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ABSTRACT

Shot peening induced residual stresses can be relaxed by supplying sufficiently high
amounts of thermal and/or mechanical energy, which converts the residual elastic
strains to microplastic strains. In order to better understand this relaxation behaviour,
the steel AISI 4140 (German grade 42 CrMo 4) in a normalized condition and a quen-
ched and tempered condition was investigated in bending fatigue experiments at 25°C,
250°C and 400°C. Characterization of the residual stress changes in shot peened flat
specimens during fatigue was realized by X-ray stress measurements. in all cases the
residual stress relaxation occurs in different regimes. First, thermal relaxation reduces
the residual stresses during specimen heating. Next, relaxation during the first cycle
can be discussed on the basis of the effects due to quasistatic loading. Due to cyclic
creep effects the interval between the first cycle (N=1} and the number of cycies to
crack initiation N, is characterized by linearly decreasing residual stresses with the
logarithm of N. Finally for N > N, the reduction of residual stresses with logarithm of N
is stronger than linearly. In both heat treatment conditions the residual stress relaxa-
tion at the three temperatures is similiar and is not accelerated by simultaneous higher
temperature and cyclic loading effects. The similiar relaxation behaviour for the diffe-
rent steel conditions investigated is influenced by the separate effects of thermal and
cyclic residual stress relaxation. The last one is essentially influenced by dynamic
strain ageing processes. _
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INTRODUCTION

Shot peening is a wide spread technical process whose primary aim is to increase the
fatigue limit of components with medium and high hardnesses. The positive effects of
shot peening are the introduction of compressive residual stresses in material regions
close to the surface and the work hardening of the surface layer [1-8]. Many shot
peened components are operated at increased temperatures with cyclic loadings.
Since the relaxation of residual stresses may decrease or even eliminate the positive
effect of shot peening treatments, the stability of residual stresses at cyclic loadings
and increased temperatures is very important. Therefore this report deals with in-
vestigations on residual stress relaxation during bending fatigue at room temperature
and increased temperatures of shot peened AlSI 4140 (German grade 42 CrMo 4) in
a normalized condition and a quenched and tempered condition.
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MATERIAL, HEAT TREATMENTS AND EXPERIMENTAL PROCEDURE

The steel AlSI 4140 (German grade 42 CrMo 4), which is often used in practical
applications in a quenched and tempered condition, was used in the current experi-
ments. The chemical composition was 0.44 C, 1.05 Cr, 0.21 Mo, 0.22 Si, 0.59 Mn,
0.06 Ni, 0.02 P, 0.01 § and the rest Fe (all in weight-%). Flat specimens with a cross
section of 2 x 18 mm? were heat treated in a vacuum quenching furnace. The speci-
mens of the normalized condition were austenitized at 930°C for 3h and slowly cooled
down in the furnace. The quenched and tempered condition (T450) was produced by
austenitizing for 20min at 850°C, oil quenching down to 25°C, tempering at 450°C for
2h and finally slow cooling in the furnace. The shot peening treatments were performed
on an in-house air blast machine. By simultaneous peening of both surfaces shot
peening induced distortions are avoided. Cast steel shot S170 (medium diameter 0.43
mm, 46 HRC) was used at a pressure of 1.6 bar and a flow rate of 1.5 kg/min, which
resulted in a 98% coverage. The bending fatigue experiments were performed on
alternating bending machines at 25 Hz with heating elements at the grips. This allowed
for test temperatures of 250°C and 400°C. Before and after each experiment, the
residual stresses were measured using the X-ray technique. Residual stresses were
determined using the sin‘y-method [9] with CrKa-radiation on the {211}-plane of the
bce phase and at y-angles in the range 45° < y < +45° For the experiments with T >
25°C each measurement required a new specimen. Room temperature measurements
for one fictitious initial stress amplitude at the surface were all performed with a single
specimen by interrupting the test at selected numbers of cycles, making X-ray measu-
rements and then restarting the test. The residual stresses of the shot peened speci-
mens were measured either on the upper side of the specimens (the side first loaded
in compressive direction) or on the lower side. The measurement position will be
indicated in either the text or the figures. The residual stresses were measured in the
direction in which the bending stresses acted (longitudinal), as well as in the trans-
verse direction. The measurement of the depth distribution of the residual stresses was
performed by iterative electrolytical removal of thin surface layers and subsequent X-
ray measurements. Correction for the surface removal was performed [10].

