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ABSTRACT

The relaxation behaviour of shot peening residual stresses of the steel 42 CrMo 4
(A1S1 4140) in a quenched and tempered state was investigated in uniaxial tension and
compression tests, respectively. After deformation to given strain values, residual
stresses were determined in the unloaded state by X-ray measurements. In compression
tests, the relaxation of shot peening induced compressive residual stresses in the
surface layers starts at the stress vaiue o = -400 N/mm2. On the other hand, the
reiaxation of shot peening induced tensile residual stresses in the core region starts at
the relatively large tensile stress value o = 1150 N/mm?2. Thus, the relaxation behaviour
of shot peening residual stresses is completely different at compressive and tensile
loading. The combination of deformation tests and X-ray measurements allows the
determination of the surface yield strength of shot peened specimens, thereby taking into
account the fact that when superimposing the surface residual stress and a critical
compressive loading stress, residual stress relaxation starts. A modelling of the
relaxation behaviour caused by uniaxial and biaxial residual stress states, respectively,
will be presented. In the shot peened state, a surface yield strength vaiue results, which
is 25 % smaller than that obtained in the unpeened condition. This finding will be
analyzed and discussed, thereby considering results which were determined recently in
analogous experiments with shot peened AICuMg 2 and TiAl 6 V 4.
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INTRODUCTION

Shot peening of metallic materials induces characteristic changes of the surface state
which may be described by compressive residual stress distributions and workhardening
or worksoftening effects of the surface layers and by the roughness of the surface. The
knowledge of the stability or relaxation behaviour of shot peening residual stresses
under homogeneous tensile and compressive deformation, respectively, is of
fundamental interest. As recentiy published in aluminium and titanium alloys, relaxation
of these residual stresses occurs after the onset of plastic deformation in an anisotropic
manner under tensile and compressive loading [1-4]. These investigations verify that a
distinct combination of homogeneous deformation tests and X-ray residual stress
measurements allows the determination of the surface yield strength of shot peened
specimens. In the foliowing, analogous results concerning the relaxation behaviour of
shot peening residual stresses on the steel 42 CrMo 4 (AIS| 4140) in a high-strength
condition are presented and discussed.

EXPERIMENTAL DETAILS

The investigations were carried out with the low alloy steel 42 CrMo 4 (chemical
composition in wt.-%: 0.44 C, 0.32 Si, 0.73 Mn, 0.01 P, 0.03 S, 1.11 Cr, 0.22 Mo, 0.11 Ni).
Cylindrical specimens of 5 mm diameter and a gauge length of 50 mm for tensile tests
and 10 mm for compression tests, respectively, were taken out from a round bar material.

The specimens were heat treated at 850 OC for 20 minutes, oil quenched, then tempered
at 450 OC for 2 hours and then furnace cooled.

The shot peening treatments were conducted with an air-blast machine. A cast steel shot
with a hardness of 44 to 48 HRC was used at a pressure of 1.6 bar and a coverage of
98 %.

In both the compression and the tensile tests, all specimens were deformed with a strain
rate of ¢ = 4.2-10°4 s-1, using special equipments [5]. After deformation to given strain
values, surface residual stresses were determined in the unloaded state with X-rays on
{211}-interference planes according to the sin2y-method using CrK«-radiation [6].
Depth distributions of residual stresses and half width values of the X-ray interference
lines were analysed by successive electrolytical surface removal.

EXPERIMENTAL RESULTS

The depth distributions of the residual stresses and the half width values are piotted in
Fig. 1. The amount of shot peemng induced compressive residual stress directly in the
surface is approximately 540 N/mm?2. In a distance from surface of 0.08 mm, the residual
stress amount assumes a maximum value (oRg # -585 N/mmz)‘ The penetration depth of
the compressive residual stresses is 0.23 mm. With decreasing distance from surface x
(x < 0.4 mm), the half width values increase from a plateau value HWC = 180 min to a
maximum value on the direct surface HWS = 200 min. Obviously, shot peening induces
only a relatively smail microstructural workhardening effect in the surface region of this
quenched and tempered steel condition.

Shot peening residual stress states under tensile or compressive loading are unstable,
and relaxation occurs when critical loading stresses are exceeded. Corresponding
resuits of surface residuai stresses are presented in Fig. 2 as a function of loading stress
and in Fig. 3 as a function of total deformation. The compressive residual stresses in the
surface of about -540 N/mm2 are reduced by about 95 % of the yield strength of
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Fig. 1
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Fig. 2 Residual stress as a function of loading stress in

tension and compression, respectively, of shot
peened 42 CrMo 4

unpeened material, Rg(j) ® Rpo.o1(t) ® 1210 N/mm2, by a tensile load (o =

Et = 0.55 %),

Re(c) * Rpo.o1(c) = 1330 N/mm2, by a compressive load (o=
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1150 N/mm?2;

and by ‘about 30% of the yield strength of unpeened material,

-400 N/mm?2;
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Fig. 3 Residual stress as a function of total deformation
in tension and compression, respectively, of shot
peened 42 CrMo 4

€y ®-0.19%. In the quenched and tempered condition of this material a typical
strength-differential effect of Re(c) - Re(t) =120 N/mm2 exists [7]).

