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FOREWORD

The Second Symposium on Advances in Fatigue Crack Closure Measurement and Analysis was
held 12-13 November 1997 in San Diego, CA. The symposium was sponsored by ASTM Commit-
tee E8 on Fatigue and Fracture and was held in conjunction with the 10-12 November standards de-
velopment meetings of that committee.

The symposium was chaired by R. Craig McClung, with Southwest Research Institute, San Anto-
nio, TX and James C. Newman, Jr., at the NASA Langley Research Center in Hampton, VA. These
men also served as editors of this resulting publication.
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OVERVIEW

The discovery of the phenomenon of plasticity-induced fatigue crack closure by Elber was truly a
landmark event in the study of fatigue crack growth (FCG) and the development of practical engi-
neering methods for fatigue life management. Subsequent research identified other contributing
mechanisms for crack closure, including crack surface roughness and oxide debris. Fatigue crack clo-
sure is now understood to be an intrinsic feature of crack growth behavior that must be considered to
understand or treat many FCG problems, although closure may not be an issue in all problems and
does not always provide a complete explanation of crack growth behavior.

The first ASTM Intemnational Symposium on Fatigue Crack Closure was held in Charleston, South
Carolina in May 1986, nearly twenty years after the Elber discovery. The large symposium audience
and the thirty-nine papers in the resulting Special Technical Publication (Mechanics of Fatigue Crack
Closure, ASTM STP 982) served effectively to document both the perspectives of that day and the
high level of research interest in the topic.

As the thirtieth anniversary of the Elber discovery approached, the strong, continuing international
interest in crack closure prompted the organization of another ASTM symposium. The Second Sym-
posium on Advances in Fatigue Crack Closure Measurement and Analysis, sponsored by ASTM
Committee E8 on Fatigue and Fracture, was held in San Diego, California on 12-13 November
1997. An international audience numbering over sixty-five persons heard thirty papers contributed by
authors from twelve different countries, with more than half of the papers originating from outside
the United States. This STP volume contains peer-reviewed manuscripts for twenty-seven of those
presentations, plus one peer-reviewed paper that could not be presented at the symposium.

Closure researchers represented on the symposium program and in this volume employed a num-
ber of tools to conduct their investigations, including a variety of both experimental and analyti-
cal/numerical techniques. However, this STP volume is not segregated by research tool or technique,
as is often the case. Instead, the STP is organized according to the particular class of closure prob-
lems or questions being addressed. Experiment and analysis are both shown to provide valuable, of-
ten complementary, perspectives on common issues. The experimentalist reader will be well-served
by a careful study of the analysis papers, and the analyst reader should likewise pay close attention
to the evidence published by the experimentalists.

Fundamental Studies

The first two papers address fundamental questions about the very existence of plasticity-induced
crack closure and the adequacy of closure concepts to explain a wide range of growth behaviors.
Since the first symposium on crack closure (ASTM STP 982), the question of plasticity-induced crack
closure under pure “plane strain” conditions has been actively discussed, analyzed, and disputed.
Continuum mechanics models and analyses under plane strain conditions exhibit closure but some re-
cent dislocation models do not show closure. Riemelmoser and Pippan develop a discrete dislocation
model that shows crack face contact in plane strain due to these dislocations.

Elber’s effective stress intensity factor range was a simple modification of Paris’s stress intensity
factor range by replacing the minimum stress intensity factor with the crack opening stress intensity

xi
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factor. But a number of attempts have been made to relate crack tip damage to a more fundamental
parameter, such as the cyclic hysteresis energy. Ranganathan analyzed crack growth rate data on an
aluminum alloy using the traditional crack closure concept and an energy-based method. Most of the
crack growth effects attributed to closure could be explained using the energy concept.

Experimental Characterization of Closure

Among the most active current topics in closure studies are the optimum experimental method to
measure crack opening levels and the correct way to incorporate this closure information in the ef-
fective value of the stress intensity factor range. Several researchers have observed previously that
conventional remote measurement techniques indicate very high levels of closure near threshold, and
the resulting conventionally calculated values of the effective stress intensity factor range appear to
be inconsistent with near-threshold growth rate behavior. As a result, some have suggested that al-
ternative experimental methods should be employed, or that some portion of the stress range below
the crack opening level should be included in the effective stress range. Several authors in this vol-
ume have addressed this question by experimentally measuring closure and growth rates or by ana-
lyzing the mechanics of the fatigue crack and simulating experimental techniques.

Pippan, Riemelmoser, and Bichler employ simple models and experiments to evaluate the mea-
surability of closure from asperity and wedge-like contact and the influence of closure on crack-tip
shielding. Bray and Donald investigate the use of the new adjusted compliance ratio (ACR) technique
to define an effective stress intensity factor range that is larger than the conventional value based on
Kopen» adding an additional K.« term to correlate FCG rate data. Donald and Phillips use the ACR
method to analyze data from a previous ASTM round-robin on closure measurement methods and
compare the results with the conventional closure analysis approaches. Graham, Tregoning, and
Zhang also compare the ACR and current ASTM methods of characterizing closure from their tests
on Ti-6Al-4V. McClung and Davidson use finite element closure analysis and high-resolution ex-
periments to study crack-tip deformation above and below the crack-tip opening stress and to quan-
tify the relationship between remote closure measurements and near-tip deformation, evaluating both
the ACR and ASTM methods. Newman employs his modified Dugdale closure model to perform a
similar study of crack-tip deformation and experimental methods, evaluating the contributions of
stresses below the opening level to crack-tip damage and simulating various experimental measure-
ment techniques. Sutton et al. describe a new high-resolution closure measurement system using
computer vision and a far-field microscope to interrogate the near-tip region. In a companion paper,
Riddell et al. use the new system to investigate closure in the near-threshold regime, in conjunction
with three-dimensional finite element simulations that suggest an appropriate application of the ex-
perimental measurements to correlate FCG rates. Finally, Schindler introduces a new experimental
technique to determine crack closure from residual stresses measured by the cut compliance tech-
nique.

Load History Effects

Perhaps the most useful application of the crack closure concept has been to develop life predic-
tion methods accounting for retardation and acceleration effects under variable-amplitude and spec-
trum loading. These methods are in current use by aerospace and nuclear industries around the world.
But as the research community conducts tests and analyses beyond the usual crack growth rate
regimes, such as at very high stress ratios or under extreme environments, or by observing the crack-
tip deformations with advanced techniques or methods, the current concepts are found to be lacking
and numerous questions arise.

Bichler and Pippan make some direct observations of the residual plastic deformations caused by
asingle tensile overload in the mid-thickness of a specimen using scanning electron micrography and
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stereophotogrammetric reconstruction of the fracture surfaces. Lang attributes the changes in mea-
sured crack growth rates after single and multiple overload sequences to the compressive residual
stresses in front of the crack tip. Stephens et al. study fatigue crack growth and closure at three dif-
ferent temperatures in a high-strength titanium alloy (Ti-62222) proposed for use in a future super-
sonic transport. Tests are conducted under constant-amplitude load-reduction procedures near thresh-
old conditions and under single-spike overloads. McMaster and Smith study the effects of simple load
excursions on fatigue crack growth and closure measurements in 2024-T351 aluminum alloy at two
thicknesses, using both remote and local displacement gages. Jono, Sugeta, and Uematsu conduct an
investigation on crack growth and closure on side-grooved specimens of a Ti-6Al-4V titanium alloy
under constant-amplitude and repeated two-step loading.

Hsu, Chan, and Yu study crack growth and closure under simulated aircraft spectrum loading with
a significant number of compression cycles. They use a local strain gage method to measure crack
opening loads and apply an analytical crack closure model to predict the behavior under the spectrum
loading. Varvani-Farahani and Topper conduct tests on SAE 1045 steel under load histories contain-
ing periodic compressive loads. They develop a model of plastic deformation of fracture surface as-
perities and compare the measured and calculated fatigue lives of solid cylindrical and tubular spec-
imens. Romeiro, Domingos, and de Freitas extend crack growth and closure studies to very low stress
ratios (0.7 = R = —3) on a carbon steel.

Since the discovery of crack closure, the finite element method has been widely used to study crack
growth and closure. Park and Song use a two-dimensional finite element method to investigate vari-
ous types of variable-amplitude loading.

Surface Roughness Effects

In the literature, the development of fatigue crack growth thresholds has been attributed to an in-
crease in crack surface roughness due to the development of Stage I or Stage-I-like (alternating shear,
zigzag) crack growth, as the threshold is approached. But how roughness interacts with plasticity-in-
duced closure to affect crack growth rates is a fundamental question for life prediction methods, and
researchers are actively pursuing this issue. Modeling of roughness-induced crack closure, in combi-
nation with plasticity-induced closure, has been very limited. Several authors in this volume have ad-
dressed this issue by developing models that include both effects.

Chen and Lawrence combine the strip-yield model of Newman (plasticity-induced crack closure)
with the zigzag (Stage I) fatigue crack growth (roughness-induced crack closure) to develop a model
to predict the total fatigue life of notched components using a fracture mechanics approach. Sehitoglu
and Garcia develop a model that is characterized by the distribution of asperity heights, asperity den-
sities, and asperity radii. Comparisons are made with plasticity-induced closure results to assess when
one mechanism dominates the other. As Schijve pointed out in the first symposium on crack closure
(ASTM STP 982), crack front incompatibility (flat or slant crack growth) can influence crack growth
rates. Zuidema, van Soest, and Janssen study the effect of surface roughness induced by shear lips
and conventional plasticity-induced closure on crack growth in aluminum alloys.

Closure Effects on Crack Behavior

Fatigue crack closure, as an intrinsic feature of growing fatigue cracks, can have an influence on
many different aspects of crack growth. Daniewicz investigates the influence of closure variations
around the perimeter of a surface crack on the evolution of the flaw shape itself, based on a modified
strip-yield model employing the slice synthesis method. Dankert, Greuling, and Seeger demonstrate
the role of crack closure in the growth behavior of short cracks growing from notch roots, develop-
ing a unified model that accounts not only for crack closure but also for notch root deformation and
employs elastic-plastic fracture mechanics. Pawlik and Saff present a numerical method for predict-
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ing closure and its effects on thermomechanical fatigue crack growth, including the influence of con-
straint, temperature, and variable-amplitude loads. Toribio and Kharin suggest from their finite ele-
ment studies that closure-induced residual stresses in the crack wake can have a significant influence
on stress-assisted hydrogen diffusion towards rupture sites in the crack tip zone, and hence that crack
closure has an indirect influence on hydrogen-assisted cracking. de Koning, ten Hoeve, and Henrik-
sen use a strip-yield closure analysis to define the strain rate at the crack tip, expanding an existing
FCG model to address the effects of environment and frequency on the crack growth rate.
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Franz O. Riemelmoser' and Reinhard Pippan’

On the AKg Concept: An Investigation by
Means of a Discrete Dislocation Model

REFERENCE: Reimelmoser, F. O. and Pippan, R., “On the AKX Concept: An Investigation by
Means of a Discrete Dislocation Model,” Advances in Fatigue Crack Closure Measurement and Anal-
ysis: Second Volume, ASTM STP 1343, R. C. McClung and J. C. Newman, Jr., Eds., American Society
for Testing and Materials, West Conshohocken, PA, 1999, pp.1-13.

ABSTRACT: Some results of discrete dislocation mechanics concerning fatigue crack growth are dis-
cussed in two parts. The first part deals with the plasticity-induced crack closure under plane strain con-
ditions. The equations describing the deformation of crack flanks induced by edge dislocations are de-
rived. These equations predict crack face contact for an edge dislocation in the wake of a sharp crack.
The principle of superposition then immediately shows that the crack flanks even may contact at blunted
cracks. This is visualized first by a suitable choice of the dislocation arrangement and afterwards also
by the results of simulations of the dislocation motion at a growing fatigue crack.

In the second part these simulations are investigated more closely. During the initial period of a con-
stant-amplitude test the crack growth increment per loading cycle and the closure stress intensity are
monitored. By applying Elber’s AK ¢ concept a conceptual crack growth rate is calculated and is com-
pared with the real crack growth increment per loading cycle.

KEYWORDS: fatigue, plasticity-induced crack closure, dislocation mechanics, AKX g-concept

Since the discovery of plasticity-induced crack closure by Elber [/] in the early 1970s much effort
has been made to understand this phenomenon. Budiansky and Hutchinson [2] and Fiihring and
Seeger [3] extended the Dugdale model to account for plasticity-induced crack closure in plane stress;
Fleck and Newman [4], McClung et al. [5] and Gall et al. [6] showed by recourse to the finite ele-
ment method that plasticity-induced crack closure occurs also under plane strain conditions.

These models and calculations are based on conventional continuum plasticity mechanics analy-
ses. Therefore they are appropriate in the Paris regime but in the near-threshold regime the cyclic
plastic crack tip opening displacement, ACTOD, is only on the order of a few Burgers’ vectors. Here
the dislocation nature of plasticity has to be taken into account in the elastic-plastic analysis [7].

While in the near-threshold regime oxide- and asperity-induced crack closure often dominates the
crack growth resistance (for an overview see Ref 8), the plasticity-induced crack closure in this
regime is very important from the theoretical point of view. For a long time it has even been ques-
tioned whether it takes place at all, i.e.; whether the dislocation mechanics can predict plasticity-in-
duced crack closure [9]. This is now clarified and its occurrence was demonstrated in Ref 70. In this
study the difficulties of evaluating the contact stresses was circumvented by raising K, whenever
the crack flanks came into contact.

An explanation based on plausibility arguments for the plasticity-induced crack closure under
plane strain conditions, i.e., for the origin of the extra material necessary to produce crack closure, is
given in Ref /1. There we have shown that the plastic wedge in plane strain is, in contrast to the plane
stress case, confined to a small region near the crack tip.

! Erich-Schmid-Institut for Material Science of the Austrian Academy of Sciences and the Institute of Metal
Physics of the University Leoben, Jahnstr. 12, A-8700 Leoben, Austria.

1
Copyright®1999 by ASTM International WWW.astm.org



2 ADVANCES IN FATIGUE CRACK CLOSURE

Meanwhile we have developed a procedure which enables the evaluation of contact stresses and
their influence on the dislocation motion. The procedure is explained in short in the Appendix. Read-
ers who are interested in more details are referred to Ref 12. This procedure was used to study a grow-
ing fatigue crack in a constant-amplitude test. We were interested in the change of the closure level
and of the crack growth rate in the initial period until the steady state is achieved. In the present pa-
per it is discussed whether the increase in closure can fully account for the decrease in the crack
growth rate. This is done in the third section. But before, in the second section, we explain the prin-
ciple of the plasticity-induced crack closure and we derive the equations describing the crack
flank contour.

Dislocation and Plasticity-Induced Crack Closure

In the following we distinguish between dislocation and plasticity-induced crack closure. The term
“dislocation-induced crack closure” is used when the position of the dislocation is arbitrary and can
be freely chosen. The term “plasticity-induced crack closure” is used exclusively for dislocation ar-
rangements that result from the simulations of growing fatigue cracks.

The basic equations for both kinds of crack closure, derived in the following section, are, of course,
the same.

The Boundary Value Problem: Edge Dislocation Near Crack Tip

Let us assume a semi-infinite crack along the negative x-axis and an edge dislocation at position z
= xp + iy with Burgers’ vector b = b, + ib, near the tip as shown in the schematic Fig. 1. There the
coordinate system is given also.

The stresses o and displacements « at an arbitrary point z = x + iy in the complex plane are de-
scribed by two potentials ¢(z) and w(z) according to Kolosov as follows:

T + 0y = 2P (2) + $'2)
Oy — i0 = ¢ +w'(@2) + 2~ D) @

u=u+ iuy=71,;(x¢(z) -2~ 2@~ w@)

In these equations a prime denotes a derivation with respect to z and a bar labels the complex con-
jugate function. The constant u is the shear modulus and k = 3 — 4 for plane strain conditions,
where v is the Poisson’s ratio. The complex potentials of an edge dislocation in an infinite and uncut
plane are [13]:

dislocation *// b(by.by)

Zo(Xo,Yo)

crack N

FIG. 1—Dislocation-crack coordinate system.
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do(z) = P
, A 2(z0 — 20
wie) = A 2 %), @
172 (z—z0)
The constant A = _ characterizes the material and the strength of the dislocation.

27i(k + 1)

If now a crack is introduced, the tractions p(¢) at the crack surface must vanish. This is achieved by
adding image fields ¢{(z) and wi(z) that have the same but negative value at the crack as the dislo-
cation in the uncracked body. The image terms can be calculated, as shown by Muskhelishvili [14],
with Eq 3:

_\/_
2 \/_ »l—2z

1) = p(o) dr
3
wi(@) = ¢'@@)
The function V'z must be chosen with the branch cut along the negative x-axis. This function is purely
imaginary for negative x-values when y tends either from above or from below to zero. After inte-
grating Eq 3 by Cauchy’s theorem, the total complex potential which is the sum of the “uncut” po-

tential and the image term reads:
~2|V 2 Z— 2 z
A(Zo - Zo) _o
T2 -mr |V 2
’ A A 20
= + s S 0
w'(z) = wol2) + wi(z) = g [ /Z +1]+z—z—o[ 2 1]
A —_
(zo Zoz + 2
2(z — Zo)
The same equations were derived in Ref 73. A simple integration with respect to z finally leads to the

potentials ¢(z) and w(z) which describe the displacements. Choosing the integration constant to keep
the crack tip in the origin of the coordinate system we finally obtain:

') = do(2) + Pi(2) =

@

Z0 — ~20— 20 vz
=do+ =241 +A .
¢=dt Og[ ] o Vi+Vzm
(VZ + Vo(VZ + V7)
—2Alog[ — ]
V2020
@~ %) ®
w=wy+w = 2Alog|: ZOZ:I+2A;_?Z)_Z)
(o — %) Vz _ [(\/z‘+\/z:o)(\/z_+\/2,)]
—A——=2 VT _Jdlog —
oV +Vo VZ

As branch cut of the logarithm the negative x-axis has to be used.



4 ADVANCES IN FATIGUE CRACK CLOSURE

Dislocation-Induced Crack Closure: Sharp Crack

In order to visualize the deformation of the crack flanks induced by edge dislocations, given by Egs
2 and 5, we introduce the variables « and r (see Fig. 1). The former is the angle between the positive
x-axis and the slip plane of the dislocation and the latter variable, r, denotes the distance from the in-
tersection point of the slip plane with the negative x-axis and the crack tip. Moreover, we have to take
into account that the sum of Burgers’ vectors must be zero. Let us that assume the dislocations are
generated at the crack tip. In this case each dislocation leaves a ledge at the tip that can be considered
as the negative counterpart of the generated dislocation. Needless to say, when the crack propagates
by leaving behind the generated dislocation in the wake the ledge also “moves back,” forming a step
in the crack flanks. Dislocations whose slip plane intersect the crack tip are called “blunting disloca-
tions,” whereas dislocations whose slip plane intersects the negative x;-axis are labeled “wake dislo-
cations.”

The calculated crack contours for six different locations of dislocations, which are given in the var-
ious diagrams, are shown in the Fig. 2.

In these figures the upper crack flank is drawn fully and the lower crack flank is dotted. In Fig. 2a
the crack contour due to a blunting dislocation is depicted. The opening of the crack tip is, as afore-
mentioned, produced by the ledge that forms during the generation of the dislocation. In this figure it
is seen that the crack faces are bent back again elastically by the blunting dislocation but the crack is,
in this special case, open everywhere; i.e., the full line is above the dotted line, along the entire neg-
ative x-axis. But if we consider a wake dislocation (Figs. 2b to 2f) the picture turns. Here the crack
is also open at the left side of the step produced by the wake dislocation but it is closed between the
step and the crack tip. Consider that the crack flanks in these figures even overlap. This is, of course,
physically impossible. In reality, the crack flanks do contact but they do not penetrate. In the contact
interval contact stresses develop that then influence the dislocation arrangement and thereby the fa-
tigue crack growth rate.

For the moment we just want to show that dislocation-induced crack closure indeed occurs. There-
fore we ignore the contact stresses and we allow the overlapping. In our simulations of the growing
fatigue crack, however, the influence on the contact stresses are, of course, fully taken into account.
This is achieved by a numerical procedure which is shortly described in the Appendix.

Dislocation-Induced Crack Closure: Blunted Crack

Figure 2 shows that sharp cracks close induced by the wake dislocations. We now proceed to
demonstrate that the crack can even close when the crack tip is blunted. Therefore we take the blunted
crack configuration of Fig. 2a and simply add the wake dislocation of Fig. 2d. This is justified by the
principle of superposition of the theory of linear elasticity and gives as a result the partially closed
and blunted crack of Fig. 3¢. It seems to be important to emphasize that this result is obtained only
by solving the equations of linear elasticity correctly. No other “trick” has been used as, e.g., was
stated incorrectly in Ref 15 where the authors wrongly assert that we include a core relaxation of the
dislocations. The discrepancy between our result and the one described in Refs 15 and 16 is simply
reasoned by a mistake in the mathematics in the analysis of the wake dislocation problem by these
authors. A more detailed discussion can be found in Ref 24.

Plasticity-Induced Crack Closure in Case of a Growing Fatigue Crack

We have studied the dislocation arrangement and the crack closure during a constant-amplitude
test. The procedure of the simulations is described in Ref /2. The crack was cyclically loaded from
Kinin = 0.4k t0 Kinax = 4.0k., where k. is the Rice-Thomson Ref 17 stress intensity factor to gener-
ate a dislocation at a crack tip. The material parameters entering the simulation are the shear modu-
lus u = 80 000 MPa, the Poisson’s ratio ¥ = 0.3, the lattice friction stress 7o = u/1000, the Rice-
Thomson stress intensity k, = 0.5 MPa, and the angle between the positive x-axis and the slip plane
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a = 70.5 deg. The change of the crack contour during crack propagation is depicted in Fig. 4. Each
situation shows the crack at K,,;, but for different total crack extensions.

Figure 4a shows the crack after the first unloading. The crack is completely open. But when the
crack propagates, more and more dislocations remain in the wake which induce the crack closure. Af-
ter 50 cycles (Fig. 4b) the crack closes already a small distance from the crack tip. During further
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FIG. 2—Crack contour due to edge dislocations. The upper crack flank is drawn fully, the lower
one is dotted. (A) The blunting dislocation leads to an open crack. (B) to (F) Wake dislocations pro-
duce a penetrating crack at the right side of the intersection point between slip plane and crack
flanks.
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FIG. 3—Superposition of Fig. 2A and Fig. 2D produces a blunted and partially closed crack.

crack propagation the length through which the crack closes increases until after 750 cycles (Fig. 4d)
the steady state is nearly achieved. The closure distance of about 5000 b seems to be small, but it can
be readily understood by the small stress intensity range AK = 3.5 k.. As we shall see later it has, nev-
ertheless, a considerable influence on the crack propagation rate.

Readers who are not familiar with the explanation of the dislocation arrangement during crack
propagation in Ref 18 may be astonished at the large steps in the crack faces. Briefly explained, they
develop since the dislocations predominately arrange in slipbands and each slipband leaves a large
step in the crack flanks. The distance between two slipbands, however, cannot get arbitrarily small
because of their large elastic interaction force. In our simulations it turned out that the smallest dis-
tance between two slipbands near cracks and consequently between two slip steps is about 2000 b,
ie., about 0.5 pum.

A Consideration of the AK. & Concept

In the early 1970s Elber discovered crack closure in tension [1]. As a result he introduced the AK.¢
concept, which embraces two postulates:

1. The crack grows (in the loading sequence) as soon as it zips open.
2. The crack propagation rate is a unique function of the effective stress intensity range.

The first of these postulates is, from a mechanics point of view, beyond all doubts. When the crack
opens, an elastic stress singularity develops at the tip which cannot be suffered by the material. The
crack tip plastifies, the crack blunts and propagates.



RIEMELMOSER AND PIPPAN ON AK s CONCEPT 7

-850

<100 -100

150A

20000

Crack Flank Dispiacement In Burgers Vectors
o

Crack Flank Displacement In Burgers Vectors
o

15000 10000 -5000 [) 15 oo00 ~15000 10000 5000 o
Distance From Crack Tip In Burgers Vectors Distance From Crack Tip In Burgers Vectors

150

100

:,:‘h-<3——<r-<

—

15000 10000 -5000 ] 20000 15000 10000 -5000 ]
Distance From Crack Tip In Burgers Vectors Distance From Crack Tip in Burgers Vectors
FIG. 4—Crack contour during crack propagation depicted at K,i, = 0.1 - Ky = 0.4 ke. (A) Af-

ter the first unloading; (B) 50 cycle; (C) 350 cycle; (D) 750 cycle. The distance through which the
crack closes increases during the crack propagation.
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Elber’s second postulate, however, is much more complicated. In order to understand its implica-
tion we briefly compare a stationary crack and a growing fatigue crack in the steady state. The dif-
ference between both cracks is that there is a plastified strip in the wake of the growing crack in which
long-range residual stresses act but in the case of the stationary crack the wake is purely elastic. This
difference causes two measurable effects. First, at the growing crack, crack closure can be detected
and, second, the cyclic plastic deformations are smaller than at the stationary crack. Now, the core of
the second postulate is that the difference in the cyclic plastic deformation can be calculated by the
crack closure, i.e., by the decrease in the effective stress intensity range. This can only be the case
when the stresses near the tip induced by the plastic wake are expressible in terms of a stress inten-
sity factor K within a region which is as large as, or even larger, than the cyclic plastic zone.

" A direct proof would be to separate the stresses of the plastic wake and of the active plastic zone.
This is, however, not possible so that the second postulate has to be proofed indirectly. The method
which we have used is explained in the following section.

How to Proof the Second Postulate?

In the following an indirect proof of Elber’s second postulate in a constant-amplitude test is intro-
duced. The method itself would be more flexible; it can also be used, e.g., in overload experiments.

1. The virgin crack is loaded twice. During the second cycle ACTOD is monitored as a function
of the stress intensity range AK. It is reasonable, and confirmed by our simulations, that crack closure
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in the second loading cycle is negligible. Therefore the plot ACTOD-AK can be used as a ACTOD
vs. AK.¢r diagram.

2. The relation between ACTOD and the crack growth increment per loading cycle is evaluated.
This is straightforward in our simulations but rather hard work in experiments.

3. The cyclic loading of the crack is continued until a steady state is achieved. During this initial
period the change of the closure stress intensity K., and the crack growth rate are simultaneously mea-
sured.

4. The effective stress intensity range AK ¢ = Kpnax — K is calculated as a function of the total
crack extension.

5. An effective ACTOD is computed using the result of point 4 and the diagram of point 3.

6. The effective ACTOD and the relation of point 2 is used to calculate the change of the con-
ceptual crack growth increment Aggneepe during the initial period of the constant amplitude test.

7. The conceptual and the real crack growth increment per loading cycle are compared.

If the AK, ¢ concept is true, the change of the crack growth increment in the initial period until the
steady state is achieved is caused only by the change in the closure level. In this case the changes of
the conceptual and of the really measured crack growth increment, Aa,.,, are the same. Contrarily, if
the residual stresses of the plastic wake cannot be fully described by a K-field, then a noticeable dif-
ference between the two crack growth increments should become visible.

The previously described methodology is not limited to dislocation mechanics. It can also be used
for classical continuum mechanics analysis such as a finite element simulation and even for experi-
mental data.

Results

The results of our simulations are discussed in the items of the methodology given above:

1. InFig. 5 the calculated ACTOD-AK diagram is depicted. The factor % in the ordinate reflects
the symmetric arrangement of dislocations.

2. Figure 6 shows that the symmetric dislocation arrangements in our simulations produce at the
tip a V-notch. Therefore Aa = 8-ACTOD, where 8 = % cot @ = 0.17 for @ = 70.5 deg.

3. The change of Aa, and of K during the initial period until a steady state was (nearly)
achieved is plotted in Fig. 7. In this initial period the crack growth rate decreases from about 30 b per
cycle to about 20 b per cycle. At the same time K /K.« raises from 0.1 to 0.22. Its initial value 0.1
is due to the chosen stress ratio R = 0.1 and means that no crack closure is detected. The steady-state

200

100 Aaconcept = 3-ACTOD
50

20
10

1/2 ACTOD/b

AKggt

AK/K,
FIG. 5—Calculated ACTOD — AK . g diagram.
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Aa= 0.5 cot(a)* ACTOD|

unloaded

loaded

FIG. 6—Relation between ACTOD and Aa in case of a V-notch.

value Ky/Kmax = 0.22 is close to results obtained by finite element simulations in 2D [6], in 3D [/9]
and to the results of Newman’s modified Dugdale model {20].

4.and 5. The data of Fig. 7 are used to compute the change in the effective stress intensity range.
Then an effective ACTOD is calculated as shown in Fig. 5. The resulting diagrams are omitted in or-
der to save space.

6.and 7. The effective ACTOD was then used to compute the conceptual crack growth increment
per loading cycle, Adconeep:, by the aid of the relation of point 2. In Fig. 8 Adconcept and Aa ., are com-
pared.

It is seen that the changes of the real and the conceptual crack growth increment per loading cycle
agree qualitatively quite well, which indicates the importance of the crack closure. But on the other
hand, it cannot be denied that a systematic deviation exists. In our opinion there are two possible rea-

0.5 35

0
500 1000 1500 2000
number of cycles

FIG. 7—Change of closure stress intensity, K., and of the measured crack growth increment per
loading cycle, Aa,.
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FIG. 8—Comparison of real and conceptual crack growth increment per loading cycle.

sons for the deviation. The first point gets obvious when we consider that in this investigation plas-
ticity is described by means of discrete dislocations. While this is absolutely necessary when fatigue
crack growth in the threshold regime should be understood [7], it also has its “drawbacks.” One of
these drawbacks is that in contrast to continuum plasticity theories, the discrete plasticity does not
predict similitude. That is to say, the numbers of generated dislocations, i.e., ACTOD, is not just a
function of AK.¢ but depends also slightly on the stress ratio. Whether or not the same is true for real
fatigue crack growth in the near-threshold regime is still an unanswered question. The loss of simil-
itude, however, may produce an error in the estimation of Adconcep: Since crack closure changes not
only AK.¢ but also the effective stress ratio.

A second reason for the deviation between Adconcep: ad Adeq could be that the crack closure alone
possibly cannot fully account for the decrease in the crack growth rate. As mentioned previously, this
is the case when the stresses in the cyclic plastic zone induced by the plastic wake are not describable
by K-fields. This should not be forejudged but it certainly needs more consideration in future, at best
by continuum plastic theories where the principle of similitude holds.

Conclusion

The mathematically correct solution of the linear elastic problem of a wake dislocation shows im-
mediately that the crack faces contact due to these dislocations. Counterstatements in the literature
are caused by a mistake in the mathematics by these authors.

In the second part the change of crack closure during a constant-amplitude test is calculated. Its
steady-state value is similar to the predictions of continuum plasticity theories. The simulation is used
to prove Elber’s AK.¢ concept. While the first postulate (the crack start propagating as soon as it zips
open) is true for obvious reasons, the second postulate is more complicated. It states that the reduc-
tion of the crack growth rate in the initial period of the constant-amplitude test can be calculated by
the increase in the closure stress intensity.

In our simulations it appeared that crack closure doubtless is important, but it cannot fully account for
the decrease in the crack growth rate. This is explained either by the lack of similitude of the discrete
plasticity approach or by a non-X stress field in the cyclic plastic zone induced by the plastic wake.
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APPENDIX

In Ref 12 a procedure is described that enables the calculation of the contact stresses and their in-
fluence on the dislocation motion. Here a short summary is given where the method is explained on
the basis of Fig. 9. This situation has been derived in one of our simulations at K,;, = 0.4k.. Here
only the upper half of the crack is shown. The lower one would lie symmetrically on the zero line. At
the left side the crack is open, on the right side it is closed. In Fig. 9 the crack flanks overlap in the
interval /1. The contact stresses are evaluated iteratively by means of a collocation method. First the
overlap interval is divided into m subdomains which we call elements.

Let us assume an element number j is loaded by a constant stress of magnitude “1.” This stress dis-
places the midpoint, so-called collocation point, of the observed element and also the collocation points
of all the other elements by an amount g;;. This function was derived by Tada et al. [19] and is given by

. _(k+1
gij_—ﬂ'y,

Im {i\/E,-(\/a = Vejp) + (x; — €;) arctan [—i \/‘;;‘] — (% — ejp) arctan [—i \/%]}

Here Im denotes the imaginary part of a complex function. e;; and e;, are the coordinates of the left
and the right boundary of a contact element, respectively.

The collocation point j is not only displaced by the stress in the element j but also by the stresses
in the other m — 1 elements. Now a stress distribution f’J is sought such that the displacement of each
collocation point is everywhere zero; i.e., the displacements at the collocation points produced by
contact stresses must equal the displacement, &;, in the collocation points in the initial overlapping
state. This reads

©®

Bgi=d;, ij=1...n Q)

Here Einstein’s sum convention is applied to repeated indices. The linear algebraic equation sys-
temin Eq 7 is solved by the Gauss-Seidl procedure. This solution provides a first approximation. Phys-
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FIG. 9—Crack flanks overlap before the contact stresses are applied.
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ically, contact stresses must be compressive. The above described method, however, provides, in the
one or the other element, tension stresses. These elements must be canceled in the second iteration.
The reduced equation system is solved once more, leading now to a better approximation of the con-
tact problem. Again the tensile elements are canceled and so forth. The iteration is continued until the
stress in each element is compressive. In our experience it needs about n = 3 iterations.

The results of this procedure are the real contact intervals, I,,, and the corresponding contact stress
distribution. The iterative collocation method applied to Fig. 9 is depicted in Fig. 10. Consider that
due to the unregularities in the crack contour the crack flanks contact at some disconnected intervals
behind the tip. This produces, in contrast to continaum mechanics analyses, a rather irregularly
shaped contact stress distribution.

The next step is to evaluate the force on a dislocation caused by these contact stresses. Here we
benefit from the fact that the contact stresses are already discretized, i.e., constant throughout the
length of a single element. The force on the dislocation is given by the Eshelby integral {20], which
has been transferred in the complex potential notation Eq 8 by Budiansky and Rice [27].

+ 1)i e
f=hHh+ifz= (K—‘ml B)|z—zo|=r ¢H2)dz — 2+ }lrm,:r ¢’(z)!//'(z)dz] ®)

In Eq 8 we introduced the new complex potential yx(z) = w(z) — z¢'(2).
The additional force on the dislocation caused by a single contact element is derived as:

ik + 1) 4
fpd':—l(K; )P,-.
{ZiAIm[ Ve~ V€4 og Vo - Ve _log Vo - Vezf] ©)
V2o Vo + Vey \/Z‘0+\/"

_ ej] ejZ
20 ejl - Zo 20 ejZ - Zo

The total contact force on the dislocation due to the contact stresses is then simply the linear sum over
all elements.
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FIG. 10—Crack contour and calculated contact stress distribution.
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ABSTRACT: The fatigue crack growth behavior of the aluminum alloy 2024 is analyzed using the
crack closure and an energy-based concept. The different test conditions studied include load ratio and
environmental effects, crack growth retardation following a single overload, and crack propagation un-
der block load tests. Crack opening loads using the compliance technique permit the effect of load ratio
to be taken into account. After an overload, in the deceleration phase, the evolution of the crack open-
ing load is not compatible with that of the crack growth rate. The measured crack opening levels under
constant-amplitude loading conditions are comparable to those predicted under plane strain conditions
for moderate AK levels. It is shown that most of the effects usually attributed to closure can be suc-
cessfully explained using energy concepts. In particular, it is shown that there exists a linear relation-
ship between the crack growth rate and the energy dissipated per cycle at high growth rates, which is
valid for both the environments studied, and it corresponds to a crack growth mechanism characterized
by striation formation during each cycle. For lower growth rates a power law relationship can be pro-
posed between these two parameters. The above-mentioned linear relationship holds also for the block
loading conditions based on total energy dissipated per block. Certain experimental facts bring out the
effect of closure on the energy dissipated. It is further shown that the possible existence of a mixed
(Mode I and Mode II) mode crack opening at the crack tip has to be taken into account to correctly eval-
uate the energy dissipated near the crack tip.

KEYWORDS: fatigue crack growth, crack closure, compliance method, potential drop method, over-
load effects, block load tests, energy dissipated, striation formation

Fatigue crack growth resistance of a material depends upon a number of factors, such as its com-
position, mechanical properties and heat treatment conditions, external loading and the ambient en-
vironment. The understanding of the mechanisms governing fatigue crack growth has made signifi-
cant advances since the Paris Law proposed about 40 years ago [/]. The initial research to model
material behavior was based on the determination of the strain amplitudes and damage accumulation
in the plastically deformed zone in front of the crack tip [2]. One of the notable attempts is due to
Weertman; he proposed that a crack advances when the energy accumulated at the crack tip attains a
critical value, leading to the following crack growth law [3]:

daldN = A AK*N(uaU) 1

where
da/dN = crack growth rate per cycle,
AK = stress intensity factor amplitude,
= shear modulus of the material,
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Cedex, France.
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o, = critical stress at fracture,
U = critical energy to create a unit surface, and
A = aconstant.

Different techniques have been developed in the past to determine the parameter U, such as by sub-
grain size measurements [4], micro strain gages in the plastic zone [5], micro-calorimetry {6 ] and by
direct evaluation of hysteresis energy under the loading line of a compact tension specimen [7]. These
studies have shown that the parameter U has to be distinguished from the theoretical energy to sepa-
rate the atoms and it is associated with the energy dissipated in the plastic zone near the crack tip, for
ductile materials.

In 1971 Elber [8] proposed that a crack loaded in Mode I can remain closed during a part of the
loading cycle even if the far-field loading is in tension owing to the existence of residual compres-
sive stresses in the wake of the plastic zone. It was hence proposed that the crack growth rate should
be correlated to the effective stress intensity factor amplitude after correction for closure. Since then,
the attention of the scientific community has been largely focused on the understanding and applica-
tion of this idea to a large field of fatigue crack growth such as effect of load ratio, load interaction
effects, and variable-amplitude loading [9]. It has been shown that causes of crack closure are multi-
ple such as crack surface roughness, oxide thickness relative to the crack tip opening displacement
(near threshold), and existence of a mixed Mode I and Mode I opening at the crack tip [9]. To the
author’s knowledge no theoretical model has yet been proposed to take into account all the known ef-
fects of crack closure. Another school of thought attempts to minimize the effect of crack closure,
suggesting that fatigue crack growth resistance depends upon AK and K., and not on the effective
stress intensity factor amplitude [10].

This paper presents a comparison of the crack closure and energy-based concepts based on exper-
imental studies essentially on aluminum alloy 2024. The different aspects considered here are the ef-
fect of R ratio, environment, overload effect and fatigue crack propagation under block loading.

Brief Experimental Details

The tests presented here cover 20 years of study by the author and his collaborators and were
mostly conducted on the 2024 Al alloy in the underaged condition, T351. Nominal composition and
mechanical properties are given in Tables 1a and 1b.

TABLE 1a—Nominal Composition of the Studied Alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
Mean % 0.1 0.22 4.45 0.66 1.5 0.01 0.04 0.02 Rest
Min % 38 03 1.2
Max % 0.5 0.5 4.9 0.9 1.8 0.1 0.25 0.2

TABLE 1b—Nominal Mechanical Properties.

Monotonic yield stress (MPa) 302
Elongation (%) 10.1
Strength coefficient, K (MPa) 343
Hardening coefficient (n) 0.06
Ultimate tensile strength (MPa) 474
Cyclic yield strength (MPa) 500
Cyclic strength coefficient, K’ (MPa) 811.4

Cyclic hardening exponent, n’ 0.078
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Most of the tests were conducted using compact tension specimens 75 mm wide and of different
thicknesses, 10 mm and 12 mm. Tests described here cover constant-amplitude (CA) and near-thresh-
old tests at load ratios of 0.1 and 0.5 in air and in vacuum and constant-amplitude tests at R ratios of
0.01, 0.1, 0.33, 0.54 and 0.7 in air, single overload tests in air and in vacuum (<1072 Pa) and block
load tests in air consisting four load levels. The tests were conducted at a nominal frequency of 20 Hz
in air and 35 Hz in vacuum. Crack length was measured by optical techniques on the polished side of
the specimen using a traveling microscope with a precision of 0.01 mm or by using the DC potential-
drop technique.

Crack closure was measured using the differential compliance technique [/ /] and in some tests (in
vacuum) using the potential-drop method. These recordings were made at quasi-static conditions, at
a frequency of 0.2 Hz. Examples of the nominal and amplified load displacement diagrams are given
in Fig. 1 and the different parameters measured are indicated. The crack opening level is determined
from the differential crack opening &' versus the load diagrams based on the following analysis

8 =86—aP 2)

where 8 is the crack mouth opening displacement measured under the loading line, o is the maximum
specimen compliance (measured under the loading line) during a cycle, and P is the load.

Thus during a loading cycle the derivative of the differential compliance diagram changes and in
particular it becomes zero when the crack is fully open, which permits a clear identification of the
crack opening load (diagram b in Fig. 1). This diagram is much easier to analyze than the nominal
load versus displacement diagram (a in Fig. 1). The load versus potential-drop diagram is discussed
later in the text.

Hysteresis energy, O, was measured by numerically integrating the area under the load versus am-
plified displacement diagrams measured under the loading line of the specimen [7]. Specific energy,
U, is defined as hysteresis energy dissipated per unit surface created

U = Q/(2b-daldN)) ©))
where b is the specimen thickness.
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FIG. 1—Examples of crack opening diagrams: (a) load versus displacement diagram, (b) load ver-
sus differential diagram, (c) load versus potential diagrams.
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FIG. 2—Configuration of the block loading studied.

The configuration of the blocks and the number of cycles at the various load levels are given in Fig.
2 and Table 2, respectively. The block type studied consists of four load levels and essentially the
number of cycles in the highest load level is varied from one block to another, except for block A.

Except for the threshold tests, the tests were carried out by computer control and the load ampli-
tude was maintained to a precision of 5 da/dN. For certain critical experiments details are given in the
relevant paragraphs.

Experimental Results
Crack Closure Analysis

Constant-Amplitude Test Conditions—Figures 3a and 3b show the relationship between the crack
growth rate and the nominal AKX level and the effective AK levels, respectively. It should be noted
that the results presented here represent average values from three tests carried out under identical test
conditions. It can be seen here that corrections for crack closure permit the reduction of scatter in the
data. In general, for aluminum alloys a slope of about 4 is observed for crack growth rates greater than
about 2 X 107° m/cycle and a lower slope for lower growth rates [72], in terms of effective AK.

Figures 4a and 4b correspond to crack growth behavior in vacuum. In this environment, when com-
paring load versus displacement and potential diagrams, Figs. 10 and 1, the definition of crack open-

TABLE 2—Load Levels and Number of Cycles at Different Steps in the Block Load Tests.

Step 1 Step 2 Step 3 Step 4
Poin = 80 daN Ppin = 160 daN Poin = 323 daN Ppin = 138 daN
Prax = 150 daN Prax = 393 daN Prax = 600 daN Prax = 323 daN
nl n2 n3 n4
Type of Block (cycles) (cycles) (cycles) (cycles)
A 1 1 1 1
B 10 10 10 2
C 10 10 50 2
D 10 10 100 2
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FIG. 3—(a) Crack growth rate versus nominal AK, CA conditions in air, (b) crack growth rate
evolution in terms of AK 4.

ing level is not very clear. As seen in the differential compliance diagram, a clear change in slope
does mark the crack opening load which corresponds to a kink in the potential diagram. The
potential increases further to reach a maximum. Considering that as the crack opens, the potential
drop increases, the load corresponding to the peak in potential drop should represent the crack open-
ing load. Moreover, a decrease in potential is seen near the maximum load which can correspond to
the existence of contact between the two crack surfaces. It is difficult, at a first sight, to admit the ex-
istence of closure near the peak load. In order to maintain consistency with the results in air, correc-
tions for closure are made using the same criterion as in Fig. 1 and the results are given in Fig. 4b.
It can be seen that closure corrections do take into account the effect of R ratio, at least at moderate
AK levels.
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In order to further understand the significance of compliance changes, experiments were carried
out using micro-strain gages stuck near the crack tip [13]. A set of ten strain gages of 500 to 640 um
size was stuck at about 37.5 mm from the loading axis (i.e., at about half the width of the specimen).
The distance between each gage in a direction perpendicular to the nominal cracking plane is 0.87
mm. The tests were done at a constant AK of 16 MPa m* and with a load ratio of 0.1. Figure 5 shows
the far-field compliance diagram along with strain changes at different locations ahead of the crack
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tip. Note that the strain amplitude depends upon the gage location. The crack was at about 3 mm from
the gage location plane and the strain field analyzed is in the elastic range.

Note also that the strain amplitude depends upon the gage location as can be expected from frac-
ture mechanics theory. For example, the strain amplitude measured by gage 6 (Agg in the figure) is
twice as that measured by gage 5. Also, comparing these diagrams, observe that changes in slope in
the load-versus-strain diagrams are at different loads depending upon the gage location; for example,
this change in slope for gage 6 is observed at a load much higher than that for gage 9. Note that gage
6 is closer to the cracking plane than gage 9. There is no unambiguous relationship between the far-
field closure level (measured by the load versus differential displacement diagram) and the near-field
strain amplitude changes. Also, strain changes near the crack tip occur at loads lower than the nomi-
nal crack opening level (if no far-field stress is transmitted to the crack tip, one would expect the strain
to be constant below the crack opening load), whose effects are not taken into account with the defi-
nition of crack opening level used in this study.

These experiments show some of the drawbacks of the conventional definition of closure. Despite
these shortcomings, correction for crack closure does permit us to take into account the R ratio effect,
Figs. 3b and 4b. However, the crack growth relationships obtained (after correction for closure) do
not take into account the environmental effect.

The evolution of the measured crack opening levels in air, expressed in terms of the Elber’s
efficiency factor, U, is given in Fig. 6. This term represents the ratio of the effective to the nominal
stress intensity factor amplitude. For the test conditions studied here, no closure was detected
at the R ratio of 0.7. In Elber’s original paper, Ug is considered to be constant for a given load ratio.
Later studies show that this parameter depends upon various mechanical factors such as Ky ax,
the nominal stress level, and whether the global loading is in plane stress or plane strain [14,15].
In the present study, the value of the crack opening levels measured are quite comparable to the
ones determined by Newman [I5], assuming plane strain conditions for Kpax > 17 MPa m*.
Newman’s analysis represents closure due to plasticity effects and the present study indicates that
these effects are predominant for K, > 17 MPa m* for the studied material. The fact that at lower
K .x values the measured closure levels are much higher than the estimated ones for plasticity-in-
duced closure indicates that under such conditions closure should be due to other mechanisms, such
as roughness or fracture profile mismatch [16]. If such is the case this change in closure mechanism
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FIG. 6—Elber’s efficiency factor for CA tests in air.
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should take place at a particular monotonic plastic zone size, governed by K. and independent of
the load ratio.

It was also noted that crack opening loads were systematically lower in vacuum than in air, for a
given AK. Limited experimental results show that the microhardness in the plastic zone can be much
higher in vacuum than in air, indicating that the strain distribution in the plastic zone can be affected
by the environment [/7]. This can explain partially the differences in closure levels in air and in
vacuum.

Overload Tests—Next, the changes in crack closure following a single overload for a test are pre-
sented. Figure 7a shows the evolution of the crack growth rate with respect to the crack length. A
100% overload is applied at a crack length of 29.3 mm. The test was conducted in air at a baseline
load ratio of 0.1 with a baseline AK of 16 MPa m*. Under such conditions, just after the overload,
crack acceleration is observed following which the crack growth is retarded. After the point of min-
imum growth rate, the crack reaccelerates to reach the preoverload growth behavior. The numbers in
this diagram represent crack positions where closure measurements, given in Fig. 7b, were carried
out. For instance, diagram 1 was measured before the overload, diagram 2 just after it, and so on. In
the initial acceleration phase, the measured crack opening load decreases concomitant with crack ac-
celeration (see diagrams 1 and 2 in Fig. 7b). In the deceleration phase, the crack opening load remains
lower than the preoverload level while the crack growth is considerably retarded (by comparing dia-
grams 1 and 3, Fig. 7b). Thus in this phase the evolution of the crack opening load is not in agree-
ment with that of the crack growth rate. In the crack reacceleration phase (after the point of minimum
growth rate), sometimes, one can note two kinks in the crack opening diagram (see diagrams 4 and
4"). According to Paris and Hermann [/8], the lower kink represents far-field crack opening at the
overload application point and the upper kink P;, near crack tip opening. These results brings out the
difficulties in identifying the crack opening load after an overload.

The evolution of the two crack opening loads is shown in Fig. 7¢. In this diagram the maximum
and then minimum loads are also given for reference. The distances a* and a4 correspond to the crack
advance after the overload application, S, to reach the minimum growth rates and the preoverload
growth rates, respectively. It can be seen here that the evolution of the upper crack opening level is
in agreement to that of the crack growth rate, in the crack reacceleration phase; i.e., P; decreases as
da/dN increases. However, the preoverload crack opening level is not attained even though the crack
growth rate has reached steady-state behavior.

]
da/dN(mm/~)
107 |

107 |

« 1 L
29 a(mm) 33

FIG. 7a—Overload test: evolution of crack growth rate.
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FIG. 7Tb—Overload test: evolution of crack opening diagrams.

The relationship between da/dN and AK. for overload tests in vacuum is now compared with that
obtained from CA tests (Fig. 8). These tests cover a large baseline AK range from near-threshold con-
ditions to 19 MPa m*. The baseline load ratios were 0.1 and 0.5. About 80% of the measurement
points representing overload-affected behavior fall within the scatter obtained for CA tests. The re-
maining 20% which are well outside the scatterband represent mostly crack growth in the decelera-
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FIG. 7c—Overload test: evolution of crack opening loads.
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tion phase. It can be seen here that the overload-affected crack growth behavior cannot be unam-
biguously represented by the curve obtained from CA tests. Such results have been previously re-
ported in Refs 79 and 20.

Block Load Tests—The relationship between the average crack advance per block (from three
companion tests) and the maximum stress intensity factor in the block (Knaxp) is given in Fig. 9. The
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FIG. 9—Crack advance per block versus maximum stress intensity factor in a block.
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constant-amplitude behaviors under selected R ratios are also given. It can be seen here that the crack
advance per block for a given K, for Block A (which contains one cycle at each load level) is al-
most comparable with that observed under CA conditions at R = 0.01. For the other blocks, the crack
growth rates are 2 to 10 times higher than that observed for Block A. Blocks B, C and D contain the
same number of cycles in levels 1, 2 and 4 (see Table 2) and only the number of cycles in level 3 in-
creases from 10 to 100. Thus it can be seen that for these blocks, the crack growth rate increases as
the number of cycles in level 3 increases.

An example of the load versus differential displacement diagram for Blocks A and B is given in
Figs. 10a and 10b. The numbers in the diagram 10a refer to load reversal points. The block starts at
point 1, then goes to point 2 and to point 3 and finally to point 9, describing all the load excursion in
the block. A large change in slope in the load versus displacement diagram is observed and, similar
to the definition of the crack opening load under CA conditions, the crack opening load can be iden-
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FIG. 10—Crack opening diagrams for block load tests: (a) Block A, (b) Block B, (c) crack open-
ing loads for block load tests compared with CA tests.
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tified (corresponding to the 1oad P, in Fig. 10a). Figure 10b corresponds to the crack opening diagram
for Block B and again a global crack opening load P, can be identified. These diagrams are further
described in the following energy analysis subsection.

Figure 10c compares the evolution of the crack opening level for these tests to those obtained from
CA tests. It can be seen that for Blocks A and B the global crack opening level is even lower than the
ones observed for constant-amplitude conditions at R = 0.01, while for Blocks C and D the results
obtained are comparable to the ones obtained for CA conditions at R = 0.01. It was suggested by
Schijve [21] that for stationary and short spectra, the crack opening load should be govemed by the
peak-to-peak load ratio (which in our case is equal to R = 0.01). The present results show that such
aresult is obtained only for Blocks C and D.

Energy Based Analysis

Constant Amplitude Loading Conditions—The results presented above are now analyzed in terms
of the energy-based method. Figure 11 shows the relationship between the crack growth rate and the
energy dissipated per cycle for CA tests in air. It can be seen here that at growth rates above 8 X 1073
cycle a unique linear relationship, independent of R ratio, is obtained with a scatter of the same order
as that seen in Fig. 3b. From a least-squares fit this relationship is given by

daldN =2107* - Q C))
At lower growth rates, despite the scatter, a power-law relationship can be proposed of the form
daldN = 2.22 1075 - @38 o)

When comparing tests in air and in vacuum, Fig. 12, it is found that the linear relationship given
by Eq 4 is applicable for crack growth in vacuum too. The effect of environment is discernible at
lower growth rates where this linear growth law (Eq 4) is not valid in terms of the energy dissipated
per cycle.

Figure 13 shows the relationship between the specific energy and the nominal AK level for both
the studied environments. The specific energy is not constant and the relationship between these two
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parameters depends upon the R ratio and the environment. It can be seen here that independently of
the environment the specific energy reaches a minimum steady-state value, called U, at about 2.2 X
10° J/m?. This value is quite comparable to that of 2.7 X 103 J/m? obtained by Ikeda et al. [5] by us-
ing micro-strain gages for the 2024 T4Al alloy. The value of AK at which this critical energy level is
reached depends upon the test conditions, as can be seen in this figure. For lower AK values, the spe-
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cific energy increases when threshold conditions are reached. It should be mentioned that such an
evolution has been suggested by Davidson [4].

Overload Tests—The evolution of the energy parameters for the overload test given in Fig. 7 is
now presented in Fig. 14. It can be seen here in phase A there is a slight increase in @ concomitant
with an increase in growth rate followed by a decrease of Q in phase B which is characterized by crack
retardation. The increase of Q in phase C is also compatible with the evolution of the crack growth
rate. The specific energy accordingly increases in the retardation phase, reaching values comparable
to that existing near threshold. Thus the evolution of the energy dissipated per cycle after an overload
correlates unambiguously with that of the growth rate.

Block Load Tests—TFor the block load tests presented here in Figs. 9 and 10, the energy analysis was
slightly modified. Referring to Figs. 10a and 10b, two different cases can be identified. For Block A
essentially, it can been that apart from the individual cycles, one large cycle can be identified corre-
sponding to the peak-to-peak load—to the load excursion 1-9-1 (see Fig. 10a)—and the hysteresis
loops are closed during the entire block. Thus, for Block A and for other blocks at low Kmaxs values,
the energy dissipated per block was equated to the sum of the energies dissipated during each cycle
(@;) and to the envelop energy (Qeny corresponding to the area enclosed by points 1, 2, 4,6, 7 and 9
in Fig. 10a), which represents the energy dissipated for the peak-to-peak load excursion. For other
cases, the treatment is slightly different as in the example shown in Fig. 105, which corresponds to
Block B. This block contains ten cycles at steps 1, 2 and 3 and two cycles at step 4 (see Table 2). In
this figure, cycles 1 and 10 for levels 2 and 3 are distinguished by letters a and b. For the test condi-
tions presented here, there is a significant crack advance per block as can be seen by the fact that the
first and tenth cycles corresponding to levels 2 and 3 do not coincide. Since the crack advance was
significant during a block, the summation was carried out for individual cycles only [22]; i.e.,

Qo = ZQ: + Qenv (6a)
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FIG. 14—Evolution of energy parameters for the overload test in Fig. 7.

for Block A for the all the test conditions and for other blocks at low K.cp values

Our = 2.0 (6b)

for other test conditions.

The relationship between the crack advance per block and the total energy thus defined is
then given in Fig. 15, comparatively to the linear relationship obtained for CA tests at high
growth rates. It can be seen here that this linear relationship holds good for block load tests as well,
correlating the crack advance per block to the total energy dissipated at high growth rates. At lower
growth rates for block load tests no relationship can be proposed considering the limited number of
data points.
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Discussion

Modified Weertman’s Law—The results presented above show that for constant amplitude test
conditions both the crack closure concept and the energy based analysis developed here can be suc-
cessfully applied. Applying the effective AK concept leads to crack growth laws depending upon the
environment (see Figs. 3b and 4b).

Now looking at Weertman’s Law (Eq 1), the specific energy is assumed to be constant. But the pre-
sent study shows that the specific energy reaches a minimum constant level only after a critical AK
level, depending upon the R ratio and the environment. Such an evolution of the specific energy has
been analyzed in terms of a change in micromechanism of crack growth. The specific energy is con-
stant when the crack advances during each cycle by a striation mechanism. At lower AK levels the
crack advances by a step-by-step mechanism over Nf cycles, where Nf > 1 represents the number of
cycles necessary for the crack to advance by a microscopic step [23].

Such a mechanism has been previously observed by Davidson based on in situ fatigue testing in a
scanning electron microscope [24]. Striation formation is known to occur in this alloy for growth
rates greater than or equal to 8 X 1078 m/cycle [23,25], which corresponds to the growth rate above
which a linear relationship is observed between the energy dissipated per cycle and the crack growth
rate. The crack growth laws based on closure do not highlight this change in micromechanism of
crack growth.

Now, considering that changes in U represent the damaging capacity of a cycle (the capacity to cre-
ate a new surface during each cycle or not), Weertman’s Law (Eq 1) can be modified by injecting
variable values of U. One should expect a linear relationship between da/dN and AK*/U. The results
obtained from various test conditions presented here (except block load tests) are shown in Fig. 16.
It is seen here that a linear relationship between these two parameters is indeed obtained for both the
environments, for constant-amplitude and post-overload test conditions with an acceptable scatter
and covering about six decades of growth rates.

However, the constant A obtained from linear regression is equal to 0.069, which is lower than that
proposed by the theoretical estimation of Weertman (A = 0.259). Other theoretical estimates propose
a value closer to the present estimation [26].
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Relationship between Energy and AK—Let us now examine the relationships between the energy
dissipated per cycle and the fracture mechanics parameter AK. Figure 17 shows the relationship be-
tween Q and AK for tests in vacuum. It can be seen here that Q is proportional to AK* and there is a
large transition between data points near threshold and data at high AK values. For a given value of
AK, Q is about the same for the two load ratios studied. However closure is observed at the lower R
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FIG. 17—Relationship between energy dissipated and AK in vacuum.
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ratio. This indicates that the effect of closure on energy dissipated is negligible at moderate AK val-
ues. In this regard, the elegant experiments of Bowles using the infiltration technique are recalled
[27]. His study showed clearly that regions of physical contact between the opposite crack faces
are heterogeneously distributed along the crack front and as such the closure phenomenon is not
uniform. Moreover, even at loads lower than the nominal closure level, parts of the crack were
open. The load versus potential-drop diagram shows that electrical contact between the opposite
crack faces changes gradually, supporting the hypothesis of a gradual crack opening and closure
process. With this aspect in mind, and the fact that strain changes occur below the nominal
closure level, it is not surprising that at moderate AK levels the energy dissipated is independent
of R ratio.

To understand further the relationship between closure and energy, the evolution of Elber’s effi-
ciency factor, Ug, for tests at R = 0.1 is shown in Fig. 18 (U is the ratio between AK. ¢ and AK). The
transitions shown in Fig. 17 are also seen in the evolution of the factor Ug. The transition in the AK
range 11 to 15 MPa m* is marked by a clear diminution of the crack closure level. Hence, it appears
that changes in crack closure levels are marked by concomitant changes in energy dissipated
per cycle.

Comparison between Estimated and Measured Energies—To analyze this aspect in more
detail, estimated energy per cycle by finite element studies from Ref 28 and by the analytical
method based on Tracy’s modelization [29] of the plastic zone shape in Mode I are compared with
the measured values in Fig. 19. It can be seen here while the estimations confirm a fourth-power de-
pendence of the energy dissipated per cycle on AK, the measured values are 10 to 100 times higher
than the estimated ones. This difference can be attributed to two major factors. Firstly, the plastic
zone size and the distribution of the strains within it do not necessarily follow the assumptions made
in these two studies. Measurement of the plastic zone sizes using Nomarski interferometry shows that
the plastic zone sizes are much greater than those given by Tracy’s model [30], especially in the
cracking plane.
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FIG. 18—Elber’s efficiency factor for tests in Fig. 17.
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FIG. 19—Comparison between theoretical and experimental estimations of energy dissipated.

The second reason for these differences is the fact that these two estimations do not take into ac-
count the existence of Mode II displacements at low AKX levels. Figures 20a and 20b compare the
crack profiles observed at moderate and low AK levels in this alloy. The existence of a mixed crack
mode displacement is evident at low AK levels. The cracking plane is not perpendicular to the load-
ing axis and there is strong evidence of multiple crack branching, and under these conditions it is quite
difficult to define the fracture mechanics parameters {29]. Now, considering a Mode II opening the
plastic zone size and shape are quite different from those in Mode I and especially for the same K
value the plastic zone can be three times as big as that in Mode I [37]. These factors have to be taken
into account to make an acceptable prediction of the energy dissipated per cycle. The study in Ref 29
shows that the energy dissipated in the plastic zone is directly related to its area squared. The fact that
the plastic zone area in Mode II can be three times as large as that of Mode I can alone lead to a ten-
fold increase in energy dissipated. However, it is quite difficult to predict the relative proportions of
Mode I to Mode II opening occurring at the crack tip.

It should also be mentioned that according to Davidson, the region of constant specific energy is
related to the development of a fully Mode I crack growth as against a mixed Mode I and Mode II
crack growth near threshold [32]. The same author also suggests an increase in specific energy when
threshold conditions are reached, an aspect which is confirmed in the present study. Moreover, the
drop in potential occurring near the maximum load at low AK levels, Fig. 2¢, can be attributed to a
contact between the two crack surfaces due to Mode II sliding. It is quite difficult to talk of closure
in Mode II as, per definition, the crack surfaces are always in contact.

In the case of overload tests, the results show here that the energy-based approach seems to
give a better description of the crack growth rate as compared with the evolution of the crack
opening loads. To get a clearer insight into this aspect, a test was carried out on the 2024 alloy in
the annealed (O) condition. An 80% overload was applied and the crack was left to grow in the
retarded phase. The evolutions of the crack growth rates and the crack opening diagrams are given
in Fig. 21. As before, the numbers next to the crack opening diagrams permit identification of
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FIG. 21—Evolution of crack opening diagrams for a test with an annealing treatment to remove
residual stresses after an overload: (a) crack growth rate, (b) crack opening diagrams.
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when the measurement was made with respect to the overload. Comparing the measurements
made just before and after the overload, it can be seen that the crack accelerates, energy increases
and the crack opening level decreases. It can also be seen in the figure that as the crack retards
(diagrams 1 and 2), significant closure is developed and the energy dissipated decreases. At this
point, the test specimen was reannealed to remove the residual stresses in the overload plastic
zone and the cycling was continued. Just after annealing (diagram 3), crack growth rate suddenly
increases, as can be expected if the residual stresses due to the overload are annulled. At the
same time, by comparing diagrams 2 and 3, it can be seen that there is no closure observed and at
the same time the energy dissipated increases. For further crack growth, closure develops and con-
comitantly energy decreases. This test clearly shows the relationship between the energy parameters
and the crack opening loads.

Limitations of Both Approaches—At this point it should be borne in mind that all the analyses pre-
sented above, both for the crack closure and the energy model, assume a uniform crack growth, all
along the crack front. It is a well-documented fact that, especially after a strong overload, crack tun-
neling occurs in the middle of the specimen due to static crack advance following which the crack
front remains blocked in the central plane strain regions of the crack front with crack growth limited
close to the surface [33]. Under such heterogeneous crack growth conditions, it is more appropriate
to talk of crack surface created than crack length (which implicitly assumes homogeneous crack ad-
vance all along the crack front). Bearing this in mind, the specific energies in phase B, in Fig. 15, are
approximate as they are estimated by assuming uniform crack growth. It is at the same time difficult
to assume the same definition of the fracture mechanics parameters {again estimated for a straight
crack front) for such a nonuniform crack front. As a result, following an overload, the terms da/dN,
AK and U have only limited meanings in the retardation phase.

Commments on Variable Amplitude Crack Growth—As far as block load tests are concerned, the en-
ergy-based analysis shows that at high growth rates the relationship between the crack advance and
the total energy dissipated is the same as that obtained from CA tests. At lower growth rates, limited
data indicate that this linear relationship does not hold good. The fracture surface analysis of these
tests indicates that at high growth rates where the linear relationship is valid, the crack advances by
a continuous process during each block, while at lower growth rates, individual blocks cannot be
identified and the crack advances by a step-by-step mechanism [34]. The definition of the energy dis-
sipated per block adds the envelop energy to the energies dissipated in each cycle for low growth rates
and for Block A. This definition implicitly assumes a rainflow analysis as the peak-to-peak load is
identified from this analysis [35]. The fact that at higher growth rates the crack advance per block is
significant and that envelop energy loses its meaning suggests a limitation to the application of a rain-
flow kind of analysis to long spectra.

At higher growth rates the linear relationship between the crack advance per block and the total en-
ergy dissipated (i.e., at constant specific energy levels) suggests an efficient tool to estimate crack
propagation behavior under variable-amplitude loading. However, the concepts developed in the pre-
sent study have to be verified for different spectra with significant load interaction effects, which are
negligible in the block loading tested here [36].

Conclusions

Fatigue crack behavior under a large range of experimental conditions covering R ratio effects, en-
vironmental effects, overload, and block load tests has been examined using crack closure concepts
and an energy-based model. The following conclusions can be drawn from this study.

1. Most of the aspects of crack growth behavior essentially attributed to crack closure can be suc-
cessfully explained via an energy-based analysis.
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2. The energy analysis is based on a discontinuous crack growth at low growth rates as against a
cycle-by-cycle growth mechanism at high growth rates. No such distinction is made for crack growth
laws based on crack closure.

3. In the case of a single overload, conventional closure measurements fail to explain the evolu-
tion of the crack growth rates in the retardation phase, while the energy-based method seems to be
more efficient in explaining the load interaction effect. However, limitations exist for both methods,
especially in the retardation phase marked by a heterogeneous crack growth.

4. A modified Weertman’s Law can be proposed to describe crack growth behavior independent
of the environment and the test conditions.

5. Inthecase of block load tests the energy analysis shows that the growth law established at high
growth rates for constant-amplitude tests holds well for crack advance during each block as well. The
same analysis exposes the limitations of the rainflow method used for cycle counting under variable-
amplitude conditions.

6. Examination of the relationship between the fracture mechanics and energy parameters indi-
cates the strong possibility of mixed Mode I and Mode II displacements in the vicinity of the crack
tip as threshold conditions are reached.
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ABSTRACT: Crack closure can be measured either with compliance techniques or by means of crack
propagation methods.

Each of these methods has its own specific limitation. We have performed simulations to show that
the results of the measurements with compliance technique near the tip depend strongly on the position
of the displacement gages and that the compliance curves of the remote clip gages are often too insen-
sitive to detect the near-crack-tip closure.

Apart from the sensitivity of the various methods for measuring near-tip closure there are also prob-
lems in determining the effective stress intensity ranges from the load-displacement curves. The differ-
ent procedures proposed in the literature are discussed, too. It will be shown that the measured stress in-
tensity where the crack physically opens is the parameter which determines the effective stress intensity
range. Only in the case of a minute number of contacts with a width very small in relation to the dis-
tance to the crack tip does the stress intensity factor, where the contacts open, underestimate the real act-
ing effective stress intensity range at the tip.

KEYWORDS: crack closure measurement, compliance technique, plasticity-induced crack closure, as-
perity-induced crack closure

In intrinsic ductile materials the fatigue crack growth rate is governed by the cyclic plastic defor-
mation at the crack tip. If the crack is open during the complete cycle and small-scale yielding con-
ditions prevail, then the stress intensity range, AK, and the yield strength of the material characterize
the cyclic plastic deformation at the crack tip. Hence AK often is labeled as the fatigue crack driving
force.

But fatigue crack surfaces are in contact during a certain part of the load amplitude. Such contacts
transfer stresses between the crack flanks and they reduce the real driving stresses at the crack tip. In
other words, these contact stresses shield the crack tip from the applied loading [/-3]. For the deter-
mination of the real acting driving force at the crack tip, one has to take into account the applied load
amplitude and the contact stresses.

There are different types of fracture surface contacts, wedge-like contacts, asperities (point con-
tacts), sliding contacts and bridges [2,3]. In metals under Mode I loading the wedge-like contacts and
the asperities are the most important types. Hence we will restrict our considerations to these types
of contacts, which makes the discussion much easier.

Usually the effective driving force AK.¢ is not calculated from the applied load and the stresses
acting on the fracture surfaces; instead it is determined by

AKe = Knax — Ko = Kmax — Kop ¢))
Vice director and research assistants, respectively, Erich-Schmid-Institut fiir Festkorperphysik der Osterre-
ichischen Akademie de Wissenschaften, A-8700 Leoben, Jahnstr. 12, Austria.
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where K,y is the maximum stress intensity factor and K. or K, is the stress intensity factor where
the crack tip closes or opens, respectively. It should be noted that K, (= K,,) is defined as the K-level
above which the compliance behavior appears to be linear and below which it is nonlinear. It will be
shown that the crack tip is not necessarily closed at K < K if there are asperities between the two
crack flanks behind the crack tip.

This determination of AK is based on the assumption that cyclic plastic deformation, and hence
the crack propagation, starts only when the crack becomes open. We will denote this as the closure
concept, which is widespread in engineering application and the fatigue literature. In spite of the suc-
cess of the closure concept there are many discrepancies concerning the experimentally and theoret-
ically determined quantitative contribution of closure, the techniques to measure the effect of closure
and the significance of the different closure mechanisms. In this study we will try to answer two crit-
ical and fundamental questions:

1. Is the effective driving force given by Kyax — Koy?
2. Is K or K, really measurable?

For the sake of clearness we distinguish between the near crack tip and the remote crack closure.
This classification is somewhat arbitrary. The reason for this separation is that in case of remote crack
closure there is no problem to detect K, or K, with the standard compliance technique. We can con-
sider only the question: Is the measured AK 4 a real effective driving force?

The paper starts with a brief classification of the measurement techniques. Then we discuss the re-
mote tip closure, at first the case of a single asperity and then the effect of multiple asperities. In Sec-
tion 4 the near-tip closure will be considered, where we start with some fundamental differences of
the plasticity-induced closure in plane strain and plane stress. We will discuss the significance of the
near-tip contact, where we estimate the minimum length of a contact to cause a complete shielding
of the crack tip, and the measurability of the near tip closure.

Methods to Measure Crack Closure

For the discussion we will divide the different techniques into two groups: compliance techniques
and crack propagation techniques.

The compliance techniques measure the mechanical response of the contact stresses. Figure 1
shows schematically typical load displacement, respectively, load strain curves. There are many dif-

load

near-tip or far-field crack opening displacement
near-tip or farfield strain

FIG. 1—Schematic illustration of different compliance curves where the effect of cyclic plasticity
is not taken into account. (a) Effect of single or multiple asperities which close at a certain load; (b)
effect of two types of asperities which come into contact at two different loads; (c) continuous unzip-
ping of the crack.
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time time
(a) (b)

FIG. 2—Schematic representation of the loading procedures to measure the opening load of a
crack after Ref 14.

ferent methods applied to measure the strain or the displacement: mechanical strain or displacement
gages [1,4], interferometric [5—7]—in situ optical microscope—or in situ scanning electron micro-
scope observation [8]. Each method has is own specific limitation. But there are no essential differ-
ences between near crack tip or remote from crack tip and between strain or displacement techniques.

The propagation techniques measure the influence of crack closure on the crack tip deformation or
directly on the crack growth rate. This group can be divided into two subgroups:

* In the first subgroup one assumes that a unique relation exists between AK ¢ and the crack
growth rate. A comparison between the observed crack growth rate at the given AX and the
daldN - AK relation gives directly the contribution of the effect of crack closure. Many dif-
ferent techniques were proposed to measure the necessary da/dN - AK.g relation; see for ex-
ample Refs 9-13.

» The second subgroup is based on the assumption that a crack does not propagate when it is
closed and it can only start to propagate if AK is larger than the effective threshold of stress
intensity range, AK g w, and if Koy is larger than Ko, + AKegem [14-18,21). Two possible
loading procedures to determine K, are depicted in Fig. 2. In both cases the crack growth ex-
periments are interrupted at minimum load. In the first example a very small load amplitude
is applied and increased in steps until the crack starts to propagate (Fig. 2a). The other possi-
bility (Fig. 2b) is to apply a small load amplitude which corresponds to AK which is somewhat
larger than AK.¢ ¢ and increase the mean load until the crack starts to propagate. From this
K max value and the given AKegrm One can now determine Koqp.

Other techniques as, e.g., potential drop and the acoustic emission method, which do not measure
the mechanical response of crack closure (for example, such techniques indicate sliding contacts,
which do not transfer a significant amount of stresses in Mode I loading [/9], are not discussed in this
paper.

Remote Crack Tip Contacts

The fatigue crack growth experiments of Herzberg et al. [20] on specimens with a single artificial
contact with different contact height indicate that the measured opening stress intensity overestimates
the effect of crack closure. Vasudevan and Sadananda [22,23] also pointed out that the compliance
technique for measuring asperity-induced crack closure predicts too small effective stress intensity
factors. This leads to some modified methods to determine the effective stress intensity range [24,25].
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In order to make the discussion of this problem easier we will consider contacts which are loaded
at larger distances from the crack tip because in this case there is no problem to detect the fracture
surface contact with remote or near-tip compliance techniques and a simple linear elastic considera-
tion is applicable.

Single Asperity

In our model, Fig. 3, it is assumed that a very small rigid vertical asperity is present at a short dis-
tance behind the crack tip (i.e., relatively short if compared with the crack length). The asperity will
touch the upper and lower crack face when X is reduced to K. Because of the short distance between
the asperity and the crack tip, this K, will be recognized as the crack closure K-level in the usual com-
pliance type measurement techniques to determine K. However, the physical crack tip is still open,
and after further unloading the crack flanks at both sides of the asperity will still show further dis-
placements; see Fig. 3.

A through-thickness asperity is assumed. This allows a plane consideration. The width of the con-
tact is Yo Of the distance between the crack tip and the asperity. Since the length of the crack and the
specimen size are large in relation to the distance between the crack tip and the asperity, the contour
of the crack flanks at the first contact is given by the applied stress intensity and the height of the as-
perity. A detailed description of the calculations of the stresses on the asperity and the resulting con-
tour is given in Ref 26. Figure 3 shows the calculated contour of the crack flanks at K; where the first
contact between the fracture surfaces (dotted line) and the asperity occurs, and the contour of the un-
loaded crack (full line).

One can clearly see that during unloading below K the deformation between the crack tip and the
contact does not stop. A significant relaxation occurs until the cracked body is completely unloaded.
The real shielding caused by such a small single asperity for a completely unloaded crack is 0.22 K
and not the complete part of the amplitude where the crack is partially closed. Hence a determination
of the effective driving force by AKesr = Kmax — Ko significantly underestimates the real Ak, (ef-

Location of Asperity

Crack Flank
Displacement u, [a.u.]

......... K=Kg;; Kioca=Kes
_ K:o; klocal=0'21*Kcl

FIG. 3—Calculated contour of the flanks of an elastic crack at K . (dotted line; at this K the first
contact of the asperity with a crack flank occurs) and K = 0 (full line). The width of the rigid asper-
ity is Tf@ of the distance between the crack tip and the asperity. Kioeq is the real acting local stress
intensity factor at the crack tip. If no contact of the crack flanks occurs, Kiocq is equal to the applied
or global stress intensity factor K. If a perfect fitting wedge is inserted in the mouth of a crack Kiocar
=K (in the case of K <K_)). In the case of a single asperity Kiocq can be significantly smaller than
K., which can be seen from the elastic relaxation from the contour of the crack.
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load

crack opening displacement

FIG. 4—Schematic representation of the load versus crack opening displacement curve measured
at different distances behind the crack tip of a crack with a single asperity. The gage is located very
near the crack tip for curve (a), between the crack tip and the asperity for curves (b) and (c), at the
position of asperity for curve (d) and behind the asperity curves (e) and (f).

fective driving force at the crack tip). What can we now learn from the compliance in such a case?
Figure 4 shows schematically the load vs. crack-tip opening displacement curves obtained at differ-
ent positions behind the crack tip. At all positions a change in the compliance at K can be observed.
Curve “a” is determined very near the crack tip; here the crack opening displacement (COD) is pro-
portional to the local driving force. In this case the technique proposed by Chen et al., which is based
on the comparison of closure-free and closure-affected COD vs. load curves, gives the correct driv-
ing force. But this technique fails if we apply it to the COD vs. load curve at the position of the con-
tact. We would conclude that AK.¢r = Ko — K because there is no change of the COD below K.
In other words, the COD vs. load curve at the considered small contact is equal to a COD vs. load
curve of a wedge-like contact which fills perfectly the crack at K and such a wedge would shield
completely the crack tip. If we do not know where the contact is located and if we measure only one
of the other COD vs. load curves, b, c, d, e or f, we can gather no information about

—the real driving force at the crack tip,

—where the contact is located, or

—the size of the contact.

What is now the result if we apply the crack propagation technique in the single asperity case?

* A comparison of the actual crack propagation rate with a da/dN vs. AK.¢ curve will give us
“per definition” the real driving force at the crack tip.

+ The technique to determine K, by measuring the first crack propagation in a rising AK or in
a rising mean load (see Fig. 2) experiment does not give useful results. If in the rising mean
load experiment (Fig. 2b) the chosen AK < 1.2 AK ¢, o crack extension below Kpax = Ko
+ AKg i should be observed. In this case one would determine K, or K, but not the real
driving force at the crack tip. If AK > 1.3 AK ¢4, at each mean load the crack propagates, and
therefore one would assume that no crack closure occurs.

From this point of view many crack closure measurements in the literature seem to be unreliable.
But fortunately in reality crack closure is not caused by a very small single contact.

Multiple Asperities

In order to demonstrate that an increase of the number of asperities or an increase of the width of
the contact reduces the elastic relaxation at the crack tip, we calculated the contour of the unloaded
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FIG. 5—Comparison of the calculated contour of the flanks of an elastic crack at K = O with a sin-
gle (A) and four (B) asperities, where the width of the asperities is how of the distance between the
crack tip and the first asperity.

crack for two examples. The geometrical assumption made for the calculations of the contour in Figs.
5 and 7 looks very artificial, but the aim of these figures is only to demonstrate the significance of the
effect of the number of asperities and the width of the asperity.

Figure 5 shows again a contour of a crack with one and four contacts when the applied load is zero.
The four contacts are located at 1000, 2000, 4000 and 8000 times the width of the first contact, the
contact width is equal to the distance between the contact and the crack tip divided by 1000, and the
height is chosen in such a way that all asperities close at the same stress intensity factor. Furthermore,
it is assumed that the distance between the asperities and the crack tip is small in relation to the crack
length; this allows a more general consideration of this problem. A comparison of the contours shows
that the elastic relaxation of the unloaded crack tip is significantly smaller in the case of four asperi-
ties. The local stress intensity at the crack tip at the applied stress intensity K = 0 in the case of one
contact is 0.21 K and in case of four contacts it is already 0.55 K ;.

In Fig. 6 this increasing of crack tip shielding is depicted as a function of the number of equidis-
tant very small contacts; the width is assumed as Yo oOf the distance between the crack tip and the
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FIG. 6—Influence of the number of contacts on the normalized shielding stress intensity (K;/K

= Kyocat /K1 ). Equidistant asperities with a width of Yiw of the distance between the crack tip and
contact are assumed.
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FIG. 7T—Calculated contour of the flanks at zero load of an elastic crack. The width of the asper-
ity is assumed equal to the distance between the crack tip and its first contact point.

contact. One can see that ten very small contacts cause a shielding of the unloaded crack tip, which
is about 70% of K. A very similar behavior can be observed when we increase the width of the
contacts. Figure 7 shows the contour of the unloaded crack, where the width of the contact is equal
to the distance between the crack tip and the beginning of the contact. The height is equal to crack tip
opening displacement at K. A comparison with the contour of the very small contact in Fig. 4 shows
clearly that the elastic relaxation of the crack tip in the closed phase of the load amplitude is signifi-
cantly reduced by the larger contact.

This discussion shows that only in the case of few very small contacts is the real shielding contri-
bution significantly smaller than the usually assumed value Ky — Kpin. Only in this case are the prob-
lems addressed in the preceding subsection (single asperity) important. But roughness-induced or
corrosion debris-induced closure is usually caused by many contacts; hence the standard measure-
ment of K, from the compliance or by means of the propagation technique is a useful approach to de-
termine the effect of closure.

Near Tip Crack Closure

From the mechanical point of view the fracture surface contacts can be classified into two extreme
types, very small contacts and the wedge-like contacts. In reality we have a mixture of both types. By
small contacts are meant asperities whose widths are small in relation to their distances to the crack
tip. They may be caused by a mismatch of rough fracture surfaces, corrosion debris or by plastic
humps induced by a single overload. The general problems in measuring the effect of such contacts
have been discussed in Section 3. However, the width of a wedge-like contact (corrosion layers or a
plastic wake field) is large in view of the distance between the contact and the crack tip. In such cases
the crack tip is of completely shielded below K. Therefore we have no problem with the explana-
tion of how one should measure the driving force. Difficulties in the experimental determination of
crack closure arise only when the contact between the fracture surfaces is localized to a small region
near the crack tip.

The wedge-like contacts are caused by corrosion layers, or by the plastic wake. The influence of
the corrosion layer or the plastic wedge in the plane stress case is widely accepted, but there exist ex-
treme discrepancies in the fatigue community concerning the plasticity-induced closure under plane
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strain conditions. A number of fatigue experts [22,23,27-30] believe that it cannot occur under con-
stant-amplitude loading. These problems are caused

—by a lack of simple explanation [31,32], or

—by some errors in the analyses [22].

But it really takes place [25,31-37]. This can clearly be seen in Fig. 8, where the crack-tip
opening displacement at mid-thickness of a thick specimen as a function of the stress intensity is
depicted for a steady-state growing crack. The small-scale yielding and the plane strain conditions
were fulfilled in these experiments [39)]. At this large stress intensity range (70 MPaV'm) the
contribution of oxide and roughness-induced crack closure can be neglected. Hence, the closure
of the crack below about 25% of the maximum stress intensity is induced by the plastic wake.
The aim of this paper is not to clarify the misunderstanding concerning plasticity-induced closure
under plane strain condition. This is done elsewhere [26,32]. But one essential difference between
the plane strain and the plane stress plasticity-induced crack closure should be pointed out. At
constant stress intensity range under steady-state conditions (which means that crack extension is sig-
nificantly larger than the plastic zone size) in the plane stress case the effect of the plastic wake can
be represented by a wedge of constant thickness all along the crack. In the plane strain case the plas-
tic wedge is limited to the immediate vicinity behind the crack tip. This is illustrated in Fig. 9 where
the crack tip opening displacement at K, and at K, = 0 is schematically depicted for both plane
stress (Fig. 9a) and plane strain (Fig. 9b). It should be noted that the Dugdale model is not applicable
to describe the deformation under plane strain conditions; nevertheless we use it here to visualize the
differences of the two types of wedges. In the plane stress case the unloaded crack is closed all along
the crack and in the plane strain case it is limited to a region somewhat smaller than the size of the
plastic zone.

The question which arises is whether such small wedges reduce the driving force significantly. In
order to show that it does indeed, we discuss in the following the problem of how large a wedge has
to be in order to completely shield the crack tip.
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FIG. 8—Crack-tip opening displacement measured in the midsection of a thick specimen of a
steady-state propagating crack [39]. The experiments were performed in a cold-rolled austenitic
steel at AK = 70 MPa\N/m and R = 0.
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FIG. 9—Schematic representation of the plastic wedge under plane stress (a) and plane strain con-
ditions (b). For both cases the Dugdale model is used as a basis to describe the crack-tip deforma-
tion at K., [38]. The effect of plasticity can be represented as a wedge of constant thickness (at-
tached at the flanks of the crack) and a limited wedge with a maximum height at the tip in the plane
stress and the plane strain case, respectively.

What is the Minimum Size of a Wedge to Cause a Complete Shielding?

We imagine an open crack at maximum load and locate an artificial wedge immediately behind the
tip which should completely prevent the deformation during unloading. What is the minimum length
of such a wedge? In order to solve this question we shall use the Dugdale model and the McClintock-
Rice superposition principle. Figure 10 shows schematically the crack flanks at maximum load and
the unloaded crack. The corresponding stress distribution along x; is depicted in Fig. 105.

In the Dugdale model the plastic zone is envisioned as a narrow strip which extends a distance w
ahead of the crack tip and is loaded by tractions equal to the yield stress oy over the length . The
tractions along o cause a negative stress intensity factor with an absolute value which is equal to the
positive stress intensity factor caused by the far-field loading. The size of the monotonic plastic zone
under small-scale yielding condition is then given by @ = (/8) (K/a,)*. The cyclic plastic zone is
given in the same way as the monotonic plastic zone with the exception that the loading parameter is
replaced by the load range and the tractions in the strip, located in front of the actual physical crack,
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(b) Kmin= 0

FIG. 9—Continued

are replaced by twice their value (2-0y) during the monotonic loading. The stress intensity caused by
the tractions in the case of complete unloading and in the absence of crack closure is also equal to the
stress intensity caused by the far-field loading at maximum load.

If we want to prevent the deformation during unloading we arrange a strip loaded by tractions
(caused by the artificial wedge) behind the crack tip. The tractions of the unloaded crack
along x,, should cause a siress intensity factor which is also equal to the absolute value of the
stress intensity factor caused by the tractions along o at the maximum load. In other words, the
traction along x,, should cause the same stress intensity factor as the far-field loading at maximum
load. The tractions are equal to the yield stress, because the possible maximum stress at the wedge
is equal to the yield stress; otherwise the crack flanks would be deformed. The calculation of x,, is
therefore identical to the derivation of @. Hence the minimum length of the wedge to cause a
complete shielding (i.e., to cause no cyclic plastic deformation) is equal to the size of the monotonic
plastic zone

X = @ 2

Therefore, the relative short plastic wedge in the plane strain case can induce a significant amount of
shielding of the crack tip. But the experimental verification of this shielding may be difficuit.
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(b)

FIG. 10—Schematic illustration of the effect of an artificial wedge which should completely pre-
vent a deformation during unloading: (a) Crack-tip opening displacement at K, = 0, and (b) stress
distribution at K., and K,;,..
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For example, at AK = 3 MPa\V/m (stress ratio R = 0) and a yield stress of 300 MPa, which is typ-
ical for a high strength aluminum alloy or a medium-strength steel, Eq 1 gives for w and therefore the
minimum length of a wedge to cause a complete shielding x,, = w = 30 pum. This is the result for the
plane stress case. Under plane strain conditions the size of w especially along x; is significantly re-
duced, to about one-third of w in plane stress or somewhat smatler. Hence a wedge with a width of
10 pm may cause a complete shielding in the considered case.

Measurability of the Opening of the Crack Tip

The opening of a crack with a wedge-like contact is a continuous process; i.e., it is a continuous un-
zipping of the crack flanks. Hence the change of the compliance is also a continuous process, as de-
picted in Fig. 1 (curve C). The relative change of the slope depends on the location of the strain gage.
It is larger near the tip and small for remote gages. Due to the limits to detect a change in the slope the
measurability of the crack opening stress intensity is limited. The minimum length of a wedge-like
contact at the tip of a crack which can be detected by a certain technique is comparable to its accuracy
to measure a change in the crack length. The detection limit to measure a change in the crack length
with a far-field compliance technique is in general larger than 20 pm (typically about 50 xzm). The ap-
plication of a near-tip technique can reduce this limit by about the factor of 5 or even up to 10.

We have seen that a contact over a length of a few pm can cause a significant amount of shielding.
The K value determined from the first detected deflection of the slope of the compliance curve is
therefore only a lower limit for K or K. In other words, the real opening or closure of the crack tip
occurs at K values somewhat larger than the measured K. Hence we can conclude that the measured
values under-estimate the effect of closure in the case of wedge-like contacts.

Since cracks can propagate only if their tip is open, the crack propagation technique gives correct
opening stress intensities independent of the size of the wedge-like contact. Nevertheless this tech-
nique also has its limitations:

« It is applicable without problems only for large load amplitudes and steady-state conditions
where K does not significantly change with crack extension.
Under variable-amplitude loading the closure load can change with increasing crack length. In
the case of a decreasing closure load there is no problem; the cracks start and continue to grow
if at the beginning the propagation conditions are fulfilled. In the case of increasing closure
load the necessary Kpax for crack propagation increases with increasing crack length. There-
fore, the determination of Ko, is limited by the detectability of the first extension and the
change of K, as a function of the crack length.

+ In the near-threshold region the uncertainty in the knowledge of AK.s, and the closure tran-
sient effects which might occur at the small load amplitudes in combination with the limita-
tion of the measurability of the first extension of the crack can significantly reduce the accu-
racy of this technique.

In order to demonstrate the discussed points the results of different techniques are compared in
Figs. 8, 11 and 12. In all experiments the steady-state crack propagation in an austenitic steel [39] at
AK = 70 MPaVm at R = 0.05 is investigated. As already noted, Fig. 8 shows the real deformation
immediately behind the crack tip at mid-thickness of a thick specimen (B = 25 mm) where the plane
strain conditions prevail. From this it is evident that the crack tip closes at about 25% of K ax.

The fractographs of Fig. 11 present the results of the crack propagation technique. The crack
growth experiment with constant-load amplitude at AK = 70 MPa\/m was interrupted and a load of
100 000 cycles at a small load amplitude was applied with a K max somewhat smaller than the expected
Koy + AKegr o value. Then the specimen was loaded with ten additional loads cycles at AK = 70
MPaVm and the test was interrupted again to apply 100 000 cycles with a somewhat larger “small”
load amplitude. This load sequence was continued until the Kp,, of the small load amplitudes was
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somewhat larger than the expected Kop + AKegew value. From such a fractograph (Fig. 11) we can
clearly see at which K., the crack starts to propagate. The determined K., value was between 21%
and 25% of Kyax-

Figure 12 shows the load versus far-field displacement curve at AK = 70 MPa\Vm and R = 0. In
Fig. 12a the curve of a 25-mm-thick specimen and in Fig. 125 the curve of a 9-mm-thick specimen
are depicted. One can clearly see that crack closure is easier to detect in the more plane stress domi-
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FIG. 12—Comparison of the remote crack opening displacement of a steady-state growing fatigue
crack at AK = 70 MPaVm, R = 0.0 in a cold-rolled austenitic steel of (a) 25 mm, and (b) 9 mm
specimen thickness, where in the 25-mm-thick specimen the plastic deformation is dominated by the
plane strain condition and in the 9-mm-thick specimen the plane stress conditions become more
important.
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nated thin specimen. One would assume that a crack-tip shielding of 20 MPaVm is very easy to mea-
sure. But in both specimens the first deflection from the straight line is difficult to determine.

Besides the discussed basic problems there are many other problems associated with the measur-
ability of closure which are not considered in the present paper. For example:

«+ The difference between the mid-thickness and surface behavior.
« The influence of the shape of the crack front.

+ A careful consideration of the limitation of the validity of a unique relation between da/dN and
AK eff-

Summary

1. Only in the case of a few very small asperity-type contacts between the two crack flanks is the
real crack-tip shielding induced by closure significantly smaller than K¢; — Kpn.

2. For more than ten very small contacts or for few asperities with larger width the difference be-
tween Kop — Kiyin and the real shielding of the crack tip becomes small. Hence, the usually measured
K or K, value is applicable to determine AKeg (= Kmax — Ko

3. The minimum size of a wedge-like contact of the plastic wake field to cause a complete shield-
ing of the crack tip is equal to the size of the plastic zone. This indicates that a relatively small wedge-
like contact, as in the case of the plasticity-induced closure under plane strain, can cause a significant
crack-tip shielding.

4. The difficulties of measuring the significant contribution of the near-tip closure might be the
main reason for the discrepancies about the quantitative contribution of the effect of crack closure.
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ABSTRACT: In a common interpretation of crack closure, the crack is visualized as “peeling” open as
stress is applied. This interpretation, while useful, has led to the assumption that the driving force for
crack propagation, AK., exists only when the crack tip is fully open (above K-opening). However, ev-
idence of significant crack-tip cyclic strain below the K-opening will be presented. The exclusion of this
additional driving force can yield misleading values of AK,y. This is particularly so in the near-thresh-
old regime where opening loads are typically high. The new analysis technique for estimating AKs is
referred to as the adjusted compliance ratio (ACR) method and is based on an interpretation of crack
closure as a stress redistribution (or load transfer) on a relatively compliant crack wake. The ACR
method is evaluated using the results of fatigue crack growth tests on 6013-T651, 2324-T39 and 7055-
T7751 aluminum alloys using the center crack tension M(T) specimen geometry and stress ratios rang-
ing from —1.0 to above 0.96. The experimental results of this study indicate that the fatigue crack
growth rate is not determined solely by AK.¢r but also depends on Kpmax. It was observed that this Kipax
dependence takes the form of a power law with the magnitude of the exponent being a measure of Kiax
sensitivity. As a result, AK g curves from all test conditions could be collapsed to a unique intrinsic
FCGR curve using a simple modification to the Paris Law. It is expected that continued research in this
area will lead to improvements in fatigue life prediction methodology.

