0.2868

0.2866

Lattice plane distance Dyygy in nm

0.2864
+2.107m
02862 1 5 1 ] 1 ) I
00204060810 020406081

sin2y
Figure 6. Measured lattice-strain distribution of a textured steel strip, load stress as a parameter;

left: stress-independent directions, Cr-Ky radiation and {211}-lattice plane; right: crystallite-
group elaboration and strain-free directions, different radiations and lattice planes /14,15/.

2.113b Heat treatment of materials

Heat treatment is often used for stress relief. Alteration of the microstructure due to
decomposition of the alloy may be counteracted by removing (etching) the surface zone of the
material. An example demonstrates the care that should be taken in determining the correct
value of Dy Test specimens were made, and after that two cycles of stress relief were
performed. To remove the decomposed regions, 200 um of the surface layer was etched. As
Fig. 7 demonstrates, the Dj-values determined with different wavelengths are not constant and
show gradients.

0.28683 —gr—T—T—T—T—

R 0.2 inMPa |
€ o 1040
S 0.28681 o 670 A
[ o=
Q L s
@
& 0.28679
2
3 °
8 028677 E
& i o

0.28675 S ST

0 2 4 6 8 10 12 14
Penetration depth in ym

Figure 7. Lattice constants determined by Cu-, Cr- and Mo-Kq radiations
on a 54NiCrMoV6 steel in two states after stress-relief treatments /16/.
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In the case of multiphase materials, the difference between the expansion coefficients of the
phases is the origin of micro-RS. The direct measurement of the exact value of Dy is not pos-
sible. Fig. 8 demonstrates an example of a duplex steel containing, approximately 50 vol.% of
ferrite and austenite each /17/. After every thermal treatment, a surface layer of 200 um
thickness was etched.

200

100 austenite
@—
ferrite
-100 |

_200 — 1 1 L N
0 200 400 600 800
temperature in °C

residual stress in MPa
(o)

Figure 8. Phase-RS of a duplex steel after annealing for 2 hours;
Cr-K radiation, ferrite {211}, austenite {220} /17/.

2.113c¢ Filings, thin plates

An often-applied method to obtain the strain-stress-free lattice distance is based on
measurements on thin filings. However, the following problems may arise: The filing
manufacturing may introduce micro-RS and alter the lattice parameter. Second, thermal stress
relief may alter the composition and thus the lattice parameter. The Dy-evaluation on filings is
influenced by a hydrostatic stress state. In multiphase materials, the micro-RS in the phases
compensate each other. The relationship between the hydrostatic stress state 6, and the
deviation from the strain-stress-free lattice distance Dy — D, is given by the following
equation with €, —~&; =g, ~ g3 =0:

O-H='€3_3 I- 33] = £33 41
1s Isi+ys2) 3si+is (41)
oy = Dy - Dy mech. DH - Dy E
Do (351 +1s;) Dy 1-2v (42)

This equation is valid for single-phase and multiphase, mechanically isotropic and textured
materials. Examples are given in Table 6.
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Thin plates are often used, because no macrostresses are present. But triaxial micro-RS
may be present, partly of them as hydrostatic stress. Both have to be considered when evalu-
ating the exact value of D,

Table 6. Lattice constants of the stress-free state of steel and the apparent hydrostatic-RS state
of filings /7/.

Dinnm .
apparent hydrostatic
steel condition compact specimen filings stresses in MPa

1.0370 cold rolled 0.286680 0.286658 - 40
hot rolled,

25CrMo4 quenched and 0.286750 0.286702 - 80
tempered

XICrINIMoV22-5 hot rolled, ferrite 0.287967 | 0.287888 - 140

1050°C/H,0 [austenite 0.360578 | 0.360611 +70

2.113d Stress-free zone in material

The determination of Dy, in mechanically surface treated materials is only possible if the
stressed material region is removed. The Dy-value in the unstressed zone may be influenced
by a hydrostatic stress. This method assumes that no alteration of the Dy-value takes place in
the surface region during the manufacturing of the component or the test specimen. The result
of the measurement must be assessed with care, because diffraction methods always evaluate
a stress difference, for example 6, — 655 in special front cuts, or 6,, — 633 = 0 in the center of
bars.

2.113e Dy-value by extrapolating the stress-free state to z = 0 (surface)

Efforts to determine the RS-tensor of the surface region of surface treated or plastically
deformed materials, and here especially the knowledge of the stress-free Dy-value and the
biaxial RS-state at the surface (z = 0) itself were enriched by the papers /10,18,19/, see also
section 2.153¢. The idea is to determine the triaxial RS-state in dependence on the penetration

depth 1 and to extrapolate to T = 0 where 633 = 0. The procedure will be explained on the basis
of an example /20/. Further tests will show whether the accuracy of measurements in the front
region of 20 with X-rays is sufficient to determine reliable results.

The assumptions are O33(z) # 0, Dy(z) =const., and no D-oscillations versus sin’y.
D-vs.-sin?y distributions are needed for different {hkl}, for different radiations by means of
Q- and ‘Y-diffractometers, particularly using synchrotron radiation.
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The goal is to select appropriate {hkl} to get a wide range of D-vs.-sin®y dependences at
different and especially at small penetration depths. Fig. 9 illustrates some of the possibilities
for the iron phase ferrite. The penetration depth-vs.-siny curves for Q- and
Y.diffractometers and for the Cr-peaks {110} and {211} are plotted. As indicated, the
D-values will be taken for the same penetration depth on the {110} peak measured in the
Q- and the W-mode /19/. According to /20/, the measurements are done on different peaks in
Q-mode. The goal is to measure as many D-vs- sin®y data as possible within the margins of
Q- and ‘¥-curves.

The approach is outlined in the following:

Dy—gew — D .

w_"lv)'_"_ﬂ =ggoy =152((01-03)sin2y +03]+51(01 +02 +03) (43)
o

Dyp-9g°w — D, .

L"b*"___o = gop0y =352|(02 - 03)sin? y +03]+s1(0)1 +02 +03) (44)
o

R 380",'4/(1)_ 1 8D0°,'I/(T)
(0'] 0'3)(1)_%5,2 dsin2y _DQ%SZ dsinZy )

1 degry(r) 1 9Dopey(7)
(0'2—0'3)("')—%s2 dsin? y _Do%h dsin2 y (46)

Dy-o(t)=Do __si (Dury(r) Doy () +(351+1)os (47)
Dy Do3sz\ dsin?y  dsin’y

03

__ 1 | Dy=0®-Do s (Dyy() Dsry(r)
_3S|+%S2 Do D()%Sz L:)Sinzlll 35in2|// (48)

The results are 6,(1), 6,(1) and 63(1). By extrapolating to T =0, 6;(t = 0), 65(t = 0) and D,
can be calculated. The formula (48) for g3 can be transformed to the appropriate formula
given by /19/.

The example of the evaluation is based on measurements of an electroerosive cut of a Ck45
steel using the {110} and {211} peaks with Cr-K radiation and an Q-diffractometer. The
points at which D-measurements were made are indicated on the penetration curves, left
{211} and right {211}, Fig. 10 left below. The measured lattice spacings belonging to these
above penetration depths are plotted on the left-hand side of Fig. 10. For specific penetration
depths, here 1, 2 and 3 pm, the lattice spacings are plotted, right above. The slopes of these
straight lines are used to calculate the RS. They are plotted in the last diagram right below, to

get the extrapolation T = 0. The results for the surface are: 6|, = 6,5, = 270 MPa, 633 = 0,
D = 0.28689 nm.
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Figure 9. Penetration depths versus sin®y for Q- and W-geometry measurements /20/.
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Figure 10. Measurements on Ck 45 /20/.
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2.113f RS in the thickness direction

Mechanical surface treatment of materials is usually connected with the presence of RS in the
thickness direction. The measured Dy-profile can be converted into a G63;-profile if there are
no gradients of microstructure or composition of the alloy. Examples for RS-gradients in the
thickness directions are known for the mechanical treatment of the surface by grinding, shot
peening and roll peening /7/. Fig. 11 shows experimental results, including some details. This
example demonstrates the case of 633-profiles, other effects are excluded, /21/.

Interesting examples of triaxial studies on polymeric materials are discussed in section 2.123b.
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Figure 11. RS-profiles of two differently ground and roll peened (10kN rolling force,
40 passes) TiAl6V4 specimens; depth from surface equals etching depth plus penetration
depth Ty 3 (= 4 um), {114}-plane, Cu-K, radiation /21/.

2.114 Recommendations

+ The relation between Dy and G35 according to the fundamental equation of XSA may be
the cause of misinterpreting the experimental results if influencing parameters are ignored,
or if the experiments are not performed carefully. Additional tests should be performed to
decide whether there is a Dy-profile or a 033-profile or both, influencing the measured
lattice strains.

o If there is no microstructure gradient within the cross section of the specimen, the
following recommendations should be helpful for experimental studies.
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Assume as correct that value of Dy, that can be measured or evaluated at the stress-free or
stress-poor zones of the specimen.

Integrating methods over the cross section (Zo! = 0) yield the correct value only if no
microstresses are present.

When using a calibrating specimen to measure Dy, it should be checked carefully whether
there may be differences in heat treatment, chemical composition, mechanical treatment
and others.

In using powders or filings of the same material, it should be checked carefully whether
there are micro-RS from producing the powder, or differences in the chemical
compositions or/and the microstructures after stress relaxation caused by heat treatment.

In case of lateral or depth gradients in the composition and the microstructure of the
material, it is obvious that the Dy-value must be taken from the same volume element for
which the stress state will be measured.

Special care is necessary in dealing with problems of steep gradients of strain-stress-
chemical composition and microstructure.

If experimental studies reveal Oj;-components of some hundred MPa or more, the
procedure should be checked carefully, also the problem and experimental performance
should be rechecked.

In many cases, only a biaxial stress state can be assumed or no information about the stress
component in thickness direction is needed. In these cases, the exact and correct value of
D, is not necessary to determine the stresses. Otherwise, the knowledge of the complete
triaxial strain-stress tensors is of principal and practical importance. Stress-states and Dy-
value are characteristic data of materials and of components.

Table 7 summarizes the methods of determining D, and possible errors.

Table 7. Methods of Dj-determination, assumptions, and parameters of influence.

method assumption influencing parameters
_ . stress . hydrostatic
033 =0 [ Do = const. | micro-RS gradient D,-gradient siress state
strain-free direction, A} X X X X X
powder, thin plate X X
stress-free region X X X
surface extrapolation X X
second phase etching X
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2.12 Strains and stresses in the phases of dual- / multiphase and of
heterogeneous materials

2.121 Historical review

Experimental and theoretical studies on the phases of multiphase and of heterogeneous
materials go back to the sixties. There are principally three methods to calculate strains and
stresses in the phases (which will be understood in the wide sense) of a material. The first one
is based on a theory of Oldroyd, the second one assumes homogeneous strain (Voigt) or
homogeneous stress (Reuss) or deals with a weighted average of parameters, calculated
according to both assumptions, and the third one is based on the model of Eshelby. It is
obvious that studies on the strains and stresses in the phases are the basis of XEC-calculations.

The theory of Oldroyd /1/ was established to calculate the influence of small viscous inclu-
sions on the mechanical parameters of materials. Stroppe /2/ used, developed and adjusted the
results on problems of spheroidal wrought iron. Hoffmann and Blumenauer /3/ published
experimental results on the elastic behavior of sintered two-phase materials. Hoffmann et al.
14,5/ reported recently on the influence of glass spheres and glass fibers in the polymeric mate-
rial PBT (polybutyleneterephtalat) on the triaxial stress state. Hauk and Kockelmann /6/
reported on the calculation of the stress distribution of different two-phase materials as layer
composite, fiber-reinforced composite, melted and sintered materials.

The model of Eshelby, based on an ellipsoidal, anisotropic inclusion, surrounded by a
matrix of a quasiisotropic multiphase material /7/, was used to calculate LS and RS after
cooling fiber- (whisker-) reinforced metals and ceramics, taking into account different elastic
moduli, thermal expansion coefficients, and yield stresses /8/. The model of Eshelby was also
used to calculate macro-RS and different kinds of micro-RS of multiphase and heterogeneous
materials /9/. Diffraction methods are the choice of the procedures in evaluating the stress
distribution between the phases of a material.
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2.122 Calculation of phase stresses
2.122a Method of Oldroyd-Stroppe

The equations developed by Oldroyd-Stroppe were reported by Hauk and Kockelmann /6/ for
a two-phase material in a triaxial stress state. The presumptions are:

. Homogeneous stress (Formulae for homogeneous strain /10/)

. Inclusion and matrix are quasiisotropic phases

. The stress component in the radial direction on the border between the matrix and the
inclusion is steady/homogeneous

J The deformations at any place are steady

It will be distinguished between the volume, hydrostatic, and the deformation, deviatoric
parts of the stresses. The derivation of the formulae is too lengthy for this publication; there-
fore reference is made to the paper /6/.

2.122b Coupling of phases using the Voigt and the Reuss model

As pointed out previously three models of crystallite coupling are mainly used to describe
the elastic behavior of materials. Experimental results of XEC-determination of quasi-single-
phase materials show agreement with the calculation using the Eshelby-Kréner model and lie
between the calculated values according to the Voigt and the Reuss model. When the
following formula is postulated the coupling can be evaluated

1 R

o VK 1
252—q’ 7s£ +qR 154 (1)

q" +qR =1 (2)

q”, gR being the Voigt and the Reuss coupling ratios.

Using Equ. 11 and the calculation results of /12/ one gets ¢¥ = 0.60 + 0.05 for different
metals. Besides the coupling of the crystallites it is of interest to study the coupling of the
phases in a two-phase material too. According to the Voigt model of homogeneous strain, the
compound (index C) Lamé constants AC and uC are the weighted constants of the phases o
and B with phase contents ¢, .

ACV = oo 4 cBA o uCV =cop® +cBub ; 2 ycb=1 (3)
- ACY 4 uCv (4)

ACH
vel = (5)

z(AC,V + uC,V)
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The analogous formulae for the Reuss model of homogeneous stress use the combinations

1 -V . . . . .
E and z for the averaging of Young’s moduli and Poisson’s ratios. That yields:

E®EB

CR_ - —~
E " E*+EB (6)
CR_ FCR| ~a p"p :
vCR = ECR[ ¢ E % e 3 (7)

According to Hill /11/, the real coupling of the phases is between those calculated according
to the models of Voigt and Reuss, therefore

EC=q"EV +qRER = L(E" + ER) (8)
vC=g"V +qRvR = L(vV +vR) (9)

For the respective averages of the XEC Evenschor and Hauk /10/ derived (in the following
shown for phase ¢, phase B analogous):

_wC a _yC a
#Wa=(wl 2V leg VOV ]éL (10)

Pi-ave T 27 (14ve)(1-2ve) | EC
1 .C
10Va 1 L o E® 14V€ i 55 (mech.) (1)
272 2 EC Iyve 272 15§ (mech.) '
sCRE g0 _;_SZC,R.a =1s¢ (12)
/13,14/ have studied the phase coupling by measurements of the applied-stress sharing:
a (23

ma___3(0n-633) p (€11 —£33) (13)

dot dol
m = com%+ chmbP = 1 (14)

However, the obtained formula is not invariant in respect to the interchange of the phase
notation. The following shows another way of evaluation /15/.

With mRa= mRB=1 (15)
a
V.a =__I;l___ (16)
T ey BB

and the assumption

m® =gq"m' @ + gRmRa (17)
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one gets after some transformations:

Vz(a_u_Jﬁz;_=@m_g
g =\n 1% — i CV

uCy
pb - pcy (%)
Regarding experimental errors of the m®-, mP-determinations the average of the calculated
q"% and ¢¥-P should be taken for further considerations. The differences in the numerator and
the denominator of the final formula and the selection of the values of the material parameters
imply a large scatter.
The ceramics Al,0; with different contents of ZrO, were some of the most tested materials.
They had been studied concerning to triaxial states of macro- and micro-RS after sintering
/16,17,13,14,18/ and the XEC of different peaks /16,17,13,14/. In the last mentioned papers,
the constance of the plastically and thermically induced micro-RS, RS II is supposed. Studies
on the mechanical surface treatment of these ceramics will not be dealt with. With the results
of measurement and evaluation of m®, mPB by /16/ and /13,14/ we get the following figure
according to the above mentioned formula.

0.7
— ! ZFOQ + A|203
B (o}
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3 T e
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>C!' A ® ®
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wt.% A|203

Figure 1. Coupling factor ¢¥ of two-phase materials ZrO,+Al, 05,
O according to /16/, ® to /13,14/.

It seems that there is no principal difference in the coupling between crystallites of
different orientations in a single-phase material and the average coupling between phases. The
coupling will be altered if cracks or pores are present which create additional inner surfaces.

2.122¢ Definitions of stresses and transfer factor for multiphase materials

Behnken, Chauhan and Hauk /19/ have developed the methods to determine the different
macro- and micro-stresses in multiphase materials. The set of data needed to determine RS
and LS in multiphase materials was published by Behnken and Hauk /9/. Diffraction methods
detect the average stress 6% in each phase:

6% =cl +o! +(c")* + (o) (19)

If we sum up the 0% values for the different phases, each weighted with the volume ratio c2,
the macrostress will be obtained
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n
Zc“&" =ol +o! (20)

a=]
because the average weighted micro-RS are zero
n
zca(<0”)a+<olll)a)=0 (21 )
a=1

The phases will have different stresses in relation to the macrostress. The micro-RS have
many origins. The micro-RS are proportional to the macrostress as a result of the stresses
between the phases and may be altered by relaxation. The other part of the micro-RS is
independent of the macrostress. It originates from the different thermal expansion coefficients
and different plastic deformations of the phases and of subgrains.

5% =50% + (oL +0!)=cL +o! +{c")" +{c )" (22)
(6 +(c)* =50 +(f@ -1)(ct +0') (23)
With the tensor f* (transfer tensor) and 1 (unit tensor)

()
) = (24)

9ol +a'),

The f tensor is isotropic if the material is not textured and if there is no influence of the
surface.

M=fa=f3 ; fu=fis=fi3 ; faa=[fs5=fes (25)
fij =fjl' i,j=],2,...,6 (26)

The relation of the XEC® of the phase o in a single-phase material to the XECC.® of the
compound-XEC in a multiphase material is as follows:

sCo 3£¢,w=o _ d

[Sl(o‘n +022+033 +%S2 033)]

' 7 ok ~ dok,
(27)
30'11 30’22 1 30'33
= 5j| ——+—= |+{s1 + 352 ) ——
‘[901% oty ) ooy
28
sC% = s (5 + fR)+ (7 +353) /5 (28)
and after similar derivation
(29)

Ca _1
Ls§o = Lsg(fi% - %)
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2.122d Separation of macro- and micro-RS in multiphase materials

With the following formulae, which have been discussed in the previous chapters, the de-
termination of RS- and LS-macro- and microstress in two-phase and multi(up to four)-phase
materials is possible /9,20,21/. It is distinguished between phases measurable and not
measurable by diffraction, between an absolute and a relative determination of the stresses,
between load-dependent and load-independent microstresses:

g* =ol+o! +(c)" (30)
with <o”’>a =0 (31)
S eafon)* =0 (32)
a=1

Y eege =gt 1o (33)
a=]

(o.”);’l =(fa _1)(0L +o.l)n +6g,|| (34)
ic“(f“—l):o (35)
a=1

= _ 1 1 aDgJV %SZC)Q L !

01 = Tg Dy Gen2y | Lsf (oh+oh) (36)

Da

1 .a pa in2
355 D§ dsin? y

It is possible to distinguish between micro-RS caused by thermal and plastical deformation.
Table 1 in chapter 2.06 gives a summary of the different micro-RS, their notation, origin,
appearance in D-vs.-sin?y diagrams and their compensation /20/. The above listed formulae
are combined in the following three Tables 1, 2 and 3 /20/.

For a successful use of the tables in dealing with polymeric materials, the following should
be observed. If there is more than one amorphous phase, all amorphous phases are dealt with
as one phase. The measurable phase may be a crystalline powder added to an amorphous
polymeric material or the crystalline part within a semicrystalline polymer. Examples will be
discussed to explain the tables /19/.

Polyethylene (PE) consists of the crystalline o-phase (70 vol.%) and the amorphous phase.
The phase-XEC is known from calculations /22/. The details to evaluate LS and RS in PE +
glass filler are dealt with in line three of Table 1. The amorphous PE-phase and the glass filler
will be handled as the not measurable B-phase.

A different case is the semicrystalline polypropylene (PP) polymer. It consists of two
crystalline o- and B-phases (45 vol.% and up to 10 vel.%) within the amorphous phase. The
compound-XEC has been experimentally determined several times /23,24/. PP + Al-powder is
referred to in Table 3, line three.



Table 1. Determination of load stress as well as macro- and micro-RS on one and two-phases materials from linear lattice strain dependences.
average value over the volume of the appropriate phase probed by the X-rays;
ol, of: macro-, micro-RS. Stresses of kind III within the phases according to the deformation are not considered. a, B: crystalline phases;
upper index n: general phase; n.m.: not measurable; n.d.: not determinable. **) determined on a separate specimen; ***) not determinable

Stress data are understood as ©,;—0s;.

and negligible.

]

micro-RS oll; ol=0

material phase macro-RS total stress load stress of macro-RS o!
1 i s"| ot total . —
o determined G* | © dependent  independent (Gy )
one phase — — —
mat:rial o o c* ct+G” G%-ol 0 0 0
quasi-single-
phase material | o0 <ct+olicie | §%_gl-<ollse | <gligllso—gl (f—1)-G! <Gleollsofogl
mech. **)
one phase o -
mea;)urable B nm. nd. ") nd. ***) nd. ***) nd. ***
B small
two p!’lases o <GL+0'|+G">°‘ 6“ _G|_<Gl |>(1 <o-l+0">(l_c| (f(l._1 )'GI <G|+°'">(L_fa.ol
material mech. **) X ) \
only one phase| § nm. n.d. Y ch<oll>n=0 | ¥ cM(-1)=0 | ¥, c" Gg=0
measurable n=1 n=1 n=l
both phases 22: negleglian <olioliclbe | 6% —ol—<olbe | coliolbo—gl | (fe-1)-6l <olioll>o—fo.gl
measurable | g n=l <ot+oliolsB | GP—glcolbB | <cliclisB-ol | (B-1)c! <oleolB—iB.!
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Table 2. Determination of load stress as well as macro- and micro-RS on three-phases materials from linear lattice strain dependences. Stress data
are understood as G;,~G;;. O : average value over the volume of the appropriate phase probed by the X-rays; ¢!, ¢'l: macro-, micro-RS.
Stresses of kind IH within the phases according to the deformation are not considered. «, B, y: crystalline phases; upper index n: general phase;
n.m.: not measurable; n.d.: not determinable. *) semicrystalline polymer with o crystalline, B metal powder and & amorphous phase,
no load-independent micro-RS between o and & phases; compound-XEC of (0+3) phase known; **) determined on a separate specimen;
*#%) not determinable and negligible.

micro-RS oll; ol=0

material phase macro-RS total stress load stress of macro-RS o
1 H an L . —
c determined 6" | © total dependent  independent (G )
only one phase| o <ot+oliclsa | G% —ol-<oll>? | <olioilo—g! (f—1)-ol <cliollo—fa.gl
o measurable b 4 2 . 2 2
ech. n.d. n n_ n (fN—1)= n =
v small B nm. m §_;c <o!>n=0 Z_,c (f™—1)=0 z_)c G =0
n=1 n=l n=1

‘Y . n.d.‘“) n.d.*") n.d.*") n,d.*’")
two phases o <cticliolbe | % _gl—collbe | <olioll>a—gl (fo—1)-of <oliollsofa.gl
measurable B mech. **) <ot+oliolsB | OGP —ol—<olB | <olioll>B—g! (B-1)-cl <olioltp—fB-ol

: n TI,n 3 2 =n
Y nm. n.d. Y oN<ollN=0 | 3 en(-1)=0 | X c" Gp=0
n=1 n=1 n=I

two phases a'= a+8 .) 2 <GL+O‘I+G">GI 6“‘ ._Gl_..<o'">(l‘ <GI+G[[>Q'__GI (fal_1 )'G[ <o‘l+6">a'_f(1'.cl
o and P Y c<olioli>n

B n=1 <olicliolbB | 8P —0l-<oll>B | coligli>B—ol | (B-1)0! <cl+oll>B-B.g!
measurable
all three o 3 <0-L+0-l+o">(1 6(1 _Gl_<0”>a <o-l+o'“>a_cl (f(L1 ).0-[ <o-l+6">(x_f(x.ol

negligllsn _—
phases . B nz_:lc <G+0> | _slioliclsB | 6P —gl—collsP | <sliclisB—g! (tB—1)-c! <oliclisB—B.o!
measurable =
<cl+oliollsy | GY —gl—<ollY | <cliollr-o! (—1)-o! <olyollsv—fr.of

19¢



Table 3. Determination of load stress as well as macro- and micro-RS on four-phases materials from linear lattice strain dependences. Stress data
are understood as 6;;~C33. O : average value over the volume of the appropriate phase probed by the X-rays; o, o!': macro-, micro-RS.
Stresses of kind III within the phases according to the deformation are not considered. a, B, v, 1 crystalline phases; upper index n: general phase;
n.m.: not measurable; n.d.: not determinable. *) semicrystalline polymer with o and y crystalline, B metal powder and & amorphous phase,
no load-independent micro-RS between @, y and & phases; compound-XEC of (o+y+3) phase known; **} determined on a separate

specimen; **x) pot determinable and negligible.

micro-RS ol}; ol=0

material phase macro-RS total stress load stress of macro-RS ol
{ i 3"| ot otal . —
° determined G* | & ! dependent  independent (Gj )
two phases o <ot+oliclle | ¢ —ol—<olbe | <olioll>0—cl {f—1)-o! <clsollso—fo.gl
o and B B se) <ctsolsolh | GP ~ol<ollsh [ <oleaiisb-ol | (B-1)o! <oleolisB—fB.g!
measurable mech. ; \ )
1 small Y nm. nd. S cn<ollr=0 | ¥ cn(-1)=0 | T c" GF=0
n=1 n=] n=l
N nm. nd**) nd.**") nd.**® nd.***)
three phases | o <ot+glioli>e | G —glecolle | <olioll>0—g! (f*—1)-o! <gl+ollsafa.gl
measurable B ") <cl+oliollsB EB —6l—<ollsB | <gliglisB-gl (f[}_«‘ )‘G' <oligllsP—iB.gl
mech. _
Y <olsoliollst | GY —ol—<oll>Y | coliolbr—o! | (7-1)o! <Gl+ollsT-f1.gl
N nm nd. Y ch<olln=0 | ¥ c"("—1)=0 | ¥ c" G =0
- n=l1 n=l n=1
two phases | a'=a+y+87) | 2 <otroliclhe’ [ GY —gl-<olle’| <cltcllo'—gl | (f@'-1)cl <cleglise—fo'. gt
. Y ch<ol+olisn 8
o and B B ! <ct+oliolB | GP —ol—<oll>B | <ol+ollsB-ol (B—1)-cl <6ligil>B1B.gl
measurable ¥ nm.
all four phases| o . <olioligli>e | G%—ol-<olbo| <olrolbo—g! | (fo—1)-c! <olsollso—fo.gl
measurable B T, ch<cl+oll>n <otioliclisB | GP —glocolsB | <oliolisB-ol (#B-1)-cl <GlaciP_ibg!
Y o=t <ct+olioll>Y | GV —ol-<olbY | <olsollbr-g! | (f-1)-0! P R
n <ct+choll>n | 61-ol—<ollon | <clsoll-n—ol | (M-1)0! <oliali>n—M-gl
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2.122¢ The Eshelby's inclusion model

The inclusion theory of Eshelby /7/ is one of the most often applied theoretical methods to

study two-phase and multiphase material problems. The principles are outlined in the paper of
Withers /25/ and in /26,27/. The following blocks are taken from Withers paper /25/.
When a misfitting homogeneous ellipsoidal inclusion is concentrated to lie inside an ellip-
soidal hole in a matrix of the same material the stress and strain within it is always uniform.
Eshelby realised that because of the simple nature of the constrained inclusion shape and
stress state, the solution to this one problem could be translated across to a wide variety of
different situations. This is because whatever the stresses generated by the misfit, one can
always generate the same stress state for another similarly constrained inclusion of a different
material, given that one has complete freedom over the choice of the original shape of the
second inclusion. Conversely, for a reinforcing inclusion of particular elastic constants, no
matter what the matrix/inclusion misfit is, it is always possible to imagine an equivalent inclu-
sion made of the matrix material which will generate the same inclusion stress when
constrained to the same shape. Because the two inclusions have the same constrained shape
and stress state they can be interchanged without disturbing the matrix, and thus solutions for
the stress state of the elastically homogeneous problem can be used to solve the reinforcing
problem. The trick, given that the elastically homogeneous problem is easily solved, is to cal-
culate the elastically homogeneous inclusion/matrix shape misfit equivalent to the elastically
inhomogeneous problem of interest.
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Figure 2: Eshelby’s approach is most easily understood by considering a thermal residual
stress state. Here the misfit between the matrix and the reinforcing particle is simply the
difference in expansion coefficients multiplied by the temperature drop. Naturally, in this
case the equivalent inclusion, having the same elastic constants as the matrix, is larger than
the reinforcing inclusion. /25/
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For a dilute composite the approach is mathematically rigorous. In order to satisfy the
boundary conditions at the external surfaces of a non-dilute composite, Eshelby introduces the
idea of an image stress (used in a similar way to the image techniques in electrostatics). In this
form the model assumes that the inclusions are randomly distributed within the matrix.
Because the stress in the inclusion is uniform, the mean inclusion stress is easily calculated
(see below). Using the condition of microstress balance expressed in Equ. 38 this leads
directly to the mean matrix stress, without the need to explicitly average over the locally
fluctuation matrix stress field.

(1-fNom)+f{o1)=0 [ fraction of inclusion I in a matrix M (38)

The model has the following attributes:
— it has a rigorous analytical basis for low inclusion concentrates
— itis valid for all aspect ratios
- it can be computed on a programmable calculator or personal computer
— it applies to thermal and to load-induced stress fields
— it is rigorous only for ellipsoidal particles
— itis conceptually difficult to grasp
— additional assumptions are required to model plastic flow
For further study and use of the Eshelby's method some references are listed in Table 4 of
applications and results of this method.

Table 4. Examples of applications of the Eshelby's theory

application reference
macroscopic elastic constants 128,29/
X-ray elastic constants /12,30,31/
thermal stress 125,26,32/
thermal RS 126,33,34/
RS in phases after plastic strain 135,36/
orientation dependent RS after plastic strain 137/

The practical use and applications of this theory are described in the following. Two results
for Al or Fe inclusions in different matrices (nontextured, quasiisotropic) are given in /39/ and
one for Al in a PP-matrix is published in /19/.

Fig. 3 shows the transfer functions f;; and f5; of Al versus different matrices characterized
by the logarithm of the ratio of Young’s modulus of the matrix over that of the inclusion. The
following data are used: EAl= 704 GPa, EFe=212 GPa; vAl=0.35, vFe=0.29.

The Poisson ratio of the matrix was set equal to that of the inclusion. Wortler /38/ arrived
at practically the same result using another way of calculation and keeping v of the matrix
constant while varying v of the inclusion. The relationship between the transfer factor and
log [E(matrix)/E(inclusion)] seems to be nearly identical for different material combinations.
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Figure 3. Stress transfer factors f;; and f}, of a spherical grain, which is surrounded by

a homogeneous, elastic isotropic matrix, versus logarithm of the ratio Young’s moduli
(matrix / inclusion). Eshelby's model, Al-grains /39/.
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From the dependences in Fig. 3 it follows that in the case of a very strong matrix, the
inclusive material is nearly stress free in spite of the outside load. If the elastic behavior of the
inclusion and the matrix are the same, both phases are under the same macrostress. If the
inclusion is much harder than the matrix, the stress of the included material is approximately
two times the macrostress in the longitudinal direction and -0.3 times the macrostress in the
transverse direction. This was experimentally observed for Al-powder in PP /40/.

2.122f Stresses in layer-substrate composites

A schematic specimen with substrate and layer materials, as well as the stress state and the
XEC will be treated in section 2.134e /6/.

2.122g Stresses in fiber-reinforced composite materials

In the special case of fibers in the form of thin wires, each of the same thickness and of
high strength in the longitudinal direction within a ductile matrix, the following conditions
must be fulfilled to apply the theory outlined in /6/:

—  No texture in the fibers and the matrix material

- The shape of the fibers are thin, continuous, uniaxially oriented wires

~  The load is applied parallel to the fiber axis

—  The radial stress components are continuous on the border between fiber and matrix
—  The distortions should be steady

—  The strains of both phases should be homogeneous

With these assumptions and using linear elasticity theory, the stresses are given in
cylindrical coordinates. The derivation and the formulae themselves are too voluminous to be
reproduced here. They can be found in paper /6/.
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2.123 Examples of stresses in different phases of multiphase materials
2.123a Two-phase materials

The load distribution between the phases in the elastic and plastic deformation ranges are
of importance in the field of metallurgy and metal physics. In the following, some examples of
phase stresses versus the applied stress are presented. The two-phase materials studied are
WC-Co (three compositions) /3/ Fig. 4, Fe-Fe;C (C130 steel) /3/ Fig. 5, and ferrite-austenite
(each 50 vol.%) /41/ Fig. 6.

MPa 23.7 vol.% Co 43.1vol.% Co 80.5vol.% Co &,
g qﬁé: " LA ﬂp‘
B 400 ] Wy
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applied tensile stress
Figure 4. Phase stresses versus applied stresses in WC-Co compositions /3/.
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Figure 5. Phase stresses versus Figure 6. Phase Stresses versus applied
applied stresses in Fe-Fe,C stresses in ferrite-austenite /41/.

(C130 steel) /3/.
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In Fig. 7, principally different possibilities for the variation of the ratio of the Young’s
moduli of both phases are displayed. Actual examples of phase stresses versus macrostress
(LS + RS I) are plotted in Fig. 8.

E"= EP 5

phase stress

ct+d!
macro stress

Figure 7. Phase stresses versus macrostress as a function of the variation of the ratio of the
Young’s moduli.
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Figure 8. Phase stresses versus macrostress for different ratios of the Young’s moduli.

The results of neutron diffraction studies on a duplex steel (ferrite and austenite phase each
50 vol.%) /42/ and on Al, reinforced with 20 vol.% SiC fibers /43/, which show the splitting
of the loading capacities of the different {hkl}-crystallites are of special interest, Fig. 9
and 10.
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Figure 9. Applied stresses versus lattice strain for different reflections of a duplex alloy /42/,
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Figure 10. Al and SiC lattice strain response parallel to the applied stress, measured using the
three Bragg's reflections indicated, in a composite sample of 20 vol.% SiC particulate in an Al
(2014) matrix. The two solid lines are calculated using Young’s moduli of E(Al) = 72 GPa
and E(SiC) = 420 GPa /43/.
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Combined measurements covering the outside surface by X-rays and the core by neutron
rays, were performed on extruded and quenched Al bars reinforced by 25 vol.% SiC particles
/44/, Fig. 11. Since the RS in all directions are equal they are hydrostatic RS, Fig. 12.

The effect of the size distribution of a second phase, graphite (medium to fine) in cast iron,
on the load capacity of the matrix (ferrite) was studied on bending samples by the film
method, Fig. 13 and 14. Fig. 14 shows the stress distribution in the matrix over the cross
section measured on one side /45,46/.
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Figure 11. Evolution of residual stresses, in the Al 2024 matrix and the SiCp phase, in the
tangential (a), longitudinal (b) and radial (c) directions /44/
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2.123b Polymeric unfilled and filled, reinforced materials

Polymeric materials are mostly multiphase materials, where only one phase is accessible to
X-ray measurements. If fillers of fine crystalline metallic powder are used and mechanical
deflection measurements are performed additionally, the macro-micro-RS state can be evalu-
ated. Table 5 gives a summary of polymeric matrix-filler materials whose residual stresses
have been measured for varied applied loads or versus the distance from the surface.

Fig. 15 shows the interesting behavior of the phases of ¢-PP and Al-particles within PP
when a load is applied and after unloading. The above mentioned theoretical predictions with
the stress factors f); = 2.0 and f;, = -0.3 are excellently confirmed /40/. The triaxial stress state
was studied on polymers with fiber reinforcement. Fig. 16 shows the big differences in the
stress state between unfilled and filled PBT /5,4/. The filler geometry, glass sphere or glass
fiber (non oriented) influences the stress state. Also, the effect of C-fibers was studied on the
PEK +20 wt.% C-fibers /47,48/, Fig. 17. Here, different residual stress states are found
depending on the manufacturing methods (pressure and injection molding). Also the stress
state development under applied stress is different.



Table 5. Studies on the influence of fillers on the stress state of polymeric materials.

polymer phase in vol.% filler reference
measurable | not measurable
PP a-PP, 45 - 140/
monoclinic | amorphous, 45| 3.5 vol.% 140,19/
B-PP, 10 Al-powder
PBT o-PBT, 27 - 15/
triclinic amorphous, 73| 22 vol.% /5/
B-PBT glass spheres
21 vol.%
14/
glass fibers
PEK o-PEK, 30 -
. 15 vol.%
orthorhombic | amorphous, 70 C fibers /47,48/
18 vol.%
glass fibers
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Figure 15. Stresses evaluated by X-rays in dependence on the mechanical
load stress for PP filled with 10 m.% Al-powder. Al {511+333} peak with
Cu-K, radiation, a-phase {130} peak with Cr-K¢, radiation /40/.
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Figure 17. Stress states in unfilled and filled PEK /47,48/.

2.123¢ Thermally induced strains and stresses for two-phase materials

Thermally induced strains and stresses in two-phase materials were studied on Fe-Cu sin-
tered materials /49/. Now this topic is of interest once again, when the influence of RS on the
XEC and the texture of strongly elongated specimens is to be determined /50/. Fig. 18 shows
the RS in both phases of softly ground samples versus the composition after the cited heat
treatment. The RS in both phases are due to their different thermal expansion coefficients /49/.
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More detailed analyses of heating-cooling and deformation tests were made on reinforced
ceramic materials. One example of a neutron ray investigation will be discussed /51/. The ce-
ramic material has the composition 18 vol.% SiC whiskers embedded in an Al,O3 matrix /52/.
The measured hydrostatic strain as a function of temperature for both phases is plotted in
Fig. 20. The experimental results agree well with the calculated dependence. An excellent
agreement was found between calculated and experimentally determined residual strain versus
the angle to the c-axis of Si;N, whiskers of hexagonal structure /52/, Fig. 21.
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Figure 20. Measured (symbols) and predicted (solid line) residual average hydrostatic strain as
a function of temperature for whiskers and a matrix of a ceramic composite, consisting of
18% volume fraction SiC whiskers embedded in an Al,0; matrix /52/.
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Figure 21. Calculated (solid line) and measured (symbols) strains as a function of angle
relative to the c-axis of whiskers in a ceramic composite consisting of silicon-nitride whiskers
embedded in an Al,O3 matrix /52/.

An interesting result was recently published /33,34/ about thermoelastic strains in white
cast iron studied by X-rays, Fig. 22. The unexpected RS-temperature profiles of both phases,
ferrite and cementite, were explained by considerations based on the Eshelby's theory.

50 -7 T F I LI L I L ] T 17T _I L [ T r] LIS I UL
- ferrite, exp. XSA ¥ cementite, ¢=0
of + :
s - T N\~ calc., ferrite
S wf 1 -
[ i I J
- C 1 Eshelby % calc., Eq(4) ]
6’ -100 :— T .
N - To exp., XSA 7
o] B I~ i
150 T E
i I ]
_200 LA N N A A AR I 1-'
0 100 200 300 400/0 100 200 300 400
Tin°C

Figure 22. RS (0¢-033)-temperature profiles of ferrite and cementite, the two phases of white
cast iron, experimentally and theoretically studied /34/.
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2.124 Recommendations

When studying multiphase materials, the stress state of all accessible phases should be
analyzed.

The influence of the shape and the volume concentration of a second phase in different
metallic, ceramic, and polymeric materials should be studied systematically.
Experimental studies should include the determination of the following parameters
before, during and after the operations (production, heat treatment, elastic-plastic
deformation, surface treatment): D§f, c® microstructure, texture, stress state. The use of
different radiations and measurements on different peaks increases the reliability of the
results.

Gradients of the measured parameters with the depth from the surface should be
examined.

The 3-dimensional strain-stress tensor should be evaluated for all phases of the material.
Separation of macro- and microstresses and the evaluation of the hydrostatic pressure
state should be done.

The experimental procedure should include applying increasing and decreasing loads in
several steps with measurements. This yields information about the stress capability and
the transition of the yield limit of the phases as well as about the values of the XEC and
RS of the phases.

Heating and cooling experiments should also be performed to study the influence of the
different thermal-expansion coefficients, and the stability of the phases, and the
alterations of the RS-state.

2.125 References

1

2

J.G. Oldroyd: The Elastic and Viscous Properties of Emulsions and Suspensions. Proc.
Roy. Soc., London A 218 (1953), 122-132.

H. Stroppe: Untersuchungen zum Elastizitatsverhalten von GrauguBl. Wiss. Z. T.H. Mag-
deburg 9 (1965), 159-173.

H. Hoffmann, H. Blumenauer: Zum Verformungsverhalten von Werkstoffen mit hetero-
genem Gefligeaufbau. Wiss. Z. T.H. Magdeburg 24 (1980), 119-124.

H. Hoffmann, Ch. Walther: X-Ray-Stress-Analysis in the Polymermatrix of PBTP-
Composite-Materials. In: Residual Stresses, eds.. V. Hauk, H.P. Hougardy,
E. Macherauch, H.-D. Tietz. DGM Informationsgesellschaft Verlag, Oberursel (1993),
613-622.

H. Hoffmann, H. Kausche, Ch. Walther, R. Androsch: Rontgenographische Spannungs-
ermittlung an einem PBTP-Glaskugel-Verbundwerkstoff. Mat.-wiss. and Werkstoff-
techn. 22 (1991), 427-433.

V. Hauk, H. Kockelmann: Berechnung der Spannungsverteilung und der REK zwei-
phasiger Werkstoffe. Z. Metallkde. 68 (1977), 719-724.

J.D. Eshelby: The Determination of the Elastic Field of an Ellipsoidal Inclusion and
Related Problems. Proc.Roy.Soc. (London), A 241 (1957), 376-396.



276

8

10

11

12

13

14

15
16

17

18

19

20

21

22

23

24

S. Majumdar, D. Kuppermann, J. Singh: Determinations of Residual Thermal Stresses
in a SiC-Al,0; Composite Using Neutron Diffraction. J. Am. Ceram. Soc. 71 (1988),
858-863.

H. Behnken, V. Hauk: Die Bestimmung der Mikro-Eigenspannungen und ihre Bertick-
sichtigung bei der rontgenographischen Ermittlung der Makro-Eigenspannungen in
mehrphasigen Materialien. In: Werkstoffkunde, Beitrige zu den Grundlagen und zur
interdisziplindren Anwendung, eds.: P. Mayr, O. Véhringer, H. Wohlfahrt. DGM Infor-
mationsgesellschaft Verlag, Oberursel (1991), 141-150.

P.D. Evenschor, V. Hauk: Berechnung der réntgenographischen Elastizitétskonstanten
von Mehrstoffsystemen. Z. Metallkde. 66 (1975), 210-213.

R. Hill: The Elastic Behaviour of a Crystalline Aggregate. Proc. Phys. Soc. (London)
A65 (1952), 349-354.

F. Bollenrath, V. Hauk, E.H. Miiller: Zur Berechnung der vielkristallinen Elastizitéts-
konstanten aus den Werten der Einkristalle. Z. Metallkd. 58 (1967), 76-82.

D. Amos, B. Eigenmann, E. Macherauch: Residual and Loading Stresses in Two-Phase
Ceramics with Different Phase Compositions. Z. Metallkd. 85 (1994), 317-323.

D. Amos, B. Eigenmann, B. Scholtes, E. Macherauch: Residual and Loading Stresses in
Two Phase Ceramics with Different Phase Compositions. In: Proc. Fourth Internat.
Conf. Res. Stresses, ICRS4. Soc. Exp. Mech., Bethel, CT, USA (1994), 173-182.

H. Behnken: Personal information, Institut fiir Werkstoffkunde, RWTH Aachen.

K. Tanaka, M. Matsui: X-ray Measurement of Macrostress and Microstress in Zirconia-
alumina composite. In: Residual Stresses III, Science and Technology, ICRS3, eds.:
H. Fujiwara, T. Abe, K. Tanaka. Elsevier Applied Science, London and New York,
vol.2 (1992), 1013-1018.

S. Tanaka, Y. Hirose: Measurement of X-ray Elastic Constants of Alumina/Zirkonia
Composite Ceramics. In: Nondestructive Characterization of Materials V, eds.:
T. Kishi, T. Saito, C. Ruud, R. Green. Plenum Press New York (1992), 669-707.

X.-L. Wang, P.F. Becher, K.B. Alexander, J.A. Fernandez-Baca, C.R. Hubbard: Resi-
dual Stress in Al,0;-ZrO,. In: Proc. Fourth Internat. Conf. Res. Stresses, ICRS4. Soc.
Exp. Mech., Bethel, CT, USA (1994), 1172-1177.

H. Behnken, D. Chauhan, V. Hauk: Ermittlung der Spannungen in polymeren Werk-
stoffen — Gitterdehnungen, Makro- und Mikro-Eigenspannungen in einem Werkstoff-
verbund Polypropylen/Al-Pulver. Mat.-wiss. u. Werkstofftech. 22 (1991), 321-331.

V. Hauk: Actual Tasks of Stress Analysis by Diffraction. Adv. X-Ray Anal. 39 (1997),
in the press.

H. Behnken, V. Hauk: Determination and Assessment of Homogeneous Microstresses
in Polycrystalline Materials. Steel Research 67 (1996), 423-429.

H. Behnken, V. Hauk: Rontgenographische Elastizititskonstanten teilkristalliner Poly-
merwerkstoffe. Mat.-wiss. und Werkstofftech. 24 (1993), 356-361.

V. Hauk, A. Troost, D. Ley: Lattice Strain Measurements and Evaluation of Residual
Stresses on Polymeric Materials. In: Residual Stresses in Science and Technology, eds:
E. Macherauch, V. Hauk. DGM Informationsgesellschaft Verlag, Oberursel, vol. |
(1987), 117-125.

V. Hauk, A. Troost, D. Ley: Evaluation of (Residual) Stresses in Semicrystalline
Polymers by X-Rays. Adv. in Polymer Technol. 7 (1987), 389-396.



25

26

27

28

29

30

31

32
33

34

35

36

37

38
39
40

41

27

P.J. Withers: Theory and Modelling of Composites. In: Measurement of Residual and
Applied Stress Using Neutron Diffraction, eds.: M.T. Hutchings, A.D. Krawitz. Kluwer
Academic Publishers, Dordrecht, Boston, London (1992), 421-437.

P.J. Withers, W.M. Stobbs, O.B. Pedersen: The Application of the Eshelby Method of
Internal Stress Determination to Short Fibre Metal Matrix Composites. Acta Metall. 37
(1989), 3061-3084.

S. Majumdar, D. Kupperman: Effects of Temperature and Whisker Volume Fraction on
Average Thermal Strains in a SiC/Al,O; Composite. J. Amer.Cer.Soc. 72 (1989),
312-313.

E. Kréner: Berechnung der elastischen Konstanten des Vielkristalls aus den Konstanten
des Einkristalls. Z. Physik 151 (1958), 504-518.

G. Kneer: Die elastischen Konstanten quasiisotroper Vielkristallaggregate. phys. stat.
sol. 3 (1963), K331-K335.

H. Behnken, V. Hauk: Berechnungen der rontgenographischen Elastizitdtskonstanten
(REK) des Vielkristalls aus den Einkristalldaten fir beliebige Kristallsysteme.
Z. Metallkde. 77 (1986), 620-626.

H. Behnken, V Hauk: Die rontgenographischen Elastizitdtskonstanten keramischer
Werkstoffe zur Ermittlung der Spannungen aus Gitterdehnungsmessungen.
Z. Metallkde. 81 (1990), 891-895.

G. Kneer: Doctorate thesis, Bergakademie Clausthal 1964.

S. Hartmann, J. Schiitz, S. Matheis, H. Ruppersberg: Thermal Expansion of Cementite
and its Relation to Thermally Induced Phase-Specific Stresses in Ferrite-Cementite
Mixtures. In: Residual Stresses, eds.: V. Hauk, H.P. Hougardy, E. Macherauch,
H.-D. Tietz. DGM Informationsgesellschaft Verlag, Oberursel (1993), 107-114.

S. Hartmann, H. Ruppersberg: X-ray Diffraction Investigation of the Thermoelastic
Strains in White Cast Iron. Mat.Sci.Eng. A208 (1996), 139-142.

M. Berveiller, J. Krier, H. Ruppersberg, C.N.J. Wagner: Theoretical Investigation of
y-Splitting After Plastic Deformation of Two-Phase Materials. Textures and Micro-
structures 14-18 (1991), 151-156.

C. Schmitt, J. Krier, M. Berveiller: Second Order Residual Stresses in Elastoplastic
Multiphase Materials. In: Residual Stresses, eds.: V. Hauk, H.P. Hougardy,
E. Macherauch, H.-D. Tietz. DGM Informationsgesellschaft Verlag, Oberursel (1993),
185-194.

F. Corvasce, P. Lipinski, M. Berveiller: Intergranular Residual Stresses in Plastically
Deformed Polycrystals. In: Int. Conf. on Residual Stresses, ICRS2, eds.: G. Beck,
S. Denis, A. Simon. Elsevier Applied Science, London and New York (1989), 535-541.
N. Wortler: Doctorate thesis, Universitéit Karlsruhe (TH) 1988.

H. Behnken: Doctorate thesis, RWTH Aachen 1992.

V. Hauk, A. Troost, D. Ley: Correlation Between Manufactoring Parameters and
Residual Stresses of Injection-Molded Poly-Propylene: An X-Ray Diffraction Study. In:
Proc. 3rd Int. Symp., Saarbriicken, FRG, October 3-6, 1988, eds.: P. Héller, V. Hauk,
G. Dobmann, C. O. Ruud, R. E. Green. Springer-Verlag Berlin, Heidelberg, New York,
London, Paris, Tokyo, Hong Kong (1989), 207-214.

H. J. Nikolin: Doctorate thesis, RWTH Aachen 1989.



278

42

43

44

45

46

47

48

49

50

51

52

AJ. Allen, M. Bourke,W.LF. David, S. Dawes, M.T. Hutchings, A.D. Krawitz,
C.G. Windsor: Effect of Elastic Anisotropy on the Lattice Strains in Polycristalline
Metals and Composites Measured by Neutron Diffraction. In: Int. Conf. on Residual
Stresses, ICRS2, eds.: G. Beck, S. Denis, A. Simon. Elsevier Applied Science, London
and New York (1989), 78-83.

AJ. Allen, M. Bourke, M.T. Hutchings, A.D. Krawitz, C.G. Windsor: Neutron Diffrac-
tion Measurement of Internal Stress in Bulk Materials: Metal-Matrix Composites. In:
Residual Stresses in Science and Technology, eds.: E. Macherauch, V. Hauk. DGM
Informationsgesellschaft Verlag, Oberursel, vol. 1 (1987), 151-157.

M. Ceretti, H. Michaud, M. Perrin, A. Lodini: Residual Stress Measurement in a Plasma
Semi-transferred ARC(PTA) Coating by Neutron and X-ray Diffraction. In: Proc.
Fourth Int. Conf. Residual Stresses, ICRS 4. Soc. Exp. Mechanics, Bethel (1994),
1055-1061.

V. Hauk: Réntgenographische und mechanische Verformungsmessungen an Grauguf.
Arch. f. d. Eisenhiittenwes. 23 (1952), 353-361.

V. Hauk: Vergleich rontgenographisch und mechanisch gemessener Verformungen an
GubBeisen. Arch. f. d. Eisenhiittenwes. 26 (1955), 449-453.

D. Chauhan, V. Hauk: Spannungen in verstirkten Polymeren. VDI-Berichte Nr. 1151
(1995), 533-536.

D. Chauhan, V. Hauk: Stresses in the Matrix of Reinforced polyetherketone (PEK). In:
Proc. Fourth Europ. Conf. Residual Stresses, ECRS4, 1997, in the press.

D. Chauhan, V. Hauk: Stress Determination on Fiber-Reinforced Polymers by X-ray
Analysis. In: Proc. Fifth International Conference on Residual Stresses, ICRSS, in the
press.

F. Bollenrath, V. Hauk, W. Ohly, H. Preut: Eigenspannungen in Zweiphasen-Werk-
stoffen, insbesondere nach plastischer Verformung. Z. Metallkde. 60 (1969), 288-292.
W. Bocker, A. Beusse, H.G. Brockmeier, H.J. Bunge: Influence of Residual Stresses on
Young’s Modulus in Fe-Cu Composites. In: Residual Stresses, eds.: V. Hauk,
H. P. Hougardy, E. Macherauch, H.-D. Tietz. DGM Informationsgesellschaft Verlag,
Oberursel (1993), 771-778.

D.S. Kuppermann, S. Majumdar, J.P. Singh, A. Saigal: Application of Neutron Diffrac-
tion Time-of-Flight Measurements to the Study of Strain in Composites. In: Measure-
ment of Residual and Applied Stress Using Neutron Diffraction, eds.: M.T. Hutchings,
A.D. Krawitz. Kluwer Academic Publishers, Dordrecht, Boston, London (1992),
439-450.

S. Majumdar, S. Singh, D. Kupperman, A. Krawitz: Application of Neutron Diffraction
to Measure Residual Strains in Various Engineering Composite Material. Trans. A SME
J.Eng.Mater Technol. 113 (1991), 51-58.



279

2.13 X-ray elastic constants (XEC)

2.131 Historical review

In the beginning of XSA the macromechanical elastic constants E Young's modulus and v
Poisson’s ratio were used to evaluate LS and RS from the measured lattice strains. At the end
of the thirties it was noticed that the determined LS by Co-K,, radiation on the {310} peak of
iron base materials were approximately 15% higher, using the Cr-K, radiation on the {211}
5% less than the mechanical applied stress /1-11/. This led to take into consideration the
influence of the measuring method when applied to quasiisotropic polycrystalline materials
consisting of anisotropic crystals.

Also in the thirties, studies were undertaken to caiculate the physical properties of
polycrystalline quasiisotropic materials starting from the respective data of the monocrystal.
Different models of the aggregate of crystallites were used besides from those at this time
already well known limit assumptions of Voigt /12/ (homogeneous strain of the crystallites
and the same value as the polycrystalline material) and of Reuss /13/ (homogeneous stress).

By that time, the necessity to take the elastic anisotropy of a monocrystal into account for
evaluating stresses from lattice strains measured on different peaks was obvious both from
experimental results as well as from calculations of the elastic constants according to the
models of Voigt and of Reuss. The calculations of the XEC (different for peaks with different
values of the orientation parameter representing the measuring direction in the crystal system,
and the average value for the group of crystals belonging to a respective wavelength and
interference line) for cubic metals according to the assumption of Reuss were evaluated at the
same time independently by Glocker /14/, Schiebold /15/, Méller and Martin /3/.

Neerfeld /10/ suggested using the average value of the calculated ones according to the
models of Voigt and of Reuss as the best approximation to reality. To be mentioned is the
proof of Hill /16/ that the calculated values of the mechanical elastic constants following any
model must lie between the ones according to the border assumptions. The attempt to use the
model of Bruggeman /17/ for calculating XEC and the XEC calculation of cubic metals using
the monocrystal data and the shear modulus /18/ were unsuccessful. Also the paper of
Stickforth /19/ will be mentioned in which the fundamentals of the lattice strain and the macro
stresses are dealt with, the theoretical proof of the D-vs.-sin?y linearity was stated, and the
surface anisotropy was introduced.

The next and physically appropriate step was the assumption and evaluation of the model
of a spherical anisotropic crystal in a homogeneous matrix. Eshelby /20/ calculated strains and
stresses in and outside of ellipsoidal inclusions that had undergone a stress free strain. Kroner
121/ evaluated the polycrystalline elastic constants for cubic metals. Kneer /22/ extended the
calculation to all other crystal systems and to textured materials. A detailed overview of the
different models to calculate polycrystalline elastic data is given in /23/.

The adjustment of that model and the evaluated macroscopic elastic constants for the X-ray
diffraction method was done by Bollenrath, Hauk and Miiller /24/. Further steps of the
development can be noticed in Table 1. One of the main advances was the calculation of the
XEC for all crystal systems by Behnken and Hauk /25/ using the Eshelby-Kréner model
supplemented by Kneer.

Table 1 contains models, crystal systems, and authors with the date of development of cal-
culating XEC from the elastic data of the anisotropic monocrystal.
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Besides the progress in metalphysics the experimental determination for XEC of all kinds
of materials was pushed to check the calculation and to know the values of advanced
materials where the data of monocrystals are not available. In the following the state-of-the-art
of current calculations and tests, solved problems, and recommendations will be given.

Table 1. Existing calculations of the XEC for isotropic and textured materials /25/.

model Voigt Reuss Eshelby-Kroner
- Voigt (1928) Glocker (1938) Bollenrath, Hauk,
§ K- Schiebold (1938) Miiller (1967)
2.81 ° Moller, Martin (1939)
v L
g |38
S |&E hexagonal crystal symmetry : Evenschor, Hauk (1971, 1972)
§ arbitrary crystal symmetry : Behnken, Hauk (1986)
g 1.o. - Délle, Hauk (1978) -
o
é = ;—’, ODF Brakman (1987) v. Baal (1983) Behnken, Hauk (1988,
%E| B Serruys et al. (1987) |Brakman (1983) 1991)

Barral et al. (1983) Sprauel, Francois,
Serruys et al. (1987) |Barral (1989)

2.132 Definitions

2.132a XEC of quasiisotropic materials

The X-ray elastic constants (XEC) s, and %52 of polycrystalline materials link the experi-

mental, by means of diffraction methods, observed strains to the macroscopic and the homo-
geneous micro residual stresses or load stresses. They depend on the lattice plane under study
and generally differ from the mechanical elastic constants according to the anisotropy of the
crystals and due to the fact that only a specific part of all crystals contribute to the diffraction
experiment, i.e. those crystallites the specific lattice plane of which are orientated perpen-
dicular to the direction of measurement.

The average of the XEC, taken over all lattice planes, is connected to the macroscopic con-

stants Young's modulus E, Poisson's ratio v, shear modulus G and compression modutus K:
v 2G-E

(i) = 57" =- 2= 0= (1)

m 1tV 1
<%s2{hk1}>= 1sy= == 50 (2)

The elastic macroscopic constants are connected by the following equation:
E = 3K(1- 2v)= 2G(1+ v) (3)
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For cubic materials the combination 3s; + %sz is constant
1 1- 2v

| — m lom_ -

Is{hki}+ sy {nkl}= 357" + 357 = K- F

(4)

For given stresses the XEC determine the intercepts and the slopes of strain distributions
versus sin?y. Equ. 6 describes the distribution in case of a planar stress state and ¢ = 0° :

+ Vv

macro _

] .
£ - %(Ul + 0,y)+ oy sin’y (5)

X (ki) = s(hkl)(0) + 02)+ 3,(hkl)oy sin w (&)

Historically the XEC were first introduced empirically to describe the different behavior of
the lattice planes. Stickforth proved the X-ray strain distribution (Equ. 6) to be formally iden-
tical to the macroscopic distribution (Equ. 5) if macroscopic isotropy and homogenity are
present only.

The XEC in general describe the strain response of the lattice planes of a phase to external
loading or residual stresses. This response will depend on whether the respective crystals are
part of a monophase material or of a multiphase material; therefore it will be distinguished
between the phase-XEC (index o) and the compound-XEC (index C). The different phases
are marked by greek letters.

The use of the phase- and the compound-XEC for stress evaluation depends on the material
and on the kind of stresses to be determined. The different possibilities of stress evaluation in
single-phase and multi-phase materials are discussed in detail in chapter 2.07.

2.132b X-ray stress factors of textured materials

The relationship between the lattice strains measureable by X-rays and the averaged
stresses of the material phase cannot be described in the form of Equ. 6. The D-vs.-sin?y
dependences are usually nonlinear, they show more or less strong oscillations depending on
the considered peak, except the peaks {h00} and {hhh} of cubic materials show, according to
/31/, principally linear D-vs.-sin?y dependences so far only the influence of the texture is
present. Also materials consisting of elastically isotropic crystals show linear D-vs.-sin®y
dependences when they are caused by averaged stresses & . The strains determined by X-rays
and the averaged stresses are related to each other by the X-ray stress factors F;; /26/ which
also may be called X-ray elastic factors XEF(g,y,hkl), /26,27/, see also /28,29,30/.

Epy = Filo.w,hkl) G .

The Fjj(¢,y,hkl) depend on the present texture, on the measuring direction, and on the
peak, i.e. the plane group, but they are not the coordinates of a tensor. In case of a

quasiisotropic material the F;; correspond to combinations of the XEC s, and ‘;‘,_‘52 which can

be proved by comparison of Equ. 6 and 7. By the fictitious transition of a textured to a
quasiisotropic material the factor F,;(0°,y,hkl), for example, becomes:
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F(0°, y, k) = s,(hkl)+ Ls,(hkl)sin? (8)

For a given azimuth the F ij can be arranged in a matrix. Equ. 9 shows the respective matrix
for quasiisotropic materials and azimuth ¢=0° /26/:

si(hkl)+ $sy(hkl)sin’y 0 (3)-1 sy (nkd)sin 2y
0 s; (hkd) 0 (9)
(3)- 4 s, (hkl)sin 2y 0 s(hki)+ Ls,(hkl)cos? y

Because the F; vs. sin?y dependence settle D-vs.-sin®y distributions for a given G; the Fj
can be determined experimentally by a tension- or a bending test or theoretically calculated
using the ODF and an appropriate model of the elastic interaction of the grains.

Equ. 7 considers only the strains that are caused by the averaged stresses. Especially in de-
formed materials the strain distributions from the orientation dependent microstresses o(€2)
are to be considered additionally.

2.133 Experimental determination of XEC and XEF
2.133a XEC of monophase materials

According to their definition the XEC relate Equ. 6 the lattice strains measured by a dif-
fraction method to the averaged stresses ¢ which are present in the phase under concern of
the material. In the same way, the stress factors XEF of textured materials are the propor-
tionaily factors between lattice strain and the averaged stress & according to Equ. 7.

The experimental determination of both XEC and XEF in a mostly uniaxial tension- or
bending-test should avoid influences of yielding and relaxation during the test. It will be
assumed that the values of XEC are independent of plastic deformation. The influence of a
mechanical surface treatment on the RS-state has to be considered. The most reliable values
are to be expected if the evaluation method uses stress cycles and the strain measurement will
be done at decreasing loads.

From the alterations/differences of the strains versus load the XEC or XEF are to be
determined. In case of monophase materials it will be supposed that the alterations/differences
of the load stresses are indentical with the differences of the averaged phase stresses @. The
equations to determine the XEC of quasi monophase materials from measured lattice-plane
distances or lattice strains are the following:

3 88V/ _ 1 3 aDw 1 3 aDw — COt@O (9 (9(29)

1 —
7527

aa—Lasinzvl - —D_(;c?o" dsinZy - B(;c?sinzw dol 2 ol dsin’y
= 38w= 0 _ _1_8D =0 - _ cot@o 3(29W= 0) ( 10)
' et T Dy dot 2 oot

The experimental determination /32/ of the XEC is demonstrated in Fig. 1 as the graphical
interpretation of Equ. 10 /33/. Fig. 2 gives an example of the XEC determination on the
54NiCrV6Mo steel /34/.
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Figure 1. Two possibilities to evaluate the XEC s; and %sz.
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Figure 2. Example for a XEC determination on the 54NiCrV6Mo steel using Mo-K,, radiation

and the {732 + 651} lattice plane of ferrite. The error bar corresponds to the accuracy of the

calibration of £0.01° in 20. The D-vs.-sin*y dependences were measured for decreasing load
steps of 50 MPa (max. load 261 MPa) /34/.

A slight variation of the above mentioned usual experimental method was performed by
/35/ working with polymeric materials in transmission technique. Taking the basic equation
with

02= 03:0':'/(:0’ Y= 900 (11)

and assuming no stress-dependent micro-RS are present, it follows
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Egy-90= 350" cos’p+ 50" (12)
€, 90 u-
5 = _% (13)
d%e
1 o.v= 9 i
32T T T 14
2 dcos® ¢-dot (14)

The graphical interpretation of Equ. 12 is shown in Fig. 3.

0,y=90°

0..

}
| T 1

0 -s, cos% 1
%,

Figure 3. Graphical interpretation of the XEC determination of Equ. 12,

2.133b XEC of multiphase materials

In case of muitiphase materials alterations/differences of the load stresses ol are generally
not identical with alterations/differences of the average phase stresses. Therefore, it must be
distinguished between phase-(index o) and compound-(index C) XEC. The compound XEC
describes the dependence of the strain of one phase within the multiphase material or multi-
phase polycrystal. The strain of the multiphase polycrystal is caused by load on the total
material. The above described experimental methods describe in case of multiphase materials
the compound-XEC or compound-XEF. The equations to determine the compound-XEC in
the 1-direction (¢ = 0°) are:

J ‘9%(80,+v+£0,—w)_ | 9Oy~ T33)

L& (p= 0°, hkl) = = 1s (15)
272 ((p ) dot, dsin?y 272 doh
for constant stress-independent micro-RS it follows
d(oii)- (o3
%szc'“((p= 0°,hkl)= ‘%sz 1+ ——————(< > ( >) (16)

do ,L,
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The same holds for s,(y = 0°)

JE p= 0,y=0 Jc G+ 0+ 03)
Co ¢=0y 1 3
o= 0°,hkl)=————= 3= s (17)
o ) dof 2 Jdo fi l do
for constant stress-independent micro-RS follows
ooth) loth)+ (o) + (oh)

Ca . _ 33 1 2 33

(= 0°,hkl) = Ls + 5|1+ (18)
o lo= W) = 3 Geg 2

The elastically caused micro-RS in multiphase materials, their dependence on load stresses
and on the content of the phases determine therefore the compound-XEC. Making the transi-

tion to the monophase material, LL will be replaced by — and the compound-XEC are

9o o1
identical with the phase-XEC. The compound F|, will be respectively determined according
to the formula
Jeg
FS% o= 0"y, hid)= —£ (19)
(0= 0"y, k) P

To get the F;; of the phase from the experimentally determined compound factor F}f, the

relation between the averaged stresses and the load-stresses, the transfer factor

a —————363 h 2.037
ik = 3(0’L +o") ( paragraph 2.037)
K
must be known. From the definition of Fij, Equ. 8, follows
380 Jdo i
FS(p= 0°,y.hkl)= ==X —L = Fi(p= 0°,y,hkl)- fy11 (20)
1 ((P L4 ) 3G, do |L| u(‘P L4 ) Jij

On the right hand side of the equation the summation goes for i, j from 1 to 3. Analogous
relationships exist for different azimuths ¢ and for the other compound stress factors FU( The
following general formula holds

Fron(@. W, HK) = F(@. 9, Bk) " fjmn (21)

The above formula 20 will get simpler for a quasiisotropic material and azimuth ¢ = 0° if
there are no alterations of the y-splitting of the D-vs-sin?y distributions upon loading, i.e. no
shear stresses are induced and one gets the compound-XEC from the intercept and slope of the

Ri{p= 0"y, hk) vs. siny.
Rilp= 0"y k)= s+ 15 sin’y (22)
with

sE=a(mn+ fan)+ (Sn + %Sz)fssn

(23)
15§ =3s(fun - fan)
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When the components of the transfer factor tensor f of a quasiisotropic material are known
the determined compound-XEC can be related to the phase-XEC. If otherwise the phase-XEC
are known the components of f can be calculated. Equ.23 holds for ¢=0°. From
measurement at different azimuths the other components f;;,,,, can be calculated.