EXPERIMENTAL RESULTS |

racteri n of the shot peen er :

In the normalized condition, the magnitudes of residual stresses decrease continuously
from 380 N/mm? at the surface to zero at a distance from the surface equal to 0.3 mm.,
In the quenched and tempered condition, constant residual stresses of -800 N/mm?
are measured up to a depth of 0.15 mm. At greater distances from surface, the residual
stresses rapidly decrease to zero at 0.225 mm. While the half width breadths of the
diffracted peaks in the surface region of the normalizéd specimens increased from
2.0°26 to 2.7°20 as a result of shot peening, no significant change of the half width
breadths of about 3.2°26 was observed for the quenched and tempered specimens.

N lized tior
Fig. 1a) shows examplarily the magnltudes of residual stresses in the longitudinal and
transverse directions at a fictitious initial stress amplitude at the surface of °a s =400
N/mmZ2. After half of the first loading cycle, the residual stresses on the upper side of
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Fig. 1: Magnitudes of residual stresses 0™ vs. number of cycles for the normalized
condition, (a) at a fictitious initial stress amplitude at the surface of 0a s = 400 N/mm?
(upper and lower side, longitudinal and transverse) (b) at various oa s-values (upper
side, Iongrtudlnal) '

the specrmen are reduced from -375 Nlmm2 to -245 N/mm? by the compressive loa-
ding. The lower side, which was loaded in tension, shows a minor relaxation of residual
stresses. After the first full cycle, the residual stresses on the upper and lower sides
are similar to each other because of a strong relaxation on the lower side. Forup to 10°
cycles, the further relaxation of residual stresses occurs aimost linearly with the
logarithm of the number of cycles. Between 10° cycles and failure at 747400 cycles,
the reduction in residual stresses occurs more rapidly than before. The changes in
.residual stresses in the transverse dlrectron are always slower than in the longitudinal
direction.

Fig. 1b) presents the trends of the magmtudes of the residual stresses at the upper
side vs. the number of cycles for different fictitious initial stress amplitudes at the
surface. The value at N = 10™ corresponds to the mean value of all initial residual
stresses measured. With increasing load amplitude the residual stresses relax more
rapidly. A linear correlation between residual stresses and the logarithm of the number
of cycles can again be recognized over wide intervals of number of cycles. The resi-
dual stress distributions in the longitudinal direction remaining after either failure or 10°
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E]_g,_L Residual stresses vs. dustance from the surface at drfferent o, s-values for the
normalized condition (upper side, longitudinal). -
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cycles were measured for specimens loaded with 0. s = 300, 400 and 500 N/mm? and
are plotted in Fig. 2 together with the depth distribution of residual stresses directly
after shot peening. It is seen, that the strongest relaxation of residual stresses occurs
in the area close to the surface.

Fig. 3 examplarily shows the changes in residual stresses in the longitudinal direction
at the upper side vs. number of cycles at o;s = 300 N/mm? for 25, 250 and 400°C. In
this figure, the values at N = 10™ correspond to the values which were measured after
heating up to the testing temperature and waiting for temperature compensation
between specimen surface and core. The residual stresses are reduced to -350 N/mm?
by heating to 250°C and to -300 N/mm? by heating to 400°C. The |0"™|,N-trends are
very close to each other and do not differ by more than 50 N/mm?. -
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Fig. 3; Magnitudes of residual stresses vs. number of cycles at 0, ¢ = 300 N/mm? and
at various temperatures for the normalized condition (upper side, longitudinal).
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Fig. 4: Magnitudes of residual stresses 0™ vs. number of cycles for the quenched and
tempered condition, (a) at a fictitious initial stress amplitude at the surface of 0;,5 =700
N/mm? (upper and lower side, longitudinal and transverse), (b) at various o, s-values
(upper side, longitudinal).

d [ itio
Fig. 4a) shows the trends of the magnitudes of residual stresses vs. number of cycles
in the longitudinal and transverse directions at a fictitious initial stress amplitude at the
surface of 700 N/mm?2 The upper side, loaded in compressive direction in the first half
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cycle, shows relaxation of the residual stresses from -600 N/mm? to about -480 N/mm?.
During this first half cycle, the lower side shows no considerable relaxation. In the
second half cycle, this trend is reversed and the residual stresses measured at the
upper and the lower side are similar. In the course of further cyclic loading up to 10°
cycles the residual stresses reduce linearly with the logarithm of the number of cycles.
After failure of the specimen at N=399900 further reductions in the magnitudes of the
residual stresses are measured. The residual stresses in the transverse direction
always relax more slowly than in the longitudinal direction.