KEYWORDS: fatigue, fatigue threshold, crack propagation, effective stress intensity, crack closure,
stress ratio

Properly characterizing both the “extrinsic” and “intrinsic” nature of the long crack fatigue crack
growth rate (FCGR) curve is desirable for fatigue-life prediction methodology, especially in the near-
threshold regime. An intrinsic or “closure free” relationship should provide a basis for a better un-
derstanding of the small crack phenomena and the transition from small crack to long crack behav-
ior. This intrinsic relationship is represented by the FCGR curve as a function of the effective stress
intensity factor range, AK,. In this paper, AK,g refers to the actual driving force for crack propaga-
tion and is not tied to a particular method for its estimation. It will be shown that properly correlating
stress ratio effects in long cracks requires first, an accurate closure methodology to estimate AK g,
and second, an evaluation of the K., contribution. To this end, an experimental program was con-
ducted on 6013-T651, 2324-T39 and 7055-T7511 aluminum alloys to provide a unique intrinsic
FCGR curve.

Previous attempts to understand stress ratio effects in FCGR data have often emphasized one im-
portant contribution, such as crack closure, without considering other factors such as Ki.x depen-

1Staff engineer, Alcoa Technical Center, 100 Technical Drive, Alcoa Center, PA 15069.
Director, Fracture Technology Associates, 2001 Stonesthrow Road, Bethlehem, PA 18015.
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dence. In the past, correlating stress ratio effects using closure has been hampered by nonrepeatable
measurements of closure and by contradictory results. Experimental evidence indicates that “closure”
or interference of crack faces does not entirely isolate the crack tip but does cause an alteration and
diminution of damaging strains [/]. Therefore, an understanding of the partial shielding mechanism
of closure is essential.

A new analysis technique for estimating AK. is referred to as the “adjusted compliance ratio”
technique (ACR) and is based on an interpretation of crack closure as a stress redistribution (or load
transfer) on a relatively compliant crack wake. This concept accounts for the contribution of cyclic
crack-tip strain below the opening load to fatigue crack growth. In fact, this concept accounts for con-
tributions to crack closure both near the crack tip (i.e., near-field) and remote from it (i.e., far-field),
thus allowing the near crack-tip “process zone” to be analyzed for only nonclosure mechanisms of
behavior. This has resulted in the observation that the fatigue crack growth rate is not determined
solely by AK.¢ but also depends on Ki,,,. It has been observed that this K., dependence takes the
form of a power-law with the magnitude of the exponent being a measure of Kax sensitivity. This re-
lationship suggests that incorporation of a K., effect into a crack growth law might be relatively
straightforward.

Background

The understanding of fatigue crack growth behavior was revolutionized when Paris [2] recognized
the relationship between fatigue crack growth rates and the linear elastic fracture mechanics param-
eter K leading to the formulation of what is now known as the Paris Law:

daldN = C(AK)™ ey

where AK is the applied stress intensity factor range corresponding to the applied cyclic load range
Prax— Puin. It is widely believed that the fundamental cause of fatigue crack growth is the accumu-
lation of microstructural damage resulting from cyclic plastic strain ahead of the crack tip. The use
of applied AK in correlating fatigue crack growth rates is only possible because the linear fracture
mechanics parameter K approximates the crack tip stress fields under small-scale yielding conditions.
The plastic strain is then related to stress through a material’s constitutive relationships. An increase
in applied AK results in an increase in the cyclic plastic strain range; hence, greater microstructural
damage and an increase in crack growth rates.

The next revolutionary leap forward in the understanding of fatigue crack growth was precipitated
by the discovery of crack closure by Elber in 1970 [3,4]. Elber demonstrated experimentally that a
fatigue crack can be closed for a part of the load cycle, even when the loading cycle is fully in ten-
sion. Previously, it was thought that a fatigue crack could only close under compressive loading [5].
The effect of crack closure is to reduce the cyclic plastic strain range at the crack tip. Elber concluded
that the crack tip conditions responsible for crack propagation cannot be solely described by the ap-
plied stress intensity factor range AKX, but rather by an effective stress intensity factor range AK.¢ that
accounts for crack closure. This was reflected in the following modification to the Paris Law:

daldN = C(AK™ @

The crack closure concept represented in the modified Paris Law has led to an improved understand-
ing of several fatigue crack growth phenomena, including stress ratio effects, small crack effects, and
crack retardation under variable-amnplitude loading. As a result, the concept has been widely accepted
and applied by the technical community.

The great difficulty with crack closure has not been conceptual but rather in the experimental de-
termination of AK.g. Elber postulated that AK.¢ corresponds to that portion of load cycle where the
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crack tip is fully open. This seems reasonable since a closed crack is no longer expected to have the
crack tip singularity and concomitant stress intensification experienced by an open crack. Thus, ex-
perimental methods have focused on determining the applied stress intensity factor (K,,) at which the
crack tip fully opens. The effective stress intensity factor range is then estimated to be:

AKeff = Kmax — Kop (3)

Many experimental methods have been devised for measuring K, including potential drop, ultra-
sound, acoustic emission, compliance and optical interferometry, to name a few. Multiple analysis
techniques have also been applied in some cases to interpret data from a given experimental method.
Several observations have been noted in applying these different experimental methods and analysis
techniques: (1) K, is often sensitive to measurement location and its distance from the crack tip [6];
(2) Kop depends significantly on the measurement method and the analysis technique applied to the
data [7,8]; (3) K, exhibits significant scatter even for a given measurement method and analysis tech-
nique [9]; and (4) local or “near-tip” measurements typically give higher K, than global or bulk mea-
surements [10].

The ASTM Opening Load Method

To address the issues of scatter and to provide a common method which would allow reliable
comparisons of crack closure from different sources, ASTM in 1995 introduced a standardized
method which is embodied in Appendix X2 of the ASTM Standard Test Method for Measurement
of Fatigue Crack Growth Rates (E 647). Like most other approaches, the standardized method
is based on the Elber postulate that K., — Kop defines that portion of the applied AK contributing
to fatigue crack propagation. The method recommends the use of either a crack-mouth opening
displacement (CMOD) gage or back-face strain (BFS) gage for a C(T) specimen, or in the case
of an M(T) specimen, a COD gage on the longitudinal centerline of the specimen. The load
versus displacement (or strain) is collected during a load cycle (Fig. 1). A straight line is fitted to
the upper linear portion of the curve. This corresponds to the compliance of the specimen when the
crack is fully open. The lower portion of the curve is nonlinear because the compliance gradually
changes as the crack faces open and close upon loading and unloading. The point at which the
crack first attains the constant value of the upper part of the curve is assumed to correspond to Kop.
However, the exact determination of this point is quite difficult due to the gradual change of compli-
ance and system noise. For this reason, an offset method is used where the opening load is defined to
correspond to a compliance that is some percentage less than the compliance of the fully open crack.
The offset value typically used is 2%. This method will hereafter be referred to as the ASTM open-
ing load method.

The Elber postulate, while attractive in its simplicity, has not always been supported by the exper-
imental evidence. For example, Hertzberg et al. [11] observed a lack of correlation between effective
stress intensities using remote opening load measurements and observed crack growth rates. Simi-
larly, Donald [/] obtained unrealistically low values of AKg and poor correlation of crack growth
rates in the near-threshold region. Allison and You [7] found that the percentage offset necessary to
correlate fatigue crack growth rates was material- and stress intensity range-dependent. At threshold,
AK.¢ was underpredicted, even with a 15% offset which yielded a K, well below that correspond-
ing to the initial point of deviation in the load versus displacement curve.

While it is tempting to attribute the lack of correlation between crack growth rates and AK.s ob-
served in these cases to the experimental difficulty in obtaining a precise measurement of Kp, other
possibilities should also be considered. One possibility is that Kpmax — Kop may not provide an accu-
rate estimate of AK¢; under all conditions. Recently, Chen et al. [/2] using simple test procedures in-
volving stress ratio changes at threshold provided evidence that the lower portion of the loading cy-
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FIG. 1—Schematic showing analysis of load versus displacement in accordance with opening load
method and ACR method.

cle below K, can also contribute to crack propagation. This implies that additional crack-tip plastic
strain is occurring below K.

The implicit assumption in all opening load methods, including the standardized ASTM
method, is that the cyclic plastic strain range at the crack tip is related to Kinax — Kop and that no sig-
nificant plastic strain occurs below K. This assumption seems reasonable when considering only the
loading portion of the load cycle. Typically, tensile yielding at the crack tip does not occur until the
compressive contact stresses in the crack wake are overcome at K, and the stress singularity is
“turned on” resulting in tensile stresses ahead of the crack tip. However, the situation is different on
the unloading portion of the load cycle. The compressive stresses responsible for reverse yielding
are not “turned off” when the crack closes so additional compressive yielding below K is still pos-
sible [13,14]. The magnitude of this additional plastic strain depends on the effectiveness of the crack
closure mechanism at shielding the crack tip. This depends on the “stiffness” of the closure
mechanism which is related to the modulus of the contacting material and the area of contact.
When the closure mechanism is “stiff” or noncompliant, the contact forces build rapidly and magni-
tude of the additional plastic strain below K, is expected to be small. When the closure mechanism
is “soft” or compliant the additional plastic strain below K, may be significant. For example, rough-
ness-induced closure can be viewed as a “softer” closure mechanism than plasticity-induced closure
because contact first occurs over a small area at the largest asperities. Continued Mode II displace-
ments at the crack tip are also possible as the asperities slide on each other. Thus, the magnitude of
additional plastic strain below Ko, is expected to be greater for roughness-induced closure than plas-
ticity-induced closure.

The extent to which the additional plastic strain below K, contributes to fatigue crack propagation
depends on the level of Ko relative to K.y, When K, is large, as it often is near threshold, the ad-
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ditional plastic strain below the opening load may represent a significant portion of the total plastic
strain range and contribute significantly to crack propagation. When K, is small, as is often the case
in the Paris region, the contribution will be substantially less.

Adjusted Compliance Ratio Concept

Recently, Donald [/] introduced a new technique for estimating AK,¢ called the adjusted compli-
ance ratio (ACR) method, designed to account for the contribution of that part of the load cycle be-
low K, to crack propagation. The experimental setup, instrumentation, and data collection are the
same for this method as for the ASTM opening load method. The only difference between the two
methods is in the analysis of the load versus displacement curve (Fig. 1). In the ACR method, the
opening load marks a transition point below which the applied load is no longer directly proportional
to the local crack-tip strain field magnitude. The estimate of AK.¢ is related to the ratio of the actual
displacement range (Ad,;) to the displacement range that would have occurred in the absence of the
closure (Ad,,). This ratio is equivalent to the secant compliance between the minimum and maximum
load-COD points (C,) and the compliance of the specimen above the opening load (C,). Evidence has
shown this assumption to be extremely sensitive to crack length and measurement location and use-
ful only if it were practical to continuously and correctly monitor the near crack-tip elastic strain [/].
Since measurement of local crack-tip strain for the compliance ratio technique is not practical, an al-
ternative method has been devised to accomplish the same end using remote compliance measure-
ments. The alternative method is referred to as the adjusted compliance ratio (ACR) technique and is
determined by subtracting the compliance prior to the initiation of a crack (C;) from both the secant
compliance (C;) and the compliance above the opening load (C,) as follows:

C‘_Ci

ACR =—F C))

where
ACR = adjusted compliance ratio,
C, = 8,/P (inverse slope of secant drawn between minimum load-displacement and maxi-
mum load-displacement),
C, = 8,/P (inverse slope of load-displacement above opening load), and
C; = 8;/P; (inverse slope of load-displacement prior to initiation of a crack).

This results in a compliance that is due solely to the presence of the crack. The adjustment parame-
ter, C;, compensates for much of the measurement location and crack length sensitivity. The result-
ing ratio can then be used to calculate AK.g directly. It is this ratio that accounts for the bulk shield-
ing mechanism in the wake of the crack and its effect on the elastic cyclic strain field immediately in
front of the crack. The effective stress intensity factor is then obtained by multiplying the applied
stress intensity by ACR as follows:

AKeff = ACR- AKapp (5)

Since the ACR method measures elastic compliance from a remote measurement location, it can-
not be expected to capture the essence of the plastic crack-tip strain. This is not a serious limitation
since the method does capture a first order estimate of the reduction in elastic cyclic strain. The re-
duction in elastic strain near the crack tip will, of course, have a direct impact on cyclic plastic crack-
tip strain. However, limitations and sources of error due to second-order effects remain to be resolved.
It should be noted that the ACR provides a proportionality between dC,/da and dC,/da. Therefore, it
is not unreasonable to assume that the ACR at least approximates AKe/AKa,p,p since the slope of the
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compliance curve as a function of crack length is paramount to the derivation of stress intensity so-
lutions. Since no direct determination of K, is necessary, the experimental and analytical difficulties
associated with this task and the resulting scatter are eliminated.

Values of AK.¢ from both the ASTM opening load method and ACR method should be considered
estimates since a gage remote from the crack tip captures the elastic response of a cracked specimen
while fatigue crack growth rates are a consequence of plastic strain at the crack tip. The extent to
which these estimates differ from each other depends on the shape of the load versus displacement
curve (Fig. 2). When K., is small relative to K.y or the closure mechanism is “stiff” or noncompli-
ant, AK,¢ obtained from the two methods should be identical or nearly so. When K., is large relative
to Kmax or the closure mechanism is “softer” or more compliant, the difference in AK,¢ obtained from
the two methods could be quite large. This being the case, it was expected that the ACR method
would always give the larger AK.¢ but that the greatest difference between the two methods would
be evident in the near-threshold region. The objective of this study was to evaluate which method pro-
vides the better estimate of the “true” AK.¢ over the widest range of experimental conditions.

Experimental Procedures and Results

FCGR testing was conducted on aluminum alloys 6013-T651, 2324-T39 and 7055-T7751 to eval-
uate the ACR and ASTM opening load methods for estimating AK.¢r. These alloys represent a range
of strength and fatigue crack growth behavior. The tensile properties of the materials tested are given
in Table 1. This work was performed in two phases. In Phase 1, each method was evaluated to deter-
mine sensitivity to experimental factors. More specifically sensitivity to measurement location and
crack length were evaluated. The results were compared to “closure-free” crack growth rate data to
evaluate which method better represents the “true” AK.¢. The testing in Phase 1 focused on the near-
threshold region since this is the region where the greatest difference in the two methods is expected.
In Phase 2, the two methods were evaluated over a wide range of stress ratios and AKX to evaluate their
robustness. A summary of Phase 1 and 2 test conditions is given in Table 2. All experiments were
conducted on a servo-controlled, hydraulically-actuated, closed-loop mechanical test machine inter-

Pmax @) Prmax ®)
- —
Pop
© ©
(1] (1]
S S
Pop
}__
Pmin Pmin
B p— 5std i pa—— Ostiff —
e b = un
Displacement Displacement

FIG. 2—Schematics showing comparison of effective portion of the load versus displacement
curve for ASTM opening load and ACR methods for: (a) high closure level, and (b) low closure level.
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TABLE 1—Tensile Properties at Room Temperature.

Ultimate
Yield Tensile
Strength Strength Elongation,
Alloy MPa MPa %
6013-T651 347 379 15.7
2324-T39 453 496 14.0
7055-T7751 610 635 9.4

TABLE 2—Summary of Test Conditions.

63

Specimen type: C(T), B=952mm, W=762mm, ay=254mm (L-T orientation) M(T),
B=635mm, W=101.6mm, 2a,= 10.2 mm (L-T orientation)
Test frequency: 2t0 20 Hz (Phase 1) (Phase 2)
Environment: Lab air, 24°C, R.H. = 38 to 48% RH. > 90%
daldN: 5%1078 to2 X 1073 to 5 X 1072 mm/cycle
Specimen Stress K-gradient
Test ID Type Ratio (1/mm) Kanax (MPa V)
(PHASE 1)
6013-1A, -2B (0¢)) 0.1 0.00! —0.10° 6.6
6013-1B-, 2C- C(T) var. -0.59, —0.79* 5.3 -385
2324-1A, -2B C(T) 0.1 0.00! —0.10° 6.6°
2324-1B-, 2C- c(m) var. -0.59, —0.79* 53-550
7055-1A-2B C(T) 0.1 0.00! —0.10° 6.6
7055-1B-, 2C- C(T) var. -0.59 —0.79* 34275
2324-8A, 9B M(T) 0.1 0.00! —0.10° 6.6
2324-8B-, 9C- M(T) var. —-0.59 —0.79* 53 -55.0
(PHASE 2)
6013-1 M(T) -1.0 —0.08, +0.122 7.1,6.6°
6013-2 M(T) 0.1 —-0.08, +0.122 7.1,6.6°
6013-3 M(T) 0.3 —0.08, +0.12% 88,7.7°
6013-4 M(T) 05 —0.08, +0.122 99,883
6013-5 M(T) 0.7 —0.08, +0.12% 11.0, 8.83
6013-6A, -6E M(T) var. -0.59* 7.7,11.0,16.5,24.2,33.0
2324-1 M(T) -1.0 —0.08, +0.12% 6.6,4.9°
2324-2 M(T) 0.1 —0.08, +0.122 6.6,6.0°
2324-3 M(T) 03 —0.08, +0.122 7.1,6.6
2324-4 M(T) 0.5 —0.08, +0.12% 8.8, 6.6°
2324-5 M(T) 0.7 —0.08, +0.122 11.0, 8.8°
2324-6A, -6E M(T) var. —0.59* 6.6,9.9, 14.8,22.0,33.0
7055-1 M(T) -1.0 —0.08, +0.122 5.0,3.8%
7055-2 M(T) 0.1 —0.08, +0.12% 5.0,3.8°
7055-3 M(T) 0.3 -0.08, +0.122 6.0, 5.0
7055-4 M(T) 0.5 —0.08, +0.122 7.1,6.0
7055-5 M(T) 07 —-0.08, +0.122 8.8,6.6
7055-6A, -6E M(T) var. —0.59* 5.0,7.4,11.0,16.5,24.7

!K-control is constant K., constant AK, constant R.

2K-control is decreasing K., AK, constant R followed by increasing Kmax AK, constant R.
3Initial value of Koy for constant R test.

“K-control is constant K,,,,, decreasing AK, variable R.

SK-control is decreasing Ko, decreasing AK, constant R.
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faced to a computer for control and data acquisition. A full report of Phase 1 test conditions and re-
sults is given in Ref /5. Highlights of Phase 1 follow.

Phase 1 Highlights—Evaluation of Method Sensitivity to Experimental Factors

1. ACR method was insensitive to measurement location whereas ASTM method was not—This
is illustrated by Fig. 3 which shows the results for alloy 6013 of a decreasing AK, R = 0.1 teston a
C(T) specimen in the near-threshold region. Both AK,p, and AK.y curves are shown with AK i
based on the ACR method (ACR1 and ACR2) and the ASTM opening load method (OP1 and OP2).
The AK, curves ACR1 and OP1 correspond to a clip gage on the front face of the specimen, while
the AK.¢ curves ACR2 and OP2 correspond to a measurement location spanning the notch tip with
a gage length of 15.2 mm. The AK.¢ curves obtained from each location using the ASTM opening
load method were separated from each other, while the two curves obtained by the ACR method co-
incided. The independence of the ACR method with respect to measurement location is significant
considering there is an order of magnitude of difference in C;, the initial compliance of the un-
cracked specimen, between the two locations. C; is used in Eq 4 to obtain the adjusted compliance
ratio. Since the ACR method considers compliances solely due to the presence of a crack, it is hy-
pothesized that an arbitrary location may be selected for measurement without affecting the results.
On the other hand, because the ASTM opening load method relies on a compliance offset to esti-
mate Ky, it is not surprising that the measurement location closest to the crack tip (OP2) gives a
higher K, hence a lower level of AK, at a given crack growth rate, than the more remote mea-
surement location (OP1).

2. The ACR method was less sensitive than the ASTM method to crack length—This is illus-
trated by Fig. 4, which shows crack closure measurements from a constant AK tests on alloy 6013 at

—4
10 7 _
E TEST ID DKtype DK
T O 6013-2B APPL 3.967
| A x6013-2B ACR1 2.519
_5 | O %6013-2B ACRZ 2.419
510 T L + «6013-28 OP1  7.668
> E x x6013-2B OP2  0.362
~ E * delta K effective xX
£ R = 0.1 P
£, ~-6
—10 " L 4ty AT
E X +
prd = X +
o C
~N .
O L
T -7
10 7 L
E / /" 1.016E-07
C x +
i AKop
8
10 1 1 R SRR | L1
A 1 10

AK (MPavim)

FIG. 3—FCGR response of alloy 6013 plotted versus AK,,, and AK ,» based on ASTM opening
load and ACR closure measurement techniques at two gage locations (1 and 2).
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FIG. 4—Comparison of crack closure measurements by the ASTM opening load (OP) and adjusted
compliance ratio (ACR) methods versus crack length at two gage locations (1 and 2).

R = 0.1. A constant AK of 5.9 MPaV'm was maintained for a total crack length extension of 12.7
mm. Crack closure measurements were monitored continuously. The crack growth rates in these tests
were reasonably constant over the range of crack extension implying that “true” AK.¢ experienced
by the crack tip was also constant. The crack closure is plotted in terms of AK,p/AK,p,p. The ratio of
AK.gt/AKpp is used in lieu of Koy since the ACR method provides this ratio directly and does not mea-
sure opening load level. A ratio of one indicates there is no crack closure and AK.i and AK,y,, are
equivalent. A low value of the ratio indicates high levels of crack closure and a AKg that is signifi-
cantly reduced from the applied AK. The ratio of AK /AK,, varied over the crack length interval
for both the ASTM opening load method and the ACR method. Since the crack growth rate was es-
sentially constant over the range of crack extension indicating that the “true” AK.¢ was constant, the
ratio of AK./AK,p, should have remained constant. The fact that it does not indicates the estimate
of AK.¢ obtained by either method has some degree of sensitivity to crack length. However, the sen-
sitivity observed was much less for the ACR method than the ASTM opening load method. The ACR
method also exhibited significantly less point to point variability or “scatter” than the ASTM method,
as anticipated. The strong sensitivity of the ASTM opening load method to measurement location and
the insensitivity of the ACR method was evident in these tests as well. The crack closure measure-
ments from the ACR method were virtually the same from both locations (compare ACRI1 and
ACR?2) over the entire interval whereas those from the ASTM method were significantly different
(compare OP1 and OP2).

3. The ACR method provided a better estimate of the “true” AK .y than did the ASTM method in
the near-threshold region—This was determined by a series of decreasing AK, constant K, tests
(Fig. 5). Ata crack growth rate of 1.02 X 10~7 mmJ/cycle the stress ratio in these tests was at all times
greater than R = 0.6 and exceeded R = 0.96 at the largest value of K ;.. Crack closure was not de-
tected in any tests by either method, so the constant K., curves are assumed to represent closure free
data (i.e., AK.r = AK,pp). The shift of the curves with increasing K, indicates that crack growth
rate is not determined solely by AK,¢ but also depends on K. at least in the near-threshold region.
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FIG. 5-—FCGR response of alloy 6013 for a series of constant K., decreasing AK tests showing
AK and K, determination at equivalent crack growth rates.

AK.¢ values were plotted against K. on a log-log scale for a near-threshold crack growth rate of
1.02 X 1077 mm/cycle (Fig. 6). The solid line is a power law fit to the data, which is linear on a log-
log scale. The power law fit has been extrapolated to the value of K, equal to that in the R = 0.1
tests (see Fig. 3). The extrapolated value of AKX, can then be compared against the estimated AK ¢
obtained from the R = 0.1 tests using the ASTM opening load method and ACR method to gage their
accuracy. In all cases, the estimate of AK¢ obtained from the ACR method at R = 0.1 was in good
agreement with that obtained by extrapolation of the constant Ky,, tests results, while the estimate of
AK.s obtained from the ASTM opening load method was significantly lower than the extrapolated
value. These results indicate that the ACR method yields a significantly better estimate of the “true”
AK.¢ in the near-threshold region than does the ASTM opening load method.

This point is reinforced by a summary of the Phase 1 test results presented in Fig. 7. Both lower re-
gion 2 and near-threshold results are shown. This figure provides the ratio between AKX estimated
from the two measurement locations and two measurement methods (ACR and OP) and AK_¢ ob-
tained from the extrapolated “closure-free” data. Assuming that AKX« obtained from extrapolation of
the “closure-free” data is very close to the “true” AK,g, a ratio of one indicates that the estimated
value of AKg from the R = 0.1 tests is equivalent to the “true” AK.¢. The ACR method yielded AK .
values within 10% of the extrapolated values in 11 out 14 cases and was within 20% for the remain-
ing three cases. In comparison, the ASTM opening load method yielded AK,¢ values ranging from
16 to 74% of the extrapolated values.

Phase 2—Study of Stress Ratio Effects and K,,,,, Effects

Phase 2 testing is presented in the bottom portion of Table 2. All Phase 2 testing was performed on
M(T) specimens having a width of 101.6 mm and a thickness of 6.4 mm. Clip-on displacement gages
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FIG. 6-—AK versus K,... at an equivalent crack growth rate on log-log scales. AK .z from ACR
method gives best agreement with “true” AK . obtained by extrapolation of high R “closure-free”
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(gage length = 15.2 mm) were placed on both sides of the specimen at center-width and load versus
displacement monitored continuously. The response of the two gages was averaged. Tests were per-
formed under both decreasing AK (below 10~> mm/cycle) and increasing AK, constant R conditions
at stress ratios of R = —1.0, 0.1, 0.3, 0.5 and 0.7 and under decreasing AK, constant K.« conditions
at a K., ranging from 5.0 to 33.0 MPaVm (see Table 2). The constant K, tests covered stress ra-
tios from —1.0 to greater than 0.96. This wide range of test conditions was selected to evaluate the
robustness of the two closure measurement methods and to provide ample data to evaluate the Kpmax
sensitivity of crack growth rates observed in Phase 1. All tests were performed in a humidity cham-
ber having a relative humidity of greater than 90%. The load versus displacement traces were ana-
lyzed by both the ACR method and the ASTM opening load method to obtain AK¢.

Comparison of AK 4 Curves Obtained by ACR and ASTM Opening Load Methods—The fatigue
crack growth curves from the steady state, constant R tests are plotted in terms of AK,y, in Fig. 8.
(Full range AK has been plotted for R < 0). The FCGR curves for all three alloys exhibited behavior
typical of monotonic alloys; i.e., increasing crack growth rates with increasing stress ratio. The AK¢
curves obtained using the ACR method are shown in Fig. 9. The spread in AK.¢ curves is much less
than the spread in AK,,, curves indicating that crack closure is primarily responsible for the observed
stress ratio effects in the AK,,, curves. However, the AK, g curves are not collapsed to a common
curve, but instead shift to the left with increasing stress ratio. In other words, for a given AK.;, the
crack growth rate increases with increasing K, (i.e., increasing R). Possible mechanisms for this
Kmax dependence are presented in the discussion section.

The AK¢ curves obtained using the ASTM opening load method are shown in Fig. 10. In region
2, the spread in AK.¢ curves obtained by this method is also less than the spread in the AK,,, curves
again indicating that crack closure is mostly responsible for stress ratio effects. However, at near-
threshold crack growth rates, the AK.¢ curves obtained by the ASTM opening load method also do
not collapse to a common curve, but instead shift to the right with increasing stress ratio. The authors
can think of no plausible mechanism for a negative K,, dependence on crack growth rates and con-
sider it an artifact of the ASTM opening load method.

Evaluation of Methods with “Closure Free” High Stress Ratio Data—The accuracy of the
two methods was evaluated in Phase 2 by comparing the applied AK and AK.¢ curves at low
stress ratios with the applied AK curves at R = 0.7. No closure was measured by either method at R
= 0.7 (except at near-threshold growth rates for the 6013 alloy) so the applied AK and AK.¢
curves are presumed to be equivalent. The low stress ratio AK.¢ curves obtained by the ACR
method lie just to the right of the R = 0.7 curves (see Fig. 9) indicating the method is providing a
good estimate of the “true” AK.¢ over the entire range of AK. The slight separation in the curves is
attributed to the K.« dependence on crack growth rates. K.y at R = 0.7 is three times that at R =
0.1 for a given applied AK. In comparison, the low stress ratio AK.g curves obtained by the ASTM
opening load method (see Fig. 10) lie close to the R = 0.7 curve in the Paris region, but are widely
separated in the near-threshold region. In both regions the ASTM method is underpredicting AK .
The magnitude of the underprediction is small in the Paris region but very large in the near-threshold
region as evidenced by the fact that the AK ¢ curves lie absurdly to the left of the R = 0.7 curve. Thus,
the two methods behave as anticipated, both providing similar estimates of AK.¢s in the Paris region
while AK.¢ from the ACR method is significantly higher in the near-threshold region. However, it is
the ACR method which provides the better estimates of the “true” AK.s over the largest range
of applied AK.

Knax Sensitivity Concept Applied to Phase II Results—As a result of the K., sensitivity observed
in Phase 1 testing, a methodology was developed to enable the K,,.x effect to be incorporated into a
crack growth rate law. This methodology is fully described in Ref 16. Crack growth rate is plotted



BRAY AND DONALD ON ADJUSTED COMPLIANCE RATIO TECHNIQUE 69

107"
Test ID R
1072 [ o 6013-1 -1.00
O 6013-2  0.10
& 6013-3  0.30
’{;10—3 ¢ 6013-4  0.50
> % 6013-5  0.70
gt
107
£
z 1073
o
3
©10°°
1077
10_5 SR S I i 1 1 1 3t i3y 1 1 1113111
A 1 10 100
AK (MPavm)
107"

Test D R
1072 [ 0 2324-1 -1.00
0 2324-2 010
& 2324-3 030
10~3 [ 0 2324-% 030
% 2324-5 070

da/dN (mm/cyc)

-8
10 | to o1l p QoA i L Loyt

N 1 10 100
AK (MPavm)

Test 1D R
1072 [ 0 7055-1 -1.00
0 7055-2 010
& 7055-3  0.30

T3 F 0 7055-4 o050
5 % 7055-5 0.70
T4

10~
E
z 1078
T
>
©107°

1077

-8
10 1 1 IS TN ] i) L r bl A1 4ot 3 bl
A 1 10 100

AK (MPavm)

FIG. 8a,b,c—FCGR response of alloys 6013, 2324 and 7055 at R = —1.0, 0.1, 0.3, 0.5 and 0.7
plotted versus AK,p,,.



70 ADVANCES IN FATIGUE CRACK CLOSURE

Test ID R

1072 [ 0+6013-1 —1.00
0e6013-2  0.10
Ae6013-3 030

-3 F 0e6013-4 050

%\ 10 *%6013-5 0.70
~ *Dato corrected for closure
£ —4 using ACR method
10
£
z107°
O
S~
o -6
© 10
1077
10"5 L1 g Lo [ N NS T]
A 1 10 100
AK g (MPavm)
107"
Test 1D R
1072 [ oe2324-1 —1.00 (v)
0«2324-2 0.10
£#2324-3  0.30
’{,\10—3 Qe2324-4 0.50
5 J %e2324-5 0.70
L *Doto corrected for closure
£ -4 using ACR method
10
£
z107°
©
S~
e} ~6
© 10
- $83
1077 * o
10—8 B I I R lél 1 ¢t 1r111 1 i IS RN
1 1 10 100
MKy (MPavm)
107
Test ID R a0
1072 [ 0+7055-1 -1.00 (c) o 2F
0«7055~2 0.10
A«7055-3  0.30
iy 1 0-3 0+7055-4 0.50
5 %*7055-5 .0.70
~ «Dota corrected for closure
£ —4 using ACR method
10
£
z107°
©
~
o -
<1078
1077
10_8 [ W R I AR T W]
A 1 10 100

BKogr (MPavm)

FIG. 9a,b,c—FCGR response of alloys 6013, 2324 and 7055 at R = —1.0, 0.1, 0.3, 0.5 and 0.7
versus AK g obtained by the ACR method.



BRAY AND DONALD ON ADJUSTED COMPLIANCE RATIO TECHNIQUE

10
Test 1D R
1072 [ 0+6013-1 —1.00 (@)
O0«6013-2 0.10
Ax6013~3  0.30
’0\10—3 0+6013-4  0.50
5 w*6013-5 0.70
~ *Data corrected for closure
£ 10_4 using 2% compliance offset
£
~
-5
Z 10
o
~
3 107" o
<o &° éf
on%®%
10 kol
-8
10 | S B N 1 111 dagr I )
A 1 10 100

BKege (MPavim)

10
Test 1D R
1072 [ 0s2324-1 -1.00 (b)
D*2324-2 0.10
As2324-3 0.30
o 1073 022324-4  0.50
5 %+2324-5 0.70
o sData corrected for closure
£ —4 using 2% compliance offset
10
E
~
z107°
o
} 6 gﬂo
© 10 ooéou DA A “,:
o© g , ¢ $
-7
10 oo ® 2 o
o
8 L
10 4LALILJINIJ° 1 | W S N O O I R 1 e
A 1 10 100
A gy (MPaVM)
-1
10
Test 0 R 2
1072 [ 0s7055-1 -1.00 (e) of
0s7055-2 0.10
A*7055-3  0.30
<> 1073 [ 9+7055-4  0.50
L>>\ #s7055-5 0.70
o sData corrected for closure
£ —~8 using 2% complionce offset
10
E
~
-5
Z10
o
S
©107° o
™
10 f o
-8
10 Il 4 12 L1t L P41l 1 . )
1 1 10 100

MKy (MPavm)

71

FIG. 10a,b,c—FCGR response of alloys 6013, 2324 and 7055 atR = —1.0, 0.1, 0.3, 0.5 and 0.7

versus AK g obtained by the ASTM opening load method.
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versus a normalized K which combines the effects of AK.¢ and K., The normalized K is given by
the relationship:

Knorm = AK(elff_n)'K:\ax (6)

where # is the normalized K., sensitivity exponent.

In the limiting condition, for n = 0, Kyorm = AK.y, indicating that crack growth rates depend only
on AK.s and are independent of Kpay. For n = 1, Kponm = Kinax, indicating that crack growth rates
depend only on Ky, and are independent of AK.¢r. An n = 0.5 would indicate that crack growth rates
are equally dependent on K,.x and AK ;. A lesser value would indicate A K¢ dominance and higher
values would indicate K, dominance.

Some early empirical models of crack growth, for example Walker [17], correlated crack growth
rates with equations similar to Eq 6. However, these models were applied to FCGR curves plotted on
the basis of applied AK, and, therefore, incorporated stress ratio effects from crack closure and Kyax
effects. In contrast, Eq 6 is applied to FCGR curves plotted on the basis of AK.¢, and, therefore, is
appropriate for describing small crack behavior and other situations where crack closure effects are
absent or minimal. Some of the earlier equations may also provide reasonable correlation of crack
growth rates for that purpose.

To illustrate the significance of incorporating both the ACR closure and the Ky,,, sensitivity
concept, Figs. 11a, 12a and 13a show all of the previous constant R data from Fig. 8 as well as
a series of five constant K.« tests all plotted on the basis of AK,pp. This provides an overall stress
ratio range from R = —1.0 to R > 0.96. When crack growth rates were plotted against K;om
using » = 0.25 a unique intrinsic FCGR curve was obtained as shown in Figs. 115, 12b and 135.
It is quite remarkable that a single parameter, the K., sensitivity exponent (n), in combination
with AK.¢ estimated by the ACR method, can collapse all the data for such a wide range of AK
and stress ratios. It is possible that the K,,.. term in Eq 6 is accounting for some of the effects of
crack closure not being fully accounted for in the ACR estimate of AK,;. However, the observation
of a K.« dependence at high stress ratios in the constant K., tests suggest this is not the case to any
great extent.

Discussion

In Phases 1 and 2, fatigue crack growth rates in 6013, 2324, and 7055 depended not only on AK ¢
but also on K. This dependence was observed in both the “closure-free” fatigue crack growth data
obtained under constant K, test conditions in Phases 1 and 2 and in the AK ¢ curves obtained at dif-
ferent stress ratios in Phase 2. Its observance under high R, “closure free” conditions eliminates the
possibility that this is simply an artifact of the ACR method. However, at low stress ratios it was only
possible to separate the K, dependence from crack closure effects with the ACR method. The AK. ¢
curves obtained by the ASTM opening load method exhibited a negative K., sensitivity which can-
not be rationalized. It is quite possible that a K., dependence on crack growth rates in the near-
threshold region and Paris region has not been systematically observed in prior studies using the
ASTM and other opening load methods because of their nonrepeatability, measurement location sen-
sitivity, and large error in the near-threshold region. The ACR technique is sufficiently repeatable and
accurate that K, sensitivity can be recognized as an inherent part of the fatigue process over the en-
tire range of the fatigue crack growth curve.

This paper is not the first to recognize the importance of K, in the near-threshold region. Doker
and Peters [18], and more recently, Sadanada and Vasudevan [/9,20], have stated the significance of
using both AK and K., in characterizing fatigue crack growth behavior in the near-threshold region.
However, the current study provides a significant quantity of additional experimental evidence for a
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FIG. 11a,b—FCGR response of alloy 6013 for R = —1, 0.1, 0.3, 0.5 and 0.7 and constant K, 4.
values of 7.7, 11.0, 16.5, 24.2 and 33.0 MPa™\/'m when plotted against AK,,,, and Ko

Knax dependence in the threshold region and indicates that this Ky,,, dependence also extends into the
Paris region for the investigated aluminum alloys. A possible cause for this Ki.x dependence was
postulated in Ref 16 which related it to the ratio of the monotonic to the cyclic plastic zone size. An
analogous interpretation is to relate this dependence to mean strain effects. An increase in Kyax at a
given AK raises the mean strain at the crack tip while leaving the cyclic plastic strain range unaf-
fected. Crack tip strain is approximately proportional to the plastic zone size or crack tip opening dis-
placement (CTOD) which are proportional to the K2. Thus, the maximum plastic strain and minimum
plastic strain after accounting for crack closure are approximately proportional to (Kmax)? and (Kax
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— AK.i)* and the mean strain of the cyclic plastic strain range is proportional t0 (Kzax + (Kmax —
AK.)?)/2). The cyclic plastic strain range is proportional to (AKes). The mean strain increases sig-
nificantly with increasing stress ratio. For example, at a AKcgr of 2 MPaVm the mean strain at Regr
= 0.5 is approximately five times larger than that at Res = 0, while that at Rege = 0.7 is 16 times larger
and that at R = 0.9 is 180 times larger. The ratio of mean strain to the cyclic plastic strain range
also increases significantly with increasing stress ratio. At Ree = O the mean strain is estimated to be
half the cyclic plastic strain range while that at Reee = 0.5 is 2.5 times larger, that at Rege = 0.7 is eight
times larger and that at R = 0.9 is 90 times larger. Since crack tip strains are quite large even at low
stress ratios it is not difficult to accept that a dramatic increase in mean strain with increasing R or in-
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creasing K. contributes to damage ahead of the crack tip resulting in an increase in crack growth
rates. The work of Davidson and Lankford [21] suggest that these ratios may be underestimates. Us-
ing crack-tip stereoimaging techniques in 7075 alloy they found crack tip plastic strain range pro-
portional to AK?” instead of AK2.

The other possible cause for the K., dependence observed in this study is an environmental
contribution to fatigue crack growth rates. Moist air is an aggressive environment for aluminum
alloys with respect to fatigue crack growth. Fatigue crack growth rates for aluminum alloys in
the near-threshold region are 10 to 100 times faster in lab air than in a vacuum [22]. Moist air is
believed to reduce the cyclic ductility of the material, thus reducing its ability to sustain fatigue
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damage. As crack tip opening displacements increase with increasing Kpax, the embrittling
species have greater access to the crack tip. The role of environment in the current study can
be examined by comparing the Phase 1 and Phase 2 results. Phase 1 testing was performed in
laboratory air controlled at a humidity between 38 and 48%. The Phase 2 tests were conducted in
humidity chamber having a humidity greater than 90%. The K,ax sensitivity exponent (n) from
Phase 1 ranged from 0.175 to 0.200 while those in Phase 2 were typically 0.250. This increase in
Komax sensitivity with relative humidity is consistent with an environmental contribution to the ob-
served K.« dependence.

The Kax sensitivity concept used to describe the observed Ki,.x dependence in this study is unique
in that a single value of the Ky« sensitivity exponent (n) is able to describe the K,;,.x dependence over
a wide range of fatigue crack growth rates and tests conditions. The unique, intrinsic curve obtained
for each alloy after accounting for crack closure and K, effects suggests the following modification
to the Paris Law for monotonic alloys:

daldN = C[AKS™ K™ ™ 7

When n = 0, indicating no Knax sensitivity, this crack growth law simplifies to the Paris Law as mod-
ified by Elber (see Eq 2) to account for crack closure effects. The near linear appearance of the in-
trinsic curves for 6013, 2324 and 7055 aluminum alloys (see Figs. 115, 12b and 13c¢) on the log-log
plot indicates that this modified law might be useful over a large range of crack growth rates from
very near threshold to very near K, in monotonic alloys. The modified law might also be prove to be
useful in situations where K.« effects are widely acknowledged to influence crack growth rates such
as corrosion fatigue, elevated temperature fatigue crack growth, and in more brittle materials such as
ceramics and composites.

Summary and Conclusions

A two phase investigation was conducted using aluminum alloys 6013-T651, 2324-T39 and 7055-
T7751 to compare the ASTM opening load and ACR methods for estimating AK.¢ in constant am-
plitude fatigue crack growth. Phase 1 of this study, which evaluated the sensitivity of the two meth-
ods to experimental factors, is fully documented in Ref 15. Phase 2, which examined the methods
over a wide range of stress ratios and applied AK, is documented in this paper. Side by side compar-
isons of the ACR method and the ASTM opening load method in Phases 1 and 2 provide significant
evidence that the ACR method gives the better estimate of the “true” AK.¢ or driving force for fa-
tigue crack propagation over the widest range of experimental conditions and loading parameters.
Other advantages of the ACR method over the ASTM opening load method observed in this study in-
clude insensitivity to measurement location, less crack length sensitivity, the uniqueness of the mea-
surement (no arbitrary percent offset required) and better measurement repeatability (less scatter).
The latter two advantages derive from the fact that the full range of the load versus displacement
curve is used instead of that portion corresponding to an arbitrary percentage deviation from
linearity.

The fundamental difference between these two methods is that the ACR method is designed to ac-
count for the contribution of that portion of the load cycle below K, to the driving force for fatigue
crack propagation, while the ASTM opening load method is not. In the Paris region, the estimates of
AK.i from the ACR and ASTM opening load methods were still different but less so, in part due to
smaller values of K,,,. However, in the near-threshold region, AK.s obtained by the ACR method pro-
vided a reasonable estimate of the “true” AK. ¢ while that obtained by the ASTM opening load
method significantly underestimated the “true” A K. This indicates that the contribution of that por-
tion of the load cycle below K, is significant in this region and must be accounted for to obtain an
accurate AK .
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The results of this study are also consistent with earlier studies which show that fatigue crack
growth rates depend not only on AK, but also have a K.« dependence [17-19]. Possible mecha-
nisms for the K.,..x dependence include crack-tip mean strain and environmental effects. That the lat-
ter mechanism was at least partly responsible was supported by the observation of a greater K., de-
pendence with increasing humidity. Remarkably, this K, sensitivity could be described by a single
parameter, the K., sensitivity exponent (n), over the broad range of AK, stress ratio and K.« eval-
uated. As aresult, AK s curves from all test conditions could be collapsed to a unique intrinsic FCGR
curve using a simple modification to the Paris Law (see Eq 7). This K.,,.x dependence and crack clo-
sure effects could only be separated at low stress ratios using the ACR method. The results of this
study indicate that both crack closure and K,,,.x effects must be considered to properly characterize
stress ratio effects in aluminum alloys.
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ABSTRACT: The results of the Second Round-Robin on Opening-Load Measurement established the
basis for a recent addition to ASTM E 647—"Recommended Practice for Determination of Fatigue
Crack Opening Load from Compliance.” The technique involves characterizing the deviation in linear-
ity of a load-displacement curve and reporting, as a minimum, the opening load corresponding to a 2%
slope offset. The opening load and associated AK ¢ values reported showed significant scatter although
this scatter was reduced when the data were subjected to a rigorous accept/reject criterion. Refinements
in the method of handling data with high “noise” have further reduced scatter compared with the origi-
nal analysis. Since each participant provided digitized load-displacement curves, the data from 17 test
samples (10 participants) were reanalyzed using the “adjusted compliance ratio” (ACR) technique to
evaluate AK.¢. A comparison between the two methods shows that the ACR technique gives a higher
mean value of AK ¢ than does the ASTM procedure. The ACR technique also shows a stronger corre-
lation with crack growth rate data than does the ASTM procedure, with a slope comparable to that of a
typical fatigue crack growth rate test. However, the mean value of AK ¢ based on the ASTM procedure
shows better agreement with high stress ratio “closure free” data than does the ACR technique. This
seemingly contradictory result can be partially explained in terms of second-order effects not normally
considered significant.

KEYWORDS: fatigue, fatigue threshold, crack propagation, effective stress intensity, crack closure

The results of two experimental round-robin programs on opening-load measurement {/,2] pro-
vided the basis for an ASTM Recommended Practice for Determination of Fatigue Crack Opening
Load from Compliance (ASTM E 647-95, Appendix X2). In the first Round Robin program, all of
the participating laboratories determined the opening load by analyzing specimen compliance be-
havior, but several different methods were used. The results indicated that there were significant dif-
ferences among laboratories using the same analysis method and also systematic differences pro-
duced by different analysis methods applied to the same raw load and displacement/strain data. It was
clear that to achieve more consistent results among laboratories, some standardized procedures for
determining opening load would be required.

The objectives of the second round-robin program were to generate specimen compliance data in
several laboratories for the same test conditions and to use the data to evaluate: (1) procedures for es-
tablishing the acceptability of the raw load and displacement/strain data, and (2) nonsubjective meth-
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ods for analyzing the compliance data to determine the opening load. The results of this effort were
to serve as the basis for proposing a recommended procedure for determining the opening load from
specimen compliance data.

The intent of the test plan was to specify the test and measurement conditions sufficiently so that
opening-load measurements would be made under nominally identical conditions. All test specimens
were fabricated from a single plate of 9.5 mm thick 2024-T351 aluminum alloy according to Fig. 1.
For the “basic program” all tests were conducted in ambient air at a stress ratio of 0.1 and a constant
AK of 5.9 MPa Vm. Crack opening loads were measured at crack lengths of 25.4,27.9 and 38.1 mm.
Participants provided digitized load-displacement data for each crack length using either crack mouth
opening displacements (CMOD) or back face strain (BFS) measurements. They also provided load-
displacement data for each specimen before a crack was initiated at the notch. Although originally
fourteen laboratories provided test results, only the ten laboratories that provided digitized load ver-
sus displacement/strain data submitted on a magnetic diskette were included in the analysis. The pur-
pose of this investigation is to re-analyze the previous data using a new methodology for determin-
ing AK.¢ referred to as the “adjusted compliance ratio” (ACR) technique and to compare and
comment on differences between opening load and ACR procedures.

AK s Determination Methodology

The opening load concept implies that the crack essentially “peels” open as load is applied. The
opening load is defined as the minimum load at which the fatigue crack is open at the tip during the
increasing-load part of a fatigue cycle. AK ¢ is based on the cyclic load range above the opening load.
In this case, the compliance of the closure mechanism is considered a second-order effect and is gen-
erally neglected. As such, a “true” measurement of the opening load would provide a lower bound on
the determination of AK ¢ simply because the strain contribution below the opening load is ignored.

The ACR concept [3,4] is based on an interpretation of crack closure as a stress redistribution (or
load transfer) on a relatively compliant crack wake. Therefore, the opening load marks a transition
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point, whereby the applied load is no longer directly proportional to the local crack-tip strain field
magnitude. However, the calculation of AK. includes the full range of the applied load and there-
fore does not require an opening-load measurement. The AK ¢ computed from this interpretation will
be larger than that based on opening load since additional crack-tip strain is included below the open-
ing load. The “peeling open” characteristic of the crack is considered a second-order effect and is not
taken into account. In fact, the ACR method would provide an upper bound on AK . simply because
of the ignored “peeling open” characteristic.

With each concept, the same raw load-displacement/strain data are analyzed. The difference in the
two concepts lies strictly in the interpretation of the data. There are, however, traits common to both
methods as follows: (1) The measurement location, either CMOD or BFS, is a global measurement
of the elastic strain response. The magnitude of the plastic crack-tip strain is too small to measure re-
motely. (2) The deviation in linearity of the load-displacement response due to closure is a measure-
ment of the bulk shielding response. There is no currently accepted method to distinguish shielding
contributions near the crack tip from those relatively far from the crack tip. (3) The global or remote
measurement represents an average through-the-thickness response. A local measurement near the
crack-tip is not only more difficult, but may represent the conditions at the surface of the sample only
and not the average through-the-thickness behavior. (4) An experimental procedure cannot discrim-
inate among the various closure mechanisms such as plasticity, roughness, oxide and/or residual
stress. Only the combined influence of the mechanisms can be measured.

Experimental Determination of AK ¢ from Opening Load

As mentioned earlier, one way to estimate AK is to experimentally determine the crack opening
load and to assume that AK ¢ can be computed based on the cyclic load range above the opening load.
Any contribution to the crack driving force from loads less than the opening load is neglected. The
opening load is usually defined as the minimum load at which the crack tip is fully open at the tip dur-
ing the increasing load part of a fatigue cycle. The opening load is determined from load/displace-
ment data as that load above which the specimen exhibits a constant compliance (that is, the load
above which the load against displacement curve is linear). Although conceptually a simple task, in
practice this task is very difficult due to the gradual change in compliance as it approaches the open-
crack value and to the variability in the compliance data. It was clear from the first Round Robin pro-
gram {I] that (1) a nonsubjective method of analyzing load/displacement data to determine opening
load, and (2) an accept/reject criteria on raw data quality were needed to achieve consistent results
among laboratories. The second Round Robin [2] evaluated two methods for evaluating the opening
load: (1) the compliance offset method, and (2) the correlation coefficient method. Only the compli-
ance offset method will be described here, since it was eventually selected for inclusion in the ASTM
standard and is the method used for comparison with the ACR method.

The current ASTM method for determining crack opening load is as follows. Using the raw dis-
placement against load data, a straight-line is fit to approximately the upper 25% of the cyclic load
range. The slope of this line is the compliance value that is assumed to correspond to the fully open
crack. Next, the variation of the slope (compliance) with load is discretized by fitting straight lines to
small overlapping segments of the data as shown in Fig. 2. This variation of compliance with load is
plotted as shown in Fig. 3, where now the differences (offsets) between the open-load compliance and
the segment compliances are plotted as percentages of the upper 25% compliance. The opening load
is then determined as the lowest load at which the compliance offset is equal to the selected offset cri-
terion (2% in this case). It is clear from Fig. 3 that the opening load determined by this procedure is
lower than the load at which the compliance attains a constant value (that is, lower than the load when
the crack becomes fully open). A finite compliance offset (as opposed to a 0% offset) was selected as
the criterion for defining the opening load based on two considerations: (1) use of a finite offset re-
sults in lower scatter in opening load, and (2) recognition that the opening at the crack tip does not
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FIG. 2—Evaluation of variation of compliance with load for use in determination of opening load.

occur at the same load at various locations through the thickness and that some load lower than the
fully-open load might produce better correlations of crack growth data. The selection of a 2%
offset as the criterion was arbitrary and was based on judgment in trading off the effects on scatter
and on proximity to the fully-open load. Another offset criterion might eventually prove to be
more appropriate.

It should be noted here that the scatter in the opening loads observed in the second Round
Robin report [2] is higher than reported in this paper for the same raw data because the method
used to determine opening load in the current ASTM standard and in this paper is somewhat
different from that used in the second Round Robin report. The two methods produce the same
opening loads for data sets with low variability (like that shown in Fig. 3), but produce different
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FIG. 4—Determination of opening loads from high-variability raw data by the current ASTM and
second Round Robin methods.

opening loads for data sets having high variability in the raw data. The difference between the
two methods is illustrated in Fig. 4 which shows the variation of compliance with load in the
same format as in Fig. 3 (current standard). The difference lies in the way the opening load is
picked from this plot. In the second Round Robin method, the opening load was defined from a
line that connected the highest load point below which there were no crossings of the offset criterion
level to the lowest load point above which there were no crossings of the offset criterion level. In
the current ASTM method, the opening load is defined as the lowest load crossing of the offset
criterion level. The second Round Robin method resulted in some very high opening load
determinations for some high variability data sets, and as a consequence the overall scatter in
opening loads was greater.

Regardless of which opening-load method (current ASTM or second Round Robin) is used, lower
scatter in opening loads will be obtained when only high quality raw data are accepted for analysis.
In the second Round Robin, linearity and variability (noise) accept/reject criteria were formulated
based on load/displacement data collected from the uncracked specimen. The uncracked specimen
should exhibit linear load/displacement behavior for the entire load cycle. When the data from the
second Round Robin were screened using the data quality criteria, the scatter in opening loads was
substantially reduced. The current ASTM recommended practice for determining opening load in-
cludes the data quality accept/reject criteria. The reanalysis of the second Round Robin data in this
paper includes data that do not meet the data quality criteria.

Experimental Determination of AK .4 from the Adjusted Compliance Ratio

In the simplified case of a single element contributing to crack-tip shielding (Fig. 5a), the point of
first contact or opening load at point 2 might not be as important in determining AK ¢ as is the rela-
tive compliance of this element and the extent to which the crack tip is shielded from the driving force
below the opening load (point 2 to point 3). At high opening loads, this contribution below K-open-
ing cannot be ignored. In reality, a large number of elements makes the point of first contact difficult
to distinguish on a standard load-displacement trace (Fig. 5b).
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FIG. 5—a) Simplified case of single element contributing to crack-tip shielding. First contact is
indicated by point 2. The relative compliance of this element influences crack-tip shielding. (b) In re-
ality, a large number of elements makes the point of first contact difficult to distinguish.

Previous work [3] has illustrated an alternative means of interpreting AK . based on near crack-tip
strain measurements. It is assumed that the crack driving force, AK.¢;, should be proportional to the
near crack-tip elastic strain field magnitude. Therefore, AK ¢ is based on the ratio of the measured
strain magnitude (proportional to the secant compliance, C,) to that which would have occurred in
the absence of closure (proportional to the fully open compliance C,). This ratio is then multiplied by
AKpp to determine AK ¢ Evidence has shown this assumption to be extremely crack length- and
measurement location-sensitive and only useful if it were practical to continuously and correctly
monitor the near crack-tip elastic strain.

Since measurement of local crack-tip strain for the compliance ratio technique is more difficult
than remote measurements, an alternative method has been devised to accomplish the same end us-
ing remote compliance measurements. The alternative method is referred to as the adjusted compli-
ance ratio (ACR) technique and is determined as follows:

C— G
ACR = ﬁ (¢))
where
ACR = adjusted compliance ratio,
C, = compliance determined from secant drawn between minimum load-displacement and
maximum load-displacement,
C, = compliance determined from linear upper portion of load-displacement curve (assumed
to represent fully open crack), and
C; = compliance determined from linear upper 45% portion of load-displacement curve prior
to initiation of a crack.

It is believed that this results in a compliance ratio that is due solely to the presence of the crack. The
resulting ratio appears to be independent of measurement location and can be used to directly calcu-
late AK ¢ It is this ratio that accounts for the bulk shielding mechanism in the wake of the crack and
its effect on the cyclic strain field immediately in front of the crack. To compensate for a possible bias
in the secant compliance (C;) or open-crack compliance (C,) due to signal conditioning noise or non-
linearity, the ACR may be normalized (ACR,,) as follows:

GCoi C—C
Csi Co - Ci (2)

ACR, =
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where
ACR,, = normalized adjusted compliance ratio,
C,i = compliance determined from secant drawn between minimum and maximum load-dis-
placement prior to initiation of a crack, and
C,; = compliance determined from upper 45% portion of load-displacement curve prior to
initiation of a crack.

This is an important step in the re-analysis of the second Round Robin data since the nonlinearity or
noise characteristics of the original load-displacement data can now be normalized. The change in the
C, and C, can then be compared with the initial C,; and C,; characteristics. The effect is most pro-
nounced for small increments of crack extension. For example, a 0.5% change in the C,;/C;; ratio re-
sults in about a 4% change in ACR,, after 2.5 mm of crack extension but accounts for less than a 1%
change in ACR,, after 15 mm of crack extension. Out of 20 data sets investigated, six had C,,;/Cy; ra-
tios that differed from 1.00 by greater than 0.5% although none differed by more than 1.0%. In this
study, only ACR,, was used, so the direct impact of this additional analysis step on data scatter was
not evaluated. As a final step, the effective stress intensity is determined directly by multiplying the
applied stress intensity by ACR,, as follows:

AKese = ACR,, - AKqpp 3

where AK ¢ is the effective stress intensity and AK,p, the applied stress intensity.

Perhaps the most startling revelation of the ACR technique is the apparent insensitivity to mea-
surement location. To illustrate this, a test sample identical to the size and geometry used in the sec-
ond Round Robin program was machined from a 6013-T651 aluminum alloy in the L-T orientation
[4]. As before, the test was conducted in ambient air at a stress ratio of 0.1 and a constant AK of 5.9
MPaVm. As required for the ACR technique, the initial C;, C,; and C;; were obtained prior to initi-
ation of a crack. Continuous crack closure measurements were made using both the opening load
technique and the ACR technique covering a crack length from 25.4 (notch length) to 38.1 mm. In
addition to the standard CMOD measurements (gage location G1), a second pair of clip-in displace-
ment transducers (one on each side of the sample for increased sensitivity and linearity) was attached
directly in line with the notch tip with a gage length of 15.2 mm (gage location G2, Fig. 1).

Figure 6 illustrates the C, and C, compliance for each gage location after the original compliance
C; is subtracted. It was observed that the resulting ratio (Eq 1) for each gage location is proportional
to the slope of the compliance curves as a function of crack length (dC/da). Since the slope of the
compliance curve can be used to derive the stress intensity, it follows that the ratio of the compliance
slopes may be directly proportional to the ratio of AK./AK,p, regardless of the measurement loca-
tion. For each gage location and closure measurement method, the ratio of AKesr/AKqpp is plotted as
a function of crack length in Fig. 7. The ratio of AKes/AK,p, is used in lieu of Ko, since the ACR
method provides this ratio directly and does not measure an opening level. This figure clearly shows
measurement location insensitivity for the ACR technique (ACR1 and ACR?2 correspond to gage lo-
cations G1 and G2.) whereas the ASTM opening load method shows sensitivity to measurement lo-
cation (OP1 and OP2 correspond to gage locations G1 and G2). On the other hand, the ACR tech-
nigue gives a higher mean value of AK ¢ than does the ASTM procedure.

Experimental Procedure and Results

A total of 22 data sets from ten laboratories were reanalyzed to compare the opening load method
to the ACR method. Each data set includes digitized load-displacement/strain data for one complete
load cycle at four crack lengths (including the notch length prior to initiation of a crack). Nine sam-
ples used CMOD transducers, three samples used BFS gages and five samples used both CMOD and
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BFS locations for a total of 17 test samples. Of the 22 data sets, one data set was eliminated since data
for only one of three crack lengths was available. Another was eliminated since the linear portion of
the load-displacement data (above 55% of maximum load) had a poor correlation coefficient of 0.995
instead of a typical value of 0.9997 to 0.9999. A third data set was eliminated from the crack growth
rate correlation evaluation simply because the range of crack growth rate data reported at the three
crack lengths of interest varied by 40% whereas all other results varied by 20% or less. Of the re-
maining 15 test samples, four had both CMOD and BFS locations allowing the relative measurement
location sensitivity to be evaluated for each method.

Originally all the data sets were re-analyzed using the upper-most 25% of the cyclic load range to
determine the compliance value that corresponds to the fully-open crack configuration. An initial
evaluation of the results indicated that all of the opening loads corresponding to a 2% offset were less
than 55% of maximum load. Therefore, the data sets were re-analyzed based on using the load dis-
placement data above 55% of maximum load to determine the compliance value corresponding to the
fully-open crack configuration. This adjustment had no observable effect on the mean values of AK.¢
determined from either method but did reduce the data scatter slightly.

The opening load results from twenty tests are plotted in Fig. 8 for a compliance offset criteria of
2%. Both CMOD (suffix M) and BFS (suffix B) measurement locations are shown. The opening load
results are represented as the ratio of AK.¢r/AK,,, in order to facilitate comparing these results with
the ACR method. No further qualification of the data was performed to accept or reject data sets with
“high” noise or nonlinearity. The data scatter is less than originally reported in the second Round
Robin because of a difference in how data sets with “high” noise are analyzed.

The ACR results using the same basic data are plotted in Fig. 9. This method does shift the mean
value of the ratio AK./AK,,,. This is expected since the contribution to the crack driving force be-
low the opening load is now taken into account. Although not statistically significant, the ACR
method appears to shows a slight rise in the ratio of AK.¢/AKayp as a function of increased crack
length. It is assumed that AK./AK,p,, should remain constant for both methods since the fatigue
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crack growth rate remains essentially constant. It is likely that the ACR technique as proposed is not
entirely independent of crack length. It is also likely that the method only partially captures the near
crack-tip interference due to closure.

Fatigue Crack Growth Rate Correlation

It is not obvious from the results shown in Figs. 8 and 9 that the ACR technique offers a reduction
in data scatter. However, since each participant also provided crack growth rate data, the correlation
with this data was also investigated. For each data set, the average AK.¢ (2% compliance offset
method) at three crack lengths and the corresponding average crack growth rate were plotted in Fig.
10. As can be seen, there is no systematic correlation. If only the data that met the data quality crite-
ria of the second Round Robin are included, an improved crack growth rate correlation is indicated
in Fig. 11. However, since the ACR analysis technique includes an additional step to compensate for
variability due to “high” noise or nonlinearity (ACR,,), a data quality criteria was not used for the
ACR method. Therefore, when the original data sets are reanalyzed using the ACR technique, the
plotted values (Fig. 12) show a strong correlation with a slope comparable to that which would be ob-
tained in a fatigue crack growth rate test at similar growth rates but at a higher “closure free” stress
ratio. This implies that the scatter observed with the ACR technique 1s due less to measurement error
than to material variability.

To investigate this observation further, a series of constant K,,,-decreasing AK tests were con-
ducted on a spare sample from the same heat of 2024-T351 aluminum alloy. As K.x Was varied from
11.5t0 36.7 MPa Vm, the stress ratio ranged from 0.65 t0 0.91 over the same crack growth rate range
as the second Round Robin data. A comparison of the second Round Robin data with the high stress
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FIG. 11—Crack growth rate response as a function AK . determined by the opening load corre-
sponding to a 2% compliance offset. Only data that met the data quality criteria of the second Round
Robin are included. The straight line through the data is the slope of the ACR data shifted to the left
for comparison.
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ratio “closure free” data shows a similar Paris Law slope for all test data as well as a K« effect on
the crack growth behavior (Fig. 13). This observed K. effect is consistent with the observations re-
ported in previous work [5]. On the other hand, the results shown in Fig. 14 indicate that the average
response of the AK ¢ determined by the 2% compliance offset criteria agrees well with the “closure-
free” data at a constant K., of 11.5 MPa V'm. This observation is consistent with a similar finding
in the second Round Robin report. Previous work [6] has shown that an acceptable correlation be-
tween AK o determined using a 2% compliance offset and region 2 “closure free” data (R = 0.7) is
not uncommon. However, at near-threshold crack growth rates, no systematic correlation is likely to
exist. AK ¢ determined from a 2% offset compliance has been shown to be sometimes higher than
but often substantially lower than values determined from “closure free” crack growth rate data. Since
ignoring the strain contribution below the opening load will shift the AK. to the left, and the effect
of K ax may account for a shift to the right, it is reasonable to assume that the variability and contra-
dictions observed, may be partially the result of two competing and often neglected second order ef-
fects. It appears that an opening-load method is most appropriate if the source of interference is pre-
dominately near the crack-tip whereas the ACR method may be most appropriate if the interference
forces are distributed over the entire wake of the crack. It is likely that each method has limitations
that warrant further investigation.

Measurement Location Sensitivity

Since an earlier evaluation of the ACR technique showed measurement location insensitivity (Fig.
7), a similar comparison was performed on the four samples in the second round-robin program that
had both CMOD and BFS measurement locations. In this case, the ACR method gives an average rel-
ative difference in the determination of AK ¢ between CMOD and BSF measurement locations of
~1% whereas the ASTM method gives ~4% (Fig. 15). Given the small number of comparisons and
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HIG. 14—Comparison of AK ¢ values determined by the opening load corresponding to a 2%
compliance offset with closure free constant K, data at a K yq = 11.5 MPa\/m.
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FIG. 15—Comparison between measurement locations showing relative difference in AK ;gvalues
determined by the two methods.

small percentages relative to typical scatter, the difference may not be statistically significant. How-
ever, the trend is consistent with expectations.

Summary and Conclusions

The opening-load concept represents a lower bound on AK ¢ since strain contributions below the
opening load are ignored. In contrast, the ACR concept represents a upper bound since no attempt has
been made to adjust for second-order effects due to crack extension and the distribution of bulk
shielding mechanism.

The experimental determination of AK ¢ using the opening-load concept is sensitive to measure-
ment location, the arbitrary nature of the percent offset, and the variability associated with selecting
a specific percent offset due to noise and nonlinearity. In contrast, the experimental determination of
AK.s using the ACR method is insensitive to measurement location, and is unique (no arbitrary per-
cent offset required) and repeatable since full range load and displacement are measured instead of
the deviation in linearity between load and displacement/strain.

Attempts to correlate stress ratio effects on the basis of crack closure alone have been hampered
by nonrepeatable measurements of closure, measurement location sensitivity and other neglected sec-
ond-order effects. The ACR approach is sufficiently repeatable to suggest that K.« Sensitivity is part
of the fatigue process and not just unique to K.« values approaching X..

The ACR method provides another method to extract crack closure information from BFS or
CMOD measurements. Although the method is largely empirical in nature and relies on a normal-
ization procedure to correct for apparent nonlinearities in the data, it does appear to (1) reduce the
scatter apparent in closure load determination and (2) reduce apparent conservatism at near-thresh-
old crack growth rates by providing a higher AK s when compared with the ASTM 2% method. The
empirical nature of both methods implies that future development of either should focus on deter-
mining the most physically relevant, as opposed to empirically derived and developed, measurement
procedure. In view of the unique characteristics of the ACR technique, further investigation is war-
ranted to properly model the concept and to identify limitations and sources of error.



DONALD AND PHILLIPS ON ANALYSIS OF ROUND-ROBIN PROGRAM 93

References

]
(2]
(3]

(4]

(5]

(6]

Phillips, E. P., “Results of the Round Robin on Opening-l.oad Measurement,” NASA Technical Memoran-
dum 101601, Langley Research Center, Hampton, VA, 1989.

Phillips, E. P., “Results of the Second Round Robin on Opening-Load Measurement,” NASA Technical
Memorandum 109032, Langley Research Center, Hampton, VA, 1993.

Donald, J. K., “Introducing the Compliance Ratio Concept for Determining Effective Stress Intensity,” pre-
sented at the First International Conference on Fatigue Damage in Structural Materials, Hyannis, MA, Sept.
1996 (to be published in International Journal of Fatigue).

Donald, J. K., Bray, G. H., and Bush, R. W_, “An Evaluation of the Adjusted Compliance Ratio Technique
for Determining the Effective Stress Intensity Factor,” 29th National Symposium on Fatigue and Fracture
Mechanics, ASTM STP 1332, T. L. Panontin and S. D. Sheppard, Eds., American Society for Testing and
Materials, 1997.

Donald, J. K., Bray, G. H., and Bush, R. W., “Introducing the K,.x Sensitivity Concept for Correlating Fa-
tigue Crack Growth Data,” High Cycle Fatigue of Structural Materials (Professor Paul C. Paris Sympo-
sium), W. Soboyejo and T. S. Srivatsan, Eds., The Minerals, Metals & Materials Society (TMS), 1997.
Donald, J. K., “A Procedure for Standardizing Crack Closure Levels,” Mechanics of Fatigue Crack Closure,
ASTM STP 982, J. C. Newman, Jr. and W. Elber, Eds., American Society for Testing and Materials, 1988,
PP. 222-229.



Stephen M. Graham,' Robert Tregoning,” and X. Jie Zhang®

Evaluation of the Adjusted Compliance Ratio
Technique for Measuring Crack Closure in
Ti-6A1-4V

REFERENCE: Graham, S. M., Tregoning, R., and Zhang, X. J., “Evaluation of the Adjusted Com-
pliance Ratio Technique for Measuring Crack Closure in Ti-6A1-4V,” Advances in Fatigue Crack
Closure Measurement and Analysis: Second Volume, ASTM STP 1343, R. C. McClung and J. C. New-
man, Jr., Eds., American Society for Testing and Materials, West Conshohocken, PA, 1999, pp. 94-105.

ABSTRACT: Standard fatigue crack growth rate tests within the upper threshold and Paris Law regions
were conducted on specimens from three large, standard-grade Ti-6Al-4V forgings in order to evaluate
the adjusted compliance ratio (ACR) method for closure correction. Constant R-ratio tests were con-
ducted to generate data containing crack-tip closure, and constant K ,,,, tests were performed to produce
high R ratio, and hence closure-free, data in the threshold and upper threshold regimes. Direct compar-
isons are made of the closure corrected data generated using the current ASTM slope offset method and
the ACR method. While it is clear that the ACR technique is easier to implement and will always lead
to less closure correction than the slope offset technique, it is not clear which is more accurate. It ap-
pears that the slope offset method may be overcorrecting for closure effects and the ACR method may
be undercorrecting.

KEYWORDS: fatigue crack growth, closure, Ti-6Al-4V, adjusted compliance ratio (ACR)

It is well known that crack-tip closure is present in most metallic materials at low R-values, and
that the full AK,,, range does not contribute to crack growth [/]. According to the traditional theory
of crack closure, there is a point during unloading of a crack when the faces close and the crack tip is
shielded from any further stresses or strains that contribute to crack growth [/]. If the load at the point
of crack closing (P.;) can be determined, then the effective stress intensity factor range that con-
tributes to crack growth is defined as AKcgr = K| pmax — K| pc1- The AK s parameter has historically
been used to correct for crack closure effects [2]. The closing of the crack faces causes a change in
the compliance of the specimen and thereby provides a means to determine P,;. The slope offset
method in the ASTM Test Method for Measurement of Fatigue Crack Growth Rates (E 647-95a) uses
a percent change in compliance to define P.,. In practice, changes in compliance are gradual, which
leads to some uncertainty in determining a distinct closure load. More important, it has been argued
that the AK.¢ concept is fundamentally flawed because it ignores any contribution to cyclic crack
growth for loads below P.; [3,4]. The adjusted compliance ratio (ACR) technique has been devel-
oped [5,6] in an attempt to correct for these deficiencies.

Overview of Adjusted Compliance Ratio Concept

The adjusted compliance ratio method is based on the premise that there is no distinct closure load
below which the crack tip is shielded from further damage. Strain measurements made by Donald

1 Senior scientist, VECTOR Research, 3206 Tower Oaks Boulevard, Rockville, MD 20852.
2 Senior engineer and materials scientist, respectively, Fatigue and Fracture Branch, NSWC Carderock Divi-
sion, 9500 MacArthur Boulevard, West Bethesda, MD 20817.
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ahead of a crack tip [5] led to the observation that the crack tip strain decreases continually down to
(Puin), and that the strain is not proportional to the load once the crack faces begin to touch. Donald
proposed a definition of closure based on the ratio between the actual crack tip strain range and the
hypothetical strain range that would exist in the absence of crack closure (Fig. 1). Because it is not
practical to measure crack tip strain, the ACR technique makes use of displacement measurements
remote from the crack tip to infer crack tip strain. In general, the relationship between remote dis-
placement and crack-tip strain is a function of measurement location. The adjusted compliance ratio
attempts to remove the dependence on measurement location by expressing the ratio as the change in
secant compliance, relative to the notched (or uncracked) specimen, over the change in compliance
above opening load

C— G
ACR = Co—_a ¢Y)

where
C, = secant compliance for current crack length (defined in Fig. 1),

C, = compliance for current crack length above opening load, and
C; = initial compliance of notched, uncracked specimen prior to testing.

This ratio is further normalized by the ratio of initial compliance above opening load (C,;) to ini-
tial secant compliance (C;;) in an effort to account for any irregularities or nonlinearities due to mis-
alignment [6]. The active stress intensity factor range that governs the crack growth rate is then de-
fined as:

Coi Cs— G

AKace = Ci Co— G

AK,,, = ACR, AK,,, @

The postulation is that this stress intensity range correctly accounts for crack-tip closure and more ac-
curately describes the effective stress intensity factor range seen by the crack tip than does the tradi-
tional AK ¢ as determined by the slope offset method.

Compliance Ratio = Cs/Co

/
S
LOAD /l* ghpﬁ;’o‘geme;‘

Min. Load f— Displacement "1
(with closure)
Displaoemem‘—"‘

(no closure)
L

DISPLACEMENT

FIG. 1—Schematic illustration of load-displacement trace showing definition of compliance ratio.
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In this investigation, several Ti 6-4 specimens were tested from the same forging in an effort to
compare the established slope offset method for determining AK.¢ with the proposed ACR method.
Constant low R-ratio testing was conducted to generate data containing crack-tip closure. This data
was then closure corrected using both the ACR and the slope offset methods. Constant Kiax testing
was also performed to produce high R ratio, and hence closure free, data in the threshold and upper
threshold regimes. The constant K,y testing was intended to serve as a baseline for comparison with
the closure corrected results.

Material and FCGR Test Specimens

The Ti 6-4 forging material studied in this work was manufactured to meet ASTM B381-87, grade
F-5 specifications. The beta transus temperature was reported by the manufacturer to be between 990
and 1010°C. The forging was alpha-beta forged near 750°C and finished to an approximately hemi-
spherical shape with a 760 mm base diameter and 25.4 mm thickness. Final annealing was conducted
at 700°C for two hours, followed by air cooling down to room temperature. The resulting general mi-
crostructure consists of roughly equivalent partitions of primary equiaxed « grains in a matrix of trans-
formed S containing acicular ¢, i.e., (@ + ). The primary « and (o + ) size is approximately 25 pm.

Six chemistry samples were removed trom various disparate locations around the forging and
tested as per ASTM E-120 to determine both the primary alloying elements and important trace ele-
ments. The composition was fairly consistent among the tested locations and the average values of
these measurements (Table 1) are typical of standard grade Ti 6-4. All specification values in this
table are maximum allowable values unless a range is given. Tensile properties were measured in
both the circumferential (C) and radial (R) directions as per ASTM E-8 using 12.8-mm diameter
round bar tensile specimens. Specimens were centered about the mid-thickness plane and three tests
were conducted in each orientation. The average results are presented in Table 2 along with the spec-
ification minimum requirements. These tensile properties are also typical for standard grade Ti 6-4.

Experimental Procedure

Fatigue crack growth rate tests were conducted on three C(T) specimens with B = 9.53 mm (0.375
in.) and W = 38.1 mm (1.50 in.). The specimens were oriented in the C-R direction. Tests were con-
ducted in room temperature laboratory air at frequencies of 10 to 20 Hz. Closure measurements were
made using both the slope offset method and the ACR method. For the slope offset method, the clo-
sure loads were determined based on a 2% change in compliance. Computer control was used to vary
the applied AK to achieve a specific AK-gradient according to the equation:

AK,pp = AK @™ 3)

where
AK,, = applied AK at start of test segment,
a = crack length,
a, = crack length at start of segment, and
C = applied gradient.

TABLE 1—Ti 6—4 Chemical Composition.

AL(B) V(%  O%) Fe(% C%  HEpm)  N(%)

Measurement 6.38 4.18 0.18 022 0.016 40 0.006
average

ASTM B381- 5.50- 3.50- 0.20 0.40 0.10 125 0.05

87, Grade F-5 6.75 4.50
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TABLE 2—Ti 6-4 Mechanical Properties.

Spec. 0.2% oy Tunt Reduction Elong. in
Orient. (MPa) (MPa) in Area (%) 50 mm (%)
Measurement C 938 1014 40 16
average R 917 979 45 16
ASTM B381- — 827 896 25 10

87, Grade F-5

Each of the specimens was tested under unique conditions. Multiple test segments were applied to
each specimen, although within a given segment, either Ky, or R remained constant. The specific
parameters utilized for each specimen are outlined in Table 3, where the specimen identification is
listed at the head of each section. At the beginning of each new test segment, the crack was typically
grown about 0.76 mm (0.030 in.) using the test parameters for the next segment and a gradient of zero.
This was done to establish a steady crack tip condition before starting the next segment.

Results

Difficulties were encountered with implementation of the slope offset technique near the crack
growth threshold in several of the tests. The difficulties resulted primarily from perturbations in the

TABLE 3—Specimen Testing Conditions.

MIRG61
Gradient Initial AK Final AK Final
Test 1/mm MPaVm MPaVm Stress
Segment Description (1/in.) (ksiVin.) (ksiVin.) Ratio
a constant Kz = 16.5 MPaVm —-0.079 148 14.0 0.16
(15 ksi@ (=2) (13.5) (12.7)
b constant K., = 16.5 MPaVm —-0.118 14.8 3.82 0.77
(15 ksiVin.) (=3 (13.5) (3.48)
c constant Kya = 16.5 MPaVm —0.39% 37 241 0.85
(15 ksiVin.) (—10) (3.4) (2.19)
d constant R = 0.1 —-0.118 14.8 5.67 0.1
(=3) (13.5) (5.16)
MIR63
a constant Kpax = 7.7 MPaVm —0.394 6.92 3.09 0.60
(7 ksiVin.) (~10) (6.30) (2.81)
b constant Kmax = 9.9 MPaVm —0.394 8.90 277 0.72
(9 ksiVin,) (—10) (8.10) (2.52)
c constant Kz = 12.1 MPaVm —-0.394 109 2.69 0.78
(11 ksi\/@_ (—10) (9.90) (2.45)
d constant Kpax = 14.3 MPaVm —0.394 12.9 2.54 0.82
13 ksi\/@_ (-10) (11.7) (2.31)
e constant Ky = 22.0 MPaVm —0.394 19.8 2.59 0.88
(20 ksiVin.) (—10) (18.0) (2.36)
MIR64
a constant R = 0.1 0.118 11.0 38.1 0.1
(+3) (10.0) (34.7)
b constant R = 0.1 ~0.157 35.6 6.07 0.1

(—4) (32.4) (5.52)
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measured load/displacement response, which became a greater percentage of the measured signal
near threshold. These perturbations stemmed from vibration, system hysteresis, electrical noise, and
other sources. The slope offset algorithm for measuring the closure load requires a smooth load/dis-
placement trace with a gradual change in compliance. These perturbations significantly affected the
ability of the slope offset method to differentiate closure levels, and thereby caused the measured clo-
sure levels to become highly erratic. This problem was encountered near threshold in all of the tests
where decreasing AK,, gradients were used to measure threshold. When this did occur, AK s values
for the slope offset method are not reported in these results.

Constant K., Tests

These tests were conducted using specimens MIR61 and MIR63. A constant K, Was maintained
throughout the specified test segment (Table 3) and AK,,, was decreased using the gradient shown
in the table until the growth rate dropped below approximately 1E-07 mm/cycle (4E-09 in./cycle).
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FIG. 2—Effective AK and applied AK for MIR61.
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Several different K ., levels were used to investigate the effect of K, on the threshold AK,;, and
closure. The level of K,,x determines the maximum plastic zone (or process zone) during the cycle.
Constant K .« testing maintains a constant process zone size throughout the test segment in order to
minimize the effects of the prior cyclic history on the current crack closure behavior.

The crack growth history for M1R61 is shown in Fig. 2. There is little closure in the first test seg-
ment since the test started from a relatively short crack, without a long plastic wake, and R was
steadily increasing with a constant K ;. After threshold was reached, the next testing segment was
conducted using a constant R-ratio of 0.1, and AK,,, was decreased from 14.8 t0 5.7 MPaVm using
a moderately steep gradient in order to generate closure. This test segment is characterized by a de-
creasing Kmax, a corresponding decreasing plastic zone size, and a long plastic wake. Indeed, the sud-
den drop in Py, causes significant closure immediately, as indicated by the sudden decrease in the
ratio AK g/AK,p,,. In all of the tests, AK ¢ is lower than AKscg. The growth rate curves for the con-
stant K, and constant R test segments on specimen MIR61 are shown in Fig. 3. As mentioned pre-
viously, there were difficulties encountered in measuring closure during the constant K. segment
using the slope offset method, so only the ACR closure corrections are shown for that segment.
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The next test specimen, MIR63, was used to measure threshold AK at five constant K, levels.
The crack growth history for this test is shown in Fig. 4, and the growth rate curves are shown in Fig.
5. In each test segment the stress ratio begins at R = 0.1 and increases as AK,pp is decreased at a con-
stant Kax. Bach test segment has a higher K.« than the previous segment, so the crack tip plastic
zone increases with each subsequent segment. This minimizes the effect of prior history on crack
growth and closure behavior. As AP continues to decrease with increasing crack length, the slope off-
set measurements became erratic and eventually closure measurements could no longer be made us-
ing this method. Both methods initially measure high closure levels at R = 0.1, and the measured clo-
sure decreases as R increases. It is interesting to note that for both methods the ratio AKcs/AK.pp
reaches a maximum and begins to decrease as R continually increases near threshold; however, the
trend is more pronounced with the ACR method. This trend was observed at every Kmax level in this
test, and contradicts the expectation that closure should steadily decrease as R increases in a constant
Konax test.
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Constant R Tests

Specimen MIR64 was tested at a constant R = 0.1 with both increasing and decreasing AK gradi-
ents. The crack growth history for M1R64 is shown in Fig. 6, and the growth rate curves are shown
in Fig. 7. The amount of closure decreases throughout the first segment of this test as AK,pp increases.
This is to be expected since the current process zone is always larger than the zone from prior load-
ing. Consistent with previous observations, AK ¢ is considerably less than AKcr. The ACR method
predicts that closure effects have vanished by AK,;, = 38 MPaV/m, while the slope offset method
still shows a 15% reduction in AK,;, due to closure. When the AK, gradient is changed from
+0.157 to —0.118 mm™! (+4 to —3 in.71), the slope offset AK ¢ drops suddenly while AKscr €x-
periences a gradual decrease with AK,;. The closure corrected crack growth results (Fig. 7) illustrate
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that the slope offset AK 4 relationship is substantially altered by the simple change from K-increas-
ing to K-decreasing loading, while the AKcr results are unaffected.

Discussion

It is interesting to note that for specimen M1R61 the closure-corrected AK ¢ results for the con-
stant R segment agree more closely with the constant K, test results than the AKacg results do be-
low a AK,,, of about 6.6 MPa\m (or da/dN = 6E-06 mm/cycle, Fig. 3). The AKxcg data is to the
right of the constant K, results, especially at lower AK,,, levels. Notice also that the decreasing K-
gradient AKscg data of M1R64 (Fig. 7) is in good agreement with the constant K ,, data for M1R61
at the higher growth rates (>1E-05. mm/cycle), while the AK. curve appears to line up better at
growth rates below 2E-06 mm/cycle. There are two possible explanations for this; either the ACR
method is underestimating closure effects near threshold, or there may be a K,y effect causing a de-
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crease in threshold with increasing R, thereby shifting the constant K, ,, curve to the left. In order to
investigate this further, AK 5, AK.gr, AKacr were determined at a growth rate of 1E-6 mm/cycle for
each of the constant K.« and constant R tests. The resulting AKs at that growth rate are plotted ver-
sus K nax in Fig. 8. It was not possible to accurately measure AK .5 by the slope offset method for most
of the tests where K ,,,x was greater than 10 MPaV/m because the data were too erratic.

If there were no closure in the constant K., tests, the closure-corrected AK for the R = 0.1 tests
should agree with the trend in the applied AKX in the constant K ., tests. Based on this assertion, it ap-
pears that the ACR closure correction most closely follows the trend of the “closure-free” data and
that the slope offset method may be overcorrecting for closure. However, both the slope offset and
the ACR methods indicate that closure was present at K., levels less than 14 MPa\/m. When this
is taken into account, it appears that the applied AK for the constant K ., tests may be overestimat-
ing the effect of K, on AK near threshold. In fact, comparison of the AK. results for M1R64 at R
= 0.1 with the constant K., results for MIR63 at K., = 15 MPa\V/m indicates that there may be
no K.« effect. If this is the case, then the ACR method is undercorrecting for closure. Even if there
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is no Ky, effect, under some circumstances the slope offset method still appears to be overcorrect-
ing for closure, such as the constant K, segments for M1IR63 where K,.x = 7.7 and 9.9 MPa/m.
Other evidence that the slope offset method may be overcorrecting can be seen in Fig. 6, where a
change in gradient from increasing to decreasing caused a sudden drop in AK¢ even though K., and
R had not changed much at all.

Conclusions

The ACR method for determining crack closure has a distinct advantage over the slope offset
method in terms of practical implementation, especially at near-threshold growth rates. It is easier to
measure the displacement range, as in the ACR method, than it is to measure changes in slope. Be-
cause of this, the ACR technique does not exhibit the sudden changes in the measured closure levels
under gradual changes in the applied loading history that the slope offset method does (i.e., near the
transition point from a K-increasing to K-decreasing test).

While it is clear that the ACR method will always lead to less closure correction than the slope off-
set method, it is difficult to determine which technique more accurately corrects for closure near
threshold. Simple comparison of constant R and constant K, test results favors the slope offset
method. However, if there is a K, effect on threshold in this alloy, then this simple comparison is
misleading. Attempts to determine if there is a K, effect in this alloy met with limited success. In
retrospect, it is questionable whether constant K, testing can be used to uncover the true “closure-
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free” behavior for low K. levels because the stress ratio is low near threshold for these tests, and
closure effects are still present. If there is a true K nax effect on threshold for this alloy, then the ACR
closure corrections appear to be more accurate, Overall, the observations from these tests indicate that
the slope offset method may be overcorrecting for closure and the ACR method may be undercor-
recting,

The slope offset technique does not consider the influence of loading below P.; on cracking, which
is likely inaccurate, but the ACR technique ignores the specific path dependence of the load/dis-
placement response and does not provide a clear link to the crack-tip stress intensity factor. The abil-
ity of these, and other techniques, to accurately correct for closure affects can be ascertained only
through more fundamental testing which uncouples, as much as possible, the mechanics of the crack-
tip field, the crack growth history, and the experimental technique.
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ABSTRACT: An elastic-plastic finite element model and high resolution experimental measurements
of growing fatigue cracks are employed in partnership to investigate the relationship between crack clo-
sure, near-tip deformation behavior, and remote load-displacement measurements. The model focuses
on plasticity-induced closure effects for fatigue cracks in the Paris regime, while the experiments study
fatigue cracks in the Paris and near-threshold regimes in a variety of materials. The suitability of the
ASTM compliance offset method and the recently-proposed adjusted compliance ratio (ACR) method
to characterize near-tip closure effects is evaluated. The experiments and analyses both show that crack-
tip strains below the crack-opening stress, S,p, are a relatively small fraction of the total crack-tip strain
range for cracks in the Paris regime, and therefore may be insignificant for crack-tip deformation and
damage and crack growth. The experiments further indicate that crack-tip strains below S, are a rela-
tively larger fraction of the total crack-tip strain at lower AK values, nearer the threshold, where Sop val-
ues are higher. The current ASTM compliance offset procedure for determining the crack opening load
is shown to provide accurate information about true crack-tip opening loads in theory. However, due to
the limited sensitivity of the method in practice, and the corresponding need to employ a non-zero com-
pliance offset, the method gives underestimates of opening and closing loads that may be considerably
in error relative to the true crack-tip values. The current ACR technique does not appear to do a good
job of characterizing the near-tip deformation response for cracks in the Paris regime, because remote
displacement measurements do not appear to be adequately sensitive to near-tip strains.

KEYWORDS: fatigue crack growth, fatigue crack closure, crack opening load, elastic-plastic finite el-
ement modeling, experimental measurement, scanning electron microscope, stereoimaging, ASTM
compliance offset method, adjusted compliance ratio, crack-tip strain, remote displacements

The discovery by Elber [1] that a propagating fatigue crack may be partially or completely closed
at some positive load has inspired nearly 30 years of study and application of the fatigue crack clo-
sure concept. From an engineering perspective, perhaps the most significant hypothesis forwarded by
Elber [2] was that the effect of crack closure on fatigue crack growth rates could be characterized sim-
ply (a) by identifying the applied stress at which the crack was first fully open all the way to the tip,
Sops (b) by calculating an effective stress range, ASe = Smax — Sop, during which the crack tip is fully
open, (c) by replacing AS with AS¢ in the calculation of the crack driving force AK, and (d) by re-
placing AK in a Paris-type equation to calculate crack growth rates with the resulting AK .. This sim-
ple characterization approach has been followed by literally hundreds of researchers and engineers in
the years since.

The Elber hypothesis about the significance of S, implies that the correct determination of the true
crack opening stress is one of the most critical questions to be addressed in fatigue crack growth. In
reply, many different experimental and analytical methods have been employed to measure or calcu-
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late ;. Many researchers have found that the crack tip “peels open” during the crack opening pro-
cess, so that the crack opens last immediately at the tip itself (and closes first at the tip during un-
loading). Therefore, high resolution experimental or analytical methods that are able to measure or
calculate the displacements or stresses in the immediate vicinity of the crack tip seem to be the most
accurate means of characterizing Sop.

However, the fundamental Elber hypothesis about Sy, itself remains open to critical questioning.
In particular, the implication of his hypothesis that the stress range below S, has no effect at all on
crack growth behavior has been questioned, most recently by authors such as Chen [3,4] and Donald
[5,6]. They have argued that deformation occurring below S, can also influence crack growth, es-
pecially near threshold when Sop is often observed to be a larger fraction of Sy.«. Some of these au-
thors have been motivated by observations that the Elber approach is sometimes unable to correlate
crack growth rates in the near threshold region with closure-free data obtained at high stress ratios,
because the measured S, is too high near threshold. In turn, these authors have proposed new char-
acterizations of the effects of crack closure on the effective crack driving force, AKegr, such that AK.q
is a larger value than would be calculated based on S, and the Elber hypothesis.

Whether the Elber hypothesis is correct or incorrect, experimental investigators are left with a com-
mon problem in characterizing the crack closure process. While the important events in the process
likely occur very close to the crack tip (near-tip crack opening, or crack-tip deformation), direct ex-
perimental measurements of these near-tip events are difficult, if not impossible, to achieve. What is
much easier to measure is the remote response of the crack, such as changes in the compliance of the
cracked body that are related to crack opening and closing. The critical challenge is to interpret these
remote measurements in a manner that accurately reflects the near-tip behavior most significant for
the crack driving force.

The search for a reliable remote measurement of the crack opening stress, Sop, has received a great
deal of attention ever since the original Elber discovery. An extensive standardization activity within
ASTM recently culminated in a recommended practice for determination of fatigue crack opening
load from experimentally measured compliance, now published as Appendix X2 to Standard Test
Method for Measurement of Fatigue Crack Growth Rates (ASTM E 647-95). This practice outlines
a data analysis methodology that can be applied to crack mouth displacement or back face strain mea-
surements from C(T) specimens or centerline displacement measurements from M(T) specimens.
However, earlier research employing high resolution measurements of crack opening behavior at the
crack tip itself suggested that the remote closure measurement techniques in use at that time could
give significantly lower values of S, than were indicated by the near-tip measurements [7].

More recently, Donald [5] has suggested a new experimental method for characterizing the effects
of closure on the effective crack driving force AK¢r. His “adjusted compliance ratio” (ACR) is based
on remote measurements of compliance but takes into account the deformation of the cracked body
below the Sop level. The inherent assumption in this proposal is that the remote displacement mea-
surements accurately reflect the actual strains near the crack tip that are important for crack growth
behavior.

The research described in this paper was designed to investigate some of the critical issues and
challenges outlined above. The tools employed in the research were high resolution numerical anal-
yses and high resolution experimental measurements of growing fatigue cracks, with a special em-
phasis on the crack opening process. Both the analytical and experimental methods permit direct
characterization of crack opening and deformation behavior at the crack tip itself. The particular nu-
merical method employed also permitted simultaneous calculation of remote displacement behavior,
thereby simulating experimental techniques based on remote compliance determinations. These tools
were used to address two general questions: (1) “What is the relationship between the local crack
opening stress, Sop, and the crack-tip deformation behavior?”, and (2) “What is the relationship be-
tween near-tip opening /deformation behavior and remote measurements/analyses of closure based on
compliance changes?”
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Approach
Numerical Method

The high resolution numerical method employed in this study was a finite element (FE) model of
a growing fatigue crack that has been described in detail in previous publications [8,9]. The meshes
were composed of four-noded linear strain elements. At each occurrence of minimum load in the cy-
cle, the boundary conditions at the crack-tip node were changed to allow the crack to grow by one el-
ement length through a group of very small, uniformly sized elements along the crack line. Remote
stresses were applied in many small steps (typical step size was two percent of the maximum applied
stress). Stresses and displacements along the crack line behind the crack tip were closely monitored
on each load step, and boundary conditions on the crack surfaces were appropriately changed as the
crack opened or closed.