Residual stress-relaxation occurs much more rapidly during compression than during
tension. After a total strain €4 ® -1 %, the surface residual stresses oRg are completely
removed (see Fig.3). i &y < -1 %, the sign of Uﬁs changes. In the case of tensiie
loading, the residual stress-relaxation, however, is incomplete. Combined with residual
stress-relaxation, only a reiatively small decrease of the half width values - as a measure
of the microresidual stresses - is observed. Fig. 4 illustrates this behaviour as a function
of total strain.
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tion in tension and compression, respectively, of
shot peened 42 CrMo 4
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DISCUSSION

An assessment of these findings is made possibie by taking into account a composite
model in which a slender shot peened specimen is ideally divided into surface and core
regions. The surface region is characterized by shot peemng induced compressive
residual stresses oﬁs and by the surface yield strength Re The unpeened core region
holds tensile residual stresses oﬁs and the yield strength Re [3]. In this model, the real
muitiaxial residual stress distribution will be substituted by longitudinal residual stresses
with a rectangular profile. For the purpose of selecting oRg, it seems to be significant to
take the maximum amount of shot peening residual stresses Uﬁs max in a distance from
surface of 0.08 mm instead of the smaller surface value [4]. Durlng tensile loading, the
onset of plastic deformation in the composite occurs at the composite yield strength [3]

Ee(t) = Rg(t) - G?xs~ (1)

During compressive loading, plastic deformation starts in an analogous manner at the
composite yield strength

ﬁe(c) = F‘Z(c) - I";Sl- (2)

In this case Oﬁs and Gﬁs have the meaning of the residual stresses which occur after
shot peening in surface and core, respectively, and from which only oﬁs can be
determined nondestructively. The stress values Rg(1) and Re(c) can be taken directly
from Fig. 2 as ioading stresses at the onset of residual stress relaxation in tension and
compression, respectively. Then, the surface yield strength Rg(c) can be estimated by
eq. (2). As shown in Tab. 1 under the condition "l—siS = ORS max: the surface yield

Tab. 1 Properties of various material states after shot peening (R and o in N/mm?)

sm S
Rpo.01(c) Re(c) HW
. s - s s,m
material _ ors,max | Re(c) | Rec) |Re(c) c c
=Re(c) Re(q) HW
42 CrMo 4 1330 - 585 400 985 860 0.65 1.1
(quenched and
tempered)
AICus5Mg2? 375 -340 175 515 454 1.21 153
(as received)
AICusMg2 275 - 360 75 435 403 1.47 1.90
(under-aged)
AICuSMg2 350 - 185 75 260 232 0.66 1.34
(peak-aged)
TIAIGV4 860 - 830 250 1080 a80 1.14 1.87
(as received)
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strength is given by
s
Re(c) = 985 N/mm?2 .

As the yield strength of the core Re CL is not influenced by shot peening, this property
can be substituted approximately by the 0.01-proof stress during compression loading,
Rpo.o1(c)- Then, the comparison of the yield strengths of surface and core results in

s Cc
Re(c) < Re(c)~

Consequently, the determination of the surface yield strength by the combination of
compression tests with the onset of residual stress relaxation yields to the finding that
shot peening worksoftens the surface region. Until now, the determination of surface
yield sirength R c) was carried out and discussed under the condition of uniaxiality of
residual stresses and of their parallelism to the loading stresses. However, in reality, in
shot peened surfaces, biaxial residual stress states exist, which have to be taken into
account in order to estimate the surface yield strength. For materials without texture it
can be assumed in a good approximation that the biaxial surface residual stress state is
isotropic [4,8]. In the case of a multiaxial residual stress state, residual stress-relaxation
during compression loading starts when the local value of the equivalent stress o,
reaches the surface yield strength RS ( ) [3]. Based on the van Mises hypothesis, the
relationship

s,m . 2 S 1 - ]

Re(c) = %eq = (Re(c))® + (9RS)* + [Re(c) - °RS| (3)
is valid [3,4]. If the same “compression stress" Lc is applled the application of
eq. (3) results in a smaller surface yield strengt

value R§ gc = 860 N/mm2 (see
Tab. 1) than in the uniaxial case (c.f. eq. 2) due to Inhibition of slip. The previously
drawn conclusion that the quenched and tempered condition of this shot peened steel is
characterized by a worksoftened surface state is not changed by this correction.

