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This paper presents an experimental investigation on the surface residual
stress relaxation behavicur of a shot peened 0.4% carbon low alloved steel
at fatigue load. A round specimen with a circumferential notch and a notch
factor K_=1.75has been used in both shot peened and ground conditions. The
loading conditions igclud@d nere are axial fatigue load with R=-1, R=0, R=-~1
plus peak load at 109 cycles, and also fatigue of smooth shot peened speci-
mens at R=-1 load. It is shown how the relaxation is load level dependent,
how peak load changes the surface residual stress state and that relaxation
of the smooth and notched condition is similar.

Introduction

The importance of surface residual stresses in fatigue has long been recog-
nized, and thelr behaviour during fatigue has alse taken the interest of
many researchers. Concerning shot peening applications, where the beneficial
effects are to a large degree attributed to the compressive surface residual
stress, it is, of course, of primary interest to know whether these stresses
are stable or not, Several investigations have been carried out showing that
they may change, and in what way, for some specific material and load combi-
nations. Still greater knowledge is regulred in order to understand the
machanisms of relaxabion and to acguire materials data, so that one can take
1tointo account in design and calculation models.

Talra and Coworkers have in a series of articles investigated residual stress
and X-ray line broadening changes in fatigued annealed steel specimen.
Ezguivel and Bvans (1968) found some rvelaxation in shot peened AIST 4130
steel specimens in fatigue with R=0.06 and a load level around the endurance
limit, and they tried to Find a correlation between the residual stress
gradient and amount of relaxation. McClinton and Cohen (1982) presented a
work on normalized and shot peened SAE 1040 steel fatigued with R=0 demon-~
strating that compressive residual stresses could develop to tensile at
higher load levels, Donati, et al. (1981), carrvied out a study on hardened
12% Cr steel showing some relaxation at the surface for both R=-1 and R=0
leads, Wolfhart (1973) showed that a low-carbon steel with initially tensile
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or compressive residual stress both relaxed towards zero when fatigued at
R=-1 load. Kuo and Cohen (1983) investigated a normalized and cold-worked
AIST 1008 steel at R=~1 load presenting data on residual stress and work-
hardening, parameters such as domain size and microstrain, behaviour. James
11982) presented a short review on stress relaxation work and presented a
restricted model on relaxation.

In this paper we focus the interest on notched specimens of a 0.4% carbon
steel of medium hardness at different R=-1 and R=0 fatigue loading condi-

tions.

Experimentals

The specimen material was a 0.40%C steel according to Swedish S55-142244-05
standard, eguivalent to ALSI 4140, guenched and tempered to 940 MPa tensile
strength and 815 MPa vield strength. Cylindrical specimens were used with

16 mm diameter and a circumferential notch with notch radius 2.5 mm and notch
factor K¢=1.75. The specimens were ground to surface roughness Rg=1um and
then shot peened to Almen~intensity 30-35A(mm/100) with 100% coverage using
steel shot of 8 330 standard. Some specimens were left in the ground condi-
tion for comparison purposes.

Fatigue testing for determining Wohler-curves for a shot peened and a ground
condition were performed with axial constant load amplitude and R=-1 where
27 specimens per each surface condition were used. From these result three
different load amplitudes were picked out, 283, 303 and 373 MPa, correspond-
ing to fatigue lives of 105, 10° ana 107 cycles. The resulting Woéhler-curves
are shown in Fig 1.

500,90
& = | GROUND Rt §
O —|8HOT PHENED K, =1 .78 Fig 1 Woéhler-curves for the
notched shot peened and
O ground conditions at
R=-~1 load. The data
- \ points at 107 cycles con-
498, , _

N sists of 10 and 9 runouts
© \ for the ground respec-
% tively the shot peened
G condition
h)

3
ot
B
E ses.0
]
0
o
g
=
7))
208.9

4.8 5.0 5.8 6.9 6.5 7.8 7.8
Log N
Fatigue testing was then performed with residual stress measuremenht at inter-

vals, where the specimens were transported back and forth between the fatigue
machine and the X-ray diffractometer. The loading and specimen conditions
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were as follows, where the R value expresses the ratio of minimum stress
to maximum stress.