Filp= 0°,y.hkl) = si(funn + faan)+ (s1+4s2)fan

. ) (24}
+ 15 (fiin = f33n)sin2 y + 352(fi3nn + faim)sin2y

2.133¢ Strain-, stress-independent direction

The accomplishment of the condition that the D-vs.-sin®y distributions of several loads
have to meet in one point (sin®y’, D°) or, in case of a textured material, in several points is a
proof of the experimental accuracy. The equation for the determination of the mentioned point
is the following:

I3(ery + e-y)  93(ep=0rv t Ep=0-v) Fop-oy -

doi, dok, dol,

0 (25)

In general, the point (sin®y’, D) (strain-stress-independent direction) is different from the
point (sin’\y*, Dy) (strain-stress-free direction e(y*) = 0), Fig.4.

D(p,w

T

D, { 70O

(Sinz‘v*IDO) "

0 sin?y 1

Figure 4. The stress-free direction y* and the stress-independent direction
in a D-vs.-sin?y diagram for different applied-load stresses.

In general (multiphase material) Equ. 25 runs :

|
FEp- oy _ Fp=0y d011  FEg=0y IO  JEg=0y dO33

- (26)
do i do  dofy don dof dG3; doh
Or with using the transfer factors f;; (Voigt's notation):
o= 0y =

= (s +1s; sin? + sifu+ (s +1s2c082y)f3
safy - (st afus fnescety) (27)

!
= (S|+%Sz)f3|+ si(fur+ fu)+ Tsasin?y(fui-f31)=0
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—si(fin+ fu)- [+ 352)f5
15— )

2

sin” y'= (28)
There will be one crossing point if <a ,-’i[ > are linearly dependent on the load/applied stress.

For quasiisotropic, single-phase materials it follows from Equ. 25:

€,
—(p_LO’W =5+ %szsin2 v'=10 (29)
ao |
sin? y'= % D= D0[1+ 5102 + (2s| + %s2)533] (30)
292

The formulae hold also for the assumption of a linear dependence of the micro-RS on the
load stress. Some examples for different stress states are shown in Fig. 5, chapter 2.11 /36/.
In case of multiphase materials Equ. 28 has to be used
Jo;

with  f; = —T (Voigt's notation) (31)
do’;

J

If f,, = f3, = 0 (no alteration of microstresses in the transverse direction) the same formulae
result as for homogeneous materials. _
The formulae of the crystallite-group method for the {211}(01 1) crystal group are as follows:

1
Syt =S
sinzw': b7 60 (32)
3(saa+ $50)
D= D0[1+ <S12+ %so)5'22+ (2S|2+ %544*' %50)633] (33)

The D-vs.-sin®y straight lines should cross in one point. However, no example of
measurements showing the point (sin*y’,D") could be found for crystallite-group evaluation.

For textured materials, however, of which intensity distributions are described by pole-
figures and by ODF, no generally valid formulae of the stress-independent direction can be
given. In case that the phase stresses in the transverse directions are not altered by the applied
load, i. e. f; = f|3 = 0, the stress-independent directions for ¢ = 0° are given by the zero-
points of F(hkl, sin®y)-dependences.

The nonlinear dependences for different applied stresses O'lL, may cross in two or more

points related to the type and the degree of the texture. An example is given in Fig. 6, chapter
2.11/37/. The appropriate formulae are:

Eow = F(Q.W,hkI)G 11 + Foa(o.y,hkl)T 2 (34)
Je G dJo
oy 11 0 c2 o, , n
= K FE ) sin c A =0 35
a0k 1 oL 2 ol v Faly) (35)
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2.133d Determination of relative XEC and anisotropy

The relative XEC i.e. the anisotropy can also be evaluated without applying load stresses if
there are residual stresses in the sample /38/. The RS should not be too small to get results
with reasonable accuracy.

Orientation-dependent micro-RS should not be present or they must be taken into account.
The macroscopic phase E™ must be known from experiment or the calculated value might be
used if the compliances of the monocrystal of the phase in question are available. The strains
of different {hkl}-peaks must be measured. If using different radiations the assumption must
be made that the RS will have no gradient with depth from the surface in the respective range.

In the case of rotationally symmetric stresses the method can be described as follows /39/.
Several D-vs.-sin®y measurements should be made on different peaks. The existence of a rota-
tional symmetric stress state allows, as Fig. 5 shows, to evaluate v{hkl} with the known D,
(strain-stress-free lattice constant) according to the formula

25 2v{hki}

-2 *
= - — = ——— 36
v 15, 1+ v{ink} (36)

The next step is to get v at 3I" = 0.6 for cubic materials, I" being the orientation parameter,
Equ. 45. The relative XEC can be determined because the

m
xgcm = 1Y (37)

m

and the stress are known. Another way is to calculate %sz{hOO} according to the Eshelby-

Kroner model /24,25,40,41/ with the known compliances of the material and to get %sz {hki}
by the following formula, Fig. 6:

-1
D aD
tsa{hkil} = 1s2{h00} (—iz—) ( — ] (38)
dsin‘y {hid) dsin® y 400)
The s;{hkl} vs. 3T can be evaluated in a similar way using the above mentioned formulae.
D'vj {hki vihkl)
? ? /0/45
Do ym

q

|

T

02 04 06 08 1

0 02 04 06 08 1 0
sin?y g Orientation parameter 3T £
S £

Figure 5. Determination of the stress-free direction y* to evaluate the Poisson'’s ratio v(hkl)
and v™ according to Equ. 36 in case of rotationalsymmetric stress states.
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A real experimental result for PVD-TiN-layers is shown in Fig. 7 /39/.
45
4.0
35+ 4

0F e - -
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= £
Figure 6. Comparison between experi- Figure 7. X-ray elastic constants, evaluated from
mentally and theoretically determined  lattice spacing measurements on two stressed
XEC /39/. samples; values refer to 3T" = 0 (calculated) /39/.

2.134 Calculation of XEC from the elastic data of monocrystal
2.134a Monophase materials

As was already discussed on the basis of Table 1 it follows that the development of the
XEC calculation for materials of different crystallographic systems took quite a long time.
Three main steps may be distinctly mentioned: The introduction of the Eshelby-Kroner model
with the calculation of the polycrystalline elastic constants into X-ray stress analysis /24/, the
extension of the calculation of XEC to all crystal systems /25/ and the application to textured
materials, see 2.132b. The formulae to calculate the XEC for arbitrary crystal symmetry from
the models of Voigt, Reuss and Eshelby-Kréner are developed in /25/ based on the work of
/19/. The respective calculations for textured materials are given in /42/.

The calculation programs for the constants of quasiisotropic and textured materials are
described and examples are given in /43/. The XEC are generally written /19, 25/:

s1= 3Yi¥ j(Bmn = Ym¥n)Admn (39)

%32 = %'}'i'}’j(}}'m'}’n - 5mn)AUO‘mn (40)

%, represent the coordinates of the plane normales within the crystal system, & is the Kronecker

symbol. The relation between ¥ and the Miller's indices is given for all crystal symmetries in
144/,
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According to the model of the choice the tensor components A,f,,,,, are given by

((c(Q»_l ) Voigt

ijmn
Agmn = Sijmn Reuss (41)

(S + 1) Kréner

imn

with 1(Q) = [(c(g) ~c+ow)” (@)~ c)] s,

c and s are the tensor coordinates of the stiffnesses (elastic moduli) and of the compliances
(elastic coefficients) of the monocrystals. S is the macroscopic tensor of the compliances. For
spherical grains the tensor w /20,21/ is denoted in Equ. 62.

According to Kréner the tensor t describes the different strain behaviour of the single
crystallites in relation to the total material (model Eshelby-Kroner /21/). 1t is dependent on the
data of the monocrystal and on the macroscopic tensor S. According to Kréner it holds:

(S+ )= (s)=(r)= 0. The symbol ( ) means the averaging over all crystal orientations. S
will be evaluated by an iteration program with the condition (t) = 0 /22,25/. After S has been

determined, t can be evaluated. For the assumption of homogeneous strain of the different
crystallites, as Voigt suggested, the XEC are generally independent of the plane. They can be
evaluated for all crystal symmetries from the monocrystal stiffnesses c;; as follows:

3 x+ 4y- 2z 15

=2 loy= — > a2
5 2{(x-y+ 3z)(x+ 2y) 227 5 2y+ 6z (42)

x=c¢ptept oy y=c¢pt oty Z= C44F Cs5+ Cop

The graphical representation of the XEC is given versus the orientation parameters. The
coordinates % of the measuring direction within the crystal system can generally be given by
the pole angle 1 and the azimuth p:

vi=(1- Hz)%cosp y2= (1- Hz)%sinp y3=H (ETA)  (43)

H =cos7 -1 <H< 1 and 0< p< 21
The number of independent elastic coefficients of the monocrystals depends on the crystal

symmetry as was outlined in chapter 2.03. For cubic symmetry only three components Agm,,

are independent: 4\, A,Om, Agm which are in Voigt's notation 4}, A,°2, AY,. The other
components are dependent or zero. From Equ. 39, 40 and 41 it follows now:

Reuss: 51 = 82+ SpI %sz = 51— 82— 35

(44)

S]2 + 112 + rto lSz = S” - S12+ t” - tlZ_ 3rt0

Kroner: 5 3
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with the abbreviations
WK+ KA+ PR
2
(h2 + K+ 12)

T=yiyi+ vivi+ vivi= (45)

S0= ST SizT S o= 11— hiz— 2y

One gets a linear dependence of both constants and for all models versus the orientation
parameter 3T. Therefore, the XEC of cubic materials will be plotted versus 3T".

The three linear dependences are crossing approximately in one point, but the crossing
points of straight lines according to the models Reuss-Voigt and Kroner-Voigt are not exactly
on the same point, which is due to the influence of the anisotropy. The respective
consideration for hexagonal symmetry reveals that the plot versus the parameter

12
H2 = cos?n= 5 (46)
A(c/a)*(h2 + k2 + hk)+ I?

is advantageous, it gives parabola sections for both XEC.
The single-crystal data are listed in /45/. These data were used to calculate the XEC s, and

%sz in dependence of the orientation parameter. For materials with lower crystal symmetry

one needs two parameters. All orientation parameters and their relation to the Miller's indices
of the planes are collected in Table 2 /43/.

Calculated XEC of cubic metals according to the three models of Voigt, of Reuss and of
Eshelby-Kroner were first evaluated by /24/. The principal same procedure for hexagonal
metals was done by /46,47/. In /25/ corrected data of the calculation /47/ are given. Behnken
and Hauk /25/ have published the method to calulate the XEC of materials crystallizing in an
arbitrary crystallographic system.

In Fig. 8 the XEC are given of some cubic and hexagonal metals. The mechanic value is
marked with mech. or m. It is calculated as the average of all {hkl} families of planes. For
cubic metals the mechanical value can be found at 3I" = 0.6 /3,24/. However, there is no such
specific value of the orientation parameter for all other crystallographic systems, where the
mechanical value could be taken. The characteristics of the models of Voigt and Reuss are
limiting assumptions /16/ and the values according to the Eshelby-Kréner model are within
these limits, but not exactly fulfilled in the vicinity of the crossing point /18/. The precise
values of XEC for the peaks {h00} and {hhh} as well as the mechanical ones are listed in
Table 3.

The slope of %sz is generally negative, but there are some materials with a positive slope,
for example Cr and V due to the elastic anisotropy of the monocrystal:

S—si2— +s544< 0 (47)

The XEC of ceramic materials are of smaller absolute value and lie in the range
38,= 3-4-106 MPar!. The details can be found in the captions of the Fig. 9 to 13.
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Table 2. Orientation parameter (o.p.) for different crystal symmetries /43,44/.

[x] means integer of x.

crystal
symmetry Op- | Y1-72:73 np hk, 1
2
: i N S
cubic 3r +7%y§ / - ——
h+ k*+ 1
+13rh) ( y
hexagonal H? y? cos'n 7 > 2
3 el aY (R + K2+ hk)+ P2
l
T I I ;
trigonal (3(c/a) (h + k2 + hk)+ 12)
h I
c:]);agona —3—arccot(«/— -—h—)
P / 3_p_|:3_pj| 2:7;' 2kh h
2r | 2n _[Zc_arccm(f Eih h)]
2
H y? cos™n [
(c/a)z(h2 + k2)+ 12
tetragonal )
K 12 sin?p k?
1473 PEPE
(11¢)
H? v} cos*1 > ;
ortho- (n1a)" +(k /)" +(1/¢c)?
rhombic
K 73 -, (k /b)*
3 sin’p ———
Yit72 (n/a)? +(k/b)
monoclinic | H Y3 cosn chapter 1.1
triclinic books on crystallography
p / p
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Figure 8. Examples of calculated XEC using elastic data of monocrystals /45/ and the

three models according to Reuss, Eshelby-Kroner-(Kneer), Voigt.
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Table 3. XEC according to the models of Voigt, Reuss, and Eshelby-Kroner. The elastic stiff-
nesses were taken from /45/ . XEC in 10-6MPa"}, o.p. orientation parameter.

material model | o-Fe ¥-Fe Cu Ni Al Ti
(0p) Gn | 6n | 6D | 6D | 6D | @
v | <120 | 132 | 225 | 121 | 493 | 27
51(0) R | 284 | 417 | 629 | 294 | 581 | -324
K | -188 | 236 | -373 | -191 | -533 | -2.94
vV | 120 | -132 | 225 | -1.21 | 493 | 2.7
s;(1) R | -076 | -077 | -141 | 076 | -445 | -1.81
K | -1.02 | -1.12 | -194 | -1.03 | -471 | -2.25
\Y 5.61 5.73 9.16 543 | 19.10 | 11.31
255 (0) R | 1053 | 1429 | 2128 | 1064 | 21.74 | 1286
2 K 7.63 886 | 13.62 753 12029 | 11.98
\Y 5.61 5.73 9.16 543 | 19.10 | 11.31
L) R 427 4.10 6.64 410 | 17.67 8.65
2 K 5.06 5.14 8.23 490 | 1845 9.96
v | -120 | -132 | 225 | -121 | -493 | 27
sprech R 159 | 213 | -336 | -1.63 | -499 | -2.85
K 136 | -162 | 266 | -1.38 | -496 | -2.78
\Y 5.61 5.73 9.16 543 | 19.10 | 11.31
1 smech R 6.77 8.18 | 12.50 672 | 1930 | 11.74
2 K 6.09 6.63 | 10.39 595 | 19.19 | 11.51
4.5
A0,

Kroner

=\

|

m

0 2 4 5 B 10 2 4 B 8B 1
H{Eta)

Figure 9. XEC of trigonal Al,O;, calculated, /48/, P parameter of the dependences:
v 0.25, ¢ 0.1and 0.4, M0 and 0.5, A 0.75.
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Figure 10. XEC of tetragonal TiO, , calculated, /48/, K parameter of the dependences:

e, H(.1,A 02, v0.5.

8 10 2 4 6 8 1
H? (Eta?)

35

TiN SiC Reuss
— Reuss
s /V0|gt P
= 7’ /
%, 25 Kroner 2 Kréner
= 1 1
o 7% m1 752
&2 15
-.25 0
S %
i ] - .5
¢ 02 04 06 08 1
351 55
TiC
— 3 : Reuss 45
o Voigt \
%
° 2'55 Kroner 35
=4 1 m
> 2 I
Q2 25
= 9 -5
5
-5 -15
0 02 04 06 08 1 0 02 04 06 08 1

3r

Figure 11. Calculated XEC of cubic TiN and TiC (left) and hexagonal

SiC and TiB, (right). /48/.
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Figure 12. Calculated XEC of tetragonal Figure 13. Calculated XEC of ortho-
Indium /25/. rhombic Uranium /25/.

2.134b Textured materials

The calculation of the stress factors F;; of textured materials follows the paper /42/. The
principal equations are given in the following. According to section 2.132b the stress factors
are defined as

0€ gy (hki)
96

They connect the strain determinable by diffraction methods to the mean phase stress within a
textured material. For their calculation, the strains in the measuring direction m have to be
averaged considering all those crystals that contribute to the interference line, i.e. those
crystals of which the lattice planes {hkl} under study are oriented perpendicular to the
direction m, which is described by the angles (@, ). The strain of a single crystal is given by

Epy (Q) = £5(Q)mim; (49)

with the unit vector m in the direction of measurement;

Fj(o,y,hkl) = (48)

cos@siny
m =| sin@siny (50)
cosy
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The orientations of the crystals can be made congruent by rotation around m by an angle A.
For the calculation of the averaged strain of the lattice plane {hkl} in direction m one has to
express the orientation € and the strain £(£2) of each contributing crystal in dependence of ¢,
y and A, and integrate them over A taking the frequency f(Q2) of the orientations (ODF) into
account.

2n
[£5(Q) f(@)mm; aa
Eoy =37 (51)
[r(@)ar
0
and with Equ. 7 we get
2r
aek/(Q)
Q dA
{ 5, (Qmem
Fy .y k) = 00 (52)
[ r(@)adr
0

This equation is described also in /49/ with other notation.
At this point a model assumption about the dependence of the crystal strains on the mean
phase stress G has to be introduced, i.e. for the Reuss model

OE i (Q)
Jdo

= sk (Q) (Reuss) (53)
and for the Voigt model

oe {Q -1 .
—% =(c(9) (Voigt) (54)

For the model according to Eshelby-Kroner we have to insert

oe kil (Q)

== [+ :(Q)]W (Kroner) (55)
After inserting Equ. 53, 54 or 55 into Equ. 52 the anisotropic stress factors F;(¢,y,hkl) for
the three models can be calculated.
The tensor [S + ] that has to be inserted for the Eshelby-Kroner model has to be calculated
beforehand from the condition (t) = 0 using an iteration program, analogously to the isotropic

case. Also the ODF has to be considered. Examples are described in section 2.135e.
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2.134c Two- and multiphase homogeneous materials

The equations to calculate the XEC according to the model Eshelby-Kroner are given in
section 2.134a. The tensor S has to be calculated under the condition { t ) = 0. t depends on the
macroscopic tensor S. The averaging over all orientations is to be made in case of isotropic
materials. In case of textured materials additionally the ODF has to be considered. For multi-
phase materials the averaging must be made also over the phases in question with their
contents, The macroscopic tensor of the compliances S of the multiphase material will be
evaluated. This enables one to calculate t and (S + t) of the equation for the XEC. The method
described needs some effort. Another way is to use, if known, the experimentally determined
tensor S.

As a third method in accordance with Hill, the averaged value of the macroscopic tensors
due to the models of Voigt and Reuss will be taken. It has been shown /43/ that the resultant
errors in XEC are small.

The formulae to evaluate XEC of two-phase materials are given in the following. Under a
second phase the following will be understood: metallic, ceramic or polymeric phase, layer,
fiber, pores. Examples of XEC demonstrate the influence of a second phase and the difference
between phase-XEC and compound-XEC.

To calculate the compound-XEC from the phase XEC again models of the composite
heterogeneous two-phase material have to be supposed. First, the two limiting assumptions
will be dealt with. The Reuss model of homogeneous stress in all phases delivers a trivial
result, namely that the compound and the phase-XEC are identical:

R A AL (56)

The asssumptions of homogeneous strain in these texture-free phases (Voigt), and of
identical stress systems of the phases within the two-phase material, result in the following
formulae /50/ :

Ee  vx—yC o E% 1-2vC
Ca_ 1. + s 57
WS 2T ey i) T T EC 1T 7
E® 14vC
1 Ca_ 1
7% = TG e %)

The average values of the macro E and v of the matrix (index M) of a two-phase material
/8/ can be calculated by the following formulae:

Model Voigt
M = %1% + PP uM =% p® 4 cPub
v (3AM 2uM )M oM M (59)
AM M 2(AM +pM)
Model Reuss
o B a B
EM=__E__E__ yM=EM cav__ +cﬂv (60)
c®E® +cPEP E® EP
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It is also possible to calculate the compound-XEC of multiphase materials according to the
model of an ellipsoidal crystallite in a homogeneous matrix, the Eshelby-Kréner model /48/.
The tensor S of the single-phase material in Equ. 41 has to be replaced by the respective
tensor of the multiphase material, S€. It can again be calculated by an iterative procedure
using the condition <I(Q)>=0. This average has now to be taken over all crystallite

orientations Q and all present phases a. If the material is textured, the orientations have to be
weighted by the ODF of the respective phase.

(@) =] [r=(@re(@da=0 (61)

a Q
It is much easier to take the Hill approximation for the macroscopic data:

1
Sin=—
i E

E M.Hill % (E MVoigt L E M,Reuss)
v (62)
v M Hill :%(VM,Voigl +VM,Reuss) : Si212 :__E

The compound-XEC follows from Equ. 40 and 41.

The Fig. 14-17 show some compound-XEC of technically important materiais calculated in
dependence of the phase content. Details are to find in the captions. Applying the model
Eshelby-Kroner, each phase is considered to be the inclusion in the homogeneous matrix built
up by the two phases. As the macroscopic Young's modulus and the Poisson’s ratio the aver-
age values of Voigt- and Reuss model are used. The compliances of cubic ZrO, were taken
since those of the tetragonal and monoclinic ZrO, phases are not available.

The influence of the second phase on the compound-XEC of the other phase depends on
the difference between the macroscopic constants of both phases. The following examples
exhibit large and small variations of the XEC with the phase contents. It should be mentioned

that the experimental XEC-values generally will have an accuracy of + 5%.

14
13 Cu Fe
19 0 % Fe
20
o M\
o
E 10 N 100 z Cu
o
= 80
> 9 1
e
8
7 )
NEE ish
5

0 0.5 10 0.5 1

r r
Figure 14. Compound-XEC of the Cu- and the Fe-phase of an Fe-Cu compound material /48/,
dependence on the phase contents; calculation according to Eshelby-Kréner.
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‘ Another approach to the calculation of compound-XEC of multiphase materials was given
in /51/. The comparison of the models will be discussed together with those of heterogeneous
materials at the end of section 2.134g.

6
_ Si  lsl SiC
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Figure 15. Compound-XEC of the Si- and the SiC-phase of a Si-SiC compound material /48/,
dependence on the phase contents; calculation according to Eshelby-Kréner.
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Figure 16. Compound-XEC of the SiC- and the Al,O3-phase of a SiC-Al,0; compound
material /48/, dependence on the phase contents; calculation according to Eshelby-Kréner;
parameter labels according to Fig. 9.
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Figure 17. Compound-XEC of the ZrO,- and the Al,O;-phase of a ZrO,-Al,0; compound
material /48/, dependence on the phase contents; calculation according to Eshelby-Kroner,

parameter labels according to Fig. 9.
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Hauk and Kockelmann /52,53/ have calculated the influences of the pores on the XEC on
the basis of the papers of Hoffmann and Stroppe /54,55/. The shape of the pores is assumed to
be ellipsoidal with different ratios of the main axis. The calculation is too lengthy to be
reported here. The result is given in Fig. 18. The relative XEC, ratio XEC (material with
pores) to XEC (material without pores), versus the formfactor of pores are plotted with the
content of pores noted in vol.% as parameter.

8 50
10

0 i0 20
Pore-shape faclor

relative XEC

I

Figure 18. Dependence of the relative XEC of a porous material
on the pore-shape factor /52,53/.

2.134d XEC-formulae for the application of the model of Eshelby-Kriner

The derivation of the formulae and the respective calculations of XEC for one- and two-
phase materials are too lengthy for this publication. Therefore, the appropriate papers are
cited: basic work /19/, one-phase material /24,25/, two-phase/multiphase material /56/.

2.134e XEC of heterogeneous layered compesite materials
Hauk and Kockelmann /51/ have calculated the compound-XEC from the phase-XEC,

Young's modulus and Poisson's ratio of the substrate and of the layer material. The following
assumptions are made:

. The thickness of the layer is small relative to the thickness of the substrate

. The strains in the deformation (longitudinal) direction and in the transverse direction
are homogeneous

. The strain in thickness direction is not constrained

. The load stress is acting parallel to the surface

. Layer and substrate materials are not textured.
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Fig. 19 shows schematically the composite and the symbols /51/.

Figure 19. Layer - Substrate - Composite, schematically.

The stress state at the surface, according to the assumption that RS are not present or are

negligible, is as follows:
_ELl—vaCG EL vt _yC
TEC 2 ==c ., 3

E 1"(VL)

1, t, n longitudinal, transversal, normal direction.

oy

The volume concentrations are noted

L_ 1t Cs_z(T")
T ’ 2T

¢t = L

=l-c

and the composite vC and EC are given by
2 2
et gyt 1= () [+ eSESvS[1-(vA) |

cLEL[l—(vs)z] + cSEs[l—(vL)z]

ve=

EC = cbpt 12V | sps 1ovIVE
2 2
1—(v") 1—(vs)
The evaluated XEC are as follows
Ly_,C EL1-yLyC
S1C=S|L—E—C1 VL -;—Sg":%szl'—c"l \ % V2
E*1-v E 1—(VL)

6,=0 (63)

(64)

(65)

(66)

(67)

The method can also be used when the substrate material and/or the layer material are

multiphase materials.
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2.134f XEC of fiber-reinforced composites

The effect of thin fibers of high-strength material oriented uniaxially in the matrix on the XEC
of the composite was studied by /51,57/. The formulae derived in these papers are too
voluminous to be published here.

Fibers, some pum thick and some mm in length, have a strong influence on the elastic and
plastic properties and on the RS-state of materials. Anisotropic macroscopic properties are the
consequence, especially if the fibers get aligned during the manufacturing process. The origin
of plastic deformation and rupture processes take first place at the top of favourably oriented
fibers.

The XEC of a matrix reinforced with randomly oriented fibers can be approximately
handled as that of homogeneous materials, section 2.134c. The macroscopic elastic constants
are needed. The compound-XEC of the fiber material can be calculated according to the
models of Voigt and Reuss - homogeneous strain and stress. The shape of the fibers is
irrelevant. As was proposed by /58/ the shape should be considered using the formulae of
Eshelby-Kroner.

2.134g Calculation of compound-XEC of reinforced polymer materials

In the paper /59/ the XEC of polymeric materials without and with reinforcement by
spheres and by fibers are experimentally determined and the results are discussed with respect
to theoretical thoughts. According to the model and calculations of Eshelby /20/ and Kréner
121/ the XEC have been deduced /24,25/. Within this model, ellipsoidal crystallites are
surrounded by a homogeneous matrix of the same elastic properties as the macroscopic
material. If there are macroscopic stresses 0™ the homogeneous strain within the crystallites is

Q) =[S +1(Q)]o™ (68)

S is the tensor of elastic coefficients, Q the orientation of the crystrallites and #(Q) is a
measure of the deviation of the crystallite strain from the average strain of the material /21/.

() = (el) - C+ cw)™ (@) c)] s (69)

¢(£2) and C are the elasticity tensors of the monocrystal and of the macroscopic material.
The tensor w is isotropic for spherical crystallites within an isotropic surrounding. There
exist the following connections /20/:

3K +4G 53K +4G)
Wi —

wi+2wpy = W) = ———=
R Ve T 4BK +6G)

(70)

The elastic stiffnesses and compliances C and S, necessary to calculate ¢, can be obtained from
(t) =0 /21/. The averaging must contain all crystallite orientations and phases. Experimental
values can also be used. The following relations exist

__(-v)E _VE
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E

The relation between the strain of the polymer and the stress within the surrounding matrix
consisting of polymer and reinforcement (C-fiber, glass-fiber, glass-sphere) can be calculated
with the use of the mechanical elasticity data of the polymer phases and of the macroscopic
data of the total material. The average compound-XEC can be obtained from the formula
125,48/

1
Sy =— Sy =— 2
n=z 12 (72)

(sC{nkt}) = sCmech = Sip +{na)" = —%+(r12)” (73)

m 1
<Els§{hk1}>= %szc eh = Si-Sn +(tn—t12)P= -%—V-+(1||—flz)i) (74)

Index P means the averaging over the phase in question. If there is only one phase, (t)P =0

/21/ and one gets Equ. 1 and 2. (t) P describes in case of multiphase materials the deviation of

the mean strain of the phase from the macroscopic strain of the material.
Fig. 20 demonstrates the different possible and necessary methods to calculate the XEC /59,56/.

onephase two-phase and PE PEK
material multiphase material PBT
matrix E. v calculated E, v calculated E, v varied E, v varied
according to

e Voigt —— Reuss
Kroner E= %[EK +EF )

XEC —s,{hk1} ~s; {hki} ~s% {hki} —g mech.

1s,{hki} 1s; {hki} 157 {hki} 15 meh

Figure 20. XEC calculations according to the Eshelby-Kroner model /59,56/.
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2.134h Comparison of XEC-calculations on multiphase materials using different model
assumptions

A study on the XEC of two-phase materials was done early using different kinds of struc-
tures /51/. The details of the different assumptions, models and the calculation itself are han-
dled at the appropriate places of this book. Here, as an example, the XEC of Cu-Fe materials
will be discussed taking into account the XEC of Cu{331} and Fe{211}. Fig. 21 /51/ demon-
strates the XEC versus the Cu-Fe composition with the structure or model as parameter. The
margins are again the limiting assumptions of homogeneous strain and homogeneous stress,
here for the interaction between the phases. Here, reference will be made to two similar
diagrams but XEC versus orientation parameter are plotted with the Cu-Fe composition as
parameter /48,56/. This figure is shown in section 2.134c.

The suppositions, models, and references of the XEC-calculations are summarized in Table 4.

10
Cu {331} Fe {211}
- Re
& )
\\\\‘"% %\
8 N > \‘“:._ . N\
N\ ~ \\\ N\
RN SNTma L\G\ o« N
hoy N = \m N S~ X
‘s N m e N
a N \ > P \‘\
= e O
IQ 6 5\@5'-4 r@ =
s 1 [ 1 S
© g 2°2 22
2 0= % :
-1 \
a's
-2
-3 K
0 100 0 100
wt. % Fe
Figure 21. XEC of two-phase Cu-Fe materials /51/, — ©® homogeneous stress,
- —— @ sintered material: a matrix, b inclusion; ----® monocrystal in two-phase matrix;
— --~® layer-substrate material; — - — ® fiber-reinforced composite (Cu matrix, Fe fiber),

—— ® homogeneous strain.
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Table 4. Publications on XEC-calculation of nontextured materials and materials with

preferred orientation.

material supposition model reference
nontextured; ,5152
Voigt, Reuss, /14,15,3/
cubic Eshelby-Kroner, 24/
one phase shear modulus known| /18/
hexagonal V,R 146/
all systems V, R, E+K+Kneer 125/
\Y 150/
hase-XEC kn
two-/multiphase phase own R /511
macroscopic E known} E + K + Kn 48,56/
two phase Oldroyd-Stroppe 51/
layer-substrate \Y 51/
hase-X
fiber reinforces phase-XEC known \Y 157/
pores Oldroyd-Stroppe 152/
textured; F;;
v 160,61,37,42/
one phase ODF R /28,29,30,61,37,42/
E+K+Kn 142,58/
two-/multiphase | ODF>cubic, macro- | g, g 4 p 142/

scopic, E known

2.134i Elastic surface anisotropy

Stickforth /19/ considered a surface anisotropy that should influence the determination of
stresses in the surface region. The effect should be especially strong if the penetration depth of
a radiation is small relatively to the grain size. The problem has been treated by /63/ in spite of
the negative assessments by /64,65/.

The fundamental relation should read according to /19/ as follows, whereby at that time

neither 63 nor the shear components were considered

Eoy = ti(y.hk)[o1 +02] + %tz(w,hkl)[ol cos? ¢ + 03 sin? (p]sin2 v
+t3(y, hkl) [0 - 02 ]sin2¢

(75)

The XEC ¢, , —‘2~t2 correspond to s , -%sz but here they are y-dependent. The term with t3
which is also y-dependent, represents the influence of elastic surface anisotropy.
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Bending tests /63/ on a through hardened 110MoCr4 steel and strain measurements with
Cr-radiation on martensite {211} and austenite {220} prove that the modification of the fun-
damental strain-stress formula as postulated by Stickforth is unnecessary.

The problem of a possible influence of a surface-anisotropy on the XEC was later studied
again /34/.

To estimate the influence of the stress state at the outermost surface on the XEC and on the
strain distributions determined by means of X-rays the deviations caused by the condition
03 = O3 = 033 =0 at the surface were calculated in /66/.

The three-dimensional strains within each crystal in the volume V of the material is
thought to be induced by the macroscopic stresses and strains. The stress tensor depends on
the orientation of the crystal with respect to the coordinate system of the macrostresses. In this
system all components of the stress tensor 6(€2) of a crystal are generally finite.

The surface crystals additionally have to obey the above mentioned condition. This condi-
tion can be considered by introducing additional stress components -Gy, -G,3 and -G33 . The
strains induced by these additional stresses represent the difference between the crystal strain
within the volume and the strains of the surface crystals. Two different assumptions were
made:

1) The surface layer that is affected by this condition can be strained independently on the
substrate material.

2) The additional strains parallel to the surface are constrained by the substrate, only the
component normal to the surface is independent.

The X-ray mean value of the deviations of surface crystal's strains results from the averag-
ing over all those crystals that are oriented in such a way that their respective lattice-plane
normals coincide with the direction of measurement. It will be called &y. The profile of strain
with the depth from the surface is now assumed to be described by

e,(2)=¢y +ey exp{—g} (76)

with z the depth, 0 means z=0, d the affected surface layer thickness, and ex the X-ray

average of the homogeneous strain of volume crystals.
Because of the attenuation of X-rays the information from the different depths has to be
weighted to get the experimentally observable strain values (€).

fg.,(z)eXp{_i} dz

T
(ey)=2— (77)
Jexp{—i} dz
0 T

Inserting Equ. 76 into Equ. 77 and assumig the specimen thickness D to be much larger
than the penetration depth T of the X-rays the following equation results:

(ey)=ey +£y (78)
1+E
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The possible influence of the surface condition on the X-ray result was calculated for the
{100} lattice plane of materials with the elastic constants of o-iron. The ratio t/d of the
penetration depth and the thickness of the affected surface layer varied between 0.1 and 16.
The calulated value —;-sz{hOO} (model Eshelby-Kréner) is 7.63-10-6 MPa-!, Fig. 22. The maxi-

mized resulting D-vs.-sin*y distributions for assumed stresses of 100 MPa and 200 MPa are
shown in Fig. 23: Two different models of a free and of a constrained affected surface layer
give slightly different results, but both show a steeper slope than calculated for the crystals in
the bulk, which are represented by the straight line in Fig. 23. The average of the two assump-
tions yields a more or less straight line from which the effective surface XEC can be deduced.

0.2868,
@ free surface
£ O constrained surface
<
) £
- 9 8 0.2667F
a& o
= ‘o
- £
o S
- a
£ 8 & 0.2866
~ S
[%2) =
X =
| I U R 0.2865 .
0 5 10 15 0 sin%y 05 0 sin?y 0.5
t/d
Figure 22. Influence of surface condi- Figure 23. D{h00}-vs.-sin*y distributions consid-
tion on XEC depending on relative ering the influences of the models at the surface
penetration depth, a-Fe, Eshelby- zone, o-Fe, Eshelby-Kroner model, v/d =1/10,
Kroner model, {h00} peak /66/. left 6= 100 MPa, right ;= 200 MPa /66/.

According to the described model, the surface condition 633(0) = 0 should have a measure-
able effect on the X-ray result if the ratio ©/d is smaller than about 5. The experiments
reported by /63/ and /66/ on steels using different radiations and thus penetration depths t
revealed no influence of the free surface. That means that the affected surface layer must be
less than 1/5 of the smallest penetration depth used for the experiment which was about
7 =2 pm (Cu-radiation on steel) /66/. Therefore, the affected surface layer must be smaller
than 0.4 um. Experiments with improved measuring techniques using grazing incidence or
measuring the strain distribution up to sin®y > 0.9 can push the limit to even smaller values or
perhaps determine a finite thickness of the affected surface layer. Practical stress analysis
using one of the usual radiations and sin®y < 0.9, however, is not affected by the surface
anisotropy.

It has to be stated that the above model describes the results of the condition 633(0) = 0, not
the surface anisotropy effect predicted qualitatively by Stickfort /19/. Stickfort showed
principally the effect of the less symmetric surrounding of surface crystals compared to those
in the bulk material, but quantitative values are not available.
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2.134j Determination of monocrystal data from mechanical and X-ray elastic constants
of the polycrystal

In many practical cases the elastic data of monocrystals are not available because the
stiffnesses or the compliances are not measured till now or the material cannot be grown in
form of monocrystals of appropriate size. In these cases, a way round seems to be a solution.
The XEC will be determined and from these values the elastic data of the monocrystal
calculated. From these values XEC versus the orientation parameter can be calculated and the
procedure checked. Hauk and Kockelmann /67/ introduced this method.

The procedure is the following: Due to section 2.134a the following basic formulae of the
XEC hold, Equ. 39, 40, 41.

=377 (S =Y ) Al 352 =371 (38mn =7 m¥n) A (79)
with ¥ components of the lattice-plane normals in the crystal lattice
6,, Kronecker symbol

A,-?-,,,,, crystallite-coupling tensor

Further there are the three models of coupling

-1 .
(c(Q))ijmn Voigt
Apun =3 Symn Reuss (80)
($- t)l_jmn Eshelby — Kréner

There hold the following relations

Voigt model: The XEC s, and %sz are constant. Therefore no inverse calculation of the at
least three independent s;; is possible.

Reuss model: With linear equations, the s;; of the crystal are calculable using the same number
of determined XEC, also the mechanical ones are at disposal. The constants for different
crystal systems can be found.

Eshelby-Kréner model: An iterative calculation results S and t with the assumption {f) = 0.
The macroscopic elastic coefficients should be determined, then S and t can be calculated

t=[c-C+cw] " [c-C]S (81)

with  S§,C  macroscopic tensors
c monocrystal data

w-l Eshelby tensor (isotropic for spherical grains in a homogeneous matrix) is only
dependent on the macroscopic compression and shear modulus
wir 42y < SKH4G i 5(3K +4G) (82)
2 = e——— - =
R Y N TGk 66)

Altogether these represent a nonlinear system of equations. Examples were handled /67,68/.
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2.135 Examples of calculated XEC and comparison with experimental results

2.135a Accuracy of determination

If not otherwise stated the values of the compliances of monocrystals are taken from /45/.

Many data of iron, steels and other alloys, among them the mechanical elastic constants versus
the temperature, can be found in /69/.

An estimate of the errors was made taking into account the average set of values (1979)
and the average values of the compliances published 1984 /45/. The difference of the
calculated XEC %sz (h00) for iron according to the Reuss model was even not 2 %. An other

estimate of the errors of XEC-calculations was made for hexagonal Ti. In /45/ there are the
following data in GPa with the standard error.

= 160+ 4.8 C33 = 181118 Cqq =46.5+04 Ciy =90%3.6 C13 =66%33

The error of the value of the calculated XEC depends naturally on the accuracy of the
monocrystal elastic data. To estimate the errors of XEC from different values of the elastic
constants, the compliances or the stiffnesses of the monocrystal were considered. The XEC
%sz dependences versus the orientation parameter for the models of Voigt, Reuss and
Eshelby-Kréner-Kneer are shown in Fig. 24. The maximal deviation from the averaged curve
(Eshelby-Kroner-model) can be noticed by the error in c;;. If all values of the stiffnesses vary
with the cited errors two boundary curves exist beside the middle one, Fig. 25. Also the
quotient c/a of the lattice constants was varied by 1.6 £ 0.1. This has no influence on the
values of the XEC at H2 =0 and H?>= 1 and the value of -2Ls2{ 114} =(11.1210.07) 106 MPa"..

It seems reasonable and careful to assume the error of XEC as 3 5 %. That fits in regard to
the accuracy of the stress determination. Therefore an error bar of 5 % of the calculated

(Eshelby-Kréner model) XEC™ is usually plotted in the diagrams XEC versus orientation
parameter.

134Reuss 13
& 1] o 121
= =
e 11 e 114
£ £
J &
= 101 X101
~=-e= G, EITOrS
g- g| — Kroner
3 —— C,+Erors
0 ) 072 ' 0t4 0'.6 f0t8 1 0 02 04 06 08 1
H? H2
Figure 24. Calculated XEC of Ti using the Figure 25. CaICl.xlated XEC 0f: Ti using
three models, the stiffnesses cited in /45/ the Eshelby-Kréner model, stiffnesses

and an error in ¢, of 3%. with their errors cited in /45/.
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2.135b Homogeneous materials

Beside quasi-single-phase materials, the two-phase materials Fe-Fe;C, ferrite-austenite,
martensite-austenite, Cu-Fe, Ag-W sintered materials (pores are encountered), semicrystalline
polymers, ceramic materials and layer-substrate composites will be considered.

The most needed XEC are those of ferrite (0-Fe solid solution) and austenite (y-Fe solid
solution). Their XEC versus orientation parameter together with the XEC of nickel are
represented in Fig. 26 for three models /70/. Experimentally determined XEC are compared
below. The XEC of ferritic and low-alloy steels were often determined. Hauk and
Kockelmann /71/ evaluated the averaged values depending on the orientation parameter for
C-content zero and 1 wt.% as parameter using 364 experimental results of different authors. In
Fig. 27 the calculated values according to the three models and the dependences from the
experimental results are plotted. The agreement with the calculations based on the Eshelby-
Kréner model is excellent. It is therefore to be expected that results of determinations with
neutron-rays will also correspond with the calculations, Fig. 28 /72, 73/. The question of the
surface anisotropy introduced by Stickforth /19/ (refer to section 2.134i) was again checked
134/, using different radiations, different penetration depths from approximately 2 um to
13 pm with a low-alloy steel, Fig. 29. Here also the evaluated XEC correspond very well to
the calculated ones and show no surface effect in the region considered.

Fig. 30 includes experimental and calculated results of XEC-determinations on copper
/74,51/. Although the measurements were made at an early stage of the technique they fit well
with the calculation using the Eshelby-Kréner model.

15

14 —— ferrite

—— austenite
13\ - nickel
12F

11j Reuss
100

s, in 106 MPa’!

U'II@\J@‘O
T T

Figure 26. Calculated XEC of a-Fe, y-Fe and Ni using the three models /70/.

Experimental XEC results on Ni-base alloys showing big differences were the reason to
determine XEC on austenite- and Ni-base alloys with modern X-ray methods. The result was
the confirmation of the calculated values according to the Eshelby-Kroner model, Fig. 31, /70/.

Looking at the area 3T" = 0.75 of Fig. 26 there could not be expected any surprising effect
evaluating the compound-XEC of ferrite and of austenite in dualphase or duplex steels. X-ray
and neutron-ray tests confirm the expectation: the XEC-values of the compound-XEC lie
between the phase-XEC of both phases, Fig. 31. The experimental errors are relatively large.
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Figure 31. XEC versus the orientation para-
meter 3T determined on ground tension spe-
cimens of Incoloy 800 and Inconel 600 as well
as the calculated values using monocrystal

Figure 32. Results of the XEC-determina-
tions on Ck15, Ck45, Ck35, and C125. XEC

%52 and s; of the respective lattice planes
{200}+{002} (3I'=0), {310}+{301}+{103}

data and the three coupling models /70/. (3T=0.27) and {211}+{112} (3'=0.75) /75/.

A recently published study /75/ was dedicated to the problem of XEC of martensite and
martensite — retained austenite steels. Experimentally there are difficulties in measuring the
peaks of martensite with the very big half width and the tetragonal splitting of the peak. Refer-
ence is made to paragraph 2.045. In Fig. 32 the experimentally determined XEC of martensite
of three steels versus the orientation parameter and the calculated data of ferrite are plotted.
The previous recommendation is confirmed to use the values of ferrite according to the
Eshelby-Kréner model.

The results of the compound-XEC martensite {211}+{112} and austenite {220} in de-
pendence of the carbon content of martensitic-retained austenitic steels are drawn in Fig. 33.
The calculated phase-XEC of ferrite and austenite due to the Eshelby-Kroner model are indi-
cated by arrows. Possible reasons of the large scatter of the results are discussed in the paper,
but no convincing conclusion could be drawn. Further systematic tests and experiments
should be undertaken with variation of steels, peaks, radiations, tension and compression
loads and intensive microstructure investigations. The compound-XEC of a ferritic-austenitic
50/50 vol.% duplex steel were also determined in the paper, Fig. 34, /75/. Results from
neutron rays studies show practically no difference between ferrite and/ austenite of a duplex
steel, Fig. 35 /73/. The consequences and recommendations of today for the use of compound-
XEC of the two-phase steels ferrite/martensite and austenite are listed in the Table S.
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Figure 33. %sz -values of steels with martensitic-austenitic microstructure published by

different authors. The regions of the numerous results of /63/ are hatched. Furthermore, the
results of /75/ are drawn (®). The calculated values of ferrite and austenite, using the Eshelby-
Kroner model, are indicated by arrows.
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Figure 34. %Sz -values of ferritic-austenitic duplex steels published by different authors. Also,

the calculated linear %sz -vs.-3T" dependences according to the three models of Voigt, Reuss

and Eshelby-Kroner are shown /75/.
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Figure 35. Anisotropic variation of elastic compliance constants for the o and y phase of
duplex alloys /73/.
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Table 5. Recommended XEC /75/

material phase-XEC %52 in 10-6 MPa-!

dual/duplex steel, solution annealed ferrite / martensite {211}+{112} :5.8

martensitic steel + < 10% retained austenite | austenite / retained austenite {220} : 6.1

fine grained dual steel both phases and {hkl} : 5.0

martensitic steel + > 10% retained austenite

The XEC of the hexagonal Ti and of Ti-base alloys have been recently determined with X-
rays and with neutron-rays /76,77/. The X-ray measurements were made on a peened surface
evaluating the relative XEC. The calculated XEC (Eshelby-Kroner model) fit well to the
experimental results. The neutron results show a larger anisotropy, maybe from an influence
of texture /77/. Fig. 36 demonstrates the different resuits.

och, Reuss —
Tm Krdner —f

Figure 36. XEC versus orientation parameter of Ti, calculated from monocrystal data
according to the three models. The mechanical value with 5% error bar is indicated.
© neutron-ray measurement /78/, ¢ X-ray determination /77/.

Ceramic materials, single-phase or multiphase materials, show a rather small elastic
anisotropy of the crystals /41,48/. Therefore, the mechanical XEC can be taken in most cases
to evaluate LS and RS. The consequence is to look at the calculated XEC versus the
orientation parameter, to check whether it is appropriate to use the mechanical values and if
they do not exist take that from a tension test. The tedious experimental determination of XEC
versus orientation parameter may not be necessary. Fig. 37 underlines this statement although
it demonstrates the fact that the spread of the exprimental results found by several authors is
larger than the variation of the calculated ones versus the orientation caused by the anisotropy
of the monocrystal. The calculated XEC of Al,O; /41,48/ versus the orientation using the
three models are shown together with experimental data of different authors /79/. The
calculated mechanical values for the Eshelby-Kréner model (with a spread of + 5 %) are also

plotted. Data of the XEC s; and %sz of various ceramic materials measured on different
{hkl} with different wavelengths by different authors are listed by /80/. The ceramics are o-
Al O3 (99%, 96%, 92% purity), ZrO, + 3mol% Y,0; , B-Si;N, (HP, HIP, sintered) and o-
SiC. The experimental values should be assessed in relation to the measuring accuracy, the



316

relatively small anisotropy of ceramics, and the calculations using the three models /41,48:.

To demonstrate the very big spread of the results a plot %sz{hkl} versus orientation

parameter is preferable to a table, Fig. 38. The mechanical values %sz(mech.) are also shown.

The influence of the purity of Al;05 can be estimated. The conclusion is to use the calculated
mechanical values or the experimental mechanical ones.
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Figure 37. Calculated XEC's of Al,0; /48/ compared to results of XEC-determinations by
different authors, open symbols. Closed symbols indicate the orientation parameter P of the
calculated curves /79/. H (Eta) second orientation parameter.
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Figure 38. XEC of a-Al,0; of different purity determined by different authors listed by /80/.

XEC of two-phase sintered porous materials were tested and compared with the calculated
XEC (Eshelby-Kroner-model) regarding the influence of pores /81,82/. Fig. 39 demostrates
the results of different ratios of the components and shows good agreement. Also Fig. 40
demonstrates determined and calculated XEC of Cu-Fe sintered porous materials /82/. The
influence of uniaxial fibers of ferrite and of austenite in Cu was experimentally and
theoretically studied /55/. Fig. 41 exhibits that they correspond very well.
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XEC of Al,O; + ZrO, have been determined for different compositions by /83-86/. The
coupling of both phases versus the composition is dealt with in section 2.122b.
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Figure 39. XEC of Cu-W two-phase sintered materials, experimentally determined and

calculated /81/.
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Figure 40. Relative XEC (§s,(Cw=1) of

Cu-based two-phase sintered materials,
determined and calculated (model spherical
inclusion) E and hollow sphere M /82/.
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Figure 41. Relative XEC (§s,(Cu)=1) of
both phases of fiber-reinforced (by ferrite,

austenite)

Cu materials /55/.

XEC of the two-phase Cu-Ni-alloys were determined and compared with the calculated
ones concerning the three models, Fig. 42 /87/.
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2.135¢ Layers

Interesting results of comparisons of calculated and experimentally determined XEC of dif-
ferent layers on different substrates are shown in Fig. 43 /88/. The investigation demonstrates
very well the validation of the theoretical studies of the layer-substrate composites, see section
2.134e. A further study of a seldom used but interesting composite Cr,C; layer on steel
furnished results for the XEC of the composite (compound-XEC) as well as of the phase-XEC
of the layer Fig. 44, /89/. Of specific interest is the presence of macro-RS and oriented thermal

micro-RS.
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Figure 43. Compound-XEC of both phases of layer — substrate composites, from left to right:
Ni-layer/C45 steel, Ni/Al alloy, Cu/duplex steel, Ag/CuZn40 /88/.



319

A further example of a layer-substrate composite was studied in the combination of Cr,0;
layer on Inconel substrate /91/. Loading and unloading experiments, Fig. 45, and compound-
XEC determinations of layer and of substrate result in phase-XEC of the layer that agree well
with the calculated ones.
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Figure 44. XEC data of Cr;C; determined Figure 45. Slopes of the € vs. sin®y distri-

on the composite material Cr,C; / steel ® butions of the Cr,O4 layer and the Inconel
and evaluated for the layer material O. substrate versus the load stress. The num-
Measurement results of /90/ A /89/. bers denote the chronological order /91/

2.135d Polymeric materials

A very interesting and new subject is the study of XEC of semicrystalline polymers. The
first example concerns polyethylene /92/. Polyethylene (PE) consists of crystalline orthorhom-
bic PE and amorphous PE. The XEC-vs.-H? were calculated according to the Eshelby-Kroner
model from the compliances available /92/, Fig. 46. The orientation parameter H? equals to
cosn, 7 is the polar angle between the chain direction and the normal direction of {hkl},
under consideration; the parameter relates to azimuth p. Taking into account the real
E-modulus of the matrix depending on the contents of crystalline-amorphous phases and the
orientation of the chains the XEC for H?=1 are of values typed of metallic materials, Fig. 47.
Fig. 48 shows experimental results of three semicrystalline polymers. Fig. 49 demonstrates the
connection between the mechanical and X-ray Young's moduli for two orientation
parameters. The experimental values fit best to the Kréner dependence.

Besides the stress analysis on unfilled polymers, the strains and stresses in the phases of the
polymers and in fillers like fibers in reinforced polymeric materials are of recent interest. In the
following, the state-of-the-art will be described /59/. The determination of XEC of reinforced
semicrystalline polymers was explained in section 2.134g. The elastic data of the polymers
PEK and PBT that are necessary to calculate the XEC are not known. The averaged values,
however, can be calculated, that describe the mutual relation between polymer and reinforce-
ment (C-fibers, glass fibers, glass spheres). For the averaged compound-XEC it holds /25,48/:
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<SF{hkl}>= le,m = S]2+ (tlz)P = - —E"F (t12>P (83)
1
(%Sg{hkl}>= 257" = 8- S+ (ty + ty) = %— {tyy + t12>P

Indices C indicate compound, m mechanical, P phase, (t)P the deviations of the averaged
strain of the phase from the macroscopic strain of the material.
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Figure 46. Calculated XEC of 100% crystalline Figure 47. Calculated compound-XEC
PE using the three models and the following of PE using the model of Eshelby-

monocrystal stiffnesses (in 103 MPa): ¢; = 6.77, Kroner and three values of Young's
€= 9.48, c33=2.87, ¢33=4.05, ¢;3=1.90, modulus /92/. '
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Figure 48. The published experimental XEC of PP, PBT, and PE versus the orientation
parameter H2 (ETA?). The data were taken from different papers /92/.
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Fig. 50 and 51 demonstrate the compound-XEC versus the macroscopic Young's modulus
of the polymers PEK and PBT each nonreinforced and reinforced by the named fillers /59/.
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Figure 49. Relation of the EX-r2y {hkl}=(s,+ Ys,)"! to Young's modulus EM experimentally
determined by different authors and calculated using the three models /92/.
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Figure 50. X-ray determined and calculated
compound-XEC of nonreinforced and with
C-fibers reinforced PEK composites, their
dependence on the macroscopic Young's
modulus /59/
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Figure 51. X-ray determined and calcu-
lated compound-XEC of nonreinforced
and with glass reinforced PBT composites
their dependence on the macroscopic
Young's modulus (AVA glass spheres,
®0O glass fibers) /59/.



322

2.135¢ XEC of textured materials

The comparison between calculated and experimentally in uniaxial tension test evaluated
stress factors F) is to be found in the following figures of ferrite, austenite, o- and B-phase of
CuZn40. References are given in the captions, together with some details about the textured
material and the measurement.
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Figure 52. Comparison between experimental and calculated values of X-ray elastic constants,
low carbon steel /58/.
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Figure 53. Calculated and experimentally Figure 54. Lattice strain {211} distribution
determined stress factors F(0°%y) of the versus sin®y of a cold-rolled ferritic quasi-
{211} peak of a ferritic quasi-unalloyed unalloyed steel strip. The calculation

steel strip. Also strains of the crystallite considered the ODF /62,37/.
groups are drawn /37/
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Figure 55. Intensity (ODF) and normalized strain eoa,w(g)/o'”L of all those crystallites that
contribute to the X-ray reflection in the poles of two crystallite groups in a ferritic steel strip;
dependence on A, i.e. the rotation angle of a crystallite around the lattice-plane normal. The

X-ray mean values are indicated /42/.
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Figure 57. Measured and calculated stress
factors F;; and intensities; o-phase of

CuZn40, {220}, /42/.
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2.135f Different influences on XEC

As stated above the experimental determination of the XEC will be done in a uniaxial
tension or bending test. The question arose in the early stage of the XSA whether there are
influences on the values of XEC with the type of load (tension, compression, torsion, uniaxial
or biaxial loads, elastic or plastic deformation). The experimental investigations showed
sometimes other values and some influence of the kind of elastic and plastic deformation.
Different material-physical effects and interpretations were discussed. Here are some results
that are known for several years.

Because of the microstructure of cast iron one expects differences of the XEC determined
by applying tension or compression loads, Fig. 60 /93/.

XEC-determinations on steels with Co- and Cr-radiations on torsionally loaded specimens
result in smaller values than those tensioned or calculated using the Eshelby-Kréner model,
Table 6. It seems that further studies with torsional specimen should be made.

Cylinders of three steels were loaded inside with oil to determine the XEC in a test with bi-
axial elastic and elastic-plastic loads /96/. Fig. 61 proves that values of the XEC are as
expected, but with the plastic deformation the XEC {211} get smaller. Many tests were under-
taken to check a possible influence of plastic strain on the XEC of steels. Fig. 62, /97/
demostrates that there is no influence of the plastic strain on the value of XEC besides XEC
{211} which get smaller with the plastic strain. The same experiments were made with copper
specimens with the result of no influence, Fig. 63, /74/. The reason of the diminishing of the
XEC {211} versus plastic strain may be explained by the easier deformability of the surface
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region of the material. The measurement technique may have an additional effect in former
times with the restriction in sin*y < 0.6.
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Figure 60. XEC %sz {hkl} versus applied stress of GG22MoCr grey cast iron

using different specimens for tensile and compressive loads /93/

Table 6. Comparison of XEC determined by torsional and tensile loads.

steel load %sz in 10-6 MPa-! author
Cin wt.% {310} {211}
06 torsion 6.0+0.2 — Glocker, Schaaber /94/
) tension 73+£0.2 59+0.1 Hauk, Kockelmann /71/
1.0 torsion 6.0+0.2 53+0.2 Bollenrath, Fréhlich, Hauk /95/
) tension 74+03 6.1+£02 Hauk, Kockelmann /71/

Results of a recently published study by neutron rays on the influence of plastic strain on
the values of XEC of a low-alloy ferritic-pearlitic textured steel are plotted in Fig. 64 /98/. The
conclusion seems correct that there is no influence of plastic strain. The values of the {200}
peak are higher than predicted by the use of the Eshelby-Krdner model. The arrows on the
left-hand axis mark the results of a XEC-calculation /24/. An influence of texture may be
responsible for the high values of the {200} data.

A real surface effect is shown in Fig. 65, /97/. The XEC versus the ratio of the average
penetration depth and crystallite size is constant when the measurement is made using {310}
peaks and decreases using the {211} peaks.
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Temperature studies on different materials about the relaxation and development of RS in-
crease. The determinations of the XEC have to take into account the different RS-states,
macro- and microstresses, during heating, tempering, and cooling. In situ devices are in op-
eration at some institutions. The following XEC-studies are known: /99-103/. Of practical
interest but not very much used is XSA at elevated temperature. It is expected from the
mechanical dependences of Young’s moduli decreasing and Poisson’s ratio being constant
with temperature that XEC {hkl} will increase with temperature. Results for different steels
and for a Ni-alloy demonstrate the prediction. Again, XEC {211} at 300°C makes an excep-
tion, Fig. 66, /97/. Fig. 67 shows results for a steel using a newly developed instrument /103/.
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Figure 66. Temperature dependence of the Figure 67. XEC{211} as a function of tem-
XEC %sz {hkl}. Calculation from tempera- perature (XC75) steel /103/.

ture-dependent monocrystal data as well as

measured values /99,104,97/.
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2.136 Recommendations

Calculated or experimentally determined XEC are used to evaluate stresses from strains,
measured by X- or neutron-rays, caused by tension, compression, torsion, by applied or
residual stresses, by uniaxial, biaxial or triaxial loads in elastically or elastically-plastically
deformed material states. The procedure to determine and to use the XEC will be pointed out
in the following. Several cases must be distinguished.

General remarks

If the range of the XEC-values versus the orientation parameter calculated according to the
Eshelby-Kréner model is small, the anisotropy influence can be neglected, and the calcu-
lated or even the actual mechanical XEC should be used. E™ the Young's modulus should
be determined mechanically, if possible also the Poisson’s ratio, or taken from the
literature.

A relatively small difference between one or two experimentally determined XEC and the
calculated ones according to the Eshelby-Kroner model in dependence of the orientation
parameter should not be the reason for a doubt on the assumptions of the theory. Influ-
ences of a second phase, of pores, of texture or of measurement inaccuracy may be the
reason of the deviations.

New expetiments should be carefully planned. Otherwise the scientific knowledge will
advance only by a very small step. Here are some thoughts for new studies. Check
quantitatively the calculations according to the Eshelby-Kroner model by measurements
on many peaks in the total range of the orientation parameter on materials with very high
anisotropy, with low crystallographic symmetry, strongly textured, or strongly anisotropic
reinforced heterogenous structures.

In case that the micro-RS are constant during elastic straining of multiphase material, the
phase-XEC will be determined, otherwise the composite-XEC.

Linear D-vs.-sin®y dependence

Calculated XEC versus orientation parameter according to the three models of Voigt,
Reuss and Eshelby-Kroner are available or can be calculated from published data of
compliances. The E™ should be determined and compared with the calculated one, the
Poisson’s constant should be taken from the literature. If there is an agreement between
the experimental XEC and the calculated one (Eshelby-Kréner model) within about 5%,
the calculated XEC should be taken.

If there is a difference of more than 5% the calculated XEC should be corrected using the
model of homogeneous strain or, in case of heterogeneous materials the model of Eshelby
-log E¥ —log E™ curve - should be used for polymers.

It should be checked carefully whether there exist calculated XEC or the compliances of
the single crystal. If they are not available, an experimental determination of the XEC of
the specific {hkl} has to be made.

Influences of the plastic deformation of the sample on the numerical quantity of XEC can
be ignored if the deformation does not alter the D-vs.-sin®y linear dependence.

It is common practice to polish or to grind the surface of coarse-grained material to get
closed with the respective accuracy measureable interference lines.
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XEC determinations should be done by decreasing loads to avoid creep and relaxation
influences on the value of XEC. Measurements with increasing loads should be made to
notice any deviation from a linear load-strain dependence.

In case of multiphase materials the stresses in the transverse direction under load should
be measured. If there are alterations with the load the stress transfer factors f); and fj,
must be taken into account. Details are to be found in section 2.122e.

The compound-XEC of multiphase materials can be used to determine the LS and RS if
the load-undependent RS are known. If not, only the differences of LS and RS will be
found. Some details are given in the Table 7 /76/.

Table 7. As to the use of phase- and compound-XEC in stress evaluation /76/

/ phase-XEC / compound-XEC /

structure
of
the
material
Q
&
macro-RS
quasi-single phase ||gl4+ <gll+gl>
dual-/multiphase
phase content alteration of
macrostress
< 30 vol.%
ol+ <oll+ol>
=~ 50 vol.% o'+ 100 MPa
> 80 vol.% = g!
layer-, fiber- alteration of
composite macrostress

Nonlinear D-vs.-sin?y dependences

The procedure to select or to determine the stress factor should follow the rules which are
given in Table 8; the chapter on the textured materials will deal with the details /76/.
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Table 8. Stress evaluation in case of nonlinear D-vs.-sin?y distributions /76/

D vs.sin?y) with oscillation
I vs, sin’y, one {hkl}

ODF experimental no strong poles strong poles
F;j calculation D vs.sin% of {hkl}; D vs.sin%) of
appropriate {hki};
convolution
(multiplicity factor)

fitting of D-vs-sin®) linear-regression analysis  crystallite-group

distribution analysis
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2.14 Shear components

2.141 Historical review

Studies of the RS after grinding of steel surfaces were the origin of the experimental dis-
covery of the y-splitting. The interpretation as due to a shear component or an inclined
normal stress state leads to today's commonly used method to determine the strain and stress
tensor of the total RS-state. Years before, the method to measure the D-vs.-sin*y dependence
in both directions of y < 0° and y > 0° was used as a check of the exact alignment of the
specimen within the diffractometer /1/. Evenschor and Hauk /2/ introduced the strain tensor of
a volume-element in a triaxial-loaded component in which lattice strains with normal strains
and with shears are transferred and showed the theoretical connection between shear
components and the elliptical D-vs.-sin*y dependences, Fig. 15, 2.072c. But Walburger /3,4/
was the first one who noticed that rotating a ground steel specimen in the diffractometer by
180° results in different D-vs.-sin?y dependences, Fig. 1. Both branches y < 0° and y >0° of
the D-vs.-sin?y dependence would correspond to different values of RS when evaluated
separately. The azimuth and depth profiles were studied by /5/.

17716
A

.4: >‘(p\='180°

11714

o
L~
1712

11710 —
N
\\ ~
~ Q= 0°

11708

lattice distance

0 az a¢ [
sinly
Figure 1. D-vs.-sin?y distribution of a ground low-alloyed Cr-Ni-steel specimen before and
after turning it in the diffractometer by 180° /3,4/.

Similar results with wear loaded samples /6/ were explained by Délle and Hauk. They
published the method to determine the total strain and stress tensor /7/. A different evaluation
method was put forward by /8/. Many problems were studied in the following years: Is the
y-splitting a consequence of a second phase in the material, are the g, -components (ik) of a
RS-state macro- and micro-RS, how deep are surface regions affected by 6;-components after
different mechanical surface treatments, what is the influence of elastic and plastic
deformation on the w-splitting, are the shear components stable with dynamic loads? Most of
these problems have been solved as the following explanations and examples will prove.
However, a systematic investigation of the influence of plastic strain on the RS-profile and on
the compensation of the micro-RS in multiphase materials is still needed.
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Shear-RS and shear applied stresses are evidenced as y-splitting. Mechanical surface treat-
ments with tangential forces result in y-splitting: It has been found after grinding, turning,
roll-peening, inclined shot-peening and honing. Fig. 17 (section 2.072¢) shows one example
of the D-vs.-sin®y dependence of a ground steel sample in the grinding and in the transverse
direction. The y-splitting is pronounced in azimuth ¢ =0° and none can be observed in
azimuth ¢ = 90°. These are the characteristics of grinding RS. The experimental studies of
ground materials and the corresponding y-splitting were accompanied by theoretical aspects
to the compensation and the separation of macro- and micro-RS /9/. Direct evidence of shear
strains as the origin of a y-splitting was provided by Predecki and Barrett /10/ with an
adhesive interphase of a single lap joint of Be and Al. Epoxy-glass-fiber laminates show under
load y-splitting at the free edges. The embedded powder operates as the crystalline phase /11/.

2.142 Theoretical background

The fundamental complete connection between the experimentally determined (aqw) and
the g~ or o;-tensor is dealt with in section 2.072c and Fig. 16 explains the usually used
method of Délle and Hauk to evaluate these tensors. Here are some theoretical examples of
D-vs-sin?y distributions for different azimuths of the specific stress tensors shown in the
Fig. 2,/12/.
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Figure 2. Calculated lattice-strain distributions using different stress tensors typical of the

cited treatment; Cr-K ,-radiation, {211}, D, =0.286650 nm /12 supplemented/.



339

The basic formula simplifies for a grinding operation with the grinding direction in azi-
muth@=0°and €}, =€53=0to

€py = E11c0s? @sin? y + £13 cos@sin2y + £x;5in? @sin? y + e33c082

Fig. 3 shows some experimental results, i.c. a symmetrical lattice-distance plot /13/. The
principal strains and the tilt of the RS-state can easily be verified by the Mohr’s circle, Fig. 4:

-2¢
Ay = tarctan =D
€11 €33

er=d(en+en)-r; e2=€n; e3=4(en+exn)+r; r? =%(€33—€1|)2+8f3

P
P, =

grinding direction

£,

Figure 3. Dy y -Dg,y=0 versus measuring direction (@,y), Figure 4. Orientation of the

ground St52 steel, {211}, Cr-Kq /13/. principal strains g, €;, €3 after
grinding with respect to the
specimen system /13/.