All analyses discussed in this paper were plane stress. The constitutive model followed linear kine-
matic hardening with H/E = 0.01, where E is the elastic modulus and H is the slope of the plastic line.
The flow stress, oy, is the intersection of the elastic and plastic lines. The material simulated in this
research was an aluminum alloy with E = 70 000 MPa and ¢, = 430 MPa. However, it should be
noted that previous results [/0] indicated essentially no effect of go/E on crack opening behavior at
common values of H/E and S, /0.

The investigations described in this paper were conducted with a common mesh but different
boundary conditions to simulate two different specimen geometries, a middle-crack tension speci-
men, M(T), and a single edge cracked tension specimen, SE(T). The M(T) and SE(T) geometries ex-
hibited similar behavior, and so for convenience only the M(T) results are shown in this paper. The
crack was grown from an initial length of a/W = 0 with a final target length (the length at which the
crack behavior was characterized in detail) of a/W = 0.3. Because loads are applied directly to the
remote boundary of the specimen as traction stresses, no length scale must be assigned to the speci-
men. The total width W of the specimen (by symmetry, the half-width of the M(T) specimen) was
characterized as 1000 mesh units, so the target crack length was 300 mesh units. The element length
in the fine mesh region (and hence the crack growth step size) was 2 mesh units.

In nearly all previous investigations using this particular FE model, the crack was advanced by one
element length on every cycle. This was a convenient choice to minimize total computer execution
time, and was shown to have only a small influence on the crack opening behavior. In this investiga-
tion, it was particularly important to develop stable closed stress-strain and load-displacement loops.
Therefore, the crack was advanced after each two cycles of loading, and numerical data were taken
from the second cycle, during which the crack length did not change. In general, crack opening lev-
els were slightly lower on the second cycle than on the first cycle, but crack closing levels were rel-
atively unchanged.

Experimental Method

Large fatigue cracks were initiated from notches in single edge notched and compact tension spec-
imens, usually about 3 mm thick, and grown in a laboratory servo-hydraulic loading frame under load
control, After growth of the cracks to a length beyond the influence of the notch, loads were adjusted
to obtain the crack growth rates and AK values of interest. For detailed observation and closure re-
lated measurements, the specimen was then transferred to a loading stage that fit within the scanning
electron microscope where the same loads as used in the laboratory machine could be applied. A de-
tailed description of the techniques used for closure measurements may be found in Ref 77. The tech-
nique used is briefly described below.

Typically, several measurements were made as load was increased. It is known from many obser-
vations that fatigue cracks “peel open,” i.e., they open sequentially from the notch end of the crack
as load is applied. To measure this phenomenon, the crack was observed at various magnifications as
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load was being slowly applied. Fatigue cracks are usually tightly closed at minimum load, and some-
times it is difficult to determine the crack path and the location of the tip.

Photographs were taken at minimum load, and, as appropriate, as load was increased. The location
of the end of the open crack could be determined by looking for crack opening at high magnification
and by stereoimaging photographs made at load against the same magnification at minimum load. In
this way, the distance from the actual crack tip to the point of opening of the crack vs. load was de-
termined. Photographs of the crack tip region were made at various loads, starting with minimum
load, and at loads below opening, at the load when the crack had fully opened to the tip (defined as
the opening load), and at maximum load. The DISMAP system [/2] was used to measure displace-
ments vs. the same region at minimum load, and strains were computed as gradients of displacements
via the stereoimaging technique. Three elements of the symmetric strain tensor are computed: strain
parallel and perpendicular to the loading direction and shear strain. Principal strains and the maxi-
mum shear strain are then computed from these three strains. Strains determined by this method may
be considered as delta strain because they are referenced to the minimum load rather than a state of
no strain. Note that the derived strains are total strain, incorporating both elastic and plastic strain
components. Plastic strains are not easily separated from elastic values, and this has not been at-
tempted. From these measurements, strains occurring at and near the crack tip were determined vs.
applied load. Measurements of closure were generally made at stress intensity values ranging from
the lower end of the Paris (linear) region of the growth rate vs. cyclic stress intensity curve to the near
threshold region of that curve.

In this paper, results are reported from tests with five different materials. 7091-T7E69 is a powder
metallurgy aluminum alloy manufactured by Alcoa during the 1980’s. 7075-T6 is an aluminum al-
loy, also manufactured by Alcoa, and the lot of material used originated in the 1970’s. IN-9052 is a
mechanically alloyed Al-4Mg-1C-0.90 material made by INCO during the 1970’s. These aluminum
alloys are face centered cubic (fcc) materials. Representing body centered cubic materials (bcc) are
both pure niobium and an experimental single phase niobium alloy having the composition Nb-35Ti-
6Al-5Cr-8V-1W-0.3Hf-0.5Mo. Both of the bec alloys are mildly strain rate sensitive, whereas the fcc
alloys are typically insensitive to strain rate. Thus, the experimental closure measurements represent
a broad range of materials.

Numerical Method vs. Experimental Method

It should be emphasized that both the numerical and the experimental method employed in this in-
vestigation are mature methods that have been used successfully for many years. The FE method has
been validated through extensive comparisons with other numerical and analytical methods and with
the results of experimental studies. Of particular note, a previous study [/3] directly compared these
specific numerical and experimental methods in considerable detail. That study found that the FE
model exhibited good agreement with the experimental measurements of near-tip strains, crack open-
ing displacements, and crack closure. The numerical model captured the correct qualitative behavior
in nearly every case, and was quantitatively accurate in a majority of the comparisons when proper
nondimensionalizations were employed. The few cases where the model and measurements dis-
agreed highlighted important limitations of the numerical model that will be cited as appropriate in
the present study.

Given this previously documented agreement, note that the purpose of the present investigation is
not to compare the numerical model and the experimental measurements. The numerical and exper-
imental methods are particularly well suited to look at different aspects of the critical questions iden-
tified in the Introduction. Each method was used in this study to obtain the data for which it was most
suited, in the manner that was most efficient for that particular method. The numerical and experi-
mental results are therefore complementary, and they work together in partnership to provide a
broader view of the issues in question.
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The FE model addresses only crack closure induced by plastic deformation, including the related
effects of the plastic wake behind the crack tip and the residual stresses both ahead of and behind the
crack tip. The modeled crack is mathematically flat and deformation is mathematically symmetrical
above and below the crack, so no roughness or mixed mode effects are permitted, and no oxides are
included in the model. The experimental method is not limited in this manner; it simply observes what
happens in the vicinity of the crack tip on the specimen surface. However, it should be noted that
many years of observations by the second author using these experimental techniques have indicated
that plastic deformation is apparently the primary source of near-tip closure at the specimen surface,
where the measurements are made. While fracture surfaces are found to be rough, the mismatching
of opposing rough surfaces has not been observed to be a significant contributor to crack closure in
the vicinity of the crack tip at the specimen surface. It is possible that roughness could play a more
significant role in the specimen interior, where constraint is higher and plasticity is more limited.

Results
Local Behavior

The FE analysis clearly shows how plasticity-induced closure arises as a natural consequence of
crack-tip plasticity. Figure 1 shows the cumulative axial (y) plastic strains at zero load for a plane
stress crack that has grown under R = 0 loading from left-to-right into the current field of view [9,14].
The plastic strains out in front of the crack tip were induced by the most recent load cycle, as the crack
tip singularity elevated the stresses ahead of the crack well into the plastic regime. Since these plas-
tic strains are not reversed upon unloading to zero remote load, they remain as permanently stretched
material while the crack tip moves ahead, leaving behind the plastic wake clearly shown in the con-
tour plot. The material required to feed this plastic stretch comes from plastic contraction in the out-
of-plane (z) direction; the plastic strains in the z-direction are nearly mirror images of the plastic
strains in the y-direction. A similar mechanism has been found to operate in plane strain [9]; however,
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FIG. 1—Calculated cumulative plastic strains at zero load near a plane stress fatigue crack [14].
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FIG. 2—Calculated residual stresses along the crack line at minimum load for a plane stress fa-
tigue crack [9].

in plane strain, the plastic stretch in the axial direction causing closure is fed by plastic contraction in
the in-plane transverse (x) direction. Since this deformation is considerably more constrained, the
overall magnitude of the plastic stretch, and hence of the closure effect itself, is considerably smaller.

The material remote from the crack tip, which remains elastic, constrains the plastic wake upon un-

loading, and induces compressive axial stresses that serve to clamp the crack closed even at some
nonzero remote loads. The residual stresses at zero load corresponding to the crack of Fig. 1 are
shown in Fig. 2. Note, in particular, the compressive axial (y) stresses that extend for an appreciable
distance behind the crack tip, gradually increasing in intensity near the crack tip.

As the crack is loaded remotely, these residual stresses are gradually overcome closer and closer
to the crack tip, causing the crack to gradually “peel open.” This peeling-open process is directly il-
lustrated in Fig. 3, which includes results from both the FE method and the experimental method [13].
A proper comparison of the two methods here requires an appropriate normalization, since it is not
convenient to exercise the FE method and the experimental method under precisely the same condi-
tions. The relationship between applied load and length of closed crack describes the load at which
the crack opens to a specific distance behind the true crack tip. As the load increases, the crack opens
closer and closer to the true crack tip until it is fully open. Note in Fig. 3 that the FE and experimen-
tal results agree closely at the larger AK value. However, the FE results cannot simulate the signifi-
cantly higher crack opening loads observed at the lower AK value, closer to threshold. This dis-
agreement apparently arises because of fundamental changes in the near-tip deformation mechanisms
close to threshold (evidenced by significant mode II contributions) that cannot be emulated by the
continuum mechanics formulation of the FE model [13].

The relationship between remote stress and crack tip strain is illustrated by the FE results in Fig. 4
for two different maximum applied stress values (Spax/0o = 0.2 and 0.3) and two different stress ra-
tios (R = 0 and —1). The crack opening stress and crack closing stress as identified from the stresses
and displacements at the nodes along the crack line behind the crack tip are indicated on the figures.
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FIG. 3—Comparison of measured experimental data and finite element calculations of crack
opening process behind the crack tip [13].
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In every case, the last node to open and the first node to close was the node immediately behind the
crack tip. The “crack tip strain” shown in these and following graphs is the total axial strain compo-
nent £y, at the integration point closest to the current crack tip node in the element immediately ahead
of the crack tip node (a standard 2 X 2 integration scheme was employed in these linear strain
elements).

These results indicate that relatively little crack-tip strain occurs while the crack tip is closed. Once
the crack tip itself opens, which restores the “singularity” at the crack tip, the crack-tip strain in-
creases rapidly to maximum load. The strain then decreases rapidly with remote unloading until the
crack tip closes and shuts off the local singularity. Even under fully reversed (R = — 1) remote stress-
ing, where the crack tip is closed for about two-thirds of the total remote stress range, the crack-tip
strain range while the crack is closed is a relatively small fraction of the total range. In all three sim-
ulations shown here, the Ag occurring while the crack tip is closed is only about 10 to 15% of the to-
tal crack tip strain range.

The deformation behavior at the crack tip is further elucidated by Fig. 5 for the R = 0, Spax/og =
0.3 simulation. Here the crack-tip stress gy, (actually, the stress at the same integration point cited
earlier) is plotted against the crack-tip strain &,,. When the first node behind the crack tip first opens
(the definition of crack opening in this simulation), the local stress just ahead of the crack tip is still
compressive. The local stresses and strains then increase rapidly once the crack tip is open. However,
this simulation indicates that the near-tip strains are still elastic even for some portion of the load
ramp after the crack has opened.

This delay in the onset of crack tip plastic deformation after crack opening can probably also be at-
tributed, at least in part, to the absence of a true numerical singularity in the finite element formula-
tion. The fine mesh of linear strain quadrilateral elements does provide for a steep stress and strain
gradient around the crack tip, but no special element formulations or nodal placements are employed
to force a mathematical singularity at the crack tip itself. Such a formulation is not practical or per-
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FIG. 5—Calculated crack-tip stress versus crack-tip strain for Spa./o9 = 0.3, R = 0.
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haps even desirable, since the proper order of the singularity for a growing elastic-plastic fatigue
crack has not been established. Nevertheless, the key result from Fig. 5 is that cyclic plastic defor-
mation did not occur in the immediate vicinity of the crack tip while the crack tip was closed.

The effect of fatigue crack closure on crack tip deformation can also be discerned by comparing
the behavior of the growing fatigue crack with the behavior of an idealized stationary crack. The sta-
tionary crack was analyzed with the same finite element mesh and program and was subjected to the
same cyclic remote stresses, but the initial crack length was chosen to be the same as the final crack
length of the fatigue crack (@ = 300 mesh units). Because the stationary crack has no prior history
and has not grown in length, it has not developed a plastic wake and does not experience closure.

Figure 6 shows the remote stress vs. crack-tip strain history for the stationary crack with Sy, /0o=
0.2, R = 0. By comparison with Fig. 4a, it is clear that fatigue crack closure has significantly reduced
the total strain range at the crack tip. The total strain range for the growing fatigue crack (with closure)
is about one-half of the total strain range for the corresponding stationary crack (with no closure).

Experimental data for crack tip strain as a function of remote load are given in Figs. 7-10 for a va-
riety of different materials. In several of the figures, strains are expressed in more than one form based
on the available experimental data from the specimen surface: strain in the loading direction (Ag,y in
the coordinate system of the FE model), in-plane maximum shear strain, and in-plane effective strain.
The strain components are roughly proportional in most of the measurements, indicating that any one
of the strain representations provides an accurate description of trends. Note that the crack opening
load, and sometimes the crack closing load, are also indicated on the figures. These opening and clos-
ing loads were obtained experimentally at the crack tip itself from stereoimaging of SEM photomi-
crographs.

The remote load vs. local strain data for IN-9052 in Fig. 7 [15], corresponding to a AK of 10
MPaVm, look a great deal like the FE results: the crack opens at a relatively low applied load, and
the crack-tip strain occurring while the crack tip is closed is a very small fraction of the total crack-
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FIG. 9—Measured crack-tip strains versus remote applied load for growing fatigue cracks in Al
7091, (top) AK = 10 MPa\/m, (bottom) AK = 6 MPa\/m.

tip strain range. The crack-tip stress vs. crack-tip strain loop in the same figure, which was con-
structed based on some idealized assumptions (since crack-tip stress cannot be directly measured),
also indicates that strain at the crack tip prior to crack opening is primarily elastic. The remote load
vs. local strain data for 7075-T6 in Fig. 8 also bear a general resemblance to the numerical results in
terms of both opening load and pre-opening crack-tip strain as fractions of maximum load and total

strain range, respectively.

In contrast, the data for Al 7091 at AK = 6 MPa\Vm (Fig. 9), and for the niobium alloys (Fig. 10),
show higher crack opening loads (as a fraction of maximum load). Furthermore, the crack-tip strain
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FIG. 10—Measured crack-tip strains versus remote applied load for growing fatigue cracks in
niobium materials.

occurring prior to crack-tip opening is a larger fraction of the total crack-tip strain range—sometimes
well over 50%.

It is difficult to draw definitive conclusions from these few data sets, especially due to the typical
scatter observed in high resolution experiments of this type (scatter which reflects the true variabil-
ity in local deformation response in real materials with real microstructures). However, a few general
trends seem to hold true. It appears that the crack-tip strain occurring prior to crack opening is a rel-
atively small fraction of the total crack-tip strain range when the crack opening level is relatively low.
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When the crack opening level is relatively high, the crack-tip strains below the opening load are a
larger fraction of total crack-tip strains.

In the aluminum alloys, high crack opening loads are generally associated with smaller values of
the applied AK, closer to threshold (for example, the apparent threshold for pure mode I fatigue crack
growth in A17091 is 5.4 MPa\/m, in comparison to AK = 6 MPa\/m in Fig. 9). Lower crack open-
ing loads are generally associated with slightly larger AK values, more into the Paris regime. This is
the regime of fatigue crack behavior that is simulated by the FE model; remember Fig. 3, where the
FE model agreed closely with the experimental measurements of crack opening at larger AK values,
but not near threshold, where this particular FE model apparently cannot simulate the near-threshold
deformation mechanisms.

Furthermore, it is interesting that the values of the crack tip strains at crack opening are relatively
similar in all of the experimental data shown here. What varies much more widely (both with differ-
ent AK and with different material) is the maximum crack-tip strain. When the maximum crack-tip
strain is larger, the pre-opening strain is therefore a smaller fraction of the total or maximum strain.
When the maximum crack-tip strain is smaller (e.g., near threshold), the pre-opening strain may be a
larger fraction of the total strain.

Remote Behavior

The FE method can also easily provide information about displacements remote from the crack tip.
In particular, the FE model can be used to simulate the displacements that would be measured by con-
ventional laboratory instrumentation, such as a crack mouth clip gage.

Figure 11 shows the simulated remote stress vs. remote displacement information for the same
Smax/00 = 0.3 simulations presented earlier, for both R = 0 and —1. The remote displacements in
these graphs correspond to the displacement of a point (node) on the centerline of the M(T) speci-
men, located 103.1 mesh units above the crack line. A displacement gage centered about the crack at
this location, then, would have a total gage length of 206.2 mesh units (in comparison, remember that
the target crack half-length was 300 mesh units, with a total specimen half-width of 1000 mesh units).
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The R = 0 simulation shows very little change in compliance during the load cycle. Even at mini-
mum (zero) load, the simulated crack is not fully closed along its entire length. The compliance
change is more dramatic for the R = —1 crack, in which case the crack fully closes at a small nega-
tive applied stress.

ASTM Compliance Offset Method—The remote stress vs. remote displacement data obtained
from this simulation were analyzed according to the ASTM recommended practice for the determi-
nation of fatigue crack opening load from compliance, Appendix X2 in Test Method E 647. This
recommended practice requires first using a least-squares method to determine the average slope of
the load vs. displacement line over approximately the upper 25% of the cyclic load range. This cor-
responds to the fully-open crack configuration. Then, starting just below maximum load, least-
squares straight lines are fit to overlapping segments of the curve that each span about 10% of the
cyclic load range. In this simulation, data were available at load increments of 2%, and each segment
had 5 data points. For clarity, the segments were chosen here to overlap more closely than the ASTM
recommendation of 5%: the sliding “window” for the least-squares regression moved by only one
data point per segment, so that an average slope was determined at the individual load point in the
middle of each five-point window. Compliance offset was then calculated for each segment accord-
ing to the formula

{(open-crack compliance) — (compliance)}(100)

(Compliance offset) = (1)

(open-crack compliance)

The resulting graphs of compliance offset vs. applied stress are shown in Fig. 12 for the same three
simulations documented previously. The compliance offset method appears to be remarkably sensi-
tive in indicating the remote applied stress at which the crack tip itself first opens. However, this is
true only because the finite element output is “clean” enough to detect very small changes of signif-
icance in the compliance offset. In fact, this high sensitivity and clean signal actually cause some mi-
nor difficulties, because the FE output strongly detects the small but systematic change in open-crack
compliance at the upper end of the loading cycle due to crack-tip plasticity. This explains the sys-
tematic change in compliance offset at the upper end of the load increasing data for Smax/0o = 0.3,
and makes the least-squares determination of the open-crack compliance a somewhat arbitrary func-
tion of the specific segment size chosen.

The more important, issue, however, is that the actual experimental load vs. displacement
signal will be somewhat noisier than the idealized FE “signal.” Recognizing this likelihood,
the ASTM practice recommends that the opening load be determined at some specified nonzero
compliance offset, such as 1, 2, or 4%. It is clear from Fig. 12 that an “opening stress” defined in
this manner will always be lower than the actual crack-tip opening stress. For example, the 2%
offset opening stress for the Syax/op = 0.2, R = 0 simulation would be about 18 MPa, in comparison
to the actual crack-tip opening stress of about 34 MPa. Of course, the specific “error” introduced
in this way will be a function of the sensitivity of the specific specimen geometry and instrumenta-
tion employed in a given experiment. The general conclusion that can be drawn from this brief
study of the ASTM compliance offset method is that for “perfect” sensitivity and a zero offset,
the method indicates the correct crack-tip opening stress. For real sensitivities and nonzero
offsets, the method will give a lower value than the actual crack-tip opening stress. It may be possi-
ble to obtain a better estimate of the actual crack-tip opening stress by extrapolating the nonzero com-
pliance offset data below S, back up to the zero percent offset line. Unfortunately, these adjustments
would make the measured S, even higher, which would exacerbate the problem (noted in the Intro-
duction) of correlating near-threshold data with closure-free data on the basis of the Elber effective
stress range.
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Adjusted Compliance Ratio Method—The remote stress vs. remote displacement data were also

analyzed to determine the adjusted compliance ratio (ACR) [5,6]. The ACR was calculated
according to

C,—C;
ACR = ﬁ (¢)]
where

C, = inverse slope of stress vs. displacement above opening load;
C, = inverse slope of secant drawn between minimum and maximum stress-displacement val-
ues; and

C; = inverse slope of stress vs. displacement prior to initiation of a crack.

In this study, C; was interpreted literally as the compliance of the uncracked body, the M(T) speci-
men with zero crack length and no prior notch.

For the two R = 0 simulations documented in this paper, the ACR was calculated to be about 0.96.
This value very close to 1 is consistent with the general appearance of the R = 0 stress-displacement
curve in Fig. 11, which deviates only slightly from total linearity. The ACR for the R = —1 simula-
tion was calculated to be 0.51.

Discussion

The investigations described in this paper have obviously been limited in scope and preliminary in
nature. While the authors have investigated more numerical configurations and experimental condi-
tions than specifically presented in the paper, many other conditions have not been addressed. In par-
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ticular, the numerical method considered only continuous, plasticity-induced closure for two plane
stress specimen geometries under constant amplitude loading over a limited range of crack lengths.
The numerical method was not capable of emulating true near-threshold behavior. The experiments
considered only specialized specimens designed for the SEM loading stage, at positive stress ratios,
and did not include traditional crack mouth opening displacement measurements. Some of these
scope limitations can be easily overcome through further investigations, while others are inherent in
the research tools currently employed. Nevertheless, some general trends have emerged from these
investigations, and seem worthy of elaboration or reiteration to provide a basis for further research.
Some of these trends also invite additional speculation.

A fatigue crack that naturally develops a plastic wake will generally exhibit a continuous, “peeling
open” crack opening process for constant (or, perhaps, for mildly varying) load amplitudes. Under
these conditions, the true crack tip will experience only limited amounts of strain while it is still
closed, and the theoretical singularity is turned “off.” Therefore, the amount of crack tip damage
which might promote crack growth appears to be limited for a closed crack. This is especially true in
a comparative sense relative to the large amounts of crack-tip strain experienced by a crack in the typ-
ical Paris regime.

However, near threshold, the total crack-tip strain range is itself a relatively small value. Under
near-threshold conditions, when crack opening stresses are relatively high, the small amounts of
crack-tip strain experienced prior to crack opening could nonetheless be relatively significant in com-
parison to the total strain. Or perhaps the pre-opening strains are not so significant. If the pre-open-
ing strains are all elastic, and the strains that promote crack-tip damage and therefore crack growth
must be plastic, then the pre-opening strains might still be relatively inconsequential.

Experimentally, it has been shown that constraint is high for fatigue cracks growing near AKy, [161.
High constraint is maintained because of the low levels of strain at the crack tip near AKy,. At higher
AK, this constraint is relaxed due to increased crack tip plastic strain. The high levels of constraint
near the crack tip is an indication that a large proportion of the total strain range is elastic. Thus, it is
expected that most of the strain in Fig. 9 (bottom) for Al 7091 at AK = 6 MPa\/m and Fig. 10 (b, ¢)
for the niobium alloy at AK = 6.7 and 6.9 MPa\/m is elastic, which agrees with the opening loads
being high fractions of the maximum load. Yield stress is elevated by high constraint, and the strain
to yield is proportionally larger than in a tension test.

Clearly, further data are needed to address this issue. However, previous observations [17] that
correlations of fatigue crack growth rates near threshold based on crack opening loads and the origi-
nal Elber hypothesis about AK s tended to overcorrect growth rates are consistent with the possibil-
ity that some crack-tip strains below S, could be important for near-threshold growth.

Given this prospect, the ACR method is one proposed means of characterizing the contributions of
pre-opening crack tip strains. What do the numerical simulations in the current investigations say
about the ACR? Table 1 summarizes the calculated values of the ACR, the effective stress range ra-
ti0 U = (Smax = Sop)/(Smax — Smin) based on the Elber hypothesis, and some interesting strain ratios.
The ratio Ae(fatigue)/Ae(stationary) is the ratio of the total crack-tip strain for the growing fatigue
crack and the stationary crack (the ratio of Fig. 6 to Fig. 4). The ratio Ag(open)/Ag(fatigue) quanti-
fies the ratio of the crack-tip strain range while the crack tip is open to the total crack-tip strain range,
both for the growing fatigue crack.

TABLE 1-—Summary of Some Important Closure Ratios.

Smax/ [y R U ACR Ag fatigue/ ASstmionary Agopen /Ae fatigue
02 0 0.60 0.97 0.58 0.85
0.3 0 0.60 0.96 0.51 0.89
03 -1 0.34 0.51 0.44 0.89
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The calculated ACR values for the two R = 0 simulations, based on the remote compliance mea-
surements, suggest that almost the entire stress range is effective in propagating the crack; i.e., crack
closure has relatively little impact on the crack driving force. By implication, the ACR suggests that
the crack-tip strain below S,p is an important contributor to crack growth. In contrast, the Elber ap-
proach suggest that the effective stress range ratio is about 0.60; i.e., only a little more than half of
the total stress range is effective in growing the crack. The comparison of the stationary and growing
fatigue crack-tip strain ranges indicates that crack closure reduces the crack-tip strain to about 0.51
— 0.58 of the nonclosure value, and this ratio is certainly more consistent with the Elber U than with
the ACR.

However, it is not necessarily the case that this strain ratio should correspond directly with the driv-
ing force ratio AK./AK. It is not immediately obvious how a reduction in total crack tip strain, or a
reduction in total crack tip plastic strain, should be quantitatively related to a change in the crack tip
driving force AK or to a change in the crack growth rate. Furthermore, crack closure has a more com-
plex effect on crack-tip deformation than simply reducing the crack-tip strain range. Crack closure
also slightly reduces the maximum stress at the crack tip [18], due to the residual stress state around
the growing fatigue crack.

The ACR as currently formulated also contains an ambiguity that could have an appreciable im-
pact on its calculated value. The “uncracked compliance” C; can be interpreted rigorously as the com-
pliance of an uncracked, unnotched specimen, as was done in the present study, or as the compliance
of an uncracked, notched specimen (e.g., a C(T) specimen with no precrack, or an M(T) specimen
with a blunt starter notch but no precrack), as is currently practiced by the original authors of the ACR
method. Of course, the uncracked compliance could itself change with the depth of such an uncracked
notch. In the present investigations, an alternative simulation in which the initial “uncracked” com-
pliance was determined from an initial crack size of ap = 209 mesh units gave an ACR value of 0.93
instead of 0.97 for the Sp../00 = 0.2 case, so the effect was relatively small. However, it is not dif-
ficult to create sample problems in which changes in the initial notch size have a larger impact on the
calculated ACR. Some standardization of the definition of the “uncracked” compliance in the ACR
is needed to avoid these difficulties.

The experience of Donald and his colleagues with measuring the ACR for R = 0.1 tests in the Paris
regime have found typical values in the general range of 0.7 to 0.85, in contrast to the much higher
values of 0.93 to 0.97 obtained in these numerical simulations. Why this difference? One possibility
is that in the simulations, the residual plastic wake was not fully developed along the entire length of
the crack. Although the crack was grown from zero length, the fine mesh region was limited to the
longer crack lengths, and the coarser mesh at the shorter crack lengths could not adequately capture
crack-tip plasticity. This modeling limitation was not significant for accurate simulation of the near-
tip behavior at the longer crack lengths. However, this limitation could have had an impact on the cal-
culated ACR values, because the diminished plastic wake would increase the specimen compliance
when the crack was mostly, but not entirely, closed. But this “limitation” in the analysis actually may
point out a more fundamental limitation in the ACR approach: changes in the specimen compliance
due to changes in closure behavior far away from the crack tip (which do not affect crack-tip behav-
ior) nevertheless can change the ACR value. For example, premature crack face contact (well below
Sop but still above S = 0) far behind the crack tip due to fracture surface roughness could change the
specimen compliance and hence the ACR without having any appreciable impact on near-tip behav-
ior. In fact, roughness-induced closure is particularly likely to occur farther away from the crack tip
due to mismatching of the opposing fracture surfaces, and this may even be another source of the dif-
ference between the measured and calculated ACR values.

It should again be emphasized that the numerical simulations in this research were limited to plas-
ticity-induced closure behavior. It is possible that the ACR is more suitable for characterizing near-
tip behavior under the influence of other forms of closure, such as roughness-induced. When rough-
ness-induced closure is a significant mechanism, the closure of the crack may be a more
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discontinuous process that does not necessarily occur at the crack tip itself. In this case, first contact
of opposing crack surfaces may not “turn off” the crack-tip singularity so abruptly. However, it
should be noted that the introduction of fracture surface roughness effects does not eliminate plastic-
ity-induced closure effects, and so plastic wake effects on the crack tip may still be important. The
many high resolution experimental investigations of crack closure by one of the current authors, cited
earlier, have not observed significant roughness-induced closure behavior at the specimen surface in
the vicinity of the crack tip, even near threshold. Even near threshold, plasticity appears to be the pri-
mary near-tip closure mechanism at the specimen surface, with premature contact due to mismating
fracture surfaces only significant farther behind the crack tip.

Even if the ACR turns out to be a more suitable characterization of closure effects for roughness,
its ultimate value as a correlating parameter for fatigue crack growth rates will depend on whether or
not it can give consistently accurate answers under the influence of different closure mechanisms.
Therefore, difficulties in characterizing crack-tip deformation in the presence of plasticity-induced
closure may still be a stumbling block.

While the use of remote measurements to characterize near-tip behavior is obviously a difficult
challenge, the need for practical methods to measure closure behavior is nevertheless a significant
one due to the expense of making highly local measurements. Further research is needed to evaluate
the suitability and sensitivity of both the ASTM and ACR methods to characterize near-tip closure
behavior. Future work could systematically investigate the effects of measurement location, crack
length, specimen geometry, and specimen stress state (plane stress vs. plane strain) on near-tip and
remotely inferred crack opening loads. Modifications to the FE formulation could enable some study
of roughness effects. More direct comparisons of model and measurement could provide additional
insight on exactly what is being measured and what it means for the growth of the fatigue crack.

Ultimately, of course, the true value of a closure characterization is found in its ability to help do
a better job of describing FCG rate behavior. However, evaluation of the ASTM or ACR methods on
the basis of FCG rate data correlation is beyond the scope of the current paper. Instead, the focus of
this paper, as noted in the Introduction, has been to assess the suitability of various remote measure-
ment and analysis schemes to describe accurately the closure and deformation behavior at the crack
tip itself. In principle, a scheme that accurately characterizes the relevant damage mechanisms at the
crack tip should be most successful in characterizing crack growth rates.

Conclusions

1. High resolution experiments and analyses indicate that crack-tip strains below S, are a rela-
tively small fraction of the total crack-tip strain range for cracks in the Paris regime, and therefore
may be insignificant for crack-tip deformation and damage and crack growth.

2. High resolution experiments indicate that crack-tip strains below S, could potentially be more
important at lower AK values, nearer the threshold, where S, values are higher. Here the crack-tip
strains below S, are a relatively larger fraction of the total crack-tip strain range. However, it is not
clear to what extent these crack-tip strains below S,, contribute to crack-tip damage and growth.

3. In theory, the current ASTM compliance offset procedure for determining the crack opening
load can provide accurate information about true crack-tip opening loads. However, due to the lim-
ited sensitivity of the method in practice, and the corresponding need to employ a non-zero compli-
ance offset, the method gives underestimates of opening and closing loads that may be considerably
in error relative to the true crack-tip values.

4. The current ACR technique does not appear to do a good job of characterizing the near-tip de-
formation response for cracks in the Paris regime, where plasticity-induced closure is the dominant
closure mechanism. Remote displacement measurements do not appear to be adequately sensitive to
near-tip strains.



McCLUNG AND DAVIDSON ON NEAR-TIP AND REMOTE CHARACTER 127

Acknowledgments

Helpful discussions with Keith Donald and Jim Newman are gratefully acknowledged.

References

(7}
(2
31
(4]
(51

(6]

71

(8}
(9]
10}

(1]

(2]
(131
4]
(15]
(16]
7]

(18]

Elber, W., “Fatigue Crack Closure Under Cyclic Tension,” Engineering Fracture Mechanics, Vol. 2, 1970,
pp- 37-45.

Elber, W., “The Significance of Fatigue Crack Closure,” Damage Tolerance in Aircraft Structures, ASTM
STP 486, American Society for Testing and Materials, 1971, pp. 230-242.

Chen, D.-L., Weiss, B., and Stickler, R., “A New Evaluation Procedure for Crack Closure,” International
Journal of Fatigue, Vol. 13, 1991, pp. 327-331.

Chen, D. L., Weiss, B., and Stickler, R., “Contribution of the Cyclic Loading Portion Below the Opening
Load to Fatigue Crack Growth,” Materials Science and Engineering, Vol. A208, 1996, pp. 181-187.
Donald, J. K., “Introducing the Compliance Ratio Concept for Determining Effective Stress Intensity,” pre-
sented at the First International Conference on Fatigue Damage in Structural Materials, Hyannis, MA,
September 1996 (to be published in International Journal of Fatigue).

Donald, J. K., Bray, G. H., and Bush, R. W_, ““An Evaluation of the Adjusted Compliance Ratio Technique
for Determining the Effective Stress Intensity Factor,” 29th National Symposium on Fatigue and Fracture
Mechanics, ASTM STP 1332, T. L. Panontin and S. D. Sheppard, Eds., American Society for Testing and
Materials, 1999, pp. 674-695.

Hudak, S. 3., Jr. and Davidson, D. L., “The Dependence of Crack Closure on Fatigue Loading Variables,”
Mechanics of Fatigue Crack Closure, ASTM STP 982, ]. C. Newman, Jr. and W. Elber, Eds., American So-
ciety for Testing and Materials, Philadelphia, 1988, pp. 121-138.

McClung, R. C. and Sehitoglu, H., “On the Finite Element Analysis of Fatigue Crack Closure—1. Basic
Modeling Issues,” Engineering Fracture Mechanics, Vol. 33, 1989, pp. 237-252.

McClung, R. C., Thacker, B. H., and Roy, S., “Visualization of Fatigue Crack Closure in Plane Stress and
Plane Strain,” International Journal of Fracture, Vol. 50, 1991, pp. 27-49.

McClung, R. C. and Sehitoglu, H., “On the Finite Element Analysis of Fatigue Crack Closure—2. Nu-
merical Results,” Engineering Fracture Mechanics, Vol. 33, 1989, pp. 253-272.

Davidson, D. L., “Plasticity Induced Fatigue Crack Closure,” Mechanics of Fatigue Crack Closure, ASTM
STP 982, 1. C. Newman, Jr. and W. Elber, Eds., American Society for Testing and Materials, Philadelphia,
1988, pp. 44-61.

Franke, E. A., Wenzel, D. ., and Davidson, D. L., “Measurement of Microdisplacements by Machine Vi-
sion Photogrammetry (DISMAP),” Review of Scientific Instruments, Vol. 62, 1991, pp. 1270-1279.
McClung, R. C. and Davidson, D. L., “High Resolution Numerical and Experimental Studies of Fatigue
Cracks,” Engineering Fracture Mechanics, Vol. 39, 1991, pp. 113-130.

McClung, R. C., “Finite Element Perspectives on the Mechanics of Fatigue Crack Closure,” Proceedings,
FATIGUE ‘96, Sixth International Fatigue Congress, Berlin, 1996, Vol. 1, pp. 345-356.

Davidson, D. L. and Lankford, J., “Fatigue Crack Growth in Metals and Alloys: Mechanisms and Mi-
cromechanics,” International Materials Reviews, Vol. 37, 1992, pp. 45-76.

Davidson, D. L. and McClung, R. C., “Local Constraint Near Fatigue Cracks in Alloys and Particulate
Composites,” International Journal of Fracture, Vol. 84, 1997, pp. 81-98.

Bray, G. H. and Donald, J. K., “Separating the Influence of K., from Closure-Related Stress Ratio Effects
Using the Adjusted Compliance Ratio Technique,” this publication.

McClung, R. C., “Crack Closure and Plastic Zone Sizes in Fatigue,” Fatigue and Fracture of Engineering
Materials and Structures, Vol. 14, 1991, pp. 455-468.



J. C. Newman, Jr.!

An Evaluation of Plasticity-Induced Crack
Closure Concept and Measurement Methods

REFERENCE: Newman, J. C., Ir., “An Evaluation of Plasticity-Induced Crack Closure Concept
and Measurement Methods,” Advances in Fatigue Crack Closure Measurement and Analysis: Sec-
ond Volume, ASTM STP 1343, R. C. McClung and J. C. Newman, Jr., Eds., American Society for Test-
ing and Materials, West Conshohocken, PA, 1999, pp. 128-144.

ABSTRACT: An assessment of the plasticity-induced crack closure concept is made, in light of some
of the questions that have been raised on the validity of the concept, and the assumptions that have been
made concerning crack-tip damage below the crack-opening stress. The impact of using other crack-tip
parameters, such as the cyclic crack-tip displacement or cyclic crack-tip hysteresis energy, to model
crack-growth rate behavior was studied. Crack-growth simulations using the modified Dugdale crack
closure model showed a close relation between traditional AK.¢ and the cyclic crack-tip displacement
(Adeg) for an aluminum alloy and a steel over a wide range in stress ratios. Evaluations of the cyclic
hysteresis energy demonstrated that the cyclic plastic damage below the crack-opening stress was neg-
ligible in the Paris crack-growth regime. Some of the standard and newly proposed remote measurement
methods to determine crack-opening stresses and the “effective” crack-tip driving parameter were eval-
vated from crack-growth simulations made on middle-crack tension specimens. Here, analyses were
conducted under both constant-amplitude and single-spike-overload conditions. A potential source of
the Koo effect on crack-growth rates was studied at high stress ratios and at high stress levels for an
aluminum alloy. Results showed that the ratio of Ky,.x to K, had a strong effect on crack-growth rates
at high stress ratios and at low stress ratios for very high stress levels. The crack-closure concept and
the traditional crack-growth rate equations were able to correlate and predict crack-growth rates under
these extreme conditions.

KEYWORDS: fatigue crack growth, fracture mechanics, cracks, stress-intensity factor, crack closure,
plasticity, constraint

In 1968, Elber observed that fatigue-crack surfaces contact each other even during tension-tension
cyclic loading and he subsequently developed the crack closure concept []. This observation and the
explanation of crack-closure behavior revolutionized the damage-tolerance analyses and began to ra-
tionally explain many crack-growth characteristics, such as crack-growth retardation and accelera-
tion. Since the discovery of plasticity-induced fatigue-crack closure, several other closure mecha-
nisms have been identified, such as roughness- [2] and oxide-induced [3] closure, which appear to be
more relevant in the near-threshold regime. Recently, some researchers have questioned the validity
of the crack-closure concept [4,5] and whether crack-tip damage occurs below the crack-opening
stress [6,7]. Other measurement methods, from remote load-displacement records, are being pro-
posed [6,7] to define an “effective” crack-tip damage parameter, other than the traditional effective
stress-intensity factor range, A K. In addition, K ,,..-constant testing at extreme values (greater than
0.75 K.) have produced very high crack-growth rates at extremely small values of AK [8]. Testing at
high stress ratios, in the absence of crack closure, is producing different crack-growth rates at the
same applied AK (or A K.¢) value [9].

! Senior scientist, NASA Langley Research Center, Hampton, VA 23681.
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The objective of this paper is to make an assessment of the crack-closure concept, in light of some
of these questions and assumptions. The paper will study the impact of using other crack-tip param-
eters, such as the cyclic crack-tip displacement Ad.¢ [10,11], or the cyclic crack-tip hysteresis energy
W& [12], to model crack-growth rate behavior and to assess the differences induced by using the
A K¢ parameter. The A8,¢r and W parameters are directly relatable to the effective cyclic J-integral
[13]. Crack-growth simulations, using the modified Dugdale [/4] crack-closure model [15,16], will
be conducted over a wide range in stress ratios (R) to assess the impact of using cyclic crack-tip dis-
placement as a crack-tip parameter. Some of the standard and newly proposed remote measurement
methods to determine traditional crack-opening stresses or “effective” crack-driving parameters will
be evaluated from the plasticity-induced crack-closure model analyses on middle-crack tension spec-
imens. Analyses will be conducted under both constant-amplitude and single-spike-overload condi-
tions. A potential source of the K., effects on crack-growth rate data will be studied at high stress
ratios and at high stress levels on test data from an aluminum alloy.

Plasticity-Induced Crack Closure Model

The plasticity-induced crack-closure model, shown in Fig. 1, was developed for a through crack in
a finite-width plate subjected to remote applied stress. The model was based on the Dugdale strip-
yield model [14] but modified to leave plastically deformed material in the wake of the crack. The
details of the model are given elsewhere and will not be presented here (see Newman [15,16]). One
of the most important features of the model is the ability to model three-dimensional constraint ef-
fects. A constraint factor, @, is used to elevate the flow stress (o,) at the crack tip to account for the
influence of stress state (@o,) on plastic-zone sizes and crack-surface displacements. (The flow stress
0, is taken as the average between the yield stress oy, and ultimate tensile strength o, of the mate-
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FIG. 1—Schematic of strip-yield model at maximum and minimum applied loading.
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rial.) For plane-stress conditions, « is equal to unity (original Dugdale model); and for simulated
plane-strain conditions, « is equal to 3. Although the strip-yield model does not model the correct
yield-zone shape for plane-strain conditions, the model with a high constraint factor is able to pro-
duce crack-surface displacements and crack-opening stresses quite similar to those calculated from
three-dimensional, elastic-plastic, finite-element analyses of crack growth and closure for finite-
thickness plates [17].

The calculations performed herein were made with FASTRAN Version 3.0. The modifications
made to FASTRAN-II (Version 2.0 described in Ref 16) were made to improve the crack-opening
stress calculations under variable-amplitude loading, to improve the element “lumping” procedure to
maintain the residual plastic deformation history, and to improve computational efficiency. From the
model, the crack-mouth opening displacements (CMOD) are calculated at the centerline of the model
(x = 0). The cyclic crack-tip displacements and the cyclic hysteresis energy were calculated from the
crack-tip element (j = 1) in Fig. 1. The crack-opening stress, S,, is calculated from the contact
stresses shown in Fig. 1b, see Refs 15 or 16, by equating the applied stress-intensity factor at S to the
stress-intensity factor caused by the contact stresses. CMOD results under cyclic loading were used
to determine the crack-opening stresses using the reduced-displacement or the compliance-offset
methods, and an alternative effective stress-intensity factor range from the adjusted-compliance-ra-
tio method [71].

Effective Stress-Intensity Factor Range Against Crack-Growth Rate Relations

The linear-elastic effective stress-intensity factor range developed by Elber [/] is
AKet = (Smax — So) F Ve 03]

where Sy, is the maximum stress, S, is the crack-opening stress and F is the boundary-correction
factor. The crack-growth rate equation proposed by Elber states that the crack-growth rate is a power
function of the effective stress-intensity factor range (like the Paris equation), as shown by the dotted
line in Fig. 2. However, fatigue crack-growth rate data plotted against the AK or A K¢, commonly
show a “sigmoidal” shape, as illustrated by the solid curve shown in Fig. 2. To account for this shape,

do/dN=C AKgg G/H
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AK, = {(R)
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FIG. 2—Schematic of effective stress-intensity factor against crack-growth rate relations showing
influence of threshold and fracture toughness.
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the power relation was modified by Newman [15] to
dcldN = C (AK.g)" GIH (@3]

where G = 1 — (AK,/AKg)” and H = 1 — (Kpax/Cs)?. The function G accounts for threshold vari-
ations with stress ratio (AK, is a function of stress ratio) and the function H accounts for the rapid
crack-growth rates approaching fracture. The parameter Cs is the cyclic fracture toughness. As
cracked specimens are cycled to failure, the fracture toughness is generally higher than the toughness
for cracks grown at a low load and then pulled to failure. This is caused by the shielding effect of the
plastic wake [/8]. The cyclic fracture toughness (Cs), like the elastic fracture toughness (K), is a
function of crack length, specimen width, and specimen type. Nonlinear fracture mechanics methods,
in general, are required to model the fracture process. Later, a two-parameter fracture criterion will
be used to model the fracture process. A discussion of the threshold behavior is beyond the scope of
the present paper. Thus, G is set to unity. Only the function H will be considered in the present anal-
yses to account for nonclosure-induced K.« effects.

Cyclic Hysteresis Energy and Cyclic CTOD Evaluations

In order to assess the cyclic crack-tip damage for stresses below the traditional crack-opening
stress, the cyclic plastic crack-tip displacements from the crack-tip element (j = 1) in Fig. 15 were
calculated for middle-crack tension M(T) specimens subjected to various constant-amplitude loading
conditions. The simulations were made on both 2024-T3 aluminum alloy and 4340 steel specimens.
Some typical results on the aluminum alloy are shown in Fig. 3. Here a constraint factor & = 2 (near
plane-strain conditions) was applicable at low crack-growth rates. This figure shows the applied
stress plotted against the plastic crack-tip displacement for loading and unloading (no crack growth
was allowed in the model during this load cycle). These results are quite similar to the remarkable ex-
perimental measurements made by Bichler and Pippan [/9] on near-crack-tip cyclic deformations.
The solid symbol on the loading curve shows the crack-opening stress (S,,) and the arrow indicates
the closure stress (S;) during unloading. The traditional effective stress range, AS.¢, was calculated
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FIG. 3—Calculated cyclic plastic crack-tip deformations under constant-amplitude loading.
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from the difference between Sy,.x and S,,. The effective cyclic crack-tip displacement (Ad.g) is given
by the difference between the maximum and minimum plastic displacements. The total cyclic crack-
tip hysteresis energy W% was given by the area between the loading and unloading curves. The cross-
hatched region is the cyclic plastic deformations that occur at applied stresses below the crack-open-
ing stress. Thus, there is cyclic plasticity below the crack-opening stress. However, the cross-hatched
area is a small percentage of the total (here it is only about 3.5% of the total area). For large-scale
yielding conditions, the cross-hatched area becomes a larger percentage of the total, but here nonlin-
ear fracture-mechanics parameters, such as AJ.g, are needed to correlate crack-growth-rate data.
However, for the Paris crack-growth regime, the effects of cyclic plasticity below the crack-opening
stress on crack-growth rates are small and can be neglected. For the calculations made on the alu-
minum alloy and steel, the influence of cyclic plasticity below the opening load on crack-growth rates
was estimated to be less than about 5%, assuming that crack-growth rates are nearly linearly related
to the cyclic hysteresis energy.

The concept of using cyclic crack-tip displacements to characterize crack-growth rate behavior
has been applied for many years (see Weertman [10] and Tomkins [71]). It is thought that the
cyclic crack-tip displacement is a more fundamental parameter to characterize crack-tip damage.
To evaluate the differences induced by using the traditional A K¢ concept, crack-growth simulations
were made on aluminum alloy and steel specimens assuming that the material behaves under a
simple power-law relation in terms of AK.g. The crack-growth constants for the two materials
are given in Fig. 4. The n-power on the aluminum alloy was 4 and on the steel was 2. The respective
constraint factors (a = 2 for aluminum alloy and a = 2.5 for steel) are the values needed to correlate
stress-ratio data on these materials using A K¢ Simulations were made over a wide range in
stress ratio (R = —1 t0 0.8). Figure 4 shows the elastic modulus (E) times the effective cyclic crack-
tip displacement (AS.¢) plotted against the predicted crack-growth rate from A K. The results are
remarkably linear over several orders of magnitude in rates with the slope on the aluminum alloy be-
ing 2 and the steel being unity. These results are reasonable because the crack-tip displacement is re-
lated to the square of the stress-intensity factor for small-scale yielding. But these results do show a
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FIG. 4—Calculated elastic modulus times effective cyclic crack-tip displacement against crack-
growth rate for an aluminum alloy and steel over a wide range of stress ratios.
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slight spread in the results for various R ratios. The aluminum alloy would correlate within +20% on
rates whereas the steel would correlate within +5% on rates. Part of this discrepancy may be due to
neglecting the elastic contribution to the cyclic crack-tip displacement, in that the high R ratio simu-
lations would have had a slightly higher elastic displacement than the low R ratio results. (Rigid plas-
tic elements are used in the strip-yield model.) But, these results show that the traditional A K¢ and
the effective cyclic crack-tip displacements are essentially equivalent concepts in the Paris crack-
growth regime.

Remote CMOD Evaluations of Crack-Tip Opening Stresses and Effective Stress-Intensity
Factor Ranges

The ability to measure the true crack-opening load has been a very difficult task. Nonlinearities in
displacement or strain measurement systems and electronic noise have contributed to this problem.
In addition, the crack-closure process is three-dimensional in nature with more closure occurring at
and near the free surface than in the interior [20]. On the other hand, the two-dimensional strip-yield
or finite-element models have a unique crack-opening load. Thus, the 2D models may be used to
study the various methods of determining the crack-opening loads and crack-tip parameters. But the
3D analyses are ultimately needed to assess the best method to experimentally determine the most ap-
propriate opening load to use in defining an effective crack-front parameter to characterize fatigue-
crack growth (see Riddell et al. [217).

In the following, the strip-yield model will be used to evaluate current and newly developed meth-
ods to determine either crack-opening loads or the effective stress-intensity factor ranges. Remote
crack-mouth-opening displacements will be used to determine the crack-tip opening loads from re-
duced CMOD [22] and compliance-offset [ASTM Test Method for Measurement of Fatigue Crack
Growth Rates (E 647-95a)] methods, and an alternative A K¢ from the adjusted-compliance-ratio
method [7] under constant-amplitude loading. Comparison between measured and computed crack-
opening loads will be made under a single-spike overload condition.

Constant-Amplitude Loading

Reduced CMOD Method—Crack-growth analyses were performed on a 2024-T3 aluminum alloy
M(T) specimen under nearly plane-stress conditions (a = 1.2) for constant-amplitude loading (R =
0). The CMOD traces from loading and unloading for three different crack lengths are shown in Fig.
5. The solid symbols are the calculated crack-opening stresses S, determined from the contact stresses
at minimum load. The S, values were essentially independent of crack length. These results illustrate
why it is very difficult to determine the opening load from the very linear applied stress against
CMOD records. Because there are global elastic deformations below the opening load for measure-
ment method away from the crack tip, it is apparent why some researchers [6] have assumed that there
is additional crack-tip deformations below the opening load.

As Elber [22] had pointed out many years ago, the reduced displacement technique is require to
extract the crack-opening load from the nearly linear CMOD record. The applied stress against re-
duced CMOD are shown in Fig. 6 for the largest crack length considered. The true opening load is
obtained from the loading record when the loading curve becomes vertical. Again, the solid symbol
is the opening load computed from the contact stresses at the minimum load. Here the computed
opening load is slightly lower than the true opening load.

The crack-opening load determined from the reduced CMOD method from the 2D crack-growth
simulations is independent of measurement location. Crack-opening loads determined from various
local and remote measurement locations produced the same crack-opening loads. Thus numerically,
the crack-opening load can be determined from any measurement location in a cracked body. How-
ever, from a testing standpoint, the amplification of the reduced CMOD record may be such that ex-
perimental noise may prevent reliable determination of the true opening load.
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FIG. 5—Calculated crack-mouth opening displacement under constant-amplitude loading for sev-
eral crack lengths.

CMOD Compliance Offset Method—Figure 7 shows the CMOD compliance offset record for the
largest crack length considered in the previous example. The 1% and 2% offset values, commonly
used in practice, produce crack-opening values that are considerably lower than the true opening
stress. It is apparent from these calculations why the offset method is not able to correlate fatigue-
crack-growth-rate data [7]. In addition, crack-opening loads from the 1% or 2% offset method have
also been shown to be dependent upon the measurement location {7].
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FIG. 6—Calculated reduced crack-mouth opening displacement under constant-amplitude loading.
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FIG. 7—Calculated CMOD compliance offset under constant-amplitude loading.

Adjusted Compliance Ratio Method—Recently, a new method to determine an effective stress-in-
tensity factor range has been introduced to help overcome some of the difficulties with the compli-
ance offset method. This method is called the Adjusted Compliance Ratio (ACR) method [23]. The
ACR = Uacr = (Cs — CHI(C, — C;) where C is the secant compliance (from minimum to maxi-
mum load), C, is the compliance above the opening load, and C; is the compliance prior to initiation
of a crack. C; is assumed to be the compliance of the initial sawcut or notch in the specimen. The ef-
fective stress-intensity factor range is defined as AK.r = Uacr AK. To compare A K¢ from ACR
and the traditional crack-opening concept, a crack-growth simulation was performed on an M(T)
specimen made of 2024-T3 aluminum alloy under nearly plane-stress conditions at Smax = 120 MPa
at R = 0. The specimen had an initial crack length (or sawcut) of 6.4 mm and a total width (W) of 76
mm. Figure 8 shows the U values plotted against crack length from ACR (Uacr, dashed curve) and
from crack-opening theory (solid curve) where Uyp = (Kmax — Ko)/(Kmax — Kmin)- At crack length
A, the U values are nearly equal and the rate is 1.1E-6 m/cycle based on Eq 2. This is the reference
point, since the U values and rates are equal. At crack length B, based on crack-opening theory, the
rate reaches a minimum of 4.5E-7 m/cycle, and at crack length C the rate is §E-7 m/cycle (rate is still
less than that at point A). These changes in rate are consistent with experimental measurements made
on 2024 aluminum alloy for a crack initiating at a sawcut or notch; see Broek [24]. However, the ACR
method predicts that the rates at point B and C are greater than that at point A, since AKacgr and K yax
values are greater at point B and C than at point A. Thus, the ACR method currently cannot explain
the crack-growth transients for a crack initiating at a sawcut or notch. Whether the ACR method gives
a more fundamental effective stress-intensity factor range than the traditional crack-closure concept
must await further evaluations.

Single-Spike Overload

Wu and Schijve [25] have measured crack-opening stresses under single-spike overloads and un-
derloads using the reduced CMOD method. The crack-closure model was used to simulate crack
growth under these conditions [26]. The predicted crack-growth delays due to overloads and under-
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FIG. 8—Calculated effective stress-intensity factors under constant-amplitude loading using tra-
ditional and adjusted compliance ratio methods.

loads were in good agreement with the experimental measurements. Figure 9 shows the remote
CMOD record for the spike overload simulation at some point after the application of the overload.
The test was conducted at a constant-amplitude loading with Sy, = 100 MPa at R = 0 and a factor
of two overload was applied when the crack reached 6 mm. The solid curve shows the calculated
loading and unloading curves. The dashed line is the slope of the loading curve above the calculated
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FIG. 9—Calculated CMOD after a single-spike overload and comparison of measured and calcu-
lated crack-opening stresses.
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crack-opening load (solid symbol). The range of measured crack-opening stresses is as indicated by
the arrows. This range was lower than the calculated value but significantly above the value measured
under constant-amplitude loading (about 40 MPa).

A comparison of calculated reduced CMOD for the constant-amplitude (dashed curve) and single-
spike overload (solid curve) is shown in Fig. 10. The solid symbol and arrow show the crack-open-
ing stress for constant-amplitude and spike overload, respectively. These results demonstrate why it
may be easier to measure the opening loads under spike overloads because a large compliance change
occurs when the crack surface separates following the spike overload.

Effects of Kinax on Crack Growth in Aluminum Alloys

In the past few years, the study of K., effects on crack-growth rates has intensified {4, 7-9]. How-
ever, the study of these effects is not new; see Paris and Erdogan [27]. From the early 1960’s, many
researchers had seen these effects and they referred to them as K, or stress-level effects. Numerous
equations have been proposed to account for these effects on crack-growth rates, even in the presence
of crack closure. But why are researchers seeing more K., effects? First, specimen sizes that are be-
ing used in the laboratory are becoming smaller, tests are being conducted at very high R ratios
(greater than 0.7), and K ,,,« values are approaching the elastic fracture toughness of the cracked spec-
imen and material.

Herein, the K, effect will be studied on two sets of data on 2024 aluminum alloy. The first dataset
is a recent study [9] on small, extended compact, EC(T), specimens (W = 76 mm) tested at low AK
values but over a very wide range in stress ratios. The second dataset [28] was conducted on large
M(T) specimens (W = 305 mm) at low and high R ratios but at extremely high stress levels (0.6 to
0.75 ay).

The effective stress-intensity factor range against crack-growth rate data for the 2024-T3 alu-
minum alloy used in these two studies [9,28] is shown in Fig. 11. These data were obtained from Hud-
son [29] and Phillips [30] over a wide range in stress ratio (symbols). An assessment of these data in-
dicated that there were no K., effects in these data because of the low R ratios tested and that K.,

100 ¢ 2024-T3
[ W = 105 mm
,/ c=6mm
80 I Smax = 100 MPa
]’ Ko Se R=0
|
s L l' i SoL/Smax = 2
Applied ! === FASTRAN
stress, I ]
MPa |
40 r So Spike overload
20 - Constant amplitude
0 1 I L |
-1e-7 Oe+0 1e-7 2e-7 3e-7

Reduced CMOD, m

FIG. 10—Comparison of reduced CMOD for constant-amplitude and single-spike overload
conditions.
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FIG. 11—Effective stress-intensity factor range against crack-growth rate for a thin-sheet alu-
minum alloy for a wide range in stress ratios.

was less than 0.3 of the elastic fracture toughness for these tests. The solid curve is the baseline curve
used in the subsequent analyses and the dashed curves show the scatter (+40%) that is typical of these
type of data correlation. The data have been shown over only three orders of magnitude in rates, be-
cause this covers the rate range measured by Riddell and Piascik [9] in their constant-AKX tests. In the
crack-growth analyses, Eq 2 was used to model crack growth. Because transitions or slope changes
occur in the data (such as the rate data below 1E-8 m/cycle), the coefficient C and power # are a func-
tion of rate range. Because large-crack thresholds are not relevant to the subsequent calculations and
the subject is beyond the scope of the present paper, G = 1 in Eq 2. The function H = 1 — (Knax/Cs)?
accounts for the rapid crack-growth rates observed as Ky, approaches the elastic fracture toughness.
The parameter Cs is the cyclic elastic fracture toughness, like K. But before the crack-growth anal-
yses are made, a methodology to predict the elastic fracture toughness, as a function of crack length
and width, needs to be considered.

The elastic fracture toughness (K.) for compact C(T) specimens made of the 2024-T3 material is
shown in Fig. 12. K}, is calculated from the initial crack length (before stable tearing) and the maxi-
mum failure load. (This is consistent with the way K ., is calculated in current fatigue-crack-growth
analyses.) The solid symbols are test data on C(T) specimens for various specimen widths (w). The
solid curve is the Two-Parameter Fracture Criterion (TPFC) [37] with a value of Kg and m chosen to
fit these data. The TPFC equation is

Kr = Ki/[1 — m (8,/8,)] for S, < oy 3)

where Ky and m are the two fracture parameters, S, is the nominal stress, and S, is the nominal stress
at the plastic-hinge condition using the ultimate tensile strength (o, ). The upper dotted curve is the
values of Kj. at the plastic-hinge condition using the yield stress (nominal stress S, calculated at the
crack tip is 1.61 oy, under these conditions). The dashed curve is the condition when the nominal
stress is equal to the yield stress. The open symbol shows the estimated elastic fracture toughness for
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FIG. 12—Elastic fracture toughness as a function of specimen width for compact specimens.

a small extended compact specimen (w = 38.1 mm at ¢c/w = 0.4). This value, Kie = K; = Cs = 50
MPaVm, will be used in the crack-growth analyses. For a given specimen width (w = 38.1 mm), the
elastic fracture toughness is a function of crack length, as shown in Fig. 13, for the extended compact
specimen. The K solution for the extended compact specimen was obtained from Piascik and New-
man [32]. Here the values of Kg and m from the compact specimens were used in the TPFC analysis
to predict crack length effects for the extended compact specimen. The arrow along the c/w axis
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2024-T3
B=23mm

S0 w=38.1mm

Estimated toughness
40
Kie — TPFC
MPavm 30| Kg =200 MPavm
m=1
20 -
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FIG. 13—Calculated elastic fracture toughness for extended compact tension specimens.
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FIG. 14—Comparison of measured and calculated crack-growth rates at constant AK value.

shows the range of testing in Ref 9, and the solid symbol is the estimated elastic fracture toughness
used in the crack-growth analyses. These results show that K., effects may intensify for larger crack
lengths because the elastic fracture toughness drops sharply.

Riddell and Piascik [9] tested small extended compact specimens under constant-AK values for a
very wide range in stress ratios. Some typical results at 5.5 MPaV'm are shown in Fig. 14 as the solid
symbols. The upper axis shows the ratio of K,.x/K. for these test data. The solid curve is the pre-
dicted results from Eq 2 where the power on the K,,/Cs ratio was ¢ = 2. The power of ¢ = 2 had
been previously selected for aluminum alloys [15]. The dotted lines show the +40% scatterband
about the solid curve. All of the test data fall within the scatterband. For comparison, the dashed curve
shows the calculated results using only A K¢ without the K, term.

Figure 15 shows how different values of the power q affect the predicted crack-growth rates. When
q = =, the K., term is eliminated, but when g = 1, rates are affected at all stress ratios. Because of
the scatter in the test data, a ¢ value of 1.5 to 2 seems to fit the data reasonably well. Constant-A K
test results at lower and higher AK values are shown in Fig. 16 with the predicted results from Eq 2
with and without the K, term. Comparisons between test data and predicted results (solid curves)
are reasonable.

Dubensky [28] tested M(T) specimens (W = 305 mm) over a wide range in stress ratios (R = 0 to
0.7) and at extremely high values of applied stress (0.6 o to ovs). For clarity, only some of his data
(symbols) are shown in Fig. 17 as AK plotted against measured rate. The open symbols are high R ra-
tio data (nonclosure conditions from the analysis) and the solid symbols are low R ratio data. The dot-
ted curve is the A K¢ baseline curve, an extension of the baseline curve from Fig. 11, developed from
data by Hudson [29] and Phillips [30]. Below a rate of 1E-7 m/cycle, plane-strain conditions prevail
(o = 2) and for rates greater than 2.5E-6 m/cycle, plane-stress conditions prevail (o« = 1). (See Ref
33 for further information about constraint variations for this material.) The solid and dashed curves
are the predicted A X against rate results from FASTRAN for the specimens tested at low and high R
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FIG. 15—Influence of the power on K,,..,/K . ratio on crack-growth rates.

ratios. These results show that K., or stress-level effects are present even at low stress ratios, if the
tests are conducted at high applied stress levels, because the test data and predicted curve are not par-
allel to the baseline curve (dotted curve). Note that these tests were cycled to failure and that the cyclic
fracture toughness Kg (chosen to fit the asymptotes) is considerably higher than the static value (K¢
= 267 MPaV'm) reported in Ref 31.
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FIG. 16—Comparison of measured and calculated rates for various AK values.
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FIG. 17—Measured and calculated crack-growth rates for high stress levels at low and high stress
ratios on an aluminum alloy.

In efforts to determine the appropriate crack-driving parameters, Vasudevan and Sadananda [4,5]
and Donald et al. [7,23] plotted AK against K ,,, at constant crack-growth rates, as shown in Fig. 18.
These data (symbols) were obtained from Donald [23] on 2024-T351 aluminum alloy compact spec-
imens tested at a very high humidity. The tests were conducted under the A K-reduction procedure
(ASTM E 647), which may induce other forms of closure, such as roughness or oxide-debris, in ad-

701  de/dN=52E-9m/cycle  Donald (1996)
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FIG. 18—Measured and calculated crack-growth rates on an aluminum alloy under high humid-
ity near threshold conditions.
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dition to plasticity from load-history effects. This crack-growth rate (5.2E-9 m/cycle) is slightly
above the threshold region for this alloy. The effective stress-intensity factor range against rate base-
line curve for this material and humidity was obtained from the R = 0.7 results (AK = AK.¢). The
curves are calculated from the plasticity-induced crack-closure model for various values of con-
straint. Plane-strain conditions, such as a = 2, are expected to prevail at the low crack-growth rate
but lower values of « are required to fit the test data. These results illustrate a deficiency with the cur-
rent plasticity model in that other forms of closure such as fretting-oxide-debris- and roughness-in-
duced closure are not accounted for in the model. At present, a higher value of « is required to ac-
count for these additional sources of closure. Further study is needed in the threshold regime to
develop a model which includes the three major forms of closure.

Conclusions

(1) For small-scale yielding conditions, the A K ¢ crack-growth rate relation is directly related to
the effective cyclic crack-tip-opening displacement (Ad.¢) over a wide range of stress ratios (—1 to
0.8) for aluminum alloy and steel.

(2) Based on the cyclic crack-tip hysteresis energy and the plasticity-induced crack-closure model,
the crack-tip damage for applied stresses less than the “crack-opening” stress is negligible (less than
5% affect on crack-growth rates) for the Paris crack-growth regime.

(3) The compliance offset method (for 1% to 2% offset) measures significantly lower crack-open-
ing stresses than physically occur in the crack-closure model.

(4) The effective stress-intensity factor range calculated from the crack-closure model for the ad-
justed compliance ratio method produces crack-growth rate trends opposite from those calculated
from the traditional method for a crack initiating from a sawcut or notch.

(5) Effects of Ky, on crack-growth rates can become significant when the specimen size becomes
small (elastic fracture toughness becomes small), as stress ratios approach unity, and as the Kya. /K,
ratio becomes greater than about 0.5.
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ABSTRACT: An accurate and relatively simple methodology for estimating crack closure loads has
been developed. Using this method, measurements may be taken at a user-specified position behind the
crack tip during the entire fatigue crack growth process. The methodology has three distinct compo-
nents: (@) an imaging system having adequate magnification with minimal distortion, (b) a simple, Win-
dows-based procedure for image acquisition and image analysis, and (c) techniques for applying a ran-
dom, high contrast pattern on the specimen’s surface.

To meet the imaging requirements, a far-field microscope objective capable of high magnifications
was employed to image small regions on the order of 0.5 mm by 0.5 mm. The regions were near the
crack tip. To meet the requirements of a user-friendly system, a Windows-based data-acquisition inter-
face was developed to run the system on a common PC. Using the interface, images are acquired auto-
matically during a loading/unloading cycle and stored digitally. Image analysis is performed on the
saved images to rapidly obtain the crack opening displacement as a function of load; these data are used
to estimate the crack closure load. Finally, two methodologies for applying a random, high-contrast pat-
tern with average sizes of 4 to 20 um were developed. The first method uses 11 um filter paper and a
low-pressure compressed air supply to apply small particles of photocopier toner powder to the surface
of the specimen. The second method uses contact lithography to achieve a random pattern with smaller
feature sizes, on the order of 2 to 8 um.

Baseline tests of the overall system have demonstrated that it is both easy to use and accurate. Specif-
ically, (a) the PC interface has demonstrated that images can be acquired automatically while the load-
ing frame is cycling at 0.01 Hz, and (b) the crack tip opening displacement data have been shown to
have errors on the order of 0.05 pixels for the toner powder patterns, corresponding to 27 nm for the
magnification used.

KEYWORDS: fatigue crack closure, crack opening displacement, random speckle pattern, computer
vision, two-dimensional digital image correlation

Crack closure is a well-documented phenomenon that has been shown to have a strong effect on
fatigue crack growth behavior. As first discussed by Elber [1,2], fatigue cracks in metallic materials
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can remain closed under substantial nominal tensile loading. Numerical analyses [3—6] have shown
that the effect observed by Elber can be predicted by including the effects of the plastic wake that is
present along the crack flanks as the crack grows. This effect, known as plasticity-induced closure,
causes a deviation from the Paris Law [7], which can be modeled by using A K¢, defined as AK g
= Kmax — Kop, where Ko, is the stress intensity factor at which the crack opens fully. In recent years,
a wide variety of physical phenomena has been linked to the process of crack closure. Examples of
these include roughness-induced closure [8], oxide-induced closure [9, 10], viscous-fluid induced clo-
sure, and material phase transformation-induced closure [11].

To quantify the onset of closure, a variety of experimental methods has been developed to measure
the crack opening displacement (COD) at various positions behind the crack tip [12]. As shown in
Fig. 1, when the slope of the load-COD curve attains a lower constant value during the loading por-
tion of the load cycle, the crack is assumed to be fully open and the crack-tip region experiences the
effect of the applied load. Methods commonly used to measure COD include the replica technique,
clip gages, scanning electron microscopy (SEM), interferometic strain/displacement gages (ISDG)
and moiré. Each of these methods has advantages as well as disadvantages for this application. In par-
ticular, the replica technique provides a crack opening profile at a fixed load, but is not particularly
useful for closure load measurements. Clip gages are relatively simple to use and provide quantita-
tive measurements of COD at a remote position. However, the relationship of these measurements to
the crack-tip response is less obvious. In this regard, it is noted that recent work by Davidson [13],
using a specially designed load frame for fatigue testing in an SEM, has shown that the estimated
crack closure load from COD measurements is a strong function of the location at which COD is mea-
sured, with Pojgaure = Pax {1 — mlog (d + 1)}, where d is measured in microns and m is an exper-
imentally derived constant. Thus, the effects of measurement position on crack closure load estima-
tion is important. The ISDG method employs laser light reflected from two microhardness
indentations spanning the crack line to obtain an interference pattern which is used to quantify the lo-
cal COD values. The method offers excellent resolution in COD (5 nm) when using the method in
its high-resolution mode. In addition, ISDG can be used to measure displacements at elevated tem-
peratures over a gage length less than 50 um. The method does have some disadvantages. It may be
somewhat difficult to use in typical laboratory settings. It requires well-polished specimen surfaces
and lacks the ability to obtain COD at the same distance behind the crack tip during crack growth
without additional indentation pairs. Moiré interferometry has been used to measure the crack-tip
opening displacement (CTOD, measured in close vicinity to the crack tip, in contrast to the COD)

Load P?

Pop

—

Crack Opening Displacement

FIG. 1—Schematic of crack closure effect.
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[14], as well as crack-tip strain fields [15-17], in recent years. The moiré method is also quite accu-
rate and can be used to quantify CTOD along the crack line. Accuracy of *p/10 has been obtained
by several investigators, where p is the pitch of the moiré grid. For a 2000 lines/mm grid, this corre-
sponds to an accuracy of 50 nm. The major disadvantages with the method are its vibration sensi-
tivity, as well as requirements for a well-polished surface, laser illumination and application of a
high-resolution grating to the specimen surface.

Additional methods which have been used for quantifying the closure load include back-face and
side-face strain gages [18]. Similar to the COD measurement processes, the change in gage response
during the loading-unloading cycle is related to the crack opening process. These methods suffer the
same drawback as ISDG since the position of the crack tip relative to the gage changes with crack
growth, thereby altering the response characteristics of the gage with crack growth.

To provide a means for estimating crack closure load at a fixed distance behind the current crack
tip location during the fatigue process, a vision-based methodology is proposed that (a) employs a
far-field microscope to image a 0.5 mm by 0.5 mm region just behind the current crack tip location,
() utilizes accepted digital image analysis methods [19,20] to determine CTOD as a function of load-
ing, and (c) has a Windows-based vision interface for acquisition, storage and analysis of images to
obtain the closure load measured at user-defined positions behind the crack tip. In the following sec-
tions, details of the system and estimates of the errors in the method are presented. It is noted that the
proposed method can only measure displacements on the specimen surface. However, it was shown
in Ref 21 that the measurements at a proper distance behind the crack tip can reflect the overall clo-
sure effect through the specimen thickness, which correlates fatigue crack growth data well.

System Development

The components of the measurement system used in this work are shown in Fig. 2. It can be seen
that the system consists of a far-field microscope, a three-dimensional (3D) translation stage, a
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FIG. 2— Setup of DIDS.
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charge-coupled device (CCD) camera, a fiber optic illuminator, and a Pentium PC equipped with im-
age and data acquisition boards.

A schematic of the overall system is shown in Fig. 3. The software developed for image acquisi-
tion interfaces directly with both the image capture board and the board for sampling the load, via
manufacturer-supplied dynamic-link libraries (DLLs). The 3-D translation stage is controlled by is-
suing commands through the serial communication port to the stepper motor controller. A detailed
discussion of the software interface and its development is provided in the following section.

Image Acquisition and Analysis Interface

In general, the conversion of image data into load versus CTOD data for estimates of crack closure
load has been a time-consuming process. However, since the image acquisition and analysis process
(using digital image correlation algorithms) are fully computer-based, the process can be made rela-
tively simple, efficient and rapid by development of a PC-based, image interface program. A flow
chart for the program is shown in Fig. 4.

As shown in Fig. 5, the user interface (UI) was designed with ease of use by the operator as the pri-
mary objective. Thus all operations, from acquiring of images to determination of CTOD, are per-
formed within a single, PC-Windows based, user-controlled program. The Ul is written in Microsoft
Visual Basic. The process of acquiring data and obtaining CTOD values within the Ul is as follows.

First the user acquires image and load information for the test. About 100 images are taken during
a load cycle for measuring crack closure. Images may be taken in one of two modes. The user may
choose to take the sequence of images manually by pressing the acquisition command button for each
image taken, or the user may take a series of images at a fixed time interval. By cycling the load frame
at a slow rate (0.01 Hz) and using the timed image capture, the data necessary for the CTOD mea-
surements may be taken in a matter of minutes. The computer also sends commands to the data ac-
quisition board to measure the load each time an image is taken. The images are stored in a TIFF
(Tagged Image File Format) with the load data stored with the image as a custom tag value. All im-
ages are stored sequentially using a generic naming procedure (filename_000.tif, filename_001.tif,

White light from fiber optic illuminator

Load cell
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Video
board
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| » Y
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Motorlz‘ed/ Pentium
translation PC
stage
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FIG. 3—Schematic of major components of DIDS.
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FIG. 4—Flow chart of the DIDS.

etc.) reducing the input required from the user. The current system supports three different types of
cameras: Pulnix digital cameras, Videk Megaplus cameras and standard analog cameras.

Secondly, the images acquired by the video board are passed to the Ul via the manufacturer-sup-
plied DLL’s for (a) display on the computer monitor and (b) storage on disk by the UI to minimize
input from the user. The images are stored using the TIFF format, with the time and load information
stored with the image in one of the tags.

Once all of the images are acquired, the displacements at user-defined locations behind the
current crack tip are determined to quantify CTOD. As shown in Fig. 6, for each position behind
the crack tip, the user must locate a pair of points (subsets of pixels in the image), one above and
one below the crack line. The two points in a pair should be approximately on a vertical line to
the crack, so that the V-component of the displacements represents the crack opening displacement.
Up to six pairs of points can be analyzed at one time. Using a point-and-click procedure, an
initial guess for the displacement of each point is obtained by selecting corresponding points in
the images of the reference and loaded state. This is done only once for each pair of points. To
determine the distance from the pair of points to the crack, the user also needs to locate the crack tip
by point-and-click. Using the initial guess, the Ul calls a Two-Dimensional (2D) Digital Image
Correlation algorithm [19,20] to determine the displacements of each pair of points by sequentially
correlating each of the images acquired during the loading and unloading cycle to the reference im-
age. The 2D Digital Image Correlation algorithm [79,20] determines U and V displacements of a sub-
set by establishing a best match of the subset in a loaded state to a subset in the reference state. The
best match is obtained by minimizing an error function expressed in terms of gray levels represent-
ing the subsets. Automatic determination of initial guesses for subsequent images is achieved by us-
ing displacements determined for the previous images and the load increment information. Once the
analyses are completed, a file is stored for each pair of the points, which contains (a) loads, (b) CTOD
for the pair of points, (c) distance from crack tip to the pair of points, and (d) initial coordinates of
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FIG. 6—Pair of points behind crack tip for measuring crack closure.

the pair of points and other related information. The load versus CTOD data are then used to deter-
mine the crack opening load.

Speckle Patterns

Random speckle patterns are required on the scale of subset sizes used. This is to ensure a unique
one-to-one correspondence. That is, a subset in a loaded state can match one and only one subset in
the reference state, or vice versa.

Two techniques have been developed for applying speckle patterns to the specimen surface. The
first method uses 11 um filter paper and a low-pressure compressed air supply to apply small parti-
cles of toner powder onto the surface of the specimen. The specimen with deposited toner particles is
then heated to about 100°C for a few minutes by using a Tungsten electric bulb. This heating process
is used to partially melt the toner particles so that they adhere to the specimen surface. This method
can produce a random, high-contrast pattern with an average particle size of about 20 um. The pat-
tern generated this way is suitable for tests in a lab air environment, and was used to obtain mea-
surements in this work and in Ref 21. Figure 7 shows an example of a typical Xerox™ toner pattern
used in a crack closure measurement.

The second method was developed for testing in environmental chambers, where the specimen
may be tested in vacuum or in a corrosive environment. This method involved E-beam and contact
lithography. E-beam lithography was used to fabricate a mask with the desired random pattern. The
mask is manufactured only once and can be used repeatedly. Contact lithography was used to trans-
fer the random pattern onto the specimen surface. The pattern was formed by evaporating a thin layer
(700 angstrom) of tantalum onto a polished surface. Since this method can easily produce random fea-
tures with precisely controlled sizes, on the order of 1 um, it can be used for measurements with even
higher magnifications than those achievable by the toner particle technique. Figure 8 shows an ex-
ample of a pattern produced by using a mask with 8 um by 8 um features.

Baseline Experiment and System Accuracy

To evaluate the accuracy of the system, a simple tension test was performed using a dogbone spec-
imen made of 2024-T3 aluminum alloy. Strain was measured using both strain gages and the digital
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FIG. 8—Example of lithography pattern generated using tantalum.
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FIG. 9—Schematic of measurement locations on a flat tensile specimen.

image displacement system (DIDS) at a series of load increments. A schematic of the instrumenta-
tion is shown in Fig. 9, where the relative positions of two strain gages and the imaging area are
shown. The imaging area was about 0.5 mm by 0.3 mm (0.00062 mm/pixel in the y-direction, cali-
brated by imaging a known grid under the same measurement conditions). Within this area, three
pairs of subsets were selected for measuring relative displacements. Each subset had a size of 91 by
91 pixels (0.057 mm by 0.057 mm). The two subsets in a pair were about 250 pixels apart vertically
(about 0.16 mm). The relative displacements were measured at every 44.5 N increment from 44.5 to
1779.3 N. Strain was calculated by dividing the measured relative displacements for each pair of
points by the gage length (the vertical distance between the centers of the two subsets in a pair). The
standard deviation with respect to the best-fit straight line of strain versus load was determined. The
standard deviation in strain, ¢, is 0. ~ 2 X 1074, which corresponds to a standard deviation in dis-
placement of ~0.05 pixels (~30 nm). Figure 10 compares strains obtained from the strain gages and
from the DIDS. Since the experiment did not provide a uniform strain field, one set of the strain gage
results shown in Fig. 10 was obtained as a weighted average of the strains from the two strain gages.
The strains were weighed with respect to the distances of the strain gages to the imaging area. Error
bars of one standard deviation are also shown in Fig. 10, indicating reasonable agreement between
both strain gage and image correlation measurement. It is pointed out that yielding will not affect the
accuracy of the DIDS as long as the small strain kinematics applies.

An Example of Load Versus CTOD Result

Crack closure is a local phenomenon occurring near the crack tip. Therefore, a local measurement
technique, such as the DIDS, is expected to provide more accurate results than measurements ob-
tained remote from the crack tip. Figure 11 shows an example of load versus CTOD for an extended
compact tension specimen, machined from aluminum alloy 8009. The specimen was 38.1 mm wide
and 2.3 mm thick. The test was performed under constant AKX = 6.6 MPa m*” with a constant load
ratio of R = 0.1. When the crack length to width ratio was a/w = 0.539 the closure measurement was
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taken. The CTOD was measured at 0.208 mm behind the crack tip. As expected, a sharp change in
load versus CTOD is observed, making it easier to identify the crack closure load. Detailed crack clo-
sure measurements and analysis using the DIDS are described in Ref 21.

Conclusions

Based on the above development and evaluation, the following conclusions can be drawn.

1. The DIDS provides a convenient means of measuring crack closure at user-specified locations
near the crack tip. Automation of the data acquisition and reduction process makes it possible to per-
form this traditionally tedious experiment in an efficient and accurate manner.

2. The capability of performing measurements close to a moving crack tip is advantageous in
capturing the local response near the crack tip, especially since crack closure is a highly localized
event. This capability provides better resolution in identifying the crack opening load, thus improv-
ing accuracy.

3. The ability to make measurements at various user-specified locations provides a convenient
means to study the effect of measurement position on crack opening load.
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ABSTRACT: The aim of this research was to develop a near-crack-tip measurement method that quan-
tifies crack closure levels in the near-threshold fatigue crack growth regime—a regime where crack clo-
sure is not well characterized by remote compliance methods. Further understanding of crack closure
mechanics was gained by performing novel crack growth experiments in conjunction with numerical
simulations of three-dimensional crack-front propagation. Steady-state (i.., constant growth rate) fa-
tigue crack growth rates were characterized by performing constant cyclic stress intensity range (AK)
experiments over a wide range of stress ratios (R). Near-crack-tip (less than 0.3 mm behind) load-ver-
sus-displacement measurements were conducted on the specimen surface using a novel noncontact ex-
perimental technique (Digital Imaging Displacement System—DIDS).

The experiments and simulations revealed that the three-dimensional aspects of fatigue crack closure
must be considered to determine correct opening load levels from near-crack-tip load-versus-displace-
ment data. It was shown that near-crack-front opening levels are nearly constant along the interior portion
(greater than 90%) of the crack front, but increase near the free surface. The interior opening load was
found to collapse closure-affected data to intrinsic rates, and thus shown to relate to the true crack-front
driving force parameter. Surface opening load DIDS measurements made at an optimal distance behind
the crack tip were used to correlate da/dN with AK¢. Opening load determinations made less than the op-
timal distance behind the crack tip were shown to be too high to correlate fatigue crack growth rates.

KEYWORDS: fatigue crack growth, crack closure, stress ratio, mean stress, closure measurement, alu-
minum alloy 8009, aluminum alloy 2024, three-dimensional, finite element method

It has been well documented that stress ratio (R) can affect Paris regime [/-3] and near-threshold
regime [4-6] fatigue crack growth rate behavior of various alloys. The stress ratio effect has been at-
tributed to the premature contact of fatigue crack surfaces, defined as crack closure {7,8]. The crack
closure concept typically presumes that little fatigue damage occurs when the crack faces are in con-
tact, so that fatigue crack growth rates (da/dN) correlate with the effective crack-tip stress intensity
factor range (AKesr = Kmax — Kopen):

Despite the considerable research that has been conducted on crack-wake closure effects [9], the
effect of stress ratio and crack closure on fatigue crack propagation is still debated. Some research
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suggests that fatigue crack growth rates are dependent on stress ratio, regardless of crack closure ef-
fects [10,11]. Other research debates the current closure standard practices, and suggest that signifi-
cant fatigue damage occurs both above and below the crack opening load [12].

The reduced strain technique, suggested by Elber {13], can be used to discern the change from non-
linear to linear load-versus-strain or load-versus-displacement behavior. This change in stiffness re-
flects a discrete closure event, namely, the change from partially closed to fully opened crack con-
figurations. Other methods are used to interpret far-field load-versus-displacement or
load-versus-strain data [14]. Most of these methods use either a fixed deviation from the load-dis-
placement slope of an uncracked specimen [5], or the intersection of two slopes [16] to define an
opening load. These techniques result in opening load determinations that are somewhat less than El-
ber’s fully open load. These procedures define a single opening load that is a gross interpretation of
the opening process. The definitions are often acceptable when applied to the far-field measurements
commonly used for Paris-regime closure measurements.

The characterization of near-threshold closure behavior is especially complex. It is likely that var-
ious crack closure mechanisms such as plasticity, roughness, corrosion product and oxide layers are
dependent on many variables (such as material type, loading conditions and environment) and com-
bine in varying proportions to alter fatigue crack growth rates [17-20]. In addition, direct, accurate
closure measurements are difficult to make, and correct interpretation of these measurements are
widely debated, making the quantification of near-threshold effects extremely complex [21]. Near-
crack-tip measurements can discern the closure process with much greater sensitivity than far-field
techniques allow, making near-crack-tip techniques ideal for near-threshold closure measurements.
However, near-crack-tip measurements will discern near-surface crack-opening behavior that is not
reflective of the true crack-front driving force. In contrast, far-field techniques are typically not sen-
sitive enough to measure this near-surface behavior. Therefore, near-crack-tip measurements require
more careful interpretation to identify the discrete opening events that relate to crack-front driving
force than far-field measurements require.

This paper will discuss the relationship between near-crack-tip displacement behavior and the fa-
tigue crack closure process, with the aim of identifying the effective cyclic crack-tip driving force for
constant amplitude loading. Near-crack-tip measurement techniques were used to maximize the sen-
sitivity to near-crack-tip opening events. The aim of this study is to quantify fatigue crack opening
loads from experimentally observed near-crack-tip load-versus-displacement behavior under highly
controlled laboratory conditions.

Background

To interpret near-crack-tip displacement measurements, a review of crack opening behavior is re-
quired. Figure 1 describes the opening behavior of a crack grown under tension-tension (R > 0) load-
ing in terms of “local opening” and “fully opened” crack configurations. On the left-hand side of Fig.
1 are schematic diagrams showing the crack opening configuration at four increasing loads, (a)
through (d). The points just above and below the crack face identify three displacement measurement
locations behind the crack-tip. At each location, the relative displacement between the point on either
side of the crack face is considered. The plot in Fig. 1 represents the relative-displacement-versus-
load response measured between each of the three pairs of points. For illustrative purposes, the
schematic represents an idealized elastic-plastic load-versus-relative-displacement response. The
table in Fig. 1 notes the “fully opened” (f.0.) and “local opening” (1.o.) points defined by the crack-
tip schematic and the corresponding relative-displacement-versus-load curve. This terminology will
be used throughout this paper.

At minimum load, point (a) in Fig. 1, much of the crack faces are in contact. However, location 3
is far enough behind the crack-tip so that the faces are open at minimum load, resulting in positive
relative displacements at the minimum load. As the load increases to point (b) in Fig. 1, more of the
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FIG. 1—Schematic showing the near-crack-tip configuration and the corresponding load-versus-
relative-displacement behavior as the remote load (R > 0) is increased. The load-versus-relative-
displacement traces reveal the fully opened (f.0.), local opening (l.0.) and locally closed (closed) con-
figurations.

crack faces separate, and the slope of the relative-displacement-versus-load plot measured from lo-
cation #3 decreases continuously. Relative displacements for locations #1 and #2 exhibit no change
in displacement for a load increase from points (a) to (b). For a further increase in load to point (c), a
continuous increase in relative displacement is measured at locations #2 and #3 and no displacement
change is monitored at location #1. Loading the crack to point (d) results in a fully opened crack and
an increase in relative displacement is monitored at all locations behind the crack tip, locations #1,
#2 and #3. Increasing the load beyond the fully opened load (defined at point(d)) results in a linear
increase to each load-versus-relative-displacement curve shown in Fig. 1 [7,8].

Local opening loads, characterized by a distinct change in load-displacement slope, are defined in
the context of a specific measurement location. As seen in Fig. 1, change in local opening load with
respect to location describes the “peeling” of the crack faces as the load is increased [22], and the
fully open load is the load at which there is no crack face contact. Unlike the local opening load, the
fully open load results in only a subtle change in the relative-displacement-versus-load slope. There-
fore, the “reduced strain” or “reduced displacement” technique [13] is employed for disceming the
fully open load. The fully open load is the maximum of all local opening loads and, in theory, can be
discerned from measurements taken anywhere on the specimen.

Procedure

To study near-crack-tip behavior in a model material, specialized fatigue crack growth testing was
combined with near-crack-tip relative displacement measurements and finite element analyses of
three-dimensional elastic-plastic crack-fronts.

Material

A series of fatigue crack growth experiments was performed to investigate fatigue crack closure in
a powder metallurgy (PM) aluminum alloy (AA) 8009 in laboratory air. This alloy was chosen as a
model material because it contains an ultra-fine grain structure [23] that results in a microstructurally
smooth fatigue crack surface. The flat fatigue fracture surface greatly reduces (possibly eliminates)
the complexities introduced by crack wake effects produced by roughness-induced fatigue crack clo-
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FIG. 2—Intrinsic (stress ratio independent) fatigue crack growth rates for AA 8009. Paris-regime
behavior is represented by the dashed line.

sure [24]. The nominal composition is Al-8.5Fe-1.3V-1.75i (% by weight). The material is non-heat-
treatable, and is planar flow casted, followed by ribbon comminution, vacuum hot pressing and ex-
trusion followed by rolling. The resulting microstructure is very fine, consisting of grains about 0.5
um with dispersoids of Al, (Fe,V); Si with an average diameter of 40 to 80 nm. The material prop-
erties for AA 8009 are: oy, = 428 MPa, oy, = 482 MPa and E = 82 GPa.

Fatigue crack growth rates for AA 8009 at 11 Hz [25] are shown in Fig. 2. These data are for the
range of R (typically 0.4 to 0.8) where crack growth rates are independent or nearly independent of
stress ratio. Here, crack closure and K., effects have minimal influence on fatigue crack growth
rates, resulting in the observed R-independence for these data. For the purposes of this paper, intrin-
sic rates are defined to be those which are free from closure and other stress ratio effects.* In this
sense, the data shown in Fig. 2 are intrinsic crack growth rates. These intrinsic rates fall onto a straight
line (dashed line in Fig. 2) in log-log space for AK between 2.2 and 6.6 MPa m%. The fatigue crack
growth rate for AK = 1.65 MPa m" is below this straight line, representing the onset of threshold be-
havior. Crack growth rates in the linear (Paris) range can be interpolated by

57‘:, = 1.0 X 107% (AK)** ¢))

4 The purpose of the research presented in this paper is to investigate the relationship between the fatigue crack
opening process and cyclic fatigue damage, not to separate environmental from mechanical components of crack
front driving forces. The definition of “intrinsic” used herein reflects this objective. A more general definition of
intrinsic crack growth rates would preclude environmental driving forces, and refer to crack growth rates result-
ing from tests in ultra-high vacuum. However, this distinction is not necessary for the purposes of this paper, so
long as the environment remains constant throughout testing.
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where the units for da/dN are mm/cycle and for AK are MPa m*%, As crack closure is not operative
for the data shown in Fig. 2, these data also establish the da/dN-AK . relationship for conditions
where K., effects are not significant. The intrinsic da/dN-AK ¢ relationship shown in Fig. 2 is con-
sidered the baseline to be compared to AKr values obtained from experimentally measured and nu-
merically predicted opening loads obtained for the same environment.

Steady-State Fatigue Crack Growth Testing

Load history can affect crack-wake effects such as closure [4]. To limit crack-wake history effects
and ensure steady-state fatigue crack growth, all crack growth tests were conducted at constant AK
and stress ratio. All tests were conducted using the pin-loaded extended compact tension specimen
[26] shown in Fig. 3. A computer-controlled servohydraulic test system was used to perform the au-
tomated K-controlled tests at 11 Hz. For each AK level, a series of constant AK, constant R tests were
conducted for stress ratio (R) that ranged from 0.1 to near 1.0. Front-face or back-face compliance
methods were used to monitor crack lengths [27]. Typical constant AK crack-length-versus-load-cy-
cles (a-versus-N) data are shown in Fig. 4 for AA 8009 at a constant AK = 6.6 MPa m%, constant R
= 0.3. The first two datapoints (open circles) exhibit some nonlinearity in the a-versus-N relation-
ship when compared to the remaining 13 datapoints (closed circles). A linear regression analysis

strain gage 54.6 mm

crack length (a)

/AR
pa

distance
behind
crack tip (X)

speckle pattern 73.66 mm

—> &~ 762mm

O

thickness = 2.0 mm

<~38.10 mm (W)—>]

FIG. 3—Schematic showing the extended compact tension specimen.
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FIG. 4—Plot of crack length (a) versus load cycles (N) showing typical constant AK, constant R
test data for AA 8009.

(solid line in Fig. 4) of the data shows that a steady-state crack growth rate (da/dN) of 9.6 X 107°
mm/cycle was achieved for the last 13 datapoints, or 0.3 mm of crack growth. Steady-state crack
growth behavior was verified for each constant AKX test.

Figure 5 is a plot of steady-state fatigue crack growth rate versus stress ratio for 16 constant-AK
(6.6 MPa m%), constant-R tests conducted at stress ratios ranging from 0.1 to 0.7. At each level of
stress ratio, a steady state crack growth rate was obtained, similar to the R = 0.3 example shown in
Fig. 4. Fatigue crack growth rates obtained in this manner are extremely sensitive to changes in
growth rates associated with subtle changes in crack driving force. Fatigue crack growth rates are
plotted on a linear, rather than log, scale, which highlights the sensitivity of these data. The plot of
steady-state crack growth rate versus stress ratio shown in Fig. 5 reveals three distinct regions of
crack growth [28,29]. For AK = 6.6 MPa m*, fatigue crack growth rates (Region I) at low R (< 0.40)
are closure affected. Accelerated fatigue crack growth rates for R = 0.68 to 0.70 (Region III) may be
a result of extrinsic K., effects [28,29]. Region II fatigue crack growth rates, at intermediate R (0.4
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FIG. 5—Plot of steady state fatigue crack growth rate against stress ratio for AA 8009 revealing
three regions of crack growth at a AK = 6.6 MPa m": Region I—closure effected da/dN, Region II—
intrinsic or R-independent da/dN, and Region HHI—K ., influenced da/dN.
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to 0.65), are nearly independent of stress ratio, and represent the intrinsic (as defined in this paper)
fatigue crack growth behavior for AK = 6.6 MPa m*, under lab air conditions. The intrinsic fatigue
crack growth rate curve shown in Fig. 2 was developed from Region II data generated from a series
of constant AK constant R data for five different values of AK.