1) Axial constant load amplitude, R=-1.

Two shot peened specimens at each of the three load amplitudesz evaluated
from the Wohler-curve were used, plus one ground specimen at maximum and
one at miniman amplitude.

2} Axial constant load amplitude, R=0.

Two shot peened and one ground specimen at each of the two higher load
amplitudes were used at R=-1 and at 80% of lowest load amplitude used at
R,

3} Axial constant load amplitude, R=-1, with +100% or ~-100% peak load at
106 cycles, which means (+283+4283 Mpa) or (~283~-283 MPa) as paeak loads.

Two shot peened specimens at each +100% or ~100% were used at the lowest
load amplitude from the R=-1 series.

4)  Axial constant load amplitude, R=-1.

Two specimens were turned and ground to the notch bottom diameter and
then shot peened to 30-35A(mm/100) intensity so as to Obtain smeoth
specimen data. The same nominal load as the lowest of the notched R=-1
series was used up to 106 cycles, whereafter the load was increased by
multiplying the nominal load by the notch factor.

Note that all load sequences, except at peak loads, began with a tensile and
ended with a compressive load cycle.

Residual stress measurement was made by X-ray diffraction of CrKg~radiation
using a JEOL-diffractometer eguipped with a position sensitive detector
sampling from the (211) plane in the ferrite phase. Stresses were caloulated
by the ainzmmmotnod using an X-ray elastic constant (1+0)/E of §.73-10"06
MPa~l and three to five y-angles. ¥ varied between -40° to +40° and -45° to
+45° for axial respectively tangential measurements. The peak determlnation
ef the diffraction intensity curve was done by the Qarabsla method.

In order to measure in the bottom of the notch a pin-hole collimator was veed
which resulted in a well concentrated X-ray spot of 0.5 mm diameter in the
notch. The specimen was rotated during measurement so as to give an avoraqo
residual stress value avound the specimen gurlph&ry

The error in the measured residual stress value is estimated to +30 MPa as
derived from the linsar fit to the %3n4; ~curve and from repeated measurements
Though, for the ground conditions the error of the linear fit could be biggey
typlcally *60 MPa, due to Y-splitting in the axnzimcurve

A stress profile curve for both axial and tangential residual stress was re-
cordad, Fig 2, by removing surface layers with an etching technigque. No cor-
rections for removal of the surface layers were made due to the SPeCImen Je-
ometry, and neither for stress gradients,
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Fig 2 Residual stress profile for axial and tangential directions at the
bottom of the notch.

Results and discussion

At R=-1 lecad it can be seen, Fig 3,4, that both axial and tangential surface
residual stresg relax due to the fatigue load. The first cycle causes an
immediate decrease of compressive stress and thereafter relaxation continues
throughout the specimen life. The amount of relaxation depends on the load
range and there is more relaxation in the axial than in the tangential di-
rection.
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fig 3 Axial residual surface stress as function of number of load cycles,
N, and nominal stress amplitude at R=-1 load,
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Fig 4 Tangential residual surface stress as a function of number of load
cycles, N, and nominal stress amplitude at R=-1 load.

When the specimens were subjected to R=0 fatigue a different pattern emerges,
Fig 5,6. The axial residual stress will not relax at all until shortly before
failure, but it will, on the contrary, increase somewhat. The tangential
stress, though, relaxes in the same manner as with the R=-1 load.
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Fig b Axial residual surface stress as a function of number of load cycles,
N, and nominal stress amplitude at R=0 load.
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Fig & Tangentlial residual surface stress as a function of number of load
cycles, N, and nominal stress amplitude at R=0 load.
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From the above we deduce that relaxation in the axial direction is caused
during compressive loads, as expected, and in the tangential direction we
will observe relaxaticn during the tensile load cycle which causes negative
tangential strain.

