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1
Introduction

Technological practice today, particularly in the spring-manufacturing, automotive
and aerospace industries, is hardly imaginable without mechanical surface treat-
ments. The origins of these processes date back to ancient history. [1.1] states that
in the city of Ur, gold helmets were hammered and thus mechanically enhanced,
as early as 2700 BC. The knights of the Crusades used the same method to rein-
force their swords when shaping them. The first modern-day applications, again,
are to be found in military technology, but also in railroad technology. [1.1] reports
that in 1789, the outer surfaces of artillery gun barrels were hammered in order to
improve their strength, and by 1848, train axles and bearing bolts were evened out
by rolling. Until that point, the methods had been intrinsically connected to the
skill and experience of the craftspeople, who used strict confidentiality in passing
on their knowledge in order to keep their competitive advantage.

It was only in the 1920s and -30s that surface treatment evolved into technical
processing methods. F�ppl’s seminal treatises of 1929 [1.2, 1.3] establish the cor-
relation between mechanical surface treatment and increased fatigue strength,
indicating significantly higher fatigue strength in surface-rolled samples than in
polished samples. Consequently, F�ppl’s group [1.4] extended their examinations
to include notched components and found that the fatigue strength increased by
20–56 % in the case of deep-rolled thread rods. These findings were confirmed by
Thum [1.5] in his systematic examination of the relation of rolling and fatigue
strength, published in 1932. Thum also found that resistance to corrosion fatigue
[1.6, 1.7] and fretting fatigue [1.8] increased.

An alternative to deep rolling emerged in the form of shot peening. Its precur-
sor was developed in 1927 by Herbert [1.9], a process he termed “cloudburst”, in
which large quantities of steels balls are “rained” onto component surfaces from a
height of 2–4 meters. Herbert observed increases of hardness, but did not give
any indications regarding contingent increases of fatigue strength. In his afore-
mentioned [1.2, 1.3] paper of 1929, F�ppl showed that samples treated with a ball-
shaped hammer also exhibit significantly higher fatigue life under cyclic stress
than polished samples do. In 1935, Weibel [1.10] independently proved that sand-
blasting increases the fatigue strength of wires. This additional precursor of pres-
ent-day shot peening methods builds on the British patent taken out by the Amer-
ican, Tilgham [1.11], in 1870, which was originally geared at drilling, engraving



and matting of iron and other metals and deals with surface treatment using sand
accelerated by pressurized air, steam, water or centrifugal force. In 1938, Frye and
Kehl [1.12] proved the positive effect of blast cleaning treatments on fatigue
strength, and in 1939 v. Manteuffel [1.13] found higher degrees of fatigue strength
in sandblasted springs than in untreated springs. Crucial systematic examinations
were published in the US in the early 1940s. Working at Associated Springs Co.,
Zimmerli [1.14] used shot peening to increase the fatigue strength of springs and
analyzed the influence of peening parameters. At General Motors, Almen [1.15,
1.16] demonstrated fatigue strength improvements in engine components and
achieved increased reproducibility of the peening process by introducing the
Almen strips named after him. In 1948, fatigue strength improvements were
proven also for shot peened components under conditions of corrosion [1.17].

The development of special methods brought an additional impetus for the
technical application of mechanical surface treatment processes. Straub and May
[1.18] were the first to report increases of fatigue strength in springs which were
shot peened under pre-stress. While they presented models in which the state of
residual stress was to be shifted toward higher compressive residual stress by
means of tensile prestressing, this was not proven until 1959, when Mattson and
Roberts [1.19] analyzed residual stress states after �strain peening’ combined with
tensile or compressive prestrains. Today, this method is called stress peening and
is predominantly used on springs [1.20–1.25], but also on piston rods [1.26, 1.27].
Supplying thermal energy simultaneous or consecutive to the actual peening pro-
cess constitutes an approach for increasing the effect of the mechanical surface
treatment even further. Warm peening, i.e. shot peening at high workpiece tem-
peratures, was first suggested in a 1973 Japanese patent [1.28] to achieve increased
fatigue strength in springs by using the “Cottrell effect”. In the meantime, appli-
cations in the spring manufacturing industry have been examined [1.29–1.35] and
fundamental research by the V�hringer and Schulze group [1.36–1.38], in particu-
lar, has been pushing toward a deeper understanding of the processes and an opti-
mization of warm peening. Conventional shot peening and consecutive annealing
was examined more closely by the teams of Scholtes [1.39] as well as V�hringer
and Schulze [1.41] as an alternative method. These examinations show that appro-
priately selected annealing temperatures and times are able to achieve effects
comparable to warm peening, while complexity is reduced. Wagner and Gregory
[1.42–1.46] increased the density of nuclei for re-crystallization or precipitation in
the surface layers of titanium and aluminum alloy workpieces which is effective
during annealing after shot peening or rolling, and thus enables fine grain forma-
tion and selective or preferred surface hardening. These procedures, too, allow for
considerable increases of fatigue strength at room temperature or higher tempera-
tures. A completely new method has been developing since the 1970s in the form
of laser shock treatment. However, it has attained technical relevance only gradu-
ally. Its importance has started to increase since suitable laser technologies have
become available and the enhancement process has been transferred from labora-
tory lasers, which are irrelevant for technical applications, to industrially applic-
able lasers [1.47–1.52].
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In the course of method development, at first the question remained which sur-
face changes of the workpieces the observed increases in fatigue strength could be
attributed to. Samples manufactured by machining were used to prove and to
quantitatively record the influence of surface topography on fatigue strength.
Houdremont and Mail�nder [1.53] demonstrated that the difference in roughness
between polished and coarsely cut surfaces leads to fatigue strength changes
which become more pronounced the greater the strength of a material is. Siebel
and Gaier [1.54] in 1956 stated a factor for roughness that expresses the effect on
fatigue strength and decreases linearly with the logarithm of roughness. At first,
an intense and controversial debate centered on whether the cause for fatigue
strength increases was to be found in the effects of mechanical workhardening, as
postulated by F�ppl and his team [1.2, 1.3], or the effects of the induced compres-
sive residual stress states, as Thum and his team [1.5, 1.55] assumed. Fig. 1.1
summarizes the essential approaches. Today it is commonly accepted knowledge
that the inhomogeneous plastic deformations required for generating residual
stresses always involve local alterations of the material state, which may affect a
component’s fatigue strength. However, the residual stress stability within the
given operating conditions of a component determines whether the residual
stresses are to be treated as loading stresses, in which case they are predominant
in comparison with the effect mentioned first. Both effects may be taken into
account in the so-called concept of the local fatigue limit [1.56, 1.57] and be super-
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1 Introduction

posed with the aforementioned roughness effects and those of additional potential
phase transformations.

Mechanical surface treatment processes commonly used today may be roughly
divided into cutting and non-cutting methods. The main focus of cutting methods
is on shaping, while achieving optimal surface layer states for later use is only a
secondary objective. Therefore, study is restricted to describing non-cutting meth-
ods which serve to enhance the surface layer state with respect to the future appli-
cation. Fig. 1.2 shows a systematized compilation of these methods. The methods
indicated are subdivided into those without or with relative movement between
the tools and the workpiece and those with a static or an impulsive tool impact.
The description of methods without relative movement is limited to impulsive
impact, which has a repetitive irregular pattern in shot peening and a repetitive
regular pattern in laser shock treatment. Among the methods involving relative
movement, the focus is on the rolling movement of deep rolling. The aforemen-
tioned process modifications are always included in the description. As indicated
earlier, it is crucial for the effects of mechanical surface treatment on component
properties that the modifications imparted on the surface layer state are as stable
as possible and are not reduced significantly during loading. This applies, in par-
ticular, to the residual stress states created. Therefore, the following description of
the individual methods and the surface layer alterations they cause goes on to
examine their stability during thermal, quasi-static and cyclic loading and combi-
nations thereof. In addition to the experimental results and the causes, the focus
is also on approaches toward a quantitative modeling of the changes of the surface
layer state. In conclusion, the effects of mechanical surface treatments on cyclic
loading behavior are discussed systematically and integrated into quantitative
model approaches, as well.
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2
Procedures of Mechanical Surface Treatments

2.1
Shot Peening

2.1.1
Definition and Delimitation of Procedure

DIN 8200 [2.1] defines peening as mechanical surface treatment processes in
which peening media with a specific shape and a sufficiently high degree of hard-
ness (compare DIN 8201 [2.2]) are accelerated in peening devices of various kinds
and interact with the surface of the treated workpiece. The methods summarized
in Table 2.1 are to be distinguished depending on the objective. The creation of
compressive residual stresses close to the surface is the main focus of the shot
peening process, whereas in the other methods, these effects are more or less sig-
nificant side effects. Accordingly, shot peening is the sole method used for
increasing the load capacity of technical components. Therefore, the following
report is limited to this peening process.

2.1.2
Application Examples

Due to its flexibility, shot peening may be used on components of almost any
shape, particularly on those possessing a complex geometry. It is thus predestined
for use on cross-sectional variations, chamfers, boreholes and bore edges. Compo-
nents which are typically shot peened in technical mass production are springs,
con-rods, gears, stepped or grooved shafts and axles, turbine vane and blade bases
and heat-affected zones of welded joints. Due to the positive effects on resistance
to stress corrosion cracking and corrosion fatigue, shot peening is also used in
apparatus engineering and plant construction, in order to protect e.g. interior
pipe surfaces against corrosive media.



Tab. 2.1: Subdivision of peening treatments

Peening Type Shot Peening Blast Cleaning Finish Peening Abrasive Peening Peen Forming

Main Aim Generation of
compressive
residual stresses
and work-
hardening close
to the surface

Removal of
contaminants,
coatings (rust,
scale), laquers

Generation of a
uniform rough
or smooth sur-
face structure

Machining of
the workpiece
with geometrical-
ly undefined cut-
ting edge

Forming, Straigh-
tening

Side Effects Mostly increase
of roughness,
cleaning

Generation of
compressive
residual stresses
and work-
hardening in
usually very
thin surface
layers

Generation of
compressive
residual stresses
and work-
hardening in
usually very
thin surface
layers

Generation of
compressive
residual stresses
and work-
hardening in
usually very
thin surface
layers

Generation of
compressive
(convex, small
depth of defor-
mation) or tensile
(concave, large
depth of defor-
mation) residual
stresses, workhar-
dening and
increase of
roughness

Applications Cyclically, wear,
corrosively or
fretting corro-
sively loaded
components,
generation of
compressive
residual stresses
prior to coating

Fettling,
removal of tar-
nish at CrNi-
steels, descaling,
derusting,
desanding,
cleaning prior
togalvanizing

Surface
roughening
prior to coating,
improvement of
load capacity and
lubrication prop-
erties, optical
effects as rough-
ening, smooth-
ing, polishing or
matting

Deburring,
removal,
separation

Sheet compo-
nents, integrally
reinforced
plankings

Peening Media Round: rounded
cut wire shot,
cast steel shot
(d= 0.2 to
3 mm), ceramic
(d= 0.15 to
1.5 mm) or glass
(d= 0.05 to 0.85
mm) beads

Chiselled:
chilled cast grit,
corundum,
quartz sand,
glass beads,
polymer granu-
late

Round or
chiselled: steel,
aluminum,
ceramic, glass,
silicon carbide

Chiselled:
chilled cast
grit, corundum

Round: steel balls
of high hardness
(d= 2 to 10 mm)
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2.1.3
Devices, Tools and Important Parameters

According to Fig. 2.1, shot peening may be applied using rotating wheel, com-
pressed-air, injector and injector gravitational peening systems that are distin-
guished by their respective technique for accelerating the shot. A rotating wheel
peening installation consists of one or more rotating wheel units. The rotating
guide vanes receive the shot through the wheel hub and centrifugal forces thus
serve to accelerate the shot. These systems are characterized by a high throughput
of the shot, but also by a broad velocity distribution within the cross section of the
shot stream. The drop velocity of the shot is controlled by the rotation of the rotat-
ing wheel. In compressed-air peening systems, the shot is conveyed from an un-
pressurized storage container to a pressurized storage container by a supply sys-
tem. The shot is then passed into a jet of air of equal pressure via a shot dispen-
sing unit. The mixture of air and shot is finally accelerated through a nozzle onto
the surface of the workpiece. The essential factor which determines the velocity of
the shot is the pressure of the air/shot mixture. In contrast to rotating wheel sys-
tems, the shot delivery rate and the spread of shot velocities are comparatively
low. Compressed-air peening systems are primarily suited for the treatment of
geometrically complex components due to the greater freedom of movement of
the nozzle, and for high-intensity treatment of small areas because of the small jet
diameters. Injector peening systems use the effect of suction to transfer the shot
from a storage container into the air stream. The shot is transported by the air
stream and accelerated through nozzles onto the workpiece surface, as in com-
pressed-air systems. The simple construction of these systems allows for high
delivery rates and medium velocity spreads of the shot, while nozzle mobility and
shot intensity are reduced in comparison to compressed-air systems. In injector
gravitational peening systems the storage container is located above the workspace
and the supply of shot to the air stream is thus supported by the force of gravity.
This permits improved control of velocity and delivery rate.

a) b) c) d)

Fig. 2.1: Different devices for shot peening treatments:
rotating wheel (a), compressed air (b), injector (c) and
injector gravitational (d) peening devices, [acc. 2.3]

112.1 Shot Peening
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A special form of shot peening is represented by ultrasonic shot peening, in
which the shot and the workpiece are placed in a chamber together and are
exposed to a strong ultrasonic field at frequencies of about 20 kHz. This field
accelerates the ball bearings that are used as shot. The shot interacts with the sur-
face of the workpiece in an impact process at similar velocities as in conventional
shot peening methods. Appropriate chamber design permits use of the method
for large component surfaces and mobile applications [2.4]. Furthermore, the
encapsulation of the shot prevents contamination by small shot and shot particles.
As the shot deviates only slightly from exact spherical shape, the aim is to achieve
lower degrees of surface roughness [2.4].

The shot acts as the tool of the peening process. Depending on type, the shot is
delivered either as balls, chiseled grit, rounded cut wire, beads or granulate.
According to Fig. 2.2, the classification distinguishes between metallic shot – such
as chilled cast steel or steel in the form of rounded cut wire –, inorganic non-
metallic shot – such as ceramic or glass beads –, organic shot – such as polymer
granulate –, and a number of natural materials. It is characterized by its chemical
composition, size, size distribution, shape, stiffness, hardness and density. While
dry rotating wheel systems, for instance, generally use iron-based shot, special ap-
plications in wet shot peening systems in the nonferrous metals industry also call
for the use of nonferrous metal shot whenever contamination of the workpiece by
shot dust of different material is to be avoided. Among the types of inorganic non-
metallic shot, glass beads and beads made of zirconium oxide, silicon oxide and
corundum are particularly significant. Organic peening media, some of which are
of natural origin, are also used for special applications, specifically superfinishing
[2.5].

Non
Ferrous Metals

Organic
Materials

Iron Base
Materials

Inorganic-
Nonmetallic

Materials

Shot

hard cast
iron

cast steel

cut steel wire ceramic beads

electro corund

silicon carbide

glass

aluminium granal

bronze shot

zinc shot

cut
aluminium wire

cut brass
wire cut bronze

wire

cut zinc
wire

polyvinylchloride

polystyrole

polyamide

nut shells

fruit stones
hard wood

rice shells

Fig. 2.2: Media for shot peening
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2.1 Shot Peening

According to the detailed discussion of the elementary processes of shot peen-
ing in Sect. 3.1.1, the hardness of the shot must, at least approximately, equal the
hardness of the workpiece. Therefore, hardened or case hardened steels require
the use of steel shot of at least grade 54–58 HRC instead of the common cast steel
shot of grade 46–51 HRC [2.6]. Owing to their hardness, glass or ceramic beads
are also an option for achieving high compressive residual stress states. It must
be taken into account, however, that their lower density results in a smaller
impulse upon impact on the workpiece and thus, less deep action of the peening
process [2.7,2.8].

The shot size is to fit the dimensions and geometry of the components to be
treated. On the one hand, the shot size must be sufficiently small to reach areas
which are hard to access, such as small notches. This also serves to avoid notch
effects due to impact-induced roughness. On the other hand, the dimensions and
shape of thin-walled components are not to be changed inadmissibly [2.9]. Regard-
ing the quality of a peening process, regular monitoring of the shot state is essen-
tial, as the shape and the size spread of the shot will change during application
due to fragmentation and wear. Thus, the shot is conditioned [2.10–2.12] by
removing dust, screening out particles that exceed an upper or lower limit and
separating chiseled particles. One way of achieving the latter is to pour the shot
onto a conveyor belt which is tilted sideways, thus allowing sufficiently round par-
ticles to quickly roll off [2.13].

Steel workpieces are usually treated with steel shot. Glass beads are primarily
suited for low-intensity shot peening treatments and for components which would
otherwise be contaminated and, for example, become more prone to corrosion.
Therefore, they are used primarily on small-diameter components and on tita-
nium or aluminum alloys sensitive to contamination by iron [2.14]. Ceramic beads
combine high hardness with medium densities and are used e.g. for the shot
peening of titanium alloys [2.14]. Recent research deals with shot peening using
zirconium oxide and hard metal shot for the strengthening of ceramic samples
made of silicon nitride and aluminum oxide [2.15–2.17].

In special cases, different shot types are used consecutively. After being treated
with cast steel, case hardened gears may receive a secondary peening using glass
beads to shift the maximum compressive residual stress closer to the surface
[2.18,2.19]. This secondary treatment also reduces the roughness of components
made of titanium alloys [e.g. see 2.20–2.23]. Shot of different size is used for peen-
ing welded joints [e.g. see 2.24,2.25]. Notches with small radii are primary treat-
ment using fine shot, while the required intensity is achieved by using coarser
shot subsequently.

Fig. 2.3 shows the essential parameters of the shot peening process. Apart from
the factors defined by the peening system which influence the amount and the
velocity of the shot and thus, peening intensity and coverage, the aforementioned
properties of the shot are crucial. According to the detailed description in Sect. 3,
the properties and the state of the workpiece, determined by its temperature and
the degree of prestress, are so essential that alterations of these factors have led to
a variety of methods, described separately below.
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Shot Workpiece

Device

peening time
mass flow rate

shot velocity

impact angle

coverage

nozzle diameter

nozzle clearance

shape
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mass

size

material

size distribution

wear state

geometry

elastic-plastic
deformation behaviour

hardness

chemical
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crystal structure

Shot peening

temperature

prestress

Fig. 2.3: Parameters influencing the results of shot peening treatments

2.2
Stress Peening

2.2.1
Definition and Delimitation of Procedure

Stress peening is a variant method of shot peening in which mechanical prestress
of the same direction as the future operational load is applied to the workpiece
during the peening treatment [e.g. see 2.26–2.35]. This prestressing is used to
shift the residual stress state after the shot peening process towards higher com-
pressive values. Since the stress peening process itself, aside from applying pres-
tress, is identical to the shot peening process described in the preceding section, it
requires the same equipment.

2.2.2
Application Examples

Stress peening is primarily used in the final treatment stage of springs, such as
leaf, coil, turning-rod and brake accumulator springs [e.g. see 2.34–2.39]. There
are also studies available regarding the use of stress peening on con-rod shafts
[2.32,2.33]. Concerning components peened under torsional prestress, it must be
taken into account that the resulting residual stress components vary significantly
due to the biaxial load. In this particular case it is crucial that the future service
load will not be alternating, but swelling, or should at least have a pronounced
mean stress component.
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2.3 Warm Peening

2.2.3
Devices, Tools and Important Parameters

In terms of systems technology, there are no different prerequisites than for con-
ventional shot peening. The same kind of shot is utilized for stress peening treat-
ments as for conventional peening treatments. The only difference regarding the
required installations is presented by the devices for applying pre-stresses, which
are component-specific because they must permit load to be introduced in the
same manner as service load on the component will be later. In the industrial
area, the actual application of prestress is usually effected by screw connections
[2.32], while within a laboratory environment prestress may also be applied
hydraulically [2.31] or pneumatically [2.40]. The actuating variables of the conven-
tional shot peening process, too, remain in effect without change. The amount of
prestress applied is a significant additional factor. Concerning samples of simple
geometry, the type and direction of prestress as determined by the future service
loading of the component are important variables as well. Thus, the distinction is
made between homogeneous uniaxial tensile prestressing, non-homogeneous
uniaxial bending prestress and non-homogeneous biaxial torsional stress.

2.3
Warm Peening

2.3.1
Definition and Delimitation of Procedure

Warm peening is a variant of the common shot peening process used exclusively
on steels, in which the workpiece exhibits an elevated temperature. Peening gen-
erally takes place at temperatures ranging from 170 �C to 350 �C [e.g. see
2.29,2.41–2.44]. Apart from the elevated temperature, the process is identical to
conventional shot peening, and therefore principally requires the same equip-
ment. An additional concern is that the effective temperature levels should only
occur in the workpiece and that the shot, in particular, should not be warmed up
significantly, as this would lead to decreases in hardness due to annealing effects
and thus, to a reduced benefit of the peening process.

2.3.2
Application Examples

Examinations of warm peening applications in technological practice have so far
focused exclusively on the surface treatment of various steel springs [e.g. see
2.29,2.44–2.49].
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2.3.3
Devices, Tools and Important Parameters

As mentioned above, there are no particular requirements beyond heating the
workpiece and avoiding undue warming of the shot. Industrial processes fre-
quently utilize the residual heat of preceding heat treatments to achieve the
desired workpiece temperature. However, maintaining a constant temperature
can become problematic in case of even the slightest deviation from scheduled
timing. Therefore, scientific research relies on a specific warming of the work-
piece in compressed-air peening systems. It is achieved either by adding heated
air streams to the mixture of air and shot, as indicated for the peening nozzle in
Fig. 2.4 [2.40], or by inducing eddy current [2.50–2.52].

cold air
plus shot

hot air

Fig. 2.4: Peening nozzle for shot peening at elevated temperatures [2.39]

2.4
Stress Peening at Elevated Temperature

To date, only a few examinations of stress peening at elevated temperatures [e.g.
see 2.46,2.53,2.54] have been carried out. Applications, if economically relevant at
all, are to be found in the spring manufacturing industry. The required technical
systems and the actuating variables described in connection with stress peening
and warm peening are to be considered jointly.

2.5
Deep Rolling

2.5.1
Definition and Delimitation of Procedure

Deep rolling is a non-cutting production method which, next to finish rolling and
size rolling, is counted among the fine surface rolling methods (see Fig. 2.5)
according to VDI guideline 3177 [2.55]. Finish rolling aims at creating surfaces
with a plateau-like profile and especially low roughness, without significantly
altering the geometric shape, in order to achieve good sliding and antifrictional
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qualities and to reduce wear. Size rolling is used to generate precise dimensions
and thus create workpieces with an accurate fit. By contrast, the objective of actual
deep rolling is to introduce workhardening and compressive residual stresses into
near-surface regions in order to increase fatigue strength. In this goal-oriented
rather than method-oriented classification, the transition from finish rolling to
deep rolling is to be viewed as a fluent one, since increased strength is an addi-
tional aspect beyond mere smoothing. Deep rolling generally entails rolling off
the tool and the workpiece against each other repeatedly at a defined pressure.
This forces a continually increasing plastic deformation in the near-surface region
[2.5,2.57–2.59]. If a translational motion is applied in addition to the rotational
movement, this is called feed method when used on smooth or slightly notched
components, and plunge method when used on heavily notched parts.

F
x

F

s

F

s

deep rollingsize rollingfinish rolling

1

1

1

1

2
2

2

2

workpiece tool F = rolling force s = feed

Fig. 2.5: Methods of surface rolling: smooth rolling and deep rolling using the feed method (a),
size rolling (b) and deep rolling using the plunge method (c) [2.56]

2.5.2
Application Examples

In the automotive industry, in general mechanical engineering and, to a certain
extent, in aircraft construction, deep rolling is used on crankshafts, valve shafts,
screws, bore-holes, axles, bolts and threaded parts. Due to the rotation of both the
tool and the workpiece required in the method, its application is generally limited
to components or treatment regions of rotational symmetry. Special tools permit
deep rolling of the interior surfaces of through holes, stepped holes or blind holes
with a sufficiently large diameter. Due to its simple technical realization in stan-
dard machine tools, deep rolling is easily implemented in the same clamping after
a cutting treatment, especially if this is preceded by turning processes.
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2.5.3
Devices, Tools and Important Parameters

Deep rolling may generally be done on standard machine tools. A distinction is
made between tools of a roller-type design and tools which are spherical, the latter
exhibiting greater flexibility [2.60]. Using profiled rolls permits specific work on
threads as well as precise sizing of notches with a special shape. Another distin-
guishing feature is the way in which loads are applied during the deep rolling pro-
cess. In mechanically prestressed tools, the deep rolling force is regulated by
spring elements, whereas hydrostatic tools generate the deep rolling force by
means of the operating fluid pressure. In both cases, the rolling force is increased
and decreased gradually during the beginning and ending stages of the work pro-
cess in order to prevent the occurrence of stress peaks in the component.

In contrast to the descriptions mentioned above, deep rolling of crankshaft
bearings involves special machinery. For work on the seats of rolling bearings the
part is clasped by a pincer-shaped tool that consists of two large supporting rollers
and two milling rollers, the latter working on the radii which lead to the crank
cheeks [2.61].

Fig. 2.6 summarizes the essential actuating variables of the deep rolling pro-
cess, which may be classified according to workpiece, tool, method or device used.

Process Device

Workpiece Tool

topography

(roughness, waviness,

micro profile)

topography

(roughness, waviness,

micro profile)

homogeneity

geometry

force, pressure,
specific force

contact length

feed rate

degree of flexibility

roundness

number of overruns slip friction

geometric accuracy

environment

elastic

deformation behaviour
elasto-plastic

deformation behaviour

control

stiffness

drive

Deep Rolling

Fig. 2.6: Parameters influencing the results of deep rolling treatments

2 Procedures of Mechanical Surface Treatments18



2.6
Laser Peening

2.6.1
Definition and Delimitation of Procedure

Laser shock treatment exposes the surface of a workpiece to laser pulses with a
pulse duration in the nanosecond range, and is used for the mechanical treatment
of the near-surface regions of the workpiece reaching surface depths on the order
of millimeters. Building on numerous 1970s papers on laser-induced shock waves
– which, however, dealt first with determining the pressure created by pulsed laser
beams [2.63–2.65] and only later focused on the effects of the shock waves on the
material and on applications for treating materials [2.66,2.67] – work on the mod-
ification of materials based on measurements of hardness and residual stress
analysis has been intensified only since the late 1980s and 90s. The first laser sys-
tems used for this research were Nd:glass [2.68–2.71] and Nd:YAG [2.72,2.73]
types, the majority of which were designed for research exclusively and exhibited
only low pulse repetition rates, while they could produce pulse energy levels
beyond the capability of industrial laser systems. The three system types shown in
Table 2.2 are the present competitors in the emerging field of industrial applica-
tion. Apart from phase-conjugated Nd:glass lasers [2.74–2.76] and q-switched and
simultaneously frequency-doubled Nd:YAG lasers [2.77–2.81], XeCl-excimer lasers
[2.82] are favored.

Tab. 2.2: Laser types used for laser shock treatments

Laser Type Nd:Glass Q-switched Nd:YAG XeCl-Excimer

Country USA, F J, D J

Reference [2.72–2.74] [2.75–2.79] [2.80]

Wave Length [nm] 1053 or 527 532 308

Pulse Energy [J] 20–50 0.2 2

Pulse Duration [ns] 10–30 8 50

Pulse Rise Time [ns] 0.2 10 20

Pulse Frequency [Hz] 6 10 20

Beam Dimensions & 8 x 8 mm
2
,

˘ 0.9–6 mm
˘ 1 mm & 40 x 50 mm

2

Sepcial Feature SBS-Phase- Conjugation Fiber Coupling
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Laser-induced compressive impacts are mostly created by ablation of materials
applied to the workpiece or by ablation of near-surface regions, which is caused by
absorption of intense laser radiation and is additionally increased by the vaporized
material which forms on the workpiece surface [2.83]. For laser shock treatment
use, a laser system should have a short rise time of the pulse on the order of a few
nanoseconds, pulse durations on the order of tens of nanoseconds, a lowest possi-
ble beam divergence below one millirad, pulse energies of approx. one joule mini-
mum, and wavelengths with a maximum of one micrometer [2.84].

2.6.2
Application Examples

To date, the laser types and the associated problems mentioned above have limited
the number of technical applications that go beyond the experimental stage. At
present, the most important application is found in aviation technology, where
laser shock treatment is used to increase the fatigue strength and the foreign-
object-damage tolerance of jet turbine vanes and blades [2.85]. In medical technol-
ogy, laser shock treatment is used for treating the surfaces of knee and hip pros-
theses [2.76]. Applications for automotive technology have been tested [2.76]. In
addition, laser shock treatment is used to reshape airplane wings and for labeling
parts susceptible to tearing [2.76]. Finally, [2.77] reports its use in nuclear facilities
as a way to increase the resistance to corrosion fatigue in weld joints.

2.6.3
Devices, Tools and Important Parameters

At present, there is only a small number of systems suitable for industrial use.
Their fundamentally different types and some essential specifications are com-

Workpiece
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Laser Shock-
Treatment

elastic-plastic deformation
behaviour at highest strain rates laser type

geometry

wave length

pulse energy

pulse duration

pulse gap

pulse repetition rate

focussing

direct ablation

damping material at
confined ablation

thickness and absorption behaviour
of top coat at confined ablation

height of shockwave

number of pulses
per unit area

overlap of pulses

Fig. 2.7: Parameters influencing the results of laser shock treatments



pared in Table 2.2. In most cases, black adhesive strips/paint coatings with a water
cover or water with a glass cover are used as an absorption and cover layer. The
essential actuating factors are summarized in Fig. 2.7. They may be roughly
divided into factors attributable to the workpiece, to the laser itself and to the pro-
cess setup.
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3
Surface Layer States after Mechanical Surface Treatments

3.1
Shot Peening

3.1.1
Process Models

a) Elementary Processes

By means of the elastic and plastic impacts between the peening medium and the
workpiece, shot peening transforms part of the kinetic energy of the shot, which
is contingent on particle mass and velocity, into
. elastic and plastic deformation work, preferably in the workpiece, but possibly
also in the shot,

. work effecting a change of lattice defects, preferably in the workpiece, but possi-
bly also in the shot,

. energy of newly created surfaces,

. deformation- and friction heat,

. kinetic energy of abrased particles,

. and, in special cases, into work which induces phase transformations.

The surface layer states created by shot peening are a consequence of local, inho-
mogeneous plastic deformations of the workpiece surface which occur as a result
of the impact of the individual shot particles on the workpiece. Fig. 3.1 shows the
fundamental correlations using the example of the depths of penetration, as deter-
mined by [3.1] by measuring the depth of impact craters on AISI4140 after peen-
ing with bearing balls. Penetration depth grows practically linearly with shot ve-
locity, the slopes increasing with shot diameter. When workpiece hardness
increases, however, penetration depth decreases hyperbolically with impact veloci-
ty. Conversely, penetration depth increases degressively as shot hardness is
increased. This effect, too, is more pronounced at great shot velocities.
Understanding and assessing the way shot peening treatments affect the sur-

face layer states requires a closer examination and separation of the deformation
processes taking place. As shot peening creates strain rates on the order of 10+4 to
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Fig. 3.1: Influence of shot velocity and shot diameter (a),
workpiece hardness (b) and shot hardness (c) on remaining
penetration depth after shot impact on AISI 4140, acc. [3.1]
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10+5 1/s due to the high impact velocities, the quantitative dependence of deforma-
tion behavior on temperature and strain rate is an important factor which shall be
described in the following, based e.g. on [3.2–3.4]. The elasto-plastic deformation
of steels is determined by different mechanisms, which are dependent on temper-
ature T and strain rate _ee. At T£ 0.3 TM (TM=melting or solidus temperature), the
dependency of the flow stress on temperature and strain rate may be attributed to
short range obstacles being overcome by thermally activated slip of dislocations
[3.5–3.8]. In accordance with

r ¼ rGðstructureÞ þ r*ðT ; _ee; structureÞ (3.1)

below a critical, strain rate dependent temperature To, flow stress r is additively
composed of an athermal component rG (temperature-dependent only to the
extent of shear modulus G or Young’s modulus E) and a thermal component r*
(comp. Fig. 3.2) [3.2]. The former is based on the effect of long-range slip obsta-
cles, among which are the stress fields of other dislocations, the grain boundaries,
the stress fields of dissolved foreign atoms, or particles which need to be cut or
looped. The second component r*, in contrast, results from the effects of short-
range slip obstacles, such as the periodic lattice potential (Peierls’ potential),
which can be overcome by the aid of thermal lattice energy fluctuations [3.9,3.10].
The free activation enthalpy DG available at a thermal flow stress r* is linked to
strain rate, temperature and the Boltzmann constant k by the equation

_eeðT; rÞ ¼ _eeoexp
�DGðr*Þ

kT

� �
: (3.2)

_eeo is determined by the density of slip dislocations, the Burgers-vector, the Debye
frequency and the lattice structure. The stress dependence of the activation
enthalpy directly follows the shape of the force-distance curve of the respective
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Fig. 3.2: Influence of temperature and strain rate on flow stress (schematic), acc. [3.4]

273.1 Shot Peening



3 Surface Layer States after Mechanical Surface Treatments

obstacle. Numerous theoretical and experimental findings present an approach to
this correlation by means of power laws of the form [3.6–3.8]

DGðr*Þ ¼ DG0 1� r*

r*
0

� � 1
m

" #1
n

. (3.3)

According to [3.2], this leads to

r� ¼ r�
0 1� T

T0

� �n� �m

(3.4)

as the correlation between the thermal flow stress component, temperature and
strain rate _ee, which defines the critical temperature

T0 ¼
DG0

k lnð_ee0=_eeÞ
. (3.5)

At particularly high strain rates above _ee » 1o+4 1/s, the dislocation movement is
additionally obstructed by interactions of the slip dislocations with electrons and
phonons due to electron or phonon viscosity and phonon scattering [3.11–3.14].
This leads to stress-proportional dislocation velocities, which affect the flow stress
according to

r ¼ rth þ aB_ee. (3.6)

rth is a temperature dependent critical stress, a is a proportionality constant and
B is the so-called damping constant. Due to this so-called viscous damping, the
sensitivity of the flow stress to the strain rate shows particularly high increases at
great strain rates.
According to Fig. 3.3, there is a distinction to be made in shot peening between

the stretching of the direct surface caused by forces perpendicular and parallel to
the surface, Hertzian pressure with maximum plastic deformations beneath the
surface, and heat development, which, on the one hand, reduces strength in
regions close to surface and, on the other hand, can effect states of compressive
stress due to the obstruction of thermal expansion [3.15]. However, as [3.16] esti-
mates temperature to increase by a maximum of 20 �C – assuming that the entire
kinetic energy of the peening medium is transformed into heat in shot peening
treatments on steel using high impact velocities – thermally induced effects are of
secondary importance in conventional shot peening. In particular, high coverages
can lead to low cycle fatigue processes in regions close to surface of the workpiece,
and cyclic deformation behavior can thus be involved as well. An assessment of
the significance of the individual effects is aided by the quantitative process
descriptions provided in the following section. Depending on whether it is Hert-
zian pressure or surface stretching that predominates, the greatest compressive
residual stresses occur either beneath the surface or directly at the surface.
According to [3.15], the hardness of the workpiece compared to that of the shot is
the crucial factor in this context. The effects of Hertzian pressure are pre-

28



3.1 Shot Peening
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Fig. 3.3: Scheme for the evaluation of deformation processes during shot peening, acc. [3.260]

dominant particularly in hard material states (in steels: hardness > 600 HV) dur-
ing peening processes utilizing shot of similar hardness, whereas surface stretch-
ing effected by the shot impacts is particularly significant in soft workpiece states
(in steels: hardness < 300 HV) in peening processes using shot which is consider-
ably harder. However, in medium hard material states (in steels: 300 HV<hard-
ness < 600 HV) which are peened using slightly harder shot, the effects of surface
stretching and Hertzian pressure are combined.
The Bauschinger effect [3.17] can be a highly significant factor during unload-

ing from the maximum load of shot impact. In elasto-plastically deformed mate-
rial states which are deformed in the opposite direction after original loading, the
Bauschinger effect frequently results in a reduction of the flow stress necessary
for initiating plastic deformation. There may even be backward plastic deforma-
tion occurring already during unloading, and an altered deformation behavior is
subsequently observed. Various properties, originating in stress values, strain val-
ues, deformation work or secant stiffness, are utilized for a quantitative descrip-
tion of the Bauschinger effect [3.18]. Describing its micro-structural causes has
been the objective of numerous models, each reflecting the level of knowledge of
their time about the microstructural processes of plastic deformation. They can be
divided into grain anisotropy models, dislocation models and back stress models.
Grain anisotropy models are based on the ideas of Masing [3.19,3.20] and Heyn,
[3.21,3.22]. In their view, the reduction of flow stress at load reversal is caused by
residual stresses, which occur during deformation and which result from varying
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flow stresses or varying workhardening behavior of the grains and grain regions
present in the polycrystal [3.23,3.24]. By contrast, the dislocation models which go
back to Sachs and Shoji [3.25] are based on the assumption that the cause of the
Bauschinger effect is to be found in the slip planes themselves, as single crystals
of brass, too, exhibit a noticeable Bauschinger effect. Orowan [3.26] postulates that
back stresses lead to dislocation movement in the opposite direction, possibly
already during unloading, due to the equilibrium with external loading which is
required at load reversal. A possible cause being discussed are the interactions in
heterogeneous materials between dislocations and precipitations, dispersions and
coarse secondary phases, which lead to the formation of back stresses – e.g. due to
the newly created boundary area after cutting processes [see e.g. 3.27] – or the dis-
solution of previously formed dislocation segments after Orowan looping pro-
cesses [see e.g. 3.27]. Alternatively, the residual stress fields of accumulated dislo-
cations in the vicinity of phase boundary areas are viewed as the cause of the
Bauschinger effect [3.28–3.33].
The Bauschinger effect generally increases with the concentration of dissolved,

resting foreign atoms. In this process, the development of planar dislocation
structures which show elevated back stresses in comparison to arrangements
within dislocation cells, is supported in part by a decrease in stacking fault energy
[3.34,3.35]. By contrast, the Bauschinger effect is reduced when diffusing foreign
atoms cause effects of static and dynamic strain aging which block slip disloca-
tions and thus impede backward deformation [3.36,3.37]. When dislocation den-
sity rises, the Bauschinger effect usually increases as well, due to growing disloca-
tion-induced back stresses [3.36,3.38]. However, the extent of the Bauschinger
effect depends to a considerable degree on the stability of the dislocation network
in its pre-deformation state [3.39], which is difficult to approach on an experimen-
tal level. Apart from the dislocation density itself, which is proportional to the
built-up back stresses in single-phase materials, the free path lengths of disloca-
tions are essential. However, there is only little and moreover, contradictory, infor-
mation on the influence of grain size. While [3.25,3.40,3.41] report the Bauschin-
ger effect to be essentially equal in single- and poly-crystalline material states,
[3.35,3.42,3.43] observe an increasing Bauschinger effect as grain size decreases.
As described above in the context of using back stress models to explain the
Bauschinger effect, increasing contents of coherent or incoherent particles and
coarse secondary phases cause increases of back stresses – induced by dislocations
or by the material state – and thus of Bauschinger effect [see e.g. 3.44]. Particularly
in quenched and tempered steels, the Bauschinger effect is very pronounced, due
to a small grain size, fine carbide precipitations and the high content of dissolved
carbon in high strength states [3.45].

b) Quantitative Description of Processes
The quantitative process descriptions presented in the literature can be grouped
into analytical and numerical models, which focus on the impact of a single peen-
ing medium particle and/or multiple particle impact. The analytical process
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descriptions are based, in essence, on the fundamental approach of Hertz
[3.46,3.47]. For elastic contact of a sphere with a radius R impacting vertically on a
flat plate, he states a distribution of surface pressure as described by

pðrÞ ¼ 2
3
�pp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r

as

� �2
s

(3.7)

with a mean of

�pp ¼ F
pa2s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16
9p

E*2
F
R2

3

r
. (3.8)

Here, F is the impact force,

as ¼
ffiffiffiffiffiffiffiffiffi
3FR
4E*

3

r
(3.9)

is the contact radius, and

1
E* ¼

ð1� v21Þ
E1

þ ð1� v22Þ
E2

(3.10)

is the reciprocal value of the effective Young’s modulus, which results from
Young’s moduli Ei and Poisson’s ratios mi of the plate and the sphere. The depth
distribution of the individual stress components in the impact center is a result of

rzðzÞ ¼ � 3
2
�pp

1

1þ z
as

� �2

rrðzÞ ¼ rhðzÞ ¼ � 3
2
ð1þ vÞ�pp 1� z

as
tan �1 as

z

� �
þ 3
4
�pp

1

1þ z
as

� �2, (3.11)

from which the depth distribution of equivalent stress

reqðzÞ ¼
3
2
ð1þ vÞ�pp 1� z

as
tan �1 as

z

� �
� 9
4
�pp

1

1þ z
as

� �2

���������

���������
(3.12)

follows according to v. Mises. Accordingly, the equivalent stress reaches its maxi-
mum value under contact at a distance to surface of z= 0,47 as, plastic deformation
setting in at a mean surface pressure of

�pp ¼ 1; 075Ry. (3.13)

The depth distribution of the stress components and the distribution of equiva-
lent stress according to v. Mises are shown in Fig. 3.4.
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The impact of the sphere is taken into account by Tabor [3.48,3.49], assuming
an ideal elasto-plastic behavior, a complete transfer of kinetic energy from the
sphere to the plate and a plastification up to the surface, by solving the equation
of movement

4
3
pR3rvdvþ dWel þ dWpl ¼ 0. (3.14)

This leads to the mean plastic deformation

�ee ¼ 0; 2
as
R

(3.15)

beneath the contact center point when the contact radius as is reached, and the
mean surface pressure
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�pp ¼ 2; 8Ry (3.16)

that occurs. The stored elastic work immediately preceding the sphere’s rebound
upon reaching the final value of the contact radius is

Wel ¼ 2; 35p2a3s
R2

yð1� v2Þ
E

, (3.17)

and the plastic work achieved at that point is

Wpl ¼ 0; 7p
a4s
R
Ry. (3.18)

These equations, however, do not yet provide an assessment of the distribution
of plastic strains. From the Hertzian formulae, in combination with Boussin-
esque’s solution for a single force within a semi-infinite space [3.51], [3.50] derive
the thickness of the plastified surface layer

zpl ¼ 1; 816as (3.19)

at the mean surface pressure required for achieving plastification up to the sur-
face, which again is

�pp ¼ 2; 8Ry. (3.20)

Based on [3.50] and assuming ideal plastic deformation behavior, [3.52–3.54]
state the sphere’s penetration depth related to sphere radius as

�zz
R
¼

ffiffiffi
2
3

4

r ffiffiffiffiffiffiffi
rv20
�pp

s
(3.21)

and the thickness of the plastified zone related to sphere radius as

zpl
R

¼
ffiffiffiffi
�zz
R

r
(3.22)

as a solution of the equation of movement. This is the first time that a correlation
is made between sphere velocity and the thickness of the plastified surface layer, q
being sphere density and vo being its initial velocity. Analogous approaches
describing penetration depth and the thickness of the plastified zone are pursued
in [3.55–3.58], supplemented by the inclusion of corrective factors in Equations
3.21 and 3.22 which reflect the dependency of deformation behavior on the strain
rate.
[3.59] is the first examination to state distributions of residual stress on the basis

of Hertzian pressure. It also shows that when yield strength has been exceeded,
increasing plastic deformation causes the distribution of contact stress to become
less inclined compared to the half-sphere-shaped distribution according to Hertz.
[3.60] additionally estimates the thickness of the plastically deformed zone under
varying sphere impact velocities. While both studies show the calculated maxi-
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mum residual stresses to be well in accordance with experimental results, the sur-
face residual stresses deviate very strongly from the measured values. Again based
on Hertz’s theory, [3.61] develop an analytical model for calculating the residual
stresses in shot peening. However, it neglects to fulfill the stress equilibrium
across the diameter. Assuming that elasto-plastic material behavior in the work-
piece shows multilinear workhardening, their calculations of residual stresses
close to the surface correspond well with experimental results.
Other analytical models describing the residual stresses in shot peened surface

layers do not examine the impact of individual particles, but presuppose a tempo-
rally and locally constant distribution of strains or stresses across the surface of
the workpiece, for which radial symmetry and the disappearance of stress compo-
nents perpendicular to the surface may be assumed. The sum of the plastic
strains caused by shot peening treatments is thus viewed as non-location-depen-
dent, and the effects of different sequences of plastic deformation development
are neglected. The first such model is described in [3.62], and it starts from the
assumption that the plastic deformations in the shot-peened surface layer run
from the surface following a cosine shape according to

ep:oðzÞ ¼ ep;o;max cos
p

2

ðz=zpl � aÞ
ð1� aÞ

� �
. (3.23)

Here, ep,o,max is the plastic strain at the surface contingent on the geometry and
solidification behavior of the workpiece, z is the distance to surface coordinate, zpl
is the depth of the plastic zone, h is workpiece thickness, and a is a coefficient
which is dependent on the material of the workpiece. It has a value between 0 and
1 and describes the depth of the plastic deformation maximum in relation to the
plastic zone’s thickness. When multiplied with Young’s modulus E, this plastic
strain results in a so-called source stress, which allows for an equilibrium of forces
and momenta across the cross section when it is superposed with a normal stress
which is constant across the cross section and linearly distributed across the cross
section. For a flat specimen of the length l, exhibiting a deflection f after shot
peening,

ep;o;max ¼
p f h

l2bð1��2b þ 4b=pÞ (3.24)

is stated as the maximum plastic strain. b is the ratio of plastically deformed zone
zpl to workpiece thickness h. Combining this with the information on specimen
dimensions, plastic zone depth and specimen deflection, the distribution of resid-
ual stresses can be stated as

rrsðzÞ ¼ Eep;o;max

12bð1� aÞ
ph

C1 z� h
2

� �
þ 2
p
b 1� að ÞC2 �

ep;oðzÞ
ep;o;max

� �
. (3.25)

Based on this, [3.63] provides diagrams for estimating maximum strains and
maximum residual stresses for different deflections as well as for different ratios
of plastified zone to workpiece thickness. Fig. 3.5 is an exemplary representation
of the influence of specimen thickness on the resulting depth distribution of
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Fig. 3.5: Influence of specimen thickness on the depth
distributions of residual stresses estimated by [3.63]

residual stress. The region affected by plastic deformation shows a maximum of
compressive residual stresses beneath the surface, below which they change into
courses of bending stress. The steepness of the latter increases with decreasing
sample thickness, resulting in lower residual stress levels close to the surface.
[3.52–3.54] proceeds in a manner similar to [3.62] in calculating the distribution of
residual stress, stating comparable correlations.
It was first mentioned by [3.52] that the cyclic deformation behavior of the work-

piece, too, is important for the shot peening process. This is based on the assump-
tion that the increments of plastic strain will decrease with each impact and satu-
ration or stabilization effects will occur. Additionally, it is pointed out that due to
the loading and unloading processes during repetitive impacts the tendency of the
workpiece to exhibit Bauschinger effect is a factor. Under the assumption that all
surface points are concurrently and similarly loaded and thus, a flat strain state
exists, [3.64,3.65] calculate the areas of plastic strains and residual stresses from
the deformation field determined for elastic material behavior according to Hertz.
The surface layer of the workpiece is divided into a region which, following initial
plastic deformation, is deformed elastically only, and a region close to the surface
which experiences cyclic elasto-plastic deformation in kinematic hardening and
softening and which shows a stabilized deformation behavior. Thus, apart from
quasi-static workhardening behavior, cyclically stabilized workhardening behavior,
too, is relevant to describing the state of the surface layer. Approaches utilized for
the simplified examination of mechanical compatibility are found in [3.66]. Corre-
sponding to the division into two zones, residual stress distribution shows con-
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stant values within the zone of cyclic elasto-plastic deformation and decreasing
values within the zone of cyclic elastic deformation. In order to take into account
the drop in residual stress amounts close to the surface as observed in high
strength material states, the existence of an additional zone of cyclic and entirely
elastic deformation must be assumed. [3.67,3.68] took up this model, inserted
improved material models and arrived at similar results. [3.69] experimentally de-
termined a mean of 15 shot impacts for every surface point. Therefore, in contrast
to the cyclic stress-strain curve determined by standard methods, they inserted the
stress-strain correlation at a cycle number of 15 into the model introduced by
[3.64,3.65]. In [3.70] the approaches described were developed into an easily usable
software package, which allows residual stress distributions to be inferred from
the Almen intensity and the shot diameter. A primary program is initially used to
determine the deflection of an Almen strip under similar model assumptions as
in the description of the shot peening process itself. This allows inferring the shot
velocity from the shot diameter and the Almen intensity. Shot velocity is then
used as an input parameter in the actual calculation, in which the axial-, bending-
and source stresses caused by plastic deformation close to the surface are super-
imposed in a similar manner as in the models of [3.52,3.58] and the resulting sys-
tem of equations is solved iteratively. To take account of multiple peening runs,
there may be multiple runs of the calculation. Finally, simple specimen geome-
tries also allow for any shot peening-induced deviations of shape to be estimated.
[3.71–3.75] introduced a model building on the approaches of [3.68,3.76] which
takes into account friction effects, different impact angles and the hardness ratio
of the shot to the workpiece. In this model, friction leads to surface residual stress-
es decreasing close to the surface, i.e. to residual stress depth distributions which
show a pronounced peak of compressive residual stresses beneath the surface. By
contrast, impact angles which deviate from the surface normal reduce the depth
effect of plastic deformation and thus of residual stresses. The model assumptions
were first introduced in [3.73] as a software named “Shotpeen”, whose successor,
“Peenstress”, has seen commercial use in recent years [3.75]. [3.75] list applica-
tions on steels, nickel-, titanium- and aluminum-base alloys, which are well in
accordance with the residual stress values determined experimentally. Fig. 3.6 is
an exemplary depiction, showing the depth distribution of shot peening-induced
residual stresses in Udimet 720 [3.72]. The surface value and the maximum value
of the residual stresses are described well, as are the depths of the maximum and
of the position of zero residual stresses.
Supplementing the model approaches introduced so far, the literature also pro-

vides a large number of numerical approaches for describing surface layer devel-
opment during shot peening. The first known study to focus on this was [3.77] in
1971, describing the flattening of contact stress distribution in comparison to
Hertz’s elastic model for ideal elasto-plastic material behavior. [3.78–3.80] carried
out similar calculations on elasto-plastic material behavior. However, the verifica-
tion of their results is limited to Hertz’s solution for the purely elastic case.
[3.78,3.80] measured the residual stresses by superposing the numerical solution
with an elastic, analytically derived stress distribution. [3.81–3.87] also assumed
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areal loads as external loading, derived from primary calculations or from Hertz’s
contact formulae. [3.81] even included a description of multiple impacts.
[3.88,3.89], too, calculated single and multiple contacts, using Finite-Element- and
Discrete-Element calculations coupled by interaction laws. However, the Finite-
Element method has become the method of choice for most research teams work-
ing in this field.
The kinematics of the shot impact are considered in Finite-Elements calcula-

tions. This was done in [3.90] regarding frictionless single impact, and in
[3.90–3.93] regarding frictional single impact. The interaction of the spheres is
included in the simulation in [3.94–3.97] as double or multiple impact. Examina-
tions of the influence of the strain rate on the peening result, however, figured
prominently for the first time in the calculations of [3.98], and the kinematic
workhardening that permits the Bauschinger effect to occur was introduced by
[3.99].
Numeric descriptions of the shot peening process were carried out in [3.100],

which examined the influence of material behavior and peening parameters on
the residual stress states of the two steel varieties, AISI4140 with Rpo,2 = 800 MPa –
described as medium-hard in the following, thus deviating from [3.100]’s classifi-
cation as soft – and 54SiCr6 with Rpo,2 = 1680 MPa – described as hard in the fol-
lowing. Elasto-plastic material behavior is approximated multilinearly and work-
hardening is preferably viewed as isotropic. In 2-dimensional ABAQUS-based
Finite-Element calculations describing single impact, [3.100] finds that for purely
elastic material behavior, Hertz’s equations are confirmed for contact pressure dis-
tribution, while regarding elasto-plastic material behavior, contact pressure distri-
bution drops off, and mean contact pressure is roughly �pp = 3 Ry, thus correspond-
ing to the analytic model of [3.50]. The surface value and the maximum value of
residual stresses are barely influenced by sphere radius, while the maximum- and
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permanent penetration depths, the contact radius and the depths of the residual
stress maximum and of the plastically deformed zone increase proportionally to
sphere diameter. According to Fig. 3.7 the maximum- and permanent penetration
depths �zz and zend, as well as the thickness of the plastically deformed zone zpl,
increase linearly with rising sphere impact velocity. By comparison, contact radius
ac increases marginally. The resulting values are always higher for the medium-
hard material than for the hard material state. As sphere impact velocity grows,
residual stress levels at the surface increase significantly, and maximum residual
stress values increase only slightly, as shown in Fig. 3.8. In the medium-hard
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material state this leads to near-congruence of both values for the highest sphere
impact velocity examined. The hard material state, on the other hand, exhibits
greater residual stresses, which are clearly higher beneath the surface than they
are at the surface, even at great sphere impact velocities. The depth of the residual
stress maximum in the hard material state increases with rising sphere impact
velocity, and in the medium-hard material state it shows a maximum at medium
speeds. As the surface values and maximum values of the residual stresses
approximate each other in the medium-hard work material state, the plateau
which is typical for these material states forms. When friction effects are taken
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Fig. 3.9: Parameter study by [3.100] on the influence of vis-
cous damping on the residual stress state after single shot
impact on hard 54SiCr6

into account, the residual stresses close to the surface are shifted toward tensile
values. The influence of plastic deformations of the sphere was additionally exam-
ined by varying the relation of the yield strengths of the sphere and the workpiece.
With decreasing sphere hardness, this results in decreasing penetration depths
and contact radii, and residual stresses can be tensile at the surface. A relation of
strengths between the sphere and the workpiece larger than 2 results in constant
values of the stated factors – in agreement with the results of [3.91,3.92] discussed
above – which are congruent with the values for purely elastic sphere behavior.
Accordingly, no plastic deformation occurs for spheres whose hardness is at least
double the hardness of the workpiece. In parameter studies to take account of the
strain-rate-dependence of material behavior using a viscous damping term, [3.100]
finds a pronounced increase of close-to-surface residual stresses at rising strain-
rate sensitivity, following an initial decrease – as shown in Fig. 3.9. By contrast,
the maximum residual stresses increase slightly initially – while their depth
clearly decreases – before they gradually fall.
In ABAQUS simulation calculations – again, 2-dimensional – for describing

multiple impacts on the same position, [3.100] finds that with a growing number
of sphere impacts, the maximum and permanent penetration depth, contact
radius and thickness of the plastically deformed zone show decreasing amounts
of change, due to an increasing workhardening of the workpiece. While the resid-
ual stresses at the surface become greater with every impact – again, the amount
of change decreases –, there is hardly any change in maximum residual stress val-
ues and their depth. For increasing sphere impact velocities, the discussed find-
ings regarding single impact are also obtained after multiple impacts. In accor-
dance with experimental findings for peening treatments with complete coverage,
the aforementioned effect of sphere impact velocity found in the single impact
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simulation is thus reduced, because at increasing sphere impact velocities, the
same coverage is achieved by a decreasing number of sphere impacts.
Finally, [3.100] also estimates the surface layer state after multiple impacts at

different positions. He starts from a 3-dimensional model in ABAQUS which
describes single sphere impact. The results are then applied – consecutively at dif-
ferent positions, as displacements – to a larger model within Adina. By selecting
suitable neighboring positions and utilizing the symmetry possible herein, it is
possible to define small areas within which an arithmetic averaging of stress and
deformation values at a constant distance to surface permits statements on the
surface layer state after shot peening treatments. It becomes evident that the re-
sidual stresses are smaller than under single impact and that they are in greater
accordance with the experiment. At the same time, residual stress fluctuations
close to the surface can be assessed.
[3.101], also using the Finite-Element method, simulated the surface layer for-

mation during shot peening. Here, the ABAQUS/Explicit software package was
utilized with a user-defined material routine which describes deformation behav-
ior at high strain rates based on the theory of thermally activated dislocation
movement. Calculations were carried out for a single central impact and for 6 or
12 impacts occurring within two concentric circles around the central point whose
impact areas touch. In order to keep effects of sequence as small as possible, the
impact sequence was carried out in such a way that the number of preceding
impacts in the vicinity was statistically equally distributed for the individual
impacts. For determining representative residual stress depth distributions, the
residual stress values were averaged for the given depth over an area correspond-
ing to the circle circumscribing the 7 inner impacts. The residual stress distribu-
tions in quenched and tempered AISI4140 were described well regarding their
distribution at increasing distance to surface and the depth of the position of zero
residual stresses. However, residual stress values were clearly too high overall.
The Bauschinger effect was viewed as one possible cause, as it was not yet imple-
mented in the material model used, while bearing great significance regarding
quenched and tempered steel. Selected characteristics of the depth of the residual
stresses obtained with this method were compiled and comparatively assessed in
[3.101].
As Fig. 3.10 shows, surface- and maximum residual stress values hardly change

with increasing sphere diameter, while the depth of the zero crossing and the
maximum value of the residual stresses are clearly increased, since the kinetic en-
ergy of the impacting spheres increases. Accordingly, the influence of impact ve-
locity – shown in Fig. 3.11 – is similar, albeit that the residual stress values
decrease slightly at the smallest and greatest impact velocities. Fig. 3.12 shows the
influence of the impact angle, which is indicated as the angle to the surface nor-
mal. When the angle is increased, the residual stresses in the direction of the
impact component parallel to the surface, as well as the depths of the zero cross-
ing and of the maximum value of the residual stresses, are reduced because the
impact component perpendicular to the surface decreases. By contrast, the resid-
ual stresses in the transversal direction remain approximately constant, since the
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supportive effect of the surrounding material during impact is barely changed. In
parameter studies using the methods discussed above, [3.101] also studied the iso-
lated influence of individual material parameters, as Fig. 3.13 shows exemplarily
for yield strength and workhardening behavior. While an increasing yield strength
results in rising residual stress surface values and, particularly, in rising maximum
values of residual stress, the penetration depths of residual stresses and the depths
of the residual stress maxima decrease. By contrast, as workhardening rates rise –
as expressed by the workhardening coefficient used in Fig. 3.13b – the surface val-
ues of residual stresses decrease and their maximum values increase. Thus, the
effect of Hertzian pressure becomes more important than the effect of plastic
stretching at the surface. Residual stress penetration depth and the depth of the re-
sidual stress minimum, by contrast, are only marginally decreased. Regarding the
results of a variation of the workhardening coefficient, it must be noted that raising
the workhardening coefficient also significantly increases the flow stress achieved
for the strong plastic strains in the simulation, and thus the effects of workharden-
ing behavior and of the strength level appear jointly.
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Fig. 3.13: Influence of yield strength (a) and work hardening
coefficient (b) on surface- and maximum values of residual
stresses as well as on depth of maximum and zero residual
stresses for quenched and tempered AISI4140, determined by
[3.261] in simulations of multiple shot impacts

