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Abstract 
Shot peening is often used to improve the fatigue life of cyclic loaded components. Therefore it 
is very important to know the changes of the residual stress state due to quasi-static loading. 
The objective of this work was to describe the changes of the residual stress state of different 
materials caused by shot peening induced by quasi-static loading. Therefore different shot 
peened specimens were loaded isothermally up to a specific tensile load. After the different 
loadings the residual stresses at the surface and for special loadings the residual stress depth 
distributions were determined experimentally by using X-ray diffraction. With an already existing 
model, based on the surface-core-model, the deformation behaviour of the surface could be 
deduced from the results of the quasi-static experiments. The model was adapted so that it is 
possible to predict the residual stress relaxation according to the residual stress and the full 
width at half maximum depth distribution and a stress-strain curve of hole drilled specimen. The 
remaining material in the gauge length of the hollow drilled specimen is much more affected by 
the mechanical surface treatment. So rather the hardening or the softening of the material could 
be measured and integrated in the modelling. 
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Introduction 
Shot peening can significantly increase the fatigue life of cyclic loaded components. The im­
provement of the properties can be attributed to near-surface residual stresses and work hard­
ening. Because of mechanical relaxation of the residual stresses the mechanical properties 
can be reduced. For the design of cyclic loaded components it is therefore very important to 
know the dependence of the stress relaxation on the mechanical loading. To describe the 
mechanical residual stress relaxation analytical and FE-models can be used. Both procedures 
have their difficulties. The analytical models must be adapted by costly experimental results. 
The FE-Models normally base on complex material models and the surface state after the 
mechanical surface treatment must be generated with complex process models. In this paper 
the mechanical macro residual stress relaxation is described by a model which bases on the 
procedure of [1, 2]. The model was adapted so that the residual stress relaxation under quasi 
static loading can be modelled with only one tensile test and the initial residual stress and full 
width of half maximum (FWHM) depth distribution. 

Methods 
The investigations were carried out on age hardened lnconel® 718 (IN718) and quenched and 
tempered AISI 4140 round specimens. The outer diameters of the samples were 7 mm. The 
cylindrical surfaces of the samples were shot peened. The material state, Almen intensity and 
testing temperatures of different investigated material states or rather materials are summa­
rized in Table 1. In order to find out the change of the quasi-static residual stresses, interrupted 
tensile tests were performed. In addition to the interrupted tensile tests specimen were me­
chanically drilled and afterwards the drill hole was enlarged to a diameter of 6.6 mm by wire 
electro discharge machining. This ensures that the remaining material is not additionally work 
hardened. With these hollowed specimen tensile tests were performed at the testing tempera­
ture. The surface residual stresses were measured before and after the mechanical loading by 
X-ray diffraction. The measurement conditions and basis of calculation for the residual stresses 
are listed for the different investigated materials. For the residual stress evaluation the sin2 '1'­
method was used. For selected mechanical loadings the complete depth distributions of resid­
ual stresses were measured by alternating electro polishing and measuring steps. Because 
the removed area was small, the stress relaxation could be ignored. 
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T bl 1 M a e . I . I atena , matena states an d t f dT es ing con 1 ,ons 
IN718 (0.1 mmA) I IN718 (0.25 mmA) AISI 4140 (0.21 mmA) 

heat treatment solution annealing: 955 - 985°C for 1 h Quenched and tern-
ageing treatment: pered for 

720°C for 8h and 620°C for 8h 2 hat 450°C 
Almen intensity 0.1 mmA I 0.25 mmA 0.21 mmA 

testing temperature TT< 750°C I TT< 750°C RT (room temperature) 

Table 2: measurement conditions and basis of calculation for the residual stresses 
IN718 AISI 4140 

Interference line {311} {211} 
Radiation Mn-Ka Cr-Ka 

Youngs Moduls of the interference line EO 200 GPa 219.911 GPA 
Poss ion ratio of the interference line v{ > 0.32 0.28 

Stress free diffraction angle 200 151° 156.394° 

Experimental Results 
The initial material states were characterised. The residual stress and FWHM depth distribution 
of the two materials and corresponding material states are shown in Figure 1. 

