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ABSTRACT

The compressive residual stress induced by a shot peening process can be highly bene-
ficial to fatigue performance of components. Experimental data reveal that the compres-
sive residual stress can be relaxed and even be changed to detrimental tensile stress by
mechanical loading. In this paper elastic-plastic finite element analysis as well as inter-
actions between residual stress and applied mechanical loading are discussed. The
stress-strain curves accounting for effects of shot peening are derived from tensile load-
ing tests. With experimental verifications, a computational approach based on the ex-
perimental stress-strain curves and the empirical plastic strain profile is proposed for
estimation of residual stress relaxation. The analysis shows a good agreement between
measurement and computational prediction for tensile loading.
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1. INTRODUCTION

Recently, experimental analysis [2] revealed that the compressive residual stresses near
the specimen surfaces induced by shot peening can become tensile stresses after high
tensile loading, especially for high peening intensities. This phenomenon is of particular
interest, because it is not in accordance with the commonly held concept that no change
from compressive to tensile residual stresses is observed in any of the specimens [1,6]
and that the increase of surface roughness occurring due to the shot peening process
should be responsible for the detrimental influence of shot peening on fatigue life in high
loading conditions. Tensile residual stresses after high tensile loading levels definitely
affect component life negatively. By far, the mechanism of presence of tensile residual
stress has not been fully investigated and understood. Due to vanishing compressive
residual stress, the life improvement diminishes. Computational analysis based on cyclic
plasticity theory, however, does not predict such significant relaxation of residual
stresses.

The present study is trying to clarify interaction of residual stresses based on experi-
ments and computations. Due to extremely high plastic deformations in the shot peened
surfaces, the material properties can generally not be covered by the usual tensile tests.
In the present work we conducted special tensile tests with plastically pre-deformed
specimens showing plastic strains up to 50% and used the resulting stress-strain curves
to calibrate residual stress variations. Our computational results confirm that relaxation
of residual stresses induced by shot peening at high level monotonic load for round bar



specimens can be predicted by FEM analysis accurately. This method can be applied for
other specimens and materials.

2. EXPERIMENTS FOR LARGE PLASTIC DEFORMATIONS
In engineering applications the stress-strain relationship is approximated by the
Ramberg-Osgood model

Ec=oc+ac” (1)
with E as Young’s modulus, « as plastic offset parameter and n as plastic strain
hardening exponent. The parameters of the Ramberg-Osgood model are usually taken
from tensile tests. The plastic strain in engineering applications is limited to 1%. It
follows that all parameters are identified based on these small plastic deformations.
For most structural components the mechanical loading varies with time. Therefore, one
usually uses a cyclic plasticity model to analyze cyclic plastic deformations in the
machine parts. A popular material model implemented in the commercial FEM code
ABAQUS is the so-called combined hardening model with the yield surface defined by
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where Je(aij —aij) is the Mises effective stress with respect to the back stress ¢;, and

oy is the size of the yield surface. We assume associated plastic flow is expressed as
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where ¢7° represents the rate of plastic strain rate and £° the equivalent plastic strain
rate. The evolution law of this model consists of two components: a nonlinear kinemati-
cal hardening component, which describes the translation of the yield surface in stress
space through the back stress, «;; and an isotropic hardening component, which de-
scribes the change of the equivalent stress defining the size of the yield surface, oy, as a
function of the plastic deformation as

O, =0+ Q(l— exp(— beg? )) (4)

Obviously, growth of the yield surface depends only on £°, not on deformation compo-
nents and deformation directions. For large equivalent plastic strain, oy approaches a
constant value. Then, the stress-plastic strain hysteretic curve closes. In engineering
materials one may find that the strain-controlled cyclic loading is characterized by tensile
stress state, i.e. the loading ratio nearly equals 0. the accumulative cyclic plastic strain is
not so large. The first loading amplitude defines essentially the maximum stress. The
following plastic strain is rather small. Especially the shot peening induces high plastic
deformations to the surface and the following mechanical loading will not exceed the
initial plastic strain of shot peening.