It is worth noting that the magnitude of tangential relaxation is the same
for both R=-1 and R=0 load, even though the tensile load is the double in
the R=0 case compared to that in R=-1.

The peak load specimens were all run continuously to 106 cycles with R=-]
after which the residual stresses had dropped to the same level as the
previous R=-1 series, Fig 7. The two specimens, which were subseguently
subjected to ~100% load, dropped further to near zero axial stresses and
these turned somewhat more compressive with continued cycling. The +100%
overlcad resulted in increased axial residual stresses but faded with con-
tinued cycling to the level prior to the overload.
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Fig 7/ Axial residual surface stress of shot peened specimens subjected to
+100% or -100% peak load at N=10° cyoles.

The tangential residual stress was shifted to a somewhat lower compressive
value due to both the + and -100% peak load. The -100% caused a larger com-
pressive decrease than did the +100% load.

Twe smooth shot peened specimens were run at R=-1 and lowest nominal load

in order to investigate the constraining effect of the notch on the relax-
ation behaviour, Fig 8. Only a small amount of relaxation could be observed
up to 106 cycles, whereafter the load was increased with the notch factor on
one of the specimens. The subsequent relaxation showed to be equivalent to
that of a notched specimen at the same axial surface load stress. This impli-
es that this notch will not reduce the ability of the material to relax.

246




p.2
$ -100.0 GROUND R=0 0373 MPa
= 0303 MPa 0
i —200.0 AXTAL LAPZ26 MPa
@ @A A A S\
% ~-300.0 / h ch & 28
- 400 .0 o IS :
g L ¥ C) C> [\
¥ .5pe.p —
°
© -606b.8 |____

hital 5 5 13 2@ 3.2 4.8 5.8 6.0
LogN

Fig 8 Axial residual surface stress as a function of number of load cycles,
N, and nominal stress amplitude at R=-1 load of smooth shot peened
specimens.

The ground specimen conditions all had initial compressive residual surface
stresses in both axial and tangential directions ranging between -180 and
~300 MPa. In the axial direction and R=-1 load, relaxation occurred but in
an oscillating manner. The behaviour of the axial residual surface stress

at R=0 load can be seen in Fig 9. A strikingly large increase in compress-
ive stress 1s noted at the highest load level, but it drops shortly before
failure. The tangential directions showed a load dependent stress relaxation,
as in the shot peened state, for both the R=-1 and R=0 lecads.
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Fig 9 Axial residual surface stress as a function of number of load cycles,
N, and nominal stress amplitude at R=-1 load of ground specimens.

The residual stress data versus load demonstrates clearly the relaxation
behaviour. All compressive loads will lead to relaxation, an instantaneous
part from the first lead cycle originating from exceeding the yield limit
on the compressive side. As the fatigue process progresses a kind of cyclic
creep will occur, the magnitude of which depends on the load range. Tensile
load will increase the residual stresses, one part from the first cycle if
the yield limit is exceeded, and another cyclic part. ‘
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Summary

From the data presented in this article some conclusions can be deduced,
refering to the material, specimen and load conditions used here.

I}V Relaxation of compressive residual stresses ocours at faticue loads
which include compressive stresses and/or strains, depending on lead
and residual stress level.

) At tensile fatigue loads the compressive residual stresses may increase
during the faticue history depending on load and residual stress level.

3} HNegative peak loads are detrimental to the compressive residual stress
state. Positive peak loads may cause Increased compressive residual
stre 25, bult will soon relax to the residual stress level previocus to
the peak load.

4} Smooth and notched specimens relax at the same rate at the same local
stress.

51 In none of the specimens has a change from compressive to tensile resi-

dual stress been observed,
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