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ABSTRACT

The effect of shot peening and surface rolling on fatigue strength of
a medium carbon chromium steel at different heat treated conditions
was investigated and emphatically discussed from the changes in resi-
dual stresses, structure and fractogravhic morphology.
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INTRODUCTION

It is well known that the fatigue strength of parts and specimens are
enhanced by shot peening or surface rolling and critically discussed
by many investigstors (Almen, 1963%; Starker, 1979; Balter, 1978; Ho,
1979).The application of surface rolling is limited to cylindrical
parts but shot peening can be used for various shapes. Some authors
(Starker,1979; Balter, 1978) considered that macroscopic residual
stress is the major factor affecting the fatigue strength, and the
guantitative correlation between bending fatigue strength and longi-
tudinal residual stresses can be expressed by formulae. Bahre (1978)
found that the work hardening is a major factor for smooth specimen.
Balter (1978) thought that the microscopic homogeneity of martensite
in hardened steel is an important factor for increasing the fatigue
strength. On the other hand, the effect of work hardening was always
judged by means of increment in hardness. Syren (1976) found that work
hardening is consistant with microscopic residual stresses.

In order to further investigate the effect of surface plastic deforma-
tion on fatigue strength, experiments were performed on a medium car-
bon chromium steel (45Cr) of two heat treated conditions. The relation
of fatigue strength, residual stresses structural and fractographic
changes after shot peening or surface rolling are discussed.
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EXFERIMENTAL

The steel (45Cr) has a chemical compositions of 0.46%C, 0.26%31,0.66%
Mn, 1.11%Cr, 0.014%P, 0.008%S. Initially oversized blanks (®10. 7K100mm)
cut from not rolled bars were austenized in a solt bath for 10 minutes
860°C, guenched in o0il and tempered for 2 hours at 200°C or 600°C res-—
pectlvely The former is tempered martensite with high strength. The
latter is the mixture of carbide and recrystalllzed ferrite with low
strength and high plasticity. The dislocation arraies of the two states
are totally different (Zhou, 1980).

After heat treatment, the specimens were ground down to the final di-
mensions (P10X100mm). Then, the following two methods of surface plas-
tic deformation were applied to the specimens. 1) shot peening, shot
diz.: 0.5mm, Almen intensity: 0.50B (tempered af 200°C) and 2) surface
rolling, rolling force: 600kgf (tempered at 200°C) ; 50kgf and 200
kgf (tempered at 600°C).

Asymmetrical cyclic three points bending fatigue tests were carried

out on a high frequency fatigue testing machine, holding the minimum
stress values constant. To change the degree of attenuation of residual
stresses during the fatigue test, Omin=22 and 89kgf/mm* were chosen
res.ectively. The max., stress amplitudes which will endure 2X10° cycles
were taken as fatigue limit. U31ng X-ray stress analyzer, the macro-
scopic residusl stresses (0}) in the specimens were determined selec-—
ting Crkg(211) interference lines and the half-value breadths (B) of
the interference profiles in incident angle 0° were also measured.
Vicker hardness were determined along the trinsverse section of spe-
cimens after strengthening. The fracture morvhology and characteris-
tics were observed by electron microscope.

EXPERIVENTAL RESULTS 4AND DISCUSSION

Residual stress distribution and the changes of half-value breadth of
specimens after shot peening and surface rolling can be seen from
Fig.1. It is worth notice thst svecimens temvered at 200°C after sur-
face plastic deformation differ from that at 600°C on change tenden-
cies of B. The former is decreasing and the latter increasing. The
measurement of hardness shows that the micro-hardness value of speci-
mens in the surface plastic deformation layer are both raised. Table 1
summarizes the resulting data of tests.

Comparing the fatigue limit of surface rolled specimens with different
Omin., i.e. different mean stress, with the increase of Omin, i.e.
working stress, the attenuation of residual stresses is also incressed,
and in consequence the fatigue limit is lowered correspondingly, in
extreme case even lowered to below the virgin fatigue limit. This
strongly suggests that the affect of residual compressive stress on
the fatigue strength 6f surface plastically deformed material is very
pronounced.