IN718; 0,25 mmA; TT 

depthx[µm] depthx [µm] 

Figure 1: Initial residual stress and FWHM depth distributions for the two material states 
of IN718 (on the left after a thermal treatment on TT) and quenched and tempered AISI 

4140 ( on the right) 

For the material IN718 the depth distribution are illustrated after a thermal relaxation (Figure 1 
left). The two material states of IN718 both show a residual stress depth distribution with max­
imum compressive residual stresses beneath the surface. The material state which was 
peened with the higher Almen intensity shows the higher penetration depth. The penetration 
depth of the FWHM is also higher for the higher Almen intensity. The FWHM depth distributions 
have a clear trend. Both material states have the highest value of FWHM at the surface and 
the FWHM decrease continually until the FWHM value of the untreated material is achieved. 
The residual stresses and FWHM for the quenched and tempered AISI 4140 are illustrated in 
Figure 1 on the right. The compressive residual stresses also have their maximum value be­
neath the surface but there is a plateau of the residual stress values. In comparison to the 
IN718 the penetration depth is higher and the FHWM show no clear tendency. This is typical 
for this material and material state [3]. The residual stresses after different quasi-static loads 
are shown in Figure 2 on the left for the different material states of IN718 and on the right for 
the steel AISI 4140. All materials show the same behaviour: The surface residual stresses are 
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nearly constant until the total strain achieves the elastic limit. After this, the compressive resid­
ual stresses first build up slightly and decrease afterwards. For the two material states of IN718 
tensile residual stresses are built up. The steel AISI 4140 shows no zero crossing of surface 
residual stresses and the surface residual stresses keep nearly constant at a value of crrs =-
300 MPa. The stress-strain curves for the different materials and material states are also pre­
sented in Figure 2. In this figure also the material behavior of an untreated material state is 
shown. Both material states of IN718 achieve higher stresses than the untreated material. The 
stress-strain-curves of both material states of IN? 18 show a hardening of the material. For the 
state of 0.1 mmA the elastic limit was measured higher than the elastic limit of the untreated 
state. The elastic limit of the 0.25 mmA state has a lower elastic limit than the untreated state. 
The steel AISI 4140 shows a lower elastic limit, but the stresses run completely under the 
stress-strain-curve of the untreated material. So the material seems to be softened. 
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Figure 2: Measured stress-strain curve of the untreated, the hole drilled specimen as well 
as the measured and modelled [1, 2] surface residual stresses after 
the mechanical loading for the two material states of IN718 (left) and 

the quenched and tempered steel AISI 41440 (right) 

The measured depth distributions of the residual stresses (Figure 4 and 5) show the same 
behavior at and near the surface. For depths larger than the depth of the maximum compres­
sive residual stresses, the residual stresses do not cross the zero line. It can also be seen that 
the depths of the maximum and the zero-crossing of the residual stresses are almost constant. -

Discussion 
The result can be modelled as already presented in [1, 2]. The model bases on the surface­
core-model [4-6], the deformation behaviour of the surface can be deduced from the results of 
the quasi-static experiments. The model was expanded to a multi-layer model so that the com­
plete residual stress distribution after quasi-static loading can be described. The result of this 
modelling for the surface can be seen in Figure 2. There is a good correlation for the two 
material states of IN718 and the modelling can be applied for the steel AISI 4140. The model 
can reproduce the buildup of the compressive residual stresses. But the modelling is very 
costly, especially for the IN718 tests at elevated temperatures. The specimens must be heated 
up stepwise, mechanical loaded and the residual stress must be measured. So it would be fine 
to model the quasi static residual stress relaxation with an easier way. In the model of [1, 2] it 
was possible to calculate the stress-strain curve of a hole drilled specimen, beside the calcu­
lation of residual stresses, if the hardening is known as a function of the depth. So it should 
also be possible to calculate the residual stress relaxation if the hardening as a function of the 
depth and the stress-strain curve of hole drilled specimen are known. In [1, 2] the distribution 
of FHWM was directly correlated with the technical elastic limit at 
1 % plastic stain Rp,1%(x). 
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[X-Xo]
4 

Rp,1% (x) = --:;::-- · (Rp.1%.sw:fuce - Rp,1%,core) + Rp.1%.core for x < x0 
(1) 

Rp.1%(x) = Rp,1%,core for x ~ x0 

Rp,1°!.(x) is the technical elastic limit at 1 % plastic strain as a function of the depth x, Rp,1%,surtace 
and Rp,1%,core are the technical elastic limit at 1 % plastic strain for the surface and the core and 
x0 is the depth of zero crossing of the residual stress. This equation was deduced from the 
depth distribution of the full width at half maximum (FWHM), which is used as an indicator for 
work hardening. Additional it was accepted that the distribution of the strain hardening coeffi­
cient distribution of K(x) of the Ramberg-Osgood-approach [?] has secondary effects on the 
calculation of residual stress. So a linear correlation was taken: 

[
x-x J -

K(x) = ~ · (K.,w:face -Kcore) + Kcore 1or x < x J' () 
(2) 

K(x) = Kcore for x~ x0 

K(x) is the hardening coefficient as a function of the depth x, Ksurtace and Kcore are the hardening 
coefficient for the surface and the core and xo is the depth of zero crossing of the residual 
stresses. The strain hardening exponent as function of depth n(x) can be calculated by con­
verting of the Ramberg-Osgood approach [4]: 

n(x) = log((Rp,I% (x) I K(x)) = log(K(x))- log(Rp,I% (x)) 

log(0.01) 2 
(3) 