In connection with the explanation of the RS in plastically uniaxially deformed specimens
by a dislocation structure by Cullity /14/, Hanabusa and Fujiwara /15/ explained the
G3-microstresses in the matrix and their compensation in the dislocations around the carbides
of steels. Berveiller et al /16/ studied theoretically the y-splitting in the matrix of two-phase
materials varying the volume fraction of the inclusion and the ratio of plastic global
deformations Ef} / E{; = 03. The second phase consists of spherical or oriented ellipsoidal

inclusions. The y-splitting seems to be a heterogeneity property. The elastic calculations lead
to overestimated stress values.
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2.143 Experimemtal results

Influence of a second phase

Pure copper and pure silver materials showed after grinding no RS and no y-splitting,
Fig. 5 and Fig. 6, /17/. Pure iron and the X5CrNi18-9 austenitic steel exhibit according to the
used grinding conditions tension RS but no y-splitting, Fig. 7 and Fig. 8, /17/.
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Figure 5. Lattice-strain distributions of Cu after grinding /17/.
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Figure 6. Lattice-strain distributions of Ag after grinding /17/.
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Figure 7. Lattice-strain distributions of Fe

after grinding /17/.

Figure 8. Lattice-strain distributions of
austenitic steel after grinding /17/.
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Multiphase materials even with only a small content of a second phase showed y-splitting
after mechanical surface treatments with a tangential component. Japanese papers demonstrate
very clearly the influence of the content of the second phase, Fig. 9 /18/ and Fig. 10/15/.

156.4

5 L L

< 1562 014%C | 023%C | 053%C

[=4 .

2 1560 VK”///X‘/‘ C:::: g

=

£ 5 ° M

g 1558 I +

= * p=180°

o i o P=0° r I
155'60 05 © 05 o 05 0 05

sin’

Figure 9. Influence of heterogeneity of steels (cementite content) on the y-splitting
(shear stress) /18/.
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Figure 10. sin?y diagrams obtained from different planes of the matrix phase (above)
and the carbide phase, ground surface of a SKH2 steel specimen /15/.

A round-robin test was made to study the scatter of the data associated with different
measurement techniques and with variations of the state of the materials /19/. The D-vs.-sin?y
dependences of ten specimens made of a ground 100Cr6 steel were determined by twelve
institutions; three of them measured two specimens, Fig. 11. The average values of all meas-
urements are: 6};= -460 + 40(11) MPa, 6= -668 + 39(11) MPa, 63=-58 £ 17(4) MPa.

The errors of a single measurement are given and in brackets those of the average values.
Three linear dependences of ¢ = 90° difter apparently from the majority of the results.
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Figure 11. Result of a round-robin test on a ground 100Cr6 steel /19/.

2.143a Compensation of shear stresses

Ferrite and cementite phases were found to have shear stresses of opposite sign after grinding,
Fig. 12, /20/.
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Figure 12. Ferrite and cementite phases exhibiting shear stresses
of opposite signs in ground steel /20/.
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Hanabusa and Fujiwara /15/ concluded that the compensation of the shear-RS is fulfilled
when considering the volume fractions of the matrix, the second phase and the grain

boundaries/dislocation walls.
But there are also examples known where compensation of the shear-RS in the phases of

two-phase materials does not occur. For example the sintered materials Cu-Ag, Fig. 13 /17/
and Cu-Fe, Fig. 14 /17/. The effect of pores must be considered, too. However, unbalanced
shear-RS have been also found in compact two-phase materials such as (ot + P)-brass, ferrite-
austenite and martensite steels after grinding, Fig. 15, 16 /21/.
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Figure 13. Lattice-strain distributions for the two phases of a ground sintered
Cu-Ag 50/50 wt.% specimen in the grinding direction ¢ = 0° and in the
transverse direction ¢ = 90° /17/.
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Figure 14. Lattice-strain distributions for the two phases of a ground sintered
Cu-Fe 30/70 wt.% specimen, grinding direction ¢ =0°/17/.
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for a (o + B)-brass specimen after grinding; sin®y for a 100Cr6 specimen after grind-

o-phase {222}-reflections, B-phase {220}- ing; martensite {211}-reflections, retained
reflections /21/. austenite {220}-reflections /21/.

Summarizing the following conclusions may be drawn. Single-phase materials show gen-
erally no y-splitting after surface treatment with a tangential force. Rather small amounts of a
second phase with high-strength properties are sufficient for a y-splitting. The signs of the
shear stress components are expected to be opposite but there exist examples where
compensation does not occur; may be there exists a not-yet-known lattice-plane dependence.

2.143b Depth profiles of shear stresses

The profile of shear-RS can be evaluated by using different X-ray wavelengths or by
etching surface layers and measuring the lattice strains on each new surface. Here are several
examples. Fig. 17, 122,23/ shows the D-vs.-sin’y dependence of a shot-peened steel sample
where the operation was not done as usual but oblique at an angle of 60° to the normal of the
sample. In the direction of the shot-peening there exists a y-splitting and none in the
transverse direction. No y-splitting was observed when the same operation was done with a
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sheet of an unalloyed iron. Fig. 18, /22,23/ demonstrates the depth profiles of the normal- and
shear-RS. The sheet was shot-peened and also etched on both sides. The results demonstrate
the small surface region with shear-RS compared with that with normal-RS. In another test
series the depth profile was determined using different radiations, Fig. 19, /24/.
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Figure 17. Lattice-strain and relative-intensity distributions of a shot-peened
(60° incidence) steel specimen, {211}-peak; left in the shot-peening direction,
right transverse to the shot peening direction, etching depth 30 pm /22,23/.
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Figure 18. RS versus depth from the surface of an inclined shot-peened steel specimen /22,23/.
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The normal- and the shear-RS-state after roll-peening depends among other parameters on
the shape of the tool, cylindrical or elliptical. Fig. 20, /25/ shows the D-vs.-sin®y dependences
of measurements at different azimuths. There exist the shear-RS o, and 6,5 of opposite sign
when using an elliptical-shaped roll. Fig. 21 illustrates the RS depth profiles of steel
specimens after rolling with different compressions and multi etchings /25/. Fig. 22 shows the
D-vs.-sin?y distributions of a roll-peened ferrite-austenite duplex-steel specimen /26/. Only
O,; shear-RS of a small amount can be observed. Fig. 23, demonstrates clearly the existence
of a 033- and a &,3-profile of a roll-peened steel sample /27/. The results were gained by a
multi-etching process.
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Figure 20. Lattice-strain distributions vs. sin®y of a roll-peened surface;
azimuths 0°, £45°, 90°; Cr-K, {211} /25/.
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Figure 21. RS depth profiles of roll-peened steel specimens, compression 2000 MPa
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Summarizing these results of determining shear-RS profiles of different surface-treated
samples, the X-ray method proved to be the appropriate one, but the assessment of the value
and depth of the shear-RS profiles should be evaluated by dynamic tests.
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Figure 23. Shear- and normal-components versus the depth from
the surface of a roll-peened flat specimen of the 37CrS4 steel;
Cr-K, radiation, many etching steps /27/.
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Figure 24. Lattice-strain distributions of a ground 100Cr6 steel
specimen with superposed tensile load stress /28/.
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2.143¢ Shear-RS state with additional elastic or plastic strain

As the basic formula reveals, elastic strain is an additive parameter. XEC determination on
a specimen with shear-RS can be done neglecting the y-splitting, Fig. 24, /28/. Plastic strain
applied to a specimen with shear-RS showed in many cases no more y-splitting. The dimin-
ishing of the y-splitting by plastic strain is shown in Fig. 25, /29/. Further studies of this prob-
lem are necessary.
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Figure 25. Lattice-strain distributions of the a-phase of a ground duplex-steel specimen
superposed with plastic strain /29/.

2.144 Recommendations

All D-vs.-sin?y distributions should be measured at positive and negative angles y or
measurements should be made at azimuths ¢ = 0° and ¢ = 180°.

If there are pronounced differences between Dy,y>0 and Dy y<o, the reality of the y-split-
ting should be checked by rotating the specimen 180° and retesting. Should the y-splitting not
be confirmed the alignment of the diffractometer should be improved.

If y-splitting is noticed at ¢ = 0°, additional measurements at ¢ = +45° and ¢ = 90° should
be undertaken to evaluate the total stress tensor.

Taking into account the y-splitting of the lattice-strain components the evaluation of the
stress tensor should follow the procedure of Ddlle and Hauk /7/. If the shear components can
be neglected the mean values of the lattice strains measured at y < 0° and y > 0° should be
taken to evaluate the normal-stress components.
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For multiphase materials the y-splitting of as many as possible lattice planes of all phases
should be determined and the compensation of the shear components should be checked.

The origin of the y-splitting, the compensation of shear-RS in multiphase materials, the
alteration of y-splitting after plastic deformations and the assessment of shear components in
surface regions by tests using cyclic loads are problems that should be handled theoretically.
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2.15 The evaluation of strain-, stress- and Dy-profiles or gradients
with the depth from the surface

2.151 Historical review

Knowledge of the distribution of strain and stress over the cross section of plates, bars,
tubes, components, especially after heat and mechanical treatments, has been a task from the
beginning of residual-stress determination. Turning off, boring out, sectioning, all these
mechanical methods were used to release stresses and to measure the ensuing deformations.
Algorithms were developed to evaluate the original stress distribution. Reference will be made
to books in which the experimental and theoretical methods are summarized, chapter 1.1.
Early, the fact was discussed about the difference between the stress at the surface and the
value determined by X-rays if a gradient is present /1,2/. Also the triaxiality of the RS-state
below the very surface after plastic deformations and the modification of the basic equations
for the biaxial stress state at the surface were considered /3,1/.

Since the X-ray method of RSA probes surface-regions the etching of thin layers was intro-
duced to evaluate RS-profiles versus the depth from the surface in the late 1930s. The etching
method was often used to decide whether there is a macro- or a micro-RS state. Also the sec-
tioning of relatively thick metallic products was used to get knowledge of the RS-state therein
by employing X-ray methods on the newly created surfaces and deconvoluting the original
RS-state from these data. Lattice strain might be measured on one side of the cutout plates and
thinning of the plate will be done from the other side by grinding and etching. The funda-
mental formula for evaluating the stress gradient in the thickness direction z from measure-
ments in the penetration field T was introduced by /4,5/. The authors evaluated steep stress
gradients in ground steel specimens.

Systematic theoretical studies of the influence of stress gradients on the D-vs.-sin®y de-
pendences /6,7/ showed the optimal way to solve gradient problems. Starts were made to
evaluate RS-profiles by power series /7,8,9/.

Alloying, heat treatment, cladding of surface layers are associated with gradients of micro-
structure and gradients of the strain-stress-free lattice distance. They may give rise to apparent
stresses /10/; but the exact, real Dy-value for each point of measurement is necessary to estab-
lish the total stress tensor. Finally the modeling of stress- and Dy-profiles must be used to ex-
plain experimentally determined D-vs.-sin®y complex dependences /11/.

Further impacts were given by the studies with X-rays on surface treated materials, espe-
cially by grinding, on thin film substrate composites and on ceramic materials. Progress was
achieved stepwise by using different wavelengths, by making measurements on different
peaks with very high values of y with low incident angle, with synchrotron radiation and from
tests with energy dispersive examination.

The application of neutron diffraction for stress determination opens the possibility to
investigate metallic materials up to 20 mm thickness. The ultrasonic techniques which are also
nondestructive, are able to test surface zones up to 3 mm thickness. Today's research programs
studying the RS-state of near-surface regions are using different testing methods. In as far as
the X-ray technique is concerned three kinds of methods are used to investigate the depth
dependence of RS. They are based on the variation of the observed stresses with the
penetration depth of X-rays with different wavelengths, on non-linearities of D-vs.-sin%y dis-
tributions, especially for very high y-tilts, and on the asymmetry of reflection lines in case of
the presence of high stress gradients. The choice of the method to evaluate strain-stress dis-
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tributions, profiles, steep gradients as function of the depth from the surface is related to the
extension of the profile itself. Mechanical, ultrasonic, micromagnetic and the diffraction
methods with neutron- and with X-rays are able to solve the specific problem.

Recommendations are given how to find the appropriate method and how to use it to get
the correct answer.

2.152 The influence of multiaxial RS-state gradients and of Dy-gradients on lattice
strain data

2.152a Existing and measurable stress components

In the following table the LS- and RS-components are listed that may exist in a component
and that will be evaluated by X-rays and/or by neutron rays /12/. This is of importance for the
choice of the method and the direction of the measurement.

Table 1. Load- and residual-stress components measured with X- and neutron-(N)-rays for dif-
ferent triaxial load and residual-stress states in the interior and at the surfaces of a flat speci-

men with 3-direction as the thickness direction. { ) measured weighted averaged value of the
sum of the stresses over the penetration depth /12/ <o'!> not considered.

stress state  bulk, surface [rays| evaluated LS, RSI, RSII
of+ol +o"\-(ct+ol
LS +RS bulk | N 20; + 0'15 + 02’% _20_} + 035’%
ol =0 <0f+a{+o{’>—<o§+o§’>
3 surface 3 | X <02L+0§+o£’>—<0§+0'§’>
! n\ _ [l
ks v | | {01
o;=0 (0'2+02> (0'3>
o,-gradient, <o,’ +oy > - <G§I >
012 -gradient surface 3 | X <0' 1+oy > - <°' ;’)
in 3-direction wriace 1 | x <0, l+o u > _ < o.lll>
)-(e?)
(ol +ol)~(cf+0¥)
RS bulk | N (o} +0l)- (o} +0¥)
o, -gradient, <G{ +af > - <0§I>
Glz-gradient surface 3 | X <0' L+of > _ <0' §,> 3 2/ surface 3
in 1-, 2-direction ! 0\ _ (11 i
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2.152b Basic formulae, stress gradient

If there are no gradients at all, that means a homogeneous stress state in the surface region
of a homogeneous microstructure with a constant Dy-value the lattice strain D-vs.-sin%y is
represented by a linear dependence. In case of the presence of shear stresses the average
D-values for y> 0° and y < 0° should be taken. The question was how and to what amount
do changes of the homogeneous state produce alterations of the D-vs.-sin*y linearities.

The systematic treatment of the influence of stress gradients on the lattice strain D-vs.-sin?y
was published by /6,7/. Other papers /13,14,15/ also dealt with this subject.

The basic formula with V the illuminated volume of the specimen and p the attenuation
factor is

IH Epy (x.y,z)exp{-pz} drdydz

Uj exp{-pz}dxdydz

(1)

Eoy =

Further, the following propositions are made:

o the material is homogeneous, mechanically isotropic, and an elastic surface anisotropy can
be neglected.

o there are only RS, they are dependent only on the distance from the surface z, all forces
and moments are in equilibrium.

e at the surface z=0: o5~ 033~ 033 =0.

o the lattice strain will be measured versus the penetration depth 1.

 the stress profile versus the penetration depth 1 should be converted into the stress profile
versus the distance from the surface z.
Here are the basic formulae, the formulae for the penetration depth 1 for Q- and W-diffrac-

tometers were cited previously. By means of X- or neutron-rays an average strain is deter-

mined depending on the wavelength, the direction of the rays and the attenuation factor of the

material
p
jo‘,-j (z)exp{— %} dz
(0(7)=2— (2)
J exp{— i} dz
0 T

with the usual equation
(epw)=15 [(ol 1(z))sin? y cos? @ +{o12(7)) sin? y sin2 +(013())sin2y cos
+(o2(7))sin? ysin? @ +(023(1))sin2y sing + (G 33(c))cos? y]  (3)
+if{on(e)) +{on(@)+{on)]
The following examples of (,,,), Dy, and {ow). versus siny are calculated for Fe and

O ij max

partially also for Al, a V-diffractometer and the following stress profiles versus depth z.
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Figure 1. Assumed residual stress profiles of 6y, 633 and 6,3 /6/.
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Figure 2. Assumed stress profiles, parameters: 6(z=0),r, g /7/.
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The effects of a stress gradient are a curved D-vs.-sin?y line and a stress value evaluated by
X-ray which is smaller than the real one at the surface, the difference depending on the stress
gradient. In the following figures examples of theoretical dependences (€' ;3) or D-versus-sin®y
and stresses relative to | 6y((z = 0) | are plotted versus sin?y; details are described in the
following sections /6,7/.



356

In the papers /6/, /7/ and also in /16/ several typical cases of stress gradients and the
respective D-vs.-sin®y distributions are discussed; here are some examples. The captions and
the descriptions of the figures should be sufficient for their understanding.

1
xIO'J 2
1 PN
A ?5\
s [T
(j 0
v curve rinym gy in MPa/um
-1
1 load stress 0
'2 ]
06 95 82 67 47umo0 2 200 2.5
penetration depth 3 100 5
G 4 50 10
— \
. é ¢ N 5 5 100
& 3 T~
217 T
-] v
0 02 04 06 Q8 1
sin?y

Figure 3. Lattice strain versus penetration depth and normalized-RS versus siny
of a rotational stress state in Fe. The calculation used the following parameters
6,1(2) = 655(2), 6;,(z = 0) =-500 MPa, G33=G,3= 0 and those in the table at the
right-hand side (r,g see Figure 2) /6/.

penetration depth
Co-Koy 106 95 82 67 47um0
Cr-Kar 55 49 42 34 24um0

05 i
x)O.J l ]
> 250 MPa /ym
0 S l~0~\
A \\\ ‘\\
N TN
(: -051—100 MPa / ym AONE
v \\
S107===1{310) ; Co-Kqs A‘
— 21}, Cr Ky
15—
0 02 0¢ 06 06 I
sin? y

Figure 4. Lattice strain versus sin®y for two gradients and two radiations /6/.
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Figure 5. Lattice strain versus penetration depth and normalized-RS (033) versus sin*y calcu-
lated using the following parameters: Fe, W-diffractometer, max. stress 033(z=0) =-500 MPa,
6,;= 0,3= 0 and those in the table at the right-hand side (r,g,b see Figure 2) /6/.
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Figure 6. Lattice strain versus penetration depth and normalized-RS (g,,) versus sin®y calcu-
lated using the following parameters: Fe, ¥-diffractometer, max. stress ¢3(z=0) =-500 MPa,
01,= 033= 0 and those in the table at the right-hand side /6/.
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Figure 7. Normalized stress versus the depth r of a surface layer with 6(z) = o(z = 0) = const.
Calculation for Fe, ‘P-diffractometer, different X-ray radiations and different gradients /7/.

2.152¢ Example of calculating D vs. sin?y

In the following an example of a calculated D-vs.-sin*y distribution for a special stress profile
will be explained, see Fig.8. The suppositions are ©,=033=0, G;,=G;3=0,3=0,
6,(z=0)=-500 MPa, r=1pum, g=100MPa/um, Fe{211}, Dg=0.286648 nm, Cr-Kq,
Y-diffractometer, specimen thickness P >> 1 (see Fig. 2).

<8'33)=(%s2 sin2w+s|)-(0n(1)> (4)
D>>1

<O'l I(T)) = %[jol l@)exp{—%}dz +ja|](z)exp{_ %}dz]
=o(z= o)Hg(exp{_%}_exp{_%}) (5)

1 6
- ! - . el expla—
Dy yyogso = Do + Do(O.S-Esz +s|)[0'(z =0)+382-102- (exp{ 3 82} exp{ 3.82})]

=0.286515 nm

This value can be verified in Fig. 8 left. The right hand side of Fig.8 shows the
corresponding D-vs.-sin?y distributions for an Al material /7/.
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Figure 8. D-vs.-sin®y distributions for the stress gradient with parameters are given in
the figure, left Fe, right Al /7/.

2.152d Very high stress gradients, D-vs.-sin*y distribution and asymmetry of peaks

After grinding of surfaces of ceramic materials, very high RS-gradients are observed. The
limits of the measuring techniques had to be extended to find answers to fundamental prob-
lems. D-vs.-sin®y distributions measured with Mo- or even Cu-radiation show no slope,
therefore the penetration depth had to be reduced further either by using a longer wavelength
or by extending the measurements up to very high angles y, additionally tilting the specimen
in the w'-direction. To explain the different influences on the D-vs.-sin®y dependences and to
point out the necessary measuring accuracy the following examples are theoretically elabo-
rated. It is recommended to reflect these or similar thoughts to the problems and to perform
calculations before starting the experiments.

The propositions are: tetragonal ZrO,, rotational biaxial RS with a linear gradient or with
stepwise gradient, use of an additional specimen tilt @' in a -diffractometer. The strain
€y, =€ 33 Was calulated using the formula and the data that are shown in the captions of the
figures.
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Fig. 9 shows the penetration depths of different radiations versus sin%y for the {222} peak
of tetragonal ZrO,. Fig. 10 reveals the influence of the stress gradient. The differences bet-
ween the curves will be detected more easily when the measured D-data are plotted versus y
instead of sin’y in the higher values. As the Fig. 10 demonstrates very clearly, the D-vs.-siny

dependences show practically no stress in the lower sin*y range but exhibit strong curvatures
in the higher range.

4k Zr07 tetr. J
5 Cu-Ka {222} |
£
£ 3r .
[}
3
g 2F Cl"K(x e
"g w'= 0°
R e -
g O ik,
w'=60°
0 v T T T T T v T v
0 0.2 0.4 0.6 0.8 1
Sin2w1

Figure 9. Penetration depth versus sin®y,, tetragonal ZrO,,
Y-diffractometer, o' tilt, {222}, three radiations.
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Figure 10. Lattice distance versus sin?y (left), versus y (right) of tetragonal ZrO,
in a rotational symmetrical stress state with gradients in the surface layer,

WY.diffractometer, Cu-Kg, {222}, 20 = 62.82°.
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Fig. 11 demonstrates the influence of the kind of the gradient, linear or stepwise. The
differences in the D-vs.-sin®y dependences are relatively small as well as for that obtained by
using Cu-K or Ti-K¢ radiation, but tilting the specimen 60° offers the possibility to a better
distinction of the two kinds of gradients. This effect is of certain importance; it offers
discussion of the real form of the gradient.

sindy
0.75 0.875 1

0.511 A ——
Cu"Ka Ti'Ka T"Ka
0.510 . 1 '=60°

0.509+--eemrrre gz Dy Dy

0.508+

0.507+

0.506+ — b 1
0o 1 2
zinpm ]

0.505 v L] M T T T 1 A | v L] v 1 v L v 1 v 1 T 1 L
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
sin2y sin2y sin?y,
Figure 11. Lattice distance versus sin®y, tetragonal ZrO, with two kinds of surface gradient of

rotational-symmetrical stress state, ‘\P-diffractometer, right: additional tilt o' = 60°, Cu-K,
{222}.

O in MPa

lattice distance Dy;ggy in NM

It was demonstrated by /17/ that stress values may have large uncertainties as the
consequence of using different lower thresholds assessing the position of the distorted
interference line which is caused by large stress- or texture-gradients. These results are based
on strain-, stress-evaluation using the center of gravity method with various lower thresholds
for the K-doublet.

In the following it will be shown by means of two theoretical stress profiles with very high
gradients what kind of distortions are present in the doublet, the symmetrized and the
separated Kq-interferences /18/. Recommendations will be given about how to correctly
evaluate the position of the K -peak.

Fig. 12 shows the two theoretical uniaxial stress profiles, the second one corresponding to
the first one after a 2 um thick layer was removed, see 2.072k. The data used to calculate the
intensity  distributions are the following: Fe{211}-interference, (K +Kp) doublet
symmetrized, Kgj-separated line, Cr-Ky radiation, the lattice constant 0.28665 nm,

p=905 cm!, FWHM = 1°in 20, Gaussian distribution, s,=-1.25, %sz= 5.76-10-6 MPa-!.
The intensity versus 20 at the surface z = 0 of the stress profiles holds:

S S
Iz=() (2@) = Iz=0_5 (2@)[1 - exp{— ?}) + Izzs_m (2@) exp{—;} ( 6 )
A 28u

—=———"— S=3o0rlum
7T sinGcosy # (7)
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Fig. 13 demonstrates the calculated Kq-doublets, left sin?y = 0.7, right siny = 0.9, upper
part 3 pm thick stress zone, lower part the 1 pm one. The distortion of the doublet is clearly
seen. The symmetrized doublet and the separated Ky -line are distorted. Fig. 14 shows
examples for the 1 um thick stress zone at sin?y =0.7 and sin?y=0.9. Evaluating such
distorted lines in the usual manner using the center-of-gravity method and variable lower
threshold between 0.55 and 0.80 of the maximum intensity the following D;-vs.-sin?y
distributions will result, Fig. 15. The deviations from the correct dependence are marked,
especially for the higher gradient using the Ky-doublet separation.

Consequences of this thinking are to use the symmetrization procedure as yet, but when
using the Kq-separation method the lower threshold should be varied between 0.20 up to 0.70
of the maximum intensity. Line-fitting and parabola methods may cause errors.

sin2y = 0.7 sinfy =0.9

intensity

154 156 158 160 154 156 158 160
stressed layer 3ym thick

0 zinpym 2 3

0 o
b=

= 5

£ £

o)

-500 v —r—1—
e—— a 154 156 158 160 154 156 158 160
< ¢ —><—b 20 in degree 20 in degree
/ | stressed layer 1pm thick

Figure 12. Two hypothetical stress  Figure 13. Distorted peaks as a consequence of
profiles: 6(z < 3 um) = -500 MPa,  a large stress gradient (Figure 12), Fe{211}, Cr-Kq.

6(z=2 -3 pm) = -500 MPa.



363

symmetrizising Kq-separation
0.2868
2
5]
S
€ &
= c
£
=)
™77 LA S
154 156 158 154 156 158 =
siny = 0.9 @
Q
c
S
R
o’
= 8 —— theor.
w - —
S % 0.28621- a Ko-separation
k= - O symmetrization
o —— 02860t 1 v 0 o1,
154 156 158 154 156 158 0 02 040608 1
20 in degree 20 in degree in2
siny = 0.7 SIn“y
Figure 14. Distorted symmetrized Ko~ Figure 15. D-vs.-sin®y distributions evaluated

doublet and Ky -peak after Kg-doublet from distorted lines given by a stress-gradient
separation expected for a large stress region 1 um thick (Fig. 12, Fig. 14) with the
gradient in a region I pm thick center-of-gravity method varying the threshold
(Fig. 12), Fe{211}, Cr-Kg . between 0.55 and 0.8 of the maximum intensity.

The following theoretical dependences should demonstrate the effect of a RS-gradient in a
textured material. Here we have a superposition of oscillations in D-vs.-sin®y distributions
with the effect of a biaxial stress gradient.

For the theoretical study the following parameters were taken: iron, Cr-Kq radiation,
D= 0.28665 nm, 20 = 156.072°. In Fig. 16 the D-vs.-sin*y are plotted for three peaks, a
{211} peak with the usual oscillations and two with different shapes of D-vs.-sin*y distri-
butions.

Four types of the biaxial RS-gradient were taken, which are shown together with the
D-vs.-sin®y representation in Fig. 17a-d.

The superposed effect of the two parameters, texture and gradient, is demonstrated in
Fig. 18a-d. For each set the three D-vs.-sin?y distributions with oscillations according to
Fig. 16A-C are taken. Generally speaking, the original shape of the lattice strain is in many
cases not easy to recognize. If one assumes an error bar of + 5-10-6 nm, the different shapes
may be difficult to distinguish. On the other side, the figures demonstrate very clearly that it is
not easy to obtain besides the texture influence also the real stress gradient. Further studies
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with measurements using different wavelengths, considerations of the influence of the
experimental errors and tests with reconstruction of the D-vs.-sin?y distributions based on
texture and gradient evaluation would help to clarify the real material state,
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Figure 16. Three lattice-strain distributions of textured iron, a-Fe, Cr-K¢, {211}
and two arbitrary {hkl}, no gradient assumed.

ym z

[ -500 D

L a1 . d 4

100

[-500
[ O

aq{ | C
) ]
L 5 i
I ) J
[ 2um 2% ]
L o
[ ]
F-500 }
B ¢l
_-10%0 ]
) rrrryy
- b 1 d

3 5um102_’

0 020406081

sinZy

s

LS I

0 020406081

sin2y

————r—r—r
0 02040608 t

sin?y

Figure 17:.Lattice-strain distributions for four kinds of stress gradients and nontextured
material.
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Figure 18. Superposed effect of four biaxial stress gradients (a-d Figure 17) on three textured

states of iron (A, B, C, Figure 16).



366

2.152¢ Basic formulae, Dy-gradient

. . . . dDy .
Materials with a marked Dy-gradient 72—0— in near surface layers caused by a composition

gradient as a consequence of alloying and/or heat treatment reveal y-dependent shifts of the
interference lines /10/. Neglecting the influence of really existing residual stresses, the { D )-

values measured with particular X-rays in certain distances from the very surface can be esti-
mated with the formula

fD(.OO) (2) exp{—- é}dz

(Do) =
Iexp{—i}dz
0 T

which considers the attenuation of the X-rays used. T is the penetration depth and P is the
thickness of the specimen.

(8)

\\\:\ r-Ka—| ‘\\\‘ Cr -Ka—
-5} \:\\ 'Kk -‘\ \‘ ﬂgﬂﬂ.w-s
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\
~ |\
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b \ \\\‘~~
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\
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€ \ \
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Figure 19. Fictitious stresses determined by Cr-Ky and Mo-K¢ radiation
caused by different Dy-gradients and measured in different sin*y-ranges /16/.

When Equ. 8 is applied to iron with specified linear Dy(z)-distributions extending over
different distances beneath the surface, fictitious stresses can be calculated, which additionally

depend on the y-range for which the calculations are performed. Examples are shown in
d
\Fig. 19 for —5;2 =1-10"5 nm/pm and 5-10-5 nm/pum. As can be seen, gradients < 1-10-5 nm/pm

produce practically no fictitious stresses, if {211} peaks are measured with Cr-K,, radiation.
Fictitious stresses can also be disregarded if Dj-gradients are less than 5-10-5 nm/pm in
surface layers smaller than 5 pm and measurements are carried out with other X-ray wave-
lengths. For a given X-ray wavelength, the fictitious stresses increase with the Dy-gradient, the
thickness of the affected surface layer and the covered y-range.
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Figure 20. Curved D-vs.-sin?y dependence resulting from
a Dy-gradient due to a composition gradient /19/.

The D-vs.-sin*y dependences are shown in Fig. 20 for both measuring ranges, sin?y < 0.5
and siny < 0.9, using Mo-Kq {732+651} and a ‘P-diffractometer. The linear regression line
and the chord between the points on the ends are drawn, the slopes of both are approximately

the same.
The fictitious RS have been calculated for different Dy-gradients, for the depth of the

surface layer b influenced by the Dy-gradient and for two radiations with the peaks Cr {211}
and Mo {732+651} of iron. Using Mo-radiation Dy-gradients <2-10-6 nm/pum and Cr-radia-
tion < 10-5 nm/pm will have no influence on the result of RS. Higher gradients as stated will
show up as fictitious RS.

2.152f Transformation of the 1- into the z-stress field

The principal way of determining RS in a stress field with gradients is to fix very exactly
by strain measurements the RS versus penetration depth (ty; values) dependences and to
convert it into RS versus distance from the surface of the specimen z. The conversion will be
done using the Laplace transformation, using computer programs or handbooks /20/.
According to /5/ the ;(z) profile will be written as a power series /21/:

O',j(z)=2a,,z” =ag+a1z+az2+... (9)

n=0
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Using the Equ. 9 and 2 /22, 23, 6/ it follows

<0',-j> = %i[anzexp{—é}z" dz) (10)

n=0

1 00
(04)==3 amn!t™ =ag+ a7 +2a,72+... (11)
n=0
T is usually used as Tg2y, = 3 ; the a, will be determined according to the last equation. With

these a, Equ. 9 gives the result 6(z); in case of an approximately linear dependence the
procedure simplifies to:

(0j(r))=a0+ait=0y(z)=ao +arz (12)

The following method is based on the same principles but was worked out in a somewhat
different way /24/.

Because the D-vs.-sin*y distributions measured with three wavelengths on three peaks
were not linear, the normal-RS components were evaluated in the same operation for the LD
and the TD. {(o(1)) is the transformed — by Laplace transformation — o(z)-profile. For the
{o(1))-profile the following formula was used

101'2 +h7 +12
— 2 13
<G(T)> (1 +ar)3 ()

The coefficients |; and oo were computed using a nonlinear least-squares algorithm. The
RS versus depth from the surface distribution in the LD and in the TD are derived from all
D-measurements using different wavelengths according the following formula:

2
o(z)= [12 + (h —2ha)z+(lo - ha+ha? )52—] exp{~oz} (14)

The determination of the shear components can be separated from those of the normal
components /8/. The condition at the surface is the following:

calz=0)=0  i=1,2,3; gz—O’,j(z=0)=0
The formulae used by /8/ are the following:
34012
(013(1—»:10_1”_”; (15)
(1+ar)
o13(2) = (L0122 +1(lo - ha)z* ) exp{-oz} (16)
2
(u(r) =R ThTrE oy (17)
(1+ar)

o’,-,-(z) = (12 +(1| —2(112) z+ %(10 —I‘a+12a2) 22) exp{—oa} (18)
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A further modification of the principal method was brought forward by /25/. The proposi-
tion is a biaxial normal-RS state

£
o12(2)=Y 0¥}z (19)
=0

The details and the application to a practical example will be demonstrated in section
2.153b. The last mentioned methods require a modeling in so far as the evaluated RS-profile
versus the depth from the surface will be converted into the measured D-vs.-sin*y distribution
and vice versa.

The stress-depth profile can be evaluated instead of one by several polynominals,
sectionwise of lower order /26/. Fig. 21 shows schematically the principle.
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Figure 21. Sectionwise plot of a residual-stress depth profile /26/.

2.152g D, €, G versus T, z diagram for 633 =0

In the previous chapters the results of measurement for different peaks are considered with
the task to evaluate the RS-gradient in the surface region. Each D-vs.-sin®y dependence - for
one peak with one wavelength - was evaluated and the so-determined stresses plotted in a
stress versus penetration depth diagram. For a good presentation the range of penetration can
be shown instead of a special penetration depth, for example 1, ;. The average © vs. T curve
can be transformed into the ¢-vs.-z diagram.

Another approach is to average the € vs. T distributions results of several to many peak
measurements. This method was introduced by /9/. The assumption is made G33= 0 and D,
must be known very accurately and has to be constant over the penetration depth. To get the
correct Dy-value causes difficulties for stress analysis on textured as well as on two- or
multiphase materials. These items restrict the use of the method.
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The basic XSA formula for a biaxial normal stress is given by

Epy =352(01cos? ¢ +025in? @)sin? y + 51(0) +73) (20)
The following operations are obvious:

Eoy €90y = 152(01 £02)sin2y +(111)s51(0) +062) (21)
The sum is needed for the diagram, the difference to calculate each 6, and 6,:

Eoy €90y Doy + Dogyy —2Dy
e sin2y 1o o
251 +552sin2 y D0(2s1 +3 .5 sin? vl)

=01+02 (22)

An example will be discussed in section 2.153¢ /27/.
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Figure 22. RS vs. penetration depth 1 determined on different {hkl} with the
energy-dispersive method /27/.

2.152h An integral evaluation method

The evaluation of strain measurements according to the so-called RIM (Rontgen-Integral-
Method) is based on the 2@ y-vs.-sin’y measurement data. To demonstrate the results of
such an evaluation reference is made to a paper published recently /28/. The specimen was
made of Al,0;+ 5 vol.% TiC ground with a diamond abrasive wheel. Measurements were
made with Ti-Kq radiation on the peak {116} in the azimuths ¢ =0° and ¢ = 90°, Fig. 23.
The stress evaluation is given as a component matrix with the error matrix. The geometrical
representation of the results is plotted in Fig. 24. The zero crossing of the linear dependence of
o), and G,, is approximately at 10 pm from the surface. The error of the 6;33-component is
considerable. A modification of the evaluation procedure with regard to nonlinear gradients
was presented at the 44th Denver X-Ray Conference. Fig.25 shows the result of stress
profiles. The zero crossing is now at approximately 4 to 5 pm. Additional assumptions were
not made and an error matrix is not available /29/.

The conclusion may be drawn that measurements on stress states with steep gradients allow
different interpretations dependent on the particular RIM evaluation procedure.
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2.152i Stresses in removed layers

The following method can be used to determine a very steep gradient of microstructure and
thereby a Dy-gradient, a very strong stress gradient and the influence of overlapping of peaks
of thin layers-substrate composites. The principle is to measure the peaks on each new surface
after removal of thin layers in the surface region. The supposition is that the removal of thin
layers by etching or other treatments does not introduce additional stresses. The specimen
thickness P should be large in regard to the penetration depth T, which is defined as the
thickness in which Ve of the initial intensity is attenuated. The idea and the first application 10
Cr-coatings on steel was introduced by /31/. The basic formulae used previously are the
following:

jzeW )exp{ }dz j1¢_.,,(z)exp{‘7z}dz

(20py)=24— (23) (Iow)=2— = (24)
}[exp{ . }dz _([exp{—f—}dz

We assume a composite of a thin film that will be divided into n layers and a substrate. The
thicknesses of the layers are t; , that of the whole composite P. The penetration depth after
each removal (i) is 7; . In total the following (2n+1) steps are necessary:

» Measurement 1 of { 204,y (1) vs. sin?y.
e Removal of layer 1.
o Measurement 2 of ( 20,y )?) vs. sin*y.
e Removal of layer 2.

* Measurement n of ( 20¢,y Y™ vs. sin’y.
¢ Removal of layer n.
o Measurement ( n+1 ) of ( 2@,y Y1) vs. sin*y of the substrate alone.

Assuming a homogeneous stress state and 633 = 0 in each layer n, the following formulae
with index (s) for substrate and the number (i) for measurement (i) are to be used:

Sl ] o ol 2]
${lTeol-s2 ) o -eof-5)

(2044 ) =200), . 1120 =0 (26)

(25)

(200 ) =

with
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(27)

with

Difference in ( 20, ,, ) after one removal:

g[gexp{ 2120l ) . 1-enf- 2]
${fiwf 2]} oo 2]

ol {1 e i G )

V=

R ) P )

=

(28)

Abbreviations

40)=15), ﬁ(l - exx){—t—‘}) (2)

49 =TT exp{——é{f‘l—}- 18, = (1 exp{—;—}]
20{), 4 22@
4(1) + E A2)9
i=2
20(), = ﬁ {(2@,,,,.,,) [A(l) + Z A(z)(f)] - gze;,,.,, A(2)(i)}

(204y) =
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This is the correct Bragg's angle for the removed layer. The value of A(2)() must be evalu-
ated with a further removal and measurement step. One must be aware of the fact that in this
case the former layer with index (i+1) transforms now into the layer with index (i) in the
formula above. This procedure ends with the measurement of the substrate (s), i.e. (i+1) = (s),
where the measured peak has no overlapping component.

2.152j Stress- and Dy-gradients

If gradients of both RS and D, are present the convoluted RS-profile has to be found by
modeling. An example is given in section 2.073f.

Another example deals with y-FeyN; . layers on o-Fe substrates /32,33,34,35/. Extensive
studies have been dedicated to the separation of the composition- and the RS-profiles in the
presence of pores.

2.152k Relaxation of stress components near a free surface

Triaxial stress evaluation requires the exact knowledge of the stress free lattice parameter
Dy as is outlined in paragraph 2.112. Because in many practical cases it is not possible or too
tedious to determine this value, it is usual to assume the stress in normal direction 033 of the
studied surface to be zero which enables one to calculate the Dy-value from measurement for
two azimuths ¢=0° and 90°. In most cases, this procedure is justified because 653 is exactly
zero at the surface and the penetration depth is small enough so that no appreciable 633-com-
ponents will develop herein. This is valid if predominantly macrostresses are present whose
period of lateral variation is large compared with the extension of the area and the depth
illuminated by X-rays during the measurements.

To assess the applicability of the assumption 63;=0 within the penetration depth of the X-
rays it is necessary to get knowledge of the general behavior of 033 in the vicinity of the sur-
face. The length scale on which a non-zero 633 will develop depends on the microstructure of
the material, in particular on the length scale of quasi-periodicity. Calculations were per-
formed in /36/ for a structure with spherical precipitates which are arranged like a cubic lattice
of constant a. Besides the 033-component, also ¢, and 65, relax near the surface. The con-
clusions of this fact for the XSA were firstly discussed in /37/ where the formulae of /36/ were
used to calculate the profiles of all stress components in the surface region of a pearlitic
structure (Fig. 26). Another approach was outlined in /38/ by applying the solution of
Boussinesq /39,40/ for the stress induced by a point force on an infinite half space. The results
of the three papers are similar in respect to the 633-component. Fig. 27 shows the profiles of
the phase stresses in a pearlitic structure /38/ in the bulk material and at the surface. They are
plotted versus z/a with z the depth beneath the surface and "a" the period of the structure. The
lateral variations of the stresses within the phases depend on the volume fractions. The
macrostresses G43M2C0 relax at the surface as expected. The microstresses do relax, too, at the
very surface, but, in a depth less than the period, they reach the level of that of the bulk mate-
rial. The period may be the thickness of the lamella in the pearlitic structure, it may also be the
mean distance between precipitates, grains of a second phase, whiskers etc.. Because, for a lot
of materials, this period is much smaller than the penetration depth of X-rays, the effect of the
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decrease of microstresses in the z-direction at the surface may not be detected. Experimental
proofs of the fact, that the gradient g;33™Micr at the surface may be too steep to be detected and,
therefore, a triaxial microstress state is determined, were given in /38,41,42/.
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Figure 26. Periodical structure of a two-
phase material. 6,= ¢® in the phase o and
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Figure 27. Profile of the stress component G,
near the surface, dependent on the relative
depth z/a with a the period of the phase
distribution at the surface /38/.

- the profile of stresses in the z-direction near the surface depends predominantly on the

period "a" of the microstructure

- details of the microstructure are of minor importance

- macrostresses in the direction normal to the surface relax totally near the surface

- the range of the surface influence on the microstresses is less than one period, which is
about 0.1 um in pearlitic structures, i.e. it is small compared to the penetration depth

of X-rays

- X-ray stress measurements will, therefore, generally reveal a biaxial macrostress state

and a triaxial microstress state

- relaxation of the 033-component will affect the other components, too /36,37/. The
effect on the interpretation of X-ray results has still to be elaborated.
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2.153 Experimental methods and results

2.153a Use of different radiations and peaks

The X-ray method to determine a steep strain-stress gradient or a stress profile should be
selected according to the gradient problem itself. The material thickness affected by the gra-
dient, the RS-state and the steepness of the gradient determine the experimental method to use
as many as necessary wavelengths and peaks to get the stress profile. Measurements up to
sin®y < 0.95 or y < 87° are used in recent papers. In order to evaluate the stress at the very
surface one needs to use a low penetrating wavelength-peak combination and if possible
tilting the specimen in the ‘¥-mode by the angle w'. The stress versus penetration depth must
be converted into the stress versus the distance from the surface in the thickness direction.
Programs with Laplace transformation and regression-balancing least-squares method are used
commonly.

There are different methods to determine the o(t)-profile. If the D-vs.-sin?y dependences
for different peaks obtained with different wavelengths are linear or if the curvature is small
and may be neglected, as many peaks as possible should be evaluated. To reach the verv
surface, the specimen may or should be tilted. D-vs.-sin?y distributions with marked curvature
may be as an approximation stepwise-linear evaluated. The correct way is to consider the total
curved D-vs.-sin?y distributions of peaks from several radiations. It should be mentioned that
evaluating a single D-vs.-sin®y dependence may not be sufficient to determine the o(z)-profile
in unique way.

Here are examples from the literature; details may be found in the short descriptions and in
the captions. Interesting studies deal with the evaluation of the real RS at the very surface of
surface-treated material (ceramics), thin-film-substrate composites, and cold-rolled materials.
These problems relate with the influence of very strong RS-gradients on the positions of the
peaks to be evaluated. Two developments in XSA made more detailed information of the RS-
state in the near-surface region possible: The use of radiation of longer wavelengths and the
possibility to measure to higher values of y, say up to sin®y < 0.95. Fig. 28 shows the pene-
tration depth of different radiation-peak combinations for experiments with the following
materials /43/.

Fig 29 shows RS-profiles of ground ceramics evaluated with different wavelengths on
different peaks (left) /44/, the influence of an additional tilt @' (center) /45/ and on the right-
hand side results of measurements with Ti-K, radiation on the {116} interference line up to
y < 80° /25/. Fig. 30 demonstrates the effect of very steep stress gradients on the outmost
surface zone in rolled Ni /46/ and rolled Cu alloy /47/. An influence of surface anisotropy
(section 2.134h) is indicated.

The RS-state after grinding chiefly of steels was several times studied by Hauk et al., using
different wavelengths and measurements on several peaks /21,7,24,8/. The evaluation of the
RS-gradient was done by use of exponential functions. The scatter of the results due to
experimental errors was discussed in section 2.152f. The following formulae were used for the
Laplace transformation from the T-space (penetration depth) into the z-space (depth from the
surface):

oi3(z=0)=0 i=1,2,3 and —g;oij(z=0)=0
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ou(z) =l + (- 2ak) 2 + (lo - her + ha?) 22 | exp{~oz} (30)

oi3(z) = [%Ilz2 + %(lo -ha) 23] exp{—az} (31)

Data and evaluation results are shown in the following figures, some details are given in the
captions /8/.
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Figure 28. Penetration depths for different radiations in different materials,
W-diffractometer /43/.

penetration depth T in pym
T

N

0

0 T Y T 0 T
A0,/ TiC {Svol%)
) - 000

- - - - _1 - . p

§ o Cuka =0 18 TiKe
A Cr

E _1000F o KZ 1L 4 -2000 deconvoluted |
4
Bose0F 1F - -3000 .

_2000 | 1 { = 1 i | 1

0 10 20 30 0o 1 2 3 L LOOOO 1 2 3 L 5
t{siny=03} in pm tsinty =075} in pm z inum

Figure 29. RS-profiles of ground ceramics evaluated from data for different radiations and
peaks /43/.



378

0 T T {
Ni, rolled Cusné, rofled "
abd.--
-~ ./A -
s ¢
s {531} synchr. rad. ) o Cu-rad.
£ 100K surface deconcoluted | gyface M- rear- 2 %r::g_
§ anisotropy anisotropy ’
k7
-60 - ¢ high .
6 O Gs =11 MPa w?ang'es G‘ : 520 MPa
Gy = 141 MPa O, : 530 MPa
-800 i i i i 1 1 I A
0 2 L 6 8 100 2 { 6 8 10
z inpm tlsin2¢=03) in pm

Figure 30. RS-profiles of rolled Ni and CuSn6 strips /43/.
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Figure 32. Depth dependencies of the residual-stress components 6, and G, of the
C45 specimens ground without and with (*) sparking out; the results for ground

GGG-60 and WC-Co specimens are also represented /8/.
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2.153b Use of one peak

The D-vs.-sin?y distribution for one peak may be sufficient to elaborate the RS-profile
from the surface if a precise measuring and evaluating system is established. This was done by
125/ for a machined ceramic surface layer with a thickness of only some pm. The presupposi-
tions are as follows: A biaxial RS-state parallel to the surface, 03;=0, azimuth p=0°
machining, say the grinding direction and ¢ =90° the transverse direction. The penetration
depth of the radiation 1, should be of the same order of magnitude as the region of the surface
that is influenced by the machining finish. The measuring range should be as high as possible
i.e. jy| <80°, with synchrotron radiation up to |y| < 88°. The computerized evaluation should

involve polynomial functions of increasing degrees. A stable function RS-state versus distance
from the surface will then be the result.

The development of the formulae follows the previously mentioned ones. o(z) will be
developed by polynominal functions up to a chosen order

4
o12(z)= Y o\) " (19)
r=0

and inserted into the weighting integral

To 12 (z)exp{— %} dz

(o12) =2

oo

Jexp{— %} &

0

This expression can be solved by Laplace transformation. The resulting equations for the
Bragg's angles are:

- -

E sin@ )
20py =20 -2tanBQg z r! (_2#—0) cos” y (%sz cos? @sin? y + s|) o
r=0

(32)

g . r
—-2tan® 2 r!(i%gg] cos’w(—é—sz cosz(psin2|V+S|)0’§
r=0{

Very exact Dy y, Dgg - vs.-sin*y measurements must be done. 6}, 6, and D can be evaluated.
Here is given an example /25/ of a ground specimen AL,O; + 5 vol.% TiC, Fig. 34 . The
biaxial RS-state versus the depth is plotted for several calculated functions. The measured
values of Dy, vs. sin®y are very well verified by the calculated function, see also /48/.
In cases in which a D-vs.-sin®y dependence shows a narrow curvature in the very high
y-range the plot D-vs.-y allows a better representation of the experimental data. Fig. 35
shows an example /49/.
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Figure 34. Residual-stress state and 20©g y(sin’y) of ultrasonically machined
ALO4/TiC (5 vol.%), Ti-Kq radiation, {116}-planes, evaluated with g = 1...3 /25/.
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Figure 35. Data obtained from the {531} reflections of a cold-rolled nickel plate:
1+£:{9OM ‘10% obtained with ‘¥-goniometry: full curve. 8&90#/ ‘103 obtained with

Q-goniometry for 26 = 140°: dashed curve. Experimental points corresponding to
g0,y '10% and €99,y -10%: circles and squares, respectively /49/.

2.153¢ Energy-dispersive method

The RS-state was determined on a ground steel sample using the energy-dispersive X-ray
method /50/. The method itself was shortly described in the respective paragraphs of 2.04 and
2.07. Here are reported the only existing results for the RS-state of a ground steel plate. The
same specimen was tested earlier with X-rays on the peaks {211} and {310} and the RS-pro-
file versus penetration depth converted by Laplace transformation into RS-versus-depth from
the surface dependence /24,8/. Details are given in section 2.153a.
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Here is given the evaluation of a lot of measurements with the energy-dispersive method
for a biaxial RS-state /27,50,51/. Fig. 36 and 37 demonstrate the results for eleven peaks from
{110} till {521} measured over the respective penetration depth. The RS vs. T and RS vs. 2
are shown in Fig. 38. Additional evaluations on a cold-rolled Ni plate and a water-jet-peened
steel plate demonstrate the ability of the method to give the RS-gradients in the surface-near
regions of a few pum thickness.
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Figure 36. EDXRD spectra of a ground steel plate (W tube; 50 kV; 40 mA;
counting time 3 h; 20 = 33.5°). The specimen was tilted by y =0° and y = 88°.
The number of counts for y = 88° was multiplied by a factor of 200 /27/.
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Figure 38. Normal residual stresses in a steel plate that was ground in the
x-direction: 0, 0;(1); —, 0;i(z). The two G;(z)-curves were obtained by
inverse Laplace transformation of the G;;(t) analytical fits /27/.

2.153d Grazing-incidence method

To investigate experimentally the outmost surface layer of a material or a film-substrate-
composite Predecki et al. /52,53,54,55/ used the grazing-incidence X-ray diffraction method
(see Fig. 26 in paragraph 2.042). Under the assumption 033 = 0, determined stresses versus
penetration-depth dependence will be fitted; functions are listed in Table 2. The transfor-
mation to the stress-vs.-depth from the surface profiles will be done using the inverse Laplace

function, Table 2. Examples of ground Al,0; + 25 wt.% SiC whiskers and sputtered-Mo films
on glass illustrate the method.

Table 2. Equations obtained for T and z-profiles /53/

T-profile z-profile
<0;i(T)> = m; + my exp(-m3/1) oy(z) = my + my U(z-m3)
<03i(1)> = m| + [my/t!"2] exp(-m37) 0;i(2) = my + [my/(nz)'2] cos(2 [m3z]/2)
<011(T)> =m; + my/[1-m3T] 011(z) = m; + my exp(m;z)

<0 (1)>=m; + m, [1-exp(-m3/1¥2)]  ©}(2) = m; + my erf(my/[221/2])

<wi(1)>=m, + [my/1] exp(-m3/1'2)  wi(z) = my + [my m3/(4n2*)!2] exp(-m;3*/4z)

U= Heaviside unit function, erf= error function, w;= FWHM, m,, m, and ms= fitted constants
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2.153¢ The scattering vector method

Ch. Genzel

X-ray residual stress-gradient analysis in polycrystalline materials is based on the measure-
ment of the lattice spacing Dynyy for different values of the penetration depth t. If angle dis-
persive diffraction methods are applied, the variation of T may be achieved, in principle, in
two ways which differ by whether the pole-angle y between the measuring direction m and
the surface normal is kept fixed or not. In the second case, the measurements are performed in
the Q- or the ¥-mode on the basis of the sin®y-method. Approaches for evaluating the stress
profiles ojx(z) from the "Laplace"-profiles D {hk1}[t()] are given in section 2.152f.

An alternative formalism for the evaluation of strongly non-linear near-surface stress fields
is proposed in /56/. It is based on the idea that the penetration depth may be varied
independently of the pole-angle v, if the sample is rotated around the scattering vector gq,y
which is paralle]l to the normal of the reflecting lattice planes, Nhkl (Fig. 39). Denoting the
angle of rotation by 1, the penetration depth T becomes

sin2 @ — sin? y + cos? 6 sin? y sin?n

= . 33
4 2usin@cosy 63

SB 180°-20 .
P3 §¢w ” Nhkl

sin2y sin’n

Figure 39. Schematic view of the diffraction geometry in XSA and the correlation of the
penetration depth 7 in Y-, Q- and n-goniometry; PB, SB - primary and secondary (diffracted)
beam, respectively.
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Inserting for 1 the values 0, m and /2, 31/2, Equ. 33 yields the well-known expressions for
the Q- and the ¥-mode in the conventional XSA, respectively. In the scattering vector
goniometry, the absorption factor depends additionally on n:

Ay.n(8) =1 + tanjy]|cot&cosn. (34)

By means of Equ. 33 the penetration depth T can be varied without changing y. Thus, if the
sample is rotated by a certain amount of 1} around gg,y , depth profiles of the lattice spacing
D nki3(t) are obtained even for the same orientation with respect to the sample system. In the
basic equation of XSA, the angle y now becomes a usual parameter in the same sense as the
azimuth angle ¢. Therefore, the scattering vector method permits the separation of individual
components of oik(t) from the basic equation, if the depth scans Dy y(t) performed in the n-
goniometry at different positions of ¢ and y are combined in a suitable way. In order to
minimise the errors due to an insufficient knowledge of the exact lattice parameter Dy of the
stress-free material, it is recommended to perform n-scans in at least two positions of y and
taking the differences. In the case of a biaxial stress state (i.e. assuming g3 = 0,1 =1,2,3
within the penetration depth) this procedure yields for the azimuth ¢ = 0°

Doy1(tn) = Doy2(7n)
Do[ﬁl((),llll)—ﬁl(odllz)]

In Equ. 35 1y denotes that 7 is varied by 1. Fyj is the stress factor of the 6} -component,

on(rn) = (35)

for quasiisotropic materials one has formally F l((p,yl):%sz cos? @sin? y + ). For ¢ = 90°,
an equivalent relation is obtained for 65(ty). From the conventional point of view, Equ. 35
may be considered as a "depth resolved" sin®y-method performed at two discrete y-positions.

For finite values of 6i3(z#0), 1=1,2,3, the situation becomes more complicated.
Considering the evaluation of 633(7)-gradients in more detail, n-scans have to be performed in
the azimuths ¢ = 0°, 90°, 180° and 270°. Denoting the average by

[DO,W + Doo,y + Digo,y + Daro,y ]Tn
Dy (tq) =
4

and taking the differences of two y-positions again, one obtains

F(w1) Dya(tn) = Aw2) Dy (q) - Do[Fi(w1)- Fy2)]
Do [R(w1) Ba(w2) ~ F(w2)Fa(wi))

where Fj and F33 are the stress factors of the in-plane and the normal stress component,

o33(1y) = (36)

respectively. For the quasiisotropic case, they are given by Fi(y)= %sz sin2 y +2s; and

Fs(y)= %sz cos? y +5;. It should be noted that Equ. 36 yields 633(t) from the difference of
the lattice spacing distributions and therefore, errors due to an uncertainty in the exact Dy-

value will become of minor importance (Equ. 35). In Equ. 35 and 36, the "Laplace"-profiles of

the stresses, 0 (7) = % .B[O’,'k () %] are directly related to the measured strain profiles and,

therefore, there is no need for describing them by means of analytical expressions.
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A formalism for calculating the actual stress profiles in the (real) z-space, 6;(z), from their
discrete Laplace-transforms, 6;(ty), is given in /57/.

By means of the scattering vector method, depth profiles of the strains and stresses may be
obtained even at grazing incidence. Therefore, the method is particularly suited for stress gra-
dient analysis within coatings having a strong texture, if the deformation depth profiles are

detected at its intensity poles. In this case, the isotropic stress factors Fj ((P, W, 51,3 52, hkl

have to be replaced with regard to the preferred crystallite orientation by the corresponding
anisotropic stress factors (section 2.036¢). A theoretical comparison of several approaches in
X-ray stress gradient analysis with respect to their applicability to the thin layer problem is
reported in /58/.

The investigation of a strongly {(111)-textured Tig gsCrg jsN-arc PVD layer on a high speed
steel substrate (German grade M42) by means of the scattering vector method is demonstrated
in Fig. 40, for details see /59/. A preliminary sin®y-analysis revealed strictly linear
Dy~vs.-sin?y distributions up to sin*y = 0.93 and no y-splitting was observed. Further, the in-
plane stress state was found to be of rotational symmetry by measurements at various
azimuths ¢.

The n-rotation was realised on a HUBER W-diffractometer with integrated ¢-table by
means of a combined ® - ¢ - y-rotation. A parallel beam unit consisting of a horizontal
Soller-slit followed by a LiF-analyser crystal was used to suppress the large horizontal diver-
gence of the diffracted beam for measurements near the grazing incidence. For evaluating the
depth distribution of the in-plane component of the intrinsic stresses, (1), diffraction profiles
were recorded using Co-K radiation after stepwise rotation of the sample around the intensity
poles (311) (y = 29.5°), (3T1) (y = 58.5°) and (3T 1) (y = 80°) themselves, as well as for
neighbouring y-positions (35°, 53°, 75°). The stress profiles were determined by means of
Equ. 35, for details of the procedure, see for example /56,57,58/. The texture was taken into
account by calculating weighted anisotropic stress factors Fy(y.sijkd, hkl) in the Reuss
approximation from the single crystal elastic compliances and the orientation distribution
function.

The Dy(ty)-profiles obtained at the (311) and the (311)-pole are shown in Fig. 40a, b. It
should be noted that a uniform stress distribution, i.e. oj# f(t), would result in straight
horizontal Dy(ty)-profiles, because y was kept fixed for the individual n-scans. In the present
case, however, finite slopes are observed for the individual curves, the signs of which depend
on whether the scans were performed at the low- or the large-angle side with respect to the
strain-free direction of the plane-stress state within the layer. For the (311)-reflection of TiN,
this direction corresponds to a y-value of approximately 35°. Therefore, the clear increase of
the lattice spacing towards the interface, which was found for the (3T1)-pole (Fig. 40b), indi-
cates a decrease of the compressive stresses in the same direction. On the other hand, one real-
ises from Fig. 40a that the same stress gradient leads to the opposite run of the lattice spacing
in the (311)-pole at y = 29.5°, whereas a nearly horizontal distribution is observed at y = 35°,
which corresponds to the strain-free direction of the plane-stress state.

What is striking too, is that the values of the lattice parameter at y = 35° are significantly
larger than the Dy of 0.4227 nm calculated from the corresponding values of TiN and CiN
assuming the validity of Vegard's law. A triaxial stress evaluation by means of Equ. 36,
however, revealed only tensile stresses up to a maximum of 200 MPa for 633 , which are only
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of minor importance in the present case. Therefore, the large lattice spacing should mainly be
attributed to the widening effect of interstitial atoms within the crystal lattice.
Information on the stress profile with respect to the whole layer thickness is achieved by

combining the Dy(ty)-distributions in the distinct texture poles. Therefore, they are approxi-
mated by straight lines within the 1-range where they were measured (cf. Fig. 40a, b) and then,
0y(7) is calculated using Equ. 35 for the respective depth (Fig. 40c).
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Figure 40. XSA performed for a TiggsCrgsN-arc PVD layer (thickness 3 pm) in the
scattering vector mode. a) and b) depth distribution of the lattice spacing obtained at different
intensity poles, c) Depth profiles of the residual stresses. Note that the linear approximation
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2.153f Stress profiles requiring removal of surface layers or sectioning of the specimen

Measuring on one peak with one radiation and etching surface layers, is a frequently used
method to evaluate RS-profiles with a not-too-steep gradient. Steel parts have been often
tested in this way using the relatively low penetrating Cr-K radiation measuring the {211}
peak. Etching of surface layers and measuring on each new surface has to be done until the
RS-profile reaches zero level. In many cases, the relaxed part of the RS has to be encountered.
A transformation of the t-into z-profiles is not necessary.

Here, an example is given for a ground C60 steel specimen, Fig. 41 /21/.
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Figure 41. Residual stress distribution vs. depth from the surface of a ground
C60 steel specimen showing tensile residual stresses, Cr-Kq , {211} /21/.

Oblique etching shows up the RS-distribution on a slope. This was used by /60,61/ and in
recent times by /62/.

In many practical cases of mechanically treated surfaces, it is necessary to do the unfolding
twice. First in respect to separating RS I and RS II, and second in regard to relaxation by
etching off the surface regions /63,64/.

2.153g Correction of released RS after removal of surface layers

Strain and deflection measurements after removal of surface layers.
If the stress profile has no sharp gradients, a bigger part of the surface or even the main part
of the cross section has to be removed stepwise by etching or by mechanical means. The
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released stresses alter the strain distribution in the remaining cross section. This will be
measured by X-rays, by strain gages or by the curvature of specimen.

The mechanical methods to determine the RS-profile are numerous and well established.
They are often used for comparative tests to diffraction methods because they evaluate
macrostresses only. In the following, the mostly used methods on specimens with rectangular
cross section will be discussed, and examples of RS-states over the cross section are given.
Table 3 shows the methods to evaluate the macro-RS profiles. If the removal of surface
regions is done on one side, a curvature of the specimen may be noticed; its extent depends on
the ratio of removed part over the remaining part of the specimen.

Fig. 42 explains the coordinates of the specimens. Table 4 contains the details of the dif-
ferent methods, equations for stress evaluation and corrections as well as the authors. In
Table 5 the applications, their tasks and results are collected.

Table 3. Method and location of strain measurement of RS-states. The numbers correspond to
those in Table 4.

measurement removal
parameter place one side both sides
strain removal side X-ray, | X-ray, 3

opposite side X-ray, 2

strain gages, 4

curvature inside curvature,5 | = -------
after removal after removal
before from right side before from both sides
e AY
p N\ 1 I
& \‘\ ‘\
! \ \‘
” J ‘\ \
! ,’ RN
z !t |z i Wil 2 z z
o i oo p o AN
=0 =2 =04 i \\Tz=2 =0 i iz, z=0 z=% z=0 =1,
\ v N )
\_‘ ) 1! K
.\ \\ "' ’l
v NS Y
B ) 3 // ] L-L.-L-
K> 0 K. <0

Figure 42. Coordinates of specimen for removal of one side (left) or both sides (right).
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Table 4. Quantity to be determined, one or both sides removal, measuring technique, correc-
tion formula, reference. g, existent stress before removal, 0,,, measured stress after removal.

one side removal

1

67 23
Oxm(21) =O-X(Z|)_TJ‘O'XZ dz +—J.O'xdz
V4 4]

stress
removal side 1o 0
X-ray ey 3
Ox(21)=Cam(z) +2[ P2 dz — 621 [z /651
z 22
21 21
2 B4l 2y
6 4
stress O'xm=0'x(2=0)+*z-2—_[0'x2dz —-z—l O xdz
untreated side 1o 0
X-ray 2
1 do xm J(me - o'xm,O)
= — p— — — /
O om0 = 0 x(z=0) Ox=_la— +4(0 xm — O xm0)— 621 = dz | 166
2)
both side removal
3 2
1
stress O'xm(zl)=0'x(ll)—;—_[0'xdz
removal from both sides 'o
X-ray 1z
symmetric profile 6 2(21) = O ym(z1) J’ 0':,,, dz 165/
a1
one side removal
4 F4| 2t
1{6 4
relative strain Exm =7 [?Joﬂ dz - . 6-*‘12}
untreated side 0 0
strain gage 0
oy =Ll Bam 4o —6zlj€‘2"' dz 166/
2 Iz z
2
5
deflection gage 2 3%
2f, ky =—2— -—6—2—J‘0'dez -—|0o,dz
k., =—=2% 21E |z z)
72
20
k, curvature, f, deflection, = E zlz dk, +4ziky, -2 I kodz 167/
I chord length 6 dz Y
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Table 5. Examples of RS-profiles and their evaluation.

RS-profiles examples | layer removal| measurement remarks

in addition

one side on removal side| deflection
measurements
0

. . specimen
polymers both sides | on both sides pect! .
remains straight
one side . determination of
. ’ on back side .
thin plate micro RS and Dy,
0 Z in addition
/ bending bar one side on removal side| deflection
measurements

WA\

0 round rod | on total on each new specimen remains
/ \/ \ circumference| surface straight

The examples for using the formulae are taken from the RSA on the polymeric material PBT.
Plates of 2.8 mm thickness were injection molded. Several samples (30x25 mm?) were
carefully cut out and milled from one side to remove RS. The X-ray lattice strain
measurements were done on each new surface. The RS were evaluated on the basis of linear
regression and using the XEC determined in additional tests /68/. The formula 1 of Table 4 is
used /65/. For n removal steps it follows:

0x(2n) = O xm(zn)

37
+2 [(Zo _ Z]) %(O’xm,() + O xm,i )+...+ (Z,,_| “Zn) l(O'xm,n-—l " O xm,n )] ( )

20 2] 2\ z, Zp

1o c 1{Cxmpnt ©
- 62,|(z0-21) = L LY (a1 —20) =| —22 Ly 2zmn
2l 2 2 2 2
z; zi 20 z Zy

n-1

with
21,22,...2n-1,2x thickness of specimen after each removal of surface layers

O xm,050 xm,l >---O xmn-1,0 xmn tesidual stress measured after each removal

Fig. 43 shows the raw data and the evaluated results according to the above mentioned method
/68/. To get a comparison between the X-ray results with those of mechanical tests the
deflection method was also used. For this purpose twelve pieces (100 x S mm?) of a 2.8 mm
thick plate were carefully cut out and milled to different remaining thickness. The curvatures
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of the pieces were measured and the RS at this point of the cross section calculated according
to formula 5 of Table 4 /67/. For n removal steps it follows:

Ox(zn) = %[—z?%(kx’"‘z — kXJl—l + kx,n—l - kx,n

)+4anx,n (38 )

Zp-2 — Zn-1 Zp-1—2n

- 2((2| -2 )%(kx,l +ky2 ) + (22 - 23)%(kx,2 +kx3 )+-~-+(zn—-l —2Zn )%(kx,n—l +kyn ))]
whit
E Young's modulus

2{,23,...2p-1,2y  thickness of specimen after each removal
kyt.kxas k ky,n curvature of specimen after each removal,
which is defined as (see Fig. 42):
2
k()= =2 (39)
r 2. (1
7#+(4)

r curvature radius, / chord length, f, deflection

x,n—1°

X-ray method| ]  deflection method

SEON

residual stress in MPa

reflection
& measured
O corrected

-10

0 07 14 21 28 0 07 14 21 28
thickness in mm thickness in mm

Figure 43. RS-distribution over the cross section of injection-molded PBT-plates /68/.