For fictitious initial stress amplitudes at the surface between 500 and 1000 N/mm? Fig.
4b) summarizes the changes in residual stresses measured at the upper side of the
specimens as a function of the logarithm of the number of cycles. As for the normalized
condition, the value at N = 10™ corresponds to the mean magnitude of all initial resi-
dual stresses measured. In the first half cycle, relaxation of the residual stresses which
increases with increasing loading amplitude is observed. The second half cycle, for
which the upper side is loaded in tension, leads to a small increase in the magnitudes
of surface residual stresses. Further relaxation of residual stresses at all amplitudes
investigated can be approximated over a wide range of the logarithm of number of
cycles by a straight line. The slope of this line increases with increasing fictitious initial
stress amplitude at the surface. At failure, once more, further reduction of the res:dual
stresses occurs. For the specimens loaded with o, s = 600, 700 and 800 N/mm? the
depth distributions of the remaining residual stresses were determined after either
failure or 10° cycles. This is shown in Fig. 5 together with the residual stress dis-
tribution directly after shot peening (°as = 0 N/mm?). The residual stresses reduce
primarily in the area close to the surface and the relaxation is stronger for higher
fictitious initial stress amplitudes at the surface. Increasing relaxation of residual
stresses leads to a tendency for an increase in depth at which zero residual stresses
are measured.

Fig. 6 shows the relaxation of residual stresses at 25, 250 and 400°C for c:a s =600
N/mm?. Here the values at N = 10™ for 250 and 400°C correspond to the residual
stresses measured after specimen heating. The values are -550 N/mm? at 250°C and
-375 N/mm? at 400°C. | the first half cycle, the magnitudes of the compressive residual
stresses at the upper side of the specimens loaded at 250°C and 400°C show similar
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800 N/mm2, N = 1000000 b
0 N/mm2
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Fig. 5: Residual stresses vs. dustance from the surface at different o, s-values for the
quenched and tempered condition (upper slde Iongutudlnal)
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Fig. 6: Magnitudes of residual stresses vs. number of cycles at o;s = 600 N/mm? and
at various temperatures for the quenched and tempered condition (upper side,
longitudinal).

relaxation as at 25°C. In the second half cycle, however, an increase of the com-
pressive residual stresses is observed at 400°C. In the further course of the cyclic
loading somewhat larger rates of relaxation than at 25°C are observed at 250°C for
N>10* and at 400°C for N>1. .

DISCUSSION

First of all the results at 25°C should be considered and evaluated. The apparent
residual stress relaxation can be subdivided into three phases because of different
characteristic phenomena. The relaxation behaviour for N<1 is caused by quasistatic
deformation processes and for 1 < N < N, (N, = number of cycles to crack initiation) by
cyclic deformation processes. They lead to a linear reduction in residual stresses as a
function of the logarithm of the number of cycles. For N; < N < N¢ (Nf = number of
cycles to failure) the relaxation rate for sufficiently high ﬁctmous initial stress am-
plitudes at the surface is increased by initiation of surface cracks and crack propaga-
tion as well as by failure of the specimen.

The sequence of residual stress relaxation in the first cycle is determined by the
inhomogeneous stress dlstnbutlon over the cross-section of the specimens resulting
from the bending loading. Thus the upper side of the specimen is loaded compressive-
ly in the first half loading cycle. These compressive stresses superpose themselves
with the compressive residual stresses in the region close to the surface. If the resul-
ting stresses are larger than the surface compressive yield stress Rec).s+ Plastification
starts and this results in relaxation of the residual stresses. As a result of stress
equilibrium, a small relaxation at the lower side can also appear. Furthermore, the
resultant stress on the lower side in the first half cycle is reduced slightly as a result of
the compressive residual stresses being superposed with tensile loading stresses. Fig.
7 represents the dependence of residual stresses at the upper side (compress:ve
loading) and lower side (tensile lqadlng) on the fictitious stress at the surface og after
the first half cycle for both heat treatments investigated. For the normalized condition
residual stress relaxation is observed at fictitious compressive stresses at the surface
which are higher than 200 N/mm?. For further increase of load amplitudes the normali-
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Fig. 7: Residual stresses vs. fictitious initial stress amplitude at the surface after the

first half cycle (normalized condition and quenched and tempered condition, upper
side, longitudinal).