3.1.2
Changes in the Surface State

Due to the successive, statistically irregular impact of individual spheres on the
workpiece surface, the surface layer properties do not remain constant along the
surface in any case. This must be considered when assessing shot peened mate-
rial states. Fig. 3.14 shows this by means of high-lateral-resolution measurements
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Fig. 3.16: Workpiece properties affected by shot peening
treatments and methods for their experimental determination
[3.140]

of residual stress values at the surface of quenched and tempered SAE1045 sub-
jected to different shot peening treatments [3.102]. The area covered by the X-ray
beam was approximately circular, with a diameter of 0.23 mm. The measurements
were carried out along a line drawn arbitrarily on the surface, at distances of 0.25
mm. At a degree of coverage of 1.25, residual stresses between approximately -930
and -500 MPa are found. Although their fluctuation decreases during 3-fold cover-
age, during 10-fold coverage it increases to a degree at which marginal local resid-
ual stresses are facing compressive residual stresses above 1000 MPa. [3.102]
introduced similar findings also for a normalized and for a quenched state of
SAE1045. Fig. 3.15 shows that this effect is not restricted to the surface values of
residual stresses, but can be observed beneath the surface as well. However, the
residual stress state appears to homogenize with increasing distance to surface.
The average values of the measured residual stresses always correspond to the re-
sidual stresses determined by measurements which integrate over greater areas of
the material [3.102]. Effects of these inhomogeneities in the surface layer state on
material behavior are to be expected particularly either when the highest loadings
are concentrated on small material regions, as is the case e.g. in sharply notched
components, or when very large shot diameters are used, e.g. in order to achieve a
high penetration depth of the residual stresses. Due to the elementary processes
stated above, alterations of the properties summarized in Fig. 3.16 occur during
shot peening which can be understood by measuring the properties indicated.
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The following sections will focus individually on the influence of the peening pa-
rameters on the integral values of these properties.

a) Influences on Shape
Shot peening is usually not aimed at altering dimensions. In thin-walled compo-
nents, however, this may occur, due to deep plastic deformations during shot
impact. By contrast, alterations of shape are the specific objective of peen forming,
which today constitutes an important process for producing thin-walled structures
of complex shape [e.g. 3.90,3.103–3.105].

b) Influences on Topography
In essentially all cases, shot peening is associated with changing surface topogra-
phy. In Fig. 3.17, images obtained using a confocal white light microscope show
the surface of shot peened AISI4140 in different heat treatment states, as an exag-
gerated three-dimensional representation and as a profile graph. The impact
points of the shot are clearly visible, their size and depth decreasing from the nor-
malized to the quenched and tempered and to the quenched state.
The fundamental connections between selected peening parameters and the

resulting topography have already been pointed out in Fig. 3.1 by looking at defor-
mation depth after single sphere impact. Concerning technically relevant shot
peening treatments, [3.106] presents an overview of the different roughnesses
caused by different shot peening treatments of AISI4140 steel. Fig. 3.18 shows
that shot peening treatments increase the roughness which results from prior
sanding treatments. This increase is the more pronounced the lower workpiece
hardness is. While roughness increases by about a factor of 10 in the normalized
state, hardly any changes in roughness are observed in the quenched state or in
the state quenched and tempered at 180 �C. Fig. 3.18 also indicates that the creat-
ed roughness intensifies with increasing shot size and hardness. In this respect,
and in accordance with [3.1], marked effects on topography are still observable
even when shot hardness is lower than workpiece hardness. The causes of this
correlation are higher workpiece hardness – which increases strength while at the
same time it decreases the amount of deformation under similar shot conditions
–, the kinetic energy of the peening particles – which increases with rising shot
hardness – and the tendency of the shot to show decreased plastic deformation as
its hardness rises. Fig. 3.19 confirms this by showing the influence of peening
pressure on the roughness of AISI4140. The roughness of the softer work mate-
rial states, in particular, increases with the growth of the peening particles’ kinetic
energy when peening pressure rises. By contrast, Fig. 3.20 shows that when the
mass flow rate is varied, a decrease of roughness can be observed, which in turn is
more pronounced in softer work material states. The probable cause is the rising
probability of mutual impacts of the spheres in the peening nozzle and in the sup-
ply hoses, resulting in decreasing kinetic energy of the peening particles. By com-
parison, [3.107] used AZ31 magnesium alloy to show that when the Almen inten-
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Fig. 3.18: Influence of shot on roughness vs. bulk material
hardness for shot peened AISI4140 (p= 1.6 bar, _mm = 1.5 kg/
min) [3.106]
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Fig. 3.19: Influence of bulk material state on roughness vs.
peening pressure for shot peened AISI4140 (S170 46 or
56 HRC, _mm = 1.5 kg/min) [3.106]

sity of the peening treatment remains the same, medium-sized peening medium
diameters allow for minimal roughness (comp. Fig. 3.21).
Ultrasonic shot peening is due to achieve lower levels of surface roughness

than comparable conventional shot peening treatments, as the peening medium
deviates slightly from exact spherical shape [3.108].
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Fig. 3.21: Influence of Almen intensity on roughness vs. shot
diameter for shot peened AZ31 magnesium alloy [3.107]

c) Influences on Residual Stress State
[3.106] presented residual stress distributions found in states of AISI4140 after
various kinds of shot peening treatment. According to Fig. 3.22, the magnitude of
surface residual stresses increases with rising workpiece hardness from the nor-
malized state to the 450 �C-quenched and tempered state. With an additional
increase of hardness, surface residual stresses drop by up to 100 MPa. With
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increasing hardness of the peened specimens, the penetration depth of residual
stresses grows smaller, and only the state quenched and tempered at 180 �C exhib-
its an even lower penetration depth than the quenched state. There is a character-
istic compressive residual stress maximum which forms under the surface with
rising workpiece hardness and which shows values ranging from -800 to -750
MPa, its depth of 0.05 mm remaining roughly constant. Fig. 3.23 represents the
same facts by showing the magnitudes of surface residual stresses rrs
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of maximum- and zero residual stresses for shot peened
AISI4140 (S170 46 HRC, p= 1.6 bar, _mm = 1.5 kg/min) [3.106]
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3.1 Shot Peening

magnitudes of maximum residual stresses rrs
max

�� ��, depths of residual stress maxi-
mums zmax and the depth locations of the residual stress zero crossings zo contin-
gent on workpiece hardness. In accordance with [3.109], greater compressive re-
sidual stresses are found for the state annealed at the lowest temperature than for
the quenched state, which according to [3.102] is typical for low shot hardnesses
and is due to the increases of strength in this annealing stage, which in turn can
be traced back to the arrangement of dislocations into energetically more favorable
structures and to the formation of carbon clusters which pin these dislocations
[3.110].
According to [3.15] the observed findings are an expression of the two compet-

ing processes of plastic deformation during shot peening. At low workpiece hard-
ness, the plastic stretching of close-to-surface regions dominates, compressive re-
sidual stresses thus assuming their maximum at the immediate surface. Only
under extreme peening conditions a compressive stress maximum can occur
beneath the surface. At medium workpiece hardness, plastic stretching of regions
at the immediate surface and Hertzian pressure are roughly equivalent, and thus,
great compressive residual stresses at the surface appear alongside a marked com-
pressive residual stress maximum beneath the surface. At high workpiece hard-
ness, however, the effect of Hertzian pressure dominates, and thus, a strongly pro-
nounced compressive stress maximum beneath the surface is registered together
with relatively small compressive residual stress values directly at the surface.
For shot peened AISI4140 in a quenched state, Fig. 3.24 depicts the distribu-

tions (Fig. 3.24a) and their characteristics (Fig. 3.24b) to show that in this heat
treatment state, the maximum value and the surface value of compressive residual
stresses are determined more by shot hardness rather than by shot diameter. By
contrast, the position of the sub-surface compressive residual stress maximum
and the position of the residual stress zero crossing increase, with the exception
of the smallest shot diameter S110 which probably must be viewed as an outlier
value. These findings, too, can be interpreted using the model of [3.15]. Accord-
ingly, for soft workpiece states the thickness of the layer containing compressive
residual stresses increases with peening intensity. By contrast, for medium work-
piece hardnesses, increases of shot velocity and of shot diameter result in signifi-
cantly greater depths of the compressive residual stress maximums, in conjunc-
tion with only slight increases or even decreases of the compressive residual stress
maximums. An increase of shot hardness, however, leaves the compressive resid-
ual stress maximums unchanged. For hard workpiece states, increases of shot
velocities result in barely lowered depths of the compressive residual stress maxi-
mum – while compressive residual stress maximums clearly increase –, as this
case hardly permits any control over the size of the contact zone. An increase of
shot hardness creates raises the surface value and the maximum value of com-
pressive residual stresses.
These effects are confirmed by [3.111]’s examinations on the AlZn4.5Mg2 alu-

minum alloy – with a hardness of ca. 125–150 HV –, the results of which are rep-
resented in Fig. 3.25. Shot peening treatments employing aluminum granals with
a hardness of approx. 20 HV lower than that of the workpiece cause compressive
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shot peened AISI4140 (p= 1.6 bar, _mm = 1.5 kg/min) [3.106]

residual stress maxima beneath the surface, in conjunction with comparatively
extensive penetration depths of the residual stresses. Peening with glass beads
possessing significantly smaller dimensions, but a significantly higher hardness
between 800 and 1000 HV, effects distinctly greater surface- and maximum com-
pressive residual stresses, yet lower penetration depths. Similar depth distribu-
tions of residual stress are observed after peening treatments using steel shot. By
contrast, ceramic beads with 800–1000 HV of hardness, while arriving at surface
residual stresses and penetration depths similar to those of the granals, result in
markedly reduced maximum values of compressive residual stress, in comparison
with steel and glass, yet at similar depths.
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Fig. 3.26 shows that with quenched AISI4140, raising the shot velocity in com-
pressed-air peening systems does not result in any changes of the surface value of
the residual stresses, but – as long as shot velocity is not reduced by collisions –
results in increasing depths of the residual stress zero crossing and of the residual
stress maximum, the value of the latter remaining unchanged [3.106]. The same
study contains similar reports regarding the normalized state of AISI4140, in
which, however, peening pressure in excess of about 5 bar appears to lead to a
saturation of the achievable depth effect. On an industrially normalized and a
quenched and tempered state of AISI4140, [3.112] examined the residual stress
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distributions after shot peening treatment using S110 shot with 2-fold coverage
and variation of velocity, mass flow rate, nozzle diameter and nozzle distance. In
accordance with aforementioned examinations, it became evident that there is no
significant influence on surface- or maximum residual stress values in either heat
treatment state. By contrast, and as depicted in Fig. 3.27, the depths of the resid-
ual stress zero crossing – which, geometry preventing correction of layer removal,
are substituted here by the depths at residual stress values of -200 and -400 MPa –
increase strongly with growing impact velocity and less markedly with growing
nozzle diameter or distance. This is in agreement with parallel measurements of
Almen intensity, which increases in the same manner.
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residual stress distribution for shot peened SAE5115 in a
blank hardened state acc. [3.16, 3.113–3.117]

In rotating wheel peening devices, peening pressure is replaced by the number
of revolutions of the wheel, and therefore, release velocity becomes the essential
factor determining shot velocity. By example of blankhardened and consecutively
shot peened SAE5115, Fig. 3.28 shows that with increasing shot velocity and at
virtually constant surface values, the depth as well as the magnitude of the com-
pressive residual stress maximum and -penetration depth increase, given that no
over-peening effects occur, as is the case here at the highest shot velocity of
vrel = 92 m/s, giving rise to surface cracks and other forms of surface layer damage
[3.113,3.114]. Comparable effects are observed in the casehardened state
[3.114,3.115] and in the casehardened and annealed state [3.116], as well. By con-
trast, according to [3.117], for shot peening treatment of normalized SAE5115,
increases of shot velocity only marginally affect the maximum values of the com-
pressive residual stresses close to the surface, but achieve a marked gain in com-
pressive residual stress penetration depth. Thus, these effects are comparable to
those of peening pressure increases in compressed-air peening systems, and the
fit seamlessly into the model assumptions of [3.15].
Fig. 3.29 is an exemplary portrayal of the influence of mass flow rate _mm on the

residual stress distributions in AISI4140 in a state quenched and tempered at
450 �C [3.106]. With increasing mass flow rate, decreasing residual stress penetra-
tion depths are observed, whereas the surface values of the residual stresses rise
initially and the compressive residual stress maximum values are approximately
constant in the plateau region that is characteristic for quenched and tempered
material states. This may be attributed – as is the case for the corresponding
effects on surface topography – to the increase of collision processes among the
shot particles and the resulting drop in the peening particles’ impact energy. Fig. 3.30
shows particularly impressive evidence for this, summarizing the residual stress
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distributions for a normalized AISI4140 after two peening treatments. Different
mass flow rates were used in the treatments, yet the achieved coverages are nom-
inally equal due to a suitable selection of peening durations. The shot peening
treatment with the higher mass flow rate resulted in a smaller penetration depth
of the residual stresses, due to the decreased impact energy [3.106].
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The impact angle of the shot on the peened surface, too, is crucial for the result-
ing surface layer states. Using normalized SAE1045 shot peened at different
angles, [3.118] was able to demonstrate that the penetration depth of the compres-
sive residual stresses decreases together with the decrease of the impact velocity’s
normal component, i.e. with the increase of angle a to the surface normal (comp.
Fig. 3.31). In addition, increasing tangential components of the impact forces
result in rising deviations of the residual stress state from the rotation symmetry
present at perpendicular incidence. In a longitudinal direction, in which the shot
exhibits a tangential velocity component, the residual stress value decreases as the
angle to the surface normal increases. By contrast, in the transversal direction,
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3 Surface Layer States after Mechanical Surface Treatments60

which is perpendicular to the direction discussed above, the surface values and
the maximum values of the residual stress magnitudes increase. The explanation
offered is that due to the shear stresses on impact, the equivalent stress and thus
plastic deformation are increased in regions close to the surface. With the excep-
tion of the transversal residual stress amounts, the results are in accordance with
the findings obtained by means of the simulation calculations of [3.101] shown in
Fig. 3.12. [3.1,3.87,3.119] show that deformation depth at varying impact angles is
also dependent on the workpiece hardness and on shot velocity. The fact that
deformation depth exhibits a maximum at angles between 5 and 20� to the surface
normal indicates the apparent complexity of these processes, and it necessitates
further theoretical and experimental studies, particularly regarding the issue of
dividing the local plastic strains into their components.
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3.1 Shot Peening

The aforementioned effects of the impact angle on the residual stress state also
figure in the shot peening of notched geometries. According to [3.120], maximum
magnitudes of residual stresses are present in the notch ground, which may be
caused, on the one hand, by the smaller impact angles on the notch flanks, and
on the other hand, by the obstruction of plastic deformation which occurs at the
notch ground surface or in regions directly beneath it. The significant role of the
obstruction of plastic deformation is evidenced by the fact that there are greater
notch ground residual stresses in the direction of loading than in the transversal
direction [3.120,3.123]. Accordingly, no rotationally symmetric residual stresses
are found in curved workpiece surfaces. Fig. 3.32 compares the shot peening-
induced residual stress states in smooth and in notched specimens of quenched
and of quenched and tempered SAE1045. In both cases the longitudinal residual
stresses are stated for the notched specimens. Accordingly, notched specimens ex-
hibit higher magnitudes of residual stress in regions close to the surface than
smooth specimens do. In quenched and tempered specimens, this relation is
reversed at higher distances to surface. However, it must be noted that [3.124],
looking at similar degrees of material hardness, found residual stresses
unchanged in comparison with smooth specimens, and [3.125] found residual
stresses in notched flat specimens of TiA16V4 which were reduced in comparison
with smooth specimens. Systematic examinations of the correlations between re-
sidual stress development and workpiece geometry in shot peening are required
to determine whether the obstruction of plastic deformation, as applied to the
argument in a rather general form, is sufficient.
Fig. 3.33 uses phase-specific measurements on iron-copper-titanium carbide

alloys in a shot-peened state – with varied iron and copper contents – to show that
macroscopic residual stresses are always within the compressive range and
decrease as the copper content increases. Yet phase-specific residual stresses are
within the compressive range only in the two metallic phases, while in the TiC
phase they are in equilibrium with great tensile residual stresses [3.126]. At ca.
10% copper content, the latter have the effect that the residual stresses present
overall in the TiC phase are already tensile when there is no loading taking place.
Therefore, additional tensile loading promotes delamination and the initiation of
cracks.
The fundamental influence of workpiece hardness on residual stress surface-

and maximum values, as well as the location of the residual stress maximum and
zero crossing, is represented once more in Fig. 3.34 for different groups of materi-
als. Fig. 3.35 is a schematic summary of the dependence of residual stress distri-
bution on the peening parameters [3.127].
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d) Influences on Workhardening State
The changes in the workhardening state close to the surface, too, are quite essen-
tial for the mechanical properties of shot peened material states. Fig. 3.36 shows
the influence of the heat treatment state on the distribution of the half widths of
x-ray interference lines, using AISI4140. As the distance to surface decreases, the
half widths increase in the normalized state and in the state quenched and tem-
pered at 650 �C, which exhibit the smallest half widths due to the low number of
defects in their core region. On the other hand, the half widths of the state
quenched ad tempered at 450 �C show virtually no dependence on distance to sur-
face. By contrast, the states with greater core values of the half widths – caused, in
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particular, by high dislocation densities – initially show half widths decreasing
towards the surface. After passing through a minimum close to the surface, they
show surface values that are slightly higher than the minimum, yet still markedly
lower in comparison to the core value. Fig. 3.37 depicts the results of detailed x-
ray line profile analyses of the same material to show that the mean strains, which
correspond to micro-residual stresses, are elevated due to shot peening when
hardness is low and are reduced when hardness is high. At a bulk material hard-
ness of 450 HV0.3 there are no shot peening-induced changes of mean strains.
On the other hand, the domain sizes, also described as the sizes of coherently
scattering regions, show lower values with increasing hardness, which show
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domain sizes (b) in different states of AISI4140 after shot
peening (S330 56 HRC, 3-fold coverage) [3.130]
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minima after shot peening which are nearly independent of bulk material hard-
ness. The ratios of the mean strains to the domain sizes, which according to
[3.128] are proportional to dislocation density, exhibit depth distributions in shot
peened material states as shown in Fig. 3.38. These depth distributions show that
the increase of the half widths in the shot peening-affected surface region of soft
work material states are caused by an increase of dislocation density which occurs
during deformation, and that the reduction of half widths found in harder mate-
rial states occurs alongside a decrease of dislocation density. The great dislocation
densities found in these material states after quenching or quenching and temper-
ing cannot be increased any further during shot peening. Instead, dislocation rear-
rangements into energetically more favorable arrangements and dislocation anni-
hilations occur in these cases. Furthermore, the dissolved carbon – supported by
the mechanical energy provided – is able to change position within octahedral
voids with lower lattice distortions. This process, known as the Snoek effect
[3.129] can contribute – at least in the states of highest hardness – to a decrease of
the half widths, in addition to the dislocation rearrangements and -annihilations
mentioned above [3.130,3.131]. [3.132,3.133] found similar effects in shot peened
surface layers. Regarding the compressive deformation of quenched and of
quenched and tempered steels with low annealing temperatures, [3.134] reported
initial deformation-induced decreases of the half widths and mean strains in spite
of strong macroscopic workhardening. By way of TEM examinations he con-
firmed that deformation-induced rearrangements of initially statistically distribut-
ed, high-density dislocations into energetically more favorable arrangements –
such as tangles, walls or cells – may occur, resulting in the formation of hard and
soft regions and, thus, in an increase of flow stress.
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Depicting the influence of the heat treatment state of AISI4140 on the distribu-
tions of micro-hardness after shot peening, Fig. 3.39 shows that the distributions
of micro-hardness – which, due to their simple determination, are often used to
characterize shot peening-induced workhardening states – only inadequately
describe the microstructural changes of the surface zone. Except for the state
quenched and tempered at 450 �C, shot peened surface layers show increases of
micro-hardness. While the properties determined using x-rays describe the micro-
structural state after shot peening, determining micro-hardness presupposes that
plastic deformation occurs and is influenced by the residual stress state present.
Experimental findings and theoretical considerations of [3.135] show that in hard-
ness measurements, compressive loading stresses reduce the resulting shear
stresses. Therefore, smaller regions beneath the penetrating body are plastically
deformed. This causes greater hardness values when compressive loading stresses
occur and when, in a qualitatively similar way, compressive residual stresses
occur. Thus, increased values of hardness are observable in hard material states
that incorporate great compressive residual stresses, despite the fact that the afore-
mentioned dislocation rearrangements cause microstructural softening.
The influence of the peening parameters – peening pressure, mass flow rate

and velocity – on the workhardening state of the surface layer are evidenced
mostly by changes of the depth at which the workhardening state of the bulk
material is reached, starting from the surface. As this transition is difficult to
determine – changes in the respective measurement parameters in relation to the
bulk material’s value being rather small – there are hardly any statements known
regarding the effects of said parameters on the workhardening state which go
beyond what has been described by way of the residual stress depth distributions.
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Fig. 3.40 schematically summarizes the dependencies of the depth distribution of
the half widths on the peening parameters [3.127].
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Fig. 3.40: Scheme showing the effects of different parameters
on the half widths after shot peening [3.127]

e) Influences on Microstructure
The micro-structural changes within shot peened surface layers are very difficult
to access by way of experimental examination, due to their low thickness and the
incorporated property gradient. For these reasons, there are only very few known
examinations of this subject, a fraction of which utilize the technology of cross-
sectional preparation of TEM foils, developed specifically for this purpose
[3.136,3.137].
The depiction in Fig. 3.41 of transmission electron microscopic examinations,

carried out by [3.138] on normalized AISI4140 using conventional methods,
shows that the initial dislocation structure with a low dislocation density, which
occurs close to the surface in the original state, is transformed by shot peening to
a statistically distributed dislocation structure with a highly elevated density. This
dislocation structure is typical of deformation with high strain rates, which can
reach up to 5 · 103 l/s in shot peening [3.138]. This is caused by a strain rate-
induced obstruction of the cross slip of screw dislocations, suppressing the forma-
tion of spatial dislocation arrangements like those found in dislocation cells. Cor-
responding TEM examinations on quenched and tempered AISI4140, depicted in
Fig. 3.42, show that the dislocation structures found close to the surface after shot
peening are not very different from those found in the initial state, because the
dislocation arrangement is largely determined by the heat treatment-induced dis-
tribution of finest carbides [3.138]. On normalized SAE1045, Fig. 3.43 shows that
deformation is not restricted to the ferritic regions, but that statistically distributed
dislocations of increased density are also present in the pearlitic regions between
the Fe3C lamellae [3.139]. The fact that the dislocation arrangement does not
always inevitably have to be statistical is shown in Fig. 3.44 on the microstructure
close to the surface of shot peened AlMg1 and AlMg5 aluminum alloys [3.140].
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Fig. 3.41: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.08 mm in
unpeened (a) and shot peened (b) specimens of normalized
AISI4140 (S170 54–58 HRC, p= 1.0 bar, single coverage) [3.138]
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Fig. 3.42: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.15 mm in
unpeened (a) and shot peened (b) specimens of quenched
and tempered AISI4140 with an initial hardness of 320 HV30
(S170 54–58 HRC, p= 1.6 bar, single coverage) [3.138]

While homogeneously distributed dislocations of increased density, along with a
few dislocation tangles, are found in AlMg5, AlMg1 exhibits sharply pronounced
dislocation cell structures. This is caused by the stacking fault energy which,
being triple the amount of that present in AlMg5, strongly restricts the splitting of
dislocations and thus eases the cross slip of screw dislocations. [3.141,3.142]
recorded TEM micro-structure depth profiles of normalized SAE1045 in a shot pee-
ned state, resulting in tangled dislocations with densities of up to 8 · 1011 1/cm2 and
significant local differences of the dislocation densities. Pronounced bending
lines point toward high inhomogeneous micro residual stresses, as well. Twin for-
mation on AZ31 magnesium alloy is reported in [3.143].
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Fig. 3.43: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.08 mm in
ferritic (a, c) and pearlitic (b, d) regions of unpeened (a, b)
and shot peened (c, d) specimens of SAE1045 in a normalized
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Fig. 3.44: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.12 mm in
shot peened specimens of AlMg1 (a) and AlMg5
(b) (S170 54–58 HRC, p= 0.24 bar, single coverage) [3.140]
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Shot peening can lead to an increase of density in regions close to the surface in
metallic sintered materials. [3.140] reports on densities close to the surface reach-
ing 7.72 g/cm3 in shot peened sintered iron with a core density of 7.37 g/cm3.
[3.144] observes decreases of porosity close to the surface in unalloyed sintered
steels, caused by ultrasonic shot peening. The higher the initial porosity is, the
deeper-reaching the decreases become.

f) Influences on Phase Fractions
Phase transformations due to shot peening treatments are of particular signifi-
cance regarding steels with observable transformations of austenite into marten-
site. Among these are casehardened steels [3.145–3.149], quenched high carbon
tool steels and metastable austenitic steels [3.150–3.153]. [3.154] reports that con-
tents of retained austenite – which are transformed into martensite during shot
peening (comp. Fig. 3.45) – increase with rising austenitizing temperature in
AISID3 tool steel. In relation to the initial value, the transformations of retained
austenite are the smaller the higher the austenitizing temperature is. The trans-
formed fraction increases towards the surface. In the immediate vicinity of the
surface, however, high contents of retained austenite are preserved in states with
high initial content of retained austenite. Thus, a maximum of phase transforma-
tion occurs beneath the surface, and is shifted to higher distances to surface when
the initial contents of retained austenite increase. While the reduced tendency of
martensite formation at increasing austenitizing temperature may be explained
by the increasing chemical stabilization of the austenite, [3.154] attributes the
reduction of transformations found at the immediate surface to temperature
increases during shot peening beyond the critical temperature MD, above which
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Fig. 3.45: Influence of austenitizing temperature of AISID3
tool steel on the depth distributions of retained austenite con-
tents after shot peening [3.127]
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no deformation-induced martensite formation can occur. These temperature
increases are not expected to occur to the same extent beneath the surface, where
there are smaller deformations.
In TEM examinations on AISI 304, [3.142,3.143] found strain-induced marten-

site contents of up to 40 % and a two-phase nano-crystalline layer consisting of
austenite and martensite, with a thickness of 1–2 lm, grain sizes smaller than 20
nm within immediate proximity to the surface, and grain sizes of ca. 50–200 nm
in the underlying region. This layer is an indication of static re-crystallization
occurring during the shot peening process. Recrystallization effects were also
found after ultrasonic shot peening of AISI 316L steel [3.155], in a-iron [3.155],
and in nickel-base alloys [3.156–3.158].

g) Influences on Texture
The strong plastic deformations occurring close to the surface during shot peen-
ing treatments cause a preferential orientation of the crystallites, which creates
characteristic peening textures in originally texture-less material states, or permits
an alteration of existing textures. This is represented in Fig. 3.46 by means of
{110}- pole figures of normalized SAE1045 before and after shot peening [3.159].
The essentially texture-less normalized state receives a faint {110}-fibre texture,
i.e. there is a preferential arrangement of the {110}-slip planes parallel to the pee-
ned surface.
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3.2
Stress Peening

3.2.1
Process Models

a) Elementary Processes

In order to gain an understanding of the processes taking place in stress peening,
it is advisable to divide the stress peening treatment into three phases, which are
. elastic prestressing,
. shot peening during loading, and
. unloading after the peening treatment is concluded.

In the first phase, elastic prestressing takes place by means of loading stresses,
showing a uniaxial homogeneous distribution in the case of tensile prestress, a
uniaxial inhomogeneous distribution in the case of bending prestress, and a biax-
ial inhomogeneous distribution in the case of torsional prestress, given that notch
effects need not be considered. In the actual peening process in the second phase,
the elementary processes are fundamentally the same as in conventional peening.
However, the plastic deformations required for inducing residual stresses benefit
from the introduced loading stresses which approximate the yield strength. Sim-
ple models [3.62,3.160,3.161] assume that the same rotationally symmetric stress
state as the one found in conventional peening processes is present after the sec-
ond phase of stress peening, independent of prestress. During unloading in phase
three, stresses are thereby shifted in such a way that the remaining residual stress-
es in the direction of the tensile prestress component are greater than in conven-
tional shot peening and are reduced in the transversal direction. The essence of
these statements may be applied to all of the varieties of prestress described above.
When equivalent stress reaches the level of flow stress, which is very likely any-
time when components of compressive residual stress increase due to unloading,
backward plastic deformations can occur. Thus, the formation of residual stresses
due to supposedly elastic unloading – aswould be expected for the stress state present
after the second phase – is counteracted. This effect becomes evenmore pronounced
as load reversal additionally gives rise to a significant Bauschinger effect.

b) Quantitative Descriptions of Processes
All models for a description of the residual stress states after stress peening treat-
ments assume the residual stress state which results from conventional peening
treatments to be the stress state which is present after the second phase. In a uni-
axial surface-core model with constant stress values in the surface layer, with the
diameter Asurf, and in the core, with the diameter Acore, and assuming ideal elasto-
plastic material behavior, [3.160,3.161] postulated that there are always equal total
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strains present in the surface layer and in the core. The residual stresses in the
surface region then increase during stress peening treatment

rrs
surf ¼ rrs

surf ;o �
1

1þ Asurf

Acore

rpre (3.26)

linearly to tensile prestress rpre, in which rrs
surf ;o is surface layer residual stress after

conventional peening. By example of quenched and tempered SAE1045 of 525HV
hardness, Fig. 3.47 shows that experimental results in fact indicate such behavior,
given that the loading stress applied as prestress is not excessive and therefore
minor backward plastic deformations occur during unloading, which would
reduce residual stresses [3.160]. Again using the example of a surface-core model
incorporating constant stress values within the surface layer and the core, appro-
priate partitioning of the cross-sectional areas and ideal elasto-plastic material be-
havior for peening treatments of spring wires under torsional prestress, [3.162]
assumed that the unloading occurring after the actual peening process is purely
elastic and that it leads to an equilibrium of momenta. With this model, he arrived
at correlations similar to the one indicated in Equ. 3.26, which are valid also for
torsional prestresses. Finally, [3.62] also developed a model for residual stress for-
mation in peening treatments under torsional prestress. It is assumed that in the
model assumption of [3.52–3.54] – described in Equations 3.20–3.22 –, torsional
prestress reduces the surface pressure required from the outside to achieve plasti-
fication of the entire cross section, and thus the thickness of the plastically
deformed surface layer is increased while the surface pressure remains the same.
Given that the stress state after the second phase of the peening process corre-
sponds to the residual stress state present after conventional peening, and that the
momentum effective from the outside is reduced to a point at which it is completely
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Fig. 3.47: Surface stresses vs. tensile prestress during stress
peening for quenched and tempered SAE1045 [3.160]
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taken over by the purely elastically deformed core region, a shear-compatible and
purely elastic calculation of unloading leads to an equilibrium of momenta be-
tween the surface layer and the core and to clearly increased residual stress values
within an enlarged surface region when the multiaxiality of stresses is taken into
account. This is in contrast to peening treatments lacking prestress.

3.2.2
Changes in the Surface State

a) Influences on Shape

There are no known studies on the effects of stress peening regarding changes of
shape. In addition to the effects mentioned in the context of conventional shot
peening, one must consider that during the application of loading, and also when
the loading stresses are active during the actual shot peening treatment, unin-
tended plastic deformations may potentially occur and result in changes of shape.
Furthermore, when yield strength is exceeded during unloading from high pres-
tresses following the actual peening process, backward plastic deformations will
occur. These, however, should rather serve to reduce possible shot peening-
induced changes of shape. Thus, there are two competing processes that need to
be taken into account when assessing the risk of distortion in stress peening.

b) Influences on Topography
The effects of prestresses on the topography of stress-peened surfaces are fundamen-
tally the same as those found in conventional shot peening. In homogeneously, uni-
axially prestressed quenched and tempered AISI4140 specimens [3.163] finds no sig-
nificant influence of prestress on mean roughness. According to [3.164], elliptical
impact craters – their half axis enlarged in the direction of prestress versus the trans-
versal direction – are observable after the stress peening of uniaxially tensile pre-
stressed specimens. However, this effect of mechanical stretching of regions close to
the surface, which is greater in the direction of pre-stress than in the transversal direc-
tion, stands in opposition to themodel assumptions stated above, according to which
there should be an occurrence of circular impact craters before unloading. They
change shape only by elastic, and sometimes also plastic, backward deformation dur-
ing unloading, and therefore the ellipses should be facing in the opposite direction.

c) Influences on Residual Stress State
In homogeneously uniaxially prestressed specimens of 450 �C-quenched and tem-
pered AISI4140, [3.163] found growing tensile prestress to increase residual
stresses at the surface in the direction parallel to prestress, while the positions of
the zero crossings of residual stress are increased. This is shown in Fig. 3.48. By
contrast, the residual stresses in the direction transversal to that of prestress
decrease slightly with growing prestress. In normalized and 650 �C-quenched and
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Fig. 3.48: Influence of tensile prestress on the residual stress
distribution parallel (a) and perpendicular (b) to the prestres-
sing direction for quenched and tempered AISI4140 [3.163]

tempered specimens of the same steel, however, the application of tensile pre-
stress effects smaller residual stress changes.
The most pronounced increases of residual stress values in the direction of pres-

tress are found in 300 �C-quenched and tempered and in quenched material states.
According to [3.163], the residual stress maxima exhibit changes which are linear to
prestress roughly up to half the yield strength. A degressive course is found at greater
prestress levels. Fig. 3.49 summarizes how the residual stressmaximum values in the
longitudinal and transversal directions and the positions of the residual stress zero
crossings change when prestress is increased in relation to the respective yield
strength of the different heat treatment states. With rising workpiece hardness, the
longitudinal and transversal residual stresses show an increasing sensitivity to pres-
tress in relation to yield strength. The longitudinal residual stresses increase by about
three times the amount bywhich the transversal residual stresses decrease.When the
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ratio of prestress to yield strength grows, all of the heat treatment states see equal
increases of the depths of the residual stress zero crossings.
[3.165] introduced measurements of the residual stresses in the direction of

prestress in quenched and tempered spring steel for different amounts of bending
prestress. As is the case for homogeneous prestresses, increases in surface values,
maximum values and penetration depths of the compressive residual stresses are
registered when positive bending prestress is increased, as shown in Fig. 3.50. For
comparison, it also shows the residual stress distribution that was measured on
the compressively prestressed side of the specimen which had received the high-
est prestress, and it shows low tensile residual stresses close to the surface.
As opposed to the tensile and compressive residual stresses discussed thus far, the

application of torsional prestress involves applying a biaxial loading state. The princi-
pal prestresses are located at 45� and 135� to the torsional axis and have the same val-
ue, but reversed mathematical signs. Accordingly, in comparison to tensile or bend-
ing prestresses, stress peening creates differences between the main components of
residual stress – which correspond to the principal stress orientations of the pres-
tress state – to be more pronounced. Fig. 3.51 shows results obtained on highest
strength spring steel with an ultimate tensile strength of 2150 MPa. Excessive tor-
sional prestresses can cause significant compressive residual stresses of roughly
1200 MPa in the 45�-direction which received tensile prestress during the peening
process. However, even tensile residual stresses may develop in the 135�-direction
which received compressive prestress during the peening process [3.166]. Fig.
3.52 shows that when appropriate torsional prestresses are applied, the distribu-
tions of residual stress measured in the 45�-direction after stress peening follow
the correlations found after peening treatments using tensile prestresses [3.166].
Torsional prestresses shift the surface values and maximum values of residual
stress and the positions of zero residual stresses toward higher values. As is the
case in stress peening using tensile prestress, great prestresses during torsional
stress peening cause degressive dependencies of the maximum compressive resid-
ual stresses on prestress related to yield strength (comp. Fig. 3.53, [3.162,3.167]).
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Fig. 3.54 shows the surface values of residual stress and the depths of the posi-
tions of zero residual stresses in quenched and tempered AISI4140, which was
stress peened at different ratios of torsional prestress to torsional yield strength
[3.168]. It becomes evident that the residual stress amounts in the 45� direction of
prestress during the peening process increase up to spre / sy= 0.8, and thereafter
they show clear decreases due to backward plastification during unloading. In the
135� direction of peening prestress, the residual stress amounts decrease strongly
in comparison to specimens subjected to tensile or bending prestress. This is due
to the fact that only torsional prestress has a loading stress component in this
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direction and thus, the stress level shifts toward smaller amounts during unload-
ing. The depths of the positions of zero residual stress increase in agreement with
the examinations mentioned above.

d) Influences on Workhardening State
Fig. 3.55 shows that the distribution of half widths in AISI4140 quenched and tem-
pered at 450 �C , peened using different amounts of prestress, exhibit no significant
dependence on prestress [3.161]. This is equally valid for the softer and the harder
material states of AISI4140, the residual stress states of whichwerementioned above.
Evidently the changes of the amount of plastic deformation close to the surface
are too small to be registered by means of half width measurements.
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3.3 Warm Peening

3.3
Warm Peening

3.3.1
Process Models

a) Elementary Processes

In order to understand the processes occurring during hot peening, it is helpful to
differentiate three phases of the process:
. heating to peening temperature
. shot peening at an elevated temperature
. cooling to room temperature

Aside from material states with low creep resistances and high initial residual
stresses, which might experience thermal relaxation, no noteworthy changes of
state occur in the first phase. The same elementary processes as in conventional
peening occur during the actual shot peening process. However, it must be taken
into account that the strength of the workpiece material may be reduced and the
workhardening rate may be more pronounced at higher temperatures. The former
may lead to higher values and penetration depths of the compressive residual
stresses. Additionally, regarding strain aging materials such as steels and peening
temperatures that lie within the range of dynamic strain aging, altered deforma-
tion processes and therefore, changed dislocation arrangements, are expected to
occur in the plastically deformed surface layer. In the third phase, the cooling
phase, a still sufficient mobility of dissolved atoms may cause static strain aging
processes, again, in strain aging materials.
The following will focus in detail on the effects of static and dynamic strain

aging, their microstructural causes and the models proposed to describe them.
Static strain aging is the elastic interaction of diffusing dissolved atoms with rest-
ing dislocations. [3.169–3.174] distinguish four stages with different repercussions
on the uniaxial deformation behavior observed after pre-deformation, unloading
and the concluding annealing treatments which use increasing annealing times
and -temperatures during additional deformation. While stage 1 merely experi-
ences the appearance of a yield point phenomenon , i.e. an initial increase of flow
stress and a L�ders strain, additional effects found in stage 2 range from perma-
nent flow stress increases to great extents of additional deformation, which can
also cause increases of tensile strength. In stage 3 there are also increased work-
hardening rates and decreased elongations to fracture. All of the aforementioned
effects decrease in stage 4, for which the term over aging is used. As concentra-
tions of the strain aging dissolved elements increase, the effects of strain aging
become more pronounced and the rates at which they develop increases. Accord-
ingly, at low levels of dissolved content the only observable effects are those of
stage 1, and these may occur spontaneously even in higher concentrations [3.170].
As established by [3.170] for carbon- and nitrogen-induced strain aging in steels,
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growing contents of other elements have an effect – which is always one of reduc-
tion – on the intensity of strain aging, namely if they are elements which interact
strongly with the strain aging element. While increasing dislocation densities also
result in an increase of strain aging effects, they are found to diminish with
increasing grain size [3.170]. Precipitations which contain significant amounts of
strain aging elements reduce the level of dissolved content, thereby reducing the
effects of static strain aging. The four stages of strain aging are caused by the pin-
ning of the dislocation structure, which increases with longer annealing times
[3.170]. In stage 1 the dislocations are pinned by accumulating carbon atoms as
so-called Cottrell-atmospheres or by finest carbides forming close to dislocations –
where they can break away after an initial excess of stresses. In stage 2, disloca-
tions are permanently immobilized, resulting in the formation of new disloca-
tions rather than tearing processes. By contrast, in stage 3 the precipitations sur-
rounding the dislocations become so large that they themselves increase the work-
hardening rate, which is possible even without prior saturation. In stage 4 the pre-
cipitations present at the dislocations may either coarsen within the grains (Ost-
waldt-ripening) or they may dissolve and precipitate again at the grain boundaries.
Here, increased stresses may become necessary to activate the dislocation sources.
At the same time, however, the stresses required for moving previously pinned
dislocations are reduced. Thus, the three essential mechanisms of static strain
aging are the stress-induced arrangement of dissolved interstitial atoms in suit-
able voids – termed Snoek Effect [3.129,3.175,3.176] –, the formation of Cottrell
atmospheres in the dilatation region of dislocations [3.177], and the precipitation
of intermetallic phases in dislocation proximity. A description of the respective
effects utilizing simple mathematical approaches was first presented by Cottrell
and Bilby [3.178] for carbon in steels. They assumed the growth of flow stress to
be proportional to the increase of concentration in the dislocation region, and
showed that an Arrhenius term arises with the enthalpy of migration of the inter-
stitial element within the matrix and that, in respect to the dependence on time, a
proportionality to t2/3 results. However, the changes in availability of the strain
aging element within the matrix and the saturation of the dislocations are
neglected. Harper [3.179] assumed the number of precipitating atoms to be pro-
portional to the available content, and he arrived at formulations that are hardly
applicable due to their complexity [3.180]. In order to incorporate the effects of
over-aging, [3.181–3.184] viewed the re-solution of interstitial atoms available at
dislocations to the grain boundaries and to the occurring carbides as mechanisms
to be considered. Using a model building on this, [3.185] was able to describe
aging and its maximum value in bake-hardening steels.
In contrast to the static strain aging discussed thus far, dynamic strain aging is

the elastic interaction of diffusing foreign atoms with moving dislocations. It is
manifested in the jagged curves of quasi-static deformation behavior which are
usually observed between initial and final plastic strains [3.170]. Flow stresses
occur here which show smaller decreases at rising temperatures than would be
expected in the absence of strain aging effects, or even show constant levels or
increases. Steels, in particular, show increases of the workhardening rate and of
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tensile strength along with strongly reduced ductility. This is termed blue brittle-
ness [3.170]. Observing the microstructural level, there are greater increases of dis-
location density than there are after deformation at room temperature, given com-
parable plastic strains [3.186–3.188]. The dislocation structures are more diffuse
[3.189], which is caused by an increasingly planar slip due to a prevention of cross
slip processes. The reasons for this can be a complete immobilization of disloca-
tions caused by Cottrell atmospheres or by precipitations with a subsequent re-for-
mation of slip dislocations [3.190], a reduction of mutual annihilations of disloca-
tions [3.190], blocked dislocation sources [3.191], or internal friction losses on
moving dislocations due to Cottrell atmospheres or the Snoek Effect [3.192]. The
effects of dynamic strain aging are determined by similar mean velocities of the
diffusing strain aging atoms and mean velocities of the shifted dislocations. The
velocity of the strain aging atoms is determined, in particular, by temperature and
its strong influence on the diffusion coefficient. On the other hand, the mean dis-
location velocities increase as the strain rate increases, while they decrease as dis-
location density increases. Accordingly, there is a temperature range in which the
strain aging effects are particularly pronounced. This helps to explain aforemen-
tioned initial and final strains, which are observed as plastic deformation
increases, i.e. as dislocation densities increase and dislocation velocities therefore
decrease. The intensity of dynamic strain aging increases with rising levels of dis-
solved content of the strain aging element [3.193]. By contrast, increasing contents
of other elements have an effect only if interaction occurs with the strain aging
element [3.194,3.195]. In this case, the intensity of strain aging effects decreases,
or they are shifted toward higher temperatures. Finally, a smaller grain size inten-
sifies these strain aging effects, as the regions of inhomogeneity become more lo-
calized.

b) Quantitative Descriptions of Processes
At present, there is a lack of satisfactory research regarding the quantitative mod-
eling of the stress state after warm peening treatments. Only [3.196] stated a sim-
ple model which assumes that the stress state resulting from the impact process
may be described by the existence of a compressive yield strength at a high, yet
temperature-independent level of compression. However, he assumes the sum of
this loading stress state and the induced residual stresses to be determined by the
initial flow stress. Given the assumptions that flow stress decrease is linear to ris-
ing temperature and that the drop of the compressive yield strength is also linear
– albeit significantly less pronounced –, i.e. that greater workhardening occurs
when the temperature increases, [3.196] predicts growing surface residual stresses
and increasing penetration depths of the residual stresses, which is in accordance
with experimental results.
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3.3.2
Changes in the Surface State

a) Influences on Shape

There is no information on the effects of warm peening on changes of shape. As
the temperatures are fairly low for creep- or relaxation processes, it may be
assumed that there are no effects to be expected in addition to those which occur
in conventional shot peening.

b) Influences on Topography
The effects of peening temperature on the topography of warm peened surfaces
are principally the same as in conventional peening. However, due to the elevated
temperatures and thus slightly reduced warm strength, [3.163] finds roughness
increasing with peening temperature in quenched and tempered AISI4140
(comp. Fig. 3.56).
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Fig. 3.56: Influence of peening temperature on roughness of
warm peened AISI4140 in a state quenched and tempered at
450 �C acc. [3.163]

c) Influences on Residual Stress State
Peening temperature only marginally influences the residual stress state of warm
peened AISI4140 in a 450 �C-quenched and tempered heat treatment state. Fig.
3.57a [based on 3.167] shows that the residual stress values of ca. -600 MPa close
to the surface increase to slightly over -700 MPa and that the increases of the resid-
ual stress zero crossings are barely noticeable – aside from the state peened at
310 �C, where the peening parameters were altered slightly. By contrast,
[3.196,3.197] finds that the compressive residual stress values close to the surface
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Fig. 3.57: Influence of peening temperature on distribution and
surface values of residual stresses in warm peened AISI4140
in a state quenched and tempered at 450 �C acc. [3.163]

increased noticeably during warm peening of 60SiCr7 spring steel in a rotating
wheel device. The longitudinal residual stresses – represented in Fig. 3.57b as a
function of peening temperature – show slight initial increases as peening tem-
perature rises and drop again above 330 �C, as a thermally-induced reduction of
residual stresses occurs due to relaxation processes.

d) Influences on Workhardening State
Fig. 3.58a shows the depth distributions of the half widths in the states of
AISI4140 discussed above [based on 3.163]. At peening temperatures up to
310 �C, warm peening results in an increase of the half widths within the entire
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plastically deformed surface layer, while peening temperature does not show any
significant effect. As seen in Fig. 3.58b, the half widths close to the surface begin
to decrease again already at peening temperatures above 250 �C. [3.163] supposes
that the increased half widths are created by dynamic strain aging processes
which occur during peening and lead to more diffuse dislocation structures, the
mobility of which is additionally obstructed by static strain aging processes. As
the peening process proceeds, and if plastic deformation is induced again in the
regions treated in this way, new dislocations are created. The result is an altered
dislocation structure with increased dislocation-induced lattice distortions, notice-
able by the increases of the half widths. The decrease of the half widths which is
registered at higher temperatures can be attributed – as in the case of the residual
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stresses – to thermal effects caused by relaxation processes and the rearrangement
of dislocations into energetically more favorable structures.
[3.198–3.200] reported on measurements of micro-hardness within the surface

regions of a high strength spring steel – roughly equivalent to a SAE9260 (comp.
Fig. 3.59) – peened at various temperatures. At peening temperatures of 300 �C
and above, the levels of micro-hardness found in the entire surface layer were
increased in comparison to conventional peening. This may be regarded as an
effect of the dynamic and static strain aging effects which obstruct the plastic
deformation that is required for measuring micro-hardness. When the spring
steel experiences increases of bulk hardness, or decreases of the annealing tem-
perature, the increase of micro-hardness induced by warm peening becomes
more pronounced due to the increasing carbon content which determines the
strain aging tendency.
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Fig. 3.59: Influence of peening temperature on distribution of
microhardness in warm peened SAE9260 spring steel [3.198]

3.4
Stress Peening at elevated Temperature

The surface layer changes caused by stress peening treatments at elevated temper-
atures, according to [3.201,3.202], are explained by the combination of the effects
of prestressing and of peening temperature. No particular models appear to exist
in respect to this issue. While the roughness of quenched and tempered AISI4140
is approximately equivalent to that of warm peened states treated at the same tem-
perature – the influence of prestresses being insignificant –, the residual stress
values and the positions of zero residual stresses are increased still further in
comparison to stress peened states. Close to the surface, the half widths show the
same values found in warm peened states, exhibiting comparatively large depths

87



3 Surface Layer States after Mechanical Surface Treatments

until they drop down to the level of the bulk material state. Figs. 3.60 and 3.61
compare this with the previously discussed examples of quenched and tempered
AISI4140 in modified shot peening treatments [3.163].
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Fig. 3.60: Depth distribution of residual stresses after various
modified shot peening treatments for AISI4140 in a state
quenched and tempered at 450 �C [3.163]
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3.5
Deep Rolling

3.5.1
Process Models

a) Elementary Processes

The mechanical elementary process of deep rolling is the surface pressure created
between the workpiece and the tool in the contact zone. It causes triaxial stress
states, which change with the distance to surface. They are dependent on contact
geometry, and are described in Sect. 3.1.1b for the elastic contact between a sphere
and a flat plate (Hertzian pressure). They cause smoothing- and friction effects at
the immediate surface. When the yield strength is exceeded by the resulting
equivalent stress, local plastic deformations occur, creating residual stresses and
the associated microstructural workhardening- or worksoftening effects. The plas-
tic deformations cause heat to develop. However, its scope and possible effects on
process results have not yet been examined. Another aspect remaining to be
examined is the influence on process temperature exerted by the coolant lubri-
cants which are often utilized to reduce friction.

b) Quantitative Descriptions of Processes
The first model-like descriptions of deep rolling were developed by [3.203,3.204] to
calculate the stress distribution induced by Hertzian pressure in curved contact
areas – which may also be multiply-curved. These approaches view material be-
havior as elastic only and therefore, they cannot predict residual stress distribu-
tions. Fig. 3.62 is an exemplary representation of the stress distributions under
the conditions summarized in the caption. However, by varying essential factors it
is possible to make statements in respect to the position of the maximum and the
equivalent stress gradient present around this maximum. Thus, the change from
point- to line- or area contact shifts the position of maximum equivalent stress
away from the surface. However, this occurs together with an increase of the
equivalent stress surface value. Likewise, when the axis ratio of the contact area
increases as the shape of contact area changes from circular to elliptical or even to
rectangular, the equivalent stress surface value increases, while its maximum val-
ue decreases. In addition, the ratio of the Young’s moduli in the workpiece and
the tool were varied. Accordingly, stiffer tools cause greater depths of the equiva-
lent stress maximum. While the amount of equivalent stress decreases slightly, its
surface value increases. Growing friction coefficients cause greater tangential
forces, yielding notable increases of equivalent stress at the surface. Thus, the
maximum value of equivalent stress may even be shifted to the surface. This
model also serves to explain the influence of the number of rolling passes on the
process result. Even if the model does not include plastic deformations, it is evi-
dent that due to previous rolling passes, compressive residual stresses decrease
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Fig. 3.62: Elastically calculated stress distributions acc.
[3.203] in the contact area between tool and workpiece in a
deep rolling treatment (tool: R1 = 45 mm, R2 =¥; workpiece:
R1 = 35 mm, R2 = 164.5 mm; relation of axes of contact
ellipse = 6)

the equivalent stress locally and reduce further plastic deformation there. By con-
trast, the equivalent stress increases in the regions surrounding the plastified
zone, thus causing the latter to expand. Plastic deformation causes workharden-
ing, which results in residual stress distribution reaching saturation as the num-
ber of rolling passes grows.
The only known descriptions of the deep rolling process which include plastic

deformation and thus, are able to represent the formation of residual stresses, are
Finite-Element simulations. This is due to the combination of the non-linearities
of material behavior, surface layer conditions and large displacements. The impli-
cit codes of [3.205] and [3.206–3.208] constitute the first approaches. The model of
[3.205] was aimed at estimating the residual stress states in casehardened and sub-
sequently deep rolled gears. According to its author’s own judgment, it did not
succeed in calculating residual stress distributions to a degree corresponding suf-
ficiently to measured values, since the model is 2-dimensional. By contrast, the
background to [3.206]’s model is a deep rolling treatment of the transitional radii
between a crankshaft’s main hub and its cheeks consisting of AISI4140 (Rm= 1066
MPa). It was formulated as a 3-dimensional contact problem in the MARC Finite-
Element package. It calculates the deep rolling treatment on a mesh describing a
quarter of the circumference. Friction is neglected in order to reduce calculation
time. The roller is assumed to be purely elastic, the workpiece is assumed to be
elasto-plastic with isotropic hardening. The influences of strain rate and tempera-
ture, and the influence of cyclic softening due to multiple rolling passes, are
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3 Surface Layer States after Mechanical Surface Treatments

represented as mean effects. They are achieved by way of a 15 % reduction of the
flow curve determined according to [3.209], based on compressive tests carried out
on deep rolled and subsequently trepanned cylinders. [3.206] presented residual
stress distributions in the axial and tangential directions and distributions of plas-
tic deformations as examples for his calculations, as shown in Fig. 3.63. Maxi-
mum residual stresses are found in an axial direction beneath the surface of the
hub in the region of the relief groove (Fig. 3.63a). By contrast, the tangential resid-
ual stresses, depicted in Fig. 3.63b, are greatest in the former contact area while
showing clear effects on a region which extends into the cheek. The same is true
for the equivalent strains shown in Fig. 3.63c. The distribution of residual stress
in the notch ground exhibits a typical residual stress maximum beneath the sur-
face and low gradients toward the surface and up to the position of zero residual
stresses. According to Fig. 3.63d, the simulation results obtained for different
positions are well in accordance with experimental results, particularly regarding
axial residual stress depth distributions at the notch.
Achmus [3.210–3.212] proceeded in a similar manner. His use of ABAQUS/

Explicit and an explicit integration yields an advantage in terms of computation
time, compared to the implicit algorithm. As shown in [3.213], there is agreement
with neutronographic residual stress measurements for distances to surface
greater than ca. 0.5 mm. It is demonstrated that the roller may be assumed to be
rigid, without skewing the residual stress states in an inadmissible way.
Meanwhile the process simulation of deep rolling has been extended by [3.214]

and it is used as a basis for assessing the effects on the fatigue limit of crank-
shafts. The reduction of residual stress during loading and the influence of resid-
ual stress on the effective stress intensity of an assumed surface crack is calculated
to this end (comp. Sect. 6.2.1c and 6.3.5).