2.153h Correlation of different methods to determine RS-profiles

One of the largest round-robin tests to determine RS-profiles was undertaken on railway
rods using X-ray, neutron-rays, ultrasonic waves, micromagnetic parameters, mechanical
methods as bore-hole, ring-core and sectioning (groove). The procedure and the results were
published /69/ and lead to the following conclusions: Very important for the practical usage is
the knowledge of the RS in railway bars especially in daily use. The RS-state after production,
joining, montage, rolling loads, abrasion, thermal loads is one of the main influences and pa-
rameters, which besides the material strength determine the lifetime. The principal RS-state of
new rail bars has been often tested by mechanical sectioning methods, Fig. 44 /69/.



393

A round-robin test was made to study the RS-state of the running surface region of the head of
a rail bar that underwent severe rolling loads in a test series. It was expected that the surface
region was in a strongly inhomogencous RS-state. To determine the RS-profile of the near-
surface region it was necessary to use almost all methods of determining RS. The conclusions
of this test which was elaborated by a great number of experts of different research and devel-
opment institutions were drawn for the applications of all methods.

The results of the RS-values determined by the different methods for the different depths
from the surface are drawn in Fig. 45 for the LD and TD. The agreement between the different
measuring methods is very good.

—

N

T TI200 <100 0 100 [MPgl 300
residual stress

Figure 44. Longitudinal residual stresses (RS) after roll straightening of a rail UIC 60,
quality A; results of mechanical tests (strain gauges, rods) /70/.

Lo0r
[MPal| longitudinal direction ooog. . m
8] [ ] v vVvy v

0 s O /1

gg 8] 1/
-200

w
723
£ -0t
0 L 1 1 1 1 1 1y 1 1 1 1
© 0 01 02 03 oL 05 0806 10 1L 18 lmm)
3 M:OU " depth from surface
8 [ 2[‘]’[‘] | transverse direction
0 ooyt "
0 o—0 8 i)
O®s X-ray method
-200 (= averaged depth profile)
neutron-ray method
-400 hole-drilling method