zed specimens show a constant rate of relaxation. On the side loaded in tension a
slight residual stress relaxation which starts at higher loads is recorded. For the
quenched and tempered condition the relaxation at the upper side (loaded in com-
pression) starts at o; = -400 N/mm? and displays at a constant rate of relaxation for
increased bending amplitudes. The lower side (loaded in tension) shows a minor
decrease of the residual stresses for loading stresses og > 500 N/mmZ. This is believed
to be caused by stress equilibration after the strong residual stress relaxation which
occurs simultaneously at the upper side. A procedure described in [11] allows the
determination of the surface compressive yield stresses Rec).s- ThlS leads to Ry s =
-486 N/mm for the normalized condition’ (R',(c u,,pemd = -345 N/mm?) and R o.s = -890
N/mm? for the quenched and tempered condition (Rete) unpeened = ~1300 N/mm*). Compa-
rison with the compressive yield stress of the unpeened conditions listed in the paren-
thesis leads to the conclusion, that shot peening results in a surface workhardening of
the normalized condition and in a surface worksoftening of the quenched and tempe-
red condition. These findings qualitatively agree with results of residual stress relaxa-
tion experiments due to quasistatic loading of the same steel condition [12).

In the second half cycle the situation is reversed. The upper side now undergoes
tensile loading, whereas the lower side undergoes compressive loading. Consequently
residual stress relaxation now predominantly occurs on the lower side of the speci-
mens. While for the normalized condition the residual stresses at the upper side
remain nearly constant, they slightly decrease their magnitudes for the quenched and
tempered condition. The decrease is more significant for higher initial stress am-
plitudes at the surface (see. Fig. 4b). This results from the residual stresses set up
from bending, which show negative values at the tensile side after lowering the ben-
-ding load. This is possible, because the compressive deformation of the upper side in
the first half cycle can be regarded as a predeformation for the tensile loading in the
second half cycle. Thus a distinctive Bauschinger-effect results for quenched and
tempered specimens [13], which reduces the tensile yield stress such that relatively
slight resulting tensile stresses at the upper side in the second half cycle are sufficient
to cause plastification. These results are summarized in Fig. 8 which presents the ratio
of the residual stresses after the first half loading cycle to its initial value vs. the initial
load amplitude at surface, o, s. The remaining residual stresses for both heat treat-
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Fig. 8: Ratio 0™(N=1)/0" vs. fictitious initial stress amplitude at the surface (normalized
condition and quenched and tempered condition, upper side, longitudinal).

mehts show trends which depend linearly onvo;‘s. For the norm'alized‘condition the
relaxation is larger than for the quenched and tempered condition because of the lower
strength.

At larger numbers of cycles the residual stresses reduce hnearly with the |oganthm of
the number of cycles according to the following relation:

o =A+migh (1)

As can be seen from Fig. 9, the magnitude of the slope m of this straight line is linearly
influenced by the fictitious initial stress amplitude at the surface. This can be described
by straight lines with similar slopes for both heat treatments. The residual stress
relaxation occuring at 1 < N < N, can be traced back to cyclic plastic deformations.
They occur if the cyclic yleld stress is reached for the given stress amplitude. Thus the
arrangements of dislocations which exist after shot peening are changed to configura-
tions, which are typical for fatigue loading [14]. So, for instance, cell structures develop
for the normalized condition with increasing fatigue Ioadmg amplntudes and numbers of
cycles [15). : L

4 normalized
10

0 ) ; Tw250C
200 300 400 S0 €00 700 800 900 1000
Gg,s bzw. 0 ¢ [N/mm2]

‘Fig. 9: Magnitude of the slldpe m =d|o™|/d IgN vs. ﬂt.;titious initial stress amplitude at
the surface (normalized condition and quenched and tempered condition, upper side,
longitudinal).
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After failure the final relaxed state of the residual stresses cannot be estimated from
the linear relation which was valid before. Considering the change of the number of
microcracks which appear on the surface [16), it is believed that the increased reduc-
tion in residual stresses is caused by local plastifications at the tips of cracks.