Rate-Calculated Opening Loads

The method for establishing the correct opening load is based on comparing closure affected (Re-
gion I) steady-state fatigue crack growth rates to the intrinsic (Region II) da/dN-AK relationship. Re-
gion Il is free from closure effects, so the true cyclic driving force, AK.s, is equal to the applied, AK.
Region I fatigue crack growth is influenced by crack closure, which is an extrinsic effect that causes
the true driving force to be less than the applied (AKerr = Kmax — Kopen)- The relationship between
opening load and crack-tip driving force (AK.), and the relationship between A K¢ and fatigue crack
growth rate, can be used to establish a “rate-calculated opening load” (RCOL). Opening levels at each
stress ratio were determined by comparing the observed closure-affected fatigue crack growth rates
(Region I in Fig. 5) with the intrinsic, closure-free fatigue crack growth rate relationship shown in
Fig. 2. For AA 8009, the intrinsic Paris-regime da/dN is described by Eq 1. From the inverse func-
tion of Eq 1, the true driving force, AK., is given by

d
log (ﬁ;-) +5.9976

log(AK ) = 2.49 2

where the units for da/dN are mm/cycle and the units for AK,¢ are MPa m®. The opening load ratio
(Popen/Pmax) can be calculated from AK s and K ax by

POPGD _ Kpax — AKeff (3)
Pmax Kmﬂx

This opening load will collapse observed Region I da/dN-AK ¢ data to intrinsic (Region II) da /dN-
AK data. For example, for AK = 6.6 MPam®, R = 0.1, the fatigue crack growth rate is 7.56 X 107°
mm/cycle. Equation 2 predicts a AK¢ of 5.665 MPa m* for this rate, and Eq 3 gives an opening load
(Popen/Pmax) = 0.23. For Region II (intrinsic) crack growth behavior, AK s = AK, and the RCOL is
defined to be the stress ratio. These rate-calculated opening loads are considered the baseline open-
ing loads. For the remainder of this paper, ZIP3D-predicted and DIDS-measured near-crack-tip open-
ing loads are compared to the baseline RCOL data.

Near-Crack-Tip Displacement Measurements

Load-versus-displacement measurements were performed at several locations behind the crack-tip
(less than 0.3 mm) after steady-state fatigue crack growth rates were confirmed for each constant-AK,
constant-R test. A near-crack-tip measurement was chosen because it is more sensitive to closure
events than far-field techniques such as back-face strain or front-face clip gages are. This is particu-
larly true for near-threshold fatigue load levels, where traditional far-field techniques sometimes re-
sult in anomalous da/dN-AK . data. However, near-crack-tip techniques measure surface behavior,
which might not be characteristic of behavior along most of the interior crack front. Constraint can
have a profound effect on plasticity-induced closure levels, creating a crack closure gradient from the
interior to the free surface [30-35]. For Paris and near-threshold regime fatigue crack growth, plane
strain or nearly plane strain conditions prevail over much of the crack front, even for relatively thin
(2 mm) sheet materials. However, plane stress or nearly plane stress conditions exist very near the
side surface of the specimen. Unless properly interpreted, near-surface and near-crack-tip displace-
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ment measurements for crack opening determination can be biased by variable subsurface constraint,
resulting in measured crack-tip opening loads that are too high to correlate fatigue crack growth rates
with AK.¢ [28,29]. Therefore, it is essential to understand the three-dimensional aspects (discussed
in the Results and Discussion section) of near-crack-tip load-versus-displacement surface measure-
ments so that the true crack-tip driving force (AK) can be determined.

In situ near-crack-tip load-versus-displacement measurements were obtained using a visual imag-
ing technique named Digital Image Displacement System (DIDS) [36]. A micron-sized speckle pat-
tern was applied to the side surface of the fatigue specimen, as shown in Fig. 3. As the applied load
is increased, DIDS obtains a series of high-magnification digital images of the specimen surface
within 0.3 mm of the crack tip from a long-focal-length microscope. DIDS obtains near-crack-tip dis-
placements from the series of images using an image correlation algorithm [37] that follows the
movement of preselected speckles, located near the crack-tip, during the load cycle. This technique
produces relative displacement measurements with a standard deviation of 0.03 u [36]. A schematic
example of three near-crack-tip load-versus-relative-displacement traces measured using DIDS is
shown in Fig. 1.

Numerical Simulations

Numerical simulations of three-dimensional, elastic-plastic fatigue crack growth were performed
using the finite element code, ZIP3D [38]. Three-dimensional analyses were utilized so that
no assumptions regarding the stress state (i.e., constraint) along the crack front were needed.
Rather, conditions could vary from plane stress at the free surface to plane strain at the midplane, as
the mechanics dictate. These analyses were similar to those performed by Chermahini et al. [32,33]
except for details of the configuration analyzed, values of loads applied, and mesh refinement. The
purpose of these analyses was to determine the relationship between surface displacements, which
can be experimentally observed, and through-the-thickness crack opening loads, which are likely to
have a significant effect on fatigue crack growth rates. It should be noted that the simulations were
not used to predict exact crack closure levels. Rather, simulations were used to characterize the gen-
eral relationship between surface and through-the-thickness fatigue crack closure. From this rela-
tionship, a methodology was developed to determine through-the-thickness closure levels from sur-
face behavior for the model alloy, AA 8009 in the Paris regime. Ultimately, the methodology is used
to determine fatigue crack opening loads in the Paris and near-threshold regime of an engineering al-
loy, AA 2024.

The finite element mesh, shown in Fig. 6, used for these analyses consisted of six layers of ele-
ments through the half-thickness of the simulated specimen. One quarter of an extended compact ten-
sion specimen was modeled, taking advantage of two planes of symmetry. Through the thickness of
the specimen, the boundaries of these layers were at Z = 0.0000, 0.5842, 0.9652, 1.0922, 1.1430,
1.1684, and 1.1811 mm from the centerline of the specimen. The thickness of the layers were graded
to allow for a finer mesh near the free surface, where steep gradients in constraint conditions exist.
The elements near the final crack-tip are 0.0037 mm wide in the direction of crack growth. Nodes on
the Z = 0 plane of the specimen were constrained from translating in the Z-direction, nodes on the
uncracked portion (X > a) of the Y = 0 plane were constrained from translating in the Y-direction,
and nodes on the cracked portion of the Y = 0 plane were constrained against negative Y-displace-
ments. Also, the node at X = 38.1 mm, Y = Z = 0 was restrained in the X-direction. These bound-
ary conditions reflect the two planes of symmetry that are appropriate for this problem, a single de-
gree of freedom fixed to prevent rigid body displacements, and the conditions that the crack faces do
not “pass through’ each other.

Simulations were performed for a AK = 6.6 MPa m”* and stress ratios ranging from 0.1 to 0.6. To
simulate the cyclic plasticity behavior of AA 8009, the model used an elastic-perfectly-plastic mate-
rial with E = 82 000 MPa, and oy, = 470 MPa [39]. Cyclic loads were applied at the desired load lev-
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FIG. 6—Finite element mesh used for ZIP3D analyses.

els, and fatigue crack growth was simulated by releasing all seven nodes along the current crack front
at the peak load of each cycle. Nineteen load cycles were applied, simulating a total 0.134 mm of
crack growth. Two distinct types of data were obtained from these simulations: load-versus-dis-
placement traces, and nodal opening loads. Predicted load-versus-displacement behavior was ob-
tained for several specific node locations. These nodes were chosen to simulate back-face strain gage
(1 node) response, front face clip gage (1 node) response, and near crack-tip, behind-the-crack dis-
placements on the side surface of the specimen (5 nodes). The linear portion of the load-displacement
relation at the virtual clip gage and load-strain relation at the virtual strain gage agree with the rela-
tions given in [26] for a/W = 0.5. This agreement validates the global behavior of the three-dimen-
sional model. Predicted nodal opening loads were recorded each time a node on the simulated crack
surface (X < a) lifted from the Y = 0 plane. The predicted near-crack-tip behavior is compared to
experimental observations in the next section.

Results and Discussion
Near-Crack-Tip Behavior

Numerically predicted and experimentally observed near-crack-tip load-versus-relative-displace-
ment behavior for AA 8009 at three different locations behind the crack-tip on the side surface of the
test specimen are shown in Fig. 7a. Relative displacement is defined as the displacement between two
points on opposite sides of the crack faces. All relative displacements discussed herein are in the Y-
direction. Symmetry causes the relative displacements in the X-direction to be zero. As anticipated,
experimental measurements of the relative displacements in the X-direction were small compared to
those in the Y-direction. Relative displacement measurements obtained after 0.5 mm of steady-state
crack growth at a constant AK = 6.6 MPa m", constant R = 0.1 are shown in Fig. 7. The predicted
load-versus relative displacement traces were obtained following 19 load cycles and 0.134 mm of
simulated fatigue crack growth. The local opening load for each load-displacement trace shown in
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perimentally determined opening load at X, Y, Z for 0.004 mm, 0.070 mm and 0.105 mm behind the

crack tip, respectively.
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Fig. 7a was obtained by noting the deviation from the vertical or near-vertical slope. Experimentally
determined data are shown in Fig. 7b on an expanded scale for displacements less than 0.0005 mm.
Even though these data exhibit considerable scatter, three distinct inflection points (local opening
loads) are easily noted at loads X, Y, and Z in Fig. 7b. The numerically predicted and experimentally
observed traces in Fig. 7a show similar trends; both experimental and predicted results show that the
local opening loads decrease as the measurements are made further from the crack-tip. Both the ex-
perimentally observed and predicted load-displacement results are in good agreement near the crack-
tip (0.004 mm). Although the numerically predicted opening loads 0.052 mm and 0.104 mm behind
the crack tip (dashed and dotted lines, respectively) are lower than the corresponding experimentally
observed opening loads, the predicted load-versus-relative-displacement slopes agree with the corre-
sponding experimentally observed slopes for values of P/P,.x greater than the opening loads.
Figure 8 shows that the surface opening load decreases with increasing distance behind the crack
tip. Similar trends were observed by Hudak and Davidson [40]. Local opening loads were experi-
mentally determined from near-crack-tip load-versus-relative-displacement DIDS measurements
(open square and circle symbols) and numerically predicted using ZIP3D finite element analyses
(solid line). RCOL levels are represented by the dashed lines. Two values of RCOL are shown for R
= 0.1 and R = 0.3, reflecting two separate tests for each R. The R = 0.1 experimental data shown in
Fig. 8a are the results of two sets of DIDS measurements (open squares and circles) from the same
crack tip, indicating good reproducibility of the DIDS-based local crack opening data. Both the ex-
perimentally observed and predicted values for R = 0.1, 0.3, and 0.6 reveal that the local opening load
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FIG. 8—Plotted are values of Popen!Pmax numerically predicted and experimentally observed at
different distances behind the crack tip for AK = 6.6 MPa m”and ()R = 0.1, ®) R = 0.3, and (c)
R = 0.6. Two different symbols used for R = 0.1 denote the results of local opening loads measured
for two different tests. Two sets of dotted lines for R = 0.1 and 0.3 represent RCOL calculated from
rates observed for two tests at each stress ratio. No closure was observed with DIDS for R = 0.6.
Therefore, no DIDS symbols are shown on this plot.
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decreases with increased distance behind the crack tip. Numerically predicted local opening loads
agree well with the experimental values of P,pen/Prmax for R = 0.1 and 0.3. The results at high stress
ratio (R = 0.6) shown in Fig. 8¢, suggests that local closure rapidly diminishes with increased dis-
tance behind the crack-tip; here, predictions show that local closure only exists within 0.02 mm be-
hind the crack-tip, whereas experimental measurements indicated no local closure. It is important to
note that for all cases (R = 0.1, 0.3 and 0.6), both the experimentally observed and numerically pre-
dicted opening loads rapidly approach the RCOL value at a distance of approximately 0.06 mm be-
hind the crack-tip. To correlate these surface observations to crack-tip driving force, ZIP3D based
predictions of though-the-thickness opening behavior were studied.

Figure 9 compares the ZIP3D-predicted (solid line) crack-tip opening load occurring along the
crack front (through-the-thickness) to the RCOL (horizontal dashed line) for R = 0.1, 0.3 and 0.6.
Predicted opening loads occurring along the interior portion of the crack front agree with the RCOL.
Near the free surface, the predicted opening loads exhibit a significant increase in crack closure com-
pared to interior levels. For fatigue crack growth at R = 0.1, shown in Fig. 9a, predicted Fopen/Pmax
= (.26 is slightly greater than experimental RCOL (Popen/Pmax = 0.24 and 0.19). At R = 0.3, shown
in Fig. 95, both predicted and two experimental RCOL determinations revealed an interior Popen/Prmax
= 0.35. Both RCOL and ZIP3D predict no interior crack closure at R = 0.6, so the interior Popen/Pmax
was defined as the stress ratio (R = 0.6). The results shown in Fig. 9 reveal that crack opening levels
predicted by ZIP3D along the interior 90% of the crack front correlate well with experimentally based
RCOL. From Fig. 9, it is strongly suggested that
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FIG. 9—Plotted are RCOL and numerically predicted through-the-thickness Popen/Ppay values for
AA 8009, at AK = 6.6 MPa m": and (@R =01, ®)R =0.3, and (¢)R =0.6.



RIDDELL ET AL. ON FATIGUE CRACK OPENING LOADS 169

« Crack-front driving force is directly related to interior crack-front opening; Region I and 11
daldN, shown in Fig. 5, are primarily influenced by interior crack-front opening.

+ Increased crack-front opening loads near the free surface exhibit little influence on overall
crack front driving force.

+ The increase in crack-front opening loads near the free surface influences near crack-tip load
displacement surface (DIDS) measurements. Therefore, it is important to perform near crack-
tip measurements at an optimum distance behind the crack tip, where local Pypeq/Pray 1S sim-
ilar to RCOL (refer to Fig. 8).

Further consideration of Figs. 8 and 9 suggests that a AK¢ calculated from local opening loads
measured at an optimum near-crack-tip location on the side surface can be used to correlate closure-
affected fatigue crack growth rates with the intrinsic fatigue crack growth behavior. The optimum lo-
cation for AK = 6.6 MPa m" is numerically predicted to be 0.06 mm and experimentally observed to
be 0.10 mm to 0.15 mm behind the crack-tip (refer to Fig. 8). Here, the experimentally observed lo-
cal opening load is relatively independent of measurement location. Cyclic driving force is directly
related to the local opening load measured at the optimum location—where surface opening loads
correlate directly with both RCOL and opening loads along the interior of the crack front (shown in
Fig. 9).

Comparison of Numerically Predicted and Experimentally Observed Opening Loads to RCOL

The near-crack-tip behavior described above reveals that the fatigue crack surfaces gradually sep-
arate (peel) with increasing load. However, the three-dimensional nature of the opening behavior
makes the process much more complex than shown in the simple schematic of Fig. 1. A consequence
of this complexity is that there is not a unique opening load that can describe the crack opening pro-
cess along the entire crack front. However, current global methods [/4—16] successfully use the con-
cept of a single opening load to estimate AK . for Paris regime crack growth rates. In the near-thresh-
old regime, where global methods lack the required resolution for acceptable opening load
determination, sensitive measurements of near-crack-tip displacement behavior provide a viable al-
ternative to quantify crack closure effects. The increased resolution of near-crack-tip techniques ai-
lows precise observations of crack opening behavior. However, the three-dimensional effects shown
in Figs. 8 and 9 must be accounted for when using near-crack-tip surface measurements. In other
words, the sensitivity of near-crack-tip measurements necessitate a careful interpretation of the pro-
cess of crack opening. To determine true crack-tip driving force from surface measurements, one
must be able to monitor the crack surface “peeling” process by characterizing near-crack-tip surface
opening load shown in Fig. 8 and correlating the surface measurements with the opening load along
the interior of the crack front shown in Fig. 9.

Figure 10 is a plot of Pypen/Pmax versus stress ratio at a AK = 6.6 MPa m?, comparing the results
of experimentally and numerically based opening loads. Four types of opening loads are shown in this
figure: (1) RCOL (open circle), (2) local opening load at the optimum distance behind the crack-tip
as measured using DIDS (open triangles) and predicted by ZIP3D (solid line), (3) fully open load as
measured using DIDS (open squares) and predicted by ZIP3D (long dashed line), and (4) ZIP3D pre-
dicted opening load at the interior of the crack front (short dashed line). The RCOL is presumed to
be the value of Pype,/Prax that best reflects the true effective cyclic driving force and is calculated
from experimentally observed intrinsic fatigue crack growth rates (Region II rates, similar to those
shown in Fig. 5) using Eqs 2 and 3. When no closure is predicted or observed, the opening load is de-
fined as the minimum load (stress ratio). The experimental and ZIP3D predicted values of fully open
Popen/Prax (open squares and long dashed line) do not agree with RCOL. Predicted values of
Popen/Pumay at the interior of the crack front (short dashed line) and on the surface at the optimum dis-
tance (0.06 mm) near the crack-tip (solid line) compare well with RCOL. The DIDS local opening
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FIG. 10—Plotted are RCOL, local opening and fully open loads for AA 8009, AK = 6.6 MPa m'
as a function of R.

load measurements (open triangles) performed at an optimum distance behind the crack tip also cor-
relate well with RCOL. These results show that local opening loads must be measured on the surface
at an optimum distance behind the crack tip to agree with intrinsic based RCOL over the entire range
of stress ratios.

Validation of Near-Crack-Tip Methodology for an Engineering Alloy

The purpose of this research was to develop a near-crack-tip measurement methodology for the
near-threshold fatigue crack growth regime. However, finite element simulations of three-dimen-
sional elastic plastic fatigue crack growth are not, at present, feasible for stress intensity factors sig-
nificantly less than 6.6 MPa m'*, as the ratio of element size to cyclic plastic zone size becomes too
large at small AK. Figure 11a shows the ZIP3D based local opening loads on the surface as a func-
tion of distance behind the crack-tip for AK = 6.6 and 9.9 MPam*, R = 0.1. Since the mid-thickness
closure levels were approximately the same for both levels of AK (Popen/Prmax = 0.25 for AK = 6.6,
Popen/Prax = 0.29 for AK = 9.9 MPa mb), it is apparent that the optimum distance behind the crack-
tip for the measurement of local crack opening loads changes with AK. Figure 115 shows the same
data plotted in Fig. 11a; except that the distance behind the crack-tip is scaled by cyclic plastic zone
size, wy, approximated by Rice [41] as

wy = o= (MY @

47 \ o,

where o, is the cyclic yield stress of the material.
When the distance behind the crack-tip is scaled by the cyclic plastic zone size calculated by
Eq 4, the predicted local opening loads for the two levels of AK match closely. Therefore, the
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FIG. 11—Plotted are numerically predicted near-crack-tip surface crack opening loads for AA
8009 at two different values of AK as functions of (a) distance behind crack-tip and (b) distance be-
hind crack-tip scaled by cyclic plastic zone size.

optimum distance behind the crack-tip for local open load surface measurements, X, is proposed to
vary with AK as

ol

.. ®)
where b is a constant. Given that the experimentally observed optimum distance for AA 8009 at a AK
= 6.6 MPa m" is approximately 0.125 mm, b = 0.6. Equation 5 gives the optimum distance for AK
=3.3and 2.2 MPam*as 0.03 and 0.014 mm, respectively. To validate the methods developed above
using the model 8009 alloy, a similar analysis was performed using a well characterized engineering
alloy (AA 2024-T3). Here, near crack-tip (DIDS) and far field (back-face strain gage and a front-face
clip gage) load displacement measurements were performed to characterize the effects of crack clo-
sure on near threshold fatigue crack growth. Figure 12 is a plot of da/dN versus AK and AK ¢ show-
ing the results of fatigue crack growth tests conducted at constant AK (2.2 and 3.3 MPa m*), constant
R. Each data point in Fig. 12 represents steady-state fatigue crack growth that was obtained using
methods identical to that described earlier in Fig. 4. The solid line in Fig. 12 shows the intrinsic (Re-
gion II) fatigue crack growth rate characteristics for AA 2024 [28,29]. The intrinsic data represent
closure free, Kyax independent (defined by R-independent Region II in Fig. 5) fatigue crack growth
rates. The local opening load based data (solid symbols) that were obtained by DIDS measurements
performed near the optimum location based on Eq 5 (0.05 to 0.01 mm behind the crack tip) correlate
well with the intrinsic crack growth rate curve, The experimentally observed local opening loads do
not vary much with distance behind the crack-tip in this range. Therefore, the exact measurement lo-
cation is not critical for these data. Figure 12 reveals that the fully open load data (open symbols) ex-
hibit a high level of scatter and do not correlate with the intrinsic curve.

The good agreement between AK ¢ calculated from local opening loads and the intrinsic curve
suggests that near crack-tip load displacement data, measured near the optimal location predicted by
Eq 5, can adequately account for crack closure effects on fatigue crack growth rates in both Paris and
near-threshold regimes. However, crack closure mechanisms such as roughness and oxide layers
might influence near-threshold data. It is possible that the difference between the intrinsic AK curve
(straight line) and local opening A K. curve (solid symbols) in the near-threshold regime reflects the
effect of roughness and oxide on the critical location for local opening load measurement. Therefore,
further research to study the effect of non-plasticity-induced crack closure on near-crack-tip dis-
placement behavior is required.
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FIG. 12—Near-threshold fatigue crack growth rates for AA 2024-T3 (L-T) versus Region II (in-
trinsic) AK and AK . calculated from fully open and local opening loads.

Concluding Remarks

The study of fatigue crack growth using novel experimental and computational methods revealed
the three-dimensional nature of crack closure. Near crack-tip displacement measurements, coupled
with elastic-plastic finite element analysis of the growing fatigue crack front, showed that crack open-
ing is a complex process. Both experimental and computational observations showed that the crack
gradually peels as loading is increased; local opening loads vary with both distance behind the crack
tip and with through-the-thickness location. It was found that no unique opening load can be used to
completely describe the opening process. However, it was determined that a single near crack-tip
opening load could be used to estimate the effective crack-tip driving force (AK ).

Near crack-tip load-displacement measurements are influenced by near surface crack closure phe-
nomenon. These surface measurements are meaningful only if through-the-thickness crack-front
opening behavior is considered. Finite element modeling of the crack-front has shown that the crack
opening loads are constant along the interior 90% of the fatigue crack-front and rise rapidly as the
free surface is approached. The interior opening load was found to correlate with the rate calculated
opening load (RCOL) and thus shown to relate directly to the true crack-front driving force parame-
ter. Near-crack-tip, surface measurements (obtained at less than optimum distance behind the crack-
tip) result in erroneously high crack opening levels compared to RCOL due to increases in opening
load resulting from surface effects.

The surface measurement of near crack-tip load displacement can be used to estimate fatigue
crack-front closure effects accurately for constant-amplitude loading conditions. Finite element anal-
yses of the crack-front region were used to determine the optimum location for surface opening load
measurement: where surface local opening loads approximate interior crack front opening loads. Sur-
face local opening loads were used to correlate closure-affected crack growth data with the intrinsic
da/dN-AK results in both the Paris and near-threshold regimes of AA 2024. However, further re-
search is suggested to consider the effects of non-plasticity-induced fatigue crack closure mecha-
nisms on the critical measurement location in the near-threshold regime.
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ABSTRACT: The cut compliance method was developed to measure residual stress profiles. Its idea is
to release them by introducing progressively a cut into the considered body. From the strain change due
to progressive cutting it is possible to calculate the distribution of the released stresses. Since the method
uses fracture mechanics principles the stress intensity factor due to residual stresses is delivered as well.
Being a special type of residual stresses, the distribution of the contact stresses of fatigue crack closure
and the corresponding closure stress intensity factors can be suitably determined by this method. Fur-
thermore, it enables the residual stresses in front of the crack tip to be determined, which in crack re-
tardation play a role as important as the closure effects. The basic theoretical relations for some fre-
quently used fatigue specimens are analytically derived. They also can serve to evaluate the contact
stresses from the commonly used unloading compliance technique, which is often used to identify crack
closure effects. Some preliminary examples demonstrate the capability of the suggested method.

KEYWORDS: crack closure, closure stress intensity factor, experimental, influence functions, resid-
ual stress

The phenomena associated with crack closure result from contact stresses between the crack faces
of a fatigue crack in the vicinity of its tip. Being in self-equilibrium, these stresses can be considered
as a special type of residual stresses, so in principle methods to determine the latter can also be used
to determine closure stresses. A suitable mechanical method to measure the distribution of residual
stresses has been suggested and developed by Cheng and Finnie, the so-called crack compliance
method [1,2] (see Ref 2 for further references). A similar procedure was independently used also by
Fett [3] and by Kang et al. [4]. Its basic idea is to introduce progressively, step by step, a cut along
the plane where the residual stresses are to be measured, and to record the change in strain at a suit-
able location, where the strain is affected by progressive cutting. Therefrom, the released stresses can
be calculated. To establish the corresponding mathematical equations, some basic relations of linear
elastic fracture mechanics can be utilized, which simplifies the analysis. Recently the cut compliance
method (CC-method) was extended by the present author and co-workers such that it became—as
will be shown herein—a particularly well-suited tool to determine fatigue crack closure effects:
Firstly, the possibility to determine directly the stress intensity factors (SIF) due to the residual
stresses was introduced [5,6]; secondly, an incremental forward inversion technique was introduced
that is able to deal even with steep stress gradients without convergence problems [7,8]; and thirdly,
closed-form solutions were derived for the required relation between the strain change at the rear edge
of the plate and the stress intensity factor (SIF) due to the residual stress at the cut tip [9], particularly
for cases of relatively deeply notched plates [10]. (Note—To avoid confusion with other compliance
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methods that are often used to measure closure effects [17-13], the term “cut compliance method” is
used in the present paper instead of “crack compliance method” as in most of the given references.)

In principle the idea of introducing a cut into the closure zone of a fatigue crack to release and mea-
sure the closure stresses is not new; it already was used in Ref 14 to get information about closure ef-
fects. The objective of the present paper rather is to show how to adapt and to use the CC-method for
this purpose, and to point out its experimental and theoretical advantages regarding simplicity, sen-
sitivity and accuracy. Being based on exact analytical solutions and requiring only one strain gage
measurement as input-data, it is experimentally rather simple as well as theoretically accurate. In the
following the basic theory of the method will be recapitulated and the relevant influence functions for
cracked specimens as used in fatigue testing are derived. Furthermore the relation of the CC-method
to other unloading compliance techniques as often used in fatigue is worked out. The suitability and
capability of the method are demonstrated by some experimental results.

Principle of the CC-Method

A cut has to be progressively introduced along the plane where the residual stresses are to be mea-
sured, which in the case of closure stresses means in the plane of the fatigue crack. Figure 1 exem-
plifies the case of a rectangular plate containing a fatigue crack of a length ay, which was initiated at
the tip of a notch of length a,. The actual length of the cut is denoted by “a”. In an overall view, the
cut can be considered as a perfect crack (see discussion at the end of this paper), so the basic equa-
tions of linear elastic fracture mechanics still hold and can serve to establish the required mathemat-
ical relation between the residual stress (in the present paper this term also covers contact stresses in
the closure area) and the strain £y at the measurement point M. It can be easily shown [5] that the SIF
at the tip of the cut due to the residual stresses (we restrict ourselves to Mode I, which is predomi-
nating in the case of closure stresses) is given by

E' dem

KIrs (a) = Z(a) da (1)

where E’ denotes the generalized Young’s modulus (i.e., E' = E for plane stress and E' = E/(1 —
v?) for plane strain) and Z(a) the so-called influence function. The latter is a unique function that de-
pends on the component geometry, on the cut plane and on the location of the strain gage, but not on
the residual stress distribution. To evaluate Eq 1, em(a) has to be recorded during the cutting process
as a function of the cut depth. In principle the measurement point M is arbitrary, but there are large

» 4 ﬁr—"
=\ T, :
ar 41_
.
w
M
X
L

FIG. 1-—A cut of length a introduced in the plane of a fatigue crack of length ay.
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differences regarding its sensitivity, which is characterized by the absolute value of Z(a). Usually the
most sensitive location is the one on the rear surface’s intersection with the crack plane, as indicated
in Fig. 1. Determination of Z(a) is the crucial and—with regard to the theoretical and computational
effort—the most demanding step of the CC-method (4, 5,8]. However, Z(a) needs to be determined
only once for a certain geometry and measurement location. In the next section, solutions of Z(a) for
some specimen shapes that are commonly used in fatigue testing are presented.

The cut width d should be chosen as small as possible. However, as long as a > d and (W — a)
> d the effect of the correspondingly blunt notch tip {compared with the theoretically required crack)
is negligible. One can show that the energy released due to widening of a narrow crack to a notch of
width d is of the same order of magnitude as due to a crack prolongation of the amount Aa = d. Thus,
the finite cut width is just averaging the resulting stresses over a distance of about Ax = 4, which is
acceptable since in 2D they are averaged over the specimen thickness B anyway.

If a < ay, Kys(a) as delivered by Eq 1 represents the SIF due to the closure stresses. Its value at a
= arrepresents the well known quantity closure SIF K,;:

Kcl = KIrs (a = af) (2)

For a > ay, the effect of the residual stresses in front of the crack tip is included in Kys(a) as well.

From the experimentally determined function Ky(a) it is possible to calculate the initial distribu-
tion o;(x) of the residual normal stresses (which for a < a¢ is the distribution of the contact pressure)
by inversion of the general relation

Kis (@) = joa h(x,a) oy (x)-dx 3)

where h(x,a) denotes the so-called weight function as introduced by Bueckner {/5]. Formulas of
h(x,a) for the specimen geometries considered here can be found in Ref 76. The inversion of Eq 3 can
be achieved by the step-by-step procedure suggested in Ref 8 and summarized below.

Influence Functions

Being a unique function independent on the stress distribution, Z(a) as required in (1) can be cal-
culated by considering an arbitrary load case, the so-called reference load case, by

E' demrer
Kot @ da @ @

Z(a) =

where Kier(a) and epres(a) denote the stress intensity factor and the strain at M, respectively, for the
reference load case [5,6]. In general, numerical methods, e.g., the finite element method (FEM), have
to be used to evaluate (4). In the following, closed-form solutions for Z(a) are given for three crack
geometries that are often used in fatigue testing (Fig. 2). Formulas (5), (6), and (7b), which are “ex-
act” solutions, are derived in the Appendix. Equation 7a is an approximation obtained from FEM re-
sults and curve fitting.

Distribution of Closure Stresses

From Kj,,(a) as obtained experimentally by using (1), it is possible to calculate the residual stress
distribution oy5(x) by inversion of Eq 3, which can be performed according to Ref 8 as follows. The
residual stress distribution o(x) is approximated by a series of small steps as shown schematically
in Fig. 3, so the stress level at each step can be calculated by applying Eq 3 to a hypothetical, incre-
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FIG. 2—Three specimen types often used in fatigue testing, and corresponding influence functions
Z(a).

mentally prolonging crack. The stress level of the first increment, gy, which represents the average
stress acting near the front surface in the range 0 < x < ao (where a, << W should be fulfilled) is ob-
tained from the well-known relation between the stress and the SIF of a short edge crack, i.e.:

KIrs (aO)

Op= — —F7— ®
¢ 1.12-°V mao

If the fatigue crack is—as usual—initiated by a starter notch of depth a,, then a¢ and o7 shall be cho-
sen ap = a,, and o = 0, respectively, since there are no closure stresses on the initial notch. In or-
der to calculate the average stress level o of the next step (i.e., the average siress in the range ap <
x < ap + Aa), we extend the hypothetical crack by the increment Aa and apply Eq 3. Then a further
crack increment is assumed, for which the corresponding stress level follows again from Eq 3, and so
forth across the whole cross section. Denoting the length of the hypothetical crack after i prolonga-
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0 ag a; a3 a3 vee aq;

FIG. 3—Step-wise determination of the residual stress distribution o,(x).

tion increments Aa by a; (i.e., a; = a¢ + i-Aa), and the average stress in the corresponding interval
a;—1 < x < a; by o, (see Fig. 3), Eq 3 is approximated by

a. a

ag i-1 5 i

Kis (@) = ao-fo h(x,a)-dx + Y, aj-f h(x,a;)-dx + ai-f h(x,a;)-dx ©
j=1 aj- a;-
which allows o7 to be calculated for each step. The resulting step distribution converges to the exact
solution 0;5(x) as Aa — 0. Some difficulties (mathematical instabilities) may arise in the region near
the rear surface (i.e., for W — a < W), because weight functions, which usually are approximations,
might be not accurate enough in this range [7]. For this reason it is recommended to replace for cut
depths of about a; > 0.8 WEq 9 by

i 3.970y:Aa-[0.264W + 0.736a; — (ao + j-Aa)] 1.460,Aa
Kis (a;) = { W — a)¥? + —ﬁ}
o ( al) (W — ai) /.

j=
+ 20; —z—q-(W— a;)
1 T 1

as explained in Ref 8. The nondimensional factor g, which is about 0.03, can be determined from the
condition that transition from Eq 9 to Eq 10 at the chosen transition cut depth @ = q; shall deliver a
continuous function o;4(x) at x = a;. Using Eq 10 guarantees that the condition of self-equilibrium of
the calculated residual stresses will be fulfilled.

(10)

Closure Stresses from the Unloading Compliance

It is well known that the slope of the force-vs.-displacement or force vs. strain curve of a specimen
that contains a crack is changing when an increasing or decreasing external force is applied. This ef-
fect is due to the geometrical nonlinearity resulting from the load dependence of the contact area in
the closure zone, which acts like a changing crack length. If the load F is increasing, the effective
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crack length seems to grow from a = a. at F = 0to a = agat F = Fyp, where Fy, is the so-called
opening load and a¢ the actual length of the fatigue crack. Regarding the compliance in the sense of
the CC-method, a continuous loading has the same effect as a continuous cutting. Thus, instead of
cutting, an increasing external load can be applied, provided the required strain-vs.-force curve is ac-
curate enough to exhibit the changes in the slope of the curve, which are small. To avoid interference
with plastic effects which also contribute to nonlinearities, unloading instead of loading is preferable.
As shown below, the analysis of the CC-method can be easily extended to make it applicable to cracks
that are extended or contracted by external forces.

The strain that results at M due to the load F and the increasing effective crack length, a, which in
the considered case means the length of the contact-free zone of the crack faces, follows readily from
(1) to be

emia, F) = ew(aa) + 2| Ki(F, @ Z(ayda (i

The compliance with respect to the strain at M is obtained therefrom to be

dSM(a, F ) -

Cul@) = 208

C(F =0) + El f ki(a)-Z(a)-da 12)

where kj(a) = Kj(a)/F. By (12), the actual effective crack length, a, corresponding to the actual load,
F, can be obtained from the actual slope of the curve ep(F ) (Fig. 4). Once knowing the effective crack
length, the corresponding SIF, which is equal to the SIF due to the contact stresses, thus equivalent
to Kis(a) as given in (1) for a4 < a < a, follows from

Ki(a, F) = F-ki(a) = Kiis(a) a3)

From Kj,(a) as given by (13) the distribution of the closure stresses can be obtained as described in
the previous section. The total closure SIF is Ky = Ki(ay).

As an example we consider the case of a relatively deeply notched beam or rectangular plate (Fig.
5, a > 0.25W) subjected to 4-point bending as external forces to open the crack. The SIF for this case
can be approximated by [20]

FIG. 4—Behavior of the effective crack length a and the strain for increasing or decreasing exter-
nal load F (schematic).
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FIG. 5—Edge crack in a beam opened by 4-point bending.
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Z(a) for this case is given by (7b). Therewith, (12) leads to
AC, (F, Fyy = 3026 [(1_an™ (| _a)? (15)
(-4 s Op E’-B‘Wz W W

where AC.(F, F,;) = C.(F,p) — C.(F) denotes the difference of the slope of the force vs. strain curve
between the opening load F,,, and the actual load F. This equation can easily be solved for the actual
crack length a

Z =1- _% ~2 _ AC.(F, F,)’)E"-B-W* -1
W(F) - ‘/[(1 W) 5(.’826 ] (16)

By this equation, the actual length of the contact area can be determined from the experimentally de-
termined change in the slope of the compliance curve and the optically measured ay. Together with
(14) it is possible to get K (a), i.¢., the same information as given by (1), but limited to the closure
zone ag < a < ay.

Examples

Two CT-specimens of W = 50 mm made of a mild austenitic stainless steel (Rp, = 200 MPa) were
fatigued in accordance with the standard ASTM E 813. The initial notch depth was a = a,, = 27 mm,
the fatigue crack length a = a5y = 30 mm. The cut was produced by electrical discharge machining
(EDM). The SIF resulting from (1) and (6) for specimen S1 is shown in Fig. 6. The stresses calcu-
lated from the SIF-distribution by (8) and (9) are shown in Fig. 7. The second specimen, E1, was ad-
ditionally subjected to an overload up to the plastic range. The measured SIF and stresses are also
shown in Figs. 6 and 7. Comparing the results of these two experiments shows that the contact pres-
sure that is present in specimen S1 in the range 27.5 mm < g < 30 mm has vanished in the specimen
El due to the overload. On the other hand, the overload significantly increased the residual stresses
in the ligament. This corresponds qualitatively to the expected behavior. There are two further theo-
retically expected features of these curves: First, the SIF due to residual stresses (Fig. 6) should tend
to zero as the cut depth a approaches the rear surface, and second, the residual stresses (Fig. 7) should
be in self-equilibrium. Just by visual inspection of the corresponding curves these requirements seem
to be fulfilled, which is another indication that the method works properly and the results are reliable.
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FIG. 6—SIF as a function of cut depth a for two CT-specimens: specimen S1 (fatigued) and spec-
imen El1 (with additional single overload).

To further explore the capability of the CC-method it was applied to a short surface crack. For this
purpose, a beam-shaped specimen of W = 13.5 mm with a starter notch of a depth a, = 1.5 mm was
loaded in cyclic bending until a crack of about 0.5 mm length was formed at the notch. Then a sur-
face layer as thick as the depth of the notch was removed, so a flat beam-shaped specimen of W = 12
mm containing an edge crack of about 0.5 mm depth remained. The resulting SIF-distribution ob-
tained from (1) and (7a) is shown in Fig. 8. Figure 9 shows the corresponding contact pressure and
residual stress distribution. Obviously such special problems can also be handled by the CC-method.
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FIG. 7—Closure and residual stresses as a function of the distance from the load line (see Fig. 2)
corresponding to SIF as given in Fig. 6.
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FIG. 8—Stress intensity factor due to closure and residual stresses in the case of a beam contain-
ing a short surface crack.

Discussion and Conclusions

It is shown that the cut compliance technique offers the possibility to determine experimentally
crack closure effects, which includes the distribution of contact stresses in the closure zone of the
crack surface, the corresponding stress intensity factor as well as the residual stresses in front of
the crack tip. Experimentally, this method is remarkably simple. One just needs to introduce pro-
gressively a narrow cut along the crack plane and to measure the resulting strain change at the back
surface of the specimen. The slope of the strain-vs.-cut depth curve is proportional to the SIF due to
the closure stresses, with the so-called influence function representing the corresponding linear rela-
tion. Though exact, the latter is particularly simple for the cases of deeply notched specimens that are
common in fatigue testing. Thus this method represents a very suitable means to identify crack clo-
sure effects and to investigate related crack retardation mechanisms.
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FIG. 9—Closure stress and residual stress corresponding to Fig. 8.
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Crack retardation effects are often categorized as so-called extrinsic and intrinsic. Crack closure
belongs to the former, whereas residual stresses in front of the crack tip to the latter. However, as
shown by the exemplary experimental results (Figs. 6-9), the contact stresses in the wake of the crack
and the residual stresses in front of the crack tip follow a continuous curve, as does the resulting SIF.
Both curves exhibit no indication of the exact position of the crack tip. The closure SIF is defined as
the value of the SIF-curve at the tip of the fatigue crack. In general, the latter is hard to define, since
the crack front in general does not form a straight line. Thus, it is hardly possible to unambiguously
distinguish between crack closure in the wake, on one hand, and residual stresses in front of the crack
tip on the other. This implies that a strict distinction between these two categories, which from a the-
oretical point of view is helpful, but from a physical point of view is less relevant. It seems that they
should rather be considered as interacting mechanisms, which have a similar effect on the further
crack propagation. For instance, compare the results of the CT-specimens with and without overload
(Figs. 6 and 7): the overload of specimen E1 obviously wiped out the fatigue closure stresses, but in-
creased the residual stresses in front of the crack. It is well known that such an overload causes addi-
tional crack retardation. Actually, the residual stress ahead of the crack tip reflects, to a certain ex-
tent, the future closure stresses that the crack will feel as it grows through the zone of compressive
residual stresses.

In this sense, being able to deliver the corresponding experimental data, the CC-method applied to
fatigue cracks will probably open some new insight in crack retardation mechanisms.

APPENDIX

Determination of Influence Functions

Generally, the influence function as defined in (1) can be obtained by (3), i.e.

E’ . daMref (a)
Kier(a) da

Z(a) = 17

where Kjer(a) and epger(a) denote the stress intensity factor and the strain at M, respectively, for the
considered reference load case. In the following the solutions for a circular disk containing a radial
edge crack (Fig. 10) and a deeply edge-cracked plate or beam (Fig. 11) are derived, which form the
basis of the formulas presented in this paper.

Circular Disk

Consider a radially cracked circular disk (Fig. 10). A suitable reference load case is a uniformly
pressure p acting on the crack surface. For this load case the exact solution for the SIF is given in Refs
17 and I18to be

Kirer = 1.988-p* “_LITD)Z» (18)
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FIG. 10—Circular disk containing an edge crack.

According to Castigliano’s principle [19], the reference strain eer(a) is obtained by

JR O
M ™ 2 9Fds

F=0
s=0

185

19

where F denotes a pair of virtual forces acting aty = =5 from M, as shown in Fig. 10, and U the strain

energy, which is

_B [ 2
U= g | K+ Kl da

K15, the stress intensity factor due to the virtual forces F, can be written as

K (s) = f: h(x,a) oyg (x,5)-dx

M

v

L
FIG. 11—Deeply cracked rectangular plate.

(20)

2]
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where oyg(x,s) is the distribution of the normal stresses along the x-axis due to F in the absence of a
crack. It is obtained from the general exact solution given in Ref 5 to be

2F s? 2s
o ) =T F {[(D -7+ ﬁ} e
Using (17) and (19-22) one finds

Z(a) = ~$ L ‘ hix,a)dx (23)

The same integral appears when the SIF for the reference load case of a homogeneous pressure act-
ing on the crack surface is calculated by the weight function technique (see (20)). From comparison

with (18) one finds
hix,a)dx = 1988 |——— 24
J (/\ a) (1 P )3 ( )

7.952 a/D
=D*? (1 — a/D)®

Inserting (24) in (23) leads to

Z(a) =

(25)

Based on exact solutions, (25) holds without restrictions for 0 << a < D. Note that the crack length,
a, is defined somewhat different from Fig. 2a.

Deeply Cracked Rectangular Plates

Consider an edge-cracked rectangular beam as shown in Fig. 2, loaded as a reference load by a uni-
form pressure acting on the crack surfaces. In the case of a relatively deep crack, which means for a
> 0.2Wand W — a < 0.6L, the dominating geometrical quantity in the SIF as well as the strain at M
is the ligament width W — a. Thus, a dimensional analysis leads to

A

A= " w-a™

(26)

where A is anondimensional constant, which is determined by the following limit analysis. Kiref, Emret
as well as Z(a) for the disk (Fig. 10) and the rectangular plate tend to coincide asa — D and a —» W,
respectively. Therewith one readily finds

7.952

A== Tw—a”

@7
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ABSTRACT: The fatigue crack growth behavior following single tensile overloads at high stress in-
tensity ranges in a cold-rolled austenitic steel has been studied experimentally. After tensile overloads,
fatigue cracks initially accelerate, followed by significant retardation, before the growth rates return to
their baseline level. The initial acceleration was attributed to an immediate reduction in near-tip closure.
Scanning electron micrography and stereophotogrammetric reconstruction of the fracture surface were
applied to study the residual plastic deformation caused by a single tensile overload in the mid-thick-
ness of the specimen. The measured residual opening displacement of the crack as a function of the
overload is presented and compared with simple estimations. Also, free specimen surface observations
of the residual plastic deformation and crack growth rate were performed. In the midsection of the spec-
imens the striation spacing-length, i.e., the microscopic growth rates, were measured before and after
the applied overload. It will be shown that the measured plasticity-induced wedges from the single over-
load and the observed propagation behavior support the significance of the concept of crack closure.

KEYWORDS: residual plastic deformation, single tensile overload, stereophotogrammetric recon-
struction, striation spacing, austenitic steel

The effect of overloads on fatigue crack growth rates has received a considerable amount of atten-
tion during the past number of years because a better fatigue life prediction under service conditions
is necessary. The most documented load interaction effect is that of crack growth retardation of Mode
I cracks following a single tensile overload. Different mechanisms have been presented by Schijve
(], Elber [2], Von Euw, Hertzberg and Roberts [3], Christensen [4], Hudson and Hardrath [5],
Suresh [6], Jones [7], Knott and Pickard [8] and Forsyth [9].

These works are based on the following concepts:

* Residual stresses, where the strain produced by the tensile overload results in an increase of
residual compressive stresses ahead of the crack [1].

* Crack closure, which results from fracture surface contact at nonzero load and reduces the ef-
fective stress intensity range [2,3].

« Plastic blunting [4,5] of the crack tip; the blunted crack tip behaves like a notch with a smaller
stress concentration than the originally sharp crack tip.

* Crack deflection; a branching of the crack at the overload causes a reduction in the local stress
intensity range at the crack tip [6].

1 Research engineer and interimistic director, respectively, of the Erich-Schmid-Instutut fiir Festkorperphysik
der Osterreichischen Akademie der Wissenschaften, A8700 Leoben, Jahnstr. 12, Austria.
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+ Strain hardening [7,8] of the material in the overload plastic zone.
« Crack front profile [9]; large overload may change the crack front shape and reduces locally
AK for subsequent growth.

In the 1980’s the closure effect was an often considered mechanism to explain the retardation ef-
fect. In the past few years some doubts on the significance of the crack closure concept [10,11] were
presented. In order to prove the assumptions of the different mechanisms and their consequence, the
residual deformation on the fracture surfaces and the changes in the crack propagation rate after sin-
gle overloads were investigated. A special technique was developed to measure the residual plastic
deformation in the midsection of a specimen. It is based on a fractographic technique in combination
with a stereophotogrammetric reconstruction of the fracture surface [12—16] which was developed at
the author’s institute. This allowed them to measure the real three-dimensional shape of the fracture
surfaces.

Material and Test Conditions

The investigated material was a cold-rolled (reduction in thickness from 42 mm to 27 mm)
austenitic Cr-Ni steel A220, with a yield strength of 890 MPa, an ultimate tensile strength of 1010
MPa and a fracture toughness K, of 203 MPaVm. The grain size of the material varied between 1
mm and 2 mm. The chemical composition is given in Table 1. Optical micrographs of the mi-
crostructure before (Fig. 1a) and after (Fig. 1b) cold rolling are shown in Fig. 1. Figure 156 shows the
slipbands in each grain which were produced during cold rolling of the material.

Fatigue crack growth tests were performed using compact tension specimens (width W = 96 mm,
thickness B = 9 mm) in the long transverse orientation in laboratory air. The stress intensity factor
chosen for these experiments was AK= 70 MPaVm at a stress ratio (R = Kyin/Kmax) of 0.05. The
single tensile overload had a maximum stress intensity factor which was 1.1, 1.2, 1.4, 1.6 and 2.0 times
Kmax of the constant stress intensity range. Crack length was measured using an optical microscope
(accuracy 0.025 mm) and a d.c. electrical potential-drop method system which was used to maintain
constant A K conditions as the crack advanced. The frequency varied between 1 Hz and 0.004 Hz. For
the constant stress intensity range the authors used a frequency of 1 Hz, except for the measurement
of the potential, the compliance (using a clip gage on the end of the notch) and the crack advance on
the surface. Single overloads and the special measurements were applied at 0.004 Hz. For the 1.1, 1.2,
1.4 and 1.6 overload the small-scale yielding conditions are fulfilled. They have chosen this material
and these loading conditions because they exhibit very nice and large striations with a striation spac-
ing of about 1 um (under steady-state conditions) which allows them a clear determination of the cy-
cle-by-cycle crack propagation behavior after the overload in the middle of the specimen.

Determination of the Residual Plastic Deformation in the Midsection of a Specimen

The definition of the parameters (Fig. 2b) and the loading procedure (Fig. 2a) to measure the resid-
ual plastic deformation after a single overload is schematically illustrated in Fig. 2. The specimen was
fatigued with a constant stress intensity range until it reached the steady-state condition. The test was
interrupted to initiate an overload and than the experiment was continued with a constant stress in-

TABLE 1—Chemical Composition (Cr-Ni-Mo Low Carbon).

Element C Cr Ni Mo Si Mn P S w
Weight % 0.018 17.24 14.53 2.56 0.61 1.71 0.018 0.001 0.07
Element Cu Al N

Weight % 0.11 0.03 0.068
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FIG. 1—Optical micrograph of the microstructure: (a) Before cold rolling, (b) after cold rolling.

tensity range. On one specimen approximately five overloads (10, 20, 40, 60, and 100%) were ap-
plied until the specimen failed. The residual deformation on both fracture surfaces due to the over-
load were then reconstructed. This was done by analyzing stereoscopic scanning electron microscope
(SEM) images of the broken surface with an automatic image processing system. The technique is
now explained for the determination of the deformation due to a 20% overload. Fig. 3a shows the
SEM fractograph of the region where the constant AK test was interrupted and an overload was in-
troduced. Figure 3b shows exactly the corresponding fracture surface of the second half of the spec-
imen. Region A (points 3 to 4) marks the fracture surface which was produced at AK = 70 MPaVm
(R = 0.05). Region B (points 2 to 3) shows the “blunting” produced at the overload and region C
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FIG. 2a—Experimental procedure to determine the residual crack tip deformation (blunting) after
a single tensile overload in the middle of the specimen: (a) for a 10% overload, (b) for a 60% over-

load. (A) fatigue with a constant AK, (B) single tensile overload, (C) fatigue with a constant load am-
plitude till the specimen failed.

(points 1 to 2) marks the crack extension after the overload. These pictures indicate clearly the dif-
ferences of the striation spacing before and after the overload which can be directly associated with
a decrease of the crack closure level (da/dN ~ CTOD ~ AK %). The fracture surface of that particu-
lar region of the broken specimen was then analyzed by the stereophotogrammetric technique, where
the stereo pairs were obtained by tilting the specimen by an angle of 10 deg in the SEM. To deter-

mine the residual crack tip opening displacement (CTOD) four images are needed: two stereo images
from both specimen halves.
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FIG. 2b—Definition of parameters: K, = minimum K, MPa\/'m, Ky = maximum baseline K,
MPaN'm, K., = closure K, MPa\/m, AK 5 = effective AKp, MPaN'm, Koy = maximum overload

K, overload magnitude = (Kor, — Kpp)/Kpp* 100%, AKg = baseline range of K, MPaNmR =R-
ratio (Kmin/KMB)-
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FIG. 3—SEM fractograph at a 20% overload. The numbers mark the sample points of the height
profile in Fig. 5: (a) shows specimen half S1, (b) corresponding specimen half S2, (A) fatigued with
a constant load amplitude, (B) fracture surface produced during the single tensile overload, (C) fa-
tigue with a constant load amplitude till the specimen failed, (1-4) sample points for the height pro-
file, (1-4) corresponding sample points on the other specimen half.

An automatic image processing system allowed the generation of a 3-dimensional model of the
fracture surface. In Fig. 4 the 3D models from both fracture surfaces after a 40% overload are pre-
sented. By fitting them together one obtains the residual plastic deformation produced during the
overload. The striations (region A), the blunting (region B) which occurs at the overload, and the frac-
ture surface which was produced after the overload (region C) where they fit the models together are
also indicated in Fig. 4. From such 3D models they can extract height profiles of exact correspond-
ing lines on the fracture surfaces which allows one to determine the residual crack opening displace-
ment of the crack tip after an overload. It is very important to take corresponding profiles; otherwise
one gets a wrong residual crack opening displacement. The profile which is marked in Fig. 3 is pre-

sented in Fig. 5b. The points (1-4) in the profile are the same as marked in Fig. 3. Point 2 always
marks the end of the overload.
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FIG. 4—Three-dimensional surface model from both fracture surfaces at a 40% overload.

The same measurements were performed at the 10, 40, 60 and 100% overload. From these 3D mod-
els we can calculate surface profiles at different overloads. This allows us to determine the residual
plastic deformation of the crack in the midsection of the specimen as a function of the overload.

Results
Residual Plastic Deformation After a Single Tensile Overload

As first described by Schijve [1], the application of a single tensile overload results primarily in a
delayed retardation in crack growth rates, which is shown schematically in Fig. 6.
The plot indicates several stages:

(a) steady-state crack growth at baseline level (A)
(b) crack growth during overload cycle (B)

(c) accelerated crack growth (C-D)

(d) retarded crack growth (D-E)

(e) returning to steady-state conditions (E-F)

The reason for the acceleration of the crack growth is shown in the height profiles (Figs. 5a~5¢) at
different overloads. Figure Sa shows a height profile at a 10% overload. The crack after the overload
is fully open in the middle of the specimen but the residual CTOD is very small; it is only 2.2 wm,
measured 7 um behind the crack front of the overload. During further overloads (20%, 40%, . . .) the
plastic deformation caused by the single overload increases more and more. This is illustrated in Figs.
Sb-5e. Consider that in the Figs. 5a~5d the scales in the y-direction are equal but at the 100% over-
load profile (Fig. Se) the authors have chosen a smaller one (three times smaller). From these profiles
we can measure the residual CTOD 7 pm, 10 pm and 20 pm behind the overload cycle. The CTOD
values as a function of the overload are given in Table 2.

The residual CTOD (measured 10 pwm behind the overload) increases from 2.5 um at a 10% over-
load to 24.7 um at a 100% overload.



BICHLER AND PIPPAN ON RESIDUAL PLASTIC DEFORMATION 197

Overload 10% - Magn. 2500x Overload 60% - Magn. 1000x
0.02 a)
0.016
0.012
g 0008
£ 0.004
o oo
g 0,004
© -0.008
0012 overload
0016 10um
002 —pm o016
00 - 0005 0.01 0.015 0.02 0.025 o 00t 002 003 004 005 006
Aa [mm] Aa [mm]
Overload 20% - Magn 2500x Overload 100% - Magn. 300x
012} e) 20 pm _‘,1 4
— e
0.1 e
— y Ve
S 0.08 e
8 0.06 , -
[~ 3
1 O o004
™1
-0.008 overload 002 ¥
0012 10um
0016 —— 00 overload

00 0005 - 001 0015 0.02 002 004 006 008 01 0.2 014 0.6
Aa [mm] Aa [mm] :

Overload 40% - Magn 1000x

oo 001 002 003 004 005 006
Aa [mm]

FIG. 5—Residual plastic deformation after different single tensile overloads: (a) at a 10% over-
load, (b) at a 20% overload, (c) at a 40% overload, (d) at a 60% overload, (e) at a 100% overload.

The effect of the tensile overload was to plastically blunt the sharp fatigue crack; hence at zero
load, the crack was visibly open behind the crack tip. Acceleration is therefore caused by the removal
or reduction of crack closure in the vicinity of the crack tip by the overload. This is supported by ob-
servations of larger crack opening displacements along the crack following the overload {17], and by
the striation-spacing results which indicate clearly a reduction in near field closure [21] after the over-
load. The immediate post-overload crack growth may be associated to the short crack behavior.

From these observations we can see that only a 10% overload is great enough to open the crack at
zero load in the midsection of the specimen and to destroy the near-field crack closure.?

% Additional measurements showed that the crack is fully closed in the midsection of the specimens with 25 mm
thickness (“real plane strain conditions”) after 10% overload.
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FIG. 6—Typical crack growth rate curve showing delayed retardation following a tensile over-
load: A = steady-state crack growth rate, B = crack extension during overload cycle, C-D = accel-
erated crack growth, D-E = retarded crack growth, E-F = gradual return to steady state.

Fractography—Striation Spacing Measurements and Near-Tip Crack Closure

The principle of the fractographic technique is based on the one-to-one correlation between crack-
tip opening displacement and crack advance per cycle da/dN for the investigated AK range. Fractog-
raphy was performed by scanning electron microscopy (SEM). Measurements of striation spacing
were taken from the mid-thickness of the specimen. Figure 7a or Fig. 3 are typical SEM fractographs
showing the initial acceleration or increase in striation spacing after a 20% overload. This accelera-
tion of the crack growth occurs only during a few cycles, typically 15 to 30 cycles. After the short re-
gion of acceleration we observe a retardation in the crack growth rate which is indicated by a de-
creasing of the striation spacing to values smaller than the steady-state crack growth (1.1 um/cycle).
This can be seen in the Figs. 7b and 7¢ where the fracture surfaces 100 gm and 200 wm behind the
overload are presented. The next two SEM images (Figs. 7d, 7¢) show the striations 2000 um and
3800 pum after the overload. An increase in the striation spacing (Fig. 7d) and the return to steady-
state conditions can be clearly observed.

Surface Observation of the Residual Plastic Deformation

The surface observations of the overload were made directly in the SEM. Figures 8a and 85 show
the scanning electron micrographs of the crack tip at a 20% overload and after unloading to zero load.

TABLE 2—Measured Residual CTOD (Mean Values) at Different
Distances Behind Crack Front of Overload.

CTOD Measured (xum) Behind Overload, wm

% of Overload (7 pwm) (10 pm) (20 pm)
10% 22 2.5 33
20% 45 4.7 .
40% 6.6 7.8 99
60% 134 16.6 194

100% .. 247 485
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FIG. 7—Striation spacing measurements after a 20% overload: (a) at the overload, (b) 100 pum af-
ter the overload, (c) 200 um after the overload, (d) 2000 um after the overload, (e) 3800 um after
the overload.

The crack after the unloading is nearly fully closed. The residual plastic deformation measured 10 um
behind the overload is 0.5 um (mean value), where it is 4.7 um in the middle of the specimen. In the
Figs. 8¢c-8¢ we see SEM images after a 40, 60 and 100% overload. Note that the magnifications of
Figs. 8a—8d are equal but in Fig. 8¢ (100% overload) it is 2.5 times smaller. The residual CTOD val-
ues from the specimen surface as a function of the overload and distances behind the crack tip at the
overload are presented in Table 3. If we compare these values (plane stress) with Table 2 (plane strain
conditions) we see that the values are always higher than the observed data from the surface.
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FIG. 8—Scanning electron micrographs of the crack tip: (a) at a 20% overload, (b) after unload-
ing to zero load, (c) residual plastic deformation after a 40% overload, (d) residual plastic deforma-
tion after a 60% overload, (e) residual plastic deformation after a 100% overload.

The great differences between the residual CTOD values of the midsection and surface at small
overloads may be caused by the higher crack closure level at the surface in the steady-state case.

Crack Growth Rates, Potential Measurements

The crack length after an overload was measured using a d.c. potential system, an optical micro-
scope for the free specimen surface, and the striation spacing for the midsection of the specimen
(“near” plane strain conditions), where the crack length increments were always measured perpen-
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TABLE 3-—Measured Residual CTOD (Mean Values) on
Free Specimen Surface at Different Distances Behind Crack
Front of Overload.

CTOD Measured (xum) Behind Overload, um

% of Overload (10 pm) (20 pm) (40 um)
10% 0 0 0
20% 0.5 1.1 ..
40% 5.6-7.2 6.0-7.6 8.4
60% 11.2 16.0 19.2
100% - 33.8 53.6

dicular to the crack front. The crack growth rates are plotted versus the crack extension after the over-
load. The behavior for the presented alloy is shown in the Figs. 9a and 9b for a 60% and a 100% over-
load at a baseline AK level of 70 MPaVm (R = 0.05). In the figures the data from potential-drop
signal, striation spacings, and optical measurements (surface) are shown; also the distances corre-
sponding to the plane strain and plane stress sizes of the overload plastic zone are indicated. The dis-

tances are defined as follows:

1 KL
TpLSTRESS = _ X — 5 ... for plane stress
a oy
and
2
T =L Ko for plane strain
LSTRAIN = .
P 3 X 0'5
where

oy = yield strength, MPa
rp = plastic zone size, m

The main features of Fig. 9 are as follows:

cles after the peak overload followed by a strong retardation.
The maximum crack retardation occurs at about %o of the plane stress plastic zone size.

which agrees with Robin and Pelloux [/8].

6))

)

All crack length measurement methods indicate acceleration of crack growth rate for a few cy-

The crack retardation at the free specimen surface is larger than in the center of the specimen,

The scatter in striation spacing is sometimes great. The reason is that the local crack growth

direction is not always perpendicular to the load direction; therefore we observe a smaller stri-

ation spacing in the projection as in reality.
The potential measurement is an average of the surface and the midsection results.

The zone which affects the crack growth behavior is always larger than the calculated r,;. The
crack length increment to get the steady-state conditions is approximately equal to 4*rp sTrAIN
and to 1.5%ry sTrESS, in the midsection and the surface, respectively.
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FIG. 9—Crack growth rate at a 60% (a) and a 100% overload, (b) at a baseline AK level of 70
MPa\/m (R = 0.05).

Discussion

If the overload is larger than 10% (of K,4y) the presented study shows that a growing fatigue crack
leaves behind a step on the fracture surfaces. This step is the result of residual crack tip opening dis-
placement after the overload. In order to compare the measured residual CTOD values (in the mid-
section) with calculated ones, we apply the simple approaches of Pelloux and Faral [19]. The defini-
tion of the loading levels is depicted in Fig. 10. The change of the CTOD value during the steady-state
loading from Kp = Kpin t0 Ky = K is €qual to the CTOD during loading from K4 to Ki:

B X AKZ0-1

E X 20y L)

(CTOD)O_l = (CTOD)4_5 =
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FIG. 10—Sketch showing the values of stress intensity used to calculate crack-tip opening dis-
placements.

where
B =0.63 .. . for the midsection [20]
oy, = 892 MPa,
E = elastic module, 210 GPa, and
AK ¢ = Ko — Ko, MPa.

The crack-tip opening displacement at the maximum load during the overload is assumed as the sum
of the CTOD value at maximum load in the constant A X test, (CTOD)4—s, and the change of CTOD
during loading from K to K¢, (CTOD)s_¢:

C))

AKZ 4 K% — K2
(CTOD)4—g = (CTOD)4—s + (CTOD)s5_s = B X rsc— (/3* > 5)

E X 20y EX gy

In this equation it is assumed that the change of (CTOD)s_g is describable by the deformation of an
equivalent loaded stationary crack (nonpropagating crack without crack closure). The CTOD at the
maximum load after the overload (CTOD),-g is given by

_ AKZs7-s
(CTOD);-s = B X Ex 20, )]

where before the overload K = 0.25%K,,,, and after the overload K; = 0*Kpax(assumption).
Therefore the crack-tip opening displacement at the maximum load in the first cycle after the over-
load (CTOD),_g is larger than (CTOD)p_; = (CTOD)4—5 (8.26 pum > 4.65 pum).
The relation between (da/dN)o—, and (da/dN);_g measured from the striation spacing is propor-
tional to (CTOD),—; and (CTOD)-_g, which supports the A K¢ concept.
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We apply two estimations to calculate the residual plastic crack tip opening displacement after an
overload:

(a) Residual CTOD (A) = %*(CTOD);_¢ ©)

2
AIfel‘t’,6—7

(b) Residual CTOD (B) = (CTOD)4-¢ — (CTOD)g—7 = (CTOD)4—¢ ~ B X ) )
Oy

Equation 6 assumes that the crack-tip opening caused by the cyclic part of the overload (CTOD),- 5
disappears during unloading and the monotonic part is reduced in the same way as a stationary crack.
For R = 0 the change of the CTOD and the residual CTOD is equal % of the monotonic part of the
crack-tip opening displacement.

In the second calculation (B) of the residual CTOD (Eq 7) the change of CTOD during the un-
loading from Kj to K7 is describable as a cyclic part of a stationary crack. For this determination, we
assume that the initial closure disappears after the overload (AK.sr6 7 = AKs 7). In Table 4 the cal-
culated and measured residual CTOD-values are presented. If we compare the calculated and mea-
sured residual CTOD we can see that the simple calculated value A gives a very good estimation of
the measured CTOD in the midsection of the specimen.

At first this residual opening causes a reduction of the near-tip crack closure and hence an initial
acceleration of the crack growth rate. The absence of near-tip closure leads to an initial crack growth
rate twice of magnitude in the steady-state case. This can clearly be seen by the increase of the stri-
ation spacing after a 10% or 20% overload (Fig. 3). In Ref 21 it is noted that with larger overload
cycles, the removal of closure behind the pre-overload crack tip may be offset by closure generated
by the ductile crack growth increment formed by the overload cycle, in which case the acceleration
may be reduced or absent. The authors observed this acceleration at all overloads. Note that the stri-
ations after the 60% and 100% overload are not so clearly visible, because the closure at minimum
load causes extensive fretting damage on the fracture surface in a region about 300 um after the
overload.

After a small increase of the crack length (few cycles after the overload) the residual deformation
acts as an additional plastic wedge (plasticity induced crack closure) [17,22,23] and causes a
significant reduction of the crack propagation rate. This reduction of the crack growth rate can be seen
in Figs. 7b and 7¢ for a 20% overload.

In the presented study a large decrease in the striation spacing was detected for the higher over-
loads. The crack growth rate is reduced from 1.1 wm/cycle to a value of 0.21 um/cycle for a 60%
overload and to 0.1 um/cycle for a 100% overload. The distance over which the crack growth rate
was affected by the overload in the midsection of the specimen was far larger then the calculated over-

TABLE 4—Comparison of Measured and Calculated Residual Crack-Tip Opening Displacement
After a Tensile Overload.

CTOD (xum) Behind Overload, um

Measured Residual Calculated Residual Calculated Residual
% of Overload CTOD (7 pum) CTOD (A) CTOD (B)
10% 22 1.74 —1.87 (=0)
20% 45 3.64 0
40% 6.6 793 432
60% 13.4 12.89 9.28

100% - 24.8 21.2
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load plastic zone in the plane strain condition (see Fig. 9). On the free specimen surface (plane stress)
the behavior between the calculated overload plastic zone (ry, sTress) and the affected crack growth
length is better.

Conclusion

Based on experimental studies of fatigue crack growth behavior following a single tensile overload
in an austenitic steel, the following conclusions can be drawn:

1. -Stereoscopic scanning electron microscopy is a suitable method for the 3-dimensional recon-
struction of microscopic objects. With the described system for automatic image analysis, we can re-
construct the fatigued fracture surface and use it to study the residual deformation caused by the sin-
gle overload in the midsection of the specimen.

2. The measured residual plastic deformation correlates very well with the estimated values.

3. Based on midsection observations of the residual CTOD, a 10% overload is high enough to
open the crack in the vicinity of the tip in the unloaded specimen.

4. The immediate acceleration in the growth rate following a tensile overload is associated with
a crack-tip blunting which initiated a decrease in near-field closure.

5. After 20 to 50 cycles in the midsection of the specimen the crack growth rate decreases below
the steady-state growth rate.

6. The maximum retardation of the crack growth rate was observed in the midsection at about
%o to %o of the plane stress plastic zone size, and on the surface at about %o of the plane stress
plastic zone size.
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ABSTRACT: An experimental study of load interaction effects in Al 7475-T7351 is presented. The
crack propagation stress intensity factor, Kpg, was determined after different overload sequences, also
involving subsequent compression loading. The results of these experiments demonstrate that the sin-
gle overload can be described by a single function, which describes the unloading process after the over-
load. One main conclusion is that load interaction effects are governed by residual compressive stresses
in front of the crack tip, while crack closure plays a minor role.

KEYWORDS: fatigue crack propagation, load interaction, overload effect, residual stresses, crack clo-
sure, compression loading

Nomenclature

a Crack length
COD,, Crack opening displacement at which crack opens
COD,, Crack opening displacement at minimum load of a cycle
daldN Crack propagation increment per load cycle
F,, Crack opening load
Fpr Crack propagation load
Kc Ciritical stress intensity factor (fracture toughness)
Kin, Knax  Minimum and maximum stress intensity factor
Kmaxpr Maximum stress intensity factor of a base load sequence (before overload)
Kuaxor Maximum stress intensity factor of an overload
Kpr  Crack propagation stress intensity factor
Kprc Crack propagation stress intensity factor after an unloading cycle, following constant
amplitude loading
Kpror Crack propagation stress intensity factor after an overload sequence
PKpr  Crack propagation stress intensity factor prior to an overload sequence
K., Crack opening stress intensity factor
K, Unloading stress intensity factor
K, Stress intensity factor experienced by crack tip at minimum of applied load
N Number of load cycles
Noc Number of overload/compression-load cycles
RCS Residual compressive stress
R Loading ratio = Kyin/Kmax

! Research engineer, Materials and Manufacturing Directorate, Air Force Research Laboratory, Wright-Patter-
son Air Force Base, OH 45433-7817.
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Rpi. Loading ratio of base loading
Rip Loading ratio experienced by crack tip (= K/K jax)
Ry Unloading ratio in the tension range (= K,;;/Kmax.or)
UR Unloading ratio; covers tension (Ry;) and the compression range (op/0y)
AK Applied stress intensity factor range (Kmax — Kmin)
AKg Cyclic amplitude during the CPLM
& Step in mean load during the CPLM procedure
AK.¢ Effective part of AK
AK,p Stress intensity factor range experienced by crack tip
AKr Intrinsic threshold value
op Compressive far field stress
oy, 0, Yield strength, ultimate tensile strength
op/o, Compression ratio

The fatigue crack propagation (FCP) phenomenon complicates the design of engineering struc-
tures. The problem can be solved by safe life design, but this is not possible whenever increasing
weight causes higher costs and a loss in performance, as it is in the aircraft or automotive industry.
The consequent application of the damage tolerance design philosophy would be a solution of the
problem, which is the current effort of various research programs in many countries [/]. The precon-
dition for damage tolerant design is the capability of predicting fatigue crack growth life due to arbi-
trary loading conditions. An initial flaw has to be assumed because flaws can never be completely
avoided in practice, despite highly developed detection capability. Therefore, the fatigue crack
growth period is the critical issue. Although a lot of work has been done, FCP is still not completely
understood. The main problems are load interaction phenomena which occur during variable-ampli-
tude loading. The current paper focuses on that particular problem.

Conceptual Background

In 1961 Schijve found that tensile overloads retard subsequent crack growth and that a
compression overload can reduce this retardation effect or can even lead to an acceleration in
crack growth [2]. The physical reason for this effect was basically attributed to the processes
associated with the plastic zone ahead of the crack tip. The plastic deformations ahead of the
crack cause residual compressive stresses (RCS) which lead to crack growth retardation. In 1970, El-
ber found the crack closure phenomenon [3]. Since that time, many researchers tried to explain
variable amplitude loading by applying the crack closure theory. Although the majority of researchers
accepted the theory, considerable doubts on the capability of the crack closure concept to sufficiently
explain FCP and load interaction effects have been reported since 1970. Experimental results
were presented where crack closure was quantitatively determined, but the closure level did not fit
the observed crack growth data [4-10]. Consequently, it was stated that crack closure does not prop-
erly account for load interaction effects. This opinion was also held in Refs 17-16 and in Refs 17-20,
where the contribution of closure to FCP was considered small. Although many things have been
learned since crack closure was found more than 25 years ago, a conclusive picture of the influence
of crack closure on FCP is still missing. The current conference is an example of many efforts to im-
prove the understanding.

Crack closure is a well proven phenomenon, but it is also obvious that RCS in front of the crack
tip are present. The RCS phenomenon, though, was never considered as directly reducing the applied
AK to an effective amplitude, AK,¢. This is partly a result of the chronology of the discoveries and
postulates in the science of FCP. In Ref 3 the AK.¢ concept was postulated as a conseguence of the
crack closure finding. In fact we are dealing here with two different things, namely crack closure
which is a physical effect, and the A K. concept which is a postulate. Concerning the overload prob-
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lem, RCS [2] (or also crack tip blunting [27] or strain hardening, however, more unlikely) could also
be considered as potential reducer of AK to AK.

From our current knowledge, the A K¢ concept could also be postulated due to the results reported
in Ref 2 based on a RCS argumentation, when crack closure was ten years away from being discov-
ered. We could say that the constant amplitude sequence (2) after the overload shown in Fig. 1 is “less
effective” than the constant amplitude sequence (1) before the overload (the unretarded case). Ap-
plying the postulate of the A K. concept (where the same AK.¢ causes the same crack growth incre-
ment “da’’) to the overload data in Fig. 1, the ordinate in the da/dN versus N graph on the right side
in Fig. 1 can be replaced by the respective A K. values, and a AKg curve would be obtained for con-
stant amplitude loading (“‘unretarded”) and the overload case (“retarded”). The physical explanation
according to Ref 2 would be RCS in front of the crack tip, which would have directed the scientific
attention at that time in a totally different direction. This example demonstrates that the AK.¢ con-
cept is not bound to the special phenomenon crack closure. The AKg concept just says that the ap-
plied amplitude is reduced to an effective amplitude. Unfortunately, crack closure and the AK.¢ con-
cept were “born” as twins and since then were not easy to distinguish.

Since load interaction effects apparently cannot be explained by crack closure [4-16], it is consid-
ered that RCS may play an important role during FCP. There is experimental evidence, to support this
contention. In Refs /4,15 the processes around the crack tip were monitored via optical interferome-
try. During the loading process, the crack tip was found to be still under compression while the crack
behind the tip region was already open. The same was found in a direct stress analysis of the crack
tip region via X-ray [22-24].

Using knowledge reported in Refs /4,15 a crack propagation model is presented which separates
the processes behind and in front of the crack tip. The results of the present investigation will be eval-
uated based on this model which shall be briefly described.

Model

Crack closure is treated as wedging action behind the crack tip as described in Ref 15. This wedg-
ing action reduces the amplitude that is actually experienced by the crack tip. In Fig. 24, a compli-
ance curve of a specimen with a crack with crack closure is shown. The part of the curve where no
closure occurs is linear. When closure occurs, the compliance curve deviates from linearity. During
the straight part of the curve, a linear relation exists between the applied load, F, and the stress in-

O NG
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FIG. 1—Application of the AKeff concept to the single overload problem.
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non-
propagation

Kmin.i AKB
FIG. 2—(a) and (b} the influence and the treatment of crack closure. (c) the crack propagation
load measurement method.

tensity factor, K, experienced by the crack tip (Fig. 2b). If crack closure occurs, this linear
relationship is no longer valid and is replaced by a nonlinear function according to the curvature
of the compliance curve, i.e., the amount of shielding due to closure. A rigid wedge would cause
a vertical cut off in the compliance curve, but the closing process in a real crack is gradual as
indicated by the compliance curve. The stress intensity factor experienced at the crack tip, though,
is uniquely related to CMOD for a given load-displacement response. Therefore, the stress intensity
factor, K,,, experienced at the crack tip at minimum applied load, can be calculated either
from CMOD,, or from F,, which is the applied load that would be necessary to open a closure
free specimen to CMOD,, (linear dashed line in Fig. 2a). The applied amplitude experienced by the
crack tip is given by

AKtip = Kax =~ Kw (1
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The crack tip experiences the increased Ry;;, value, that is,

Kw

Koo 2

Rtip =

At this point an important issue should be clarified. The closer the clip gage (or strain gage, efc.)
is to the crack tip, the higher is the point where the curve deviates from the linear portion, and the
more the clip gage monitors the consequences of the processes in front of the crack tip. In [3] the clip
gage was mounted near the crack tip and thus, the consequences of the processes in front of the crack
tip were monitored. On the other hand, the RCS effect in front of the crack tip cannot be called “clo-
sure.” These problems underline the importance to separate the processes behind and in front of the
crack tip. Therefore, crack closure (in this concept the parameter, Ky,) is defined here to be determined
on the compliance curve that is monitored by a remotely attached clip gage. This is important, since
only a remotely attached clip gage can monitor wedging action due to the entire area of the crack sur-
face. In practice, K, can easily be determined by drawing a vertical line through the lowest point of
the compliance curve (Fp;;,) and a second line that is the extension of the linear part of the curve. The
point of intersection determines F, and therewith K.

The obtained AKj;;, is the amplitude experienced by the crack tip, but it is not the effective ampli-
tude. The RCS have to be overcome by further loading the specimen. The point where the material
just ahead of the crack tip is free of compressive stresses equal to the von Mises yield stress is de-
noted as crack propagation stress intensity factor, Kpg. Shortly above that point, at (Kpr + AK7), plas-
tic deformation will occur [25]. Kpg cannot be determined with a compliance curve as shown in Fig.
2a, since the point lies in the linear part of the curve. The method to determine Kpg Will be explained
in the next section. For constant-amplitude loading,

Kpr = f(Rtip)'Kmax 3

In [19,20] Kpr is given for other loading cases than constant-amplitude loading. The effective
stress intensity factor range,

AKett = (Kmax — Kpr) — AKr 4)

where AKr is the intrinsic threshold value [14] (often called A Ky, ¢tr). The corresponding crack prop-
agation increment per cycle is

L — C(OKe) )

Koy is strictly to be distinguished from K. Ko, is commonly determined via a compliance curve and
was defined as the first deviation from linearity in the compliance curve [3]. However, as stated
above, this point depends strongly on the measurement method and the position relative to the crack
tip. This makes K,p a poorly defined term in contrast to Kpg that is defined by a “natural” event,
namely crack propagation.

Kpr Measurement Method (CPLM)

The crack propagation stress intensity factor, Kpr, can be measured using the crack propagation
load measurement method (CPLM), which is sketched in Fig. 2¢. This method was introduced in Refs
14,26. In Ref 14 the method was used to determine the point where the transition from compressive
to tensile strain at the crack tip occurs, while in [26] an explanation in terms of a “threshold” was
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given. Practical improvements of the method which enhanced the experimental procedure were made
in Refs 27,28. Since the method had no appropriate name, it is called the CPLM method [25]. Figure
2¢ shows the determination of Kpy after constant amplitude loading, but the procedure is the same for
any other sequence. The specimen is cycled with a small amplitude, A Kg, far below the expected Kpg.
AKg must be larger than AKr (also called AKy, .5). If the crack does not propagate, the mean load of
the small cyclic amplitude is increased by a small amount, 8. “Propagation” means that the crack
growth rate is higher than 1 X 1077 mm/cycle, which is the threshold crack growth rate. The mean
load of the small blocks is repeatedly increased, until the crack starts to propagate (gray block in Fig.
2c¢). Then, Kpg can easily be calculated by

Kmax + Kmax —
Kpr = Lot 7 ron) AKy (6)

The crack length is to be monitored by potential drop signal.

The crack propagation stress intensity factor, Kpg, was determined for constant amplitude loading
in Refs 20,27 for A1 7475-T7351 using the CPLM method. In Ref /9 Kpg was measured directly af-
ter the application of single and muitiple overloads (only the “classical” overload case shown in Fig.
1) on the same material. In Ref 20 the influence of compression loads either as single compression
overloads or constant-amplitude loading with R < 0 was studied on Al 7475-T7351.

This paper presents experiments where Kpr was determined after single overload sequences in-
volving subsequent compressive overloads. The results will be discussed and the conclusions
outlined.

Experimental Procedure

Two different test programs involving single overloads were conducted. The testing parameters for
overload sequences with different subsequent unloading levels, K., are given in Table 1. The con-
stant-amplitude sequence prior to the overload is called “base loading.” The R value of base loading,
the magnitude of the overloads, and the subsequent unloading level, K.y, were varied significantly.
Directly after those sequences, Kpg Was measured using the CPLM method as shown in the schematic
in Table 1.

In a second test series, the influence of a tensile overload/compression-load sequence was studied
which will be denoted as OL/CL sequence. The loading parameters for these tests are given in Table
2. Rgy, Knaxor and the magnitude of the subsequent compression overload were varied. The com-
pressive overloads are given as far field stress, op. The R value is not used in compression, because
Kmin in R = Kyin/Kmax is not defined in the compression range, and Omay in R = Oppin/Omay is not ap-
propriate in the tension range, since it does not represent the stress intensity at the crack tip, which is
a function of the crack length (K = f (0, a, ).

Material, Specimens, Equipment

The aluminum alloy Al 7475-T7351 was used for this investigation (o, = 462 MPa, o, = 532
MPa, K¢ = 50 MPa\/E). C(T) specimens (W = 50 mm, B = 10 mm, LT direction) and M(T) spec-
imens 2W = 160 mm, B = 8 mm, length = 450 mm, LT direction) were cut out of a 10 mm thick
plate. The C(T) specimens were used for the tests, given in Table 1, the M(T) specimens for those in-
volving compression loads (Table 2). The M(T) specimens were precracked first by tension-com-
pression loading and then by tension-tension loading to a crack length of 2a = 20-24 mm. A 400 kN
servohydraulic test machine was used for those tests (buckling protection was used for the compres-
sion tests). The tests with C(T) specimens were conducted on a 10 kN machine. The frequency dur-
ing base loading was 10 Hz. Before the application of the overload sequences to be investigated, the
frequency was gradually reduced to 0.05 Hz. To avoid load sequence effects, the base loading se-
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quence before an overload event in any of the tests in Tables 1 and 2 was conducted for 1 to 2 mm
with steady state crack growth rate, which was continuously monitored.

The cyclic amplitude, AKg, for the CPLM procedure was 1.6 MPaV/m, which is AK: + 0.6
MPaVm. The step in mean load, 8, was 0.2 MPaVm, which is also the minimum accuracy of the
Kpgr measurements. One loading block during the CPLM procedure consisted of 200 000 cycles. The
frequency during the CPLM procedure was 50 Hz with C(T) specimens and 25 Hz with M(T) spec-
imens. The DC potential difference method was used to detect crack propagation, which is important
for the CPLM procedure. Additionally, the crack length was monitored using an optical microscope.
The specimen temperature was monitored to correct the potential drop signal for variations in tem-
perature.

During the tests with C(T) specimens (Table 1) a clip gage was mounted at the mouth of each C(T)
specimen, and the compliance curve (F - CMOD) was monitored during base loading and the over-
load cycles to determine the amount of wedging action (K,,) during unloading in the tension range
(Eqs ! and 2, Fig. 2a-b).

Results
Kpr for Tensile Overloads with Different K,

The Kpg data after tensile overloads with different subsequent unloading levels are shown in Fig.
3a. The data which correspond to one Rpy, and K,,.x or but different K, (see Table 1) are connected
by a line using one type of symbol for the data points. Kpy, is plotted versus Ry, which is the unload-
ing R value in tension; R = Ky/Kmax o1- In the tests where R, was low, i.e., unloading below K, =
2.5 MPaVm, the clip gage indicated crack closure. For those tests the Ry, value was determined
as described in the section “Model” and introduced into Fig. 3a, which therefore represents only clo-
sure free data. The correction was marginal since there was not much closure. K,, was mostly 0.2 to
0.5 MPaVm above K1, which causes only minor changes in the Ry value. Figure 3a shows that
Kpy after the overload decreases with decreasing R, values. Additionally, Kpg is higher with higher
Rpy and K., o1 values. Dividing the data by their respective Kyax o1 Values, yields Fig. 3b. The data
are found to collapse onto a single line which rises with increasing R, The Kpg value after an over-
load depends, therefore, only on Kpax o1, and Ry and not on the Ry, value (or AKy,; ) before the ap-
plication of the overload.

Kpg After a Single OL/CL Cycle

The results of Kpg measurements after single OL/CL cycles are shown in Fig. 4a. Kpg was plotted
versus far-field stress op (upper scale in Fig. 4a), and o»/0y, (lower scale) to show the dimensions of
the compressive overload in terms of the elastic limit of the material. The term op/0y is denoted as
“compression ratio.” It is assumed that the tensile yield strength is similar to that in compression (if
not, the error for the normalization in Fig. 4a would be small). It can be seen that Kpg decreases with
increasing compression stress. Moreover, Kpg increases with increasing K,y or- A normalization by
K ax,0L, as done in Fig. 3b, leads to Fig. 4b. At very high compression ratios the data scatter to some
extent; but in general, similar to the results from the tension range, the data fall fairly well onto a sin-
gle curve. That means that the same overload level and subsequent compression load yield identical
Kpr, independent of the Rpy, value of the prior constant amplitude loading sequence. The “history”
before the application of the OL/CL sequence is wiped out by a single OL/CL sequence.

Discussion

The results of the Kpr measurements after single overloads with different subsequent
unloading levels in tension and those after single OL/CL cycles were given in Figs. 3b and 4b.
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FIG. 3—(a) Kpg and (b) Kpp/K,nar o1 after an overload with different subsequent unloading lev-
els, K,y (Al 7475-T7351).

Combining those results leads to Fig. 5. The data from tests with the same Rg; and Kpax oL
value are connected by a respective line. It can be seen that the data from the tension range and
compression range fall onto a single line. The different scales for the tension and compression
range, Ry and op/oy, are generalized as the unloading ratio, UR (Fig. 5). The fact that the data
from C(T) and M(T) specimens match one curve is not surprising. Kpg is based on a “natural”
and clear criterion, namely crack propagation, i.e., plastic deformation at the crack tip during the
loading process. Experience has shown that crack growth data based on K are neatly the same
for different specimen geometries. It is therefore only logical that the critical parameter that
is proposed to describe FCP is also consistent for different geometries (this is different for Kop
which is even a function of the measurement location). The data in Fig. 5 were fit by a simple equa-
tion, that is,

Ker.or = (0322 + 0.57-UR + 0.267-UR? — 0.16: UR®) Kmaror [<0.7 <UR<1]  (7)
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where
Kul . .
UR =R, = fre R in the tensile range. (8)
max,OL
or
ap . .
UR = o in the compression range 9)

y

Kpr oL denotes the crack propagation stress intensity factor after an overload sequence. The fit is
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FIG. 5—The influence of a single tensile overload and the subsequent unloading level on Kpg
(Al 7475-T7351).

given between —0.7 < UR < 1. The lower bound is the lower end of the investigated region. If clo-
sure occurs, the unloading ratio in the tension range has to be corrected, and Eq 8 changes to

UR = Ripu = (if closure occurs) (10)

K.
Kmax‘OL
The different units in the tension and compression range create no difficulties in using Eq 7 (atten-

tion should be paid to use the negative sign for compressive stresses in gp/0y,). Equation 7 can be gen-
eralized, that is

KproL = HUR) Knax,0L 1y

The function A has a polynomial form (Eq 7) where the constants are material dependent. Consider-
ing Fig. 5, the real meaning of the test results becomes obvious. Since the data match a single line and
Kpr o1 is independent of the Rp; value, a general description of the single overload phenomenon is
obtained. Equation 7 represents the unloading procedure after a single overload, which means that it
exhibits a “dynamic” character. This statement needs further explanation.

Let us consider an overload of any magnitude as is shown in the right part of Fig. 6. If the speci-
men is subsequently unloaded to Ky = 0.8 Kiax 0L, i-€., UR = 0.8, the respective Kpg o value is de-
fined by point A on the curve in Fig. 6, given by Eq 7. The respective unloading level during the un-
loading cycle (the current K/K .y in tension and o/oy in compression) is indicated in Fig. 6 by a
dashed line, denoted as “unloading.” Further unloading to UR = 0.4, 0.0 or —0.4, leads to a lower
Kpr o1, according to Eq 7 (see points B, C and D). This demonstrates that Eq 7 describes a process;
namely, it follows the unloading process from K. or (UR = 1) to the respective unloading ratio.
This process takes place during every unloading cycle following a single overload. This is an impor-
tant point for the concept of fatigue crack propagation. Only the unloading part of a cycle determines
the critical parameter, Kpg, needed for the AK.¢ concept. Equation 7 is quantitatively valid for Al
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7475-T7351, but the generalized relation given in Eq 11 is considered to exist for every homogenous
metallic material. A newer study supports that postulate, where Eq 11 was found to exist for the tita-
nium alloy Ti-6A1-2Sn-4Zr-2Mo [29].

The fact that all data in Fig. 5 collapse onto a single curve makes clear that the Rg; value has no
influence on Kpg o This is demonstrated in sequences I-V1 in Fig. 7. The six different loading se-
quences consist of three different constant amplitude loading sequences prior to the tensile overload
(same K.« o in all six cases) and two different unloading ratios. In sequences I-1II, the unloading
after the overload reaches to the same subsequent unloading level, K, while there are different sta-
tionary Kpg values prior to the overload (denoted as Nos. 1-3) due to different constant amplitude

KA Kmax OL

I VI

Rp > R OL Rg >
Kul BL™ Rp =0
PR,OL
—-— e — - O, /0, O, !
: " AR

HHH 1= 1T

[ || A N

FIG. 7—Sequences I-1Il and IV-VI lead to the same respective Kpg o1
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loading sequences. The stationary Kpg values are given by
Kprc = (0453 + 0.34-UR + 0.134-UR? + 0.07-UR®)Kpax [-0.7<UR<1] 12)
which is in generalized form
Kpr.c = g (UR) Kmax (13)

where UR is also the unloading ratio and g is a polynomial function where the constants depend on
the material. Equations 12 and 13 were developed in Ref 20 and they are valid both for constant am-
plitude loading and the unloading process following constant amplitude loading, and are to be applied
in the same conceptual way as Eqs 7 and 11.

Despite the large difference in Kpg values prior to the overload in sequences I-III (Fig. 7), the same
Kpr oL value is obtained according to Eq 7. In sequences IV-VI the same constant amplitude loading
sequences were applied as in I-III. The unloading ratio is now below zero, i.e., a compression load
was applied after the tensile overload. According to Eq 7, a lower Kpg o1 value than after sequences
I-IIT is established, but Kpg o1 is the same after sequences IV-VI, since Kmax,oL and UR are identi-
cal. In [20] the independence of Kpg o of the prior Rgy value was also found for the case of unload-
ing after constant amplitude loading, as long as Kyx . is identical.

The phenomenological explanation of the results in Figs. 6 and 7 and the “dynamic” character
of Eq 11 is seen in the RCS effect in front of the crack tip. No other than a stress related effect
could provide such immediate, exact changes in Kpg and would provide such reproducibility.
Moreover, the results literally show that load interaction effects cannot be explained by the crack clo-
sure but by local residual compressive stresses. This conclusion is supported by the following
arguments:

1. Closure does not support the observed load interaction at high R values like R = 0.8, since it
is limited to low R values [5,10,30].

2. The argument that an acceleration effect after a compression load is caused by deformation of
the crack surfaces, leading to a decrease in crack closure, would not allow the results shown by se-
quences IV-V in Fig. 7. Due to the different Rp; values and AK, the amount of cyclic plasticity is dif-
ferent. Consequently, the roughness of the fracture surface has to be different (see fractographs in Ref
20), and, therefore, the same compressive load should cause different Kpg values, which is obviously
not the case. Another argument against closure to be responsible for the observed behavior (Eq 7) is
that due to the closure concept, a fixed crack closure level would be assumed during base loading in
sequence III (Fig. 7). The subsequent overload and unloading cycle to K; does not change the clo-
sure level, since the crack is open. Therefore, according to the closure concept, reloading the speci-
men above K, would result in instant crack propagation. However, according to the results presented,
Ko tises to the indicated level, and no crack propagation can occur if the specimen is cycled between
K, and Kpr.

3. Since crack closure is a “stiff” contact phenomenon in comparison to a “dynamic” change in
the stress field ahead of the crack tip, an immediate rise in Kpg after a single overload, e.g., due to se-
quences II, IIT and VI in Fig. 7, cannot be explained by crack closure. The crack tip is blunted after
the application of an overload and therefore K, drops down [3]. The single overload sequence is
therefore the case where K, and Kpg exhibit their greatest relative difference. The K., value, e.g., af-
ter a high overload with K. o1 = 30 MPaVm and UR = 0 Ky=0 MPa\/r;), following constant
amplitude loading with K, = 10 MPaVm and Rg1 = 0, is very low (= 0.5 MPa'Vm or even zero
{311). The crack, though, does not propagate (AK.¢; = Q) until the stress intensity factor is increased
to K = Kpror + AKr = 10.7 MPaVm (see Eqs 4 and 7, AKr = 1 MPa\/E), while the crack is
open up to the crack tip region. The specimen can be cycled between K = 0 and K = 10.7 MPaVm,
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and no crack propagation > 1 X 1077 mm/cycle will occur (threshold condition, e.g., not more than
10 pm in 100 000 cycles).

4. Only the unloading part of a cycle, determined by Kax oL and UR, decides the level of Kpg.
The amount of blunting which occurs during the loading part of the cycle has no influence on Kg.
Due to the overload in sequence I (Fig. 7), blunting at the crack tip is much smaller than due to the
overloads in sequences I or III, but Kpg o is the same for all three sequences.