3.5.2
Changes in the Surface State

a) Influences on Shape

Using appropriate process parameters in deep rolling permits setting specific
final dimensions, e.g to allow for defined reworking of a notch radius. Size rolling
makes use of this. However, there is a danger of lamination, which presents likely
starting points for cracks during future fatigue loading. For the treatment of
crankshafts, deep rolling is even used as part of the alignment process in the form
of “roll trueing” [3.205]. An aspect which must be considered in respect to long,
slender elements is that the forces of deep rolling may result in changes of shape
if they are not appropriately absorbed by way of local support of the workpiece.
Here, the use of support rollers on the opposite side of the main rollers may be
advisable.

92



3.5 Deep Rolling

b) Influences on Topography
Deep rolling, as well as the related smooth rolling, causes a specific smoothing of
the surface. Fig. 3.64 shows that with increasing rolling pressure, or rolling force,
roughness initially decreases, then passes through a minimum and ultimately
increases again slightly [3.142]. While the initial reduction of roughness is a result
of the smoothing of the surface profile created in the preceding cutting process,
the increase of roughness at great rolling forces may be attributed to damage
occurring in regions close to the surface of the workpiece, e.g. surface cracks. The
minimum occurs also when the number of rolling passes is increased, while the
optimal number of rolling passes decreases as the deep rolling force increases.
Thus, for economic reasons an attempt is commonly made to reduce handling
time by applying great deep rolling forces. However, this bears the danger of the
number of rolling passes becoming so small that, particularly in ductile work
materials, the plastic flow processes in the surface layer have not yet reached a
saturated state and, therefore, the residual stress state and the workhardening
state are not yet at optimum values in respect to fatigue resistance properties. In
principle, it should be noted that the minimum values of roughness which may
be achieved are essentially limited by the roughness of the tool.
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Fig. 3.64: Influence of deep rolling force on roughness for normalized SAE1045 [3.142]

c) Influences on Residual Stress State
Fig. 3.65 shows typical residual stress distributions following different deep roll-
ing treatments on round specimens of normalized SAE1045 [3.142]. As rolling
pressure is increased, the maximum values of the axial residual stresses which are
achievable close to the surface, i.e. the residual stresses in the transversal direction
to that of deep rolling, show a slight increase, and the depths of the zero crossing
grow noticeably. By comparison, the distributions of tangential residual stresses,
i.e. the residual stresses in the direction of deep rolling, depicted on the right-
hand side of Fig. 3.65, show values which are ca. 40 % lower and exhibit signifi-
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Fig. 3.65: Influence of deep rolling force on the distribution
of residual stresses in the axial (a) and the tangential (b)
direction for normalized SAE1045 [3.142]

cantly more pronounced increases of depth effect. Evidently, the plastic stretching
in the transversal direction outweighs the plastic stretching which occurs in the
direction of rolling.
Fig. 3.66 compares the distributions of residual stresses which occur in

quenched and tempered AISI4140 after deep rolling with those found after shot
peening. In comparison to the shot peened state, the deep rolled state shows
slightly higher amounts of residual stress within proximity of the surface. At 0.9
to 1.0 mm, the residual stresses after deep rolling extend noticeably deeper into
the interior of the material than the residual stresses do after shot peening, drop-
ping to near-zero values at a distance to surface of only 0.25 mm. Fig. 3.67 shows
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Fig. 3.66: Distribution of residual stresses for quenched and
tempered AISI4140 after deep rolling or shot peening [3.138]
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Fig. 3.67: Influence of deep rolling force on the distribution
of axial residual stresses in case hardened 20MoCrS4 [3.215]

that deep rolling treatments on casehardened 20MoCrS4, can also result in the
formation of the compressive residual stress maximums typical of shot peening
treatments [3.215]. Depending on workpiece hardness, the effects of Hertzian
pressure thus are another essential factor in deep rolling. It should further be
noted that the residual stress amounts may exhibit another increase within
immediate proximity of the surface. This increase of the residual stress amounts
close to the surface is attributed to friction and slip processes [3.102].
The residual stress amounts achievable by deep rolling also pass through a max-

imum when the deep rolling force is increased. This is shown in Fig. 3.68 for
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Fig. 3.68: Surface residual stresses vs. deep rolling force in
quenched and tempered AISI5140 [3.216]

AISI5140by example of the dependence of the surface residual stresses on the
deep rolling force [3.216]. This is an expression of the surface damage mentioned
above in the discussion of the effects on topography.

d) Influences on Workhardening State
Fig. 3.69 shows the influence of rolling pressure on the distribution of the half
widths in normalized SAE1045 [3.142]. Starting from the value of the untreated
material, the half widths increase continually towards the surface, suggesting a
plateau region at medium distances to surface. As rolling pressure intensifies, the
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thickness of surface regions increases and higher values are observed close to the
surface. By example of quenched and tempered AISI4140, the distributions of the
half widths are represented in Fig. 3.70 for a deep rolled state and for a shot pee-
ned state. Corresponding to the respective residual stress depth distributions,
shown in Fig. 3.66, the increases of the half widths found close to the surface after
deep rolling occur within surface regions that are clearly thicker. Below a distance
to surface of 0.2 mm, the half widths in the deep rolled state fall marginally,
before increasing again slightly at the immediate surface. The growth of the half
widths close to the surface is noticeably smaller in the deep rolled state than it is
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in the shot peened state. Fig. 3.71 shows the same material state, indicating that
micro-hardness values decrease slightly towards the surface after deep rolling,
while they exhibit a small increase after shot peening.

e) Influences on Microstructure
The transmission electron microscopic examinations by [3.138], shown in Fig. 3.72,
demonstrate that deep rolled specimens of normalized-state AISI4140 do not con-
tain statistically distributed dislocations with an elevated density – as found in

AISI 4140, normalized

a)
unpeened

b)
shot peened

c)
deep rolled

  1 μm   1 μm   1 μm

Fig. 3.72: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.08 mm in
unpeened (a), shot peened (b; S170 54–58 HRC, p= 1.6 bar,
single coverage) and deep rolled (c; po = 1450 MPa, n = 20)
specimens of normalized AISI4140 [3.138]

AISI 4140, quenched and tempered

a)
unpeened

b) 
shot peened

c)
deep rolled

  1 μm   1 μm   1 μm

Fig. 3.73: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.15 mm in
unpeened (a), shot peened (b; S170 54–58 HRC, p= 1.6 bar,
single coverage) and deep rolled (c; po = 2750 MPa, n = 20)
specimens of quenched and tempered AISI4140 with an initial
hardness of 320 HV30 [3.138]
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shot peened specimens –, but show pronounced cell structures, again with ele-
vated dislocation densities. These differences are attributed to the greater amounts
of local plastic deformation and the significantly lower strain rates during deep
rolling [3.138]. Therefore, a smaller degree of obstruction of cross slip occurs in
deep rolling, in comparison to shot peening, and thus aids the formation of spa-
tial dislocation arrangements, as constituted by the dislocation cells. Correspond-
ing TEM examinations of quenched and tempered AISI4140, depicted in Fig.
3.73, show that the dislocation structures found close to the surface after deep roll-
ing and after shot peening show only slight differences in the quenched and tem-
pered state, as the dislocation arrangement is largely determined by the heat treat-
ment-induced distribution of fine carbides [3.138].
According to Fig. 3.74, deep rolling can achieve increases of density in alloyed

sintered iron. These are still detectable at more than 1 mm distance to surface,
due to the deeper reach of deformation versus that caused by shot peening.
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Fig. 3.74: Distribution of density in ground and additionally
deep rolled specimen of sintered Fe2.5Ni2Cu [3.263]

f) Influences on Phase Fractions
As is the case in shot peening, deformation-induced phase transformations can
be observed during the deep rolling of steels containing retained austenite. This is
verified in Fig. 3.75 by the changes in the distribution of retained austenite in
casehardened 20MoCrS4 [3.215], which show a maximum at a distance to surface
of 0.13 mm. Evidently, the Hertzian pressure maximum causes not only maxi-
mum amounts of residual stress within this region, but also a maximum of phase
transformation. As in shot peening, it is possible to detect deformation-induced
a¢-martensite and nano-crystalline surface layers in deep rolled AISI304, as
reported by [3.142].
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Fig. 3.75: Influence of deep rolling treatments on the distribu-
tion of retained austenite in case hardened 20MoCrS4 [3.215]

g) Influences on Texture
There are only few known facts regarding deep rolling-induced alterations of tex-
ture. In sintered Fe2.5Ni2Cu [3.217] find that the initial grinding-induced texture
is destroyed by just one rolling pass. A faint rolling texture forms after 40 rolling
passes.

h) Consecutive Shot Peening and Deep Rolling Treatments
[3.138] also examined consecutive shot peening and deep rolling treatments on
AISI4140 in normalized and quenched and tempered states. It became evident
that the depth effect of the residual stresses and of the workhardening – which is
characterized by the half widths of the x-ray interference lines – is always deter-
mined by the deep rolling process. However, the residual stress- and workharden-
ing states close to the surface are established by the last step of the treatment. For
example, when quenched and tempered specimens are deep rolled and consecu-
tively shot peened, lower surface values of residual stress are observed than in
specimens which are shot peened first and then deep rolled. In an analogous
manner, a final deep rolling process reduces the half widths which occur close to
the surface after the peening process, while a final shot peening process signifi-
cantly increases workhardening close to the surface. As shown in Fig. 3.76, sup-
plementary transmission electron microscopic examinations carried out on nor-
malized AISI4140 demonstrate that the microstructure close to the surface is de-
termined by the final treatment step. Thus, a shot peening treatment which suc-
ceeds deep rolling can dissolve the previously created dislocation cell structure,
and a final deep rolling treatment can transfer the randomly arranged dislocations
into a cell structure.
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AISI 4140, normalized

a)
shot peened
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deep rolled

c)
shot peened + 

deep rolled

d)
deep rolled + 
shot peened
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Fig. 3.76: Transmission electron microscopic view of the
microstructure at a distance to surface of about 0.07 mm in
shot peened (a) or deep rolled (b), as well as consecutively
shot peened and deep rolled (c) or deep rolled and shot pee-
ned (d) specimens of normalized AISI4140 (S170 54–58 HRC,
p= 1.0 or po= 1450 MPa, n = 20) [3.138]

3.6
Laser Peening

3.6.1
Process Models

a) Elementary Processes

Laser shock treatment uses laser pulses with pulse durations within the nanose-
cond range to modify the surface layers of workpieces by means of pressure
bursts, affecting distances to surface within the millimeter range. These pressure
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Fig. 3.77: Direct and confined ablation in laser shock
treatments (schematic) acc. [3.219]

bursts are created by the ablation of material regions close to the surface due to
the absorption of intense laser radiation. The pressure is additionally increased by
material vapors forming on the workpiece surface [3.218]. A distinction is made
between direct ablation and confined ablation (comp. Fig. 3.77).
In direct ablation, atom layers close to the surface are vaporized, creating plasma

which can expand unimpededly into the surrounding atmosphere and which creates
a shock wave within the workpiece. The regions around the vaporized material also
absorb some laser radiation, causing a thermal loading of the workpiece’s surface
layer [3.219,3.220]. Due to the unhindered expansion of the plasma, the obstruction of
thermal expansion by the material surrounding the laser-irradiated area becomes
the dominant factor. This causes plastic compression of the surface region and,
following temperature equilibration, results in the creation of tensile residual
stress states in the surface layer, as shown in Fig. 3.78 [3.219].
By contrast, confined ablation is carried out by applying an absorbing layer and

a transparent cover layer to the workpiece surface. Incoming laser radiation is
transmitted through the cover layer and hits the absorbing layer, where it is
absorbed and creates a plasma. The expansion of the plasma is impeded by the
cover layer, and therefore it exerts pressure on the workpiece surface and on the
cover layer [3.221]. Already during irradiation, shock waves are created in the
workpiece and in the cover layer. Due to the plasma, the shock waves can still be
transmitted into the workpiece for a certain duration after irradiation has ceased.
After the plasma has recombined, the transmission of the impulse onto the work-
piece surface occurs by expansion of the hot gas. This arrangement increases the
achievable shock wave pressure by up to one order of magnitude, and it multiplies
the duration in which the shock treatment is effective by several times, compared
to direct ablation [3.219]. Due to the absorbing layer, laser irradiation does not

102



3.6 Laser Peening

-5.0 -2.5 0.0 2.5 5.0

0

200

400

600

800

34CrAlNi7

spot

 longitudinal

 transversal

re
s
id

u
a

l 
s
tr

e
s
s
e

s
 [

M
P

a
]

distance to center of irradiation [mm]

Fig. 3.78: Residual stresses in 34CrAlNi7 after direct ablation [3.219]

strike the surface of the workpiece directly. In confined ablation, the pressure of
the shock wave is greater and the thermal loading of the surface zone of the work-
piece is reduced, since irradiation reaches only the absorbing layer. Thus, the pres-
sure wave is the dominant factor, causing plastic deformations when yield
strength is exceeded. As this constitutes stretching of the surface regions in the
direction parallel to the surface, compressive residual stresses develop – Fig. 3.79
shows an example. Particularly when high pressures and circular treatment areas
are involved, so-called attenuation waves can form at the edges of the pressure-
affected area, which combine in the center and cause decreases of compressive
residual stresses or, in extreme cases, even create tensile residual stresses in the
center of the treatment area.
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Fig. 3.79: Residual stresses in 34CrAlNi7 after confined ablation [3.219]
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The spread of shock waves in materials is based on hydromechanical models,
which are coupled with the mechanics of deformable solid state bodies
[3.222,3.223]. One essential factor is the shock wave’s pressure p, which spreads
wavelike within the material. If the pressure is smaller than Hugoniot stress

pH ¼ 1� v
1� 2v

Ry, (3.27)

which – assuming uniaxial strain and validity of the shear stress hypothesis –
describes the pressure required for plastic deformation to set in, a wave spreads
within the material, at an elastic phase velocity of

cel ¼
ffiffiffi
E
r

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� vÞ

ð1þ vÞð1� 2vÞ

s
(3.28)

Greater pressures cause an additional, plastic wave which has a plastic phase
velocity of

cpl ¼
ffiffiffi
E
r

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3ð1� 2vÞ

s
(3.29)

and therefore follows the elastic wave [3.223]. Pressures greater than twice the
Hugoniot stress cause an elastic unloading wave to spread – together with the
build-up of pressure – behind the plastic wave. The elastic unloading wave runs at
the higher, elastic phase velocity and thus approaches the plastic wave running
ahead. A plastic unloading wave may occur as well.
The plastic waves and the surface reflect the elastic waves repeatedly and there-

fore a complex superposition of waves is created. The result, given ideal elasto-
plastic material behavior, is that the overall deformation retained in the plastified
surface region becomes independent of depth. According to [3.222], the penetra-
tion depth of plastic deformation can be estimated as

zpl ¼
cplcel

cpl � cel
tpInt

pmax þ pH
2pH

� �
, (3.30)

wherein Int(x) stands for the integer part of x.
The mechanisms of deformation which occur in plastic shock wave deformation

are highly dependent on the strain rate and are difficult to access experimentally.
This is due, firstly, to the wave reflections causing microstructural changes at high
degrees of strain stretching, and secondly, to the great influence exerted by the
strain, which cannot be kept at a constant level in comparative examinations
[3.225,3.226]. Apart from the athermal mechanisms listed above in the context of
the description of the elementary processes of shot peening (see Sect. 3.1.1a), the
mechanisms based on thermal activation of dislocation movement and the effects
of electron- and phonon damping, it is also relativistic aspects and twin formation
[see e.g. 3.227] that become particularly relevant as strain rate grows. The latter
occurs as an alternative athermal deformation process whenever the stress re-
quired for geometrically unlimited dislocation movement is greater than twin ini-
tiation stress, which is equivalent to a critical twinning pressure [3.228]. Deforma-
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tion is strongly determined by stacking fault energy, which constitutes a measure
of the probability of cross slip of screw dislocations. At low levels of stacking fault
energy, the splitting widths of the partial dislocations are high, cross slip is
impeded and thus, there is a planar formation of dislocation structures. High
stacking fault energy, on the other hand, sees the likelihood of cross slip increase,
and the dislocation structure becomes cell-shaped [3.229–3.231]. Furthermore,
[3.232] reported that stacking fault energy increases as the hydrostatic stress state
increases. Thus, the pressure itself has an influence on the probability of cross
slip. The formation of adiabatic shear bands is to be viewed as an additional defor-
mation process. It occurs as an instability at high deformation velocities, when
the removal of deformation heat is impeded in such a way that thermally-induced
softening becomes dominant versus the workhardening created by deformation
and strain rate [3.233–3.238]. As stated by [3.233], the microstructural changes
which occur during high-strain rate deformation may be differentiated according
to the systematics of lattice defects. Point defects appear in the form of growing
amounts of vacancies and matrix interstitial atoms caused by increasing pressure.
In addition, a number of them form area-shaped clusters that can be regarded as
a preliminary stage of three-dimensional lattice defects [3.231]. Dislocation densi-
ties which increase roughly proportionally to the square root of pressure consti-
tute one-dimensional lattice defects [3.231,3.239]. At high levels of stacking fault
energy, they are arranged as cells – cell size being roughly proportional to the re-
ciprocal value of the square root of pressure [3.231,3.240] – while at low levels of
stacking fault energy, their arrangement is planar. Two-dimensional lattice defects
are found as twins which appear above a critical twinning pressure. Their density
increases proportionally to the square root of pressure, decreases proportionally to
stacking fault energy and increases proportionally to grain size, according to
[3.231]. In addition, the formation of adiabatic shear bands is observed. The for-
mation of three-dimensional lattice defects due to phase transformations of
retained austenite into martensite has been reported for austenitic steels [3.233].

b) Quantitative Descriptions of Processes
As laser shock treatment is only beginning to see technical application, there is
only a small number of published studies which describe the process by means of
analytical or numeric models. Regarding the technically relevant confined abla-
tion, [3.221] examined laser shock treatments with pulse durations of tp and stated
three phases of impulse transfer into the workpiece.
. At t < tp, plasma is created, exerting pressure on the workpiece and on the cover
layer and initiating shock waves in the workpiece and the cover layer.

. At t > tp, there is an adiabatic expansion of plasma, which results in a reduction
of pressure, but maintains impulse transfer into the workpiece.

. At t >> tp, recombination of plasma occurs, and only the expanding hot gas
effects an impulse transfer into the workpiece.
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Given the simplified preconditions that laser intensity I, absorption and therefore,
pressure, are constant during the pulse, that the portion of intensity a, which con-
tributes to heating, and the portion 1 – a, which causes ionization, are constant,
that the plasma acts like an ideal gas and that the workpiece may be regarded as
ideally elastic/plastic and the cover layer viewed as linearly elastic, [3.221] states
pressure p in the first phase to be

p½GPa� ¼ 0; 01

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a

2aþ 3

r ffiffiffiffi
Z

p
½g=cm2s�

ffiffi
I

p
½GW=cm2�. (3.31)

Here, a » 0.1 is valid, and Z is the weighted impedance of the workpiece (WP)
and of the cover layer (CL), which is derived from the densities q and the shock
wave velocities c as

1
Z
¼ 1

2
1

rWPcWP

þ 1
rCLcCL

� �
. (3.32)

By contrast, in the second phase, pressure results from

pðtÞ ¼ p0 1þ ðcþ 1Þ t� tp
tp

� �� �� c

cþ 1, (3.33)

where po is pressure at the end of the pulse and c is the adiabatic coefficient, for which
c » 1.4 is valid. From this follows the time t1/2 required for pressure to be halved as

t1=2 ¼
2

c
cþ 1 þ c

cþ 1
tp, (3.34)

from which follows with c » 1.4 t1/2 » 1.2 tp. Third-phase pressure development, by
contrast, is negligible in the context of shock wave formation and is therefore not
discussed in detail. Fig. 3.80 schematically depicts the distribution of pressure
resulting from Eq. 3.32 and 3.33.
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Fig. 3.80: Temporal development of pressure in laser shock
treatments [3.219]
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One additional consequence of [3.221]’s model reflection is a restriction of the
model’s applicability. Effective confined ablation is possible only when the plasma
layer thickness

LðtÞ ¼
ðt
0

vCL � vWPð Þdt (3.35)

which is a result of plasma front velocities vCL and vWP, is greater than the rough-
ness RZ of the irradiated surface. Given

p ¼ rCLcCLvCL ¼ rWpcWPvWP, (3.36)

therefore,

tp;min ¼
Rz

p
rCLrWPcCLcWP

rCLcCL þ rWPcWP

(3.37)

must be valid for minimum pulse duration. Pressures above 2 pH see the occur-
rence of plastic saturation, up to the depth zpl stated in Eq. 3.30. In this case,

rrs
surf ¼ 1� 4

ffiffiffi
2

p

p
ð1þ vÞ zpl

a

� �
Ry (3.38)

is valid for surface residual stresses rrs
surf after irradiation of a square area with an

edge length a >> zpl. The dependence of the surface residual stresses on the ratio
zpl/a for greater surface layer thicknesses is represented in Fig. 3.81 [3.219]. Test-
ing the model described, [3.241] examined SAE5155 which was irradiated by a
Nd:glass laser, using a glass cover layer. At 15 kbar of Hugoniot stress and 30 and
60 kbar of irradiation, his experimental results measured 0.65 and 2 mm for pene-
tration depth, versus the calculated values of 0.615 and 1.9 mm. The same
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Fig. 3.81: Magnitude of surface residual stresses related to
yield strength calculated acc. [3.241] vs. penetration depth of
plastic deformation related to edge length of the irradiated area
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irradiations yielded experimental compressive residual stress values at surface of
230 and 330 MPa, which correspond to the calculated values of 234 and 312 MPa.
Accordingly, the model serves well in describing both the depth effect of plastic
deformation and the surface values of residual stress.
Given repeated irradiation, n pulses result in

rrs
surf ;n ¼ rrs

surf ;n�1 � 1� 4
ffiffiffi
2

p

p
ð1þ vÞ zpl

a

� �
ðRy þ rrs

surf ;n�1Þ. (3.39)

Accordingly, repeated irradiation achieves increases of compressive residual
stresses at the surface, while flow stress dictates a saturation value. Due to the
workhardening of material regions close to the surface, multiple irradiations
result in plastic deformation being shifted to deeper regions of the material.
Thereby, the thickness of the plastically deformed surface layer is increased.

3.6.2
Changes in the Surface State

a) Influences on Shape

Laser shock treatment creates plastic shock wave deformations close to the sur-
face. They can affect work material regions within a surface distance of roughly 1
mm. Therefore, thin-walled components run the risk of experiencing macroscopic
changes of shape. These can cause bending deflections toward the laser beam if
the plastically deformed surface layers are sufficiently thin. When components
are plastified completely, bending deflections away from the laser beam may
occur. For flat specimens of quenched and tempered AISI4140 with a thickness of
5 mm, [3.242] reported deflections after laser shock treatment using a Nd:glass laser
with a pulse energy of 25 J and pulse durations of 18 ns. The laser beam, with a dia-
meter of 3.5 x 3.5 mm2, was directed at the surface of the specimen through a water-
damped absorption layer. Having received irradiation with 50 % overlap on one
complete side, the 110 mm-long specimens exhibited deflections of 940 lm.

b) Influences on Topography
As the irradiation position is set discretely from pulse to pulse, laser shock treat-
ments create periodic surface structures which are relatable to the edges of the
areas hit by the individual pulses. This is shown in Fig. 3.82 for the surface of a
flat specimen consisting of quenched and tempered AISI4140 which, like the
specimen mentioned in the previous section, was treated with Nd:glass pulses
with a beam diameter of 3.5 x 3.5 mm2 at 50 % overlap. The surfaces, viewed
using a confocal white light microscope, exhibited linear indents measuring
roughly 3 lm. Their spacing of about 1.7 mm corresponds to the beam width
halved by the 50 % overlap. Thus, after a treatment incorporating overlapping
work positions, the positions of both the initial and the final pulse are detectable
in the surface topography [3.242].
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Fig. 3.82: Topography profile determined using confocal white
light microscopy on a specimen made of quenched and tempered
AISI4140 laser shock treated with 50% overlap [3.242]

However, it may be generally noted that laser shock treatment achieves high
surface qualities. [3.243] demonstrated this by means of comparative measure-
ments of roughness on polished and etched Ti(RT15) titanium specimens before
and after laser shock treatments. While polished-state roughness increases signifi-
cantly from Rz= 0.4 lm to Rz= 1.2 lm, it increases from Rz= 3.7 lm to Rz= 3.9 lm
in the etched state and is therefore hardly altered. Obviously, surface roughnesses
of particularly low degrees are raised, while medium roughnesses remain almost
unchanged. There are similar reports by [3.244] regarding a titanium alloy on
which the surface quality specified for the vanes of aircraft gas turbines was
achieved by laser shock treatment, without reverting to the finishing treatment re-
quired after the usual shot peening processes. [3.245] demonstrated that the sur-
face roughness measured on T62-state 2024 aluminum alloy shows laser shock
treatment-induced decreases from 1.6 lm to about 0.8 lm at low power densities,
and to just over 0.1 lm at a power density above ca. 1.1 GW/cm2 (comp. Fig. 3.83).
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Fig. 3.83: Influence of power density on the roughness of
2024 – T62 aluminum alloy after laser shock treatment [3.245]
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c) Influence on Residual Stress State
As discussed in the description of the elementary processes of laser shock treat-
ment, the shock waves in laser shock treatment create compressive residual stress-
es, while the thermal effects on the workpiece surface layer induced by direct abla-
tion cause tensile residual stresses. The primary focus of this description is me-
chanical surface treatment with the objective of increasing mechanical properties,
and therefore, a further description of direct ablation is omitted. However, it
should be noted that in confined ablation, too, any kind of thermal manipulation
must be avoided. Consequently, the absorption layer must be thick enough to pre-
vent thermal effects on the workpiece itself, and, particularly in cases of overlap-
ping irradiation, the absorbing layer should not have sustained damage that may
result in thermal effects on the workpiece during the final irradiation.
The surface residual stresses in laser shock-treated specimens fluctuate from

pulse to pulse, due to the aforementioned discrete shifts of the irradiation posi-
tion, as shown exemplarily in Fig. 3.84 for the quenched and tempered state of
AISI4140 which was already shown in Fig. 3.82. All residual stresses are compres-
sive, fluctuating between 400 and 750 MPa. Their peak levels above roughly 700
MPa show a spacing of roughly 3.5 mm, which is the full width of the beam. As
opposed to the topographical effects, the resulting residual stresses are thought to
be dominated by the last pulse, while the stress states created by the first pulse are
of secondary importance. Unlike shot peening, which is also based on discretely
distributed hits, laser shock treatment does not create observable oscillations of
surface residual stresses that reach the tensile range (comp. Figs. 3.14, 3.15).
The influence of the overlap rate on surface residual stresses in 34CAlNi7, in

laser shock treatment using a XeCl-excimer laser, is depicted in Fig. 3.85 [3.219].
While the compressive residual stresses still exhibit a clearly undulating profile at
33 % overlap, their level is constant at 50 % overlap. [3.219] deduced from this
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Fig. 3.84: Influence of position on surface residual stresses
after laser shock treatment of quenched and tempered
AISI4140 [3.242]
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Fig. 3.85: Influence of degree of overlap (a: 33%, b: 50%) on
the distribution of surface residual stresses in 34CrAlNi7
(XeCl-excimer-laser, adhesive tape, water) [3.219]

that an overlap rate of about 50 % is favorable. Yet this rate should not be raised
any further, as this increases the aforementioned risk of damage to the absorbing
layer and thus, the risk of thermal effects on the workpiece. The overlap required
for minimizing residual stress oscillations presumably depends also on the laser
type and on additional treatment parameters, or the results for surfaces created
using a Nd:glass laser, depicted in Fig. 3.84, should not have exhibited any oscilla-
tions.
The influence of the number of pulses on residual stress depth distribution is

shown in Fig. 3.86 for the same material and a similar treatment [3.219]. At low
numbers of pulses, the residual stresses decrease continually from the maximum
value of compressive residual stresses in the surface layer down to the position of
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Fig. 3.86: Influence of number of pulses on the distribution
of residual stresses for 34CrAlNi7 after laser shock treatment
with 50% overlap in both feed directions (XeCl-excimer-laser,
adhesive tape, water) [3.219]

zero residual stresses. As the number of pulses increases, so do the surface values
and penetration depths. In the process, at first a great residual stress gradient
forms close to the surface, followed by a region of small and undulating residual
stresses, until they gradually disappear towards the zero crossing. Only after 64
pulses does a characteristic depth distribution of residual stresses occur, which
decreases continually after showing a small plateau region close to the surface.
Penetration depth increases as the number of pulses grows, as the shock waves
always bring about additional plastic deformation. As soon as surface layer regions
are sufficiently plastically deformed, have become workhardened and therefore have
reached a saturation level of residual stress, further irradiation will induce more plas-
tic deformation only at greater distances to surface. In this case, an increasing num-
ber of pulses causes an approximately linear increase of penetration depth.
In accordance with this, [3.246] found surface values and penetration depths of

residual stresses in 40NiCrMo6 to increase with the number of laser pulses. Fig.
3.87 shows that in this case, the undulation of the residual stress distribution
described above does not occur. In contrast to both previous examples, however,
[3.247] found residual stress distributions in a soft 55Cr3 which attained their
maximum surface value already after a single laser irradiation (comp. Fig. 3.88).
Thus, they are in accordance with the model introduced in Sect. 3.6.1b.
Figs. 3.89–91 compare the residual stress distributions in laser shock-treated

and shot peened states of quenched and tempered AISI4140, TiAl6V4 and Inconel
718 [3.242,3.248,3.249]. Except in the case of quenched and tempered AISI4140
the residual stress values close to the surface are slightly smaller after laser shock
treatment than after shot peening, and they decrease continuously. In contrast to laser
shock treatment, the effects ofHertzian pressure are present in the shot peened
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Fig. 3.87: Influence of number of pulses on the distribution of
residual stresses in 40NiCrMo6 (Nd:glass-laser, water bath)
[3.246]
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Fig. 3.88: Influence of number of pulses on the distribution
of residual stresses in SAE5155 (Nd:glass-laser, water bath)
[3.247]

states. Thus, they show a pronounced residual stress plateau in steel, and marked
residual stress maxima beneath the surface in the other two materials. The result-
ing maximum values of residual stress in the titanium- and nickel-base alloys are
approximately 50 % higher after shot peening than after laser shock treatment.
Impressive increases in the penetration depth of the residual stresses are found
after laser shock treatment.
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Fig. 3.89: Distribution of residual stresses after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S170, 0.24mmA) of quenched and tempered AISI4140 [3.242]
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Fig. 3.90: Distribution of residual stresses after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S110, 0.10 A) of TiAl6V4 [3.248]

In his examinations of austenitic AISI304 steel, which was laser shock treated
using a q-switched Nd:YAG laser, [3.250] demonstrated the influence of the laser
shock treatment parameters on the residual stresses close to the surface after irra-
diation, which was carried out in a meandrous pattern. Compressive residual
stresses are measurable up to a distance to surface of about 1.2 mm. The residual
stresses in the feed direction are slightly smaller than those in the transversal
direction, presumably due to differences in the degree of overlap. When the diam-
eter of the area irradiated by each laser pulse and the pulse energy are increased,
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Fig. 3.91: Distribution of residual stresses after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S110, 0.10 A) of IN718 [3.248]
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Fig. 3.92: Influence of pulse density on the residual stresses
transversal to feed direction at different distances to surface
for AISI304 (q-switched Nd:YAG-laser, water bath) [3.250]

the surface residual stresses increase until they reach optimum values. The resid-
ual stresses beneath the surface always show increases within the examined range
of the parameters. By contrast, when pulse density is increased – as shown in
Fig. 3.92 –, the surface residual stresses show continuous increases while the re-
sidual stresses beneath the surface remain approximately constant. In this laser
configuration, water is used both as the absorbing layer and as the top coat, and
therefore, there is no risk of thermal influence at higher pulse- and overlap rates.
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Fig. 3.93 shows a compilation of the distributions of residual stresses achievable
in different metallic materials in a water bath using Nd:glass lasers [3.251]. While
aluminum alloys show the lowest values of surface residual stresses and the
smallest penetration depths of compressive residual stresses, low alloyed
SAE5155 steel and the nickel-base alloy Astroloy exhibit increased values of the
surface residual stresses. Of all the materials examined here, AISI4135 steel with
a hardness of 50 HRC shows the highest levels of both values. A comparison of
the maximum compressive residual stress values and the respective material
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Fig. 3.93: Distribution of residual stresses in selected
materials after laser shock treatment (Nd:glass-laser, water
bath) [3.251]
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Fig. 3.94: Correlation between maximum possible residual
stresses after laser shock treatment and yield stress for
selected materials (Nd:glass-laser, water bath) [3.251]
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hardness shows that the compressive residual stresses are within a range of 0.5 to
0.8 times the yield strength (see Fig. 3.94). The findings of [3.252] and [3.253] con-
cur and show that aluminum alloys and austenitic AISI316L steel exhibit penetra-
tion depths that are significantly greater after laser shock treatment than they are
after shot peening. However, the surface residual stresses are generally smaller.

d) Influences on Workhardening State
Fluctuations of treatment intensity are mentioned in previous sections. They
appear as effects on topography and as an undulating distribution of residual
stresses at the surface, as in the quenched and tempered AISI4140 steel shown in
Figs. 3.82 and 3.89. These fluctuations are not found in the states of workharden-
ing close to the surface. It should be noted that laser shock treatment causes only
small changes of the half widths close to the surface in this material, anyway.
The workhardening states close to the surface found after laser shock treatment

are extremely material-dependent. As Fig. 3.95 shows, exposure is described by
the ratio of the surface coordinate x and the laser beam radius rLaser between -1 and
+1. The increases of hardness which are found close to the surface range between
0 and approximately 100 % of bulk material hardness [3.219,3.254,3.255]. As
shown in the following section by a description of the microstructures close to the
surface, the workhardening effect evidently is strongly dependent on the strength
level of a given material and on the number of slip systems that can be activated.
This number is determined by the crystal structure and by the stacking fault ener-
gy. Workhardening occurring close to the surface increases with the available
number of activatable slip systems, from body centered cubic X2Cr11 and
34CrAlNi7 steels, to hexagonal titanium, to austenitic X6CrNiTi18 10 steel. By
contrast, both steels with a body centered cubic matrix show decreases of work-
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Fig. 3.95: Relative change of surface hardness vs, position
related to radius of irradiated area for selected materials
(XeCl-excimer-laser, adhesive tape, water) [3.219, 3.254, 3.255]
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hardening in regions close to the surface when strength rises. In X2CrAlNi7 with
Rp,0.2 = 380 MPa, there is still an increase in hardness of about 15 %, while hard-
ness is not affected in 34CrAlNi7 with Rp,0.2 = 650 MPa. In the case of aluminum
alloys, [3.252] found that strength has similar effects on the increase of hardness
close to the surface found after laser shock treatments. While the low-strength T6-
state A356 alloy shows increases in hardness of around 10 %, hardness growth is
only about 5 % in the higher-strength 7351-state 7075 alloy.
As [3.253] demonstrated for austenitic AISI316L, surface hardness and the inte-

gral widths of the interference lines measured at the surface show increases when
the number of pulses and power density are increased. However, they remain well
below the values observed for the shot-peened state. This corresponds to e.g.
[3.255], who found hardness levels in 2024 aluminum alloy increasing with rising
peak pressure, while increasing the pulse rate caused increases of hardness in
austenitic X2CrNi18–10.
Figs. 3.96–3.98 show results of laser shock treatment on AISI4140, TiAl6V4 and

IN 718. The half widths close to the surface – and the plastic deformations derived
from them – show continuous increases, starting from the bulk material and pro-
ceeding toward the surface. In comparison to the results for shot peened states,
which are also depicted, the increase in the line width is noticeably smaller. In
contrast to the high-strain rate deformation which occurs during shot peening,
the induced by shock deformation evidently induces smaller degrees of deforma-
tion and workhardening effects.
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Fig. 3.96: Distribution of workhardening after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S170, 0.24mmA) of quenched and tempered AISI4140
[3.242]
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Fig. 3.97: Distribution of workhardening after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S110, 0.10 A) of TiAl6V4 [3.248]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

10

20

30

40

IN 718

 laser shock treated

 shot peened

c
o

ld
 w

o
rk

 [
%

]

distance to surface [mm]

Fig. 3.98: Distribution of workhardening after laser shock
treatment (Nd:glass-laser, water bath) and shot peening
(S110, 0.10 A) of IN718 [3.248]

e) Influences on Microstructure
Due to the presence of shock loading in the region close to the surface, the typical for-
mation of twins is pointed out in numerous studies. For example, [3.256] used differ-
ential interference contrast in an optical microscope, crystal orientation contrast in a
scanning electron microscope and transmission electron microscopic examinations
on specimens of poly-crystalline, highly purified iron and molybdenum after laser
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shock treatment (comp. exemplary representation in Fig. 3.99).He demonstrated that
laser shock treatment causes twin formation close to the surface, especially in the
case of iron. However, the effect is far less pronounced in molybdenum. Here,
slip possibilities are still available and are visible as traces of wave-like slip.

a)
iron

b)
molybdenum

Fig. 3.99: Light microscopic view, using differential interfer-
ence contrast, of microstructure in pure iron (a) and pure
molybdenum (b) after laser shock treatment (XeCl-excimer-
laser, glue band, water) [3.256]

In Ti(RT15), circular irradiation causes twin formation directly at the surface.
Defocusing the laser causes a reduction of the effect, beginning at the center, up
to the point at which twins are found only near the edge of the irradiated area
[3.219]. Presumably, this is caused by the attenuation waves mentioned above.
[3.257] contributed to an understanding of the mechanism of deformation, by

carrying out transmission electron microscopic examinations on copper with vary-
ing contents of aluminum (comp. Fig. 3.100). At a low 1 Ma.-% aluminum con-
tent, he observed the formation of a cell structure. Mean stacking fault energy and
the cross slip processes enabled by it provide an explanation. It indicates good

a)
CuAl1

b)
CuAl7

Fig. 3.100: Transmission electron microscopic view of the
microstructures in CuAl1 (a) and CuAl7 (b) after laser shock
treatment (XeCl-excimer-laser, glue band, water) [3.257]
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deformability, allowing for high degrees of plastic deformation and thus, high re-
sidual stress values. By contrast, a planar dislocation arrangement and numerous
twins are found at the high,7 Ma.-% aluminum content. The reason for this is the
comparatively low level of stacking fault energy. It causes the splitting between
the dislocations to be greater, while twin initiation stress, which is proportional to
the square root of stacking fault energy, is reduced [3.258]. Thus, ductility is
reduced and as a result, plastic strains and, therefore, the residual stress values,
are smaller. For austenitic AISI316L steel, [3.253] reports that the microstructure
is influenced also by power density. Low power densities result in threefold slip
due to comparatively low deformation velocities, whereas high power densities
cause single slip and twin formation, as strain rates are comparatively high.

f) Influences on Phase Fractions
To date, there are hardly any studies which deal with the effects of laser shock
treatments on the phase fractions which occur close to the surface. [3.253] showed
that in contrast to shot peened states, a¢-martensite is not detectable in austenitic
X2CrNiMo18–12–2 steel after laser shock treatments. Evidently, the deformations
created by laser shock treatment are not great enough to cause a deformation-
induced transformation of retained austenite. However, [3.259] employed pure
iron irradiated using a Nd:glass laser and a pressure greater than 13 GPa to dem-
onstrate that bcc a-Fe can be transformed into hex e-Fe high-pressure phase.
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4
Changes of Surface States due to Thermal Loading

4.1
Process Models

4.1.1
Elementary Processes

Depending on temperature, thermal loading of mechanically surface-treated
material states causes fundamentally different processes, which may be divided as
follows. When material states that have received mechanical surface layer defor-
mation are exposed to temperatures T> 0.5 TM (TM being melting- or solidus tem-
perature) for several hours, re-crystallization occurs. This causes grain re-forma-
tion, which results in a removal of all macro residual stresses and of the vast
majority of micro residual stresses. The reason why micro residual stresses are
not removed completely is that lattice distortions, such as dislocations, remain. In
multi-phase materials, thermally induced micro-residual stresses are inevitably
created when the material cools down from processing temperature, due to the
different thermal expansion coefficients of the individual phases. By contrast,
thermally activated creep- and relaxation processes, in which temperature and
time are largely exchangeable, are expected to occur at temperatures T< 0.5 TM.
They are based on a diffusion-controlled dislocation movement, changing from
volume diffusion to dislocation core diffusion as temperature drops. This is asso-
ciated with a reduction of the processes’ apparent activation enthalpy. Differences
in the relaxation of micro- and macro residual stresses appear in this temperature
range, as well. While the removal of macro residual stresses only requires disloca-
tion movement, a significant relaxation of micro residual stresses requires a
decrease of the number of lattice defects, resulting in a slower relaxation of the
micro residual stresses compared to that of the macro residual stresses. Fig. 4.1
schematically shows which processes dominate the surface layer changes at a giv-
en temperature, time remaining constant.
In addition to the relaxation processes described, strain aging effects may occur

in steels and other strain aging materials during thermal loading at annealing
temperatures that are relatively low. These effects counteract the relaxation of micro-
and macro residual stresses (comp. Sect. 3.3.1a). The residual stress-reducing
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Fig. 4.1: Influence of annealing temperature on the processes
controlling changes of the surface state (1 = dislocation core
diffusion-controlled dislocation creep, 2 = volume diffusion-
controlled dislocation creep. 3 = recrystallization)

dislocation movement is controlled by volume- or dislocation core diffusion and
has an activation enthalpy DHA » DHS or DHA » 1
2 ·HS where DHS is the activa-
tion enthalpy for self-diffusion – about 2.8 eV in a-iron. At the same time, carbon
clouds form around the dislocations. At an activation enthalpy of about 1 eV, this
occurs much faster than diffusion-controlled dislocation movement. Thus, the
movement of carbon-clouded slip dislocations is obstructed. If, after a certain
incubation period, strain aging causes carbides to form in the vicinity of the dislo-
cations, the result may be that further dislocation movement is impeded more
effectively and ultimately, the dislocations are pinned. However, this may be
undone by a coarsening of the carbides at a later stage. Fig. 4.2 is a schematic
summary of the results to be expected, focusing on the temperature-dependency
of the surface layer changes, while time remains constant.
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Fig. 4.2: Influence of annealing temperature on changes of
the surface state for strain aging materials (schematically,
1 = decelerated movement of mobile dislocations bearing
interstitial clouds, 2 = pinning of dislocations due to finest
carbides, 3 = accelerated movement of dislocations due to
coarsening of carbides)



By contrast, there are quenching-induced, over-saturated states in light metals
in which the plastic deformation occurring during mechanical surface treatment
changes the kinetics of precipitation hardening. Resulting time-temperature-pre-
cipitation diagrams, e.g. for titanium alloys, show that the curves describing the
end of precipitation in the surface layer appear before those describing the start of
precipitation in the core region. Accordingly, a selective surface hardening which
occurs without a hardening of the core region is possible. The precipitation curves
for aluminum alloys, on the other hand, are shifted forward to a lesser extent.
These alloys permit only preferred surface hardening, the reason being that the
precipitations which form in the surface layer are smaller and much more finely
distributed than they are in the core region. Fig. 4.3 is a schematic representation
of the changes which mechanical surface treatments cause in the time-tempera-
ture-precipitation diagrams for selective and preferred surface hardening.

cold worked annealed annealedcold worked

selective
surface hardening

preferred
surface hardening

start of
transformation

end of
transformation

start of
transformation

end of
transformation

T

lg t lg t

T

Fig. 4.3: Schematical time-temperature-precipitation
diagrams for selective and preferred surface hardening

4.1.2
Quantitative Description of Processes

According to [4.1], the residual stress changes during thermal loading may be
described using a Zener-Wert-Avrami equation

rrsðT ; tÞ
rrs
0

¼ exp � Cexp �DHA

kT

� �
t

� �m� 	
. (4.1)

r
rs(T,t) is the residual stress value which remains after annealing at temperature

T lasting time t, rrs
0 is the initial residual stress value, DHA is the activation

enthalpy of the rate-controlling process, m is an exponent, C is a velocity constant
and k is the Boltzmann constant. Several methods may be used to determine the

1374.1 Process Models
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Fig. 4.4: Scheme for the common determination of the para-
meters of the Avrami approach for the description of thermal
residual stress relaxation [4.3]

material’s parameters DHA, m and C on the basis of Equ. 4.1. The conventional
method of analysis [4.2] is shown schematically in Fig. 4.4. The measurement
results are first plotted as lg ln(rrs

o /r
rs) versus lg t. Since

lg ln
rrs
0

rrsðT; tÞ
� �

¼ m lgC � m
ln10

DHA

kT

� �
þm lg t (4.2)

follows by converting Equ. 4.1, straight lines are expected for constant annealing
temperatures in this graph. Their slopes are given by exponent m and should be
independent of annealing temperature. Corresponding pairs of values of anneal-
ing time and -temperature may be determined for a constant relaxation rate
rrs/rrs

o = const. and applied in a diagram lg t versus 1/kT. A conversion of Eq. 4.2
results in

lg t ¼ 1
m

lg ln
rrs
0

rrsðT; tÞ
� �

� lgC

� �
þ DHA

ln10
1
kT

. (4.3)

Therefore, straight lines should appear in this graph as well. In this case, their
slopes should be DHA/ln 10, permitting activation enthalpy DHA to be determined.
Finally, by inserting this into Eq. 4.2, velocity constant C can be determined. This
method usually forces the use of interpolations and daring extrapolations of the
measured values to arrive at high or low degrees of relaxation, which inevitably
leads to uncertainties regarding the factors determined. For this reason, [4.3]
introduced a method based on an algorithm for solving non-linear fitting prob-
lems [4.4]. It allows for an iterative calculation of the factors DHA, m and C by way
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of the least squares method. Thus it is possible to determine these parameters
without graphically linearizing the measurement values. It is no longer necessary
to extrapolate very long or very short times from the measured values, as required
by the method described before. Thus, all of them are weighted equally and are
included in the analysis of the experiment. Replacing the ratio rrs(T,t)/rrs

o in Eq. 4.1
by <e2(T,t)>1/2/<eo

2>1/2 or by DHWB(T,t)/DHBWo permits a representationof the
relaxation of the mean strains and half widths which describe the micro residual
stress state. In order to minimize the influence of any effects due to the technical
devices used, the model does not employ the absolute values of the half widths,
HWB(T,t), but only the changes DHBW(T,t) = HBW(T,t) – HBWN versus the value
HBWN measured in the material states with the lowest possible deformation. In
steels, this value is determined in the normalized state.
According to [4.5], the changes in residual stress caused by supplying thermal

energy can also be described by using the Norton approach, known from high
temperature creep deformation, in the form of

_eep ¼ A rrs
m


 �n
exp �DHN

kT


 �
. (4.4)

_eep is the plastic strain rate, rrs
m is the mean amount of residual stress, DHN is the

activation enthalpy, n is an exponent and A is a velocity constant. For an analysis
of measured values rrs(T,t), these must first be converted, under the precondition
that

_eet ¼ _eee þ _eep ¼ 0 (4.5)

is valid for macro residual stress relaxation, i.e. that _eep equals negative elastic
strain rate _eee.
The measured values rrs

i (T,ti) and rrs
j (T,tj), which remain after different anneal-

ing times, ti and tj (tj> ti) with T = const., together with the temperature-dependent
Young’s modulus E(T) result in

_eep;i ¼ _eee;i ¼ � rrs
j ðT ; tjÞ � rrs

i ðT; tiÞ
EðTÞðtj � tiÞ

(4.6)

and the mean amount of residual stress

rrs
m;i ¼

1
2
rrs
j ðT ; tjÞ þ rrs

i ðT; tiÞ
��� ���. (4.7)

As they are strongly dependent on temperature and stress, factors DHN, n and A
are determined using the linearizations shown schematically in Fig. 4.5 as graphs
lg _eep versus lg rrs

m – and lg _eep versus 1/kT.
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Fig. 4.5: Scheme for the determination of the parameters of
the Norton approach for the description of thermal residual
stress relaxation [4.3]