4

o

8 ring-core method
X ultrasonic method
v groove method
~~~~~~~~~ sectioning method

Figure 45. Comparison of the results of all used measuring methods on rail head /69/.
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2.154 Recommendations

The method for RS-evaluation with gradients should be selected with respect to the
specific problem. In principle, mechanical, ultrasonic and diffraction methods can be
employed.

The choice of the method should also consider the material, the stress state and the depth
zone to be analyzed.

The selection of the method should also regard the question of proving micro-stresses.
Diffraction methods probably in connection with US- or mechanical measurements offer
the answer to many problems.

In case of using X-ray methods several wavelengths and peaks should be used to get the
strain/stress profile versus the penetration depth. In addition the y-range should be used as
wide as possible (sin®y < 0.9 or even 0.95). To reach the outmost surface the specimen
can be w-tilted or grazing-incident method may be applied. The conversion o(t) into o(z),
z the thickness direction, should be evaluated by using the Laplace transformation.

The result of a steep stress gradient study should be analyzed by metal-physics proof.
Maybe there exists a Dy-gradient, maybe the grain size has an influence, or it is appropri-
ate to assume a linear gradient or the stress in the very near-surface region is constant
followed by a very steep gradient.

In case of reduced measuring procedure the RS-profile may be not distinctly evaluated.
Macro-RS have to compensate over the cross section, micro-RS within or between the
phases.

The evaluated steep RS-profiles should be verified by error consideration and modeling.

In complicated cases, modeling of stress- and Dy-profiles must be taken into account.
Using X-ray methods as the method of the choice one wavelength should be taken in case
of very steep gradients with the penetration depth in the range of the stress profile. The
measured ©-values should be converted in D)o} (in case of cubic materials and likewise
for tetragonal and hexagonal materials stating the c/a value used for conversion). The
Dy100} values experimentally determined should be balanced versus y (not sin?y).

If the gradient region has a thickness of 0.1 mm magnitude, measurements of the lattice
strain with one wavelength at one peak can be done on the surface and after etching
several layers with retesting on each new surface.

For specimens of some mm thickness the thinning can be done in bigger steps from one or
from both sides. In case of micro-RS profiles very thin plates (macro-RS small or zero)
can be used. In very thick parts, sectioning is the way of choice and testing as shown
above. In all these cases the relaxed stresses should be considered.

The stress profile should be evaluated as a triaxial state, especially in case of very steep
gradients on mechanically treated surfaces.

A correction of the evaluated stress profile is necessary if a major part of the depth profile
has been removed.

A conversion of the 1- profile into the z-profile is necessary if a major part of the depth
profile is radiated by the rays.

The separation of macro-micro RS should be done by measurements on all phases or by
using thinned plates.

The additional recommendations in Table 6 and Table 7 are useful:



Table 6. Recommended X-ray method.
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stress profile

used {hkl} and A

measured from side

several

one, etching

sectioning, one or several

one side

one or both

one or both

Table 7. Recommended method.

gradient, depth
from surface

X-ray method

n-rays [ US [ mech.

I pm at least one A and one
{hkl}, y up to 88°
10 um at least two A and two
{hki}, y up to 70°
100 pm at least one A and one X
{hkl},
1 mm W up to 70°, etching % x (x)
10 mm X (x) X
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2.16 Residual stresses after plastic deformation of mechanically
isotropic and of textured materials

2.161 Historical review

The first X-ray stress analyses on specimens after plastic deformation were made at the end
of the 1930s and the beginning of the 1940s: Bending /1/, tension /2/, compression /3/ tests
were performed. The surprising effect was the existence of RS after plastic deformations in
quasi-mono phase metals of opposite sign to the applied stress, compression after applied
tension and vice versa. This was the very first sign that the X-ray method is a tool to find
effects in the material characteristics and behavior other than only average LS and macro-RS.
The main experimental work was done in Germany and in England/Australia. The effect is
demonstrated by the very first results on a plastically elongated sample of an unalloyed steel
12/, Fig.1, first picture. Up to the elastic limit, the LS evaluated by X-rays correspond (besides
the difference due to the at-that-time unknown influence of the elastic anisotropy) with the
values of the specific load and Hooke's law. After passing the yield limit, the stresses
determined with X-rays are smaller than the mechanical ones, and after unloading RS of
opposite sign (compression) remain /4,5/. In the following, this effect was found in mono- and
multiphase materials, bce and fce metals, Fig. 1.
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Figure 1. LS and RS of plastically elongated specimens of iron /2/, Al-Cu-Mg alloy /7/,
copper /8/ and nickel /9/, summarized in /10/.
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Figure 2. Residual stresses in two NiCu30Fe specimens after plastic straining.
Cu-K, radiation, {331} and {420} lattice planes, /6/.
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Figure 3. Residual stresses in Cu, Ni and Cu-Ni alloys after plastic straining.
Results of several authors, summarized in /6/.

In most cases, the sum of the measured stresses during loading and the absolute value of
the RS after unloading equals the applied load stress. Fig. 2 shows an example of a thorough
study on the stress development caused by plastic straining /6/. The results of different authors
on fcc Ni-Cu materials, including film and goniometer measurements, are summarized in
Fig. 3, /6/. There is a big scatter of the experimental data, but it can be stated that the stresses
in the surface region of fcc metals after plastic deformation are relatively small. In /6/ they
were proven to be macrostresses.

It is not the intention to report and discuss all details of the enormous number of ideas and
experiments that were undertaken in the following years. Here, only an outline is given with
the main arguments for and against special thoughts and explanations. To decide whether the
found effect is caused by macro-RS or by micro-RS, two possibilities exist: etching surface
layers and measuring the lattice strain at each new surface and/or to measure the lattice strain
on different lattice planes and all present phases. If the effect is a surface phenomenon the
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compressive stress at the surface should be compensated by tensile RS in the core of the
specimen. If only micro-RS between the crystals of different orientations are present, the RS
determined on different lattice planes should compensate each other to zero.
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Figure 4. Lattice strains in the direction of the surface normal of a plastically elongated steel
wire, dependence on the lattice plane, /16/. ¢ is the excess of the average yield tension for the
grains contributing to the X-ray reflection over the mean value for all the grains in the
aggregate.

In the discussion of the result for an unalloyed steel /2/, besides the easier surface deform-
ability, a further idea should be taken into account, i.e. the reported profile of D, and the fact
that the study was finished before reaching the final profile. The authors noticed that an
alteration of the microstructure in the surface region should be taken into consideration to
explain the D, and the very high compressive RS.

Wood et al. /11-14/ made tests with plastically deformed metals. Besides broadening of the
Debye rings at perpendicular incidence of the X-ray beam, they reported permanent expan-
sions of the lattice distance exceeding the yield limit of the materials.

Besides the macrostresses caused by surface effects and the microstresses between the
present phases, the plastic deformation may create microstresses between the differently
oriented crystals of the phases.

The compression-RS in plastically uniaxially elongated iron was supposed to be micro-RS
firstly by Smith and Wood /15/. Greenough /16/ was the first who demonstrated the existence
of microstresses between the grains of different orientations by X-ray strain measurements on
different peaks (y=0°) of plastically elongated iron and magnesium. Fig. 4 shows the strains
of the different lattice planes perpendicular to the surface. He compared the strain values
measured, for example on the lattice planes {310}, {211} and {110} of iron with the yield-
stress anisotropy of the crystals, and pointed out that a system of Heyn intergranular stresses
/17/ is present after plastic elongation. Calculations of the RS II were based on the Taylor
theory /18-20/.

Kappler and Reimer /21/ as well as Hauk /4/ developed relations between the RS and the re-
spective D-vs.-sin?y dependences. Different further papers were published by Greenough /21a/,
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Bateman /22/, Wood et al., Kappler and Reimer, Hauk, Macherauch on different bee and fec
materials. But the experimental results did not fit in magnitude and not in the exact
distribution over sin*y by a factor 5 to 10 to the calculations /4/.

On two-phase materials, different RS in both phases after plastic deformation were
expected and verified /23/. Ideas and proposals in the early stage of development can be found
in /4,24-29/. The summary of the results and the explanation of the compensation are shown
in the following Fig. 5, 6 and 7.
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Figure 5. Origin of deformation-RS, micro-RS in the phases of a two-phase material;
Influences of Young's modulus, yield point and strain hardening /23/.
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Figure 7. RS in a plastically elongated material, superposition of
micro- and macro-RS. Influence of a compressive stress state at the
surface region caused by a mechanical treatment or a relatively weak
strength state. The micro-RS is supposed as essentially constant /23/.

In the following years a lot of experiments, now using diffractometers and counters, were
made especially on different steels, after different amounts of elongations and after etching
different thick surface layers. As explanation of the origin of the RS, the following were dis-
cussed: Gradient of RS, micro-RS, lattice expansion, yield stress, macro-anisotropy, influence
of a second phase, subgrains, grain boundary, dislocation-structure (cells and walls), phase-
stress, microstructure stress, texture. The summary of all attempts up to now is; There is a
great deal of experimental knowledge on this problem of appearance, origin and development
of micro-RS in single- and multiphase materials, but there is no entire theory to calculate the
{hkl} dependence and the depth profile and the compensation of the micro-RS in the surface
regions of materials.

The registration of the texture state was done relatively late. That is the reason why studies
of plastic deformation of textured materials as well as the development of texture and RS with
plastic deformation are not often found in the literature. Some effects are known, but further
tests and theoretical studies are needed. The idea that texture may be connected with the
observed oscillations of Dgy-vs.-sin®y distributions, which superimpose on the linear depend-
ences caused by the microstresses between the phases of the material, was put forward by
Hauk et al. /30-32/.

This opens a series of experiments and the connection of the two branches of X-ray studies:
Stresses and texture, /33/. The results of the experiments profited from the improvement of the
experimental possibilities: more precise measurements and an enlarged sin*y-range up to 0.9
and using neutron rays which are able to measure also at sin’y =1. The development of the
theoretical ideas and studies is listed in Table 1. Using the ODF, it is possible to calculate the
D-vs.-sin?y distribution of textured materials subjected to load stresses.
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Table 1. Calculated XEC and lattice strain distributions caused by phase- and macrostresses in
textured materials considering different descriptions of texture and models of crystallite

coupling.
calculation assumptions necessary data kind of |stress authors
texture |state
. o ideal orientations phase 132,45/
lattice strain in homogeneous stress stress
intensity poles (Reuss) ideal orientations o
. . . 146/
isotropic fraction
Reuss inverse pole figure o |/47.48,
lattice-strain distri- 49,50/
butions g-vs.-sin®y horqogeneous strain | inverse pole figure o] 149/
(Voigt)
Reuss c 1/51-58/
. /59,54
. G k4 >
D-vs.-sin?y of {hkl}, |\ & ODF, rolling 57,58/
XEF(¢,y) anisotropic spheres in|monocrystal data | texture
a homogeneous ma- G |/60,57/
trix (Eshelby/Kréner)
the texture is very rolling |crystal- |/35,61,
D-vs.-sin?y of sharp and can be monocrystal data, |t€Xture |lite- 47,62/
crystallite group, described by a few | description of the |arbitrary|group |{/47,63/
XEC(0,y) crystallite groups or |ideal orientations |fiber |stress |/64,65/
fiber axes texture |0(£2)
linear alteration of the load
effectl\{c XEC (linear / / arbitrary| oo | /66/
regression)
D-vs.-sin*y being
linear for {h00} and .
{hhh} lattice planes of / ! arbitrary| O /671
textured cubic materials
Voigt, Reuss,
D-vs.-sin’y, Eshelby/Kroner
XEC(¢,¥) (Young's modulus ODF, rolling | gmacro| /68/
multiphase material can be averaged from { monocrystal data |texture
Voigt and Reuss
values)
€-vs.-sin?y after Eshelby ) 169/
plastic deformation, finite number of
orientation dependent homogeneous stress, |crystal orientations / o(Q)
. ’ 170/
o(Q2) FE-analysis
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Another handling of these problems was based on the idea to describe the texture by ideal
orientations, oriented crystallite groups, and to determine the stresses of these groups sepa-
rately /34-36/.The evaluation of LS and RS by this method was very successful and will be
described in detail in the next paragraphs.

The compensation of compressive RS after uniaxial plastic elongation in quasi single phase
materials, pure or unalloyed iron or steel, pure aluminium, copper, and so on, was early
explained qualitatively, besides the above discussed possible origins by grain boundary areas
and by dislocation walls /37-39/, Fig.8. In recent times, the authors of /40-44/ have studied
this problem in great detail, especially on Cu, and showed that these RS III type are the cause
of peak shifts.
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Figure 8. A model of a dislocation structure in the unidirectionally deformed
sub-surface layer /38/.
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2.162 Experimental results

The experimental results of studies on plastically deformed materials are numerous. In the
following, the state of the art will be discussed. In former times, the state of the material was
not always defined with sufficient accuracy. It should be distinguished between materials
without preferred orientations and textured material, between stress free materials and those
with RS. The plastic deformations were performed mostly by tension or rolled materials were
tested. The texture state should be known before and after the plastic deformation.

2.162a Influence of the measuring technique on the RS-value

A special but important item in the study of the influences on the origin and development
of phase specific micro-RS is the measuring technique. In early times, the sin®y-range of the
film method was restricted to 0.6. The extension of this range to 0.8, 0.9 and even 0.95 was
only possible after the introduction of advanced designs of diffractometers. Fig. 9 and 10 as
well as Fig. 40, 41 in paragraph 2.073 show D-vs.-sin*y distributions of plastically deformed
materials with pronounced differences between the lattice planes, oscillations and nonlin-
earities. It is obvious that evaluation of RS taking into account different sin*y ranges will
result in different stress values.

Neutron diffraction offers in this context the further advantage of measuring the D-values
at sin®y = 1. Also the X-ray method can get D-vs.-sin*y distributions over the total range by
measuring at different cuts of a plastically strained bar and transforming the results into the
same specimen system. Fig. 10 shows the D-vs.-sin?y distributions of a practically not tex-
tured but plastically elongated duplex steel, left ferritic phase {211} and right the austenitic
phase {220}.
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Figure 9. D-vs.-sin*y distributions for three lattice planes of an unalloyed steel after 25%
plastic strain /71/. The straight lines are drawn as an approximation. As it is pointed out in
the publication, these distributions should not be evaluated by linear-regression analysis.
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Figure 10. Lattice parameter and relative intensities versus sin®y, determined by X-rays on a
12% plastically elongated duplex steel (X2CrNiMoN22-5). The measurements were performed
on different cuts of the specimen and the results transformed to the specimen system /72/.

2.162b The RS-state over the cross section, the compensation problem

The questions of the nature of the RS and the compensation over the cross section and/or
between the phases were discussed already years ago /71,73/. From today's standpoint of
research the following can be explained using Fig. 7 /23/.

We distinguish between quasi-single-phase and multiphase materials. Besides influences of
the outmost surface by its lower strength compared to the bulk material, which results in com-
pressive macro-RS, the micro-RS in the weaker phase are compressive and tensile in the
stronger one. Generally no gradient is observed but the presence should be studied.

Besides effects like the mentioned weaker surface region there may be remaining RS from
mechanical surface treatments or altered microstructure of diffusion origin.

Searching for compensation of the observed RS one has to take the volume concentration
of the phases into account. This compensation holds for the average RS; no specific relation
between lattice planes or crystal orientations are yet known. The amount of the RS is in most
cases proportional to the heterogeneity, Fig. 11 /74/, Fig. 12 /75/.

The RS-state of uniaxially elongated materials, quenched and tempered steel and a duplex
steel were determined on different cuts of the plastically strained specimens /72/. The results
are that the deformation RS-state is in the core of the quasi-single-phase specimen compres-
sive in the strain direction with a very small tensile component in the transverse and the thick-
ness direction, Fig. 13, /72/. The amount of RS in transverse and normal direction may be
larger in materials with very fine grained structure, for example at the ground surface of a
steel sample, Fig. 14 /72/ or in pearlite, as reported by /75a/. The D-vs.-sin*y distributions for
the ferritic and austenitic phases of a duplex steel measured on different cuts through the core
agree very well after transformation into the specimen system of co-ordinates, Fig. 10.
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The micro-RS profile (average, measured on different peaks {hkl}) of fcc materials is in
most cases characterized by a steep gradient of compressive stresses followed by a constant
level of a RS of small size. The niveau of RS is different for different crystallite groups,
Fig. 14a. The respective tensile stresses necessary for the compensation of the observed com-
pressive RS were supposed /37-39/ and now proved /40-44/ to be at least partly located in the

dislocation cell walls.
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results of several authors /74/.
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Figure 13. Stress tensors determined on specimens 1, 2 and 3 of a 13.8% plastically deformed
round tensile-test specimen of 25CrMo4 steel. The respective measured values are converted
into the specimen system. Mo-K¢ , {732+651} lattice plane, /72/.
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using Mo-K radiation ({732 +651} peaks) and Cr-K, radiation ({211} peaks) /72/
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Figure 14a. Residual stress distribution versus the depth for three crystallite groups of a
88%-cold-rolied unalloyed steel in the rolling (RD) and the transverse (TD) direction, /36/.
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2.162¢ Compensation of the phase-RS in multiphase materials quantitatively

The micro-RS between the phases of a plastically elongated material was quantitatively
studied on Fe-Cu-sintered specimens /75/. The RS in both phases were determined after fabri-
cation and their depth profiles after plastic uniaxial deformation, Fig. 15. Plastic elongation
causes the RS to change from their initial values in the as-delivered state associated with dif-
ferent thermal expansion coefficients. With increasing plastic strain, the deformation-RS first
increase, then reach a maximum and finally decrease again. The observed RS compensate
each other.

The explanation of the origin of the RS will follow a two-crystal model /26/ and is based
on the effect of yield strength, strain hardening, elasticity moduli /74/. The RS will be calcu-
lated according to the formulae

ORS,Fe =C0¢Fe— *Eﬂog,m ORS,Cu =0, Cu— &oe,m
m m

As the specific model demonstrates /75/, the RS in both phases diminish with plastic elon-
gation. The equations describing the effect and the compensation are the basis of the separa-
tion of the macro- and micro-RS.

According to the importance of the steels and here, the Fe-Fe;C system, the search for the
RS in the cementite phase was undertaken early /4/. The small amount of Fe;C made it dif-
ficult to measure the strain, especially with the necessary accuracy. This was possible later
after introduction of the diffractometer for measuring strains /45/, Fig. 16. The compensation
of the compressive RS in the ferrite phase by the tensile RS in the cementite phase was some-
times examined /76, 77/.

It is obvious after all what has been said, that the compressive RS in the ferrite and conse-
quently the tensile RS in the cementite phase depend on the content and shape of the cemen-
tite particles.

2.162d Peak dependencies

Plastic deformation of muitiphase materials causes constraints between the phases that
would result in linear D-vs.-sin®y dependences of the lattice planes in each non-textured
phase. But the constraints between the crystals within the phases may superimpose nonlin-
earities that depend on the lattice plane under investigation.

Table 8 in section 2.073a shows schematically the nonlinearities - oscillations of the
D-vs.-sin?y distributions for different lattice planes from experience.

In most cases the distributions are different for textured materials with superimposed elas-
tic strains, in elastic isotropic materials after plastic uniaxial or two-dimensional deformed
(predominantly rolled) materials.

The results for bee and fce materials resemble one another qualitatively and the differences
between single-phase and multiphase materials are small. The specific distributions in relation
to the lattice plane may be understood by calculations if the texture is known and no influence
of plastic deformation is present. An explanation of the nonlinearities caused by plastic
straining could be given for special distributions but is still missing for the whole variety of
observed examples. But the gathering of experimental studies and bringing the typical appear-
ances into the systematic order should be completed as early as possible.
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diffraction /75/. mechanically under load and by X-rays after
unloading, /45/.

2.162¢ Strain hardening - RS

The questions about the value of RS after plastic deformation and the relation to character-
istics of the material were early put forward. It should be stated again that the problems are
not solved in general. Here are some experimental results.

Already in the very first test /2/ the authors demonstrated that gX-ray — GRS = gmech. j5 valid
or the absolute value of RS equals the difference gmech. — gX-ray (the strain hardening). Results
of a joint test on several unalloyed stress-free heat-treated steel samples showed that after
plastic elongation, compressive micro-RS are present which increase with increasing
C-Fe;C-content. Surface effects are of minor influence /74/.

Studies on fcc-metals showed small values of RS after plastic deformation /6/ and no indi-
cation of surface effects as long as no second phase is present with a certain content /79/.

A systematic thesis of this problem-circle was performed by /78/ using different C-steels as
well as tensile, compressive and bending plastic deformation. Some of the essential resuits are
displayed in Fig. 17, 18, 19. The figures in conjunction with the captions are self-explaining.
They demonstrate the differences between tensile and compressive loads but show the above
observed relationship oX-ray— gRS = gmech. for the total plastic deformation of approximately
5 %. It is an open question, whether this will be true for other steels and for larger plastic
deformation.
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2.162f Further experimental results

The RS after plastic elongations of the specimen of an unalloyed steel will have the oppo-
site sign to the previous applied load: compression after tensile straining and vice versa.
Another effect is the fact that the oscillations of D vs. sin*y of a textured and plastically
strained steel are different for different azimuth. Fig. 20 /80/ shows the D-distributions for a
St52 specimen that was 75 % cold rolled and 4.4 % plastically elongated. The D-vs.-sin*y
distributions depend on the azimuth and show oscillations and y-splitting.
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Figure 20. Distributions of the intensity and the lattice distances for a 4.4% uniaxially de-
formed steel, dependence on the azimuth ¢ and of the measuring direction, Cr-K;, {211} /80/.

Theory demands that {h00} and {hhh} peaks will show no oscillations in textured mate-
rials /67/. This is true only if textured materials are loaded with elastic strain only. However
when plastic elongation is applied, especially the {h00} peaks show strong oscillations, see
Table 8 in section 2.073a. One example is given in Fig. 40 /72/ of paragraph 2.073, where the
D-vs.-sin*y distribution for the {200} peak of a plastically strained heat treated 25CrMo4
steel shows a nonlinear dependence measured by X-rays and by neutron rays. Another
example is taken from /81/ for the {200} peak of a-brass. The oscillations in the RD are
pronounced and get very obvious when the differences AD-vs.-sin?y are displayed, Fig. 21.
The reason for that is the influence of the plastic anisotropy.

In /82/ the strain distributions of the {211} lattice plane of an unalloyed steel after tensile
and compressive deformations were studied. The deviations from the initial distributions are
opposite in sign but very small, Fig. 22. Note that the AD-scale is magnified by a factor 10.

Another example is plotted in Fig. 53 of section 2.073f as a comparison of calculated and
measured RS in a rolled unalloyed steel /83/. The calculation was done based on the biaxial
RS-state, the texture state and the Reuss model. The experimental findings show additional
oscillations. It is today not possible to separate quantitatively the influences of texture and of
deformation on D-vs.-sin?y distributions.

A further surprising effect is that elastically isotropic or nearly isotropic materials (W, Mo,
Al) show oscillations on a high level, Fig. 23, /83,61/.

The transition region between elastic and plastic strain and their representation in lattice
strain under applied loads has been studied by /84/ using neutron-rays. The material was a
duplex steel with a ferritic- and austenitic-phase, 50 vol.% each. The Fig. 9, section 2.123a
explains the results: In the elastic range the measured lattice strain demonstrates the influence
of anisotropy. With increasing load, the strain of some peaks deviate from the linear response.
However, at relatively high loads the strains deduced from different peaks still split according
to the dependences given by the influence of elastic anisotropy (orientation parameter I).
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2.162g Systematic tests

Table 2 summarizes schematically the various shapes of D-vs.-sin*y distributions origi-

nated in nontextured materials by macro- and micro-RS in differently deformed regions of the
material /75a/.

Table 2. Deformed regions of nontextured materials and their D-vs.-sin*y distributions by
macro- or micro-RS.

differently deformed regions| retained residual stress | shape of D-vs.-sin?y distribution

macro-RS o/
micro-RS (o‘” )
micro-RS (o‘” (g))

micro-RS <o m )

treated surface / bulk linear

phases linear

differently oriented grains nonlinear, dependent on {hki}

dislocation-cell structures linear

The appearance of linear and oscillatory D-vs.-sin®y distributions should be related to the
different material treatments, to the LS in the elastic and in the plastic range, and to the RS
after plastic elongation. Differences AD between two material states are characteristic for the
respective treatment.

Table 3 shows the material on which the specific effects were demonstrated, see also /80;.
The single-phase material should be understood as a material with practically only one phase
and not a material with 3 or S nine purity. The dual or multiphase materials are divided into
those where the second phase could not be measured and those where the stresses of both
phases can be evaluated. Examples are disposed in the following figures.

Table 3. Examples of textured and nontextured materials on which the different elastic and
plastic deformations were tested and evaluated.

1 2 3 4 5 6 7
material texture | SUESS state +LS +LS unloaded 6-3
structure as delivered after 5

RS u +Ep). RS AD
single phase | nontextured XEC determlpatlpn
(numerous publications)
textured unalloyed steel 1.0370,
X2CrNil8-12 /57,55/
dual phase, nontextured 25CtMo4 /72/
<10%
second phase| textured 54NiMoCr /85/
>10% |nontextured X22CrNiMoN22-5 /86,87/ /88/
second phasel  textured CuZn40 /86,87,57/ 188/
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Fig. 24 and 25 show the development of the D-vs.-siny distribution of two-phase brass
and a duplex steel with the applied load. The differences between the state after about 0.2 %
deformation and the initial state is plotted in Fig. 26. Especially the behavior of the {220}
lattice planes of the fcc phases resemble each other but also the {220} planes of the bec ferrite

phase, Fig. 27.
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uniaxial plastic straining (left and right pictures, respectively) as well as during loading, /88/.
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Figure 27. D-vs.-sin?y distributions for different lattice planes of the ferritic steel
25CrMo4 and the ferritic-austenitic steel X2CrNiMoN22-5 after uniaxial plastic
deformation of 8% and 12%, respectively, /72,88/.
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2.162h Deformation stresses in polymeric materials

Stress evaluation on polymeric materials is a new branch in the field of load stresses and
residual stresses determined by X-rays. This is because many polymeric materials are amor-
phous. Furthermore, their strengths are very low in comparison with metallic materials, and
the necessary accuracy of lattice-strain measurements seems not adequate. Both problems
were solved. In /89/ metallic powder in epoxy-carbon laminates was used as the crystalline
phase. The peaks in the back-reflection zone have the necessary sensitivity. The peaks of
o-Polypropylene (PP) in the front-reflection zone were used for lattice-strain measurements in
/90/. The low Young's moduli of polymers allow one to achieve an accuracy of the RS better
than that for metallic materials. Table 4 contains the polymeric materials that have been
mostly tested in the form of plates, pipes or laminates /91/. All the polymeric phases as well as
the added phases for the measurements are indicated there.

To study the effect of fillers, Al powder was added to the PP granules before injection
molding of plates. Specimens were submitted to external loads and the lattice strains of the
crystalline o-PP phase as well as of the Al powder were measured, Fig. 28 /92/. Unloading
left no RS in the PP. The powder takes two times the external stress in the load direction and
-0.3 times perpendicular to that direction. As a further effect on the embedded metallic pow-
der in the polymeric material, a considerable part of micro-RS is observed, Fig. 29 /93/. This
has consequences for using powder as filler or as a crystalline phase in polymeric products.
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Figure 28. Dependence of the stress Figure 29. Stress determined by X-rays
determined by X-rays on the applied load and evaluated micro-RS; injection-
stress; injection molded plate of Poly- molded plate of Polypropylene filled
propylene filled with 10 m% Al, /92/. with 10 m% Al /93/.

In 794,95/ the behavior of PBT, filled with glass spheres as well as short glass fibers, during
external loading was studied. Fig. 30 shows the dependence of the strain on the applied load.
The strains alter dramatically at LS of more than 30 MPa in the case of fiber-filled PBT. The
reason for that is the plastic flow in the matrix, probably combined with debonding effects.
Fig. 17, left, in section 2.123b shows the development of the stress in the crystalline part of
PEK-material with the applied load /96/. The respective dependence for a carbon-fiber-
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reinforced PEK is given in Fig. 17, right, section 2.123b. Fig. 31 shows the RS-distribution of
fiber-reinforced polyetherketone with large amount of micro-RS /96/.

Further experimental tests should be performed with filled semicrystalline polymers in
which the particles are crystalline to measure their strains and to be able to study the compen-

sation.

Table 4. Residual- and load-stress studies in polymers, measured and not measureable phases.

material X-~ray method mechani- | manufac- [load }references
cal ture and | stress
measured] not measurable |method |[structure-
phase phase parameters

}:‘:'{;“Jﬁﬁ‘)"j‘xa%' Al Ag | 100 vol.% amorph. X 1/97,98/
Epoxy C-laminate s /98,89,

+ Al Ag Al, Ag 100 vol.% amorph. X 99,100/
Epoxy C-laminate o x /100,101,

+ Nb, CdO Nb, CdO | 100 vol.% amorph. 102,103/
g‘ﬂ{fstyfil(? SytAl 100 vol.% amorph. | X X X |/104/

/90,105,92
- 0, X X X ) B ]
Polypropylene (PP) o-PP 55 vol.% amorph. 91,106,107/
PP + Al a-PP, Al | 55 vol.% amorph. X X 1193/
a-PP,
PP + CaCo; CaCo3 55 vol.% amorph. X 1108/
Polyethylene (PE) PE 30 vol.% amorph. X 1/106,107/
PE + Al PE, Al 30 vol.% amorph. X |/108/
gﬁgﬁ:&f?g;% PBT 70 vol.% amorph. X X X [/109,94/
PBT + glass sphere PBT 70 vol.% amorph,, X |/94/
glass sphere
PBT + glass fiber ppT | 70vol.%amorph, X |15/
glass fiber
0,
PEEK + C-fiber pEEK | 10 vol% amorph, x |/
C-fiber
Polyetherketone (PEK) | PEK 70 vol.% amorph. X |/111,112,96/
90,
PEK + C-fiber PEK 70 vol.% amorph., X |/111,112,96/
C-fiber

PEK + glass fiber ~ |PEK | /0 Vvol-%amorph, X |/96/

glass fiber
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2.163 Theoretical studies

The first attempt to calculate the deformation RS of kind II was done by Greenough /16,
20/. The basic idea was to elaborate the stressed microstructure after plastic deformation
according to the orientation dependent yield stresses of the different crystallites.
Experimentally, it was demonstrated for iron, magnesium, aluminium, copper and nickel /19/.
The details of theoretical thoughts were put forward for €y, the residual strain perpendicular

to the applied stress, in /19/. Following the last mentioned paper some formulae are repeated
here. The residual strain

Ey=0 = _%(Tn - Tmean)

T, stress of a crystal n in axial or deformation direction, 7,,,.,, average value of all crystals

17, = T'siny cosA

1, critical shearing stress, ¥ angle between the applied stress and the most favourably oriented
glide plane, A angle between the applied stress and glide direction.

Table 5. Studies for the calculation of deformation-RS.

material non-linearities, model
oscillations,
phases texture | assumptions reference
single-phase| quasi- anisotropy of yield /16,113,
material isotropic | stress, self-consistent |116,119,
modeling, Taylor, . 120/ dislocation structure:
Eshelby, FEM-analysis RS I
textured | anisotropy of yield /37.40/
stress, self-consistent [/117,121/
modeling, Taylor,
hardening, ODF
multiphase | quasi- ) ) two-phases-material model:
material isotropic | anisotropy of yield /118,120/] yield stress,
stress, self-consistent Young's modulus,
modeling, Eshelby strain hardening
textured n2y 123,751

The basic formula is extended for inclined incidence of X-rays with different wavelengths
for measurements on different peaks /113,114,21,115/ :

(3,

DV’ -Dy = O-LEDO [V—(1+V)Sin2 W] 1-
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Ys: minimal sum of slip of the five necessary independent slip systems calculated according
to Taylor /18/ for fcc crystallites. The index Akl means averaging over all crystallites that
contribute to the peak {hkl} in the direction y. Index m means averaging over all orientations.

If Xs is replaced by 2/ sin2y the formula represents the assumption of free deformability

of the crystallites. The angle ) lies between the tension- and the slip direction [111]. For iron,
there is a qualitatively good correlation between theory and experiment, but not quantitatively
since the calculated strains had to be multiplied by a factor of 5 to 10 /115/. Also superposi-
tions of the predicted oscillations with linear D-vs.-sin?y dependences were experimentally
checked.

All these efforts can be checked by means of results of calculations and of tests on different
materials, Fig. 32 /10/. With the exception of the AlCuMg alloy, the displayed examples are
single-phase materials, where no influences of a second phase are present. The conclusion was
and is still valid that the anisotropy of yield stress of different oriented crystallites cannot
quantitatively explain the origin of deformation stresses.
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Figure 32. Experimentally determined and according to Greenough /16,19,20/

calculated lattice-strain distributions of several metals after plastic deformation.
The authors are cited in /10/.

Another aspect of many years of studies on plastically deformed materials are the different
theoretical approaches to predict the D-vs.-sin?y distributions that are created by applied or
RS on textured materials. Table 5 lists the assumptions and the models that are used. It is
impossible to discuss here all the different publications and their different merits to the
understanding of this important problem (see also Table 1 in paragraph 2.161).
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Figure 33. Crystallographic texture and residual stresses of the crystallites induced by plastic
deformation /116/.

In /116/ the development of the stresses of an ensemble of differently oriented crystallites
during plastic deformation were calculated using elasto-plastic models, Fig. 33. The Taylor
theory was combined with the correct description of the texture (ODF) and the strain
hardening of the material /117/, Fig. 34. Fig. 35 shows, for macroscopic compressive stress
states, the mere elastic response of several crystallite groups with poles within the D-vs.-sin*y
distribution of the {211} lattice plane of rolled steel /47/ (Reuss model). The resulting
nonlinearities superimpose on those caused by plastic deformation and the respective
microstresses. However also the recent publications cannot explain all the details of
experimental studies. The current status is compiled in Table 5. A conclusive theory to

explain quantitatively the D-vs.-sin®y distributions with the specific oscillations after different
kinds of plastic deformations is still missing.



426

dqron k) d(100) {A) d(100) [A]
ot 2.8684 {222} plane
g

2.86724+—

0 01 02 03 04 05 0 01 02 03 04 05
sin?y sinty siny

Figure 34. Experimental and simulated D-vs.-sin?y curves for the {222} diffraction plane of a

cold rolled steel sheet. The data were simulated taking the averaged diffraction intergranular
strain into account /117/.
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Figure 35. Strain of the crystallite groups with poles within the D-vs.-sin?y distribution of the

{211} lattice plane of rolled steel /47/, calculated for two compressive macrostress states
using the Reuss model.

2.164 Stress evaluation of lattice strain with oscillations

In paragraph 2.073 the different methods to evaluate LS and RS from lattice strain
distributions with oscillations have been treated. Table 6 summarizes the methods and the
suppositions to evaluate stresses from lattice strains measured by X- or neutron-rays /83/.

The kind of the stresses obtained depends on the method used. All mentioned methods are
more or less approximative according to the investigated material state. A very sharp texture
allows the stresses of the mainly present crystallite groups to be exactly calculated. The same
is valid for the regression analysis, if orientation dependent microstresses are absent and the
material is quasiisotropic. Because real stress states in technical materials usually are caused
by a combination of surface- and heat-treatments, further investigations of the contribution of
the single steps of production on the X- and neutron-ray lattice-strain distributions and espe-
cially on the strain of the differently oriented crystals should be made to improve the methods
of stress evaluation.
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Table 6. Methods of stress evaluation on textured and deformed materials /57/.

fitting, regression

method of crystallite-group
evaluation stress factor Fj; linearization method
arbitrary peaks | multiple peaks
suppositions  |no influence of ori- | many D-meas- |linear peak position in
and entation dependent |urements for dependence poles predomi-
necessary data |micro-RS o(g), |w<0°and y>0° |D vs. sin®y nantly determined
Fij experimental or |up to 90° by the crystallite

calculated using
ODF

group, D in poles

control test comparison of cal- |comparison with | comparison calculation of the
culated and experi- |other evaluation |with other orientation
mental D-vs.-sin?y | methods evaluation distribution in the
distributions methods poles using ODF

evaluated stress| & = gl + ¢! + <gll> o c o(g)

2.165 Recommendations

« The evaluation of LS and RS from lattice-strain distributions with oscillations requires a
special measuring effort, and thorough considerations about the selection of the evaluating
method.

« All methods result in values with larger scatter than the usual linear D vs. sin®y method.

¢ Regard should be taken to the micro-RS 6(g).

o Oscillations must be carefully checked whether they are true and reproducible or feigned
by influences of coarse-grained material or measuring errors.

« Lattice distances should be determined by measurements in both directions y 20, y <0
and up to sin>y < 0.8, 0.9 or even 0.95. The steps in Asin*y should be 0.05.

+ Since the shape of D-vs.-sin’y dependences for different peaks may/will be different,
interference lines as many as possible should be measured, especially in fundamental
studies.

o The use of different wavelengths involves different penetration depths and hence in most
cases strain/stress gradients have to be considered.

o Determination of the texture is indispensable, at least in the form of pole figures. In many
cases, the ODF is a necessary basis for the stress evaluation. For texture research studies
the notation of the model that is used to evaluate the ODF is valuable.

» Repeat- or routine-measurements can be done with less effort after thorough consid-
eration.

« For the evaluation of stresses, use the methods in Table 6.

« Care should be taken when stress evaluation is made by linearization.
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2.17 Line broadening by non-oriented micro RS

Ch. Genzel

2.171 Historical review!

Today, broadening of X-ray diffraction patterns of cold-worked metals and alloys is well-
known to be caused by one or more of at least three effects, namely small size of coherently
diffracting domains, lattice strains and stacking faults. Scherrer [1] first showed that the mean
dimension, (N), of the crystallites composing a powder is related to the structural

broadening, f, of the X-ray diffraction line profile by the equation

kr

()= BcosO

(N

where Kk is a constant approximately equal to unity. In his original work [1], Scherrer further
proposed that B can be obtained from the experimental width, B, of the diffraction line by
subtracting from it the instrumental width, b, of a line produced by a well-defined standard
material by

B=B-b @

The quantity 8 was sometimes defined as the full angular width at half-maximum intensity
(FWHM) which is easy to determine and relatively insensitive to experimental errors. How-
ever, because there is no simple relationship between the FWHM and the quantities
responsiple for the broadening, Laue [2] defined f in a more physical manner as the integral
breadth, (f 1(2e)d29) / [1¢20)] o For this reason, the quantities b, B and B in the following
denote the integral breadth of the corresponding profiles. The mathematical law underlying
the superposition of the intrinsic (physical) profile, f{x), and the instrumental profile, g(x),

was first realised by Spencer [3]. According to Jones [4], the observed profile, A(x), can be
expressed in terms of the convolution

h(x)= [ f(y) glx—y) dy 3)

! For list of symbols see end of this chapter
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where x, y = 2(0 - 8;,,,) are variables on the experimental 26 - scale. A brief survey of the

various methods for eliminating the instrumental influence on the base of Eq. (3) is given in
Table 1. Of these, the methods proposed by Berry [12], Stokes [13] and Paterson [14] are the
most general, because they do not make any assumption on the shape of the profiles.
Therefore, they are suitable for detecting asymmetrical effects of instrumental broadening due
to sample flatness, vertical divergence and absorption [15,16]. Owing to the fundamental
investigations of Bertaut [17,18] and Warren and Averbach [19-23], who showed that
detailed information on domain size and strain distribution within the material can be
obtained from Fourier series expansions of the physical profile, f{x), the correction method of
Stokes [13] has become generally accepted in X-ray line profile analysis.

Below, starting with a brief survey of the line profile parameters related to microstructural
effects and the procedures involved in line profile analysis, the most important methods that
have been developed so far for analysing X-ray as well as neutron line broadening will be
discussed. The attention is focused on the analysis of those lattice defects giving rise to
microstrains that fluctuate on an atomic scale and, therefore, to non-oriented residual
microstresses within the material.

2.172 Line profile parameters related to microstructure analysis

X-ray diffraction line profiles are ordinarily of little use themselves, but they are measured
in order to derive from them various parameters of physical interest. According to Wilson
[24], these parameters may be divided into four groups:

I. Measures of intensity
1. peak maximum intensity, /.,

2. integrated intensity, I;,, = I:f(ZB)dZG

I. Measures of location
3. peak maximum position, 26,

4. centroid position, (26,) = (] 1(26)20a26)/] 1(26)d26

[I. Measures of dispersion
5. full width at half-maximum intensity (FWHM), 2w

6. integral breadth, B = (| 7(26)d26) s
7. variance, v = U (20 - (26,))" 1(29) dze)/J 1(26)d26

8. Fourier coefficients, F; = A;+iB,

IV. Measures of coherence
9. particle (domain) size distribution, p(Ns)

10. strain distribution, g (e, )
11. distribution of lattice defects (dislocations, stacking faults, inclusions etc.)



437

Table 1
Methods for separation of instrumental and physical X-ray line broadening.

Assumptions on the Expressions for the corrected References
profiles involved in Eq. (3) profile and/or integral breadth
, 2.2
f(x). cxp( k*x ) 1 Warren and
=(B2-b2)2 Biscoe (1938) [5
g(x): exp(—lzxz) P (B b ) 1938 Bl
1
Arbitrary mean of Scherrer [1] and A~ 1 2 Taylor (1941) [6]
Warren [5] correction formulae p= (B -b )2 -(B-b)
~1 Correction functions in form of Jones (1938) {4]
. 2,20, 2.2)\.
f(x): (1 +kx ) ; exp(—k X )’ Kochendorfer
) 2 B_b (1944) 7]
sin?(kx) / (kx) B f(E) Alexander
g(x): measured profile of (1950) (8]
standard substance
. 2.2 Correction formulae Shull (1946) [9]
: -k
g(x) CXP( X ) for B in terms of p, T
h(x): cxp(—pzxz) +‘l:exp(—q2x2) and q
-1 Wood and
. 2.2
g(x): (1 +a’x ) Rachinger
-1 f(x): found by B=B-b (1949) [10}
h(x): (l +c2x2) solving
equation (3)
) 2 2\2 by the Correction curves in Schoening et al.
g(x): ¢ /(1 +kix ) Fourier- form of (1952) [11]
5 2\2 transform B p b
h(x): ¢y /(1 +kix ) method. 5 B
g(x), h(x): represented by a [f(x)dx  Berry (1947) [12}
Hermitian polynomal series f(x);B= _—f(-(F-
g(x), h(x): represented by a Stokes (1948) [13]
Fourier series
g(x), h(x): experimental f(x): found by solving eq. (3) by Paterson
profiles are used directly approximating it by a set of linear (1950) [14]

equations




438

Fig. 1 shows for the example of cold-working of metals, how the coherence parameters are
related to the line profile parameters of dispersion as well as those of location. Obviously, a
separation of the individual effects that contribute to physical broadening requires a careful
line profile analysis which can be divided into three steps: (I) measurements, (II) corrections
of the line profiles and calculation of the parameters characterising the f profile, and (III)
evaluation of the structural parameters [25].

Effects of Cold-Work on the X-Ray-Diffraction
Patterns of Cubic and Hexagonal Metals

l 3

Line-Profile-Broadening Line-Profile-Shift
Symmetrical Broadening Asymmetrical Broadening| | e Rej"}ual S&resses of L.
an

e Reduction of e Twinning faults in

g?‘r’ggxex;l frnlzge): (size fec and bee » Deformation faults in fcc
¢ Distorsions ¢ Spg‘ggg faults in fee

(strain broadening) and bec

o Lattice parameter changes

* Deformation faults due to dislocations and

in fec, bee and hep segregation of solute atoms

¢ Twinning faults in
hep
L

Analysis of Fourier coefficients Analysis of the Line position
F =A_ +iB, 20, » <26.>
and/ or integral breadth B

Figure 1. Effects of the microstructure on X-ray diffraction patterns.

For a determination of the microstructural parameters on an absolute scale, a g profile is
necessary that comprises exactly the same instrumental broadening being present in the h
profile. Some practical recommendations for choosing suitable experimental conditions, stan-
dard specimens etc. are given at the end of this Chapter; for detailed information see, for ex-

ample, [16, 25-27].
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A brief survey of the procedures involved in step II of X-ray line profile analysis is shown
in Fig. 2. Since /(20) is a random variable, all quantities obtained by manipulating it are also
random variables. The errors related to counting statistics in the normalised Fourier coeffi-
cients and breadth parameters of the f profile depend on the counting time, the shapes of the 4
and g profiles and on the background [25], for a detailed discussion see [24,27,28]. Because
all physical quantities are related the net intensities, background correction must carried out
very carefully. The most common errors made in evaluating the background are related to
horizontal and vertical profile truncation and to overlapping of neighbouring lines. Concepts
for handling and avoiding these errors were developed in [29-32].

In the theory of X-ray diffraction, the intensity distribution is usually within the reciprocal
lattice [33]. Therefore, the variable x = 2(0 - 6,,,,) must be transformed on a reciprocal scale

according to

5= —i— (sin® — sinByyyy ) (4)

[20]. For 20 < 120°, Eq. (4) can be approximated by s = (cos o X) x and further calculations

can be performed on the experimental 28 - scale [34].

After having corrected the line profiles for the 6 - dependent factors (Lorentz-, polarisation
and absorption correction, cf. Chapter 2.04), two different ways for deconvoluting the h pro-
file into its physical and instrumental parts, f and g, respectively, are possible. If the micro-
structure is to be studied in more detail, the complete information of the diffraction pattern in
form of its Fourier coefficients obtained by Stokes method [13] should be used. All methods
making use of the Fourier coefficients, are called ‘Fourier-space methods’. For a rather rapid
analysis, only the knowledge of the integral breadth of the profile is necessary, which can be
obtained by approximating the measured & and g profiles by simple analytical functions.
These methods are called ‘Real-space methods’.

Because the Fourier-space methods do not make any assumptions on the shape of the pro-
files, a removal of the o, part is not necessary but may be done. The Real-space methods,
however, are based on the assumption that the line profiles can be described by symmetrical
Voigt functions which represent the mathematical convolution of Cauchy (Lorentzian) and
Gaussian functions. Therefore, if no monochromator is used, the experimental profiles have
to be corrected for oy which can be achieved, for example, by the methods employed in
[35.36].

2.173 Fundamental methods in line profile analysis

(a) Fourier-space methods

According to Stokes [13], the intensity distributions of the broadened and instrumental
(standard) profiles, h(x} and g(x), respectively, can be expressed in terms of Fourier series:

h(x) = 3 H, exp(2riLx/a) (52)

g(x)= 2 G, exp(2miLx/a) (5b)
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Figure 2. Line-profile processing procedures corresponding to [25]
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The Fourier coefficients are given by

2
-1 Ih x) exp(-2miLx/a)dx = Zh Jexp(-2miLx, /a) etc. ©)
a _4a
)

The approximation applies to intensity distributions taken at discrete values of x within the
range [-a/2 ; &/2]. Due to a fundamental theorem in the theory of Fourier transforms, the
convolution product (3) in real space corresponds to an ordinary product in Fourier space and
the physical line profile f{x) can be expressed in terms of the Fourier coefficients of the g and
h profiles:

) ©)

()= *

with H, / (a GL) F, . Generally, F; is complex, i.e. F, = A, +iB;, and (7) may be written

in form of a sine and a cosine series. Introducing the reciprocal space variable s defined by
Eq. (4) yields

f(s) =" [AL cos(2nLs) + By sin(2nLs)] (8)
L

In (8), the cosine terms represent the symmetrical part of the profile, whereas the sine
terms produce peak asymmetry which is mainly caused by twinning (growth) faults in fcc and
bee structures {23,37], for details see Chapter 2.09. Assuming that the sine coefficients By are

small enough to be negligible, the line profile is completely determined by its cosine coef-
ficients. Fig. 3 gives a survey of the possibilities for separating the contributions of size and
strain components to the line broadening by means of the Fourier coefficients.

Most detailed information is obtained by the method of Warren and Averbach (W A- analy-
sis) [20-23] (Method I in Fig. 3), which is based on the factorisation of the cosine coefficients

A, into particle size and distortion terms, A} and A7, respectively:
S 4D
AL(ho) = AL-AL (o) 9

where hy = (h2+ K2+ 1 ) is the order of the reflection. L = n Dy, represents a distance nor-
mal to the reflecting lattice planes skl with interplanar spacings Dy = ag/hy and n the har-
monic number of the Fourier coefficients. The following relations hold:

Af:L

<N3>‘

(N3 = L)) p(N3)dN5 (10)

~—3
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AP (ry) = jq(eL)cos(ZnLhoeL/ao)deL (11)

Eq.s (9) to (11) are based on the assumption that the coherently diffracting domains within
the crystallites can be divided into columns of orthogonal unit cells normal to the reflecting
lattice planes, each of them having an individual length N; [17,20]. p(N;) is the distribution
function of the column length and g(e; ) represents the distribution of average strain in a col-
umn between two unit cells which are n= L/ Dy, cells apart. (N3) stands for the average

domain size normal to the reflecting planes. For small values of L and ey, (9) and (10) can be
expanded into Taylor series and the following approximations hold [23,38,39]:

Ale—L[&—3>+0{%+ﬁ)-thl] (12)
AP(ry) =1~ 2n* L2 (eF) [af = exp(-2n2 P (eF) [af) (13)

where (e,2_> is the mean square strain component in the direction of the normal to the
reflecting planes. From Eq. (12) it is realised that size broadening is also influenced by the
deformation and twin fault probabilities, o and B, respectively. The coefficient Vp,; depends
on the structure as well as the reflection investigated [38]. For a detailed discussion of
faulting, its influence on the diffraction patterns (cf. Fig. 1) and its analysis which is mainly
based on the approaches of Paterson [37], Wagner et al. [38,39], Wilson [40] and Warren and
coworkers [23,41,42], the reader is referred to Chapter 2.09 in this book.

The separation of the coefficients in (9) can be performed using the hy dependence of the
strain term A,f’ . Hence, if different (at least two) orders hy of a reflection hkl have been meas-
ured, Eq. (9) can be rewritten with regard to (13) in one of the following forms:

In[A, ()] = In(Af) - 202L K (e} ) /a} (142)
A(ho) = A7 - AL 2m* P (et ) o} (14b)

Eq. (14b) represents a “linear version” of the classical separation method (14a) and was
first suggested in [43] in order to avoid the errors due to a truncated Taylor series of

ln[AL(ho)]. Following the classical approach (14a) of the WA- method [23] and plotting

In [AL(ho)] for fixed values of L against some function of 42, the intercept at 2= 0 obtained

by extrapolation, gives ln(A;f), whereas the mean square strains (ei) are found from the

slopes of the curves (Fig. 4).

Next page:
Figure 3. Fourier methods for separating size and strain broadening (for details see text).
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If the particle size coefficients A} are plotted versus L (Fig. 5a), the initial slope of the
curve gives directly the average column length (N3), whereas its distribution is obtained
from the second derivative:

5 =
d ), . | d?  (N;)

I
=1
[=9

(15)

|-

)

0.0
b ___50A

&\4:::2:

< 10 :\\\ =

= \ 0
-15

300 A |
350 A
20 F\\o

///77

/

/

h3

Figure 4. Plot of InA, against hl =h>+k*+1* for a 90% cold-rolled alloy of NiCo 50,
profile (111). For each L=na,, the different hkl reflections fall upon a single curve (after
[34)).

This result follows immediately from Eq.s (10) and (12) [20], if ¢t and B are assumed to be
negligibly. An additional estimation for (N3) is obtained by extrapolating of the A,f versus L

curve on the abscissa. Since (dzA,‘f / dL2) 20 (cf. Eq. (15)) the A,f versus L curve can never
be concave downward. However, for small values of L, the size coefficients often do reveal a
concave curvature (cf. Fig. 5a) which is ‘forbidden’ within the framework of the WA-
analysis. This so-called ‘hook effect’ was sometimes explained as due to the uncertainty in
determining Af for small values of L, because they are related to the long tails of the line
profiles which are hardly recorded experimentally [23,44]. As shown by Wilkens et al. [45-
47], the ‘hook effect’ can be interpreted in a more physical manner, if the assumption of dis-
crete ‘particles’ with defined boundaries, is replaced by that of ‘transparent’ dislocation walls
forming small-angle grain boundaries.

A second difficulty in deriving physical parameters from the WA- plots arises from the as-
sumptions made on the strains within the columns. The approximation of the distortion co-

efficients ALD by a truncated Taylor series (Eq. (13)) and, therefore, the separation of the co-



445

efficients (Eq.s (14a,b)), are only valid, if the frequency distribution q(eL) of the strains is

approximately Gaussian. However, as shown in various investigations (see, for example [44-
50]), this assumption is not well justified, if dislocations with strain fields of 1/r divergences
are the prevailing type of lattice defects. For this reason, an interpretation of the

1
(e%)z distributions often becomes difficult, especially in the range of small L, where the

curves are strongly affected by experimental errors (cf. Fig. 5b).

O
b ol Y
N
\3

hook-effect

S g—

Figure S. Particle size coefficients Af (a) and mean square strains <ei>v2 (b) as functions of
L; full lines - observed distributions, dashed lines - theoretically expected curves (after [45]).

Assuming that the WA- method can be used to separate particle size and strain effects to
such high values of L that the A and A curves can be extrapolated to L = co, values for the

particle size 7 and the microstrain € are obtained directly from the summation of A; and A}
from L = —eo to L = oo, respectively, {20,23,39]. Fig. 3 (Method II) shows that the integral
breadths, Ba,A and [},. which are related to size and strain broadening, respectively, are
directly related to the inverses of the summations of the separated coefficients. Further, it is
realised that the size and strain values derived from the summations of the Fourier
coefficients have a slightly different meaning compared with those obtained from the WA-
plots. Thus, the strain € evaluated from the integral breadth should be approximately 25%

1
2

larger than the root mean square strain (ei) averaged over the dimension of the domain size

<N3) [39], where the latter represents a lower limit for the particle size T [18].

The physical integral breadth, B, corrected for instrumental broadening by the Stokes
method [13] is obtained by summing the Fourier coefficients A; (Fig. 3, Method II). Because
B, depends upon the particle size, faulting probabilities and strain, some assumptions have to
be made on the relation between By, B3, (size and faulting term) and B¢, (strain term). Since

the Fourier coefficients A;, when plotted as a function of L, have a non-zero initial slope (cf.
Fig. 5a), the profile related to size broadening should be close to a Lorentzian, whereas strain
broadening can be represented by a Gaussian {23,51,52]. Other authors assume that both
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sources of broadening will produce a Lorentzian peak shape [48,53]. Hence, assuming
BS = A/({N)cosB) for size broadening and BS, = 4, tan® for strain broadening (which

corresponds to the assumption of a rectangular strain distribution with FWHM = 2¢;)

[7.54,55], the total integral breadth from both effects may be calculated using a quadratic
(Gauss) or linear (Cauchy) relation. If B¢, has been determined for several reflections hkl, one
can decide whether a plot of (B cos()/k)2 versus (sin 9/)»)2 or that of
(Bg, cosB/A) versus (sin§/A) will give the best fit.

It should be emphasised that the methods treated so far are so-called multiple-line
methods, because they require the Fourier coefficients of different orders of the same
reflection, or, at least, of different reflections. Some other approaches based on a Fourier
analysis have been developed as well, which need only the profile of a single line for
separating size and strain effects. However, these methods are based on less realistic
assumptions and therefore, they will not be treated here in more detail. A brief survey of these
methods is given, for example, in [25]. The so-called ‘Modified Voigt analysis’ (Method IV
in Fig. 3), can be considered as an improved single-line method [57,58] that may be placed
between the Fourier and the Real-space methods (see next section).

(b) Real-space methods

Although the Fourier space methods based on the theory of Warren and Averbach allow a
detailed and accurate analysis of the microstructure, it is often acceptable at the expense of
some loss of accuracy to use more rapid techniques which are simple to apply. These methods
are based on the analysis of the full width of the line profile at half the maximum intensity,
2w, and the integral breadth, 8, which can easily be determined. A limitation in the use of the
dispersion parameters, 2w and f, is the need to ascribe an analytical function to the line pro-
files. The most widely employed functions in this field, are the Cauchy and the Gaussian
functions. It has been demonstrated in various investigations that instrumental as well as
particle size broadening are approximately Cauchy, whereas the profiles arising from lattice
strains are more nearly Gaussian and, therefore, a good approximation is given by the
convolution of these functions which is called Voigt function [57, 59-61].

Fig. 6 summarises the individual steps of the Voigt analysis for separating the integral
breadths of size and strain broadening, B{- and PZ, respectively. To start with, it is assumed
that all profiles involved, can be described by Voigtian functions. Langford [57] derived an
explicit equation for the Voigt function and showed that the breadths of the constituent
Gaussian and Cauchy components can easily be found from the so-called form factor, 2w/B,
which is a characteristic parameter of any line profile. Thus, the values of 2w/ related to the
Voigt profiles which are to be determined experimentally, will lie between the limits of
0.63662 and 0.93949 for the Cauchy and Gaussian profile shapes, respectively. In order to
avoid graphical methods or the interpolation from tables [57], the recessary calculations can
be carried out readily using empirical formulae that have been given in [62].
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Figure 6. Separation of particle size and strain broadening by means of Voigt deconvolution;
2p=2.0207, a,=-0.4803, a,=-1.7765, by=0.6420, by=1.4187, b;=-2.2043, b,=1.8706
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An improved method based on the analytical Fourier transform of the Voigt function, Fi(L)
(cf. Fig. 6), was suggested in [57,58). According to the convolution theorem, F{L) is given
in a simple closed form by multiplying the transforms of its constituent Cauchy and Gaussian
components, F(L) and Fg(L). The integral breadths ¢ and B of both g and A profiles are
then determined by a least squares fit of a parabola to the logarithm of the Fourier coefficients

that are obtained by the Stokes method [13] (cf. Method IV in Fig. 3). Using the linear and
quadratic relations between the integral breadths that hold for the convolution of two Cauchy
and two Gaussian functions, respectively, one obtains the values B% and BZ, which are related
to particle size and strain broadening, respectively.

It should be emphasised that the method of Voigt deconvolution is in principle a single-
line procedure, i.e. it requires only one line profile of both the material to be investigated and
the standard specimen. However, if two or more reflections are available, it is recommended
to determine size and strain effects from the variation of B% and B/ with hkl [61,63].

(c) Determination of dislocation densities

The methods employed in X-ray line profile analysis are mainly focused on the determina-
tion of the average particle size, {N), and the mean square strains, (ef) (WA- analysis), or,
the microstrain € (integral breadth methods). However, the results are difficult to be inter-
preted in terms of physical parameters related to the microstructure of the material. Thus, the
values of (N) obtained by different methods generally differ considerably from each other
and the physical meaning of the domain or particle boundaries is not yet understood in detail.
A further difficulty arises from the definition of the non-uniform strains determined by the
WA- analysis. Because the mean square strain <ef) depends on the correlation length, L, the

evaluation of average residual microstresses according to

1
Gr’:l‘t?cm = Eth <82> (16)

{64] must be related to a certain value of L, which is often settled by L = 5nm [65] or
L=(N)/2 [66).

Therefore, in order to understand the reasons of line broadening in a more physical
manner, numerous efforts have been made to deduce from the X-ray diffraction line profiles
both the density and the general arrangement of dislocations, which are known to cause line
broadening by their accompanying strain fields [48, 67-69]. Table 2 briefly summarises the
results of the most important investigations that have been done in this field. In the following,
some general remarks will be made concemning the validity and the limitations of these
methods.
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Table 2
Methods for the determimation of dislocation densities from the parameters of line profile broaden-

ing; b - Burgers vector, I' = I'(hkl) - orientation factor, ro - inner cut-off radius of the dislocation
line, Rq, Lg - outer cut-off radius, Bo(hkl) - factor depending on the reflection used.

Assumptions Procedures References
Coherently diffracting domains _ 3n
bounded by dislocations PD = N2 Geometrical average
( 3) Williamson
and
Distorsions caused by strain 1 Smallman
components of the dislocations De = k <£2> _ <52>2 (1956) [70]
E-T7Y = «3nk
b P b(N3
Elastical strain energy of the 5 b2 1
aggregate (~<€?>) composed of the < >= P & Faulkner
elastical energy of the individual T 24(1+V) \/— (1960) [71]
dislocations Ce =R, \/5
Random distribution of parallel Ryaboshapka
dislocations on the {111}<110> fcc b 1 and
glide systems in elastically isotropic <£2> ( ) p f(v,I) In| ——— Tikhonov
2o no

materials

(1961) [72]

Elastically isotropic  cylindrical B2 cot? 8=b2pf(v,T)x
body of finite radius with randomly Krivoglaz
distributed dislocations parallel to Xl [ J—p Ro In( , o Ro]] and
the cylinder axis, 12 12 Ryaboshapka
fcc-lattice (1963) [73]
) b\2 Wilkens
Restrictedly random distribution of € >= (—) p f(v,T) In| = (1967, 1969,
parallel dislocations within \/_ 1970)
isotropic cylindrical bod 4
pic cy y Ce=Re\/5 74,75, 46}
Crystals containing small-angle
grain boundaries of distance D with b2 17x d Wilkens
dislocation spacing d within the < L) = ———Z—p[ln—+c] (1979) [47]
boundaries 4n” 32 L
22/.2 Klimanek
Restrictedly random distribution of 2n h0<e >+ (1988, 1989)
dislocations, weak correlation _ l“(AL) _ 1 ag [76,77]

between the defects
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I. The evaluation of dislocation densities from the average coherence length (N3) {70]

only seems to be justified for a rough estimation of the order of magnitude, because the exact
meaning of (N3) still remains unclear and the constants n and k involved in the calculations
are assumed quite arbitrarily.

II. Most of the approaches [70-72, 74-76] are based on the concept of the mean square of
the differential strain, which means the average of the ‘true’ local strain, e, between neigh-

bouring unit cells within the columns, i.e. assuming <£2)=<e§) in Table 2. Due to

experimental uncertainties, however, reliable values of (ei) are only obtained for a coherence
length L of at least Snm [65]. These values are, in general, considerably smaller than the
differential mean square strain (eé) [44). Therefore, a determination of dislocation densities

from the <ef> values obtained from the WA- analysis yields only results of restricted
reliability, even if the distribution of the dislocations is taken into account explicitely by the
constants k, Cg and C, . Methods for calculating the differential mean square strain (eé) were
suggested, for example, in [25,78].

III. A quite different formulation of the problem, which is directly based on the specific
properties of the dislocation lines, was given by Krivoglaz and Ryaboshapka [73]. They cal-
culated the integral breadth, f, of X-ray line profiles for cubic single crystals and polycrystals
as a function of the dislocation density p, for the case of a random distribution of dislocations.
Due to this assumption, however, the physical meaning of the outer cut-off radius R, involved
in Krivoglaz's theory remains ill-defined. According to Wilkens [46,74,75], a statistically
random distribution of dislocations should be rather unrealistic. He introduced the model of a
‘restrictedly random’ distribution by subdividing the cross section of the crystal into small
areas of effective radius R,. The dislocation distribution within the subareas is assumed to be
completely random. In this case, the distribution of the dislocations can be characterised
independently of their density itself, by a parameter M = R, JE , which determines the shape
of the line profile [79].

IV. Klimanek [76,77] combined the results of Krivoglaz's general theory of X-ray and
neutron scattering [80] with Wilken's model of the restrictedly random distribution of dislo-
cations and obtained the so-called ‘Krivoglaz-Wilkens plot’. He demonstrated that for this
case the dislocation density p of a real polycrystal can be determined independently of the

peak shifts caused by lattice strains (ez(hkl)> which are due to residual stresses of the 2nd

kind. The applicability of this approach has been proved recently in various investigations
using X-ray [81] as well as neutron diffraction methods [82-84].

2.174 Alternative approaches

Besides the Fourier space methods which are mainly based on the theory of Warren and
Averbach and the line breadth methods based on the Voigtian analysis, numerous other ap-
proaches have been developed in the field of diffraction line profile analysis, but it is beyond
the scope of this article to review these methods in detail. In the following, the most
important of them will be summarised briefly.

Instead of the integral breadth, Tournarie [85] and Wilson [86,87] favoured the variance of
the line profile as a measure of line broadening. Using the reciprocal space variable s, it is
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defined as the second moment of the intensity profile:
v=([1(s)s? ds) / [1(s)ds amn

From Eq. (17) it may be realised that the multiplication of the intensity I(s) by the square
of the variable s overemphasises the tails of the profile which are hardly to detect with suffi-
cient accuracy [39). Therefore, the variance method requires a very careful background cor-
rection of the profiles.

A quite different approach in line profile analysis is given by the method of ‘line profile
matching’ which has been suggested in [88,89]. For two-phase materials consisting of 2
dispersion of fine particles in a matrix, the authors first calculated the residual stress/strain
state due to the mismatch between particle and matrix by analytical models. In a second step,
the accordingly simulated diffraction profiles were matched to the measured ones in order to
prove the validity of the assumptions involved.

Starting from the finding that the WA- analysis breaks down at a certain value of L if the
strain distributions are not Gaussian (cf. Eq.s (13,14)), van Berkum et al. [90,91] developed
an alternative method for separating size and strain broadening. A basic assumption of this
approach is the result of Stokes and Wilson [92] that for small L the strain gradients within the
columns can be neglected. For this case, the fundamental equation for separating size and
strain effects becomes

1n[A(£,1)] 1 In[4%(n)] + In[4P(n.1)] (18)

1

[90] (n = harmonic number, | = order of reflection). Plotting In[A(n/l, I)] versus 1/I , the size
Fourier coefficients are obtained from the slopes and the first order reflection strain coeffi-
cients are obtained from the intercepts of the curves. Fig. 7 shows the regions of applicability
of the WA and the alternative analysis. They are bounded by iso-surfaces which are calcu-
lated for various combinations of three parameters characterising the microstructure in terms
of (a) the relative amount of size and strain broadening, (b) the shape of the strain distribution
g (ey) and (c) the degree of strain fluctuation within the columns [91].

In the so-called "double Voigt" approach, size as well as strain broadened profiles are
described by Voigt [93-95] or Pseudo-Voigt {95-97] functions, taking into account that both
contributions are superpositions of Gaussian and Cauchy components themselves. Other
attempts are based on the use of the Pearson VII function [95,98]). In many of these cases, the
determination of the crystallite-size and the lattice-strain parameters is performed by means of
the profile refinement method of Rietveld [99,100]. A review of these methods is given, for
example, in [101].

The probably most complex and comprehensive approach in line profile analysis that has
been developed so far is due to Klimanek [76,77,102] who showed the line profiles to form
so-called diffraction multiplets which can be treated on the base of a hierarchy of polycrys-
talline model structures taking into account the phase content, the structural inhomogeneity of
the crystallites and the spatial distribution (position and orientation) of grains with different
lattice disorder. The applicability of the multiplet approach has been proved recently for the
substructure analysis in textured metallic materials using X-ray and neutron diffraction [103].
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Figure 7. Regions of applicability of the WA and the alternative (ALT) analysis {91]. The
arrows indicate the broadening caused by misfitting inclusions and small-angle boundaries
(SABs) (for details see [90,91)).

2.175 Importance of line profile analysis for modern engineering and its relation to
X-ray stress analysis

Today, it is well-known that the materials used in modern engineering have to meet in-
creasing demands with regard to their mechanical, thermal and/or chemical properties. Con-
sequently, new materials as well as combinations of materials like ceramics or thin film
structures on certain substrates are developed and tested in addition to the traditional
materials like steel. They are often exhibit a complex microstructure within the near surface
region with steep gradients of residual stresses, texture and/or chemical composition. A
characterization of the microstructure requires a combination of investigations by several
methods which complement each other in a suitable way.

When performing an X-ray analysis, one should exploit the full physical information
contained in the diffraction profile. In the field of engineering the attention is often focused
on macrostresses only. In the field of materials science, however, it is well recognised that
changes of the material properies on the microscale can be equally important for the
performance of the material [89]. Therefore, the evaluation of microstructural properties from
the line profiles measured for macrostress evaluation, by one of the methods described above,
should yield valuable additional information on the microstress state, domain sizes and the
defect structure within the gauge volume.
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Finally, it should be emphasised that all X-ray diffraction procedures are integral methods
by nature and, therefore, only yield indirect results on the structure (in contrast to the methods
of X-ray topography applied in the field of single crystal analysis). This holds true especially
of the methods in line profile analysis, where many mathematical assumptions have to be
made on the state of the microstructure to be investigated. For this reason, additional in-
formation on the defect structure (dislocations, stacking faults etc.) obtained by direct meth-
ods like transmission electron microscopy (TEM) should be used in order to prove the valid-
ity of the models on which the line profile analysis is based.

2.176 Recommendations

The experimental effort required for line profile analysis will largely depend on the ac-
curacy desired for the microstructural parameters. The fundamental rule that should be
followed for obtaining the most reliable results can be expressed as follows: *'The smaller the
structural broadening, i.e. the smaller the difference in broadening between h and g (profile),
the more careful, accurate measurement of profiles is required’ [25]. Fig. 8 gives a survey of
the main points that should be payed attention to in planning the experiment. A few remarks
will be added in the following:

1. The preparation of well-defined standard specimens isnon-trivial. As suggested in [26]
they should be of the same chemical composition as the material to be investigated with a
crystallite size above lum. For metals, suitable standard specimens are obtained by
normalising rather than from powders.

2. It is recommended to use the centroid of the h profile as a reference for the ideal stan-
dard profile which should be recorded such that the centroids of the h and g profiles coincide.
The origins of both profiles should be chosen at the same position of the axis chosen (20-
scale for 208 < 120°, reciprocal s- scale for 26 = 120°) in order to obtain the centroid of the
resulting fprofile at the origin.

3. It is emphasised to record both the h and the g profile under exactly the same
experimental conditions. The use of a monochromator is strongly recommended to avoid
complications concerning the of;/0l;- separation and to keep the background as low as pos-
sible. If available, a vacuum chamber on the diffractometer should be used to reduce air scat-
tering. Fluorescence can be minimised by using suitable X-ray wavelength.

4. In order to improve the symmetry of the profiles, a small axial divergence (small aper-
ture of the Soller slit system) is preferred. If necessary, the crystal statistics should be im-
proved by oscillating the specimen around the 8- axis and/or rotating it around an axis per-
pendicular to its surface.

5. In order to minimise errors due to truncation, it is recommended to choose the measur-
ing range as large as possible with regard to the constraints arising from overlapping
neighbouring lines as well as the counting time available. Further, the sampling distance
within the range chosen should be compatible with the required detailedness of information.

For more detailed and additional information the reader is referred tc the comments and
recipes given, for example, in [25,28], as well as to the corresponding Chapters in this book.
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* These should be considered in relation to grain size (crystal statistics)

Figure 8. Outline of measuring procedure for X-ray diffraction line profiles [25].
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List of principal symbols introduced in this chapter

AL Cosine Fourier coefficient;

a period on the experimental 20 - or the reciprocal sinf - scale;

ao lattice parameter of the cubic unit cell;

B integral breadth (in degrees or radians 20) of the profile h from the specimen
investigated;

B sine Fourier coefficient;

b integral breadth of the instrumental standard profile g;

er strain within the columns between two unit cells which are n = L/ Dpy cells apart;

(eL)2 mean square strain;

FL AL + i B complex Fourier coefficient of the profile f;

f structurally broadened profile;

G complex Fourier coefficient of the profile g;

g instrumental standard profile;

H complex Fourier coefficient of the profile &;

h g*h, profile from the specimen to be investigated;

ho (h2 +k2 +l2 )% , order of the reflection;

L n - Dy, distance normal to the reflecting planes;

(N) A/(BcosB) , average crystallite size obtained from the integral breadth;

<N3) average column length (domain size) perpendicular to the reflecting planes;

p crystallite size distribution function;

q distribution function of the strains e;;

s 2 (sin 0—sin By, ) / A, variable on the reciprocal scale;

T <N32 > / (N3) , particle size obtained from the summarised Fourier size coefficients;

2w full width at half maximum (FWHM) of the profiles;

1.5a.+ P term which contains the deformation and twin fault probabilities ¢ and j,
respectively;

B integral breadth of the structural broadened profile f;

£ B/(4 tanB), microstrain obtained from the integral breadth.

Superscripts

S,D Denotes that the parameter refers to size or distortion broadening;

f,g,h  denotes that the parameter refers to the f, g or h profile;

Subscripts

CG Denotes that the parameter refers to the Cauchy or Gaussian component of the
profile;

A% denotes that the parameter refers to the Voigtian profile;

WA denotes that the parameter is related to the Warren-Averbach analysis;

St denotes that the parameter refers to a profile which was corrected by Stokes

method.
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2.18 Residual stress analysis in single crystallites

W. Reimers

2.181 Introduction

From the view of diffraction methods polycrystalline materials have to be defined as
coarse grained when the diffraction experiment gives evidence for a splitting of the Debye
fringes into spatially localized Bragg reflections which can be attributed to individual
crystallites. In this case the usually applied measuring and evaluation procedures for the
analysis of residual stresses face two problems. Due to the inhomogeneous intensity
distribution in the diffraction pattern, intensity measurements can be performed only at
selected sample orientations. Furthermore the single crystal elastic anisotropy leads to a
scatter of the experimentally obtained strain data [1] resulting in important error bars when
calculating stress values under the usual assumption of elastic isotropy [2]. Since the number
of crystallites contributing to the diffracted intensity is decisive for the observed intensity
pattern, the transition from fine grained to coarse grained materials depends on the gauge
volume under study, the experimental resolution and the grain size.

In applying X-ray diffraction in general only the near surface crystallites contribute to the
diffraction pattern. Under usual experimental conditions the Debye fringes are splitted for
crystallite diameters of & > 100 um. By additional sample movements during the
measurement, e.g. translation, rotation and inclination, the number of reflecting crystallites
can be increased, so that the condition of quasi isotropic behaviour of the gauge volume may
be fulfilled up to grain sizes of approximately & = 200 pum [3, 4]. Using synchrotron
radiation, however, separated Bragg reflections may already be observed at crystallite
diameters of & = 20 pm due to the high parallelity of the radiation. For neutron diffraction
investigations a gauge volume of some mm? and a comparatively large divergence of the
beam are usual due to intensity reasons. Grain size effects on the diffraction pattern are
therefore to be expected at crystallite diameters of & > S00 pm.

In those cases where individual Bragg reflections are observed, the single crystal
anisotropy has to be considered in calculating the stresses from experimental strain data. For
this an evaluation of the orientation of the crystallite under study is necessary. Therefore in a
first step the spatial orientation of two independent reflections (hkl) of the selected crystallite
has to be determined. Using a four-circle diffractometer, this may be done in a straight
forward and efficient way. From the knowledge about the spatial orientation of these two
reflections the orientation matrix, which relates the crystallographic axes system to the fixed
laboratory system, can be established. From there on the diffractometer settings for every
reflection (hkl) to be studied are calculated and the precise reflection position is determined
experimentally by a centering routine. This means that this method is well suited for an
automatic measuring routine, which gives the strain tensor based on the experimentally
determined diffraction angles 2© for several reflections of an individual crystallite. Since the
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orientation of the crystallite has been determined, the stress tensor components are calculated
from the experimental strain tensor components by applying Hooke's law for anisotropic
materials.

The stress values obtained from the single grain measuring and evaluation technique
represent the sum of the stresses of first and second kind {5]. By studying several
neighbouring grains, the stress differences between the grains yield information about the
second kind stresses whereas an averaging over the stress values gives the first kind stresses.
Third kind stresses can be obtained either by analysis of the 20-profile or as a function of
sample translation with respect to the measuring spot (X-ray or synchrotron radiation).

2.182 Historical review

The analysis of the deformation state of crystallites embedded in the polycrystalline
matrix is of interest not only for the study of residual stress states but also for the
investigation of crystallite-crystallite interactions as a typical physical feature of
polycrystalline matter. By 1939 the inhomogeneity of elastic-plastic transition was studied by
following the shift of Bragg reflections of different crystallites in a polycrystalline steel
sample stepwise increasing the external uniaxial load [6]. Important progress in the
interpretation of the results concerning the deformation behaviour of crystallites in
polycrystals was achieved by applying methods for the systematic crystallographic indexing
of the Bragg reflections [7]. For the measurements the Kipp-technique [8, 9] and the crystal-
rotation technique [10] were applied in combination with film-techniques. The indexing was
performed by graphical methods. The investigations on Fe-crystallites with grain sizes of
10mm?2 [8, 9] gave evidence for stress variations up to 100% between crystallites with
different orientations. An increase of sensitivity for the registration of X-ray intensities and
hence a reduction of the necessary measuring spot size under study could be realised by using
Geiger-Miiller counters. For this detector configuration, however, the precise spatial
orientation of the Bragg reflection to be measured has to be known before hand. This needs
the prior orientation of the crystallite, e.g. using the Laue-technique. Applying this two-step
procedure, measurements were performed on single crystalline epitaxial layers [11, 12] and
on an Al-bicrystal [13], where the stress profile over the diameter of the large crystals (grain
size ~ 3 cm?) was registered quasi point wise with a measuring spot diameter of 200 um.
Important stress variations were observed near the grain boundaries. The in-situ orientation of
the crystallites to be investigated is possible using a three circle diffractometer which allows
the angular rotation of the sample by two axes perpendicular to each other. Based on this
experimental set up, deformation measurements were performed on Fe-crystallites [14, 15]
and the procedures for stress analyses on single crystalline Si-wafers are given in [16).

In comparison to three circle diffractometers the use of four circle diffractometer allows a
more systematic and hence less time consuming analysis of the orientation of the crystallite to
be studied [17-19]. Furthermore the additional sample rotation axis realised in this
diffractometer concept enables the investigations of Bragg reflections at different incident
angles of the radiation. So the penetration depth of the X-rays can be variated over a
comparatively large range, hence allowing the analysis of near surface stress gradients, e.g. in
Si-wafers [20, 21]. The use of four-circle diffractometers for the analysis of coarse grained
materials is also supported by its already wide spread application in the field of texture
Figures {23].
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2.183 Basic principles of the single grain measuring technique
2.183a Evaluation of the orientation matrix

The geometry of a four-circle-diffractometer and the definition of the laboratory axes
system are illustrated schematically in Figure 1. The crystallite selected for the study is
located at the instrument center. Using X-rays the selection of the crystallite can be done
either by collimating the beam or by shielding the sample surface with thin Pb-foils. Using
neutron diffraction the 90 degree scattering technique is applied which guarantees that the
gauge volume keeps constant for all sample orientations.

The incident and diffracted beams are in the horizontal plane. The counter (here: det) is
moved in this plane about the vertical instrument axis ® and makes an angle 2@ with the
primary beam direction (here: col). The whole Eulerian cradle may be rotated around the
vertical axis by ®. The y-axis is in the horizontal plane and makes an angle @ with the
primary beam direction. The sample is rigidly attached to the ¢-shaft which is supported by
the y-ring. The rotation sense for the rotation movements is defined mathematically positive.

X ab? Yab, * Z1ap, LADOTatOry axes system

20, o, %, @ Eulerian angles

Figure 1. Four-circle-diffractometer.

The orientation of the crystallite under investigation is known when it is possible to relate
its axes system to the fixed laboratory system. This coincides with the ®-axes system when
all instrument angles are zero.
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Xjap  parallel to the primary beam direction
Yiab  parallel to the direction of the reflected beam for 20 = 90°
7, parallel to the w-axis

For transforming the systems it is convenient to define them in terms of Cartesian axes. A
crystal direction h is therefore described by a Cartesian crystal direction h,:

h, =Bh
h
for h=]k
1
b, b,cosP; by cosP,
and B=|0 b,sinf; -b;ysinf,cosq, )
0 0 1/33

aj, 0 and bj, P are the direct and reciprocal lattice parameters, respectively. Since h,
shall be described in terms of to the ®-axes system also the instrumental angles ®, ¥, ¢ are
represented in form of Cartesian axes systems Q, X, ®:

cos¢ —sing 0
®=(sing cos¢ O
0 0 1

1 0 0
X=]0 cosy -siny
0 siny cosy

cos(W—wg) -sin(w-w,) 0
Q=|sin(@-vy) cos(®@-w,) O 2)
0 0 1

with @y = 20/2.

The angular set ®, %, ¢ gives the diffractometer position where reflected intensity is
observed. The corresponding crystal direction can then be described in the ®-axes system in
form of an unit vector ug:
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0
up = BXQ 1 3)
0

~ = transposed matrix

In the case of residual stress measurements, the material investigated and hence the cell
parameters are usually known approximately. So the diffracting angle for a reflection h can be
calculated and the detector is positioned. The spatial orientation of a reflection h; is then
searched by systematic variation of ¢ and y with fixed @. The angular position of this
reflection is then denoted ®,,%,,9,. The plane of a second reflection h, is then defined by its
angular relationship to the first reflection. In cases, where the angle between h; and h, has to
be 90° for crystallographic reasons, h, is found by a systematic search using Aw-steps in the
plane (x; + 90°, ¢;). The observation of two non-collinear reflections of known indices h,, h,
is sufficient to obtain the orientation matrix U [24] which transforms vectors in the crystal
cartesian axes system into the ®-axes system:

hje =Uh hye =Uhy,

with  hglue

hzw"ﬁm “4)

Because of experimental errors and uncertainties in the knowledge of the cell parameters,
the orthogonal matrix U does not, in general, satisfy both conditions. Therefore, an
orthogonal unit-vector triple t;.,1,.,t;. in the crystal Cartesian axes system is defined where

t) is parallel to h,., t,. lies in the plane of h,. and h, and t;. is perpendicular to t;. and
tc - In the P-axes system another triple t.tpt; is defined based in the same way on u,, and

Uy, - Since these two unit vector triples are orthogonal by definition they can be superimposed
exactly onto each other:

tio = Ut i=1,2,3 5)
In matrix notation:

Te = UT, (6)
Then follows:

U=T,T, )
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2.183b Angle calculations for any reflection (hkl)

After having evaluated the orientation matrix by two reflections, the coordinates in the &®-
axes system can be calculated using the orientation matrix UB for any reflection (hkl):

hge =UBh
hey

with l_'l_¢ = h02 (8‘)
hgs

For the detector position the Bragg equation is used. The interplanar lattice spacing D is
given by:

1

D= &)

2 1/2 ’
(b4 +h2; + hZ;)
The diffractometer setting for the symmetric position (@)= 20/2) is then obtained by:
. 2 2 2 \1/2
20= 2arcsm(x 12-(h% +h2 +h%) )
)
072
h

Xo = arctan -z—mm
(hm + hoz)

@ = arctan h—“"—) (10)
hg

with A = wavelength and index  for the symmetric position.

2.183c Rotation around the scattering vector

The rotation of the reflecting plane (hkl) around the scattering vector allows a systematic
variation of the incidence angle of the beam for all cases where the reflecting plane is not
parallel to the sample surface. So for most cases the penetration depth of the beam can be
chosen in a defined way so enabling the analysis of strain-stress gradients. It is also
sometimes useful to rotate the crystal around the scattering vector by the angle 1 in order to



467

avoid the absorption of the incident or reflected beam by the Eulerian cradle or by the sample.
With T = 0° the rotation matrix R, for the bisecting position is defined by:

Ry =Qp-Xg Do an
The new rotation matrix is then calculated
R‘! = T - RO

cost 0 sint
withT=| O 1 0 (12)
—-sinT 0 cost

The t-rotation axis is defined to be parallel to the y,,-axis for@ =y = ¢ =0°.
R, is then generally represented by:
R,=R=Q-X-® (13)

The solution of the equation system yields the new diffractometer setting for the
reflection position after the rotation by the angle T:

R
0)=arctan( 13 )
"R123

) ) \I/2
x - arctan M
Ri33
@ = arctan ﬁ) (14)
R

2.183d Analysis of the mosaic spread

The mosaic spread describes the angular distribution of the lattice planes (hkl) of the
crystallite under study . The mosaic spread is usually measured in form of rocking curves,
where the reflecting plane is rotated in Aw-steps through its reflection position keeping the
detector at fixed 20. Due to the atomic structure of crystals, the mosaic spread may be
anisotropic, e.g. after plastic deformation. So it is necessary to measure the rocking curves
around different crystal axes. Therefore, the diffractometer has to be positioned in such way