Figure 6 shows that after the unloading procedure, following an overload, the specimen always has
to be loaded again to a certain level to propagate the crack. The “unloading” line lies below Eqs 7 and
11. Therefore,

Kpr = Knin (14)

The difference between the “unloading” line and Eq 7 (see Fig. 6) is proportional to the magnitude of
RCS in front of the crack tip that has to be overcome to propagate the crack. Kpg determines the stress
intensity factor at which a material element in front of the crack tip leaves the von Mises yield sur-
face (at Kpg + AKr first plastic deformation occurs at the crack tip, i.e., the crack propagates). There-
fore, it is important to know all data points in Fig. 5 refer to the same stress state in front of the crack
tip. Kpr decreases during unloading, as can be seen in Fig. 6. However, the difference between the
unloading level (full circles) and Kpgr o1 (see empty circles) increases, i.e., a greater load difference
is needed to overcome the RCS in front of the crack tip. The residual compressive stresses are the re-
sult of the interaction of the ¢elastically deformed specimen and the local plasticity in front of the crack
tip. According to the magnitude of the overload, a monotonic plastic zone is formed. This region is
small compared to the size of the specimen (small scale yielding). During unloading, the specimen
acts like a spring that clamps the plastic zone that is now “too large” compared to the situation before
the overload, because the plastically deformed material can not disappear (not to the sides and not
much back into the crack). We can assume the material in front of the crack tip as being in a big forg-
ing machine or extrusion machine with no outlet. The result is reversed yielding, which causes on one
hand the cyclic plastic zone (—ay), and on the other hand, for equilibrium, the introduction of RCS
around this cyclic plastic zone. Those RCS have to be overcome during loading part of the next cy-
cle to propagate the crack. Equations 7 and 11 characterize this “forging process,” described above.
As a conclusion, it can be stated that as long as cyclic plasticity is involved, crack propagation will
occur and a Kpg must exist which is above K, of a cycle (Eq 14). This is not only restricted to the
experiments which were discussed in this paper, but applies generally during FCP. Therefore,

AK #AKys (15)

which is contrary to the often-held opinion related to the closure concept that above a certain R value
or Ky, the applied amplitude is equal to the effective amplitude. This is important for the determina-
tion of da/dN-A K¢ curves using da/dN-AK data.

If no cyclic plasticity occurs during a cycle, the loads of this cycle are either below the current Kpg
due to prior loading, so that the RCS level cannot be overcome to propagate the crack, or the cyclic
amplitude is smaller than or equal to the intrinsic material threshold value, AK7y. For the threshold
condition,

Kpr = K (for threshold condition) (16)
An overload sequence with a respective subsequent IR can lead to either retardation or accelera-

tion. By acceleration or retardation, we mean lowering or raising Kpg compared to Kpg before the
overload. Equation 11 predicts Kpg o independent of the prior Rgr, value (if Kpux pr < Kmax,ov; it
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has to be figured out how much the difference between Ky, or and Ky, ar must be to call Kiax o
an “overload” and not to use Eq 13). The question whether the overload cycle accelerates or retards
the crack depends on the Kpg level before the overload. Sequence I in Fig. 7 leads to crack growth ac-
celeration, while in sequence III pronounced retardation occurs. When the unloading sequence after
the overload just wipes out the favorable retardation effect, Kpg or is equal to Kpy prior to the over-
load, denoted as PKpg.

PK, ¢
if( PR ) = ( PR.OL ) = URg = no load interaction a7n
Kmax,OL Kmax,OL

The boundary at which no load interaction occurs, URp, is given by combining Eq 11 with Eq 17
so that

PKer

Kmax,OL

URy = j( ) wherej = f(h) (18)

An overload sequence that satisfies Eq 18 would not even be recognized, since Kpg or. would be
the same as before the overload. (Maybe, some three-dimensional effects related to the shape of the
crack front would cause some disturbance.) Since the transformation of the cubic Eq 7 is not very sim-
ple, the graphical determination is proposed for practical use. As can be seen in Fig. 6, the graph in
is entered with the respective PKpr/Kax or ratio (here = 0.45, dashed line) and the respective URg
is obtained (URy = 0.2).

Equation 7 seems to flatten at very high compression ratios. The compression stress will eventu-
ally be so high that major plastic deformations occur and the described concept is no longer applica-
ble (besides stability problems). Anyway, it seems nearly impossible to wipe out the overload effect
by a subsequent compressive load for PKpr/Kax,0r < 0.1 due to the extreme high compressive
loads, required.

It should be noted that in Refs 26,32 a similar function as Eq 7 was reported. The critical parame-
ter, which can be compared to Kpg, was determined for the “classical” overload experiment (K, =
Kminp1) Using a conceptually similar method to the CPLM method. This parameter was reported to
be a linear function of the R value of base loading. However, the function was not understood as de-
scribing a (dynamic) process, and a threshold related explanation was given.

Concluding the paper, the author wants to state that the results clearly show that load interaction
effects, and FCP in general, are governed by residual compressive stresses in front of the crack tip,
which form characteristically according to a respective loading sequence. The consequences of these
results and the respective conceptual framework for lifetime prediction methodologies will be pub-
lished in a later paper.

Summary

Load interaction effects during fatigue crack propagation were studied experimentally using the
aluminum alloy Al 7475-T7351. The crack propagation stress intensity factor, Kpg, was determined
after different single overload sequences using the CPLM (crack propagation load measurement)
method. The magnitude of the overload, the R value, and the post overload unloading level, includ-
ing different compressive stress levels, were varied. The results of the single overload experiments
were described by a single function, namely

KPR,OL =h (UR)'Kmax,OL

where UR is the unloading ratio after the maximum of the overload and Kpg or is the Kpr value after
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an overload. It was found that Kpg after an overload is independent of the R value of the prior
constant-amplitude sequence. The above equation is considered the “master curve” for the single
overload sequence, i.e., the general description of the single overload phenomenon in homogeneous
metallic materials. In particular, it describes the unloading process after a single overload. The
master curve was quantitatively determined for Al 7475-T7351, and such an intrinsic relation
should exist for every homogeneous metallic material. Crack closure is treated as an extrinsic effect
that reduces the R value experienced by the crack tip. The results show that load interaction effects
are governed by residual compressive stresses in front of the crack tip, while crack closure plays a
minor role. The residual compressive stress influence is classified as an intrinsic effort. Kpr oL
changes continuously with the unloading ratio, which demonstrates that the critical parameter for the
AK_ ¢ concept, Kpg, is solely decided during the unloading part of a cycle. The difference between the
current stess intensity factor during the unloading process and the respective Kpg o, value according
to the master curve (the above function) is a measure for the residual compressive stresses in front of
the crack tip.
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ABSTRACT: Fatigue crack growth behavior of Ti-62222 in sheet form was investigated at three tem-~
peratures under various load histories with a specific emphasis on crack opening measurements and
mechanisms. Constant-amplitude R = 0.1 near-threshold results showed that based upon applied AK,
fatigue crack growth rates were lower at the two temperature extremes in comparison with those at room
temperature. Based upon AK., a moderate temperature effect was observed. The various shifts in the
AK.¢r curves were a result of different controlling crack closure mechanisms at each temperature. Sin-
gle tensile overloads at 2.5 X Ky, produced a delay in fatigue crack growth and was most significant
at —54°C. Remote crack opening measurements showed no appreciable change during the delay period
due to the small region along the crack front that experienced crack closure. Near crack tip opening mea-
sured for various combinations of overloads, underloads, and constant AK at 25°C revealed a general
trend for higher near tip opening following a tensile overload. However, a sufficient number of mea-
surements were inconsistent and thus only minimal confidence could be placed with the method. Scan-
ning electron microscopy was used to evaluate surface fatigue crack growth profiles and fatigue crack
growth fracture surface morphology.

KEYWORDS: titanium alloy, threshold, crack closure, overload, underload, temperature, delay, frac-
tography

Fatigue crack closure has been widely studied for nearly 30 years and under flight simulation load-
ing is likely the most significant load interaction mechanism present. The primary differences ob-
served between constant and variable-amplitude loading conditions have been found to be associated
with load interaction and crack closure mechanisms. This has been studied extensively [/-5] and has
been attributed to surface debris, oxide formation, microroughness, plasticity, and other mechanisms.
Perhaps the most widely studied transient effect on fatigue crack growth (FCG) is the application of
a single tensile overload or a combination of a tensile overload followed by a compressive underload.
Varicus mechanisms have been proposed to account for the observed transient responses. These in-
clude crack tip blunting, residual stresses, plasticity-induced closure, roughness-induced closure, and
crack deflection [6~10].
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This paper contains a description of a research program involving fatigue crack growth behavior
of Ti-62222 titanium alloy under various loading and temperature conditions. Titanium alloys have
many attractive characteristics, and due particularly to a high strength to weight ratio, high tempera-
ture capabilities, and good damage tolerance, they are candidate materials for high speed aerospace
applications. This requires excellent durability and damage tolerance at temperatures from —54°C to
175°C. The objectives of this research using Ti-62222 sheet at —54°C, 25°C, and 175°C were: (1) to
compare near-threshold constant-amplitude fatigue crack growth behavior, (2) to evaluate load inter-
action effects following various combinations of tensile overloads and compressive underloads over
a broad range of AK levels, and (3) to evaluate the contribution of crack closure to the fatigue crack
growth response by means of crack opening measurements and fractographic observations.

Experimental Details
Material

The material used in this investigation was Ti-62222 (Ti-6A1-28n-2Zr-2Mo-2Cr) that was solu-
tion treated at 732°C for 30 min and aged at 510°C for 10 h followed by air cooling. This heat treat-
ment was designed to produce a high strength titanium alloy. This resulted in an equiaxed alpha phase
dispersed evenly throughout an alpha-plus-beta matrix. The resulting microstructure had an estimated
grain size less than 10 um and is presented in Fig. 1. Specimens were tested in the L-T orientation
where the tensile properties in the longitudinal direction are provided in Table . Tensile strengths
changed approximately 15% as the temperature was decreased or increased to —54°C or 175°C, re-
spectively, from the room temperature conditions. Percent elongation at —54°C showed about a 20%
decrease in comparison to 25°C and 175°C.

Specimen Details

For constant-amplitude near-threshold tests, specimens were machined from sheet material, ap-
proximately 1.65 mm thick, into extended compact tension specimens, EC(T). EC(T) specimens

FIG. 1—SEM micrograph of Ti-62222 microstructure.
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TABLE 1-—Mechanical Properties of Ti-62222.

Ultimate Strength Yield Strength

(MPa) (MPa) % Elongation
—54°C 1459 1397 7.8
25°C 1341 1223 9.5
175°C 1237 1015 94

were also used for single tensile overload tests performed at the three different temperatures. Middle
tension, M(T), specimens were used for the overload and overload/underload combination study
where tests were performed at 25°C. EC(T) specimens were nominally 38 mm X 142 mm and M(T)
specimens were nominally 50 mm X 180 mm. Several EC(T) specimens and all M(T) specimens
were polished and etched to reveal microstructural features associated with crack growth behavior at
the surface.

Test Procedures

All tests were performed using 100 kN, computer controlled, closed-loop, servohydraulic test sys-
tems under load control. Tests were performed using a sinusoidal wave form at frequencies between
10 to 35 Hz at a stress ratio of Kin/Kmax = 0.1. Crack length measurements were made using the
compliance method of back face strain [/1] for constant-amplitude near-threshold tests and crack
mouth opening displacement (CMOD) for single tensile overload and overload/underload tests. A
traveling microscope was used to check compliance accuracy for all testing conditions. Crack open-
ing measurements were made using: (1) a global back face strain gage for constant-amplitude tests at
all three temperatures, (2) a global CMOD gage for single tensile overload tests at all three tempera-
tures, and (3) a local strain gage positioned near the crack tip for the 25°C overload/underload tests
at 25°C. Data were collected automatically at predetermined crack growth increments. For all tran-
sient tests performed, data were collected every 0.04 mm (40 wm) as this was the smallest crack
length increment attainable that produced repeatable results. Effective stress intensity values, AKg,
were obtained using the equation,

AKeff = Kmax - Kop (1)

where K, was determined using the ASTM E 647 recommended 1 or 2% offset compliance method
for determination of fatigue crack opening load.

For constant amplitude near threshold tests, continuous load shedding was used to exponentially re-
duced AKX, where the value of the load shedding constant used was C = —0.08/mm. These tests were
analyzed for crack closure using a compliance offset of 2%. For elevated temperature tests the speci-
mens were heated to 175°C using resistive heaters positioned above and below the mid-plane of the
specimen. Temperature variations within the critical portion of the specimen were within 1% of the test
temperature. This test temperature is consistent with the estimated temperature at control surface lo-
cations for supersonic speeds approaching Mach 2.4, consistent with the design constraints placed on
the high-speed civil transport vehicle (HSCT). To achieve a temperature of —54°C, liquid nitrogen was
sprayed through a nozzle into an insulated chamber surrounding the specimen and grips. Temperature
variations were determined to be within £2°C of the desired test temperature. This test temperature
simulates the operating temperature at subsonic flight speeds at climbing and near cruise altitudes.

Single tensile overload tests of 150% (2.5 X Ky.x) were performed in triplicate at the three test
temperatures at various constant AKX levels, 6.6, 8, 10, 12, 14, and 154 MPaV'm. Tests were con-
ducted at a baseline load ratio of R = 0.1. Crack length and remote crack opening measurements were
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monitored using a crack mouth opening displacement gage (CMOD) positioned on the front face of
the EC(T) specimen. Single tensile overloads were applied at 0.01 Hz after which baseline loading
at the desired constant AKX level was maintained. Values recorded as a result of the overload included
delay distance, a,, and delay cycles, N,;. The delay distance was defined as the distance the crack ex-
tended after the overload until steady state conditions were reached. The delay cycles was defined as
the number of cycles required to grow the crack the delay distance after the point of the overload. The
150% (2.5 X Kumax) overload used in this part of the study is comparable to the overload ratio observed
in the transport aircraft flight spectra miniTWIST for the most severe flight (2.6 X Kyf). Ky is the
mean flight stress intensity based on the mean flight stress, oyy. It is anticipated that the most severe
flight in the HSCT flight spectra will be similar.

Overload/underload tests were conducted at a temperature of 25°C. M(T) specimens were pre-
cracked 2 mm from the machined notch tips using ASTM Standard E 647 load shedding procedures.
Crack extension was determined using the compliance method involving a CMOD clip gage. All tests
were performed with crack length, 2a, between 14 and 41 mm with corresponding 2a/w ratios be-
tween 0.28 and 0.81. All overload/underload tests were run in triplicate and were preceded and fol-
lowed with constant AK sinusoidal loading. Overload/underloads were applied at 0.01 Hz. Eight to
ten overload/underloads were performed on each test specimen. Constant AK values of 4.4, 8.8, 13.2
and 17.6 MPam were chosen so as to represent near threshold and Paris region steady-state fatigue
crack growth. Overload ratios were 2 and 2.5 while underload ratios were —0.5 and —1.0. Constant
AK steady-state crack growth preceding and following overload/underloads involved about 10 to 20
crack length measurements taken at Ag = 0.04 mm intervals or about 0.5 to 1.0 mm of steady-state
crack extension.

Crack opening measurements were made on 11 of the 24 different overload/underload test condi-
tions as shown by X’s in Table 2. These 11 tests were chosen to be representative of the entire test
matrix. Crack opening measurements were obtained using 0.8 mm gage length foil strain gages
mounted about 1 mm ahead of one crack tip in the crack plane. The strain gages were aligned in the
loading direction and a new gage was mounted for each overload/underload. Load versus strain data
were obtained during pre- and post-overload/underload steady-state conditions, just prior to and af-
ter the overload/underload and during FCG delay. Typical load versus strain behavior following an
overload/underload is shown in Fig. 2. A straight line has been superimposed from the upper slope
to better elucidate the small nonlinear behavior. Crack opening loads were obtained by reducing the
load versus strain data using the ASTM standard E 647 recommended compliance offset method. The
reduction of Fig. 2 is given in Fig. 3. Both 1 and 2% offset values are shown in Fig. 3. Either value
could be used as per ASTM E 647 and as seen in Fig. 3, the difference in P, for these two offset val-
ues is less than 10%. The 1% value was selected for these tests.

A detailed fractographic analysis was performed involving both surface profile observations and
fracture surface behavior. These were performed using scanning electron microscopy (SEM) with the
intent to compare the free surface and fracture surface crack growth observations with experimental
crack opening results.

TABLE 2—Test Combinations for Which Closure Measurements
were Taken (Indicated by an X).

OLR/ULR
AK(MPaVm) 2 2/-05 2/-1 25 25/-05 25/-1
44 X X
8.8 X X X X
13.2 X X X X

17.6 X
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FIG. 2—Typical load versus microstrain for AK = 17.6 MPaN'm with OLR = 2.5 and

ULR = —1.

Results and Discussion

Constant-Amplitude Near-Threshold Fatigue Crack Growth

Constant amplitude near threshold R = 0.1 fatigue crack growth curves for Ti-62222 are shown in
Fig. 4. Figure 4a, which compares nominal AK behavior, indicates that at near threshold conditions
—54°C and 175°C exhibit lower crack growth rates for a given AK than at 25°C. At slightly higher
AK values, the crack growth rate at —54°C is lower than 25°C and 175°C while the crack growth rate
for 25°C and 175°C converge. Figure 4b, shows the A K¢ behavior and indicates lower crack growth
rate for —54°C in comparison to 25°C while the 175°C curve shows a significant shift to the left

0 5

% Offset
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FIG. 3—Compliance offset: I and 2 percent of open crack compliance value.
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FIG. 4—Fatigue crack growth behavior for constant-amplitude loading; (a) da/dN versus AK for
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TABLE 3—Fatigue Crack Growth Rate Threshold Values, R = 0.1.

AKy, (MPaVm) AK  oee (MP2Vm)
—54°C 4.1 26
25°C 3.1 1.9
175°C 46 15

showing a temperature effect. AKy, and AKy, o¢ results are summarized in Table 3. The large
shift at 175°C is a result of the significantly higher crack opening loads observed in comparison
to those observed at —54°C and 25°C as shown in Fig. 5. This figure compares the ratio of the
crack opening stress intensity and maximum stress intensity (K,p/Kmax) to the stress intensity
range (AK). This shows that as AK decreased and approached threshold conditions, the opening load
to maximum load ratio (K,,/Kmayx) increased at different rates for the three test temperatures
resulting in the various shifts to the left of the AK.¢ curves in Fig. 4b. The near threshold shifts in
the fatigue crack growth rate curves for the various temperatures can be accounted for in terms of
changes in surface oxidation, surface roughness, and small changes in yield strength. Figure 6
shows SEM micrographs of the fracture surface at near threshold conditions for the three tempera-
tures. At elevated temperature, it was found that the surface roughness decreased in comparison to
room temperature, as seen in Figs. 6a and b. A contributing factor to the increase in closure load at
175°C was the formation of an oxide layer. The oxide layer was found to be on the order of 70 nm as
measured in the threshold region. The oxide layer was measured by sectioning, polishing, and coat-
ing the specimen with a thin layer of gold to minimize charging. SEM and X-ray diffraction were then
used to determine the oxide layer thickness. With an oxide layer thickness of 70 nm on both crack
surfaces, the combined thickness approaches the theoretical local crack tip opening displacement
from the equation [/2];
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FIG. 5—Comparison of Kop/Knax versus AK for constant-amplitude near-threshold loading.
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(b) 175°C
FIG. 6—Near threshold fatigue crack growth fracture surfaces. Crack growth direction is from left
to right. (a) 25°C, (b) 175°C, (c) —54°C.
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(c) -54°C
FIG. 6—Continued

CTOD = K%o,,E 2

Based on this equation at a AK of approximately 4 MPaVm, the CTOD is approximately 170 nm.
Therefore while the surface roughness contribution to crack closure at 175°C was less than that ob-
served at 25°C, surface oxidation on the other hand contributed largely to the increase in the opening
loads experienced at 175°C as the sum of the oxide layer measured on both surfaces was on the or-
der of the CTOD. This has been observed in other titanium alloys at elevated temperature ranging
from 175°C to 800°C [13-15]. A discoloration of the fracture surface was also observed suggesting
the presence of oxidation. A recent study (/6] has shown that at 260°C, Ti-62222 is even more sus-
ceptible to surface oxidation as extensive fretting debris was also observed for near threshold load-
ing. Crack opening loads were observed to be similar at 260°C to those observed at 175°C.

At —54°C, the surface roughness at near threshold conditions was found to increase in comparison
to 25°C, as shown in Fig. 6¢. The observed increase in fracture surface roughness coupled with any
Mode II displacement will lead to crack face contact and hence elevated closure levels. Evidence of
mechanical rubbing due to surface contact was also apparent on the fracture surface at near threshold
conditions.

At 25°C, it was observed that the ratio Kop/Kpnax also increased as near threshold conditions were
approached, however, the level of crack closure was less than that observed at the other two temper-
atures. Based on the observations made in this study at 175°C, oxide-induced crack closure was a
dominant mechanism of crack closure, while at —54°C, an increase in surface roughness contributed
to the elevation in opening load. While plasticity-induced crack closure is most prominent in plane
stress conditions, even under threshold conditions the residual stress field will try to force the crack
surfaces together prematurely. At near threshold conditions, where plane strain predominately exists,
the residual stress field developed in the wake of the crack is limited but can still contribute to the clo-
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sure observed. The effect of crack closure mechanisms such as roughness or oxide induced closure
will be amplified due to plasticity-induced closure. While plasticity may contribute to the extent of
crack closure observed, it does not appear to be the dominant closure mechanism for any one given
temperature as the plastic zone size at a given AK is small and similar for the three test temperatures
(at AK = 4 MPa\/m, r, ranged between 1.6 and 3.0 um).

Single Tensile Overloads

Resuits of load interaction tests for 150% overload (2.5 X K,ax) are shown in Figs. 7a and b. These
figures compare the delay distance, a,, and delay cycles, N, for a broad range of constant AK levels
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FIG. 7—2.5 X K,.ax single tension overload comparison for ~54°C, 25°C, and 175°C; (a) delay
distance versus AK, (b) delay cycles versus AK.
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studied at three temperatures, —54°C, 25°C, and 175°C. The results represent the average of three
tests. The crack growth behavior observed was documented in terms of crack growth rate (da/dN)
versus delay distance and delay cycles. Results for AK = 15.4 MPaV/m are presented in Figs. 8a and
b and represent the general behavior observed at all AK values studied with an OLR = 2.5 (tension
only). Post overload behavior was characterized by an abrupt crack growth deceleration and then a
gradual return to steady state. At —54°C it was found that crack arrest occurred after the 2.5X K«
overload at AK = 6.6 MPa\/m, represented by the arrow in Fig. 7b. At the various levels of AK the
overload induced an increment of crack growth, defined as the stretch zone. Compliance measure-
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FIG. 8—FCG behavior for 2.5 X K4, single tension overload for —54°C, 25°C, and 175°C; (a)
da/dN versus distance from event, (b) da/dN versus cycles from event.
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ments suggested crack growth (stretch zone) to be less than 100 wm for all AKX levels. Stretch zones
were also measured on the fracture surface and supported compliance measurements. Stretch zones
ranged from approximately S0 pm at low AK up to approximately 240 wm at high AK with no dis-
cernible difference observed between temperatures. The delay distance, a,, generally followed a sys-
tematic trend where it increased as the constant AK level increased. It was determined there was not
a significant difference between the three temperatures based on delay distance. Crack growth delay,
Ny, was found to be much larger at —54°C than at the other two temperatures, where at the high and
low AK extremes, the number of cycles of delay were approaching an order of magnitude higher (at
6.6 MPa\VVm —54°C, the crack arrested). At intermediate AK values, the differences were negligible
between 25°C and 175°C. However, —54°C still showed more delay cycles than the other two tem-
peratures. The initial low values of crack growth rate, da/dN, following the overload, as shown in
Fig. 8, were similar for 25°C and 175°C but was about an order of magnitude lower for —54°C. This
lower value of da/dN following the overload contributed significantly to the overall delay cycles ob-
served at —54°C.

The cyclic overload plastic zone, 2r,, was calculated for each of the test conditions using Eqs 3 or
4 for plane strain or plane stress conditions, respectively [17];

. ,_ 1 {AKoL *

plane strain 2ry = 3 ( 20, ) 3)
,_ 1 (AKoLY

plane stress 2ry = - ( 20, ) (C))

AKoy is the overload stress intensity factor range and gy, is the 0.2% offset yield strength. Differen-
tiation between plane strain and plane stress was based upon the ratio of thickness, 1.65 mm, to 2.5
(Kmax! o-Ys)z. These calculations were performed to determine if there was a correlation between cyclic
overload plastic zone and delay distance/cycles for the various temperature conditions. The extent of
the delay cycles observed did not appear to be associated with the size of the cyclic overload plastic
zone developed due to the overload. This is suggested because of the significantly larger delay cycles
observed at —54°C in comparison to the other two temperatures. Based on a 2.5 X Ky, overload, the
overload plastic zone size at —54°C was approximately 30% and 85% smaller in comparison to 25°C
and 175°C, respectively, due to a larger yield strength. If the plastic zone size were the primary con-
trolling delay parameter, one would expect the tests performed at 175°C to show the greatest delay.
Athigher AK values, the delay distance measured for the various temperatures exceeded the overload
plastic zone size based on plane stress and at lower AK values the delay distances for conditions
where crack arrest did not occur also exceeded the cyclic plastic zone sizes based on plane strain con-
ditions. It should be noted that, based upon the a versus N data, the majority of the delay life was spent
growing the crack approximately 40 wm (the resolution of the clip gage measuring crack extension)
for all the tests performed while the total delay distance, a,, varied up to 0.8 mm. For lower constant
AK conditions (6.6 and 8 MPaVm) 40 pm far exceeded the size of the cyclic overload plastic zone
size while at higher constant AK conditions, 40 m is on the order of the cyclic overload plastic zone
size. Therefore the size of the plastic zone associated with the overload did not solely control the
crack growth delay observed.

Far field measurements of the fatigue crack opening load were made using CMOD compliance at
all three temperatures for the various AK levels to determine the closure contribution to the delay ex-
perienced. This included measurements made before and after the overload. No observable change in
the far field opening load was found following the single tensile overload nor during the return to
steady state using either the 1 or 2% offset method. This was the case for all temperatures and AK
conditions. Based on the delay cycles observed, one would expect an increase in opening load re-
sulting in a decrease in AK.¢r. However, it was determined that while measurement of far field crack
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FIG. 9—Crack length versus cycles for AK = 8.8 MPa Vm, average of three tests.

opening may represent global crack closure behavior, it was not sensitive enough to detect local
changes in crack tip opening loads that could confirm changes in crack tip driving force due to the
tensile overloads. Therefore the following study at 25°C contains near-tip opening measurements us-
ing strain gages mounted near the crack tip, where these results are compared to surface profile and
fracture surface observations.

Tensile Overload/Compressive Underload

Each overload/underload test was evaluated based upon delay cycles, N, and delay crack exten-
sion, a, as previously defined. For the 24 different test conditions, N, varied from zero to crack ar-
rest and a, varied from zero to 0.42 mm depending upon the constant AKX level, the OLR, and the
OLR/ULR. Triplicate a versus N behavior was averaged for each test condition and representative re-
sults for AK = 8.8 MPa\V/m with OLR equal to 2.5 and OLR/ULR equal to 2.5/—0.5 and 2.5/—1 are
shown in Fig. 9. Here it is seen that N, for the three test conditions varied from 16 700 to 43 000 cy-
cles with a significant amount of the delay cycles occurring within the first 40 um of crack extension.
Both underloads decreased the amount of delay relative to the single tensile overload which was typ-
ical for most tests. The triplicate average a versus N curves were reduced to da/dN using a secant
method for adjacent data points. This reduction for AKX = 8.8 MPaVm from Fig. 9 is shown in Fig.
10 as a function of the crack distance from the application of the overload/underload. The minimum
FCQG rate following all overload/underloads ranged from no change up to almost two orders of mag-
nitude below the steady-state FCG rate with the majority of the delay life for most tests spent grow-
ing the crack approximately 40 um past the averaged stretch zone.
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FIG. 10—Crack growth rate versus crack length for AK = 8.8 MPa /m, average of three tests.



STEPHENS ET AL. ON ROLE OF CRACK CLOSURE MECHANISMS 237

Of the 11 crack tip strain gage closure measurement tests indicated in Table 2, six of these showed
little or no change in the crack closure load before or after the overload/underload. In four of these
cases, this corresponded to zero delay or very few cycles of delay (<4000 cycles). The other two
cases that exhibited little change in closure had 14 000 and 110 000 cycles of delay. This lack of
change could be due to the significant variation in measured crack opening expected from the ASTM
E 647 reduction methodology and is in agreement with two ASTM round robin crack closure mea-
surement programs [/8,19]. The 110 000 cycles of delay without a change in Pop/Ppyax involved AK
= 44 MPaVm and OLR = 2. This steady-state AK value is in the near threshold region which in-
volves very small steady-state and overload plastic zones and thus little crack closure change is to be
expected [20]. The other five crack opening measurement tests, however, indicated appreciable crack
closure changes. These five test conditions are shown in Fig. 11 where each test condition is shown
with the average a versus N curve superimposed on the specific Pop/Ppmax versus N curve. The zero
reference positions are taken at the overload/underload application. These five tests correspond to
five various overload/underload combinations and represent a wide range of delay and crack closure
behavior.

Figures 11a, b, ¢ and e indicate an increase in crack opening loads following the specific over-
load/underload, reaching a peak within the delay region, and then decreasing back toward the con-
stant AK steady-state region. These trends are qualitatively in agreement, in that delay following an
overload/underload can be attributed to increased crack closure. Figure 11d, however, indicates a
small decrease in the crack closure load following the overload, but then peaks within the delay re-
gion and then decreases back toward the constant AK steady-state region. Some of the Pop/Prmay val-
ues prior to overload/underloads also indicate inconsistencies. These pre- and post-overload anoma-
lies could be due to the significant variability in measuring crack opening loads that is inherent with
interpreting small nonlinearities and the very small amount of crack length over which closure
occurred.

Fractography Overload/Underload

Macroscopic examination of fracture surfaces revealed smooth fracture surfaces with noticeable
stretch zones only appearing for the higher AK or overload values. These stretch zones were
evident for all AK = 13.2 and 17.6 MPaV/m tests and with AK = 8.8 MPaVm for OLR = 2.5.
Stretch zones were not evident for all AK = 4.4 MPa\V/m tests and for AK = 8.8 MPa'Vm for OLR
= 2.0. Typical steady-state fatigue crack growth profiles prior to and after an overload/underload
are shown in Figs. 12 a and b, respectively. In both steady-state regions, fatigue cracking is from
left to right and is transgranular with crack path deflections only a few grains in magnitude. Surface
crack opening of about 1 um is evident along most of the crack in Fig. 12 a and all of the crack in
Fig. 12b. Figures 13a and b show the crack profile immediately after an overload of 2.5 and an over-
load/underload of 2.5/~ 1 respectively. It should be noted that Figs. 12 and 13 were obtained by stop-
ping the tests, removing the specimens and examining them in the scanning electron microscope. In
both Figs. 13a and b the surface stretch zone deflects approximately 40 and 50 wm, respectively, as
seen at the overload/underload. Only a portion of this stretch zone remains open, and all the crack is
open behind the overload regions for both conditions. Figure 13b indicates additional micro-cracking
or branching of about 5 to 10 um in the initial stretch zone deflection region. Both Figs. 13a and b
indicate very little surface crack closure (<30 wm) existed and only at the crack tip region. Crack tip
profiles for loading conditions where crack arrest occurred also showed this same minimal surface
crack tip closure. If the overload/underload condition did not cause crack arrest, additional
steady-state loading caused the surface crack profile to return to the nominal direction perpendicular
to the loading.

Scanning electron fractography revealed different steady-state morphology depending upon the
AK level. However, steady-state morphology before and after an overload/underload was essentially
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FIG. 11-—Measured crack closure level as overload test progressed: (a) AK = 8.8 MPa\/m, OLR
=25, (b) AK =88 MPa\'m, OLR = 2.5 and ULR = —1, (c) AK = 13.2 MPa\/m, OLR =2, (d)
AK =13.2 MPaN/m, OLR = 2.5, (¢) AK = 17.6 MPa\/m, OLR = 2.5 and ULR = —1.

the same for a given AK. At AK = 4.4 MPaV/m, the near threshold steady-state conditions yielded
herringbone markings and smooth facets, while at AK = 8.8 MPaVm irregular facets were evident.
At AK = 132 MPaV'm the steady-state surfaces displayed larger facets separated by ridges parallel
to the FCG direction and secondary cracking with striations becoming more significant. At AK =
17.6 MPaVm significant striations were evident with spacings of 0.1 to 0.2 um which is consistent
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FIG. 11—Continued

with constant amplitude FCG of 1.5 X 10™7 m/cycle or 0.15 um/cycle. Secondary cracking was also
evident. At lower AK levels, the overloads/underloads often did not cause noticeable macro nor mi-
cro stretch zones but did cause significant crack growth delay, N,. At the higher AK levels, over-
load/underloads caused stretch zones from approximately zero at the surface up to a maximum of 300
pm at the mid-surface. Thus crack tip tunneling from these overload/underloads existed. This is ev-
ident in Fig. 14 for AK = 13.2 MPaVm and OLR = 2. No significant interior overload/underload
crack deflection was observed which is contrary to that observed on the surface (Figs. 12 and 13).
Ductile dimples were evident in all noticeable stretch zones.

Transient FCG morphology immediately after an overload/underload was significantly different
from that of the steady state except for AK = 4.4 MPam and some of the AK = 8.8 MPaVm tests,
where little change was evident. The difference is brought out in Figs. 15, 16, and 17 for AK = 13.2
MPaVm, OLR = 2, and OLR = 2.5, respectively. In Fig. 15, the steady morphology shows facets,
ridges, and secondary cracking. Figure 16 shows the entire width of the 25 um stretch zone along
with some fracture surface from steady-state pre-overload cycling and post-overload cycling. The
post-overload transient FCG surface was flat and somewhat featureless with no striations for a dis-
tance of about 20 to 30 um, after which the surface regains the steady-state morphology. Figure 17
with OLR = 2.5 shows the end of the stretch zone and the transient post-overload FCG. The end of
the stretch zone is located at the left edge of the fractograph. The post-overload surface shows near
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(a) prior to overload, AK = 17.6 MPavm

(b) after overload, AK = 8.8 MPaVm

FIG. 12—Constant amplitude AK steady state crack profile; (a) prior to overload, AK = 17.6
MPa\/m, (b) after overload, AK = 8.8 MPa\/m.
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(a) AK =17.6 MPaVm, OLR =2.5,

(b) AK = 17.6 MPaVm, OLR = 2.5 and ULR = -1

FIG. 13—Crack profile immediately after overloadlunderload. (a) AK = 17.6 MPaNm, OLR =
2.5, (b) AK = 17.6 MPa\/m, OLR = 2.5 and ULR = —1.
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FIG. 14—Overload stretch zone at/near free surface, AK = 13.2 MPa Vm, OLR = 2.

FIG. 15-Steady-state fatigue crack growth fracture surface, AK = 13.2 MPa Vm.
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threshold FCG morphology in some areas and is rather flat and featureless in other areas within a dis-
tance of 5 to 10 um from the end of the stretch zone, similar to the fracture surface appearance at AK
= 44 MPaVm steady-state condition. After about 60 um of post-overload FCG, the fracture sur-
face regained the pre-overload steady state FCG shown in Fig. 15. Near threshold FCG morphology
was also observed following the overload/underload loading cycle of several other overload/under-
load test conditions evaluated.

Plastic Zone Comparisons

Cyclic overload plastic zones, 2r,, were calculated for each of the test conditions using Eqs 3 or 4
for plane strain or plane stress conditions, respectively. All AK = 4.4 and 8.8 MPaVm with over-
loads were plane strain while all AK 17.6 MPa\V/m with overloads were plane stress. AK = 13.2
MPaVm had plane strain conditions for OLR = 2 and plane stress conditions for OLR = 2.5. The
magnitude of the appropriate 2r;, ranged from 0.002 to 0.13 mm. When finite delay occurred, the ra-
tio of a4 to 2r; ranged from 6 to 56 for plane strain conditions and from 2 to 4 for plane stress condi-
tions. Thus in cases with finite FCG delay, a, occurred over a distance greater than the assumed over-
load cyclic plastic zone.

Comparison of AK g with Test Results

Effective stress intensity factors in the FCG delay region were calculated using the five over-
load/underload results of Fig. 11 and Eq 1. These AK.¢ results were reasonably consistent with both
FCG delay and with scanning electron fracture surface morphology. No closure load changes were
detected with AK = 4.4 MPaVm and OLR = 2 despite the fact that 110 000 cycles of delay oc-
curred. No overload stretch zone nor FCG morphology change occurred with this test and the appro-
priate overload reversed plastic zone size was only 6 ywm. With this very low near threshold AK value,
da/dN values are very sensitive to any loading perturbation with or without measured or existing
crack closure. Thus, of the 11 crack closure monitored tests, 10 reasonably represented the FCG de-
lay results. This indicates that the strain gage placement about 1 mm ahead of the crack produced a
reasonable representation of near crack tip closure, despite the fact that very little crack tip area was
closed and very little transient fatigue crack extension, a4, occurred. However, the anomalous
Pop/Pmax values prior to the overloads plus one anomalous behavior after the overload raises concern
about the confidence of the measurement technique.

Conclusions

Based upon nominal stress intensity factor range for R = 0.1, fatigue crack growth resistance was
better at threshold for —54°C and 175°C than at 25°C. Correcting for crack closure, fatigue crack
growth rates were lower at —54°C in comparison to 25°C but were higher at 175°C. Differences in
crack closure levels for the three temperatures was attributed to oxide-induced closure at 175°C and
roughness-induced closure at —54°C as indicated by fractographic observations.

Fatigue crack growth delay cycles, Ny, for all overload/underload tests at the three temperatures
varied from zero to arrest. Fatigue crack growth delay distance, a4, varied from 0 to 0.8 mm and was
always greater than the appropriate cyclic plastic zone size where crack arrest did not occur, ranging
from a factor of 2 to 56. The majority of the delay cycles, regardless of temperature or overload/un-
derload, occurred within 40 pm of fatigue crack growth following the overload/underload
load cycle.

Considering expected crack opening measurement variability, the crack tip strain gage crack open-
ing measurement system produced reasonable results on 10 of the 11 crack closure monitored over-
load/underload tests. However, some anomalies before and after the overload provided only minimal
confidence with this method.
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ABSTRACT: The effects of simple load excursions on fatigue crack growth and crack closure mea-
surements in aluminum alloy 2024-T351 are presented. The crack closure loads were measured local to
the crack tip in 6-mm and 14-mm-thick specimens, using an Elbert-type gage for measuring crack-tip
opening displacement (CTOD). All specimens were manufactured from a single lot of 15.7-mm-thick
plate. Preliminary tests to establish the level of crack closure for a given level of remote constant-am-
plitude loading were also undertaken, with consistently different levels of crack opening and closing
loads observed. Crack opening and closing stresses obtained from the Elber-type (CTOD) gage, when
compared with those from a (global) clip gage, showed identical results for opening stresses, but crack
closing stresses were approximately 15% to 20% higher in the CTOD measurements. The results ap-
parently contradict many analytical closure models, which have crack closing stresses lower than crack
opening stresses.

Simple overload, underload and over/underload cycles were performed. Differences in the number
of post-overload retardation cycles for the two thicknesses, in the single overload test, were obtained. It
was found that the 6-mm-thick specimen’s fatigue life was two times larger than for the 14-mm-thick
specimen. The measured opening stresses were found to be in general agreement with the trends ob-
tained for the fatigue crack growth results. Greater fatigue lives were obtained in the overload tests, with
subsequent higher crack opening stresses measured. After a certain number of cycles following an over-
load, constant-amplitude crack growth rates were restored. However, the crack opening stresses did not
return to the preoverload constant-amplitude values, but increased relative to the preoverload constant-
amplitude crack opening stresses.

KEYWORDS: crack closure, fatigue, crack growth, aluminum alloy, overloads, thickness

The use of damage-tolerance concepts to predict fatigue crack growth lives in aircraft structures is
well established. In conventional metallic materials, crack growth anomalies such as small-crack ef-
fect and the various crack-tip shielding mechanisms have improved our understanding of the crack
growth process but have complicated life-prediction methods. However, the improved fracture me-
chanics analyses of some of the crack-tip shielding mechanisms, such as plasticity- and roughness-
induced crack closure, and analyses of surface or corner crack configurations have led to more accu-
rate crack growth and fatigue life-prediction methods.

The discovery of the plasticity-induced crack closure phenomenon by Elber [I] in the late 1960s
was an important event in the study of fatigue crack growth. Elber suggested that crack surfaces can
close before the minimum load is reached because of the residual tensile deformation that is left in
the crack wake. He further suggested that the fatigue crack growth rate is a function of an effective
stress intensity range (AK.¢) when the crack tip is open. Thus, fatigue crack growth is dependent on
AK.¢ and not on the total stress intensity factor range (AK). In addition to providing an engineering
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approach to correlating crack growth rates under various conditions, Elber’s discovery of plasticity-
induced crack closure pointed out that sophisticated mechanics can be associated with growing fa-
tigue cracks. Clearly, the fatigue crack could no longer be treated as merely a special case of the sta-
tionary, monotonically loaded crack.

The fatigue crack closure phenomenon is an intrinsic aspect of the mechanics of growing fatigue
cracks and, in many applications, closure provides a powerful first-order correction to the crack driv-
ing force which facilitates more accurate prediction of crack growth rates. Although closure can be
associated with several different physical mechanisms, including roughness or oxides on the fracture
surface, extensive experimental and computational studies have shown that crack wake plasticity is
often the dominant contribution to closure, particularly at higher values of the stress intensity factor
range. Heuler and Schutz [2] concluded that crack growth prediction models based on plasticity-in-
duced crack closure provide, among all life prediction approaches, the most accurate and reliable re-
sults.

A number of analytical and numerical models for growing fatigue cracks have emerged over the
past two decades; these incorporate plasticity-induced crack closure as an integral component of the
mechanics [3—6]. These models were based on the Dugdale model [7], or strip yield model, but were
modified to leave plastically deformed material in the wake of the advancing crack tip. Early studies
using the modified Dugdale model concentrated on the plane stress condition. As most cracks in real
structures are usually in stress states between plane stress and plane strain, efforts were made to ex-
tend the Dugdale model to plane strain or near plane strain conditions. Newman [6] introduced a plas-
tic constraint factor (a) to the tensile yield stress ahead of the crack tip to account for the three-di-
mensional effects at the crack tip. Verification work by Newman [8] showed that, compared with
finite element analyses, the value of constraint factor & = 1 is a lower bound for plane stress condi-
tions, and a = 3 an approximate upper bound for plane strain conditions.

In this paper the role of crack closure is explored for simple overload and underload conditions.
Results from a series of fatigue crack growth tests conducted on the aluminum alloy 2024-T351 for
two plate thicknesses have been obtained. The effects of simple load excursions on experimental
crack closure measurements are presented.

Materials and Experimental Procedure
Material and Specimens

Aluminum alloy 2024 was supplied by British Aerospace (Airbus) in the T351 condition as a 15.7-
mm-thick rolled plate with the rolling direction clearly identified. The typical tensile properties for
2024-T351 are shown in Table 1 [9]. The temper designation T351 denotes that the material was so-
lution treated at 495°C, water quenched at room temperature and stretched to give between 1.5% and
3% permanent deformation. The material was then naturally aged for a period of at least 48 h to pro-
duce precipitation hardening, resulting in an increase in strength.

Fatigue crack growth tests used M(T), center crack specimens of height = 250 mm, width (W) =
100 mm and thickness (B) = 6 mm and 14 mm (Fig. 1). Specimens were machined from the mid-

TABLE 1—Nominal Mechanical Properties of Aluminum Alloy
2024-T351 [9].

Initial Yield 0.05% Yield 0.1% Yield UTS,
Orientation Stress, MPa  Stress, MPa Stress, MPa  MPa

Longitudinal 340 360 365 466
direction
E (MPa) 71 600
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FIG. 1—Test specimen nominal dimensions.
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thickness of the rolled plate. Test specimens were subjected to constant amplitude (CA), simple over-
load (OL), simple underload (UL), and simple over/underload (OUL) loading. The OL, UL and OUL
tests consisted of three load excursions, whether tensile, compressive, or a combination of the two,
applied at crack length intervals of 2a/W = 0.4, 0.5, 0.6, where 2a is the total crack length and W the
specimen width. Crack closure measurements were taken throughout testing, employing a local “El-
ber” type displacement gage.

Preparation of the specimen was important since specimens were friction gripped in the test rig.
Specimen ends were shotblasted so as to produce a rough surface for adequate gripping using the fric-
tion grips. Crack starter notches were made by drilling a 4 mm hole in the center of the specimen, fol-
lowed by electrodischarge machining (EDM) of a starter notch of length 2 mm and height 0.2 mm.

Test Equipment and Procedures

Fatigue crack growth tests were carried out using a 250 kN capacity servo-hydraulic DARTEC test
frame, which was coupled with a DARTEC 9500 controller. The specimens were loaded through fric-
tion end grips and sinusoidally loaded at a frequency of 10 Hz. Tensile and compressive overloads
were applied at a frequency of 0.05 Hz. Low-powered optical microscopes, mounted on x and y
vernier scales, were used for crack length measurements. Specimen surfaces were cleaned and pol-
ished to 1 um prior to testing to aid visual crack length measurements.

For all tests an Elber-type gage, with a special location jig, was used as a means of determining lo-
cal crack closure stresses (Fig. 2). For all fatigue crack growth tests performed using the aluminum
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FIG. 2—Diagram of Elber-type gage and location jig used for local crack closure measurements:
(a) locating jig in position and (b) removed for closure measurement.

alloy 2024-T351, crack closure measurements were taken intermittently throughout the fatigue tests.
An attachment jig used in securing the Elber gage to the specimen was designed and manufactured
with the purpose of providing a stable and fixed attachment base for the gage (Fig. 2). Locating grips
are glued to the specimen, using an epoxy resin glue, in the correct position by means of a specially
made jig which is removed upon setting of the glue, thus leaving a stable platform for crack closure
measurements. Note: Measurements were taken from only one crack tip. For a limited number of tests
a clip gage was used for measuring the crack closure stresses across the specimen centerline, and
compared with the Elber gage results.

The Elber gage was positioned a distance of 1 mm behind the crack tip for crack closure measure-
ments. This choice of gage position was supported by the work of Yisheng and Schijve [10], who
showed that when using the reduced displacement method for finding crack closure loads, a position
as close to the crack tip provides a closure load which is consistent with other methods which are not
position dependent, such as the tangent point method.

Using a data acquisition program on a PC, 700 load/displacement pairs were logged over approx-
imately two fatigue cycles. A reduced displacement technique was used to determine the crack open-
ing stress (0,p) and crack closing stress (0.
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The Elber gage signal was conditioned through a Flyde single-channel strain gage amplifier and a
purpose-built low-pass passive filter. A PC with a CIL analog/digital converter was used for data ac-
quisition of load, and Elber gage signals. The data logger was also used to monitor maximum and
minimum loads. Precracking was carried out at the same AP load range as that used in the fatigue
crack growth test. The fatigue crack growth test was started at a crack length of 2a/W > 0.20. All
tests were conducted in laboratory air at temperatures between 15 and 25°C and relative humidity be-
tween 40% and 65%.

Results
Fatigue Crack Growth Tests

Constant-amplitude, overload, underload and over/underload fatigue crack growth tests were car-
ried out at an R-ratio of 0.1, with R-ratio being the ratio of minimum to maximum load (Pyin/Pmax)
and with all tests performed at a normalized stress level of Ogiobal/Oya = 0.20, where g is the
global applied stress, Prax/BW, and gy, is the yield stress at 0.1% strain given in Table 1. The fatigue
crack growth rates were determined from optical measurements of the average crack length, and pro-
cessed using the secant method to determine da/dN. The applied stress intensity factor range (AKp)
was determined using the ASTM Standard Test Method for Measurement of Fatigue Crack Growth
Rates (E 647-95a) recommended solution, and is given as

s f o e 22 o

where
AP = load range (Prax — Pmin), kN,
B = specimen thickness, mm, and
a = 2alW.

The fatigue crack growth for constant-amplitude tests in 6-mm thick and 14-mm-thick specimens
is shown in Fig. 3. The fatigue life (in cycles) of the thinner specimen was approximately 33% greater
than the 14 mm specimen (Fig. 34). There was, however, only a difference in fatigue crack growth
rates for the two thicknesses (between 1.5 and 2.5 times for AK less than 22 MPa\/;) (Fig. 3b).

The fatigue crack growth results for single overload tests in 6-mm and 14-mm-thick specimens are
shown in Fig. 4. Both tests were performed with an overload level equal to 1.75Py,,,. Figure 4a shows
that fatigue crack growth retardation following a tensile overload was greater for the thinner speci-
men. This difference in fatigue crack growth is reinforced in Fig. 4b, which shows the crack growth
rates for both thicknesses. Immediately after an overload there was an initial rapid increase in growth
rate (indicated as (i) in Fig. 4b), followed by a decrease in growth rate (indicated as (ii) in Fig. 4b).
For the 6-mm-thick specimen it was apparent that fatigue crack growth rates in the post-overload
regime were generally lower than for the 14-mm-thick specimen.

The fatigue crack growth results for single underload tests in 6-mm-thick and 14-mm-thick speci-
mens are shown in Fig. 5. The underload level for both tests was equal to — 1.75P,,,. The thicker test
specimen had the least number of cycles to fracture (Fig. 5a), but the fatigue crack growth rates (Fig.
5b) showed that the 6 mm specimen had the higher post-underload acceleration compared with the
14 mm specimen (indicated as (i) in Fig. 5b). It should be noted that this acceleration was smaller than
for the overload specimen. The fatigue crack growth (in cycles) of the thinner specimen was approx-
imately 40% greater than the 14 mm specimen.

Fatigue crack growth results for single over/underload tests in 6-mm-thick and 14-mm-thick spec-
imens are shown in Fig. 6, where the overload level was equal to 1.75P,,,, and the underload level
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FIG. 3—Comparison of 6-mm-thick and 14-mm-thick constant-amplitude tests: (a) average fa-
tigue crack growth and (b) average fatigue crack growth rates.
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FIG. 4—Comparison of 6-mm-thick and 14-mm-thick simple overload tests: (a) average fatigue
crack growth and (b) average fatigue crack growth rates.
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FIG. 5—Comparison of 6-mm-thick and 14-mm-thick simple underload tests: (a) average fatigue
crack growth and (b) average fatigue crack growth rates.
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tigue crack growth and (b) average fatigue crack growth rates.
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equal to — 1.75Pmay. In Fig. 64, the thicker test specimen again shows the least number of cycles to
fracture. The fatigue crack growth rates in Fig. 6b show that both specimens had similar post-
over/underload acceleration and retardation in fatigue crack growth rates, although the 6-mm-thick
specimen on two of the three load excursions had a lower fatigue crack growth rate, therefore imply-
ing a larger amount of retardation cycles compared with the 14 mm specimen.

Figure 7 highlights the difference in fatigue crack growth for a given thickness, and for each of the
different loading conditions. The results for the 6-mm-thick and 14-mm-thick specimens are shown
in Figs. 7a and 7b, respectively. Prior to any overload or underload excursion, the constant-amplitude
fatigue crack growth in each specimen was essentially identical. This illustrates a convincing differ-
ence in the fatigue crack growth for the two thicknesses as shown in Fig. 3. The overload, underload
and over/underload excursions modify the fatigue crack growth compared with the constant-ampli-
tude test, with the order of greatest fatigue life shown as OL > OUL > UL.

Experimental Crack Closure Measurements

To obtain a knowledge of the experimental variation in fatigue crack closure measurements, an er-
ror analysis of a constant-amplitude fatigue crack growth test using a 6-mm-thick specimen and with
Ogloba/ Oya = 0.20 was undertaken. Fatigue crack closure measurements were obtained using both the
“Elber” type displacement gage and a centerline clip gage. For both gages, crack closure measure-
ments were taken at crack length intervals of 1 mm. At crack length intervals of 2 mm, five consec-
utive crack closure measurements were taken to obtain information about scatter.

The measured global stresses for crack opening o, and opening o, normalized with respect to the
maximum applied global stress ggiopa;, are shown in Fig. 8. The crack closing stress for both gages is
shown in Fig. 8a. In general the closure stress obtained from the Elber gage was higher than for those
of the clip gage. A comparison of the opening stress from the two gages is shown in Fig. 8b. It is in-
teresting to note that both opening and closing stresses were approximately the same using the cen-
terline clip gage, but the closure stresses were distinctly different for results from the Elber gage. The
experimental opening and closing stresses for the Elber gage, at 2a/W = 0.5, were 0op = 0.3607max
and 0 = 0.430max.

The values for o, and o, shown in Fig. 8 are the mean values obtained from the five consecutive
crack closure measurements. The error bars show the 99% confidence interval for the five consecu-
tive crack closure measurements, at 2 mm crack length intervals. It appears that the error of the crack
closure measurements was greatest at short crack lengths, and then quickly reduced and stabilized to
a constant stress of approximately 0.02(0p/0ioba)- Shown in Fig. 8 are the average scatterband for
closure measurements for crack lengths of 2a/W < 0.4 and crack lengths of 2a/W > 0.4.

Comparisons of the normalized crack opening stresses (Gop/Tgioba) a8 a function of normalized
crack length (2a/W) are shown in Figs. 9 to 13 for constant-amplitude, overload, underload and
over/underload tests. The crack opening and closing results from the Elber gage, for 6-mm-thick and
14-mm-thick constant-amplitude fatigue crack growth tests, are shown in Fig. 9. The crack opening
stresses for both thicknesses have very similar values for 2a/W > 0.4, as do the crack closing stresses
for both thicknesses. This suggests that the difference observed in fatigue growth for the constant-
amplitude fatigue tests, as shown in Fig. 3a, cannot be solely explained by closure mechanisms.

For subsequent figures, only the opening stresses will be shown, as crack tip damage occurs on the
loading, or opening, portion of the fatigue cycle. The crack opening stress for the 6-mm-thick and 14-
mm-thick overload fatigue crack growth tests is shown in Fig. 10. The opening stresses for both thick-
nesses follow the general trend observed in fatigue crack growth rates following the application of a
single tensile overload. When a tensile overload is applied, ductile solids generally display a tem-
porarily accelerated growth which occurs mainly during the application of the overload, with subse-
quent lower crack closure stresses. After the temporarily accelerated crack advance, a prolonged pe-
riod of decelerated crack growth follows and, therefore, a higher crack closure stress compared with
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FIG. 7—Comparison of fatigue crack growth tests: (a) 6-mm-thick specimens, and (b) 14-mm-

thick specimens.
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FIG. 9—Comparison of crack opening and closing stress obtained using the Elber gage for the 6-
mm and 14-mm-thick constant-amplitude test.
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constant-amplitude crack closure stresses was seen, For all three overloads the measured opening
stress was higher in the 6-mm-thick specimen than in the 14-mm-thick specimen.

The crack opening stresses for the 6-mm thick and 14-mm-thick underload fatigue crack growth
tests are shown in Fig. 11. The opening stresses for both underload fatigue tests are shown to be fairly
insensitive to the application of a compressive overload, although there is some evidence of minor
changes in the measured opening stress.

The 6-mm-thick and 14-mm-thick over/underload crack opening stresses are shown in Fig. 12.
Again the crack opening stresses for the 14-mm-thick specimen subjected to over/underload condi-
tions showed some variation in the opening stresses, compared with constant-amplitude conditions.
The crack opening stresses for the 14-mm-thick specimen in the post-over/underload region did not
increase to the same extent as compared with the single overload test. In contrast, for the 6-mm-thick
specimen in the over/underload test there was a rapid decrease in the opening stress immediately fol-
lowing the over/underload, then a rapid increase in the opening stress which then started to reduce to
a level close to the opening stress for constant-amplitude conditions.

Discussion
Fatigue Crack Growth

When comparing the constant-amplitude tests for both thicknesses, a difference in fatigue
crack growth can be seen, with the thin specimen having the larger amount of cycles to failure
(Fig. 3a). Because the thinner specimen promotes plane stress conditions, and the thicker specimen
more plane strain conditions, a systematic effect of the thickness on the fatigue crack growth
should be expected. Such a trend has been reported in the literature [11], but is claimed to be a
small effect.

Shear lips may also contribute to the thickness effect; that is, the 6 mm specimen had a greater pro-
portion of its thickness taken up by shear lips for the same AK, when compared with the 14-mm-thick
specimen, thus increasing the likelihood of roughness-induced crack closure. Also the single over-
load test results, for both thicknesses, showed that the fatigue crack growth retardation following a
tensile overload was greater for the thinner material (Fig. 4a).

Most studies of the effects of fatigue overloads have been performed in order to elucidate the
mechanism of crack growth retardation resulting from Mode I tensile overloads. It has long been
recognized [12] that the transient crack growth behavior following the application of an overload
is often controlled by several concurrent mechanistic processes. Studies have indicated that the
post-overload retardation is associated with residual compressive stresses in the overload
plastic zone, and with crack closure, which results in an increase of fracture surface contact in
the vicinity of the crack tip as the crack grows into the overload plastic zone. This effect is enhanced
by lower crack-tip opening displacements in the overload zone which promote wedging of the
mating fracture surfaces. Crack deflection and branching along flow bands, though predominantly a
surface effect, may also contribute to the delay {13]. The application of an overload can also lead
to strain hardening of the material ahead of the crack tip. Several investigators [14-16] have explored
the possible role of strain hardening in influencing post-overload fatigue failure in aluminum and
titanium alloys. Their results appear to show that strain hardening arguments alone cannot account
for the various retardation effects observed experimentally. Furthermore, no quantitative treatment of
the role of strain hardening is available. Also, the fact that transient retardation occurs in metallic
glasses (which do not strain harden) indicates that crack tip strain hardening is not a necessary con-
dition for retardation.

Mills and Hertzberg [17] investigated the effect of overloads for sheet thicknesses of 1.6 mm, 3.2
mm and 26.04 mm in 2024-T3 aluminum alloy, and found the amount of delay following an overload
to be greatest in the 1.6 mm sheet for overloads of 2P, and 1.5P,,,,. This was interpreted as an ef-
fect of the state of stress. While Mills and Hertzberg [17] investigated the effect of sheet thickness on
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number of delay cycles, in the present paper the details of the effects of simple load excursions on the
subsequent crack opening stresses have been explored in an attempt to correlate measured opening
stresses with observations on fatigue crack growth.

The effect of underloads on subsequent fatigue crack growth is shown in Figs. 5a and 5b. For the
14-mm-thick specimen, underloads reduced slightly the fatigue life compared with the constant-am-
plitude test. The 6-mm-thick specimen showed a slightly increased fatigue life compared with the
constant-amplitude test.

The effect of an underload applied directly after an overload, shown in Fig. 6, was to reduce the
beneficial retardation effects produced by the single overload cycle (shown in Fig. 4). The crack tip
becomes blunted by the overload, and the application of a cyclic compressive load to the blunted
crack results in the formation of residual tensile stresses [8]. These residual tensile stresses appear
to eliminate partly the beneficial delay effects associated with the previously applied tensile overload.
Residual stresses are produced ahead of the blunted crack tip during unloading from the far-field
compressive stress, due to there being no contact, or closure, in the wake of the blunt crack. Note that
if a long, sharp fatigue crack, rather than a blunted crack, is subjected to cyclic compression, as in the
single underload tests, the residual tensile field may not be produced because of closure of the crack
during the compressive load cycle.

Closure Measurements

Three-dimensional finite element (3DFE) analysis of crack closure by Chermahini et al. [/9], us-
ing a model thickness of 4.78 mm, demonstrated that the opening stress o, wWas lower than the cor-
responding closing stress o, in the previous unloading portion of the cycle. The experimental results
from the Elber gage measurements shown in Fig. 8 appear to confirm this. However, both the 3DFE
analysis and these measurements contradict many analytical models which show that crack closing
stress is lower than the crack opening stress. For example, Budiansky and Hutchinson [4] show that
0 = 0.480max and 0op = 0.560ma«, Whereas the experiments using the Elber gage indicate in Fig. 9
that 0 = 0.470'max and 05, = 0.360max. The experimental values are average values for 2a/W > 0.4.
The 3DFE analysis [19] obtained at the surface of the sheet gave values of o = 0.590max and op =
0.560'max.

Chermahini et al. [/9] indicated that the difference in closure stress is due to reverse yielding in the
contact (or plastic wake) region. That is, on the loading portion of the fatigue cycle, a new crack wake
is formed behind the crack tip due to a small increment of crack growth. Subsequently, on unloading
the crack will close first (o) just behind the crack tip due to the newly formed crack wake, with frac-
ture surfaces being compressed. o, will therefore be lower than o, of the previous cycle, as the frac-
ture surfaces have been plastically compressed on the unloading portion of the fatigue cycle. It is no-
table that global measurements of crack closure using the centerline clip gage do not reveal the
differences between opening and closing stresses.

The crack opening results, shown in Figs. 7 and 8, obtained from the constant-amplitude tests show
that there was a high degree of scatter in closure measurements for 2a/W < 0.4, within one specimen
and also from specimen to specimen. However, for crack lengths greater than 2a/W = 0.4 the scatter
of crack closure stresses was much less. Nevertheless, the measured crack opening stresses from the
overload fatigue crack growth tests (Fig. 10) show that for the 6-mm-thick specimen there was an in-
crease in the opening stress following the application of an overload, and therefore a decrease in the
fatigue crack growth rate was observed as shown in Fig. 4. An increase in opening stresses was also
seen in the 14-mm-thick specimen, again leading to retardation in the fatigue crack growth rates, al-
though not to the same extent as in the 6-mm-thick specimen.

The opening stresses obtained from the underload fatigue tests for the two thicknesses are com-
pared in Fig. 11. Crack opening stresses for both thicknesses were shown to be relatively insensitive
to the application of a compressive overload. This is consistent with the fatigue crack growth results
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obtained in which the application of underloads did not affect the fatigue crack growth when com-
pared with the constant-amplitude tests.

There were also differences in the measured crack opening stresses for two thicknesses in the
over/underload tests. Compared with the constant-amplitude crack opening stress, the 14-mm-thick
specimen showed lower crack opening stress for the overload/undertoad cycle, but the opening stress
did not increase in the post over/underload region when compared with the single overload test. The
crack opening stress for the 6-mm-thick specimen did, however, follow the trend of the simple over-
load test, but at lower opening stresses.

The trends in the measured opening stresses outlined above for the various loading conditions are
shown in Fig. 13. These trends are in general agreement with the trends for the fatigue crack growth
results shown in Fig. 7; that is, with a higher crack opening stress, as in the overload tests, there is a
longer fatigue life. Following an overload, measured crack growth rates indicate that after a certain
number of cycles, constant-amplitude fatigue crack growth rates have been re-established. Measured
crack opening stresses, however, do not support this. As shown in Fig. 13, and in more detail in Fig.
10, the general trend for overload conditions is to increase the crack opening stress. This is apparent
for both the 6-mm and 14-mm-thick specimens.

The crack opening measurements from both the underload and over/underload tests reveal a de-
crease in 0,,/0pmax immediately following the load excursions. This suggests that there is an increase
in the fatigue crack growth rate. Although there is evidence for this (Figs. 6-8), it is confined to only
one load cycle. The crack growth rates after this one cycle immediately reduce, and the higher crack
opening stresses provide further evidence for this. This suggests that while the UL or OUL cycles are
expected to produce tensile residual stresses, it is apparent that the crack grows rapidly out of this re-
gion and into a region of compressive residual stresses. These residual stresses are not as large as
those produced from a single overload, as the crack growth rate following an UL or OUL was ob-
served to be not as low as that observed following a single overload.

Conclusions

The results from an experimental study into the effects of load excursions on crack closure mea-
surements have been presented. The crack closure loads were measured local to the crack tip in plate
thicknesses of 6 mm and 14 mm of the aluminum alloy 2024-T351 using an Elber-type gage for mea-
suring crack-tip opening displacement.

1. Initial constant-amplitude fatigue crack growth tests on two different specimen thicknesses,
machined from a single lot of 15.7-mm-thick aluminum alloy 2024-T351 plate, revealed a systematic
difference in fatigue crack growth. This could not be explained in terms of a difference in crack clo-
sure levels, as both specimen thicknesses showed similar crack opening stresses.

2. The effect of single overloads on the fatigue crack growth in the aluminum alloy 2024-T351
showed a substantial difference in the number of post-overload retardation cycles for the two thick-
nesses studied. It was found that the 6-mm-thick specimen had a fatigue life about two times greater
than the 14-mm-thick specimen.

3. Only small load interaction effects were found for both thicknesses for simple underload
tests, compared with constant-amplitude tests. Although the over/underload tests showed increased
fatigue lives, when compared with constant-amplitude tests, the effect of the underload, applied
after the overload, was to reduce the beneficial retardation effects produced by the previous
overload.

4. The trends in the measured opening stresses are in general agreement with the trends for the
fatigue crack growth results, which imply that, with a higher crack opening stress, as in the overload
tests, a greater fatigue life was observed. However, after a certain number of cycles following an
overload, constant-amplitude crack growth rates are restored. The crack opening stresses do not re-
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turn to the pre-overload constant-amplitude level, but increase relative to the pre-overload constant-
amplitude crack opening stresses.

Acknowledgments

The authors wish to acknowledge the financial support of British Aerospace (Airbus) Ltd. for this
work. The views given in this paper are those of the authors and do not represent those of British
Aerospace.

References

[1] Elber, W., “Fatigue Crack Closure under Cyclic Tension,” Engineering Fracture Mechanics, Vol. 2, No.
1, 1970, pp. 37-45.

[2] Heuler, P. and Schutz, W., “Assessment of Concepts for Fatigue Crack Initiation and Propagation Life Pre-
diction,” Zeitschrift Fur Werkstofftechnik-Materials Technology and Testing, 1986, Vol. 17, No. 11, pp.
397-405.

[3]1 Dill, H. D. and Saff, C. R., “Spectrum Crack Growth Prediction Method Based on Crack Surface Dis-
placement and Contact Analyses,” Fatigue Crack Growth Under Spectrum Loads, ASTM STP 595, Amer-
ican Society for Testing and Materials, 1976, pp. 306-319.

[4] Budiansky, B. and Hutchinson, J. W., “Analysis of Closure in Fatigue Crack Growth,” Journal of Applied
Mechanics, Vol. 45, 1978, pp. 267-276.

[5] Fuehring, H. and Seeger, T., “Dugdale Crack Closure Analysis of Fatigue Cracks under Constant Ampli-
tude Loading,” Engineering Fracture Mechanics, Vol. 11, 1979, pp. 99-122.

[6]1 Newman,J.C., Ir., “A Crack Closure Model for Predicting Fatigue Crack Growth under Aircraft Spectrum
Loading,” Methods and Models for Predicting Fatigue Crack Growth Under Random Loading, ASTM STP
748, American Society for Testing and Materials, 1981, pp. 53-84.

[71 Dugdale, K. D., “Yielding of Steel Sheets Containing Slits,” Journal of Mechanics and Physics of Solids,
Vol. 8, No. 2, 1960, pp. 100-104.

[8] Newman, J. C., Jr., “Prediction of Fatigue Crack Growth under Variable Amplitude and Spectrum Load-
ing using a Closure Model,” Design of Fatigue and Fracture Resistant Structures, ASTM STP 761, Amer-
ican Society for Testing and Materials, 1982, pp. 255-277.

[9] Poussard, C. G. C., “An Analysis of Residual Stresses and Fatigue Behaviour of Cracks Emanating from
Cold Worked Fastener Holes,” Ph.D. Thesis, University of Bristol, Bristol, England, 1995.

[10] Yisheng, W. and Schijve, J., “Fatigue Crack Closure Measurements on 2024-T3 Sheet Specimens,” Fa-
tigue and Fracture of Engineering Materials and Structures, Vol. 18, No. 9, 1995, pp. 917-921.

[11] Schijve, J., “Fatigue Crack Closure: Observations and Technical Significance,” Mechanics of Fatigue
Crack Closure, ASTM STP 982, American Society for Testing and Materials, 1988, pp. 5-34.

[12] Wei, R. P. and Shih, T. T., “Delay in Fatigue Crack Growth,” International Journal of Fracture, Vol. 10,
1974, pp. 77-85. !

[13] Venkateswara Rao, K. T. and Ritchie, R. O., “Mechanisms for the Retardation of Fatigue Cracks Follow-
ing Single Tensile Overloads—Behavior in Aluminum Lithium Alloys,” Acta Metallurgica, Vol. 36, No.
10, 1988, pp. 2849-2862.

[14] Schijve, J., “Observations on the Prediction of Fatigue Crack Growth Propagation Under Variable-Ampli-
tude Loading,” Fatigue Crack Growth Under Spectrum Loads, ASTM STP 595, American Society for Test-
ing and Materials, 1976, pp. 3-23.

[15] Knott, J. F. and Pickard, A. C., “Effect of Overloads on Fatigue Crack Propagation: Aluminum Alloys,”
Metal Science, Vol. 11, 1977, pp. 399-404.

[16] Fleck, N. A,, “Fatigue Crack-Growth Due to Periodic Underloads and Overloads,” Acta Metallurgica, Vol.
33, No. 7, 1985, pp. 1339-1354.

[17] Mills, W.J. and Hertzberg, R. W., “Effect of Sheet Thickness on Fatigue Crack Retardation in 2024-T3
Aluminum Alloy,” Engineering Fracture Mechanics, Vol. 7, 1975, pp. 705-711.

[18] Suresh, S., Fatigue of Materials, Cambridge University Press, Cambridge, U.K. 1991.

[19]) Chermahini, R. G., Shivakumar, K. N., and Newman, J. C., Jr., “Three-Dimensional Finite-Element Sim-
ulation of Fatigue Crack Growth and Closure,” Mechanics of Fatigue Crack Closure, ASTM STP 982,
American Society for Testing and Materials, 1988, pp. 398—413.



Masahiro Jono," Atsushi Sugeta,’ and Yoshihiko Uematsu®

Fatigue Crack Growth and Crack Closure
Behavior of Ti-6Al-4V Alloy Under Variable-
Amplitude Loadings

REFERENCE: Jono, M., Sugeta, A., and Uematsu, Y., “Fatigue Crack Growth and Crack Closure
Behavior of Ti-6A1-4V Alloy Under Variable-Amplitude Loadings,” Advances in Fatigue Crack
Closure Measurement and Analysis: Second Volume, ASTM STP 1343, R. C. McClung and J. C. New-
man, Jr., Eds., American Society for Testing and Materials, West Conshohocken, PA, 1999, pp.
265-284.

ABSTRACT: Fatigue crack growth tests under constant-amplitude and repeated two-step loadings
were carried out on a (a + B) Ti-6A1-4V alloy which has duplex structure made up of equiaxed pri-
mary a-phase grains with a discontinuous fine B-phase dispersed in the boundaries. It was found that
fatigue crack grew along a-phase grain boundaries and that the fracture surface was very rough in the
low stress intensity region under constant-amplitude loading. On the other hand, in the high region,
transgranular crack growth was observed and the fracture surface was relatively smooth. The crack
opening point, K, was affected by the amplitude of low-level load, AKX, under repeated two-step load-
ings where the high-level load amplitude was kept constant. K., was found to be higher than that pre-
dicted by Kop ~ Kmax relationship under constant-amplitude loading and the fracture surface was
rougher in comparison with that under constant-amplitude loading which has the identical stress inten-
sity range. It was concluded that the crack opening point was controlled by both plasticity-induced crack
closure in terms of Kinax and roughness-induced crack closure resulted from rougher surface in AK;.

KEYWORDS: fatigue crack growth, crack closure, titanium alloy, variable amplitude loadings, frac-
ture surface roughness

Most engineering structures are generally subjected to variable-amplitude loadings in service. In
order to ensure the safety of such engineering structures, it is necessary to predict fatigue crack
growth under random loadings. It is well recognized that there exist the load interaction effects on fa-
tigue crack growth under varying loadings, such as growth acceleration by low-high load sequence
[1,2] or compressive overload [3,4], or retardation due to tensile overload or high-low load sequence
[5-8]. The crack closure concept proposed by Elber [9,10], to account for the effect of load interac-
tion as well as stress ratio, has been widely used to estimate crack growth rates under variable am-
plitude loadings.

For several years the authors have investigated fatigue crack growth rate and crack closure under
variable-amplitude loadings using many kinds of steel and aluminum alloy [//-18]. The principal
conclusions obtained are as follows: Under variable-amplitude loadings fatigue crack can grow even
at the low stress intensities below the threshold level of constant amplitude test, owing to the exis-
tence of higher level load which included variable amplitude loading block. The load interaction ef-
fect can be well explained by plasticity-induced crack closure behavior and the crack opening point
under variable-amplitude loadings is controlled by the maximum stress intensity range and its stress
ratio. The effective stress intensity range controls the crack growth rate.
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FIG. 1—Microstructure of (a + B) Ti-6Al-4V alloy.

In this study, fatigue crack growth tests were carried out on an (« + B) Ti-6A1-4V alloy under con-
stant-amplitude and repeated two-step loadings. Crack closure behavior as well as crack growth rates
were investigated. The microstructure of Ti-6A1-4V is well known to affect fatigue crack growth be-
havior and many studies dealing with this material have emerged [19-21]. In titanium alloys, it was
reported that both plasticity and fracture roughness-induced crack closure might operate simultane-
ously to various degrees depending on loading [22]. Therefore, it is thought that the development of
crack closure under varying loading conditions of these materials may be quite complex compared to
steels and aluminum alloys. Although effect of load variation on fatigue crack growth behavior was
reported in some References [23-25], there are few studies on the effect of microstructure on crack
growth rate and closure behavior under variable-amplitude loadings.

Experimental Procedure
Materials and Test Conditions

The material used in this study is an annealed (a + B) Ti-6A1-4V alloy. This alloy was finish-
rolled below B transus to a final thickness of 45 mm, followed by annealing at 978 K for two hours
in vacuum and furnace cooling to room temperature. Figure 1 shows the microstructure of the mate-
rial. The heat treatment resulted in duplex structure made up of equiaxed primary a-phase grains with
discontinuous fine B-phase dispersed in the boundaries. Mean grain size of a-phase is 28.2 um. The
chemical composition and mechanical properties of the material at room temperature are shown in
Tables 1 and 2.

Fatigue crack growth tests were performed on a closed-loop servo-hydraulic testing system at 5 Hz
in a relatively low growth rate region (<<10~® m/cycle) and at 2 Hz in a high growth rate region, us-
ing side-grooved CT (Compact Type) specimens. Both constant-amplitude and repeated two-step
loading tests were carried out at stress ratio R = 0.0. A constant-amplitude test was conducted keep-
ing a value of the normalized K-gradient, (1/K) dK/da, at 0.2 m™ . On the other hand, in repeated two-
step loading tests, both high- and low-level stress intensity factors were kept constant by shedding load

TABLE 1—Chemical Composition of Material Used (Mass%).

Material Al v Fe C (o] N H

Ti-6A1-4V 622 423 0.184 0.005 0.178 0.0040 0.0034
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TABLE 2-—Mechanical Properties of Material Used at
Room Temperature.

0.2% Proof Stress Tensile Strength ~ Elongation
Material 092 (MPa) o (MPa) 8(%)

Ti-6A1-4V 893 992 21

continuously as the crack grew. The specimen geometry and dimensions are shown in Fig. 2. The rea-
son why side-grooved specimens are used is to obtain plane strain through-thickness crack growth
data. The crack length and the crack opening point are measured continuously during the test without
changing test frequency by means of a microcomputer-aided unloading elastic compliance method us-
ing a back face strain gage [71,12]. Figure 3 illustrates this method. The load-displacement hysteresis
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loop shown in Fig. 3a was found to slightly bend because of the change of compliance due to crack
closure. However, it seems difficult to define the crack opening level in this case. Therefore, the elas-
tic displacement of unloading cycle in which the crack was fully open was subtracted from the origi-
nal load-displacement curve in the manner that the curve of that portion was made parallel to y-axis,
as in Fig. 3b. It was found from this curve that the crack was gradually opening as loading and was
fully open above A. The crack opening point A was made clearer than that of the original load-dis-
placement curve. Figure 3¢ is an example of the hysteresis loop that shows plastic deformation be-
havior, and even in this case the crack opening point could be obtained by the point B at which hys-
teresis touched the vertical line, if the elastic portion of the unloading cycle was made parallel to it.
Crack length was measured by detecting the change of the elastic compliance during unloading cycle
with crack propagation. By eliminating the random noise with the aide of microcomputer software, the
accuracy of the measurement of crack growth increment is better than 10 pm. The crack length is mea-
sured at every crack extension of 0.2 mm and da/dn is computed by an incremental polynomial method
using three successive data points. The stress intensity factor is computed by the following equation

K= P 2+ a
Be\/W - a)\/l - a

(0.886 + 4.64a — 13.2207 + 14.72a° — 5.6a") 1)

where
a = qg/W,
a = crack length measured from load line,
W = specimen width measured from load line,
P = applied load, and
Be = effective thickness.

The effective thickness, Be, is the geometric mean of the gross and net thickness of the side-grooved
specimen.

The roughness of fracture surface was measured using a scanning laser microscope, and a ten-point
height of irregularities was used as a measure of roughness of fracture surface.

Experimental Results and Discussion
Fatigue Crack Growth Behavior Under Constant-Amplitude Loading

A constant-amplitude loading test was carried out using K-increasing procedure in order to avoid
preloading effects on subsequent crack growth. Figure 4 shows the fatigue crack growth rates as a
function of the maximum stress intensity K., and also the effective stress intensity range AK.
Since the test was carried out at R = 0.0, K., is equal to the stress intensity range AK. The thresh-
old stress intensity factor is about 6.2 MPam'’2, It was found that the plots of log da/dn against log
Kimax Was not straight even in the so-called Paris regime and the transition of crack growth behavior
occurred at about 16 MPam'/? (indicated by arrows in da/dn-K ,.x relationship). Such transition be-
havior in many kinds of titanium alloys was reported in (e.g., Ref 20). What is more important is that
this transition behavior is reflected in the plots of da/dn versus AK.g. Figure 5 shows optical micro-
graphs of fatigue crack path. The specimen surface was etched in order to clear grain boundary be-
tween « and B phase. In the lower crack growth rate region below the transition point shown in Fig.
Sa, the crack grew along grain boundaries between « and S phase or in thin 3 phase in a zigzag man-
ner. Mean roughness value of the fracture surface was about 32 pm and was nearly equal to « grain
size of 28.2 pm. On the other hand, in the higher crack growth rate region shown in Fig. 55, the crack
grew on the straight and the fracture surface is relatively smooth. Scanning electron micrographs of
the fracture surface are shown in Fig. 6. The fractograph at low stress intensity exhibits intergranular
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fracture and at high stress intensity a striated plateau was observed, indicating that crack growth
mechanism changed from intergranular to transgranular type as Kmax increased. As the result of
change of the crack growth mechanism, the fracture surface in the low growth rate region was mi-
croscopically more rough than that after the transition.

Under the constant-amplitude loading described above, variation of crack opening stress intensity
factor, Kop, and crack opening ratio which is defined as AK./AK, U, with K.« are shown in Fig. 7.
U gradually increases with the increment of K,,,,x and becomes almost constant in the higher K. re-
gion (> 16 MPam'"?). Its constant value is almost equal to 0.77, indicating that plasticity-induced
crack closure is dominant in the higher K., region. On the other hand, since the fracture surface in
the lower Kax region was very rough, it was thought that both plasticity and roughness-induced crack
closure operated simultaneously, which caused the increase of K, and decrease of U at low growth
rates.
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FIG. 8—Repeated two-step loading pattern.

The monotonic plastic zone size for plane strain at the transition point in da/dn — Kyax relation-
ship (= 16 MPam!2) was 30.3 um. The monotonic plastic zone size for plane strain, w,, was esti-
mated by the equation

1 [ Kmax Y

@p N2 ( Goz ) 2
where 0y, was the 0.2% proof stress. The monotonic plastic zone size at the transition point was
nearly the mean a-grain size, d, of 28.2 um. Above transition point where @, > d, the a-grain within
the larger plastic zone must necessarily deform as a continuum, which results in a microstructurally
insensitive mode of crack growth. By contrast, below the transition point where w, < d, a mi-
crostructurally sensitive mode of crack growth occurs. In this region, grain boundary would be the
most preferential path of crack advance, probably because of deformation mismatch among neigh-
boring grains. Such variation of crack growth mechanisms would lead to the variation of crack growth

resistance and closure behavior, eventually in the transition in da/dn — Ky relationship as already
shown in Fig. 4.

Fatigue Crack Growth Behavior Under Repeated Two-Step Variable-Amplitude Loading

Fatigue Crack Growth Data—Repeated two-step loading tests were carried out using the loading
pattern shown in Fig. 8, where both the stress ratio of the low-level and high-level load cycle were
kept constant at 0.0. The variable-amplitude test conditions are shown in Table 3. The maximum
stress intensity factor of low-level load, K;, was varied in steps, keeping that of high-level load, Ky,
constant at 30 MPam 2 in the test series A. In each step, K; was kept constant by shedding load con-
tinuously as the crack grew. Ky was equal to 20 MPam"/? in the test series B. In the test from B2 to
B4, the number of low-level load cycles, N;, was varied from 100 to 1000 keeping the number of

TABLE 3—Repeated Two-Step Loading Test Conditions.

Ky K
Test (MPam'/?) (MPam'?) Nu:Np
Test Al} 12~24 1:1000
Test A2 30 12-28 6:600
Test B1 10~20 1:1000
Test B2 10:1000
Test B3 20 14 10:500
Test B4, 10:100
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FIG. 9—Fatigue crack growth rate as a function of Ky under repeated two-step loadings where
high level load, Ky, is kept constant at 30 MPam'’?,

high-level load cycle, Ny, and K; constant at 10 and 14 MPam!’2, respectively, in order to investigate
the effect of N;, on fatigue crack growth behavior.

Figures 9 and 10 show the relationship between K and the crack growth rate of low-level load cy-
cle (daldn);. (daldn); was calculated by the following equation assuming a linear accumulation of
crack growth

(daldn), = {daldn X (Ng + Ni) — (daldn)uy X Ng}/Ny 3)
10° ¢
107
2 E
% E
€ 10°
L 9
3 10° P
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- o F N o ]
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FIG. 10—Fatigue crack growth rate as a function of Ky, under repeated two-step loadings where
high level load, Ky, is kept constant at 20 MPam'>.
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where daldn is the average crack growth rate under repeated two-step loading and (da/dn)y is the
crack growth rate corresponding to the value of effective stress intensity range for high-level load,
(AKet ) (= Kn — Kop p), in constant-amplitude growth rate data. Kop 5 was determined by using the
load-differential displacement curve measured under repeated two-step loading. Ny and N; are num-
ber of cycles in high-level and low-level load per block, respectively.

Quantitative verification of Eq 3 has been made through fractographical studies in the previous in-
vestigation [/3]. The growth rate (da/dn); in terms of K, is lower compared with constant-amplitude
data denoted by small solid circles except high K; conditions. In the tests where N; was varied keep-
ing Ny and K; constant (test B2, B3 and B4), it was found that fatigue crack growth rate became lower
as N increased (in Fig. 10). A similar trend was observed in Fig. 9. These results mean that the re-
tardation behavior results from high-level load excursion and strongly depend on not only low-level
load amplitude but also on the number of cycles.

Figure 11 represents the example of load versus subtracted displacement hysteresis loops under
repeated two-step loading. In this figure, n;; means the ith cycle of low-level load. Short horizontal
bars indicate the crack opening points which were defined by the deflection point of the hysteresis
curve. The crack opening points are found constant during one block of repeated two-step loading.
Although the hysteresis loops measured in the other tests were omitted, a similar result was ob-
tained. The crack opening stress intensity factor K, at low-level load cycles measured by the above-
mentioned technique was plotted against K; in Figs. 12 and 13, where the small solid marks denote
constant-amplitude crack opening data for R = 0.0. In test Al (indicated by an open triangle sym-
bol in Fig. 12), K, took the very high value in lower K; conditions and decreased with an increase
of Kmax until K, approached the value under constant amplitude having the identical K ., With Kp.
Similar behavior was observed in the other test condition (tests A2 and B1). Solid symbols in Fig.
13 show the test results where Ny was varied, keeping Ny and K; constant. K, was almost equal to
that under constant amplitude having the identical K ., with Ky (= 20 MPam'/?) in test B4 where
N_ is 100. However, it is found that K, increased with the increase of Ny, and the crack opening be-
havior strongly depends on not only low-level load amplitude but also on the number of cycles. It
was reported [13] that K, under variable-amplitude loadings was controlled by the maximum stress
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FIG. 11—Load vs. subtracted displacement hysteresis loops under repeated two-step loading (Ky
= 30 MPam'?, Ky = 15 MPam’?, NNy, = 1:1000).
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FIG. 12—Relationship between K, and Ky under repeated two-step loading (Ky = 30 MPam'?),

intensity range, (AK );ax, and its stress ratio in steels and aluminum alloys and agrees well with con-
stant-amplitude test results having the identical Kyax With (AK)pmax. The crack growth behavior un-
der variable-amplitude loadings in a titanium alloy was found quite different from the behavior ob-
served in steels and aluminum alloys. The reason why the crack opening behavior was different will
be discussed later.

Figure 14 shows the relationship between da/dn and effective stress intensity range AK.¢ under
low-level loads of repeated two-step loadings. Small solid circles denote constant stress amplitude
crack growth data. It was found that the fatigue crack grew at low stress intensities below the thresh-
old level of the constant amplitude test owing to the existence of high-level load in one loading block.
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FIG. 13—Relationship between K., and Ky under repeated two-step loading (Ky = 20 MPam'?).
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FIG. 14—Fatigue crack growth rate as a function of effective stress intensity range, AK 5 under
repeated two-step loadings.

Although the scatter of data was observed, (da/dn), versus (AK.), plots agree well with the con-
stant-amplitude relationship. Therefore, the retardation behavior of fatigue crack growth in an an-
nealed (@ + B) Ti-6A1-4V alloy is well explained by the concept of crack closure.

Microscopic Observation—Optical micrographs of crack growth path and scanning electron
micrographs of the fracture surface in test Al are shown in Fig. 15. In the low K, condition as
shown in Fig. 154, the fracture surface is very rough compared with that under constant-
amplitude loading having the same K value (= 12 MPam!/?) already shown in Fig. 5, although
the fatigue crack grew along grain boundaries under variable-amplitude as well as under
constant-amplitude loading. The mean roughness value was 130 um and increased by about
four times that of constant-amplitude loading. The monotonic plastic zone size produced by the high-
level load (= 30 MPam'?) was 119.7 um and was approximately the mean roughness value under
repeated two-step loading. As mentioned above, mean roughness value under constant-amplitude
loading was also nearly equal to monotonic plastic zone size. These results indicate that crack de-
flection occurs within the monotonic plastic zone produced by the maximum stress intensity factor
involved in load cycles when the fatigue crack grew along the grain boundary, and large crack de-
flection easily occurs and fracture surface roughness becomes larger under variable-amplitude load-
ings. In the higher K; condition shown in Fig. 155, the fracture surface was very smooth and trans-
granular crack growth was observed. Very rough fracture surface observed in the low K; condition
facilitated roughness-induced crack closure and resulted in a higher crack opening point as already
shown in Figs. 12 and 13.

Figure 16a,b show fracture surface morphology in test B2 and B4, respectively. The difference
of test conditions was only the number of low-level load cycles. Although transgranular crack
growth was observed in both tests, there was a remarkable difference in fracture roughness and
the fracture surface became rougher as N, increased, indicating that fracture surface morphology
depended on the number of cycles of low-level load. The crack growth increment under
low-level load per block was 2.3 pm and 1.1 um in test B2 and B4, respectively, and was smaller
compared with the « grain size of 28.2 wm and plane strain plastic zone size of 53.2 wm. However,
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since the fracture surface became rougher as the crack growth increment increased, it was found that
surface roughness strongly depended on the small difference of crack growth increment under low-
level load.

The results described hitherto mean that the roughness of the fracture surface under variable-am-
plitude loadings becomes rougher than that under constant-amplitude loading having the identical K
value with K; in low K; condition, and the rougher fracture surface resulted in the higher crack open-
ing point.

Quantitative Analysis of Fracture Surface Roughness—The fracture surface roughness was mea-
sured using a scanning laser microscope. A ten-point height of irregularities, which is used as a mea-
sure of roughness of fracture surface, was hereafter abbreviated “SRz.” The measured value is shown
in Table 4. SRz under repeated two-step loadings (tests B2, B3 and B4) was found higher than that
under constant-amplitude loading in spite of the same maximum stress intensity factor, and SRz be-
came higher as the number of cycles of low-level load increased. Hereafter, the quantitative relation-
ship between crack opening stress intensity factor and fracture surface roughness is discussed. In or-
der to yield this relationship, the analytical model of crack closure developed by Budiansky and
Hutchinson [26] was used.

Crack tip opening displacement, Segip, is given by the following equation when taking into ac-
count the effects of residual stretch on crack faces and roughness of fracture surface

3eff,ﬁp = atip - & Brough é4)
where
Sup = ideal crack tip opening displacement,
8, = residual stretch on crack face, and

8:ough = mismatch between fracture surfaces induced by Mode II displacement.

And also, 8, can be calculated by

Sup/So = 1 — 20/ &)

TABLE 4—Measured Value of Ten-Point Irregularities (SRz) Under
Constant-Amplitude and Repeated Two-Step Loadings.

K max» KH7 Kop SRZ
Test [MPam'?] [MPam'?] [m]

85.46
Test B2 6.70 76.46
68.43
41.61
Test B3 20 592 63.67
46.22
24.55
Test B4 5.20 30.23
25.39
18.22
Constant 20 4.90 17.6
amplitude 17.98




282 ADVANCES IN FATIGUE CRACK CLOSURE

where
o, = reversed plastic zone size during unloading,
1

_ (Kmax —Kcl>2
2V2w

20’0,2
® = maximum plastic zone size,
1

Kiax \2
2Vam ( > )
8 = crack opening displacement estimated from Dugdale model [27],
_ Ko

- EO’o,z :

The crack closure point is defined as the load when the crack tip opening displacement equals zero
during unloading. By substituting 8.¢i, = 0 into Eq 4, the following equation is yielded

Kop/Kmax = 1 = V21 = 8:/8, = Brougn/ds) )
Since the crack opening ratio, U, was equal to 0.77 in the high growth rate region where the effect of
fracture surface roughness could be negligible, the above equation gives 8/8, = 0.7036. Since it is
very difficult to measure Soqgn, it is assumed that there exists a linear relation between &ougn and SRz
measured by a scanning laser microscope. This model leads to the following equations under con-
stant-amplitude and repeated two-step loadings, respectively

Kop = Kimax — V0.5928(Kmax)* — C(SR2) ©)
Kop = Ky — V0.5928(Kn)* — C(SRz) @)
Figure 17 shows the relationship between the crack opening stress intensity factor, K,p, and the

roughness of fracture surface, SRz, and the relation predicted on the basis of Eq 7 is plotted by a solid
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FIG. 17—Relationship between Kop and fracture surface roughness.
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line. In this case, constant C was calculated using the data in test B2 where the highest roughness was
measured. The measured value agrees with the predicted relation although scatter of data was ob-
served and the usefulness of this model is confirmed. However, because the test condition of repeated
two-step loadings was limited, more detailed studies are needed on fatigue crack closure behavior un-
der variable-amplitude loadings, including fractography of fracture surface, in order to recognize the
universality of this model.

Conclusions

Fatigue crack growth tests were carried out on an annealed (@ + B) Ti-6A1-4V alloy under con-
stant-amplitude and repeated two-step loadings, and crack closure behavior as well as crack growth
rates were investigated. The results obtained are as follows:

1. The fatigue crack growth mechanism under constant-amplitude loading varied depending on
the load level, and transgranular fracture occurred in the low growth rate region and a crack grew
preferentially within the a-phase at high growth rates.

2. The crack growth retardation was observed in terms of stress intensity factor under repeated
two-step loadings. The crack opening point was found to be affected by both the amplitude and the
number of cycles of low-level load and became higher than that predicted by constant-amplitude data
having the identical maximum stress intensity with the low-level stress intensity factor, K.

3. The fracture surface under repeated two-step loadings was very rough compared with the frac-
ture surface morphology under constant-amplitude loading, especially in lower K; and larger N, con-
ditions. It was concluded that the crack opening point was controlled by both plasticity-induced crack
closure in terms of Kj; and roughness-induced crack closure resulted from a rougher surface in K;.
The relationship between crack opening stress intensity and fracture surface roughness was proposed
and its usefulness confirmed.

4. It was found that fatigue crack growth rate under repeated two-step loadings with a stress ra-
tio of R = 0 could be well predicted in terms of effective stress intensity range taking into account
the crack closure behavior.
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ABSTRACT: The crack-opening stress was measured using a strain gage technique on 7050 aluminum
alloy, under constant amplitude and repeated overload. The behavior of crack-opening stress predicted
by Newman’s FASTRAN-II is consistent with the experimental results for repeated overload. It is also
found that the FASTRAN-II program is capable of predicting crack growth on the 7050-T76 aluminum
plate and 7050-17452 aluminum hand forging under complex simulated flight loading which contains

a significant number of compression cycles.