The fatigue strength of spe01m 'ns tempered at 200°C is raised appre-
ciably by both shot peening and surface rolling. By comparision of the
surface finish, residual stresses and fatigue limit of the specimens
after shot peening and surface rolling, it is seen that fatigue pro-
perties of specimens after surface rolling are better than that after
shot peening. This is due to the fact that the residual compressive
stresses formed by shot peening are lower, depth of strengthen layer is
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shallower, especially the surface finish become more rough. Of course
this is the case when we have only used one set of shot peening para-
meter which is suitable to small parts. The fatigue 1limit of specimens
tempered at 600 °C when polished so as to make the surfuce finish same
as those surface rolled, was raised from 135kgf/mr® to 140kgf/mm? (0w
=3.7%) in the case of Jmin 22kgf/mm? . Therefore, the effect of surface
finish on fatigue strength can not be neglected. In what follows, in
order to sim:lify the problem, we will discuss the effect of residual
stresses and microstructural and fractographic changes on fatigue
strength after surface rolling, neglecting the effect of surface rough-
ness,

In the cnse of specimens tempered at 600 °C, with increasing rolling
forces, fatigue limit was raised with Omin of 22kgf/mm* , but with Omin
of 89%kgf/mm?, fatigue limit of specimens after rolled at 200kgf was
even lower than that before rolling, and fatigue limit of specimens
rolled at 50kgf still raised a little. The difference lies apparently
on the different degree of attenuation of the residual stresses due to
difference in the applied mean stress. As to the changes in the st:te
of dislocation structure reflected by the half-value breadths and that
of surface hardness of specimens rolled at 200kgf were much larger than
that rolled at 50kgf. Apparently this difference can no longer be at-
tributed to the difference in residual stresses.

TEM observ:=tions indicated that considerable plastic deformation caused
carbide particles apvear in directionary arrangements in the soft fer-
rite matrix of surface layer of the specimen after rolling at 200kgf
as shown in Fig.2a. The dislocation density of phase boundary between
the carbide and ferrite near surface is higher than that on the inner
layer, because of inhomogeneous plastic deformation. Even some micro-
crack may be formed at that location. We may think of these as a dam-
age of phase boundaries. Figure 2b, 2c¢ show that there are many steps
and even secondary cracks near the fatigue origin region on the frac-
ture surface and their direction is same as the trace in direction
formed by plastic deformation. As mentioned above, this characteristic
also appears in specimens rolled at 50kgf, but much lighter. This shows
that for specimens tempered at 600 °C after surface vlastic deformation
not only strengthening but also damage happen their degree being rele-
vant to the  strengthening parameter., Therefore, it is not sufficiant

to express the structural changes and its influence only by the changes
in hardness of specimens.

It follows that, the effect of plastic deformstion on structural changes
of specimens tempered at 600°C on fatigue strength contain two contrary
aspects, i.e. strengthening and damage. Therefore the effect of struc-
tural changes is small by comparision with residual stresses. The fa-
tigue limit of sgecimen rolled at 200kgf is higher than 50kgf, when
Omin is 22kgf/mm* , because the former has a higher residual compressive
stresses which overcome the harmful action csused by the damage. how-
ever, if residual stresses are attenuated appreciably, structural
changes become the main factor affecting fatigue strength. For this
reason, the fatigue limit of specimens rolled at 50kgf is better than
that rolled at 200kgf when Omin is 89kgf/mm* . Damage can also occur in
materials of low strength, when shot peening intensity is too high,
resulting in over peening.

As mentioned above, after shot peening or surface rolling, the hard-
ness of specimens tempered at 200 °C was increased, but half value
breadth was decreased. As a rule, half-value breadth of diffraction
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profile depend upon microscopic residual stress and dislocation struc-
ture. As it is known th:t the heterogeneity of substructure of low ten-
pered martensite is rather high and there may evist microscopic resi-
jual stress peaks so the half value breadth is usually large. The half
value breadth should have been further raised after shot peening or
surface rolling due to the modification of dislocation cell structure,
But it is probable that plastic deformation has, to some extent, re-
laxed local microstress peaks because deformed compressive stresses
acted on scecimens repeatly. When the latter effect exceeds the former,
the half value breadth is lessened. This process signifies the over-
coming of weak links in micro-regions in the tempered martensite, there-
fore the mechanical proverties of the materizl are improved. Static
bend tests show thst specimens after rolling not only posses a higher
bending strength but also a larger deflection as shown in Table 2.
Electron microscope observation indicates that there are about 10-20%
intergranular fracture and some secondary cracks besides cyelic cleav-
age near the origin of fatigue in specimens which are not rolled as
shown in Fig. 2d. After rolling, the surrounding region near the fa-
tigue origin apvears to be all cyclic cleavage. Intergranular fracture
and secondary cracks can be discovered only when the crack has nropa-
gated to a certain depth.