To identify material parameters one has to perform cyclic tension and compression tests
with significant plastic and reverse plastic deformations. In a strain controlled test the
strain amplitude is symmetric about the stress axis which substantially differs from the
loading history in a shot peened specimen.

In the shot peening process the specimen surfaces are loaded discontinuously in one
direction of the stress space. The increasing deformations are dominated by compres-
sive impacts. The huge plastic strains in the compressive residual stress layer are ac-
cumulated by many repeated shot impacts. Reverse plasticity does play a role in the
shot peening process. Based on these considerations, one may assume that the loading
history of the material layer below the shot is to be approximated by a monotonic loading
path. Large plastic strains are reached by compressive deformations.

Analyzing stress variations in a shot peened specimen, one should assume that the
stress state near the shot peened surface differs from the bulk material. The material in
the compressive residual stresses zone is loaded by huge compressive plastic strain
deformations, of up to 40% [7, 8, 11], which cannot be measured in tensile loading con-
ditions. Much attention should be paid to the deformation behaviour of large-strain
plasticity and also the stress-strain responses at small-scale re-yielding after large pre-
strain [17]. Relaxation of the residual stress has to solve the following two problems: (1)




Effects of large plastic strains in a stress-strain relationship which are not measured in
tension tests. (2) The difference of compressive stress and strain state from the tension
states. For these reasons additional material tests are necessary to clarify residual
stress evolutions in shot peened specimens.

=20

i5 16
— 1310—"|.1 :
[ ]

] A [ ]
@‘% =
= 2
(%
Fig. 2. The initial geometry of tensile specimens used in the present study (Unit: mm). The specimen
thickness is reduced by 10-30% after uniaxial pressing to investigate effects of compressive plastic strains.

In order to understand the effect of large compressive plastic strains a series of specific
tension specimens have been prepared and tested. The geometry of the tensile
specimen is shown in Fig. 2. The initial specimen thickness is 3mm. The pre-strain is in
the thickness direction of the specimens. To systematically study effects of pre-strain,
the thickness of specimens is reduced to 90%, 80% and 70%, that is, the plastic strains
are 10%, 20% and 30%, respectively. The pre-strains are induced by static uniaxial
pressing. By neglecting friction in pressing, the deformations in specimens are uniaxial
and uniform. After pressing the specimens are stress-free.

The specimens are tested under uniaxial elongation to fracture. The experimental
records are summarized in Fig. 3 in which the horizontal axis denotes the equivalent
plastic strain including initial compressive plastic strains. The vertical axis stands for the
true stress calculated from the plastic volume-incompressibility. The experiments show
clearly that the fracture strain depends on initial compressive strains. For large
compressive pre-strain, the fracture strain increases significantly. On the other side, the
plastic strain hardening does not vanish even beyond 30% plastic strain. Based on this
conclusion we take a Ramberg-Osgood model for the whole relevant plastic strain
regime.
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Fig. 3. Stress-strain curves for base material as well as pre-strained specimens (M 1: Base material
specimen; M 2: 10% pre-strained specimen; M 3: 20% pre-strained specimen; M 4: 30% pre-strained
specimen; Ext: The extended stress-strain curve for FEM computations.).

Based on the experimental data, the more realistic stress-strain relationship including
large plastic deformations over 40% can be approximated by the Ramberg-Osgood
model, as shown in Fig. 3. The model considers only monotonic loading or loads with
minor cyclic stress variations. It is still open how to characterize stress behaviour for
higher cyclic stress amplitudes. More detailed experimental investigations to this issue
are needed for clarifying cyclic plastic features coupled with high pre-strains.

Since plastic strain hardening is significant in large strain regions, one expects that the
residual plastic strains induced by shot peening may affect residual stress variations.
Most published papers on this topic are based on computational simulations [4, 7]. Di-



rect measurement of the plastic strain seems not applicable at present. Predictions of
residual strain distribution are assumed to be described in the following section.