4.2
Experimental Results and their Descriptions

4.2.1
Influences on Shape and Topography

There are hardly any known examinations which focus on the influence of ther-
mal loading on the shape and topography of mechanically surface-treated compo-
nents or specimens. The most pronounced distortions caused by thermal loading
are expected to occur in thin-walled components, due to their low stiffness and
the great depth of the residual stresses in relation to specimen thickness. [4.6]
reported on annealing experiments involving X22CrMoV12–1 steel strips the size
of Almen test strips (76.2x19x1.295 mm3), which had been shot peened on one
side and therefore showed a deflection of about 0.6 mm. During annealing, the
strips were clamped between two flat plates, in order to eliminate the effect of
deflection during annealing. Remaining deflections were measured after anneal-
ing treatments using different times and temperatures. The resulting correlations
with annealing temperatures and -times are shown in Fig. 4.6. At all tempera-
tures, the greatest decrease of the deflections occurs at the beginning of the
annealing period. While deflections remain constant after about 5 hours at 150 �C
and 300 �C, they continue to decrease at 450 �C and 600 �C. This ultimately results
in deflections of less than 0.1 mm after 36 hours. [4.7] reported on dilatometric
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Fig. 4.6: Changes of deflection of single-sidedly shot peened
plates of X22CrMoV12–1 for different annealing treatments [4.6]

measurements carried out on 10 x 10 x 20 mm3 specimens of 38CrMo4 steel cut
from shot-peened discs with a height of 20 mm. The shot peened areas formed
the face sides of the dilatometer specimens, which made it possible to analyze
changes of the strain state at an angle perpendicular to the shot peened surface.
The specimens were heated to 500 �C, kept at this temperature for one hour and
then cooled down to room temperature. This resulted in a permanent elongation
of the specimens, which was compared to that of stress-relieved specimens. The
differences in specimen elongation are a measure of the dimensional changes per-
pendicular to the shot peened surface, amounting to roughly 2.4 lm.
Using finite-element simulations, [4.8] estimated the possible extent of ther-

mally-induced distortions. A thin component modeled on a turbine blade was
heated on one side, to the point at which most shot peening-induced residual
stresses were removed on that side, with no relaxation occurring on the other.
Assuming that the component, measuring about 350 mm in length and up to 5
mm in thickness, was clamped down on one end and able to move freely at the
other, displacements were estimated at the free end. I. TiAl6V4 alloy these can
measure up to roughly 5 mm. By contrast, smaller shifts are predicted for Inconel
718 nickel-base alloy, which is much stiffer. on the whole, the few published stud-
ies confirm the expectation that thin-walled components, in particular, will experi-
ence changes of shape.
There are no known examinations regarding changes in the topography of

mechanically surface-treated material states due to thermal loading.
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4 Changes of Surface States due to Thermal Loading

4.2.2
Influences on Residual Stress State

a) Basic Results

Fig. 4.7 shows the amounts of macro residual stresses in shot peened quenched
and tempered AISI4140 for different annealing temperatures, plotted versus the
logarithm of annealing time [4.3]. Residual stresses decrease as time and tempera-
ture are increased. Analyzing the measured data by using the Avrami function,
following the iterative least squares method, results in parameters DHA = 3.29 eV,
m = 0.122 and C = 1.22 x 1021 l/min, which were used to calculate the curves in
Fig. 4.7. These serve exceptionally well to describe the dependence of the macro
residual stress values – marked by different symbols – on annealing time at the
individual temperature settings. By means of a conventional analysis of the same
data, [4.3] arrived at parameters DHA,50% = 4.47 eV, mmean = 0.122 and C50% = 3.4 ·
1029 l/min. Here, the 250 �C setting necessitated an extrapolation of the experi-
mental durations to a questionably high 3 · 106 years. The advantages of the itera-
tive method become evident in the variance of each measured value, which is
reduced from 8.9 MPa to 5.3 MPa by changing from the common method to the
iterative method. For the same measurement data, Fig. 4.8 shows the correlations
between plastic strain rates and mean residual stresses, which were determined
using the approach presented in Equations 4.4–4.7. At all annealing temperatures,
the data can be approximated entirely or sectionally by straight lines, the slopes of
which provide the temperature-dependent exponent n. This exponent is reduced
from 120 at 250 �C to 20 at 350 �C. At 400 �C and 450 �C, great stresses and thus,
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AISI4140 in a quenched and tempered state and their descrip-
tion by the Avrami-equation (Eq. 4.1) [4.3]
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pered state [4.3]

short times, cause the values of n to be greater than for smaller stresses. For exam-
ple, n = 9 and n = 3 are results found at 450 �C. Thermally activated dislocation
movement across short-range obstacles is assumed to be the deformation process
which determines velocity at values of n greater than 4. This is termed ’power law
breakdown’. Only stress exponent n = 3, occuring at 450 �C and for small stresses,
is compatible with dislocation creep, which is controlled by volume diffusion. The
velocity of dislocation creep is determined by climb processes. The strong temper-
ature-dependence of the n-values prohibits a determination of the activation
enthalpy. Therefore, fit quality cannot be compared with the fits made using the
Avrami equation. While the Avrami function allows for a consistent description of
residual stress relaxation behavior, this is not possible using the Norton approach.
Yet the latter permits a clear observation of the temperature- or stress-dependent
mechanism changes which are inevitably neglected when the Avrami function
and only one set of parameters are used.
Fig. 4.9 shows the residual stress values after shot peening and subsequent

annealing of X22CrMoV12–1 steel, which used for turbine blades. The values are
depicted as lg t versus 1/kT, required for determining parameters in the conven-
tional Avrami-analysis [4.6]. There is a noticeable change of mechanisms which
occurs at about 300 �C and causes activation enthalpy to rise from about 1.4 eV to
about 3.5 eV. This points at the fact that volume diffusion, rather than dislocation
core diffusion, determines the velocity of residual stress relaxation above 300 �C.
There are studies which focus on the thermal stability of shot peening-induced

residual stress states in nickel-base alloys, as well [see e.g. 4.5,4.8–4.11]. Using the
Norton approach, [4.5] analyzed NiCr22Co12Mo9 sheet alloy. His findings on the
correlations between strain rate and residual stresses at 600 �C and 850 �C are rep-
resented in Fig. 4.10. Given short annealing times, and thus, great residual stress
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Fig. 4.9: Annealing times required for achieving certain
values of residual stress relaxation vs. 1/kT for shot peened
X22CrMoV12–1 [4.6]

values, very large Norton exponents are found at 600 �C due to power-law-break-
down and the effects of dynamic strain aging processes. Long annealing times
create exponents of around 6, indicating viscous slip, i.e. initially pinned edge dis-
locations experiencing volume diffusion-controlled climb processes. By contrast,
re-crystallization processes close to the surface (comp. Sect. 4.2.4b) occuring at
850 �C result in very small residual stress values, while the exponent value 6 found
in deeper regions again indicates viscous slip.
Only long annealing times and the greatest depth examined show exponents

measuring 11, which are caused by dislocations that were pinned due to carbide
formation. The example of shot peened Inconel 718 [4.11] in Fig. 4.11 shows that
a 10-minute annealing at 670 �C decreases the remaining fractions of the original
residual stress values as the degree of surface layer deformation grows. The latter
was determined from the widths of the interference lines obtained from the X-ray
measurements of the residual stress analysis. Accordingly, great dislocation densi-
ties, brought about by strong surface layer deformations, counteract residual
stress stability, as they make it easier for dislocation climb processes to occur.
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Examinations on TiAl6V4 titanium alloy regarding the thermal stability of shot
peening-induced residual stress states were published e.g. in [4.11,4.12]. I. Fig.
4.12, [4.12] shows that the values measured in the 400–500 �C range can be
described by the Avrami function. Using the conventional method of determining
the Avrami function’s parameters, an activation enthalpy of 2.8 eV was derived,
which is slightly higher than the activation enthalpy for self-diffusion of 2.51 eV
in a-titanium.
Fig. 4.13 shows the thermal relaxation of residual stresses in quenched and

tempered SAE5155 shot peened under a torsional prestress of 700 MPa [4.13].
Compared to the values observed in quenched and tempered AISI4140 after con-
ventional shot peening – depicted in Fig. 4.7 –, the thermal relaxation of residual
stress is clearly more pronounced. This may be due to the fact that residual stress
values are significantly greater after stress peening. [4.13] stated an activation
enthalpy value of 4.25 eV, which is high in comparison to the activation enthalpy
for self-diffusion found in a-iron.
In warm peened AISI4140 quenched and tempered at 450 �C, a thermal relaxa-

tion of residual stresses is found at 290 �C, as shown Fig. 4.14. This relaxation
occurs slighty slower at 300 �C and a little faster at 450 �C than after conventional
shot peening. The effect of dislocation pinning due to strain aging seems to be
predominant at the lower temperature, stabilizing residual stresses. However, at
450 �C, it is probable that the pinning effect of strain aging serves to stabilize re-
sidual stresses only when annealing times are very short. One must assume that
the dislocations remain mobilized due to the dislocation movement occurring to-
gether with the initial relaxation of residual stresses, and that an elevated density
of mobile dislocations also contributes to residual stress relaxation, due to the dif-
fuse dislocation structure present after warm peening [4.14].
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Fig. 4.14 also shows the residual stress stability under thermal loading at 300 �C
and 450 �C for laser shock-treated quenched and tempered AISI4140. The values
are described well by the Avrami function, which is also depicted and for which
[4.15] stated parameters DHA = 2.49 eV, m = 0.17 and C = 2.91 1015 l/min. Thus,
the value for activation enthalpy is close to the activation enthalpy of 2.8 eV found
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in a-iron. The residual stresses compare to the values stated in [4.3] for shot pee-
ned specimens of the same material state, which were already presented in Fig.
4.7 and are also depicted here.
It is hardly possible to arrive at a systematic, self-contained assessment of resid-

ual stress relaxation using the Avrami function’s parameters. However, there are
some tendencies that are generally applicable with only a few exceptions. These
tendencies have been derived in the past from the measurements presented
above, as well as from other measurements which are not shown here as their
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representation would require a great amount of space. Firstly, it should be noted
that the nature of the surface treatment process itself is, in most cases, irrelevant
to residual stress stability during thermal loading. Regarding all the examined
materials, the relaxation of residual stresses can be described using the Avrami
function or the Norton approach. An integral evaluation of all examined tempera-
tures shows that mean activation enthalpy can be determined for each one. When
high and low temperatures are examined separately, small activation enthalpies
are found for low temperatures and larger ones are found for high temperatures.
The probable cause is the change of mechanisms from dislocation core diffusion-
controlled dislocation climb – its activation enthalpy being equivalent to half the
value of the activation enthalpy for self-diffusion – to volume diffusion-controlled
dislocation climb, which occurs at higher temperatures, with an activation
enthalpy equivalent to the full amount of the activation enthalpy for self-diffusion.
This is demonstrated impressively by Fig. 4.15 [4.6], in which the logarithms of
the annealing times required for a 50% relaxation of residual stresses are plotted
versus 1/kT for quenched and tempered and for quenched SAE1045 [4.16]. As evi-
denced by the change of the slope at medium temperatures, residual stress relaxa-
tion is controlled by dislocation core diffusion at low temperatures and by volume
diffusion at high temperatures. In the analysis of residual stress relaxation using
the Norton approach, the change of mechanisms is reflected by the change from
power-law-breakdown, which occurs at low temperatures and great stresses, to a
classic creep process with n = 3 at high temperatures and at rather low stresses
(comp. Fig. 4.8, [4.3]).
In steels, the heat treatment state shows typical effects on residual stress relaxa-

tion. For shot peened AISI4140, Fig. 4.16 shows that at 450 �C, residual stress
relaxation takes place much more slowly in the normalized state than in the states
quenched and tempered at 600 �C and 450 �C [4.17]. Similar findings were
reported by [4.2], comparing results for shot peened SAE1045 in normalized,
quenched and quenched and tempered states. He found residual stress relaxation
was similarly accelerated in both the quenched and quenched and tempered states
versus the normalized state.
Fig. 4.17 focuses on different materials and material states bearing shot peen-

ing-induced residual stresses. It shows activation enthalpies related to the activa-
tion enthalpies for self-diffusion as functions of temperature T1/2 related to the
melting point –, which lead to a 50% relaxation of residual stresses within one
hour. This shows that related activation enthalpies grow as related temperature
rises. In the case of AISI4140, the activation enthalpy and the required tempera-
ture appear to be greater than for SAE1045. In both steels, the quenched states
show lower activation enthalpies and temperatures, while their nomalized states
exhibit higher activation enthalpies and temperatures. After laser shock treat-
ment, on the other hand, activation enthalpy is reduced while the required tem-
perature remains the same. In the titanium alloy, and particularly, in the alumi-
num alloys and brass, activation enthalpies are reduced and temperatures
increased in comparison to the steels. The differences between the individual
materials and material states may, in part, be due to the fact that temperatures too
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few in number and very close to each other were included in the analysis using
the Avrami function. Thus, activation enthalpy DHA and velocity constant C may
have been interdependently variable, within certain limits, while the result for re-
sidual stress relaxation remained the same. An additional reason for the different
positions of the individual materials or material states in Fig. 4.17 may be found
in the different mechanisms of residual stress relaxation that occur in the individual
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materials or material states. In evenly distributed dislocation structures, e.g.
quenched steels, residual stress relaxation is more likely to be controlled by dislo-
cation core diffusion, resulting in a pronounced relaxation already at lower tem-
peratures. On the other hand, planar dislocation arrangements, cell walls, sub-
grain boundaries or small angle grain boundaries show a greater resistance to dis-
location climb movements, as the latter tend to be controlled by volume diffusion.
This often applies to softer material states, such as normalized steels. The categor-
ization of quenched and tempered states falls somewhere inbetween, depending
on hardness or annealing temperature [4.18].

b) Behavior Beneath the Surface
The depth-dependency of thermal residual stress relaxation behavior was exam-
ined by [4.3,4.19] regarding steels and by [4.5,4.8] regarding nickel-base alloys.
Their corresponding findings show that thermal stress relaxation is slightly slower
beneath the surface than it is directly at the surface. Fig. 4.18d shows an example
of this [4.3], and additionally depicts the relaxation behavior beneath the surface
as described by the Avrami function. The Avrami function’s parameters, plotted
in Fig. 4.18a-c as a function of distance to surface, were obtained using 45 mea-
surement points for each one. Starting from the surface, no significant tendencies
are found, apart from a small reduction of DHA and C and an increase of m for
surface distances greater than 0.04 mm. Therefore, two sets of parameters are
fully sufficient for describing distributions at any annealing temperature or -time.
The Avrami parameters mentioned in the context of Fig. 4.7 are to be applied in
respect to macro residual stress relaxation directly at the surface. On the other
hand, the mean parameters DHA,m = 2.99 eV, C = 6.09 · 1017 l/min and m = 0.172
– shown as plateau levels of the curves in Fig. 4.18a-c – must be used in respect to
residual stress relaxation beneath the surface. Starting from the distribution prior
to annealing, the distributions may be calculated for any given set of annealing
conditions. As an example, Fig. 4.18d shows predictions for 450 �C and times of 6,
60 and 6000 minutes, which are compared with experimental results. The mea-
surements and the calculation correspond well. Modeling results which incorpo-
rate the same parameters for the entire surface layer, including the surface itself,
arrive at inferior results. This again indicates that the relaxation behavior of macro
residual stresses directly at the surface is significantly different from that found in
regions close to the surface.
As mentioned within the context of Fig. 4.10, [4.5] showed that in nickel-base

alloys, re-crystallization processes, occurring exclusively in surface proximity, may
result in residual stress relaxation being particularly pronounced in these regions.
It was also shown that at particularly great depths, the slip movements, which are
usually viscous, may be prevented by carbide formation and the pinning of dislo-
cations.
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c) Transient Behavior During Heating
By means of measurements made on quenched and tempered and shot peened
AISI4140, Fig. 4.19 proves that residual stress relaxation behavior is particularly
pronounced within the first minute of annealing [4.3]. As this is also the period in
which the component or specimen is heated up, it is essential to discuss in detail
the transient residual stress relaxation processes which occur during the heating
phase. This shall be done using the Avrami function, which is taken to be isother-
mal, and by using model assumptions first described by [4.3]. The so-called stress
transient method was developed to this end, and it is depicted schematically in
Fig. 4.20. It assumes that the residual stress relaxation occurring in non-isother-
mal processes within a small time increment Dt = ti+1 – ti is equivalent to the iso-
thermal relaxation which occurs at a mean temperature Tm,i= 1/2 (Ti+1 + Ti) within
the same time increment, starting from the same initial residual stress value rrs

i ,
i.e. that the development of residual stress relaxation can be described by the cur-
rent residual stress value and by the temperature currently reached. Residual
stress relaxation calculated in this manner is shown in Fig. 4.21, regarding speci-
mens which had been immersed in a slat bath with a temperature of 450 �C for
up to 90 seconds. Temperature development at the surface of the specimen is rep-
resented by the T(t) curve. Residual stress relaxation calculated using the stress
transient method is indicated by the broken-line curve, and it is compared to the
residual stress values measured after the interruption of the experiment and rapid
cooling to room temperature. These values are indicated by triangles. The arith-
metic description of the experimental data works very well. In addition, the iso-
thermally calculated course of residual stress versus time is indicated in Fig. 4.21
by a dotted line. The results for the heating period, lasting about 20 seconds, show
clear differences to the curve calculated using the stress transient method. The
influence of the non-isothermal heating phase is negligible only when annealing
times are sufficiently long, in which case the curves approximate each other. The
efficacy of estimating transient residual stress relaxation by means of the stress
transient method is emphasized by Fig. 4.22. It compares the measured values
with the arithmetic descriptions of the residual stress relaxation which occurs dur-
ing the initial 90 seconds of annealing in shot peened quenched and tempered
AISI4140 at 300, 350 and 450 �C [4.14]. Transient residual stress relaxation is
described almost ideally for 450 �C. While the stress transient method still
achieves a good representation of the curves for both of the lower temperatures,
the values of the remaining residual stresses are slightly over-estimated.

d) Annealing Aimed at Surface State Optimization
A number of variant methods of mechanical surface treatment have been devel-
oped recently which are able to achieve improved component properties in certain
applications. They are based on annealing treatments which follow conventional
shot peening treatments. A fundamental distinction must be made between a
short-term annealing of steels [see e.g. 4.20–4.25], which, like the warm peening
treatments described in detail in Sect. 3, cause strain aging effects, and an
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Fig. 4.19: Reduction of the magnitudes of residual stresses
for short- and long term annealing at 450 �C for shot peened
AISI4140 in a quenched and tempered state [4.3]
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ent residual stress relaxation, acc. [4.3]

annealing of titanium or aluminum alloys [see e.g. 4.26–4.29], which essentially
results in local re-crystallization or hardening effects. Residual stresses introduced
by the initial step of mechanical surface treatment – usually shot peening – are
reduced to a greater or lesser extent, as described above. Fig. 4.23 shows the ther-
mally-induced relaxation of residual stress observed by [4.30] in quenched and
tempered AISI4140 when the shot peening treatment was optimized by subse-
quent annealing. This relaxation can be described by the Avrami function, using
the parameters DHA = 2.23 eV, m = 0.138 and C = 4.96 1013 l/min. The deviations
from the parameters found in Chap. 4.2.2a are presumably due to the small num-
ber of temperatures contained in the data used in this fit. None of the reasons
postulated in Sect. 4.1.1 – such as a restricted movement of clouded slip disloca-
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AISI4140 in a quenched and tempered state [4.3]
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tions, obstructions of dislocation movement, or dislocations being pinned by car-
bides and released again later due to a coarsening of the carbides – appear to
cause any deviations from the expected course of the Avrami function. After the
annealing treatment, which lead to the optimal alternating bending strength
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annealing time for different annealing temperatures and their
description by the Avrami-equation (Eq. 4.1) for shot peened
Timetal 21S [4.28]

achievable by such combined shot peening and annealing treatments, the residual
stresses remained at more than 80 % of their initial values [4.30]. The residual
stresses which remained after stress peening and subsequent annealing for 1
minute at 300 �C are also indicated. Their initial amount of 791 MPa before
annealing is markedly higher than the 660 MPa amount present after conven-
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tional shot peening [4.31]. Despite the higher stress value, the remaining residual
stresses are slightly greater, related to the initial value, than they are after conven-
tional shot peening. [4.25] and [4.23] also indicated residual stress values for shot
peened and subsequently annealed states of ZStE 220 BH bake-hardening steel
and normalized SAE1045. They demonstrated that the residual stresses differed
only marginally from those found immediately after shot peening, when fatigue
strength was optimized. Contrastingly, [4.28] measured the residual stresses in
Timetal 21S titanium alloy created by shot peening and subsequent annealing, as
shown in Fig. 4.24. Optimum hardening occurred after 2 hours at 400 �C, or after
1 hour at 450 �C, residual stresses being reduced by at least 50 %. Thus, one factor
which would contribute significantly to increased fatigue strength was available
only in a substantially weakened form. Residual stress relaxation is even more
extreme in titanium alloys. Here, optimized properties are achieved by annealing
treatments which utilize local fine grain formation by re-crystallization. In these
cases, residual stresses are removed completely.

4.2.3
Influences on Workhardening State

a) Basic Results

Fig. 4.25 shows the changes of surface half widths in shot peened quenched and
tempered AISI4140 caused by annealing lasting longer than one minute, at tem-
peratures between 250 and 450 �C [4.30]. Evidently, similar laws apply here as they
do for the macro residual stresses depicted in Fig. 4.7. This is also indicated by the
curves calculated using the Avrami function’s parameters DHA,HBW = 2.48 eV,
mHBW = 0.116 and CHBW = 1.09 · 1013 l/min, which were determined by the iterative
method. The analysis did not involve the absolute values of the half widths, but
used their respective differences to the initial value HBWN = 1.65 �2h of a normal-
ized specimen. This reduced the influence of the technical devices, while taking
account of the fact that, unlike macro residual stresses, half widths are not
reduced to a marginal level. Fig. 4.26 shows the relaxation versus time of mean
strains and micro residual stresses for the same temperatures, measured on the
same specimens by analyzing the x-ray interference lines. Again, the depiction of
the measured values is supplemented by the curves calculated according to the
Avrami function using the iteratively determined parameters DHA,e = 2.64 eV,
me= 0.096 and Ce = 5.31 · 1012 l/min. Thus, the Avrami function is also very effec-
tive in describing the thermal relaxation of mean strains and micro residual
stresses, as well as the half widths. The same method, however, is not suitable for
describing the changes – shown in Fig. 4.27 – of the domain sizes measured at
the surface after annealing treatments of various lengths and at temperatures be-
tween 250 and 450 �C. This is owed to the relatively strong scattering of the mea-
sured values. Their tendency to become greater may prompt the use of, for
instance, the reciprocal values, yet even this does not render the method usable.
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Fig. 4.25: Half widths vs. annealing time for different anneal-
ing temperatures in shot peened AISI4140 in a quenched and
tempered state and their description by the Avrami-equation
(Eq. 4.1) [4.3]
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Fig. 4.26: Mean strains or micro residual stresses vs. anneal-
ing time for different annealing temperatures in shot peened
AISI4140 in a quenched and tempered state and their descrip-
tion by the Avrami-equation (Eq. 4.1) [4.3]

For powder-metallurgically produced c¢-hardened Rene’95 nickel-base alloy,
[4.9] showed that the shot peening-induced increases of micro residual stresses –
determined using x-ray line profile analyses – were reduced by three-hour anneal-
ing treatments at elevated temperatures, and that they were completely removed
at about 950 �C (comp. Fig. 4.28). For TiAl6V4, Fig. 4.29 shows that the Avrami
function may also be used to describe how the shot peening-induced increases of
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the half widths are altered by annealing. This is possible when activation enthalpy
DHA,HBW = 2.8 eV, velocity constant CHBW = 2.19 · 1015 l/min and exponent
mHBW = 0.36 are used [4.12]. Fig. 4.30 shows that the thermally-induced relaxation
of the half widths in laser shock-treated quenched and tempered AISI4140 occurs
in a similar way as it does after shot peening [4.15].
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An obvious step to take is to compare the relaxation behavior of the micro resid-
ual stresses to that of the macro residual stresses. Fig. 4.31 shows results for the
quenched and tempered AISI4140 discussed above, and a temperature of 350 �C
[4.3]. Compared to the half widths or the mean strains, the macro residual stresses
are reduced a little more quickly. This is primarily due to the difference in the ve-
locity constant C of nine orders of magnitude, as the exponents m do not show
any significant differences and the activation enthalpies are close to the enthalpy
for self-diffusion in all cases, those describing the relaxation of micro residual
stresses being smaller than those describing macro residual stress relaxation.
These findings agree entirely with results obtained by [4.2] for shot peened nor-
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malized SAE1045. The correlation shown in Fig. 4.32 applies to TiAl6V4. While
confirming that micro residual stress relaxation occurs more slowly than macro
residual stress relaxation, it also shows equal activation enthalpies for macro- and
micro residual stress relaxation, which are equivalent to the slopes of the lines
indicated in the plots shown. Fig. 4.33 shows a comparison of the parameters of
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the Avrami function, as far as they are available, for different materials and material
states.Most of the activation enthalpies formicro residual stress relaxation are slightly
smaller than they are for macro residual stress relaxation. Exponentsm show similar
values for macro- and micro residual stress relaxation, exhibiting non-systematic
deviations, while the velocity constants are generally smaller for micro residual stress
relaxation than they are for macro residual stress relaxation, as already demonstrated
by the examples selected. Accordingly, volume diffusion-controlled dislocation creep
dominated by climbing of edge dislocations should determine the rate of macro- and
micro residual stress relaxation in all cases. Nevertheless, differences in relaxation
rates occur. These are explained by the fact that dislocation movements may suf-
fice for a relaxation of macro residual stresses, while a pronounced relaxation of
micro residual stresses additionally requires dislocation annihilations.

b) Behavior Beneath the Surface
Fig. 4.34 shows the depth distributions of mean strains and micro residual stress-
es in shot peened quenched and tempered AISI4140 for 400 �C and different
annealing times. They are compared to the state present immediately after shot
peening. After the shot peening treatment, an increase of mean strains is found
within immediate proximity of the surface, yet depths of 0.05 to 0.15 mm show a
relaxation of mean strains, which is caused by dislocations being rearranged into
energetically preferable configurations, i.e. by microstructural softening effects.
After two minutes of annealing, the shot peening-influenced surface layer up to
0.2mmfrom the surface already shows a relaxation ofmean strains, in comparison to
the initial, un-peened state. This effect continues as annealing times grow
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Fig. 4.34: Influence of annealing time on distribution of mean
strains or micro residual stresses at an annealing temperature
of 400 �C for shot peened AISI4140 in a quenched and tem-
pered state [4.3]
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longer, resulting in a pronounced decrease of mean strains in the surface layer
after 6000 minutes. This is caused by the instability of the micro residual stress
state of the shot peened surface layer which comes with microstructural softeing.
The bulk material, on the other hand, shows only small changes of the mean
strains, which are caused by tempering effects. Fig. 4.35 shows the depth distribu-
tions of the domain sizes for the same annealing conditions. It indicates that the
domain size changes run counter to those of the mean strains. Dislocation densi-
ties are calculated from the mean strains and domain sizes according to [4.32].
Their depth distributions are represented in Fig. 4.36, confirming that annealing
treatments cause the dislocation density in the surface layer to fall below the level
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Fig. 4.35: Influence of annealing time on distribution of
domain sizes at an annealing temperature of 400 �C for shot
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present in the uninfluenced bulk material. This is due to fact that the dislocation
arrangements are unstable when thermal energy is introduced.
As shown in Fig. 4.37, [4.5] found that in NiCr22Co12Mo9 nickel base alloy, the

shot peening-induced increases of the half widths close to the surface were
changed only marginally by annealing at 600 �C, while the residual stresses were
almost completely removed. Similar results were obtained in respect to the dislo-
cation densities close to the surface.
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Fig. 4.37: Influence of annealing time on distribution of half
widths at an annealing temperature of 600 �C for shot peened
NiCr22Co12Mo9 [4.5]

c) Annealing Aimed at Surface State Optimization
The various methods of mechanical surface treatment incorporating subsequent
high-temperature annealing do not only cause inevitable relaxations of the macro
residual stress state – as mentioned in Sect. 4.2.2 – but also bring about relaxa-
tions of micro residual stresses. Fig. 4.38 shows this for shot peened quenched
and tempered AISI4140. This is an example of steels which permit utilizing strain
aging effects. 1-, 5- and 60-minute annealing treatments at temperatures between
180 and 400 �C result in significant relaxations of the half widths, related to their
values after shot peening. These relaxations progress in a way similar to the one
discussed above in respect to longer times [4.30]. The relaxation of half widths cre-
ated by stress peening and subsequent short-term annealing at 300 �C – also
shown in Fig. 4.38 – does not deviate from the behavior of conventionally peened
specimens. Concurrently to half width relaxation, increases of hardness occur
within the regions which were previously plastically deformed. This is due to stat-
ic strain aging effects, which result in the pinning of slip dislocations by Cottrell
clouds and ultra-fine carbides. Fig. 4.39 compares these hardness increases to
those found in conventionally peened specimens. [4.23] observed similar, and
even more impressive, effects in normalized SAE1045 after conventional shot
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peening and subsequent short-term annealing at 350 �C. Fig. 4.40 shows pro-
nounced hardness increases close to the surface and compares them with the dis-
tribution of hardness found after shot peening. Concurrently, the half widths
decrease during annealing, as is the case for quenched and tempered AISI4140.
The reason why half widths and micro hardness behave differently is found in the
fact already discussed in Sect. 3.1.2d. Half widths merely represent the distortion
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Fig. 4.40: Influence of a 1-hour annealing treatment at 350 �C
on the distribution of microhardness for shot peened
SAE1045 in a normalized state [4.23]

states induced by the microstructure, whereas plastic deformation needs to have
occurred if micro hardness is to be measured. This is why static strain aging
affects only measurements of micro hardness. Fig. 4.41 clearly illustrates the
hardening effect which annealing has on shot peened normalized SAE1045. Ten-
sile workhardening-curves are shown for specimens trepanned after shot peening
and annealing at 350 �C using different times. Already strongly workhardened in
comparison to its pre-treatment state, the shot peened trepanned specimen shows
additional increases of flow stress. These are caused by strain aging effects and
are particularly pronounced in regions of small deformations. A contrary example
to the steels described above was found by [4.25], examining ZStE220 BH bake-
hardening steel. Here, 20-minute annealing treatments at temperatures up to
250 �C did not change the half widths significantly.
[4.28] examined Timetal 21S b-Ti alloy and found that shot peening treatments

followed by annealing treatments with different times and temperatures increased
micro hardness in the surface layer. This is shown in Fig. 4.42. The longer the
annealing times and the higher annealing temperatures were, the more hardness
increased. After passing through a maximum, however, micro hardness decreased
again at the highest temperatures. These changes of hardness were caused by
selective surface hardening. In b-Ti alloys, increases of hardness are created in the
previously deformed surface layer by the selective formation of precipitations, dis-
cussed above in the context of Fig. 4.3. Due to over-aging effects, hardness
decreases again at longer annealing times and higher temperatures. Fig. 4.43
shows similar results for BetaC Ti-alloy after shot peening or deep rolling and sub-
sequent annealing [4.33]. An issue of particular interest here is that hardening cre-
ates a high density of nuclei and thus causes precipitations which are particularly
fine. This makes it possible to achieve hardness values close to the surface which
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an optimized hardening treatment of the bulk material alone cannot achieve. This
is illustrated by the broken line which indicates the maximum hardness of the
bulk material. Examining the same material, [4.34] showed that increasing deep
rolling force permits the depth effect of the hardness increases to be extended
noticeably. Preferred surface hardening of AlCuMg2 (AA 2024) was examined by
[4.29] (comp. Fig. 4.44). Shot peening is followed by warm aging, creating hard-
ness values in the core region typically achievable by hardening. As the surface
layers, however, contain higher densities of nuclei, more and finer precipitations
are created there. They cause the increases of hardness observed in these regions.

0

50

100

150

200

250

Timetal 21s450 ºC

500 ºC

350 ºC

400 ºC

c
h
a
n
g
e
 o

f 
h
a
rd

n
e
s
s
 [
H

V
0
.0

5
]

0 100 100010

annealing time [min]
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4.2.4
Influences on Microstructure

a) Basic Results

There is only a small number of published studies which examine the influence
of thermal treatments on the surface layer microstructure of mechanically sur-
face-treated material states. [4.5] carried out extensive transmission electron
miscroscopic studies on shot peened NiCo22Cr12Mo9, which also covered the
influence of annealing time and -temperature on the depth distributions of the
microstructure. Fig. 4.45 shows the distributions of the half widths and the corre-
sponding dislocation structures, found at certain depths after shot peening, after
2000 minutes of annealing at 600 �C and after 90 minutes of annealing at
850 �C. The dislocation structures in the shot peened state and in the state anealed
at 600 �C correspond, showing homogenous dislocation arrangements with high
dislocation densities in the surface layer, along with numerous thin dislocation
twins. Slip band arrangements and a low dislocation density are found directly at
the surface. At 850 �C, however, large re-crystallized zones with a very low disloca-
tion density appear in the region close to the surface where the half widths show a
local minimum. By contrast, only a small re-crystallized zone is found in the local
half width maximum area, while there is none at all in deeper regions. The car-
bide structure is affected by the annealing treatment, as well. While the shot pee-
ned state and the state annealed at 600 �C contain only a few large grain boundary
carbides, a great number of precipitations of secondary carbides is found in the
state annealed at 850 �C, occurring in the region of the former dislocation twins
and on the grain boundaries. Again, a rather homogeneous distribution of car-
bides is observed in the deeper regions.
[4.9] determined sub-grain sizes and c¢-phase fractions in powder-metallurgi-

cally produced c¢-hardened Ren� 95 nickel-base alloy. Shot peening causes sub-
grain sizes to decrease from 180 to about 15 nm and c¢-phase fractions to decrease
from 45 vol.-% to 25 vol.-%. As shown in Fig. 4.46, they increase again as anneal-
ing temperature is increased, the c¢-phase fraction returning to its initial value at
around 900 �C. Sub-grain sizes grow a little more slowly, reaching 40 nm at
1000 �C. This is three times more than the value found after shot peening, yet still
far smaller than the value before shot peening. The reason why shot peening
reduces the c¢-phase fraction is that hydrostatic pressure abets the volume reduc-
tion which contributes to the creation of the denser c¢-phase. During annealing,
the microstructure approximates its original initial c¢-phase value.
TiAl6V4 and AISI304 exhibit nano-crystalline surface layers after deep rolling.

[4.35] examined their thermal stability by means of (in-situ-TEM) studies. No sig-
nificant microstructural changes and in particular, no re-crystallization, were
found in TiAl6V4 up to 900 �C and in AISI304 for temperatures up to
600 �C. Therefore, fatigue properties are expected to be particularly good at ele-
vated temperatures.
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Fig. 4.45: Distributions of half widths and transmission elec-
tron microscopically-observed dislocation structures at differ-
ent distances to surface for shot peened NiCo22Cr12Mo9
after shot peening (a), after annealing for 2000 min at 600 �C
(b) and after annealing for 90 min at 850 �C (c) [4.5]
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Fig. 4.46: Subgrain size and c¢-particle content vs. annealing
temperature for a 3-hour annealing treatment of shot peened
Ren� 95 [4.9]

b) Annealing Aimed at Surface State Optimization
Short-term annealing of steels after conventional shot peening treatments is
aimed at achieving static strain aging effects. It is almost impossible to deliver
experimental evidence of these effects on the microstructural level. Only
[4.23,4.24] is known to have carried out transmission electron microscopic exami-
nations, documenting the microstructural changes in the surface layer state of
shot peened normalized SAE1045 created by a 90-second annealing treatment at
350 �C. Fig. 4.47a shows the tangled dislocation structure typically found in the
surface layers of shot peened specimens. Fig. 4.47b shows the results of the 90-
second annealing treatment at 350 �C. While the dislocation structure remains the
same, there are distortion contrasts which [4.23] attributed to coherency stresses
around semi-coherent finest carbides 10 to 20 nm in size.
Annealing mechanically surface-treated a-Ti alloys, such as Ti-8Al, can be uti-

lized specifically for the creation of fine-grain zones by re-crystallization which
occurs close to the surface. Deformation causes a high density of nuclei, which
aids re-crystallization and creates extremely fine grains in the deformed surface
layer. A comparatively coarse grain structure is maintained in the core microstruc-
ture. Accordingly, the crack propagation rate is low during cyclic loading, and it is
possible to increase surface layer strength under quasi-static and cyclic loading
(comp. Sect. 6.3.5). Fig. 4.48 compares the surface microstructure of shot peened
Ti-8Al and the surface microstructure of a specimen of the same material which
was shot peened and annealed at 820 �C for one hour. Clearly discernable, there
are traces of deformation close to the surface and grain sizes of around 100 lm in
the shot peened state, while the specimen which was also annealed shows finely
grained zones with grain sizes in the 20 lm range within a distance to surface of
about 80 lm [4.26,4.27].
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Fig. 4.47: Microstructure observed using a transmission elec-
tron microscope at a distance to surface of about 0.05 mm in
normalized AISI4140, shot peened (a) and shot peened and
subsequently annealed for 90 s at 350 �C (b) [4.23, 4.24]

TiAl8
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b)
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Fig. 4.48: Microstructures close to the surface in Ti8Al after
shot peening (a) and after shot peening plus subsequent
annealing for 1 h at 820 �C (b) [4.26,4.27]

In (a+b)-Ti alloys, such as Ti6Al4V or Ti6Al2Sn4Zr2Mo, thermal annealing
treatments lead to re-crystallization an therefore alter the grain morphologies
close to the surface. Fig. 4.49 verifies this, showing a polished cross section of the
surface layer of a specimen which was shot peened and subsequently annealed at
850 �C for one hour. A finely grained, lamellar core microstructure is found within
a fine- and equiaxially-grained surface layer with a thickness of about 200 lm
[4.27]. Thus, the microstructure is optimized for creep-fatigue applications,
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Ti6242
shot peened + 850 ºC / 1 h

Fig. 4.49: Microstructure observed by light microscopy close
to the surface of shot peened and annealed Ti6242 [4.27]

because the lamellar basic structure is a barrier against creep effects and the
equiaxial surface layer impedes the initiation and growth of fatigue cracks (comp.
Sect. 6.3.5).
There is only limited photographic documentation available regarding the

microstructure of b-Ti alloys showing selective surface hardening. Deep rolled
BetaC Ti alloy is depicted in [4.34,4.36]. Selective surface hardening is observable
up to a distance of about 300 lm to the surface. It becomes visible in the altered
etching behavior of the regions which were hardened at 440 �C for 4 hours (comp.
Fig. 4.50). As mentioned several times above, the surface layer exhibits an
increased dislocation density and thus, an increased density of nuclei, when ele-
vated temperatures cause precipitations of semi-coherent or incoherent hexagonal
a-particles within the body-centered cubic b-matrix. In a time-temperature-precipi-
tation diagram, transformation times are shifted forward to such an extent that
hardening is already concluded within the surface layer before it has begun in the
uninfluenced core region. Therefore, core hardness and microstructure are not
affected by the annealing treatment. Contrastingly, Fig. 4.51 shows the surface
layer microstructure which is achievable by selective surface hardening in a shot
peened AlCuMg2 (AA2024) specimen warm-aged at 190 �C for 12 hours. It is
compared to the microstructure of the same material which underwent a similar
annealing treatment but no prior cold work [4.29]. As is the case in selective sur-
face hardening, dislocation density and thus, the density of nuclei, are increased
here, as well. Therefore, annealing prematurely creates an increased number of
precipitations which are refined in comparison to the uninfluenced bulk material.
However, time shift in the time-temperature-precipitation diagram is only mar-
ginal. Thus, only the number and the size of the precipitations are increased in
comparison to the base material state, and the bulk material hardens, as well. In
the AlCuMg2 alloy depicted, h-phase Al2Cu precipitations occur in the shot peen-
ing-affected surface layer, which are significantly finer than after conventional
warm aging. Fig. 4.51 offers impressive evidence of this, explaining the noticeable
increase of hardness in the surface layer which is shown in Fig. 4.44.
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Ti6242
shot peened + 850 ºC / 1 h

Fig. 4.50: Microstructures close to the surface in Beta C
after deep rolling and subsequent annealing for 4 h at 440 �C
[4.34,4.36]

AlCuMg2

a)
shot peened

b)

shot peened + 

190ºC / 12 h 

Fig. 4.51: Microstructures of AlCuMg2 after conventional
warm aging for 12 h at 190 �C (a) and after the same warm
aging treatment following a shot peening treatment (b) [4.29]
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5
Changes of Surface Layer States due to Quasi-static Loading

5.1
Process Models

5.1.1
Elementary Processes

The surface layer states created by mechanical surface treatments influence behav-
ior during mechanical loading. This is due, firstly, to pre-deformation, which
changes deformation behavior in the surface layer, and secondly, to the residual
stress state present. The way in which mechanical surface treatments modify
deformation behavior is determined, in particular, by the changes of the workhar-
dening state close to the surface and by the microstructural changes discussed at
length in Sect. 3. These can be characterized in terms of measured values, such as
the half widths or integral widths of the interference lines – determined using x-
rays –, or in terms of characteristics, such as mean strains, domain sizes, or dislo-
cation densities, – derived from the analysis of the x-ray interference line profiles,
or by studying the dislocation structure using electron microscopy. As described
in detail in Sect. 3 in respect to the various methods of mechanical surface treat-
ment, the phase fractions present in the surface layer, and its textural state, may
change. The result is that the deformation behavior of mechanically surface-treat-
ed components or specimens changes, as well. The plastic deformations intro-
duced into the surface layer during mechanical surface treatments can be viewed
as pre-deformations. Therefore, this section and the discussion of quasi-static
loading of mechanically surface-treated material states always includes possible
repercussions of the Bauschinger effect, as presented in Sect. 3.1.1a.
When mechanical loading takes place, the residual stress states induced close to

the surface by mechanical surface treatments are added tensorially to the loading
stresses introduced from the outside. Therefore, they are of particular interest
when assessing the onset of plastic deformation. Conversely, such calculations of
superpositions also permit estimates for different loading types of the loading
stress ranges in which the residual stresses remain stable. As component geome-
tries may contain superpositions that are quite complex, the following discussion
is restricted to simple loading cases. Uniaxial homogeneous loading appears in



the form of tensile and compressive loadings, uniaxial inhomogeneous loading is
represented by bending loadings, and biaxial inhomogeneous loading is consti-
tuted by torsional loadings.

5.1.2
Quantitative Description of Processes

Assuming uniaxial residual stress states, the changes of surface layer- and core
residual stresses created by quasi-static tensile, compressive or bending deforma-
tion can be examined by means of the surface-core model developed in [5.1–5.3].
The model is based on a prismatic rod, viewed as a compound, and divides the
rod’s total cross-sectional area Ao into a surface layer region Asurf and a core region
Acore. It is assumed that longitudinal residual stresses rrs

surf and rrs
core are effective

within these regions and that both regions always exhibit equal total strains. The
next step is to assign state-specific surface layer- and core workhardening curves
rsurf (et) and rcore (et), permitting an assessment of the deformation behavior of the
compound and of the residual stress changes due to loading stress rls.

rlsðetÞ ¼
Asurf

Ao

rsurf ðetÞ þ
Acore

Ao

rcoreðetÞ (5.1)

is valid for every total strain. This allows for a quantitative assessment of residual
stress relaxation according to

rrs
surf ¼ rsurf � rlsðetÞ

rrs
core ¼ rcore � rlsðetÞ

, (5.2)

assuming linear-elastic unloading processes. Fig. 5.1 is a schematic representation
of the model’s implications regarding the deformation behavior of the compound
and the dependencies of the remaining residual stresses on total strain [based on
5.4]. This is shown by using different, idealized deformation behaviors for the sur-
face layer and the core, as well as different ratios of yield strength for the surface
layer and the core. In each case it is assumed that compressive residual stresses
are present in the surface layer, as is the case for all of the mechanical surface
treatments examined here. Given ideal elasto-plastic behavior and a yield strength
of the surface layer which is unchanged in comparison to the core (a), the defor-
mation behavior of the compound initially shows a region of workhardening
upon reaching yield strength. Beyond this point the compound, too, is deformed
without workhardening. After the yield srength of the compound is exceeded, the
residual stresses show a linear decrease to zero and remain there. If, however, the
yield strength of the surface layer is assumed to be higher than that of the core
(b), tensile loading may cause the compressive residual stresses initially present
in the surface layer to become tensile and remain that way. By contrast, compres-
sive loading effects only an incomplete relaxation of the compressive residual
stresses in the surface layer. When the surface layer is worksoftened (c), tensile
loading causes an incomplete relaxation of residual stresses, while compressive
loading can result in residual stresses changing mathematical signs. Given elasto-
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plastic deformation behavior and linear workhardening in the surface layer and
the core (d), the workhardening curve of the compound is sectionally linear.
Depending on the relations of yield strengths and workhardening rates in the sur-
face layer and the core, the residual stresses may also show multiple shifts from
compressive to tensile values and vice versa.
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Fig. 5.1: Scheme showing deformation behavior and changes
of residual stresses according to the surface-core-model for
ideal elasto-plastic material behavior without change of sur-
face yield strength (a), with increased surface yield strength
(b), with decreased surface yield strength (c) and for linearly
workhardening material behavior (d), acc. [5.4]
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Fig. 5.2: Scheme showing deformation behavior and changes
of residual stresses according to the three-surface-layers-core
model, acc. [5.3]

[5.3] was the first to extend the model to include several surface layers, showing
that this decreases the relaxation rates of the residual stresses (Fig. 5.2). In addi-
tion, [5.3,5.5] first incorporated ideas on the multi-axiality of deformations in the
assessment, thereby showing that workhardening of the surface layer due to
quasi-static loading results in multi-axial stress states even if there was a prior
absence of residual stresses. [5.6,5.7] augmented this model with an algorithm,
shown schematically in Fig. 5.3, by which deformation behavior and residual
stress relaxation can be calculated for a compound body which is assumed to be
multi-layered. Longitudinal and transversal residual stresses are applied to the in-
dividual layers and each layer receives designated nominal stress-total strain
curves to represent deformation behavior. Employing the v. Mises hypothesis
[5.8], the flow rule according to Prandtl-Reuss [5.9] and the method of initial
stresses [5.10] permits calculating the deformation behavior of the compound, as well
as the dependency of the residual stresses on loading stress and total deformation.
[5.11] presented the finite-element model (FEM model), which is even more

precise and can also be used for calculating deformation behavior and residual
stress relaxation. This model allows for an exact representation of the initial depth
distribution of the residual stresses and for assigning different workhardening
curves to the individual layers of the specimens. Sect. 5.2.2b describes applica-
tions of the model approaches listed here.
Contrary to the course of action described previously, all of the model approach-

es described above permit a determination of the compressive yield strengths of
the surface layer, Rcy,surf. This is achieved by examining the initial residual stresses
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Fig. 5.3: Scheme showing the algorithm for the multi-layer-
model, acc. [5.6]

and the critical loading stress rcrit, which is equivalent to the compound’s com-
pressive yield strength �RRcy required for residual stress relaxation to set in. In the
uniaxial surface-core model presented first, the compound compressive yield
strength and the initial residual stresses rrs

surf can be used to determine the com-
pressive yield strength of the surface according to

Rcy;surf ¼ �RRcy þ rrs
surf . (5.3)

The v. Mises hypothesis can be used to take into account a biaxial residual stress
state. It calls for the use of the improved method introduced by [5.5] to assess the
compressive yield strength of the surface

Rcy;surf ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�RRcy þ rrs

ax;surf

� 
2

þ rrs
tan;surf

� 

� �RRcy þ rrs

ax;surf

� 

rrs
tan;s

r
. (5.4)

Within certain limits, the models additionally allow for determining the deforma-
tion behavior of the surface layer regions, as they incorporate a precise analysis of the

5.1 Process Models 183



residual stress relaxation and the deformation behavior of the compound and the core
region. Applications of the equations presented here are covered in Sect. 5.2.2d.