TABLE 2 Static Bending Properties of Specimens

States of Bending yield Bending strength Deflection
specimens strength Osb, kgf/mrt Obb, kgf/mm? ~ f,mm
200 °C tempered 226 490 4.0
200 °C tempered ‘
600kgf rolled 241 498 4.6

Besides, for specimens tempered at 200°C, the location of fatigue ori-~
gin on the fracture surface after surface rolling are relevant to the
applied stress. When the applied stress is lower (Omin=22kgf/mnf, Omax
<270 kgf/mm? ), fatigue nucleus may be shifted to the subsurface (1mm
below the surface) forming a "fish eye". The position of the fatigue
origin corresponds to the layer thickness of residual compressive
stress. The center of the fish eye is a non-metallic inclusion. The
crack propagation toward the surface is quite slow, even though the
applied stress on the surface layer is high. Since the residual com-
pressive stress retardsthe crack propagaion , so that flat and smooth
regions in the fracture were observed by SEM, its colour was quite dark.

Therefore, the improvement in fatigue strength of specimens tempered

at 200°C after surface plastic deformation is the over-all effect of
macroscopic residual compressive stress, surface finish and structural
changes. Among these residual stress vlays a major role. This is due

to the fact that higher residual stress values and deeper sirengthening
layer can be obtained by surface plastic deformation and much less at-
tenuation of residual stress results during cyclic loading. At the same
time the fatigue origin can be shifted to subsurface. On the other hand,
beneficial changes in the substructure, increase in surface hardness
and relaxation of local microscopic stress peaks all pool into the fa-
tigue strength improvement. Obviously if the effect of structural
changes be neglected, it may lead to over estimate the effect of resi-
dual stress, when we try to establish a relation between fatigue limit
and residual stresses and it is also unfair to characterize structural
changes only by hardness changes. Through the above discussion, we may
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once ageain clarify why surface plastic deformation produces very bene-
ficial strengthening effect under high cycle fatigue loading, for sve-
cimens temvered at low temperature such as 200 °C.

Fig. 2. Electron microscope photograph.

a)
b)

c)
a)

600°C tempered and rolled.

600 °C tempered, rolled and fatigued.
(the origin is pointed by the arrow)
600 °C tempered, rolled and fatigued
nezr origin.

200 °C temvered virgin near origin.

Fig. 3. Fish eye fatigue region.
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CONCLUSIONS
1. The improvement of fatigue strength by surface plastic deformation
can be attributed to three fundamental factors: macroscopic residual
stress, surface finish and structural changes. The effect of these fun-
damental factors on fatigue strength varies with original structure,
strengthening method and applied stress.

2. For specimens tempered at 600 °C after surface plastic deformation,
structural changes may not only result in work hardening but also
structural d:omsge. Their effect on fatigue strength is generally smal-
ler than thet of residual stress. But it can also become a main factor
affecting fatigue strength, when residual stress be attenuated appre-
ciably.

%, For specimens tempered at 200 °C, surface plastic deformation pro-
duces very beneficial strengthening effect. Besides residuzl compres-
sive stress, the improvement of micro-homogeneity of tempered marten-
site, which brings about more favorable substructural conditions also
plays an important role for its resistance against fatigue.

4. The hardness of specimens always increase after surface plastic de-
formation, but different structural chsnges occur in materials with
different original structure, so that their effect on fatigue strength
is diffenent. Therefore,it is insufficiant to express the structural
changes and its effect on fatigue strength only by changes in surface
hardness.
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