The whole hardening of shot-peened specimens can be described with the equations ( 1 ) and 
the Ramberg-Osgood-approach. The parameters Rp,1%,core, Kcore and Xo can be deduced from 
the experiments. The parameters Rp, 1%,surface and Ksurface must be determined. Therefore the 
hollow drilled specimen is subdivided into 20 layers. The work hardening behaviour corre­
sponding to coefficient K(x) and exponent n(x), compare Eq. (1 - 3)) is related to each layer 
corresponding to the mean depth of the layer. Because the residual stresses relocate during 
the hole drilling process, a residual stress free specimen is assumed. So it is possible to cal­
culate the stress crn as a function of the applied total strain ct for every layer. After averaging 
the stresses crn of every layer the same total strain ct results in the stress-strain curve of the 
hollow drilled specimen. By changing the Rp,1%,surtace and Ksurtace the calculated stress-strain 
curve and measured stress-strain curve can be approximated. For the approximation of the 
stress-strain respectively Rp, 1%,surface and Ksurrace curve a least square algorithm was used. So it 
is also possible to calculate a stress strain-curve for the surface by using Rp, 1%,surface and Ksurface 

and shifting to the residual strain which can be calculated by Hooke's law and the residual 
stresses at the surface before mechanical loading. Assuming a linear-elastic unloading pro­
cess the residual stress relaxation for the surface residual stresses after a quasi-static me­
chanical loading can be determined (compare [1, 2]). The result of this proceeding can be 
seen in Figure 3. The beginning of the residual stress relaxation can be predicted very well. 
Furthermore the change of sign as well as the range of resulting residual stresses can be 
predicted with this method in dependency of the mechanical loading. Details like the build-up 
of compressive residual stress cannot be predicted. Residual stress relaxation of the model is 
in all case more pronounced than in the experiment, so the model gives a conservative esti­
mate. With the calculated distribution of work hardening behaviour it is according to [1, 2] also 
possible to calculate the residual stress depth distribution after a quasi-static mechanical load­
ing. The results are shown in Figure 4 (left 0.1 mmA and right 0.25 mmA) for IN718 and in 
Figure 5 for the steel AISI 4140. 
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Figure 3: Measured stress-strain curve of the untreated material, with the data of the hole 
drilled and shot peened specimen calculated stress-strain curve at surface and testing tem­
perature as well as the measured and calculated surface residual stress at room tempera­
ture. On the left the two different material states of IN718 and on the right the data for the 

quenched and tempered steel AISI 4140 are shown 
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Figure 4: Measured and calculated residual stress depth distributions after different 
quasi-static mechanical loading and different shot peening states 

0.1 mmA {left} and 0.25 mmA {right) for IN718 

250 

The measured and the calculated residual stress depth distributions correlate in principle. But 
the model overestimates the residuals stress relaxation as already determined for the surface 
residual stress relaxation {compare Figure 3). The calculated residual stress depth distribu­
tions for the steel AISI 4140 show a greater discrepancy from the measured values. This can 
be explained with the material state. For this ageing condition the hardening state depth distri­
bution cannot be correlated directly with the FWHM depth distribution. So there the correct 
basis for modelling is not available here. In order to get better results with this modelling the 
hardening depth distribution should be known well, the hole diameter should adapted to the 
hardening depth distribution and in the best case the residual stress distribution of the hole 
drilled specimen should be known. 
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Figure 5: Measured and calcu­
lated residual stress depth distri­
butions after different quasi-static 
mechanical loading for the 
quenched and tempered steel 
AISI 4140 (0.21 mmA) 

The residual stress relaxation of shot peened IN718 and AISI 4140 after an isothermal quasi­
static loading was modelled based on the measured initial residual stress and FWHM depth 
distributions and stress-strain curve of shot peened and hole drilled specimens. With this mod­
elling residual stress relaxation can be predicted. It was possible to predict the begin of the 
residual stress relaxation. Furthermore changes of sign as well as the range of resulting resid­
ual stresses can be predicted. The original model of [1, 2] which was the basic for the modelling 
show better results for both materials, but the model is more costly. The prediction of the re­
sidual stress depth distribution after a mechanical loading was only possible for IN718. For 
steel AISI 4140 there was no good arrangement. This could be explained with the material 
state. For this ageing condition the hardening state depth distribution cannot correlate directly 
with the FWHM depth distribution. So there is not the correct basis for modelling. But for ma­
terial respectively material states which have a clearly tendency of hardening state depth dis­
tribution it is possible to calculate the residual stress depth distribution after quasi static me­
chanical loading with the presented model. 
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