KEYWORDS: fatigue crack closure, crack opening stress, aluminum forging, compression cycles,

strain gage

Nomenclature

¢’ Half rack length
r Notch radius
B Plate thickness
Smax Maximum applied stress
Smin Minimum applied stress
Sop  Crack-opening stress
W Width of plate
o Thickness constraint factor
p Plastic zone size
oo Flow stress
o Compressive plastic zone size
AK.¢ Effective stress intensity factor range
Agrain  Incremental strain
Agress Incremental stress
. AK g transition coefficient
o, Overload stress
0., Constant cyclic stress

Since Elber’s discovery of crack closure in the wake of a fatigue crack {1,2], many attempts have
been made to analyze the crack-closure phenomena using finite element models [3,4], to quantita-
tively determine crack-opening stress experimentally for a variety of materials [5], or to develop an-
alytical crack closure models using Dugdale-Barenblatt’s ideally plastic model ahead of crack tip [6].

! The Boeing Company, Long Beach, CA.
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Most of these works were performed using simplified constant-amplitude loading, which is not di-
rectly applicable to practical aircraft design problems that engineers are facing every day. Newman
[7] incorporated the modified Dugdale-Barenblatt model into a simplified 1-D strip-yield model at
the crack tip, which can be used to compute the crack-opening stress based on the plastic deforma-
tion along the crack surface as a result of the crack propagation under cyclic loading. A schematic di-
agram illustrating Newman’s crack closure model under maximum and minimum stress is shown in
Fig. 1. Since Dugdale’s plastic zone model was originally derived for the plane-stress condition only,
Newman introduced a constraint factor, a, to account for the influence of stress state on the tensile
yielding at the crack front. For plane-stress conditions, a is equal to unity (Dugdale’s model); and for
simulated plane-strain conditions, & is equal to 3. For other problems not predominated by the plane-
stress or plane-strain condition, it is necessary to determine the effects of the thickness by fitting the
« factor to experimental results. The primary objective of this paper is to evaluate Newman’s crack-
closure model and the application program FASTRAN-1I [8] against experimental results under sim-
ulated flight loads.

The evaluation was performed in three steps. The first step was to establish a technique that can be
used to measure the crack-opening stress accurately. Gan and Weertman [9] had successfully em-
ployed strain gage and COD gage techniques to determine the crack-closure stress of a thin and nar-
row 7050-T76 aluminum plate from the plots of local strain versus nominal stress during unloading.
However, the accuracy of their method is highly dependent on whether the first deviation point from
linearity to nonlinearity in the strain-stress plot can be clearly determined. In most cases, the devia-
tion points are indistinguishable unless the strain gages are located just behind the crack tip. It also
requires a number of strain gages placed in the path of the crack in order to determine the closure
stress while the crack was propagating. The present technique allows more accurate measurement
with fewer strain gages. The second step was to evaluate FASTRAN-II’s crack-opening stress pre-

Y

— -ad, (a) Maximum stress. — -ady (b) Minimum stress.

FIG. 1—Schematic of Newman’s crack-closure model showing crack surface displacement and
stress distribution under cyclic loading.
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diction under constant-amplitude loads with repeated overload. The findings then will be used to as-
sess FASTRAN-II for more complex spectrum loading. The third step was to compare FASTRAN-
II’s prediction of crack growth under realistic aircraft flight loads which contain a significant num-
ber of compression cycles. It is commonly known that compression cycles can eliminate the
overload’s retardation effects or cause acceleration in crack growth [/0]. Many nonclosure-based
crack growth models are incapable of giving reasonable predictions for such types of loading.

Experimental Method
Measurement of Crack Opening Stress

Middle tension, M(T), test specimens were used for the crack-opening stress measurement tests.
The specimens were 76.2 mm wide by 356 mm long, made from a 6-mm-thick 7050-T76 aluminum
plate with the grain direction parallel to the applied load. The subject material has a yield strength of
472 MPa and ultimate strength of 524 MPa. A 6.4 mm diameter hole was drilled at the center of the
plate and EDM notches of 2.54 mm in length were introduced at both sides of the hole. The surfaces
of the specimen, adjacent to the path of the crack, were polished and markers were inscribed at 2.54
mm intervals starting at 12.7 mm from the centerline such that the crack propagation can be accu-
rately measured with a pair of 30-power traveling microscopes located on each side of the specimen.
The tests were conducted in laboratory dry air at room temperature condition. Pre-cracking was per-
formed using constant-amplitude stress of 62.7 MPa maximum and a stress ratio of 0.05 until sharp
crack tips were visible at both ends of the notches. Following the pre-cracking procedure, constant
amplitude cyclic loads consisting of blocks of 2500 cycles at a maximum of 62.7 MPa and stress ra-
tio of 0.05 were applied. The test was paused at the end of each block to allow measurement of the
crack length and application of the overload. When the half crack length approached 12.7 mm, the
specimens were removed from the test machine and one strain gage was installed between the 6.4 mm
and 15.2 mm markers, Gage A, and another one between the 17.8 mm and 20.3 mm markers, Gage
B. Both gages are located just below the crack path. The strain gages were of EA-13-125BZ-350 type
and the grid area was approximately 1.57 mm wide by 1.57 mm long. The grid of the gage was nor-
mal to the crack path. After the strain gages installation, the test continued until the crack reached a
desired length. At that point, a single cycle of overload was applied gradually to the specimen and the
readouts of the strain gages along with the applied loads were scanned and recorded continuously
onto a computer diskette at a rate of 1000 samples per second. The stress survey procedure was re-
peated at several crack lengths and also before and after the overload. Figure 2 depicts the test setup
and the close-up view of the test specimens.

Crack Growth Under Simulated Flight Loads

A total of three M(T) test specimens were subjected to simulated spectrum loading. One was ma-
chined from a 6.4 mm thick 7050-T76 aluminum plate and the other two specimens were machined
froma 16 cm X 41 cm X 122 cm 7050-T 7452 aluminum hand forging block. The first specimen was
about 30.5 cm wide by 61.0 cm long and the other two were 9.5 cm wide by 41 cm long and thick-
ness of 6.4 mm and 12.7 mm, respectively. All specimens had the grain direction parallel to the ap-
plied load. A notch of 0.25 mm to 0.50 mm wide and 12.7 mm long was introduced at the center of
the specimen via EDM. An anti-buckling guide was placed over the first specimen to prevent lateral
deformation under compression loads, as shown in Fig. 3. The test setup for the forging specimens is
shown in Fig. 4. The specimens were pre-cracked at maximum stress of 103 MPa until the crack tips
were visible from both sides of the notch. Then, the pre-cracking procedure continued with reducing
loads to avoid retardation effects resulting from the large plastic zone ahead of the crack tip. Follow-
ing the pre-cracking procedure, a simulated flight load sequence was applied. The simulated flight
load consisted of variable-amplitude cycles representing the stress sequence in an aircraft structure



(a) Test Setup (b) Test Specimen

FIG. 2—Test setup and specimen with strain gages at the crack path and crack opening displace-
ment gage at the center of the plate.

FIG. 3—Test setup and specimen for 7050-T76 Al plate under simulated flight loads.

288



HSU ET AL. ON PLASTICITY-INDUCED FATIGUE CRACK CLOSURE 289

FIG. 4—Test specimen of 7050-T7452 aluminum hand forging under simulated flight load.

that experiences significant numbers of fully reversed loads. The crack propagation was measured pe-
riodically until failure of the specimen occurred.

Experimental Results and Analysis
Measurement of Crack Opening Stress

Crack Opening Stress Under Constant-Amplitude Loads—The test specimen was subject to a con-

- stant-amplitude cyclic load, maximum stress of 62.7 MPa and stress ratio of 0.05. Three strain sur-
veys were taken when: (1) the crack tip was approaching the strain gage, (2) the crack tip reached the
center of the strain gage, and (3) the crack tip just passed strain gage. The strain-stress curves of the
surveys are shown in Figs. 5a and 6a. The deviation point from linearity to nonlinearity was not dis-
tinguishable in all cases. However, from the plots of Aguain/Asress (slope of the strain-stress curve)
versus applied nominal stress, as shown in Figs. 5b and 65, the deviation points of linearity became
more pronounced. The deviation point is defined as the transition point at which Aain/Agyess be-
comes constant. The running average of Agyain/Astress Were used in the plots, instead of Agyain/Astress
at a data point, to avoid oscillation caused by the run-off errors in the recorded data. The results show
that this technique can be used to determine the crack-opening and closure-stress as long as the strain
gage is located near the wake of crack. The effective stress ratio from the test results was compared
with the FASTRAN-II's predictions using variable thickness constraint factors [7] and constant con-
straint factor [7] as shown in Fig. 7. Since the strain gage can only be used to measure surface strain,
the experimental results are consistent with FASTRAN-II's prediction for near plane-stress condi-
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0.80 - — : : ‘:
3 f ? : aipha=1.6 o—
: : ;_ : alpha—2411 e
0.70 e
. Plane Stress : Messured at
0.60 |- A ) : ;
0.50
% ' 0.40
0.30
0.20
0.10
0.00 i 3 i i
0.00 5.00 10.00 15.00 20.00 25.00 30.00

Crack Length (mmjn)

FIG. 7-——Comparison of crack-opening stress, experimental results vs. FASTRAN’s using constant
and variable a.

tion, & = 1.60. From Figs. 5 and 6, the crack length or the plastic zone size did not have significant
effect on the present technique. The plots of COD versus applied stress did not show any clear sign
of nonlinear-to-linear transition. It is believed that the COD gage was placed too far away, more than
12.5 mm from the crack tip, to detect any crack closure effect.

The Effects of Overload—One cycle of 150% overload was applied periodically at every 2500 con-
stant-amplitude cycles as shown in Fig. 8. The constant-amplitude loading has a maximum stress of
62.7 MPa and a stress ratio of 0.05. The percentage of overload is defined as goi1/@.,, Where @y, is the
overload stress and @, is the maximum stress of the constant-amplitude cycles. When the crack ap-
proached the strain gage, one cycle of overload was applied. Strain surveys were performed before
and after application of overload and at 500 cycles and 1000 cycles thereafter. The experimental re-
sults show that the overload caused an immediate drop in S,p, see Figs. 9a and 10a, which implied

°"E"‘-°A° srnsss SURVEY

mmw/\mmmm

2500 CYCLES ——'P‘

FIG. 8—Load schedule for repeated spike overload test.
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that AK; would increase and the crack growth accelerate following the overload. The S, in the fig-
ure is defined as stress at the first “kink” point or the lowest point of the curve. The decrease of the
opening stress was also confirmed by the results of a 2-D finite element analyses with nonlinear ma-
terial properties, which had showed that the crack surface could remain partially or completely open
as a result of an overload. The FASTRAN-II predictions were consistent with the experimental re-
sults in terms of the trend of S, for post-overload crack propagation. They both showed that the S,
recovered rapidly to a level that was higher than the normal S,, and then decreased to normal S,y
level, as illustrated in Figs. 9b and 10b. The normal S, is referred to here as the S, under a constant-
amplitude loading only. The increase in S, and hence decrease in A K. causes an apparent slowdown
in crack growth, which is consistent with the well known retardation effects after an overload. This
delayed retardation effect has also been observed by Ward-close, Blom and Ritchie [1]. Figure 11
shows the FASTRAN-II's crack growth prediction, using variable @ = 2.4 to 1.1, and agrees well
with the experimental results. The crack-opening stress of the experimental results was compared
with the FASTRAN-IT’s prediction as shown in Fig. 12. It shows the trend of FASTRAN-II’s crack-
opening stress prediction is consistent with the experimental results. The difference in the magnitudes
is due to the strain gage readouts that can only indicate the strain at the surface of the specimen while
the analysis also considers the thickness constraint.

Crack Growth Under Simulated Flight Loads—The simulated flight load and its profile are shown
in Fig. 13. The experimental results are compared with crack growth propagation predicted by FAS-
TRAN-II as shown in Fig. 14 for 7050-T76 aluminum plates. The fatigue crack growth rate used in
the prediction was converted from AK-based FCGR tests of ten specimens at a stress ratio ranging
from R = 1 to R = 0.80. Figure 15a shows the convergence of FCGR using the computer program
DKEFF [8] for a = 2.4. The degree of convergence differs with other « factors. In general, FCGR

L) . L) L)
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30 - alp=2.4~1.1 7
o 1
25 - ! -
o ,/’
£ 2T |
E
=4 :’
‘é o?
3 15 | 0 i
5 ’
N
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- 01'0, -
10 e
o
Lo
T
5| Q_-o‘e"e’ﬁ 4
—»6’
o—o—@‘v‘°'¢’v’°
0 1 i 1 1
0 20000 40000 60000 80000 100000
No. of Cycles

FIG. 11—Experimental vs. FASTRAN-II on the crack growth with repeated overload spike.
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FIG. 12—Experimental vs. FASTRAN-II on the crack-opening stress with repeated overload
spikes.
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FIG. 13—Schematic of simulated flight load sequence and profile of maximum and minimum stress
which consists of significant number of fully reversal cycles.
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FIG. 14—Comparison of crack growth for 7050-T76 aluminum plate under simulated flight loads.

exhibits good convergence for a factor between 1.7 and 2.5. The FASTRAN-II prediction using best-
fit FCGR of constant « factor shows that it is able to predict the crack growth life reasonably accu-
rate using thickness constraint factor ranging from a = 2.1 to & = 2.4. However, experimental re-
sults show that the crack propagation was slower after it reached a certain size. This phenomenon has
been discussed by Newman [12] and other researchers regarding the constraint variation associated
with the flat-to-slant crack growth behavior or shear-lip development. Newman predicted loss of con-
straint would occur when a crack grows from a small size, a plane-strain prevailing condition, to a
larger size where the plastic-zone size becomes large compared to the plate thickness, a plane-stress
prevailing condition. Schijve [13] discovered that such a transition occurred at nearly the same FCGR
over a wide range in stress ratios for aluminum alloys. He proposed that such a transition should be
controlied by AK.y, since FCGR is a function of AK.¢. Based upon this theory and experimental re-
sults, Newman allows the constraint factor to change as a function of A K. He derives a simple equa-
tion to determine the A K¢ at the beginning of transition as follows [12]:

(AKeff)T = I"o'cBl/z

where gy is the flow stress of the material, w is the transition coefficients determined from the test,
and B is the plate thickness. Substituting the parameters of test specimen, oy = 498 MPa, u = 0.50
and B = 6.35 mm into the equation, we obtained (AK.)r = 19.8 MPa*m®. This transition point is
consistent with the results of using trial-and-error to determine the lower and upper bound of transi-
tion: for da/dn less than 1.27 X 1073 T ever & = 2.4, for da/dn greater than 1.01 X 107! Y ye, @ =
1.10, which gave the best correlation. The FCGR of variable constraint factors is shown in Fig. 15b.
However, after close examination of the cracked surface of the test specimen, as shown in Fig. 16, it
revealed only a small amount of shear-lip near the edge of the crack surface. This experiment demon-
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FIG. 16—Fracture surface of 7050-T76 aluminum plate under simulated flight loads.
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FIG. 17—Comparison of crack growth for 7050-T7452 aluminum hand forging under simulated
flight loads and FASTRAN’s prediction using FCGR from all stress ratio and FCGR from R = — .
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(b)

FIG. 19—Fracture surface of 7050-T7452 aluminum hand forging under simulated flight loads:
(a) 6.3-mm-thick hand forging, and (b) 12.6-mm-thick hand forging. Blackened surfaces indicate ox-
idization.

strated the feasibility of using variable « and the capability of FASTRAN-II to predict crack growth
for a wide specimen under a complex spectrum loading.

The crack growth experimental results of 7050-T7452 aluminum hand forging and FASTRAN-II
prediction are shown in Fig. 17. Due to a higher level of applied stress for these two specimens, the
fatigue lives were considerable less than that of the plate. The FCGR used in the analysis was derived
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from constant-amplitude tests of three C(T) specimens, R = 0.10, 0.40 and 0.80, and one M(T) spec-
imen, R = 1.0. These specimens were obtained from the same forging block as the one used for sim-
ulated flight tests. Figure 18a shows the raw test data and Fig. 18b shows the convergence of the same
FCGR using the DKEFF program with a = 2.4. The FCGR converged into a narrow band but not as
well as the plate as shown in Fig. 15a. The crack growth analysis, using variable « of 2.4 to 1.1, over
predicted the fatigue lives by a factor of three. This discrepancy is attributed to the data selected to
generate AK, -based FCGR. As shown in Fig. 185, the FCGR for the R = —1 are slightly higher than
the average FCGR that included other stress ratios. Since the simulated flight loads were predomi-
nately fully reversal cycles, it is logical just to use the R = — 1.0 best-fit FCGR curve for crack growth
prediction. With this, the FASTRAN-II was able to give a more reasonable prediction as shown in
Fig. 17. However, the crack growth rate in experimental results is still significantly higher than the
FASTRAN-II’s prediction. The cause for this has not been thoroughly understood. It is believed that
the residual stress in the hand-forging material resulting from the manufacturing process could have
contributed to the rapid growth behavior when the crack is still small. The fracture surface of the spec-
imens are shown in Fig. 19.

Conclusion

Based on the experimental results, the following conclusions are drawn:

1. The crack-opening and closure stress can be effectively measured from the Agtrain/Astress VEI-
sus stress plots of strain gages located near the crack tip for the plane-stress condition.

2. The test has verified the trend of the crack-opening stress following an overload.

3. Immediately following the overloads, the crack-opening stress is reduced; thus, the crack
growth rate increases. Subsequently, the crack-opening stress will rise above the normal S, which
leads to a crack growth retardation.

4. The thickness constraint factors used in the FASTRAN-II crack closure model will require an
extensive test program to establish reliable values for practical applications.

5. A crack closure model to account for transition of plane-strain to plane-stress is imperative for
variable-amplitude spectrum loading. Using variable-thickness constraint factors has proved to be
useful for this application.

6. The FASTRAN-II model is capable of predicting crack growth with a reasonable degree of ac-
curacy under variable-amplitude flight loading containing significant numbers of compressive loads.
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Effect of Periodic Compressive Overstrain
Excursions on Crack Closure and Crack
Growth Rates of Short Fatigue Cracks—
Measurements and Modeling

REFERENCE: Varvani-Farahani, A. and Topper, T. H., “Effect of Periodic Compressive Over-
strain Excursions on Crack Closure and Crack Growth Rates of Short Fatigue Cracks—Mea-
surements and Modeling,” Advances in Fatigue and Crack Closure Measurement and Analysis: Sec-
ond Volume, ASTM STP 1343, R. C. McClung and J. C. Newman, Jr. Eds., American Society for Testing
and Materials, West Conshohocken, PA, 1999, pp. 304-320.

ABSTRACT: A comparison of the growth of fatigue cracks under constant-amplitude straining and un-
der strain histories having periodic compressive overstrains revealed that the fracture surface near the
crack tip and the crack growth rate changed dramatically with the application of compressive over-
strains. When the magnitude of compressive overstrains was increased, the height of the fracture sur-
face irregularities was reduced as the increasing overstrain progressively flattened fracture surface as-
perities near the crack tip. The reduced asperity height was accompanied by a lower crack closure stress
and a higher crack growth rate.

The fatigue strength was reduced by a factor that ranged from 1.24 at short lives (10* cycles) to 3.37
at long lives (107 cycles) when periodic compressive overstrains of near yield point magnitude were ap-
plied in uniaxial tests. The corresponding reductions in the fatigue strength for shear tests varied from
1.40 to 1.70.

A model of the plastic deformation of the fracture surface asperities at the crack tip (under periodic
compressive overstrains) was developed to relate the crushing of the asperities to crack closure and
crack growth rate. The model correlates the magnitude of the periodic compressive overstrain, the frac-
ture surface asperity height, and the plastically flattened area to the fully effective strain intensity fac-
tor range (AK.s) and its ratio to the range of strain intensity factor (AK(,)) obtained from constant-am-
phtudc straining, U = AKeff/AK(e)A

For both uniaxial and shear fatigue straining, the strain range at a fatigue life of 107 cycles for constant-
amplitude straining (Aeq) and the effective strain range, (As.q) at 107 cycles in the strain-equivalent life
curve, obtained from strain histories containing periodic compressive overstrains, were used to calculate
the Uratio (U = Ae.¢.n/Agq). These values were close to those obtained from the model.

KEYWORDS: fatigue crack growth rate, crack closure, periodic compressive overstrain, fracture sur-
face asperity, effective strain intensity factor range, the ratio of effective strain intensity factor

Nomenclature

(da/dN),s Fatigue crack growth rate of overstrains
(daldN)s, Fatigue crack growth rate of small cycles

! Ph.D. student, Mechanical Engineering Department, and full professor, Civil Engineering Department, re-
spectively, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada.
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VARVANI-FARAHANI AND TOPPER ON COMPRESSIVE OVERSTRAIN

Total fatigue crack growth rate

Asperity tip angle

Crack depth

Maximum lateral strain

Initial asperity contact area

Final asperity contact area

Ratio of cyclic to monotonic plastic zone size
A constant describing decay of total strain
Distance of asperity from crack tip

Grain size

Damage due to small cycles n

Damage due to overstrain cycles

Total damage at failure

Cyclic strain range

Fatigue limit strain range

Effective fatigue limit strain range

Cyclic shear strain range

Diameter of ith cylindrical element
Threshold strain intensity factor range
Effective strain intensity factor range
Uniaxial strain intensity factor range

Shear strain intensity factor range

Crack opening displacement

Cyclic stress range

Axial strain

Cyclic yield strain

Hoop strain

True strain of ith cylindrical element

Total true strain

Normalized x by initial height of asperity (ho)
Shape factors for uniaxial and shear straining, respectively
Elastic modulus

Shear modulus

Initial height of asperity

Final height of asperity

Initial height of ith element

Final height of ith element

Mazximum strain intensity factor

Opening strain intensity factor

Shear strain ratio

Poisson’s ratio

Total number of cycles to failure

Equivalent number of small cycles

Number of cycles to failure in a CAS history
Number of overstrain cycles to failure
Number of overstrain cycles in a PCO history
Number of cycles between two overstrains
Maximum load

Opening load

Surface strain concentration factor
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Ratio of initial and final height of an asperity
Stress (strain) ratio
Cyclic plastic zone size
r, Monotonic plastic zone size
oy Cyclic yield stress
U Ratio of effective strain intensity factor range to range of strain intensity
A constant value of 0.00746
Instantaneous distance from tip to base of an asperity
CAS Constant amplitude straining
CSLM Confocal scanning laser microscopy
PCO Periodic compressive overstrain history
SIF Strain intensity factor range

= o

™
=X 3

= 3

Many investigations [/—5] have shown that, for both short and long fatigue cracks, periodic
compressive overstrains of near-yield stress magnitude have a drastic accelerating effect on
both crack initiation and crack propagation. At near-threshold stress intensities, these effects
are thought to be due to a flattening of crack tip asperities by the high compressive stress which
leads to a reduction in crack closure and an acceleration in crack growth. The results of Topper
and Yu [J] showed that increased propagation rates and decreased threshold stress intensities
accompanied the application of periodic compressive overstrains for various metals. Their findings
also revealed crack opening stress levels below zero for large compressive overstrains. Similarly,
Zaiken and Ritchie [6] proposed two mechanisms responsible for the decreased opening stress level:
(i) the flattening of fracture surface asperities, and (ii) a change in the residual stresses ahead of
the crack tip. However, they argued that the contribution of the residual stress ahead of the crack
tip would not be significant.

In a previous paper [5], the present authors reported an investigation of the growth of short fatigue
cracks under uniaxial constant-amplitude loading and load histories having periodic compressive
overloads of various magnitudes. They found that the fracture surface near the crack tip and the crack
growth rate changed dramatically with the magnitude of the compressive overload. The height of the
surface irregularities reduced as the compressive overload increased and progressively flattened frac-
ture surface asperities near the crack tip. This resulted in a reduced crack closure stress and a higher
crack growth rate.

When a crack is subjected to a pure shear mode loading, its flanks are in contact and crack face in-
terference reduces the amount of the applied strain intensity that is effective.

This paper examines the influence of periodic compressive overstrains on short fatigue crack
growth and closure under uniaxial and shear fatigue straining in SAE 1045 steel. A model of the in-
elastic deformation of fracture surface asperities (at the crack tip) under compressive overstrains is
developed. The model predicts the effective strain intensity factor range and U = AK.gi/AK(., ratio
that are in good agreement with the experimental values.

Experimental Procedure
Material, Properties, and Specimen Design

The material examined in this investigation was an SAE 1045 steel in the form of 63.5 mm diam-
eter bar stock with the following chemical composition (wt%): 0.46 C, 0.17 Si, 0.81 Mn, 0.027 P,
0.023 S, and the remainder Fe. This material is a medium carbon heat-treatable steel which is widely
used in the automotive industry. The microstructure of the SAE 1045 steel after final polishing
showed pearlitic-ferritic features containing up to 30 xm long sulfide inclusions in the rolling direc-
tion. The modulus of elasticity is 206 GPa, the cyclic yield stress is 448 MPa. Figure 1 shows the solid
uniaxial and tubular biaxial fatigue specimens used in this study.
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FIG. 1—Specimen geometry: (a) uniaxial round specimen for fatigue life tests, (b) uniaxial plate
specimen for crack growth tests, and (c) tubular specimen for biaxial fatigue life and crack growth
tests.

Fatigue Crack Tests

Uniaxial Fatigue Tests—Uniaxial fatigue crack growth rate and life tests were performed in strain
control in an MTS servo-hydraulic test machine with a load-cell capacity of 111.20 kN, The crack
growth tests under uniaxial constant-amplitude straining (CAS) were performed with a strain ampli-
tude of +0.075%. Periodic compressive overstrain crack growth tests were performed with com-
pressive overstrains of —0.17%, —0.24%, and —0.38%. Each of these periodic compressive over-
strains was followed by numbers of small cycles of 50, 200, 500, and 1000 in four separate tests [5].
Figure 2a-b illustrates the crack growth test strain histories for uniaxial constant-amplitude straining
and a uniaxial strain history containing periodic compressive overstrains.

Shear Straining—A series of thin-walled tubular specimens was cyclically loaded in the axial di-
rection in the strain frame while pressure was alternately applied to the inside and outside of the spec-
imen during each cycle. The biaxial fatigue machine is described in Ref 7.

Constant amplitude shear tests and shear tests with strain histories containing periodic
compressive overstrains (PCO) were performed in strain control at a frequency of 0.5 Hz, and zero
mean strain (R = —1). The axial strain (¢,) and transverse (hoop) strain (ey,) were controlled to pro-
vide a 180° out-of-phase biaxial strain ratio of A = —1 while the overstrain cycles were applied in-
phase to produce a stress normal to the crack surface. Figure 2¢-d presents the strain histories used
for shear fatigue tests under constant amplitude straining and the histories having blocks of a periodic
compressive overstrain followed by n small cycles. The number of small cycles per block (n =
D N) was adjusted to keep the overstrain damage (Dys = nos/Nios) at about 20% of the total dam-
age, DT = Dsm + Dos»
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FIG. 2—Fatigue block histories (a) uniaxial CAS, (b) uniaxial PCO, (c) shear CAS, and (d) shear
PCO.

where
n = number of small cycles between two overstrains,
Dg,, = damage due to small cycles n,
N¢ = number of cycles to failure in a CAS history,
Nt os = number of overstrain cycles to failure, and
nos = number of overstrain cycles in a PCO history.

Uniaxial and Biaxial Shear Crack Depth and Crack Opening Measurements

Under uniaxial straining, a confocal scanning laser microscopy (CSLM) image processing tech-
nique was used to measure the crack depth of small cracks in the early stage of growth (Stage I) as
the number of cycles increased. The CSLM system which is described in detail in previous studies
{8,9] has a resolution of 0.25 um. Crack growth in Stage II was measured on the surface of the plate
specimen shown in Fig. 1b using an optical microscope with a X500 magnification. Similarly, in

shear straining fatigue crack lengths were measured using an optical microscope at the same intervals
as the depth measurements were performed using CSLM.
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Using a tensometer (tension machine) and a pressurizing device respectively for uniaxial and bi-
axial cracked specimens, cracked specimens were pulled to open the crack mouth under the CSLM
system [9]. Then a laser beam was centered on the crack by direct observation through an attached
optical microscope. The cracked specimen was scanned by the laser beam which was then reflected
to a detector. Images from different levels of crack depth were obtained by changing the specimen
height using a piezoelectric stage. A set of confocal image slices at depth steps of 1 wm was acquired.
Post-image processing was later used to combine all the images. Optical sectioning using post-im-
age-processed crack data provided the crack depth and the crack mouth width at every point along the
crack length for each tensile stress/internal pressure. In fatigue crack growth tests under the strain his-
tories presented in Fig. 2, the crack depth and crack length were measured at intervals of 1000 to 5000
cycles.

Fracture Surface Asperity Height Measurements

A fractographic examination of the fracture surface of short fatigue cracks was carried out
after breaking the 1045 steel specimens in liquid nitrogen. The fracture surface and the variation
in the height of asperities on the fracture surface were observed using a confocal scanning laser
microscope. First, the laser beam was centered on the area of the fracture surface adjoining the
crack tip by direct observation through an attached optical microscope. An area of 1 mm? of fracture
surface at the crack tip was scanned by the laser beam and reflected to the detector. In order to
make a three dimensional profile of fracture surface asperities, a piezoelectric stage, was used.
The piezoelectric stage controls the distance between specimen and microscope. This provides
successive images of level contours of the asperities from their peaks to their valleys. All images
were combined to create an image of the configuration of the fracture surface profile. Taking
different slices through this profile and determining an average value of fracture surface asperity
height in each slice revealed that the asperity height is dramatically influenced by the magnitude of
the compressive overstrain. In this study the fracture surface asperity heights of specimens under both
constant-amplitude straining and strain histories containing periodic compressive overstrain cycles
were measured. The CSLM measurements of the fracture surfaces of small cracks revealed that there
was little variation of asperity heights across the fracture surfaces. The maximum variation of asper-
ity height in an area of 1 mm? did not exceed 10%. The fracture surface asperity heights reported in
the “Results” section of this study are the average values of asperity height measured on a 1 mm? area
of the fracture surface.

Results and Discussion

Growth of Short Fatigue Cracks Under Constant-Amplitude Straining and Strain Histories
Containing Compressive Overstrains

Strain intensity factor range values were calculated for a short fatigue crack under uniaxial strain-
ing using Eq la.

AKi = FQAe EN mra (1a)

Similarly, the strain intensity factor range was calculated for a semi-elliptical surface crack under
shear using Eq 1b:

AK]I = FIIQA 'YG vVira (lb)

The strain concentration factor Q is a function of crack size and grain diameter D which is given by
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Eq2 [10]

0=1+53exp (—a%) )

where o/D is used as a constant which fits the maximum threshold strain Ay, yax to the fatigue limit
strain range Aeg; Asy is given by

AKwn

= 2
FOQEVma 2a)

Asth =

In Eq 24, for uniaxial straining and pure shear straining, the shape factor F corresponds to Fy and Fy,
respectively.

Crack Growth Measurements

Uniaxial Fatigue Crack Growth Tests—Crack length and depth for uniaxial straining crack growth
tests were obtained as the number of cycles increased using CSLM for Stage I cracks and a X500 op-
tical microscope for crack length measurements in Stage II growth. The ratio of crack depth to half
crack length was obtained in 1045 steel for short fatigue crack lengths of the order of 125 to 250 um
using CSLM [5]. Aspect ratios of cracks which experienced fatigue straining just above the fatigue
limit stress were found to be approximately 0.80. Using the CSLM technique, the crack depth profile
(in Stage I crack growth) was also found to be semi-elliptical in shape. The crack depth of short fa-
tigue cracks versus the number of cycles under constant-amplitude straining and under three periodic
compressive overstrain levels is plotted in Fig. 3a. This figure shows that the decrease in fatigue life
when the compressive overstrain is increased from —0.17% to —0.24% is much greater than that for
an increase of compressive overstrain from —0.24% to —0.38%. To grow a crack to a 1 mm depth, a
test with —0.17% overstrain cycles requires 8000 blocks (50 X 8000 = 400 000 cycles) while the
tests with —0.24% and —0.38% overstrains correspond to about 1800 and 1500 blocks, respectively.
In this regard, Kemper et al. [//] and Tack and Beevers [12] observed a similar saturation effect in
which increases in compressive overstrain beyond a certain level did not result in additional increases
in crack growth rate. Figure 3b shows that as the magnitude of periodic compressive overstrain in-
creases, the height of fracture surface asperity reduces significantly:

b 17105 ('i—') 3)
ho cy

Biaxial Shear Tests—Crack growth rate data were obtained from biaxial specimens subjected to
shear constant-amplitude straining and to strain histories containing in-phase periodic compressive
overstrains with a magnitude of —0.3% after every n small strain cycles.

Crack opening stress measurements and crack depth measurements for shear fatigue cracks (A =
—1) made using confocal scanning laser microscopy (CSLM) image processing of the crack profile
showed that, for the periodic compressive overstrains used, cracks were fully open at zero internal
pressure. Therefore, there was no crack face interference. Crack depths used for calculating crack
growth rate were taken at the deepest point at the shear crack profile.

Crack Growth in Terms of Effective Strain Intensity

The crack growth rate for the small cycles in the uniaxial and shear PCO test histories was obtained
by subtracting the crack growth due to the periodic overstrain cycles from the growth per block due
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to the periodic compressive overstrains plus the n small cycles and dividing by the number of small
cycles per block.

da da
da (n i m)<_dTV_)T o (W)os
(4)..- : @

where #n is the number of small cycles between two overstrains in a PCO block history, and m is the
number of overstrain cycles in a PCO block history.

Under uniaxial straining, PCO cycles increase the portion of the fatigue cycle that is effective. The
number of small cycles between overstrains was chosen so that the crack opening stress remained be-
low the minimum stress throughout a block and all of the small cycles were fully effective. The crack
growth rate data for small cycles calculated using Eq 4 is plotted in Fig. 4.

Under shear straining, CSLM observations showed that the application of a —0.3% compressive
overstrain crushed the fracture surface asperities and resulted in fully open crack growth with no
crack face interference. Thus, the full range of applied strain intensity was effective. Figure 4 also
plots crack growth data for PCO shear tests versus the effective strain intensity factor range obtained
using Eq 1b. The ratio U = AK./AK at a crack growth rate of 1077 um/cycles for both uniaxial
and shear tests is 0.28 and 0.56, respectively (see Fig. 4).

Fatigue Life

Strain amplitude-equivalent fatigue life data plotted in Fig. 5a show that the fatigue strength is re-
duced by a factor that ranged from 1.24 at short lives to 3.37 at long lives when periodic compressive

10 T——T— ML | v T —T—rrTT

E —8— A=V (PCO)
10" r | —A— A=—v (CAS)
E | —@—  A=—I(CAS) o
10°E @~ A=-1(PCO) 7
<o F
5 1
2 10k
3‘ 104:—
% 10F
o ;
10°E' O=v) T|¢
1(57- L PR S S
1 AKeff 10 100

Strain intensity factor range -MPa (m) 12

FIG. 4—Strain intensity factor range versus crack growth rates for constant-amplitude uniaxial
and shear fatigue straining under both CAS and PCO histories.
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overstrains of near yield point magnitude are applied in uniaxial tests. The corresponding reductions
in the shear fatigue strength vary from 1.40 to 1.70 (Fig. 5b). The equivalent number of small cycles,

Neg,sm, for PCO histories was calculated from Eq 5:

where Ny is the total number of cycles to failure.

&)
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For both uniaxial and shear fatigue straining, the ratios of strain ranges (U = Aé&g.ci/Agn) at an
equivalent fatigue life of 107 cycles were found to be 0.32 and 0.55, respectively.

Fractography of Fracture Surface Asperities

Under constant-amplitude shear straining, the fracture surface profile obtained using CSLM re-
vealed that a part of the crack flanks close to the crack mouth is smoother than the area at the crack
tip. This fact also was confirmed by scanning electron microscopy (SEM) examination. The closure
of the rough surface at the tip of the crack (in the interior of material) is due to an interlocking of small
asperities.

An SEM examination of the fracture surfaces of specimens found that for the strain histories
with a periodic compressive overstrain, mismatch asperities were plastically crushed. Figures 6a
and 6b are the SEM fractographs of a specimen subjected to in-phase shear PCO of —0.3% followed

A._s. ,
speritie
; ,_.g before! v’i

-\_ deformanon_

FIG. 6—SEM photos of (a) flattened fracture surface asperity due to PCO shear straining, and (b)
fracture surface asperity under a CAS shear history.
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by 19 small shear strain cycles with a strain amplitude of 0.15% and of a specimen that experienced
CAS shear fatigue straining of 0.15% amplitude, respectively. A noticeable feature on the
flattened asperities on the fracture surface of the in-phase PCO tests is the parallel abrasion lines.
The deduction that these lines are induced by the abrasion between the crack flanks due to the
compressive overstrain is substantiated by the observation that parallel lines are formed in the
same direction in all flattened areas. A dramatic reduction in crack closure stress and an increase
in crack growth rate were associated with a decrease in the asperity height due to the compressive
overstrains.

Fracture Surface Asperities and Crack Closure

The SEM and CSLM observations of the fracture surface near the crack tip on the fatigued
surface of both uniaxial and biaxial specimens revealed that asperities were approximately
cone-shaped during constant amplitude straining. When overstrains were applied the height of
the cone decreased and the apex widened but the base diameter changed only slightly because
each asperity is constrained by its neighbors [/3]. Figure 7 illustrates the original geometry of the
asperities and the profile after the application of compressive overstrains for uniaxial and shear
fatigue straining, respectively. CSLM image processing of the fracture surface in an area immediately
behind the fatigue crack tip was used to measure the height of asperities for constant-amplitude
straining and for periodic compressive overstrains of —0.17%, —0.24%, and —0.38% (followed
by 50 small fatigue cycles). Asperity height decreased from 28 um in constant-amplitude straining
to 18, 13, and 8 um for —0.17%, —0.24%, and —0.38% overstrains, respectively. The average
initial height of the asperities at the deepest point of a crack for a constant-amplitude shear strain of
+0.08% was 90 to 100 pm, which reduced to 40 to 50 wm after the application of a periodic com-
pressive overstrain of —0.3%.

Figure 8 gives a schematic presentation of the shape of an asperity before and after the application
of a compressive overstrain (see Fig. 7). To simplify the analysis, the final shape of the asperity was
assumed to be a cylinder. To calculate the total true strain, the initial and final shape of the asperity
was divided into j elements (see Fig. 8). The initial height of each element shown in Fig. 8a was set
equal to 1 um. The diameter of a cylindrical element (i + 1) of the initial asperity shape was dg+1)
= d; + 2h; tana where 2« is the asperity tip angle.

For the asperity volume to be conserved, the volume of every element in the initial shape of the as-
perity has to be equal to the volume of the corresponding element in the final shape of the asperity.

FIG. 7—Schematic presentation of fracture surface asperities before (solid line) and after (dashed
line) deformation due to PCO cycles.



316 ADVANCES IN FATIGUE CRACK CLOSURE

r

\
@ b
Q
h;tan o
A
hl‘ A ﬁlement i=1
®) * = —i=2
h, ’ L
< > =
dr

\_ _J

FIG. 8—Shape of a single asperity (a) before, and (b) after the application of PCO.

The true strain of the ith cylindrical element of the asperity is

. hi
eh=1n h—‘; ©)

where hj, and ki are the initial and final height of the ith element, respectively.

The results of calculations of the true strain of elements from the tip to the base of a single asper-
ity are given in Fig. 9. The variation in true strain from the tip to the base of the asperity as shown in
Fig. 9 can be described by an exponential function

&1 = £ €XP (—-B hi) @)
0

where &4 is the maximum lateral strain calculated as the natural logarithm of the ratio of the initial
(A]) to final contact area (4}) of an asperity and the parameter B is a constant that describes the de-
cay of total strain as x/hg increases. The value of £ decreases exponentially as shown in Fig. 9.

Under uniaxial straining, a compressive overstrain of —0.38% led to a flattening of roughness as-
perities and therefore a reduction in closure stress. Similarly, Henkener et al. [14], Herman et al. [15],
and Hertzberg et al. [16] also showed that a low closure stress (due to compressive loads) is associ-
ated with the crushing of asperities in the crack wake. This reduction in closure stress increased when
the magnitude of the compressive overstrain increased. The PCO cycles increased the portion of the
strain cycle that was effective. The number of small cycles was chosen so that the crack opening stress
remained below the minimum stress and the whole strain cycle was effective.

For shear straining (A = —1), CSLM observations showed that the application of a —0.3% com-
pressive overstrain crushed the fracture surface asperities and resulted in fully open crack growth with
no crack face interference. Crack opening stress results obtained using CSLM image processing of
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FIG. 9—Exponential variation of strain versus x/ho under a compressive overstrain.

the crack profile revealed that cracks were open at zero static stress for the periodic compressive over-
strain histories.

The difference between the asperity heights before (ko) and after (h¢) the application of the com-
pressive overstrains produces a gap between the two crack flanks. This gap is due to inelastic defor-
mation of the asperities which can be defined physically as

8op = $(2ho — 2hg) = 29 ho(l — p) ®

where ¢ = x/ho, x = hg — hg, p = hs/hq and therefore ¢ = (1 — p).
Equation 8 can be rewritten as

80p = 2¢2 ho (9)

Substituting hq from Eq 7 into Eq 9 we have

In(ea/eT)

o = 20 () (10

An expression for the cyclic crack opening displacement of a fatigue crack initially presented by
Rice {17] and then applied to small cracks by Lankford et al. (18} is

20 =) [1 = PoplPra P[0y (Tl ) "
Bop = G oy |: 1-R Aa) \1+rklc (A% an

where 7% is the cyclic plastic zone. The cyclic plastic zone can also be expressed as a fraction of the
monotonic plastic zone size, rp, i.e., r5 = B rp), where for short cracks 8 = 0.50 [ 8). Since for small
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cracks the ratio of the monotonic plastic zone size to the distance of an asperity from the crack tip is
unity, rp/c = 1, [18]. Hence

40 -nd+ 1 = Py /Prax 2 oy 2 B )
%0 = " g, [ I-R ] (7&?) (1+B aKy? (12

Equating the right-hand sides of Eq 10 and Eq 12, we have

Bx 44 - 1) [ 1 = Pop/Prax 2 ay 2 B )
247 ’rl(ln(eA/eT)> - Eay [ 1-R ] (E) (1—+E (AK)? (13)

Constant 7 is directly dependent to the magnitude of PCO and the ratio h¢/ho. In Eq 13 constant 7 cor-
related crack opening displacements obtained from CAS and PCO histories. Since Pop/Prax =
Kop/Kiax [19], Eq 13 can be rewritten as

Bx \_20-v)[ Ak T(o 2( B
¢2n(ln(sA/sT)) =" Eo, [(1 ) K,,m] (KE) T+ p) (AKY? 14
Rearranging Eq 14, we have
Bx \_ 20,1 —v)[AKk ] AKZ( B )
¢’ n(ln(eA/eT)) = E [ AK ] (KE) 1+p8 (15a)

Several investigators [20-23] have used correlations between fatigue crack growth rate and pa-
rameters expressed in terms of total strain. Imai and Matake [22] replaced Ac by EAe and applied a
strain-based intensity factor AK(,).

In terms of a strain-based intensity factor range Eq 154 can be written as

Bx \_ 20,(1 = v) [AKe | [ K 2( B )
¢2n(1n(eA/eT)) - E [AK@] (EAe) T+ B (15b)

For the effective strain intensity factor range ratio we have

_ AKegr

T AK (16)

Therefore, from Eq 15b, the effective strain intensity factor range ratio is

- 4 EAe Bx \[20y( - v?) ( B )]1/2
v=9¢ AKe) [71 (ln(eA/eT) )I E 1+ a7

Based on the definition of U from Eq 16, the effective strain intensity factor is

B (ho — hf))lzay - ( B )]“2
In(ga/er) J| E 1+

AKeff = d)E AS I:’l'] ( (18)

TABLE 1—Uniaxial and Shear Parameters Required for Eq 18.

Strain Range (%) ho (pm) Epeo (%) A hs (pum) &4 = In (A}/AD B In (g4/e7)

Ae=0.15 28 —0.38 - 8 4.60 240 1.720
Ay=0.16 95 —0.30 -1 50 5.25 1.95 1.240
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TABLE 2—Comparison of Calculated and Experimentally Obtained Values of AK .gs and U.

AK g (MPa - m)¥?) Effective SIF Range Ratio (U)
Strain Range Epco
(%) (%) A Exp* Model AK 4/AK Acern/Aeh,  Model
Ae=0.15 -0.38 - 2.50 2.60 0.28 0.32 0.29
Ay=0.16 -0.30 -1 2.90 3.12 0.56 0.55 0.60

* Experimental results of A K at threshold (Fig. 4).
T Experimental results of U ratio at threshold (Fig. 4).
1 Experimental results of U ratio at threshold from strain-life data (Fig. 5).

The parameters required to calculate the AK.¢ and U using the proposed model for the uniaxial (A =
—v) and shear (A = —1) fatigue tests are tabulated in Table 1. The value of the strain intensity factor
range and U ratio calculated from Eqs 17 and 18, respectively, and those obtained experimentally are
tabulated in Table 2. This comparison shows good agreement of the A K¢ and U ratio results calcu-
lated from Eqs 17 and 18 with those obtained experimentally (see Figs. 4 and 5).

Conclusions

1. For both uniaxial and shear straining the height of surface irregularities decreased as the mag-
nitude of periodic compressive overstrains increased, which led to a reduction in the crack opening
stress.

2. There was a reduction in uniaxial fatigue strength when a periodic compressive overstrain of
—0.38% magnitude was applied, varying from a factor of 1.24 at short lives to about 3.37 at long lives
(107 cycles). The reduction in fatigue strength for shear tests varied from a factor of 1.40 at short lives
to 1.70 at long lives when a periodic compressive overstrain of —0.3% was applied.

3. Aninelastic deformation model of the behavior of asperities at the tip of a crack was devel-
oped to explain the effect of periodic compressive overstrains on crack growth and closure. The
model correlates the periodic compressive overstrain, the fracture surface asperity height, and the
plastically flattened area to the effective strain intensity factor range (AK.g) and the U ratio.

4. The model gives predictions of the effective strain intensity factor range and ratio that are in
good agreement with the experimental values.
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ABSTRACT: The concept of fatigue crack closure, introduced in the 60’s by Elber, has been used to
explain a wide range of positive stress ratio crack propagation results (R = 0). Less attention has been
given to fatigue loading for negative stress ratios (R < 0). In this work the results of crack propagation
tests of middle-crack tension M(T) specimens of a normalized medium carbon steel DIN Ck 45 for a
wide range of stress ratios from 0.7 = R = —3 are presented. Crack closure loads were measured with
the compliance technique at test frequency, using a data acquisition system. Negative crack closure
loads were found for negative stress ratios R = — 1, which can explain higher crack propagation rates
and accelerations in crack growth during variable-amplitude tests where compressive loads of different
stress ratios are present.

KEYWORDS: fatigue, crack propagation, crack closure, stress ratio

Nomenclature

a Half length of crack, m
E Young’s modulus of elasticity, MPa
K Stress intensity factor, MPa Vm
K Stress intensity factor range
AK. Effective stress intensity factor range
Kmax Maximum stress intensity factor
K,, Crack-opening stress intensity factor
M(T) Middle-crack tension specimen
N Number of cycles
R Stress ratio
Prin  Minimum applied load, N
Prax  Maximum applied load, N
Popen  Crack-opening load, N
So Crack-opening stress, MPa
Smax  Maximum applied stress, MPa
S Section of M(T) specimen, mm?
v, COD  Crack-opening displacement, mm
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o, Yield stress, MPa
o, Ultimate tensile strength, MPa

Designing machine components and structures against fatigue has been widely performed based on
SN curves, modified Goodman diagrams, and other classical concepts. Fracture mechanics concepts
are used in the modern aircraft and energy industries as a powerful tool to improve design and main-
tenance procedures and to increase components reliability. In the railway and automotive transport
industries, the classical fatigue design concepts are widely used and a strong resistance to the use of
damage tolerance based on fracture mechanics exists, since the components and structures are de-
signed for “infinite life” and no cracks are allowed. In the railway transport industry, with the devel-
opment of high speed trains, a great increase of loading cycles in structures and components have to
be taken into account and security problems may occur in the components subjected to an increased
number of cycles between programmed maintenance procedures.

A typical example is the railway axle, designed with classical SN curves since the works of Wholer
in the 1850’s. It has been demonstrated [/] that fracture mechanics concepts can be used to improve
maintenance procedures assuming that cracks may be present and grow under constant or variable-
amplitude loading. Railway axles typically have a bending load in a rotating axle performing the so-
called rotating bending loading, characterized by a stress ratio of R = — 1, under which semi-ellipti-
cal surface cracks at the surface may grow to final fracture of the axle. In-service loading
measurements in railway axles have been carried out [2-4] and a wide range of stress ratios have been
measured from R = 0 to R = —2 and lower. These stress levels occur in turnouts and curves of the
railway track and cause positive or negative overloads to the constant-amplitude loading of the rail-
way axle R = —1. Therefore when performing crack growth predictions under variable-amplitude
loading in railway axles, the interaction effects due to the overloads must be taken into account in or-
der to predict accurately the residual life of cracked railway axles.

The effect of variable-amplitude loading on fatigue crack growth remains a problem not com-
pletely solved. The main studies are related to the effect of tensile overloading on aircraft components
and structures in light alloys, and several semi-empirical and theoretical models have been proposed.
Models based on either experimentally determined retardation factors applied to Forman’s crack
growth law or on effective stress intensity factors based on Elber’s [5] concept with the closure load
calculated either by strip-yield models [6,7] or finite element models [8,9] are available in the litera-
ture. Compressive overloading effects on fatigue crack growth in steels have been reported in the lit-
erature [/0], but the available results don’t provide complete knowledge of the problem.

In order to study the effect of compressive loading on fatigue crack growth a study has been car-
ried out where fatigue crack growth rates and crack opening loads were obtained for a wide range of
stress ratios, from R = 0.7 to R = —3, on a normalized medium carbon steel used in railway axles.
The results are analyzed with the concept of effective stress intensity factor based on measured crack
opening loads and are compared with literature results caiculated by finite element models or by strip-
yield models on an identical steel. They show that for high compressive loads the crack opening load
is around zero or negative, which implies that higher crack growth rates are obtained.

Material and Experimental Procedure

The material tested is a normalized medium carbon steel, DIN Ck 45. The chemical composition
and mechanical properties are presented, respectively, in Tables 1 and 2. Tests were carried out in a
100 kN INSTRON servohydraulic testing machine at a frequency of 10 Hz in load control mode at
different stress ratios R and maximum loads Py,,x as shown in Table 3. The specimens are middle-
crack tension (M(T) type) 10 mm thick and 43 or 60 mm in width in accordance with the Standard
Test Method for Measurement of Fatigue Crack Growth Rates, (ASTM E 647-95). The central notch
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TABLE 1—Chemical Composition of DIN CK 45 Steel.

C Mn Cr Ni Ti Cu Si P N

041 076 009 008 001 019 023 001 002

was 6 mm long and was made by electrical-discharge machining with a 0.25 mm height. A fatigue
precracking was conducted till the crack length was approximately 10 mm long. On all specimens the
direction of loading was parallel with the rolling direction but due to the effect of normalized steel
the grain size is similar in both directions. The two different widths of the specimens (43 and 60 mm)
were due to practical reasons related to the machine load capacity. The thickness of the specimen was
chosen in order to apply high compressive loading without the use of antibuckling guides.

Automatic data acquisition of load (kN) and centerline displacement (mm) was done at the fre-
quency of testing at each 10 000 cycles, with a data acquisition rate of 1000 Hz, during a period of 1
second, such that one record results in 1000 pairs of data points load-displacement. Crack growth
measurements were made by either an optical microscope associated with a stroboscopic illumina-
tion at the frequency of testing or through an automatic measurement technique using the compliance
method associated with load-displacement curves previously calibrated using the data from optical
measurements.

Resulits

Crack growth data, presented in detail in Appendix 1, are condensed in Fig. 1, in accordance with
ASTM 647, which states:

AP =P .~ Prnfor R>0
€))
AP =Py forR=0
These results can be analyzed as plots of da/dN as a function of AK and Paris type laws are ob-
tained for each stress ratio.
The basic principle of the crack closure concept is that a crack propagates only if it is fully open.

So, the crack propagation force, the stress intensity factor range AK, should be reduced to an effec-
tive AK.¢. The Paris Law becomes Elber Law [5]:

(daldN) = C (AKee)™ 2
This is a unified crack growth law for different stress ratios R, where

AKeff = Koax — Kop 3)

TABLE 2—Mechanical Properties of DIN CK 45 Steel.

Oys (MPa) o, (MPa) A (%)

350 600 25
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TABLE 3—Tests for Different R and Ppgs.

R= Pmin/Pmax Pmaxv kN S(mm2)
0.7 95 60 X 10

0 30 43 X 10

-1 40 43 X 10

-1 80 43 X 10
-2 40 43 X 10
-3 30 43 X 10

and
Knax = ¥(PuaxlS) V'ma
Kop = Y(PoplS) Vma )
To use this unified crack growth law, Kopen 0 Pope, must be determined from experimental data for
different stress ratios R and Ky.x. The use of the crack closure (open) concept allows a unique clo-

sure free curve for the crack growth rates at different stress ratios to be determined. A test at R = 0.7
is used as the reference since it is assumed that Popen, = Pryin (crack tips are always open).

1.00E-03
A
A
da/dN A
(mm/cycle)
1.00E-04
. o R=07, Pmax=99.5 KN
o R=-2, Pmax=40 KN
A R=-1, Pmax=80 KN
0 R=-3, Pmax= 30 KN'
% R=-1, Pmax=40 KN
1.008-05
1.00£-06
1 10 100
deltak (MPa.m'?)

FIG. 1—da/dN = f (AK) for the tests results.
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1.00E-03
- 2
da/dN S 6‘2‘:3 o
i .
(mm/cycle) P o =95KN
1.00E-04
1.006-05
FTT Y = 8.91E-00x* 0001
% R? =9.90E-01 T
1.00E-08
1 10 100
deltak . MPa.m 1/2)

FIG. 2—da/dN = f (AK) for the R = 0.7 test.

The propagation law for the R = 0.7 test, from Fig. 2, is:
(daldN) = 8.91 X 10™° (AKeg)® ®)

where da/dN is in mm/cycle and AK,¢ in MPa Vm.

The propagation laws (da/dN) = f (AK.g) for the other stress ratio tests should coincide with this
reference law when Ko, is subtracted from K., Figure 1 shows that the data for negative stress ra-
tios tests curves are located on the left side of the reference curve (R = 0.7). This means that Kope,, OF
Popern, must be lower than zero in order for it to be possible to superimpose the several curves. In Fig.
3 an example is presented of the method of determining Popen, and in Table 4 and in Fig. 4 approxi-
mate values of Poyen and of Popen/Prax for these tests are presented which were calculated by shifting
the (da/dN) = f(AK) curves to the reference curve (da/dN) = f(AK.g).

The curves of Fig. 4 are of the same type of Newman’s model [5]. An exact determination of the
polynomial coefficients requires the determination of Pqpe, from the load-displacement curves.

Determination of P p.n, from the Load-Displacement Curves

To confirm the indirect determination of crack-opening load made above, experimental measure-
ments of Py, were carried out from load-displacement compliance curves. Displacement was mea-
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1.00E-03
da/dN
(mm/cycle)
1.00E-04 7
7 y A
y= 2 20E-08x2-79E+00 ——-91
1.00E-05
'y
7 ly =891 E-oex=-°°ﬁ*°7|i
1.00E-08
1 10 100

deltak (MPa.m** )

[o CCTO06, R = 0.7, Pmax= 99.5 KN g CCT03, R = -2, Pmax= 40 KN

FIG. 3—da/dN = f (AK) for the R = 0.7 and R = —2.

sured through a clip-gage attached to the specimen at the centerline according to ASTM E 647. Load-
Displacement data were acquired during the testing, at fixed intervals of 10 000 cycles, at a rate of
1000 Hz, during 1 s. Some of the data acquired are presented in Appendix 2. A preliminary question
was to confirm if the acquisition of the load-displacement data could be done with an automatic data
acquisition system at the test frequency. Load-displacement data were acquired at 0.1, 1 and 10 Hz

TABLE 4—Approximate Values of Pp.,, and Popen/Prax.

R Prax (kN) S (mm?) Popen (KN) Popen/Pmax
-3 30 43 X 10 -5 -0.17
-2 40 43 X 10 -3 ~0.08
-1 80 43 X 10 -8 —0.10
-1 40 43 X 10 0 0.00

0 30 43X 10 4 0.13

0.7 95 60 X 10 66.5 0.70
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© R=07

8 05
E
S
g 0 + +—+ +——— - ##41‘J‘P:m?x-=4?’“v.‘ +
o TPW:SOKN praomv P_. =80 kKN
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R=Pn'in/Prrax

FIG. 4—Popen!Poox for different R and P ..

and the results, presented in Fig. 5, show that the differences are not meaningful. This data sampling
rate is in accordance with ASTM E 647; i.e., at least one data pair (displacement and load) is taken
in every 2% interval of the cyclic load range for the entire cycle.

There is no unique method to determine and calculate the opening loads in crack growth tests and
several methods have been proposed in [/1]. ASTM E 647 in Appendix X2 recommends a practice

4.00E+01
LOAD
KN)
(K $=43x10 mm? /
2.00E+01 R=-3 ,
P e =30 KN
0.00E+00 |———t—t—f—t—t——t—p—t———+ +—+ -+
-200E+01 X
—— -1t
------- 10 Hz
-4 00E+01
S = = © = ©
> & Sy | 58
8_ ] ¢ 8
-8.00E+01 g [+ E g s E = 3
3 & =~ 3 £ E’ L £
l% E % 5] > 8
008401 0.1 3.49E-07 | 3.07E-07
1 3.48E-07 3.06E-07
10 3.47E-07 3.04E-07
-1.00E402 ! I i 1 1
-300E-02 -250E-02 -200E-02 -1506-02 -100E-02 -500E03 O0O0EH0 500E03 1.00E-02

COD (mm)
FIG. 5—Load-COD data at 0.1 Hz, 1 Hz and 10 Hz.



328 ADVANCES IN FATIGUE CRACK CLOSURE

for the determination of fatigue crack opening load from compliance but with some disagreement. For
the tests at stress ratios of R = —2 and R = —3, the ASTM practice may not be reasonable, since it
states that the compliance that corresponds to the fully open crack configuration is determined at 25%
of the cyclic load range on the unloading curve. In these tests and using this statement the crack may
already be closed. Therefore, in this work the crack-opening load Pype, Was determined from the load-
displacement curves using the ASTM method, not described here, and two further methods:

Method I—A linear regression is made in the linear zone of the load-displacement curve above the
inflection zone. A second linear regression is made in the lower linear zone. The intersection of these
two regressions then corresponds to the crack-opening load P, This method is shown in Fig. 6.

Method II—This is the reduced displacement method. A linear regression is made in the linear zone
of the load-displacement curve above the inflection zone. The deviation of the measured data from
the linear regression is calculated. The crack-opening load P, is defined as the level at which the
deviation of the reduced data surpasses a predefined value. This method is shown in Fig. 7.

It is known that the crack opening process is progressive due to crack-tip plasticity and the vary-
ing stress state through the specimen thickness and the exact determination of Py, is difficult.
Method I leads to lower and less realistic values for Popen, since at the intersection point the crack is
not fully open. The values calculated by this method have less scatter than those of Method IT but this
method was very sensitive to the amount of deviation predefined, and the scatter is high.

The P,, data measured through the compliance method and calculated by the recommended ASTM
method and by the reduced displacement method are presented in Table 5. For the ASTM method an
offset criteria of 2% of the open crack compliance value was chosen, and for the reduced displace-
ment method we present the value at the point where the deviation of the reduced data becomes 10%
of the maximum difference at the lowest load in the cycle. There are some disagreements on the or-

Load (KN)

5.00E+01

}F lL I -

!
4.00E+01 y =864.93x - 8.0619]

3.00E401

2.00E+01

1.00E401

0.00E+00 }—+——+—+

-1.00E+01

-2.00E+01

-3.00E+01 ] : 1
-4 D0E+01 y; y =2615.4x - 16.726
-5.00E401 -~ I -]

-2.00E-02 -1.00E:02 0.00E+00 100E-02 200E02 3.00E02 4.00E02 50002 600E02

COD (mm)

Load-COD data ~ - - — - Linear regression — — — - Linear regression

FIG. 6—Determination of P,pe, as the intersection point.
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Load (KN)

5.00E+01

4.00E+01 \g
3.00E+01
2.00E+01 %

1.00E+01

0.00E+00

-10‘ M '__,f;k}"?

-1.00E+01 —= = /
" F Plopen
-2.00E401 4 /

-3.00E+01

-4.00E+01 / F

-5.00E401 i
_2.00E-02 -1.00E:02 0.00E+00 1.00E02 200E-02 3.00E02 400E02 5.00E02 600E02

coD (mm)

L—m Load-COD data —o—— Deviation fromlinearity — - - — - Linear regressionJ

FIG. 7—Determination of P,p., as a certain deviation from linearity.

der of magnitude of P, calculated by both methods and those calculated through the effective stress
intensity factor by shifting the da/dN = f(AK) curves to da/dN = f(AK,s) presented in Table 4. Note
that some dependence between the P,, and the P, and the crack length (i.e., Kinax) was found.

Then an extension of the diagram plotting the normalized opening stresses with the stress ratio R
presented by Newman [5] may be proposed in order to extend it for lower stress ratio, which will be
discussed in the next section.

Discussion

Cyclic fatigue crack growth tests were carried out on M(T) specimens with negative stress ratios
and the respective crack opening loads were determined through the three methods presented in the
previous section. In literature, crack growth data and crack opening loads are available for a wide

TABLE 5—Approximate Values of P, Calculated by Method I1.

Popen
Prax N Popen (kN) ASTM

R (kN) (mm?) (kN) Method IT 647
-3 30 43 X 10 -5 ~04t0 0.2 8.6 to 10.1
-2 40 43 X 10 -3 —12to — 2.1 -3 to 33
-1 80 43X 10 -8 —42t0o— 64 -21 to-—15
-1 40 43 X 10 0 —1.7t0 03 10.1 to 8.6

0 30 43 X 10 4 70t0 8.6 85 to 96

0.7 95 60 X 10 66.5 66.5 66.5
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range of materials and stress ratios R = — 1. For lower stress ratios crack growth data are available
[11,12] but without crack opening data or then with very limited discussion such that we can sustain
that a lack of crack opening loads data exist for R < —1. Therefore, when performing prediction of
crack growth in structures and components subjected to high negative stress ratios with the existing
models, engineers and designers may have difficulties due to the uncertainty of the application of the
existing models and to the lack of experimental data.

When analyzing crack opening load data for stress ratios R << —1, we found some disagreement
between the data obtained by the methods proposed in the previous section. Some explanations can
be explored. First of all, for stress ratios R << —1, the load range over which the crack is fully open is
very small compared with stress ratios R > 0. This means that uncertainties may appear when deter-
mining the compliance of the fully open crack. For example, at R > 0, the ratio AP.¢/AP is greater
than for R = —2 or R = —3. The scatter exists also for high applied stress levels, such as, for exam-
ple, R = —1 and applied maximum load 80 kN. In this case the crack growth is very fast, the crack-
tip plasticity is very large, and therefore the load-displacement curves present some curvature, which
leads to uncertainties in the compliance calculation. Anyway, we will now discuss these data, com-
paring the experimental data with the crack opening loads predicted by the models presented in liter-
ature.

One of the most used models to predict crack growth is the analytical crack-closure model [6],
known as the strip-yield model. It is based on the Dugdale model, but modified in order to leave plas-
tically deformed material in the wake of the advancing crack. Through this strip-yield model, which
is based on the crack-tip plasticity, the crack opening loads can be determined using the following
equations [7]:

S,
< ® — Ao+ AR + AR + AsR® forR=0 (6)
max
and
So
=Ap+ARR for—1=R<0 )
Smax
where

20‘0

Ay = (0.415 - 0.071c«>—sﬁ
Oo
)

A2=1—'A0—A1“A3

S ax 1
Ao = (0.825 - 034a + O.OSaZ)[cos( Tom )]

A3=2A0+A1—1

The flow stress oy is calculated as the average between the uniaxial yield stress and ultimate tensile
strength of the material, « is the constraint factor which takes into account the three-dimensional
stress state, and S, is the maximum applied stress level.

Based on the analytical crack closure model and on the mathematical algorithms that are described
in Ref 6, a computer program was built in order to calculate the crack opening loads for different
stress ratios R, maximum cyclic stress levels S,,,,, and constraint factors a. Using the mechanical
properties and crack growth data of the normalized carbon steel, crack growth predictions were car-
ried out as shown in Figs. 8a and 85 and the computed results of the crack opening loads were com-
pared with those obtained by the above described Eqs 6 and 7. This comparison is needed since in the
development of the model and respective equations, a high strength aluminum alloy was used against
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FIG. 8—P.n calculated by analytical crack closure model [6]: (a) forR = —1, =2, —3 and S5,
= 93 MPa, and (b) forR = 0, —1 and S,,.. = 186 MPa.

a low strength normalized carbon steel in the present study, with much more plasticity at the crack tip
than the aluminum alloy.

As an example, Table 6 shows the comparison between the crack opening loads calculated by the
computer program for M(T) specimens and the carbon steel and those calculated through the Eqs 6
and 7, using a constraint factor of & = 2.3. A good correlation is obtained for the stress ratio R =
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TABLE 6—Calculated Crack Opening Loads for a = 2.3.

Sopen Sopen
Stmax R (MPa) (MPa)

R (MPa) Newman [6] Newman [7]

0 186 55 52
-1 93 22 23
-1 186 19 34
-2 93 12 19
-3 93 -3 14

0. For R = —1 we have used two different maximum stresses, a low applied stress level where Smax/ 09

= 0.2 and a high one where S;,.,/a9 = 0.4. For the low level stress we found again a good agreement
but for the higher stress level the analytical crack closure model calculates much lower crack open-
ing loads. These results are in agreement with the data presented in Ref 2, where for a similar carbon
steel, crack opening loads were obtained through finite element calculations. Using a finite element
code and a release node technique in plane strain, corresponding to a constraint factor of @ = 3, crack
opening loads are presented for stress ratios —1 = R =< 0 and for stress levels of 100 MPa < S <
300 MPa. Table 7 shows the comparison between the crack opening loads calculated by FEM and
those calculated by Eqs 6 and 7. Again the crack opening loads calculated by FEM are lower than
those calculated by Newman’s equations. In particular, it is remarkable that for a stress ratio of R =
—1 and the stress levels of Sy,.x = 250 MPa and S,,.x = 300 MPa, i.e., high stress levels, the crack
opening loads are negative. The trends of these data are in agreement with the present experimental
results where for higher stress levels and for lower stress ratio, lower crack opening loads are ob-
tained.

Some disagreement between the measured and calculated crack opening loads is found for the test
at stress ratio R = —3. In this test the applied maximum stress level was lower than on the other tests,
but the ratio between the minimum applied stress and the flow stress oy is the highest which can
change the development of the cyclic crack-tip plasticity.

We can finally plot in Fig. 9 our experimental crack opening load data, obtained through the ASTM
method and the data calculated by extending Newman’s equations to the stress ratios R << —1, for the

TABLE 7—Calculated Crack Opening Loads for a = 3.

Sopen Sopen
Stnax (MPa) (MPa)

R (MPa) FEM [2] Newman [7]

0 100 15 25
-1 100 15 20

0 150 25 36
! 150 17.5 27

0 200 45 47
! 200 25 30

0 250 40 56
-1 250 -2.5 29

0 300 17.5 62
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FIG. 9—Extension of Newman model for higher negative R and P,,,,, and comparison with exper-
imental values.

three stress levels used in this study and a constraint factor & = 2.3. The crack opening loads seem to
be much more sensitive to the applied stress levels than to the stress ratio, which is in accordance with
FEM results and the analytical crack closure model.

Conclusions

Tests carried out to determine the crack growth rates and opening loads for a wide range of nega-
tive stress ratios lead to the following conclusions:

1. Negative crack opening loads P,y may be present with negative stress ratios R and high ap-
plied load levels.

2. The ratio Popen/Pmax becomes more negative for higher negative stress ratios but only for high
applied maximum load levels P,x.

3. Higher crack growth rates based on the positive part of the load cycle are therefore obtained
for negative stress ratios.

4. For a given negative R ratio, the P, depends strongly on the maximum load Pp,,, and, conse-
quently, on the amount of plasticity at the crack tip.

5. For a given maximum load and for increasing negative R ratio it seems that the crack opening
load P, tends to a constant value; i.e., a saturation level may exist.
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APPENDIX I

da/dN = f(AK) Data

This section presents the crack growth data obtained for the tests with negative stress ratio, Fig. 10.
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FIG. 10—Crack growth data for negative stress ratio.
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APPENDIX IT

Load-COD Curves for Tests with Stress Ratio from —3 < R
= 0.7

In this section some records of the load-COD data are presented in order to visualize the changes
in the load-COD data due to the presence of high negative stress ratio when compared with classical
crack growth data for R = 0, Fig. 11.
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Simulation of Fatigue Crack Closure
Behavior Under Variable-Amplitude Loading
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ABSTRACT: A two-dimensional elastic-plastic finite element analysis is performed for plane stress
conditions with 4-node isoparametric elements to investigate the closure behavior under various vari-
able-amplitude loading, i.e., single overloading, Hi-Lo block loading, and narrow- and wide-band ran-
dom loading. The closure behavior under single overloading and Hi-Lo block loading can be well sim-
ulated by applying the concept of the most appropriate mesh size that will provide numerical results
consistent with experimental data under constant-amplitude loading. It is found that the crack opening
load under random loading may be predicted approximately by replacing the complicated random load
history with the appropriate equivalent, simplified variable load history.

KEYWORDS: fatigue crack closure, finite element method, variable loading, most appropriate mesh
size, plastic zone size

It is widely accepted that crack closure has a dominant influence on fatigue crack growth. The clo-
sure behavior of fatigue cracks has been investigated mainly by using experimental methods. How-
ever, for cases when experimental methods cannot be applied so easily, the finite element (FE) nu-
merical method has long been utilized as an alternative, powerful technique for the analysis of crack
closure and has provided useful results of crack closure behavior, particularly under variable loading
[I-4]. Recently McClung and his co-workers [5-7] have performed systematic studies extensively to
investigate effects of various important factors related to FE modeling of crack closure in detail. Al-
though FE numerical results obtained so far by many workers have provided a lot of useful informa-
tion on crack closure behavior, there are few comparisons between numerical and experimental data.

In previous work [8], the authors have investigated a FE analysis model to simulate precisely the
experimentally observed fatigue crack closure behavior under constant-amplitude loading, perform-
ing quantitative comparison between numerical and experimental results. One of the important results
obtained is that a unique, most appropriate mesh size exists for a given loading condition that will
provide numerical results consistent with experimental data. The most appropriate mesh size can be
estimated approximately in terms of the theoretical plastic zone size.
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In this study, the FE analysis is performed to investigate the closure behavior under variable-am-
plitude loading, using the concept of the most appropriate mesh size. The FE numerical results under
single overloading and Hi-Lo block loading are compared with experimental results. A simple pro-
cedure is discussed to simulate the closure behavior under random loading of complicated load pro-
files.

A Two-Dimensional Finite Element Model

The two-dimensional FE model used in this study is nearly the same as in previous work [8]. There-
fore, only the important aspects are outlined below.

A commercial program for a general-purpose structural analysis, ANSYS Rev. 5.0A [9], is used
for elastic-plastic FE simulations of crack closure. The theory of incremental rate independent clas-
sical plasticity, von Mises criterion and kinematic hardening rule are used. The stress-strain relation-
ship is modeled as a bilinear law.

The opening and closing states of the crack surface are identified through monitoring all nodal dis-
placements and nodal reaction forces along the crack at each load increment and then the boundary
conditions are changed as in the work of Ohji et al. [] or Newman [2]. Each load increment in this
study is 1 MPa. The crack-tip opening and closing stress levels are defined as the stress levels at
which the crack surfaces become fully open or start to close, respectively. Unless stated otherwise,
the crack tip is released at the minimum load on every cycle.

The analysis is performed under plane stress for the center-cracked specimen (CCT) 70 mm wide
and 184 mm long, which is nearly the same as the specimen used in previous experimental work [10]
to be compared with the FE numerical result in this study. Four-node isoparametric elements are used.
Only one-quarter of the specimen is modeled. Figure 1 shows the typical fine-mesh configuration and

a,

a(= a, + o)

-

FIG. 1—Typical fine mesh used in present work.
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the fine-mesh size is determined based on the concept of the most appropriate mesh size proposed in
the previous work [8].

Material properties used for the analysis are as follows: Young’s modulus E = 70 GPa, Poisson’s
ratio v = 0.33, yield stress o, = 379 MPa, and the plastic modulus or the linear strain hardening pa-
rameter H’ = (do/de) = 0.01E = 700 MPa. These properties are expected to correspond to the 2024-
T351 that was used in previous experimental work [10].

The computation was carried out on a HP 9000/715 desktop workstation and about 20 min was re-
quired to complete a single load cycle.

Experimental Crack Opening Data for Comparison

The experimental crack opening data used for the comparison are the results obtained from single
overloading, Hi-Lo block loading, narrow- and wide-band random loading tests in previous experi-
mental work reported by one of the authors [10]. The single overloading and Hi-Lo block loading
tests were originally performed to compare the crack closure behavior under random loading and un-
der simple variable amplitude loading.

The details of the experiment have been described in Ref 10. Only the important aspects related to
the present study are given here.

The material used is 2024-T351 aluminum alloy plate. The 2% proof stress is 379 MPa, the tensile
strength 480 MPa, elongation 19.6%, and the reduction of area 17.0%.

A CCT specimen, of initial notch 2a, = 16 mm, 10 mm thick, 184 mm long and 70 mm wide, is
used. The semicircular side grooves with radius of 1 mm were machined to obtain plane strain crack
growth data. The crack plane orientation is L-T.

All the tests were conducted using a closed servo-hydraulic fatigue testing machine at a frequency
of 7 Hz. Single overloading and Hi-Lo block loading tests were performed all with a stress ratio of R
= 0. Single overloading tests were performed with overload ratios of OLR = 0L SO max = 1.5,1.75
and 2.0, where 0 O%, and 0y, are the overload and baseline maximum stresses, respectively (see Fig.

3a). Hi-Lo block loading tests were conducted with a ratio of ofi, /o2, = 1.5, where o, and

a8, are the maximum stresses for high and low block loads, respectively (see Fig. 4a). For random
loading tests, two types of random spectra, i.e., narrow- and wide-band random spectra as shown in
Fig. 2 were generated by computer simulation. For each type of random spectrum, three different ran-
dom loading blocks having history lengths of N, = 500, 1000 and 2000 cycles were constructed. Ran-
dom loading tests were performed by repeatedly applying each random loading block. The stress ra-
tio corresponding to the largest load cycle in a random loading block R(AKE,,) was kept at 0. Here
AK R, means the stress intensity factor range of the largest load cycles.

Crack length and closure are measured continuously during the tests by employing an unloading
elastic compliance technique [1]] and a personal computer system. The displacements for this tech-
nique are measured by the clip-on gage attached in the circular hole at the center of the specimen.

The experimental procedure used is comparable to the method recommended by the ASTM Test
Method for Measurement of Fatigue Crack Growth Rates (E 647-95a) [12] for determination of fa-
tigue crack opening load from compliance. Particularly in the procedure, the curve of load versus dif-
ferential displacement rather than the curve of load versus displacement is used to improve the sen-
sitivity of detection of the variation of compliance. Kim and Song [13] proposed an automated
method to determine consistently the crack opening load. They reported that the error of the experi-
mental crack opening data used in this study for the comparison is less than 2% based on the maxi-
mum stress.

The experimentally measured crack opening results are found in the previous experimental work
[10] to be able to account successfully for the effect of stress ratio and crack growth behavior under
stationary random loading.
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FIG. 2—Random loading histories: (a) narrow band and (b) wide band.

Results

As already noted, the fine-mesh size was determined for each loading condition, using the concept
of the most appropriate mesh size [8]. According to the FE numerical results obtained under constant-
amplitude loading in the previous work [8], the most appropriate mesh size Aa* can be determined
from the equation Aa*/w, = 0.193 or Aa*/Aw, = 0.772 for a stress ratio of R = 0 at which all vari-
able-amplitude experimental tests were performed. Here wy, and Aw, are the theoretical plane stress
monotonic and reversed plastic zone sizes, respectively, defined as

_ 1 [Kmax )
%_;( gy ) M

2
-

where Ky is the maximum stress intensity factor, MPa-m'2, and AK,,, the stress intensity factor
range, MPa-m"2.

Crack Opening Behavior Under Single Overloading

Figure 3a shows a typical example of the crack opening behavior when a single overload was ap-
plied. The fine mesh size used for the example is 0.049 mm, corresponding to the most appropriate
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FIG. 3—Crack opening behavior for single overloading.
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mesh size for the baseline constant-amplitude loading. Eight load cycles are applied to obtain a suf-
ficiently stabilized crack opening level prior to overloading. In this example, the crack closure does
not occur during the loading portion of the first baseline load cycle just after the application of single
overload. During subsequent load cycling, the crack opening level increases to reach a maximum
value max(a},p)oL and thereafter decreases gradually to resume the original stabilized crack opening
level. This trend of variation of crack opening level agrees nearly perfectly with the FE numerical re-
sult reported by Ogura and Ohji [3] and also agrees well with the experimental result shown in Fig.
3b.

It was found in the previous experimental work [/0] that the maximum crack opening load ob-
served in single overloading tests agrees well with the crack opening load under random loading and,
consequently, the crack closure behavior under random loading can be estimated from single over-
loading tests. Accordingly, the maximum crack opening load max(K(,I,)OL under single overloading
is very important. The numerical results of max(K,,)°" are compared with the experimental ones in
Fig. 3c. For all overload ratios analyzed, the numerical results are in excellent agreement with the ex-
perimental ones.

In Fig. 3a, the crack-tip advance increment until the crack opening level reaches a maximum value
is about % ~ % of the monotonic overload plastic zone size wJ" defined as

OL \2
WO = 1 ﬁ‘ﬁ) 3)
P T\ Oy

where K%, is the maximum overload stress intensity factor, MPa-m/2.
After the crack tip advances to about 1.1 ~ 2.2 times w ST, the crack opening level resumes the pre-
p pening p
overload stabilized value.

Crack Opening Behavior Under Hi-Lo Block Loading

Figure 4a shows a typical example of the variation of crack opening level under Hi-Lo block load-
ing. The fine-mesh size used for this example is 0.110 mm, corresponding to the most appropriate
mesh size for the high load o fi,. The crack opening level which is stabilized under high load cycling
increases monotonically after load reduction to reach a maximum value max(o,,)™ and then grad-
ually approaches the original stabilized value. Nearly the same trend of crack opening can be found
in the results of Ogura and Ohyji [3], and of Newman [2]. However, the behavior that the crack open-
ing level approaches the original stabilized crack opening level during prolonged load cycling cannot
be found so clearly in their results. The behavior shown in Fig. 4a that the crack opening level in-
creases after load reduction to reach a maximum value and then decreases can be observed clearly
also in the experimental result shown in Fig. 4b. Figure 4c compares the maximum crack opening
load max(K,,)""" between the numerical and experimental results. The numerical results can be said
to agree well with the experimental ones.

In Fig. 4q, the crack-tip advance increment until the crack opening level reaches a maximum value
is about % of the monotonic plastic zone due to the high load, wf, defined as

i \2
w_ 1 (Khx
a)p—ﬂ_< p @

i

where KL, is the maximum stress intensity factor due to the high load o', MPa-m!2.
This increment is comparable with that in the case of single overloading.
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FIG. 4—Crack opening behavior under Hi-Lo block loading.
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Simulation of Crack Opening Behavior Under Random Loading

A significant characteristic of crack closure behavior under random loading is that the crack open-
ing load is nearly constant during a random loading block of a relatively long history length such as
2000 cycles, as has been frequently reported [10,14).

The conventional FE simulation of crack closure in which the crack tip advances one element ev-
ery cycle is not reasonable for and practically inapplicable to random loading. In order to simulate
crack closure behavior under random loading, other different methods must be developed. The ex-
perimental fact above noted that the crack opening level is nearty constant during a random loading
block of long history length may be attributed to the fact that the crack growth increment during a
random loading block is usually smaller than the plastic zone size due to the largest load cycle in a
random load history and may be neglected.

Figure 5 shows the numerical crack opening result under random loading when the crack tp is
fixed after the crack opening level is stabilized by applying several cycles of the largest load in a ran-
dom load history. It can be found that the crack opening level is hardly changed even if the magni-
tude of the cyclic load varies irregularly.

Considering this result, crack opening behavior under random loading is simulated, replacing a
random load of complete profile by an equivalent, simplified variable load as follows: Under the as-
sumption that the largest load cycle in a random load history has the same effect as a single overload,
an imaginary, equivalent overload ratio is defined for a random load as

P v,
(OLR),_, = 2mx ~ Tmin . oot valley overload ratio 6)
OFns — O toin
50
 crack length fixed
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FIG. 5—Variation of o, under random loading when the crack tip is fixed.
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where
O hhax = maximum peak load, MPa,
O min = Minimum valiey load, MPa, and
O Ens = root-mean-square value of peak loads, MPa.

Using the values of o8,.x, 0 min and o8y of a random load, narrow- and wide-band random loads
are approximated by the simple variable loads shown in Fig. 6a and b, respectively. In Fig. 6a, a nar-
row-band random load is replaced by an incremental step load where the maximum and minimum
load ranges are o8, and o§,, respectively, and 7 cycles of linearly varying amplitudes are inserted
between the maximum and minimum load ranges. The number of inserted load cycles of 7 is expected
to provide a stabilized crack opening level. In Fig. 65, a wide-band random load is replaced by a re-
peated two-step load consisting of two load ranges of o%,, and 0By, The value of max(o,p) in Fig.
6a and the value of o, on the fourth cycle of the large load o k.« in Fig. 65 are employed as the crack
opening levels for narrow- and wide-band random loads, respectively. The fine-mesh size is deter-
mined from the most appropriate mesh size for the small load o by;.

Using the method described hitherto, simulation was performed for random loads of history length
of 500 cycles and the numerical crack opening results are compared with experimental results in Fig.
7. The numerical results agree very well with the experimental ones, implying that the simulation
method proposed may be promising.

Discussion

The crack tip is released arbitrarily on every cycle and the amount of crack growth per cycle is one
element size in the analysis. So the crack growth rate has no physical meaning because FE analysis
is not to predict the crack growth behavior but to predict the stabilized crack displacement behavior.
Therefore, it is not appropriate to compare the cycle numbers between the experiment and analysis.

It is reasonable that plane strain experimental data should be predicted using plane strain analysis
results. However, the plane strain opening level is much lower than the plane stress one [6] when the
same element size is used, and the wrong results that there is no crack closure when a relatively large
element size is used are reported. If the plane strain analysis is performed, very small element size
should be used to obtain the numerical results which are in good agreement with experimental data.
In this case, total element numbers will become larger and it will take too much time. So the analy-
sis will become inefficient.

Although there exist constraint effects, it was found in our previous work [8] that the plane exper-
imental data could be predicted well by the plane stress analysis under the constant-amplitude loads.

The purpose of this paper is to find out whether these results can also be applied to the variable
loadings. It was found that the maximum crack opening level for single overloading and Hi-Lo block
loading can be predicted well using the plane stress analysis with the same element size determined
under the constant-amplitude load.

A plane strain FE analysis is now being carried out to predict the plane strain experimental data.

Conclusions

The crack opening behavior of fatigue cracks under variable loading is investigated using a two-
dimensional elastic-plastic finite element (FE) analysis. The concept of the most appropriate mesh
size proposed in previous work is utilized and the FE numerical results are compared with experi-
mental data. The conclusions obtained are summarized as follows:

1. The FE analysis can simulate successfully the crack opening behavior under single overload-
ing and Hi-Lo block loading.
2. By using the concept of the most appropriate mesh size, the maximum crack opening loads ob-
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tained numerically for single overloading and Hi-Lo block loading agree quantitatively very well
with the experimentally observed ones.

3. In order to simulate the crack opening behavior under random loading, a method is proposed
which replaces a complicated random load by an equivalent simple variable load. The simulation re-
sults by the method agree very well with experimental results, indicating that the method may be
promising.
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A Comparison of Two Total Fatigue Life
Prediction Methods
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ABSTRACT: A 2-D analytical model which is termed the PICC-RICC model combines the effects of
plasticity-induced crack closure (PICC) and roughness-induced crack closure (RICC). The PICC-RICC
model handles naturally the gradual transition from RICC to PICC dominated crack growth. In this
study, the PICC-RICC model is combined with a crack nucleation model to predict the total fatigue life
of a notched component. This modified PICC-RICC model will be used to examine several controver-
sial aspects of an earlier, computationally simpler total-life model known as the IP model.

KEYWORDS: crack closure, notches, total fatigue life, fatigue life prediction models

Analytical Models for Predicting the Total Fatigue Life

The total fatigue life of a component may be considered to be the sum of three periods: crack nu-
cleation (Ny), short crack growth (Np,) in which the crack closure phenomenon is a function of crack
length, and long crack propagation (Np,) in which the crack closure phenomenon is more or less in-
dependent of crack length.

Nr= Ny + Np, + Np, ¢Y)

The IP Model

Lawrence et al. [1-3] have proposed a two-stage, total-life model, the Initiation-Propagation (IP)
model; see Fig. 1. The total fatigue life is considered to be composed of two portions: a fatigue crack
initiation period and a fatigue crack growth period. The total fatigue life, Ny, is estimated as

Nr= (Ny+ Np1) + Npp = N; + Np, ¢))

The initiation life, N,, consists of both the initiation and early growth of fatigue cracks and as well as
their coalescence into a dominant fatigue crack. The propagation life, Np,, consists of the number of
cycles to grow this dominant fatigue crack to failure. N; is estimated using strain-controlled (smooth
specimen) fatigue properties and the Basquin-Morrow equation as follows, which (in its simplest
form, neglecting notch-root plastic strains) is:
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paign. Currently senior research engineer, Caterpillar Inc., Technical Center, Bidg. K, PO Box 1875, Peoria, IL
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351
Copyright®1999 by ASTM International WWW.astm.org
pyrig Y



ADVANCES IN FATIGUE CRACK CLOSURE

352

‘K13aw028 qurof pram ayi fo sis€jpup ssaais Wi v puv ‘sayiadosd ajisua; ‘soysadosd
Y1048 Yop42 ‘sa1342d0ad anSnf pajjoyuod uipas SISEppuv pup uauiliadxs 1014d woif synsal ayy puasaidai saxoq papvys
-un ayJ 1apout JJ ayi fo uoupups.io ayi puv £q pa.smbas uoypuLofiul Yl Suimoys wp.Svip JuPUBYIs y—I1 ‘DI

| suowadg
: payorID)-21d
" uo

s1sa ], ondneq
| K101810q8]

ep %) -=dy &

Ty 10
uonEUINSH

| -

13

/ XL, 1

| "Yaely 271§
uonenbyg _._30.2
MO anBneyg

g SISA[euy

vad SOTURYOAA

suawadg

poowry

& ”_ o wZo s 5 uo
1= N s1sa, andneq
% uonewnsH Kiojeroqe|




CHEN AND LAWRENCE ON A COMPARISON OF PREDICTION METHODS 353

_1(_ASKs )%
N (2(0;—0”.) ®

where AS is the remote cyclic stress amplitude, Ky is the fatigue notch factor, o is the fatigue
strength coefficient, o, is the mean stress, and b is the fatigue strength exponent. Np, is estimated us-
ing crack growth data for long cracks and the Paris Power Law:

_ [ _da
NPZ-L e @

where a; is the initial crack length, ay is the crack length at failure, and C, m are material constants in
the Paris Power Law.

One difficulty with the IP model is determining the value of the initial crack length “a;”: the pre-
dicted value of Np, depends strongly on the value of a;. Lawrence et al. customarily assumed an “en-
gineering crack size” of 0.25 mm (0.01 in.) as the value of a;. A more rigorous method of determin-
ing a; is needed. A second difficulty with the IP model is its dependence upon the concept of the
fatigue notch factor K, the empirical Peterson’s Equation, and the derived concept of the “worst case
notch,” (Kf)max. The meaning of this concept and its proper use remains unclear, and the use of
(Kf) max 1s therefore a controversial aspect of the IP model.

In this work, the recent PICC-RICC model of Chen and Lawrence will be combined with a model
for crack nucleation of Socie et al. [4] to create a total life model which does not depend upon Pe-
terson’s equation. The predictions of the modified PICC-RICC model will be used to examine the
question of the initiated crack length “a;” and the concept of the worst case notch or (Kf)max, that is,
to study two controversial aspects of the IP model.

The Modified PICC-RICC Model

A total fatigue life model is proposed which will be termed the modified PICC-RICC model. The
total fatigue life equation (Eq 1) may be factored as:

Ny =Ny + (Npy + Np3) = Ny + Np ()]

where Ny is the portion of fatigue life to nucleate a fatigue crack and N is the number of cycles to
grow the fatigue crack to failure. The modified PICC-RICC model was created by combining the
crack nucleation life model of Socie et al. [4,5] (see Appendix 1) to provide estimates of Ny with the
PICC-RICC model of Lawrence and Chen [6] (see Appendix 2) which provides estimates of Nr.

af
Ne= f c (AKeff)"' —j c (U(x) AKY"

©®

where

AKeff(x) _ Stax — Sopen
AK(X) h Smax — Sm'm

Ux) =

Determination of Crack Length of Transition Between Nucleation and Propagation
Dominated Crack Growth Using NP Model

In a study by Hoshide and Socie [4], the transition from initiation to propagation dominated crack
growth was defined as a competition between two types of crack growth—one due to crack coales-
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FIG. 2—Use of Socie’s method of determining the crack nucleation life into the NP model.

cence and the other due to crack propagation. The crack growth behavior was determined by the faster
growth mechanism. In the present study, the crack length a; at which the transition from nucleation
dominated crack growth to propagation dominated crack growth occurs was estimated using a simi-
lar concept. The procedure is illustrated in Fig. 2 and is described below:

Starting near the notch root, the crack is advanced the distance of one grain along the slip plane.
Equation 3 is employed to calculate the number of cycles needed to advance through the grain by nu-
cleation. Then Eq 6 is used to calculate the number of cycles needed to advance through the same dis-
tance by crack growth. The two calculated results are compared. The transition from nucleation to
crack coalescence and growth-dominated cracking is considered to take place at the ith grain (located
between A and B as illustrated in Fig. 3) when for the first time Nf no longer exceeds Nj, i.e., when

1 1 t
The "ith" grain where the
a; ~ transition from nucleation
to propagation occurs

»
I
|

A
&5

nucleation propagation

Y Y -
S
FIG. 3—Scheme for the determination of the initial crack length for propagation, a; using the NP
model.
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TABLE 1-—Material Properties of Mild Steel Considered.

Yield strength, S, (MPa) 345
Ultimate strength, S, (MPa) 555
Young’s modulus, E (GPa) 200

the following inequality which indicates a faster progress via crack growth is satisfied:

B
dx A—>B
< AIvnu(: eation 7
JA C'(AKee)™ e @

where N is the fatigue cycles accumulated. The length of the crack when it first encounters the ith
grain is defined as the initial crack length for propagation, a;. In essence, the strategy for calculating
a;is to determine whether a crack (which may be of length A due to crack coalescence or prior crack
growth) can grow to an incremental length B (one grain diameter) faster by growth or faster by nu-
cleation and further coalescence. For simplicity, any interaction between the prior crack and the nu-
cleation of a new crack within the grain considered has been ignored.

The fatigue behavior of elliptical edge notches with a constant notch depth of 0.2 in. (5 mm) was
examined using the modified PICC-RICC model. The stress concentration factor X, of the notches
was varied from 2 to 30 by changing the notch root radius. The zigzag path used in the prediction of
propagation life had a constant tilt angle of 45° and a deflected branch length equal to the assumed
grain size of 30 pwm of a mild: see Table 1.

The initial crack length for propagation, a;, was estimated for a life of 107 cycles (R = 0) and is
shown in Fig. 4 as a function of K,. The predicted results show that when K is less than 3, the value

(mm)

0.3 * |

— — - Assumed in I-P Model based on
o1 L average "engineering size crack"
’ Predicted Using the PICC-RICC Model

Predicted Initial Crack Length for Propagation, a
o
T
I

0 5 10 15 20 25 30
Stress Concentration Factor, KI
FIG. 4—Initial crack length a; predicted using the NP model for a constant depth elliptical notch

in mild steel. The customary IP Model assumption of a; = 0.25 mm (0.01 in.) is shown and is seen to
agree with the predictions of the PICC-RICC model for K, greater than 3. R = —1 conditions.
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of a; increases markedly as the notch gets sharper. While both crack nucleation and growth are di-
minished by this initial K, increase, the change is more prominent for nucleation and hence causes a
delay of the nucleation-propagation transition. After this initial increase, the a; remains relatively
constant as the notch gets sharper, indicating a balance between nucleation and propagation. The
slight decrease of a; is attributed to the reduction in the rapidity of crack nucleating as the amplitude
of the local shear stress approaches the frictional stress 7... Also shown in the Fig. 4 is the a; value of
0.25 mm (0.01 in.) customarily assumed in the I-P model which is seen to be close to the a; value pre-
dicted for values of K, greater than about 3.