5.2
Experimental Results and their Descriptions

5.2.1
Influences on Shape and Deformation Behavior

There have been no examinations to date in respect to how quasi-static loadings
influence the topography of components whose surface layer was affected by me-
chanical workhardening. Neither are there clear statements regarding changes of
shape caused by quasi-static loadings. Yet it is to be expected that the inhomoge-
neous deformation behavior of the individual surface layer zones will have an
influence on the changes of shape which occur, as inhomogeneously distributed
residual stresses are caused by inhomogeneous plastic deformations and thus
lead to inhomogeneous workhardening states. Therefore, this study will focus
only on changes in deformation behavior in comparison to equivalent states with-
out mechanical surface treatment. These changes, in turn, are usually quite small,
as the surface layer regions which are influenced by mechanical workhardening
are small compared to the total cross-section. Therefore, deformation behavior is
mostly unaffected, aside from the region of the onset of plastic deformation.
This is shown in Figs. 5.4–5.6 which compare the deformation behavior of shot

peened and of untreated AISI4140 specimens in different heat treatment states
[5.6,5.12].
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Fig. 5.4: Deformation behavior of shot peened and unpeened
round specimens of normalized AISI4140 with a 5 mm gauge
diameter during tensile or compressive loading [5.12]
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Fig. 5.5: Deformation behavior of shot peened and unpeened
round specimens of AISI4140 quenched and tempered at
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diameter during tensile or compressive loading [5.12]
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5.2.2
Influences on Residual Stress State

a) Basic Results

The influence of the residual stresses has fundamentally different effects on be-
havior during homogeneous uniaxial tensile or compressive loading, inhomoge-
neous uniaxial bending loading or biaxial torsional loading. Accordingly, the basic
results regarding the changes of residual stress distribution and of residual stress-
es at the surface will be discussed separately for each of the loading types men-
tioned above. Notch loadings cannot be covered due to a lack of data.
The depth distributions of residual stresses after tensile and compressive load-

ings are influenced by the initial residual stress state and by changes in the work-
hardening behavior of the surface layer versus the core. Fig. 5.7 shows results for
tensile deformation of shot peened copper [5.13]. Residual stress distributions are
found to change mathematical signs between 0.25 % and 0.31 % in regions close
to the surface, as the simple surface-core model predicts, qualitatively, for work-
hardened surface layers (Fig. 5.1b). Shot peened nickel also shows residual stress-
es becoming tensile in regions close to the surface, following a critical plastic
deformation [5.13]. Fig. 5.8 shows contrasting results for AISI4140 quenched and
tempered at 650 �C. Here, shot peening and loading using sufficiently strong ten-
sile stresses result in small longitudinal tensile residual stresses, which occur only
immediately at the surface [5.7]. However, considerable longitudinal compressive
residual stresses are found beneath the surface. The transversal residual stresses
remain strong and within the compressive range in the entire surface layer. Residual
stresses show the greatest changes within immediate proximity to the surface,
because deformation behavior here differs from that of the rest of the surface layer.
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Fig. 5.7: Influence of plastic deformation on distribution of
longitudinal residual stresses after tensile loading of shot pee-
ned copper [5.13]
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Fig. 5.8: Influence of loading stress on distribution of longitu-
dinal (a) and transversal (b) residual stresses after tensile
loading of shot peened AISI4140 in a state quenched and
tempered at 650 �C [5.7]

As shown in Fig. 5.9, the findings are similar for normalized AISI4140. There
is a smaller reduction in residual stresses in the transversal direction than in the
longitudinal direction. Within immediate proximity to the surface, the longitudi-
nal residual stresses become tensile, given sufficiently strong loadings [5.11]. By
contrast, the changes of the longitudinal residual stresses in quenched AISI4140
are more evenly distributed throughout the surface layer, while the transversal re-
sidual stresses remain essentially unchanged [5.12]. This is depicted in Fig. 5.10.
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Fig. 5.9: Influence of loading stress on distribution of longitu-
dinal (a) and transversal (b) residual stresses after tensile
loading of shot peened AISI4140 in a normalized state [5.12]

The example of shot peened normalized AISI4140, depicted in Fig. 5.11, shows
that residual stresses at the surface are dependent on the loading stresses applied
[5.12]. When loading is compressive, the relaxation of longitudinal residual stress-
es sets in at a critical loading stress of -200 MPa. When tensile loading is applied,
this relaxation starts at a noticeably higher level of 300 MPa. Both tensile and com-
pressive loadings cause the longitudinal residual stresses at the surface to reach
the tensile range. However, tensile loading causes small compressive residual
stresses to re-develop quite rapidly. As expected, and in accordance with the sche-
matic representation in Fig. 5.1, a workhardened surface layer is created, showing
a decreased workhardening rate compared to the core. The transversal residual
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Fig. 5.10: Influence of loading stress on distribution of long-
itudinal (a) and transversal (b) residual stresses after tensile
loading of shot peened AISI4140 in a quenched state [5.12]

stresses, on the other hand, change mathematical signs only when compressive
loading is applied, and they will not be removed completely by tensile loading.
The same residual stress values are depicted in Fig. 5.12, shown versus the total
strains achieved. It is evident that major changes of the residual stresses occur
even when the total strains are still very small.
Fig. 5.13 shows the corresponding values of shot peened AISI4140, quenched

and tempered at 650 �C [5.6]. At 685 and -400 MPa, the loading stresses required
for initiating residual stress relaxation are substantially higher than they are for
the normalized state, and the loading stress interval is significantly smaller for
tensile longitudinal stresses. Besides this, the effects which occur are similar.
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Fig. 5.11: Longitudinal (a) and transversal (b) residual stres-
ses at the surface vs. tensile or compressive loading stress for
shot peened AISI4140 in a normalized state [5.12]

Both longitudinal and transversal residual stresses are found to become tensile
when compressive loading is applied. The relaxation of transversal residual stress-
es is incomplete, albeit more extensive, compared to the normalized state. Behav-
ior during tensile loading indicates the presence of a workhardened surface layer,
its workhardening rate reduced in comparison to the core. In contrast to this, the
surface layer should, according to compressive loading behavior, show at least a
decreased workhardening rate, if not even the additional appearance of a pro-
nounced Bauschinger effect. Fig. 5.14 shows the dependency of the longitudinal
surface residual stresses on loading stress for shot peened AISI4140, quenched
and tempered at 450 �C [5.14]. In this higher strength material state, there are
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Fig. 5.12: Longitudinal (a) and transversal (b) residual stres-
ses at the surface vs. total strain after tensile or compressive
loading for shot peened AISI4140 in a normalized state [5.12]

further increases of the critical loading stresses, at which residual stress relaxation
sets in, to 1150 and -600 MPa. Tensile loading effects only an incomplete relaxa-
tion of residual stresses, also in the longitudinal direction. Great compressive
loading stresses fail to create an approximately constant level of tensile residual
stresses. Instead, the occurring tensile residual stresses increase continuously as
compressive loading stresses rise. Therefore it can be assumed that tensile loading
does not cause a pronounced workhardening of the surface layer compared to the
core, and/or that the workhardening rate of the surface layer remains essentially
unchanged, which corresponds to Fig. 5.1. By contrast, compressive loading be-
havior shows that the surface layer must have, at least, a reduced workhardening
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Fig. 5.13: Longitudinal (a) and transversal (b) residual stres-
ses at the surface vs. tensile or compressive loading stress for
shot peened AISI4140 in a state quenched and tempered at
650 �C [5.6]

rate compared to the core, or that there must be the additional appearance of the
Bauschinger effect. This resembles the behavior of the state quenched and tem-
pered at 650 �C. Fig. 5.15 shows results for shot peened quenched AISI4140. Dur-
ing tensile loading, such high strength material states show only an incomplete
relaxation of longitudinal residual stresses, whereas compressive loading gives
rise to small tensile residual stresses [5.12]. Transversal residual stresses remain
nearly unaffected by tensile loading and are essentially removed completely by
compressive loading. The decisive factor regarding tensile behavior is probably
found in the low ductility of this state, permitting only small changes of residual
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Fig. 5.14: Longitudinal residual stresses at the surface vs.
tensile or compressive loading stress for shot peened
AISI4140 in a state quenched and tempered at 450 �C [5.14]

stresses before failing. Compressive behavior, on the other hand, is in accordance
with Fig. 5.1 in that the surface layer must show at least a reduced workhardening
rate compared to the core, as is the case for the state quenched and tempered at
450 �C.
Fig. 5.16 shows an overview of the longitudinal surface residual stresses found

in shot peened TiAl6V4. As in the low strength states of AISI4140, tensile loading
causes a small loading stress interval in which tensile residual stresses are created.
Therefore, the surface layer should be workhardened in comparison to the core
and have a reduced workhardening rate [5.15]. The relaxation of residual stresses
during compressive loading, however, remains incomplete, due to buckling prob-
lems in the chosen sample geometry. By example of shot peened AlCu5Mg2 alu-
minum alloy, Fig. 5.17 once again sums up the influence of the heat treatment
state and thus, of strength and ductility, on longitudinal residual stresses during
tensile or compressive loading [5.5]. The as-delivered state and the cold aged state
experience a complete removal of residual stresses during tensile loading, along
with an interval of tensile residual stresses, i.e. the surface layer is workhardened
and has a lower workhardening rate than the warm aged state. The latter shows
only a small relaxation, followed by a re-formation, of residual stresses. Therefore,
the surface layer is assumed to worksoften. Compressive loading, on the other
hand, always yields a complete removal of residual stresses, with the exception of
the as-delivered state. The reason is that surface layer worksoftening due to
Bauschinger effect, but at least a reduced workhardening rate, are expected to
occur.
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Fig. 5.15: Longitudinal (a) and transversal (b) residual stres-
ses at the surface vs. tensile or compressive loading stress for
shot peened AISI4140 in a quenched state [5.12]

-800 -400 0 400 800 1200

-800

-600

-400

-200

0

200

TiAl6V4

lo
n
g
it
u
d
in

a
l 
re

s
id

u
a
l 
s
tr

e
s
s
e
s
 [

M
P

a
]

loading stress [MPa]

Fig. 5.16: Longitudinal residual stresses at the surface vs. tensile
or compressive loading stress for shot peened TiAl6V4 [5.15]
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Fig. 5.17: Longitudinal residual stresses at the surface vs.
tensile or compressive loading stress for shot peened
AlCu5Mg2 in the as-delivered (a), cold aged (b) and warm
aged state (c) [5.5]
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The results for the different material states can be summarized based on the
knowledge gained from the simple surface-core model: Tensile loading removes
longitudinal stresses completely, if the surface layer is workhardened compared to
the bulk material. In addition, the residual stresses repeatedly change mathemati-
cal signs if the workhardening rate in the workhardened surface layer is lower.
The ductility of the material state is also crucial, as the changes of residual stresses
cannot be completed while minor elongations to fracture are occurring. Regarding
compressive loading, ductility is only a secondary aspect, and the region accessible
to loading is restricted only by buckling phenomena. Therefore, compressive load-
ing results in a complete removal of longitudinal residual stresses in nearly every
case. This requires at least a reduced workhardening rate in the surface layer, and
possibly worksoftening due to Bauschinger effect.
Residual stress distributions after bending loading were examined for

AISI4140in the state quenched and tempered at 450 �C, primarily for analyzing
the differences of residual stress stability after modified peening treatments
[5.16,5.17]. This was carried out by applying a single loading with a fictitious load-
ing stress at the surface of 1000 MPa. Unloading was followed by the application
of an equal loading in the inverse direction. Combined, this is equivalent to the
complete first load cycle of alternating bending loading. As Fig. 5.18 shows for the
conventionally shot peened state, the longitudinal residual stresses decrease
noticeably on the compressively loaded top side, while still remaining nearly
unchanged on the bottom side which is experiencing tensile loading. After inverse
loading, the residual stresses on the top and bottom sides again approximate each
other, having undegone a marked relaxation on the bottom side, as well. Overall,
residual stresses are reduced to about half their initial values. Fig. 5.19 shows that
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Fig. 5.18: Distribution of longitudinal residual stresses for
conventionally shot peened specimens made of AISI4140 in a
state quenched and tempered at 450 �C after single bending
loading with a fictitious surface stress of 1000 MPa and sub-
sequent inverse loading [5.16]
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Fig. 5.19: Distribution of longitudinal residual stresses for
specimens stress peened with rpre = 500 MPa made of
AISI4140 in a state quenched and tempered at 450 �C after
single bending loading with a fictitious surface stress of 1000
MPa and subsequent inverse loading [5.16]

the residual stresses after stress peening using a tensile prestress of 500 MPa are
clearly greater initially. However, applying the same loading as to a conventionally
peened state reduces the residual stresses to levels that are only insignificantly
higher. By contrast, Fig. 5.20 shows that warm peening at 290 �C creates residual

0.0 0.1 0.2 0.3 0.4

-1200

-800

-400

0

400

 unloaded

 after first loading top

 after first loading bottom

 after inverse loading top

 after inverse loading bottom

AISI4140, q&t450

T
peen

 = 290 ºC, σ
pre

 = 0 MPalo
n

g
it
u

d
in

a
l 
re

s
id

u
a

l 
s
tr

e
s
s
e

s
 [

M
P

a
]

distance to surface [mm]

Fig. 5.20: Distribution of longitudinal residual stresses for
specimens warm peened at a temperature of Tpeen = 290 �C
made of AISI4140 in a state quenched and tempered at 450 �C
after single bending loading with a fictitious surface stress of
1000 MPa and subsequent inverse loading [5.17]
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stresses which are only marginally greater than after conventional peening. How-
ever, they are far more stable during bending loading. Only stress peening at ele-
vated temperatures, using a prestress of 500 MPa and a temperature of 290 �C,
results in residual stress values being slightly increased over the warm peened
state after bending loading. This is depicted in Fig. 5.21. Yet again, there is the
penalty of residual stresses being reduced substantially during the initial loading.
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Fig. 5.21: Distribution of longitudinal residual stresses for
specimens stress peened with rpre = 500 MPa at a temperature
of Tpeen = 290 �C made of AISI4140 in a state quenched and
tempered at 450 �C after single bending loading with a ficti-
tious surface stress of 1000 MPa and subsequent inverse
loading [5.16]

Fig. 5.22 contains data regarding the loading stress-dependency of residual
stress relaxation during bending loading for shot peened AISI4140 in different
heat treatment states [according to 5.14,5.18]. Behavior during initial loading
largely corresponds to the expectations raised by the tensile and compressive load-
ings described above. The loading stress at which residual stress relaxation begins
is noticeably smaller on the compressively loaded side than it is on the side experi-
encing tensile loading. By contrast, during bending loading the relaxation rate on
the compressively loaded side of a normalized specimen roughly equals the rate
found during homogeneous compressive loading, while showing marked relaxa-
tions in quenched and tempered specimens. [5.14] attributes this to a more pro-
nounced supporting effect of the deeper regions in normalized material, which is
not found in this way in quenched and tempered states due to the plateau of resid-
ual stresses. As shown in Fig. 5.23, bending- and compressive loading of normal-
ized specimens cause approximately equal gradients of the sum of loading- and
residual stresses. In a material quenched and tempered at 450 �C, the sum of load-
ing- and residual stresses decreases far more rapidly during bending loading than
during purely compressive loading. This points toward a reduced residual stress
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Fig. 5.22: Longitudinal surface residual stresses vs. fictitious
surface stress at bending loading for shot peened AISI4140 in
a normalized state and states quenched and tempered at
450 �C or 650 �C after single bending loading with a fictitious
surface stress of 1000 MPa and subsequent inverse loading
[5.14, 5.18]

relaxation rate. On the side experiencing tensile loading, however, relaxation be-
havior during bending is clearly changed in comparison to the behavior found for
homogeneous tensile loading. The loading stresses at which residual stress relaxa-
tion starts are significantly smaller here than they are for homogeneous tensile
loading. The reason is that instead of plastic deformation occurring in the core
area, changes of the residual stresses take place first, caused by the relaxation of
residual stresses on the compressively loaded side. Given greater loading stresses
– which would cause a greater relaxation of residual stresses during tensile load-
ing – bending loading results in a much smaller relaxation of residual stresses, as
the supporting effects of deeper material regions again play a major part. This is
particularly evident regarding the normalized state. Subsequent inverse loading
causes a strong relaxation of residual stresses on the side which initially experi-
enced tensile loading, while hardly any further changes of residual stresses occur
on the initially compressively loaded side. This results in residual stress distribu-
tions that are approximately equal on both sides. These findings are confirmed by
the results for shot peened TiAl6V4 shown in Fig. 5.24 [5.15]. The residual stress
relaxation occurring on the compressively loaded side is comparable to the rate
found for compressive loading alone, as is the case for normalized AISI4140. By
contrast, residual stress relaxation on the side of tensile loading is strongly decel-
erated, as the supporting effect of deeper regions takes on an important role.
Residual stresses after torsional loading were examined in [5.19] for AISI4140

which was either conventionally peened, stress peened using 500 MPa of pre-
stress, or warm peened at 290 �C. Fig. 5.25 shows how the principal residual
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Fig. 5.23: Scheme showing the distribution of residual stresses
and sum of loading and residual stresses at initiation of plastic
deformation during compressive and bending loading for
normalized (a) and quenched and tempered (b) AISI4140 [5.14]

stresses change in the direction of tensile loading at 45� and in the direction of
compressive loading at 135� after loading with a fictitious surface shear stress of
800 MPa. Due to the overlap of compressive residual stresses and the compressive
loading stress component, a much more pronounced relaxation of residual stress-
es is found in the 135� direction than in the 45� direction, in which residual stress-
es are essentially stable. As there is only limited data available, interactions be-
tween the individual stress components and supporting effects, such as those
proven for bending loading, cannot be discussed.
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Fig. 5.24: Longitudinal residual stresses at the surface vs. fic-
titious surface stress after bending loading for shot peened
TiAl6V4 [5.15]
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Fig. 5.25: Changes of principal residual stresses in the tensilely
loaded 45�- and in the compressively loaded 135� direction
after torsional loading with a fictitious surface shear stress
of 800 MPa after conventional shot peening, stress peening with
a prestress of 500 MPa and warm peening at 290 �C for AISI4140
in a state quenched and tempered at 450 �C [5.19]

The relaxation of residual stresses during tensile and compressive loading at ele-
vated temperatures was examined by [5.14] for normalized AISI4140 and for shot
peened AISI4140 quenched and tempered at 450 �C. The following will focus
exemplarily on the results for the quenched and tempered state, deformed at 25,
250 and 400 �C. Due to thermal relaxation of residual stresses (comp.
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Fig. 5.26: Influence of temperature on longitudinal residual
stresses at the surface vs. tensile or compressive loading
stress for shot peened AISI4140 in a state quenched and tem-
pered at 450 �C [5.14]

Sect. 4.2.2a), the residual stresses decrease already during the heating phase.
As Fig. 5.26 shows, the initial relaxation of the residual stresses is the more pro-
nounced the higher deformation temperature is. In respect to both tensile and
compressive loading, higher temperatures see residual stress relaxation set in at
lower values of loading stress. During tensile loading, the rates of residual stress
relaxation decrease as temperatures increase, while remaining approximately con-
stant during compressive loading. The findings for the normalized state are quali-
tatively equivalent [5.11,5.20].

b) Modeling of Residual Stress Relaxation
The model approaches presented in Sect. 5.1.2 have been used in a variety of ways
to provide a quantitative description of the deformation behavior and the loading
stress-dependency of residual stress relaxation during quasi-static loading.
[5.3,5.5] developed the uniaxial surface-core model and applied it to the three heat
treatment states of AlCu5Mg2 aluminum alloy presented above. Figs. 5.27–5.29
show that the model is capable of representing basic results for tensile and com-
pressive loading, such as the onset of residual stress relaxation, any changes of
the residual stresses’ mathematical signs and the residual stress values which
remain after great strains. However, significant deviations between the model and
the experiment must be accepted, particularly in the area of mean strains. In
agreement with the assumptions made in Sect. 5.2.1a, it becomes evident that the
as-delivered state and the cold aged state correspond best, when applying surface
layer workhardening and the concurrent reduction of the workhardening rate in
the model. For the warm aged state (Fig. 5.29), however, a pronounced work-
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Fig. 5.27: Deformation behavior of surface and core assumed
in the surface-core-model, calculated deformation behavior of
the compound and calculated residual stress relaxation dur-
ing tensile and compressive loading for shot peened
AlCu5Mg2 in the as-delivered state [5.3]
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Fig. 5.28: Deformation behavior of surface and core assumed
in the surface-core-model, calculated deformation behavior of
the compound and calculated residual stress relaxation dur-
ing tensile and compressive loading for shot peened
AlCu5Mg2 in the cold aged state [5.3]
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Fig. 5.29: Deformation behavior of surface and core assumed
in the surface-core-model, calculated deformation behavior of
the compound and calculated residual stress relaxation dur-
ing tensile and compressive loading for shot peened
AlCu5Mg2 in the warm aged state [5.3]

softening of the surface layer and, concurrently, ideal elasto-plastic material behav-
ior must be assumed in order to explain the onset of residual stress relaxation dur-
ing compressive loading, in particular, as well as the residual stress values that
remain after great tensile and compressive strains. This is plausible regarding the
microstructural level, as the state in question is a highest strength state which
cannot be deformed much further by mechanical surface treatment, but will
rather worksoften during the cyclic plastic deformation which occurs during shot
peening.
[5.3] applied the same surface-core model to shot peened TiAl6V4. The assump-

tion of surface layer workhardening occurring alongside a reduction of the work-
hardening rate again yields good descriptions, yet the problems outlined for the
aluminum alloy in respect to describing mean strains also appear here. In the
case of compressive loading, these deviations also extend to greater strains. Addi-
tionally, [5.3] applied the model to TiAl6V4 during bending loading. The results,
depicted in Fig. 5.30, correspond well with the experimental values, when yield
strength was reduced linearly down to the core’s values – starting from elevated
levels at the surface – and ideal elasto-plastic deformation behavior was assumed
for each layer. As shown in Fig. 5.31, given these assumptions and a specimen
geometry measuring 10 mm in height, residual stress relaxation on the side
experiencing compressive loading sets in at a fictitious loading stress at surface of
about -400 MPa in the compressive residual stress maximum. On the side receiv-
ing tensile loading, however, around 750 MPa of loading stress are required to
initiate residual stress relaxation in the transitional region between the core and
the workhardened surface layer.
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Fig. 5.30: Deformation behavior of surface and core assumed in the
surface-core-model, calculated deformation behavior of the
compound and calculated residual stress relaxation during tensile
and compressive loading for shot peened TiAl6V4 [5.3]

[5.21] also used the surface-core model to describe the changes of residual stress
caused by quasi-static loading of shot peened AISI4140 in a quenched and tem-
pered state. Using a surface layer strength of about 30 % less compared to the
core, it is possible to describe the initiation of residual stress relaxation during
tensile and compressive loading, as shown in Fig. 5.32. While the residual stress
relaxation caused by tensile loading is described quite well, the residual stress
relaxation which occurs during compressive loading is clearly over-estimated for
major regions of the loading stress. The model predicts that tensile loading cre-
ates an incomplete relaxation of residual stresses and compressive loading results
in residual stresses becoming tensile. Thus, it may be stated that the model corre-
sponds well on a qualitative level. Although a small increase of dislocation density
is observed (Fig. 5.32), the surface layer strength is reduced compared to the core.
This is a manifestation of the Bauschinger effect, which is particularly pro-
nounced in quenchend and tempered steels. The Bauschinger effect occurs
because compressive loading takes the reverse direction of the stretching created
during shot peening. Residual stress stability can be described much more pre-
cisely using the FEM model introduced by [5.18]. The initial distribution of resid-
ual stresses is represented by 6 surface layer regions, as depicted in Fig. 5.33. Pre-
sumed deformation behavior, shown in Fig. 5.34, is independent of distance to
surface in the case of tensile loading, while it is divided into three areas in the
case of compressive loading. While the outer three surface layers are classified as
a distinct, worksoftened ’surface’ region, the three following surface layers show
far less worksoftening compared to the core region. At the same time, it is
assumed that the worksoftening incorporates a reduction of flow stress which is
constant and independent of strain. As Fig. 5.32 shows, the relaxation of residual
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stresses is described very well for both tensile and compressive loading. This is
because residual stress distribution and deformation behavior are represented at
greater resolution and the multiple loading axes are taken into account. Fig. 5.35
shows a parameter study which indicates that the starting point of residual stress
relaxation during compressive loading is determined by the compressive yield
strength at the surface, while core strength affects residual stresses only at the
highest values of loading stress.
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Fig. 5.31: Distributions of residual stresses,
of yield strength assumed in the surface-core-
model, of loading stresses and calculated
sums of loading- and residual stresses at
initiation of residual stress relaxation after
bending loading with a fictitious surface

stress of 920 MPa on the tensilely loaded side
(a) and with a fictitious surface stress of –920
MPa on the compressively loaded side (b) of
10 mm-high bending bars made of shot pee-
ned TiAl6V4, acc. [5.3]
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Fig. 5.33: Distributions of residual stresses as assumed in
the FEM-calculations for shot peened AISI4140 in a state
quenched and tempered at 450 �C [5.11]
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Fig. 5.34: Deformation behavior of surface layers and core
region during tensile and compressive loading as assumed in
the FEM-calculations for shot peened AISI4140 in a state
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Fig. 5.35: Parameter study of the influence of compressive
yield strength at the surface and the core on the residual
stresses relaxation behavior during compressive loading per-
formed in the FEM-calculations for shot peened AISI4140 in a
state quenched and tempered at 450 �C [5.11]

Model calculations following the multi-layer model delineated by [5.6,5.7] are
available for shot peened, AISI4140 quenched and tempered at 650 �C. The calcu-
lations are based on 6 surface layers and a core region. The initial depth distribu-
tions of longitudinal and transversal residual stresses were induced as indicated
in Fig. 5.36. Fig. 5.37 depicts assumed deformation behavior, which shows incre-
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Fig. 5.36: Distributions of longitudinal and transversal residual
stresses as assumed for the 7 layers in the multi-layer-model for
shot peened AISI4140 in a state quenched and tempered at
650 �C and comparison with the measured values [5.6]
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Fig. 5.37: Deformation behavior of the 7 layers during tensile
and compressive loading as assumed in the multi-layer-
model for shot peened AISI4140 in a state quenched and tem-
pered at 650 �C [5.6]

ments for the two outer surface layers in comparison to the other layers. Deforma-
tion behavior under both tensile and compressive deformation shows a worksof-
tening of the surface layers at small strains, caused by the Bauschinger effect.
Workhardening occurs at greater strains and is caused by pre-deformation.
Fig. 5.38 demonstrates that using these assumptions allows for an excellent repre-
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Fig. 5.38: Deformation behavior of a rod calculated using the
multi-layer-model for shot peened AISI4140 in a state
quenched and tempered at 650 �C and comparison with the
measured values [5.6]

sentation of the deformation behavior of the shot peened rod for both tensile and
compressive deformation. The calculated values and the experimental values of
flow stress deviate by 1.5 % at most, even in the L�ders range, which is particular-
ly difficult to describe. The residual stress changes are shown in Fig. 5.39 as a
function of tensile or compressive loading stress. They, too, correspond very well
with the experimental results. The start of residual stress relaxation, as well as the
rates of relaxation – showing marked differences for tensile versus compressive
loading – and the mathematical sign changes of the longitudinal residual stresses,
are represented very well. Merely the distribution of the transversal residual
stresses is described poorly for great loading stresses. This is due to residual
stresses being reduced too far during tensile loading and, secondly, to the fact that
the creation of tensile residual stresses is not represented for compressive load-
ing.
Figs. 5.40 and 5.41 demonstrate that the multi-layer model is also quite capable

of describing the deformation behavior and the dependency of residual stresses
on loading stress for normalized AISI4140 [5.12]. All essential effects are
described precisely, aside from the transversal residual stress values, which
become minutely small in the model calculations for high loading stresses. By
contrast, the FEM model – included in Fig. 5.41 – yields a description of residual
stress relaxation which is less precise. This is particularly evident in that longitu-
dinal residual stresses are misrepresented for high compressive loading stresses
and in the fact that the tensile stresses at which the longitudinal residual stresses
become tensile are a little too high in this model calculation [5.18].

5 Changes of Surface Layer States due to Quasi-static Loading210



-1600 -1200 -800 -400 0 400 800 1200

-400

-200

0

200

a)

 multi-layer-model

AISI4140, q&t650
lo

n
g

it
u

d
in

a
l 
re

s
id

u
a

l 
s
tr

e
s
s
e

s
 [

M
P

a
]

loading stress [MPa]

-1600 -1200 -800 -400 0 400 800 1200

-400

-200

0

200

b)

 multi-layer-model

AISI4140, q&t 650

tr
a

n
s
v
e

rs
a

l 
re

s
id

u
a

l 
s
tr

e
s
s
e

s
 [

M
P

a
]

loading stress [MPa]

Fig. 5.39: Longitudinal (a) and transversal (b) residual stres-
ses at the surface measured and calculated using the multi-
layer-model vs. loading stress after tensile and compressive
loading for shot peened AISI4140 in a state quenched and
tempered at 650 �C [5.6]

Figs. 5.42 and 5.43 show that the multi-layer model also yields a very precise
description of the behavior of shot peened quenched AISI4140 [5.12]. Both defor-
mation behavior and the dependency of the longitudinal residual stresses on load-
ing stress are reflected well in the model. Only the relaxation of the transversal
residual stresses is clearly overestimated for tensile loading, while being slightly
underestimated for compressive loading in the mid-range of the stress values.
The FEM model was used to describe the residual stress relaxation caused by

isothermal tensile or compressive loading at 250 and 400 �C for shot peened
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Fig. 5.40: Deformation behavior of a rod calculated using the
multi-layer-model for shot peened AISI4140 in a normalized
state and comparison with the measured values [5.12]
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Fig. 5.41: Longitudinal (a) and transversal (b) residual stres-
ses at the surface measured and calculated using the multi-
layer-model or the FEM-model vs. loading stress after tensile
and compressive loading for shot peened AISI4140 in a nor-
malized state [5.11,5.12]
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Fig. 5.42: Deformation behavior of a rod calculated using the
multi-layer-model for shot peened AISI4140 in a quenched
state and comparison with the measured values [5.12]
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Fig. 5.43: Longitudinal (a) and transversal (b) residual stres-
ses at the surface measured and calculated using the multi-
layer-model vs. loading stress after tensile and compressive
loading for shot peened AISI4140 in a quenched state [5.12]
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Fig. 5.44: Influence of temperature on longitudinal residual
stresses at the surface measured and calculated using the
FEM-model vs. tensile or compressive loading stress for shot
peened AISI4140 in a state quenched and tempered at 450 �C
[5.11,5.20]

AISI4140 in a normalized state and in a state quenched and tempered at 450 �C
[5.11,5.20]. As depicted in Fig. 5.44, residual stress relaxation is described very
well at all temperatures for the quenched and tempered state. The start of residual
stress relaxation, the rates of residual stress relaxation, as well as the position of
zero residual stresses correspond well with the experimental results for compres-
sive loading. Regarding the normalized state, only tensile loading and small
degrees of compressive loading yield comparably good descriptions of the experi-
mental results. However, high levels of compressive loading reduce residual
stresses more rapidly than the model predicts. [5.11,5.20] presume the following
cause: As the specimens become noticeably barrel-shaped when subjected to the
greatest compressive strains, additional tensile residual stress amounts develop
which are not described by the FEM model.
In summary, it may be stated that the level of precision increases from the sur-

face-core model to the FEM model, up to the multiple-layer model. The surface-
core model lends itself primarily to a description of the begin of residual stress
relaxation and facilitates an understanding of the basic results, such as residual
stresses changing mathematical signs. The multiple-layer model and the FEM
model, on the other hand, include the multiaxiality of the stress state and allow
for examining the initial gradients of residual stresses and workhardening at a
higher degree of local resolution. This makes it possible to describe the loading
stress-dependency of the longitudinal and transversal residual stresses more accu-
rately. The multiple-layer model even permits a highly precise description of the
deformation behavior of the compound. The FEM model should show the same
potential if a similarly extensive effort were made in selecting the local workhar-
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dening curves of the surface layers, which are required as initial parameters.
[5.18] intentionally described this more abstractly, thereby accepting a lower level
of precision than [5.6,5.7]. Generally stated, model calculations using the multi-
ple-layer model are the most informative in respect to the surface layer workharden-
ing curves, which are obtained by an iterative adaption to the deformation behavior of
the compound and the loading stress-dependency of the residual stresses.

c) Initiation of Residual Stress Relaxation
Numerous studies have focused on the initial stage of the relaxation of residual
stresses close to the surface due to quasi-static loading. This subject does not
require the kind of extensive modeling outlined in the previous sections, as the
resistance to the onset of plastic deformation close to the surface can be derived
from just the loading stress-dependency of the residual stresses. The initial stage
of residual stress relaxation during quasi-static loading is particularly relevant to
estimating and assessing the extent of cyclic relaxation of residual stresses. There-
fore, examinations of residual stress stability during cyclic loading often focus on
residual stress stability for relatively small quasi-static loadings, as these are essen-
tial for assessing the influences residual stresses are expected to have on fatigue
strength (comp. Sect. 6). This kind of information is crucial for an assessment of
modified peening methods, and therefore, the following shall summarize particu-
larly those results which influence the initial stage of residual stress relaxation
during single bending loading and during bending loading with inverse loading.
The course shown in Fig. 5.45 indicates surface residual stresses versus applied fic-

titious loading stress at the surface, as found in conventionally shot peened AISI4140
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Fig. 5.45: Longitudinal residual stresses at the surface vs. fictitious
surface stress after single bending loading or bending loading with
subsequent inverse loading for conventionally shot peened AISI4140
in a state quenched and tempered at 450 �C [5.22]
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steel quenched and tempered at 450 �C [5.22]. Above a loading stress at the surface of
about 310 MPa, there is a strong relaxation of the residual stresses on the compres-
sively loaded top side of the specimen. By contrast, only a small decrease of residual
stresses is found on the bottom side undergoing tensile loading. This occurs as a reac-
tion to the residual stress relaxation taking place on the top side and is required for
achieving a new stress equilibrium. After loading is inversed, however, pronounced
changes of the residual stresses are observed on the side which initially received ten-
sile loading, now experiencing compressive loading. The top side, now receiving ten-
sile loading, showsno significant changes of the residual stress values. This loading is
equivalent to one complete cycle of cyclic bending loading. The result is that the load-
ing stress-dependencies of the remaining residual stresses are approximately
equal on both sides. Thus, the critical loading stress at the surface required for
initiation of residual stress relaxation can be determined as 310 MPa.
Fig. 5.46 shows results for AISI4140 of the same heat treatment state which

was warm peened at 290 �C. Subsequent quasi-static loading causes residual stress
relaxation which is qualitatively equivalent, except that critical loading stress at
the surface is raised to 500 MPa [5.22]. The influence of peening temperature in
the context of bending loading and inverse loading is represented in Fig. 5.47
[5.23]. Surface residual stresses are slightly higher for peening temperatures of
310 and 330 �C. They remain stable even when loading stresses at the surface
increase noticeably from 500 to 560 and 670 MPa when the peening temperature
is raised. Apparently the dislocation structures of the surface layer become pinned
and thus, yield strengths at the surface are increased, resulting in residual stresses
remaining stable up to great loading stresses. This is caused by the dynamic and
static strain aging effects outlined in Sect. 3.3.1a.
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Fig. 5.46: Longitudinal residual stresses at the surface vs. fic-
titious surface stress after single bending loading or bending
loading with subsequent inverse loading for warm peened
(Tpeen = 290 �C) AISI4140 in a state quenched and tempered at
450 �C [5.22]
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Fig. 5.47: Influence of peening temperature on longitudinal
residual stresses at the surface vs. fictitious surface stress
during bending loading with subsequent inverse loading for
warm peened AISI4140 in a state quenched and tempered at
450 �C, acc.[5.23]

Contrasting results are shown in Fig. 5.48 for a state annealed for 20 minutes at
300 �C, which reduces initial residual stresses. Their stability is increased substan-
tially during bending loading. The result is that critical loading stress at the sur-
face is raised to 690 MPa, while there is no qualitative change of behavior regard-
ing initial loading and inverse loading [5.22]. The influence of annealing condi-
tions on the residual stress stability found after bending loading with inverse load-
ing with a maximum stress at the surface of 1000 MPa is depicted in Fig. 5.49
[5.24]. Increasing annealing temperature decreases the initial residual stresses
due to thermal residual stress relaxation (comp. Sect. 4.2.2a). However, there is
also a decrease in the residual stress changes which occur during bending loading
and inverse loading. The result is that the remaining residual stresses show an
initial increase, only to decrease again when the temperature of optimal residual
stress stabilization is exceeded. This temperature decreases from about 310, over
260 to 240 �C as annealing time extends from 1, over 5 to 60 minutes. Fig. 5.50
shows these values as a 1/kTa vs. ta-plot which appears to be degressive. Using the
difference quotient in a weighted plot and basing it on a sectionally-defined Arrhe-
nius relation allows for determining activation enthalpies. They are 0.86 and 2.93
eV respectively, for short and long annealing times. This indicates that carbon dif-
fusion within the ferrite contained in AISI4140 is the rate-controlling process dur-
ing the shorter periods. This shows that conventionally peened and subsequently
annealed states also experience the stabilizing effect static strain aging has on re-
sidual stress relaxation, as mentioned in Sect. 3.3.1a in the context of warm peen-
ing. In respect to longer annealing times, however, residual stress stability appears
to be determined rather by the activation enthalpy for self-diffusion, indicating

5.2 Experimental Results and their Descriptions 217



-1200 -800 -400 0 400 800 1200

-700

-600

-500

-400

-300

 after first loading

 after inverse loading

bottomtop

AISI4140, q&t450

T
peen

 = 20 ºC

+ 300 ºC / 20 min

lo
n

g
it
u

d
in

a
l 
re

s
id

u
a

l 
s
tr

e
s
s
e

s
 a

t 
s
u

rf
a

c
e

 [
M

P
a

]

fictitious surface stress [MPa]

Fig. 5.48: Longitudinal residual stresses at the surface vs. fictitious
surface stress after single bending loading or bending loading with
subsequent inverse loading for conventionally shot peened and
subsequently annealed (Ta = 300 �C, ta = 20 min) AISI4140 in a state
quenched and tempered at 450 �C [5.22]
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Fig. 5.49: Influence of annealing time on longitudinal residual
stresses at the surface vs. fictitious surface stress during
bending loading with subsequent inverse loading for shot
peened AISI4140 in a state quenched and tempered at 450 �C
[5.24]

that creep processes constitute the mechanism which determines the residual
stress value. It may be stated that the residual stresses which remain after bending
loading are initially determined by static strain aging, while being increasingly
affected by thermal residual stress relaxation as annealing times are extended. At
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Fig. 5.50: Optimal annealing temperature determined from
residual stress stability during quasi-static loading vs. anneal-
ing time as an Arrhenius plot for shot peened AISI4140 in a
state quenched and tempered at 450 �C [5.28]
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Fig. 5.51: Longitudinal residual stresses at the surface vs. fic-
titious surface stress after bending loading with subsequent
inverse loading for AISI4140 in a state quenched and tem-
pered at 450 �C after conventional shot peening and conven-
tional shot peening plus subsequent annealing for 1 or 20
min at 300 �C, acc. [5.16,5.23]

300 �C, an annealing time of 1 minute should noticeably increase residual stress
stability in comparison to the 20-minute time selected for Fig. 5.48. This is con-
firmed by Fig. 5.51, comparing the dependencies of the longitudinal residual
stresses on loading stress at the surface, depicted for conventional peening and
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for conventional peening and subsequent annealing at 300 �C for 1 minute or 20
minutes [5.16,5.23]. While the 20-minute annealing treatment already reduces re-
sidual stresses significantly, these still remain at their original values after 1 min-
ute, critical loading stress being raised from 310 MPa to 600 MPa. By contrast, a
critical loading stress of 690 MPa is found after 20 minutes of annealing, yet this
increase is less important, since residual stresses are substantially reduced.
Fig. 5.52 summarizes the dependencies of the longitudinal surface residual

stresses which remain after bending loading and inverse loading in respect to the
three different shot peening methods [5.17]. It shows that the initial magnitude of
the residual stresses is slightly increased and critical loading stress is increased
noticeably by warm peening compared to conventional shot peening. However,
subsequent annealing causes a significant relaxation of the residual stresses and
an increase in critical loading stress, arriving at a value which is substantially
higher than the one found for the warm peened state.
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Fig. 5.52: Longitudinal residual stresses at the surface vs. fic-
titious surface stress after bending loading with subsequent
inverse loading for AISI4140 in a state quenched and tem-
pered at 450 �C after conventional shot peening, conventional
shot peening plus subsequent annealing for 20 min at 300 �C
and warm peening at Tpeen= 290 �C, acc. [5.17]

Figs. 5.53 and 5.54 show how the stability of residual stresses induced by con-
ventional peening and warm peening is influenced by the heat treatment state
when bending loading and inverse loading takes place [5.25]. As bulk material
hardness increases from the normalized state over the quenched and tempered
states to the quenched state, this results in rising levels of surface residual stresses
and of the critical loading stress at which residual stress relaxation sets in. The
initial amounts of the residual stresses are slightly greater in the warm peened
states than in the conventionally peened states.
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Fig. 5.53: Influence of heat treatment state on longitudinal
residual stresses at the surface vs. fictitious surface stress
during bending loading with subsequent inverse loading for
conventionally shot peened AISI4140, acc. [5.25]
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Fig. 5.54: Influence of heat treatment state on longitudinal
residual stresses at the surface vs. fictitious surface stress
during bending loading with subsequent inverse loading for
AISI4140 warm peened at 290 �C, acc. [5.25]
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d) Evaluation of Surface Layer Properties
Apart from deformation behavior, used in Sects. 5.1.2 and 5.2.2b as an input para-
meter for modeling residual stress relaxation, the compressive yield strengths at
the surface are a focal point in assessing mechanical surface treatments. As the
compressive yield strengths at the surface can be derived directly from the relaxa-
tion of residual stresses in homogeneous compressive loadings, they are deter-
mined easily by means of the surface-core model. Table 5.1 summarizes available
data for a number of materials and material states. It shows that the values of the
compressive yield strengths at the surface are partly increased and partly
decreased, compared to the respective un-peened state. However, the relations of
the half widths of the surface layer and the core indicate a shot peening-induced,
microstructural workhardening of the surface layer in all cases except for
quenched AISI4140. These seeming contradictions are resolved by a closer exam-
ination of the surface layer deformations which occur during shot peening. While
shot peening treatments primarily cause biaxial plastic stretching in the surface
layer, homogeneous compressive loading causes longitudinal plastic compression
which runs contrary to the direction of deformation in shot peening. The
Bauschinger effect may occur, affecting primarily material states containing semi-
coherent and non-conherent precipitations, such as the warm aged aluminum
alloy state and quenched and tempered steels (comp. Sect. 3.1.1a). Therefore, it is
hardly surprising to find ratios smaller than 1 of the compressive yield strengths
of the surface layer and the core in the material states listed. Quenched AISI4140
steel represents a special case in this context. There is evidence of pronounced
surface layer workhardening due to the relation of yield strengths, even though
the ratio of the half widths of the surface layer and the core indicates significant
microstructural worksoftening, as discussed in Sect. 3.1.2d. The ample supply of
dissolved carbon facilitates static strain aging effects, creating Cottrell clouds and
sometimes also carbon clusters. Apparently, these effects serve to pin the disloca-
tion structure in its post-shot peening position, thereby stopping the Bauschinger
effect, as well. As strain aging effects reduce lattice distortions in the surface layer,
the half widths close to the surface should show further relaxations when exam-
ined in due time after the shot peening treatment. Thus, the compressive yield
strengths of the surface are determined by the Bauschinger effect, as well as by
the peening-induced microstructural workhardening of the surface layer, which in
turn is characterized by the ratio of the half widths of the surface layer and the
core, as well as by any static strain aging effects that may occur.
In the case of inhomogeneous bending loading, too, the compressive yield

strengths of the surface layers affected by shot peening can be derived from the
first stage of residual stress relaxation. This is shown in Table 5.2 for various heat
treatment states of AISI4140 steel after conventional shot peening treatments
[5.25]. The findings for the normalized state and both of the quenched and tem-
pered states coincide with the values derived and discussed in the case of homo-
geneous compressive loading. Only hardened state behavior deviates noticeably,
showing a pronounced worksoftening of the surface layer. Presumably, the
specimens used here did not experience static strain aging effects to the degree
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Tab. 5.1: Maximum residual stresses in the surface layer,
compound yield strength or critical loading stresses during
homogeneous compressive loading, surface compressive yield
strength calculated using the surface-core model, ratio of the
latter to the compressive yield strength of the undeformed core
material and ratio of half widths for surface and core after
conventional shot peening for different materials and material
states

Material Material state rrs
s;max

[MPa]
Rcy ¼ rls

crit

[MPa]
Rcy;s

[MPa]
Rcy;c

[MPa]

Rcy;s=Rcy;c HWBs / HWBc Reference

TiAl6V4 as delivered –830 –250 –980 –860 1.14 1.87 [5.15]

AlCu5Mg2 as delivered –340 –175 –454 –375 1.21 1.53 [5.5]

cold aged –360 –75 –403 –275 1.47 1.90 [5.5]

warm aged –185 –75 –232 –350 0.66 1.34 [5.5]

AISI4140 normalized –285 –275 –480 –345 1.39 1.70 [5.12]

quenched and
tempered 650 �C

–420 –400 –685 –805 0.85 1.59 [5.6]

quenched and
tempered 450 �C

–585 –600 –953 –1300 0.73 1.11 [5.21]

quenched –930 –1420 –2050 –1390 1.47 0.71 [5.12]

discussed above. It seems possible that the period of time that lies between the
shot peening treatment and the point at which compressive yield strength is deter-
mined has a significant influence on the extent of strain aging-induced workhar-
dening [5.12]. In the case of the specimens which received compressive loading
this duration was greater than 9 months, while lasting only a few weeks for the
specimens which received bending loading. The possible effects of a few weeks of
annealing at room temperature are limited to the formation of Cottrell clouds, re-
ducing lattice distortions and largely immobilizing the dislocations. On the other
hand, it is plausible that such annealing treatments lasting several months may
see the formation of carbon clusters, effecting a further reduction of lattice distor-
tions and causing significant additional workhardening due to an extended pin-
ning of dislocations. Fig. 5.55 is a graphical representation of the discussed values
of the compressive yield strengths of the surface layer and the core. Once again,
this confirms that surface layer workhardening occurs in the normalized state,
contrary to the surface layer worksoftening found in the quenched and the
quenched and tempered states. As shown in Table 5.3, surface layer worksoften-
ing can also be observed after warm peening treatments – again excepting the nor-
malized state. However, due to the dynamic and static strain aging effects occur-
ring during and after the actual shot peening, surface layer worksoftening is sig-
nificantly lower than after conventional peening treatments [5.25]. Likewise, the
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Tab. 5.2: Maximum residual stresses in the surface layer,
compound yield strength or critical loading stresses during
inhomogeneous bending loading with subsequent inverse
loading, surface compressive yield strength calculated using the
surface-core-model and ratio of the latter to the compressive
yield strength of the undeformed core material after
conventional shot peening for different heat treatment states of
AISI4140 [5.25]

material material state rrs
s;max

[MPa]
Rcy ¼ r�

s;crit

[MPa]
Rcy;s

[MPa]
Rcy;c

[MPa]

Rcy;s=Rcy;c

conventionally peened normalisized –436 –125 –510 –345 1.48

quenched and
tempered 650 �C

–507 –170 –610 –885 0.69

quenched and
tempered 450 �C

–600 –310 –801 –1300 0.62

quenched –780 –770 –1342 –2065 0.65
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Fig. 5.55: Influence of bulk material hardness on magnitude
of surface compressive yield strength before shot peening,
after conventional shot peening and after warm peening at
290 �C for AISI4140 [5.25]

result for the state quenched and tempered at 450 �C is a compressive yield
strength at the surface which rises as peening temperature is increased. The
quenched state must be evaluated separately, as warm peening treatments consti-
tute an annealing treatment of the bulk material, and thus reduce hardness.
Therefore, comparing it to the compressive yield strength of the quenched state
before shot peening will not yield much useful information. If the annealing
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effect is resolved, the actual worksoftening effect in the surface layer should, at
least, be lower than suggested by the ratio of compressive yield strengths. The val-
ues of the compressive yield strengths at the surface as discussed for a peening
temperature of 290 �C are also shown in Fig. 5.55, confirming again that the com-
pressive yield strengths at the surface are higher than in the conventionally pee-
ned states [5.25]. Taking into account the reduction of hardness which occurs in
the quenched state of the bulk material during warm peening, a comparison of
the conventionally peened and the warm peened states shows that the strain
aging-induced fraction of surface layer workhardening is approximately equal for
all the states examined. There is even a significant increase found for the
quenched state.

Tab. 5.3: Maximum residual stresses in the surface layer,
compound yield strength or critical loading stresses during
inhomogeneous bending loading with subsequent inverse
loading, surface compressive yield strength calculated using the
surface-core-model and ratio of the latter to the compressive
yield strength of the undeformed core material after warm
peening at 290 �C for different heat treatment states of AISI4140
[5.25]

shot peening
modification

material state peening
temperature
[ �C]

rrs
s;max

[MPa]
Rcy ¼ r�

s;crit

[MPa]
Rcy;s

[MPa]
Rcy;c

[MPa]

Rcy;s=Rcy;c

warm peened normalized 290 –523 –280 –706 –345 2.05

quenched and
tempered 650 �C

290 –520 –400 –799 –885 0.91

quenched and
tempered 450 �C

290 –660 –500 –1008 –1300 0.78

quenched and
tempered 450 �C

310 –725 –560 –1116 –1300 0.86

quenched and
tempered 450 �C

330 –700 –670 –1186 –1300 0.91

quenched 290 –890 –790 –1456 –2065 0.71

The values for the state quenched and tempered at 450 �C, summarized in Table
5.4, show that the compressive yield strength at the surface can be increased by
annealing treatments following conventional peening [5.26]. It should be noted
that the increases of the compressive yield strengths at the surface are determined
by static strain aging effects, i.e. their kinetics are determined by carbon diffusion.
Accordingly, they develop rapidly but may experience a reduction due to effects of
over-aging. By contrast, the residual stress relaxation which comes with annealing
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treatments is always dominated by creep effects. These follow the kinetics of self-
diffusion, occurring in volume or in the dislocation core. Accordingly, these creep
effects occur more slowly (comp. Fig. 5.50). Consequently, and given the absence
of noticeable over-aging effects, an annealing treatment which follows conven-
tional shot peening is always expected to also increase the compressive yield
strength of the compound or critical loading stress. In such treatments, however,
the compressive yield strengths fail to reach the values achieved at the elevated
peening temperatures, 310 and 330 �C, as listed in Table 5.3. Apparently the
dynamic strain aging effects which are active during warm peening also have a
significant effect on the resulting compressive yield strengths at the surface.

Tab. 5.4: Maximum residual stresses in the surface layer,
compound yield strength or critical loading stresses during
inhomogeneous bending loading with subsequent inverse
loading, surface compressive yield strength calculated using the
surface-core-model and ratio of the latter to the compressive
yield strength of the undeformed core material after
conventional shot peening and subsequent annealing for
AISI4140 in a state quenched and tempered at 450 �C [5.26]

shot peening
modification

material state annealing
[�C / min]

rrs
s;max

[MPa]
Rcy ¼ r�

s;crit

[MPa]
Rcy;s

[MPa]
Rcy;c

[MPa]

Rcy;s=Rcy;c

conventionally
peened and
annealed

quenched and
tempered 450 �C

300 / 1 –584 –600 –1025 –1300 0.79

300 / 20 –480 –690 –1019 –1300 0.78

Table 5.5 compares the compressive yield strengths at the surface determined
during loading at 25, 250 and 400 �C in shot peened AISI4140 in a normalized
state and in a state quenched and tempered at 450 �C. In the quenched and tem-
pered state, the untreated material and the surface layer show similar decreases of
the compressive yield strengths as the temperature rises. Accordingly, their ratio
is hardly dependent on temperature. As quenched and tempered steels typically
experience a pronounced Bauschinger effect occurring in the pre-deformed sur-
face layer, the ratio is smaller than 1. The normalized state, on the other hand,
always shows an increase of the compressive yield strength which is caused by
surface layer workhardening. Dynamic strain aging effects being more pro-
nounced than in the quenched and tempered state, rising temperatures hardly
decrease flow stress in the surface layer.
The discussion of surface layer flow stresses after mechanical surface treat-

ments was supplemented by [5.27] – as mentioned in Sect. 4.2.3c in connection
with Fig. 4.41. These examinations focused on the deformation behavior of the
shot peened surface layers of normalized SAE1045. They involved isolating sur-
face layers with a thickness of 0.3 mm by trepanning carried out after the shot
peening treatment. The deformation behavior of these cylindrical trepanned
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Tab. 5.5: Influence of deformation temperature on maximum
residual stresses in the surface layer, compound yield strength
or critical loading stresses during inhomogeneous bending
loading with subsequent inverse loading, surface compressive
yield strength calculated using the surface-core-model and ratio
of the latter to the compressive yield strength of the undeformed
core material after conventional shot peening for AISI4140 in a
normalized state and in a state quenched and tempered at
450 �C [5.11,5.20]

material state loading
temperature [�C]

rrs
s;max

[MPa]
Rcy ¼ r�

s;crit

[MPa]
Rcy;s

[MPa]
Rcy;c

[MPa]

Rcy;s=Rcy;c

normalized 25 –280 –275 –480 –345 1.39

250 –275 –300 –496 –300 1.65

400 –255 –340 –516 –275 1.87

quenched (450 �C) 25 –500 –600 –953 –1300 0.73

250 –475 –400 –758 –950 0.79

400 –340 –360 –606 –830 0.73

specimens represents an integral mean value of the deformation behavior of the
surface layer. According to Fig. 4.41, workhardening is substantially greater than
in the untreated bulk material, and it remains greater up to the highest deforma-
tions. The influence of subsequent annealing treatments on the deformation be-
havior of such specimens was also examined. It was shown that there is a new
yield point phenomenon and that significant additional increases of flow stress
occur particularly in the range of small strains. This proves that the increases of
compressive yield strength at the surface which occur in the case of conventional
shot peening and subsequent annealing are effects of static strain aging.