that, at the same time, the reflecting conditions for the reflection h, to be measured are
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fulfilled and the crystal direction h, is parallel to the ®-rotation axis [25, 26]. Hence the
symmetric position for the reflection h, is calculated. The calculated angle g, (symmetric
position, h,) is kept fixed and J is rotated corresponding to ); = Xo2+90°. The reflection
position for the reflection h; to be investigated is then calculated by solving the following
system with respect to Q:

Rg =Q-X, @y, (15)

Ry is the rotation matrix for the symmetric position of the reflection h,.

2.183e Strain and stress tensor

Since the strain tensor is defined as a symmetric tensor of second rank, at least 6
reflections have to be analysed concerning their precise reflection position. The procedure for
the reflection position determination and the necessary correction factors to be applied are
described in paragraph 2.184. According to Bragg's law the refined 2©-position gives the
corresponding D(h)-value so that the strain in h is obtained with:

_ D(h)-Dy(h)

) =="5m)

(16)

Some possibilities to determine the lattice spacings of the unstressed sample Dy(h) are
discussed case wise in paragraphs 2.186 and 2.187.

For expressing the measurements €(h) in terms of strain tensor components €y, the
cartesian crystal axes system is chosen as a fixed reference system:

e(h)=nk'n|-€fd k,l=1,2,3 (17)

In this notation n is a unit vector parallel to the scattering vector whose components ny
are given in the cubic system by:

ny =k (18)
NE NS S—

Jh? +hd +nl

For non orthogonal crystal axes systems, an orthogonalization has to be performed:
e(h)=py -p €} k1=1,2,3 19)

Here the components p are defined by:

Py =0 -1y k1=1,2,3 (20)
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0y, are the components of the orthogonalization matrix. In homogeneous media the

symmetric strain tensor £ can be determined by six measurements in non-coplanar
directions. If more information is available a least-squares refinement can be applied. The
stress tensor components 0'% are calculated by applying Hooke's law for anisotropic,
quasielastic materials. Here, the single crystal elastic constants are inserted:

o6 = cy €5 ik 1=1,2,3 @1

Whereas in the triclinic crystal system 21 independent elastic constants are present, their
number is reduced to three (cjjq; # Cyp9n # Cyy1p) in the case of the cubic system. The
resulting stress tensor g€ is referred to the cartesian crystal axes system whose orientation is

dependent on the crystal orientation. In most cases, especially for comparing the values
obtained in crystals which are in direct neighborhood to each other, it is preferable to
transform the stress tensor into the macroscopic sample system. As the first step, the stress

tensor g is transferred into the fixed laboratory systemn (index L). As transformation matrix
the UB-matrix can be used:

gv=F.g¢-T 22)

In the second step the stress tensor g has to be transformed into the common reference

system. Therefore, the angles describing the orientation of the reference system relative to the
laboratory system have to be determined. The transformation matrix T is then represented by
a rotation matrix R, which components are given by «, , @.

2.184 Experimental details and data correction
2.184a Adjustment of the diffractometer and reflection centering

After an optical preadjustment of the diffractometer set up, the final adjustment is
performed analysing the reflection positions of crystallographically equivalent reflections of a
single crystal. According to the procedure described in [27] a reflection (hkl) of the test

crystal is measured in 8 equivalent positions (Table1):

Table 1. 8 symmetrically equivalent reflection positions

T|D A

1 (20| o

2 120} o -7)(( (p+(1p80°
3 (-20] -0 -x+180° 0]

4 120 -0 180°-y ¢+180°
5 |-20}] -0 X ¢

6 |-20( -0 X o+180°
7120 o x-180° 0}

8 (20| ® 180°-¢ ©+180°
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Each reflection position is determined precisely applying a centering routine. With ¢
fixed, some cycles of independent ®, % and w-2©-step scans are performed until the shift
from one cycle to the next is smaller than 0.01°. For each cycle the intensities are corrected
for background and the net intensities are then used to calculate the peak position by the
center of gravity. The systematic comparison of the 8 reflection positions measured gives then
the data for the readjustment of the diffractometer:

Ax-translation of the diffractometer:

ax=—0s Tt Re Sy Ry @3)
sin®
with  C, =0.125-(T{1] - T[2] - T[3] + T[4] - T[5] + T[6] + T[7] - T[8]) + S,
S, =0.125- (-D[1] + D[2] + D[3] - D[4] + D[5] - D[6] - D[7] + D[8])
R, - distance sample to counter
R; - distance source to sample
Ay-translation of the diffractometer:
Ay =-05 -%{;ﬁs— (24)
with C,=0.125 - (T[1] - T[2} - T{3] + T[4]+ T[S] - T[6] - T[7] +T([8]) - Sx
S, =0.125 - (D[1] - D[2] - D[3] + D{4]+ D[5] - D[6] - D{7] +DI8])
Az-translation of the diffractometer:
Az=2.52 -sin®(R¢ +Rg) 25)
cos®- R -Rg
with C,=0.125- (- A[1] - A[2] - A[3] - A[4] + A[S] + A[6] + A[7] + A[8])
counter height Az Az, =-2- Sin® ‘Re - Ay (26)

Cos @

with Ay =0.125- (- A[1] - A[2] + A[3] + A[4] + A[5] + A[6] - A[7] - A[8])
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2.184b Selection of a crystallite in a polycrystalline environment

Using X-ray or sychrotron radiation only near surface crystallites are accessible due to the
limited penetration depth of these radiations. So the measuring spot can be defined applying
thin Pb-diaphragms (thickness 8 pm) on the sample surface. The measuring spot is then
optically adjusted to the center of the Eulerian cradle by means of X, Y, Z translations. After
having established the orientation matrix, several reflections are measured at T = 0
(symmetrical position) and at T = 180° (rotation around the reflecting vector) for checking and
optimizing the adjustment of the crystallite under study.

Due to the penetration depth of neutrons in the magnitude of some 10 mm in principle all
crystallites along the path of the primary beam may give an intensity signal. Therefore small
diaphragms (approximately 1 x 1 mm?2) before and after the sample are set up for protecting
the gauge volume. Moreover it is useful to perform the reflection search at approximately
20 ~ 90° by adopting the wavelength of the neutron beam to the D-spacing of the selected
reflection. This way it is assured that the sample volume under study is kept unchanged for all
sample orientations (Figure 2).

incident beam
U \
sample diaphragm
\% reflected beam
NEE
gauge volume
X

Figure 2. 90° scattering technique.

The refining of the adjustment of the crystallite selected in the center of the
diffractometer is done by comparing the peak positions of Friedel pairs (hkl), (hkl), which
are usually both accessible using neutron diffraction by combining reflection and
transmission mode measurements.
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2.184c Special experimental set ups and measuring routines

Due to the monocrystalline properties of the crystallites, the observed intensity to
background ratio is in most cases excellent in comparison to the effort necessary for
measuring methods based on the analysis of Debye fringes. It is therefore possible to reduce
the measuring spot down to crystallite sizes of approximately 40 ym {28].

Investigating large crystallites or monocrystals the intensity situation then allows to
perform high resolution X-ray diffraction experiments when. Figure 3 demonstrates the
experimental set up of a high resolution double crystal diffractometer yielding a primary
beam divergence to 2',

Figure 3. High resolution double crystal diffractometer.

A high resolution arrangement was successfully used for the analysis of the stress
distributions in y-hardened monocrystalline Ni-base superalloys. Technical monocrystals may
exhibit important orientation distributions, which can make difficult the definition of the
reflection center. For the analysis of the intensity distribution therefore a mapping technique
was applied including the measurement of rocking curves as a function of the diffraction
angles 20. The high resolution of the experiment then allows the integration over the rocking
angles w. This projection on the 20-axis results in a function independent from the mosaicity
[29]. Furthermore a high accuracy for the determination of the absolute Bragg angles is
achieved by applying the Bond-method [30] which means measurements at positive 20 as
well as at negative 20.



473

2.184d Correction factors and data processing

The data processing and the data correction of the experimental reflection profiles is
analogous to the procedure described in chapter 2.04.

2.185 Deformation behaviour of crystallites under applied load

Neutron diffraction in combination with the single-grain measuring and evaluation
technique is suited for the analysis of residual volume stresses in large grained materials or
also for the investigation of crystallite-crystallite interactions. Since the deformation of the
whole grain is measured, the effect of the free surface can be neglected.

As sample material for the experiments under external load the Ni-base alloy IN 939 was
chosen. The grain sizes range from & = 1 mm up to & = 5 mm. Flat tensile specimen were
prepared and installed in a tensile apparatus which allows the application of defined uniaxial
stresses. The applied stress is examined by calibrated strain gauges on the sample holder. The
grain selection , the measurements and the data processing were performed as described in
paragraph 2.184. In each flat tensile specimen several grains were investigated. The grains
were investigated at three stress levels within the elastic deformation region (G, = 0; 340
MPa; 510 MPa) [31]. The comparison of the interplanar lattice spacings of Friedel-
equivalents (Dyy and Dy;) indicates that ADy,, / Dy could be determined for most of the

reflections with an accuracy of + 0.1 %e.

The strain values g(hkl) are calculated from the Dy, values measured at the different
stress levels g, by means of a least-squares fit of the regression coefficient from Dy vs.
Oex- The strain tensor g, is refined including the whole set of reflections for the applied

stress of G,,, = 510 MPa. Using the least-squares algorithm, a weighting factor of 1/62 was
applied, were o is the standard deviation of each measurement as obtained from the
regression coefficient. The typical agreement between the experimental and calculated values
of g(hkl) is demonstrated for one grain in Table 2.

Table 2. Comparison between the experimental and calculated strains €(hkl) (in 10-6)

h k 1 €(hkl)cal €(hkDexp o(e(hkl)exp)
2 0 0 3149 3270 140

0o 2 0 -1338 -1300 30

0 0 2 -1029 -1070 30

2 2 0 952 910 30

0 2 2 -1136 -1130 40

2 0 2 1003 1040 30

2 2 0 850 840 20

2 0 2 1115 1120 10

0o 2 -2 -1230 -1220 50
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Figure 4. Comparison of the macroscopical and microscopical strain tensor component €,;.

The relative position of the grains in specimen 1 and the tensor component €;,; in the
direction of the tensile axis are shown in Figure 4. For comparison, the mean macroscopic
strain tensor component €;, (€,, = 2400 x 10-9) is shown as a reference plane.

The observed strain variations in the sample amount up to 30 %. The strong deformation
of grain 1 is due to its special orientation where the crystal direction [100}] is almost parallel
to the applied stress direction. Thus grain 1 exhibits a larger longitudinal deformation than the
mean value g,;. The smaller grains are less deformed so that the deformations of the
individual grains are almost averaged out over the four grains.

Considering the macroscopical strain value in tensile direction and the corresponding
value for the free single crystal for grain 1 it is evident that in the matrix an intermediate
value is realized (Figure 5).

Due to the volume relationship and to the favourite orientation of grain 1, the
neighbouring grains are relatively compressed so that their elongations along the tensile axis
are smaller than the free single crystal elongation and the mean value, respectively.

Whereas neutron diffraction gives integral deformation and stress values for the
crystallites under investigation, the strain-stress distribution over the grain diameter can be
studied by synchrotron radiation, whose high parallelity allows a high resolution registration
of the deformation state. Experiments performed at HASYLAB, DESY, also on the Ni-base
alloy IN 939, gave evidence for inhomogeneities over the grain diameter (Figure 6), which are
in the same order of magnitude as the variations found from grain to grain.
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Figure 6. Variation of load stresses, measured by synchrotron radiation [35].
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2.186 Residual stress analysis
2.186a Residual stress in a welding zone of a ferritic steel

X-ray diffraction experiments are especially suited for near surface investigations but also
for investigations with high local resolution. Since strong stress gradients can be expected in
the vicinity of weldings, often X-ray diffraction is used for their analysis. The heat impact of
the welding process, however, may lead to a coarsening of the grains, so that the conventional
measuring technique can no longer fulfill the demand for small measuring spot sizes. For the
investigation of the stress distribution in a plasma welded steel (German grade: X8 Cr17) [28]
the single grain measuring technique was applied. The rough positions of the crystallites
selected in the sample surface were defined by applying a lead diaphragm. The correct
positioning of the diaphragm in the X, Y directions on the sample surface was checked by
intensity measurements. The grain boundaries and the grain numbering are shown in Figure 7.

The orientations of the crystals were determined by means of analysing the angular
orientations of the {200} and {110} reflections. The measurements of the interplanar lattice
spacings then were performed on the {211} reflections. For the calculation of the stress tensor
components the single crystal elastic constants for Fe were used. For the evaluation it was
assumed G33 = 3 = O3 = 0. From these conditions the value Dy was refined individually for
each grain. A good agreement was found for the grains investigated with D, = 2,87264 (25).
This result gives evidence that the assumption o;; = 0 is fulfilled in this sample due to the
small penetration depth of the Cr-Ka-radiation. Furthermore, there is no evidence for
significant variations in the chemical composition.

transition coarse graine zone welding
zone joint
i 2500pm 800ym

sampie direction: 11 - direction

Ty P sy osl " .
sample direction: 22 - direction

Figure 7. Grain boundaries corresponding to the micrograph and numbering of the grains
investigated.
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The results of the measurements in the coarse grain zone are summarized in Table 3.

Table 3. Stress tensor components in individual grains situated in the coarse grain zone of a
plasma welding joint (value in MPa, standard deviations in parenthesis)

Stress tensor components (G, parallel and 6, perpendicular to the
welding joint direction, 0™: main stresses)

grain no. o O O12 ol o2
T, T41G1)| -198(26)]  -76(27)| -88(25)| -250(32)
2 2941)| -156(28)| -15632)| 7538)| -261(32)
3, 207 -Ban| -112a6)|  3400)| -19029)
4. 3835)| 2209 5201|2208 -8335)
5. -163(28) -145(24)| -143(26) -10(5)| -297(29)
6. -108(36) -80(28)| -169(31) 75(19) -263(28)

D value | 94(13)| -112(10)| -118(11)|  18(10)| -224(13)

Table 3 gives evidence for the extent of stress variations from grain to grain. The
evaluation of the deformation data obtained from the individual grains gives evidence that the
Ostress tensor component G, is significantly different from zero. This finding is interpreted
as a result of the heat distribution during the plasma welding process. At any time the heat is
very localized, so that a radial stress component arises due to the temporary displacement of
the heat impact during the welding process. The diagonalization of the stress tensor for the
individual grains shows that in fact a nearly uniaxial stress state is present.

2.186b Residual stresses in a polycrystalline y'-hardened nickelbase-superalloy

¥-hardened nickelbase-superalloys are of practical interest since the microscopic stresses
induced by a lattice parameter mismatch between the y-matrix and the y'-particles are made
responsible for the excellent mechanical-technological properties, e.g. the high temperature
creep resistance.

Choosing the polycrystalline nickelbase-superalloy IN 939 as an example the
macroscopic and microscopic residual stresses were investigated at defined intervals
especially in the early stage of high temperature cyclic loading (T = 850 C) [33].

From the sample material flat tensile specimens were prepared by electroerosion and
subsequent electrolytical polishing of a surface zone of approximately 50 um. Since the heat
impact of the electroerosion extends over a depth of ~ 200 um, tensile residual stresses could
be produced in the near surface zone, which were then quantitatively analysed by X-ray
diffraction. The average grain diameter in the specimen is & = 1-2 mm. In these grains the y-
particles (with a diameter of & = 200 nm) are orientationally coherent with the matrix. Since
furthermore the lattice parameters of y and ¥' differ only in the order of magnitude of 1%, the
reflections of the two phases are superimposed, Figure 8.
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Figure 8. X-ray reflection profile from the y-hardened Ni-base-superalloy IN 939.

The analysis of the reflection profiles in different crystalline directions revealed the same
20-splitting and the same intensity ratios for the y- and y-phase. So in a first step the
reflection profiles were evaluated using the center of gravity method. These data then result in
integral residual stress values for the crystallite under study, which represent the sum of the
stresses of first and second kind. The in plane stresses for the investigated crystallites in three
different samples A, B, C are displayed in Figure 9.

Figure 9. Stress values for the investigated crystallites.

As discussed in paragraph 2.185, the stress variations from grain to grain are due to the
elastic anisotropy of the crystallites and to the crystallite-crystallite interactions in the
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polycrystal. The averaging over the stress tensor components for the investigated crystallites
gives values of 6, = (350 £ 140) MPa and 0,, = (450 £ 100) MPa. These stress values are
the macroscopic surface stresses (stresses of first kind), which are due to the above mentioned
sample treatment. Consequently it could be shown that after further electrolytical polishing,
the macroscopic stresses vanish.

The development of the macroscopic residual stresses in the early stage of cyclic loading
is demonstrated in Figure 10. This figure shows the stresses for three grains in sample A
which was subjected to an upper stress level of 6, =300 MPaand for further three grains in

sample B with an upper stress level of ¢,, =350 MPa. The stresses were found to be lowered

significantly after 16 cycles reaching nearly zero for both samples. This stress reduction can
be explained by a prior plastic deformation of surface material caused by the tensile residual
stresses in the initial state. As known from stretching, a technically applied method e.g. for
residual stress reduction, the plastic deformation has caused an equalization of the strong
inhomogeneous stress distribution between surface and bulk material. The macroscopic
stresses then stayed near the zero level with increasing load cycles.

800 T
Hl Sample A (cu = 300 MPa)
600 Hl Sample B (qu = 350 MPa)

I
400

|
|
200 |

Stress [MPa]

0

-200

011 G2

Figure 10. Residual stresses of individual grains after 16 cycles at 850°C (o;,: perpendicular
to the load axis, G,,: parallel to the load axis).

A more detailed insight in the actual stress situation in the NI-base alloy IN 939 can be
obtained also by analysing the stresses in the y- and the y-phases. For this, the reflection
profiles (see Figure 8) are evaluated separately for the ¥ and y-phases. The intensity analysis
yields the volume ratio of the phases. In agreement with the data published in [34), the -
volume was determined to (30  5) %. The splitting in 20 of the y-y-profiles gives the
corresponding AD-values. These experimental data are composed from two components:

1. The difference in the crystallographic lattice parameters of the y- and the y-phase due

to the different chemical composition. This difference is used for the calculation of the }-y-
misfit:

@n
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2. The individual strain states of the y- and the y-phase due to the coherency of the
phases. In this context it has to be mentioned that the heat treatment of the material strongly
influences the degree of coherency present in the heterogeneous material. It could be shown
for some alloys by [35] that an extensive heat treatment reduces the coherency until the
unconstrained misfit corresponding to equation (27) is achieved.

So from the point of view of diffraction investigations at the given material the analysis
of the AD-values gives the constrained misfit. For the sample material investigated in this
study the misfit was determined to be 8 yqained = 3-8% and no anisotropy could be found. A
further quantitative separation of this value into the parts unconstrained misfit and coherency
strains requires the knowledge of the Dy-values for the y- and the ¥'-phases.

Using X-ray diffraction with its near surface information depth, the Dy-value can mostly
be calculated by benefiting from the boundary condition 633 = 0. This, however, is not
admitted in the case of heterogeneous materials. Especially the diameter of the y'-particles
with less than 0.2 pm in comparison to the penetration depth of the X-radiation with 10 pm
indicates that already three dimensional stress states are registered. Therefore, the coherency
stresses between the y- and the y-phases had to be estimated by using the approximation
proposed [39], where about 40% of the measured in-situ misfits are attributed to coherency
strains. Using this assumption tensile coherency stresses of up to 300 MPa in the matrix are
calculated. Considering this data and adding the stresses of first and second kind in Fig. 9,
maximum local tensile stresses up to 700 MPa are present in the sample material in the initial
state. Due to the high tensile prestresses in the y-matrix, the cyclic loading leads to strong
changes of the stress values of the matrix phase. The y-phase, however, shows compressive
stresses in the initial sample state. Consequently, this phase is much less affected by the
external load and its stress values are less changed.

2.187 Residual stress analysis in technical single crystals
2.187a Monocrystalline y'-hardened nickelbase superalloys

The nickelbase superalloy SC 16 is the single crystalline successor of polycrystalline IN
738 LC used as stationary gas turbine blade material. Profiting from the anisotropy of the
single crystal structure, an improvement of the creep resistance in [001]-direction at higher
temperatures is achieved. During creep the y'-precipitates undergo directional coarsening from
spherical or cuboidal into a more platelike morphology [37-39]. This shape change is
controlled by diffusion and internal stresses so that there is an important interest in
characterizing the stress states in the initial material state as well as after creep deformation.

The orientational distribution of the dendrites in monocrystalline nickelbase superalloys
and also the small lattice parameter mismatch between the y-matrix and y-particles (8 ~ -1%o)
leads to an overlap of the reflection contributions due to the dendrites and to the two phases.
Therefore high-resolution X-ray measurements were performed using the mapping technique
described in section 2.184c. After integrating the intensity data over the orientation angles ,
asymmetric reflection profiles are obtained, whose interpretation needs the introduction of a
model about strain distributions on the microstructural scale (Figure 11).
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Figure 11. Example for an integrated reflection profile of a SC 16 specimen, (400) - the initial
material state.

REM-micrographs of the initial material state give evidence for a cuboidal morphology of
the y-particles, whereby their diameter is about 400 nm and their volume fraction amounts to
approximately 40% [40]. Due to the coherency between the matrix phase and the y'-particles,
microstresses are present which require the distinction between D-spacings of the lattice
planes parallel and perpendicular to the y/y-interfaces. So for a measuring direction {100],
three reflection contributions have to be expected:

vy-particles with an intensity contribution of ~ 40%,

y-matrix with lattice planes parallel to the interface with an intensity contribution of
~20% and y-matrix with lattice planes perpendicular to the interface with an intensity
contribution of ~ 40% (Figure 12).
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Figure 12. Schematic distinction of lattice parameters in the initial state [41].

Due to the reduced crystallographic symmetry of the y-phase, superstructure reflections
e.g. of type (h00) with h = 2n + 1 are present. The measurement of these reflections is used

for fixing the y-reflection contribution in the fundamental reflections of type (h00) with
h=2n.
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The deconvolution of the intensity profile yields the following constrained lattice
parameters for the undeformed material state [42]:

a, Cy=

0.35863(3) nm 0.35885(3) nm 0.35913(3) nm

For the calculation of stress values additionally the stress free lattice parameters are
necessary.

The idealized microstructure can be used to calculate this data by applying equilibrium
conditions. The mechanical equilibrium condition (macroscopical) is given by:

[ [oudx;dx, =0 (28)

This condition must be fulfilled in a unit cell if the precipitates are arranged periodicaily.
Particularly, the stresses perpendicular to the y /¥’ — interface must become minimized:

O3y = 0 (29)

Perpendicular to the interface, the lattice can be strained free resulting in minimal stress
values (here assuming to be 0). In the interface the coherency condition causes a plain stress
state. Using Hooke’s law for anisotropic media with the stiffness cj;, the stress tensor
component for horizontal orientated matrix channels 033 =is given by:

O33y =C11€33 +¢pp(E1) +€22) (30

In equation (4) the strain components are now replaced by the expressions of the lattice
parameters:

Cye —Agy= Ay — gy
O3y = Oy = + 201, =
Apy= A0y=

@3n

Solving this equation, the stress free lattice parameter for the matrix can be calculated:

23
aoy_ = ——r (32)
14—
2y

The same procedure can be applied to the vertical matrix channels. So, stress free lattice
parameters can be calculated directly from experimental data and absolute strain and stress
values can be given. By means of the phase equilibrium condition, the stress state of the
v’ — phase can also be determined:
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Af,, Gy = ~Af,Giiy (33)

Af,,, Afy -volume fractions of the y” -phase and of the vy -phase

Then, the stress free lattice parameter of the y* -phase can be calculated as follows [43]:

C lc‘y' + 2C]23.Yl

Y 033,Y: +C“ +2C12

This stress free lattice parameter can be used to calculate the full strain and stress tensor
in the precipitates and in each kind of matrix channel. A reference such as the undeformed
material state is not necessary. Applying the mechanical equilibrium conditions
corresponding to equation (32) and (34) and assuming a Yy’ -volume fraction of 40%, the

stress free lattice parameters can be determined:

gy = 0.35859(3)nm
agy = 0.35898(3)nm

Using the elastic constants ¢;; of this material [44], the coherency stress tensor can be
calculated:

9 0 0 -90 0 0
6, =0 90 0 |[MPa] o, =| 0 -90 0 |[MPa]
0 0 9 00 0

The matrix shows compressive stresses in plane. Due to the symmetry of the y /vy’ unit
cell a hydrostatic stress state in the y’ -precipitates is found. These coherency stresses can be
used as a reference to characterize the deformation-induced changes.

Further investigations have been prepared on creep deformed sample material. The
sample material was creep deformed in [001]-direction at 950°C with creep stresses of
120 MPa, 150 MPa and 200 MPa, respectively [43]. TEM observations and the X-ray
reflection profile analysis demonstrate that the ¥’ -volume ratio is not changed significantly

under the given creep conditions.

In order to analyse the strain/stress state in the creep deformed samples the model for the
interpretation of the reflection contributions has to be extended. Due to the creep axis {001] as
preferred direction, the deformation behaviour in horizontal and vertical channels has to be
distinguished (Figure 13).
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Figure 13. Schematic distinction of lattice parameters after creep deformation.

According to Figure 13, three reflection contributions have to be expected for the
deformed state for a (00l)-reflection with 1=2n: the Y-phase contributes with c,, the
horizontal channels with c, _ and the vertical channels with c,) lattice spacings having an
intensity weight of 1/3 and 2/3 of the matrix, respectively (Figure 14).
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Figure 14. Integrated reflection profile (004) of a SC 16 specimen creep deformed at 200 MPa.
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For analysing (0k0)- or (hOO)-reflections measured in the deformed state a further
distinction between the D-spacings in both channel types has to be introduced due to due to
their different orientations relative to the external load axis. Figure 13 indicates that an
orthorhombic lattice distortion arises for the vertical channels whereas a tetragonal distortion
is expected in the horizontal channels. So for (0k0)- or (h0O)-reflections the following
contributions have to be expected: ay for the y-phase and the matrix lattice spacings a,_ for
horizontal channels and a,; and b, for vertical channels where each matrix contribution has a
weight of 1/3. The assignment of the matrix contributions to the different channel types can
be done by comparison with FEM-calculations [41] which predict tensile stresses in the
horizontal and compressive stresses in the vertical channels. Furthermore the mechanical
equilibrium must be satisfied leading to the condition that stresses normal to the interfaces
have to be close to zero. It is a prerequisite condition of the data analysis method described
here that the shear components of strains and stresses vanish.

The lattice parameters obtained from the evaluation are presented in Figure 15 and Figure
16 for the different material states.
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Figure 15. Lattice parameters as defined in Figure 13 for the vertical channels vs. applied
creep stress.
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Figure 16. Lattice parameters as defined in Figure 13 for the y-phase vs. applied creep stress.

Again using equation (32) and (34) for the Dj-calculation, and equation (21) for the
calculation of the stresses, the results summarized in Figure 17 were obtained.

Figure 17. Creep induced stresses for different creep stresses.

After creep deformation tensile stresses can be found inside the horizontal matrix
channels. Very high compressive stresses occur inside the vertical channels. Due to the
mechanical equilibrium, the stress state inside the precipitates shows a strong hydrostatical
component. The absolute stress values seem to be proportional of the external applied load in
the investigated range of stress rates. Further results on stress analyses in single crystalline
nickelbase superalloys are reported in [42, 43, 45-51].
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2.187b Grinding stresses in silicon wafers

In microelectronics industry abrasive machining (e.g. ID cut-off grinding, surface
grinding, lapping) is used to manufacture thin silicon wafers as substrate materials as well as
for the thinning of completely processed wafers. By these treatments crystal damage is caused
and residual stresses are induced. These stresses lead to geometrical deformations of the
wafers, which are not compatible with the achieved high degree of automatic control in the
microchip technology. They may also induce the formation of dislocations, which can
influence the diffusion behaviour of impurity atoms. So for optimizing the manufacturing of
Silicon wafers information about near surface crystal damage and residual stresses is
required.

Due to the brittleness und hardness of the material steep stress gradients are present in the
near surface zone. So for the analysis of these inhomogeneous stress fields in axial direction
several series of measurements each with a defined information depth have to be performed.
Different radiations (Cr-Ko. and Cu-Ka) are used for this measurements. Furthermore, the
beam path of the X-rays in the sample and hence the penetration depth of the radiation
depends on the incidence angle of the X-rays relative to the sample surface. So the selection
of the reflection type (hkl) to be measured and the individual orientation of the wafer during
measurement are further parameters for defining the thickness of the surface zone
investigated. The penetration depth p of each reflection can be calculated from the Eulerian
angles (the sample surface is parallel to the ¢-axis):

1 (cosy —1)-sin(20 - w) - cos @ +sin(w + @)

T (cos(y, — 1) cos ¢ - (sin @+ sin(20 - w)) +sin(w + ¢) +5in(20 - w - ) 35)

(cosp(cosx ~ 1)sin(2@ ~ © - ¢))

For a given reflection (hkl), the maximum penetration depth is obtained in the
symmetrical diffractometer position (wy = 20/2). The penetration depth can be raised over a
wide range by rotating the sample around the scattering vector (see section 2.183b). The
penetration depths are given for a list of reflections in Table 4.
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Table 4. Penetration depths of Silicon reflections: wafer orientation [100], symmetrical
position.

Cu-Ko (A =0.15418 nm) Cr-Ka (A = 0.22909 nm)
penetration hkl 20 {°] penetration hkl 20 [°]
depth p depth p
5.0 ym 111 284 24 pym 111 42.8
113 56.1 113 88.7
133 76.4 133 133.7
115 95.0
135 114.3
10.1 pm 220 473 4.8 pm 220 73.2
242 88.1
260 127.7
15.1 ym 311 56.1 7.2 pm 311 88.7
331 76.4 311 1337
9.6 um 400 115.0

For each penetration depth a sufficient number of measurements have to be performed. In
a first step the stress states in four different, defined depths are considered whereby the stress
values (p) represent the integral of the stress distribution over the penetration depth p:

Jolz)-ePda

T (36)

o(p)=

For the stress analysis only plane stress states are considered . The Dy values were
measured at non-machined Silicon wafers of the same series the ground wafers are taken
from. The stress tensor was calculated in the crystal axes system and afterwards transformed
into the reference system of the grinding process. In this way the 0, axis is defined parallel
to the grinding direction and the 0,, axis perpendicular to it.

Table 5 presents the residual stresses for single-side ground wafers obtained for two
penetration depths. In both cases compressive stresses are found. As expected the stresses
perpendicular to the grinding direction are larger than those parallel to it. The degree of
anisotropy of the stress distribution is lower in the case of tangential grinding. This can be
explained with the different kinematics of the two grinding processes, because in contrast to
plunge grinding in the case of tangential grinding the machined wafer is additionally moved
perpendicular to the main grinding direction [52]. The absolute values of the stresses decrease
rapidly with increasing penetration depth, indicating that the surface compressive stresses are
compensated by tensile residual stresses in the bulk material at a material depth of a few
microns. Therefore, it can be concluded that the absolute values of the actual stresses at the
surface are even higher than the results for p=2.4 pm and that steep stress gradients are
present.
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Table 5: Residual stresses of ground Silicon wafers

penetration plunge ground tangential ground error
depth [um]
2.4 G 11=-6 MPa G =-116 MPa +40 MPa
Gy =-152MPa | ©,,=-208 MPa
7.2 Oy, =-18 MPa 6 1=-499MPa | +40MPa
Gy,=-58 MPa G5,=-80 MPa

In order to obtain the stresses at the surface and the stress gradients, results for additional
penetration depths were added to the data of table 5. Figure 18 shows a sufficient data set
G,(p) of a tangential ground wafer.

Figure 18. Residual stresses 64,(p) for a tangential ground wafer.

The continuous line in the diagram represents the following fit function:

R R ER

Equation (37) was choosen as fit function because it represents the inverse Laplace
transformation from the general and usual form to describe stress depth profiles:

o(z) = a(z - zy ) exp(~0z) (38)

For the backtransformation from o(p) to 6(z) mathematical tables were used.
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Figure 19 shows the actual stress depth profile evaluated from the data given in Figure
18. The diagram shows surface stresses of about -550 MPa and a transition depth to tensile
stresses of 1.8 pm.
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Figure 19. Stress depth profile evaluated from the data of Figure 18.

The formalism applied to the 6,, data of a plunge ground wafer yields surface stresses of
-300 MPa and a transition depth of 1.7 pm. Although the surface stresses are extrapolated and
hence affected with important error bars undoubtedly the maximum stresses are present in a
near surface zone of an axial extension less than 2 ym.

2.188 Summary and outlook

Residual stresses in large grained polycrystalline and in single crystalline materials can be
analysed using the single crystal measuring and evaluation technique. The physical
precondition for applying single crystal diffraction methods is the splitting of Debye fringes
into localized Bragg peaks with sufficient intensity. These Bragg peaks are observed the
smaller the experimental divergence and the smaller the number of crystallites illuminated. So
applying neutron diffraction methods with usual gauge volumes in the order of some mm?3
and comparatively low angular resolution crystallite diameters of ~ 1 mm are necessary for
analysing Bragg reflection positions. Using X-ray and synchrotron radiation, crystallite
diameters down to ~40 pm can be investigated up to now. Here a new future program can be
expected from the use of recently developed glas capillary focusing systems which allow the
reduction of the diameters of synchrotron and X-ray beams from & = 300 pm to & ~ 10 pm
with only small intensity losses. This way it seems possible to analyse the strain and stress
state of crystallites with diameters of & ~ 10 pm hence achieving a local resolution of the
stress analysis which may be of interest in the field of experimental fracture mechanics as
well as investigating microelectronic devices.
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The stress values obtained from the single crystal measuring and evaluation technique
represent the sum of stresses of first and second kind. If only the stresses of first kind are of
interest, measurements on several differently oriented crystallites with a subsequent averaging
over the individual stress states is necessary. Here the determination of the different
orientation matrices is the time determining step. An important speed up of this procedure can
be expected from the use of currently available two-dimensional position sensitive detectors.
At appropriate sample to detector distances angular ranges are covered which allow the
simultaneous registration of two reflections, and so enabling a direct orientation matrix
determination.

This technical progress will also enhance the use of the single crystal measuring and
evaluation method for microstructural investigations on the crystallite-crystallite interactions
in the elastic as well in the plastic deformation region. Due to the complexity of the
polycrystalline state statistical functions e.g. for the orientation distribution function or the
orientation correlation function have to be introduced which need a data base built up from
the investigation minimum of 150 crystallites [53].

2.189 Recommendations

It is recommended
to check the adjustment of the crystallite selected for the investigation in the precise center of
the diffractometer by performing intensity versus X- and Y-translational scans and subsequent
T-scans
to use a reflection centering routine for the reflection position measurement
to measure a number of independent reflections which is at least twice the number of
unknown parameters, €.g. Gj; , Dy
to establish the list of reflections to be measured under the aspect of covering the widest
possible range in @ and ),
to include the Friedel pairs (hki), (hkl) in the list of reflections to be measured when using
neutron diffraction.
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3 Neutron diffraction methods

L. Pintschovius

3.1 Historical review

X-ray stress analysis is a well-established method for the non-destructive
measurement of residual stresses as well as load stresses. Using this methodology
and replacing X-rays by neutrons, it is possible to obtain information on stresses
not only from near surface regions, but also from the bulk of the material, as neu-
trons can penetrate deeply (some cm) into most materials. The feasibility of the
method has been demonstrated more than ten years ago by three independent
groups [1-5]. The early experiments aimed at validating the method by investiga-
ting samples of known strain. The results of these experiments was very encou-
rageing and therefore the method was soon applied to problems of practical impor-
tance. As a consequence, further groups joined the field. To get started, they usu-
ally performed a validation experiment of their own, so that the neutron diffrac-
tion method is now amply tested and can be considered as fully trustworthy. In
particular, it has been well established that neutron and X-ray results are perfect-
ly compatible with each other.

Over the years, the number of groups working in this field has grown continu-
ously and neutron stress analysis was applied to a variety of problems. In the
beginning, most investigations were of a fundamental character, and investiga-
tions of this kind still keep an important role in neutron stress analysis. However,
in the meantime more and more groups have established close contacts with
industry [6] and sometimes neutron stress analysis is conducted as a commerical
service.

For a long time, the studies were carried out on available instruments which
were not designed for stress analysis and hence not optimized for this application.
Often, the special set-up for neutron stress analysis had to be improvised and
cleared away after the experiment to make room for experiments of a totally diffe-
rent nature. The obvious inconvenience of such working conditions led to the
conversion of existing diffractometers into dedicated instruments for stress
analysis. However, it is only very recently that dedicated instruments for stress
analysis are built from scratch, so that the special requirements of stress analysis
can be fully given consideration to. The dedicated instruments will allow one to
fully utilize the potential of the technique. This will widen the application field of
neutron stress analysis and will help to establish it as a routine method.
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3.2 Principles

Neutron stress analysis is completely analogous to X-ray stress analysis, i.e. it
is based on precise measurements of interplanar lattice spacings in different
directions of the sample. The notations and basic formula of X-ray diffraction
apply to neutron diffraction as well, in particular Bragg's law:

A

K1}~ %5in0.. ... o)
hkl} ™ 25in® {hk1}

D

{
which connects the neutron wavelength A and the scattering angle Oki) of a
diffraction peak with the interplanar spacing D{hkl}, {hkl} being the Miller indices.
For further details see the Chapter 2 in this book. In the following we will restrict
ourselves to the neutron specific points.

The wavelength A of thermal neutrons is of the order of 1 4, i.e. about the same
as that of the most widely used X-ray tubes. Hence the same reflection lines are
used in X-ray and in neutron stress analysis or at least lines with similar D
spacing. In case of complex structures with more than one chemical species in the
unit cell the structure factors Sihk)) of the different reflection lines may be very
different in the X-ray and the neutron case: for X-rays the atomic scattering power
is proportional to the square of the atomic charge, Z%, whereas the neutron cross
section varies in an irregular manner with Z. As a consequence, different reflec-
tion lines may give optimum intensities for X-rays or neutrons.

In general, materials suited for X-ray stress analysis are suited for neutron
stress analysis as well. There are a few exceptions where the atoms are either too
strongly absorbing (e.g. Cd and B) or where a combination of positive and negative
neutron scattering lengths leads to a near cancellation of the coherent cross-
section (e.g. Ti-Al-alloys with high Al content). The reader interested in verifying
that a particular material is suited for neutron stress determination is referrred to
Reg'. 17 w(}lere the neutron absorption and neutron scattering cross-sections are
tabulated.

As neutron and X-ray stress analysis share the same basic principles, they
both

(1)  canbe applied to crystalline solids only.

(2) register only elastic strains, i.e. they inherently discriminate between
elastic and plastic deformations. Strong plastic flow may show up by side
effects such as reflection line broadening and / or texture.

(3)  apply to residual as well as load stresses. As neutron spectrometers can
accomodate bulky items, it is not difficult to load a specimen under investi-
gation.

(4)  are phase specific. Stresses can be determined for each crystalline phase of a
multiphase material provided this phase is sufficiently abundant (= 10 %).

(5)  are sensitive to macro- and microstresses. In the presence of large micro-
stresses neutrons do not better, but also not worse than X-rays to isolate
macrostresses.
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(6)  arereally non-destructive (see also Section 3.6).

The most important difference between neutrons and X-rays is their penetra-
ting power, which is typically 3 orders of magnitude larger for neutrons. This
allows one to investigate stresses in the interior of technical components, which is
the major reason to use neutrons instead of X-rays.

3.3 Instruments for stress measurements

There are two types of neutron sources for the production of intense neutron
beams, i.e. research reactors and accelerator based installations, so-called spalla-
tion sources. In reactors the neutrons are released after fission of U nuclei, where-
as in spallation sources neutrons are generated via the disintegration of heavy
nuclei (Bi,W,U etc) by means of bombardment with high energy (600...1000 MeV)
proton beams. In both cases the as-created neutrons are much too fast to be useful
for diffraction purposes, and so they have to be slowed down ("thermalized”) in a
moderator made of light elements (light water, heavy water or beryllium). In the
end the neutron spectra provided by reactors and spallation sources are similar to
each other. There is, however, an important difference between the two types of
sources concerning the time-structure: whereas reactors (except the Dubna
reactor) are steady-state sources, spallation sources (except the Wiirenlingen
installation) are pulsed sources. Depending on the time-structure of the source,
different types of instruments are best suited for stress measurements.

3.31 Instruments for steady-state sources

Neutrons can be monochromatized either by a Bragg reflection on a suitable
single crystal or by selecting a narrow velocity band with the aid of mechanical
choppers. Diffractometers operated at reactors are nearly exclusively based on
single crystal monochromators, and hence this section will be devoted to this type
of instrument. There has been a recent attempt to develop a chopper-based
instrument for stress measurements at a reactor [8,9]. It is very similar to a
typical instrument used at a pulsed source and therefore will be dealt with in the
next section.

A schematic view of a crystal diffractometer is depicted in Fig. 1. The
polychromatic ("white”) beam coming from the neutron source (i.e. the moderator)
is narrowed down by Soller slits with divergence a; and then impinges on the
crystal monochromator. The wavelength A of the Bragg reflected neutrons
depends on the interplanar lattice spacing D) and the take-off angle 20,
according to Bragg's law (Equ.1). The monochromatic beam passes through
another Soller collimator with divergence ag, is then diffracted by the sample and
finally reaches the detector through a third collimator with divergence as. Slits in
the incoming and the diffracted beam define the internal probe region in the
sample (see Sect. 3.5.1a). The wavelength is usually chosen such as to make the
scattering angle 20s at the sample close to 204=90° as this choice will lead to the
best spatial resolution for given slit widths.

As neutron measurements are very time-consuming great care has to be taken
to properly choose the angular divergences a; of the collimators, the monochro-
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Fig. 1. Schematic drawing of a neutron diffractometer for stress measurements

mator take-off angle 20, and the monochromator D spacing. Optimization has
often been based on the experience with general-purpose neutron diffractometers.
Margaca [10] has shown that the special requirements of stress measurements
may lead to a different optimal configuration. The following guide-lines can be
given:

(i) The monochromator take-off angle 20y, should be large, i.e. 90°<20y,<140°,
and the monochromator D-spacing has to be chosen accordingly to obtain the
required neutron wavelength. Unfortunately, not many neutron diffracto-
meters allow one to meet this requirement, either because of geometrical
constraints or because of the non-availability of suitable monochromator
crystals. In such a case it may be advantegeous to use a so-called triple-axis
spectrometer instead of an ordinary diffractometer. These instruments are
not designed for diffraction measurements, but are usually very flexible and
therefore can be operated in a high-resolution diffractometer mode. The
difference with respect to a diffractometer sketched in Fig. 1 lies in the fact
that the beam diffracted by the sample is Bragg reflected by an analyzer
crystal before it reaches the detector. The second reflection reduces the
background considerably and improves the resolution (it is equivalent to a
normal diffractometer with a large 20y,) but leads to a loss in intensity of
about a factor 2 due to the finite reflectivity of the analyzer.

(ii) Although the precision to which a peak position can be determined is in
principle not limited by the peak width, provided the counting statistics can
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be made good enough, in practice the peak width does limit the accuracy to
about 1% of the width at best. Typically lattice strains have to be registered
with an accuracy of 10* (for ceramic materials this may be still insufficient)
and therefore the resolving power of the instrument should be AD/D~0.5% or
better. The required resolution can be achieved by an approviate choice of the
collimation for any monochromator take-off angle 20,,. However, large 20,
as recommended above will give a higher luminosity for the same resolution
as small ones. When 20, is close to 204 (i.e. in general close to 90°) ag will
have little influence on the resolution and hence may be relaxed to increase
the intensity.

We note that the recommandation to aim at a high resolution is valid only for
the case that the reflection lines are not intrinsically broadened due to, e.g.,
high dislocation densities, very small grain size, etc. In such a case the instru-
mental resolution should be matched to the intrinsic linewidth to achieve the
best compromise between peak width and peak intensity.

Among the conventional powder diffractometers best suited for stress mea-
surements 1s the D1A instrument at the high flux reactor at Grenoble. The high
performance is due to the following reasons (apart from the fact that it is located at
a high flux reactor): (i) a large monochromator take-off angle, i.e. 20,=130°, (ii)
multiple wavelengths available by choosing a proper set of reflecting planes of a
Ge monochromator (Gelll, Ge3ll, etc). (iii) a vertically focussing monochromator
giving a considerable gain in intensity compared to a standard flat monochro-
mator. (iv) a proper choice of collimators leading to a high resolution AD/D=0.2%.
The high resolution is particularly valuable for measurements on ceramic
samples. We note, however, that even the D1A instrument is not fully optimized
for stress analysis as it was not designed for such a purpose.

In recent years dedicated instruments have been developed or are under
construction at several places. The following ideas have been exploited to optimize
the instruments for stress measurements:

(i) The Soller collimators used in general-purpose diffractometers are appro-
priate only when a wide beam is needed. When narrow slits are put before and
after the sample two further slits just after the monochromator and before the
sample advantageously replace the corresponding Soller collimators: the slit
system has a nearly rectangular transmission curve, whereas a Soller colli-
mator has a triangular one (Fig. 2). For the same mean square divergence a
rectangular transmission curve offers a gain in intensity of V2 compared to a
triangular transmission curve. Moreover, a slit system does not suffer from
thﬁ losses associated with the finite thickness of the blades in a Soller
collimator.

(i) For most measurements a large vertical acceptance of the detector (up to
about +10°) is not detrimental and hence can be used to maximize the inten-
sity. We emphasize that a large vertical divergence after the sample does not
affect the spatial resolution (whereas, as will be discussed in sect. 3.5.1a, a
large vertical divergence before the sample does so). We further emphasize
thazt @a laé'gs vertical divergence does not affect the resolution in AD/D as long
as g~ .

(iii) Multidetectors usually give a considerable intensity gain when compared to a
single detector. Different set-ups have been reported in the literature {11-13],
each having its pros and cons. Most promising seems to be a system using a
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position-sensitive detector (PSD) covering a few degrees only but with a high
angular resolution (~0.1°). The calculated gain factor of such a PSD compared
to a single detector with optimized horizontal acceptance scanned through an
optimized angular range is about 4. As it is difficult to operate single detectors
alway under optimal conditions gain factors will in practice be considerably
larger. On the other hand, the gain in intensity may be partly offset by an
increase in the background counting rate.

Using a PSD care has to be taken to place the beam mask after the sample
very close to the internal probe region to ensure that all the neutrons
reaching the PSD come from essentially the same spot. In case that this
requirement cannot be fulfilled a radial Soller collimator may be used, but at
the expense of a drastic loss in intensity.

(iv) Attemps have been made to produce a well-focussed beam by using perfect or
nearly perfect bent crystals as monochromator (called "microfocussing”). A
size of the focus down to about 2.5 x 4 mm? has been reported {14]. The beam
intensity at the focus was very high, but the resolution AD/D achieved with
this set-up was only moderate, as the requirements for focussing in real space
are conflicting with those for focussing in reciprocal space. Optimized
monochromators may give higher gains as achieved so far, so that the
potential of “microfocussing” techniques cannot yet be assessed realistically.

3.32 Instruments for pulsed sources

Instruments for pulsed sources are so called time-of-flight (TOF) instruments,
as the neutron wavelength is determined from the neutron velocity via a
measurement of the TOF for a well-known distance. TOF-diffractometers operated
at pulsed sources are very simple machines (see Fig. 3): the white beam impinges
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Fig. 3. Schematic drawing of a TOF-spectrometer for stress measurements

on the sample and the diffracted neutrons are detected in stationary neutron
counters in a certain angular range 20y <203<20,,5. The TOF is given by the
time lag between the neutron burst generated in the source and the arrival time at
the detector. The resolution AD/D=At/t is given by the ratio of the pulse width and
the total TOF from the moderator to the detector. The total flight path may be
made rather long (50 m or even more) without a serious loss in intensity if the
neutrons are travelling through so-called neutron guides. Hence diffractometers
at pulsed sources easily achieve a high resolution (0.1...0.2%). The Dubna pulsed
neutron source is an exception, as this a pulsed reactor and not a spallation source.
The pulse width of a pulsed reactor is inherently much longer (~200 ps) than that
of spallation sources (~30 ps). To obtain a high resolution despite a rather long
pulse requires either an extremely long flight path or a pulse shaper. An
instrument recently developed at Dubna [15] uses the second possibility: before
hitting the sample the beam is modulated by a so-called "Fourier-chopper”. Such a
Fourier-chopper modulates the neutron intensity in a sinusoidal way from zero to
more than 150 kHz. The period of the highest modulation frequency will
determine the resolution, apart from uncertainties in the flight-path length and
the scattering angle. Therefore this method can be used with any pulse length and
even at a steady-state source [8,9]. However, there is a definite advantage for the
Fourier method if the source is pulsed: whereas for a steady-state source all
diffracted neutrons contribute to the statistical error at any point in the spectrum
irrespective of their wavelength, only neutrons in a narrow wavelength band
(related to the pulse width and the distance from the source to the sample) contri-
bute to the statistical error of a particular point if the source is pulsed. Therefore,
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whereas the Fourier method used at a reactor has not yet proven its merits, it
looks very promising for the Dubna reactor.

Detectors are often placed at 205~90° on both sides of the beam (as in Fig. 3).
When the sample is aligned as to have a principal stress direction at an angle of
45° to the incident beam, two principal strains can be measured at a time.

Measurements at spallation sources were aiming so far mostly at phase-speci-
fic stresses and hence could use a wide beam. Measurements with high spatial
resolution could not be improvised (like at a reactor) as they require a fully
automated control of the sample position, slit width etc., because there is no access
to the instrument when the beam is on. The necessary technical developments
were recently brought to a close at the ISIS spallation source [16].

There are no systematic studies which would allow one to compare the perfor-
mance of TOF-stress scanners to that of diffractometers. In one respect, however,
the TOF-instruments have a definite advantage: they always yield peak shifts for
more than a single reflection line which is a very valuable information to check
the presence of microstresses.

3.4 Data evaluation procedures

As neutron and X-ray stress analysis share the same basic principles, data
evaluation procedures have much in common. The evaluation of X-ray diffraction
data has been explained in detail in Chapter 2. Therefore only the neutron specific
aspects will be dealt with here.

3.41 The sin? w-method

The sin? y-method, which is the standard technique in X-ray stress analysis, is
rarely used with neutrons for two reasons: (i) it is too time-consuming to measure
strains for many y-values and (ii) application of the sin?y-method is restricted to
rather thin samples. The beam path through the sample and hence the beam
attenuation strongly depends on y. As a consequence only a very limited y-range
is accessible with thick samples (e.g. 0<sin?y=0.25 and 0.75<sin?<1) giving not
much more information than the end points of the D vs sin®y-relation, i.e.
siny=0,1.

The sin? y-method was primarily used for the study of microstresses, as these
are often associated with pronounced non-linearities in the D vs sin®y-relation.
An example will be given in Section 3.5.4. A further case for the sin?y-method is
the determination of stresses in near-surface regions of very thick samples by
measurements for 0<sin?¥ <0.5 in complete analogy to the X-ray technique.

3.42 Determination of principle stresses

In the bulk of the neutron studies performed so far strains were measured only
in three directions assumed to be the principle stress directions as inferred from
the sample geometry. It is in general implicitely assumed that the D vs sin® y-
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relation is linear. Since it is difficult, as explained in the previous paragraph, to
check the linearity of the D vs sin? y-relation with neutrons, complementary X-
ray measurements performed on the same or a similar sample may help to clarify
the situation. We note that stress values calculated from strains observed at
sin2=0,1 are not as sensitive to non-linearities in D vs sin? y as values calcula-
ted from the slope of D vs sin? y in a limited y-range.

In case that the macroscopic Young's modulus E and Poisson's ratio v can be
used there is the following relationship between the principical stresses o; and the
principal strainse; .

_ EQw) . v-E . . o
i TAEvaey T T asy J i=1,23 j=i (@

or, using the X-ray elastic constans S1 and 4 S,
2 (48 1+ S 2) 48 1

ag.= g, - —~ g,
1 82(681+Sz) 1 S2-(681+S2)J J

i=1,23 j=i (3

3.43 Determination of stress tensors

In case that the directions of the principal stresses cannot be inferred from the
sample geometry measurements are required in more that just 3 directions. In
principle, measurements in 6 independent directions are enough for a complete
determination of the strain tensor. However, as has been pointed out in [17], it is
highly desirable to overdetermine the system by performing measurements in
about 12 directions. If this is too time-consuming, the directions in which the mea-
surements are made have to be chosen with great care (see Ref. 15).

3.44 The Dy-problem

The quantities directly determined by diffraction methods are lattice spacings,
not strains. The evaluation of strains from the observed lattice spacings requires
an accurate knowledge of the lattice spacing Dg of the stress free state. This
applies both to X-ray and neutron stress analysis, but for neutrons the Dg-problem
is much more severe: as there can be no macrostress perpendicular to the surface
evaluation of X-ray data can usually be based on the assumption that the stress
component o33 is zero in the thin surface layer probed by X-rays. This boundary
condition allows one to determine Dg together with the surface stresses. Only in
those cases where large microstresses give rise to non-zero o33 components Dg has
to be determined independently (see the Chapter 2.11 in this volume). In the
interior of a bulk solid, however, there is no boundary condition which might be
utilized to determine Dy.

The most widely used solution to the Dg-problem consists in annealing a
reference sample to make it essentially stress-free. Unfortunately, this simple
solution does not work in all cases. In particular, multiphase materials usually
retain considerable phase specific stresses after the annealing procedure due to
differences in thermal expansion. Further the sample may contain chemical
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gradients so that Dg varies accordingly. In this case it may be necessary to section
the reference sample before the annealing process an
various parts of the sample, as has been done in Ref. [18] for a weldment. In those
cases where the chemical gradient is produced by rapid quenching even the
section - and - anneal procedure fails as annealing will alter the chemical composi-
tion. For instance, it will convert a martensite into a mixture of ferrite and cemen-
tite. In such a case Do has to be estimated from an analysis of the microstructure
or quantities like the microhardness etc. For instance, in Ref. 19 the variation of
Dy was estimated from the variation of the width of the {211} reflection line as
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martensite gives rise to a pronounced line broadening (see Fig. 4).

then determine Dg at
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Provided a residual strain distribution is determined across the whole cross-
section of the specimen, Dy may be properly adjusted to make the calculated resi-
dual stresses fulfill the balance of forces. (We note that the residual stress distri-
bution shown in Fig. 4 does fulfill the balance of forces). The assumption that the
observed stresses have to be balanced seems obvious, but may fail nevertheless.
Firstly, strains evaluated from a particular reflection line may not be representa-
tive for the macrostress state, in particular in strongly textured samples. This can
be checked by using several different reflection lines. Secondly, after heavy cold-
working even the use of several different reflection lines does guarantee that the
calculated stresses can be interpreted as macrostresses, a phenomenon which is
not understood so far. Examples are given in Ref. 20.

An improper assumption of the Dg-value leads to an error in the calculated
stresses which corresponds a hydrostatic component, whereas the so-called stress
deviator remains unchanged. Fortunately, the hydrostatic stress component is in
general of lower importance for the assessment of the stress state than the stress
deviator.

3.45 Separation of macro- and microstresses

As neutrons and X-rays are based on the same principles, they both have the
potential to get information not only on macro- but also on microstresses. On the
other hand, both techniques suffer from the same problems in separating the two
types of stresses. For details see the corresponding paragraphs in Chapter 2. There
is, however, one particular advantage of neutrons which can be exploited for the
separation: using a poor spatial resolution on purpose, i.e. a wide neutron beam
covering the whole cross-section of the specimen, the observed strains are associa-
ted with microstresses only as the macrostresses cancel each other when averaged
over the cross-section. In reflection geometry the finite penetration depth leads to
a non-uniform sampling of the cross-section, and therefore this metheod is restric-
ted to relatively thin samples (e.g. ~5 mm for steel). An application of this method
will be presented in Section 3.5.4.

3.5 Fields of application
3.51 Stress measurements in the interior of bulk solids

The major application field of neutron stress analysis is the non-destructive
determination of stresses in the interior of technical components exploiting the
hi%h penetrating power of neutrons. This method has a great potential, but also its
inherent limitations, which will be discussed in the following.
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Fig. 5. Shape of the internal probe region created by different sets of slits in the
incident and the diffracted beam

3.51a Spatial resolution

The shape and the size of the internal probe region is determined by slits in the
incoming and the diffracted beam. This is illustrated in Fig. 5 for a scattering
angle 203=90°, which gives the best spatial resolution for given slits widths and
therefore is the standard choice.

The volume V of the internal probe region is usually chosen in the range 5 to
30 mm?3 to ensure reasonable counting rates. With high performance instruments
and rglatively thin samples (i.e. low absorption) V may be decreased to about
1 mm?°.

As is illustrated in Fig. 5 the internal probe region need not to be shaped as a
cube. When stress gradients are low in one or two directions this can be exploited
to gain intensity while maintaining a high spatial resolution in the direction of
the large stress gradients. This also means that the above mentioned minimum
V=1mm?® is compatible with a spatial resolution better than 1 mm in a certain
direction. For instance, 0.5 mm have been achieved in Ref. 21 (see Fig. 9).
However, it is difficult to improve the spatial resolution even further: as is
illustrated in Fig. 6 the finite divergence of the neutron beam gives rise to
penumbra regions and the importance of the penumbra relative to the main beam
increases inversely as the slit dimensions. Penumbra effects are particularly
severe in the vertical direction as practically all neutron diffractometers use a
much larger divergence in the vertical direction than in the scattering plane. (The
case shown in Fig. 6 is, however, an extreme).In order to minimize penumbra
effects the slits should always be brought as close as possible to the sample.



507

Fig. 6. The effects of horizontal and vertical beam divergence, and radial position
of the input slit, on the gauge volume definition for the D1A instrument at
the high flux reactor at Grenoble (after [22]).

3.51b Sample dimensions

Although the penetration depth of neutrons is large compared to that of
X-rays, it is not large compared to the dimensions of many technical components.
Fig. 7 shows the variation of the diffracted intensity with the sample thickness for
a Bragg angle 20=90°, i.e. the angle which leads to the best spatial resolution for
a given volume of the internal probe region. For most materials the attenuation of
the neutron beam is mostly due to scattering processes and not due to absorption.
Therefore, materials which give a high diffraction intensity for thin samples have
low penetration depths and vice versa. The maximum thickness which can be
tolerated depends on the spatial resolution required and, of course, on the the time
which one is willing to spend on the measurements. The lines shown in Fig. 7 refer
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Fig. 7. Diffraction intensity versus thickness of the sample for 203~90° for
various metals.

to an instrument at a high flux reactor for reasonable counting rates, i.e. =2
hours/peak. So as a rule of thumb steel samples should not exceed 30 mm thick-
ness, whereas aluminium samples may be about three times as thick. Other
sample dimensions may be much larger, as neutron diffractometers can accommo-
date rather large specimens.

3.51c Accuracy

It seems to be common practice in neutron studies to aim at a precision
AD/D=10* As the mechanical precision of neutron diffractometers is usually
quite high, lower statistical errors can be achieved if long counting times can be
tolerated. Using the high resolution diffractometer D1A at the high flux reactor
Grenoble a precision as high as AD/D=~2-10" has been achieved in a study of the
residual stress state of a ceramic sample {23] (see Fig. 8). However, the above
mentioned precision AD/D~10* (corresponding to an error Aoc~20 MPa for speci-
mens made of steel) seems to be sufficient for most applications. Very often the
accuracy of the experimental stress values is limited not so much by the statistical
errors than by effects associated with elastic and plastic anisotropy.

3.51d Applications

Neutron stress analysis is applied to the same type of problems as X-ray stress
analysis ranging from quality control to questions of basic character. However,
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Fig. 8. Residual strains ex as determined by neutron diffraction in an AlgO3
ceramic sample after a creep test [24]. Note the small range of ex. The bar
AY denotes the spatial resolution (0.4 mm). The dash-dotted line was
calculated from a non-symmetric creep law.

there is rarely enough beam time for routine measurements so that most neutron
studies are dealing with rather fundamental problems. In particular, in-depth
measurements of residual stresses by neutron diffraction are widely used to
validate theoretical predictions based on the finite-element method. An example
for results of this kind is shown in Fig. 8.

3.52 Stresses at surfaces and interfaces

The investigation of surface stresses is certainly a domain of X-ray diffraction
and in general it makes no sense to try to compete in this field with neutrons.
However, the depth range in which stresses can be explored non-destructively by
X-rays is very limited and it may be of interest to follow the residual stresses
deeper into the material. When the surface is covered by some other material and
thereby is forming an interface, neutron diffraction is usually the only means to
explore the stress state in this region (an example of stress measurements at an
interface is depicted in Fig. 9).

What is the minimum depth to be probed by neutrons? Using very narrow
input and exit slits there is no principal limit but in practice the slit width cannot
be made much smaller than 0.5 mm for intensity reasons even when the slits are
rather long. With slits 0.5 mm wide and 203=90° the minimum distance of the
center of the gauge volume from the surface is 1=0.35 mm as long as the gauge
area is kept completely within the sample. The distance is further reduced if the
gauge area is only partially immersed in the sample. This partial immersion
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causes (i) a reduction of the diffraction intensity and (ii) in general systematic
changes of the diffraction peak profile not associated with strains but with the
finite divergences of the incoming and the diffracted beam (see Fig. 10). The latter
effect is discussed in some detail in Ref. 20. It can be largely corrected for by
measurements on a stress-free sample as a reference using the same geometry (i.e.
transmission or reflection). Nevertheless, a practical limit is usually reached
when the gauge area is immersed less than 50%. With 0.5 mm slits this leads to a
minimum distance of the center of mass of the gauge volume from the surface of
about 0.1 mm. Such a high spatial resolution has been achieved, e.g., in Refs. 19
and 23. Fig. 11 was taken from Ref. 23 showing steep stress gradients in a 0.5 mm
thick surface layer of a shot peened sample made of a nickel superalloy.

3.53 Phase specific stresses

The large penetration depth of neutrons gives them an edge on X-rays for the
investigation of composite materials. In order to get strain values which are
representative of the bulk, the domains of the different constituents have to be
small compared to the penetration depth. If the material is composed of fibres or
grains which are several pm thick or even larger, X-ray results will be strongly
affected by surface effects, whereas neutron results will be not.

Most of the neutron studies of composites were performed at spallation sources.
The TOF-technique employed at spallation sources has the advantage that it
yields information simultaneously for the matrix and the reinforcement material.
With detectors placed at different scattering angles a single run is often sufficient
to obtain enough data to fully characterize the stress state of the composite. When
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the spatial variation of the stresses is not of primary interest a wide beam can be
used which makes the measurements very quick. An example of data obtained in
this way is shown in Fig. 12.
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3.54 Microstresses

As mentioned in Sect. 3.4.5 the high penetrating power of neutrons can be
exploited for the separation of macro- and microstresses by using a poor spatial
resolution on purpose so that the observed strains are averages over the whole
cross-section and hence macrostresses are averaged out. This was done in, e.g.,
Ref. 11 for the separation of macro- and microstresses in a cold rolled steel strip.
Representative data are shown in Fig. 13.
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Fig.13. above: D vssin?¥-distribution in the rolling direction of a cold rolled
steel strip as observed in the center of the specimen

middle: as above, but with wide slits in the incoming and diffracted beam
to obtain an average over the cross-section

below: difference between the above data representing the strains
associated with macrostresses. The deviations from a linear
distribution are due to elastic anisotropy (after {21]).
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Another advantage of neutrons is the fact that D vs sin?y-distributions can be
determined up to siny=1. Progress in X-ray diffraction now allows to cover a
wide range in sin?y as well, le. up to siny=0.9, but in strongly textured
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Lattice parameter and relative
intensity vs sin®¥ as measured in
the rolling direction of a cold rolled
steel strip using the {110} reflection
line [21]

Lattice parameter vs sin’¥ as
measured in the direction of plastic
strain of a tensile test specimen
made of steel X2CrNiMoN225. The
{220} reflection line was used both
in the neutron and the X-ray experi-
ment. The neutron values represent
averages over the whole cross sec-
tion. The X-ray values were obtai-
ned by measurements on three sur-
faces making different angles with
the strain direction and plotted in
the system of co-ordinates of the
neutron experiment (after [20].)
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specimen the missing region 0.9<siny<l may be still of importance. For
instance, in cold rolled steel the majority of the grains have an 110-axis in the
rolling direction and therefore very little diffraction intensity is found for the
{110} reflection line for 0.5<sin®y<0.95. As a consequence only neutrons can
probe the Djjg-values in the rolling direction (see Fig. 14). In other cases there
may be strong changes in D close to sin?y=1 which cannot be anticipated from
measurements for sin?y=0.9 (see Fig. 15).

3.6 Possible hazards

Neutron stress analysis is sometimes met with reservation because it is feared
that irradiation by neutrons may adversely affect the sample properties. Suspi-
cions that the neutrons may induce radiation damage are certainly unfounded: the
slow neutrons used with neutron diffraction have too little energy to do so. On the
other hand, activation associated with neutron absorption cannot always be
excluded. However, activation levels can be usually kept to negligible levels when
the neutron beam is properly masked. There are a few exceptions like U and its
compounds, where activation might pose a problem, but these materials are a
special case anyway for other reasons. In summary, concerns about possible
hazards associated with neutron stress analysis can be dismissed in almost all
cases of practical interest.

3.7 Neutron diffraction versus x-ray diffraction and other
techniques

Neutron stress analysis is now a well established method and therefore it
should not be used to duplicate results obtained by X-ray diffraction. As neutron
diffraction is relatively expensive (or neutron beam time is scarce for this very
reason) its use should be restricted to those fields of application where neutrons
have a clear edge on X-rays: firstly, it is the non-destructive in-dept determination
of residual or load stresses. Secondly, it is the investigation of bulk stresses in
composite materials. Thirdly, neutrons might also have an advantage for the
investigation of near-surface stresses and microstresses in special cases (examples
have been given in Sec. 3.5.4).

Sometimes, neutron diffraction is used to establish that residual stresses
measured at the surface by X-rays are representative for the bulk, so that further
investigations can be based primarily an X-ray diffraction. Results of this kind are
shown in Fig. 16.

When compared to other techniques different aspects might give neutron stress
analyis the preference:

() neutron stress analysis does normally not require a calibration (and even if
it does calibration is relatively easy) and therefore it may be used to cali-
brate other methods based on ultrasonic or magnetic measurements.

(ii) it is non-destructive whereas sectioning, layer-removal or hole drilling tech-
niques are not (a comparison between results obtained by neutron diffraction
and strain-gauged layering measurements is shown in Fig. 17, a comparison
of residual hoop stresses determined by the neutron diffraction technique

%‘r}d t}éf)e sachs boring method for an autofrettaged ring sample is shown in
ig. 18).
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(29].

(i1i) the spatial resolution achievable with neutrons is usually better than with
most sectioning or hole drilling techniques, let alone ultrasonic or magnetic
measurements. Microhole drilling may compete in spatial resolution, but
does not allow in-depth measurements.

In summary, there are many cases of practical interest where neutron diffrac-
tion is the most appropriate choice for stress analysis. It would be much more
widely used than today if more suitable instruments could be made available to its

potential users.
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3.8 Recommendations

The first step in planning a neutron stress measurement is to check if the pro-
posed experiment is actually feasible. Proposers are often not very familiar with
the neutron diffraction technique and may have unrealistic ideas about the
penetration depth of neutrons, the spatial resolution achievable, the number of
samples to be studied during the available beam time, etc. Often, a comprise has to
be found between what is desirable and what is realistically achievable, which
requires the expertise of the neutron scattering specialist already in the initial
stage of the experiment.

In view of the general shortage of neutron beam time every effort should be
undertaken to define an efficient strategy for the neutron measurements. In most
cases X-ray measurements on the samples in question will yield very valuable
information on a number of issues:

() How large are the stress gradients? This will determine the dimensions of
the gauge volume needed to obtain meaningful results.

(ii)  Are the D vs sin2y-distributions linear or at least approximately so? If yes,
it will suffice to restrict the measurements to the determination of principal
strains.

(iii) What is the ratio of macro- to microstresses? In case that microstresses are
relatively small - but only in this case - it will be enough to use a single
reflection line. If the corresponding XEC's are not known with sufficient
precision they should be determined by X-ray loading strain measure-
ments. In the event that in spite of the presence of considerable micro-
stresses only a single reflection line can be used for lack of beam time, X-ray
measurements may help to choose an appropriate {hkl}.

(iv)  Are the reflection lines inherently broadened, and if yes, to what extent?
High resolution set-ups are good policy only if inherent line-broadening is
small. Otherwise, the resolution may be relaxed to gain intensity.

(v)  There are many cases where neutron measurements are aimed at the spa-
tial distribution of stresses. On the other hand, there is rarely time enough
to systematically scan the strains throughout the specimen. X-ray measure-
ments will help to define the regions of highest interest.

(vi) Last not least, X-ray measurments performed at the surface may turn out to
be sufficient for series measurements, as soon as it has been established by
neutron measurements that the stresses found at the surface are repre-
sentative for the stresses observed in the bulk.

A problem for which X-rays are generally not very helpful is the Dy-problem.
Even when it is possible to determine D, with X-rays with high precision this
information is often of limited use only, as the calibration of neutron diffracto-
meters depends on a number of parameters which are frequently changed from
experiment to experiment. Hence, D, should be determined with the set-up used
in the actual measurements. If ever possible, a stress-free reference sample should
be prepared for the determination of D, (see Section 3.4.4).



519

The choice of the instrument will depend on criteria discussed above: the width
of the wave-length band necessary to use all the reflection lines of interest, the
required resolution in AD/D, the required spatial resolution (which translates into
a certain minimum luminosity), etc. In practice, however, the ultimate criterion
for the choice of the instrument is very often accessibility. Given the overload of
the few excellent neutron strain scanners around the world this has to be accepted,
but nevertheless it should be carefully considered in each case if the available
instrument meets minimum requirements for the planned experiment.

In view of the diversity of instruments used for neutron stress analysis it is
beyond the scope of this article to describe a detailed procedure for the alignment.
Some methods for the alignment of instrumentation for residual stress measure-
ments can be found in [22,30]. However, the necessary auxiliary devices are often
not available at a particular instrument. Therefore, the occasional user of a
neutron strain measurement instrument is advised to apply to the instrument
responsible and/or to a neutron scattering expert familiar with this instrument for
detailed instructions. A discussion with these persons will further be helpful for
the search of an optimum configuration of the instrument. Some guide-lines for
the optimization of a crystal diffractometer for residual stress measurements have
been presented in this chapter. However, existing instruments frequently suffer
from constraints which do not allow one to optimize the instrument as desired
(e.g., the monochromator take-off angle may be restricted to rather low values or
may even be fixed). Only a discussion with the instrument responsible will clarify
how flexible the instrument is to allow one to optimize it for the planned experi-
ment. Finally, based on the frequent observation of a certain carelessness the
following point of practical importance is emphasized: as has been discussed in
Sect. 3.5.1a the finite divergence of the incident and the diffracted beam gives rise
to penumbra effects which results in a poorer spatial resolution than expected
from the slit dimensions. Therefore, choosing the slit positions rather far away
from the sample in order to avoid any risk of collision when the sample is
tranlated or rotated may seriously impair the spatial resolution.
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4. Ultrasonic techniques

E. Schneider

4.01 Historical review

Since 1929, when Sokolov first proposed the use of ultrasound to find hidden flaws in
metals using a through transmission technique, the nondestructive testing of materials using
ultrasound has been experiencing an impressive development. The possibility of visualizing
flaws in their three dimensions and the availability of acoustic microscopes with resolutions of
the order of a few micrometers in both the lateral and the depth directions are picked in order
to illustrate the state of the art.

The development of ultrasonic techniques for the evaluation of material properties and for
the characterization of the state of materials began in the 1950s. Using measurements of
ultrasonic wave velocities, the elastic constants of materials and their changes with temperature
and external load were evaluated; effects of heat treatments on the microstructural state of
materials were investigated by measurements of the ultrasonic attenuation and its change with
the ultrasonic frequency.

Developments in acoustoelasticity have been stimulated by interest in the evaluations of
third order elastic constants. Based on Murnaghan's /1/ theory of nonlinear elasticity, Hughes
and Kelly /2/ developed a theory of acoustoelasticity in 1953. They described the change of
ultrasonic velocities as function of the elastic strains of an isotropic solid. It was in 1958/59
when the birefringent phenomenon of acoustic waves was discovered by Bergman and
Shahbender /3/ and by Benson and Raelson /4/. In a metallic tensile test sample, the velocity of
a shear wave polarized along the axis of applied stress was found to change differently with
stress than the velocity of the wave vibrating perpendicular to the stress axis. This phenomenon
is analogous to the changing of light speed in a stressed transparent body. Since the
photoelastic effect has already been used to determine the state of stress, the applicability of
the ultrasonic birefringence effect for stress analysis has been investigated and developed.

Crecraft /S/ showed in 1967 that the acoustoelastic effect can be used for the evaluation of
stress states in engineering components. Measurements of the stress induced changes of
ultrasonic velocities in steel samples were done by Egle and Bray /6/ in 1976. They published
all of the five possible relative changes in longitudinal and shear wave velocities for an uniaxial
state of stress and confirmed the theoretical predictions.

Until about 1990, a large number of individual researchers and numerous groups worldwide
improved the measuring techniques and developed different approaches to evaluate stress
states in samples and components. Reviews are given by Pao, Sachse, Fukuoka /7/ as well as
by Thompson, Lu and Clark /8/. Fukuoka /9/ reviews the Japanese activities and Boborenko,
Vangeli and Kuzenko /10/ summarize research and developments in the former Soviet Union.

Due to their contribution to the applicability of ultrasonic techniques on components or to
the acceptance of this new technique by industrial partners, the following authors are selected
and their work is highlighted.
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Kino and co-workers /11/ developed a two pulse echo measuring technique and evaluated
the inhomogeneous stress states around a crack and a circular hole in tensile test samples. They
also evaluated the stress intensity factor of cracks and the J integral for an aluminium center
cracked panel.

A pulse phase locked loop technique was developed by J. Heyman and co-workers /12/,
which they used to evaluate the axial stress in fasteners. That stimulated various manufacturers
to introduce ultrasonic devices for the strain and stress analyses on fasteners and bolts.

A.V. Clark and colleagues /13/ used a modified zero crossing technique to evaluate welding
stresses in thin aluminium and thick steel plates.

Approaches to evaluate stresses in textured materials were investigated and reviewed by
R.B. Thompson and co-authors. They also developed a Fourier transform phase slope tech-
nique for the ultrasonic measurement of texture and stress /8,14/.

Another commercially available ultrasonic setup for the evaluation of stress states was built
by the group of J. Deputat. The semi automated system was optimized for the analysis of
stresses in rails and rail road wheels /15,16/.

A setup for the automated time and locus continuous stress evaluation was introduced to
the market by E. Schneider and co-workers. The system is in industrial use for the evaluation
of surface stresses in hardened rolls /17,18/.

Fukuoka and co-workers developed an ultrasonic resonance method and measuring system
for the analysis of stress in thin plates /19/.

In recent years, the widest use of ultrasonic techniques has been made for the evaluation of
stress states in railroad wheels. Based on the DEBRO 30 setup, J. Deputat and co-workers
developed the DEBBIE system which is fairly new on the market /20,21/. This portable system
is optimized for the use in field. The UER systems, developed by E. Schneider, R. Herzer and
co-workers, are used in the wheel inspection lines in railroad workshops for the fully
automated evaluation of the stress profile along the height of the wheel rims /22,23/.

Investigations of ultrasonic techniques for the evaluation of stress states in rails are still going
on /24,25,26/.
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402  Symbols and abbreviations

p

VL

VRW

Density of the material

Velocity of a longitudinal wave in an isotropic solid

Velocity of a shear wave in an isotropic solid

Velocity of a Rayleigh wave in an isotropic solid

Velocity of a skimming longitudinal wave in an isotropic solid

Velocity of a dispersion-free shear horizontal wave in an isotropic solid
Lamé moduli of an isotropic solid

Bulk modulus

Shear, Young's moduli

Poisson ratio

Strain energy of deformation per unit volume

Elastic strain

Tensor of the second order elastic constants of a solid

Tensor of the second and third order elastic constants of a solid

Third order elastic constants of an isotropic solid

Invariants of the Lagrangian strain tensor

Principal strain components

Velocity of a longitudinal wave, propagating in i-direction

Velocities of shear waves, propagating in i-direction vibrating in j- or k-
direction, respectively

axes of a Cartesian coordinate system

Principal stress components

Acoustoelastic constant of an ultrasonic wave propagating in i-direction,
vibrating in j-direction

Velocity of a longitudinal wave propagating in the rolling direction of a
textured sample

Velocity of a shear wave propagating in the rolling direction, vibrating in
the transverse direction of a textured sample

Rolling direction of a textured sample

Transverse direction of a textured sample

Normal direction of a textured sample

Anisotropy factor C=C,;-C15-2C44

Single crystal elastic constants

Expansion coefficients of the orientation distribution function
Transmitter of ultrasonic wave

Receiver of ultrasonic wave
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4.03  Physical fundamentals

4.031 Influence of stress states on ultrasonic velocities and the acoustoelastic effect

Elastic waves propagate isotropic solids with a velocity which is characteristic for the
material under test. The velocities of a longitudinal wave (v.) and a shear wave (vr) are given
by:

3
pv2L=k+2p=K+zp M

pvir=n @)

respectively, where p is the density, A and p are the Lamé moduli and K is the bulk modulus.
A and p describe the elastic behavior of the solid in first approximation (Hooke's law). In

engineering, the elastic properties are more often characterized by the Young's (E) and Shear
(G) moduli:

G=u (3)
E=pGA+2u)/(A+p) @
K=(3A+2p)/3 5)

Longitudinal and shear waves propagate the bulk of components. By modifying the angle of
incidence or the principle of wave generation, the sound beam can be turned into a surface near
layer. The velocity of the skimming longitudinal also called creeping wave (vs.), propagating in
the surface layer, is also given by equation (1) as the velocity of the dispersion free SHy wave
(vsn) is determined by equation (2). The Rayleigh- or surface wave is a guided wave, it follows

the surface shape of the component. Its velocity (vg) is usually described by the Bergman
approximation /27/:

vr=vr(0.87+1.12v)/ (1 +V) 6)

v is the Poisson ration for the material.

The most widely used model for the description of the acoustoelastic effect, that is, the
influence of strain states on the propagation velocities of ultrasonic waves, is given by Hughes
and Kelly /2/ using Murnaghan's /1/ theory of finite deformations and third order terms in the
elastic energy of a solid.

The strain energy of deformation per unit volume ®(g) may be written as a power series in
the elastic strain €:

1 1
De) =Dy +g-Cj- g5 + 3 Cijw & - €t s Cijkimn € ‘€K1 Ema + ==- @)
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If the strain energy is zero before the deformation, @, is zero. The second term is a
potential energy which can be set equal to zero since the reference level is not important. Cjq
and Cijumn are the tensors of the elastic second and third order constants of the solid. The
number of elastic constants reduce in case of an isotropic solid to two independent second
order (A, p) and three independent third order constants (I, m, n). The elastic constants are
named from their positions in terms of the strains in equation (7). The coefficients of the term
with the quadratic strains are second order, the ones of the term with the cubic strains are third
order constants. In an isotropic solid, the strain energy density depends only on the invariants
Ii, I and I; of the Lagrangian strain tensor since the elastic constants are invariant under
arbitrary rotations:

OE)=(A+2p0) 2 /2-2uL+(1+2m),*/3-2m L +nLs 8)
Also the density of the deformed body can be expressed in terms of the invariants:
pe)=p/(1+21,+41,+8 1) ©)

where p is the density of the solid at zero strain.
In case of the propagation of a plane wave along one principal axis of strain, there are only

three non-vanishing strain components €, €; = €;i, Ex = &« to be considered. Hence, the strain
invariants reduce to

I =¢;
I = -(g;; €ji + €k €i)
13 =0

Differentiating the equation (8) with respect to the strains yield the stress components. As
described in /2/ and in more detail in /28/, the solution of the wave equation results in three
expressions for the propagation of a pure longitudinal and two pure shear waves polarized to
one principal direction of strain each.

These principal solutions can be generalized for the case of sound propagations in each of
the three principal directions of a strained solid with cubic structure:

pVii = A+ 2u + (21 + 1) (5 + g + &) + (4m + A + 10p) & (10)
pVi = w+ (A +m) (& + € + &) + dpe; + 2p€; -0.5ney 1)
pvic=p+ (A +m)(s+ g + &) + 4pe€; - 0.5 ng; + 2pey (12)

The first index of v represents the direction of sound propagation, the second the direction
of vibration. i, j and k are the axes of a Cartesian coordinate system. I, m and n are the third
order elastic constants of the material under consideration. v; is the velocity of a longitudinal
wave propagating in the i-direction; v; and vy are the velocities of two shear waves polarized
perpendicular to each other.

The equations (10), (11) and (12) are the fundamental equations for the ultrasonic
evaluation of load or residual stress states. They describe the acoustoelastic effect. It should be