3. VARIATIONS OF RESIDUAL PLASTIC STRAINS
The common generalized form of plastic strain induced by shot peening is summarized
in Fig. 4. The distribution of residual strain is written as

g” zgo(l—iJ exp[o{l—iJ - J (5)
XO XO

with four parameters: xp the depth with vanishing plastic strain, & the plastic strain at the
surface (x=0), « is a parameter for non-monotonic variations of plastic strain. The expo-
nent n describes variations.

Parameter study is executed to understand the general trend about dependence of
residual stress variations on these parameters. Shot peening generates high plastic
strain (up to 30—-40%) [9, 11]. Thus, the plastic strain at surface, i.e. &, ranges from 0.3
to 0.4. In this study, the depth of plastlc strain Xois taken as same as the initial depth of
compressive residual stress.
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Fig. 4. Initial computational plastic strain distributions.

In literature one often finds two very different distributions: monotonic decreasing varia-
tion and distribution with maximum under the surface. Both types can be approximated
by Equation (5). In our computations the various plastic strain distributions will be dis-
cussed.

4. COMPUTATIONAL PREDICTIONS OF RESIDUAL STRESS RELAXATIONS

4.1 Residual stress variations based on cyclic plasticity

The commercial finite element program ABAQUS has been used for the present study.
We consider a uniaxial tensile bar which can be modeled using axisymmetric elements.
Loads are applied by a uniform displacement along the axial direction. The material
behaviour is described by the combined hardening model, Eq. (3).

As initial conditions, both residual stresses and equivalent plastic strains are assigned to
integration points as a function of the distance from the free surface. The initial back-
stress in the constitutive equation has been assumed based on impact simulations. In
Fig. 5 the residual stress variations at the initial state, after 0.7% and 1.2% elongation
are summarized. The initial residual stress profile agrees with experimental records [2].
After one cycle of static loading, the residual stress profile changes due to new
plasticification in the whole specimen. The computation predicts evolutions of residual
stress up to 0.7% elongation at which the new plastic deformation in the specimen does
not affect the residual stresses near the specimen surface. Significant deviations from
experimental data [2] are observed in loading beyond 1% elongation. Whereas the
experiment [2] shows tensile residual stress at the specimen surface, the computation



based on the combined hardening model predict vanishing residual stress. Fig. 6 plots
the residual stress at the specimen surface as a function of applied loading elongation.
The computational results deviate from experimental data only at high loading levels.
Whereas the experiment [2] shows a linear increment of residual stress, the computation
approaches to zero.
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Fig. 5. FEM computational residual stress profiles based on conventional cyclic plasticity model.
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Fig. 6. Variations of FEM computational residual stress on the surface based on conventional cyclic
plasticity model. The computational results are hardly affected by the initial plastic strain profiles.

Such computational results are obvious if the material behaviour is approximated as
being elastic-perfectly plastic. As soon as the whole specimen is plastified, the upper
and lower stresses are described by the yield stress. Under pulsating loading condition,
the lower stress is zero. In cyclic plasticity, plastic strain hardening vanishes for a large
amount of plastic deformation. It follows that the residual stress diminishes for large
elongations. The deviation implies that one may not use the conventional cyclic plasticity
model to calibrate the residual stress variation in the shot peened specimen. The plastic
strain distribution does not effect residual stress prediction since the incremental stress-
strain relation becomes independent of plastic strain.

4.2 Residual stress variations based on multi-layer model

Shot peening changes material properties below the specimen surface. However, mate-
rial properties in the material are not homogeneous due to gradually varying plastic
straining as shown in Fig. 2. The material on the specimen surface is changed most
strongly, the material at the depth where compressive residual stresses approach zero
may be assumed not to be affected. In computations this inhomogeneous material can
be approached by a multi-layered model.