5.2.3
Influences on Workhardening State

The changes of the workhardening state close to the surface are impressively rep-
resented by the distributions of characteristics such as the half widths, or from
other x-ray interference line characteristics derived from in-depth analyses. How-
ever, there are only few studies which focused on this. A systematic study examin-
ing tensile loading of three heat treatment states of shot peened AISI4140 steel
was carried out by [5.7,5.12]. Fig. 5.56 depicts the distributions of the half widths
of the {211}-interference lines for the normalized state, which show that the ele-
vated values close to the surface are maintained, and the half widths of the core
have not yet been increased significantly by raising loading stress to 400 MPa.
This is hardly surprising, as the loading stresses were selected on the basis of
changes of the residual stresses at the surface, and the deformations involved are
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Fig. 5.56: Influence of loading stress on distribution of half
widths of {211}-interference lines after tensile loading of shot
peened AISI4140 in a normalized state [5.12]

at a very low 2 % for a loading stress of 400 MPa. Fig. 5.57 shows the influence of
the loading stresses on the distributions of the half widths of the {211}-interfer-
ence lines of the material state quenched and tempered at 650 �C. All of the load-
ing stresses selected here again cause deformations which are below 2 %, and the
initial workhardening states of the surface region are approximated. This is
achieved by an increase of the half widths at distances to surface greater than
0.1 mm, while at the same time the half widths close to the surface do not change
significantly. This is shown in a similar manner in Fig. 5.58, which depicts the
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Fig. 5.57: Influence of loading stress on distribution of half widths
of {211}-interference lines after tensile loading of shot peened AISI4140
in a state quenched and tempered at 650 �C [5.12]
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Fig. 5.58: Influence of loading stress on distribution of mean
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dislocation densities according to Cohen (c) after tensile load-
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pered at 650 �C [5.12]
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mean strains, micro residual stresses and domain sizes, as well as the dislocation
densities derived according to Cohen (comp. Sect. 3.1.2d, 720). Mean strains and
micro residual stresses show noticeable increases close to the surface. Their val-
ues remain almost unchanged here, while at greater distances to surface they
increase noticeably as loading stress rises. The opposite is true for the domain
sizes, which are significantly reduced close to the surface due to shot peening.
Increasing loading stress to 790 MPa hardly changes the values at the surface,
while the values for distances to surface greater than 0.1 mm largely approximate
those of the surface. According to Cohen, and as shown in Fig. 5.58c, dislocation
densities therefore exhibit an increase close to the surface. As in the case of mean
strains, this increase is largely removed, due to loading using up to 750 MPa and
due to the increase of the values in regions with a distance to surface greater than
0.1 mm. As presented in Sect. 3.1.2d, shot peening of a quenched state results in
microstructural worksoftening, as evidenced by a reduction of the half widths of
the {211}-interference lines close to the surface, shown in Fig. 5.59. As the loading
stresses applied during tensile loading involve only very small amounts of plastic
deformation, no significant changes of the depth distributions are found. This
was confirmed by more precise measurements of the depth distributions of mean
strains and micro residual stresses, domain sizes and dislocation densities accord-
ing to Cohen, as shown in Fig. 5.60. Except for the values of mean strains and
micro residual stresses, which are slightly increased after loading but show no
defined dependency on loading stress, tensile loading does not effect significant
changes of worksoftening close to the surface. Therefore, it can be stated in sum-
mary that in virtually all cases, the depth distributions of the workhardening
state’s characteristics show changes only when greater amounts of plastic defor-
mation are induced. In such cases, the gradients of the workhardening state close
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Fig. 5.59: Influence of loading stress on distribution of half
widths of {211}-interference lines after tensile loading of shot
peened AISI4140 in a quenched state [5.12]
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Fig. 5.60: Influence of loading stress on distribution of mean
strains or micro residual stresses (a), domain sizes (b) and
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to the surface show decreases. These are more likely to arise from changes of the
values for greater distances to surface rather than being caused by changes of the
surface values. The examinations presented above employed loading stresses
which were selected primarily on the basis of the changes of macro residual
stresses at the surface. Therefore, such small plastic deformations hardly change
the characteristics of the workhardening state for normalized material, due to the
pronounced residual stress relaxation these strains cause. The changes are very
pronounced in the quenched and tempered state, whereas the quenched state
shows small loading-induced changes concerning mean strains and micro residu-
al stresses only. This is due to elongations to fracture being very small.
The loading stress-dependency of the surface values of the half widths of the

{211}-interference lines after compressive or tensile loading is shown in Fig. 5.61
for shot peened AISI4140 in a normalized state [5.12]. It confirms that the shot
peening-induced values of the half widths close to the surface do not change, even
in cases of great loading stresses and thus, great deformations. However, a closer
examination using mean strains and micro residual stresses, domain sizes and
dislocation densities according to Cohen – shown in Fig. 5.62 – reveals that the
workhardening state close to the surface can be changed by great strains or com-
pressions. Tensile loading stresses of more than 400 MPa and compressive load-
ing stresses of more than roughly 300 MPa cause workhardening effects, almost
all of which increase as the loading stress amount rises. Remarkable and fairly
abrupt initial changes occur during compressive loading. Fig. 5.63 shows that the
surface values of the half widths of the {211}-interference lines for the state
quenched and tempered at 650 �C are hardly changed by tensile or compressive
loading [5.7,5.12]. Individual half width values show decreases only after applying
great tensile stresses. However, increasing loading stress does not establish a spe-
cific tendency regarding these half width changes.
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Fig. 5.61: Half widths of {211}-interference lines at the sur-
face vs. tensile or compressive loading stress for shot peened
AISI4140 in a normalized state [5.12]
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Fig. 5.63: Half widths of {211}-interference lines at the sur-
face vs. tensile or compressive loading stress for shot peened
AISI4140 in a state quenched and tempered at 650 �C [5.12]

Figs. 5.64 and 5.65 show results obtained by a closer examination using mean
strains and micro residual stresses, domain sizes and dislocation densities accord-
ing to Cohen. Starting from the initial value of the respective characteristic of the
workhardening state, tensile loading causes small amounts of worksoftening ini-
tially, and continuous worksoftening occurs subsequently. For the highest loading
stresses examined, worksoftening indicates surface layer regions which are
slightly workhardened compared to the initial state. This is particularly evident in
Fig. 5.64b, showing mean strains and micro residual stresses as a function of total
deformation. This initial worksoftening is presumably caused by a re-arrange-
ment of the dislocation structure in the region close to the surface. Due to the
high strain rate deformation during shot peening, dislocation structure shows a
tendency to be planar in those examined materials containing medium or high
stacking fault energy. The dislocations are initially brought into a tangled arrange-
ment which contains fewer distortions and characterizes quasi-static deformation
processes for these materials. Increasing loading stresses further, however, results
in a noticeable workhardening throughout the remainder of the region of total
deformation. Compressive loading, on the other hand, creates noticeable workhar-
dening of the surface layer as loading stress or compression increases, at the
same time causing strong fluctuations of individual values, compared to the initial
value of the respective workhardening characteristic.
The dependency of the half widths of the {211}-interference lines on total defor-

mation, as introduced by [5.21], is shown in Fig. 5.66 for AISI4140 in a state
quenched and tempered at 450 �C. It confirms the initial worksoftening found for
the state quenched and tempered at 650 �C during tensile deformation. Here,
great total deformations compensate the initial worksoftening in such a way that
the original values are reached again. However, great compressions during com-
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Fig. 5.64: Mean strains or micro residual stresses at the sur-
face vs. tensile or compressive loading stress (a) or total
strain (b) for shot peened AISI4140 in a normalized state [5.7]

pressive loading cause the individual values to fan out, while there is a slight ten-
dency of worksoftening. [5.12] examined quenched AISI4140 in a shot peened
state. During tensile or compressive loading, the characteristics of its workharden-
ing state are dependent on loading stress, as represented by Figs. 5.67 and 5.68.
None of the characteristics show significant changes compared to the initial val-
ues during tensile loading, as the tolerable plastic deformations are very small. By
contrast, great compressive loading stresses and associated plastic deformations
of up to 5 % cause a pronounced workhardening of the surface layer. However,
this does not fully compensate the microstructural worksoftening created by shot
peening, as is evident when comparing the data to the information presented by
Fig. 3.36.
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Fig. 5.65: Domain sizes at the surface vs. tensile or compres-
sive loading stress (a) or total strain (b) for shot peened
AISI4140 in a normalized state [5.7]

As shown in Fig. 5.69, [5.3] found that both tensile and compressive loading of
shot peened TiAl6V4 also causes initial relaxations of the half widths of the
{12�333}-interference lines, minima occurring at amounts of total deformation of
about 2 %. At higher loading stresses, the values are constant during tensile load-
ing while showing slight increases during compressive loading. This increase,
however, fails to arrive at the value found originally. Fig. 5.70 summarizes the
results regarding the dependency of the half widths of the {511/333}-interference
lines on total deformation, as found by [5.3] for AlCu5Mg2 aluminum alloy in
the as-delivered state, the cold aged and the warm aged state after shot peening.
All states show slight initial decreases of the half widths close to the surface during
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Fig. 5.66: Half widths of {211}-interference lines at the sur-
face vs. total strain during tensile or compressive loading for
shot peened AISI4140 in a state quenched and tempered at
450 �C [5.21]
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Fig. 5.67: Half widths of {211}-interference lines at the sur-
face vs. tensile or compressive loading stress for shot peened
AISI4140 in a quenched state [5.12]
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domain sizes (b) and dislocation densities according to
Cohen (c) at the surface vs. tensile or compressive loading
stress for shot peened AISI4140 in a quenched state [5.12]
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Fig. 5.69: Half widths of {1233}-interference lines at the sur-
face vs. total strain during tensile or compressive loading for
shot peened TiAl6V4 [5.3]

tensile loading. Half widths pass through a minimum at an amount of total defor-
mation of about 2 %, after which they increase continuously. This increase is least
pronounced for the warm aged state. Compressive deformation of the as delivered
state and the cold aged state results in an initial relaxation of the half widths,
minimum levels occurring at about 0.3 % compression, while greater amounts of
compression cause an increase of half widths which is most pronounced for the
as delivered state. The warm aged state, on the other hand, shows a slight increase
of the half widths, beginning with the start of compressive deformation. Thus, it
can be assumed that initial re-arrangements of the shot peening-induced disloca-
tion structure – which involve reductions of distortions and occur more rapidly
during compressive deformation than during tensile deformation due to the ear-
lier appearance of plastic deformation on the examined surface – is succeeded by
deformation-induced increases of distortions which occur at greater amounts of
deformation.
The loading stress-dependency of the half widths was examined by [5.22] for

AISI4140 quenched an tempered at 450 �C and shot peened using various meth-
ods. The examination also incorporated bending loading which included the
range of the onset of macro residual stress relaxation. After conventional shot
peening treatments, the specimens’ top sides, which were initially compressively
loaded, show changes of the half widths close to the surface only after inverse
loading, as shown in Fig. 5.71. These changes indicate slight worksoftening. The
same is true for the bottom sides of the specimens which initially experienced ten-
sile loading. The half widths of the state warm peened at 290 �C are summarized in
Fig. 5.72. During the initial compressive loading of the top side, the half widths
already exhibit a small increase, while showing no significant further changes after
inverse loading. Corresponding half width increases are found on the bottom
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surface vs. total strain during tensile or compressive loading
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Fig. 5.71: Half widths of {211}-interference lines at the sur-
face vs. fictitious surface stress during bending loading with
subsequent inverse loading for conventionally shot peened
AISI4140 in a state quenched and tempered at 450 �C [5.22]
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Fig. 5.72: Half widths of {211}-interference lines at the sur-
face vs. fictitious surface stress during bending loading with
subsequent inverse loading for warm peened (Tpeen = 290 �C)
AISI4140 in a state quenched and tempered at 450 �C [5.22]

side. These are observed only after inverse loading, caused by the associated com-
pressive loading. The half width increases are attributed to the fact that the strain
aging effects caused by warm peening reduce the density of mobile dislocations
significantly. As a result, the onset of plastic deformation in the surface layer
regions during compressive loading takes place at the same time as a multiplica-
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Fig. 5.73: Half widths of {211}-interference lines at the sur-
face vs. fictitious surface stress during bending loading with
subsequent inverse loading for conventionally shot peened
plus subsequently annealed (ta = 20 min, Ta = 300 �C) AISI4140
in a state quenched and tempered at 450 �C [5.22]

tion of dislocations, along with an increase of the half widths. As shown in
Fig. 5.73, this is confirmed by the findings for conventionally shot peened speci-
mens which were subsequently annealed at 300 �C for 20 minutes. Qualitatively,
they show the same behavior. This half width increase must be caused by static
strain aging effects, as these reduce the density of mobile dislocations and thereby
create the need for a formation of new dislocations.
Post-shot peening isothermal tensile or compressive loading, carried out at 250

and 400 �C on AISI4140 normalized or quenched and tempered at 450 �C, show
no siginificant influences of loading stress on the remaining half widths. Only the
initial values experience slight decreases due to thermal relaxation of micro resid-
ual stresses.
In summary, it can be stated that in soft, i.e. ductile, material states such as nor-

malized steels, the workhardening states of the core and of the originally workhar-
dened surface layer region approximate each other initially. Subsequently, micro-
structural workhardening occurs in the surface layer and in the core, which is
clearly identifiable using a sufficiently sensitive method of measurement, such as
X-ray interference line profile analysis. In medium-hard states – such as quenched
and tempered steels and underaged aluminum alloy states – small relaxations of
the micro residual stress state, characterized by the examined properties, are
found at the surface during the first stage of plastic deformation. Evidently the
microstructure – originally created by shot peening and thus, by high strain rate
deformation – is initially re-arranged from its high-distortion state into slightly
less distorted states. These are attributed to quasi-static deformation processes.
Subsequently, there is the appearance of the kind of microstructural workharden-
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ing typical of quasi-static deformation, creating a minimum of the characteristics
listed. Compared to tensile loading, compressive loading shows a tendency of
shifting this minimum toward smaller amounts of deformation, since deforma-
tion begins directly at the surface and is not restricted to the core area initially.
During the further course of deformation, these material states experience small
increases of the characteristics’ values close to the surface, both during tensile and
compressive loading. On the other hand, high strength states, such as quenched
steels and warm aged aluminum alloys, are so brittle that early failure prevents
tensile loading from changing the workhardening state significantly. However,
small increases occur during compressive loading which cannot compensate the
shot peening-induced worksoftening.

5.2.4
Influences on Microstructure

There are no studies which focus on the influence of quasi-static loading on the
microstructure of surface layer states after mechanical surface treatments.
Sect. 5.2.3 examines the load-dependency of the distribution of half widths, mean
strains or micro residual stresses, domain sizes and dislocation densities accord-
ing to Cohen as indirect measures of the microstructure. It is shown that increas-
ing loading stress causes a more or less pronounced approximation of the micro-
structure in the initially non-deformed core region and in the surface layer, the
latter having been pre-deformed – sometimes at high strain rates – and usually
pre-workhardened. Therefore, at least for ductile material states and large degrees
of deformation, the microstructure should become increasingly similar to that of
a material state which has not undergone mechanical surface treatment.
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6
Changes of Surface States during Cyclic Loading

6.1
Process Models

6.1.1
Elementary Processes

The changes of the surface states of mechanically surface treated material states
due to cyclic loading can be divided into three phases [6.1–3]. The first phase
includes initial loading and subsequent inverse loading. These constitute quasi-
static loading. The effects they have on the surface layer state are essentially deter-
mined by the compressive yield strength at the surface and the Bauschinger
effect, as described in detail in Sect. 5. This is followed by the actual cyclic loading
in the crack-free phase. Here, cyclic deformation behavior determines the stability
of the surface layer state, and accordingly, cyclic tensile yield strength at the sur-
face is an important parameter. This is exemplified in Fig. 6.1 for shot peened
quenched and tempered AISI4140, showing the correlation between residual
stress changes and plastic strain amplitudes derived from the stress-strain hyster-
esis [6.4]. Fig. 6.1a shows cyclic deformation curves for different stress ampli-
tudes, representing the correlation between plastic strain amplitudes and the
number of cycles. Following a phase of quasi-elastic behavior, numbers of cycles
to incubation occur which decrease as the stress amplitude increases. This causes
cyclic worksoftening, resulting in plastic strain amplitudes increasing. As the
stress amplitude grows, cyclic worksoftening becomes more pronounced, continu-
ing until the specimen fails. Fig. 6.1b shows the changes of the longitudinal resid-
ual stresses which occur at the surface of the specimen during push-pull loading.
During the first cycle, quasi-static residual stress relaxation – which increases as
stress amplitude rises – occurs as described in Sect. 5. This is followed by the sec-
ond phase of residual stress relaxation. Here, the changes in residual stress show
a linear correlation with the logarithm of the number of cycles. The changes also
become more pronounced as the stress amplitude increases. Toward the end of
the life span, yet before the phase of crack growth, the two greatest loading ampli-
tudes increase residual stress changes still further. The start of these increases
clearly correlates with the onset of the cyclic worksoftening shown in
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Fig. 6.1: Influence of stress amplitude on plastic strain amplitudes (a)
and longitudinal residual stresses at the surface (b) vs. number of
cycles in stress controlled push-pull experiments studying the cyclic
deformation behavior of shot peened AISI4140 in a state quenched
and tempered at 600 �C [6.4]

Fig. 6.1a. Evidently, the cyclic relaxation of residual stress is determined funda-
mentally by the plastic strain amplitudes that occur. This second phase of surface
layer changes during cyclic loading is followed by the phase of crack growth.
Here, the changes of the surface layer state most often become even more pro-
nounced, and they are determined by cyclic crack growth behavior.
Focusing on residual stress stability, [6.1] distinguished four different cases of

the correlation between residual stresses and number of cycles in the experimen-
tal results. They are shown in Fig. 6.2. This division rests not only on a differentia-
tion between the first loading cycle and the actual cyclic loading, as well as the

6 Changes of Surface States during Cyclic Loading248



1

2

3

4

number of cycles

σa = const.

m
a
g
n
it
u
d
e

o
f
re

s
id

u
a
l
s
tr

e
s
s
e
s

σ
rs

Fig. 6.2: Scheme showing the possible courses of residual
stresses vs. number of cycles during cyclic loading [6.1]

strong influence of loading amplitude, but also on quasi-static yield strength or
cyclic yield strength as the defining factors for stability. The changes of mechani-
cal properties close to the surface, caused by mechanical surface treatment, are
neglected, as the stability of the surface layer state is determined more correctly by
compressive yield strength at the surface and cyclic tensile yield strength at the
surface, due to the presence of great compressive residual stresses. In case 1, re-
sidual stresses remain stable throughout cyclic loading, as neither quasi-static
compressive yield strength nor cyclic tensile yield strength are exceeded. Case 2 is
expected to occur in those instances when the examined loading amplitude
exceeds the cyclic, but not the quasi-static tensile yield strength in the course of
cyclic loading. Here, only great numbers of cycles effect a gradual relaxation of
residual stresses. The reverse is true for case 3, in which a significant relaxation of
residual stresses occurs during the first cycle as the quasi-static compressive yield
strength is exceeded, while residual stresses remain unchanged during further cy-
clic loading. In case 4, however, both quasi-static and cyclic yield strengths are
exceeded. Therefore, the pronounced relaxation of residual stresses which occurs
during the first loading cycle is followed by a continuous, additional relaxation of
residual stresses. [6.2] and [6.5] contain a lot of evidence regarding all four cases.
According to [6.2], the changes of the surface layer state during cyclic loading

are mainly determined by loading type, by mean loading, by the initial amount of
residual stresses and by the material state and its deformation behavior. In accor-
dance with Sect. 5, loading types can be grouped into homogeneous uniaxial
push-pull loading, homogeneous uniaxial bending loading and inhomogeneous
multiaxial loading such as torsional-, notch- or complex component loading,
which will serve as a criterion for structuring the following text. Mean loading
influences surface layer stability considerably, because it causes shifts of the over-
all stress state – which in turn is composed of loading- and residual stresses –
within the region of vanishing plastic deformations and thus, stable surface layer
states, given by quasi-static and cyclic yield strength. The same is true for the
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magnitude of initial residual stresses. The material state has a crucial effect on
surface layer- and residual stress stability. In lower strength material states the ini-
tial residual stresses are largely removed, regarding both low cycle fatigue and
high cycle fatigue. During loading, medium strength material states maintain
stable residual stresses in the area of high cycle fatigue, and high strength mate-
rial states maintain stable residual stresses also in the area of low cycle fatigue
[6.35]. The reason for this is the dependency of the difference between fatigue
limit and the quasi-static or cyclic yield strength on hardness or tensile strength
[6.1], shown schematically in Fig. 6.3. Accordingly, cyclic loadings in the area of
the fatigue limit approximate yield strengths. The smaller ultimate tensile
strength or hardness is, the closer the approximation becomes. By contrast, cyclic
loadings below the fatigue limit are far enough below cyclic yield strength as to
preclude plastification and thus, changes of residual stress, as well. The influence
of cyclic deformation behavior was already pointed out in the discussion of Fig.
6.1.

6.1.2
Quantitative Description of Processes

a) Description of Residual Stress Relaxation

The division of residual stress relaxation during cyclic loading into three phases –
as mentioned in Sect. 6.1.1 – is reflected in the approaches for a quantitative
description. While Sect. 5.1.2 is able to provide a detailed description of the behav-
ior during initial loading and inverse loading, no such approaches are available
for the third phase of cyclic crack propagation. Therefore, this representation will
focus on the second phase of cyclic loading in the crack-free state. Following
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[6.1,6.6,6.7], it is reasonable to compare the relaxation of residual stresses to the
relaxation of mean stresses. The latter occurs during cyclic loadings with mean
strains [6.8,6.9], and it is based on a mechanism which is equivalent to that of the
cyclic creep found in cyclic loadings with mean stresses [6.10]. When flow stress is
exceeded, the course of cyclic loading sees the centers of locally present stress-
strain hystereses shift from the initial position – which runs parallel to the stress
axis and is determined by mean strains – to a stable, final position. It may be
located at zero mean stresses [6.11,6.12] or at remaining, stabilized mean stresses
[6.13–6.15]. According to [6.13], these remaining mean stresses may correlate with
the strain amplitudes at half the number of cycles to fracture. Empirical equations
describing relaxation of mean stresses were used in multiple ways by numerous
authors to assess the relaxation of residual stresses. However, the differing work-
hardeninng states of the surface layer and the core, as well as the inhomogeneity
of the loading state – which, unlike in experiments with mean stresses, inevitably
occurs – can result in residual stresses changing mathematical signs or cause a
relaxation toward stabilized final values other than zero [6.16]. The overview stud-
ies of [6.16,6.17] contain information on this which essentially represents the rela-
tions between residual stresses and the number of cycles as exponential functions,
power law functions and logarithmic functions, as shown schematically in
Fig. 6.4. Exponential relations plotted versus the logarithm of the number of
cycles show relaxation rates which are small initially and then increase continu-
ally. The logarithmic relations in the plot selected show constant changes of resid-
ual stresses. By contrast, the power law relation shows the relaxation of residual
stresses to be particularly steep at first and degressive thereafter. Exponential rela-
tions according to

power
law function

exponential
function

logarithmic function

N=1 log N

σ =const.a
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σ
σ
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/
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=
1
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Fig. 6.4: Scheme showing literature-proposed correlations
between residual stresses related to their value after the first
cycle and number of cycles
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rrs ¼ rrsðN ¼ 1Þ � expð�k � NÞ (6.1)

were first introduced by [6.18], who pointed out the similarity to creep processes.
These relations are based on studies by [6.8] – who applied them in the context of
the relaxation of mean stresses – and were later taken up by [6.19–6.22]. [6.21]
introduced the concept of relaxation arriving at a final value. Power law relations
according to

rrs ¼ rrsðN ¼ 1Þ � N�b (6.2)

were suggested by [6.15] as a description of relaxation of mean stresses. However,
logarithmic relations in the form of

rrs ¼ rrsðN ¼ 1Þ � l � logN (6.3)

have gained general acceptance. [6.15] first used them to describe the relaxation of
mean stresses, [6.24,6.25] later utilized them to analyze residual stress relaxation
and concurrently present mean stresses in notched specimens. As logarithmic
relations are simple to use, [6.17] was able to establish them as a standard. In
many instances, the results for slope l according to

l ¼ a � ra � b (6.4)

show a linear dependency on loading stress amplitude.
Apart from these entirely empirical models, other approaches started from the

aspect of the physical properties of metals. These models describe residual stress
relaxation on the basis of microstructural explanations, and thereby include the
increase of residual stress relaxation which occurs as the stress gradient increases
[6.26,6.27]. [6.28] examined effective shear stresses in the individual slip systems.
This is done by averaging the shear components of the possible grain orientations
close to the surface versus the loading axis. Workhardening was assumed to
increase exponentially as the number of cycles grows. Thus, it became possible to
understand the findings for machined states of 2219 aluminum alloy. Here, a
growing number of loading cycles causes surface residual stresses to pass through
a minimum, and to build up again subsequently. Calculations were carried out by
[6.29,6.30] in order to extend the description to also include the changes of work-
hardening state caused by induced residual stresses. Thus, it is possible to predict
how the residual stress depth profile will be influenced by number of cycles, stress
amplitude and stress ratio. The calculations were based on a material model by
[6.31] which describes cyclic workhardening or -softening by means of a kinematic
workhardening term. However, this method presents a problem in that the pa-
rameters required for describing the cyclic deformation behavior of the pre-
deformed surface layer are usually not accessible, but must be estimated.
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b) Evaluation of Cyclic Yield Strength at the Surface
Sect. 5.1 described a method for determining cyclic yield strength by examining
the stability of residual stresses during quasi-static loading. Similarly, the behavior
of residual stresses during cyclic loading permits conclusions to be drawn regard-
ing the resistance to cyclic plastic deformation which is present in the surface
layer. This resistance is achieved when loading stresses are superposed with the
residual stresses that remain after the first loading cycle, resulting in an equiva-
lent stress which is similar to cyclic yield strength. Common fatigue strength the-
ory defines cyclic yield strength as the stress amplitude which causes non-zero
plastic strain amplitudes at half the number of cycles to failure. In the context at
hand, cyclic yield strength is determined by way of the onset of residual stress
relaxation during cyclic loading [6.3]. Applying the von Mises hypothesis makes it
possible to define the cyclic yield strength at the surface, which may be calculated
according to

Rcycl
y;surf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�RRcycl
y þ rrs

ax;surf ðN ¼ 1Þ
� 
2

þ rrs
tan ;surf ðN ¼ 1Þ

� 
2

� �RRcycl
y þ rrs

ax;surf ðN ¼ 1Þ
� 


rrs
tan ;surf ðN ¼ 1Þ

r

(6.5)

from the axial or tangential surface residual stresses rrs
ax;surf ðN ¼ 1Þ or rrs

ax;surf ðN ¼
1Þ – which remain after the first loading cycle – and the cyclic yield strength of the
compound �RRcycl

y required for initiation of residual stress relaxation. The difference
between axial and tangential residual stresses is usually neglected, and Eq. 6.5
achieves the simplified form

Rcycl
y;surf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�RRcycl
y

� 
2

þ�RRcycl
y rrs

ax;surf ðN ¼ 1Þ
��� ���þ rrs

ax;surf ðN ¼ 1Þ
� 
2

r
. (6.6)

The cyclic yield strength of the compound �RRcycl
y was described as the critical load-

ing stress amplitude by [6.32,6.33] and it is essential for determining the cyclic
yield strength at the surface. It is calculated by extrapolating the l-values found at
different stress amplitudes in Eq. 6.4 to l= 0. This was done by [6.3], as shown
schematically in Fig. 6.5a. An alternative was suggested by [6.32,6.33], which is
shown in Fig. 6.5b. It is carried out by comparing the residual stresses’ depen-
dence on loading stress amplitude after one loading cycle and, for instance, after
104 loading cycles. This allows for determining the cyclic yield strength of the
compound as the amplitude at which, after 104 loading cycles, the dependency
deviates for the first time from the dependency present after the first loading
cycle.
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Fig. 6.5: Scheme showing the determination of cyclic yield
strength Rcycl
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critical loading stress amplitude by using extrapolation to
l = 0 (a) and by using the changes of residual stresses
between the first and the 104th cycle (b)

c) Description of Effects on Fatigue Behavior
A comprehensive description of the effects surface layer states have on fatigue
strength would be beyond the scope of this study, due to the multitude of influ-
encing factors and the number of individual examinations required in that con-
text. Therefore, this study refers to overview studies, [6.1,6.2,6.34,6.35], and other-
wise provides only a short introduction as an approach to the subject and its
essential concepts.
Mechanical surface treatments effect changes of the surface layer state. The

extent to which these changes affect fatigue limit is determined by the material
and the material state, the type of cyclic loading and the loading stress gradient.
The expectable overall changes of fatigue limit DRalt can be attributed to the influ-
encing factors roughness, residual stress state, workhardening state and, possibly,
phase transformations. Neglecting interactions, they can be described by
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DRalt;tot ¼ DRaltðDRtÞ þ DRaltðDHVÞ þ RaltðDrrsÞ þ DRaltðDPhÞ (6.7)

according to [6.34]. Here, DRt is the change of roughness as a measure of surface
micro geometry , DHV is a measure of the change of workhardening state, Drrs is
the change of residual stress state, and DPh is a measure of the possible changes
of the phase fractions compared to a reference state as homogeneous as possible.
Sect. 6.3.5 provides examples which typify relations of this kind. However, hardly
any quantitative descriptions which apply universally are available.
The influence on fatigue limit exerted by the residual stresses induced by me-

chanical surface treatments can be stated formally. This is done by estimating the
fatigue limit of a state showing residual stresses Rrs

alt according to

Rrs
alt ¼ Ro

alt �m � rrs; (6.8)

using the fatigue limit Ro
alt, which occurs in a residual stress-free state, and the

residual stresses rrs, which are assumed to be uniaxial. In this equation, m is re-
sidual stress sensitivity, which increases as ultimate tensile strength grows. Resid-
ual stress sensitivity was defined by [6.1] with reference to mean stress sensitivity
[6.36]. This relation is based on the assumption that residual stresses have effects
similar to those of mean loading stresses, or that the effects of residual stresses
can, for the most part, be compensated by loading stresses of the inverse mathe-
matical sign [6.37]. This should be valid for states of higher strength showing re-
sidual stresses which are mostly stable during loading in the range of the transi-
tion from low to high cycle fatigue or in the high cycle fatigue area itself. In this
case the fatigue limit of a state containing residual stresses can be estimated on
the basis of the Goodman relation [6.38] according to

Rrs
alt ¼ Ro

alt � 1� rrs

Rm

� �
(6.9)

in which Rm is ultimate tensile strength. Accordingly, residual stress sensitivity m
is expected to have the value

m ¼ Ro
alt

Rm

. (6.10)

The differences between mean stresses and residual stresses, as listed in Fig.
6.6, are neglected. In comparison with mean stresses, the particularly important
factors are inhomogeneity, the changes of the material state which inevitably
occur when residual stresses are induced, and the possible changes of residual
stresses during fatigue loading. Nevertheless, residual stresses can be treated as
loading stresses in many cases. Therefore, their effects can be assessed by means
of fatigue limit diagrams, analogous to the way in which the effects of mean
stresses are evaluated. Representing this by using residual stress Haigh-diagrams
– a method introduced by [6.1] – has proven to be effective. As shown schematical-
ly in Fig. 6.7, these diagrams represent the correlation between the fatigue limit of
a state containing residual stresses and the initial value of the residual stresses.
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Feature Mean stresses Residual stresses 

Distribution over cross 
section

Homogeneous or 
inhomogeneous with
known distribution 

Inevitably inhomogeneous
with usually unknown 
distribution

Multi-axiality at
unnotched geometries 

Mostly uniaxial Mostly biaxial at the 
surface and triaxial in the 
component

Constancy during fatigue
loading

controllable At most controllable in
surface layers

Adjustability Adjustable and variable 
without changes in the 
material state 

Basically not adjustable
without changes in the 
material state and only 
exceptionally variable 
without such changes

Removability Due to load removal Due to thermal, quasi-static
or cyclic loading and plastic 
deformations combined
with them

Notch effect Increase by elastic notch 
effect

No increase by notch effect

Fig. 6.6: Different characteristics of mean stresses and
residual stresses during fatigue loading, acc. [6.1]

0
σ

R
rs

alt

rs

R
cycl
y-R

cycl

y

or

R
cycl
y

R
rs

alt

σrs

σls
a

σls
a R

cycl.
y= -

R0

alt
= - m σrs

Rm

σrsσls
a R

cycl
y= +

1 + m

- (R
cycl

y -R )
0

alt

1 - m

R
cycl
y -R

0

alt

Fig. 6.7: Scheme showing a residual stress-Haigh-diagram
for estimating the influence of residual stresses on the fatigue
strength of smooth material states [6.1]

Starting from the fatigue limit Ro
alt of a state without residual stresses, the fatigue

limit Rrs
alt of a state containing residual stresses is reduced initially as tensile resid-

ual stresses increase. This follows Eq. 6.9 and is analogous to the Goodman rela-
tion. To the same extent, compressive residual stresses should have a positive
effect on fatigue limit. The regions of a residual stress-induced decrease and
increase of fatigue limit are represented in a limited way by straight lines of the
form

rls
a ¼ Rcycl

y –rrs (6.11)
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representing the boundary of the cyclic yield strength exceeded by the sum of
loading- and residual stresses and thus, describing the onset of residual stress
relaxation. This permits deriving the residual stress interval, in which stability of
the residual stresses and thus, applicability of the Goodman relation, can be
assumed, as ½ðRcycl

y � Ro
altÞ=1þmÞ; ðRcycl

y � Ro
altÞ=ð1�mÞ�. It is also assumed that

for initial residual stress values outside this interval, residual stress values are
decreased to the values found at the respective interval boundaries, and that these
residual stresses are present in a stabilized form. Therefore, fatigue limits outside
the interval of residual stresses should not show further changes compared to the
values reached at the interval boundaries. Accordingly, the influence of residual
stresses on fatigue limit can be described by the doubly bent solid curve shown in
Fig. 6.7. It is obvious that alternating bending strength cannot be influenced in a
positive or negative way solely by the residual stresses outside the residual stress
interval mentioned above. In the meantime, corresponding diagrams have been
analyzed and comparatively assessed for numerous material states, e.g. for steels
in [6.35]. The essential influencing parameters and their effects are described in
detail in Sect. 6.3.5.
The formal description of the influence of mechanical surface treatments on

fatigue limit by means of residual stress Haigh-diagrams is inevitably limited in
two ways. Firstly, its direct form describes the influence of residual stresses exclu-
sively, thereby neglecting the additional parameters listed in Eq. 6.7 which influ-
ence the fatigue limit found after mechanical surface treatments. Secondly, resid-
ual stress Haigh-diagrams do not offer a means of describing or predicting crack
initiation which may occur beneath the surface in higher strength materials
(comp. Sect. 6.3.3). Consequently, residual stress Haigh-diagrams run the risk of
overestimating the effect of mechanical surface treatment on fatigue limit. There-
fore, the available approaches were extended by [6.7] on the basis of [6.39] and
transferred to the so-called concept of the local fatigue limit, which in the mean-
time has been refined e.g. by [6.1,6.40,6.41]. Falling back on Eq. 6.9, which is
extended by distance to surface as

RaltðzÞ ¼ x � nðzÞ � Ro
altðzÞ � 1� rrsðzÞ

RmðzÞ
� �

, (6.12)

the effects of surface micro- and macro geometry, stress gradient, as well as distri-
butions of residual stresses and workhardening on the distribution of fatigue limit
Ralt(z) can be assessed. Here, x characterizes the surface state dependent on
roughness, notch factor and surface hardness, while x is set to 1 for z > 0 and
therefore is effective only directly at the surface. n(z) is the support figure which
also describes the notch effect present in deeper regions and is dependent on the
local related stress gradient and on local hardness. According to Fig. 6.8, Ralt(z) is
determined by the notch factor, which is governed by notch geometry, and by the
stress gradient, which is determined by loading type and notch geometry. Addi-
tional factors are roughness and the distributions of residual stresses and hard-
ness found after mechanical surface treatments. Due to the known distortion of
the hardness values by the residual stress values present – as mentioned in

6.1 Process Models 257



Sect. 3.1.2d – the measured hardness distributions must be corrected, using the
residual stress distributions, in order to obtain the changes of hardness HVcorr(z)
which are caused solely by the microstructure. According to e.g. [6.41], these
changes of hardness can be used for determining local ultimate tensile strength
by employing various correlations. In an analogous way, the local fatigue limits of
the state without residual stresses can be estimated from local hardness, accord-
ing to the correlations listed e.g. in [6.42], depending on loading type. Thus, all
parameters required for applying Eq. 6.12 are available and it is possible to calcu-
late the distribution of fatigue limit, Ralt(z). By subsequently comparing it with
local loading stress states, the critical loading stress state and the depth at which
cracks may initiate can ultimately be determined. The fact that this kind of esti-
mate applies to smooth and to notched states has been proven numerous times
(see e.g. [6.5,6.29]). The concept’s limitations, however, are evident in Fig. 6.9,
which shows the local fatigue limit and the distribution of loading stresses in the
region of the specimen’s fatigue limit, as well as experimentally determined posi-
tions of cracks, for smooth and notched specimens made of quenched SAE1045
after shot peening with shot of varying hardness [6.42]. Independent of shot hard-
ness, crack initiation at the surface is predicted for notched specimens (Fig. 6.9a
and b), and confirmed experimentally. Smooth specimens, on the other hand, are
expected to show crack initiation beneath the surface, according to the concept of
local fatigue limit. Again, this agrees with experimental results. In the experi-
ment, however, the estimated local fatigue limit at the surface was clearly
exceeded in the two notched states which showed crack initiation at the surface.
Therefore, it can be assumed that small loading stress amplitudes cause surface
crack initiation which, however, are unable to spread [6.42].

loading
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HV(z) R z ησ rs
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Fig. 6.8: Evaluation of local fatigue strength after mechanical
surface treatment, acc. [6.1, 6.40]
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Fig. 6.9: Local fatigue strength and distribution of loading
stresses in the range of the specimen’s alternating bending
strength for notched (a,b) and smooth (c) specimens made
of quenched SAE1045 after shot peening using 46–50 HRC
(a) and 54–58 HRC (b,c) shot [6.42]

Thus, highest strength and notched states additionally require an assessment of
the ability of propagation of initiating cracks. [6.35] introduced a concept which
incorporates this objective. It assumes that a crack is stopped when its propagat-
ing force, which is determined by the effective width of stress intensity DKeff, drops
below the threshold value DKth,eff, i.e.

DKeff ¼ Kmax � max Kmin;Kop

� �
< DKth;eff (6.13)

is valid. Here Kmax is maximum- and Kmin is minimum stress intensity, while Kop= 0
is assumed as a rough approximation of the stress intensity required for crack
opening. In notched components or specimens which contain residual stresses,
DKeff is assumed as

DKeff ¼ kt � rn;max þ rrs

 � � ffiffiffiffiffiffiffiffiffi

p � ap � Y (6.14)

for Kmin < Kop= 0 and as

DKeff ¼ kt � Drn �
ffiffiffiffiffiffiffiffiffi
p � ap � Y (6.15)

for Kmin ‡ Kop = 0. In these equations, rn,max is maximum nominal stress, Drn is the
width of nominal stresses, kt is the notch factor, rn,a is nominal stress amplitude, a
is crack length and Y is a geometry factor which will be dependent on crack
length. Assuming a crack initiating at the surface and propagating toward the in-
terior of the specimen, correlations between DKeff and distance to surface can be
calculated. These can be compared to threshold values and thus, crack propaga-
tion ability can be estimated. The concept was successfully employed in [6.35,6.42]
for an assessment of ability of crack propagation. It showed that instead of using
the residual stress state as found before loading, if possible, the residual stress
state after loading with an amplitude similar to the fatigue limit is to be used.
This is due to the fact that, although using the initial residual stress state allows
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for conservative estimates in the case of tensile residual stresses, the residual
stresses’ effect on fatigue limit may be over-estimated in the case of compressive
residual stresses [6.35]. The concept has not yet been extended to incorporate the
method of weight functions, which would permit, in particular, an improved
description of the residual stresses’ effect and of the concurrent changes of the
residual stresses.
An additional possibility for a quantitative assessment the influence of mechan-

ical surface treatments on fatigue strength is basically provided by the so-called
local concept, an approach described in [6.44]. It can be subdivided into a calcula-
tion of number of cycles to crack initiation and a calculation of crack propagation,
while pertaining finite-element calculations allow for an inclusion of varying
material behavior in the regions close to the surface, given the availability of reli-
able data. [6.45] applied the concept to nitrided and shot peened steels, assuming
total strains in the surface layer to be equal to total strains in the core, despite
changed material behavior.

6.2
Experimental Results and their Descriptions

6.2.1
Influences on Residual Stress State

a) Basic Results

Analogous to the description in Sect. 5, the following discussion of the basic
results regarding the changes of residual stress distribution and of surface residu-
al stresses distinguishes between homogeneous uniaxial tensile or compressive
loading, inhomogeneous uniaxial bending loading, biaxial torsional loading and
loading of notched components.
There is only little information available on the distribution of residual stresses

in mechanically surface-treated material states after push-pull loading. According
to [6.46], the distributions of longitudinal residual stresses which remain in nor-
malized SAE1045 after half the number of cycles to failure, using different stress
amplitudes, show clear differences in magnitude after shot peening and after
deep rolling. Fig. 6.10 shows that the residual stress values – as long as they
remain sufficiently high – are similarly distributed after loading as they are imme-
diately after surface treatment. However, deep rolling-induced residual stresses
are reduced to a noticeably greater extent by the same stress amplitude than shot
peening-induced residual stresses. The probable reason for this is the greater
microstructural workhardening found in shot peened specimens, effecting a high-
er resistance to quasi-static and cyclic dislocation movements. Examining austeni-
tic AISI304 in a shot peened state, [6.46] found a zone close to the surface, about
80 lm thick and partially martensitically transformed, in which the relaxation of
residual stresses was clearly greater than it was at greater distances to surface.
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Fig. 6.10: Distribution of longitudinal residual stresses in
shot peened (a) or deep rolled (b) SAE1045 in a normalized
state after push-pull loading with different stress amplitudes
up to half the number of cycles to failure [6.46]

Austenite shows a relaxation by up to two thirds, while relaxation in the martensi-
tic phase does not exceed 50 %.
Regarding the dependency of residual stresses on the number of cycles during

push-pull loading, first, a piece of evidence shall be provided which shows that
the differences between residual stresses and mean stresses listed in Fig 6.6 in
Sect. 6.1.2c actually are important. Fig. 6.11 shows results obtained by [6.47] for
shot peened smooth specimens made of normalized AISI4140 subjected to homo-
geneous uniaxial tensile-compressive loading without mean stresses. The inter-
ruption of the experiment, required when measuring residual stresses, was varied
by type. Measurements carried out after unloading from compressive loads show
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Fig. 6.11: Influence of unloading condition on longitudinal
residual stresses at the surface after push-pull loading with a
stress amplitude of 350 MPa for shot peened AISI4140 in a
normalized state [6.47]

a gradual relaxation of longitudinal residual stresses as the number of cycles
increases, longitudinal residual stresses staying within the compressive range. On
the other hand, the residual stresses present after unloading from tensile loads
disappeared completely between the 10th and the 100th loading cycle, becoming
tensile thereafter and increasing again slightly during the further course of the
experiment. After an interruption with a decreasing amplitude, however, small
compressive residual stresses were measured which were decreased only slightly
by a growing number of loading cycles. These results are due to differences in the
deformation behavior of the surface layer and the core of the specimen. These dif-
ferences are inextricably linked with the induction of residual stresses and result
in lower plastic strain amplitudes in the workhardened surface layer compared to
the core [6.47]. This constitutes indirect evidence of the different effects which
mean stresses and residual stresses have. The experimental procedure used influ-
ences the residual stresses’ dependency on the number of cycles for different load-
ing amplitudes. This is exemplified by a comparison of Figs. 6.1 and 6.12, both of
which examine AISI4140 quenched and tempered at 600 �C and subsequently
shot peened [6.4]. As Fig. 6.1 shows for nominal stress-controlled tests, residual
stresses show initial decreases within the first loading cycle, further linear
decreases with increasing number of cycles and rising stress amplitudes, while
the residual stress relaxation rate shows renewed increases only when significant
cyclic worksoftening occurs. Fig. 6.12 shows similar results for total strain-con-
trolled tests. After the first loading cycle, initially linear correlations are found
only for amplitudes up to 3 ‰. However, at 4.5 ‰, which is the greatest ampli-
tude examined, cyclic worksoftening already sets in after the first loading cycle,
and therefore no linear region is found. Nevertheless, both experimental proce-
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Fig. 6.12: Influence of total strain amplitude on plastic strain
amplitudes (a) and longitudinal residual stresses at the sur-
face (b) vs. number of cycles in total strain-controlled push-
pull experiments studying the cyclic deformation behavior of
shot peened AISI4140 in a state quenched and tempered at
600 �C [6.4]

dures show a similar residual stress relaxation behavior, as evidenced by Fig. 6.13,
showing the residual stress- and plastic strain amplitude values present at half the
number of cycles to crack initiation. As these two experimental procedures do not
show any discernable differences, it is evident that the cyclic relaxation of residual
stresses is determined by plastic strain amplitudes [6.4]. Residual stress relaxation
can be described by an equation of the form

rrs
ax ¼ rrs

ax;o þ rrs
ax � lg

ea;p

erso
(6.16)
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in which rrs
ax;o= -500 MPa is the original residual stress value, rrs

ax = 137 MPa is the
change of longitudinal residual stresses dependent on the respective decade of
plastic strain amplitude, and erso = 5.5 · 10-4‰ is a characteristic strain value.
According to [6.46], the approach also applies to shot peened normalized
SAE1045, at least in the case of loading without mean stresses. Using the same
states and a stress amplitude of 450 MPa, [6.46] additionally confirmed that the
dependency of plastic strain amplitudes on number of cycles is closely coupled
with residual stress relaxation. This is shown in Fig. 6.14. Following the quasi-stat-
ic relaxation of residual stresses during the first loading cycle, residual stresses
initially stay approximately constant and then swiftly drop to values below 100
MPa when worksoftening sets in.
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Fig. 6.13: Influence of the controlled variable in push-pull
experiments on longitudinal residual stresses at the surface
vs. plastic strain amplitude at half the number of cycles to fail-
ure for shot peened AISI4140 in a state quenched and tem-
pered at 600 �C [6.4]

The distribution of residual stresses after alternating bending loading shall be
described primarily by example of quenched and tempered AISI4140 in various
shot peened states. As shown in Fig. 6.15 for a state annealed at 450 �C, loading
using a fictitious loading stress amplitude at the surface, r�

a;surf = 1000 MPa, effects
a noticeable relaxation of the longitudinal residual stresses induced by conven-
tional shot peening during the first loading cycle – as discussed in Sect. 5.2.2a for
Fig. 5.18 – and reduces them continuously thereafter [6.48]. Corresponding to
bending loading, during which loading decreases as the distance to surface grows,
residual stress relaxation is always most pronounced in the region within 0.1 mm
distance to surface, and is even more intense for N‡ 100 at a distance to surface of
0.025 mm. Thus, a minimum of residual stress values develops close to the sur-
face which [6.49] found also in shot peened quenched and tempered SAE1045.
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surface and plastic strain amplitudes vs. number of cycles for
shot peened SAE1045 in a normalized state [6.46]
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Fig. 6.15: Influence of the number of cycles on the distribu-
tion of longitudinal residual stresses during alternating bend-
ing with a fictitious stress amplitude at the surface of 1000
MPa after conventional shot peening, for AISI4140 in a state
quenched and tempered at 450 �C [6.48]

Fig. 6.16 shows a corresponding plot for the same material state after stress peen-
ing using a tensile prestress of 500 MPa [6.48]. After the first loading cycle, which
– as discussed in Sect. 5.2.2a for Fig. 5.19 – effects a particularly pronounced re-
sidual stress relaxation due to very high initial stresses, significant residual stress
changes at the surface occur only up to the 10th loading cycle. Subsequently,
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Fig. 6.16: Influence of the number of cycles on the distribu-
tion of longitudinal residual stresses during alternating bend-
ing with a fictitious stress amplitude at the surface of 1000
MPa after stress peening with a tensile prestress of 500 MPa,
for AISI4140 in a state quenched and tempered at 450 �C
[6.48]

significant additional changes of residual stresses occur only beneath the surface.
Here, too, a minimum of residual stress values develops at medium distances to
surface after 1000 loading cycles. Fig. 6.17 shows corresponding distributions in
specimens warm peened at 290 �C [6.48]. While residual stress relaxation is
reduced during the first loading cycle – as discussed in Sect. 5.2.2a for Fig. 5.20 –
the residual stresses decrease continuously during the further course of cyclic
loading, in turn causing the minimum of the residual stress values which devel-
ops beneath the surface. The distribution of residual stresses after a combined
stress/warm peening treatment at 290 �C using a tensile prestress of 500 MPa – as
discussed in Sect. 5.2.2a for Fig. 5.21 – shows a noticeable relaxation of residual
stresses during the first loading cycle. Subsequently, the residual stresses remain
approximately constant up to the 100th loading cycle. After 1000 loading cycles, a
renewed and marked relaxation of residual stresses is observed. Examining con-
ventionally shot peened TiAl6V4 specimens after alternating bending loading,
[6.50] found the most pronounced relaxation of residual stresses in the compres-
sive residual stress maximum. According to Fig. 5.19, the greatest stress ampli-
tude examined, 850 MPa, roughly creates a plateau of residual stresses in a region
close to the surface which is about 0.1 mm thick. [6.50] observed similar behavior
during alternating bending loading of shot peened AlCu5Mg2 when using a cold
aged, as-delivered state of the material.
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Fig. 6.17: Influence of the number of cycles on the distribu-
tion of longitudinal residual stresses during alternating
bending with a fictitious stress amplitude at the surface of
1000 MPa after warm peening at 290 �C, for AISI4140 in a
state quenched and tempered at 450 �C [6.48]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

-1000

-800

-600

-400

-200

0

200

400
AISI4140, q&t450

T
peen

 = 290 ºC

σ
pre

 = 500 MPa

σ *

 a, s
 = 1000 MPa

 N = 0 

 N = 1

 N = 10

 N = 100

 N = 1000lo
n

g
it
u

d
in

a
l 
re

s
id

u
a

l 
s
tr

e
s
s
e

s
 [

M
P

a
]

distance to surface [mm]

Fig. 6.18: Influence of the number of cycles on the distribu-
tion of longitudinal residual stresses during alternating bend-
ing with a fictitious stress amplitude at the surface of
1000 MPa after stress peening with a tensile prestress of
500 MPa at 290 �C, for AISI4140 in a state quenched and
tempered at 450 �C [6.48]
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Fig. 6.19: Influence of fictitious stress amplitude at the
surface on the distribution of longitudinal residual stresses
during alternating bending for shot peened TiAl6V4 [6.50]

The influence which loading amplitude and the number of cycles have on residual
stresses during alternating bending loading has been examined extensively. There-
fore, the following contains only a selection of results, chosen primarily from the
aspect of highest possible residual stress stability. First, however, Fig. 6.20 uses the
example of shot peened quenched and tempered AISI4140 to show that during cyclic
bending loading there are hardly any differences between residual stresses after
unloading from tensile loads or after unloading from compressive loads – apart from
the first loading cycle, which should be assessed from the viewpoint of quasi-static
loading. However, the differences between longitudinal and transversal residual
stresses which were introduced in the first loading cycle remain up to failure [6.3].
Depicting the influence of amplitude on the loading stress-dependence of residual
stress relaxation for the same material state, Fig. 6.21 shows a pronounced residual
stress relaxation during the first loading cycle, followed by a relaxation which is linear
to the logarithm of the number of cycles and shows a relaxation rate which increases
with growing amplitudes [6.3]. Contrastingly, an increased relaxation of residual
stresses is observed during the phase of cyclic crack propagation. Similar behavior
was reported for shot peened AISI4140 in a normalized state [6.3] and in a state
quenched and tempered at 650 �C [6.51]. [6.52–54], for instance, examined the stability
of shot peening-induced residual stresses during loading with amplitudes in the
range of the fatigue limit for TiAl6V4 and various aluminum-base alloys. Most of the
material states and loading stress amplitudes examined showed residual stress
changes which occurred in the range of cyclic crack propagation, or merely during
the first loading cycle, i.e. due to quasi-static yield strength being exceeded –
which corresponds to case 3 in Fig. 6.2. By contrast, AlCu5Mg2 in a warm aged
state shows an additional residual stress relaxation during the course of cyclic
loading – which corresponds to case 4 in Fig. 6.2. Evidently, this state is workhar-
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dened to an extent at which shot peening will not effect further workhardening of
the surface layer, and thus, the cyclic yield strength is exceeded locally during the
course of cyclic loading. By contrast, the other materials and material states exam-
ined seem to experience sufficient additional workhardening, and therefore the
cyclic yield strength is not exceeded during cyclic loading.
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Fig. 6.20: Magnitudes of longitudinal and transversal residual stresses
on specimens’ top and bottom sides vs. number of cycles during
alternating bending loading, for conventionally shot peened AISI4140
in a state quenched and tempered at 450 �C [6.3]
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To date, there have been only few studies which examined the effects of isother-
mal cyclic loading at elevated temperatures on the residual stress state. Shown in
Fig. 6.22 for AISI4140 quenched and tempered at 450 �C is the residual stresses’
dependency on the number of cycles during loading, using a fictitious loading
stress amplitude of 800 MPa at the surface, at room temperature, 250 �C and
400 �C [6.3]. Residual stresses at the various temperatures are differentiated, in
essence, by the thermal relaxation of residual stresses which occurs before loading
(comp. Sect. 4) and to a lesser degree by their behavior during the first loading
cycle (comp. Sect. 5). At an increasing number of cycles, however, residual stress
behavior is essentially similar – disregarding the outlier value found after the first
loading cycle at 400 �C. [6.55] determined the residual stresses’ dependency on
loading temperature for AISI304 at half the number of cycles to failure during
cyclic push-pull loading using a stress amplitude of 280 MPa. According to
Fig. 6.23, the remaining residual stresses decrease almost linearly with rising tem-
perature, and there are significant residual stresses still present after loading at
650 �C.
The influence of various modifications of the peening process on the longitudi-

nal residual stresses’ dependency on the number of cycles is shown in Fig. 6.24
for a fictitious loading stress at the surface of 1000 MPa. It shows that the residual
stress relaxation which occurs during the first loading cycle sets the general level
of residual stresses which is the starting point for additional residual stress
changes at a similar relaxation rate. Only the state stress peened at 290 �C exhibits
contrasting behavior, its relaxation rate increasing after the 1000th loading cycle.
Apart from this, the differences of the residual stress values are essentially caused
by the superpositions of increased residual stresses and loading stresses in the
case of the stress peened states – as mentioned in Sect. 5.2.2a –, and by the effects
of static and dynamic strain aging in the case of the states peened at elevated tem-
peratures and the conventionally shot peened and annealed state. [6.56] deter-
mined the optimal conditions for warm peening treatments of quenched and tem-
pered AISI4140 by varying peening temperature and analyzing cyclic residual
stress relaxation for numbers of cycles up to N= 1000. The results plotted in Fig.
6.25 show that the maximum of the residual stress values, found immediately
after warm peening using a temperature of about 310 �C, is only faintly present
after one loading cycle, while it builds up again clearly during further loading
cycles up to N= 1000. Therefore, a peening temperature of about 310 �C can be
viewed as optimal in respect to residual stress stability during alternating bending
loading, as it achieves maximum pinning of the dislocation structure due to static
strain aging effects. Analogously, [6.57] varied annealing conditions for conven-
tional peening and subsequent annealing, and examined the relaxation of residual
stresses using a fictitious loading stress amplitude at the surface of 1000 MPa.
Fig. 6.26 use the example of the influence of annealing temperature for annealing
times of 1 min (a), 5 min (b) and 60 min (c), to show that the stabilization of resid-
ual stresses discussed in Sect. 5.2.2c causes maximum residual stress values at
temperatures which decrease as annealing time increases. The dependency of the
optimal annealing temperature on annealing time is represented as an Arrhenius
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Fig. 6.22: Influence of loading temperature on the magni-
tudes of longitudinal residual stresses vs. number of cycles
during alternating bending loading with a fictitious stress
amplitude at the surface of 800 MPa, for conventionally shot
peened AISI4140 in a state quenched and tempered at 450 �C [6.3]
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Fig. 6.23: Longitudinal residual stresses at the surface after
push-pull loading with a stress amplitude of 280 MPa up to
half the number of cycles to failure vs. loading temperature,
for deep rolled AISI304 [6.55]

plot in Fig. 6.26d. Analyzing it in respect to the effective apparent activation
enthalpy results in DH = 1.06 eV, which is an indication of carbon diffusion in
a-iron being the rate-controlling process [6.58]. In contrast to residual stresses
after the first loading cycle, the optimal stabilization of residual stresses during
cyclic loading is uniform for all annealing times examined, occurring due to static
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strain aging effects. It is no longer determined significantly by thermal residual
stress relaxation, which is controlled by diffusion effects.
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at alternating bending loading with a fictitious stress ampli-
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quenched and tempered at 450 �C [6.32]
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Additional information is provided in [6.33,6.59] regarding the influence of the
heat treatment state of AISI4140 during alternating bending loading with ampli-
tudes in the high cycle fatigue range. According to Fig. 6.27, the shot peening-
induced residual stress magnitudes are reduced significantly during the first load-
ing cycle in the case of soft material states, while remaining approximately con-
stant in the case of the quenched state. After 107 loading cycles all states show a
similar extent of additional residual stress relaxation. Thus, the quenched state –
starting out with particularly high residual stress magnitudes – shows a relaxation
of residual stresses which is far smaller than the relaxation found in other states.
Fig. 6.28 shows a corresponding plot for a state stress peened using a prestress of
rpre= 0.4 Ry. For soft states, residual stress relaxation during the first loading cycle
is approximately twice as high as the relaxation observed after conventional shot
peening. For the quenched state, residual stress relaxation during the first loading
cycle is many times higher than the relaxation found for conventionally shot pee-
ned states. While the residual stresses in soft states, particularly in the state
quenched and tempered at 650 �C, are reduced further by loading up to N = 107,
they remain approximately constant in the quenched state, following a pro-
nounced initial relaxation. In all cases, however, the relaxation of residual stresses
is clearly more pronounced in the stress peened states compared to conventionally
shot peened states. Fig. 6.29 shows a corresponding plot for a state warm peened
at 290 �C, indicating that after warm peening, only the normalized state and the
state quenched and tempered at 650 �C experience a relaxation of residual stresses
during the first loading cycle. By contrast, the state quenched and tempered at
450 �C shows constant residual stresses, as does the state which was originally
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Fig. 6.27: Changes of longitudinal residual stresses in the
first and up to the 107th cycle vs. bulk material hardness for
conventionally shot peened AISI4140 during alternating bend-
ing loading with a fictitious stress amplitude at the surface in
the range of the fatigue limit [6.33]
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Fig. 6.29: Changes of longitudinal residual stresses in the
first and up to the 107th cycle vs. bulk material hardness for
conventionally shot peened and warm peened AISI4140 dur-
ing alternating bending loading with a fictitious stress ampli-
tude at the surface in the range of the fatigue limit [6.33]

quenched. This state was annealed during the peening treatment and therefore
reduced in hardness. In the originally quenched state residual stresses remain
constant even after 107 loading cycles, while the other states show a moderate re-
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sidual stress relaxation which is smaller than the relaxation observed during the
first loading cycle in conventionally peened states. This again underscores the fact
that the stability of residual stresses is significantly increased in the warm peened
states. In summary it can be stated that increasing material hardness results in a
higher stability of residual stresses, due to the increase of the ratio of cyclic yield
strength and high cycle fatigue during loading in the range of the fatigue limit, as
seen in Fig. 6.3. However, at the same values of cyclic yield strength or fatigue
limit, great residual stresses, as found e.g. in stress peened states, are more prone
to relaxation. However, if the cyclic yield strength is increased for similar residual
stress states, e.g. due to dynamic or static strain aging effects caused by warm
peening or annealing after conventional shot peening, the residual stresses
remain much more stable.
Fig. 6.30 shows AISI4140 in a state quenched and tempered at 450 �C as an

example for examinations of the stability of residual stresses during torsional
swelling loading and how it is influenced by stress- or warm peening [6.60,6.61].
After conventional shot peening treatments residual stresses show decreases in
the compressively loaded 135�-direction which are pronounced during the first
loading cycle and continuous thereafter. On the other hand, the residual stress
component in the tensilely loaded 45�-direction remains almost unchanged, as re-
sidual stresses decrease effective stresses in this direction. The warm peened state
shows a similar behavior, albeit that the relaxation of residual stresses in the com-
pressively loaded direction is significantly reduced and therefore, much greater re-
sidual stresses remain in this direction throughout the course of cyclic loading.
For a specimen peened using a torsional prestress, however, the residual stresses
measured in the direction of future compressive loading show smaller residual
stresses even before loading, which are not reduced during the first loading cycle.
Residual stresses in the tensilely loaded direction are increased, and they, too,
show no relaxation during the first loading cycle. During the further course of
loading, a continuous residual stress relaxation occurs in both directions. As a
result, the residual stresses which remain in the compressively loaded direction
are increased only in comparison with the conventionally peened state, while the
residual stress magnitude in the tensilely loaded direction is even smaller than it
is for the other two states. [6.62] confirmed these results for SAE5155 spring steel
of varying strength. Thus, the findings discussed for alternating bending loading
are essentially confirmed for modified shot peening treatments, as well. However,
the results also show that the assessment of the loading situation is more complex
due to the biaxial and swelling loading stress state.
The relaxation of residual stresses was examined for notched states, as well.