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noted that these equations can only be used if the sound wave propagates and vibrates along
principal axes. A former isotropic solid, subjected to a mechanical stress state becomes
anisotropic. The velocities of ultrasonic waves become dependent on the magnitude and
direction of the stresses causing the strain states in the solid.

In order to develop equations describing the influence of stress states on the ultrasonic velo-
cities it is also assumed that the principal axes of strain coincide with the principal axes of
stress. Using the generalized Hooke's law, the strains are replaced by the stresses and the
elastic moduli. Replacing A + 2y in equation (10) by pvi” and using the approximation
vii T v = 2vi, simple treatments result in /17/:

VH—VL__IA: +E ( y ) ]3
v —Cc.co,ck 13)

A similar procedure yields:

VU—VT D +E 0_+F d 14
=— G+ — O
vi K OTR O™ an (14)

E
VT —E'Gl"’E'CJ*‘I—("Gk (15)

A, B, C, D, E and F are combinations of the elastic constants of the material:

A=2(A+p)(@m+ 54+ 10u +21)- 21 (21 +2)

B=2Q1+A) A+p)-A(21+A)-A(4m+ 5%+ 10u +21)

C=4p (A +2p) (31 +2p)

D=2A+p)(A+m+4p)-A (21 +2m+2u - 0.5n) (16)
E=2QA+p)(A+m+2p)-A(2A1+2m+4p - 0.5n)
F=2A+p)(A+m-0.5n)-A (2% +2m+ 6p)

K =4p> GA+2p)

Tf}e equations (11) and (12) only differ on the terms which consider the principal strains in
the directions of vibration. Normalizing the difference v;; - vy to one of the velocities, e. g, to

Vi yield the relationship (vij - vi) / vik = ((4p + n) / 4p) / (g; - &) if the approximation (vi +
vie)Vik = 2v’r is used. The strains can be replaced by stress values using Hooke's law: g; - & =
(1/2y) (o; - o). Expressing velocity by time-of flight and path length, which is identical for

both shear waves, yield expressions which are independent of the quantity path length /29/:
(tic - t) / ty = (4u + n) (0 - o) / 8 )
(t - ti) / tjc = (4n + n) (ox - 07) / 8p® (18)

(tkj - tki) [t = (4p + 1) (o; - Oj) / 8],12 (19)
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The equations (18) and (19) are derived from the equation (17) by cyclic permutation of the
indices. The relationships (17), (18) and (19) describe the ultrasonic birefringence effect; they
allow the characterization of stress states in terms of the difference of two principal stresses
which is of particular benefit if yield criteria (Tresca, von Mieses) are of interest. In addition to
the independence from the ultrasonic path length, the birefringence equations contain only one
third order elastic constant. As will be shown later, this constant n has been found to be less
effected by changes of the microstructure of the material under test than | and m.

The stress or strain influence on the velocities of the skimming longitudinal wave and on the
SH, wave propagating the near surface layer is the same as their influence on the waves
propagating the bulk. Adjusting the direction indexes according to the directions of the
principal axes and of the propagation and vibration directions, the equations (13) and (14) can
be used.

The generalization of equations (10) and (11) to propagation directions not along the
principal axes describe the angular dependence of the relative velocity changes of the skimming
longitudinal (vs.) and SHy (vsu) waves:

Vsi(@)-V. A+B, . A-B

VL Y (oi+a))+ ¢ (oi-0j)cos20 (20)
Vsu(@)-Vr D+F y, D-F,

Vs =K (oi+0)+ K (ci-0i)cos20 @1

Here, o; and o; are the principal in plane stresses and © is the angle between propagation
direction and G;.

Rayleigh waves are guided waves; they follow the free surface. The mass particles vibrate
along ellipses which have the large axis perpendicular to the surface and the small axis in the
surface and both axes are perpendicular to the propagation direction. The major part of the
energy of these waves propagates in the surface layer of one wavelength of depth. Hence,
Rayleigh waves can be used to evaluate stress gradients by adjusting the center frequency f of
the wave according to the relationship d = Vi / f with d as the penetration depth. But special
care must be taken: A stress gradient within the penetrated depth causes a frequency
dependence of the wave velocity and a stress gradient goes along with a gradient of
microstructural state in most cases and microstructural changes vary the acoustoelastic
constants. Hence, calibration experiments are strongly recommended. It is also important to
take into account that the Rayleigh wave velocity becomes frequency dependent if the radius of
the surface curvature in the wave propagation direction is smaller than about ten times the
wavelength. The influence of stress or strain states on the velocity of Rayleigh waves is given
in a first order approximation in terms of the Poisson ratio and the third order elastic constants
of the material /30/. The influence of stress and orthorhombic anisotropic (texture) is treated in
perturbation /31/ and exact analysis /32/. In case of an isotropic solid the following equation is
yielded:

Vrs(®@)-Vr  Ri+R2 Ri-R:
Vr

(o1+02)+ (01-02)cos 20 (22)
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Here Vis is the Rayleigh wave velocity in the stressed solid; © the angle between wave
propagation and the direction of the principal stress ;. The constants R, and R; can be given
in terms of the second and third order elastic constants of the material but, since the constants
become small in value, it is strongly recommended to evaluate these constants in a tensile test
experiment using a representative sample. R, and R, are the acoustoelastic constants for the
Rayleigh wave propagation along and perpendicular to the direction of applied uniaxial stress,
respectively.

1t is important to note that all equations given in this section can only be used for the stress
analysis of materials in which the stress or strain state is the only reason for the direction
dependency of the ultrasonic velocities. It should also be mentioned that the application is
limited to materials with cubic single crystal symmetry.

4.032 Evaluation of third order elastic constants and acoustoelastic constants

In order to achieve a quantitative evaluation of stress states using ultrasonic techniques, the
material-dependent elastic constants have to be known.

The second order constant A and p or Young's and shear moduli can be evaluated according
to equations (1) to (4) using the measured ultrasonic longitudinal and shear wave velocities
and the density of the material.

The five possible different changes of ultrasonic longitudinal and shear waves as function of

elastic strain in a tensile test experiment were measured by Egle and Bray for the first time /6/.
The waves propagated the sample in directions parallel and perpendicular to the load direction.
Figure 1 sketches the relative changes of sound velocities as function of the elastic strain.
The velocity of a longitudinal wave, propagating in the direction of the load (vi;) shows the
strongest influence of the strain or stress. The velocity of a shear wave, propagating along the
thickness direction decreases significantly if the vibration is parallel to the load axis (vs;) and
increases slightly if the polarization is perpendicular (vi;) to the load direction. Comparing the
velocities vi; and vy3 it shows that the influence of stress or strain on the shear wave velocities
is stronger if the polarization direction is along the load axis.

The displayed results are generally found for all steels and Al-alloys. The slopes of the lines
are dependent on the material and on the microstructural state of the materia! under test.

The result of an experiment like this yields the evaluation of the 5 elastic constants of the
material, namely the two second order and the three third order constants. Since the second
order constants can simply be evaluated as described, it is sufficient to measure the influence of
strain on the velocities of only 3 ultrasonic waves.

Usually, the propagation directions of a longitudinal and a shear wave are oriented in the
through thickness direction perpendicular to the direction of load. The vibration direction of
the linearly polarized shear wave is parallel (v;) and perpendicular to the load (vsy).



530

Relative Difference
of Velocity [%o]

1"
Vi3

v V3,

2 >

vy, Vi >
Elastic Strain € [%o]

Vi3
(¢}
c
1
2
3

Figure 1. Relative change of wave velocities as function of elastic strain of a metallic sample.

Having the load in the 1-direction and the propagation directions of the ultrasonic waves in
the 3-direction, the evaluation equations for the third order constants are:

A+ as2p 4(x+u)( A ) A

1= " L y AEC,, + At AEC"+2(l+u)AEC"+l+uJ (23)
2(k+u)

m=m[kAECu+2(k+u)AEC,,]-2u (24)
8 (1+1)

n=m[AEC31—AEC32]—4u 25)

The AECs are the acoustoelastic constants. They describe the slope of the linear change of
the relative difference of the velocity as function of the elastic strain €. As before, the first

index of the AEC describes the direction of propagation, the second one the direction of
vibration of the corresponding wave. Figure 2 shows the relative differences of ultrasonic

velocities versus the elastic strain € of a fine grained steel sample and of an Al-alloy sample.
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In some cases, especially if the thickness of the sample under test (3-direction) is small it is
of advantage to use a skimming longitudinal wave, propagating in the 1-direction between
transmitter and receiver probes. With the AEC,, the constant | is given as:

_Atu a(r+p)
== [(MZu)AECI,—mm
Relativ Differenz
of Velocity [%o]
17T

Elastic Strain [%o]

(AAEC,, +2(x+u)AEc,,)—(zx+u)]—

Relativ Differenz

I

of Velocity [%o]

A
By (26)

V33

V32

21

54

V3l

Elastic Strain [%o]

Figure 2. Relative change of longitudinal (v;3) and shear wave velocities (v1,vs2) versus elastic
strain of a fine grained steel sample (left) and of an Al-alloy sample (right).

Table 1 summarizes elastic constants of different materials.

Table 1

Second and third order constants [GPa] of materials.

Material A u i m n
Armco-Iron /2/ 110£04 82+1 -348+65  -1030+£70 +1100+1100
Steel ferrit. / pearlitic 110 81 -270 -580 -710
Steel 0.12% C /36/ 115 82 -301+£37 -666+£6.5 -716+4.5
St 42 110 81 -48 -503 -652
StE 355/33/ 109 82 -192 -565 -724

Rail Steel /6/ 116+2% 80+2% -2481+3% -623+4% -71413%
Rail Steel /6/ 110+2% 82+2% -3021+3% -616+4% -724+3%
Rail Steel 112+1% 81+1% -358+5% -650+3% -721+3%
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Table 1 continued.

Material A u 1 m n

Steel Hecla 37 /34/ 1mr+1 82 -461 £ 65 -636 +46 -708 +32
Steel Hecla 17 /34/ 111 82 -328+£30  -595+£32 -668 +24
Steel Hecla 138A /34/ 109 82 -426 £ 55 -619+50 -708 £40
Steel A 533 B /35/ 119 79 -218 -486 -564

Steel A 471 /35/ 120 79 -179 -496 -628

Steel Hecla /34/ austenite 87 72 -535+90 -752 100 -400 40
17CrNiMo 6 109 81 -58 +38 -517+14  -718+18
24 Cr Mo 5V 112 83 =350 -624 -702

24 Cr Mo 5V 112 82 -440+10% -600+2% -670+2%
30CrMoNiV511 109 83 -357 -574 -670
22NiMoCr37 109 82 -185 -503 -652
22NiMoCr37 109+2% 82+1% -196+10% -520%2% -657+2%
22NiMoCr37 111+2% 82+1% -190+10% -555+2% -659+2%
24NiCrMo Vi45 110 80 -90 -439 -546
Ni-Steel 109 82 -328 -578 -676
Ni-Steel S/NTV /5/ 109+1 82 -56+£20 6716 -785+7
Ni-Steel Rex 535 /5/ 91 78 -46 -590 -730
Ni-Steel Rex 535 /34/ 109 82 -327+175 -578 +80 -67660
15MnNié63 110+2% 81+2% -270+10% -580+2% -710+£2%
X6 CrNi 1811 101 75 -370 -532 -236

Roll H-Cr R 78/80 120+2% 84+2% -573+8% -775+3% -996+3%
WC-Co Sintered Metal 178 256 -464 -1390 -2108
WC-Co Sintered Metal 178 257 -552 -1453 -2153

Al 99% /5/ 61 +1 25 -47 £ 25 -342+10 -248+10
Al 99.05% /36/ 64 27 -319+10 =373 15 -354 £3
Al 99.3% /34/ 57- 28 311112 -401 + 138 -408 £ 136
Al B 53 S /34/ 62 26 -201 £ 23 -305+27 -300%t24
Al B 53 S /34/ 58 26 -223 £ 40 -237+20 -276 %20
Al D 54 S /34/ 49 26 -387+125 -358+ 15 -320+12
Al JH 77 S 134/ 58 27 -337+25 -395+24 -436+28
AlMg3 56 28 =212 -309 -369
AlMg3 58 27 -245 -313 -350

Al 8091 45 31 -218 -378 -435

Al 7064 60 27 -324 -397 -403

Cu 99.85% /36/ 107 47 -8378 £ 131 -2429t16 -527+4
Cu99.9% /5/ 104 46 -542+30  -372+5 -401 5

Knowing the second and third order constants has the advantage that the influence of strain
or stress states on the ultrasonic velocities can be evaluated. Hence, it is possible to find a
wave which is strongly influenced on the stress or strain to be evaluated and another wave with
different direction of propagation and / or vibration which is neglegibly effected. This wave
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velocity might be useful for the characterization and discrimination of microstructural
influences.

In many cases only the AEC values are evaluated. This is particularly sufficient if the tensile
test experiment is carried out under the same experimental conditions as the later analysis of
the stress or strain state. The definition of the AEC is not uniform in literature. It is used for
the relative change of ultrasonic velocity per applied stress or per applied strain. Sometimes the
reverse value is also abbreviated as AEC.

4.033 Influence of texture on ultrasonic velocities and on the acoustoelastic effect

Most structural materials are polycrystalline aggregates and their exposure to plastic
deformation and / or heat treatment during manufacturing leads to the alignment of the single
crystals relative to the forming geometry or the temperature gradient. This development of
preferred orientation or texture is the main reason for the anisotropic behavior of these
materials. Electric, magnetic, elastic and plastic properties become direction dependent. This is
desirable, for example, for transformer sheets in order to minimize the loss of energy during the
magnetic reversals. And a certain texture is also needed in order to optimize the plastic
deformation of rolled sheets during the deep drawing of e.g. automotive body parts or cans. In
other cases, especially designed thermal and / or mechanical treatments are applied to yield
components with isotropic properties. Industrial practice for characterizing texture is the
measurement of X-ray pole figures from which the expansion coefficients of the orientation
distribution function (ODF) are evaluated /37,38/.

The elastic anisotropy caused by texture influences the ultrasonic velocities and is, in addi-
tion to the strain or stress state, another reason for the direction dependences of the wave velo-
cities. Both influences, the texture and the stress influence superimpose each other. In order to
evaluate stress states, the texture influence on the velocities has to be separated or discrimi-
nated.

In cubic materials (steels, aluminium-alloys) an orthotropic texture develops e.g. during
rolling. The texture is characterized by three orthogonal mirror planes. Because of the cubic
crystal symmetry on the one hand, and the orthotropic texture symmetry on the other hand,
only the three fourth order expansion coefficients C,'', Cs'> and C," need to be considered for
texture description in a first approximation. The velocities of ultrasonic shear and longitudinal
waves, propagating a stress free cubic material with orthotropic texture are /39/:

(2 1 [7 2 ] \
pvg=cl,—ctg—%\g( z*-;ﬁczl+§J§§cL3]J (27)

~
w o

NIPE Lz o))
Pvim =Cu=C | —%\E( L‘+§\/§CL’+§\/§§CL’D (28)

(2 1 13 3
2 — — — ———
vaN—Cn—CLS—70 33C5'J (29)
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(1 1 [7(1_. 1 \

pvflW =Cu+C kg+%J;(§CLI~§ 35CP)J= pVZWR (30)
no Y

PVWN—CM‘*CKE‘% C4 +" 5CY ):pVNW 3n
(1 1 [1(a_ 2 )

PVim = CutC 5~ 70\/;(5 Ll_?‘/gd‘z)):pvzm D

The first subscript of the velocity v indicates again the propagation direction, the second
one indicates the polarization direction of the wave. Since the rolling texture is of orthotropic
symmetry and frequently found in half products, this type of texture is chosen to describe the
texture influence on ultrasonic velocities. R, W and N represent the rolling, transverse and
normal directions, respectively. C = Cy; - Cz - 2C44 is the anisotropy factor, a measure of the
elastic amsotropy ofa smgle crystal. Cy1, Cia, Cas are the single crystal elastic constants. C,'",
C4'? and C," are the expansion coefficients according to the Bunge notation. These expansion
coefficients carry the texture information. The Roe notation is also often found, so that the
following relationships can be helpful:

Wao=Ci'' - 42 - \E /48 n* (33)
7

Wi = Ce? - \/; /48 7’ (34)
7 _

Wao=Cs" - \E /48 n° (35)

As can be seen from the equations (30), (31), (32), the influence of texture on the shear
wave velocities remains unchanged if the directions of propagation and vibration are
interchanged. The velocity of the longitudinal wave propagating in the normal direction
depends only on one expansion coefficient (equation 29). It follows from the equations (31)
and (32) that the combined use of shear wave velocities yield also relationships with one
expansion coefficient only

(i 174 )
p (ViR +Vw’)=2Cyu+2C LS 70\/;'“3"(:}11) (36)

p (" - viw’) =2 C ool —J§ (37

and from the equations (29) and (36) the following relationship, which is independent of
texture:
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p (v’ +vim’ + vw’) = Cii + 2 Cas (38)

Out of the numerous possibilities of determining the expansion coefficients from equations
(27) - (32) those which fit best the requirement of low error propagation are /39/:

210 |3 vi +vl
TN VAR

1 e 39
fTsc V7 Vig + Viw + Vin (39)
210 [3 Ve~ Vaw )
n_ 27 (2 2C.) —2—— 40
Ci 4J§c\/; ((c.,+ Cu) I (40)
210 [3 vi, +8vi, )
0= —. - 2 T 11
= 3BsC 7(6“ M+{(Cut2C) Vi * Vi + Vi 4
210 [3
L‘=3C— 7.(p(v25H0(0°)+V25H0(45°))—2u) (42)
( 2 0)? \
210 |3 2 (l—2cos O) Vsnoey ~ VsHoes)
‘3:————‘}—- 1-2cos*6) -|1-,/1-16 — 43
¢ 324/35C 7( cos’ 6) L \/ cos’ Bsin’ 0 V siocos J “3)

Not only the velocities of ultrasonic waves but also their stress or strain dependence
(acoustoelastic effect) is influenced by the texture.

The most comprehensive theoretical treatment of the texture influence on the second and
third order constants is done by Johnson /40/. In order to describe the elastic behavior of a
material with cubic crystal symmetry and rolling texture, 9 second order and 20 third order
constants are needed. The technique employed in order to obtain the estimates is a simple
Voigt-type procedure, in which the second and third order stiffness tensors are averaged over
the orientation distribution function for the crystallites. The results for the second order
constants are equivalent to previous estimates of such quantities by Bunge /41/, Morris /42/
and Sayers /43/. The results for the third order constants contain as a special case the earlier
work by Johnson /44/, who gives estimates for an aggregate that exhibits transverse isotropy.

In case of transverse isotropy, only the two expansion coefficients Wy and Wggo are
needed. In case of orthotropic texture (e.g. rolling texture) the three fourth order expansion
coefficients Waoo, Wazo, Waso and the sixth order expansion coefficients Wego, We20, Weso and
Woso contribute to the second and third order elastic constants.

Since in most cases of application the texture is not known in terms of the expansion
coefficients of the orientation distribution function, the experimental evaluation of the second
and third order elastic constants using representative samples is a straight forward approach.
Table 2 summarizes experimental results on samples cut parallel to each of the two principal
texture directions. The propagation of the ultrasonic waves was along the third texture axis.
Chatellier and Touratier describe a model and a more comprehensive experimental procedure
to determine the acoustoelastic constants of cubic materials with an orthotropic texture /45/.
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Table 2

Second and third order constants [GPa] evaluated using samples cut along the two principal
directions of texture.

Material A N | m n
Steel /46/ 80 84 -283+16  -666+30  -837+29
80 84 -253 £ 21 -635+30  -793 +28
Roll H-Cr-R 78/80 128 87 -597 -786 -927
128 87 -712 -812 -926
Roll H-Cr-R 78/80 130 91 -365 -614 -837
129 91 -471 -676 -861
Al 99.5% /46/ 49 26 -73+25 -264+4 -352+2
49 26 -55 +31 -249+9 -316 +4
Al 7075 57 27 -185+75 31619  -350+17
-117 £81 272 %15 -326+ 14
Al 7475 57 27 -192+£70  -335+£17  -358%16

-135+ 69 -276 £ 15 -331+ 14

4.034 Influence of temperature on ultrasonic velocities and on the acoustoelastic effect

With the temperature of a material, also its density and its elastic behavior change. Hence,
the velocities of ultrasonic waves propagating the material become temperature dependent.

Using ultrasonic frequencies between 1 and 20 MHz, experimental investigations in the
temperature range between -10°C and +40°C result in linear decreases of longitudinal and
shear velocities with increasing temperature. There is no difference found, using samples of
different ferritic pearlitic steels. The longitudinal wave and shear wave velocities decrease
about 0.1% = 0.01% and 0.12% #+ 0.02% respectively as the temperature increases by 10°C
+0.1°C.

Investigations of the temperature influence up to 1200°C using electromagnetic transducers
/47/ and laser generated ultrasonic waves /48,49,50/ show different results for ferritic and
austenitic steels.

Using the sound velocities and the density, the Youngs and shear moduli are calculated for
the temperature range between -20°C and +200°C. For both ferritic and austenitic steel, the
Youngs and shear moduli decrease with 0.3% + 0.01% and 0.33% + 0.02% if the sample's
temperature increases by 10°C + 0.1°C.

Like the second order, also the third order constants change with the material's temperature.
Experimental investigations in the range between room temperature and 60°C using different
Al-alloys, a ferritic and an austenitic steel sample are described in /51,52/. It is found that the
third order constants | and m decrease linearly with temperature while the constant n does not
change significantly.

Theoretical models describing the temperature induced change of the elastic properties of a
solid are often described in literature. A most recent and comprehensive one is given by
Cantrell /53/. The same author developed a theoretical model describing the stress or strain
induced change of the temperature dependence of the sound velocities /54/.
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Table 3
Relative change of longitudinal and shear velocities in steels and Al-alloys with temperature.
The change of velocity is related to the velocity measured at 20°C sample temperature.

Relative change of sound velocities per 10°C raise of temperature.

Material Temperature Range  Longitudinal Shear Wave
Wave
Ferritic-Pearlitic Steel -10°C to + 40°C -0.11% +0,01% -0.12% +0,02%
-0.16
Austenitic Steel X6 CrNi +25°C to + 85°C -0.15% £ 0,01% -0.25% +0,02%
1811
Austenitic Steel 18/8 /47/ +20°C to + 1200°C  -0.13%
Austenitic-Ferritic Steel AF  +20°C to + 500°C -0.13%
22 /48/ +500°C to + 900°C  -0.16%
+1000°C to + 1200°C -0.2%
Low Alloyed Carbon Steel ~ +20°C to + 500°C -0.06%
St E 450.7 T™M /49/ +500°C to + 800°C  -0.34%
+800°C to + 1200°C  -0.08%
Mild Steet BS 4360 grade 43 +17°C to + 700°C -0.15% -0.22%
A /48/ +800°C to + 1200°C  -0.1% -0.21%
Stainless Steel BS 970 /48/  +17°Cto + 1200°C  -0.11% -0.21%
Al, DURAL /50/ +5°C to + 300°C -0.15%
Al Alloy 2024 - T 351 -15°C to + 10°C -0.16% +0,01% -0.27% +0,02%

AlMg3

+20°C to + 60°C

-0.18% £ 0,01%

-0.33% +0,02%

Table 4
Relative change of third order constants of steels on Al-alloys if material's temperature
increases by 10°C. The change is related to the values measured at 20°C sample temperature.

Material I m n

24 Cr Mo 5V -6.4% -1.2% 0%
X6 CrNi 1811 -7.8% -3.0% 0%
AlMg3 -24% -5.1% 0.9%
Al 8091 -5.5% -0.5% -1.3%
Al 7064 -16% -2.5% -0.8%

Based on considerations of the Helmholtz free energy of the solids, the effect is expressed in
terms of second, third, fourth and fifth order elastic constants of the crystal. Calculations of the
fourth and fifth order constants are obtained using the central force Born-Mayer potential

between ion pairs. The effect was experimentally investigated by Salama and co-authors
155,56,57/.
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It was found that the temperature dependence of ultrasonic wave velocity is a linear function of
the applied stress to metallic tensile test samples:

- ) e

stressed not stressed J not stressed

Applying a longitudinal wave propagating an Al-alloy sample in the direction perpendicular
to the load, the factor of proportionality P was evaluated to 25 x 10™ MPa” /56/. Similar
investigations, using a different Al-alloy, resulted in P = 22.5 x 10" MPa™ /52/. Calculations
using the theoretical model /54/ yielded P = 18 x 10 MPa™.

Taking into account that both the temperature and the stress or strain dependence of
ultrasonic wave velocities are dependent on the material and on the microstructural state of a
sample, the above mentioned agreement between experimental and calculated values of P is
regarded as very good.

The effect of stress or strain induced changes of the temperature dependence of ultrasonic
waves is not widely used for the evaluation of stress states in samples and components. This is
mainly because of the extensive measuring effort.

4.035 Influence of microstructural changes on ultrasonic velocities and on the
acoustoelastic effect

The microstructural state determines the elastic behavior of a material and hence the
ultrasonic velocities. Ultrasonic techniques for the evaluation of mean grain sizes, porosities,
creep and fatigue damages are developed for individual cases of application. An overview is
given in /58,59/.

Because of the complex interaction between microstructural elements like grains, grain
boundaries, second phases, precipitates, pores, dislocations, interstitials, vacancies and the
ultrasonic wave propagation and the fact that their influences on the sound velocities is in the
same order of magnitude as the influence of strain or stress, there is no generalized approach
which can be used to evaluate stress states in materials in which the microstructural state varies
in the inspected area.

The only meaningfu! procedure is the experimental investigation of ultrasonic velocities and
their stress or strain dependence using representative samples with different microstructural
states.

Microstructure

In order to allow the ultrasonic evaluation of stress states in and around a weld seam in
ferritic steel structures, samples were cut from a plate of the same material, welded with the
same welding parameters as done in the structure. Using the results of the ultrasonic velocity
measurements and of their changes as function of a controlled elastic tensile strain, the material
dependent elastic constants are evaluated.

It is to be seen from Table 5 that the change of microstructure does not effect the second
order constants Young's and shear moduli. The third order elastic constants are dependent on
the microstructural state. The largest relative differences, related to the values, evaluated for
the ferritic / pearlitic states are 33% for the constant 1, 15% and 13% for the constants m and
n, respectively.
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Similar experimental investigations are reported in /60/. Samples of the same steel grade 15
MnNi 6 3 were heat treated in order to simulate the microstructure in and around the weld
seam. It was also found that the second order constants remained unchanged. The largest
relative difference of the third order constants was found to be 30% + 5% in case of | and 5%
+ 1% and 7% + 1% for the constants m and n.

Table 5

Elastic constants [GPa] of steel 15 MnNi 63 with different microstructural states.
Microstructure Young's Shear 1 m n

Modulus Modulus

Ferrite / Pearlite 210+ 2% 81+2% -397+8% -617+5% -7101+3%
Ferrite > 50%
Ferrite 30% - 40% + 210 81 -416 -636 -689
Intermediate
Intermediate 210 81 -348 -601 -694
Intermediate + 209 80 -285 -543 -619
Wittmannstitten
Intermediate + 210 81 -342 -588 -673

Retained Austentite

Measurements of the velocity of a longitudinal wave propagating perpendicular to the load
axis as function of the applied tensile load were performed in order to investigate the influence
of C-content on the acoustoelastic effect of different steel samples /61,62/:

Within the measuring error, a linear correlation is found between the acoustoelastic constant
and the contents. From the fact that the AEC of the higher alloyed steel ASTM A533B fits into
the linear relationship it is concluded that the carbon content of a steel is of stronger influence
than other alloying elements.

Table 6

The acoustoelastic constant (AECs3) of a longitudinal wave propagating perpendicular to the
load for steel samples with different content on carbon or on ferrite phase.

Steel C-content [%] Ferrite phase Acoustoelastic Change, related to
(%] constant AISI 1020 values
[10° MPa"]
AISI 1020 0.18-0.23 97 239 £2% 0
ASTM AS33B 0.25 96.3 244+ 2% +2%
AISI 1045 0.43-0.50 933 267+2% +11%

AISI 1095 0.90-1.03 85.8 3.09 £2% +29%
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Figure 3. The acoustoelastic constant AECs; of a longitudinal wave propagating perpendicular
to the load for steel samples with different content on carbon (left) or on ferrite phase (right).

Similar experiments using samples of the work hardening Al-alloys 5052, 3003, 1100-0, and
of the precipitation hardening Al-alloys 6061-T6, 2024-T351 also yielded a linear correlation
with the percentage of solid solution phase. Furthermore, correlations between the acousto-
elastic constant and the yield strength of the alloys are found /63/. The influence of the
constant of SiC particles in SiC reinforced Al matrix composites on the second and third order
elastic constants is described in /64/ and /52/. Calculations based on a model in which the
precipitates are represented by a dilute elastic suspension of spherical particle inclusions in an
infinite matrix confirmed the experimental results /62,65/.

Table 7

The acoustoelastic constant (AECs3) of a longitudinal wave propagating perpendicular to the
load for Al-aloys with different content on solid solution phase. The values for yield strength
and Brinell number are also given.

Al-Alloy Solid-Solution Acoustoelastic Yield Strength Brinell Number

Phase (%) Constant (MPa) (500kg load,
(x 10° MPa™") 10mm ball)
5052 99 14.1 +2% 155 63
3003 96 129+ 2% 100 40
1100-0 92 11.1 £2% 20 23
6061-T6 98 12.6 £2% 240 94

2024-T351 96 13.4+2% 270 120




541

AEC33 [10° MPa™] AEC3; [10°MPa™"]
15 T 5052 15 1
14 + 2024 144 sy 202
34 31 3003 i/I
12 4 3003 6061 12 +
6061
11 + 11 4+
1100
104 1100 10 +
9+ 91
8 —+ t } — 8 | } ]
9 92 94 9% 98 100 0 100 200 300
Content on Solid Sohtion Phase [%] Yield Strength [MPa]

Figure 4. The acoustoelastic constant AEC;; of a longitudinal wave propagating perpendicular
to the load for work hardening and precipitation hardening Al-alloys with different content on
solid solution phase (left) and with different yield strengths (right).

Plastic deformation

Since the plastic deformation of a metal goes along with movements of dislocations and the
increase of dislocation density, the dependency of sound velocities and higher order elastic
constants on elastic deformation is expected.

Measurements of ultrasonic velocities as function of elastic-plastic strain of steels and Al-
alloys are described in literature /7,66/. A model given by Johnson /66/ allows the calculation
of ultrasonic velocities propagating a plastically deformed material with considerable algebraic
effort. Calculations using a simplification of the model are to some extent in agreement with
experimental results /67/. The measuring effect depends on the material and on the ultrasonic
propagation and vibration direction with respect to the load and is different in the tensile and
compressive regime.

Measurements of ultrasonic longitudinal and shear waves as function of the elastic strain
were performed in order to evaluate the second and third order constants of steel samples
which were plastically deformed by tensile stress. It has been found that Young's and shear
moduli as well as the third order constant n do not change within the experimental error (£1%
and +7%, respectively) if the plastic deformation is less than about 8%. The third order
constants | and m show a strong dependence of plastic deformation. These results are found for
the ferritic 22 NiMoCr 3 7 steel as well as for the austenitic X6 CrNi 18 11 steel /60/. Results
of recent experimental investigations, shown in Figure 5, illustrate the influence of plastic strain
on the acoustoelastic effect of steel samples.
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Figure 5. Relative change of ultrasonic longitudinal (vi;) and shear waves (vi;,vi2) versus
elastic strain of a steel sample without (left) and with 12% plastic prestrain (right).

A model describing the interactions of ultrasonic waves with dislocations is given by
Granato and Liicke /68/. The dislocations are considered as short strings which vibrate in the
elastic field of the ultrasonic wave. The model mainly treats the ultrasonic attenuation due to
dislocation damping in terms of the dislocation density, the loop length of the dislocation
between pinning points, the dislocation tension and the ultrasonic frequency. The model
predicts a very small (less than 0.1 %) influence on the wave velocities. The influence of
dislocation density on the velocity and on the acoustoelastic effect is part of a present study.
Using steel samples of the same grade and microstructural state, with the same mean grain
sizes, and with dislocation densities of 1.4 x 10" cm?, 2.4 x 10" cm™ and 3.1 x 10" cm™ the
absolute sound velocities of 5 MHz ultrasonic waves at room temperature was measured. The
sound velocities changed only some tenth of a percent. But the change of sound velocity as
function of the elastic strain of the samples was found to be significantly influenced by this
small differences in dislocation densities as to be seen in Figure 6.

All nine second order and twenty third order constants are given as function of the thickness
reduction ratio of cold rolled steel plates by Chatellier and Touratier /69/.

The experimental results indicate a significant influence of plastic deformation on the elastic
constants. Hence, care must be taken if ultrasonic techniques are applied to evaluate stress
states of plastically deformed components.
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Figure 6. Relative change of wave velocity as function of elastic strain of steel samples with
different dislocation densities.

Density

Whereas the density in conventional metals can usually be regarded as constant, the
densities in sintered metals and in ceramics can change locally. In view of the evaluation of
stresses in ceramics, the influence of density on the relevant elastic constants was investigated
for Al,O5 specimens. Table 7 summarizes the experimental results.

Table 7

Elastic constants [GPa] of Al,O; samples with different densities.

Density Shear modulus  Young's 1 m n
[g/cm’] " modulus

3.915 160 £ 3% 395 +3% -68+15% -970+10% -1300+10%
3.90 159 £ 3% 391+3% 69+ 15% -953+15% -1279 + 10%
387 154 + 3% 380+ 3% 716+ 15% -919+15% -1228 + 10%
35 119+ 3% 284+ 3% 70+ 15% -600+15%  -865 £ 10%

It is found that shear and Young's moduli as well as the third order constants m and n
change linearely with density whereas the constants ! remained uneffected /70/. Since linear
changes of the uitrasonic velocities as function of the elastic strain have been found, it is
assumed that the described formalism can also be applied to determine the higher order elastic
constants of Al;O; ceramic.
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Creep and fatigue damages in metallic components cause, among others, local changes of
the material density. In order to allow a quantitative ultrasonic stress analysis in damaged
components, the influence of the damages on the elastic moduli and on the strain dependence
of ultrasonic velocities must be systematically investigated.

The published results on the influences of microstructure on the ultrasonic velocities and
especially on the strain dependences of ultrasonic velocities are of individual nature and might
be used for a qualitative analysis. In view of the quantitative ultrasonic evaluation of stress
states it is recommended that the material constants should be evaluated using a sample with a
microstructural state which is representative for the state of the component to be tested.

4.04  Measuring systems and setups for specific applications

The ultrasonic techniques for the evaluation of stress states use the influence of the strains
respectively stresses on the ultrasonic velocities. Since the effect is in the range of some tenths
of percent, the ultrasonic path length and the ultrasonic time-of-flight have to be measured
with an accuracy of some parts in tenthousand. The measurement of the path length is usually
avoided either by using transmitter and receiver probes with unchanged distance fixed in a rigid
frame or by the combined use of two waves propagating the same path with different
sensitivities to the stress. Hence, the time-of-flight remains as the only measuring quantity.

There are basic configurations for measuring the ultrasonic time-of-flight in components as
sketched in Figure 7.

Figure 7. Ultrasonic time-of-flight measurements on components.
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The upper part displays the case for evaluating bulk stresses. The time difference between
the two back wall echoes corresponds to the time, the wave needs to propagate twice the
thickness. Using a reference material, as sketched in the central part of Figure 7, has the
advantage that e.g. temperature influences on the sound velocity can be easily discriminated.
The lower part of the figure illuminates the measurement of the time between the electric
trigger signal and the signal of the received ultrasonic wave.

In order to minimize measuring errors due to unstable ultrasonic coupling conditions, the
use of a second receiver is recommended. The difference between the time from the trigger to
the first received signal and from the trigger to the second received signal is independent of the
coupling instability. In the past, considerable efforts were made in order to achieve the time-of-
flight measurement with the needed accuracy. Nowadays, the updated electronics facilitate the
task.

The simplest measuring setup for manual measurement consists of an ultrasonic device and
a two channel oscilloscope. The ultrasonic apparatus should have a high frequency (RF) exist
to allow the visualization of the high frequency ultrasonic signals on the screen of the
oscilloscope. The oscilloscope should have a time measurement module with a temperature
stabilized time reference enabling a resolution of the order of ns. By manual adjusting a time
delay in the oscilloscope, two gated back wall echoes can be overlapped. The time delay is
given in the screen of the oscilloscope.

Since higher frequencies in the short ultrasonic pulse are stronger attenuated than lower
frequencies, the wave length in the succeeding echo is longer than the wave length in the
proceeding echo.

Hence, the most accurate time-of-flight is measured between the group of vibrations of the
first signal and the group of vibrations of the second signal, yielding the group velocity of an
ultrasonic pulse. This procedure can be realized by digitizing the ultrasonic echoes and
applying a cross-correlation algorithm. Appropriate setups and software are available on the
market. Another technique also uses the digitized form of the ultrasonic signals. The
application of a Fast Fourier Transformation algorithm yields the ultrasonic amplitudes and
phases in the frequency domain. A shift in the phases corresponds to a change of the time-of-
flight. Since there is an ambiguity of 2x in the phase spectrum, special care must be taken.

An overview as well as a comparison of five analysis algorithms for measuring ultrasonic
time-of-flight and calculating ultrasonic velocities is given in /71/. It is found that the most
consistent results are provided by the overlap, cross-correlation and cepstrum aigorithms.

Mostly, the time-of-flight is measured from the trigger signal to a specific part of the
ultrasonic signal or from a specific part of the first to the similar specific part of the second
ultrasonic signal. The possibility mentioned first is used in almost all wall-thickness gauges.
The time-of-flight counter is started with the trigger signal and stopped as soon as the
receiving signal reaches a predetermined amplitude threshold.

The second technique measures the time between a zero crossing of the first signal and the
corresponding zero crossing of the second echo. This procedure is sufficiently unaffected by
changes of the ultrasonic amplitudes. Since this technique measures the time distance between
selected positions of each signal, its application cannot be recommended for time-of-flight
measurements on materials with strong ultrasonic attenuation or dispersion.

Not only the ultrasonic attenuation but also the frequency dependence of the ultrasonic
velocities (dispersion) cause uncertainties of the absolute time-of-flight measurements. In order
to avoid such uncertainties, the application of the same ultrasonic probes with the same center
frequencies for both, the evaluation of the acoustoelastic constants using the representative
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sample as well as the evaluation of the stress state in the corresponding component, is the most
common practice.

Ultrasonic transducers with normal incidence, as they are available on the market, are
suitable for the ultrasonic stress analysis. Piezoelectric longitudinal wave transducers with
center frequencies between 1 and 20 MHz and shear wave transducers with center frequencies
between 0.5 and 10 MHz and diameters in the range from about 3mm to about 25mm are
standard. Electromagnetic transducers for shear waves, with the advantage that no coupling
medium between transducer and surface of the component is needed can be ordered from
specialized manufacturers /72/. The vibration direction of the shear wave transducer is usually
given by the manufacturer. It can also be determined as decribed in /73/.

In order to generate a surface wave (Rayleigh wave) or a skimming longitudinal wave, the
normal incident longitudinal transducer is mounted onto a wedge with the corresponding angle
as calculated using the Snellius law /74/. Electromagnetic transducers can be built for SH- and
also for surface waves /72/.

There are different setups for measuring the time-of-flight of ultrasonic waves. Personal

computers with a plugged in ultrasonic transmitter/receiver board are also available as robust
analog devices suitable for in-field measurements. Since the ultrasonic techniques for the
evaluation of stress states are not "just take it from the shelf and apply” techniques, the
commercially available setups for evaluating stress states are optimized for specific
applications. The DEBRO 30 is designed for evaluating surface stress states in components
like rails and girders with a quasi one axial stress state /16,20/. Different manufacturers offer
setups for evaluating strain and stress in screws and bolts. STRESS MIKE, BOLT MIKE,
BOLTMASTER, BOLTGAGE and DT 500 B are the most prominent instruments for this
purpose. The AUSTRA system was the first fully automated setup for evaluating the two axial
surface stresses in components like rolls and rotors. The modular concept enables its
application to characterize bulk stress states also /18,75/. The UER setup is built for the
automated evaluation and classification of stress states in rims of monoblock railroad wheels
/23/. DEBBIE is optimized for the in-field evaluation of stress states in rims of railroad wheels
/76/. A different technique for measuring the time-of-flight as those mentioned above is
described in /19/: A superheterodyne phase sensitive measuring system was built for the
evaluation of stresses in thin plates.
The Acoustic Microscope allows the characterization of stress states in the very near surface
layers with local resolutions in the range of pm. The major area of application is the charac-
terization of stresses in electronic components and in non-metallic layers. Both the setups and
the techniques are constantly being improved in terms of spatial and lateral resolutions as well
as in terms of understanding and interpreting the observed images /8,9, 77,78,79,80/. The
published activities deal with optimized applications for specific cases making a short des-
cription of the state of art difficult if not impossible. There are two categories of techniques to
be distinguished.

One technique takes advantage of the well known velocity-strain-relationship as described
above. Defocussing the microscope, the velocity of a Rayleigh wave can be determined and the
surface stress state can be evaluated using the appropriate acoustoelastic constants of the part
of the material propagated by the wave. The result and its accuracy depends heavily on the
precision of the wave velocity and on the choice of the relevant constants. As described, the
acoustoelastic constants are influenced by microstructural variations. Hence, special care must
be taken if stress states in the pm-scale are calculated using the acousto-microscopic data.
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The second category gathers techniques which generate interference patterns. The patterns
are caused by the phases or amplitudes of two ultrasonic waves, propagating with velocities
which are differently influenced by the stress state. The result is an information of the sum or
difference of the principal stresses. Since the physical background of the measured effect is
quite complex, a calibration using a representative sample is recommended.

The application of the acoustic microscope for characterizing or for evaluating stress states
can so far only be performed by experienced operators.

4.05  Evaluation of stress states in metallic components

A broad variety of ultrasonic applications for evaluating stress states is described in the
review articles and handbooks /7,8,9,10,11,73,77,81,83/. Usually, the ultrasonic stress analysis
is prepared in such a way that the elastic constants are evaluated. Using these constants, the
influences of any one-, two-, or three axial stress state on the ultrasonic velocities or times-of-
flight are calculated. The possible influence of texture or changes of the microstructure are also
taken into account. These evaluations determine which kind of ultrasonic wave or even
combinations of different waves are to be applied. A-priori information concerning the stress
states of the component of interest (e.g. one principal stress is neglegibly small) or concerning
the texture (e.g. texture is homogeneous along the measured trace) or the stress equilibrium
conditions is used for simplifications of the technique and for minimization of the effort.

The ultrasonic application for evaluating stress states is not limited to metals. The
acoustoelastic effect, as formulated by Hughes and Kelly /2/ in terms of the equations
(10,11,12) is valid for isotropic materials with a cubic crystal symmetry only. But the same
equations can be used to evaluate stress states in materials for which linear changes of the
ultrasonic velocities are measured if an elastic strain or stress is applied. Furthermore, even in
case of a nonlinear relation between velocities and stress state, the stress state can be
characterized using the mentioned dependence for calibration. In fundamental investigations
using monolithic ZrO, and ALO; ceramic samples, it was found that the sound velocities
change linearly with the elastic strain. This effect is of the same magnitude in ZrO, as it is in

steels. The stress or strain influence on the sound velocities was found to be much smaller in the
Al O3 ceramics /70/.

4.051 Determination of the principal axis of strain and stress

The basic equations describing the influence of the strain states on the ultrasonic velocities
presume that the ultrasonic waves propagate and vibrate along principal axes of strain. For the
ultrasonic stress analysis it is also assumed that the principal axes of strain coincide with the
principal axis of stress. Hence, the determination of the principal axis of strain and stress is the
first step to take for the ultrasonic application.

The use of the ultrasonic birefringence of linear polarized shear waves is straightforward for
that purpose. In almost all cases of application, one principal axis is known, e.g. the thickness
direction of a plate. A linear polarized shear wave, propagating the thickness is reflected at the
opposite surface of the plate and a backwall echo is received. Multiple back and forth
reflections yield a backwall echo sequence. Turning the probe, that is also turning the direction
of vibration with respect to the two principal directions of the plane, the backwall echo
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sequence shown in the upper part of Figure 8 can be seen if the direction of polarization
coincides with a principal axis. In the case of coincidences of both directions, the linear
polarized shear wave keeps its polarization. The amplitudes decrease due to attenuation
effects. In case of no coincidence of both directions, the shear wave vibrates elliptically. The
elliptical vibration can be described in terms of the superposition of two wave components,
each vibrating parallel to the principal axis. The shape of the ellipse depends on the angle
between the incident polarization direction and the principal axes as well as on the difference of
the velocities of the components. If the angle between the incident vibration direction and the
principal axes is 45°, a backwall echo sequence appears as shown in the lower part of Figure 8.
The two wave components of the incident wave have not only the same frequency but also the
same amplitudes. The different velocities of the two wave components cause a phase shift
between the components which increases with the ultrasonic path. If this phase shift reaches
ultrasonic wavelength, a destructive interference occurs.

Turning the ultrasonic probe with known polarization direction, the direction is found under
which the destructive interference appears. The principal axes are under * 45° to that certain
polarization direction. By adjusting the vibration direction of the incident wave parallel to each
of the principle axes, the extreme values of the ultrasonic velocity or time-of-flight confirm
these directions.

Time of Flight

Amplitude

Time of Flight

Figure 8. Ultrasonic back wall echo sequence. Vibration direction of incident shear wave
parallel (top) and under 45° (bottom) to principal stress axes.

4.052 One axial stress states

In order to evaluate the strain or stress state in screws and bolts, all commercially available
systems use a longitudinal wave propagating the length of the screw. The longitudinal time-of-
flight is measured before and after the screw has been tightened. The simultaneous use of a
radially polarized shear wave, propagating the length of the screw allows the strain and / or
stress analysis also if the original length or time-of-flight in the unstrained case is not known.
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The technique as well as the design of a probe for the combined use of longitudinal and shear
waves are described in /82/. It is important to note that the acoustoelastic constant depends on
the relationship between the tightened and the total length of the screw.

The application of skimming longitudinal wave propagating a layer of the tread of a rail can
successfully be used to evaluate the longitudinal stress in new rails. In order to discriminate
influences of microstructural changes along the length of the rail, the simultaneous application
of a skimming longitudinal wave in the upper part of the web is recommended. The longitu-
dinal stress is neglegibly small in that part of the rail; the time-of-flight represents the value for
the stress-free state. Ultrasonic results, evaluated continuously along 1 m of rail lengthes are
found to be in good agreement with the results of the partly destructive ring core technique, as
to be seen in Figure 9. The stress state in the head of used rails cannot be regarded as one
axial. Hence, other ultrasonic techniques are demanded. The state of developments is given in
/24.25.26/.

Figure 9. Longitudinal stress in the tread of new rails along the rail lengths
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4.053 Surface stress states

Rayleigh waves are most often applied to evaluate surface stresses. A recent application to
analyze stresses in a steel bridge is described in /84/. The advantage associated with Rayleigh
waves is the possibility of generating those waves with electromagnetic transducers. The
disadvantage is the sensitivity to surface conditions like roughness, paint and corrosion
products, and the fact that this wave is less sensitive to stresses than e.g. a skimming
longitudinal wave propagating the surface near layer. The disadvantage herewith is the need of
a coupling medium. Hence, the choice depends on the conditions of application. The results of
an application of a skimming longitudinal wave to evaluate the surface stresses of hardened
steel rolls is chosen as Figure 10 because they also show the results of an established partly
destructive technique /17/.

4.054 Two axial stress states in the bulk

The application of two linear polarized shear waves, propagating the thickness with
polarization parallel to each of the two principal axes of stress yield the difference of the two
stresses as a result. The advantage is that the shear modulus and the third order constant n are
the only material dependent parameters needed. Furthermore, it has been found that the
constant n is less effected by microstructural changes than the other higher order constants
Another advantage is the possibility of generating theses waves with electromagnetic
transducers, enabling an easy manipulation along measuring traces. Successful applications
include the control of the stress relief treatments of steel and Al alloy plates, the analysis of
stresses in rails in the track /25/ and the evaluation of the stress state in rims of railroad wheels
/21,22,23 85,86/,

In order to evaluate two axial stress states in the bulk of thin components, the application of
a resonant method with an electromagnetic transducer is recommended as described in /19/.

In case of a known and constant thickness, the combined use of the two shear waves with a
longitudinal wave yields the individual values of the two principal stresses.

° Circumference (MPa] ° Length (MPe|

0 500 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Length of Roll {mm] Length of Roll [mm]

Figure 10 . Surface stress state of a hardened roll.
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4.055 Three axial stress states

In case the geometry of the component allows the propagation of linear polarized shear
waves along two of the principal directions, a three axial stress state can be characterized by
two differences of two principal stresses. The propagation along the third axis yield the third
difference of the two stresses acting along the principal directions perpendicular to the sound
propagation direction.

Otherwise, only the measurement of the velocities of longitudinal and shear waves allow the
quantitative evaluation of the three principal stresses. There is no publication known to the
author in which the three individual stresses of a three axial bulk stress state are evaluated.

4.056 Stresses in and around weldments

The quantitative evaluation of welding stresses using ultrasonic techniques is only possible if
the acoustoelastic constants are known for the material in the weld seam, in the heat affected
zone and in the base material. If these constants were evaluated using representative samples,

good agreements with results of established partly destructive techniques can be achieved as
Figure 11 illustrates /87/.

Figure 11. Stresses parallel (||) and perpendicular (1) to a multilayered ferritic weld seam.

Knowing the appropriate acoustoelastic constants and taking advantage of locus continuous
measurements of the ultrasonic time-of-flight, the stress states in and around weldments can be
mapped. Figure 12 shows the stress parallel to the seam o in a welded Al-alloy plate with 4
mm of thickness /88/. The results along two traces are displayed in Figure 13.
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Figure 12. Map of the stress parallel to the weld seam in an aluminium sheet.

Figure 13. Stress parallel to the weld seam along two traces across the seam.
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Comparisons of the stresses evaluated using skimming longitudinal and Rayleigh waves are
given in /89/. The experiments are performed on a welded stainless steel pipe and a welded Al-
Mg alloy plate. The application of a skimming longitudinal wave and intensive investigations
using linear polarized shear waves to evaluate stress states in welded steel plates are reported
in /90/ and /33/, respectively.

Since cracks in welded components are often found in the area of the heat affected zone and
base material, the stress state in that zone is of particular interest. Using the acoustoelastic
constants of the base material, the ultrasonic application has been proven to be a reliable tool
for evaluating the surface and bulk stress states and for controlling the post welding heat
treatment.

4.057 Evaluation of stress states in components with orthotropic texture

There is no procedure which can be generally applied for that purpose. Depending on the
stress state to be evaluated, on the strength of the texture and on the geometry of the
component, the appropriate approach has to be chosen and, if needed, adapted.

Since the influence of texture on the ultrasonic shear wave velocity remains the same if the
directions of wave propagation and vibration are interchanged (equations 30,31,32), the
texture independent equation is derived:

Vij ~ Vii ti—t
—J——]=J———J=(0\—GJ)/2L1 (45)
Vii tis

The application of the equation presumes that the principal axes of stress coincide with the
symmetry axes of the texture. If ® is the angle between the rolling and the propagation

direction and ‘¥ the angle between the rolling direction and the direction of the principal stress

o1, the application of SH-waves allows the evaluation of the difference of the in plane stresses
191,92/,

(VSH (@) - VSH (@+90°)) / V= (0'1-02) cos2 (l{J-G)) / 2“ (46)

Experimental and theoretical results agree very well as shown in /8/.

The approach described in /93/ is also independent of texture. The principal axes of stress
are assumed to be parallel to the texture symmetry directions. A SH wave is applied which
propagates a plate not normally but under the angle ¢ to the surface normal. The wave
propagates the thickness of the plate, is reflected at the rear side of the plate and received by a
second transducer at the surface. Transmitter and receiver are adjusted parallel to the direction

of the principal stress oy; the velocity Vsy; is determined. The velocity Vs, is measured after
the sensors are aligned parallel to the directions of stress o;. The evaluation equation is

Vshi - Vshz

l(pz(cz—cn)-F1((p)+ F2.cos’ o @7
Vsu

Vsu is the SH velocity in the stress free case, F, is a function of second and third order
elastic constants and F; is a second order constant. Measurements at two angles of ¢ are made
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to evaluate the two unknowns F; and (62-01) - F1(¢). Knowing F\(¢p) for the two angles ¢ by
preceeding calibration experiments, the difference of the principal stresses can be evaluated.

Applying an approach given in /92,94/, a similar experimental effort yields an equation for
0,-61 which is independent of the elastic and acoustoelastic constants.

The combined use of longitudinal and shear waves propagating along the same principal
directions results also in a relationship (equation 38) which is independent of texture. The
application aliows the evaluation of the sum of the two in plain stresses. Other combinations,
as given in the equations 29,36,37 are useful only if the texture is characterized by one of the
expansion coefficients. The same restriction holds for the approach described in /95/.

If the texture can be assumed as homogeneous, the equilibrium conditions of the stress state
can be used to evaluate the expansion coefficients and to separate the texture influence on the
ultrasonic velocities. The application is restricted to components with a simple geometry and a
dense coverage with measuring positions.

A further possibility of separating the effects of texture from those of stress uses the
ultrasonic scattering at grain boundaries between grains with different orientations. Hence, the
ultrasonic birefringence (equations 17,18,19) is a function of the ultrasonic frequency if it is
caused by texture and is independent of frequency if caused by stress. The technique, described
in /96/, presumes a known relationship between two constants, containing the single crystal
elastic constants and the expansion coefficients of the fourth and sixth order. Numerical
calculations using the data of cold rolled a-brass and cold rolled recrystallized steel samples
show a linear correlation between the two mentioned constants. Experimental investigations on
other cold rolled steel samples confirm the correlation /97/. This approach has the advantage
that the actual degree of texture is taken into account.

All other published approaches known to the author presume a slight anisotropy in order to
simplify the possibilities described above.

4.058 Evaluation of dynamic stresses

Although there is no systematic investigation or application known to the author, it is poin-
ted out that ultrasonic techniques render possible the evaluation of changing stress states.
Updated measuring techniques take up to 200 measurements per second. The mechanical
strength and electrical stability of both, piezoelectric and electromagnetic probes can be
designed to meet the requirements for a long term application in rough environments.

4,059  Resolution and accuracy

The result of the ultrasonic stress analysis is always a mean value of the stress influencing
the velocity of the applied ultrasonic wave while it is propagating a section of the component.
Hence, the resolution depends on the sound beam geometry given by the probe diameter, the
ultrasonic wavelength and the path length. The smallest diameter of probes, still easy to handle,
is about 6 mm, the diameters of the defocused uitrasonic beam in acoustic microscopes is in
the range of 10um.

Wavelengths cover a range from typically 6 mm to about 0.3 mm and may be as small as
about 3 um if a 1GHz acoustic microscope is used.
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The path length is either the transmitter / receiver distance in case of the surface stress
analysis or the thickness of the component or an even multiple of the thickness, depending on
the used time-of -flight measuring technique. In case of acoustic microscopy, the path length is
about the diameter of the defocused beam.

Often the local resolution is regarded as increased by measuring along a trace with step
widths smaller than the probe diameter and by taking the measured value to the coordinate of
the central point of the probe. In doing so, the local resolution depends on the used scanning
system.

The accuracy in its true meaning depends on a variety of parameters. Here, the comment is
limited to the reproducebility of a measurement.

The measurements of ultrasonic time-of-flight can be made reproduceable within = 1 in 10,
The reproducebility of AEC values is in the range of + 3-5 % and the evaluated stress values
are reproduceable within the same range. Reproduceable measurements performed at other
positions of the (quasi) homogeneous component may scatter. Hence, the appropriate
averaging technique should be applied.

There are two aspects to be considered with respect to the result of the ultrasonic stress
analysis: One is the inaccuracy associated with the stress free reference, the other is the in-
accuracy associated with the AEC's evaluated using a representative sample. The accuracy of
the stress value is usually about 15 - 20 MPa and + 10 %.

Comparing ultrasonic results with those of the established ring core or hole drilling
techniques, agreements within the error bars of both techniques are found. The results of an
extensive round robbin test of destructive and nondestructive techniques are given in /98/.

4.06 Recommendations

Complementary to the established nondestructive x-ray diffraction and to the partly destruc-
tive hole drilling and ring core techniques, which are the most frequently applied techniques,
the ultrasonic techniques permit the evaluation of surface and bulk stress states of components.
The major advantages of the ultrasonic techniques are the fast data acquisition, the possibility
of locus or time continuous measurements and the low costs per measuring point. However, in
order to get quantitative stress values, the ultrasonic techniques require evaluations of the
elastic properties which are not needed for the application of the established techniques.
Hence, it is important to precisely know the task of the stress state analysis.

In some cases, it is sufficient to measure the ultrasonic time-of-flight along traces before and
after a specific treatment of the component. The homogeneity of the stress distribution or the
stress relief after thermal or mechanical treatments can be tested that way. The decrease of
time-of-flight can be interpreted as decrease of tensile or increase of compressive stresses, the
change of stress can be approximated using the relative change of time and the appropriate
acoustoelastic constants given in earlier paragraphs.

If quantitative results are requested, the evaluation of the material dependent acoustoelastic
constants is needed. Since the inaccuracy of the final result is dominated by the inaccuracy
associated with the acoustoelastic constants, it is strongly recommended to use samples which
are as representative as possible for the component to be stress analyzed. The use of the same
ultrasonic sensors for both, the evaluation of the needed acoustoelastic constants and the
evaluation of the stress state in a component also reduces the inaccuracy.
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Since the ultrasonic sensors are aging and hence change their properties, it is important to
have a reference sample with constant properties. Measuring the time-of-flight of ultrasonic
waves propagating the sample, the conditions of the ultrasonic sensors should be documented.
A similar procedure is recommended to take different temperatures of the component into
account.

The general procedure of the ultrasonic stress analysis as well as the different techniques to
evaluate the stress states in components is given in chapter 4.05. The described cases can be
regarded as examples for a beneficial application of ultrasonic techniques.

On the other hand, the evaluation of stresses in monolithic ceramics, except ZrQ,, or in
ceramic heat protection layers and the stress evaluation in hardened surfaces with hardness and
stress gradients are certainly not cases for a successful ultrasonic application. Beside the

established techniques, the micromagnetic techniques are recommended if the material is
ferromagnetic.

4.07 References

1 F.D. Murnaghan, Finite Deformation of an Elastic Solid, Wiley New York (1951).

2 D.S. Hughes, J.L. Kelly, Second Order Elastic Deformation of Solids, Physical Review
92 (1953) S, 1145-1149.

3 R.M. Bergman, R A. Shahbender, Effect of Statically Applied Stresses on the Velocity of
Propagation of Ultrasonic Waves, J. Appl. Phys. 29 (1958) 1736-1738.

4 R.W. Benson, V. J. Realson, Acoustoelasticity, Prod. Eng. 30 (1959) 56-62.

S D.J. Crecraft: The Measurement of Applied and Residual Stresses in Metals Using
Ultrasonic Waves, J. Sound Vib. 5 (1967) 173-193.

6 D.M. Egle, DE. Bray, Measurement of Acoustoelastic and Third Order Elastic
Constants for Rail Steel, J. Acoust. Soc. Am. 60 (1976) 741-744.

7 Y H. Pao, W. Sachse, H. Fukuoka, Acoustoelasticity and Ultrasonic Measurements of
Residual Stresses, Physical Acoustics, XVII (1984) 62-143.

8 RB. Thompson, W.Y. Lu, AV. Clark Jr, Ultrasonic Methods, Handbook of
Measurements of Residual Stresses, J. Lu (ed.), Society for Experimental Mechanics,
Inc., The Fairmont Press Inc., Lilburn, USA (1996) 149-178.

9 H.  Fukuoka, Development of Acoustoelasticity in Japan, Nondestructive
Characterization of Materials V, T. Kishi, T. Saito, C. Ruud, R. Green Jr. (eds.), Iketani
Science and Technology Foundation (1992) 181-192.

10 V.M. Bobrenko, M.L. Vangeli, AN. Kuzenko, Akustische Tensometrie, Ministerium fiir
Wissenschaft und Bildung der Republik Moldavien, Polytechnisches Institut S. Lazor
Kishinjev (1991).



12

13

14

15

16

17

18

20

21

557

G.S. Kino et al., Acoustic Measurements of Stress Fields and Microstructure, J.
Nondestructive Evaluation 1 (1980) 67-77.

J.S. Heyman, E.J. Chern, Ultrasonic Measurements of Axial Stress, J. Testing and
Evaluation 10 (1982) 202-211.

A.V. Clark Jr., J.C. Moulder, R B. Mignogna, P.P. Delsanto, Ultrasonic Determination
of Absolute Stresses in Aluminium and Steel Alloys. Residual Stresses in Science and
Technology, E. Macherauch, V. Hauk (eds.), DGM Informationsgesellschaft mbH,
Oberursel (1987) Vol. 1, 207-214.

S.J. Wormley, K. Forouraghi, Y. Li, R.B. Thompson, E.P. Papadakis, Application of a
Fourier Transform-Phase-Slope Technique to the Design of an Instrument for the
Ultrasonic Measurement of Texture and Stress, Review of Progress in Quantitative
Nondestructive Evaluation, D.O. Thompson, D E. Chimenti (eds.), Plenum Press New
York (1990) Vol. 9A, 951-958.

J. Deputat, A. Kwaszczynska-Klimek, J. Szelazek, Monitoring of Residual Stress in
Railroad Wheels with Ultrasound, Proc. 12th. World Congress, Elsevier Science
Publishers B.V. Amsterdam, J. Boogaard, G.M. van Dijk (eds.), (1989) 974-976.

J. Deputat, Ultrasonic Measurement of Residual Stresses under Industrial Conditions,
Acoustica (1993) 79, 161-169.

E. Schneider, R. Herzer, D. Bruche, Automatisierte Bestimmung oberflichennaher
Spannungszustande in Walzen mittels Ultraschallverfahren, DGZfP Berlin, Berichtsband
18 (1989) 419-426.

R. Herzer, E. Schneider, Instrument for the Automated Ultrasonic Time-of-Flight
Measurement, -A Tool for Materials Characterization-, Nondestructive Characterization
of Materials, P. Holler, V. Hauk, G. Dobmann, C. Ruud, R. Green (eds.), Springer
Verlag Berlin Heidelberg (1989) 673-680.

H. Fukuoka, M. Hirao, T. Yamasaki, H. Ogi, G.L. Petersen, C.M. Fortunko, Ultrasonic
Resonance Method with EMAT for Stress Measurement in Thin Plates, Review of
Progress in Quantitative Nondestructive Evaluation, D.O. Thompson, D.E. Chimenti
(eds.), Plenum Press New York (1993) 12, 2129-2136.

DEBRO UMS, Akademicka 3, 02-038 Warsaw, Poland, Private Communication.

RE. Schramm, AV. Clark Jr, J. Szelatek, Safety Assessment of Railroad Wheels by
Residual Stress Measurements, Proceedings of Nondestructive Evaluation of Aging
Railroads, The Society of Photo-Optical Instrumentation Engineers (1995) Vol. 2458,
97-108.



558

22

23

24

25

26

27

28

29

30

31

32

33

34

35

E. Schneider, R. Herzer, D. Bruche, H. Frotscher, Ultrasonic Characterization of Stress
States in Rims of Railroad Wheels. Nondestructive Characterization of Materials VI,
RE. Green Jr. et al. (eds.), Plenum Press New York (1994) 383-390.

R. Herzer, H. Frotscher, K. Schillo, D. Bruche, E. Schneider, Ultrasonic Setup to
Characterize Stress States in Rims of Railroad Wheels, ibid. 699-706.

J. Szlazek, Ultrasonic Measurement of Thermal Stresses in Continuously Welded Rails,
NDT&E International (1992) 25, 77-85.

M. Hirao, H. Opi, H. Fukuoka, Advanced Ultrasonic Method for Measuring Rail Axial
Stresses with Electromagnetic Acoustic Transducer, Res. Nondestr. Eval. (1994) 5, 211-
223.

E. Schneider, H. Hintze, M. Dalichow, Ultrasonic Techniques for the Evaluation of
Stress States in Railroad Wheels and Rails, World Congress on Railway Research 1996,
Proceedings, 4.8.

L. Bergman, Der Ultraschall, 6. Ausgabe, Hirzel Verlag, Stuttgart, 1954

R.E. Green Jr., Ultrasonic Investigation of Mechanical Properties, Treatise on Materials
Science and Technology, H. Herman (ed.), Academic Press, New York and London
(1973) Vol. 3, 73-126.

E. Schneider, K. Goebbels, G. Hiibschen, H.J. Salzburger, Determination of Residual
Stress by Time-of-Flight Measurements with Linear-Polarized Shear Waves, Ultrasonics
Symposium IEEE (1981) 956-959.

M. Hirao, H. Fukuoka, K. Hori, Acoustoelastic Effect of Rayleigh Surface Wave in
Isotropic Material, Journal of Applied Mechanics (1981) 48, 119-124.

P.P. Delsanto, R.V. Clark, Rayleigh Wave Propagation on Deformed Orthorhombic
Materials, J. Acoust. Soc. Amer. 81 (1987) 952-960.

G.T. Mase, G.C. Johnson, An Acoustoelastic Theory for Surface Waves in Anisotropic
Media. Journal of Applied Mechanics 54 (1987) 126-135.

T. Luthi, Beitrag zur Ermittlung von Eigenspannungen mit Ultraschall Anwendung auf
Schweifnihte, Dissertation (1990) Eidgenossische Technische Hochschule Ziirich.

R.T. Smith, R. Stern, R W.B. Stephens, Third Order Elastic Moduli of Polycrystalline
Metals from Ultrasonic Velocity Measurements, J. Acoust. Soc. Am 40 (1966) 1002-
1008.

G. Mott, M.C. Tsao, Acoustoelastic Effects in Two Structural Steels, Nondestructive
Methods for Material Property Determination, C.O. Ruud, R.E. Green (eds.), Academic
Press (1983) 377-392.



36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

559

A. Khedher, L'Acoustoélasticité dans les Solides Isotropes et son Experimentation,
Dissertation (1994) Université Catholique de Louvain, Belgium.

H.-J. Bunge, Zur Darstellung allgemeiner Texturen, Z. Metallkunde 56 (1965) 872-874.

R. J. Roe, Description of Crystallite Orientation in Polycrystalline Materials, General
Solution to Pole Figure Inversion, J. Appl. Phys. 36 (1965) 2024-2031.

M. Spies, E. Schneider, Nondestructive Analysis of Textures in Rolled Sheets by
Ultrasonic Techniques, Textures and Microstructures (1990) 12, 219-231.

G.C. Johnson, Acoustoelastic Response of a Polycrystalline Aggregate with Orthotropic
Texture, J. Appl. Mechanics (1985) 52, 659-663.

H.J. Bunge, Uber die elastischen Konstanten kubischer Metalle mit beliebiger Textur,
Kristall und Technik 3 (1968) 431-438.

PR. Morris, Averaging Forth-Rank Tensors with Weight Functions, J. Appl. Phys.
(1969) 40, 447-448.

C.M. Sayers, Ultrasonic Velocities in Anisotropic Polycrystalline Aggregates, J. Phys. D.
(1982) 15, 2157-2167.

G.C. Johnson, The Effect of Texture on Acoustoelasticity, Review of Progress in
Quantitative Nondestructive Evaluation, D.O. Thompson, D E. Chimati (eds.), Plenum
Press New York (1983), Vol. 2B, 1295-1308.

J.-Y- Chatellier, M. Touratier, A New Method for Determining Acoustoelastic Constants
and Plane Stresses in Textured Thin Plates, J. Acoust. Soc. Am 83 (1988) 109-117.

H. Fukuoka, H. Toda, Preliminary Experiments on Acoustoelasticity for Stress Analysis,
Arch. Mech. (1977) 39, 673-686.

W. Bottger, A. Graff, H. Schneider, Dickenmessung an Stahl, Materialpriifung (1987)
29, 124-128.

C.B. Scruby, B.C. Moss, Non-Contact Ultrasonic Measurement on Steel at Elevated
Temperatures, NTD&E (1993) 26, 177-188.

M. Paul, Fraunhofer Institut Zerstorungsfreie Priifverfahren IZFP, Saarbriicken, Private
Communication.

R.J. Dewhurst, C. Edwards, A D.W. McKie, S.B. Palmer, A Remote Laser System for

Ultrasonic Velocity Measurement at High Temperatures, J. Appl. Phys. (1988) 63, 1225-
1227.



560

51

52

53

54

SS

56

57

58

59

60

61

62

63

H. Mohrbacher, E. Schneider, K. Goebbels, Temperature Dependence of Third Order
Elastic Constants, Proceedings of the 9th Internat. Conf. on Experimental Mechanics,
Aaby Truk Copenhagen (1990) 3, 1189-1197.

H. Mohrbacher, Temperature Dependence of Nonlinear Ultrasonic Effects, Master
Thesis University of Houston, Diplomarbeit Universitit des Saarlandes (1991).

JH. Cantrell, NASA Langley Research Center, Hampton, Private Communication.

JH. Cantrell, Stress-Temperature Dependence of Sound Velocity, Ultrasonic
International Conference Proceedings (1989) 977-982.

K. Salama, R.M. Ippolito, The Use of Temperature Dependence of Ultrasonic Velocity
to Evaluate Stresses, Ultrasonic Materials Characterization, H. Berger, M. Linzer (eds.),
National Bureau of Standards Special Publication 596 (1978) 201-211.

K. Salama, C K. Ling, Nondestructive Determination of Bulk Stresses in Aluminium and
Copper, J. Appl. Phys. (1980) 51, 1505-1511.

K. Salama, Relationship between Temperature Dependence of Ultrasonic Velocity and
Stress. Review of Progress in Quantitative Nondestructive Evaluation, D.O. Thompson,
D.E. Chimenti (eds.), Plenum Press New York (1985) 4B, 1109-1119.

K. Goebbels, Materials Characterization for Process Control and Product Conformity,
CRC Press, Boca Raton (1994).

G. Dobmann, N. Meyendorf, E. Schneider, Nondestructive Characterization of Material
States and Evaluation of Material Properties, Bulletin du Cercle d'Etudes des Métaux,
Ecole Nationale Supérieure des Mines de Saint-Etienne (1995) TOME XVI, 3.1-3.36.

E. Schneider, H. Pitsch, S. Hirsekorn, K. Goebbels, Nondestructive Detection and
Analysis of Stress States with Polarized Ultrasonic Waves, Review of Progress in
Quantitative Nondestructive Evaluation, D.Q. Thompson, D .E. Chimenti (eds.), Plenum
Press New York (1985) 4B, 1079-1088.

J.S. Heyman, S.G. Allison, K. Salama, Influence of Carbon Content on Higher-Order
Ultrasonic Properties in Steels, Ultrasonic Symposium (1983) 991-994,

JH. Cantrell, K. Salama, Acoustoelastic Characterization of Materials, Internat.
Materials Review (1991) 36, 125-145.

E. Schneider, S.L. Chu, K. Salama, Nondestructive Determination of Mechanical
Properties, Review of Progress in Quantitative Nondestructive Evaluation, D.O.
Thompson and D E. Chimenti (eds.) Plenum Press New York (1985) 4B, 867-875.



64

65

66

67

68

69

70

71

72

73

74

75

76

561

DF. Lee, K. Salama, E. Schneider, Ultrasonic Characterization of SiC-Reinforced
Aluminium, Nondestructive Characterization of Materials, P. Holler, V. Hauk, G.
Dobmann, C.O. Ruud, R.E. Green (eds.) Springer Verlag Berlin Heidelberg (1988) 173-
183.

K. Salama, E. Schneider, SL. Chu, Acoustoelastic Constants in Dilute Two-Phase
Alloys, Review of Progress in Quantitative Nondestructive Evaluation, D.O. Thompson
and D.E. Chimenti (eds.) Plenum Press New York (1986), SB, 1431-1438.

G.C. Johnson, Acoustoelastic Theory for Elastic-Plastic Materials, J. Acoustical Soc.
America (1981) 70, 591-595.

K. Ravi-Chandar, E. Schneider, Ultrasonic Detection and Sizing of Plastic Zones
Surrounding Fatigue Cracks, Res. Nondestructive Evaluation (1994) S, 191-209.

A. Granato, K. Liicke, The Vibration String Model of Dislocation Damping, Physical
Acoustics, W.P. Mason (ed.) Academic Press, New York, London (1966) Vol. IV, Part
A, 226-276.

J.-Y. Chatellier, M. Touratier, Effects of a Forming Process by Cold Rolling on the
Second and Third Order Elastic Constants of a Steel, Ultrasonics International (1987)
600-604.

E. Schneider, Bestimmung von Spannungen in Keramiken mittels Ultraschallverfahren. -
Moglichkeiten und Grenzen -. Eigenspannungen in Keramik, W. Kollenberg (ed.),
Forschungszentrum Jilich GmbH, Jul-Spez. 550 (1990) 123-145.

G.G. Leisk, A Saigal, Digital Computer Algorithms to Calculate Ultrasonic Wave
Speed, Materials Evaluation (1996) 840-843.

G. Alers, G. Hiibschen, B. Maxfield, W. Repplinger, H.J. Salzburger, R.B. Thompson,
A. Wilbrand, Electromagnetic Acoustic Transducers; ASNT Nondestructive Testing
Handbook, Second Edition, Paul MclIntire (ed.), Vol. 7 (1991) 326-340.

K. Goebbels, E. Schneider, Spannungsmessung mit Ultraschall, Handbuch fiir

experimentelle Spannungsanalyse, Ch. Rohrbach (ed.), VDI Verlag GmbH Diisseldorf
(1989) 609-618.

J. Krautkramer, H. Krautkramer, Ultrasonic Testing of Materials, Springer Verlag Berlin
Heidelberg New York (1993) Third Revised Edition.

R. Herzer, E. Schneider, H. Frotscher, D. Bruche, AUSTRA - An Instrument for the
Automated Evaluation of Stress States Using Ultrasonic Techniques, Proceedings of the

9th Internat. Conference on Experimental Mechanics, Aarby Tryk Copenhagen, (1990)
1150-1158.

DEBBIE, manufactured by DEBRO UMS, Akademicka 3, 02-038 Warsaw Poland.



562

77

78

79

80

81

82

83

84

85

86

87

88

89

Z. Sklar, P. Mutti, N.C. Stoodley, G.A.D. Briggs, Measuring the Elastic Properties of
Stressed Materials by Quantitative Acoustic Microscopy, Advances in Acoustic
Microscopy, A. Briggs (ed.) Plenum Press New York, London (1995), Vol. 1, 209-247.

J.D. Achenbach, J.O. Kim, Y.C. Lee, Measuring Thin-Film Elastic Constants by Line-
Focus Acoustic Microscopy, ibid. 153-208.

H. Shimada, Stress Measurement by a Line-Focus-Beam Acoustic Microscope,
Ultrasonic Spectroscopy, Y. Wada (ed.) (1988), 50-56.

E. Drescher-Krasicka, J. R. Willis, Mapping Stress with Ultrasound, Nature, 384 (1996)
52-55.

E. Schneider, K. Goebbels, Nondestructive Evaluation of Residual Stress States Using
Ultrasonic Techniques, Residual Stresses, E. Macherauch and V. Hauk (eds.), DGM
Oberursel (1986) 247-261.

E. Schneider, W. Repplinger, Bestimmung von Lastspannungen in Schrauben mittels
Ultraschallverfahren, FKM Forschungsheft Nr. 147, Forschungskuratorium Maschinen-
bau e.V. Frankfurt (1990).

E. Schneider, A. Pierre, Evaluation of Stress States in Components Using Ultrasonic
Techniques, Measurements of Residual Stresses, Bulletin du Cercle d'Etudes des
Métaux, Ecole Nationale Supérieure des Mines de Saint-Etienne (1993), TOME XVI.

AV. Clark, P. Fuchs, S.R. Schaps, Fatigue Load Monitoring on Steel Bridges with
Rayleigh Waves, J. Nondestr. Eval. 14 (1995) 3, 83-98.

A V. Clark, H. Fukuoka, D.V. Mitrakovic, J.C. Moulder, Acoustoelastic Measurement
Pertaining to the Nondestructive Characterization of Residual Stress in a Heat-Treated
Steel Railroad Wheel, Materials Evaluation (1989) 47, 835-841.

R.E. Schramm, J. Szelazek, AV. Clark, Dynamometer-Induced Residual Stress in
Railroad Wheels: Ultrasonic and Saw Cut Measurements, NIST Boulder, NIST Internal
Report 5043 (1996).

A. Peiter, E. Schneider, H. Wern, Messen von Schweieigenspannungen mit -
Feldanalyse und Ultraschallverfahren, Materialpriifung 29 (1987) 129-132.

U. Arenz, Gefiigeabhingigkeit der materialspezifischen Kenngrofen zur Ermittlung der
SchweiBeigenspannungen in Aluminiumbauteilen mittels Ultraschallverfahren, Diplom-
arbeit, Universitit des Saarlandes (1996).

E. Tanala, G. Bourse, M. Fremiot, Y.F. De Belleval, Determination of Near Surface
Residual Stresses on Welded Joints Using Ultrasonic Methods, NDT&E International,
28 (1995) 83-88.



90

91

92

93

94

95

96

97

98

563

T. Leon-Salamanca, D.F. Bray, Residual Stress Measurement in Steel Plates and Welds
Using Critically Refracted Longitudinal Waves, Res. Nondestr. Eval. (1996) 169-184.

R.B. Thompson, S.S. Lee, J.F. Smith, Angular Dependence of Ultrasonic Wave
Propagation in a Stressed, Orthorhombic Continuum: Theory and Application to the
Measurement of Stress and Texture, J. Acoust. Soc. Am. 80 (1986) 921-931.

C.S. Man, W.Y. Lu, Towards an Acoustoelastic Theory for Measurements of Residual
Stress, J. Elasticity 17 (1987) 159-182.

RB. King, C.M. Fortunko, Evalulation of Residual Stress States Using Horizontally
Polarized Shear Waves, Review of Progress in Quantitative Nondestructive Evaluation,

D.O. Thompson, D.E. Chimenti (eds.), Plenum Press New York (1983) Vol. 2B, 1327-
1337.

WY. Ly, CS. Man, Measurements of Stress in Plastically Deformed Bodies using

Ultrasonic Techniques Based upon Universal Relations in Acoustoelasticity, Exp.
Mechanics 29 (1989) 109-114.

H. Toda, H. Fukuoka, Y. Aoki, R-Value Acoustoelastic Analysis of Residual Stress in a
Seam Welded Plate, Japanese Journal of Applied Physics 23 (1983) 86-88.

K. Goebbels, S. Hirsekorn, A New Ultrasonic Method for Stress Determination in
Textured Materials, NDT International 17 (1984) 337-341.

S. Hirsekorn, E. Schneider, Characterization of Rolling Texture by Ultrasonic Dispersion
Measurement, Nondestrcutive Characterization of Materials, P. Holler, V. Hauk, G.
Dobmann, C. Ruud, R. Green (eds.), Springer Verlag Berlin Heidelberg (1989) 289-295.

V. Hauk, H. Kockelmann, Eigenspannungszustand der Lauffliche einer Eisenbahn-
schiene, HTM 5 (1994) 340-352.



564

5. Micromagnetic techniques
W. A. Theiner

5.01 Historical review

The interaction of stress fields with ferromagnetic materials can be recognised in
macroscopic ferromagnetic parameters as well as in their micromagnetic behaviour. The
changes in macroscopic ferromagnetic parameters as a result of stresses are studied in
measuring e.g. hysteresis curves, anhysteresis, susceptibilities, permeability, coercitivities,
remanence and magnetostrictive parameters /1-3/.

If a ferrous material is magnetostrictive the hysteresis curve becomes sheared under the
influence of stress fields: if the material is stressed, it will change its size in characteristic
dependency of the magnetic field strength. From these ferrous solid state properties different
stress sensitive parameters can be derived if a full magnetisation reversal is recorded. Many
basic research and development studies have been performed since the beginning of this
century. Beside the better understanding of why materials become ferromagnetic the discovery
of new ferrous materials led very soon to early industrial applications: permanent magnets, soft
magnetic materials with small loss factors, magnetostrictive filters, magnetic resonance circuits,
electromagnetic transducers, magnetostrictive units for actuators and mechanical damping
devices.

With the ongoing understanding of ferromagnetic properties /1,2,4,5,6/ - especially
micromagnetic theory - one becomes able to explain interactions between lattice imperfections
and internal stresses with Bloch-walls. Although most of these studies have been performed on
single crystals and poor polycrystalline materials, results describing macroscopic magnetic
parameters as well as microscopic remagnetisation processes up to now in the best quantitative
approach. Since that time micromagnetism has been the most successful tool to design new
magnetic nondestructive techniques. Since the 1950's and 60's when the theoretical foundations
of micromagnetism were laid, these nondestructive methods for residual stress evaluation have
been derived from irreversible Bloch-wall movements, reversible magnetisation processes,
from magnetostrictive active Bloch-walls (BW) and from rotation processes (RP) occurring in
the higher magnetic field range. Theoretical works have also shown that the understanding of
magnetic anisotropy - crystal, elastic, magnetostrictive - in the micromagnetic description was
helpful for the development of stress dependant nondestructive techniques as well as for stress
and microstructure dependent micromagnetic parameters.

Most micromagnetic nondestructive techniques started in the sixties. The evaluation of
published works as registered in data banks of mechanical engineering, applied physics and
nondestructive testing shows that since 1985 macroscopic magnetic parameters (hysteresis in
the set-up technique, eddy current, time-of-flight measurements influenced by AE effect, ...},
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irreversible micromagnetic (magnetic Barkhausen, acoustic Barkhausen, incremental
permeability, mechanical excited Barkhausen, dynamic magnetostriction) and reversible
micromagnetic  parameters  (reversible permeability, susceptibility and  dynamic
magnetostriction) have been used to measure stresses in ferrous materials.

In these two decades devices for measuring residual stresses were built up. Barkhausen
effect units, devices using dynamic magnetostriction and incremental permeability set-ups are
in use. Developments since 1980 use the multi-parameter micromagnetic NDE-approach. This
technique enables unambiguous stress measurements to be carried out even in disturbed
situations. Disturbance means that additional parameters as microstructure, texture and
gradients are influencing micromagnetic stress measurements. Therefore it is not surprising that
micromagnetic techniques have become increasingly dominant for stress measurements. This
can be deducted from published papers between 1976 - 1996.

64 % of published papers have used micromagnetic parameters and 36 % macromagnetic
and eddy current techniques (Figure 1). The most frequently investigated and applied
micromagnetic techniques are derived from Barkhausen signal parameters (Figure 2). Further
assessments can be deduced from the state of the art of used methods: Is ND method in
industrial use? Are prototypes available? Is the technique able to perform quantitative stress
measurements? Can the method evaluate stresses in real time? Influence different
microstructure states quantitative stress measurements? Ability of the system to measure
different parameters simultaneously? Analysis shows that most micromagnetic stress
measurements use one measuring parameter and only a minority of published works are using
multiparameter micromagnetic strategies. Many papers are concerned with basic research: in
these papers mechanical, X-ray, neutron diffraction and further physical methods are used to
assess sensitivity of micromagnetic methods, to calibrate parameters with well known
techniques, e.g. x-ray; to measure different stress types; to evaluate stress-gradients; etc.
(Figure 3).

The developments of the last 20 years have shown that many micromagnetic stress
measurements have been made in R&D laboratories and only few industrial applications have
become known. The main reason for this ,technology gap“ are influencing factors and
interference signals which in many cases under real-testing situations prevent quantitative ND
stress measurements. Greatest demands on ND is set however in the case of real time
measurements in production lines. Therefore new nondestructive stress testing units using a set
of testing parameters which can be used for appropriate computer codes for getting
unambiguous stress results. These units are tailored to the needs of customers and using

Nondestructive /ntelligent Stress Testing (NIST) probes as well as NIST hard- and software
devices.
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Figure 1. Percentage of papers in which micromagnetic and macroscopic magnetic parameters
are used for stress and residual stress measurements within the period between 1976 and 1996

Figure 2. Micromagnetic stress measurements published between 1976 and 1996. E: dynamic
magnetostriction, p. permeability / incremental permeability, A: acoustic Barkhausen noise, M:
magnetic Barkhausen noise.

Figure 3. Nondestructive stress measurements within the period between 1976 and 1996 which
are using: A: one micromagnetic parameter, B: multiparameter micromagnetic methods, C:
different methods like acoustic, magnetic and other techniques.
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5.02 Symbols and abbreviations

BW Bloch-wall

BWI1 Bloch-wall of 1* kind

BW2 Bloch-wall of 2 kind

RPrev Reversible rotation process

RPirr Irreversible rotation process

E Amplitude of excited magnetostrictive electromagnetic ultrasonic mode
EC Eddy Current

H Magnetic field strength

Ha Amplitude of alternating magnetic field

AHpm Width of MB amplitude curve versus H at x% of maximum
H, Tangential magnetic field strength

Hg Exciting magnetic field strength of yoke

He Coercivity

Hewm Coercivity derived from H-position of Muax

He, Coercivity derived from H-position of pamax

Hco Coercivity, derived from upper harmonics analysis of H,

J Magpnetic polarisation

K Distortion factor, derived from upper harmonics analysis of H,
MB Magnetic Barkhausen noise

AB Acoustic Barkhausen noise

Mpmax Maximal amplitude of rectified Barkhausen signal

fa Analysing frequency of Barkhausen signal

fe Magnetic exciting frequency

fa Exciting frequency of incremental permeability

RSLIL III Residual stresses of first, second and third kind

ND Nondestructive

NDE Nondestructive evaluation

v, Ar Anisotropy parameter

A(H) Magnetostriction as function of magnetic field

AL Longitudinal magnetostriction

ua(H) Incremental permeability as function of magnetic field strength
HAMAX Maximal value of us(H)

AH, Broadening of ua(H)-curve at a fixed p,-value

Oy Yield strength

o Tensile stress

o_ Compressive stress

OxD Nondestructively determined residual stress values
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5.03  Physical fundamentals

5.031 Interactions of stress states with micromagnetic parameters

Micromagnetic theory explains the existence of Bloch-walls, describes why ferrous
materials have a domain structure; describes the interaction of Bloch-walls with lattice
imperfections and internal stresses. The magnetostrictive and electromagnetic interactions
between Bloch-walls and the interactions between regions where local disturbances of the
magnetic lattice properties are sources for electrostatic and stress fields. For nondestructive
micromagnetic stress measurements the different kinds of BW’s are the most important
wintrinsic sensor”. As defined by /4/:

Bloch-walls of the 1* kind (BW1) are walls which separate magnetic domains in which the
magnetostrictive residual stresses do not vanish in adjoining domains (Figure 4). Therefore
these BW1-type, in iron e.g. all (100)-90° BW’s, have great interacting volumes. Whenever
one BW1 type is moved the elastic energy density will be changed in dependence of their local
position. This means that BW1 can only be moved from the actual position if local magnetic
field strength or elastic energy density will be changed by external energy supply and that
macrostresses will interact with this Bloch-wall type in a direct manner.

Figure 4. Magnetostrictive stresses caused by BW1 and BW2 Bloch-walls in adjoining
domains.

Bloch-walls of the 2™ kind (BW2) only produce residual stresses within the Bloch-wall
itself. In iron all 180° BW’s and the (110)-90° walls are of BW2 type. Because BW2’s separate
areas with the same magnetostrictive behaviour no elastic energy will be changed during their
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movement. BW2 do not interact with macrostresses (RSI) and microstresses e.g. RSII stresses
within grains which are larger then BW2 dimension. These walls only sense steep stress
gradients in the dimension of the Bloch-wall thickness as produced e.g. by dislocations /1-4/ or
in an indirect way,by electromagnetic and magnetostrictive interactions between different
volume areas and BW’s to minimise electromagnetic and elastic energy density /5,6/.

Beside BW1 all rotation processes (RP) will change the magnetoelastic energy density and
therefore all these processes are stress sensitive and. magnetostrictive active.

Rieder's classification of Bloch-wall types is the key for the development of stress sensitive
and nondestructive testing methods. Together with the micromagnetic theory of magnetic
demagnetisation processes one can derive different micromagnetic nondestructive parameters
which are different from their principal reaction upon stresses and microstructure parameters.

5.032 Nondestructive micromagnetic parameters

ND parameters can be derived from macroscopic magnetic and macroscopic
magnetostrictive parameters. In this case ferrous material will be described as a continuum by
which volume areas much greater than domain dimension contribute to the measured magnetic
quantity. These values are e.g. the magnetisation J, the magnetic flux density B or the
longitudinal magnetostriction A. Table 1. Quantitative results can only be obtained if test
specimens have a defined geometry and specimen is excited by a constant magnetic field
strength over the whole cross section. Because of these restrictions these tests are mainly
performed in R&D laboratories and not in field applications.

Stresses which are measured with sensors in the set-up technique are derived from
reversible (rev), irreversible (irr) and rotation (RP) processes. Most of these techniques are
using electromagnetic transducers for magnetic field excitation and signal detection. If different
micromagnetic processes determine ND parameters these quantities record independent
physical information about ferrous state and offer therefore the possibility for designing
multiparameter micromagnetic probe systems Table 2.

Table 1

Macroscopic ND methods which can be applied to test specimens with defined geometry.
Techniques are distinguished with regard to magnetisation and micromagnetic processes.

ND method magnetisation process micromagnetic sensor
process
magnetisation rev BW1 electromagnetic
irr BW2,
RP
magnetic rev BWI electromagnetic
flux irr BW2
RP
magnetostriction rev BWI1 electric

irr RP optic
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Table 2

ND methods which are used in the set up technique. Techniques are distinguished with regard
to magnetisation and micromagnetic processes.

ND method Magnetisation process Micromagnetic Sensor
process
Magnetic irr BWI1 electromagnetic
Barkhausen signal BW2
RPirr
Acoustic irr BWI1 acoustic
Barkhausen RPirr.
noise
Eddy current rev BWI electric
irr BW2 electromagnetic
Incremental rev BWI electric
permeability irr BW2 electromagnetic
RP
RPirr.
Time signal rev BWI1 electromagnetic
of tangential irr BW2
magnetic field RP
strength RPirr
Dynamic rev BW1 acoustic
magnetostriction irr RP electromagnetic
RPirr

These different physical properties as described in Table 2 allow:

o the design of multiparameter micromagnetic devices,
o to measure different nondestructive targets simultaneously;
e to distinguish between different influencing parameters to suppress disturbances.

The last point is in fact the most important one in determining whether nondestructive stress
techniques will be successful in industrial applications or not.

Which reversible and irreversible nondestructive parameters can be derived from
micromagnetic properties? Micromagnetic theory and micromagnetic phase theory predict that
BW1, BW2 and RP are contributing at different magnetic field strengths to the magnetisation
process. In polycrystalline ferrous materials BW2 contribute to remagnetisation in a dominant
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way around coercivity field strength Hc. Outside of this field region BW1 becomes more and
more dominant. If magnetisation becomes saturated BW density decrease and further
remagnetisation processes take place by RP’s Figure 5. Because of this micromagnetic rules
interactions with microstructure parameters can be recorded with one set of micromagnetic
quantities whereas stresses are measured by values mainly determined by BW1 and RP. In
polycrystalline materials reversible and irreversible BW2 demagnetisation processes become
largest around Hc. This can be verified by differential and reversible permeability
measurements recorded over the tangential magnetic field strength H,/1,2/. This behaviour can
be used to determine coercivity values by the H-field position of the maximum whenever BW2-