At higher temperatures the relaxation of residual stresses is stronger because of the
additional contribution of thermal residual stress relaxation during specimen heating.
The residual stresses are thus reduced to levels, which are characteristic for the
corresponding temperatures. The residual stress relaxation in the first loading cycle
can be explained by the already discussed mechanisms for residual stress relaxation
under quasistatic loading at room temperature. Because of the inhomogeneous stress
distribution over the cross-section of the specimen during bending loadings, the
deformation behaviour of the surface layer is of primary interest.

In the temperature range between 25°C and 400°C, for the normalized condition
‘dynamic strain ageing occurs [17]. This causes similar stress-strain curves at the
surface for 25°C, 250°C and 400°C [11]. If at the upper side of the specimen (loaded in
compression) during the first half cycle the sum of the loading and residual stresses or
the equivalent stress reach the surface compressive yield stress, then residual stress
relaxation occurs. Because of the similar stress-strain curves for the different tempera-
tures at the normalized condition the residual stress relaxation at N = 0.5 wiil be aimost
equal. The differences in measured values may be caused by minor uncertanties in the
measurements (see Fig. 3). During subsequent cyclic loadings the magnitudes of
residual stresses are reduced only slightly. This is a surprising result, because at least
at 400°C after N=10° (=11.1h elapsed time) a larger residual stress relaxation was
expected as a result of cyclic and thermal loading and additional cyclic creep effects.

Evidently dynamic strain ageing hinders the larger cyclic mncroplastlf catlons which are
necessary for residual stress relaxation.

In contrast to the normalized condition for the quenched and tempered condition a
clear dependence of the residual stress relaxation on temperature can be seen within
the first cycle. After the first half cycle, the corresponding residual stress magnitudes
at 25 °C are clearly higher than the magnitudes measured after loading at 250°C and
400°C. This finding is qualitatively in agreement with results of quasistatic tests [11,12).
A distinct dependence of the stress-strain curves on temperature exists at this heat
treatment condition [11]. As discussed above, this should cause a strong dependence
of residual stress relaxation on temperature.

During the transition from the first to the second half cycle at 400°C an increase in the
compressive residual stress at the upper side was observed. This phenomenon can be
traced back to the occurrence of bending residual stresses at elastic-plastic loading,
since the upper side undergoes tensile stresses in the second half cycle and conse-
quently shows compressive bending residual stresses after unloading. Like at room
temperature, the Bauschinger-effect leads to yield at very low tensile stresses and
therefore causes a further residual stress generation.

During the further cyclic loading at 250°C for N > 10* and at 400°C for N > 1 somewhat
larger rates of relaxation with increasing logarithm of number of cycles are measured.
This is essentially caused by time-de Eendent thermal relaxation of residual stresses.

It visibly progresses at 250°C after 10° and 108 cycles (corresponding to experimental
times of 1.1h and 11 1h) and at 400°C already after relatlvely short annealing tlmes
(18]. : »
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SUMMARY

The relaxation of residual stresses caused by bending fatigue loading at 25°C can be
divided into several phases. During half of the first loading cycle the residual stresses
are reduced on the compressively loaded side more than on the one loaded in tension.
In the second half cycle the situation is reversed. For numbers of cycles 1 <N <N, the
residual stresses reduce linearly with increasing logarithm of the number of cycles. The
slope of this straight line is linearly dependent on the fictitious initial stress amplitude
at the surface. For N > N, the residual stresses reduce more rapidly. The residual
stresses in the transverse direction always decrease more slowly than in the longitudi-
nal direction.

The residual stress relaxation caused by bendmg fatlgue loading of normalized speci-
mens at 250°C and 400°C is marked by measurements, which are quite close to the
values at room temperature. This presumably results from dynamic strain ageing
processes. For quenched and tempered specimens the measured values of residual
stresses at different temperatures are clearly separable because of different effects
during the first loading cycie. For N > 1 the rates of residual stress relaxation at all 3
test temperatures are similar. Only for long experimental times the still occurring
thermal relaxations of resndual stresses at 250°C and 400°C cause slightly larger
relaxation rates.
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