Examination of Fatigue Notch Size Effect and “Worst-Case Notch

Most fatigue cracks emanate from stress-concentrating notches. Such notches result from geomet-
rical or microstructural discontinuities and exist in almost all structural components. One special case
is the notch provided by a weld toe. Examination of stations along as-fabricated weld toes reveals
notch root radii which range from very sharp and crack-like to smooth transitions from weld metal
onto the surface of the plates which the weld joins. Which value of radius is most serious? Intuitively,
one would suppose that the smallest, most crack-like radius would be the most damaging, but as we
shall see below, Peterson’s equation, the PICC-RICC model and experimental studies [7] suggest that
this may not be so.

Worst-Case Notch

The existence of a “worst-case” notch for constant depth notches is suggested by Peterson’s equa-
tion [1-3]. For an elliptical notch as shown, the stress concentration factor K, is:

K,=1+2‘/§ ®

were D is the notch depth and r is the notch root radius. If one substitutes the above K, expression
into Peterson’s relationship:

k=1+K—L ©

a
1+-£
,

one gets the following expression for Ky:

2VD

Kr=1+——+o (10)
—L_
\/-r_+\/;_

which suggests the existence of a maximum K value at r = a,, with the corresponding (K)max equal

to:
K = 1+ |2 (an
i4

where a,, is the material constant in Peterson’s equation.

Figure 5 shows the total fatigue life predicted by the modified PICC-RICC model for a series of 5
mm (0.2 in.) depth elliptical notches having various notch root radii and consequently values of K,
which vary from 5 to 30. As seen in Fig. 5 the modified PICC-RICC model predicts that the crack
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FIG. 5—The total fatigue life predicted by the NP model for a mild steel containing various ellip-
tical notches of 0.2 in. (5 mm) depth. The total life shows a minimum at a K, of around 8 or for a notch
root radius of around 0.4 mm.

propagation life (Ny) is always the major part of the total fatigue life and that the total life decreases
and then increases as the stress concentration increases from K, = 5. The model predicts a minimum
fatigue life when K, = 10.

The shape of the N curve in Fig. 5 can be explained as follows: the initial loss of propagation life
is attributed to the acceleration of fatigue crack growth as the notch gets sharper. However, a counter
effect of a sharper notch as opposed to a higher K, value is that it also introduces a higher stress gra-
dient which leads to a quicker decline of stress once away from the notch root. Hence, as the sharp-
ness of the notch increases, a larger portion of the fatigue crack growth will be under a lower stress
and will consumes more fatigue cycles, which leads to the rebound of Np after the initial drop.

Thus, the modified PICC-RICC model which does not depend upon Peterson’s equation also sug-
gests the existence of a “worse-case” notch.

Discussion

The modified PICC-RICC model for a; suggests that nucleation and coalescence of cracks may
dominate growth to substantial depths (=0.2 mm or more depending upon the nature of the notch). It
is possible that the surface roughness in the region between the notch root and a; may differ from the
roughness of regions subsequently created by crack growth.

A comparison of the predictions of the modified PICC-RICC model with Peterson’s and Neuber’s
expressions for the fatigue notch factor Ky is given in Fig. 6. Frost’s data for mild steel [7] is also
plotted in this figure. As seen in Fig. 6 the modified PICC-RICC model predicts Frost’s data. Neither
Peterson’s nor Neuber’s expression for K fit the data for values of K, greater than 10; however, the
Peterson equation is clearly better than the Neuber expression for the constant depth notches consid-



358 ADVANCES IN FATIGUE CRACK CLOSURE

I I I

R=-1]
N_= 107 cycles Predicted using the total life model
95 L including both PICC and RICC effect
[ S — — - Predicted using Peterson's relationship

— - - Predicted using Neuber's relationship
o ® Test data, round bar [7]
r -—3:,‘— m Test data, flat plate [7]

8

|
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Fatigue Notch Factor, K
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t

FIG. 6—Fatigue notch factor K; versus stress concentration factor X, Data are from Frost {1].
Prediction of the NP model is given as the solid line. The predictions of Peterson’s and Neuber’s re-
lationships are also shown, Mild steel, R = —1.

ered. The maximum in the value of K is the “worst-case” notch. The fact that the modified PICC-
RICC model predicts the worst case notch (and the data of Frost) while the previous work of Hou [8]
which was based solely on PICC did not predict the existence of a “worst-case” notch suggests that
RICC effects (grain size—see Fig. 14) may be the cause of the worst case notch and the physical ba-
sis of Peterson’s constant a,,.

Figure 7 replots the information in Fig. 6 in terms of the predicted fatigue strength at 107 cycles.
In this figure, the predictions of the IP model are compared with the predictions of the modified
PICC-RICC model. Again, the existence of a worst case notch is suggested which correlates with the
value predicted by Peterson’s equation (Eqs 8—11). The predictions of the IP model agree with those
of the modified PICC-RICC model but the two models disagree at high values of K,. The essential
agreement between the IP model and crack growth models based on crack closure (CCN model) was
also noted by Hou [8]; see Fig. 8.

Given the agreement in predicted total lives between the modified RICC-PICC and IP models,
given the apparent relatively short duration of the nucleation life Ny suggested by many experimen-
tal observations and the modified PICC-RICC model (Fig. 5), and given the fact the concept of Ky
has always been based on the total fatigue life (at long lives), that is, has always included an amount
of crack growth (Fig. 6), it appears that the IP model probably should be thought of as an “either-or”
model in which Np, dominates the total life at short lives and N; dominates the total life at long lives.

Thus, the IP model (Eq 2) works at short total lives because at short lives Ny = Npy:

» Ny is small; consequently the inadequacy of the Ky concept at short lives doesn’t matter.
» The difference between Np, and Ny diminishes at higher stress levels because of the lesser im-
portance of crack closure (Fig. 16) at higher stress levels. Using a; = 0.25 mm (0.01 in.) to es-



CHEN AND LAWRENCE ON A COMPARISON OF PREDICTION METHODS 359

£ 120

2

= R=-1
2 ol -

g

S

8 100 —~

4

o — — - I-P model prediction
= %0 ——— PICC-RICC model prediction
=t @ Test data, round bar [7]
o a0 B Test data, flat plate [7]
g -

@ 70 | -

3 -

(=]

2 -

S 60 | i J

=

Bo -

o ,

& 50 | - -

=

o

S

T« : | | ! } 10
o 3 10 15 20 25 30

K
Fatigue notch factor K predicted
using the Peterson's relationship
1 = 1 1 1 0

Stress Concentration Factor, K .

FIG. 7—Fatigue strength predictions for mild steel at 107 cycles of the modified PICC-RICC and
IP models. Frost’s data [1] are plotted as solid symbols. R = ~1.
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FIG. 8—Comparison of the model predictions with the observed total fatigue [9] lives for a plate

thickness t = 78 mm.
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FIG. 9—Predictions of Ny, using LEFM and total life using the IP model for a non-load carrying
cruciform joint. Data points are from the UIUC fatigue data bank [10].

timate Np, is suggested by the modified PICC-RICC model and provides lower bounds to lab-
oratory test data for laboratory weldment tests pieces: see Fig. 9.

The IP model (Eq 2) works at long lives because at long lives Ny = Nj:

 N; dominates, and the choice of a; is not critical. Logically at long lives, estimates of Np;
should be based on the dimensions of the smooth specimens used to experimentally determine
Peterson’s material constant a,; see Fig. 10.

Conclusions

» The existence of a worst-case notch as predicted by the Peterson equation is also suggested by
the modified PICC-RICC model which does not depend upon the Peterson equation.

Both the modified PICC-RICC model and the IP model give the same estimates of total fa-
tigue life, and both predict Frost’s data.

The standard IP model is slightly illogical because of inconsistencies in the values of a; in-
herent in N, and Np; as currently defined; nonetheless the IP model (N = Ny + Np) gives good
total life estimates at both short and long lives because of the dominance of N; at long lives
and Np; at short lives. A more rational formulation of the IP model was suggested in which
Np; would be based on an initiated crack length the dimension of a laboratory smooth speci-
men or =0.25 in.

» The modified PICC-RICC model which uses a simple model for Ny at a; and incorporates the

effects of crack closure to estimate N appears to be the more physically reasonable total-life
model.
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model which neglects short crack effects (Ni(Kt) + Np0.01”). The cruciform weldment of Fig. 9 is
considered.

APPENDIX I

Estimating Fatigue Crack Nucleation Life (Ny) Using a
Dislocation Model

A dislocation model for the calculation of fatigue crack nucleation life was first proposed by
Tanaka and Mura [/1]. They assumed that when the stored strain energy due to dislocations accu-
mulated after N cycles became equal to fracture surface energy, the layers of dislocation dipoles can
be transformed into a free surface. As a result, a shear crack is formed along the layers of dislocation
pile up. Using the energy criterion stated above, Tanaka and Mura derived the following equation for
fatigue crack nucleation life calculation:

8 GW,.
Ny = d(1 - v(A1, — 21.)° (12

where G is the shear modules of the material, n is the Poisson’s ratio, w, is the specific fracture en-
ergy for a unit area, 7, is the critical stress to initiate slip, d is the grain size of the material, t} is the
inclination angle of the slip plane, and A7, is the range of the cyclic resolved shear stress along the
slip plane. Equation 12 was applied to calculate the fatigue nucleation life under multi-axial loading
by Socie et al. [4,5]. In their study, slip planes with a random distribution of inclination angle ¢y was
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assumed over a 2-D body under multi-axial loading. Here, under Mode I loading, the scenario of nu-
cleation is simplified as follows: an average inclination angle of 45° is assumed according to the max-
imum shear stress direction under far-field Mode I loading. Possible crack nucleation sites in the 2-
D body other than that along the symmetry line of the notch root (which is subject to the most severe
stress concentration) will not be considered. Hence the fatigue crack is assumed to nucleate along a
zigzag path of 45-deg inclination angle with the deflected branch length simulating the grain size d.
see Fig. 3.

Along the assumed slip plane with 45° inclination angle, the resolved shear stress can be evaluated
in terms of the local tensile stress; and Eq 12 can be written as:

8 GW.

NN = 2
a1 — v (% - 270)

(13)

where Ao is the range of local tensile stress. Socie et al. [5] estimated the value of w. to be 2 X 10°
J/m? based on the knowledge that w, is about 10° times greater than the surface energy (which is
about 2 J/m? in ordinary metals).

APPENDIX II

Analytical PICC-RICC Model of Chen and Lawrence

Newman [/2] first developed a numerical scheme which used the Dugdale strip yield model and
the wake of plastic deformation behind crack tip to simulate plasticity induced crack closure (PICC)
and to estimate the resulting crack opening stress, Sopen. Figure 11 schematically illustrates the New-

S open ¢

— —— X \
| 5 o = F _ e \3
; open = f (0.(x)) —

FIG. 11—An illustration of Newman’s Dugdale strip-yield model to model plasticity induced crack
closure (PICC). The contact stresses 0.(x) are induced by the plastic wake.
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FIG. 12—Geometrical features of the zigzag path assumed in the PICC-RICC model.

man’s Dugdale strip yield model. The load level at which the crack faces are fully open is defined as
Sopen-

The Strip-yield model for notched component (SYMNC) was developed by Hou [8] in which the
basic approach of Newman’s modified Dugdale model was applied; but in addition to the crack tip
plastic stretch (CTPS) considered in Newman’s model, the plastic deformation due to the presence of
the notch (NPS, notch plastic stretch) was also estimated using FEM and summed up with the CTPS
to form total plastic deformation. Recently, the work of Ting and Hou has been extended by Chen and
Lawrence [3] to include the effects of RICC based on the amount fracture surface mismatch due to
the local sliding displacement. This model is termed the PICC-RICC model since it combines the ef-
fects of RICC and PICC.

The PICC-RICC model of Chen and Lawrence used a zigzag path (Figs. 12 and 13) to represent
the nature of Stage I fatigue crack growth [14]. The path is described by the branch length L, the
branch amplitude 4, and the tilt angle 8. To reflect the absence of crack path deflection in Stage II fa-
tigue crack growth, 8 was set to zero once the near-tip plastic zone size reaches the grain size of the
material.

The sliding displacement due to crack path deflection was calculated [6 ], and the surface mismatch
was estimated at each location along the crack wake. The length of the strip elements at each location
were then updated (lengthened or shortened) to reflect the amount of the mismatch. The combined
effects of PICC and RICC were simulated by the PICC-RICC model in this way. All calculations as-
sumed plane strain conditions (a = 3.0).

Predicted Effects of Grain Size, R-ratio, and Cyclic Stress Range

The results of this model were discussed in [6] but the most important results will be reproduced
below. In the simulations of this work a mild steel was considered to have the properties given in
Table 1. A fatigue crack was assumed to propagate in a single-edge cracked specimen from an initial
crack length of 0.5 mm. Unless otherwise stated, the applied cyclic stress range A S assumed was 200
MPa and the R-ratio assumed was 0.1.

Y Y Y Y

FIG. 13—An analytical PICC-RICC model which combines the strip-yield Dugdale model of New-
man [21] with an assumed zigzag crack growth path.
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FIG. 14—Effect of grain size. Predicted variation of effective stress intensity factor ratio U with
crack length for zigzag paths with a constant tilt angle 6. Three cases are compared for a tilt
angle of 45°: Case A: L = 50 um, h = 11.5 pum; Case B: L = 100 um, h = 25 yum and Case C:
L =200 pm, h = 50 um. A fourth case (Case D) is also considered in which the value of h is 0 to
simulate the condition of pure PICC.

Grain Size—The predicted influence of grain size (branch length L) on the effective stress inten-
sity factor ratio U is shown in Fig. 14. The zigzag path with the longest branch length (largest grain
size) exhibits the lowest U value: see Fig. 14.

R-Ratio—The predicted effective stress intensity factor ratio U along with the companion predic-
tions for pure PICC are plotted in Fig. 15. Only a modest RICC effect is predicted for either a posi-
tive high R-ratio such as R = 0.7 or a negative R-ratio suchas R = —1.

————R =-1, PICC-RICC ———— R = -1, PICC only
-~ — -R=0.1,PICC-RICC — — -R=0.1, PICC only

— - -R =0.5, PICC-RICC — -~ -R =05, PICC only
--------- R =07, PICC-RICC ..-e-.-. R = 0.7, PICC only
1
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1
Fatigue Crack Length, a (mm)
FIG. 15—Effect of R-ratio. Predicted variation of effective stress intensity factor U with crack
length for various R-ratios. The average branch amplitude of the zigzag path and the tilt angle O were

assumed to be 25 pm and 45°, respectively. The resulting branch length was 100 pm. Four R values
are considered (R = —1, 0.1, 0.5, and 0.7) for a cyclic stress range AS of 100 MPa.
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FIG. 16—Effect of stress range. Predicted variation of effective stress intensity factor ratio U with
crack length for various cyclic stress ranges AS.

Stress Range—It is seen in Fig. 16 that the significance of RICC increases as AS decreases because
a smaller AS means lower cyclic stresses Syax and Sy, and a smaller crack opening displacement.

Comparisons of PICC-RICC model predictions with experimental data given in the literature were
provided in [6]. Good agreement was found between the predictions of the PICC-RICC model and
experimental observations for aluminum, titanium and steel specimens despite the simple, two-di-
mensional nature of the model.

References

(1

(2

(6]

71
(81
9

[10]

(1]

Lawrence, F. V., Jr., Mattos, R. J., Higashida, Y., and Burk, J. D., “Estimating the Fatigue Crack Initiation
Life of Welds,” Fatigue Testing of Weldments, ASTM STP 648, American Society for Testing and Materi-
als, 1978, pp. 134-158.

Ho, N. J. and Lawrence, F. V., Jr., “Constant Amplitude and Variable Load History Fatigue Testing Re-
sults and Predictions for Cruciform and Lap Welds,” Theoretical and Applied Fracture Mechanics, Vol. 1,
No. 1, 1984, pp. 3-21.

Yung, J.-Y. and Lawrence, F. V., Jr., “Analytical and Graphical Aids for the Fatigue Design of Weld-
ments,” Fatigue and Fracture of Engineering Materials and Structures, Vol. 8, No. 3, 1985, pp. 223-241.
Hoshide, T. and Socie, D. F., “Crack Nucleation and Growth Modeling in Biaxial Fatigue,” Engineering
Fracture Mechanics, Vol. 29, No. 3, 1988, pp. 287-299.

Socie, D. F. and Furman, S., “Fatigue Damage Simulation Models for Multiaxial Loading,” Fatigue ‘96,
Proceedings of the Sixth International Fatigue Congress, Berlin, Germany, G. Lutjering and H. Nowack,
Eds., Pergamon Press, New York, 1996, pp. 967-976.

Chen, N. and Lawrence, F. V., “An Analytical Roughness-Induced Crack Closure Model for Studying Fa-
tigue Notch Behavior,” Fatigue and Fracture Mechanics: 29th Volume, ASTM STP 1321, T. L. Panontin
and S. D. Sheppard, Eds., American Society for Testing and Materials, 1998.

Frost, N. E., “A Relation Between the Critical Alternating Propagation Stress and Crack Length for Mild
Steel,” Proceedings Institutions of Mechanical Engineers, Vol. 173, No. 35, 1959, pp. 811-836.

Hou, C. Y., “A Crack Closure Model for the Fatigue Behavior of Notched Components and Welded Joint,”
Ph.D. Thesis, Department of Civil Engineering, University of Illinois at Urbana-Champaign.

Bell, R. and Vosikovsky, O., “Fatigue Life Prediction of Welded Joints for Offshore Structures Under Vari-
able Amplitude Loading,” Proceedings, 10th International Conference on Offshore Mechanics and Arctic
Engineering, 1991, pp. 385-393.

Radziminski, J. B., Srinivasan, R., Moore, D., Thrasher, C., and Munse, W. H., “Fatigue Data Bank and
Data Analysis Investigation,” Structural Research Series No. 405, UILU-ENG-73-2025, University of Illi-
nois at Urbana-Champaign, 1973.

Tanaka, K. and Mura, T., “A Disclocation Model for Fatigue Crack Initiation,” Journal of Applied Me-
chanics, Vol. 48, March 1981, pp. 97-103.



366 ADVANCES IN FATIGUE CRACK CLOSURE

[12] Newman, J. C., Ir., “A Crack-Closure Model for Predicting Fatigue Crack Growth Under Aircraft Spec-
trum Loading,” Methods and Models for Predicting Fatigue Crack Growth Under Random Loading, ASTM
STP 748, American Society for Testing and Materials, 1983, pp. 53-84.

[13] Chen, N, “An Analytical Model Which Combines Roughness and Plasticity Induced Fatigue Crack Clo-
sure,” Ph.D. Thesis, University of Iilinois at Urbana-Champaign, 1997.

[14] Forsyth, P. J. E., Crack Propagation, Proceeding Symposium, Cranfield, College of Aeronautics, Cranfield
Press, Cranfield, UK., 1962, p. 76.



Huseyin Sehitoglu' and A. M. Garcia®

Contact of Nonflat Crack Surfaces During
Fatigue

REFERENCE: Sehitoglu, H. and Garcia, A. M., “Contact of Nonflat Crack Surfaces During Fa-
tigue,” Advances in Fatigue Crack Closure Measurement and Analysis: Second Volume, ASTM STP
1343, R. C. McClung and J. C. Newman, Jr., Eds., American Society for Testing and Materials, West
Conshohocken, PA, 1999, pp. 367-378.

ABSTRACT: A model has been developed to predict crack opening and closure behavior for propa-
gating fatigue cracks which are nonflat and undergo significant sliding displacements. Crack surfaces
were characterized by a random distribution of asperity heights, density of asperities, and asperity radii.
The propagating crack was subdivided into ligaments and each ligament was treated as a contact prob-
lem between two randomly rough surfaces. The far-field tensile stresses were varied in a cyclic manner
for R = 0.1 and ~1 loading conditions. The contact stresses at the minimal load were determined by an-
alyzing the local crushing of the asperities. Then, upon loading the crack opening, stresses were com-
puted when the contact stresses were overcome. The results of crack opening stresses were correlated
with CTOD/o, where CTOD is the crack-tip opening displacement and gy is the average asperity height.
The asperity effects on closure were compared with plasticity-induced closure results from the litera-
ture for identification of conditions when one mechanism dominates the other.

KEYWORDS: fatigue crack closure, crack opening behavior, crack surfaces, loading conditions, plas-
ticity-induced closure

The influence of nonflat crack surfaces on crack growth behavior was first noted by Adams in 1972
[1]. The closure events associated with nonflat crack surfaces were distinct from plasticity-induced
closure since the latter had been observed to occur initially at the crack tip, zipping down the crack’s
wake. On the other hand, the nonflatness of crack surfaces produced multiple closure points. In 1973,
Trebules et al. [2] polished fracture surfaces during a fatigue test and showed that when the fracture
surface in the wake of the crack was smooth, the subsequent crack growth rate increased. All these
observations on nonplanarity of the crack resulted in considerable interest in the fatigue community
because it opened the possibility to design alloys to achieve improved crack growth resistance, and
also explain crack growth behavior in cases where plasticity-induced closure ideas were inapplicable.

Following these initial observations, efforts to directly link the material microstructure with the
macroscopic phenomenon of closure continued. All of these studies concluded that highly nonflat
crack surfaces led to a decrease in the stress intensity range and produced benefits in crack growth re-
sistance particularly in the near-threshold region. Allison and co-workers [3] studied the role of as-
perities by considering crack growth behavior of two microstructures of Ti-62428 alloys. The rough-
est microstructure presented normalized crack opening stress levels near 0.6 (normalization is with
respect to maximum stress in the cycle). Allison made the observation that a Mode I crack may branch
out, or near the crack tip create secondary cracks resulting in nonplanar crack fronts. Ritchie and co-
workers [4] considered the underaged and overaged microstructures of Al alloy 2124 and experi-
mentally observed closure stress levels near 0.8 which cannot be explained based on plasticity-in-
duced closure. Finally, in pearlitic steels, Gray et al. [5] analyzed the effect of prior austenite grain
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size, pearlite colony size and pearlite spacing effects on nonflatness of cracks. They observed nor-
malized opening stress levels as high as 0.5 to 0.7. McEvily et al. [6] noted that when microstructural
features and asperities were too small in comparison with the crack tip opening displacement, then
asperity-induced closure did not occur. This is an important observation, because when the asperity
heights are normalized with respect to the crack-tip opening displacement, the results could be ratio-
nalized. Minakawa and McEvily have developed a simple geometric explanation that during a fatigue
cycle, Mode I and Mode 11 displacements develop around the crack tip due to the inclination of the
crack faces. The asperities on opposite crack faces come into early contact resulting in compressive
residual stress that reduce the crack-tip driving force or AK,s;. We note that despite initial mismatch
of fracture surfaces, especially with Mode II contribution, depending on the material flow properties
and the applied stresses, the asperity mismatch is partially corrected with plastic deformation. Other
materials which exhibit considerable nonflat surfaces include CrMoV steels, where asperity heights
as high as 40 pum were observed. Similar observations were made on nickel-based superalloys [7]
with corresponding normalized closure levels near 0.6.

The majority of the experimental work has been conducted under R > 0 conditions. Consideration
of R = —1 conditions is particularly important since considerable interaction of asperities and mod-
ification of surface profiles occur in this case. In the present paper, the aim is to isolate the nonflat-
ness effects; therefore, we do not consider the simultaneous simulation of plasticity-induced closure
and asperity effects. We consider the closure stresses and the crack opening stresses due to interac-
tion of asperities only. Two R-ratios, 0.1 and —1 were chosen, and simulations were performed for
nearly 100 cases (with different starting crack size, stress level conditions).

Modeling studies on asperity-induced crack closure have been very limited. Early researchers rec-
ognized that fatigue crack growth in the threshold regime was superior for alloys that exhibited con-
siderable deviations from a linear crack path. Gerberich and colleagues [8] proposed that the opening
stress level was proportional to (asperity heightjﬁ. Further investigation of the role of asperities was
undertaken by Buck and colleagues [9], who conducted nondestructive evaluation of partially closed
cracks. Their opening stress level increased with (asperity height)? and linearly with asperity density.
The classical work of Beevers [10] and colleagues showed that the crack opening stress increased lin-
early with the asperity height. In all these analyses, the crack opening stress was independent of the
applied stress, the R-ratio, the crack length. In other words a closure stress intensity was derived as a
constant. These models should be considered as an approximation only. Several models [/1] quanti-
fied the crack surface shape using the tilt angle of the crack and identified the interference (mismatch)
condition due to Mode II displacements. No contact stresses were determined in this case. The crack
closure stress was derived as a function of the two parameters and the residual Mode II displacements
(which were not determined).

In the present work, a statistical description of surfaces was adopted to analyze the contact in the
crack wake. In this case, the crack surfaces were treated as covered with asperities which can be char-
acterized by a tip radius, a random distribution of heights and a density (i.e., number of asperities per
unit length). The model accounts for the sliding and plastic flow of asperities, which are essential el-
ements in this mechanism of closure. The contact mechanics analysis characterizes the contact be-
havior of two surfaces. This analysis was incorporated into a ligament-type model, developed from
fracture mechanics concepts, which describes the closure event in the crack wake. The treatment of
surfaces as randomly rough predicts that deformation and contact load are strongly dependent on sur-
face topography, specifically on the standard deviation of asperity heights, surface density of asperi-
ties, and mean radius of asperity tips, and on material properties such as yield strength and strain hard-
ening.

Purpose and Scope

The purpose of this paper is to assess the significance of asperity-induced crack closure in materi-
als where the plastic deformation at the crack wake approaches shakedown conditions. Examples of
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plasticity-induced crack closure are also included for comparison. New results are presented for the
asperity-induced closure conditions based on a recent model developed by Sehitoglu and co-workers
[12,13]. This model was used to illustrate the crack opening stress levels for R = 0 and R = —1 load-
ing conditions for a wide range of asperity heights. The model for asperity contact stresses relies on
the shakedown analysis of Johnson and colleagues [/4,15]. In this analysis, upon repeated contact,
the asperities’ flattening occurs via a sliding mechanism. The paper will describe the theoretical
framework and discuss the implication of results.

The Concept of Shakedown

The process of shakedown occurs when the body initially deforms plastically followed by elastic
behavior. The elastic behavior may develop due to (i) residual stresses induced by the plastic defor-
mation, (i) geometry changes, or (iii) due to material hardening. All three factors play a role in the
events leading to asperity shakedown. The onset of shakedown is taken to be the point at which the
contact pressure equals the shakedown pressure. This value, p, is obtained from the shakedown map
for the material and the traction conditions studied. In the present case, the shakedown map shown in
Fig. 1 corresponds to plane strain sliding two surfaces. The vertical axis is the peak Hertzian pressure
normalized by the yield stress in shear and Q/P is the ratio of shear to normal tractions. As noted in
the figure, at low Q/P (traction coefficient) ratios shakedown is controlled by subsurface flow (which
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| Surface + Subsurface Flow
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4 Repeated Plastic Flow -
- Elastic — *-. 1
Shakedown .-~
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| | | | |
0
0 0.1 0.2 0.3 04 0.5 0.6

Traction Coefficient, Q/P

FIG. 1—Load versus traction coefficient indicating the different regimes of operation for two con-
tacting bodies.
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means that plastic deformation is dominant below the surface) and the shakedown limit significantly
exceeds the elastic limit. For high Q/P ratios the material yields at the surface, then the shakedown
pressure decreases with increasing Q/P, and little protection is provided by residual stresses.

Mechanics of Sliding Contact (Single Encounter)

With this brief background on shakedown, we now focus on sliding of two surfaces with asperities
(Fig. 2). The contacting asperities are viewed as two cylindrical bodies pressed in contact by a nor-
mal force per unit length, P. The tangential loading developed in the sliding is accounted for only in
the Q/P ratio. No other shear loading terms enter the analysis. Several assumptions and simplifica-
tions were made in the development of this unit event. However, the most crucial is the assumption
that in the steady state (or shakedown) asperities adopt a flat shape and subsequently the load is car-
ried elastically. It is this assumption which leads to an expression for the total load carried over the
encounter dependent only on material properties, and initial (undeformed) asperity geometry [14,15].
All the relevant equations for the mechanics of contact of two surfaces have been given in previous
publications [/4,15]. We discuss only the most fundamental equations here. The peak Hertzian pres-
sure, p,, is give as a function of the total contact load as

° " ma 7R

* \ 1,
- 2P _ (l)/‘ (8))
where E* is the plane strain elastic modulus, R is the radius of the asperity, and a is half the contact
width. As shown in Fig. 2 during the elastic portion of the contact, the asperities slide against each
other with the peak pressure, p,, below the elastic limit. The elastic limit is reached when the maxi-
mum contact pressure equals the elastic limit dictated by the shakedown map (Fig. 1). If the initial
interference of the two asperities is high, then plastic deformation occurs in the first encounter. When
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FIG. 2—Hertzian pressure profiles during shakedown conditions.
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shakedown conditions are achieved, maximum Hertzian contact pressure is assumed to be constant
throughout the encounter, and this value corresponds to the shakedown pressure, p3, as dictated by
the shakedown map (Fig. 1). Thus, if the load profile over the encounter is hypothesized to be de-
scriptive of the asperity profiles, the assumptions made suggest that during the elastic portion, the
profiles remain parabolic yet at shakedown they are flattened.

At the shakedown state, however, it is a assumed that

Po(®) = Pl @

where p; is the shakedown pressure which depends on the shear traction conditions and it remains
constant throughout the contact period. Since at shakedown the load is carried elastically, the
Hertzian contact analysis is still valid. The radii and the interference of the deformed state are no
longer constant but depend on the deformation. The mean load over an encounter can be found by in-
tegrating the load expression and this was illustrated in Refs 14 and 15. Given the analysis of two as-
perities above, the problem of muitiple asperity contact should be handled next.

Mechanics of Sliding Contact (Multiple Contacts)

We will refer to the region undergoing contact as composed of numerous ligaments. Individual lig-
aments were modeled as two randomly rough surfaces under repeated contact (Fig. 3). The term d is
the separation distance between the two surfaces. It is again noted that at the local level both normal
and sliding displacements are possible. Each surface is characterized by an initial asperity height dis-
tribution (the average asperity height is o, the asperity tip radius is R, and a constant density of as-
perities, N). The present model assumed that all surfaces present a Gaussian distribution of heights,
and that contacting surfaces have the same standard deviation of heights, radius and density of as-
perities.

Following the Greenwood-Williamson analysis [/6], the analysis of contact between two ran-
domly rough surfaces can be obtained. In the case of two randomly rough surfaces, contact will oc-
cur when the sum of the asperity heights, z; + z, exceeds the separation distance, d (Fig. 3). There-
fore the probability of contact between randomly rough surfaces is given by,

prob(z; + 22> d) = j: B + 2)d(@ + 22) 3)

Assuming that both surfaces are normally distributed and have a standard deviation, oy, thus P(z; +
22) is also normal with standard deviation & = V2 g. The ultimate aim of this analysis is that aver-

=F

FIG. 3—Schematic illustration of two surfaces undergoing sliding and crushing.



372 ADVANCES IN FATIGUE CRACK CLOSURE

age contact pressure as a function of separation of the surfaces is obtained. The average load nor-
malized by the contact area, and plane strain elastic modulus, is plotted against the normalized sepa-
ration distance d/o in Fig. 4. Three levels of asperity heights are shown in Fig. 4. The simulations are
shown for an asperity density of 1000 asperities/cm and three asperity heights of 1, 10 and 100 pm.
Note that as the surfaces interpenetrate, the contact load increases, initially at a higher rate and grad-
ually saturates. When d/o value is larger than 2 the contact stresses are rather smail.

Crack Opening Stress Simulations

As in some plasticity-induced crack closure models, the crack opening stresses were calculated by
solving an elastic problem which in turn involved the superposition of two other elastic problems
[12,13]. The first is that of a center crack in a plate where the crack grows from a notch under uni-
form remotely applied stress (Sapp1). The second problem is a partially loaded crack, where the load-
ing is due to contact stresses. The plate is under cyclic loading so the applied stress varies between
Smax and Smin, according to the R-ratio. After each cycle the crack was advanced by Al Since the anal-
ysis does not aim at simulating the fatigue crack growth rate but seeks to determine closure levels,
this Al was chosen arbitrarily. The value of Al was chosen as one-tenth of the initial crack size and is
as low as 1 um. The sensitivity of the results to the ligament size is thoroughly discussed in Refs /2
and 13.

The initial topographical parameters—standard deviation of height for each crack surface, oy, the
asperity tip radius of each crack surface, Ry, the density of asperities, N, along with the material prop-
erties and the loading conditions—were assigned. The S,pen value was determined as the crack grew.
There are no limitations on the magnitude of Syax, Smin, £, k (yield stress in shear), Q/P. There are
some physical restrictions on the choice of Ry, given N as discussed in Refs /2 and /3. The system-
atic variation of these variables produced the results that will be presented in the following section.

A typical example of surface topography for a lamellar titanjum aluminide under R = 0.1 loading
conditions is shown in Fig. 5. The size of the region shown is nearly 512 by 512 um. Note that some
of the asperities are as high as 250 um with the average asperity heights as high as 80 um. Figure 5

No=1.x10%
0.0001 |
0.00001 § RN
FIAE P s ~
. o S . \ .

l1.x10 E - ~
—— ium sigmai=l.x10™
<ese---10um sjigmal=1l. x10™2 .

1.x1077 | — - = 100umg ;s gma; .1, x10

[ 0.5 1 1.5 2 2.5
dso
FIG. 4—Load-separation distance relationship for contact between two randomly rough surfaces
of equal hardness under different average asperity heights.
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FIG. 5—Topographic map of a fully lamellar titanium aluminide, R = 0.1.

was obtained using the Carl Zeiss LS 350 Laser Scan microscope at Wright Patterson Air Force Base,
Dayton, OH. Note that the surface distribution of heights measured experimentally is consistent with
a Gaussian distribution.

Simulations for R = 0.1and R = —1

Crack opening stress simulations were conducted under R = 0.1 loading conditions first. These re-
sults are summarized in Fig. 6. Two stress levels were considered in the simulations. The crack open-
ing stress levels for the Syax /Sy = 0.6 (gray symbols) overlapped with the Sp.. /Sy = 0.2 case when
the results were normalized using the CTOD/0, parameter. The crack-tip opening displacement is
given as

Saax(l + ¢)
E*S,

where [ + ¢ represents half the crack length in a CCT specimen. Note that Sopen/Smax levels above 0.5
occur when the CTOD/ gy levels are lower than 0.1. The result is a strong function of the asperity
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FIG. 6—Simulations of crack opening stress as a function of CTOD/o, (R = 0.1) [13].

heights with the asperity density having a modifying influence. Similarly, simulations for the R = ~1
case are shown in Fig. 7. In this case the Smax/Sy levels were also 0.2 (solid black symbols) and 0.6
(gray symbols). In both cases the results are a strong function of the asperity density, N. As the
CTOD/oy level increases, the role of asperities on crack closure decreases.

The results of the simulations for R = —1 case are shown in Fig. 7. In these simulations the re-
sults from two different Si,ax/Sy levels were correlated over a large range of CTOD/ gy values. When
the CTOD/ oy levels were larger than 0.1 the Sypen/Smax values were in the negative region. Note that
the crack opening stress levels observed under R = —1 loading conditions are substantially lower
than for the R = 0.1 case. The results point out the possibility that the role of asperity induced clo-
sure may be reduced in the R = —1 case, allowing the plasticity-induced closure mechanism to be
dominant.

Comparisons with Plasticity-Induced Closure Models

To gain further insight into the relative role of asperity-induced crack closure, the simulations for
both asperity-induced and plasticity-induced closure are compared in Fig. 8. The plasticity-induced
closure results were obtained from Newman’s ligament model [/7] and published in the literature;
these results were confirmed with FEM analysis for Sy.x/Sy levels above 0.6 [18]. The FEM analysis
is for a crack growing from a notch of half-width c. As I/c values increase, the crack opening stress
approaches a saturation value. This value is plotted versus Sp,,/Sy where the top scale represents the
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Smax/Sy levels in the range 0.1 to 1.0. The plasticity-induced closure results should be considered as
approximate and included for comparison purposes.

The results demonstrate unequivocally that for the majority of cases when CTOD/ oy is less than 1,
the asperity-induced closure mechanism is the dominant mechanism of crack closure. In fact, most of
the results for the N = 10 and 100 cases lie above the plasticity-induced closure results.

Plasticity-induced closure models for R = —1 loading are compared with the asperity-induced clo-
sure simulations in Fig. 9. The plasticity-induced closure results shown were obtained using FEM anal-
ysis (see Ref 19 for an overview of FEM). For a crack growing from a notch in a center-cracked plate,
the notch half-width is designated as c. The plasticity-induced closure results are shown for two cases.
For the case I/c = 0.01 the closure stresses due to plasticity-induced closure are rather small and sim-
ilar to the N = 100 case. When //c is large the saturated levels of closure due to plasticity are high and
the effect of asperity-induced closure becomes small. However, we note that asperity-induced closure
becomes significant when CTOD/oy levels fall below 0.1 or when Sopen/Smax levels exceed 0.4. The R
= —1 loading conditions have been the least studied in crack growth research and there are virtually
no experimental studies that can be compared with the simulations discussed above.

Finally, we note the possible role of three-dimensional crack geometry effects on the crack closure
calculations. The crack surfaces could exhibit both Mode IT and Mode III displacements where Mode
III displacements can arise due to twisted crack fronts. Such crack path nonlinearity in the specimen
thickness direction will produce asperity-induced closure effects higher than those predicted in this
study. We further note that in the case of three-dimensional contact the shakedown pressure of as-
perities would differ from those given in Fig. 1. We recall that Fig. 1 is applicable to plane strain con-
ditions, and if the shakedown map for 3-D contact were developed the different regimes would be
modified.

Suad Sy
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FIG. 9—Comparison of asperity-induced closure and plasticity-induced closure results (R = —1)
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Conclusions

The work supports the following conclusions:

1. The asperity-induced closure under R = —1 conditions were consolidated using the CTOD/ay
parameter. When the CTOD/ gy ratio exceeded unity, the crack opening stress levels approached the
minimum stress level in the cycle.

2. The results are a strong function of applied stress, asperity density and asperity heights. For
R = —1 loading conditions the contribution from asperity-induced closure is significant at Spax/Sy
levels below 0.3. At higher Sp,a./S, ratios the plasticity-induced closure is dominant for large crack
sizes. But smaller crack sizes (when //c ratios are below 0.05) the plasticity-induced closure contri-
bution diminishes and the role of asperities becomes significant.

3. Crack opening stress levels under R = 0.1 loading conditions were also established. Upon
comparison with plasticity-induced closure results, the observation is that the asperity-induced clo-
sure is dominant over a wide range of conditions, and specifically at Smax/Sy levels below 0.4. Since
there are no FEM results (at low S;,,.x levels) for the plasticity-induced closure case for R = 0.1 load-
ing, the results were superimposed with the ligament model of Newman.

4. Although the model does not include plasticity-induced closure effects, plasticity was inher-
ently included in asperity interactions. Future studies should consider the role of both plasticity-in-
duced and asperity-induced closure effects. The conditions where they are likely to be of comparable
magnitudes are illustrated in this work. However, in the extreme cases, one of these mechanisms
dominates.

5. The work points out the need to include crack surface profiles in crack growth studies as this
represents a valuable source of information to assess the possible contribution from interference ef-
fects.

6. The model presented is two-dimensional (plane strain) and the crack surfaces do not undergo
tilting in the thickness direction. The tools to handle such cases can be found in the contact mechan-
ics literature but are not considered in the present research.
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ABSTRACT: Results are presented relating to the relative effect of two closure mechanisms. Two dif-
ferent crack closure mechanisms, closure due to surface roughness induced by shear lips and conven-
tional plasticity-induced closure, are investigated and compared by performing fatigue crack growth
tests on aluminum 2024 and technically pure aluminum. Constant AK tests using a sudden change in AK
are used in order to measure both closure effects separately and also the combined effects of both mech-
anisms. It is found that in the case of a combined application of closure mechanisms the retardation re-
sult after a load transition is sometimes greater than the sum of the retardations of the separate mecha-
nisms, Under the test conditions used the combined effect may be 2.4 times greater than the sum of the
separate effects.

KEYWORDS: piasticity-induced crack closure, shear lips, Al 2024-T351, frequency

Nomenclature

half crack length in a center-cracked test specimen
frequency of fatigue cycles
stress intensity factor

XN, &

Kinax» Kmin  maximum, minimum value of K
N number of cycles
P load
R Kmin/Kmax
t specimen thickness
w  specimen width
AK Kuyox = Kiin

AK. effective AK

The aim of this paper is to find out whether different fatigue crack closure mechanisms have a mu-
tually enhancing effect when applied simultaneously compared with a situation in which they are ap-
plied separately. As a criterion for the effect of the fatigue crack closure mechanism, the retardation
in fatigue crack growth is measured after a sudden change in AK.

Two independent fatigue crack closure mechanisms were investigated: “normal” plasticity-in-
duced crack closure and crack closure based on surface roughness caused by shear lips (Fig. 1). Test
conditions were chosen in such a way as to make it possible to study the effect of the mechanisms
both separately and combined. The tests are constant AK tests on center-cracked tension specimens.
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FIG. 1—Development of shear lips during a constant-amplitude test on a center-cracked plate.

The separate plasticity-induced closure effect is found by a normal load (i.e., Knyax) reduction at low
AK after a long period of crack growth, without shear lips. The K.« reduction percentage is defined
as:

K ax reduction % = (1 — Kpmax, New/Kpax, 0ld) 100% M

A considerable length of crack growth at high K., is needed in order to have a stable crack closure
situation. The effect of shear lip induced closure [I—4] is studied by performing a fatigue test at a AK
high enough to obtain shear lips. A possible crack closure effect of shear lips is shown in Fig. 2. In
order to find the shear lip closure effect alone, AK is lowered at constant Kp,.x. The lower AK causes
a transition to a state without shear lips. A long period of crack growth is also needed in order to find
a stable closure situation, as the shear lips need crack growth in order to develop to greater widths.
K ax 1s held constant in order to avoid any effect of plasticity-induced closure mechanism.

The two crack closure effects can also be combined when both a Ky, reduction and a AKX reduc-
tion are applied. The principle of the tests is given in Fig. 3. Figure 3A shows a AK reduction at the
same K.,,. The initial AK is high enough for shear lips to be obtained. The amount of the AK reduc-
tion is chosen such as to lead to a situation without shear lips after the AK transition. Ky« is the same
before and after the transition in order to avoid a plasticity-induced crack closure contribution. In Fig.

Elastic region

Plastic Region
Plastic Region

s

Elastic Region

FIG. 2—Principle of extra closure due to shear lips [S].
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FIG. 3—Principle of the tests: K, reduction is 30%, AK .5 reduction: 10to 5 MPa\/m.

3B both AK have a value such that no shear lips are expected before or after the transition. Moreover,
for AK of both loading situations in this figure values were chosen in order to give the same AK . In
Fig. 3C both loading systems are combined, with both a K, reduction and a AK reduction.

All high and low AK cycles in Fig. 3A, B and C were chosen in order to achieve the same effec-
tive AK (thus roughly the same da/dN), using a standard crack closure relation [6]:

AK = (0.55 + 033 R + 0.12 ) AK )

where R is the stress ratio Kmin/Kmax. The low AK values were chosen with a AK. ¢ value of 5
MPaV'm. The high AK values in Fig. 3A and C were chosen with a AK . value of 10 MPaVm.

The objective of the paper is to determine whether the sum of the separate closure effects of situ-
ations shown in Fig. 3A and B is less than, equal to or greater than the closure effect of the combina-
tion of both mechanisms shown in Fig. 3C. If the combination has a greater effect than the sum of the
separate mechanisms, there is synergy of the two crack closure mechanisms.

Experiments

Center-cracked tension specimens were used for the tests. The specimen thicknesses were 6, 4.6
and 2 mm, the length was 300 mm, and the width was 100 mm. The specimens with 6 and 2 mm thick-
ness were made of Al 2024-T351; the specimens of 4.6 mm thickness were made of technically pure
aluminum. The mechanical properties for 6 mm thickness recorded in the longitudinal direction of
the plate were: yield stress 390 MPa, tensile strength 456 MPa, and elongation to failure 18%. For 2
mm thickness these properties were 376 MPa, 468 MPa, and 14%, respectively, and for 4.6 mm 366
MPa, 439 MPa and 16%, respectively. The tests were performed in “lab air” at a temperature of ap-
proximately 20°C. The crack length was measured using a pulsed direct current potential-drop tech-
nique.

The K factor used was:

K= % 7ra sec (%) 3)
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TABLE 1—Chemical Composition of Materials Tested.

Thickness 2 mm 4.6 mm 6 mm

Element (%wt) (%owt) (%wt)
Cu 4.57 0.23 4.75
Mg 2.15 0.01 1.18
Mn 0.64 <0.01 0.67
Fe 0.16 0.34 0.14
Si 0.09 0.24 0.34
Zn 0.06 0.04 0.19
Cr <0.01 <0.01 0.004
Ti 0.03 0.01 0.03
Sn <0.01 <0.01 not tested
Pb 0.01 0.01 not tested
Cr <0.01 <0.01 not tested
Ni <0.01 <0.01 not tested

the accuracy being <1% for 2a/w = 0.8. The chemical composition of the materials is given in Table
1.

The tests were carried out under load control using constant AK. The task of calculating and ap-
plying the load in order to keep AK constant at growing crack length was performed in small steps by
the controlling computer. The transitions in K, and AK.¢ were performed as shown in Fig. 3, with-
out stopping the fatigue machine. After an initial notch and pre-fatigue zone the crack growth started
at a (half) crack length of 5 mm. The transition was performed at @ = 20 mm. The retardation in crack
growth after the transition is taken as an indication of the effect of the crack closure mechanisms. The
principle of the measurement is shown in Fig. 4 for an experiment on a specimen with 2 mm thick-
ness. In this example a transition in loading is performed in such a way (see Fig. 3 C) that both crack
closure mechanisms contribute to the number of delay cycles. The crack growth is recorded from 5
mm crack length. At 20 mm the transition shown in Fig. 3C takes place, leading to a delay in crack

50
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FIG. 4—FExample of a combined result for a K ., reduction af 30% with specimen thickness 2 mm
and frequency 10 Hz.
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growth. The procedure to find the number of delay cycles is as follows. It is assumed, and found in
all tests, that the retardation effect has vanished at 30 mm crack length. A best linear fit line is found
through the measurement points from 30 to 35 mm. The number of cycles found between this line
and a line parallel to it through the transition point is the number of delay cycles; i.e., the crack growth
would have followed this parallel line if no retardation had occurred after the loading transition. In
Fig. 4 the number of delay cycles is shown by the distance between both lines at a crack length of
32.5 mm. In this experiment the number is 133 137 delay cycles.

Most tests were performed at 10 Hz. Shear lip closure can be considered as a special kind of rough-
ness closure. The appearance of shear lips is dependent on the frequency. At lower frequencies (<1
Hz) a rather smooth shear lip is obtained, a phenomenon which has a much lower closure effect than
the rough shear lips obtained at higher frequencies (>>2.5 Hz). An example of the differences is shown
in Fig. 5, taken from Ref 6. Since the appearance (rough or smooth) of shear lips is dependent on the
frequency, tests were also carried out at 0.1 Hz.

To save time the tests at 0.1 Hz were performed only on the last 5 mm of crack growth before the
transition crack length of 20 mm. It is shown [6] that this 5 mm crack length is sufficient in order to
find a maximum “history” effect of fatigue crack closure at this frequency; i.e., the part where the
crack is closed at K,;, is shorter than 5 mm (see Fig. 6).

Results

The delay for shear lip closure alone (using the method shown in Fig. 3A) is shown in Fig. 7 for
two frequencies. Two tests, identical apart from the frequency, are compared. The fracture surfaces
are also shown. The frequencies were 10 Hz and 0.1 Hz, with tests at 0.1 Hz only for crack growth
from 15 mm crack length to the transition point at 20 mm. The remaining parts of the two tests were
performed at 10 Hz. There is a considerable frequency effect due to larger shear lips and larger rough-
ness at 10 Hz compared with 0.1 Hz. The number of delay cycles due to closure of shear lips is shown
in Fig. 8. It is shown as a function of material thickness and frequency. The effect is greater for 10 Hz
than for 0.1 Hz and also greater for greater material thickness. Technically pure aluminum shows a
greater delay than Al 2024. The frequency effect is as expected and can be understood from the greater
surface roughness, caused by highly irregular shear lips at 10 Hz compared with rather smooth shear
lips at 0.1 Hz. The thickness effect for Al 2024 is not expected and is not understood at the moment.
In Fig. 9 the retardation caused by the plasticity-induced crack closure mechanism alone is shown. The
frequency effect is slight and reversed with respect to the shear lip situation for 4.6 mm thickness. For
a K« reduction percentage of 30% the retardation is about the same order of magnitude for all thick-
nesses, as opposed to the retardation due to shear lip closure. In Fig. 10 the combined crack closure
effect, i.e., the result of crack closure due to shear lip transition and plasticity-induced closure applied
simultaneously, is compared with the effect of the sum of plasticity-induced and shear lip closure sep-
arately. The results are shown (in kilocycles) for a thickness of 6 mm. Although the shear lip effect is
rather slight compared with retardation due to K, reduction percentages of more than 30%, it has an
enhancing effect on the delay, due to the combination of both closure mechanisms for 10 Hz.

A synergetic ratio is defined as the ratio of the result of the combined processes and the sum of the
separate processes. There is synergy for a ratio value > 1 and no synergy for a ratio value <1. In Table
2 the synergetic ratio is calculated as a function of the K, reduction percentage at both frequencies.

From Fig. 10, for 6 mm specimen thickness, it can be seen that at a reduction of 20% there is no
synergy; the ratio is even less than 1, but it rises with increasing reduction percentage to about 2.4 at
40%. There is also no synergy present in the case of tests performed at 0.1 Hz. For the other two ma-
terial thicknesses there are results only for a K, reduction percentage of 30%. The results are given
in Table 3 for all thicknesses.

It should be noted that the ratio at 30% reduction is almost the same for Al 2024 at 6 mm thickness
and for technically pure aluminum at 4.6 mm, although the absolute values of the retardations are
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FIG. 6—Principle of situation of crack tip at K nax and K pin.
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FIG. 10—Synergetic effects at 10 Hz and 0.1 Hz for 6 mm specimen thickness.

TABLE 2—Synergetic Ratio for Two Frequencies, for 6 mm
Specimen Thickness.

K nax Reduction Synergetic Ratio Synergetic Ratio
Percentage at 10 Hz at 0.1 Hz
20 0.74
30 1.1 0.53
40 2.4 0.94
45 1.8

TABLE 3—Synergetic Ratio at a K. Reduction Percentage of 30 for
Three Thicknesses.

2 mm 4.6 mm 6 mm

10 Hz 0.1 Hz 10 Hz 0.1 Hz 10 Hz 0.1 Hz
2.1 . 1.1 0.52 1.1 0.53
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much greater for the 4.6 mm thickness pure aluminum material. Two tests at 0.1 Hz for the 2 mm
thickness specimen failed owing to machine problems.

Problems with Asymmetric Crack Growth

At higher K,,,,x reduction percentages the crack growth of the left- and right-hand sides of the spec-
imen becomes asymmetric. At the highest reduction percentage of 45% the crack stops growing on
one side at the transition crack length of 20 mm, while the other side continues to grow until final fail-
ure. This causes problems with regard to the constant AKX control, as it is based on measurement of
the crack length by the potential-drop method. In the case of asymmetry also, the potential-drop ap-
paratus gives a reasonable indication of the total crack length, i.e., as the sum of short and long half-
crack lengths. For the calculation of AK the mean of both values is now used, which leads to a higher
K value at the growing crack tip. In order to estimate the effect of asymmetric growth, finite element
calculations were performed in order to compare symmetric with asymmetric growth. The results of
the calculations are shown in Fig. 11. The calculations were applied to a center-cracked tension test
specimen geometry with a constant short half crack length of 20 mm and a growing long half-crack
length from 20 to 40 mm. The applied load follows from a rigid displacement along the whole width
of the specimen. This situation is the same as the actual circumstances in the tests with asymmetric
crack growth. The calculated K factors of the long and short half-crack lengths are compared with
data from the literature [8] and with the mean value according to the Feddersen approach, the formula
for which is shown in Eq 3.

It is clear from Fig. 11 that the asymmetric K factor of the long half-crack length is greater than the
K factor for a symmetric case. The K factor for the short half-crack length is roughly the same as that
in the symmetric case using Eq 3. At a long (half) crack length of 30 mm, the effect of asymmetry on
K is still not very great, with an approximately 2% larger K for the asymmetric case. Thus the long
(half) crack length has a 2% greater K than a symmetric (half) crack length of the same length would
have. It is noteworthy that the K of the short crack length does not decrease on the growing of the long
crack. It has about the same value as the symmetric mean Feddersen value.

1.7

1.6 +{ —5—Shon- FEM H———J

—X—Long - FEM
--0-- Short - (TADA)
15 1 -+ Long - (TADA)
- | —O—Mean - (Feddersen)

K,Ici\/na
'S

1.3
_.»"'
12 e
1-1 T L L
20 40

25 30 35
Long half crack length [mm]

FIG. 11—Influence of asymmetry in crack growth on the geometric correction factor; the short
half-crack length is 20 mm.
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The 2% greater K for the long crack length (at 30 mm, with a short crack length at 20 mm) results
in a 6% greater da/dN compared with a symmetric case, assuming a Paris exponent of 3. This will
lead to less retardation for asymmetric crack growth, an effect that will occur for larger reduction per-

centages. This may be the reason why the synergetic ratio is smaller for a reduction of 45% than for
40%.

Discussion and Conclusions

The synergetic effect is not so great as at first expected, primarily on the basis of older tests. It may
be that the shear lip reduction caused by the AK.¢ reduction from 10 to 5 MPa\/m was too small.
The outcome is also affected by the asymmetric crack growth, with crack stop on one side of the cen-
ter-cracked specimen, as the asymmetry is larger for 45% reduction than for 40% reduction; i.e., at
40% reduction the crack becomes slightly asymmetric but does not stop at 20 mm. The retardation is
less than it would have been if no asymmetry had been present.

The synergetic effect is thought to result from the following rationale. When two retardation mech-
anisms are simultaneously active, each mechanism keeps the crack longer in a position with maxi-
mum sensitivity for retardation by the other mechanism.

This does not explain the negative synergy for low reduction and for 0.1 Hz. Here the combined
application of the two mechanisms results in an acceleration, rather than a retardation, compared with
the sum of the separate mechanisms. This is not as yet understood. We conclude that:

« The two crack closure mechanisms exhibit synergetic retardation for a Kpmax reduction per-
centage higher than 20% at 10 Hz. For 0.1 Hz no synergy is found.

» The shear lip closure is strongly dependent on the frequency; the plasticity-induced closure
mechanism is not dependent on the frequency or has a reverse dependence compared with the
shear lip closure mechanism. The combined mechanism is again frequency-dependent.
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ABSTRACT: A slice synthesis methodology is used to construct a modified strip-yield model for the
part-through semi-elliptical surface flaw, enabling prediction of plasticity-induced closure along the
crack front and subsequent fatigue crack growth. Predictions of flaw shape evolution under cyclic load-
ing are compared with experimental data for steel specimens under constant-amplitude cyclic bending.
Model predictions are shown to correlate well with experimental data. The influence of stress level and
mean stress on surface flaw shape evolution is evaluated.

KEYWORDS: fatigue, crack propagation, surface flaw, part-through flaw, crack closure, plasticity-in-
duced closure

The part-through semi-elliptical surface flaw is commonly encountered in engineering practice.
Models enabling the accurate prediction of the growth of this type of flaw-under cyclic loading rep-
resent an essential element in any damage-tolerant design methodology. In metallic materials, a
growing surface flaw will remain closed or partially closed along the crack front for a portion of the
applied cyclic load as a consequence of plastically deformed material left in the wake of the growing
crack.

Proper characterization of this plasticity-induced crack closure is needed when predicting flaw
shape development and growth [/-7]. A small semi-circular flaw under cyclic bending or tension
with a stress ratio R = 0.10 will grow such that the flaw shape remains semi-circular [§]. However,
for a small semi-circular flaw, the stress intensity factor at the free surface is approximately 10%
higher than that at the deepest point of penetration. Consequently, flaw growth is not controlled by
the stress intensity factor alone. As a possible explanation for this behavior, it has been suggested that
a higher level of plasticity-induced closure exists at the free surface, thus slowing the rate of growth
in this area [4]. Surface flaws exhibit a level of closure which varies along the crack front. Both the
extent and variation of this closure have not been well characterized. First discussed by Elber [9,10],
plasticity-induced fatigue crack closure has attracted the interest of many researchers. Due to the
complex nature of the surface flaw, the majority of this research activity has focused on through-crack
geometries such as the compact tension specimen and the center-cracked panel. The amount of crack
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closure information available for surface flaws is relatively small in comparison to that for through-
cracks.

Modeling the plasticity-induced closure generated by the semi-elliptical surface flaw may be per-
formed using three-dimensional nonlinear finite element analysis [/1]. However, from an engineer-
ing perspective this type of an approach is impractical. Predominantly developed by Newman [/2],
modified strip-yield models have found wide application for prediction of crack closure and subse-
quent fatigue crack growth in planar geometries with through-cracks. This is evidenced by the large
number of strip-yield modeling efforts reported in the literature [12—24]. While approximate in na-
ture, these types of models exhibit high computational efficiency when compared to more rigorous
finite element analyses. This paper discusses the development of a modified strip-yield model for sur-
face flaws. The model is then applied to study flaw shape evolution under cyclic bending. The mod-
ified strip-yield model has been used previously to predict surface flaw growth in 2024-T351 alu-
minum under uniform cyclic tension [25].

An elastic-perfectly plastic plate of thickness T contains a semi-elliptical surface flaw as shown in
Fig. 1. An infinite width W was assumed. The flaw is opened with an arbitrary symmetrical applied
stress 0, (x, ¥). In the model development process, a slice synthesis methodology [26] previously
limited to stress intensity factor and crack surface displacement computation was employed. Using
coupled modified strip-yield model analyses, concurrent crack closure assessments for the surface
flaw at both points A and B were performed. Strip-yield modeling of surface flaws has previously
been limited to the prediction of limit loads and plastic zone size [27].

Modified Strip-Yield Model

Using weight function based formulations, Wang et al. [2] and Daniewicz et al. [20,21] have gen-
eralized the Newman [/2] modified strip-yield model to allow treatment of arbitrary planar geome-
tries with through-cracks. Such generalizations require a large number of numerical integrations for
each increment of crack growth, and computational efficiency may be increased through use of a
Gauss-Chebyshev quadrature [28]. A modified strip-yield model utilizing weight functions for pla-
nar geometry description forms the basis for development of a model which allows consideration of
the surface flaw.

Assuming the surface flaw maintains a semi-elliptical shape while under cyclic loading, a two pa-
rameter description of the surface flaw may be adopted. Attention may then be restricted to crack
growth at points A and B. Using a weight function based slice synthesis methodology presented by
Zhao et al. [26], through-crack weight functions for two-dimensional bodies may be used to approx-
imate surface flaw stress intensity factors, plastic zone sizes, and crack surface displacements. This

w
X
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FIG. 1—Part-through semi-elliptical surface flaw.
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FIG. 2—Slice synthesis model.

information permitted the prediction of crack opening behavior using the algorithm presented by
Newman [12]. The slice synthesis methodology was first introduced by Fujimoto [29] and Saff et al.
[30] for stress intensity factor computation. More recently, it has been used to compute surface crack
and corner crack stress intensity factors and crack opening displacements [31-33].

Asillustrated in Fig. 2, the behavior of the surface flaw is synthesized using two groups of through-
crack slices. The surface flaw is characterized using a crack depth a and width 2¢. The slices situated
parallel with the x axis are denoted as primary slices or a slices, while those aligned parallel with the
y axis are termed spring slices or ¢ slices. Each primary slice constitutes an edge cracked strip and is
assumed to be in a plane stress condition. The slice exhibits a modulus of elasticity E, a flow stress
0,, and a crack length a,, as defined by the elliptical shape and given as

a,=aV1- (yc) e))

Surface flaw stress intensity factors and crack surface displacements may be estimated accurately
using these two-dimensional slices if an unknown shear traction ¢, = P(x,y) acting between adja-
cent primary slices is introduced. The material surrounding each primary slice on either side acts to
restrain crack surface displacement, and thus this traction acts in a direction opposite to that of the ap-
plied stress o(x,y) = 0,(x,y). Consequently, the applied stress on any given primary slice is o(xy)
— P(x,y) as shown in Fig. 2. The elastic stress intensity factor K, and crack surface displacement
wa(x,y) for an arbitrarily located primary slice resulting from the applied stress o'(x,y) are given by
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K,= j Y [o(&y) — P(Ey)Im, (g,ay) d¢ @)

v =5 [ [ 109 - PEImiam, (ardtda )

where the primary slice weight function for an edge crack of length a, is denoted as m,(£,a,) and &
is a dummy variable.

To incorporate free boundary effects and thus consider finite bodies, elastic boundary conditions
are needed for the a slices as discussed by Zhao et al. [26,33]. To approximate the effects of the fi-
nite thickness 7, boundary conditions on the back surface (x = T') are necessary. The x displacement
restraint at this surface is a function of the plate width W [26,33]. With W — o, the back surface for
an arbitrary a slice is assumed to be sufficiently restrained such that this surface undergoes zero dis-
placement in the x direction. At the crack mouth (x = 0), a free surface was assumed. Thus, the spe-
cific weight function used was that for an edge-cracked strip with fixed back-surface displacement as
shown in Fig. 2. This function is given by

m(x,a,) =
vV » /2T
—\/2={1 +0.15 [1 - (i)m] [1 — sin (%)] [2 + sin (%)]} tan(ma,/21)
T i cos(ma,/2T) |?
" | cos(wx/2T)
4

Equation 4 was derived from a stress intensity factor solution [34] for a double edge-crack under
symmetrical concentrated loading on the crack surfaces. This function has also been tabulated by
Glinka and Shen [35].

The slice synthesis must be calibrated if it is to function properly. Through a calibration process
using an exact solution for an embedded semi-elliptical flaw under uniform tension, it may be shown
[26,29] that Eq 2 will yield an accurate estimate of the surface flaw stress intensity factor at point A
if y = 0 and a plane strain scaling factor 1/(1 — »2) is introduced where » represents Poisson’s ratio

1

KA=1—V2

L " [0(£0) — P(EO)Im, (Ea)dE )

The required mechanical coupling between adjacent primary slices is made possibie through the
introduction of an additional series of slices denoted as spring slices or ¢ slices. These slices enable
the computation of the unknown shear traction through enforcement of compatibility with w, = w,
where w, is the spring slice displacement. As shown in Fig. 2, each spring slice constitutes a center-
cracked panel and is assumed to be under a plane stress condition. These slices are paralle] to the free
surface and exhibit a modulus of elasticity E,, a flow stress o, and a crack length 2¢, with ¢, defined
from the elliptical shape and given by

e =cV1— (xla)® ©)

Both E; and o, are fictitious quantities defining the level of mechanical coupling between adja-

cent primary slices. Using the previously discussed calibration process it may be demonstrated
[26,29,30] that
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Ey P c
2=l @

1—-»

In this expression, ® represents a complete elliptic integral of the second kind with, for a/c < 1
/2
®=[" (@l sin? ¢ + cos? ¢y dp ®)
)

The determination of the spring slice flow stress g, will be considered following an elastic analysis
of the spring slice. The spring slice stress intensity factor K, and crack surface displacement w(x,y)
resulting from the applied stress o(x,y) are given by

K. = f PG mm, (nc) dn )
1 Cx Y
WE) = - fy fo P(, iy, (s ym, (3,7) dip dy (10)

where the spring slice weight function for a center-crack with length 2¢, under symmetrical loading
with P(x,y) = P(x,—Yy) is denoted as m/(,c,) and vy is a dummy variable. This symmetrical shear
traction implies o(x,y) = o(x,—y). The weight function used was that for the center through-crack
in an infinite body under symmetrical loading [36]

1
m(y,c) = Zﬁﬁ (11

From the previously mentioned calibration process, it may also be shown that Eq 9 will yield an ac-
curate estimate of the surface flaw stress intensity factor at point B if x = 0 and it is scaled by a fac-
tor E/E such that

K=£ j " POm, (nc) dn 12)

Next consider plastic deformation along the crack front as illustrated in Fig. 3. Using a strip-yield
modeling approach, the surface flaw and subsequent plastic zone are treated as an effective crack in
an elastic body. The effective surface flaw is characterized using a crack depth a, crack width 2¢, and
plastic zones p, and pp. The effective and actual surface flaws are concentric semi-ellipses. As sug-
gested by Dugdale [37], the extent of the plastic zone may be determined if the material flow stress
is assumed to act as a compressive cohesive stress applied within the plastic zone. At the effective
crack front the stress is assumed finite with the net stress intensity factor equal to zero. The slice plas-
tic zone sizes p, = p, and p, = p; for slices passing through points A and B may be found using the
following relationships which enforce a zero net stress intensity factor at A and B, respectively

1
1—?

[ 00 - Peowm. o+ prie— [ aya,m,6at pddg=0 (13

c+pp

c+pp
J PO,mm; (n.c+ pp)dn — J apGosmc (c+ pp)dn =0 (14)

c
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FIG. 3—Crack front localized plastic deformation.

A calibration process analogous to that discussed for the elastic crack analysis is necessary to cor-
relate the slice plastic zones p, and p, with the surface crack plastic zone sizes p,4 and pp, as well as
to define the spring slice flow stress o,;.

When using modified strip-yield models, it is commonly assumed that the cohesive stress within
the plastic zone is a constant. In Eqs 13 and 14, a and ap are constraint factors which describe the
average stress to flow stress ratio in the plastic zone at points A and B, respectively. Consider Eq 13.
Note that plane strain conditions are enforced by proper selection of the factor as, and consequently
the plane strain factor 1/(1 — »2) has not been applied to the second integral representing the stress
intensity factor associated with the plastic zone loading. In addition, note also from the first integral
that the shear traction has been applied along the entire effective crack length including the plastic
zone. Consequently, it is unnecessary to apply the shear traction again within the second integral.

Just as the elastic properties of the spring slice were defined using a calibration process, the flow
properties must be defined as well when constructing a strip-yield model for the surface crack. As
shown by Daniewicz [25], through a calibration process using an exact strip-yield model solution for
an embedded circular flaw under uniform tension,

Gos _E _(_® _ e
(2 )s as)

In addition, this calibration yields the following correlations between slice plastic zone sizes p, and
p» and surface crack plastic zone sizes p4 and pp

Pa__ 1

P 1 (16)
In(1 + p,/a)

p__ 1

c 1 an

In(1 + pplc) 1

Under conditions of small-scale yielding, Eqs 16 and 17 yield ps = p, and pg = ps. Equations 13
and 14 constitute a system of nonlinear equations for the two unknowns p, and pg. This system was
solved iteratively. Note that the shear traction P(x,y) is needed both in the plastic zone as well as
throughout the crack, and is thus a function of p, and pp. Under small-scale yielding conditions, plas-
tic zone sizes computed using Eqs 13-17 have been found to coincide with the well known Dugdale
solution py = (/8)(Kala40,)* and pp = (7/8)(Ks/ap0,) .
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Having determined the plastic zone sizes, the crack surface displacements at a point of interest (x,y)
resulting from both the applied stress and the plastic zone loading may be derived {25]. These dis-
placements are

watey) =2 [“[ toey) = PEy)Ima (&.0) defm, (v, )dax
E

as)
1 ay+py 3 a
w7 10 - Peyim Gy de— [ auoyma (€ cdef mq (s )de
1 Cx Y
we (5) = o= [ [ PO tyme g me (3.7) dy
s Ty o
(19)
1 [t (7 k4
Y& [ J; PCcyym. (b, v)dg — f Q005 (l/f,v)d«/f} me (y,7) dy

where a, and a, are constraint factors for arbitrarily located primary and spring slices. When these
slices are situated such that they pass through points A and B a, = a, and a, = ag. To insure com-
patibility, the displacement from each slice must be equal with w, = w,. This condition was used to
determine the shear traction [25]. Following calibration, these slice displacements equal the surface
flaw displacement. In addition, from Fig. 3.

pe= (¢ + pp) Vi - xHa + p,)* - V1 - x¥a?
(20)

py=(a+ p,) Vi1- yH(c + pp)? — aVl - y¥c?

Using prescribed constraint factors for points A and B, the constraint factors for an arbitrary loca-
tion along the crack front were assumed to be given by the following linear relationship

) — «Q
a(p) =——>" ¢+ ag @n

where two ¢ angles are defined in Fig. 4 with cos ¢, = c./c and sin ¢, = a,/a. Note that for points
(x,y) not on the crack perimeter, a unique ¢, and ¢, are required for the primary slice and spring slice
respectively with a, = a(¢,) and a, = a(g,). For points on the perimeter, ¢, = ¢,. The linear con-
straint distribution (in terms of ¢) along the crack front may over-represent the plane stress contribu-
tion associated with the free surface at point B. Although currently unknown, a more rigorously de-
termined distribution may involve a crack front dominated by plane strain conditions, with the
exception of a small region near point B where the constraint decreases rapidly to a plane stress level.
This is illustrated in Fig. 5. Elastic-plastic finite element analysis represents one potential means of
characterizing the distribution of constraint along the crack front. This distribution will also be a func-
tion of applied load.

Next consider the computation of the unknown shear traction P(x,y). For equilibrium, at arbitrary
points (x,y) along the crack surface where the primary and spring slices intersect, the total applied
stress must be o'(x,y). Equilibrium then dictates that each spring slice be subject to an applied stress
P(x,y) as shown in Fig. 2. With the primary and spring slices assumed to exhibit a flow stress o, and
0,s, respectively, points of interest (x,y) must be confined within the actual crack boundary (no points
in the plastic zone) to avoid a net cohesive stress — (o, + 0,s). In addition, compatibility dictates the
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FIG. 4—Crack front angular positions.

displacement from each slice must be equal with w, = w,. Assume P(x,y) is a linear combination of
prescribed basis functions p,(x,y) such that [26].

14
P(xy) = Y, Aipixy) , (22)
i=1

In expanded form this expression may be written as
P(x,y) = Ay + AW + Ay(xla)'® + Ag(xylac)” + As(ylc)
+ Ag(xla) + A(xylac) + Ag(y/c)? + Ao(xla)? + Ajo(xylac)? (23)
+ An(ye)® + Ap(xfa)® + Au(yc)* + Av(xla)?

Using Eq 22, and satisfying compatibility at m (m > 14) uniformly distributed points on the crack
surface, enables the generation of an over-determined system of equations allowing the computation
of 14 coefficients A; such that the shear traction is defined [26].

The model described thus far may be characterized as a strip-yield model for monotonic loading.
With this model, both the extent of the regions exhibiting plastic deformation along the crack front
as well as the subsequent crack surface displacements may be determined. For analysis of plasticity-

linear constraint variation nonlinear constraint variation
FIG. 5—Constraint distributions.
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induced crack closure, cyclic loading must be considered, and monotonic strip-yield models must be
modified to Jeave plastically deformed material along the crack surfaces as the crack advances [12].
Using a weight function based formulation, Daniewicz et al. [ 22] have generalized the Newman mod-
ified strip-yield model to allow treatment of arbitrary through-crack geometries. With the surface
flaw now described in terms of two through-cracks through application of the slice synthesis method-
ology, a surface flaw modified strip-yield model was constructed using two coupled through-crack
modified strip-yield analyses. For more detailed discussions concerning modified strip-yield models,
see [12,2] or 22].

Fatigue crack growth rates at points A and B were assumed characterized in terms of effective
stress intensity factor ranges (A K.g)4 and (AK .0)p

da , ng
O = CAAKy I~ K @4

where an effective stress intensity factor range is defined using the maximum applied stress Spax and
the computed crack opening stress S,

AKetr = K(Smax) — K(S0) (25)
Equations 24 may be combined to yield

= & (Achf)B:B (26)
Ca (AKe'
Under constant-amplitude loading, a modified strip-yield model prediction of crack opening stress
was made using an assumed increment of crack growth. Modified strip-yield models were created for
a primary slice passing through point A and a spring slice passing through point B. These two mod-
els were coupled and utilized concurrently. Figure 3 illustrates a primary and spring stice pair. Note
that while numerous pairs were utilized for computation of the shear traction P(x,y), only a single pri-
mary and spring slice were used for crack opening stress prediction. From an initial assumed flaw size
a, and c;, the crack opening stress at point A was first predicted using an assumed increment of crack
extension da with da = 0.05 p,4. The crack opening stress at point B was next computed using an as-
sumed crack growth increment dc. Using Eq 26, the resulting crack opening stresses were then used
to compute a crack growth increment dc. If the computed dc differed from the assumed value, the
computed value was used to compute a new crack opening stress at B with this process repeated un-
til convergence was obtained. This procedure was repeated for each crack growth increment da until
the prescribed final crack depth a was attained. Use of this methodology enabled the computation of
opening stresses for points A and B as a function of current flaw size as well as a prediction of aspect
ratio (a/c) evolution under the prescribed cyclic loading.

Model Application: Surface Flaw Preferred Propagation Paths Under Remote Bending

Under cyclic loading, surface flaws have been found to grow such that the aspect ratio (a/c) ap-
proaches a unique steady-state value which is a function of crack depth and independent of the initial
aspect ratio. These unique values make up what has been described as a preferred propagation path
(PPP) [7,8,38—40]. The ASTM standard practice for fracture testing of surface cracked specimens
{41] gives the following empirical PPP for tension and bending loads \

tension  a/c = 1.0 — 0.2(a/T)? 27

bending  a/c = 1.0 - (a/T) (28)
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With flaw shape evolution a function of the level of plasticity-induced closure along the crack
front, it is suggested that the PPP may also be a function of both the applied stress level and the R-ra-
tio, as both of these quantities are known to influence the level of closure. To investigate possible
stress level and mean stress effects, the strip-yield model was used systematically to predict the PPP
under various prescribed R-ratios and applied stress levels. The model was first verified by compar-
ing model predictions with experimental data.

Growth of a semi-elliptical surface flaw under a constant amplitude cyclic bending was predicted
and compared with experimental data. McFadyen et al. [42] presented aspect ratio (a/c) as a function
of normalized crack depth (a/T) for a LT60 steel plate with thickness 7 = 28 mm and width W =
150 mm (Fig. 1). This material is a C-Mn steel with a yield strength of 405 MPa, an ultimate strength
of 515 MPa, and an elongation of 29%. Electrical discharge machining was used to create initial
cracks of various aspect ratios which exhibited no plastic wake and were closure free. The plate was
loaded in pure bending with various R-ratios and applied stress levels. Maximum stress levels Siax
ranging from 190 MPa to 315 MPa were used. The R-ratios used varied considerably less and were
within the range 0.018 to 0.097.

The strip-yield model considers an elastic-perfectly plastic material, and a flow stress o, assumed
to be the average of the yield and ultimate strengths, was assumed with o,, = 460 MPa. The constraint
factors a, and aj are fitting parameters which must be assumed. From previous modeling experience
[25] with aluminum specimens under uniform cyclic tensile stress, constraint factors a4 = 3.00 and
ag = 2.50 were initially assumed. Using crack growth measurements from the part-through flaws,
McFadyen et al. found a fatigue crack growth rate exponent nys = ng = n = 3.0 (see Eq 26). The fa-
tigue crack growth rate coefficients C4 and C were assumed equal when using the strip-yield model,
and thus had no effect on the closure computation. An initial flaw equal in size to the electrical dis-
charge machined notch was assumed. This initial flaw was also assumed to exhibit no prior plastic
wake.

From Figs. 6, 7, 8, and 9, reasonable correlation between the model predictions and the experi-
mental data were observed, indicating the assumed constraint factors were appropriate. Also shown

1.00 T .
® McFadyen et al. [42]

080 t
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0.40 -

0.20 +

0.00 +— -+ 4 |
0.00 0.20 0.40 0.60 0.80
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FIG. 6—Predicted and measured aspect ratio evolution, R = 0.05, S .., /0, = 0.433.
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FIG. 7—Predicted and measured aspect ratio evolution, R = 0.083, S ,.../0,, = 0.440.
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FIG. 8—Predicted and measured aspect ratio evolution, R = 0.097, S ,../o, = 0.683.
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FIG. 9—Predicted and measured aspect ratio evolution, R = 0.018, S,,,/0, = 0.412.

in these figures is the predicted PPP using Eq 28. After the initial transient behavior, the strip-yield
model also predicted a PPP. The strip-yield model PPP were seen to compare well with the ASTM
PPP.

‘When modeling through-crack behavior using strip-yield models, the constraint factor is generally
found to be a function of material type. Thus, resulting values of 3.00 and 2.50, for the deepest point
of penetration and surface point respectively, were unexpected as these same values have been found
previously for aluminum [25]. Perhaps more importantly, a larger difference between these two val-
ues was also expected for both the aluminum and steel. These occurrences may be a result of the ap-
proximate linear constraint distribution assumed along the crack front, or of a dramatically different
constraint factor sensitivity for surface flaws. Additional research will be necessary to resolve this is-
sue.

To rigorously characterize the distribution of constraint along the crack front, elastic-plastic finite
element analyses are needed. Constraint factors represent the effects of localized plastic deformation,
and the distribution of constraint will also be a function of applied load. However, modified strip-
yield model constraint factors also indirectly consider other closure mechanisms such as roughness
induced closure and closure from corrosion products or fretting debris, and are thus best treated as fit-
ting parameters. Consequently, while finite element analyses will enable the distribution of constraint
to be determined, the actual magnitudes must continue to be found using fatigue data as performed in
this study.

The strip-yield model was next used to systematically predict the PPP under various prescribed R-
ratios and applied stress levels in an effort to assess stress level and mean stress effects. While the ini-
tial flaw shape was not of significance, for convenience a semi-circular flaw was assumed with a/c
= 1. The initial flaw size over which no plastic wake acts was assumed to be a/T = 0.01. Results are
illustrated in Fig. 10 through Fig. 14.

Only modest stress level effects were observed as seen in Fig. 10 through Fig, 12. This result was
unexpected, suggesting the model may have difficulty in properly simulating the effect of stress level.
However, the model was able to accurately predict flaw shape evolution under a stress level increase
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FIG. 10—Effect of stress level on flaw shape evolution, R = 0.0.

of 65% as seen in Figs. 8 and 9. Consider Fig. 12, under constant amplitude loading with R = 0.80,
no plasticity-induced closure will result and A K¢ = AK. Thus, the model would be expected to pre-
dict no siress level effects under this condition. However, from Fig. 12, a small stress level effect was
predicted. This was a result of small changes in the shear traction P(x,y), as this traction is a function
of plastic zone size and is thus clearly dependent on stress level.
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FIG. 11—Effect of stress level on flaw shape evolution, R = —1.0.
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FIG. 12—Effect of stress level on flaw shape evolution, R = 0.80.

From Figs. 13 and 14, large applied stresses were predicted to increase mean stress effects. These
effects were, however, relatively minor. For R = 0, increasing the R-ratio reduced the aspect ratio a/c.
This effect was empirically observed by Hodulak et al. [43] for aluminum surface cracked specimens
loaded under uniform cyclic tension. This was expected as increases in R have been demonstrated to
reduce the difference between crack opening stress levels under plane stress conditions (point B) and
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i00n 0 R=-1.00
—— R=0.80
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FIG. 13—Effect of mean stress on flaw shape evolution, S ,.../0, = 0.20.
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FIG. 14—Effect of mean stress on flaw shape evolution, S,,,..0, = 0.80.

crack opening stress levels under plane strain (point A) [12]. With this reduced difference, the crack
width ¢ would extend more rapidly with respect to the crack depth a as R increases.

Aspect ratio evolution is a function of the difference in the crack opening loads at the free surface
(B) and deepest point of penetration (A). Predicted crack opening loads from strip-yield models are
dependent on the constraint factor chosen, and thus a large difference in the crack opening loads at
points A and B will be predicted if the constraint factors for these two points are dramatically differ-
ent. The constraint factors a, = 3.00 and az = 2.50 were found to give good crack shape predictions.
With these factors differing by only a small amount, relatively small differences in the predicted crack
opening loads resulted. Consequently, closure related variables such as maximum stress and mean
stress were also predicted to have only minor effects as observed in Figs. 10-14.

That the two constraint factors differed so little is potentially a consequence of the assumed linear
constraint distribution as discussed previously. It should be noted that efforts to produce more sig-
nificant differences in crack opening stresses at A and B through selection of constraint factors which
differed more greatly produced inaccurate shape change predictions.

The strip-yield model for the part-through surface flaws requires more computational resources
than a through-crack strip-yield model. Therefore, for engineering purposes, it would be advanta-
geous to simulate a part-through crack using an equivalent through-crack. To assess this possibility,
crack opening stresses from the surface flaw strip-yield model were compared with the crack open-
ing stress obtained from a similar through-crack strip-yield model [22]. Both simulations considered
steel plates of equal thickness loading in bending with R = 0.0 and a maximum stress Spax/0, = 0.60.
For the surface flaw, an initial semi-circular flaw was assumed with a/c = 1. Both the part-through
crack and the through-crack had a initial flaw size of a/T = 0.01. The through-crack simulation used
a = 3.00, while for the part-through crack a4 = 3.00 and ag = 2.50.

From Fig. 15, the resulting crack opening stresses for the two simulations differed considerably.
For a through-crack, the crack opening stress dropped significantly for larger crack lengths as the re-
maining ligament was reduced in size. This occurs because the elastic clamping action offered by the
remaining ligament decreases. To open the crack, this elastic clamping force must be overcome. For
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FIG. 15—Normalized crack opening stress for through-crack and part-through crack.

the part-through crack with infinite width, there is no effectively decrease in elastic clamping capa-
bility, and consequently no decrease in crack opening stress. Based on this comparison, efforts to pro-
duce an effective through-crack to simulate a surface crack may prove difficult.

Summary

A slice synthesis methodology has been employed to construct a modified strip-yield model for the
semi-elliptical surface flaw, enabling prediction of plasticity-induced closure along the crack front
and subsequent fatigue crack growth. Using two coupled strip-yield model analyses, concurrent crack
closure assessments for the surface flaw at both the deepest point of penetration and the surface point
were performed. Slice synthesis methodologies have previously been limited to stress intensity fac-
tor and crack surface displacement computation. The crack opening stresses predicted from this
model differed considerably from results for a similar through-crack analysis, suggesting the through-
crack has a dramatically different crack opening behavior at larger crack sizes.

Predictions of crack shape development under cyclic loading were compared with experimental
data for LT60 steel specimens under constant-amplitude cyclic bending with various stress levels and
R = 0. Predictions were shown to correlate well with experimental data with these data considering
flaws as deep as a/T = 0.70 and applied stress differences as large as 65%. As this study focused on
flaw shape evolution only, further work is needed to insure that both predicted flaw shape and pre-
dicted fatigue life correlate well with experimental observations. Fatigue life studies will require ad-
ditional material characterization as both the crack growth rate exponent n and coefficient C (see Eq
24) are required. This is in contrast to flaw shape studies in which only the exponent n is needed, pro-
vided C, is assumed equal to Cy as was done in the present study.
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ABSTRACT: The reasons for fatigue failure of many components and subassemblies are internal de-
fects in the material or cracks and the subsequent propagation. Cracks normally originate in areas of
stress concentration, €.g., at notches.

It is known that a major factor governing the service life of notched components under cyclic load-
ing is fatigue crack growth in notches. A uniform elastic-plastic crack growth model, based on the J-in-
tegral, was developed which especially considers the crack opening and closure behavior for the deter-
mination of crack initiation and propagation lives for cracks at elliptical notches under constant or
variable-amplitude loading.

For this model, an algorithm for the description of the crack opening and closure behavior and ap-
proximation formulas were developed for the determination of the stress intensity factor K and the J-in-
tegral for surface, corner and through-thickness cracks at elliptical internal and external notches. The
crack growth model will be introduced and its individual modules, as well as the complete concept, were
verified by experiments and two- and three-dimensional elastic and elastic-plastic finite-element anal-
yses. Experiments, finite-element analyses, and calculations show excellent correspondence in all as-
pects.

KEYWORDS: fatigue crack growth, crack closure, stress-intensity factors, J-integral, cracks at
notches, elastic and elastic-plastic 2D and 3D finite-element analyses

The reasons for fatigue failure of many components and subassemblies in the fields of mechanical
engineering, plant construction, marine engineering, acronautics and space travel are internal defects
in the material or cracks and their subsequent propagation. Cracks normally originate in areas of
stress concentration, e.g., at notches. The crack surfaces are usually elliptical and retain this elliptical
or nearly elliptical form throughout the crack propagation process. The life of notched components is
subdivided into the pre-crack, or crack initiation, and crack propagation phases within and outside
notch area. Pre-crack and fracture, Wéhler curves (single-stage loading, constant amplitude) as well
as crack initiation fatigue life curves and fracture fatigue life curves (service loading, variable am-
plitude) are illustrated in Fig. 1.

It is known that a major factor governing the service life of notched components under cyclic load-
ing is fatigue crack growth at notches. The K-concept applied to crack propagation in elastic struc-
ture areas cannot be transferred to notch areas because in these cases the crack tip is mainly deter-
mined by elastic-plastic notch area strain. Thus crack propagation is described by the cyclic J-integral

1 Project engineer, Motoren-und Turbinen-Union (MTU), D-88040 Friedrichshafen, Germany.
2 Research assistant and professor, respectively, Technische Universitit Darmstadt, Werkstoffmechanik, Pe-
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under consideration of crack opening and closure behavior. A uniform elastic-plastic crack growth
model for the determination of pre-crack and crack-propagation life of cracks at elliptical notches has
been developed on the basis of the J-integral. This model is introduced in the following text and the
individual modules, as well as the complete concept are verified by means of various examples.

Elastic-Plastic Crack Growth Model

A crack propagation equation is formulated as a starting point for the actual calculation of service
life by which the growth of elliptical surface, corner and through-thickness cracks, inside and outside
of notch areas can be determined:

da dc
dn’dn

) =C-ANl@c,t,w p Kiw, 0, b, @ ASpretr) > Ay ¢))

with C and m being material constants from standard experiments, AJes being the effective amplitude
of the cyclic J-integral, a being the crack depth, c the crack length, # the plate thickness, w the plate
width, p the notch radius, K. the notch factor for w — o (infinite plate), a the notch depth, bthe
notch height, ¢ the angle along the crack contour, ASy e the effective amplitude of the gross load
and AJy, the threshold value of the cyclic J-integral. Both p as well as K . are governed by the semi-
axes @ and b of the elliptical notch. The crack propagation is calculated in several steps in the direc-
tion of the crack depth and length between a given initial crack depth and final depth. The following
input data are required for crack growth calculation:

« parameters for description of geometry,

« stress concentration factor,

« initial crack configuration,

« initial type of crack (surface, corner, or through-thickness crack),

« type of notch (e.g., internal or external notch),

material parameters in form of the stabilized cyclic materials law,
crack propagation parameters,

number of load cycles up to reaching the initial crack configuration,
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» load sequence, and
= truncation criteria (e.g., critical crack depth).

A closed hysteresis loop, regarded as a damaging criterion, is recognized using the Clormann’s
HCM-algorithm [/] (HCM = Hysteresis Counting Method).

In Fig. 2 the developed crack propagation model is schematically shown. In the block diagram pre-
sentation of the crack growth model, differentiation between crack depth and length directions has
been neglected for the purpose of clarity. It must be noted that the algorithm for both directions must
be calculated individually. The essential elements of calculation are:

« calculation of the elastic notch stress distribution,

« calculation of the S-& paths and of the o-¢ paths for the current crack tip and length locations
is based on the uncracked status using a notch approximation formula, § being the net section
stress and o being the local stress,

« recognition of closed hysteresis loops as damaging criterion,

« estimation of closed local hysteresis loops regarding their crack opening and closure behavior

(calculation of crack opening and closure stress),

calculation of the crack closure load,

calculation of the effective loading amplitude,

calculation of the effective gross loading amplitude,

calculation of the effective amplitude of the cyclic J-integral, and

calculation of the crack growth.

At the beginning of the calculation, the stress distribution (according to the elasticity theory) in
the notch area (K, depending on the distance to the notch root — K,(x)) must be defined. This
is achieved by approximation solutions or by elastic FE analyses. The S-£ and o-¢ curves (i.e., the
load-strain curve and the correponding local stress-strain curve) for the location of the current
crack depth and length are calculated for the largest load in the load sequence with an approximation
formula for notches (e.g., Neuber’s [2] or Seeger/Beste rule [3]. It is assumed that the material is
already cyclically stabilized, and the o-£ curve can be described by the approach used by Ramberg
and Osgood [4]

e=Z+ (Kl)_ 0

with the modulus of elasticity E, hardening exponent n’ and coefficient X'. It is further assumed that
Masing [5] and memory behavior is valid. With this, the corresponding S-¢ and o-& paths can be con-
structed for both directions after every reversal of the load sequence. Based on suggestions made by
Vormwald [6] and McClung [7], calculation of the local elastic-plastic loading path neglects the
crack. The load sequence data, e.g., for every reversal, are then entered. As soon as a hysteresis loop
closes, the calculated local loading paths in the crack depth and length directions are evaluated as re-
gards their crack opening and closure behavior. This can be achieved with the aid of different crack
opening formulas (e.g., [8—14]). The crack closure stresses (o) are determined from the crack open-
ing stresses (0,,) calculated, with the aid of experimentally proven equality of crack opening and clo-
sure strains (&,, = &q, [6,15,161) and the known - £ paths for the closed hysteresis loop (Fig. 2). The
crack closure loadings (S,;) are determined from the crack closure stresses taking into consideration
Masing [5] and memory behavior. The effective loading amplitudes (ASeg = S, — S) result from
the difference between load of the closed hysteresis loop (S,,) and the crack closure load. Finally, the
effective gross loading amplitudes ASessy = A/Ap, - ASesr are determined, with A being the net sec-
tion, Ay, being the gross section and AS.¢ the effective load amplitude. The effective value of the
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cyclic J-integral is used as the crack tip parameter. By using the effective gross load amplitudes, the
effective amplitudes of the cyclic J-integral are determined. They are entered into the equations for
crack growth, and the crack growth Aa and Ac are determined and thus the current crack depth (a =
a + Aa) and length (c = ¢ + Ac). This algorithm is repeated for the following cycle. Calculation of
the S-¢ curve and the local o-¢ curve is only required for the crack depth direction as this does not
change for the crack length, i.e., it remains at the notch root. The new paths in the crack depth direc-
tion are determined using the HCM algorithm. The following reversals are then entered and the paths
constructed until another hysteresis loop closes and the resultant damage is evaluated, as described
above. The crack growth is thus determined by cycles. The calculation ends when the criteria for trun-
cation (e.g., a given final crack depth) is reached. The model is prepared for surface, corner and
through-thickness cracks. The different types of cracks at notches are illustrated in Fig. 3. The change
from a surface, or a comer crack to a through-thickness crack is included in the concept. After this
crack type change, calculation of the algorithm described is only done in the crack depth direction.
The load history is considered by the number of load cycles required to achieve the initial crack con-
figuration. Up to that time the load sequence is calculated without evaluation of the damage. Only
then does the algorithm described become effective.

The crack growth model thus contains three major components: first, determination of the crack
opening and closure loads, second, determination of the J-integral, and third, determination of the
crack growth and thus the service life.

Verification of Crack Growth Model

Verification of the evaluation of the crack opening and closure behavior and determination of the
crack growth and service life is achieved with the aid of experimental results. The experimental ex-
aminations were carried out using manually polished notch plates (K, = 2.5 and 3.4) made of FeE460
and A15086, which were almost totally without residual stress. These two alloys were not heat
treated. Their mechanical properties as well as their composition are described in detail in Ref /5. The
specimens and their geometry is shown in Fig. 4. The specimens made of FeE460 had circular notches
and those made of A15086 had nearly elliptical notches. Determination of the cyclic material data was
effected by strain-controlled experimentation using standardized hourglass specimens. All experi-
ments were executed with servo-hydraulic testing equipment and room temperature (23°C) with a rel-
ative humidity of 60%. The pre-cracks were initiated in the specimens by vibration loading. Most of
the pre-cracks initiated were corner cracks. The surface pre-cracks were assumed to be half-circular.
No general differences in the pre-crack behavior between the two specimen thicknesses were found
{15]. Observation of the pre-crack, and measurement of the crack growth, was accomplished optically
using a measuring microscope. The approximation formulas developed for the J-integral were veri-
fied by elastic and elastic-plastic FE analyses using ABAQUS [17].

Crack Opening Loads

An algorithm was developed for the determination of crack opening loads for cracks at notches and
is used as a component of the crack growth model. Presentation of this algorithm, as well as a detailed
discussion and evaluation of the different approaches for the determination of crack opening stresses
in connection with this algorithm and with the aid of experimental results, can be found in Refs 14,18.
Explanations of the concept and its realization with different crack opening relations in one calcula-
tion program are given in Refs 19,20, and the extension of the algorithm for load sequence influences
(overloads and load decay behavior) in Ref 21. The modified crack opening relationships according
to Newman {]1] proved to be especially suitable for the problems (cracks at notches) dealt with in
this paper. The majority of the experiments completed are documented in Ref 15.