The worksoftening effect of 35 % (see Tab. 1) determined with the aid of the surface yield
strength is incompatible with the measured distribution of the half width vaiues in Fig. 1.
The half width as a measure of the microresidual stresses shows a relatively small, but
nevertheless significant workhardening effect with decreasing distance from surface. The
ratio of surface half width to core half width is given by HWS/HWC = 1,11 (see Tab. 1). A
similar worksoftening effect measured by the surface yield strength was reported earlier
for an aluminium alioy AlCu8Mg2 (2024) in a peak-aged condition [1,4]. Some properties
of this alloy are presented in Tab. 1. in this case, the half widths show aiso
workhardening effects (HWS/HWC = 1,34; Tab. 1). Other materials and material states,
for example AICuU5Mg2 (as received and under-aged) and TiAleV4 (Tab. 1), are
characterized by workhardening effects with regard to both properties, the surface yield
strength and the half width values [2,4].

The reason for this different behaviour is given by the deformation processes occurring
during shot peening and by the foliowing uniaxial compression test. The deformation
processes induced by shot peening are, on the one hand, the plastic stretching of the
near surface layer with maximum forces and workhardening at the surface itself and, on
the other hand, the Hertzian pressure with maximum values of the forces below the
surfaces [9]. In order to determine the surface vyield strength, it is necessary to
subsequently deform the shot peened specimen in compression test. Thus, the surface
wili focally be deformed in the opposite direction as in the shot peening process; this
yields to the appearance of the Bauschinger-effect combined with worksoftening in the
surface region. It is well-known that the Bauschinger-effect is particularly pronounced in
predeformed materials with incoherent precipitations (for example, in AICus5Mg2
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(peak-aged) and quenched and tempered steels [10,11]), which are responsible for large
back stresses and pronounced worksoftening effects during deformation in the opposite
direction. Now, the surface yield strength is influenced on the one hand by the shot
peening induced work hardening effect characterized by the half width ratio HWS/HWC
(see Tab. 1) and on the other hand by the Bauschinger worksoftening effect. Obviously,
the condition RS}'&B/RS(C) > 1 for the yield strength ratio is valid if the shot peening
induced workhardening is larger than the Bauschinger worksoftening. In the other case,
Rg(g/ﬂg(c) < 1, the Bauschinger worksoftening is predominant.

The relaxation behaviour of shot peening residual stresses by increasing total
deformation can also be discussed qualitatively under the assumption of an uniaxial
residual stress state [3,4]. The deformation of a composite specimen may be
characterized for surface, core and composite by stress - total deformation curves, as
schematically sketched in Fig. 5. Then, an additional simplification will be assumed by a

Fig. 5 Description of the stress-deformation behaviour
and residual stress behaviour due to uniaxial
ioading in tension and compression, respectively,
of a composite material consisting of surface
region s and cqre region ¢ with different yield
strengths Rg > Rg, and linear workhardening

deformation behaviour with constant workhardening rates which are farger in the core
than in the "predeformed” surface. Dependent on the extent of piastic deformation during
tension and compression, respectively, reiaxation or rearrangement of the residual
stresses occurs. As a result, the amount of residual stress changes is determined by the
defarmation inhomogeneity between surface and core. The deformation behaviour of the
residual stresses represented in Fig. 5 qualitatively agrees with the experimental findings
(see Figs. 2 and 3).
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The comparison between the workhardening curves of shot peened and unpeened states
enables the calculation of the surface residual stresses Uﬁs, taking as a basis the
above-mentioned composite mode!l with uniaxial loading stress and residual siress
states. On condition that £; = const., in the composite the foliowing mixture rule for the
applied "composite” stress is valid

al
i
<)
3
+
a
o

(4)

AS/A and AC/A are the area fractions of surface and core, respectively. After unioading,
the surface residual stress is given by the difference

I
al
,
q

s
RS °. (5)
Both relationships yield to

— AC
C . v ——
(00 -0) - =5 .

I

RS (6)

The flow stresses of unpeened and shot peened states, o€ and o, respectively, are
measurable properties. Therefore, exact determinations of stress-deformation curves
during tension and compression were carried out on both states with the aid of strain
gauges. The ratio AC/AS = 6.4 was approximately estimated with reference to the residual
stress distribution illustrated in Fig. 2. [5]. cgs—vaiues calculated with eq. (6) are given
in Fig. 6 as a continuous line. These values qualitatively agree with the experimental data
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Fig. 6 Comparison of experimentaliy determined and by
modelling caiculated residual stresses as a
function of the loading stress of shot peened
42 CrMo 4

(dotted curve with data from Fig. 2). However, the calculated relaxation rates are larger
than the measured ones. it may be possibie that this difference is caused by triaxial
loading stress states occurring between surface and core in the real case.
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SUMMARY

The deformation behaviour of a shot peened specimen can be discussed on the basis of
a simple composite model. The combination of mechanical and X-ray investigations
enables the determination of the composite yield strength and the surface yield strength,
respectively. The yield strength ratio of surface and core shows that shot peening yields
to a worksoftening of the surface of the investigated steel 42 CrMo 4 in the quenched and
tempered state. This finding seems to be in contradiction with the behaviour of the half
width values of the X-ray interference lines. A solution of this problem will be offered if
the Bauschinger-effect is taken into account in the discussion. The relaxation behaviour
of shot peening residual stresses is completely different during compressive and tensile
loading. This anisotropic behaviour was modelled and discussed.
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