Fig. 6.31 shows the distribution residual stresses in quenched and shot peened
SAE1045 after alternating bending loading using 107 loading cycles and an ampli-
tude in the range of the fatigue limit [6.42,6.63]. While the smooth specimen and
the notched specimen peened using soft shot show a residual stress state which is
stable – within the scope of measured value scattering –, the notched specimen
peened using hard shot showed a noticeable relaxation of residual stresses which
is particularly strong close to the surface, resulting in the compressive residual
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Fig. 6.30: Influence of shot peening treatment modifications
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tude of 400 MPa for AISI4140 in a state quenched and tem-
pered at 450 �C [6.60,6.61]

stress maximum being shifted from 100 lm to 170 lm. This was caused by the
greater residual stresses which had been induced by shot peening. Both notched
specimens show a relaxation of residual stresses to values which result in maxi-
mum compressive stresses of -2030 MPa when superposed with the loading
stresses. Evidently, alternating bending loading also creates residual stress profiles
that effect similar maximum compressive stress amounts during loading. For
quenched and tempered SAE1045, however, [6.35,6.63] found a significant relaxa-
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tion of residual stresses in both smooth and notched specimens, as shown in
Fig. 6.32. For the notched specimens, this relaxation is particularly pronounced in
the surface layer as it was loaded the most. [6.64] reported on the changes of the
notch residual stresses found in shot peened notched specimens made of
quenched and tempered AISI4140 after tensile, compressive, alternating and
swelling loading. Alternating loading causes a relaxation of residual stresses
which is noticeably stronger in the longitudinal direction than in the transversal
direction, which is a typical course of residual stress relaxation. Swelling loading,
on the other hand, causes a noticeable relaxation of the transversal residual stress-
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es, while the longitudinal residual stresses are hardly changed. This behavior ini-
tially comes as a surprise, yet it is explained by Fig. 6.33, plotting transversal resid-
ual stresses versus longitudinal residual stresses. It shows the effective mean
strains (symbols) created by residual stresses and mean loading stresses, as well
as the cyclic changes of the stress state (arrows) which occur as a result. Due to
the biaxial stress state found in the notch ground, the cyclic stress changes show a
slight incline against the longitudinal stress axis. Also indicated are the flow sur-
faces according to von Mises’ flow criterion for quasi-static and cyclic yield
strength. This, together with the assumption of the normal rule – according to
which the direction of the plastic strain vector is perpendicular to the flow surface
–, allows for deriving the residual stress changes expected for the direction con-
trary to that of the plastic strains. This agrees with the data depicted for the loaded
states and leads to effective mean stresses showing a tendency to relax toward the
origin. Additionally, the orientation of the plastic strain vectors provides an under-
standing of the relaxation of longitudinal residual stresses during alternating load-
ing (Fig. 6.33a) and their stability (Fig. 6.33b) during swelling loading. Aforemen-
tioned method for assessing of the relaxation of residual stresses which uses the
effective mean strains and the flow surface was also verified by examining the re-
sidual stress changes induced by single instances of overloading.
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In summary, Fig. 6.34 depicts the residual stresses which remain after loading,
using various stress amplitudes related to cyclic yield strength (comp. Sect. 6.2.1c), for
variousmaterials andmaterial states. Related to their initial values, the courses of the
residual stresses are similar, and they decrease as loading increases [acc. 6.52]. It is
striking that even the curves of the warmpeened states of AISI4140 do not exhibit any
systematic increases. Relating stress amplitude to cyclic yield strength at the sur-
face apparently suffices to describe the stabilization of the residual stresses. This
provides a method of assessing the residual stresses which remain after cyclic
loading. Compared to Eq. 6.16, this method is crude but easier to implement.

b) Modeling of Residual Stress Relaxation
The relaxation of shot peening-induced residual stresses during push-pull loading of
AISI4140 was examined by [6.47] for a normalized state and for two quenched and
tempered states, and described using the concept introduced in Eqs. 6.3 and 6.4. Fig.
6.35 shows the resulting correlation of slope l, related to the residual stress value
found after the first loading cycle, and the stress amplitude, which is related to the
cyclic yield strength of the unpeened material. For loading amplitudes below the cy-
clic yield strength, residual stresses decrease only marginally, while the extent of re-
sidual stress relaxation increases as stress amplitudes rise. Growing material hard-
ness results in increasing related relaxation rates and a similar influence of related
stress amplitudes formedium loadings and all degrees ofmaterial hardness. The rea-
son for this initially surprising influence of material hardness is probably due to the
fact that relating the unpeened material to cyclic yield strength does not account for
the workhardening found in the surface layer after shot peening. Apart from this, the
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quenched and tempered states are expected to show a much more pronounced,
typical cyclic worksoftening for half the number of cycles to fracture – which is
the basis for cyclic yield strength – than for the small numbers of cycles which are
the primary focus when assessing residual stress stability. Therefore, when both
effects are taken into account, the curves for the individual material states are, at
least, closer to each other. According to Fig 6.36, those points which in Fig. 6.35
show similar dependencies on stress amplitude, but on different levels, will large-
ly be located on a straight line when plotted versus amplitude related to high
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cycle fatigue in the shot peened state. Thus, fatigue limit seems to be a more suit-
able parameter for describing cyclic residual stress relaxation for these loading
states and the relatively soft material states which show a pronounced relaxation
of residual stresses during the first loading cycle.
[6.47] carried out analogous studies for alternating bending loading, arriving at

the correlations represented in Figs. 6.37 and 6.38. Here, too, slope l increases
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with rising amplitudes, but does not decrease again as material hardness rises,
despite being plotted in absolute terms and not as related to the residual stress
value after the first cycle. Plotting the slope l versus amplitude related to the fati-
gue limit yields a uniform description of all the amplitudes examined and some
additional values – obtained on SAE1045 by [6.5,6.65] and presented as a supple-
ment. As expected, alternating bending loading results in greater residual stress
stability for harder states, which again is described more uniformly using the fati-
gue limit rather than cyclic yield strength.
Fig. 6.39 shows slopes l, as determined by [6.3,6.32], for various heat treatment

states of quenched and tempered AISI4140 steel, dependent on fictitious stress
amplitude at the surface. All heat treatment states show linear relations with the
same slopes. Differences occur only in respect to levels, reflecting the decrease of
the residual stress relaxation rate which occurs as hardness increases. Apart from
a description of residual stress relaxation using Eq. 6.3, analyses of the amplitude-
dependence of the residual stresses after 1 and 104 loading cycles were carried out
for some of the material states shown in Fig. 3.9, which are depicted in Fig. 6.40
[6.59]. All heat treatment states show sectionally linear correlations. As fictitious
loading stress at the surface rises, these correlations show initially constant resid-
ual stresses, and residual stress amounts which decrease linearly at N = 1 and
when the critical loading stress or compressive yield strength of the compound is
exceeded. At N = 104, a renewed and intensified residual stress relaxation – show-
ing a linear dependency on loading stress amplitude – occurs above the critical
loading stress amplitude or the cyclic yield strength of the compound, which is
identical to the amount of the quasi-static compressive yield strength of the com-
pound for all material states except the state quenched and tempered at
450 �C. Increasing material hardness results in rising initial residual stress values,
along with increasing critical loading stresses and loading stress amplitudes. The
values for critical loading stress amplitudes are always smaller than the values de-
rived by extrapolating to stress amplitudes, resulting in slopes l= 0, as shown in
Fig. 6.39. The reason may be found in the predominant influence of great stress
amplitudes when slope l is examined. For the examined material states which
show cyclic worksoftening, the influence of great stress amplitudes results in cy-
clic worksoftening being more pronounced and therefore, cyclic yield strength
may be underestimated. By contrast, the loading stress increases required in the
first cycle for achieving similar degrees of residual stress relaxation remain at 270
MPa / 100 MPa for almost all material states, with the exception of the 650 MPa /
100 MPa of the quenched state, indicating noticeably greater residual stress stabil-
ity. At N = 104, increases of the loading amplitude occur, which show a drop from
about 200 MPa / 100 MPa for the normalized state and the state quenched and
tempered at 650 �C to roughly 120 MPa / 100 MPa for the state quenched and tem-
pered at 450 �C, and which again are considerably greater for the quenched state,
at 650 MPa / 100 MPa. Regarding the quenched state, this shows that the stability
of residual stresses is very high for low cycle fatigue loading, as well.
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The influence of modified peening treatments on the stability of residual stress-
es is depicted in Fig. 6.41 for AISI4140 quenched and tempered at 450 �C, show-
ing slopes l dependent on fictitious stress amplitude at the surface. The slopes
increase above a critical loading stress amplitude, which again is increased for the
warm peened and annealed states, compared to the conventionally peened state.
Starting from values around zero, slope increase is approximately linear to the
growth of fictitious loading stress at the surface. The increase is noticeably more
pronounced than for the conventional state, probably due to the fact that the
effects of static and dynamic strain aging – which raise the cyclic yield strength of
the compound – are reduced quickly and drastically when residual stress relaxa-
tion and thus, dislocation movement, set in. The same values for cyclic yield
strength of the compound can be derived from Fig. 6.42, which shows the ampli-
tude-dependency of residual stress relaxation at N = 1 and N = 104 for the warm
peened state and the annealed state. Also, it is evident – as is the case when exam-
ining the slopes – that the influence of amplitude above the cyclic yield strength
of the compound is clearly more pronounced than it is for the conventionally pee-
ned state. These statements were confirmed by [6.33] for different warm peening
temperatures and annealing conditions.
For shot peened AISI4140 in a normalized state and in a state quenched and

tempered at 450 �C, [6.3] used slope l for describing cyclic residual stress relaxa-
tion at elevated temperatures. As shown in Fig. 6.43, linear relations of l-values
and stress amplitudes are found. At the same stress amplitudes, l-values are
noticeably greater for the normalized state than for the quenched and tempered
state. However, the influence of stress is similar for both states. At the same time,
temperature has practically no influence, up to the point at 400 �C and a stress
amplitude of 500 MPa for the normalized state at which determining l becomes
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Fig. 6.41: Relaxation rates of residual stresses vs. fictitious
stress amplitude at the surface after conventional shot peen-
ing, warm peening and conventional shot peening plus subse-
quent annealing for AISI4140 in a state quenched and tem-
pered at 450 �C [6.32]
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rather error-prone, due to the low level of remaining residual stresses. Cyclic re-
sidual stress relaxation at elevated temperatures therefore is distinguished from
relaxation at room temperature only by thermal residual stress relaxation, and by
effects which may appear during the first loading cycle. Overall, the results pre-
sented in this section show that both the concept according to Eqs. 6.3 and 6.4 –
by means of which the residual stresses’ dependency on the number of loading
cycles can be described by a log-N relation with the amplitude-dependent slope l

– and the concept of the residual stresses’ dependency on loading stress ampli-
tude for one loading cycle and an exemplary number of cycles – set here at 104 -
can be employed for a description of residual stress relaxation. Some deviations
are found in the resulting values of cyclic yield strength of the compound, which
represents the loading stress amplitude required for cyclic residual stress relaxa-
tion to set in. These deviations are attributed to the varying extent of cyclic work-
softening.

c) Evaluation of Surface Layer Properties
Statements regarding the cyclic properties of the surface layer have been made
only for alternating bending, determining cyclic yield strength at the surface -as
introduced in Sect. 6.1.2b – according to Eq. 6.6. [6.3] was the first to determine
cyclic yield strength at the surface for shot peened AISI4140 in a normalized and
a quenched and tempered state. He applied slopes l, as obtained by means of
Eqs. 6.3 and 6.4, to different fictitious loading stress amplitudes at the surface and
extrapolated to the amplitude present at l= 0. In the process, the critical loading
stress amplitude, in conjunction with the residual stresses present at this ampli-
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tude after one cycle, was inserted into Eq. 6.6 as the cyclic yield strength of the
compound. These values of cyclic yield strength at the surface were always com-
pared with cyclic yield strength in a conventional sense, i.e. with the stress ampli-
tude determined for the bulk material at Ni/2, at which plastic strain amplitudes
other than zero start to occur. This made it possible to assess the changes of the
surface layer state. More detailed examinations are found in [e.g. 6.32,6.33] for the
example of variously shot peened AISI4140 in different heat treatment states.
Here, cyclic yield strength of the compound was determined by analyzing the
amplitude-dependence of residual stress relaxation. These examinations were
summarized by [6.33], incorporating the influence of bulk material hardness on
cyclic yield strength at the surface – as plotted in Fig. 6.44 – for conventionally
peened states. The residual stresses found after the first loading cycle – which
increase with growing hardness – and the cyclic yield strengths of the compound
– increasing even more strongly – result in cyclic yield strengths at the surface
increasing strongly. However, the increase exhibited by the latter is noticeably
smaller than that of the cyclic yield strengths of the bulk material, also shown in
Fig. 6.44 as far as they are available. The result is that cyclically effective workhar-
dening occurs close to the surface of both of the materials of lower hardness,
while the harder state quenched and tempered at 450 �C shows a decrease of cyclic
yield strength at the surface, as compared to the bulk material. The stabilization
of dislocation structures found after warm peening is evidenced not only by stabi-
lized residual stresses, but also by cyclic yield strength at the surface. [6.66] was
able to show this when he determined the optimal warm peening temperature for
AISI4140 quenched and tempered at 450 �C (comp. Fig. 6.45). While specimens
peened at room temperature exhibited cyclically effective worksoftening in the re-
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Fig. 6.44: Cyclic surface yield strength vs. bulk material hard-
ness and comparison with the cyclic yield strength of the bulk
material for conventionally shot peened AISI4140 [6.59]
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gion close to the surface, all warm peened states show cyclically effective workhar-
dening – due to static and dynamic strain aging effects – which is slightly greater
than at 310 �C than at the other two temperatures. Cyclic yield strengths at the
surface, found after warm peening at 290 �C, are plotted versus bulk material
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Fig. 6.45: Cyclic surface yield strength vs. peening tempera-
ture and comparison with the cyclic yield strength of the bulk
material for warm peened AISI4140 in a state quenched and
tempered at 450 �C [6.59]
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hardness in Fig. 6.46 and compared to the values found after conventional peen-
ing and, in part, to the cyclic yield strengths of the bulk material. Nearly indepen-
dent of bulk material hardness, the values for 290 �C peening temperature are
increased by about 200 MPa – for the quenched state, the warm peening-induced
decrease of hardness must be taken into account. Due to the increase of cyclical
yield strength at the surface, cyclically effective workhardening occurs in all cases.
According to [6.57,6.58], annealing allows for residual stress stability to be
increased, compared to conventionally shot peened states. This is expressed also
by an increase of cyclic yield strength at the surface. For AISI4140 quenched and
tempered at 450 �C, however, cyclic yield strength at the surface stays lower than it
does after warm peening, therefore resulting in cyclically effective worksoftening
of the surface layer. Accordingly, it can be stated that the workhardening effect of
static and dynamic strain aging combined is more pronounced than that of static
strain aging alone.

6.2.2
Influences on Worhardening State

The distribution of workhardening states induced in normalized SAE1045 by shot
peening or deep rolling changes during push-pull loading up to half the number
of cycles to fracture, as shown in Fig. 6.47 [6.46]. The increases of half widths close
to the surface are reduced to smaller surface values as stress amplitude increases,
while the depth of the affected surface layer regions decreases. This reduction of
the depth effect is more pronounced in the shot peened state, related to the initial
depth effect of workhardening, than it is in the deep rolled state. By contrast,
hardly any changes of the shot peening- or deep rolling-induced distribution of
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half widths are found for austenitic AISI304 steel [6.46]. Only the shot peened
state shows slight decreases of half widths directly at the surface. The dependency
of the macro residual stress state on the type of unloading, as depicted in Fig. 6.11,
cannot be verified by measuring half widths in normalized AISI4140, according
to Fig. 6.48. Evidently, the changes of the micro residual stress state that occur
during a single loading cycle are too small to be detected by measuring the half
widths of x-ray interference lines. As depicted in Fig. 6.49 for shot peened
AISI4140 quenched and tempered at 600 �C, nominal strain- or total strain-con-
trolled tensile-compressive loading causes systematic changes of half widths with
the number of cycles only at those amplitudes which, according to Fig. 6.1a or
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6.12a, show significant plastic strain amplitudes before the start of the phase of
cyclic crack propagation [6.4]. The changes of half widths at the surface that occur
as the number of cycles increases, shown in Fig. 6.14 for shot peened normalized
SAE1045, were not discussed yet. These changes, too, correlate strongly with the
cyclic deformation curves. The onset of pronounced inhomogeneous cyclic work-
softening causes small but important half width decreases. These show further
decreases in the phase of homogeneous, small-scale worksoftening [6.46]. In
agreement with the results of [6.9,6.47,6.67,6.68], a decrease of the shot peening-
induced surface layer workhardening due to cyclic deformation is observed.
As was the case for residual stresses, the changes of workhardening state which

occur during alternating bending loading shall be discussed primarily by examin-
ing the influence exerted by modifications of the conventional peening process.
Fig. 6.50 shows the influence of the number of cycles on the distribution of half
widths after loading using a fictitious stress amplitude at the surface of 1000 MPa
for specimens made of AISI4140 quenched and tempered at 450 �C which were
conventionally peened (a), stress peened (b), warm peened (c) or treated using
combined warm- and stress peening (d) [6.32]. This compilation impressively
demonstrates that the increase of half widths close to the surface of conventionally
peened specimens is rapidly reduced during the course of cyclic loading. Thus,
after 1000 loading cycles, workhardening states cease to show significant changes
with increasing distance to surface. After stress peening, too, the half widths at
the selected fictitious stress amplitude at the surface are greatly reduced, leaving
behind only small amounts of workhardening in the surface layer. By contrast,
half widths show no significant changes in distribution with rising number of
cycles after warm peening. Evidently, not only the macro residual stress state, but
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also the micro residual stress state, remains much more stable due to static and
dynamic strain aging effects, thereby preventing the micro-plastic deformations
typical of fatigue processes. As the number of cycles increases, the specimens
which received a combined warm-/stress peening treatment show initial, unsyste-
matic changes of the distribution of half widths, and slight decreases of the work-
hardening states close to the surface.
By example of normalized shot peened AISI4140, Fig. 6.51 shows that during

cyclic loading it is not only the residual stresses – as depicted in Fig. 6.21 for
AISI4140 in a state quenched and tempered at 450 �C –, but also the half widths
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Fig. 6.51: Influence of fictitious stress amplitude at the sur-
face on half widths at the surface vs. number of cycles during
alternating bending loading for conventionally shot peened
AISI4140 in a normalized state [6.69]

which show decreases linear to the logarithm of the number of cycles. The higher
the loading stress amplitude, the more pronounced these decreases become
[6.69]. Due to higher residual stress stability, and thus, smaller plastic deforma-
tions, AISI4140 in a state quenched and tempered at 450 �C shows significant
changes of half widths only right before specimen fracture. For the same material
and alternating bending loading using a fictitious stress amplitude at the surface
of 1000 MPa, Fig. 6.52 shows the correlation found between half widths at the sur-
face, related to their starting value, and the number of loading cycles, after differ-
ent peening treatments [6.32]. After conventional shot peening and after stress
peening, reduction of the half widths begins as soon as cyclic loading starts, leav-
ing only about 75 % of the initial values at the point of specimen fracture. On the
other hand, after warm peening and combined warm-/stress peening half widths
are stable and show greater values after fracture than the other states up to 1000
loading cycles. The same is true for the conventionally peened and annealed state
up to 100 loading cycles. This additionally confirms the statements made in the
context of Fig. 6.50 regarding the stabilization of the workhardening state due to
warm peening. Fig. 6.25 shows that 290 �C is the ideal warm peening temperature
for AISI4140 in a state quenched and tempered at 450 �C [6.66]. This temperature
creates the highest values of half widths after peening, and at the same time, half
widths are absolutely stable during loading using a fictitious stress amplitude at
the surface of 1000 MPa. As peening temperature is increased, half widths
decrease slightly, due to thermally-induced effects. The half widths change unsys-
tematically with the number of cycles, indicating workhardening states that are
cyclically stable. Therefore, the temperature of 320 �C, seen in Fig. 6.25 as optimal
in respect to residual stresses, appears to be almost equally suitable in regard to
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half widths. As an example for conventional peening and subsequent annealing,
Fig. 6.54 summarizes the dependencies of the half widths on the number of
cycles, as found after 1-minute annealing at 300 �C and subsequent loading using
various fictitious loading stresses at the surface [6.57,6.58]. Except for the highest
loading amplitude of 1000 MPa, for which slightly reduced half widths are found
after specimen fracture, half widths remain absolutely stable during cyclic load-
ing. [6.33] found warm peening treatments to have similar effects on the stability
of half width changes for other heat treatment states of AISI4140, as well. The
stabilizing effect on dislocation structure and thus, on workhardening state,
which static and dynamic strain aging have during cyclic loading can therefore be
proven by measuring half widths.
[6.55] examined shot peened or deep rolled AISI304 subjected to isothermal push-

pull loading. As depicted in Fig. 6.55, half widths decrease with rising temperature.
These decreases are slight at first and grow increasingly pronounced during the
course of loading. As is the case for room temperature, all other temperatures
show lower values for the deep rolled states than for the shot peened states.

6.2.3
Influences on Microstructure

Systematic studies of the influence of cyclic loading on microstructure in
mechanically surface-treated surface layers were presented primarily in [6.46].
Here, the main focus was on normalized SAE1045 and austenitic AISI304 after shot
peening and deep rolling. In normalized SAE1045 shot peening or deep rolling
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Fig. 6.55: Half widths at the surface after push-pull loading with a
stress amplitude of 280 MPa up to half the number of cycles to
failure vs. loading temperature for deep rolled AISI304 [6.55]

induces a tangled dislocation structure in the surface layer, which is turned into a
cell structure – as in the unpeened state – by push-pull loading using a stress
amplitude of 450 MPa and half the number of cycles to fracture, as shown in Fig.
6.56. However, the cell structure is not as well-defined, the interior of the cells still
showing elevated dislocation densities in comparison with the unpeened state. At
lower stress amplitudes, the surface layer shows cells which are not only larger
but also far more diffuse, or even dislocation structures which remain tangled.
Accordingly, some remnants of the dislocation structure resulting from the pro-
nounced deformation which occurs during shot peening or deep rolling are pre-
served after cyclic loading. This agrees with the examinations of homogeneously
pre-deformed states in [6.70–74]. Fig. 6.57 again confirms this by example of shot
peened a-iron, showing that after 20 cycles or after 400 cycles of push-pull loading
using a stress amplitude of 200 MPa, the surface layer’s tangled dislocation struc-
ture was not removed. [6.46] also found that the cell structure is dependent on dis-
tance to surface. According to the schematic depiction in Fig. 6.58, shot peened
states and, in particular, deep rolled states show cells which are smaller in the sur-
face layer and larger in the core region than cells in non-workhardened states. As
cell size is inversely proportional to applied loading amplitude in homogeneously
deformed states – according e.g. to [6.75] –, this can be viewed as an indication
that the workhardened surface layer and the non-workhardened core are coupled
during alternating loading, the expected result being a locally greater loading of
the surface layer and an unloading of the core. This also corresponds to [6.65]’s
results for deep rolled SAE1045. Additional examinations of the influence of
mean stresses show that when mean stresses occur, larger cells are found than
when they are absent, while positive mean stresses show a slightly stronger effect
than negative mean stresses.
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Fig. 6.56: Dislocation structure in untreated (a), shot peened
(b) and deep rolled (c) SAE1045 in a normalized state after
push-pull loading with a stress amplitude of 450 MPa up to
half the number of cycles to failure [6.46]
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Fig. 6.57: Influence of the number of cycles on dislocation structure
and plastic strain amplitudes in shot peened a-iron after push-pull
loading with a stress amplitude of 200 MPa [6.46]
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Examining austenitic AISI304 steel after shot peening and deep rolling, [6.46]
found nano-crystalline surface layers, transformations into a¢-martensite, and
tangled dislocation arrangements with a high dislocation density in the austenite.
According to Fig. 6.59, alternating tensile-compressive loading barely changes this
microstructure, in contrast to the unpeened state, which clearly shows cell forma-
tion. While the nano-crystalline surface layers exhibit no discernable changes after
shot peening, the localized cell formation shown in Fig. 6.59b is found in the aus-
tenite at distances to surface greater than 2 lm.As shown inFig. 6.60, increases of the
martensite content are found after deep rolling. They appear in the border area be-
tween the surface layer, which was partially transformed by the deep rolling

0.25 μm
1 μm 1 μm

AISI304

a) untreated b) shot peened c) deep rolled

Fig. 6.59: Dislocation structure in untreated (a), shot peened
(b) and deep rolled (c) AISI304 after push-pull loading with a
stress amplitude of 320 MPa up to half the number of cycles
to failure [6.46]
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treatment, and the core, which was not transformed initially. According to [6.46],
most of the increases occur at the crossing points of slip bands.
Fig. 6.61 shows surface layer microstructures of deep rolled AISI304, observed

by [6.55] using a transmission electron microscope, before loading (a) and after
isothermal, push-pull loading at 450 �C (b). The nano-crystalline surface layer
remains stable up to 450 �C and does not show any signs of re-crystallization yet.
In-situ TEM examinations showed that the isolated nano-crystalline surface layer
would re-crystallize only at temperatures above 600 or 650 �C. For AZ31 magne-
sium alloy, on the other hand, the surface layer showed re-crystallization already
at 100 �C.
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Fig. 6.60: Distribution of a¢-martensite content for shot pee-
ned (a) and deep rolled (b) AISI304 before and after push-pull
loading with a stress amplitude of 320 MPa up to half the
number of cycles to failure [6.46]
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Fig. 6.61: Transmission electron microscope images of the
microstructure of deep rolled AISI304 before (a) and after (b)
stress-controlled push-pull loading at 450 �C with a stress
amplitude of 280 MPa up to half the number of cycles to fail-
ure [6.55]

6.3
Effects of Surface Layer Stability on Behavior during Cyclic Loading

6.3.1
Basic Results

The surface layer states created by mechanical surface treatments, and their stabil-
ity, have a significant effect on fatigue strength, i.e. on the number of cycles to fail-
ure during low cycle- and high cycle fatigue or on the fatigue limit. As this subject
area is extremely relevant to technological practice, a vast number of original and
overview studies have been published, which shall be represented here by
[6.2,6.35,6.76] alone, as these provide access to a multitude of other studies. The
essential influencing parameters of the surface state – as discussed in the context
of Eq. 6.7 in Sect. 6.1.2c – are changes of roughness, workhardening of the surface
layer region, residual stresses and phase transformations which might occur.
According to [6.35], a more detailed examination should also include the residual
stress gradient close to the surface and, for an evaluation of the loading stress
state, notch factor and the loading stress gradient close to the surface. The individ-
ual parameters have different effects, depending on the material state. Regarding
steels, [6.35] therefore differentiated between low-, medium- and high strength
states. This subdivision shall be taken up in the following, separate discussion of
the individual phases of fatigue, i.e. the phase of cyclic deformation which incor-
porates cyclic workhardening and worksoftening behavior, the crack initiation
phase, the crack propagation phase and, finally, the achievable number of cycles
to failure or fatigue limit.
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6.3.2
Effects on Cyclic Deformation Behavior

The effects of mechanical surface treatments on cyclic deformation behavior can
be quite significant, as the cyclic deformation curves in Fig. 6.62 show for 7 mm-
diameter, round specimens of SAE1045 in an untreated, a shot peened, and a
deep rolled state [6.46,6.77]. The deep rolled specimens, in particular, show a
decrease of the number of cycles to incubation for the onset of the initial cyclic
worksoftening that is typical of normalized states. This is probably due to the
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Fig. 6.62: Influence of stress amplitude on cyclic deformation
curves determined during push-pull loading of normalized
SAE1045 in a state shot peened with an intensity of 0.120
mmA (a) and in a state deep rolled with a pressure of 150 bar
[6.46]
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deep-reaching residual stresses which are superposed with the loading stresses.
Actual cyclic deformation is decreased for the surface-treated states, due to the
occurrence of pronounced surface layer workhardening. In a deep rolled state,
this workhardening affects a much greater cross-sectional area, and therefore, this
state shows the smallest plastic strain amplitudes. Surface layer workhardening is
particularly evident in the stress-strain curves at half the number of cycles to fail-
ure, obtained on specimens of which a number were trepanned after surface treat-
ment. As shown in Fig. 6.63, the cyclic stress-strain curves for shot peened solid
specimens are changed only insignificantly, compared to the unpeened state. As
wall thickness is reduced, however, the curves for shot peened and trepanned
states are shifted toward much higher stress amplitudes. An important aspect
regarding the cyclic deformation of surface treated notched specimens is shown
in Fig. 6.64 [6.78,6.79]. Due to the pronounced relaxation of residual stresses in
the notch ground during compressive loading half cycles, specimens initially
show cyclic contractions as the number of cycles is increased. These contractions
are particularly pronounced at high nominal stress amplitudes. Specimen elonga-
tions found at higher numbers of cycles are a sign of micro crack initiation and -
propagation, observed for those curve sections indicated by broken lines. As
shown in Fig. 6.65, a medium strength state of AISI4140, quenched and tempered
at 570 �C for 2 hours, shows changes in cyclic deformation behavior which are
less pronounced than the changes found for normalized SAE1045 [6.47,6.80,6.81].
At first, shot peened specimens show smaller or even disappearing plastic strain
amplitudes, which in the unpeened state are small initially. After the number of
cycles for incubation, worksoftening sets in and remains continuous until speci-
men fracture, reaching an extent which is almost independent of distance to sur-
face. For shot peened states, this worksoftening behavior is shifted to higher num-
bers of loading cycles, permitting higher numbers of cycles to failure.
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Fig. 6.65: Influence of stress amplitude on cyclic deformation
curves determined during push-pull loading for untreated and
shot peened AISI4140 in a state quenched and tempered at
570 �C [6.47,6.80]

The influence of surface layer workhardening on cyclic deformation behavior is
particularly evident in cyclic stress-strain curves, determined by [6.46,6.77] for
deep rolled or shot peened austenitic AISI304 steel. As in the case of normalized
SAE1045, the cyclic stress-strain curves for solid specimens are raised only slightly
in comparison with the untreated state. For trepanned specimens, on the other
hand, decreasing wall thickness causes stress levels to show marked increases,
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which are particularly pronounced after deep rolling. This behavior shows that cyclic
loading of a compound composed of a workhardened surface layer and an unin-
fluenced core can cause pronounced plastic deformations in the core, while the sur-
face layer can experience loading which is almost elastic despite the additional load
transfer in the compound. Accordingly, an averaged behavior is observed for the com-
pound. [6.82] reported that clearly decreased plastic strain amplitudeswere also found
for AZ31 magnesium alloy after shot peening or deep rolling. These were attribut-
ed to the surface layer workhardening induced during surface treatment.
When shot peening is followed by annealing treatments, the cyclic deformation

behavior which is observed subsequently for loading at room temperature can be
changed significantly, as well. [6.83] showed this by example of cyclic deformation
curves for normalized SAE1045 resulting from push-pull loading using a stress
amplitude of ra= 350 MPa. According to Fig. 6.66, the curves show that short-
term annealing treatments using temperatures up to 550 �C shift cyclic worksof-
tening to higher numbers of cycles and reduces its extent considerably. This is
caused by static strain aging effects – as mentioned in Sect. 4 –, pinning the shot
peening-induced dislocation structure of the surface layer and thereby reducing
plastic strain amplitudes, as well as increasing fatigue life. By contrast, the domi-
nant effect caused by annealing treatments using longer times and higher temper-
atures – exemplified by the 1-hour annealing treatment at 650 �C – is the reduc-
tion of the surface layer workhardening induced previously. Therefore, cyclic
worksoftening becomes significantly more pronounced, compared to the state
which was shot peened only, approximating the cyclic worksoftening of the
untreated material state.
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Fig. 6.66: Cyclic deformation curves determined during push-
pull loading with a stress amplitude of 350 MPa for normal-
ized SAE1045 in an untreated state, after shot peening and
after conventional shot peening plus subsequent annealing
under the conditions indicated [6.46]
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Surface layer workhardening induced by mechanical surface treatments can
also affect cyclic deformation behavior at elevated temperatures, if the dislocation
structures induced close to the surface show sufficient thermal stability. As an
example, the cyclic deformation curves obtained for 450 �C are shown in Fig. 6.67
for untreated, shot peened, and deep rolled states of austenitic AISI304 steel and
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Fig. 6.67: Cyclic deformation curves determined during push-
pull loading at 450 �C with a stress amplitude of 200 MPa for
AISI304 in an unpeened, a shot peened and a deep rolled
state [6.55]
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a stress amplitude of 200 MPa, in comparison with similar curves for untreated,
shot peened, and laser shock treated states of TiAl6V4 titanium alloy and a stress
amplitude of 460 MPa [6.55]. While the kind of cyclic deformation behavior found
in the untreated material also occurs in the surface treated states in a qualitatively
equivalent way, the magnitudes of the plastic strain amplitudes are clearly reduced
in the surface treated states. Only the initial plastic strain amplitudes are
increased in the surface treated TiAl6V4 alloy, compared to the untreated state.
The small maximum values of the plastic strain amplitudes found for the deep
rolled states of both materials are due to surface layer worksoftening, which is
more pronounced, compared to laser shock treatment, or affects a greater cross-
sectional area, compared to shot peening treatment.
Studies have focused also on the influence of mechanical surface treatments on

deformation behavior during thermo-mechanical fatigue loading [6.84]. For AISI
H11 tool steel in various states of mechanical surface treatment, Fig. 6.69 shows
the tensile mean strains’ dependency on the number of cycles. Tensile mean
strains develop when there are temperature changes in the range of 200 to 625 �C,
and they are a measure of the compression of the compound which accumulates
during thermo-mechanical cycles. These are the greater, the greater the depth of
the surface treatment is. However, they lead to negligible differences in fatigue
life, due to a rapid relaxation of the macro- and micro residual stresses close to the
surface.
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6.3.3
Effects on Crack Initiation Behavior

Due to microstructural changes during the crack-free phase of cyclic deformation,
metallic materials subsequently experience crack initiation, which can be caused
by different mechanisms [e.g. 6.85,6.86]. These mechanisms are based on disloca-
tion movement, which in turn is caused by shear stresses that are effective in char-
acteristic slip planes and -directions. Quantitative statements regarding the effects
of mechanical surface treatment on crack initiation are very few in number, and
virtually impossible to compare, as they are highly dependent on crack length,
which is used as the criterion for crack initiation, and because shear stresses are a
decisive factor only for crack lengths up to several multiples of grain size. For
greater crack lengths, on the other hand, normal stresses and occurring residual
stresses are crucial. Actual crack initiation takes place at positions of great slip
activity, which in untreated states may be given in the form of extrusions or intru-
sions. This leads to the conclusion that crack initiation sets in at numbers of
cycles which are the smaller, the higher plastic strain amplitudes are. As discussed
in the previous section, mechanical surface treatments influence cyclic deforma-
tion behavior. Accordingly, the number of cycles to crack initiation will either be
increased, reduced, or left unchanged by mechanical surface treatments.
Examining normalized SAE1045 in an untreated state, [6.46] found cracks

formed at intrusions and extrusions and at grain- or phase boundaries in the vi-
cinity of former austenite grain boundaries. No slip localization in the form of
intrusions and extrusions was found for shot peened or deep rolled states, due to
the great number of slip obstacles, such as high dislocation density. As shown in
Fig. 6.70a, this results in the number of cycles to crack initiation, related to the
number of cycles to failure, being clearly higher, compared to the untreated state.
[6.47] reported similar results for SAE1080 and normalized AISI4140. [6.46] found
a similar setting for austenitic AISI304 steel, in which the formation of in- and
extrusions on persistent slip bands in the shot peened state and the deep rolled
state is obstructed by heightened dislocation density and, additionally, by twin
boundaries and the increased number of grain boundaries and phase boundaries
to the a¢-martensite phase, due to the nano-crystalline surface layer. Again, the
number of cycles to crack initiation, related to the number of cycles to failure, is
increased, as shown in Fig. 6.70b. However, this increase of the related number of
cycles to crack initiation is not a universal result. For quenched and tempered
SAE1045, [6.87] found that crack initiation occurred earlier in a shot peened state
than in an untreated state, due to the micro-notch effect of the roughened surface.
Crack initiation can be delayed by subsequent polishing. For quenched SAE1045,
[6.88] found that inspite of an increase of the number of cycles to failure after shot
peening, the number of cycles to crack initiation is reduced for loading in sea
water, where corrosion scars act as micro-notches and influence crack initiation.
According to [6.89], shot peened states of 7010 AlZnMgCu alloy can also show
accelerated crack initiation in shot peening-induced notches and laminations. The
same applies to TiAl6V4 titanium alloy in a state with a fine lamellar structure,
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Fig. 6.70: Influence of mechanical surface treatments on
development of damage during push-pull loading with a
stress amplitude of 450 MPa for normalized SAE1045 (a) and
during push-pull loading with a stress amplitude of 320 MPa
for AISI304 (b) [6.46]

which after shot peening shows earlier crack initiation due to the micro-notch
effect of the rough surface [6.90]. Careful polishing can improve roughness, while
a surface layer which is still workhardened is able to delay crack initiation to a
point at which the related number of cycles to crack initiation becomes greater
than in the unpeened state.
Crack initiation behavior after laser shock treatment was examined by [6.91] for

notched, 3-point-bending specimens made of 7075 aluminum alloy. Crack initia-
tion was clearly delayed, owing to smooth surfaces and the great depth effect of
the laser shock treatment.
The following general statements can be made: In mechanically surface treated

material states, the number of cycles to crack initiation can be increased by sur-
face layer workhardening, compressive residual stresses, and by smoothing – a
possibility provided by deep rolling or laser shock treatment. The number of
cycles to crack initiation can be decreased by surface roughening caused by shot
peening, by the notch effect of shingles and laminations, and by local tensile re-
sidual stresses which promote crack initiation at interfaces to hard phases.
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Mechanical surface treatments can also change the site of crack initiation. This
is the case when sufficiently high compressive residual stresses impede crack ini-
tiation at the surface in such a way that it is shifted to positions below the surface
[6.92]. This is shown in Fig. 6.71 for two shot peened states of quenched
SAE1045, which were created using shot with an average diameter of 0.3 mm and
0.6 mm, respectively, and which show an alternating bending strength of 960 and
1050 MPa. For loading amplitudes that are greater than the fatigue limit, crack
initiation is always observed at the surface. By contrast, loading amplitudes which
cause numbers of cycles to failure of around 107 result in crack initiation occur-
ring about 0.3 mm beneath the surface. Sub-surface crack initiation is found even
for loading amplitudes below the fatigue limit. However, the propagation of these
cracks is evidently limited. The state peened using shot with an average diameter
of 0.3 mm is depicted in Fig. 6.72, which shows depth of crack initiation – visible
as the centers of the rosette-like structures. These results spurred the development
of the concept of the local fatigue limit, introduced in Sect. 6.1.2c. For great com-
pressive residual stresses, smooth specimens made of high strength steel always
show crack initiation beneath the surface, due to high residual stress stability.
This results in residual stress sensitivity becoming insignificant for great com-
pressive residual stresses. An increasing notch factor can stop crack initiation
beneath the surface. This makes it possible to achieve even greater fatigue limits
than for smooth specimens if the compressive residual stress maximum beneath
the surface prevents developing cracks from propagating further. For medium
and high strength peened states, too, rising loading stress gradients can shift the
depth of crack initiation closer to the surface [6.35].
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Fig. 6.71: Distances to surface of crack initiation sites vs. fic-
titious stress amplitude at the surface for quenched SAE1045
shot peened using shot with a diameter of 0.3 and 0.6 mm
[6.92]
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Fig. 6.72: Scanning electron microscope images of
fracture surfaces of quenched SAE1045 in a state
shot peened using 0.3-mm diameter shot after
alternating bending loading with a fictitious stress
amplitude at the surface of 1300 (a), 1250 (b),
1200 (c), 1100 (d), 1000 (e), 950 (f) and 900 MPa (g)
[6.92]
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6.3.4
Effects on Crack Propagation Behavior

When cyclic loading takes place, fatigue life is determined to a great degree by the
phase of crack propagation. In particular, this applies to cases in which macro re-
sidual stresses are present. A description of crack propagation in states originally
lacking residual stresses – these states, however, inevitably incorporate the plastic
zones induced by crack propagation – is usually carried out using the Forman
equation, which predicts reduced crack propagation rates if compressive mean
stresses are present [6.93]. By specifically increasing the compressive residual
stress fields and -amounts close to the crack tips by means of interspersed over-
loading, it was shown that the crack propagation rate can be reduced by compres-
sive residual stresses [6.94,6.95].
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Workhardening and residual stresses clearly influence the crack propagation
rate in mechanically surface treated material states. [6.87] compared crack length
development at an increasing number of cycles for an unpeened and a shot pee-
ned state of SAE1045 quenched and tempered at 600 �C. Fig. 6.73 shows that
while crack initiation occurs earlier in the shot peened state, due to the micro-
notch effect of the roughened surface, crack propagation, on the other hand, is
clearly decelerated for cracks longer than roughly 0.1 mm, as their tips now are
located in the zone of workhardening and compressive residual stresses. Above a
crack length of about 0.3 mm, the crack propagation rate shows values similar to
those found for the unpeened state. Fig. 6.74 shows results obtained by [6.46] for
deep rolled AISI304. Accordingly, for small crack lengths, in particular, the propa-
gation rate shows decreases which become more pronounced as rolling pressure
and its depth effect increase. Due to the smooth surface, no acceleration of crack
initiation is observed. [6.89] found contrasting results for Al7010 AlZnMgCu alloy,
depicted in Fig. 6.75. Here, the shot peened state and the untreated state show
approximately equal crack propagation rates for very small and very high crack
lengths. Crack propagation rates are clearly reduced for crack lengths between
roughly 0.05 and 0.3 mm in the shot peened state, showing a minimum in the
region of the compressive residual stress maximum. Thereby, early crack initia-
tion is over-compensated and working life increased. This was confirmed by [6.96]
for AZ80 magnesium alloy after shot peening, which showed decelerated crack
propagation particularly for small crack lengths or low stress intensity, due to
compressive residual stresses and workhardening states being present in the
crack tip region.
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Fig. 6.73: Crack length vs. number of cycles for SAE1045
quenched and tempered at 600 �C in an unpeened state, a
shot peened state and a state shot peened and subsequently
polished during rotating bending loading with a fictitious
stress amplitude at the surface of 400 MPa [6.87]
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Fig. 6.75: Crack propagation rate vs. width of stress intensity
for Al7010 AlZnMgCu-alloy in an unpeened and a shot peened
state during alternating bending loading [6.89]

Examining laser shock treated, notched 3-point-bending specimens made of
7075 aluminum alloy, [6.91] found that crack initiation was clearly delayed, and
additionally, crack propagation was decelerated. This was attributed to the meth-
od’s great depth effect. Similar results were reported by [6.97] for laser shock treat-
ed 5456 aluminum alloy and by [6.98–100] for laser shock treated TiAl6V4 tita-
nium alloy. For the latter, [6.100] found the da/dN,DK curves for 3-point bending
shown in Fig. 6.76.
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Fig. 6.76: Crack propagation rate vs. width of stress intensity
for TiAl6V4 in an unpeened and a laser peened state during
swelling 3-point bending loading [6.100]

For a small DK, laser shock treated states are expected to show practically no
crack propagation, and therefore, cracks may be stopped. For a medium DK, crack
propagation rates are reduced by almost 3 orders of magnitude, compared to the
untreated state. A great DK clearly reduces this effect, as the process zone of the
crack moves out of the zone which was workhardened by the laser shock treat-
ment and contains compressive residual stresses. [6.98,6.99] reported that laser
shock treatments increased the fatigue life or strength of fan vanes made of
TiAl8V1Mo1, even when these additionally bore notches as a simulation of for-
eign-object-damage. Due to its great depth effect, laser shock treatment creates
states with a much higher damage-tolerance than achievable by shot peening.
Another example showing the pronounced effect of laser shock treatment on
crack propagation was introduced in [6.101] using sheet metal specimens with a
center hole which consisted of 2024 aluminum alloy in a T351 state. The hole sim-
ulated a drilled mounting hole which fails due to crack initiation and -propaga-
tion. As shown in Fig. 6.77, irradiation of the annularly shaped area around the
hole resulted in a decreased crack propagation rate, allowing for considerable fati-
gue life increases. It was also reported that additional laser shock treatment, due
to its great depth effect, was able to stop crack propagation in states in which crack
initiation had already occurred.
[6.102] compared crack propagation behavior in TiAl6V4 with a lamellar micro-

structure for a shot peened state and a deep rolled state, at room temperature and
at 500 �C. Loading at room temperature (comp. Fig. 6.78a) shows that shot peen-
ing strongly decelerates crack propagation. As a result, cracks are stopped almost
completely in the region of the compressive residual stressmaximum, and only great
crack lengths show propagation rates that compare to the electropolished state.
Stress-relieving after shot peening allows for increasing the crack propagation
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Fig. 6.77: Crack length vs. number of cycles at a nominal
stress amplitude of 103 MPa for Al2024-T351 aluminum alloy
in an unpeened state, and after areal and annular laser peen-
ing [6.101]

rate to values higher than those of the electropolished state, as roughness effects
are predominant. Loading at 500 �C, on the other hand, yields a completely differ-
ent result (comp. Fig. 6.78b), as residual stresses have largely relaxed and thus,
the shot peened state shows the same behavior as the state which was additionally
stress-relieved. Due to greater roughness, the shot peened state shows accelerated
crack propagation in comparison with the electropolished state. Therefore, an
electropolishing treatment subsequent to shot peening can extend fatigue life to
values higher than those achieved by electropolishing alone, if there is surface
layer workhardening still remaining [6.102]. Fig. 6.79 depicts contrasting results
obtained by [6.103] for deep rolled TiAl6V4, which shows decelerated crack propa-
gation both at room temperature and at 450 �C, as smooth surfaces and workhar-
dening are in effect in both cases.
In summary, it may be stated for cyclic loading of mechanically surface treated

material states that the crack propagation rate can be reduced primarily by com-
pressive residual stresses, but also by the effects of workhardening. Regarding
achievable fatigue life, however, the fact must be taken into account that crack ini-
tiation may be clearly increased after shot peening treatments, in particular, due
to the micro-notch effect of the roughened surface. A proven method for quantita-
tively assessing the crack propagation rate in large-range residual stress fields is to
use effective stress intensities, as crack propagation is expected to occur only dur-
ing the crack opening phase [6.104]. For negative Kmin values, the result is that re-
sidual stresses clearly influence the effective width of stress intensity. Thus, it is
possible to describe the observed deceleration of the crack propagation rate which
is caused by compressive residual stresses and which may even result in cracks
being stopped.
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6.3.5
Effects on Fatigue Behavior

Steels have been the primary focus of systematic studies which examined how
fatigue strength is affected by surface layer states that were induced, for the most
part, by mechanical surface treatments. The studies presented separate assess-
ments for the influence of roughness, workhardening and residual stresses on
fatigue limit. Low strength states show a small decrease of fatigue limit related to
the change in roughness. This decrease grows more pronounced with increasing
hardness – as shown in Fig. 6.80, which compiles results for different heat treat-
ment states of SAE1045 and SAE5115 [6.105]. This is caused by a growing notch
sensitivity of the various material states, as well as by ductility decreasing with ris-
ing hardness, or a descending threshold of the effective width of stress intensity
for crack propagation. It must be taken into account, however, that mechanical
surface treatments generally cause smaller changes of roughness in higher
strength states than in lower strength states, and thus, the scope of changes of the
fatigue limit is restricted. As shown in Fig. 6.81, workhardening effects close to
the surface have a particularly strong influence on fatigue limit in the case of
lower strength states, while this influence is extant for medium strength states
and practically negligible for high strength states. Soft and medium strength
states show the greatest increases of hardness achievable by mechanical surface
treatments. These increases determine achievable fatigue strength. The influence
of phase transformations – for steels, specifically transformations of retained aus-
tenite after case-hardening and subsequent mechanical surface treatment – on
fatigue limit is difficult to access and can hardly be separated from the associated
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Fig. 6.81: Influence of shot peening-induced changes in hard-
ness on the fatigue limit of steels with different degrees of
surface hardness [6.105]

changes of the residual stress state. Therefore, no universally applicable state-
ments can be made in this context. The influence that residual stresses created by
mechanical surface treatments have on fatigue limit is strongly dependent on
their stability, which is generally noticeably greater in high strength states than it
is in low strength states. As shown in Fig. 6.3, the reason for this is that with ris-
ing hardness or tensile strength, fatigue limit increases to a lesser extent than
quasi-static or cyclic yield strength. Accordingly, fatigue loading in the range of
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Fig. 6.82: Residual stress sensitivity of alternating bending
fatigue strength of steels vs. ultimate tensile strength [6.1]

the fatigue limit is closer to yield strength for low strength states than it is for
high strength states. For this reason, plastifications and thus, residual stress
changes are likely to be far less pronounced [6.1]. An additional measure of the
change in fatigue limit related to the change in residual stresses which can be
used is residual stress sensitivity, as defined by [6.1] in a manner analogous to
mean stress sensitivity according to [6.36]. When residual stresses are stable, re-
sidual stress sensitivity is given by the ratio of fatigue limit in a state without re-
sidual stresses to ultimate tensile strength, according to Eq. 6.10. As depicted in
Fig. 6.82, residual stress sensitivity initially shows an increase which is linear to
the growth of ultimate tensile strength, before reaching its maximum value of
about 0.4 at ultimate tensile strength values between 1500 and 2000 MPa [6.1].
Behavior varies, due to the effect of hardness on the individual influencing pa-

rameters. For steels, therefore, it has proven useful to differentiate between low
strength, medium strength and high strength states. Making use of this division,
[6.35] summarized the essential aspects of the effects of residual stresses, work-
hardening state and surface topography. For steels in a low strength state, cyclic
loading causes cyclic plastic deformation incorporating processes of workharden-
ing and -softening when loading amplitude reaches the fatigue limit. This results
in a pronounced relaxation of residual stresses which occurs the earlier, the higher
loading amplitude is. Consequently, the influence of residual stresses and their
gradient on fatigue limit is reduced to near insignificance.
This is shown in Fig. 6.83, using a modified Haigh plot to summarize alternat-

ing bending strengths (comp. Sect. 6.1.2c) found for normalized SAE1045 after
various cutting treatments on smooth and notched specimens with different
notch factors kt and related loading stress gradients at the surface

g ¼ 1
r̂r

dr
dz

���� z ¼ 0
(6.17)
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[6.5,6.39,6.106–109]. The kind of loading which results in a finite service life
causes an increased and thorough plastic deformation and thus effects a residual
stress relaxation which is even more pronounced. Therefore, the residual stress
state shows no significant influence on those branches of the W�hler lines which
describe low cycle fatigue. In low strength states, however, mechanical surface
treatments usually cause pronounced surface layer workhardening, thereby also
increasing dislocation density. On the one hand, this increases resistance to the
onset of residual stress relaxation, and on the other hand, it counteracts cyclic
plastic deformation. As a result, the development of typical fatigue microstruc-
tures is impeded, the number of cycles to crack initiation or the propagation rate
of short cracks is reduced, and thus, local fatigue strength is increased. Thus, giv-
en sufficient wokhardening depth – provided, for instance, by deep rolling – the
fatigue limit of a soft state, too, can be increased considerably if loading stress gra-
dients are sufficiently high [6.65]. Owing to low hardness and high ductility, micro
notches inherent in topography rapidly reduce stress peaks. As resistance to cyclic
crack propagation is sufficiently great, as well, the influence of surface topography
on the fatigue strength of low strength material states is comparably small.
Beyond this, Fig. 6.83 shows that due to adaptive cyclic plastic deformations and
stress redistributions, the effective notch factor is much smaller than the notch
factor, and therefore, notches affect fatigue limit only marginally. Additionally,
notch factor remaining the same while loading stress gradients rise serves to
increase fatigue limit, as the volume subjected to the highest loading is decreased.
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Fig. 6.83: Alternating bending fatigue strength of smooth and
notched specimens made of normalized SAE1045 vs. surface
residual stresses after different milling processes
[6.5,6.39,6.106–109]