The SMS (strain measuring strip) method described in [6,15] was employed for measuring the
crack opening and closure loads (Fig. 5). This method was used for both small and large specimens
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FIG. 4—Specimens.

(Fig. 4). Small strain gages (= 0.8 mm), located adjacent to the tip, measure the changes in local stiff-
ness of the specimen during the crack opening and closure (Fig. 5). The recorded S-£syms paths show
“kinks” which can be correlated to the crack opening and closure processes. The crack opening load
is defined as the load at which the last contact at the crack tip is interrupted, i.e., the crack is com-
pletely open. This definition is in agreement with that of Newman [11], Vormwald [6], McClung [22]
and Taylor [23].

A section A-A
Mg |

section B-B dimensions in [mm)

m

1

FIG. 5—SMS method.
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The development of the crack opening level inside (i.e., K(x) = 1) and outside (i.e., K{x) < 1)
the notch region was determined experimentally with single-stage and two-stage reversal
experiments with different load levels for the notched plates examined. For the crack configurations
(surface, corner and through-thickness cracks), materials (FeE460 and A15086) and stress ratio
(R = —1) under consideration, the experiments revealed no significant differences in the crack
opening levels when the applied load is equal. Consequently, all three crack types can
be treated equally as regards their crack opening and closure loads. Figure 6 shows the experimen-
tally and numerically determined crack opening loads for notched plates/specimens of FeE460
and Al5086 related to the net stress amplitude for single-stage loads (R = —1). Short crack
effects were not considered. It can be seen that for a rising ratio of a/p the crack opening
level rises and stabilizes at the end of the notch region on a nearly constant level. The crack
opening level decreases with rising load amplitude and resultant increased plasticity. The cracks
then open clearly at pressure loading (i.e. S,,/Smax < 0) in the notch area. These tendencies,
which are demonstrated by these experiments, can be verified, both as regards quality and
quantity, using the above model. The deviation between the experimentally and numerically deter-
mined values is negligible.

S -8 prrr e
29 5.8 3
Smux .4 -
.2 3
.0
-0.2 | 3
0.4 AI5086 R=-1 ER: AI5086  R=-1
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22 0.6 F FeE460 R=-1 1 F  FeE460 R=-1 E
Smax 0.4 F Ki=25  S,=250MPa  J E  K=25 S.=300MPa
0.2 1t ]
E ]
0.0 1 E
-0.2 3
-0.4 F E—
-0.6 | o 3 i .
] ¢
B,JT J 7YYVS FUUTT FUURT FRUUY FTUT FOT TP, TV POV PPUTY PR FPETT U POV

0 02 04 06 0B 1 12 14 0 02 04 06 08 1 12 14

o/p a/p

O@e*0s0AVOVYEeO experiment

calculation
FIG. 6—Experimentally and numerically determined crack opening loads.
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J-Integral

For the development of approximation formulas to determine the J-integral, it was first necessary
to determine J-integrals for a number of significant cases using two- and three-dimensional elastic
and elastic-plastic finite element calculations by varying the crack length, semi-axis ratio of the notch,
contour at the crack front, crack type (surface, corner and through-thickness crack), and material be-
havior (modulus of elasticity E, Poisson’s ratio #, hardening exponent n’ and coefficient K'). The case
studies examined cover a representative parameter field for possible crack configurations and types
for cracks at elliptical internal and external notches. The additive superposition method of so-called
“elastic”” and “plastic” elements of the J-integral, suggested by Shih et al. [24] was applied. The elas-
tic part is determined with the aid of the stress intensity factor K. For this, approximation formulas
were developed for determination of the K-factors for cracks at notches, especially for those functions
within the geometry correction function Y, which describe the notch influence and the boundary-ef-
fects. The basic theories and approaches, the parameter field examined, the procedure for developing
the approximation formulas for K and J, and the results are reported in detail in Refs 21,25,26.

Figure 7 shows the crack and notch region of the 3D FE structure for a corner crack in an external
notch used here. Specially degenerated elements are used at the crack tip and along the crack front in
order to represent the stress singularity.

Figure 8 shows the profile of the geometry correction function Y, developed for the determination
of K-factors for through-thickness cracks at elliptical interior notches, and Fig. 9 shows them for a
semi-elliptical surface crack in an elliptical external notch along the crack front in comparison to the
results from the collocation method [27] and by FE analyses [26]. Figure 10 is a comparison of the
J-Sp; curves determined by FE calculation and by an approximation formula for a crack vertex (2¢/
7 = 0) of a semi-elliptical surface crack in an external notch under tensile load. The elastic and plas-
tic elements of the approximation formula used for determination of the J-integral are also shown. As
can be seen, the additive superposition of the elastic and the plastic elements produces a good ap-
proximation for determination of the J-integral. For borderline cases (purely elastic, fully plastic)
there is a good correspondence, for the transition range (purely elastic to fully plastic), the J-integral
determined by the approximation formula is, in many cases, slightly lower than that determined by
FE calculation.

The curves of the J-integral determined from FE analyses and approximation formulas for the
notch root (2¢/m = 1) of a quater circular-shaped corner crack in an external notch under tensile

— 0,05 mm

FIG. 7—Section of a FE structure.
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FIG. 8—Comparison between the developed geometry correction function Y,; and the numerical
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tion formulas.
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FIG. 10—Comparison between developed approximation and FE calculation for the J-integral of
a surface crack in an external notch.

loading are shown in Fig. 11. The results from the FE calculation and those from the approximation
formula are extremely comparable.

The J-integral curves obtained by FE calculation and from the approximation formulas for a
through-thickness crack in an internal notch under tensile loading are compared in Fig. 12. As can be
seen, the J-integrals for through-thickness cracks at circular notches can be accurately described by
the approximation formulas.

Many further examples show similar quality [21,25].

Crack Growth

The effective amplitudes of the J-integral are determined from the effective load amplitudes, ob-
tained by evaluating the crack opening and closure behavior, with the approximation formulas.
These are then incorporated into the crack growth Eq 1 and the crack growth for every load cycle is
determined. Calculation of the crack growth and the steps leading up to it must be made on the ba-
sis of the stress gradient at the notch and as a result of the crack propagation. Two examples of nu-
merically and experimentally determined crack growth curves are compared in Figs. 13 and 14. The
corresponding notch field is indicated in this illustrations in order to define the crack growth within
the notch area.

InFig. 13, experimentally and numerically determined crack growth curves from the pre-crack (de-
fined as @ = 0.25 mm and 2¢ = 0.5 mm) up to final fracture are illustrated for single-stage loading
with S, = 190 MPa. The experimental results used were taken from [6]. The values obtained were
comparable. The ratio of crack propagation life obtained by calculation and experiment (Np ca1/Np exp)
is approximately 0.83. The discontinuity of the calculated curve results from a change of crack type
from surface to through-thickness crack. In this case calculation is carried out using a straight crack
front and not, initially, a curved crack front. This results in a rapid crack area growth and an associ-
ated increase in the J-integral value with subsequent distinct increase in crack growth and thus to dis-
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FIG. 11—Comparison between developed approximation and FE calculation for the J-integral of

a corner crack in an external notch.

continuity. The procedure was selected because the experiment clearly shows that a change of crack
type occurs within only few load cycles, and a through-thickness crack with a straight crack front re-

sults very quickly.

Figure 14 is a comparison between experimentally and numerically determined crack growth
curves for the service load. The ratio of the crack propagation lives obtained by calculation and ex-
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FIG. 12—Comparison between developed approximation and FE calculation for the J-integral of

a through-thickness crack in an internal notch.
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FIG. 13—Comparison of crack growth curves determined experimentally and numerically for sin-
gle-stage loading (tensile/compressive load, S, = 190 MPa, R = —1) for specimens made of FeE460.

periment (Np, cai/Np exp) is approximately 1.04. Discontinuity of the calculated curves occurs from the
same reason as for single-stage loading. In addition, several large-amplitude cycles within the load
sequence were entered at that time which resulted in an accelerated crack growth.

In most of the relevant applications the crack propagation life of a component is not the only in-
teresting aspect. The crack initiation fatigue life and especially the total service life of a component

80 - — T - T
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LS ~
60 R=-1
ot
40 .
-0 I et
o
=] —
20 + 50 o
o 0° notch region
o
o L e " " 1 " " " 1 i i N L " —_— o
] 100000 200000 300000 400000
n

FIG. 14—Comparison of crack growth period obtained by experiment and calculation, service
load (tensile/compressive load, Gaussian load sequence, S,,,x = 300 MPa, Hy = 5 - 105, 1= 0.99,
R= —1) for specimens made of FeE460.
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FIG. 15—Experimentally and numerically determined crack initiation fatigue and fracture lives
(tensilelcompressive loading, R = —1).

are also most certainly significant. The aim is to avoid in-service failure of a component and
to replace the component before actual failure occurs. Determination of the crack initiation
fatigue life and total service life is illustrated by two examples under reversal single-stage loading
with different load amplitudes according to Ref 6. The crack growth model allows determination
of the crack propagation life between two crack configurations. For determination of the crack
initiation fatigue life, the final crack configuration for the developed crack growth model is selected
as the pre-crack definition (in most cases a = 0.25 mm, 2c = 0.5 mm). Experimentally determined
imperfections are entered as the initial crack configuration. In many cases, no proven data exist be-
cause these experiments are expensive, comprehensive and time-consuming. In these cases, the ini-
tial crack depth ay, used as the starting point for the calculation, can be determined analogous to
Vormwald [6,28]. From this initial crack depth a, crack growth can be calculated to either a prede-
termined crack configuration (e.g., pre-crack) or to failure. Figure 15 shows experimentally and nu-
merically determined crack initiation fatigue and fracture fatigue lives. The details from the Wohler
pre-crack and fracture curves represented, show excellent correspondence between the experiments
and the calculations.

As can be seen, the experimentally measured crack growth can be fairly accurately predicted us-
ing the crack growth model developed. Many other examples show similar quality.

Summary

In this paper, an elastic-plastic crack growth model, based on the J-integral, was introduced which
especially considers the crack opening and closure behavior for the determination of crack initiation
fatigue and propagation lives for cracks at elliptical notches. Numerical description of the pre-crack
and crack growth phases, within and outside the notch area of notched plates, has been achieved. The
crack growth concept allows determination of the crack propagation life from a given up to a critical
crack configuration. For this model, an algorithm for the description of the crack opening and closure
behavior and approximation formulas were developed for the determination of the stress intensity
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factor K and the J-integral for cracks at elliptical internal or external notches. The crack growth model
and its individual modules were verified by experiments and elastic and elastic-plastic FE calcula-
tions. Experiments and calculations show excellent correspondence in all aspects. Interesting and re-
warding tasks for the future lie in the extension of the approximation formulas, the algorithms and,
finally, the overall crack growth concept for other structures, taking into consideration residual
stresses or other influencing factors, gaining experience with the model through further comparisons,
and application of the model to actual components.
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ABSTRACT: A numerical method for predicting closure and its effects on thermomechanical crack
growth has been developed. A finite element model, using linear-€lastic fracture mechanics shape func-
tions, is employed to predict crack tip displacements. The effective changes in stress intensity, and
therefore crack growth, are obtained from the minimum and maximum crack tip displacement predic-
tions. When a flaw is loaded in Mode I, a ligament of material ahead of the flaw yields, and a maximum
crack tip displacement is computed. Upon unloading, plastically deformed material from prior plastic
zones acts to limit the minimum displacements of the crack tip. The material is modeled as elastic-per-
fectly plastic. The yield strength of the material is varied based on the degree of constraint. The upper
limit of constraint is a plane strain condition while the lowest constraint is a plane stress condition. The
level of constraint is predicted by relating the stress intensity to the thickness of the component. Tem-
peratures also affect yield strength, along with stiffness, and can cause the plastic zone to expand due to
creep. During variable-amplitude loadings, and /or temperature changes, the irregular shape of the wake
can be accommodated with this numerical procedure. The method has proven to accurately account for
load interaction effects such as delayed retardation, crack arrest, initial accelerations following over-
loads, and the transient growth and stabilization of closure level with number of overloads. This method
has been verified against data obtained in the literature, and data collected under the program in which
the method was developed, NASA’s High Speed Research [].

KEYWORDS: metal fatigue, crack growth, stress intensity, closure, software

A method has been developed to predict crack growth rates based on crack tip displacements. The
resulting analysis is expressed in terms of stress intensity, not displacements, due to the universal fa-
miliarity with stress intensities as the mechanism that controls crack growth. Analytically locating the
closure mechanism that controls crack growth is the key to accurate crack growth prediction. Elber
[2] observed that cracks do not open until the tensile load is sufficiently high, and proposed that crack
tip plasticity is the cause of that phenomenon. Budiansky and Hutchinson [3] developed solutions for
closure of cracks propagated by constant changes in stress intensity under plane stress conditions. Bu-
diansky and Hutchinson also proposed that closure is determined when either the crack faces lost con-
tact, or when the ligament of material at the crack tip begins displacing. Newman [4] has extensively
pursued the solutions involving crack face contact, developing software along the way. Dill and Saff
[5] have developed analyses that use crack tip displacements to compute minimum stress intensities.
Most design analyses entail simplifications that preclude the need to track transient wake deforma-
tions for accurate predictions [6,7]. Unfortunately, not all applications fit the assumptions necessary
to validate such simplifications. In addition, the effects of temperatures and hold times on closure
mechanisms have been largely unaddressed in previous efforts.

! Project engineer and technical fellow, respectively, The Boeing Company, PO Box 516, St. Louis, MO
63166.
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Model Development

Due to the low airframe weight required for economic feasibility of High Speed Civil Transport,
an improved crack growth analysis may be necessary to reduce the weight of metallic components
while ensuring structural integrity. The methods described herein have been written into a software
package (HSRCLOSURE) for use in design of High Speed Civil Transport. A generic application is
illustrated in Fig. 1. In the model, displacements of the crack tip are calculated and used to determine
the minimum stress intensity, and therefore the effective change in stress intensity (AKeg). Dis-
placements are numerically calculated from a set of load-displacement equations. A numerical pro-
cedure is necessary because of the high discretization necessary to capture the effects of irregular
crack surfaces in contact with each other. Figure 2 helps visualize the mechanics occurring at the
crack tip. The displacement equation is:

[u] = [CI[P] Q)

where [4] is the displacement vector, [C] is the compliance matrix, and [P] is the load vector. The
[C] matrix terms are derived from stress intensity weight functions. A single term of [C] is derived
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FIG. 1—Problem illustration.
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FIG. 2—Schematic of crack tip mechanics.

from the geometry’s shape function:
9 &
ij = E 2 fm (xk, ai)fm (aj, ai)Aai k= 12,...N (2)
i>k

where k and j denote elements, N is the total number of elements, i is a counter, x is position, a de-
notes crack length, E is Young’s modulus, f,, is the shape function of the stress intensity solution [8],
and Ag; is the width of element i. The domain of Eq 1 is the physical crack and the plastic zone ex-
tending ahead of the crack. The size of the plastic zone is computed by Dugdale Strip Yield Model
[9]. At maximum load, a length of material ahead of the crack tip yields in tension. The material is
assumed to be elastic, perfectly plastic. The length of the physical crack and the plastic zone are dis-
cretized and the load displacement equations are developed. Plastic deformations in the wake of the
crack from previous plastic zones limit closing displacements. Material in the plastic zone can yield
in compression upon unloading. With these constraints, Eq 1 serves as a two-dimensional, plane
stress finite element model. From the displacements at the crack tip, the effective change in stress in-
tensity and therefore the crack growth rate can be computed. The equation that relates crack tip dis-
placements to stress intensities is:

Kuin—ett _ . _ COdrin
Fasaat 2(1 = dﬂ) 3)

where Kpin—csr and Koy are the effective minimum and maximum stress intensities, codmin and
€0dmax are the minimum and maximum displacements at the tip of the crack, respectively [3]. The
level of constraint is determined by comparing the maximum stress intensity to the thickness (B) and
yield strength (o) of the material. Plane strain is assumed to dominate when:

Konox < 03| 7 @
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Plane stress is assumed to dominate when the plastic zone length is larger than the material thickness.
This condition expressed mathematically:

. )

Intermediate levels of constraint are linearly interpolated between the two extremes, based on K.

To model plane strain with the plane stress finite element model, constraint is modeled by modi-
fying the yield strength of material in the plastic zone. The plane strain yield strength in tension is a
factor of 1/(1 — 2v) higher than the plane stress yield strength, where v is Poisson’s ratio. The factor
1/(1 — 2v) is derived from the von Mises yield criterion applied to a plane strain state of stress in the
vicinity of the crack tip. Figure 3 illustrates the state of stress in the vicinity of a crack and defines
variables. The plane strain state of stress in the vicinity of the crack tip, as determined by Weiss and
Yukawa [10] are:

___K 0 . 0. .6
ay—mcos2[1+sm2sm32] 6)
__ kK _ o[, _. 6. .86
Oy _\/ﬁ cos [1 sin sin 3 2] @)
__K 8.0 .0
Try = e cos 5 sin 5 cos 3 ) 8)
Taz = Tyz =0 ©
while plane strain requires:
o, = v(ox + o'y) (10

where K is the applied stress intensity, 6 and r are coordinates defined in Fig. 3 and gy, 0, 0, Txy, Tz,
Ty, are stresses also defined in Fig. 3. From Eqs 6-10 the relations for plane strain stress conditions
along the line 8 = O (per Fig. 3) are:

ox = 0oy (11

FIG. 3—Coordinate system.
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o, = 2v0y (12)
Txy = Txz = Tyz = 0 (13)

The von Mises yield criterion is:
%= \}2— ([ox — 0')'12 + (o, — 0')'12 +[ox— o+ 6 [Tiy + Tiy + 'r%z])% a4

where oy, is the plane stress yield strength of the material. Solving Eq 14 for oy determines the ef-
fective yield stress of each node in plane strain.

Oys
1-2v

s)

Oyspe = Oy =

where 0y, is the effective plane strain yield strength.

In compression, it is assumed that all material yields at the plane stress level of yield strength. It is
assumed that constraint is caused by Poisson effect when the crack is in tension and is not apparent
in compression. As a verification of the model, results are compared to the closed form solution of a
crack propagated under plane stress conditions by a constant change in stress intensity [3]. Closure
can be defined in one of two ways, based on displacements or crack surfaces losing contact with each
other [3]. The difference between a displacement analysis and the contact analysis of Newman is ap-
parent in Fig. 4 [3,4].
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FIG. 4—Comparison of displacement and contact analyses.
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Crack length is computed by incremental extension:
i1 =a; + da/dN[, * AN, (16)

where the subscript i denotes the current load cycle, i + 1 is the subsequent load cycle, a is crack
length, da/dN|; is the crack growth rate of the ith load, and AN, is the number of cycles of the ith load
level. The term da/dN); is evaluated by determining the effective change in stress intensity of the load
cycle. The rate is determined by logarithmic interpolation of crack growth rate test data that has been
corrected for closure to identify the crack growth rate as a function of the effective change in stress
intensity. The material’s crack growth rate is assumed to be invariant as a function of the ratio of ap-
plied change in stress intensity to Young’s modulus for a given stress ratio. This assumption accounts
for changes in temperature.

Key Analytical Results

Analysis of cracks in plane strain is shown in Fig. 5. For comparison to contact analyses, the dis-
placements are translated into stress intensities by Eq 3. A controversial aspect of the results is the
presence of solutions below the line Kyineri/Kmax = R. This observation is indicative of the signifi-
cant difference between defining closure with contact versus displacements. In a contact analysis, the
closure level must be above or equal to the minimum applied load. The displacement analysis shows
that the lack of constraint in compression allows the crack tip to deform severely. The deformation is
such that the computed closure level would fall below the minimum applied load if expressed in terms
of stress intensities per Eq 3. Displacement model results effectively locate unique da/dN versus
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FIG. 5—Defining closure with crack tip displacements yields results that defy contact analysis
boundaries.
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AK s relations, even at high stress ratios. The model results also display the observed phenomena that
crack growth rates for R < 0 are virtually invariant as a function of R when plotted as AK;ppiiea =
K nax. This is evident from the nearly constant K ;,/K .. below R = 0. Figure 6 illustrates the abil-
ity of the displacement model to collapse stress ratio effects on da/dN versus AK data dominated by
plane strain [11]. Collapsing da/dN data for stress ratio effects are an indication that da/dN versus
AK 5 has been accurately located.

The displacement analysis accounts for temperature by modifying material properties according to
hold time at temperature. The Dugdale Strip Yield Model [9] is simply fed yield and stiffness prop-
erties for the temperature in question to determine plastic zone size. At elevated temperatures, yield
strength usually diminishes. Diminished yield strength causes larger plastic zones (per methods de-
fined in Ref 9) and diminished constraint (per Egs 4,5). Crack opening displacements are larger at el-
evated temperature due to diminished stiffness. Material properties as a function of temperature are
required input information. Hold time also effectively decreases yield strength through creep. Creep
data for time to 0.2% strain are also required input information. The predicted effect of temperature
and hold time on the plastic zone size in typical aircraft titanium alloy is shown in Fig. 7. In this man-
ner, a thermal overload can affect crack growth just like a mechanical overload, causing retardation
due to increased flexibility of the crack tip.

Material crack growth rates versus temperature variations can be explained using the closure
model. Often, the variation in crack growth rate at elevated temperature is simply due to a loss of con-
straint caused by diminished yield strength, and loss of Young’s modulus. Provided that oxidation
and/or metallurgical changes are not occurring, the closure model can collapse the effects of stress
ratio to yield a single da/dN versus AK ¢ relation. This method is valid for some materials as exem-
plified in Fig. 8 [12].

An important step in the displacement analysis is keeping track of plastic displacements in the
wake of the crack tip. The results shown in Fig. 5 illustrate what happens t0 Kin-cer When the level
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FIG. 6—HSRCLOSURE results identify da/dN versus AK g for high stress ratios in HP 9-4-0.20
(data per Ref 11).
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FIG. 9—Significant aircraft overloads typically do not achieve steady-state minimum displace-
ments.

of displacement has stabilized. Figure 9 is a schematic of the buildup of plastic deformations in the
wake as the flaw extends due to overloads, and the subsequent diminishing levels caused by nominal
loading (recovery). Analysis shows that the plastic displacements gradually increase to the overload
steady state level when the flaw extends (Aa,,;) a distance of approximately one overload plastic zone
size (,,,;). In transport aircraft, the overload events that cause significant life-enhancing crack growth
retardation typically occur singularly, and Aa,, is much smaller than 7, ,;. Transport aircraft overloads
seldom attain the steady-state displacement levels that are the basis of the results in Fig. 5. Transports
also see nominal loads applied in such quantity that cracks can fully recover from retardation events.
Itis necessary to accurately predict the transient wake deformations, during both overloading and re-
covery, to accurately realize the benefits of retardation in a design. HSRCLOSURE maintains a log
of plastic displacements in the wake of the crack. Plastic displacements provide the displacement con-
straints in Eq 1. Compressive yielding of material in the crack wake is another constraint in Eq 1.
Large deformations in the wake are often crushed by subsequent minimum loads, causing diminished
retardation. Modeling of wake deformations is the key to accurate crack growth prediction.

TABLE 1-—Test Matrix (Data Available in Ref 13).

AK
Temp. (MPa - m®5) Hold Time Overload Underload No. of Reps
26°C 15 30 sec 150% 10% 3
26°C 15 30 sec 200% 10% 3
26°C 15 1 hour 150% 10% 3
26°C 15 1 hour 200% 10% 3
26°C 30 30 sec 150% 10% 3
26°C 30 30 sec 200% 10% 3
26°C 30 1 hour 150% 10% 3
26°C 30 1 hour 200% 10% 3
177°C 30 30 sec 150% 10% 3
177°C 30 30 sec 200% 10% 3
177°C 30 1 hour 150% 10% 3
177°C 30 1 hour 200% 10% 3
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FIG. 10—Test spectrum [13].
Comparisons to Test Data

The methods were validated by comparing predicted life to test data for load sequences represen-
tative of an aircraft’s significant maneuver loads {13,14]. All testing was performed at Composite
Technology Development, of Boulder, Colorado. A test series was performed that examined the ef-
fects of overload level, underload level, stress ratio, hold time, temperature, and load sequence. The
test matrix is listed in Table 1. A schematic of the test spectrum is shown in Fig. 10. The material was
Ti 6-2-2-2-2 with a simulated superplastically formed, diffusion bonding heat treatment. The speci-
men geometries for material characterization and model development testing are shown in Figs. 11

88.9 mm
254 mm —* j—
2a=2.54 mm | =
thickness=0.92 mm 12.7 mm
177.8 mm

FIG. 11—Material characterization test specimen geometry [13].
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FIG. 12—Model development test specimen geometry [13].

and 12. Tests were performed at a nominally constant change in applied stress intensity. The maneu-
ver load(s) were applied at regular intervals of crack length such that previous events did not affect

subsequent events.

Since this effort is only a small part of the overall High Speed Civil Transport program, the ele-
vated testing temperature of 177°C and the material selection of titanium were dictated by program
objectives. Hence, hold times and temperatures had minimal effect on the recovery crack growth of

Crack Extension After Event (m)

6.00E-04 T

5.00E-04 +

4.00E-04 -

3.00E-04 +

2.00E-04 -

1.00E-04

0.00E+00

Nominal: Kmax=17.27 Mpa*m'?, R=0.1

200% Overload » & o gF o °
® o ° °
Oo o
o ©
©
oo S
©
©
®
©
° ®
©
°°
o Test Data
— HSRCLOSURE Prediction

n : i —
s T 4 -

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Life (cycles)

FIG. 13—HSRCLOSURE predicts overload crack growth retardation (data per Ref 13).
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FIG. 14—Displacement analysis accurately predicts transport spectrum crack growth (data per
Ref 15).

titanium. Underloads to nominal loading had zero effect. Overloads and load sequencing events
caused measurable crack growth retardation for model correlation. A complete summary of model
verification is available in the program reports [13,14]. A small sampling of model results is shown
in Fig. 13.

Another verification of the methodology is to predict crack growth caused by a transport aircraft
spectrum. Test data for a variation of the Mini-Twist (transport) spectrum [/5] were collected by
Newman et al. for A1 7075-T6 in 2.29 mm sheet form. Figure 14 illustrates the test data along with a
prediction by HSRCLOSURE. Mini-Twist causes crack growth that is a challenge to accurately pre-
dict. Mini-Twist exhibits a multitude of small nominal loads which cause most of the crack growth,
with infrequent overloads that temporarily cause retardation. Underloads occur regularly to partially
wipe out the retardation caused by overloads. Due to the relatively small number of overloads, com-
plete retardation recovery can occur under the Mini-Twist loading. All of the aforementioned mech-
anisms must be modeled accurately to arrive at an accurate life prediction. The accurate prediction of
the test data indicates that these mechanisms have been modeled with a good degree of accuracy.

Conclusions

Displacement analysis has shown promise as a means of predicting closure and therefore crack
growth. The methods have been automated, and the resulting software has correlated well with room
temperature test data. The approach has accurately predicted individual load sequencing effects as
well as aircraft load spectra. Methods to account for temperature variations on closure have been de-
veloped, but are largely unverified.
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The ultimate goal of this effort is to be able to predict crack growth of the HSCT, which is subject
to a long service lifetime and a thermomechanical loading spectrum. Unfortunately, the HSCT spec-
trum s still under development and is not available at this time. Correlations with HSCT test data will
be published at a later date.
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Role of Fatigue Crack Closure Stresses in
Hydrogen-Assisted Cracking
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ABSTRACT: Crack closure effects on hydrogen-assisted cracking (HAC) were studied in terms of the
influence of residual stresses produced by load removals at fatigue cycling on stress-assisted hydrogen
diffusion towards rupture sites in the crack tip zone. The finite element procedure was applied to cyclic
load elastoplastic large-deformation analysis combined with stress-assisted diffusion. Small-scale
yielding near the crack tip was addressed and characterized in terms of the stress intensity factor (SIF).
The elastoplastic situation near the tip of a blunting-closing crack revealed the cyclically stable stress
evolution established after a couple of loading cycles (but this was not attained for strains). Crack clo-
sure effects were negligible for sustained-load HAC at SIF above the maximum value at precracking.
The test duration for reliable evaluation of the threshold SIF for HAC was estimated. Crack closure af-
fects near-tip hydrogen diffusion, and consequently HAC, at dynamic rising loading after precracking.
Modeling was performed for the range of SIF increase rates. It showed that a premature fulfillment of
the local fracture criterion in terms of critical combination of the hydrogen concentration and stress-
strain parameters can occur at slow dynamic loading if compared with the sustained-load case. The
dominating factor—stress or strain—and the “scale” of the local rupture event are of decisive impor-
tance for this. The performed simulations provide more insight into the items of conservatism of HAC
testing data and the sources of their uncertainty.

KEYWORDS: hydrogen-assisted cracking, large crack-tip deformations, cyclic loading, stress-as-
sisted diffusion, threshold stress intensity factor

The effects of hydrogen on fracture behavior of metals and alloys have been receiving ever-in-
creasing attention in materials science and mechanical engineering. Metals exposure to hydrogen is
a common attribute of their being since hydrogen may be supplied to metals, starting with metallur-
gical sources in metal making, continuing at welding and galvanic operations in manufacturing, and
finishing with service hydrogenation resulting from hydrogen evolution from ambient moisture dur-
ing spontaneous atmospheric corrosion, cathodic protection against corrosion, or from hydrogenous
working agents [7-3]. This usually causes hydrogen degradation manifested through diverse detri-
mental effects of hydrogen on materials behavior and integrity, depending on an alloy type and spe-
cific service conditions (loading, temperature, etc. [1-5]).

Having recognized hydrogen as a severe and frequently met promoter of engineering failures, es-
pecially with respect to rather expensive and potentially disastrous installations of energy, chemical,
oil and gas industries, space transportation, etc., researchers have conducted extensive studies con-
cerning fundamental aspects of hydrogen-metal interactions and hydrogen degradation as well as on
their practical relevance in engineering and design.

! Materials Science Department, University of La Corufia, E.T.S.I. Caminos, Campus de Elvifia, 15071 La
Corufia, Spain.

2 On leave from: Pidstryhach Institute for Applied Problems of Mechanics and Mathematics, 290601 Lviv,
Ukraine.
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Hydrogen-affected fracture of materials is mainly determined by regularities of hydrogen-assisted
nucleation and growth of cracks. Then a wide spectrum of hydrogen degradation phenomena is ef-
fectively treated as hydrogen-assisted cracking (HAC). It is being studied and evaluated following the
fracture mechanics type approaches [6-8].

The common feature among diverse hydrogen degradation forms is the time-dependent delayed (or
slow subcritical) development of damages/cracks which is controlled by kinetic processes of hydro-
gen transportation and accumulation in prospective rupture sites [3,7]. Correspondingly, one of the
key items of HAC studies concerns the transport mode which dominates hydrogen accumulation in
the crack-tip fracture process zone. Hydrogen diffusion in metals has been proposed and substanti-
ated as the dominating transport mechanism which governs the kinetics of HAC [9-12]. Quantitative
modeling of hydrogen accumulation in the crack-tip region by stress-strain affected diffusion has re-
ceived considerable attention, but mainly with respect to sustained load conditions [8—15]. This can-
not help elucidation of the experimentally observed influences on the threshold and kinetics of HAC
of neither pre-HAC crack history (i.e., fatigue precracking regime, overloads, etc., before exposure
to hydrogen), nor loading path and dynamics on crack behavior under the hydrogen effect [16]. The
roles of alternating and transient stress-strain fields produced by fatigue and rising dynamic loading
on the near-tip hydrogen distributions still need to be quantitatively characterized. The items related
to cyclic loading are especially important where contribution of the compressive stresses due to crack
closure is expected to be essential. Thus, the role of fatigue crack closure stresses in HAC is a rele-
vant topic in engineering design and analysis, since it influences the characteristics of crack growth
in metals under hydrogenation.

Because all the events relevant to HAC take place in the intensively strained very-near-tip zone,
and the hydrogen diffusion is affected by the stress-strain state therein, a minute analysis of the near-
tip stresses and strains related to finite deformations is desired to gain realistic insight into process
zone hydrogenation. Although much attention has been paid to large-deformation plasticity model-
ing of the near-tip situation, the majority of studies dealt with monotonously rising loading (cf., for
example, Refs 14,17,18) and apparently only Ref /9 examined the cyclic load effect. The main body
of cyclic load elastoplastic analyses of cracks is limited to small-strain simulations (cf., for example,
Refs 20,21).

In view of the deficiencies just noted regarding the near-tip stress-strain state and hydrogenation
analyses, the present study was undertaken. The objective was to elucidate the peculiarities of
the near-tip finite-strain elastoplastic situation with relation to crack closure at unloading portions
of fatigue cycles and to bring some insight into the role of load history and dynamics on the
Kinetics of hydrogen accumulation near the crack tip. Consideration is given to a two-dimensional
solid with a plane through-the-thickness crack under plane-strain conditions and Mode I (opening)
loading. Small-scale yielding (SSY) conditions are enforced; i.e., the mechanical autonomy of
the near-tip region is maintained, and thus the stress intensity factor (SIF) K is used as a controlling
variable.

In the following sections, the bases of the diffusional concept of HAC and of the theory of stress-
strain assisted hydrogen diffusion are outlined, the analysis model and numerical procedures are de-
scribed, and the results of simulations are presented. Possible implications for HAC testing and eval-
uation are emphasized.

Theoretical Fundamentals
Diffusional Theory of HAC

The hydrogen effect on fracture depends on its amount in prospective rupture sites represented by
the value of its volume concentration C which is provided by diffusion from external (environmen-
tal) or internal (residual hydrogen) sources. Local rupture occurs when in a relevant material element
(cell, or “grain,” or whichever point of interest) the concentration achieves the critical value C,, de-
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termined, in general [12,22], by the principal components of stresses and (plastic) strains, respec-
tively, o; and &; (i = 1,2,3):

Ccr = CC,(O',',Si) (1)

According to basic fracture mechanics ideas (cf. Refs 11,12,23), considering deformations and
stresses prior to local fracture event, under SSY the K-controlled mechanical autonomy of the near-
tip region is supposed. Although a nonlinear zone surrounds the crack tip, it remains small and plas-
ticity does not sensibly disturb the SIF-dominated elastic solution outside. The annular K-governed
elastic ring shields the crack tip from peculiarities of outer geometry and applied loads. The elasto-
plastic near-tip stress-strain fields, at least as close as several values of the crack-tip opening dis-
placement (CTOD) 8, are self-similar if scaled using CTOD, which represents the deformed config-
uration of the elastoplastic solid, or instead, using SIF according to the known relation [17,23] obeyed
at SSY:

K2

6 =06 Eoy

@

where E is the Young’s modulus and oy the tensile yield stress. This may be expressed by material-
determined forms dependent in general on CTOD (and at SSY on SIF through Eq 2) and on spatial
coordinates (x,y) with the origin at the crack tip:

&= a’,‘-‘(%t, %,) o= 0",‘-‘(%', %) (i =123) 3)
where the asterisks emphasize the predetermined nature of the right-hand parts dependent only
on the material. To be precise, the coordinates x and y should be considered as deformed distances
in a solid, in particular because actual hydrogen transportation paths will be of further interest.
Elastoplastic solutions (3) for monotonic load have been proved to be plain material functions
with respect to the mentioned variables, K in the particular case of SSY [17], whereas under
cyclic load they must depend on the history of loading (i.e., of applied SIF) represented by the
number of cycles, their amplitudes, etc. Other solutions [/7,18,23] which account for the roles
of more factors, such as the Poisson’s ratio, strain hardening, as well as the crack tip shape
(morphology), afford only different terms to substitute the coefficient 0.6 in Eq 2, but they do
not raise substantial quantitative discrepancy. It should be noted that Eqs 2 and 3 represent the
deformed state in elastoplastic solid, displacement in particular, which might depend on hydrogen as
far as it could affect the material characteristics, E and oy in this case, over a certain significant dis-
tance around the tip. However, this seems unlikely for the case of environmental hydrogenation, and
is irrelevant for HAC under load applied before substantial hydrogenation as in the sustained load
tests. Concerning the critical situation—the local rupture event, but not the relation between defor-
mation and applied load as does Eq 2—fracture mechanism and hydrogen undoubtedly affect the
limit (critical) value of CTOD, and of the corresponding K, at the crack growth initiation. Finally,
with regard to crack blunting as the attribute of the quasi-brittle fracture of metals (including HAC)
as a (micro)plasticity-assisted phenomenon, extensive discussion and relevant literature entries have
been provided elsewhere [22].

The crack situated along the x-axis is supposed to grow provided that the hydrogen concentration
accumulated with time 7 in a certain responsible location at x = x., C(x,.1), attains the critical level
corresponding to the instantaneous SIF K(¢) according to Eqs 1-3:

Cxet) = Cir(K(D),x.) @
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where the value of x. must be defined associated with the concept of the responsible material cell (the
worst material unit, weak grain, fixed microstructural length, or other [8-10,12,13]).

Local rupture repeatedly occurs while the concentration of accumulated hydrogen C(x,?) can sat-
isfy the criterion (4) after finite diffusion time Az. Then, a crack advances by its size increments Ag,
a series of which renders the macroscopic crack growth rate v = Aa/At.

Impossibility to fulfill the criterion (4) with a certain K value at a finite time means crack arrest
(v = 0). At sustained load this is associated with the steady-state (obviously, equilibrium) distribu-
tion of hydrogen concentration in metal Cey(K,x) attained at 1 — ®. Ceq defines the extreme hydro-
genation at a given SIF. Using this steady-state solution Ceq(K,x) in criterion (4) yields the equation
to find the upper limit of K with which the crack growth rate v = 0. Thus, C,, determines the thresh-
old SIF value K, for HAC under sustained load.

Hydrogen Diffusion in Deformed Solid

Roughly, the thermodynamics of diffusion in solids states that the process goes towards the state
of maximum entropy in the system which corresponds to the statistically homogeneous occupation
of the available sites in a solid by a given amount of a diffusible specie. Since the density of the oc-
cupied sites for hydrogen in metal is proportional to its concentration C, whereas the density of avail-
able sites is associated with the hydrogen solubility coefficient in metal K, the thermodynamic driv-
ing force for diffusion is caused by the nonuniform distribution in a solid of the ratio C/K;. Precisely,
the driving force Xp, for diffusion was derived as follows [11,12]:

Xp= -V (RT In Kﬁ) )

where R is the universal gas constant and T the absolute temperature. The coefficient of diffusion of
hydrogen in a metal D defines its mobility equal to D/RT, which together with the driving force (5)
yields the diffusion flux of hydrogen:

Ju=H5CXo ©)

The solubility K; and diffusivity D are known to depend on alloy and on density of hydrogen traps in
the metal lattice [4]. Traps density, and in certain alloys their phase composition, e.g., martensite for-
mation in austenitic steels [15,24], both depend on plastic deformation which may be incorporated in
terms of the effective plastic strain &, [25]. In addition, K, depends on the hydrostatic stress & = (o3
+ oy + 03)/3 and is given by [12,25]:

K, = Ko (e,,T) exp (%) 9

where Ky is the strain-only dependent component of solubility and Vy the partial molar volume of
hydrogen in a metal. According to Eqs 5-7, gradients of both &, and ¢ are the governing factors of
hydrogen diffusion.

Assuming a constant temperature, from Eqs 5-7 one can write:

Vu VKo (g5(£)) ]}

= —D(,(t)VC-C|5=Vao@t) + —— — 8

Ju (£,( )){ [ RT @) Ko (5,(1)) ®

Adopting the material (Lagrangian) description of the medium, and referring the equations to the

current configuration of a deformed material volume which at time ¢ instantaneously occupies a cer-



444 ADVANCES IN FATIGUE CRACK CLOSURE

tain spatial domain ,V, the obvious consideration of mass balance [26] with the flux defined by Eq 8
leads to the equation of stress-strain assisted diffusion (cf., Refs 11,12):

cfi_f = D[V2C - M-VC — NC] + VD-[VC — MC] ©)

where vector and scalar coefficients, respectively, are M = VInK; and N = VAnkK.,.

For most applications where the hydrogen environment effect on crack growth is of interest, hy-
drogen entry conditions may be characterized by the equilibrium value of concentration on the metal
surface Cy [11,12]. Then, taking relation (7) into account, the boundary condition for diffusion is:

. Vi
C |surface = Cr(t) with Cr(t) = Co exp (‘I# "o(l‘)), oo(t) = T(xY,1) |surface (10

where C, is the equilibrium concentration in a stress-free (unloaded) metal which characterizes the
environmental activity of hydrogen; e.g., it may be expressed in terms of the equivalent pressure of
hydrogen gas through Sieverts law [1,2].

The steady-state solution of Eq 9 for a stationary stress-strain field is the equilibrium concentration
distribution which nullifies the diffusion driving force (5). This is effectuated with the ratio C/K; =
const, and thus, from relation (7) and boundary condition (10):

Vuo(K.x,y) )

CeqK2Y) = CoKoo (s,,(K,x,y))exp( o7 an

If the stress effect is addressed solely, Eqs 8 and 9, as well as the equilibrium solution (11), coincide
with the known results for stress-only assisted diffusion {9, 10].

Basic Modeling Issues
Design of the Model

With the intention of elucidating features of some generality, the material is supposed to be rate-
independent ideal elastoplastic with the von Mises yield criterion. Mechanical characteristics were
chosen relevant to typical steels for which HAC has been extensively studied [3]. Young’s modulus
E was 200 GPa, Poisson’s ratio u = 0.3, yield stress oy = 600 MPa. The maximum load in simula-
tions was established in terms of a SIF of 60 MPa\/m to cover appropriate ranges of the maximum
cyclic SIF K, at which fatigue cracking goes on as well as the levels when HAC can proceed [27].

Being interested in the SSY situation, our first attempt was to perform modeling in the manner of
a boundary layer formulation used in similar elastoplastic solutions with monotonic rising load
[14,17], that is, applying K-controlled displacement boundary conditions from the Irwin singular
elastic solution over a remote boundary of a circular domain of an appropriate radius surrounding the
crack tip. However, during a cyclic load history when the SIF approached zero, corresponding en-
forcement of the remote boundary displacements towards zero caused substantial compressive
stresses along the outer border of the presumably K-controlled elastic ring. These stresses are due to
the near tip residual plastic strains. This raised doubts about the applicability to the cyclic load case
of the K-dominance conditions established for monotonic loading in terms of the appropriate zone di-
mensions [23]. Since this study is concerned mainly about the near tip diffusion, to avoid possible
perplexity, the modeling was performed with large full-scale test pieces to ensure SSY.

The double-edge-cracked panel in tension and its one-quarter segment with a finite element mesh
are shown in Fig. 1. It has a crack length a = 75 mm and an undeformed semicircular crack-tip width
bo = 5 pm; a magnitude of this order is considered relevant to cracks in medium-strength steels [14].
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FIG. 1—Schematics of the considered specimen geometry and mechanical boundary conditions in
(a) with the finite element mesh: global view of the mesh in (b) and a detail of the mesh refinement
near the crack tip in (c).

Very fine mesh was used near the tip. To avoid mesh degeneration and to terminate calculations for
several load/unload cycles, the near-tip mesh design required much more care than for successful
simulations under a rising-only load. Analogously, the load stepping procedure in the incremental
elastoplastic analysis must be finer than used in small-strain cyclic modeling [2]]. A total of 1148
four-node elements were used with 1222 nodes. Traction-free mechanical boundary conditions were
applied on the crack faces and lateral panel surfaces, the appropriate nodes of the vertical and hori-
zontal axes of symmetry of the panel were restrained to remain on the axes, and the uniform tensile
stress o, (£) was applied across the top of the specimen quarter under consideration. The current SIF
was defined according to the available solution [28] as

K(t) = 1.158 () VT a 12)

The updated Lagrangian formulation was used in both elastoplastic deformation and diffusion sim-
ulations where the mesh was pinned to material points and updated during proceeding deformation
(solution process). The elastoplastic boundary value problem solution was accomplished using the
MARC finite element code [29]. This provided necessary data—stresses and deformations—for sub-
sequent solution of the problem of stress-strain assisted diffusion.

Finite Element Formulation of the Hydrogen Diffusion Problem

With respect to the near-tip hydrogen diffusion, accounting for large deformations of the body is
essential since they notably change diffusion distances in the zone of interest. The standard weighted
residual process [30] to build the finite element approximation to the solution of the initial-boundary
value problem (9-10) is performed in the material (Lagrangian) coordinates, taking as the reference
the instantaneous deformed configuration of the solid occupying at the moment ¢ the volume V
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bounded by the surface ,S. In brief, following the Galerkin process for the continuum discretized into
a finite element mesh, where the same shape functions family {W,(x,y); m = 1,2, ... M}, M being
the number of nodes, plays the role of both the trial and the weighting functions, the weak form of the
weighted residual statement of the problem for any 7 yields the system of equations with respect to
the array of the nodal concentration values {C,(t); m = 1,2, ... M} as follows:

d¢; iy
M) {7} FAK (G = (Fi} G = 1, . M) (13)

where the components of the respective matrices are:

tMi,jzfth ithjdV (14)
_ (v V Kyo (£5(1))
Kij= frV D {V,W,» v.W; [(RT Vo@) + Ko 50 V.W; W, dv (15)
and for the column in the right-hand part we have
Fi=—Js | wids (16)

which arises in order to prescribe the flux of hydrogen Js on the part Sy of the surface ,S. Here it
serves to reflect the symmetry conditions Js = 0 along respective axes considering only the quarter
of the specimen (Fig. 1). The left-hand subindices emphasize that the quantities refer to the instanta-
neous deformed configuration of the solid at a time 7.

For a given loading history in terms of the applied stress o,pp(?), or equivalently SIF variation K(r)
according to Eq 12, the deformation displacements together with the stress and strain components in-
volved in the diffusion modeling are provided by the post-processing module of the MARC finite el-
ement code as nodal values following the solution of the elastoplastic boundary-value problem. In the
implementation of the diffusion problem, they were approximated using the same shape functions
family {,W,,}. The time-domain Galerkin procedure [30] was applied for the integration of the finite
element equations system (13).

Results and Discussions
Finite Deformations and Stress-Strain Fields Near a Blunting/Closing Crack Tip

The specimen loading history o,,,(f) Was chosen so that it rendered the SIF variation K() from
zero to a certain K, and in reverse to zero. The K., levels were taken as 30 and 60 MPaVm to
maintain the situation where the crack-tip fields, at least during a monotonic loading, attain the sta-
ble self-similar shape (3). According to different estimations [17,18], this occurs at CTOD exceed-
ing the value of about (0.5 to 2)by. For the chosen Ki,,,, the calculated CTOD values 8y, Were, re-
spectively, about 2.3 and 3.7 times the original crack width b,. Large-deformation elastoplastic
modeling was accomplished for up to ten load cycles. The results for both series of calculations with
different K, were really similar if scaled with respect to 8, as in expressions (3).

Crack-tip profiles with deformed meshes are depicted in Fig. 2 for different instants of loading his-
tory. Complete crack closure up to contact of its faces was never detected, rather the crack width af-
ter load removals remained quite considerable. With respect to subsequent modeling of hydrogen dif-
fusion, it is worth noting the severe shortening of transportation distances: the very-near-tip elements
become extremely thin in the diffusion main direction.
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FIG. 2—Deformed crack tip shapes and near tip meshes at different stages of cyclic loading with
K = 60 MPaN'm: (a) initial state before load application; (b) at the mid-way to the first
maximum load point, K = 0.5K ., (¢) at the first maximum load point, K = K,...; (d) at the first
load removal, K = 0; () at the third peak load, K = K ,.4.; (f) at unload to K = 0 after the third load-
ing cycle.
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The current CTOD §, is plotted versus applied X value in Fig. 3. The value of 8, was identified with
twice the current vertical displacement of the Node A shown in Fig. 2a, and the current crack tip
width is taken b = by + §,. Although it is not the exact maximum of the blunted tip width (see Fig.
2e), the difference is not essential and this definition was adopted in accordance with other similar
studies [17-19] which enables comparison of the results. The interrelation between &, and K on the
monotonic phase of loading (towards the first maximum) agrees with the formula (2). At reverse por-
tions of load cycles, &, obtained from the high-resolution numerical simulations agrees fairly with the
known formula derived from rather simple mechanical considerations [23]:

_ _1(i__Kk Y
8,—8,,,“[1 2(1 Km)] an

The shape and size of the near-tip plastic zone defined by the equation .y = @y, where o is the
equivalent von Mises stress, were found to be in agreement with published data of model calculations
[19,20). In particular, the sizes of the reversed plastic zones after load removals were about 0.2 of the
forward plastic zone sizes [20]. Subsequent load cycles caused minor changes of the plastic zones
corresponding to the maximum and minimum loads. The peculiarities of the cyclic plastic zone evo-
lution can hardly cause a notable direct influence on the near-tip hydrogen diffusion.

The distributions of the hydrostatic stress o and equivalent plastic strain &, near the crack tip are
most relevant for hydrogen diffusion according to Eq 9. In Fig. 4 the band contours of o are presented
corresponding to the maximum and minimum load levels. Both stress distributions have extreme be-
yond the crack-tip bottom, the maximum tension at the top loads, and the maximum compression at
the load removals. Accordingly, the positive stress gradient is associated with the first, which favors
the hydrogen flux into metal, and the negative one with the other, which causes a retardation effect
on diffusion. To this end, just the contribution of these compressive stresses is expected to be essen-
tial for the near tip hydrogen diffusion, and consequently, for HAC.

Figure 5 displays the distributions of hydrostatic stress and equivalent plastic strain along the crack
line beyond the tip as functions of the distance X of the material point from the tip in the undeformed

0.02

0.016

0.012

CTOD, mm

FIG. 3—Variation of CTOD versus applied SIF value at cyclic loading.
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. K= Kmax (4th cycle) : .
Mean Normal Stress 1

FIG. 4—Band contours of the hydrostatic stress (MPa) near the crack tip at cyclic loading with
Konax = 60 MPa\/m: (a) at maximum load, K = K,,..; (b) at load removal, K = 0. Grid spacing is
0.01 mm in both pictures.



450 ADVANCES IN FATIGUE CRACK CLOSURE

2.5 o
2+ a 9 a g g a
a 9 o
L5 o,
lj. .
5 05 .« =
% (g ° - L] L wcx
-0.5 o ® o ® ® [ ]
-1F o
[+]
-1.5+ °°° y o o © o
2
7YY, SN EEU S N B
10 12

0 2 4 6 8 10 12 0 2 4 6 8
X/8,(K) X/5,(K)

FIG. 5—Distributions of the hydrostatic stress in (a) and the equivalent plastic strain in (b) along
the crack line beyond the crack tip at consecutive instants of cyclic loading history (K. = 60
MPaN/m); in the case of strains, these instants are marked in the inserted scheme of the cyclic load-

ing path using the same symbols as their respective data points.

configuration normalized by the current 8, value. The steady accumulation of the plastic strain with
load cycles is evident. However, hydrostatic stress distributions display only minor variations from
cycle to cycle. Their evolutions at certain points X; = 0.9bg, X, = 5.3bg, X3 = 10.9bg, X4 = 168by,
Xs = 6-10*b, along the crack line at a sine-like applied load history are presented in Fig. 6, where the
time axis is scaled in arbitrary units, since with the rate independent elastoplastic material model, ¢
serves here merely as a load controlling parameter. The stress histories remote from the tip in the elas-

Lot
0 1 2 3 4 5 6 7
time (arbitrary units)

FIG. 6—Time evolutions of the hydrostatic stress in the points X; <X, < X3 <X4 <Xson the
crack line beyond the tip under sine-shape applied load variation (K yq, = 60 MPa\/'m).
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tic domain (point Xs) and even in the periphery of the plastic zone {point X,) replicate fairly the sine-
shape variation of the applied load. In the closer crack-tip vicinity the affinity of the stress history and
the cyclic applied load patterns breaks down. Nevertheless, just after the first load cycle the o(t)-vari-
ation acquires approximately a stable cyclic regime; that is, it becomes a repetition of nearly the same
more or less rectangular shape within each subsequent loading cycle. These patterns are rather in-
sensitive to the amplitude of applied loading, i.e., to Kp,.x. The strain evolutions are different: they
follow a climbing path representing plastic strain accumulation with the rates depending strongly on
Komax- This was confirmed in a series of calculations up to ten loading cycles. If we focus on the ef-
fect of stress on the near-tip hydrogen diffusion, which is believed in many cases to be of major im-
portance [9,10,12], establishing a cyclically stable mode of stress variation near the crack tip greatly
facilitates modeling of the effect of the fatigue crack closure stresses in HAC since it allows using the
residual stress field from the fatigue loading simulation limited to a very few cycles.

Hydrogen Diffusion at Stationary Stress Field

At this moment, only the effect of stress on the near-tip hydrogen diffusion is addressed, and the
plastic strain-dependent terms in the diffusion Eq 9 and in its finite element implementation (13-16)
are not taken into account. The system is considered at a temperature of 293 K and zero initial con-
centration of hydrogen in the metal. With the boundary condition (10), calculations may be performed
for an arbitrary environmental hydrogen activity characterized by the equilibrium concentration Co,
obtaining as the result the desired concentration C normalized by Cp. Relevant hydrogen-related ma-
terial parameters are taken typical for the same kind of steel as in the above described stress-strain
analysis [3,4,9,10,31]: D = 10713 m?%s and Vi = 2 cm®/mol. It should be noted that measurements
of D for nominally the same material at such a low temperature manifest inordinate scatter of data be-
ing quite sensitive to variations of the microstructure, cold drawing (plastic strains), etc. The chosen
value is some average estimation for alpha-iron and corresponding steels at T = 293 K, for which re-
ported values cover, roughly, the range from 107> m%/s [3] to 10~® m?/s [4]. However, a particular
value of D is of minor importance for the performed simulations taking into account the similarity
criterion for diffusion equations being 7 = Dt/L?, where L is any of the characteristic sizes (distances)
for a particular problem [8,9, 11]. This means that concentration solutions are invariant in terms of di-
mensionless time 7, and so the obtained solutions are valid for any other value D* of the diffusion co-
efficient with the only precaution that the time ¢ and, correspondingly, the loading rates are properly
scaled with the factor of D*/D.

Elucidation of hydrogen diffusion under a stationary stress field is relevant to HAC under sustained
load, and in particular, provides insight into the items of the evaluation of the threshold SIF Ky, Be-
sides, the data on diffusion modeling under sustained load will serve further as a reference to clarify
the role of the pre-HAC loading histories. In the diffusion simulations, the reference value of SIF was
taken as K = 60 MPa\/m. This value is relevant to the range where HAC can proceed in materials
of the type being considered [3,27,32]. In particular, it may serve as a candidate value for the HAC
threshold K,;,.

Simulations of stress-driven hydrogen diffusion were performed using the data from the previously
described elastoplastic modeling with MARC finite element code. As a first approach, the finite
element implementation for diffusion was accomplished in a one-dimensional approximation,
i.e., along the crack line where finite element discretization, material deformations and stress
distribution corresponded to those of the two-dimensional mechanical problem. Calculations
were performed for the time domain up to about 2.5 X 10° s to approach nearly the equilibrium
hydrogen distribution.

Figure 7 displays concentration distributions at different diffusion times. In addition, the finite el-
ement results are compared with the simple approximated closed from solution [11] which was ob-
tained for stationary stress fields using the Laplace transform technique [31] as the long-time asymp-
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FIG. 7—Concentration distributions along the crack line beyond the tip at different times under
sustained load with Kz = 60 MPa\'m according to the finite element solution (bold solid lines) ac-
companied with corresponding asymptotic one (18) (bold dotted lines). The profile of the equilibrium
concentration C,, and the shape of the hydrostatic stress distribution (arbitrary units) are presented
for reference by the thin solid and broken lines, respectively.

totic behavior in the form:

Vu

C(x0) = Coexp (Tﬁ 0'(x)) erfc (2\}07)

13

= Ceq (¥)erfc ( 2\}D_t)

where the subindex a indicates both the approximate and asymptotic kind of the solution. In Fig. 7,
the shape of the hydrostatic stress distribution is shown together with the corresponding equilibrium
concentration C.q(x) according to expression (11). This latter marks the accessible upper bound
for concentration C(x,t). Here x represents the diffusion distance being the coordinate of material
point X in the deformed state. In Fig. 8 the time variation of concentration is presented for the
material points being the focus of the major interest with respect to HAC: the material point X,,,, (Cor-
responding deformed distance x,,, = 2.38,) where the maximum tensile stresses are attained at
the reference SIF level Ky, and the point X,,. = 8, which belongs to the zone of steeply increasing
plastic strain. These points are considered as the probable locations of microfracture nuclei
associated, respectively, with the type of dominating fracture micromechanism:stress- or strain-
controlled rupture.

Reported results are relevant to evaluation of the HAC threshold K,,. Common K, testing
consists of trying a series of sustained SIF values if crack growth does not start within a certain wait-
ing time #5 [33]. This time base should be properly fixed to ensure test validity, i.e., that at this SIF
the crack will not start to grow at any ¢ > g (with a reasonable statistical confidence). It is usually
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FIG. 8—Time evolutions of concentration according to the finite element solution (solid curves)
and asymptotic one (18) (broken curves) at sustained load: (a) in the points of maximum tensile stress
Xmos (b) in the finite plastic strain region at X,,,.. Horizontal lines mark the 5%-tolerance band near
corresponding equilibrium concentration levels C.q ( Xma,mes)-

chosen on the basis of previous experience and application-related considerations [33]. The diffusion
concept of HAC suggests that to render K,;, valid, the value ¢z must be about the diffusion time ¢, to
attain the equilibrium steady-state concentration—the thermodynamic maximum—at the point of in-
terest with reasonable accuracy before fulfillment of the local fracture criterion (4), i.e., to reach
Clxctss) = Ceq(xc). With the tolerance level fixed, for definiteness, as 95% of the steady-state value
Ceq, the long-time asymptote (18) provides the estimate Dr;,/x2 =~ 130. The plots in Fig. 8 confirm
that the rough asymptotic solution (18) and the numerical one are rather close to each other. For the
point X,,, being the maximum tensile stress location, the corresponding curves practically coincide
within the 5%-width scatterband near the equilibrium level Ceq(x,.o). For the critical stress criterion
of local rupture when x, = x,,,, this estimate substantiates the K,,-testing base as tg = #;; = 130x2/D.
With material parameters taken in the modeling, this test base is about 2.4 X 108 s. For the case of
strain-controlled crack tip fracture with x, = x,,, the numerical solution evolves slower than the
asymptotic one and the estimates for #;; and g must be stiffened regarding the numerical factor to
about fg ~ 440x2/D. However, due to the shorter diffusion path x, in this case, the fair estimate in ab-
solute values is 15 = 1.2 X 10° s.

With respect to the effects of the fatigue precracking on Kj,-tests, which have been reported to
cause excessive ambiguity of experimentally measured data [16], they cannot be associated with the
role of stress on hydrogen diffusion under sustained load at K = K,,,,, since the near-tip stress dis-
tributions acquire with reasonable accuracy the unique self-similar shape presented by expressions
(3) and shown in Fig. 5a. Apparently, these uncertainties of the K,-testing are due to the plastic strain
influence on either the fulfillment of the rupture criterion (4) near the tip, or on the accumulation of
hydrogen there. To establish the limits of the fatigne precracking influence on HAC evaluation, fur-
ther study of the role of plastic strain accumulation in the finite deformations zone beyond the tip
would be helpful.

Hydrogen Transportation at Rising Load after Fatigue Precracking

This series of diffusion simulations reveals the influence of crack closure stresses on HAC. It is rel-
evant to the other mode of experimental evaluation of HAC for materials certification and life as-
sessment. In particular, it is tempting to reduce K,,-testing expenses omitting a series of n tests with
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constant candidate threshold SIF values K, . . ., K&’ by conducting a single rising-load experiment,
e.g., at a constant SIF rate dK/dt, to pass the whole SIF range up to detecting a crack growth initia-
tion at some SIF Ki which could be the desired HAC threshold. To be the adequate threshold, it
would seem necessary that the concentration at the time tg = Kg/(dK/dt) reach the steady-state level
Ceq (Kgr,x.) with the same reasonable accuracy as in a valid sustained load test. Rising-load tests are
performed from zero initial load under hydrogen effect after fatigue precracking in an inert environ-
ment. Thus, metal-hydrogen interaction proceeds from the residual stress-strain state near the crack
closed after precracking. Controlling variables in this case are the parameters of fatigue cycling and
of load dynamics in the HAC-test, K,,..x and dK/dt in this study.

The calculations were performed with the same reference SIF Kg = 60 MPa\Vm (“candidate
threshold”) and K ..« = 0.5Kg which was suggested as the proper precracking limit [34]. Several SIF
rates dK/dt between 0.015 and 15 MPa\/m/min were taken to cover the range of values used in ex-
periments [32]. Accounting for the cyclic stability of the near-tip stress field, diffusion was consid-
ered at a rising load starting from the compressive stresses corresponding to the closed crack state af-
ter three load/unload cycles. Load was increased until the SIF attained K, and then was held fixed.

Concentration distributions at different diffusion times for dK/dt = 1.5 MPa\V/m/min are shown
in Fig. 9 together with corresponding hydrostatic stress profiles. Concentration evolution patterns in
the material points of large plastic strains and maximum tensile stresses, i.e, at x,,.(Kg) and x,,,(Kg)
respectively, are plotted in Fig. 10 for loading rates of 0.15 and 1.5 MPa\/m/min. For comparison,
the o(r)-patterns and the concentration values C, corresponding to the instantaneous stress values
O (X e mont) according to approximate formula (18) are also presented. Note that here the expression
(18) with & = o (#) can no longer be considered even as a long-time asymptotic solution, but only as
a formal approximation with no justification. However, for slower loading and rather short diffusion
depth x,,, both analytical forms (11) and (18), which give respectively the exact equilibrium C.q and

x(K_)/8 (K )

FIG. 9—Concentration (bold solid lines) and corresponding hydrostatic stress (dotted lines) dis-
tributions along the crack line beyond the tip at different times under dynamic rising load with dK/dt
= 1.5 MPa/m/min according to the finite element solution. Thin solid line shows the equilibrium
concentration distribution at t — %, Curve numbers 1 to 4 refer to times 180, 300, 1000 and tr =
2400 s, respectively.
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approximate C, concentrations for the instantaneous stress o (f), go closely to the finite element so-
lution. That is, in the very-near-tip domain, diffusion under dynamic loading nearly maintains the
equilibrium hydrogen saturation for the instantaneous stress state. In the relatively remote point x,,,,,
the delay of hydrogenation in comparison with load elevation is notable even at the slowest simulated
loading.

Let us consider these data as a modeling of the rising-load test to determine K., and identify the
reference SIF Kg as the apparent HAC threshold already measured using a sustained-load method
simulated in the previous section. This latter threshold status corresponds to the equilibrium concen-
tration C.q—the thermodynamically admissible maximum value—in a critical material point x... Un-
der rising load, if the critical concentration (1) is stress controlled, the critical event is associated with
the maximum tensile stress over a certain microstructural scale, and local rupture occurs at x, =
Xmo(KR) in the same manner as in the sustained-load case. Because of the slowness of diffusion, to
provide there sufficient concentration at the moment of approaching the critical SIF, Kg in this case,
the loading must be even slower than that tried in our simulations (Fig. 10c), and the slower the bet-
ter to reproduce the result of the sustained load test. The reasonable loading rate here may be esti-
mated so that the time tg = Kg/(dK/dr) necessary to attain the candidate threshold Kj is close to z
for the stationary load situation.

However, if the fracture micromechanism and corresponding critical concentration (1) are pre-
dominantly controlled or markedly influenced by plastic strain, the situation turns out to be less triv-
ial. At slow loading rate (Fig. 10a) concentration evolution in the large-strain zone x < x,,, follows
the non-monotonic o (f)-history and depends on the crack closure; namely, diffusion starts at the
residual compressive stress distribution near the crack tip after fatigue precracking. Correspondingly,
during moderate-rate rising load when diffusion is able to follow the evolution of stress, the concen-
tration in the intensively strained region may temporarily exceed the level attainable there in the sus-
tained load test. This was observed in simulations with dK/dt up to 0.15 MPa/m/min, and may be
expected at somewhat higher rates, but it disappears at 1.5 MPa/m/min (Fig. 10b) when stress evo-
lution becomes too fast compared with diffusion, so that the stress peak can no longer produce and
drag the concentration peak. This means that the same fracture criterion (4) may be satisfied there ear-
lier than in the sustained load case, at times of the order of 10* s in the considered sample situation.
What is more important, because of these temporal (and early) concentration peaks, depending on a
particular combination of stress and strain factors in local fracture, which define the critical concen-
tration (1), local rupture and crack advance may occur at SIF below the apparent threshold evaluated
from the sustained-load test.

For the moment, lack of experimental data does not allow one to perform comparisons and verify
the simulation results. This modeling rather suggests design of further critical experiments to test the
diffusion theory of HAC, estimate rupture sites location, etc. Nevertheless, some experimental data
[35-37] may be mentioned as qualitatively conforming to the modeling in that the dynamic rising-
loading tests may give more conservative estimations of SIF for the initiation of HAC than those un-
der sustained (zero-rate) load.

Conclusions

The opening-closing behavior of a crack and its effects on the stress-assisted hydrogen diffusion
near a stationary crack tip in metals were studied using large-deformation finite element analysis with
relevance to hydrogen-assisted cracking (HAC).

In the large-deformation elastoplastic solutions, the complete geometrical closure up to the contact
of crack faces near the tip was not detected. Cyclic load removals are substantial with respect to the
near-tip stress distributions, thus causing high compressive stresses beyond the tip. Under zero-to-
tension cyclic loading, the very-near-tip stress evolutions follow the stable cyclic tension-compres-
sion pattern.
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Modeling of stress-assisted hydrogen diffusion was performed for sustained and rising loading
conditions preceded by fatigue precracking with relevance to experimental techniques of HAC
threshold evaluation.

Under sustained load, the crack closure stresses caused by precracking have no influence on hy-
drogen accumulation and HAC initiation at reference (tried) SIF values Kg > K., since stress dis-
tributions are then nearly insensitive to the previous crack history. The estimate was derived for the
proper K,;-testing time base 5 to approach the threshold state (the steady-state concentration).

Under rising load applied following load removal after cycling, the crack closure stresses may be
important for hydrogen diffusion towards rupture sites. At slow loading rates, the stress-strain state
and hydrogen delivery may produce temporal hydrogen oversaturation peaks that attain a critical con-
centration level closer to the crack tip and earlier than in the sustained-load case in otherwise similar
circumstances. This means that the sustained-load tests may yield excessively optimistic overestima-
tions of the HAC thresholds of materials in comparison with slow rising-load tests.

Further modeling of the near-tip stress-strain assisted hydrogen transport in metals involving con-
sideration of particular stress-and-strain driven mechanisms of local rupture (and corresponding cri-
teria) would be helpful in explaining and predicting various features and manifestations of hydrogen-
assisted fracture.
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ABSTRACT: Nowadays, application of the strip-yield model for computation of crack opening load
levels is well known. In this paper the incremental formulation of a fatigue crack growth law is used to
demonstrate the role of the crack opening load level in time-independent fatigue crack growth. Less
known is the ability of the strip-yield model to define the strain rate at the crack tip. A threshold level
£, of this strain rate is introduced and used to formulate a criterion for initiation of time-dependent ac-
celerated fatigue crack growth. This process is called corrosion fatigue. To account for effects of envi-
ronment and frequency on the crack growth rate a time-dependent part is added to the incremental fa-
tigue crack growth law. The resulting incremental crack growth equation is integrated to obtain the
crack growth rate for a load cycle.

The model discussed in this paper is a mechanical model. Physical aspects other than strain rate, load-
ing frequency and load wave shape are not modeled in an explicit way. Hence, the model is valid for
specific environment/base metal combinations. However, in consideration of the effects of small vari-
ations of environment, temperature, and other variables on the crack growth rates, it can be used as a
reference solution.

The fatigue crack growth model has been implemented in the NASGRO (ESACRACK) software.
The time-dependent part is still subject to further evaluation.

KEYWORDS: crack opening loads, crack tip stretch, strain rates, crack growth, fatigue crack growth

For over two decades models of fatigue crack growth have been based on empirical laws that re-
late the amount of crack growth in a load cycle to the stress intensity factor range AK = Kpax — K
or to the effective [/] range AK.r = Kmax — Kop. Correction factors were included for near-threshold
behavior and accelerated growth in the high K regime.

From a physical point of view such crack growth laws are speculative because crack growth and
plastic deformation are irreversible processes that depend on the loading history. By nature, such pro-
cesses must be described in an incremental way and properly integrated to obtain the amount of crack
growth for a load cycle or the part of a load cycle for which the incremental description is valid [2,3].
Clearly, such a new description allows that a distinction be made between the part of a load range
where secondary (cyclic) plastic flow is observed and the part where primary plastic flow develops
under monotonic increasing loads. For each of these domains an incremental crack growth law can
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be formulated. Then, after integration over the appropriate load ranges, the contributions to the crack
growth rate for the load cycle under consideration are obtained. In a similar way “range pair” (or
“rainflow”) principles may be used to select the appropriate load ranges [4]. In addition, the incre-
mental formulation allows the introduction of other terms representing time and/or environment-de-
pendent crack growth [5].

In this paper the strip-yield model is applied for computation of crack opening loads, crack
tip stretches and strain rates. In the open literature [6,7] and other documents [8,9] the strip-yield
model is discussed extensively and, recently, results obtained using different versions of the
model (the NASA/FASTRAN and the ESA/NLR versions) were compared and it was concluded
that the models predict the same crack opening behavior if the constraint effects on yielding are
modeled in the same way. For this reason the strip-yield model itself is not discussed in detail.
Instead, the description of the strip-yield model is limited to the yield limits and the equations
used in this paper.

The definitions of crack size c, crack tip stretch 8, as well as the assumptions made to account for
differences in the yield limit in tension &, compared with the yield limit in compression &, are shown
in Fig. 1. The introduction of a separate parameter G, allows for some form of description of differ-
ent constraint, crack tip geometry and the effect of cold work on yielding in compression. The mate-
rial in the thin Dugdale strip is assumed to behave in a rigid, ideal plastic manner and elastic defor-
mations are assumed to be absent in the strip.

The assumed yield limits o and . can be introduced in the strip-yield model. The result can be
used to derive some simple analytical expressions for the crack tip stretch 8. For monotonic increas-

.
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FIG. 1—Strip-yield model with different yield limits in tension and in compression.
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ing loads it can be derived, as a first-order approximation and for small-scale yielding, that
8 = K*/E®, ¢))

where K denotes the stress intensity factor and E is Young’s modulus. For the loading parts of a con-
stant-amplitude load sequence we can derive in a similar way

8=KhalEG. — (Kmax— Kop)VE@ +7.) + (K- Kyp)/E(G +70)
) loading to unloading from loading from @)
Konax Kinax = Kop Kp—K
Kop =K= Kmax

where K is the stress intensity factor at the crack opening load level. It is seen that for K = Koy this
equation gives the same stretch as Eq 1. Below K, the plastic stretch increment associated with un-
loading is assumed to be absent. Also the effect of crack closure during unloading in the regime Knax
— K, is ignored.

Equation 2 will be used to derive a simple expression for the strain rate. More accurate results can
be obtained by application of the numerical discretized strip-yield model. Which one of both meth-
ods is used for computation of the crack tip stretch depends on the efficiency and accuracy required
in the predicted results.

Crack Opening and Threshold Effects Under Fatigue Loading Conditions

Usually, fatigue crack growth is assumed to occur in the upward part of a load cycle. In the upward
part different regimes can be distinguished, depending on the loading history and the state of open-
ing of the crack. To illustrate these domains in Fig. 2 the loading path is shown in a stress intensity
factor, K, versus crack size, c, plot. The different loading regimes are indicated and discussed one af-
ter another [5].

Closed Crack Regime 1, Kyin = K <K,

Starting at the minimum intensity factor Ky, the load is increased until the crack opening level K,
is attained. In this regime 1, characterized by Kuin = K < K, the crack is at least partly closed and
the contact areas on the crack surfaces decrease when the applied load is increased. Although the
stress intensity factors in this regime are calculated assuming the presence of the crack, it is clear that
the effective loading of the crack tip region is very small and no crack growth is assumed in this
regime.

Opened Crack but No Growth Regime 2, K,, =K <K,, + Ky,

Atlevel K, the crack is fully opened, but it takes another increase by 8Ky, to initiate crack growth.
Obviously, some crack tip blunting occurs in this regime. Models and empirical equations for com-
putation of values for K, and 6Ky, are discussed in Ref 5.

Fatigue Crack Growth in Regime 3, K, + 8Ky =K <K

Upon a further increase of the applied load, crack growth is initiated when the stress intensity fac-
tor K exceeds the level K, + 0K In this regime 3 plastic deformations take place in a relatively
small part of the plastic zone created by application of K, in the previous load cycle. At the load
level K = K- primary plastic flow in virgin material reinitiates and the zone of material that actually
is loaded to the yield limit is extending beyond the previous plastic zone. The level K+ depends on the
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FIG. 2—Different loading and crack growth regimes in one (half) load cycle.

amount of crack growth relative to the primary plastic zone size. This transition is characterized by a
discrete jump in plastic zone size and a loss of load history effects on the state of deformation. To de-
scribe the crack growth behavior in regime 3, corresponding to K,p + 8Ky, < K =< K+, the following
incremental crack growth law is adopted

dep=1[C; (K — Kop)™ + C; 8K (K — Kop)" ™1 ]1dK (3)

where subscript f stands for fatigue.

In this expression the first term on the right-hand side is an incremental form of Elber’s law. The
second one is added to describe threshold effects, if present. The power n; — p; follows from the re-
quirement that the units of both terms must be the same. Note that C;, and n,, are not the same as the
traditional Elber parameters C and n (C; = nC; n; = n — 1).

At initiation of crack growth, when K = K, + 8Ky, it follows that

dcy .
(jdf)m = 0KH(C, + Cy) @

It may be expected that a relation exists between the material parameters C; and C,, the threshold
level 8Ky, and the slope of the crack growth curve (see Fig. 2).

In Eq 3 the transition from threshold behavior to the crack growth behavior in the mid-range (El-
ber) regime is governed by the power p; attached to K — K,,. Values selected for p; must guarantee
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that the transition is smooth and that the slope arctan (dcs/dK) has the proper value. In order to sim-
plify the equations in this application we use p; values satisfying the equation

dcy "
K |y =p; C, 8Kgl(ny + 1) %)
In that case, it follows from Eq 4, that

p1—n—1
C,=C— 6
2 —— ©)

To obtain the contribution of regime 3 to the crack growth rate per load cycle ACf/AN the crack
growth law, Eq 3, must be integrated over the range K, + 6Ky = K = K. It is assumed that the pa-
rameters involved (Kx, K,, 8K,) are constant during integration. Then, after substitution of Eq 6 and
redefinition of the material and threshold parameters, there results

AciAN = C(K+ ~ Kop)" [1 - (K'S_L“I‘()pl] o)
* op

where K- is the level at which the transition from cyclic, secondary, plastic flow to primary plastic
flow occurs. In the absence of primary plastic flow (K« > K., K+ is substituted by K. and then
Eq 7 is the crack growth rate for the load cycle under consideration.

Note that also after integration the Acs/AN versus Kyax — Kop curve tends to be linear near thresh-
old when K+ and K5, both tend towards K,,, + 8Ky. The slope can be determined from

d(Aci/AN)/dK = p, C 8K3! ®

Recently, Doker [11] confirmed experimentally that the relation between Acg/AN and AK = K ax
— K s linear in the low AK regime when plotted on a linear scale. The present model fully sup-
ports Doker’s ideas for a modification of the ASTM standard for threshold determination. After es-
tablishment of values for 8Ky,, C and n, Eq 8 can be used to derive a value for p; from the slope of
the crack growth curve in the near-threshold domain.

Quasi-static Crack Extension Regime 4, K <K <K,

Loading above the transition level K+ is assumed to induce quasi-static crack extension. In this
regime the plastic deformation behavior takes place under monotonic increasing loads. This implies
that the effects of secondary cyclic loading on the actual material behavior are lost. Thus, the crack
opening load and threshold behavior becomes insignificant [2,3]. Moreover, the plastic zone sizes are
much larger. To describe crack growth in this domain we will adopt the incremental formulation of
the R (or J) curve approach. Assuming small-scale plastic behavior and small amounts of static crack
extension the crack growth law adopted is written as

dc, = C, K™ dK ©)

where subscript p denotes primary plastic flow in virgin material.

In addition, for cases where wide-scale plastic deformation occurs or the amount of static crack ex-
tension becomes large we may choose to introduce new regimes or subregimes and formulate the ap-
plicable crack growth law in such a way that it describes these processes properly.
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The incremental crack growth law must be integrated over the applicable range to obtain the con-
tribution Ac,, to the crack growth increment for a load cycle. There results

G
Acp/AN = 5 [K i ' = KI™) (10)

Regime 4 is discussed here for the sake of completeness. In Refs 2, 3 and 5 the effect of quasi-static
growth of a fatigue crack is discussed in detail. In the same references, equations for computation of
0K, K+ and K, are given.

Time-Dependent Loading and Definition of the Stretch and Strain Rate at the Crack Tip

In an early publication of Speidel [10] on corrosion fatigue some experimental observations were
attributed to the crack opening behavior. An example is given in Fig. 3 reproduced from Ref 10. The
process is corrosion fatigue and for one cycle from a constant-amplitude sequence the crack size is
plotted versus time. The load ratio R equals 0. Hence, based on crack opening functions from the open
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FIG. 3—A corrosion fatigue crack growing during the opening part of a load cycle [10].
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literature, it is expected that the crack is open at a K level of approximately 27 MPa\/m—in any case,
far below the level of about 47 MPa\/m where accelerated growth initiates (see Fig. 3). This differ-
ence is not covered by 8Ky, in regime 2. The frequency effects in Fig. 4 and results shown by Barsom
(Fig. 5) clearly demonstrate a rate effect. It is suggested here that the strain rate at the crack tip ap-
pears to control the crack growth process. In this section equations for computation of the crack tip
stretch and strain rate are discussed. In the next section a crack growth law for the description of cor-
rosion fatigue is presented.

Since crack growth can be ignored for stress intensity levels below the opening level K, it is con-
venient to write the prescribed time-dependent stress intensity factor in the following way

K(t) = Kop + (Kmax - Kop) f(t) (11)

Some load shape functions are given in Appendix 1. After substitution of Eq 11 into Eq 2 the crack
tip stretch can be written as

- K%nax (Kmax - Ko )2
a0) = g+ L (£~ ) (12

-2
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FIG. 4—Comparison of experimental results presented by Speidel [10] and the behavior described
by the proposed model.
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and for the stretch rate dé(z)/dt it follows

_ 2
dé(t)lde =2 %‘(‘f—’f’i S df(e)/at (13)

o, + 0.
Then, for the strain rate £(¢), according to the definition of natural strain it follows that

2(1 — CF f@df(tiat
B+(1—-CF¥(f*®—-1

&) = dé@)/¥(t) dt = (14

where B = (7, + 7.)/@.. Obviously, the strain rate £&(¢) depends on the load shape function f(?), its
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derivative df (£)/dt, and the relative crack opening level CF = K,/Knmax (and on the yield parameter
B). At first sight it is surprising that £(#) depends on 1 — CF = (Kpax — Kop)/Kmax and not on the
magnitude of Kinax — Kop. However, this is a straightforward result of application of the definition of
strain rate £(¢) = d&(2)/8(s) dr. The important role of the closure coefficient CF in Eq 14 explains why
in the past some processes were thought to be driven by crack opening, but, on the basis of Eq 14 can
be governed also by the strain rate £(z).

Threshold and Frequency Effects in Corrosion Fatigue

In corrosion fatigue the role of the strain rate can be elucidated by considering the competition be-
tween strain rate and the velocity of buildup of a passivating film shielding the base metallic material
at the crack tip from direct contact with the environment.

If such a process is taking place then, only strain rates larger than the overall buildup rate will al-
low direct contact (and attack) of the environment on the base metal of the alloy under consideration.
This condition can be used to formulate a criterion for initiation of accelerated fatigue crack growth.
It is assumed that, for a specific material/environment system, crack growth acceleration initiates
when a certain threshold strain rate &, is exceeded, that is when

dS(I8() dt = é, (15)

Such a criterion can be used to calculate the lower bounds ¢; of the periods of time #; < ¢ < 1, during
which environmentally-induced crack growth acceleration occurs.

Once accelerated fatigue crack growth is initiated, the crack growth rate increases. In general, the
crack growth rate becomes so high that direct contact between the environment and the base metal is
self-contained. To stop it the load must be brought to a hold or decreased. This implies that the pe-
riod of accelerated growth ends close to the moment ¢,, of application of the maximum load, that is,
te =t

Values for # and ¢, are used, respectively, as lower and upper bounds for integration of the time-
dependent part of the incremental corrosion fatigue crack growth law discussed later in this section.

Using the strain rate expression 14, Eq 15 can be written as

2f@) df(Didt — 60 [B/(1 — CF)? + f2)) — 11=0 (16)

This equation also provides a criterion for the absence of accelerated growth associated with corro-
sion fatigue: If no solution for #; can be found in the interval 7o, < ; < t,,, (o, is the moment the crack
is opened) then corrosion fatigue is assumed to be absent; however, other processes may take place.

In the description of crack growth under corrosion fatigue conditions we assume that the crack
growth increment dc can be considered as a result of addition of a time-independent part dcs and a
time-dependent part dc,, that is

dc = dcy + dc. an

The first part dcy is given by Eq 3. For the time-dependent part dc,. the following new basic equation
is adopted

de, = Cro[(K(t) — Kop)"™* — SKeie K(1) — Kop)" 71 7P2fP2(0)) f (1) dt (18)
In this equation 7, is the same as in Eq 3 and the load shape function f(?) is the same as used in Egs

11, 14 and 16. The shape of Eq 18 is primarily chosen to be such that, after integration (see Eq 20)
and superposition to the fatigue crack growth increment AC/AN, the simple Eqs 21 and 22 are ob-
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tained. This implies that C;. has the same dimensions as C;, C; and C in the expressions related to
dcy. In principle, the threshold parameter 6Ky, can have a value different from 6Ky, and, using sim-
ilar arguments as in the discussion of Eq 5, the value of the power p, can be different from p;. Fur-
ther, the reason for introduction of the power m on the load shape function will be clarified next. Us-
ing the load shape function, Eq 11, and, after substitution of n; + | by n, Eq 18 can be rewritten as

dcc = Clc[(Kmax - Kop)n - Sthzc(Kmax - op)n_pZ] fn——m (t) dr (19)

Clearly, for the case m = n the time-dependent part dc,, varies in proportion with dr. Other values of
m can be used to describe nonlinear dc,, versus df behavior related to the load shape function f(¢). In
the remaining part of this paper it will be assumed that m = n.

To obtain the total crack growth increment Ac/AN for one load cycle Eq 17 must be integrated,
that is

tm
AcIAN = ACHAN + [ de, 20)
1

3

After substitution of Eqs 7 and 19, rearrangement of some of the parameters and assuming that m =
n, there results

_ _ n SKth oL SKthc P _
AC/AN = C(Kumax — Kop) [1 ( - Kq)) el oxy) [mmw] @D

For the specific case that P> = p1 = p, and, 6Ky, = 6Ky, (threshold effects are assumed to be the same
as in time independent growth), Eq 21 degenerates into

K Y
Ac/AN = C(Kmax — Kop)* {1 — ﬁ) (1 + Celtm — 8] (22)
max op

Equation 22 demonstrates that the time-dependent part acts as a multiplier on the time-independent
part. On a log-log scale this implies a shift of the crack growth curve that depends on the frequency.
Equations 21 and 22 are surprisingly simple. The new parameters involved are the threshold strain
rate &y, for determination of ¢ and, further, 8K, p» and C,.

The threshold strain rate &, can be determined in a low frequency crack growth test from the ¢ and
K versus time plots (see Fig. 3). A value for C, follows from the slope of the ¢ versus time plot ob-
tained in the same test. Such tests are executed at frequencies of the order 0.001 Hz. In general, the
time-independent parts of Eqs 21 and 22 can be safely ignored compared to the time-dependent parts
at such low frequencies and the material /environment systems of interest.

As an example, Fig. 3 is used to determine the parameters involved in the time-dependent part of
the crack growth law (Eq 22) and the threshold value of the strain rate &, In Table 1 the quantities
are listed together with the result obtained for &,.

TABLE 1--Results Derived From Fig. 3 (R = 0.0, CF = 0.5).

Time at initiation t; = 367s
Frequency F =000iHz
Time at end of acc. growth t.,. =500s
Value load shape function at

initiation of acc. growth f@) =0.671
Derivative of f(r) df (£;)/dt = 0.00466/s

Threshold strain rate (Eq 16) &n = 0.00084/s
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In Fig. 4 the measured crack growth rate is plotted versus the frequency for the same AK = 53
MPaVVm used for the determination of the results in Fig. 3. Then, the value of C, can be determined
from the Ac/AN ratio measured for a high and a low frequency. After application of Eq 22 for both
frequencies the following equation is obtained

CC = [% — l]/(tf"l=0.00] — t,F=0.00]) (23)

as tF=10 — =10 = O Then, it follows, that C. = 0.827/s and using this result we can predict the fre-
quency effect shown in Fig. 4. The results are listed in Table 2.

It is interesting to see that, for a frequency F = 0.0001 Hz, no solution for Eq 16 is found. This im-
plies that the crack growth acceleration effects diminish for frequencies lower than, say, 0.001 Hz.
The results presented in Table 2 are also plotted in Fig. 4.

A second example is taken from Barsom [12]. The results are reproduced in Fig. 5. Loading is sine
shaped and the load ratio R = 0.25. Unfortunately, registrations of ¢ versus time are not available.
Therefore &, and C, cannot be determined in the way described earlier. Some additional assumptions
are to be made. Firstly, the data points obtained at a frequency F = 10 Hz are adopted as the high fre-
quency fatigue crack growth results. Further, a closure coefficient is assumed to be CF = 0.5 and, in
addition, it is assumed that #; = ¢, for the F = 1 Hz data points, then we can determine C_ from the
ratio of the crack growth rates of both data sets in the following way

F=1Hz
{(Ac/ANY " _ 4 C.ltn 1) 24)

(AC/ F=10Hz

It then follows C. = 1.2/s. For loading at F = 0.1 Hz the strain rates are lower and therefore #; > 1.
From a comparison of the crack growth rates obtained for F = 0.1 Hz and F = 10 Hz, it follows that

F=0.1Hz _
1—% Ao = 1+ Cltn = 1) (25)

From the results it is concluded that t; = 3.75 s for the F = 0.1 Hz series.

As threshold effects are absent we can use Eq 22 to describe the results in Fig. 5. The result is the
same as the dashed lines for the three frequencies indicated.

Barsom [12] also studied the effect of load wave shape on the crack growth rate. The wave shapes
used are given in Fig. 6. The results are given in Fig. 7. From the application of the corrosion fatigue

TABLE 2—Effect of Frequency on Crack Growth Acceleration as
Described by the Proposed Model,

Frequency F, Ac/AN, 0.10°%,
Hz 4, s tw S m/cycle
10 0.025 0.05 1.02

1 0.25 0.5 1.21

0.1 25 5.0 3.07

0.01 25.7 50.0 21.1

0.001 367 500 111.0

0.0001 no initiation

Note that the results measured for 10 Hz and 0.001 Hz were used to
determine the material parameter values C, and &g,
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FIG. 6—Various forms of cyclic stress fluctuations used for steel investigated in Ref 2.

model to the shapes of Fig. 6 it is concluded that shapes 3, 4b and 5a and 5b have the same common
property t,, — ¢; = 0. Hence, the predicted crack growth rates are the same as the high-frequency fa-
tigue data measured for the same load amplitude and ratio R = 0.25. This is confirmed by the mea-
sured data points in Fig. 7.

The load wave types 2 and 4a in Fig. 6 also have a common t,, — ¢; value and for the sinusoidal
load the threshold strain rate will be exceeded slightly earlier in the cycle, so, ¢} < t? and ¢/ and the
crack growth rate for shape 1 will be slightly higher than for cases 2 and 4a. These observations are
also confirmed by the results presented in Fig. 7.

Implementation and Verification of Models

The fatigue crack growth model has been implemented in the NASA/FLAGRO and the
ESACRACK software. The crack opening levels K, are calculated using a discretized strip-yield
model. This model has also been included in the software. An extensive verification program (some
500 cases) was executed to demonstrate the accuracy and reliability of the software and models.

The time-dependent part of the model discussed in this paper was formulated recently and is still
subject of further improvement. A verification program is not yet formulated.

Discussion and Concluding Remarks

An incremental form of crack growth law (Eq 3) was used to derive a fatigue crack growth equa-
tion for computation of the fatigue crack growth rate per load cycle (Eq 7).
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Using the strip-yield model a criterion for initiation of accelerated fatigue crack growth (corrosion
fatigue) in a specific environment was based on the threshold strain rate &y, concept (Eq 16). A time-
dependent incremental growth law (Eq 18) was used to describe accelerated growth after initiation.
Using the moment in time initiation occurs as the lower bound and the moment the load reaches its
maximum level as the upper bound, the time-dependent part is integrated to obtain the contribution
per load cycle (Eq 21). In its most simple form (Eq 22) only two new material/environment depen-
dent parameters are involved: the threshold strain rate &, and the parameter C,.

In more general situations when the low-frequency threshold behavior is different compared with
the high frequency behavior, two additional parameters are introduced: the threshold stress intensity
factor 8Ky, and the threshold power p,.

It was shown that using the most simple formulation, frequency and load wave shape effects can
be described for some specific environment/metal combinations. However, it is well known that
highly complicated electro-chemical, diffusion and transportation processes are taking place near the
crack tip and along the crack surfaces. Clearly, the values of the parameters involved in the time-de-
pendent part of the crack growth equation depend highly on these processes, and in a description of
the effects of variations in the environment, such as the electrical potential, concentration of ions,
temperature and pressure, these phenomena are to be described in detail.

For the time being the equations discussed in this paper are to be considered as a specific reference
solution that can be used for a description of frequency and load wave shape effects on fatigue crack
growth behavior.

APPENDIX 1

Crack Tip Opening Displacement During Uploading

The crack tip opening displacement during uploading under constant-amplitude loading, as given
in Eq. 2, is based on a simplification of the work of Budiansky and Hutchinson [/3]. In their paper
they described the deformations, including the crack tip opening displacement, near the crack tip for
a growing crack. They showed that the crack tip opening displacement at the maximum load, under
constant-amplitude loading with R = 0, equals

K
Eo,

80 = 8(K = Kmax) = (26)

Unloading from K, will reduce the crack tip opening displacement. For Kmax = K = K Eq 27 in
Ref 13 gives an expression for 8. At the crack tip x = 0; therefore g(x/w) and g(x/a;) equals one and

- _ K%nax (Kiax — K)2
S =8Kmx = K=K, = Eo, - 2Es, 27)

provided that the yield limit in compression is equal to the yield limit in tension except from the sign.
According to Ref 13 the crack will close at K = 0.483K,,,. At this load level the crack tip opening
displacement equals 0.8668,. At the minimum load K, (= 0) the crack tip opening displacement
equals 0.85628, (Eq 26 in Ref 13). At this load level (part of) the wake of the crack is closed. Reload-
ing the crack from K;, = 0 will reduce the contact area until the crack is fully open. This will occur
at K = 0.557Knax (Eq 44 in Ref 13). Upon further loading the crack will open it. The crack tip open-
ing displacement for K,, < K << Kmax is given by Eq 51 in Ref 13. The crack tip opening displace-
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FIG. 8—Crack-tip stretch versus K/Kmnax.

ment during loading and unloading are illustrated in Fig. 8 taken from Ref 13. The rising part of the
curve represents loading above the opening stress. Unloading from the maximum load, the descend-
ing part of the curve results in larger crack tip opening displacements, compared with loading, for a
given load.

Equation 2 simplifies this behavior by assuming that closure and opening will occur at the same
stress level (which is not too bad since 0.483 and 0.557 are close). Unloading behaves according to
Eq 27. After reversal of the loading the crack will open at K = K, which equals K., and 8o, = 8cio-
Similar considerations as were used to derive Eq 27 can be used to find a new equation for the crack
tip opening displacement during uploading: '

Kia _ Kinax — Ko L &- Kop)
Eoy 2Eo, 2Eo,

8 = (Kop = K = Kppa) = 2%)

In Fig. 8 Eq 28 (dotted line) is illustrated together with the results obtained by Budiansky and
Hutchinson for R = 0. Here it is assumed that K,;, = 0.5Knax. The figure suggests that K, =
0.45K .« might be a better choice. Note that Eq 28 is not limited to R = 0.

APPENDIX 2

Load Shape Functions

Positive saw tooth loading (linear)

R=CF+(~Rthy
fo= Eroaa
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Sinusoidal loading
1+R-2CF+ (1 —R)sin(—t”’n—’—g)
fo= 2(1-CP)
where R = Ilg—n"::and CF = Ié,:
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