type is involved (see Table 2). Outside of the Hc field region BW1 and RP contribute as
described above to magnetisation. For getting all this different information the most important
of the measuring variables is the appropriate chosen amount of the exciting magnetic field
strength Hg.

Figure 5. Magnetic field depended remagnetisation processes by Bloch-wall type 1 (BW1) and
2 (BW2) and rotation processes (RP). BW1: stress sensitive, BW2: no interaction with
macrostresses, RP: stress sensitive.

If magnetoelastic or magnetostrictive ND parameters are measured the He-region is marked
out by minimum or maximum values. This can be seen from the longitudinal magnetostriction
plot. Because only BW1 and RP contribute to elongation and contraction of ferrous materials
the minimum at dA/dH=0 indicates for polycrystalline stress free materials the Hc-value.
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Table 3

Micromagnetic parameters which can be used for stress measurements, measuring variables

and influencing factors.

ND method

ND parameters

Measuring variables
and influencing factors

Magnetic
Barkhausen signal
(MB)

Acoustic
Barkhausen signal
(AB)

Eddy current
(EC)

MB events versus time
rectified MB amplitude versus
H

rectified MB

power spectrum of MB

pulse high distribution of MB
events

MB recorded versus exciting
current of yoke

coercivity Hey derived from
maximum of rectified MB
signal

MB recorded versus exciting
current of yoke

width of MB amplitude curve
versus H at x(%) of maximum
AHM

AB events versus time
rectified AB versus H
frequency spectrum of AB

impedance value versus time
real and imaginary impedance
values

frequency of yoke excitation

&

frequency range in which MB
signals are measured f,
amplitude of exciting field
strength of yoke Hg

lift off of sensor

design and electrical
properties of probe system
properties of electronic units
(filter, amplifier, signal to
noise ratio)

frequency of yoke excitation
fe

frequency range in which AB
signals are measured fj
amplitude of exciting field
strength Hg

design and electrical
properties of probe system
properties of electronic units
(filter, amplifier, signal to
noise ratio)

coupling of acoustic
transducer

frequency range in which EC
signals are measured fy
amplitude of HF-exciting field
strength H,
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ND method

ND parameters

Measuring variables
and influencing factors

Eddy current
(continued)

Incremental
permeability

(a)

Time signal

of tangential

magnetic field strength
(H-T)

Dynamic
magnetostriction

(E)

Phase of signals

impedance value versus time
impedance value versus
magnetic field strength

width of incremental
permeability curve versus H at
x(%) of maximum

real and imaginary impedance
values

Phase of signals

coercitivity Hc, derived from
maximum of impedance signal

coercivity

distortion factor

amplitude of upper harmonics
phase of upper harmonics

EMAT-amplitude versus
magnetic field strength H,
EMAT-phase versus
magnetic field strength H,
coercivity Heg derived from
minimum of EMAT-
amplitude versus magnetic
field strength H,

lift off of sensor

design and electrical
properties of probe system
properties of electronic units

frequency of yoke excitation fg
frequency range in which EC
signals are measured fy
amplitude of exciting field
strength of yoke Hg

amplitude of HF-exciting field
strength H,

lift off of sensor

design and electrical
properties of probe system

properties of electronic units

frequency of yoke excitation
f

amplitude of exciting field
strength of yoke Hg

lift off of sensor
design of probe system

frequency of yoke excitation
fe

frequency range in which
EMAT signals are measured
fe

amplitude of exciting field
strength of yoke Hg
amplitude of HF-exciting field
strength Hy

lift off of transducer

design and electrical
properties of probe system

properties of electronic units
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5.033  Stress dependency of ND parameters

Quantitative micromagnetic stress measurements are influenced by different parameters. In
this chapter most important influencing factors as principal stresses, microstresses, temperature
and microstructure are discussed briefly whereas the influence on ND stress measurements by
microstructure gradients, texture and different ferrous materials are not further taken into
account.

Principal stresses

All direct to stress related ND parameters use BW1 and RP magnetisation processes.
Macroscopic stress fields interact on BW1 and RP in such a way that BW1 movements take
place to reduce elastic energy density. By this process, the mean averaged orientation of
magnetic domains is aligned parallel or perpendicular to the direction of the acting stress field.
For ND stress measurements one has to recognise that the probabilities for magnetisation
directions parallel and antiparallel to the o-direction are occupied with the same probability /1-
4/. This means that demagnetised ferrous materials remain in this state and therefore no change
in e.g. longitudinal magnetostriction or magnetisation parameters will be observed in a
macroscopic scale. Whenever magnetic fields are superimposed in o-field direction this
direction becomes a preferred magnetisation direction, if material to be tested has a positive
magnetostriction. In this case strains parallel to the exciting H-field will support
remagnetisation processes and will become a magnetic ,.easy* direction; if compression stresses
are acting in H-field direction one needs greater magnetic-field strengths to achieve e.g. the
same magnetic flux value as for tensile case; direction becomes a ,,poor magnetisation
direction (Figure 6). This behaviour can be observed for all macroscopic and micromagnetic
parameters being used for stress measurements in a more or less dominant way (Figure 7). This
stress induced magnetic anisotropy is used to determine the axis of principal stresses. For this
procedure only the exciting magnetic field direction Hg must be rotated during the
measurement of stress related parameters. From the minimum-maximum figure of recorded
signals the principal axis can be determined immediately.

Figure 6. Shape of hysteresis of steel for different stress levels.
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Figure 7. Determination of principal stress axis by micromagnetic parameters

Macrostresses

The distance between BWs measured in steel grades is between approximately 0.5 and Spum;
grains have dimensions in the range of 2 and 200um. If macrostresses are applied on a body
BWs within grains will see only the stress field which acts in this single crystal. This means that
only microstress-states are responsible for the BW arrangement. Macrostresses will influence
the domain arrangement in such a way that averaged values of microstresses get field
character. Therefore macrostresses can only be measured by micromagnetic parameters in
accordance with the field character of stress fields and appropriate dimensions of the sensor.

Non-linear properties of ferrous materials

A difficulty for getting unambiguous stress values remains from non-linear magnetostrictive
properties. Polycrystalline iron has in the low magnetic field region, H-field strength smaller
then approximately 30 A/cm, a positive longitudinal magnetostriction which is caused by
(100)-90° BW's. At greater field strength values magnetostriction becomes negative because of
the dominant contribution of (110)-90° and (111)-90° BW’s.

From this one can see that different kinds of stress-supported micromagnetic processes take
place in dependence of H-field strength (Figure 8). This must be kept in mind when stress
measurements are performed. The non-linear behaviour can be seen from micromagnetic
parameters if they are recorded versus the magnetic field strength. This property of the ferrous

state is the reason why one will obtain ambiguous results in nearly all applications whenever
only one quantity is used.
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Figure 8. Shape of longitudinal magnetostriction versus magnetic excitation for different stress
levels.

Microstructure influences

An important point which must be recognised for micromagnetic stress measurements is the
influence of microstructure on micromagnetic ND properties /1,2,3/. In hard materials, e.g.
martensitic steels, BW1 type can hardly be moved by stresses because high defect densities
acting as strong pinning centres and high stress levels within subgrains decrease the BW1
density. Remagnetisation processes can only take place over a large range of H-field. Many
ND parameters became therefore more linear. This can be seen from the time signal of the flux
density, the tangential field strength and from longitudinal magnetostriction measurements
(Figure 9). In contrast to magnetic hard materials annealed ferritic steels with coarse grains and
a small defect density (precipitation, dislocations, second phases, dissolved atoms) are very
stress sensitive. The BW rearrangement induced by stresses can easily be performed at low
energy input and hence for low stresses. All ND parameters show non-linear behaviour versus
stresses and magnetic field strength.

Temperature influence

If measurements are performed at different temperatures one has to recognise that the
Bloch-wall orientation and hence local magnetisation is mainly determined by crystal
anisotropy K. This anisotropy is temperature dependant and energy density decreases with
increasing temperatures /1-4/. This means that stress anisotropy becomes more and more
dominant and ND stress measurements more sensitive at elevated temperatures.
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Figure 9. Soft and hard magnetic materials which show different sensitivity if stress levels are
changed.

5.04  Micromagnetic residual stress measurements

5.041 Testing units and sensors

As outlined in chapter 5.1 most electromagnetic stress tests are using one ND parameter
respectively different methods and matched sensors (Figure 3); only a minority of application
are using the multiparameter approach with one sensor. All units have their own characteristics
concerning the signal to noise ratio, the frequency range where signals are detected, the filter
characteristics etc. (Table 3). The design of sensors is matched to the needs of the customers.
In the normal case the design is restricted to the capability of the laboratory which has
manufactured the device. By this situation and by the main difficulties to build up sensors with
equal electromagnetic characteristics no standards or codes could be developed up to now for
nondestructive electromagnetic residual stress tests.

5.042 Calibration procedures

The calibration of micromagnetic parameters (Table 2) can be performed using either tensile
or bending tests, x-ray / neutron diffraction methods can be used, if calibration must be
performed on the component itself Combinations of different nondestructive methods, like
ultrasonic and micromagnetic techniques, can also be useful in different disturbed applications
because of the different information content of each method. If microstructure states and

residual stresses are superimposed one has to use at least two independent ND parameters to
avoid ambiguous results.

One procedure using Barkhausen signals for residual stress measurements is shown in
Figure 10. Both parameters Myax and Hcy are measured in the set up technique. Myax - the
maximum value of the rectified Barkhausen signal shows a non-linear dependency upon
stresses for the annealed state (A) and a poor more linear reaction for the hard martensitic



578

states (B). This behaviour is always observed ferromagnetic polycrystalline materials with
positive magnetostriction. The coercivity Hcy shows the same stress dependency as the
macroscopic coercivity value Hc evaluated from hysteresis measurements. Namely, a more or
less linear behaviour for the hard material and a non-linear reaction for the soft material state.
Both information can be used to determine the stress state or/and the hardness value.

Residual Stress [MPa]

Figure 10. Stress calibration of Barkhausen noise amplitude Mwm.x, and coercivity Hey versus
stress for microstructures with different Vickers hardness HV (HV-values indicated in
Figures).

After calibration quantitative ND stress measurements are obtained. Because steel grades
have a non-linear stress dependency unambiguous values can only be achieved by using
multiparameter testing devices with at least two independent parameters. The calibration
procedure for these multiparameter units is the same as described for the Barkhausen method.
Appropriate approximation function for quantitative ND-tests are usually obtained by multiple
regression or by neural net analysis.

5.043 Applications

Residual Stress and Hardness Tests in Low Pressure Turbine Blades /9/:

Turbine blades of the last stage row in low-pressure (LP) turbine sections must operate in
regions of high moisture. This leads to water droplet erosion of the leading edge. To increase
the resistance of the blades to this type of erosion, a flame hardening process is employed. This
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process, if not properly applied, increases the susceptibility of the blade material, X 20Cr 13 to
stress corrosion cracking.

For stress corrosion cracking to occur, sufficiently high tensile stresses must be present. The
amount of the total surface stress present in the hardened leading edge of the blade is
determined, to a large extent, by the residual stresses from the flame hardening process. If
there are large residual tensile stresses in this area, cracking can be expected after a certain
operating period as a result of stress corrosion. The presence of chlorides or other cycle
impurities aggravates the situation.

In order to carry out quantitative hardness and residual stress tests on low pressure turbine
blades, stress and microstructure sensitive parameters Muax and Hcy are used. After the
calibration (see chapter 5.042 and Figure 10) of the micromagnetic parameters in a bending
machine using bars of appropriate geometry quantitative ND hardness and residual stress tests
are possible. The probe system, the pick up sensor for Barkhausen signals as well as the yoke
are designed in such a way that the transducer system has always an intimate surface contact.
To assure that absolute residual stress values correlate well with micromagnetic results, X-ray
measurements are performed on some testing points on the bars as well as on the turbine
blades. By this procedure one can verify that blade geometry has no influence on ND results,
even if calibration is performed on the flat bar geometry. Results are shown in Figure 11. This
micromagnetic technique is applied in the factory for quality inspection after flame hardening
and for blade inspection in power plants. The critical residual surface stresses can be accurately
determined using either X-ray or micromagnetic testing equipment. Further electromagnetic
applications and prototype-devices are described in /10, 11/.

Figure 11. Hardness and residual stress measurements by Vickers, x-ray and micromagnetic
devices
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5.044 Micromagnetic stress tests of machined surfaces

Microstructural parameters and residual stress states in near surface zones determine the
functional behaviour of components. Very different dimensions of the affected zone are yielded
depending on the applied treatment. In the case of inductive hardening, stress and
microstructure parameters are influenced up to several millimetres of depth. On the other hand
finishing procedures will influence the surface integrity in the order of micrometers only..
Because all used ND parameters (Table 3) are influenced by microstructural parameters and
stresses in a more or less sensitive way, one has to evaluate first which ND parameters

o are the most sensitive to measure surface stresses

e must be used to determine additional surface characteristics e.g. retained austenite,
hardening depths

¢ are necessary to perform quantitative residual stress measurements under the consideration

of main influencing factors as lift-off, microstructure, and temperature which can disturb
stress tests.

This information will be used to evaluate approximation functions for different objectives. This
functions will be determined by neural net or multiple regression analysis.

Residual Stress in Laser Hardened Components /12/

Micromagnetic techniques developed during the last years have been found to be most
appropriate for a nondestructive evaluation of the machining quality of laser-hardened
components. Combining the complementary information from the various microstructure and
stress sensitive measuring parameters, a fast estimation of relevant quality parameters can be
simultaneously achieved. Using a multiple regression analysis, approximation functions are
obtained to determine the hardness, hardening depth and residual stresses.

Nondestructive evaluation of residual stresses is demonstrated for laser-hardened
components using multiparameter sensor systems. As a consequence of a laser-hardening
treatment tensile and compressive residual stresses are created in the surface and the surface
near microstructure is transformed to martensite. The separation of these superimposed
residual stress and microstructure gradients implies that several independent measuring
parameters have to be used. To get quantitative results micromagnetic parameters, must be
calibrated as described in chapter 5.042. By performing a bending stress experiment on the
hardened and on the non-hardened surface a stress calibration of the testing parameters can be
achieved as demonstrated in Figure 12 at a laser-hardened track of a 50 NiCr 13 specimen. The
nondestructive techniques combined in this calibration are magnetic Barkhausen signal and H-
upper harmonics analysis. The micromagnetic parameters are measured as a function of applied
bending stress. The data are modelled by least square fitting - in this case, by a multiple
regression analysis. Linear as well as non-linear models have been used to evaluate
multidimensional approximation functions. In this case, the approximation function for residual
stress o is obtained as a function of the micromagnetic parameters Myax, Hem, K and Heo.
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Figure 12. Micromagnetic versus conventional measurement of stress by strain gauge,
Correlation Coefficient 99 %, mean standard error 15.4 MPa

As can be seen in Figure 12 the residual stress values o(ND), calculated from the
micromagnetic measurement correspond exactly to the values measured by a strain gauge
Both, the hardened and the bulk states, can be measured by one and the same approximation
function. The advantage of the applied Micromagnetic Multiparameter Microstructure and

stress Analysis (3MA)-technique: residual stresses, hardness and hardening depth are measured
simultaneously.

Figure 13. Residual stress profile across a laser-hardened track of a 50 CrMo 4 specimen
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This is achieved by a multiparameter unit with parameters derived from the magnetic
Barkhausen signal, the time signal of tangential field strength, the incremental permeability and
eddy current parameters. Figure 13 shows the micromagnetic stress measurements across a
laser hardened track in comparison with x-ray results. Both results do not fit exactly because of
different penetration depths and because of two dimensional stress states which are acting in
different ways on x-ray and magnetic parameters.

Shot peening

Figure 14 and Figure 15 show how parameters derived from Barkhausen noise are influenced
by work hardening and by microstresses of the second kind (RS II). One can see that two
different shot peened states - C1: shot peened with 1 bar, C7: shot peened with 0.36 bar - can
be characterised by x-ray as well as by the coercivity profile method (Figure 14). The reason
for the increase of measured values in the near surface zone is caused by dislocations which are
produced by work hardening of the ferritic phase. The depth profile of residual stresses of
second kind shows that the RS II values can be evaluated from x-ray and bending arrow
etching measurements and by Barkhausen parameters as described in /14/. The used
micromagnetic parameter is the AHy-value. AHyo-represents the stress free bulk material state,
whereas AHy represents the value of the shot peened state.

The nondestructive parameter (Figure 15) decreases with decreasing compressive stress levels
As outlined above one can see that micromagnetic parameters sense residual stresses of second
kind and that this information can be obtained in a nondestructive way without etching.

Grinding

Quality characteristics of machined surfaces are: compressive residual stresses, hardness,
values and microstructure parameters. Up to now quality inspection use x-ray, hardness and
nital-etching tests. ND methods in the last ten years apply electromagnetic and micromagnetic

techniques /13-16/. If several targets must be determined simultaneously multiparameter
procedures must be used.

First tests have shown /17/ (Figure 16) that residual stresses, caused by grinding, as well as
surface hardness values and case depths can be determined by this multiparameter technique.
Method use the 3MA-technique with modules: multifrequency-eddy-current, incremental
permeability and the time signal of tangential magnetic field strength.
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Figure 14. Depth profile curves for two different shot peened states (C1, C7) recorded by
X-ray half width (HW) and coercivity (HCM) measurements.

Figure 15. RSII depth profile curves determined by X-ray and deflection etching method and
micromagnetic profile curves. Both Figures are for the same shot peened states shown in
Figure 14.
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Figure 16. Residual stress measurements after grinding by x-ray and multiparameter
micromagnetic techniques.

Stress measurements in textured steel sheets

These steel sheets are used in the automotive industry. Quality inspection is performed on
specimens taken from the ends of the coil. Quality characteristics of these sheets are: yield
strengths (Gy), anisotropy values (Ar, r,;)), visual inspections and Erichsson tests. One pilot unit
uses ultrasonic time of flight and incremental permeability parameters for the process
integrated inspection of the sheet quality /18/. How Barkhausen parameters are influenced by
texture and stresses was examined in /19/. If one uses the electromagnetic multiparameter
approach-multi-frequency-eddy-current, incremental permeability, time signal of magnetic field
strength - one can measure as demonstrated recently /20/ 1, , Ar and oy values simultaneously
with one electromagnetic, micromagnetic probe system (Figure 17, 17°, 18).
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Figure 17. Nondestructive electromagnetic determination of anisotropy parameter ry, in thin
steel sheets

Figure 17! Nondestructive electromagnetic determination of anisotropy parameter Ar in thin
steel sheets
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Figure 18. Nondestructive electromagnetic determination of yield stress o, in thin steel sheets.

Approximation function uses 9 coefficients for least square analysis. Mean standard error 1o =
5.09 MPa.

5.045 High resolution stress measurements

To perform stress measurements with a high local resolution one can use different
micromagnetic methods /13, 21-24/. Key elements for these tests are miniaturised probes
/21,22/. In the case of Barkhausen and incremental permeability one can use modified video-
heads. To detect e.g. irreversible Bloch-Wall movements, the head must be positioned very
precisely with regards to the most sensitive receiving area. The head resolution which has been
gained is approximately 10 um. The accuracy for the sensor position at the sample surface
should be about one pm. The measuring time, including positioning time, is approximately
about one second. By scanning the sensor across the surface of the test specimen one gets two-
dimensional images of micromagnetic parameters.

One result of a high resolution micromagnetic stress device /22/ is shown in Figure 19
Barkhausen signals have been detected with a video-head across a stress spot structure, which
has been produced by focused laser beam treatment. The energy input was chosen to make
sure that no a-y transition occurs and therefore no rehardening zones must be kept in mind.
The measured dependencies of the Barkhausen signal could thus be completely attributed to
the residual stresses induced as a result of the thermal treatment. As it had been expected, the
highest residual tensile stresses occurred in the middle position of the laser focus.
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Figure 19. X-ray and micromagnetic (Barkhausen) residual stress measurement across stress
spots which have been produced by laser treatment

5.05 Recommendations

Micromagnetic methods should be used to measure surface characteristics like stresses,
microstructure parameters and texture.

To achieve quantitative results one has to use calibration procedures and multiparameter
techniques.

Electromagnetic and acoustic disturbances of ND-signals can avoid quantitative tests. This key
point must be kept in mind for further developments and industrial applications.

Standardised test parts and test procedures are necessary for the development of general rules.
Standard tests should be used to compare the sensitivity of micromagnetic devices which are
offered on the market.

Nondestructive electromagnetic techniques can perform tests fast and without surface contact.
Therefore these devices should be used for Post-Process-Inspections (PPI) and Process
Integrated Nondestructive Tests (PINT).

Nondestructive micromagnetic and electromagnetic methods should be applied if Failure Mode
and Effect Analysis (FMEA) require such tests.
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6 Assessment of residual stresses

B.Scholtes

6.01 Historical review

It is now well established that on principle no technical materials, components or structures
are available completely free of residual stresses. Since the first indications of residual stress
states during the last century, (see e.g. [1-4]), the number of papers and presentations dealing
with evaluation of residual stresses has considerably increased. Despite this fact, the assess-
ment of existing residual stress states still today is often controversial. The reason is that quite
a number of specific aspects have to be taken into account in measuring residual stresses ma-
king such analyses sometimes troublesome and doubtful and that the notation ,residual
stress* is not always used in an unambiguous way.

In general, the statement that residual stresses can both have a favourable or detrimental
effect on the behaviour of technical parts or components is valid. Very often, the ignorance of
existing residual stress states and their consequences is used to explain unexpected failure.

In the past, progress in machine building and mechanical engineering as well as in the im-
proved understanding of materials microstructure and the resulting properties was closely cor-
related with advances in assessment of residual stresses. The development was of course mar-
kedly influenced by improvements of measuring techniques. It is interesting to note that often
residual stress effects on the materials behaviour have been discussed long before first quanti-
tative proof of existing residual stress states has been made. And even then, in most cases,
considerable time elapsed before first successful attempts were made for a quantitative as-
sessment of residual stresses.

In fact, articles and components, using residual stress effects to improve performance and
reliability have been produced at all times (see e.g. {5]). Probably the first correct description
of a residual stress state in a technical component was given by A. Wohler [2] in 1860,
describing residual stress states of plastically bent bars. Important milestones of residual stress
assessmeiit were efforts made to understand the consequences of mechanical surface treat-
ments on the fatigue behaviour of components. The historical development in this field is
described in detail in [6). Significant contributions came from the work of O. Foeppl [7,8] and
A. Thum [9,10] as a consequence of their discussion on residual stress effects after surface
rolling to improve the fatigue behaviour of metallic components. Also during this time, first
hints were made at the positive consequences of compressive residual stresses in the case of
corrosion fatigue [10,11]. W. Ruttmann [12] was the first to clearly demonstrate the conse-
quences of machining residual stresses for fatigue loaded parts. The application of autofrettage
processes to increase the strength of tubes under alternating internal pressure was suggested by
[13). Shot peening residual stresses were quantitatively measured by E.W. Milburn not before
1945 [14). One of the earliest examples to take residual stresses of fatigue loaded parts quanti-
tatively into account is described in [15], where flat specimens with holes bearing different
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quenching residual stresses were investigated. Because of their technological importance,
casting residual stresses belong to the earliest subjects of residual stress research [4,16]. The
same is valid for joining residual stresses. First quantitative analyses of welding residual stres-
ses are described in 1934 [17-19]. However, their origin and consequences remained uncertain
until recently.

Also the importance of heat treating residual stresses has been recognized early and at-
tempts were made to measure existing stress distributions [20-22). The origin and the con-
trolling factors of heat treating residual stresses were only gradually classified step by step
[23]. Certain aspects, e.g. transformation plasticity effects, although already mentioned in the
last century [24], are still under discussion.

Very early, also attempts were made to calculate residual stress distributions occurring as
consequences of technological processes. First attempts started in the 1920%ies in the case of
heat treating residual stresses (see e.g. [25, 26)). Practical consequences, however, remained
small until introduction of finite element methods (see e.g. [27-30]) which allowed detailed
insight into the residual stress determining mechanisms and a realistic modelling of the
processes.

As a result of the rapid introduction of fracture mechanic principles in the field of materials
science and engineering, also the consequences of residual stress states have been intensively
studied in this domain. Residual stress distributions at crack tips were theoretically predicted
by [31] and experimentally verified by [32]. A survey about important contributions to resi-
dual stress effects on fracture mechanics and crack propagation is given in [33].

Finally, experimental and theoretical micro residual stress analyses should be mentioned,
which considerably improved knowledge about the relations between materials microstructure
and its macroscopic mechanical behaviour (see e.g. [34-37]). Considerable time elapsed be-
fore research succeeded in quantitative analyses of residual stress states within single grains of
polycrystals [38, 39]. The classification of micro and macro residual stresses has a long histo-
ry [40] and was finally established in [41]. Nowadays, measurement and assessment of micro
residual stresses still and again is under discussion and an exciting research area.

6.02 General remarks

Residual stresses are mechanical stresses acting alone or in addition to applied stresses in
materials and components. Consequently, if they are not quantitatively known, they may cause
considerable uncertainty in designing components correctly. In some cases, a marked im-
provement of behaviour of components can be achieved compared to residual stress free sta-
tes, if appropriate residual stress distributions have been introduced. On the other hand, detri-
mental residual stress states may cause unexpected failure of machine parts. Obviously, as a
consequence, residual stresses are one of the most interesting phenomena for materials scien-
tists as well as for engineers and machine builders. Knowledge about origin, determination
and assessment of residual stresses is strongly increasing. However, in most cases, consequen-
ces of residual stresses on operation behaviour of components are only qualitatively evaluated
taking existing experiences into account. Often this is due to a lack of quantitative data about
existing residual stress distributions and their stability under loading conditions.

The stress state acting in a given pomt of a body is described by the stress tensor o, with
respect to a system of coordinates §' (see Figure 6.1). Very often this system of coordmales
correlates with symmetry axes or marked machining directions of the components under in-
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vestigation. From Figure 6.1 also the significance of the tensor components can be seen. Ela-
stic deformations resulting from acting stresses can be calculated using Hooke's law

!
l " 4
dyy7’4 __o..__q’_-,és’_q-——o-—J 714:0‘”,
& i i
O 1 ?

dzx ’ du

Figure 6.1. Significance of stress tensor components.
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with §, = 1 fori = j and 8, =0fori#j Eis Young’s modulus and v Poisson’s ratio of the
material under consideration. If an appropriate coordinate system is used, shear stress compo-
nents disappear, and stress states are described by principle stresses ¢, (i = 1, 2, 3). If no ex-
ternal forces or moments are acting, stress tensor o, is identical with the residual stress state
c,%in a point.

If loading stresses as well as residual stresses exist, they can be summarized to the stress
tensor of total stresses 0‘ . This is achieved by simply adding the respective tensor compo-
nents, if the stress tensor of loading stresses o, " and of residual stresses G A" is described with
respect to the same coordinate system §. More detailed information about the description of
stress states can be found in many textbooks (see e.g. [42,43)).

In all practical cases residual stresses resulting from technological treatments are superpo-
sitions of macro und micro residual stresses. Definition and separation of the stress types is
described in chapter 2.06. To assess a given residual stress state correctly, it is mandatory to
decide, whether residual stresses 6, of the first, 6," of the second or 6" of the third kind or
superpositions of different stress types are acting. Problems arising in this context are due to
the fact that measuring techniques for residual stresses are in different ways sensitive to the
three types of residual stresses mentioned on the one hand and that consequences of residual
stress states for strength and lifetime of components have to be assessed quite differently for
residual stress states of the I, II or III kind. Only residual stresses of the first kind o, can be
looked upon as stresses equivalent to loading stresses resulting from external forces and/or
moments [{41].

To assess the consequences of residual stresses on strength and lifetime of components, it is
convenient to differentiate between (quasi-) static loading and fatigue loading. In both cases, it
has to be considered whether cracks exist. This has separately to be taken into account. Resi-
dual stress effects on relaxation and creep will not be treated further here, because residual
stress relief can be assumed for these loading conditions.

The following chapters have the aim to give a short survey about the present knowledge of
assessment and consequences of residual stresses in materials science and engineering. For a
detailed discussion of individual cases, it is referred to the references cited.

6.03 Residual stress effects on components under static loads

6.031 Plastic deformation and fracture of components without cracks

In the case of static loading, different types of failure modes have to be distinguished. Fai-
lure may occur as a consequence of onset of plastic deformation, of exceeding a certain
amount of plastic deformation or of fracture. Furthermore, elastic or plastic instability may be
regarded as failure criterion.

The basis for a quantitative assessment of statically loaded components is the determination
of equivalent stresses ©, corresponding to given loading stresses, which take into account the
consequences of multi-axiality of stress states on strength and failure. Equivalent stresses
consider different effects resulting from multiaxial residual stress states, e.g. the resulting
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principal normal stresses, principal shear stresses, principal normal deformations or distortion
energy. It is assumed that in case of multiaxial stress states failure occurs, if the appropriately
chosen equivalent stress 6, has the same effect as the critical uniaxial stress which, itself, leads
to failure of the materials state under consideration. This leads to different equivalent stress
values, depending on the underlying effect chosen. A detailed description of significance and
determination of equivalent stresses is given in [44]. A necessary prerequisite for the calcula-
tion of the decisive equivalent stress of a component therefore is the correct choice of the ap-
propriate equivalent stress type and the determination of locally occurring stress states to find
out location and amount of maximum o,-values. If this is achieved, the basic equation to
design components can be written as

IA
»|D

6.2)

where R is the appropriate materials resistance against failure and s is a safety factor. R has to
be chosen according to the type of failure expected.
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Figure 6.2  Design of statically loaded components with macro and micro residual stresses.
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If failure occurs as a consequence of plastic deformation, yield stress R ¢ is decisive. If small
amounts of plastic deformation are allowable, proof stresses, e.g. R, ,, have to be used. If fai-
lure occurs by fracture, R is identical with ultimate tensile strength R (Figure 6.2). A sum-
mary of the procedure is given in Figure 6.2. One can see that only macro residual stresses are
treated equivalent to loading stresses, whereas micro residual stresses are assumed to influence
materials resistance R.

It has to be pointed out, however, that there are remarkable differences between loading
and residual stresses [45]. An important fact is that loading stresses are clearly determined by
amount and sign of loading forces, whereas residual stresses may change amount and sign
during loading. As a consequence, residual stress states have to be assessed differently for
brittle and for ductile materials states in the case of the failure modes mentioned above. Only
for failure by ,,onset of plastic deformation®, residual stresses have to be considered for all
materials states. If, however, plastic deformations take place, residual stress distributions may
be more or less changed or even relaxed before failure occurs. Therefore, in the case of frac-
ture, only for brittle materials states, residual stresses have to be taken into consideration. In
many cases, where no quantitative knowledge about residual stress states exists, they are only
taken into consideration by the application of appropriate safety factors s.
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Figure 6.3. Residual stresses in an autofrettaged steel tube (left) and consequences on equi-
valent stress state at the inner surface (right).
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Residual stresses, depending on their distribution and sign, may diminish as well as in-
crease locally acting equivalent stresses. An example is given in Figure 6.3. It deals with an
autofrettaged steel tube, where triaxial residual stresses have been introduced by applying an
overpressure (see Figure 6.3, left). For the inner surface, equivalent loading stresses for a resi-
dual stress free tube following the distortion energy (DE-) hypothesis are given by the straight
line as a function of internal pressure. If autofrettage residual stresses are taken into account,
for internal pressures p, 2 170 N/mm’® lower equivalent stress values result compared to resi-
dual stress free starting conditions. In this case, an excess internal pressure A p, = 225 N/mm’
is allowable, if onset of plastic deformation is taken as failure criterion (see right part of Fi-
gure 6.3).

20CrMo3 S Tension Compression R
800 { {1 s} @ on
'“E Rapoo0s
Z 600 r { e00f .
§ R p 001 Rg.s
g
v w0 4 w00 4
‘}_—_—_—o\‘}’%ﬂ R, o003
O-\'G\o‘é\o R
200 R B ) {L :
L\/\ 1 L L A 1 1 1
0 05 10 15 0 05 10 15

case hardening depth [mm}

Figure 6.4. Influence of case hardening depth on yield and proof stresses resp. of tension
(left) or compression (right) loaded 20 CrMo 3 5 (46].

In Figures 6.4 and 6.5 two examples are given which experimentally verify the influence of
residual stresses on statically loaded parts. Figure 6.4 deals with 20 Cr Mo 3 5 specimens with
a diameter of Smm, which have been case hardened to different case hardening depths and
then tested in uniaxial tension or compression tests [46]. In all cases, first plastic deformations
occur in the softer core of the specimens and, consequently, yield stress values and proof
stresses for small plastic deformations are influenced by tensile residual stresses, which occur
in the core region as a consequence of the case hardening process. Because the amount of
tensile residual stresses increases with case hardening depth, this leads to decreasing strength
values R , R, and R, in tension tests and increasing values R, , R, and R, in com-
pression. However, the situation is complicated by a continuous rearrangement of residual
stresses with plastic deformations. This explains, together with strain hardening effects, that
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Figure 6.5. Residual stresses at the surface and in the notch root resp. of bending bars made
of steel Ck 45 as a function of tensile predeformation (left) and consequences on
proof stress ratio R*, / ¢",, measured after changing of deformation direction
(right) [47].

R, increases with case hardening depth. However, for the materials states under considera-
tion, in addition, a strength differential effect is observed, which leads to higher stresses in
compression compared to tension.

From Figure 6.5 (left), one can see that plastic bending introduces compressive residual
stresses on the tensile side of the bars, which increase with predeformation and are consider-
ably higher for notched (K, = 2) than for smooth (K, = 1) bars [47]. On the right hand side of
Figure 6.5, the influence of predeformation and hence residual stresses on proof stresses R* ,,
measured for loading in a direction opposite to predeformation and related to maximum pre-
deformation stresses ©",, is shown. It is obvious that R* ,/¢" . decreases with plastic prede-
formation as well as with notch factor K. This can be attributed to the macro residual stresses
developed in the outer fibre and in the notch root of the bending bars as a consequence of in-
homogeneous plastic straining during predeformation and which act in the same direction as
loading stresses, if the direction of deformation is changed.

However, to fully describe the materials behaviour in detail, Bauschinger effect [48], which
is related to micro residual stresses and also changes of macro residual stresses with deforma-
tion history, have to be taken into account,

A further example to consider the influence of residual stresses on plastic deformation of
statically loaded parts is given in [49]. Here, consequences of compressive residual stress
states introduced by shot peening operations on the onset of plastic deformation for tension or
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compression loading is successfully modelled. Finally, it should be pointed out that, as a con-
sequence of multiaxial residual stress states, the risk of brittle fracture can considerably be
increased compared with residual stress free components. This is also considered in the next
paragraph on the basis of fracture mechanics concepts.
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Figure 6.6. Consequences of tensile residual stresses on fracture loads as a function of test
temperature [55].

6.032 Fracture of components with cracks

The design of components with flaws or cracks, which includes the determination of ad-
missible loads as well as admissible crack lengths and flaw dimensions resp. to avoid unex-
pected failure is based on the concepts of fracture mechanics. These concepts describe fracture
of materials with defects relating fracture strength to macroscopic stress distributions resulting
from applied loads and geometries of components. In these concepts it is assumed that influ-
ences of existing stress fields on crack opening and stable as well as unstable propagation can
be described in terms of characteristic parameters. These are the stress intensity factor K and
crack extension force G for (mainly) elastic cases and J-integral as well as crack tip opening
displacement & taking into account large scale plastic deformations. Failure occurs, if critical
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values of these parameters are attained. Details can be found in many textbooks (see e.g. [50 -
52]). A good survey is given in [53].

If cracks exist in residual stress fields, crack opening as well as propagation behaviour will
be influenced in case by existing residual stress components as well as by applied stresses.
Different aspects have to be taken into consideration. At first, absolute values of locally acting
stresses are influenced by the combined effect of loading and residual stresses. Consequently,
resulting effective fracture mechanics parameters have to be determined, which control crack
initiation. Crack propagation may also be affected depending on the amount of plastic defor-
mation and the associated redistribution and relaxation of residual stresses . An important as-
pect is the influence of residual stresses on the degree of multiaxiality of stress distributions.
More or less ductile materials may exhibit brittle fracture under the influence of multiaxial
residual stress states. Finally crack opening mode may be influenced. Mode I - loading stres-
ses, together with multiaxial residual stress states lead to mixed-mode crack opening beha-
viour. Experimental evidence for the consequences of residual stresses on fracture has been
given for a number of cases (see e.g. [54 - 58]). A typical example is shown in Figure 6.6
[55].

stress relieved /

crack opening at surface [pm]

loading stress [N/mm?]

Figure 6.7. Crack tip opening of a shot peened and a residual stress free Ti-6Al-4V specimen
[58].
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Figure 6.8. Stress intensity factor (above) and residual stress distribution as a function of
crack propagation across the wall of a cylinder tube (below) [64].

The influence of tensile residual stresses, introduced by rapid local heating, on fracture load
of centre cracked specimens was investigated over a wide range of temperatures. This was
done to take brittle as well as ductile materials conditions into consideration. The experimental
results clearly show that in the range of low to medium toughness values, tensile residual
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stresses considerably reduce fracture loads. For a shot peened Ti - 6 Al - 4 V - alloy, [58]
could demonstrate by the aid of sophisticated experimental technique, that shot peening com-
pressive residual stresses considerably increase the threshold value for crack opening and di-
minish crack opening values for given loading stresses compared to the stress relieved state
(see Figure 6.7). Also in the case of ceramics, which are typical examples of brittle materials,
residual stress effects on fracture have been studied. A clear positive influence of compressive
residual stresses on strength is stated in many cases [59].

In the case of linear elastic fracture mechanics, it is assumed that an effective stress intensi-
ty factor K describes the loading state of a cracked component with residual stresses and that

K® = K~ + K™ (6.3)

is valid. (K : total stress intensity factor, K" : loading stress intensity factor, K** : residual
stress intensity factor). Appropriate methods to calculate K™ -values for given geometries and
residual stress fields have been developed [60-69]. These methods are based on FE-
calculations and so called ,,weight functions®, which have been derived for different crack
geometries [60,66]. Also crack closure integrals are used [64,67] as well as simple superposi-
tions of residual and loading stresses [68,69]. A number of interesting examples and referen-
ces are summarized in [60].

An important question in connection with residual stress related stress intensity factors and
crack propagation is, how residual stresses redistribute during crack propagation and whether
they relax partly or completely. Different cases are reported in literature, with K** increasing
as well as decreasing, while cracks propagate through existing residual stress fields. Sufficient
basic knowledge in this field is essential to predict whether a crack propagates instable or
crack arrest occurs. Interesting cases dealing with this problem exist for pipe or vessel weld-
ments [60, 64, 68 - 70]. An example is shown in Figure 6.8 [64]. A sinusoidal residual stress
distribution is assumed across the thickness of a tube wall with tensile residual stresses at
the inner and outer surfaces resp. If a crack starts propagating from the outside, residual stress
redistribution is calculated assuming linear elastic behaviour as a function of crack length and
the effective residual stress intensity factor is determined. For the case investigated crack pro-
pagation is connected with an increase of K up to a crack length a/T =~ 2.25. For longer
cracks, K® decreases. Similar results are described in [68]. They demonstrate that, for mate-
rials states with low fracture toughness, fracture mechanic concepts are applicable to adequate-
ly model the behaviour of components with residual stresses.

From Figure 6.6 one can see that with increasing toughness, influence of residual stresses
tends to vanish. Only few examples exist to assess quantitatively the consequences of residual
stresses in the ductile-brittle-transition region. While in the case of full scale yielding, as a
consequence of large plastic deformations and associated stress relaxation, residual stress ef-
fects can be ignored completely, fracture in the transition region must be studied more in de-
tail. In this context, a number of high strength structural steels have been investigated by [71].
A typical result of these experiments is plotted in Figure 6.9. In the upper part, three types of
transversal residual stress distributions, produced by different thermal and mechanical treat-
ments are shown. Below, fracture resistance J-values are plotted for specimens with compres-
sive or tensile residual stresses resp. as well as for nearly residual stress free ones. A clear ten-
dency can be stated that compressive residual stresses increase and tensile residual stresses
decrease J-values measured. The same could be stated for crack tip opening displacement
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values 8.

For welding residual stresses in a mild steel, it is shown in [72] that crack opening dis-
placement as well as plastic zone size are larger for crack tips in tensile residual stress zones
compared to those in compressive residual stress zones.

Also in the case of elastic plastic fracture mechanics, consequences of residual stresses are
theoretically taken into account by a superposition of residual and loading stress effects [73].
This allows the elaboration of adequate procedures for safe constructions with residual stresses
in cases, where linear elastic fracture mechanics procedures are no more applicable [74, 75].
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Figure 6.10. Experimentally determined buckling stresses (left) and calculated values, taking
the residual stress distribution indicated into account (right) [77].

6.033 Instability

A very important consequence of residual stresses on statically loaded components is their
influence on instability or ultimate collapse loads of compression loaded bars, rods, plates or
shells [76-79]. A summary of important results in the field of steel constructions can be found
in [79]. Most important origins of residual stresses in these cases are manufacturing processes,
straightening operations and especially welding processes. Different consequences of residual
stresses on instability are possible. First of all, residual stresses are additional internal loads
which may diminish bearable external collapse loads. A change of instability fatlure mode is
possible as a consequence of the complex and inhomogeneous loading situation resulting from
individual residual stress states. E.g., instead of elastic instabilities, plastic instabilities may
occur. Finally, residual stresses can produce geometrical imperfections which, on their part,
influence collapse loads.
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Figure 6.11. Influence of tensile residual stresses on liefetime of differently treated specimens
made of steel 1.4462 in MgCl, - solution of 125.5° C [85].

There is no general rule for the consideration of residual stress states in the case of insta-
bilities and the assessment of consequences of residual stresses is quite different ranging from
negligible 10 a considerable reduction of collapse loads. In some cases, a great scatter of col-
lapse loads is reported, which leads to undesirable high security factors in design of compo-
nents with residual stresses. Figure 6.10 gives an example [77]. Different estimations exist to
take residual stresses quantitatively into account. This is shown on the right hand side of Fi-
gure 6.10. If a simplified residual stress distribution, as indicated, is taken into consideration,
satisfying agreement between theory and experiment is found.

6.034 Stress corrosion cracking

In corrosive environments metallic materials like austenitic stainless steels or aluminium
base alloys, but also some nonmetallic materials develop cracks as a form of localized corro-
sion, which is called stress corrosion cracking (SCC). A prerequisite for SCC is, beside the
influence of appropriate corrosive media and sensitive materials, the action of tensile stresses,
which can be loading stresses, residual stresses or a superposition of both. Basic principles and
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different aspects of SSC are outlined in several textbooks (see e.g. [80,811). Quite a number of
cases are reported, where tensile residual stresses together with corresponding environments
and materials were responsable for catastrophic failure of components [82]. Therefore, such
stress systems have carefully to be avoided, if stress corrosion cracking is anticipated. On the
other hand, because all three conditions mentioned have to be fulfilled for SCC, by intro-
ducing compressive residual stress fields, the risk of failure can considerably be diminished or
even avoided. A great number of examples is given in literature demonstrating especially the
positive effects of appropriate mechanical surface treatments in the case of steels and alumini-
um base alloys {83 - 87]. An example of the behaviour of austenitic/ferritic steel is shown in
Figure 6.11 [85]. Ground specimens with surface tensile residual stresses have a considerable
shorter lifetime than ground and pickled specimens, where surface layers with tensile residual
stresses had been removed by the pickling process.

6.04 Residual stress effects on components under fatigue loading

6.041 Introductory remarks and characteristic observations

There is no doubt that in the case of fatigue loading, consequences of residual stresses are
most pronounced. First hints on residual stress effects on strength and lifetime of fatigued
components date back to the first third of this century. Because of the outstanding importance
of near surface materials states for fatigue loaded components, especially consequences of
surface treatments and manufacturing processes were studied [6-12, 88, 89]. A survey about
this subject is given in [90].

Characteristic examples, demonstrating the influence of near surface residual stress states
on fatigue strength and lifetime are summarized in Figures 6.12 - 6.15. In Figure 6.12 and
6.13 it is clearly shown that in the case of hardened steel, as well as of aluminium base alloy,
near surface compressive residual stresses considerably increase fatigue strength compared to
specimens with tensile residual stresses or nearly residual stress free ones. For hardened steel
Ck 45, this was achieved by different grinding processes using conventional corundum grin-
ding, CBN-grinding as well as CBN-grinding of specimens prestressed in tension (see Figure
6.12) [91]. In this way, extreme differences of longitudinal surface residual stresses of
approximately 1600 N/mm® could be realized. The consequences on the bending fatigue be-
haviour, shown in the lower part of Figure 6.12, are obvious. Wohler curves for 50% failure
probability are quite different for the respective grinding conditions and fatigue strengths of
specimens with surface tensile and highest surface compressive residual stresses differ by
about 350 N/mm’ . The situation is similar for the aluminium base alloy AlSi 7 Mg in the as
cast condition (see Figure 6.13) [92]. The near surface residual stress distributions, resulting
from milling and shot peening finishing operations, show small compressive residual stresses
for the milled state, but a thick surface layer with considerable compressive residual stresses
for the shot peened state. For this condition, highest fatigue strength values were observed in
bending fatigue tests.

Also in the case of corrosion fatigue, compressive surface residual stresses have a benefi-
cial effect on lifetime and strength. For shot peened compared to ground, quenched and tem-
pered Ck 45 this is demonstrated in Figure 6.14, together with the appertaining residual stress
distributions [93]. Shot peened specimens with a relatively thick surface layer of considerable
compressive residual stresses have a higher fatigue strength than ground ones with only smail
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compressive residual stresses in a thin surface layer.
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Figure 6.14. Bending fatigue Wohler diagrams of quenched and tempered Ck 45 tested in sea
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However, the influence of residual stresses does not always appear as pronounced as shown
in Figures 6.12 and 6.13. A classical example is presented in Figure 6.15, which clearly de-
monstrates that also cases exist, where residual stress influence on fatigue life is negligible
{94). For hardened and differently ground specimens with the surface residual stresses indica-
ted, a clear positive influence of compressive and negative influence of tensile residual stres-
ses on fatigue strength can be stated. However, for normalized materials states, milling resi-
dual stresses of different signs do nearly not have any influence on the resulting Wohler dia-
grams.

A systematic survey about existing results concerning the influence of residual stresses on
fatigue life leads to the following statements: In most cases, compressive residual stresses
have a beneficial influence on fatigue strength of components. A maximum improvement of
fatigue strength, however, requires optimized residual stress distributions, which can only be
achieved, if volumes with highest compressive residual stresses coincide with highest loaded
component volumes. This explains, why the influence of near surface residual stress states 15
e.g. more pronounced for bending fatigue than in the case of tension-compression-loading.



609

100
hardened
400 |
— ; \\\ RS - 2
- normalized RS =-220N/mm
E N ~ \ \\ N
S AN g 900
N
2 \\ dRS = =300 N/mm? = \ \\dns” 60 N/mm?
9 \\ - \ﬁ—-——ﬁ—
S 300 AN 3 \
et ~ 2 ‘
B 2 3 7001
5 g =+ 210 N/mm? NS g L
v ° \
o o .
5 Ck 45 £ \ %5 < + 890 N/mm?
2004 3 6 7 \
10 10 10 500 \
~
number of cycles "~
T~
_sl

0t 100 10° 10
number of cycles

Figure 6.15. Wohler diagrams of normalized (left) and hardened (right) specimens made of
steel Ck 45 with machining surface residual stresses indicated [94].

Positive residual stress effects are, in addition, most pronounced, if detrimental starting condi-
tions exist in near surface layers, such as decarburization or oxidation in the case of hardened
steels. It is an important observation that residual stress effects also depend on the materials
state under investigation. As one can see from Figure 6.14 for steels, the positive influence of
compressive residual stresses on fatigue strength is much more pronounced for hardened ma-
terials states than for normalized ones.

In this context the stability of residual stresses is of central importance. It is quite obvious
that residual stress effects are the more pronounced, the less stress relaxation effects during
fatigue loading take place. Of course, there are two limiting cases: the effect of residual stres-
ses on fatigue strength is negligible, if they relax at the very beginning of cyclic loading. On
the other hand, their effect must be fully taken into account, if they remain stable during the
whole fatigue life. The stability of residual stresses in fatigue loaded components is deter-
mined by the amount of loading stresses, the type of material and materials state, the amount
and depth distribution of residual stresses and service temperature. Typical examples are
summarized in Figures 6.16 and 6.17. Figure 6.16 shows that, as a function of number of cy-
cles, shot peening residual stresses behave quite different for quenched and tempered com-
pared with hardened steel Ck 45 [95]. In the last mentioned case, for loading stress amplitu-
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Figure 6.16. Surface residual stresses of quenched and tempered (above) and hardened
(below) shot peened steel Ck 45 in bending fatigue with the stress amplitudes
indicated [95].

des, leading to numbers of cycles to failure of about 10° and of more than 10°, surface resi-
dual stresses remain stable, whereas in the quenched and tempered state a remarkable stress
relaxation, especially during the first loading cycles, occurs. Similar observations can be made
for aluminium base alloys (see Figure 6.17) [92]. While for stress amplitudes leading to num-
bers of cycles to fracture of 10° and more, residual stresses relax only slightly, stress relief is
more pronounced for higher loading amplitudes.

Residual stress relaxation is a consequence of micro and/or macro plastic deformations,
replacing elastic strains associated with residual stresses. Consequently, it is of importance,
whether the superposition of residual stresses, loading stresses and mean stresses exceeds the
monotonic or cyclic yield strength. The fatigue limit of high strength materials states is in ge-
neral considerably lower than the cyclic yield strength. In the case of low strength materials
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Figure 6.17. Surface residual stresses of shot peened Al Zn 4.5 Mg 1 F 35 in bending fatigue
tests with the stress amplitudes indicated [92].

states, both quantities nearly coincide. This explains the fact that residual stresses do not relax
in high strength materials states subjected to load amplitudes in the range of the fatigue limit.

Different attempts have been made to model residual stress relaxation processes in fati-
gue (see [90)). In some cases a linear relationship holds between residual stress relaxation rate
and the residual stress amount of the starting condition, except for the first loading cycles and
the final stage of life. An example is shown in Figure 6.18 [96,97]. Here, for surface residual
stresses in the notch root of a quenched and tempered steel Ck 45, residual stress relaxation
rate is plotted for two different notch factors K. To a first approximation, machining induced
residual stresses are reduced independently of their sign proportional to their magnitudes.

The assessment of the influence of residual stresses on fatigue strength of components is
complicated by the fact that other additional influencing parameters have to be taken into
consideration. These are changes of local strength, phase content and surface roughness,
which are also typical consequences of residual stress producing processes. In a pragmatic
way, the influence of a specific manufacturing process on fatigue strength can be estimated
quantitatively using a simple additive superposition of individual effects assuming
AR, = AR" + AR® + AR™ + ARF. (6.4)
AR, is the entire change of fatigue strength as a consequence of a given manufacturing process
with respect to a reference starting condition. AR " represents changes of fatigue strength,
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attributable to manufacturing induced hardness changes, AR,™ those due to residual stresses,
AR,” those due to phase changes and AR, " those due to roughness changes. It has to be poin-
ted out that the extent of each individual effect markedly depends on the state of material un-
der consideration. The influence of surface roughness e.g. is much more pronounced for har-
dened compared to normalized steels. A detailed survey is given in [90].

Because of the complex consequences of residual stresses on fatigue strength of compo-
nents, a differentiated consideration of all aspects is necessary. Therefore, in the following
paragraphs, consequences of residual stresses on cyclic deformation behaviour, on crack in-
itiation and crack propagation will be discussed separately. Finally, a quantitative assessment
of residual stress effects on fatigue strength will be given.

6.042 Cyclic deformation

The cyclic deformation behaviour of components is characterized by a typical development
of plastic strain amplitudes in stress controlled tests and of stress amplitudes in strain control-
led tests as a function of number of cycles. In stress controlled tests, e.g., stress amplitude and
mean stress are kepi constant and the evolution of total and plastic strain amplitudes resp. as
well as of mean strains is observed. Plots of these quantities versus number of cycles yield
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Figure 6.19. Comparison of cyclic deformation curves of normalized (a.b) as well as quen-
ched and tempered (b.c) steel 42 Cr Mo 4 in a shot peened and unpeened condi-
tion [98].

cyclic deformation curves and mean strain curves, which allow to detect and assess cyclic har-
dening or softening effects. Typical examples of cyclic deformation curves are shown in Figu-
res 6.19 and 6.20. In Figure 6.19 cyclic deformation curves of smooth 42 CrMo 4 (SAE 4140)
specimens in the unpeened and the shot peened condition for push-pull loading are compared
[98]. Obviously, only small differences exist between the unpeened and the shot peened state
of the normalized specimens. The shot peened specimens reveal cyclic softening from the first
cycle and with the exception of the stress amplitude 6, = 380 N/mm’ higher plastic strain
amplitudes during the first cycles. For numbers of cycles N 2 10’ the opposite tendency can
be detected and the plastic strain amplitudes of the shot. peened specimens are somewhat
smaller than those of the unpeened ones. For quenched and tempered 42 CrMo 4 in the un-
peened state the characteristic cyclic deformation behaviour occurs with a quasielastic incuba-
tion period followed by cyclic softening until crack initiation. After shot peening, onset of
cyclic softening is shifted to smaller numbers of cycles. Furthermore, it is interesting to note
that for identical stress amplitudes and comparable numbers of cycles, the higher plastic
strain amplitudes are always measured for the shot peened specimens. In Figure 6.20 cyclic
behaviour of notched specimens in the notch root area is shown [96]. Normalized states of
steel Ck45 with notch factor K = 3.0, different machining induced residual stresses and nomi-
nal stress amplitudes ©,, = 150 N/mm’ and 220 N/mm’ have been investigated in push-pull-
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220 N/mm’ (below) [96].

tests. The upper diagram shows that for the nearly residual stress free state as well as for spe-
cimens with machining residual stresses, already during the first loading cycles plastic defor-
mations occur, because yield stress is exceeded. It is interesting to note that for compressive
residual stresses of -490 N/mm’ stress relaxation to such an amount occurs that in the follo-
wing loading cycles only small plastic strain amplitudes are observed. For a nominal siress
amplitude of 6, = 220 N/mm’ already during the very first loading cycle considerable plastic
deformations occur in the notch root which are the smaller, the higher the amount of machi-
ning induced residual stresses is.
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One possibility to study residual stress effects is 10 simulate them by applied mean stresses.
If, however, consequences of residual stresses and of mean stresses on cyclic deformation be-
haviour are compared, it comes out that in cases, where significant plastic deformations and
hence residual stress relaxation occur, effects of residual and mean stresses are absolutely not
comparable in stress controlled tests. In such cases, simulation of residual stress effects by
mean stresses can be achieved more realistically in strain controlled tests with mean strains of
a magnitude equal to elastic strains corresponding to the respective residual stresses.

6.043 Crack initiation

Crack initiation occurs as a consequence of microstructural alterations in materials during
fatigue loading. Different crack formation mechanisms are discussed [99]. However, only a
few cases deal with the influence of existing residual stress fields on crack initiation. This is,
of course, also due to problems connected with the detection of very small cracks and the dif-
ficult observation of their propagation. In addition, the assessment of the consequences of re-
sidual stresses on crack initiation becomes more complicated, because, in most cases, forma-
tion of residual stresses is connected with changes of other properties, such as surface topo-
graphy or local strain hardening effects, which on their part have an impact on crack forma-
tion.
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Figure 6.21. Numbers of cycles to crack initiation and to failure for untreated and shot peened
Al Zn Mg Cu in bending fatigue tests [100].
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Figure 6.22. Numbers of cycles to crack initiation and to failure for quenched and tempered
Ck 45 under bending fatigue loading in sea water [93].

Consequences of residual stress states, both on crack initiation area as well as on crack ini-
tiation lifetime have been investigated and discussed. Residual stresses may have a remar-
kable influence on the location of crack initiation. As will be discussed more in detail in para-
graph 6.045, location of crack start can be influenced in a defined way by appropriate residual
stress distributions. In the case of bending fatigue e.g., cracks may start below the surface, if
sufficient amounts of compressive near surface residual stresses exist. On the other hand, in-
fluence of residual stresses on crack initiation lifetime is not so obvious. Typical examples of
experimental observations are given in Figures 6.21 and 6.22. In Figure 6.21, numbers of cy-
cles to crack initiation N, and numbers of cycles to fracture N, are compared for unpeened and
shot peened specimens of the light-weigth alloy Al 7010 {100}. Crack initiation times of pee-
ned specimens are shorter than those of unpeened ones. Similar observations were made for
Ti-6Al-4V in rotating bending loading [101] and also for quenched and tempered steel Ck 45
in the case of bending fatigue tests in sea water [93], (see also Figure 6.14). This is shown in
Figure 6.22 for shot peened specimens, where except for high stress amplitudes, cracks start
earlier than for ground ones. In all cases mentioned, however, lifetime of shot peened speci-
mens is longer than of unpeened or ground specimens. These observations are attributed to an
enhanced crack formation at micro-notches, resulting from the shot peening process, which is
supported by corrosion pittings in the case of sea water environment. On the other hand, in-
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creased lifetime of shot peened specimens is explained by crack propagation retardation due to
shot peening compressive residual stresses. There exist, however, other investigations, where
processes accompanied by increased near surface residual stresses lead to increased numbers
of cycles to crack initiation, compared with untreated specimens. Such examples can be found
in [102-104] for mechanically surface treated steels. Obviously the influence of residual stres-
ses on crack initiation cannot be discussed without taking into account other important para-
meters. These are surface topographies, in case existing manufacturing induced microcrack
distributions and also strain hardening effects and resulting dislocation distributions.
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Figure 6.23. Distribution of transversal residual stresses near the crack tip of steel StE 690
after a mode I-base load of AK = 1500 N/mm™ and a mode I-overload of 3000
N/mm™ (above) and a mode II-overload of 3000 N/mm™ (below) [106].

6.044 Crack propagation

Crack propagation, especially in the case of acting residual stresses, may be the determi-
ning factor for the lifetime of components. Propagation of fatigue cracks is treated using
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fracture mechanics principles as discussed in paragraph 6.032. Crack velocity da/dN can,
except for crack initiation and near fracture stage, be described by

da/dN = ¢ (AK)" . (6.5)

Taking mean stress effects and the final crack propagation state into account, among others,
also

da/dN = ¢ AK"/ [(1-R) K_ - AK] (6.6)

is used (AK: stress intensity range; ¢,m: const., K_: stress intensity factor for plane stress, R:
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Figure 6.24. Crack propagation rates in an autofrettaged and an untreated tube made of steel
34 Ni Cr Mo 7 3, loaded with AK = const. = 632 N/mm™* [110].
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stress ratio) [105]. Both equations are valid for macro residual stress free materials states.
However, it is implicitly included that a propagating crack itself has a characteristic residual
stress field around the crack tip. Typical examples are shown in Figure 6.23 for mode I and
mode II loaded cracks [106]. In both cases, cracks were produced by cyclic loading with a
base load AK = 1500 N/mm’. Then, twenty mode I- or mode Il-overloads with AK = 3000
N/mm ™ were applied. Compressive residual stresses at the crack tip resulted, which are
considerably higher for mode I compared with mode II-loading.
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Figure 6.25. Crack propagation rates in heat affected zone of steel E 36 in as welded state and
after stress relief heat treatment {109].

There can be found many cases in literature, demonstrating clearly that cracks propagating
through existing residual stress fields are markedly influenced by amount and distribution of
residual stresses (see e.g. [33, 60, 90, 97, 107-109]). Two examples are given in Figures 6.24
and 6.25. In Figure 6.24 crack propagation rates of an autofretiaged steel tube are compared
with those of the untreated base material [110]. In agreement with equ. 6.5, loading with a
constant stress intensity range results in a constant crack propagation rate of the residual stress
free state. However, if the crack propagates through the triaxial residual stress field resulting
from the autofrettage process, considerably smaller crack propagation rates are observed.
Figure 6.25 deals with crack propagation in the residual stress field of a weld seam in
comparison with that of the stress relieved material [109]. For the welded state, due to the
distribution of welding residual stresses, crack propagation in the heat affected zone is
considerably lower than in the residual stress relieved state and comparable with that of the
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base material. Both examples clearly demonstrate the importance of residual stress fields for
crack propagation and, hence, lifetime of fatigue loaded parts with cracks.

Many investigations have been conducted in this field and considerably knowledge has
been gathered. The basic principle to understand fatigue crack propagation in residual stress
fields and to predict and model the behaviour of real parts is to superimpose stress intensity
factors of loading stresses and residual stresses. Following this idea, an effective stress
intensity range
AK,=K

-K (6.7)

eff. max eff. min

is valid, if a crack propagates across a macroscopic residual stress field. Here, K, . and
K., .. T€SP. denote the maximum and the minimum stress intensities acting during one loading
cycle, taking residual as well as loading stresses into account. On this basis, fatigue crack
propagation can be predicted using equs. 6.5 or 6.6. However, as already discussed in the case
of quasistatic loading in paragraph 6.032, the possibility of redistribution or relaxation of
residual stresses due to crack propagation has to be considered. In addition, crack propagation
path can be influenced by existing residual stress distributions. Following equ. 6.7, different
cases have to be distinguished.

For

=K® +K¥ >0 (6.8)

eff min min mn

K
it follows that

AK, = K* - K°, . (6.9)

max mn
Then, an influence of residual stresses can only be expected because stress intensity ratio

Ko"mm - KLS""" + KRS
Re“ = K = KLsm.x +KRS

eftmax

(6.10)

is also influenced by residual stresses.

If, however, K, < 0 is valid, residual stresses determine AK,, as well as R,,. In this case,
tesidual stress effects are more pronounced than in the preceding one. This explains, why for a
given R-value, tensile residual stresses may have a less pronounced effect on fatigue crack
propagation than compressive ones of the same amount. Usually, it is assumed that

AK, = K = K, + K5, 6.11)
is valid for K, < O because negative K-values are neglected with respect to their
consequences on crack propagation. There exist, however, some hints that this is not correct in
all cases [105]. To successfully apply this method to predict crack growth rates in residual
stress fields, the correct crack propagation law of the residual stress free material as well as
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correct K™-values as a function of crack length and also the respective residual stress
distributions have to be known.
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Figure 6.26. Width and depth of cracks propagating in residual stress free and tensile residual
stress areas of a low carbon steel (Ao = 188 N/mm’, R = -0.5) [108].

Another way to take residual stress effects in crack propagation of fatigue cracks into
account is to study their effects on crack tip opening stress intensity values K_. It is well
known that for several reasons, crack opening behaviour is rather complex and correlated in a
complicated way with applied loads. A typical observation is that cracks do not open until a
certain load level is reached, which is called crack opening load [111]. One reason are residual
stress fields, associated with crack tip plastic zones (see Figure 6.23). It is assumed that only
that portion of loading cycle, where the crack is open, contributes to fatigue crack growth.
Hence, an effective stress intensity range

AK, =K, -K, (6.12)
can be determined. If residual stress influence on K is known, AK,, can be used to predict
fatigue crack growth. A detailed discussion of problems associated with AK - determination
can be found in [107]. A successful application of this method to predict crack depth and
crack width development in a low carbon steel under fatigue loading is shown in Figure 6.26
[108]. If the crack propagates within a tensile residual stress field, crack growth rate is much
higher compared to the residual stress free state. In both cases, prediction coincides quite well
with experimental observations. Of great practical importance is the fact that, as a conse-
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quence of existing residual stress fields, AK, can be diminished to such an amount that crack
arrest occurs. This is e.g. the case for deep rolled components, where increase of fatigue
strength usually is accompanied with nonpropagating cracks. Figure 6.27 shows Wohler-
curves, valid for different crack lengths of deep rolled notched cast iron GGG-60 in
comparison with untreated specimens [112]. One can see that a remarkable strength increase
due to deep rolling is only achieved if cracks longer than approximately 0.3 mm are
admissible. Crack propagation rates are very low, decrease with increasing crack lengths and
are more or less independent of stress amplitude for the loading conditions mentioned (see
Figure 6.27, below).

6.045 Fatigue strength of components with residual stresses

If consequences of macroscopic residual stresses on fatigue strength and lifetime of
components have to be assessed, it is fundamental to treat residual stresses in the same way
as mean stresses. Thus, residual stress influence can be expressed in a pragmatic way by

RS S
R®, =R, - mc" (6.13)
with R™, : fatigue strength of component with residual stresses; R, : fatigue strength of
component without residual stresses, m: specific residual stress sensitivity. If residual stresses

have identical consequences as mean stresses, m is identical with mean stress sensitivity M
and can be estimated using the Goodman-relation

R" =R, (1-6,/R) (6.14)
with R” : fatigue strength of component taking mean stress effects into account. Then
M=R,/R_ (6.15)
is valid. In [113], the simple relation

M = HV/1000 (6.16)

between hardness HV of the material under investigation and mean stress sensitivity M is
proposed. In Figure 6.28 the scatter band of experimentally observed mean stress sensitivities
M for steels of different hardness is shown, together with relations proposed by [113 - 115].
Similar diagrams exist for aluminium base alloys demonstrating that their mean stress
sensitivity in general is somewhat higher than that of steels.

Despite the fact that residual stresses have to be treated as mean stresses, residual stress
sensifivity in fatigue is quantitatively not identical with mean stress sensitivity. The main
reason for that is the different stability of residual stresses in the respective cases and has been
described in paragraph 6.041. In addition, it has to be kept in mind that distribution of existing
residual stress fields in general is quite different than that of applied mean stresses. Therefore,
individual residual stress sensitivities have been determined for different cases, reflecting
especially the respective stability of residual stresses, which depends on materials and loading
conditions. A survey about existing data in literature shows that for metallic materials
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Figure 6.28. Mean stress sensitivity M for steels of different hardness.

influence of materials properties on residual stress sensitivity m is similar to that on mean
stress sensitivity M. However, a clear tendency exists that m is smaller than M. Figure 6.29
shows data valid for bending fatigue tests of steels with different hardness, taken from [114].
Also data determined by [91] are plotted. In addition, residual stress sensitivity, following
[113], is plotted, which is identical with mean stress sensitivity in Figure 6.28. Obviously, this
tends to be an upper limit of experimentally observed values.

The use of an appropriate residual stress sensitivity allows to take residual stress effects on
fatigue strength and lifetime quantitatively into account. It has, however, to be pointed out that
in this way the complicated individual processes preceding fatigue failure are summarized in a
very pragmatic way. For a quantitative prediction of residual stress effects on strength and
lifetime of fatigue parts, especially the influence of surface topography and of strain hardening
effects have to be separated from residual stress effects. This has, up to now, only been
achieved in a few cases (see e.g. {94, 95]). Even then, individual distribution and relaxation
behaviour of residual stresses is only globally reflected by m-values. A remarkable progress
would be achieved, if well founded correlations between residual stress depth distributions,
residual stress relaxation and residual stress sensitivity values m could be established. This
needs, however, further research work.

From the fact that residual stresses can be treated like mean stresses, it follows that their
consequences can be represented analogous as mean stress diagrams. As an example, in Figure
6.30, a classical Haigh-diagram of a quenched and tempered steel Ck45 with 420 HV 10 is
shown. In addition, experimentally determined fatigue strength values are plotted as a function
of the respective acting longitudinal surface residual stresses [91]. Differently ground as well
as shot peened states were taken into consideration. As expected, due to stress relaxation and
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Figure 6.29. Residual stress sensitivity m for steels of different ultimate tensile strengths.

and also due to surface roughness effects, values observed and also residual stress sensitivity is
smaller than predicted by the Goodman relation. This explains also why the ground specimen
with highest compressive residual stresses yields a data point well beyond the limit of the
Haigh diagram.

Considerable effort has been made to theoretically predict fatigue life and strength of
components quantitatively, taking also residual stress effects into account. The basic principle
is the assumption that total fatigue life is composed of a fatigue crack initiation period and a
fatigue crack propagation period, which are treated separately. Crack initiation period is
treated by modern concepts using accurate descriptions of local elastic-plastic cyclic materials
behaviour in critical component volumes, e.g. in notch root area. The cyclic stress-strain
relationship of the material under consideration has to be known for that purpose. Using
appropriate assumptions or FE-calculations, the stress-strain path of critical volume elements
is calculated. Finally, by the aid of correct damage considerations, crack initiation lifetimes or
Wohler-curves can be found. If an appropriate hypothesis is used, also cumulative damage for
variable amplitude loading can be determined. A survey about the concepts used is given in
[116-118]. Existing residual stress distributions are taken into account by attributing
appropriate residual stress values to characteristic volume fractions of the components under
consideration. For surface treated components, in [119, 120] appropriate models are described.
The applicability of the models is demonstrated for nitrided as well as for carburized
specimens.

An interesting variant of the concepts mentioned above is the local fatigue strength
concept, which allows to predict quantitatively the consequences of residual stress
distributions on crack initiation areas as well as on fatigue strength. It has particular
advantages in the case of thermally, mechanically or thermo-chemically surface treated
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Figure 6.30. Haigh-diagram of a quenched and tempered steel Ck 45 with 420 HV 10,
together with experimentally determined fatigue strength values as a function of
surface residual stresses.

components. The starting point of the considerations is a modification of equ. 6.13 or 6.14
taking the depth-dependencies of all quantities into account. This yields

R¥@)=R,(2)+(1-6"(2) /R, (2) (6.17)
or
R*(2) =R,(2) - md"(2). (6.18)

Depth distributions of ultimate tensile strength R (z) and fatigue strength of residual stress
free state R, (2) can be estimated using appropriate correlations with measured hardness depth
distributions (see e.g. [113]). In this way, the locally effective fatigue strength, resulting as a
consequence of inhomogeneous materials properties and characteristic variations of residual
stresses, can be determined. In Figure 6.31 for a quenched and tempered shot peened and a
ground steel resp. the resulting depth distributions of fatigue strength are plotted [91]. The
scatter bands result from assumed variations of residual stress sensitivity. As a consequence of
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Figure 6.31. Local fatigue strength as well as loading stress distributions for shot peened (left)
and ground (right) hardened steel Ck 45 [91].

the thick surface layer with shot peening compressive residual stresses, high local fatigue
strength values up to a surface distance of about 0.1 mm result, which then decrease to values
characteristic for materials volumes, which have not been affected by the shot peening
process. On the other hand, for the ground state, only a very thin surface layer with increased
fatigue strength results. In both diagrams, for the case of bending fatigue loading with
different loading stress amplitudes, loading stress distributions are plotted. It is assumed that
fatigue strength of the material under consideration is determined by the maximum loading
stress amplitude which in any cross section reaches the local fatigue strength values. The
corresponding distributions are also plotted in Figure 6.31. An important observation is that in
both cases loading stresses exceed local fatigue strength values below the surface when the
stress amplitude is increased. That means that crack initiation should occur in these areas,
which has meanwhile experimentally been observed in many cases (see e.g. {90]). Another
important consequence, which can be drawn from the observations in Fig. 6.31 is that the
amount of surface compressive residual stresses is not decisive for the resulting fatigue
strength, when crack initiation below the surface occurs. Maximum fatigue strength values,
however, are only achieved, when residual stresses are introduced into components in such a
way that their depth distributions correspond to the depth distributions of loading stresses.
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6.05 Residual stresses and failure analysis

Because of the enormous impact of manufacturing processes and loading history on the
resulting residual stress states, they have also to be taken into account in the case of failure
analyses. Investigating residual stress states of used parts in many cases allows to assess and to
control the type and quality of manufacturing processes applied and to detect defects
introduced. To some extent, the loading history and the failure process itself can be
determined, if measured residual stress distributions are correctly assessed [123-125].
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Figure 6.32. Depth distributions of grinding residual stresses for abusive and gentle grinding
of case hardened steel 20 Mn Cr §.

About the clear correlations between manufacturing processes and parameters applied on
the one hand and resulting residual stress distributions on the other hand, considerable
knowledge has been worked out in the past and numerous investigations exist which can be
referred to (see e.g. [90, 125, 126]). Very often, residual stress analyses allow to detect
manufacturing induced defects which reduce the strength or lifetime of components. A typical

and important example is abusive machining, in particular abusive grinding. This can occur, if
unfavourable process parameters are used or in the case of poor cooling conditions. As a
consequence, considerable near surface tensile residual stresses can be created, sometimes
together with a thin annealed or nearly hardened surface layer. In Figure 6.32 depth
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Figure 6.33. Depth distribution of residual stresses after different mechanical surface
treatments of a low carbon steel.

distributions of residual stresses of a correctly and an abusively ground tooth of a gear are
shown. It is important to note that below the surface residual stress distributions are
considerably shifted towards tension, whereas immediately at the surface, in both cases,
compressive residual stresses occur.

Sometimes residual stress measurements allow to detect unknown manufacturing steps
originally not planned in the manufacturing sequence. For strength and lifetime of components
consequences of such additional or wrong manufacturing steps very often are not known or
incorrectly assessed. Figure 6.33 shows that a manual grinding process with a portable
grinding machine, which is e.g. used as a refinishing treatment of weld seams, can introduce
considerable tencile residual stresses in the near surface layers. In this case, an additional shot
peening or power brushing treatment is recommended to avoid tensile and introduce
compressive residual stresses in near surface layers.

In the case of heat treatments, unexpected iear surface residual stress distributions may
indicate microstructural anomalies, such as oxidation or decarburization effects in relatively
thin surface layers. Typical examples can be found in [127].

In many practical cases, residual stress measurements are used to get indirect information
about loading state and loading history of component. In this case, existing knowledge about
origin and causes of residual stress is used to draw conclusions about loading history and
processes applied during the lifetime of the component under consideration. Typical examples
can be found in the field of bearing components. Because of the extensive knowledge existing
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Figure 6.34. Depth distributions of axial, tangential and radial residual stresses in steel
100 Cr 6 after 10’ rolling cycles with p, = 3000 N/mm’ [130].

about the amounts and distributions of the multiaxial residual stress states resulting from
rolling or sliding contacts under well defined contact conditions, experimentally determined
depth distributions of residual stresses allow statements about the loading conditions during
service of rolling eclements [128,129]. A typical example of uniaxial residual stress
distributions in bearing rollers after 10’ rolling cycles is shown in Figure 6.34 [130].

Also straightening processes, which are very often applied during the manufacturing
procedure of e.g. axles, shafts etc. to compensate distortions during heat treatments can be
detected by appropriate residual stress analyses. The same is valid for other plastic
deformation processes, such as presetting of springs.

As a final example, it should be mentioned that residual stress values measured on crack
surfaces of fatigue cracks can provide useful indications about the cyclic loading conditions.
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Figure 6.35. Residual stresses measured on the surface of fatigue cracks, produced with steel
Ck 22 and the loading conditions indicated [123].

As can be seen in Figure 6.35 for CT-specimens cyclically loaded with Ac = 14 N/mm’ and
stress ratio R = 0.05, tensile residual stresses exist on the crack surface, whereas for R = 0.6
nearly residual stress free crack surfaces are observed due to the different closure behaviour of
the cracks during the loading cycles [123].

6.06 Recommendations

Despite the fact that knowledge about origin and assessment of residual stresses has enormous-
ly increased in the past, there remain quite a number of open questions and unsolved pro-
blems. In many cases, clear correlations between production processes and process parameters
on the one hand and resulting residual stresses on the other hand have been worked out. The-
refore, residual stress analysis might be an excellent tool for quality control. A great number
of examples is gathered in literature on this subject and can be studied. However, residual
stress analyses are time consuming and methods to allow in-process measurements are missing
or not sufficiently retiable. Continuous efforts are therefore necessary to improve measure-
ment techniques to allow for quick and precise measuring procedures.

From the examples shown in this chapter, it becomes obvious that not only surface values, but
complete depth distributions of residual stresses are necessary for correct assessments. In ad-



632

dition, it has properly to be determined what type of residual stress exists, because consequen-
ces of macro and micro residual stresses have to be quite differently estimated for the beha-
viour of materials and components. In this context, much effort is necessary to elaborate stan-
dard procedures to allow for a correct comparison of residual stress data determined by diffe-
rent measuring methods.

While a great amount of knowledge exists about manufacturing induced residual stresses, the
stability of micro and macro residual stress distributions for given temperature cycles or under
load as a function of loading history can only unsatisfactorily be described. This knowledge,
however, is a necessary prerequisite to assess correctly the consequences of residual stress
states for the behaviour of materials and components. Some promising estimations exist. But,
especially for mechanically loaded parts, it would be desirable to have clear correlations bet-
ween the cyclic behaviour of the material under investigation and the development of residual
stress distributions in the course of fatigue loading.

Finally, the quantitative assessment of residual stress distributions with respect to their conse-
quences on strength and lifetime of components has to be further elaborated. In this context,
additional theoretical work is necessary to incorporate residual stresses in design codes, but
also experimental experiences are desirable for the validation of theories. In all cases a close
collaboration is recommended between research groups dealing with measurement or model-
ling of residual stresses and correlated aspects of materials science and technology as well as
manufacturing, production and quality engineers.
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