Medium strength states of steels show a markedly higher residual stress stabil-
ity than low strength states, and therefore have a greater influence on the result-
ing fatigue limit. Smooth specimens show pronounced fatigue limit decreases for
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tensile residual stresses and slight increases for compressive residual stresses.
Notched specimens, on the other hand, show only slight decreases in fatigue limit
as residual stress values increase algebraically. These decreases are not dependent
on the residual stresses’ mathematical sign. This can be attributed to the fact that
loading which results in 107 cycles to failure already causes residual stress relaxa-
tion at the surface. As notched specimens experience greater plastic deformations
in the notch ground, creating a greater relaxation of residual stresses, residual
stress sensitivity is lower in notched states. For medium strength states, residual
stress penetration depth is an important additional factor. This is shown in
Fig. 6.84 by example of residual stress distribution (a) and W�hler lines for alter-
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nating bending (b) for blank-hardened SAE5115 after blankhardening, after shot
peening using different shot intensities and after additional electropolishing
[6.34,6.110,6.111]. For the same surface residual stresses in states 2 to 4, marked
increases in fatigue limit are observed as the depth effect of the peening treatment
increases. The reason for this that at different numbers of cycles compressive re-
sidual stresses reduce the propagation rate of surface cracks which probably were
initiated at similar numbers of cycles [6.35]. Therefore, the residual stresses’ depth
effect, or their gradient, must be smaller than the loading stress gradient if pro-
nounced increases in fatigue limit are to be achieved. State 5, which was electro-
polished after shot peening of typ. 3, shows the highest fatigue limit, as roughness
was clearly reduced by electropolishing and surface residual stresses are increased
compared to the peened-only states. Evidently, this impedes crack initiation and
the propagation of micro cracks to such an extent that state 4’s greater residual
stresses and their greater depth effect are over-compensated. In the range of low
cycle fatigue, however, the electropolished state shows shorter fatigue life than
state 4 and a similar fatigue life as state 3. Again, the number of cycles to crack
initiation is increased for the electropolished state. This evidently has a similar
effect as the reduced crack propagation rate in shot peened state 3, and a lesser
effect in comparison with state 4, where the crack propagation rate shows a
stronger decrease due to the residual stresses’ depth effect and magnitude. It
should also be noted for medium strength steels that the influence of residual
stresses is almost totally diminished in the range of short-term fatigue. Here, an
almost complete residual stress relaxation occurs, and cyclic worksoftening effects
generally overcompensate workhardening induced by surface treatment.
The changes in fatigue limit induced in medium strength states by mechanical

surface treatments can be represented by residual stress Haigh diagrams (comp.
Sect. 6.2.1c). This is shown in Fig. 6.85 for smooth and notched specimens of
SAE1045, quenched and tempered at 600 �C, after various grinding, milling and
shot peening treatments [6.5,6.39,6.106–109]. Here, cyclic yield strength was de-
rived from residual stress relaxation in the smooth and notched specimens and
from fatigue limit in the ground states with tensile residual stresses. In the case
of smooth specimens, results show that the diagram overestimates fatigue limit
for the ground specimens with compressive residual stresses and that residual
stresses show a slight relaxation, although cyclic yield strength should not be
reached at any point. [6.35] attributed this to the fact that this state shows less
workhardening compared to the other ground states, and therefore, both cyclic
yield strength and fatigue limit are lower. The shot peened state shows a notice-
ably smaller residual stress relaxation than expected, due to the presence of
greater and deeper workhardening. Fatigue limit seems to correspond well. How-
ever, if the increase in roughness found after shot peening and its effects on fati-
gue limit are corrected – according to Fig. 6.80, and as indicated by the second
arrow –, it becomes evident that the workhardening effect of the shot peened state
increases the fatigue limit significantly.
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Fig. 6.85: Residual stress-Haigh diagram showing alternating
bending fatigue strength for smooth and notched specimens
with different surface states made of SAE1045 in a state
quenched and tempered at 600 �C for 2 h [6.35]

Despite an observable relaxation of residual stresses, the notched specimens
show lower residual stress sensitivity than the smooth specimens. The fatigue
limit of the state showing compressive residual stresses after grinding is overesti-
mated, as in the case of the smooth specimens, due to a smaller workhardening
effect than that of the ground states with tensile residual stresses. By contrast, the
fatigue limit of the milled state can be predicted very well. Experimental results
for the shot peened state, on the other hand, show a higher fatigue limit than
expected from the Haigh diagram, as the workhardening effect cannot be incorpo-
rated in the estimate. The problems associated with estimating fatigue limits by
means of Haigh diagrams allow for certain conclusions to be drawn regarding
medium strength states. On the one hand, cyclic residual stress relaxation must
be taken into account when assessing the influence of residual stresses on fatigue
limit, and on the other hand, size and distribution of the workhardening states, as
well as the increases in roughness caused by mechanical surface treatments, can
have a significant bearing on the resulting fatigue limit. Thus, fatigue limit esti-
mates will only be successful if they are based on a sensitivity of the fatigue limit
to relaxed residual stresses, instead of the usual residual stress sensitivity, and if
they use a cyclic yield strength which, at least, corresponds with the workharden-
ing state.
Applying the concept of the local fatigue limit (comp. Sect. 6.2.1c) is compli-

cated by residual stress relaxation, as this necessitates obtaining information on
the initial distribution of residual stresses, and on residual stress sensitivity or the
distribution of relaxed residual stresses. Fig. 6.86 shows estimates for notched (a)
and smooth (b) specimens of quenched and tempered SAE1045 (600 �C / 2h) in a
shot peened state. While surface crack initiation is predicted and found for the
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notched specimens, smooth specimens show unexpected crack initiation at the
surface. This probably indicates that surface roughness, and its micro notch
effect, should not be neglected [6.5,6.63,6.106,6.107].
The concept of assessing crack propagation ability on the basis of linear-elastic

fracture mechanics (comp. Sect. 6.2.1c) was successfully applied to medium
strength states of steel, as well. First, aforementioned results for quenched and
tempered SAE1045 shall serve as an example for an assessment of the loading sit-
uation for loading at each state’s fatigue limit [6.35]. Resulting distributions of the
effective width of stress intensity are shown in Fig. 6.87 for ground notched speci-
mens, with and without regard to grinding-induced tensile residual stresses.
Based on the anticipated range of the threshold value for crack propagation, the
expected result for both of the depicted distributions of stress intensity is that
cracks initiated at the surface are able to propagate when they have reached a
length of 15 or 30 lm. Accordingly, fatigue limit is given by the stress amplitude
which is just below the value for crack initiation. In the case of notched and shot
peened specimens of the same material state, and assuming shot peening-
induced residual stresses according to Fig. 6.88, cracks initiated at the surface
should be able to propagate only when their length exceeds 170 lm. However, if
the distribution of relaxed residual stresses is used, results in the range of 30 to
200 lm show effective widths close to the threshold value. Accordingly, fatigue
limit correlates with the propagation ability of cracks initiated at the notch ground
which have a length of at least 30 lm. As seen in Fig. 6.89, however, the concept
fails in the case of smooth, shot peened specimens. Due to the concept’s drastic
simplifications, and even when a distribution of relaxed residual stresses is
assumed, a crack would have to be at least 100 lm long to be able to propagate. A
similar concept was introduced in [6.112–114] aimed at estimating the fatigue
limit of deep rolled crankshafts, which is determined by crack arrest phenomena.
The method involves carrying out loading calculations utilizing a finite-element
simulation, into which the original residual stress states are inserted. This allows
for determining the distributions of loading stresses and of the residual stresses
that remain after loading. These are then assessed by means of linear-elastic frac-
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ture mechanics, assuming the occurrence of crack propagation close to the sur-
face. As indicated by Fig. 6.90, basing the assessment on residual stress profiles
also results in surface cracks which are able to propagate. As loading of the crank-
shaft increases, the cracks are stopped by an unspecified normalizing momentum
at increasing depths, where the effective widths of stress intensity no longer reach
the threshold value for further crack propagation. These results agree well with
the crack lengths determined experimentally for corresponding amplitudes of
momenta, thereby permitting fatigue limit to be determined as the momentum
amplitude at which the threshold value is reached.
The residual stresses which occur in high strength states of steels are generally

very stable. In particular, tensile residual stresses in combination with only a
small loading at the fatigue limit, may even remain almost unchanged in the
range of a finite but technically relevant fatigue life. Here, the residual stress sen-
sitivity of the fatigue limit is equal to mean stress sensitivity. Compressive residual
stresses, on the other hand, are combined with greater loading at the fatigue limit.
For small loading stress gradients – as in thick, smooth specimens, for instance –,
resulting in crack initiation beneath the surface. This is influenced only slightly
by residual stress magnitude if the absolute penetration depth of the residual
stresses is not great enough, or if their gradient is sufficiently small. Thus, it is
assumed that grinding-induced residual stresses, due to their small penetration
depth, usually cannot prevent crack initiation beneath the surface and therefore
have only little influence on fatigue limit. Due to greater penetration depth, shot
peening-induced compressive residual stresses, on the other hand, allow fatigue
limit and fatigue life to be increased significantly. In particular, it is notched spec-
imens that show great loading stress gradients and compressive residual stresses
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that run deep enough and/or have small gradients. Thus, crack initiation is
shifted to the surface, and a decreased crack propagation rate, combined with the
effect of the compressive residual stresses, achieves a marked increase in fatigue
limit. This is the case e.g. for shot peened notched specimens. Due to notch effect
and a high fatigue limit, however, these specimens can also show a relaxation of
residual stresses, within certain limits. In summary, it can be stated that residual
stresses alone do not constitute a suitable parameter for assessing fatigue limit.
The reason is that if surface layer states are optimized, e.g. maximum compressive
residual stresses are beneath the surface, fatigue limit is no longer determined by
maximum loading, but by loading at the sites where cracks can be stopped. Here,
effective notch factors can decrease to values smaller than 1 for great residual
stresses, while they approximate the notch factors only when residual stresses are
small. In the case of high strength steels, worksoftening processes caused by me-
chanical surface treatment are an additional factor, which, in combination with a
notch effect due to roughness, at least explains the initiation of cracks at the sur-
face. In principle, roughness itself is very important. However, as mechanical sur-
face treatments cause only small changes in roughness, the effects which occur
are not significant, even after shot peening treatments.
In the case of high strength steels, residual stress Haigh diagrams are a suitable

means of assessing the influence of mechanical surface treatments on fatigue
limit. This is exemplified in Fig. 6.91 for smooth and notched specimens of
quenched SAE1045 in various surface states [6.5,6.63,6.106,6.107]. After shot
peening, smooth specimens show a smaller increase of fatigue limit than in the
medium strength state. In addition, the Haigh diagram overestimates this
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increase. Residual stresses have only little influence on alternating bending
strength, as crack initiation occurs beneath the surface and its influence cannot
incorporated in the Haigh diagram. By contrast, notched specimens show signifi-
cant fatigue limit increases after shot peening and smaller ones after milling, as
crack initiation occurs at the surface. In the case of smooth specimens, the resid-
ual stress effect is small, and virtually eliminates the notch effect in the range of
great compressive residual stresses. For notched shot peened states, the correla-
tion of residual stresses at the surface and nominal loading at the surface repre-
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sented in the Haigh diagram stands in contradiction to residual stress behavior, as
residual stresses are mostly stable or show only small changes. By contrast, the
residual stress change is described better if maximum residual stresses and nom-
inal loading at the position of maximum residual stresses are examined. High
cycle fatigue loading causes a relaxation of very high residual stress maxima. This
relaxation is particularly pronounced beneath the surface. Again, however, fatigue
limit is not described optimally. Thus, these results lead to the conclusion that for
these states, fatigue limit is determined by the propagation ability of cracks initiat-
ed at or beneath the surface, rather than by the magnitude of residual stresses at a
given distance to surface.
Therefore, an assessment of the positions of crack initiation calls for utilizing

the concept of the local fatigue limit. As shown schematically in Fig. 6.92 for
smooth specimens of high strength steel after mechanical surface treatments,
during high cycle fatigue loading, crack initiation is expected to occur beneath the
surface, and during low cycle fatigue loading it is expected to occur at the surface
[6.35]. By contrast, notched specimens are expected to show crack initiation at the
surface for both levels of loading. As shown in Fig. 6.93, this was confirmed for
experimentally determined crack locations in quenched SAE1045 [6.1,6.92]. How-
ever, as crack propagation ability cannot be evaluated within the concept, fatigue
limits were assessed only in respect to crack initiation, inevitably resulting in con-
servative estimates.
Supplementary use of the concept of crack propagation ability based on linear-

elastic fracture mechanics should permit an improved description. According to
[6.35,6.42], this method can be applied to notched specimens in ground states and
in shot peened states if the relaxed residual stresses are used, as in the case of the
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medium strength states. Again, however, the applicability of this strongly simpli-
fied model has its limits, as evidenced by a shot peened state in which cracks need
to reach 170 lm in length to be able to propagate, even if relaxed residual stresses
are utilized and loading is in the range of the fatigue limit. The concept was also
applied to a crack initiated beneath the surface of a smooth specimen [6.35,6.42].
As shown in Fig. 6.94, at first, the propagation rate toward the surface is
decreased, and ultimately, the crack is stopped. At that point, however, crack
length will be high in comparison with the compressive residual stresses’ penetra-
tion depth. Therefore, an occurrence of residual stress redistributions and -relaxa-
tion must be assumed. As a result, the crack will propagate all the way to the sur-
face and lead to failure. Accordingly, the stress amplitude just high enough to
initiate the crack beneath the surface can be correlated with the fatigue limit. In
that case, residual stress magnitude is of secondary importance. [6.115] intro-
duced another example which shows that the concept of crack propagation inabil-
ity can be used to describe fatigue limit for high strength states of steel after shot
peening treatments. After bending swelling loading, notched flat specimens of
case-hardened SAE5115 in an unpeened and in a shot peened state show internal
oxidation. This is a result of gas carburization, and it creates surface cracks with a
maximum length of about 20 lm. Assuming cracks propagating downward from
the surface, Fig. 6.95 shows the distribution of stress intensity found after loading
in the range of the respective fatigue limit. In agreement with experimental
results, distributions in the unpeened specimens show that surface cracks can
propagate to the interior, given continuously increasing stress intensity. In the
shot peened specimens, on the other hand, stress intensities in the region of the

6 Changes of Surface States during Cyclic Loading332



compressive residual stress maximum are reduced to the threshold value of crack
propagation. Thus, loading in the range of the fatigue limit will stop initiated
cracks at a length of about 100 lm. Experiments confirm this, as shown in Fig.
6.95b.
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Fig. 6.96 is a schematic representation of the influence of roughness Rt, work-
hardening state DHV, residual stress- or loading stress gradient g

rs or g
ls, and

notch factor kt, on residual stress Haigh diagrams for low strength, medium
strength and high strength states of steel, providing a summary of the previous
discussion of the different ways these factors influence the individual strength lev-
els of steel. Low strength material states show a pronounced relaxation of residual
stresses during loading using amplitudes in the range of the fatigue limit. There-
fore, the influence of macro residual stresses and their gradients on fatigue limit
is small. The workhardening state close to the surface, however, strongly influ-
ences fatigue limit, as workhardening increases resistance to cyclic plastic defor-
mation, which may indirectly increase residual stress stability, as well. The influ-
ence of surface topography is quite small. For notched states, effective notch factor
is markedly smaller than notch factor, as cyclic plastic deformations cause stress
redistributions in the notch ground. If notch factor remains the same, but loading
stress gradients are increased, fatigue limit rises, as the volume subjected to the
highest loading is decreased. Medium strength states, on the other hand, always
show a clear decrease in fatigue limit as tensile residual stresses increase. Conse-
quently, compressive residual stresses can effect fatigue limit increases if they –
despite loading stress amplitudes which are increased in the range of the fatigue
limit, compared to tensile residual stresses – are sufficiently stable and their gradi-
ent is low compared to the loading stress gradient, or their depth of penetration is
great. Workhardening close to the surface can also cause significant fatigue limit
increases in medium strength states, and increases of surface roughness have a pro-
nounced effect on fatigue limit. As notch-free states generally show lower loading
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stress gradients, crack initiation may occur below the surface layer influenced by
mechanical surface treatment. For notched states, on the other hand, significant
increases in fatigue limit are possible if the position of crack initiation is shifted
to the surface. This can cause residual stress sensitivity to be as high in the com-
pressive range as it is in the tensile range, and may even result in the fatigue lim-
its of notched states being increased in comparison to smooth specimens, i.e.
effective notch factors smaller than 1. At low residual stress levels, however, the
effective notch factor approximates notch factor, given that crack initiation is not
shifted to the surface by particularly high loading stress gradients. In the case of
high strength material states, notch-free states show tensile residual stresses
which always remain stable during high cycle fatigue loading, causing marked
decreases in fatigue limit. Except for the extremely high values, compressive resid-
ual stresses usually stay stable, as well. However, they can effect fatigue limit
increases only if the occurring stress gradients are high enough, or if residual
stress gradients are small enough. Otherwise, crack initiation will occur beneath
the surface layer and the state close to the surface will become less important. Sur-
face roughness does effect clear changes in fatigue limit, yet this influence is only
partially relevant, as mechanical surface treatments create only small changes of
roughness in high strength states. For notched states, great compressive residual
stresses with a sufficient penetration depth cause pronounced fatigue limit
increases. This can result in a higher fatigue limit, compared to smooth states, as
in the case of medium strength material states. Cracks which are stopped in the
region of maximum residual stresses are highly relevant in this context.
It is not possible to make similarly well-founded and systematic statements

regarding light metals, as there are hardly any published studies which include
the stability of surface layer states. In some areas, this necessitates drawing indi-
rect conclusions in respect to the processes that occur. [6.116] provided a current
and concise overview of the effects of mechanical surface treatments on the fati-
gue strength of titanium, aluminum and magnesium alloys. The criterion used
for the stability of residual stress states is cyclic deformation behavior. Here, cyclic
workhardening is equated with stable residual stresses, and cyclic worksoftening
is equated with strongly relaxing residual stresses. Accordingly, an examination of
titanium alloys must focus individually on a-alloys – which show cyclic worksof-
tening – or meta-stable b-alloys, (a+b) alloys – which show an almost neutral cyclic
deformation behavior – and c-TiAl alloys, which presumably show cyclic workhar-
dening. After shot peening, cyclically worksoftening Ti-2.5Cu a-alloy [6.116], or
meta-stable titanium b-alloys TiV10Fe2Al3 [6.117], BetaC and LCB (low cost beta)
[6.118], show only small increases – or even a decrease – in fatigue limit, due to
the strong residual stress relaxation expected. Therefore, examinations of the sta-
bility of residual stresses in these alloys were carried out by means of additional
annealing treatments, the results of which will be presented below. By contrast,
(a+b)-alloys TiAl6V4 and TiAl6Nb7 show an almost neutral cyclic behavior, with
only minor cyclic worksoftening taking place. Thus, a marked influence of resid-
ual stresses on fatigue strength must be assumed. However, an abnormal mean
stress sensitivity is found for TiAl6Nb7 [6.119], which has the effect of preventing
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increases of maximum stresses in the range of the fatigue limit when tensile
mean stresses grow. Obviously, cyclic crack initiation is very much determined by
maximum stress. Therefore, if the majority of the compressive residual stresses
in regions close to the surface are stabilized by mechanical surface treatments,
one must assume internal tensile residual stresses to be equally stable and to
cause crack initiation. As in the case of the aforementioned group of alloys, this
prevents mechanical surface treatments from achieving increases in fatigue
strength, given the absence of extreme loading stress gradients. However, a heat
treatment method was developed recently which does not show this abnormal
mean stress sensitivity, as the material is quenched in water instead of being air-
cooled. This kind of cooling from b-transus temperature strongly decreases the
width of the a-region, which in turn increases strength and resistance to crack ini-
tiation [6.120]. As a result, crack initiation is suppressed in the region of tensile
residual stresses, and fatigue limit therefore shows a moderate increase. The cy-
clic deformation behavior of Ti47Al3.7 (Nb,Cr,Mn,Si)0.5B c-TiAl alloy has not yet
been examined. However, workhardening is expected. Therefore, the residual
stresses induced by mechanical surface treatment are assumed to be stable, and
noticeable fatigue limit increases are found [6.121]. The cyclic deformation behav-
ior of age-hardening aluminum alloys can be categorized in terms of annealing
state. While underaged microstructures, found e.g. after T3 heat treatments, show
cyclic hardening, cyclic worksoftening is observed for overaged and peak aged
microstructures, e.g. after T6 heat treatments. Accordingly, residual stresses
should be more stable in T3 states and contribute to an increase in fatigue limit
by reducing the crack propagation rate. This is clearly visible when comparing the
influence of shot peening on Al2024 (AlCu5Mg2) aluminum specimens for T3-
and T6 heat treatments [6.122]. In the case of magnesium alloys, peening inten-
sity must be kept particularly low due to the material’s low ductility. Otherwise,
fatigue limit will be decreased not only by developing roughness, but also by
micro cracks induced in the surface layer. Thus, only small compressive residual
stresses are achievable. Nevertheless, increases in fatigue strength can be attained
and increased further by subsequent polishing [6.123].
Studies of the fatigue behavior of laser shock treated states which include fati-

gue strength are still quite scarce, and results are somewhat unsatisfactory. This is
shown e.g. by [6.124], who examined X2Cr11 and X6CrNiTi18–10 steels after exci-
mer irradiation and subsequent bending swelling loading and found W�hler lines
hardly changed. By contrast, [6.125] reported increases in fatigue limit from 590
to 1030 MPa – indicated as nominal maximum stresses – for tensile swelling load-
ing of 34NiCrMo6 in a high strength, notched state with a hardness of 54
HRC. For a state of quenched and tempered SAE5155, presumably annealed
using a high temperature, [6.126] found increases in 4-point alternating bending
strength, which after laser shock treatment was 490 MPa instead of 380 MPa.
Additionally, [6.126] showed that greater compressive residual stresses with a
slightly reduced depth effect occur when the size of the exposed areas is
decreased, and crack initiation and propagation is thus impeded. As a result, fati-
gue limits are generally increased. According to [6.127], laser shock treatment
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causes notched specimens of 2024 aluminum alloy in a T351 state to show moder-
ate fatigue limit increases from about 185 to 225 MPa at 107 cycles of bending
swelling loading. This is more pronounced than the 210 MPa achieved by shot
peening. In summary, it can be stated that, compared to most of the other me-
chanical surface treatment methods (comp. Sect. 3.6.2d) and excepting only shot
peened states of smooth surfaces, laser shock treatments create less workharden-
ing in low strength states which show low residual stress stability, and therefore
their effect is limited. In the case of medium- and high strength states which
show greater residual stress stability, however, the main results are an increase of
the number of cycles to crack initiation and a decrease in crack propagation rate,
which can increase working life or fatigue limit. Due to the great depth effect of
laser shock treatments, their most pronounced effects are found for small loading
stress gradients and for states which are already exhibiting, or are particularly
prone to, crack initiation.
To date, isothermal behavior of mechanically surface treated material states at

elevated temperatures has not been thoroughly studied. For TiAl6V4 alloy, [6.102]
showed that shot peening has a different influence on crack propagation behavior
at room temperature and at 500 �C – as described in Sect. 6.3.4. The reason for
this is that residual stresses, workhardening effects and roughness are all essen-
tial factors at room temperature, while only workhardening effects and roughness
remain effective at 500 �C. The W�hler lines shown in Fig. 6.97 reflect this. At
room temperature, shot peening-induced residual stresses increase the fatigue
limit, compared to the electropolished state, while subsequent stress-relief causes
roughness to decrease the fatigue limit. At 500 �C, on the other hand, similar
decreases in fatigue limit are found after shot peening and after shot peening and
subsequent stress-relief, as the effect of roughness is dominant. However, if sur-
face roughness is eliminated by supplementary electropolishing, this will cause
the fatigue limit – again, in a similar way for both the shot peened state and the
shot peened plus stress-relieved state – to be increased in comparison the state
which was only electropolished. This is attributed to the remaining workharden-
ing. Examining TiAl6V4 after a deep rolling treatment, [6.128] found an – albeit
small – fatigue limit increase for 450 �C, as well. [6.55] focused on austenitic
AISI304 steel to examine the influence of shot peening and deep rolling treat-
ments on fatigue life for push-pull loading with an amplitude of 280 MPa and cov-
ering the range from room temperature to 650 �C. According to Fig. 6.98, shot
peening causes only small increases of the number of cycles to failure within the
entire temperature range. After deep rolling, on the other hand, fatigue life is
increased by about one and a half orders of magnitude at room temperature.
However, the extent of this increase is quickly diminished by rising temperatures,
yet it remains noticeable up to 650 �C.
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Fig. 6.97: Push-pull-S-N-curves at room temperature (a) and
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state and a state electropolished after shot peening or after
shot peening and stress relieving [6.102]
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Fig. 6.98: Number of cycles to failure in stress-controlled
alternating push-pull tests with a stress amplitude of 280
MPa vs. temperature for AISI304 in an untreated, a shot pee-
ned and a deep rolled state [6.55]

The effects of modified peening treatments on fatigue strength in steels were
studied systematically on the example of alternating bending loading of quenched
and tempered AISI4140 steel in different heat treatment states [6.59]. In order to
assess the results correctly, the effects of conventional shot peening shall be pre-
sented first. According to Fig. 6.99, alternating bending strength of the ground
states increases almost linearly with growing material hardness. After shot peen-
ing, all heat treatment states show a higher alternating bending strength than the
ground state. The value of this increase is similar for low and medium hardness
states, while for the quenched state it is higher, not only in absolute terms, but
also when related to the value of the ground state. The same alternating bending
strength values are plotted in Fig. 6.100, which also provides an assessment of re-
sidual stress stability, using cyclic yield strength at the surface as determined in
Sect. 6.2.1c. Also shown are the residual stresses after 107 cycles, which were deter-
mined by experiment for loading in the range of the fatigue limit. For all heat
treatment states, there is a good correspondence of the predicted values and the
experimental values for alternating bending strength and for cyclic residual stress
relaxation, as cyclic yield strength at the surface was determined precisely, by
using specimens which had been treated identically. In this way, the shot peen-
ing-induced workhardening effect which is pronounced in normalized states and
in quenched and tempered states is already incorporated in the values of cyclic
yield strength.
The earliest examinations of stress peening to appear in the literature were pro-

vided by [6.129]. They resulted in the residual stress Haigh diagram pictured in
Fig. 6.101, which shows a linear correlation of alternating bending strength and
maximum residual stresses. Residual stress sensitivity shows a value of about 0.7
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Fig. 6.99: Alternating bending strength (P= 50 %) vs. bulk
material hardness for AISI4140 in a ground and in a conven-
tionally shot peened state [6.59]
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Fig. 6.100: Residual stress-Haigh diagram showing alternat-
ing bending strengths of different heat treatment states of
AISI4140 after conventional shot peening, including the cyclic
yield strengths shown in Sect. 6.2.1c [6.33]

and therefore is much higher than the value expected for quenched and tempered
steels. This is due to the fact that additional workhardening effects are included in
the plot. Fig. 6.102 shows the correlation of bulk material hardness and alternat-
ing bending strength after stress peening, observed at about 40 % of yield
strength. Regarding soft material states, stress peening evidently does not offer
any significant advantages in comparison with shot peening. According to Fig. 6.28,
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Fig. 6.101: Residual stress-Haigh-diagram showing alternat-
ing bending strengths of quenched and tempered SAE5155
after shot peening with different prestrains [6.129]
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Fig. 6.102: Alternating bending strength (P= 50 %) vs. bulk
material hardness for AISI4140 in a ground state, in a conven-
tionally shot peened state and in a stress peened state [6.33]

residual stress stability is so low that the higher, induced residual stresses will
relax quickly. On the other hand, the quenched state and the state quenched and
tempered at 450 �C, i.e. higher strength states, show a higher stability of residual
stresses, which can result in considerable increases of alternating bending
strength. As indicated by the residual stress Haigh diagram in Fig. 6.103, all states
except the quenched state show experimental results for alternating bending
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Fig. 6.103: Residual stress-Haigh diagram showing alternat-
ing bending strengths of different heat treatment states of
AISI4140 after conventional shot peening and stress peening,
including the cyclic yield strengths shown in Sect. 6.2.1c
[6.33]

strength and residual stress stability that correspond well with the values pre-
dicted. The quenched state, however, shows a substantially smaller relaxation of
residual stresses than expected, and accordingly, fatigue limit is noticeably higher
than expected. The presumable reason for the deviations observed is that the
stress peened state shows a higher value of cyclic yield strength at the surface
than the conventionally shot peened state on which the Haigh diagram is based.
Compiled in Fig. 6.104 are the values of alternating bending strength found for

different heat treatment states of AISI4140 after warm peening at 290 �C. They
are slightly increased for the normalized state and for the states quenched and
tempered at 650 �C, compared to the respective state after conventional peening.
In the case of the state quenched and tempered at 450 �C, on the other hand,
warm peening increases alternating bending strength considerably, compared to
conventional shot peening. The quenched state shows a small decrease of fatigue
limit due to warm peening, which, however, is explained by taking into account
the change in hardness which occurs during warm peening. Taking the annealing
effect out of the assessment reveals that fatigue limit is in fact increased. The re-
sidual stress Haigh diagram in Fig. 6.105 shows that the values of alternating
bending strength and residual stress stability which were determined by experi-
ment correspond well with the estimated values, listed in Fig. 6.46 on the basis of
cyclic yield strength at the surface for the respective material states. The increases
in fatigue limit can be attributed to the increases of cyclic yield strength at the
surface and the associated growth in residual stress stability, shown in Fig. 6.29.
The dynamic and static strain aging effects discussed in Sect. 3.3.1a are the under-
lying cause.
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Fig. 6.104: Alternating bending strength (P= 50 %) vs. bulk
material hardness for AISI4140 in a ground state, a conven-
tionally shot peened state and a state warm peened at 290 �C [6.59]
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Fig. 6.105: Residual stress-Haigh diagram showing alternat-
ing bending strengths of different heat treatment states of
AISI4140 after warm peening, including the cyclic yield
strengths shown in Sect. 6.2.1c [6.33]

Static strain aging effects alone are also able to increase fatigue limit. Fig. 6.106
shows a residual stress Haigh diagram for AISI4140 quenched and tempered at
450 �C after conventional peening and subsequent annealing treatments. These
cause static strain aging effects. Evidently, fatigue limit increases are possible
despite the moderate relaxation of residual stresses that comes with annealing. As
an example, cyclic yield strength at the surface is plotted for the state annealed at
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300 �C for 1 minute. While it shows a clear increase compared to the convention-
ally peened state, it cannot adequately represent the substantial rise in fatigue
limit found in the experiment. Heightened residual stress stability (comp.
Sect. 6.2.1) surely is one reason for this increase in fatigue limit. Additionally, the
development of a typical fatigue dislocation structure and thus, of fatigue effects,
is impeded by Cottrell clouds or finest carbides pinning the dislocations. The lat-
ter effect obviously cannot be estimated using a residual stress Haigh diagram,
but it is held responsible for the noticeable deviation from the behavior observed
in experiments. A point in favor of this view is that the fatigue limit increases
grow clearly with the rising values of yield strength induced by the same kind of
annealing treatments, as shown in Fig. 6.107. Similar increases in fatigue
strength due to conventional peening and subsequent annealing treatments were
found for normalized SAE1045 by [6.83] by examining the numbers of cycles at
selected stress amplitudes in the range of low cycle fatigue. Strain aging effects
and increases in fatigue strength were also found for shot peened and subse-
quently annealed AISI304 – where the development of e-carbides and special chro-
mium carbides is essential – and for AZ31 magnesium alloy, where the strain
aging effect is attributed to fine Mg17Al12 precipitations [6.83].
The influence of modified shot peening processes in light metals was also

examined, by focusing on the effects of subsequent annealing treatments – as por-
trayed in Sect. 4.2.4b. Apart from aforementioned strain aging effects, 4 variants
of 2 strength-increasing mechanisms were found for AZ31. On the one hand,
there is a re-crystallization of the surface layer cold-worked by shot peening which
results in finely grained surface layers, or changes of surface layer grain morphol-
ogy. On the other hand, surface layer hardening may occur “selectively” if the time
required for the development of phase nucleation and transformation is reduced
in the surface layer to such an extent that hardening is already concluded there
before it starts in the core. Alternatively, “preferred” surface layer hardening may
occur if the accelerated hardening in the surface is not finished yet when harden-
ing processes begin to appear in the core. Examining the development of finely
grained surface layers due to re-crystallization in TiAl8.6 after shot peening,
[6.130,6.131] found that 1-minute annealing at 820 �C and a subsequent electro-
polishing treatment caused an increase in fatigue limit from 270 to 320 MPa at
350 �C, or an increase in working life by a factor of 5. This was attributed to a
delayed development of slip bands and an increased duration of crack initiation in
the finely grained surface layer, along with a reduced crack propagation rate in the
coarsely grained core. [6.131] examined the change of grain morphology in
TiAl6Sn2Zr4Mo2 (Ti-6242), which showed a lamellar structure with a high creep
resistance. Shot peening was followed by a 1-hour annealing treatment at 850 �C
to effect re-crystallization, and by a final electropolishing treatment. The result
was a finely grained, equiaxial surface layer which showed a high level of resis-
tance to crack propagation. Correspondingly, an increase in fatigue limit from 400
to 450 MPa was found for 550 �C. Unlike TiAl8.6 alloy, however, this increase is
not accompanied by a significant extension of fatigue life in the range of low cycle
fatigue. To date, selective surface hardening has been examined mainly for deep
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Fig. 6.106: Residual stress-Haigh diagram showing alternat-
ing bending strengths for AISI4140 quenched and tempered
at 450 �C after conventional shot peening and subsequent
annealing under the conditions indicated, including the cyclic
yield strengths shown in Sect. 6.2.1c [6.57]
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Fig. 6.107: Alternating bending strengths for AISI4140
quenched and tempered at 450 �C after conventional shot
peening and subsequent annealing under the conditions indi-
cated vs. yield strength increases determined in static strain
aging tests [6.57]

rolled specimens of TiAl3V8Cr6Mo4Zr4 (Ti-38–644, Beta C) [6.132,6.133]. A 2-
hour annealing treatment at 440 �C causes aging in the core region only. There-
fore, the fictitious notch ground fatigue limit of notched specimens with kt= 2.95
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can be increased from about 400 MPa in the electropolished state to 1150 MPa in
the state that was deep rolled only, and to 1400 MPa after selective surface harden-
ing. Recent studies of deep rolled notched specimens with kt= 2.5 have shown
that a 4-hour annealing treatment at 440 �C can create a fictitious notch ground
fatigue limit as high as 1700 MPa [6.134]. Other examinations have shown that
selective surface hardening occurs also in shot peened specimens of Timetal 21S
[6.135]. [6.132] examined preferred surface hardening for AlCuMg2 (Al2024) alu-
minum alloy after shot peening, annealing for 12 hours at 190 �C and a final elec-
tropolishing treatment. Compared to the electropolished state annealed in the
same way, fatigue limit at 107 loading cycles was increased from about 120 MPa to
220 MPa. This proves that light metals can show substantial increases in fatigue
limit due to re-crystallization- or hardening processes occurring in the surface
layer. These are effected by mechanical surface treatments, and annealing, fol-
lowed by final electropolishing which eliminates the shot peening-induced
increase in roughness.
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7
Summary

Mechanical surface treatments allow for inducing specific surface layer states in
metallic materials. These states can be utilized to increase fatigue strength. As the
historical survey of the development of mechanical surface treatment processes in
Sect. 1 shows, the causes of increased fatigue strength were the object of long-last-
ing and severe dispute. Today it is commonly accepted knowledge that, along with
other surface layer characteristics, it is residual stress state, workhardening state,
additional microstructural changes and roughness that are crucial for fatigue
strength. In particular, it is essential that the surface layer states are sufficiently
stable and are not substantially changed by thermal, quasi-static or cyclic loading
or combinations thereof. Surface layer state stability in the loading states listed
above is the central focus of this study. Beginning with the systematics and the
selection of the examined surface treatment processes, this study deals with tech-
nological details and with the surface layer states caused by these processes, and
then goes on to describe the effects that surface layer states and their stability
have on fatigue strength. Special processes aimed at increasing the stability of sur-
face layer states receive particular attention. The processes examined primarily are
shot peening, stress peening, warm peening and warm peening at elevated tem-
peratures, deep rolling and laser shock treatment. First, these processes are
defined, then selected examples for their application are presented. The conclud-
ing discussion of installations, tools and essential influencing parameters serves
to outline the technological details of the processes.
The known facts on the elementary processes and their relevance to the respec-

tive process or material state are described briefly. These elementary processes
include the influence of temperature and strain rate on deformation behavior – in
the context of thermally activated dislocation movement, viscous damping and
shock deformation –, Bauschinger effect and static or dynamic strain aging. The
processes are described by means of analytical and numerical model approaches,
as well as finite-element approaches. The analytical approaches – such as the the-
ories of Hertz, Tabor and others on shot peening and deep rolling, as well as the
shock wave theory for laser shock treatments – serve to provide a fundamental
understanding of the processes. Simple numerical models, on the other hand, are
particularly suitable for estimating the influence of process parameters on the sur-
face layer states and are utilized industrially for setting parameters. By contrast,



finite-element simulations have so far been applied mostly in parameter studies.
Only in the context of deep rolling treatments are Finite-element simulations
used as a basis for estimating fatigue life.
The surface layer states achievable by the individual processes are discussed in

detail, focusing on characteristics such as shape, topography, residual stress state,
workhardening state, microstructure, phase fractions and texture, thereby demon-
strating the influence of process parameters and of the workpiece’s material or its
state.
. Changes of shape due to mechanical surface treatments occur primarily in
thin-walled structures and in processes involving a sufficient degree of plastifi-
cation, such as deep rolling and laser shock treatment, and are utilized specifi-
cally for peen forming, size rolling and roll trueing.

. The impact craters created by shot peening and related processes increase
roughness particularly in soft states and at high intensities. Deep rolling and
laser shock treatment, on the other hand, reduce roughness, given that treat-
ment intensity is not excessive.

. In all processes examined, the induced residual stress states exhibit compres-
sive residual stresses close to the surface. In laser shock treatments, their max-
ima are almost always located at the surface. In shot peening and deep rolling,
the state of the material clearly influences the residual stress profile, due to sur-
face stretching and Hertzian pressing occurring as competing processes. In
these processes, therefore, harder states show maximum values of compressive
residual stress below the surface. Changing process parameters – such as the
diameter or the velocity of the peening medium in shot peening, rolling force
or pressure in deep rolling, power densitiy or the number of exposures in laser
shock treatments – primarily effects changes of the depth of the residual stress
maximum and the position of zero residual stresses, rather than altering sur-
face residual stresses or their maximum values. Among the modified processes,
stress peening causes compressive residual stresses to increase in the direction
in which tensile loading stress components are effective during the peening
process, while warm peening increases compressive residual stresses slightly.
Thus, a combination of both processes creates maximum residual stress values.

. Generally, the increase of workhardening close to the surface is more pro-
nounced in soft states than in hard states. Only high strength states experience
a shot peening-induced worksoftening due to dislocations being rearranged
into energetically preferable positions. However, values of hardness measured
close to the surface may still show increases, as compressive residual stresses
increase resistance to penetration by the indentor. Deep rolling and, particular-
ly, laser shock treatment induce less workhardening than shot peening. In laser
shock treatment, a growing number of slip systems available within the mate-
rial increases the workhardening effect. Therefore, workhardening is more pro-
nounced in face-centered cubic material states, in comparison with body-cen-
tered cubic and, especially, hexagonal material states. Among the modified
peening processes, stress peening causes hardly any changes, compared to con-
ventional peening, while warm peening increases workhardening and hard-
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ness, in particular. This is due to strain aging effects impeding the plastic defor-
mation required for testing hardness. Stress peening at elevated temperatures
causes similar effects as warm peening, while their depth effect is extended.

. Shot peening causes an increased density of dislocations. In steels, their
arrangement is random, due to the obstruction of cross slip. In aluminum
alloys, dislocations show cell structures when stacking fault energy is suffi-
ciently high and cross slip is thus abetted. Strain rates are lower in deep rolling
than they are in shot peening and therefore facilitate cell formation. Due to
shock deformation, laser shock treatment usually results in twin formation and
planar dislocation structures, while fine cells are found only when stacking
fault energy is very high.

. Shot peening and deep rolling treatments are found to change the phase frac-
tions primarily in steels containing retained austenite – here, retained austenite
is transformed to martensite. So far, however, no transformations of retained
austenite have been found after laser shock treatments, presumably because the
occurring strains are too small. In the case of pure iron, on the other hand,
transformations of the body-centered cubic a-structure into the hexagonal, i.e.
high-pressure, e-structure have been observed.

. Additionally, a development of faint fiber- or rolling textures was observed in
shot peened steels.

Thermal loading causes changes of the surface layer state which are determined
primarily by elementary processes such as dislocation climb – which is controlled
by dislocation core- or volume diffusion – and also by processes of re-crystalliza-
tion and precipitation.
In many cases a quantitative description of the relaxation behavior of macro-re-

sidual stresses and characteristics of the workhardening state is achieved by
means of an Avrami function, which is applicable to the entire temperature range.
The function shows an activation enthalpy which is roughly equal to the enthalpy
for self-diffusion. The Norton approach for diffusion-controlled dislocation creep
is an alternative way of describing macro-residual stress relaxation. This is
achieved by determining the respective correlation between the plastic strain rate
and mean residual stress.
. The only statements to be made regarding shape and topography are that the
dimensional stability of thin-walled components is impaired and that there
should be hardly any changes in topography.

. Residual stress stability is often diminished by growing workhardening states,
or degrees of deformation, induced by the surface treatment. Analogously, there
is a relaxation of residual stresses which occurs more rapidly in higher strength
material states than in low strength states, due to the presence of a greater driv-
ing force for dislocation movement. This also causes corresponding changes of
the activation enthalpies. The relaxation of residual stresses is more rapid
directly at the surface than it is beneath the surface. Internally, however, no
further change of residual stress is observable. Thus, the residual stress distri-
butions that remain after thermal loading may be described by an adapted

7 Summary 357



Avrami function. Transient behavior during heating can also be described by
means of the Avrami function. This is carried out by examining isothermal sec-
tions on the basis of the so-called stress-transient method.

. The changes of the workhardening state within immediate proximity of the sur-
face are partly accelerated. They can be reduced to values smaller than in the
core if an unstable dislocation structure was created by deformation close to the
surface. Generally, the relaxation of micro-residual stresses is noticeably
delayed, compared to the relaxation of macro-residual stresses, because it
requires not only dislocation movement but also dislocation annihilation.

. The microstructure can also be changed by re-crystallization, precipitation hard-
ening and coarsening carbides or sub-grains. Annealing subsequent to mechan-
ical surface treatments can make use of certain microstructural changes for
optimizing the surface layer. Steels show coherency stresses caused by static
strain aging. They indicate the presence of semi-coherent finest carbides, pin-
ning dislocations while relaxing residual stresses slightly. In titanium and alu-
minum alloys, on the other hand, annealing can cause processes of re-crystal-
lization or precipitation. These coincide with a substantial, albeit incomplete,
relaxation of residual stress, yet they may create fine, or equiaxial instead of
lamellar, grains or cause selective or preferred surface hardening. Finally,
increases of hardness or flow stress were observed, caused by strain aging
effects as well as by developing precipitation.

During quasi-static loading of mechanically surface-treated material states, the
Bauschinger effect constitutes a significant elementary process, particularly in
respect to higher strength material states.
. The description of the deformation behavior and of residual stress relaxation is
often carried out by means of a uniaxial surface-core model. Sometimes, a biax-
ial model is employed. In this type of model, the component or specimen cross
section is divided into a surface layer and a core region, both showing constant
compressive and tensile residual stresses. A biaxial multi-layer model and a
Finite-Element simulation were developed as supplements. The level of preci-
sion increases from the surface-core model to Finite-Element models and up to
the multi-layer model. The surface-core model is used primarily to describe the
start of residual stress relaxation. Thus, it is possible to gain an understanding
of fundamental correlations, such as residual stresses changing mathematical
signs. The multi-layer model and the Finite-Element model, on the other hand,
incorporate the multiaxiality of the stress state. The initial residual stress- and
workhardening gradients are observed using a greater degree of local resolu-
tion. This allows for more precise descriptions of the dependency of the long-
itudinal and transversal residual stresses on loading stress. The multi-layer
model even makes it possible to describe the deformation behavior of the com-
pound. The deformation behavior of the individual layers is the input required.
The efforts made to obtain this data determines how well the relaxation of resid-
ual stresses is described.
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. Tensile loading completely removes longitudinal stresses if the surface layer
shows more workhardening than the bulk material. Additionally, residual
stresses show multiple mathematical sign changes if the workhardening rate in
the workhardened surface layer is lower than it is in the core area. The material
state’s ductility is another crucial factor, because generally, residual stress reduc-
tions will not be complete when elongations to fracture are small. Compressive
loading almost always causes a complete removal of longitudinal residual
stresses. Here, ductility is of secondary importance, and the range of loading
stresses that can be accessed on an experimental level is limited only by buck-
ling loads. In the surface layer, this complete removal is, at least, an indication
of a reduced workhardening rate, and may even indicate worksoftening caused
by the Bauschinger effect. An assessment of bending loading must also take
into account the supportive effect of those sub-surface regions that are loaded to
a lesser degree. An assessment of the effects of torsional loading must addition-
ally take into account the multiaxiality of the loading stress state.

. The surface-core model uses an equation to assess the equivalent stress which
results from loading- and residual stresses. This equation also allows for deriv-
ing compressive yield strengths at the surface from the loading stress required
for residual stress relaxation to set in. While soft material states show workhar-
dening, worksoftening tends to occur when hardness is greater, which can be
attributed to an increasing Bauschinger effect. In addition, quenchend steels
show evidence of static strain aging. Modified processes, such as warm peening,
clearly increase the stability of residual stresses, as compressive yield strength
at the surface is increased due to strain aging. Despite being annealed,
quenched states show noticeable workhardening when the reduction of hard-
ness is taken into account. Qualitatively and quantitatively similar effects are
caused by annealing subsequent to conventional peening treatments. An assess-
ment of the kinetics of the annealing effects shows that strain aging by carbon
diffusion is the factor which initially determines the remaining level of residual
stresses. The thermal relaxation of residual stress which occurs at longer times,
however, is dominated by creep processes.

. Assessing distributions found after tensile loading shows that the workharden-
ing states of the surface layer and the core tend to approximate each other when
deformations are great enough. In nearly all cases, the surface values need to be
measured using an x-ray line profile analysis in order to permit an assessment
of the microstructural processes. The characteristics of the workhardening state
show initial minima during compressive and tensile loading, as the dislocation
structure is rearranged from an arrangement determined by high-strain rate
deformation into an energetically preferable one. During compressive loading,
these minima appear at lower strain levels than they do in the case of tensile
loading. The reason is that compressive loading effects an immediate onset of
plastification at the surface, and plastification is not initially restricted to the
core area. A general workhardening occurs when deformations are great
enough.
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How stable surface layer states created by mechanical surface treatments are dur-
ing cyclic loading is primarily determined by cyclic deformation behavior, and by
quasi-static yield strength and cyclic yield strength and their difference to fatigue
limit. In steels, rising hardness increases quasi-static and cyclic yield strength
more than it increases fatigue limit. Therefore, the stability of the surface layer
increases substantially as hardness grows.
. The models describing surface layer changes that occur during fatigue loading
necessarily follow the fatigue loading phases. After the first loading cycle –
which, apart from the single inverse loading, is determined by the aforemen-
tioned phenomena that occur during quasi-static loading – the phase of cyclic
deformation without crack initiation is crucial. The residual stress changes
which take place in this phase are the more pronounced the greater the number
of cycles and the stress amplitude are. There are a number of empirical rela-
tions which describe this behavior. The relation describing residual stress
relaxation as proportional to the logarithm of the number of cycles and to stress
amplitude has proven to be the most useful one. In addition, the changes of the
residual stress state can be correlated well to the plastic strain amplitudes which
occur e.g. up to half the number of cycles to failure. By contrast, the residual
stress relaxation which occurs during the crack propagation phase so far has
not been covered by the existing models.

. Examining the start of residual stress relaxation during cyclic loading, on the
other hand, allows for estimating cyclic yield strength at the surface and thus,
for assessing effects of surface layer workhardening on behaviour during cyclic
loading. This may be done in two ways. Firstly, aforementioned approach for a
description of residual stress relaxation in the fatigue phase before crack initia-
tion can be extrapolated up to residual stresses that are independent of the
number of cycles and therefore, stable. Secondly, it is also possible to determine
the stress amplitude which is required for continuous residual stress relaxation
between the first and e.g. the 104th loading cycle. Both methods yield satisfactory
descriptions of the resulting cyclic yield strengths at the surface if calculations
are based on the residual stress values present after the first cycle. In steels,
cyclic yield strengths at the surface show an increase with growing material
hardness which is noticeably smaller than the increase of the cyclic yield
strength of the bulk material, as the Bauschinger effect becomes increasingly
important. Given an otherwise equivalent material state, there is evidence that
great residual stresses – such as those present after stress peening – relax more
rapidly than smaller ones. Warm peening treatments and conventional peening
treatments plus subsequent annealing create similar initial residual stresses,
but strain aging effects result in significant increases of cyclic yield strength at
the surface and thus, in residual stresses which are more stable.

. The workhardening states close to the surface which have been increased by
surface treatment are generally reduced as the number of cycles rises. States
exhibiting strain aging effects close to the surface – i.e. warm peened states and
states created by conventional peening and subsequent annealing – show work-
hardening in the surface layer that is particularly stable during cyclic loading or
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is increased even further. The reason is that due to the small number of mobile
dislocations, plastic deformation requires a multiplication of dislocations. The
occurrence of typical fatigue dislocation structures is prevented or, at least,
delayed.

. Microstructural changes themselves also generally tend to approximate the
states of the surface layer and the core, i.e. the microstructure shows typical
signs of fatigue, such as cells. Due to workhardening effects, increases of stress
amplitudes may occur close to the surface, resulting in smaller cells appearing
there. In many cases, however, it is impossible to completely remove the micro-
structural changes created by pre-deformation.

In simple models, the effects of surface layer states and their stability on fatigue
strength are divided and additively applied to the individual changes of the surface
layer state. Residual stress Haigh diagrams can be used to assess the effects of
residual stresses on fatigue strength. These diagrams either assume that residual
stresses are stable, or take into account the cyclic relaxation of residual stress
which occurs when cyclic yield strength at the surface is exceeded. A more de-
tailed examination, which includes the workhardening effects close to the surface,
the topographical changes and the notch- and loading-induced stress gradients, is
provided by the concept of the local fatigue limit. If, on the other hand, the ability
of crack propagation shows a significant influence, it is possible to use the concept
based on linear-elastic fracture mechanics which was also discussed above. The
effects of surface layer states on fatigue loading behavior can be examined sepa-
rately for the individual phases of fatigue.
. Cyclic deformation behavior shows signs of worksoftening to appear sooner, e.g
in normalized steels, due to the superposition of loading- and residual stresses,
while pronounced workhardening generally reduces the plastic strain ampli-
tudes that occur. However, if mechanical surface treatments are followed by
annealing, the subsequent alternating deformation behavior shows that work-
softening occurs later and is reduced. Notched states represent a special case, in
which loading without mean stresses can cause a cyclic contraction of the speci-
men. The reason for this is that residual stress relaxation in notched specimens
occurs in a locally concentrated form and the increments of plastic deformation
occur primarily during the half cycle of compressive loading. Cyclic stress-strain
curves obtained for trepanned specimens after shot peening or deep rolling
show noticeable workhardening effects.

. Crack initiation is essentially determined by the size of the plastic strain ampli-
tude and is therefore delayed by the workhardening effects. However, some of
the changes in roughness are very important. The smoothing effects of deep
rolling and laser shock treatment, at any rate, generally delay the development
of crack initiation. Small loading stress gradients and stable residual stresses,
such as those found in high strength steels, can shift the position of crack initi-
ation from the surface to a location below the surface.

. Crack propagation is also influenced by the state of the surface layer, particular-
ly by residual stresses. However, this effect can hardly be examined separately,
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because the areas around the crack tips always develop typical residual stress
fields superposing those stemming from surface treatment. Accordingly, me-
chanical surface treatments have an effect on crack propagation rate. This
applies particularly to crack lengths smaller than the depth effect of the me-
chanical surface treatment. It is primarily the compressive stresses introduced,
as well as the workhardening states, which can significantly delay or even stop
crack propagation.

. Steels, in particular, have been the subject of systematic studies of the effects
which the surface layer states induced by mechanical surface treatments have
on fatigue life and fatigue strength. The influence of the different surface layer
characteristics results in different stabilities of the surface layer states and, espe-
cially, of the residual stresses. This suggests a division into low-, medium- and
high strength states. In low strength material states, residual stresses are
relaxed significantly. Therefore, they have almost no influence on fatigue limit.
Only the workhardening state created by the surface treatment is an essential
factor. Medium strength material states, on the other hand, show residual
stresses that usually remain stable, at least during loading which does not
exceed the fatigue limit. Therefore, the level and distribution of residual stresses
significantly influence fatigue limit. Workhardening close to surface and sur-
face roughness can cause significant changes in fatigue limit. Small loading
stress gradients, as found e.g. in smooth states, abet crack initiation in the re-
gion beneath the surface layer influenced by mechanical surface treatment. In
notched states, therefore, significant increases of the fatigue limit are possible,
as the position of crack initiation is shifted to the surface. In high strength
material states, residual stresses largely remain stable not only during loading
in the range of the fatigue limit, but also during loading in the high cycle fati-
gue range. Therefore, their influence on the fatigue limit is significant when
residual stress gradients are sufficiently small or when the stress gradients are
sufficiently great, as e.g. in the case of notched states. The fatigue limit of
notched material states, in particular, is often determined by cracks which were
initiated close to the surface and are unable to propagate in the region of the
residual stress maxima. Workhardening close to the surface and surface rough-
ness, on the other hand, are less important, compared to the low- and medium
strength states, as both the workhardening state and roughness experience only
marginal changes.

. Modified peening treatments, such as stress peening, warm peening or anneal-
ing after conventional shot peening, can be utilized to increase fatigue strength
significantly. The effects – particularly those of stress peening – are strongest in
higher strength steels, due to the residual stress stability required. It is precisely
these states for which annealing effects must be taken into account during
warm peening and peening treatments with subsequent annealing, as these
effects restrict the achievable increases of the fatigue limit.

. Light metals, for the most part, have not been examined in respect to surface
layer state stability. Therefore, a simplified assumption is made that surface
layer states are more stable in material states that show cyclic workhardening
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than they are in material states that show cyclic worksoftening. Accordingly,
increases of fatigue strength are expected to occur mainly in material states that
exhibit cyclic workhardening.

. Annealing after mechanical surface treatment causes re-crystallization effects.
These can result in surface layer states which show extremely fine grains or
whose grain morphology is altered. Thus, fatigue strength increases are achiev-
able, particularly at elevated temperatures or in combined creep/fatigue loading.
Annealing also creates selective or preferred surface layer hardening, which can
be utilized to increase fatigue strength, particularly at room temperature.
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