In the multi-layered model we assume that only the yield stress varies from layer to layer.
It will certainly cause discontinuity in the material property, but becomes increasingly
accurate with layer number. Due to varying plastic strains in the specimen surface, the
yield stress reaches its maximum in the material layer below the specimen surface. The
stress difference is proportional to the final tensile residual stress. In Fig. 7 and Fig. 8



computational results are plotted. Due to the small discontinuity in the material property
the residual stress profiles near the specimen surface show small vibrations. The resid-
ual stress variations are corresponding to experimental data [2] in total. The tensile re-
sidual stress near the specimen surface is a direct consequence of yield stress incre-
ment. It implies that the higher tensile residual stress at higher loading cannot be ap-
proached based on the proposed multi-layer model.
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Fig. 7. FEM computational residual stress profiles based on the multilayer model. The computation
predicts realistic variations of the residual stress in comparing with known experiments [2].
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Fig. 8. Variations of FEM computational residual stress based on multilayer model (In Case 1, 2 and 3, the
yield stresses of material on surface are 1.30y, 1.40, and 1.50,, respectively. o, is yield stress of the bulk
material.).

4.3 Residual stress variations based on compressive stress-strain curves

The previous results show strong effects of plastic strain hardening. Zero hardening will
not generate high tensile residual stresses. Based on the experimental tension tests, we
are able to use the monotonic stress-strain curve for the residual stress evolution
analysis. Only the initial plastic strain has to be assumed in accordance.

Fig. 9 shows the residual stress values on the specimen surface for various plastic strain
model (5) with =0. For a given &, the residual stress variation depends on n slightly. &
plays a more important role in residual stresses near the specimen surface than n does,
as shown in Fig. 9.

In Figure 10 results of two loading levels combined with three exponents n in Eq. (5) are
summarized. Whereas n>1 shows continuous gradient of plastic strain profile, n=1
means a jump in the gradient. At low loading levels, the discontinuity in plastic strain
gradient seems change RS. Up to 0.7% elongation, the plastification in the bulk
specimen is not so large, so that the residual stress zone is changed significantly. It
follows that the plastic strain distribution does not effect residual stress variations. For
large applied loading, e.g. 1.2% elongation in Fig. 10, n dos not affect the residual stress
variations.

The significant deviations as residual stress approaches zero results from the sensitive
relation between plastic strain and strain hardening. Most deviations are observed in



n=1, i.e. linear plastic strain distributions. With increasing n, the residual stress profile
becomes smooth. One may conclude that the n should be larger than 2 and its effects
are negligible.

Additional computations show that « controls the residual stress profile only at large
applied loading in the same way as parameter n.
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Fig. 9. Computational predictions of residual stress ~ Fig. 10. Residual stress profiles affected by plastic strain
variations near specimen surface based on various  distributions (€,=0.4, a=0, Tension loading is elongation
plastic strain distributions. in percentage).

5. CONCLUSIONS

In this paper residual stress relaxation models were proposed based on an assumed

initial plastic strain profile. The models were verified using finite element analysis with

experimental data [2]. Based on extensive FE computations we may conclude:

1. Cyclic plastic stress-strain relationship contains too low strain-hardening and can not
simulate the effects of large plastic deformations. The predicted residual stress near
the specimen surface have to approach zero which does not match experiments of
shot peened specimens

2. Shot peening changes material properties of the compressive zone. The stress-strain
relationship has to be identified based on pre-strained specimens. The peened
material exhibits significantly more plastic strain hardening, especially in large
deformation regions.

3. The tensile residual stress after high mechanical loading can be predicted based on
stress-strain relationship taken from pre-strained specimens. Our computations
agree with known experimental data reasonably. Based on this knowledge, one may
further simplify residual stress variations by using a simple monotonic stress-strain
curve.

4. Effects of cyclic loading have to be investigated separately. It remains open how to
calibrate cyclic softening of the material at such high plastic strains. This work needs
very detailed and specific defined experiments.
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