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Abstract 
 
Shot-peening effects on the fatigue life behavior of bearing steel (JIS SUJ2) have been investigated. Hourglass-shaped test specimens 

were heat-treated and then surface-treated using a shot-peening machine. Results of a rotary bending fatigue test showed that shot-
peening suppressed not only much of the surface-originated fracture but also the scattering error of the probabilistic stress-life data, and 
improved the fatigue life by about 6 times through the load levels of the cyclic tests. Such large increase in fatigue life was driven by the 
following reasons: The increase of hardness in the skin caused the predicted fatigue limit stress to increase by 15%; fracture-initiating 
inclusions were distributed at deeper locations, experiencing low nominal stresses; and the increase in the fish-eye fracture size by an 
average of 180%.   
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1. Introduction 

Shot-peening treatments have been one of the excellent and 
economic methods being applied for the fatigue life enhance-
ment of high strength steels [1]. Shiozawa et al. [2] reported 
the shot-peening effects in delaying the crack initiation and 
propagation over the giga-cycle fatigue life range of high car-
bon chromium steel. Cheng et al. [3] studied the fatigue 
strength behaviors influenced by the sizes, velocities and strik-
ing angles of shot steel balls. Many other studies [4, 5] have 
been performed on the fatigue resistances of a variety of steels 
treated with shot-peening processes. Most of the fatigue frac-
tures originated from inclusions of small oxide particles or 
grain boundaries in the metal, forming a distinct zone called 
the “fish-eye region” on the fracture surface. This region is a 
small, optically bright spot that surrounds the crack origin on 
the fracture surface that is commonly observed for hardened 
steels. The fatigue life should depend on the depths of fracture 
initiation sites, and thus on the amount of the nominal stress at 
the sites that are located on the surface and/or in the interior as 
Murakami mentioned [6]. However, previous fatigue studies 
for shot-peened high strength steels have scarcely considered 
statistical aspects in the life test data and the fish-eye fracture 
feature. 

In this study, shot-peening effects were statistically exam-
ined in the rotary bending fatigue test data of bearing steel. 

The fatigue life data was analyzed in association with skin 
hardness, nominal stress and fish-eye fracture region geometry. 

 
2. Materials and methods 

2.1 Materials and treatments 

A high strength bearing steel (JIS-SUJ2) often employed 
for power transmission components in vehicles was used in 
this study. The chemical composition was C (0.99 wt%), Si 
(0.25), Mn (0.30), P (0.013), S (0.005), Cr (1.45), Cu (0.10), 
and Ni (0.06). Hourglass-shaped specimens with a gage por-
tion 30mm in length and 6mm in diameter as shown in Fig. 1 
were made according to the JIS Z 2274 standard [7]. The 
specimens were heated at 830℃ for 40 minutes and tempered 
at 160℃ for 40 minutes, and then cooled in air. A shot-
peening treatment employing an impeller type shot-peening 
machine with an impeller diameter of 360 mm was conducted 
following the condition widely used in industry: Shot steel 
balls 0.3 mm in diameter impacted all the specimen surfaces 
for 6 minutes. The surface coverage by the shot-peening was 
about 300%. 
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Fig. 1. Geometry of hourglass-shaped test specimen (unit: mm). 
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2.2 Residual stress measurement and rotary bending fatigue 
test 

The residual stress in the specimen skin part was measured 
with the 22 sinθ ψ− method [8] using an X-ray diffractome-
ter (XStress3000), where ψ  is an X-ray incidence angle, and 
θ is an X-ray diffraction angle in the material. The residual 
stress was measured with repeated electrolytic polishing from 
the surface to a depth 120 μm at an interval of 2μm.Vickers 
hardness was also measured at ten different locations on the 
surface. The ultimate static load of the specimens with a ge-
ometry shown in Fig. 1 was measured using a tensile tester 
(MTS-25 ton) with a displacement rate of 1 mm/min. A four-
point type rotary bending fatigue tester (SHIMADZU, H7) 
was used for the fatigue test of the specimens. The load ratio 
(R) was maintained at -1 and the rotating speed was 3000 rpm. 
Four load levels and five specimens at each load level were 
chosen: the maximum load levels of the gage part were ad-
justed to levels of 38%, 42%, 46% and 50% of the ultimate 
static load (about 2543 MPa) measured in the tensile test, 
which conformed to KS B ISO 1143 standards [9]. 

The nominal tensile stress σ  in the specimen is 
 

Mc
I

σ =                   (1) 

 
where M  is the maximum bending moment (= / 2P m× ), c  
is the distance from the neutral axis to a designated height in 
the specimen, I  is the geometrical moment of inertia at the 
gage part (= 4 / 64dπ ). P , m and d  are the load, the fixed 
test span (30 mm) and the gage part cross-section diameter (6 
mm) of the specimen, respectively. After the fatigue tests, the 
fracture surface was analyzed by a scanning electron micros-
copy (SEM) and a dispersive X-ray spectroscopy (EDX). 

 
3. Results and discussion 

3.1 Shot-peening effects on residual stress, hardness and 
tensile strength 

Residual stress distributions along the depth of the speci-
mens are shown in Fig. 2. The skin of the shot-peened speci-
men contained the maximum compressive residual stress of 
about-1530 MPa that was about 3.7 times higher than that (-
418 MPa) of the non-shot-peened one. The compressive 
stresses were distributed from the surface to a depth of about 
90 μm. The Vickers hardness of 1019±10Hv measured for 
the shot-peened specimens was 1.18 times as large as that for 
the non-shot-peened ones. The considerable increase in hard-
ness indicates that the shot-peening brought into locally 
strengthened and thus hardened surfaces in the specimens. 
The ultimate tensile strength was improved by 0.3% on aver-
age, suggesting that the shot-peening effects were limited to a 
thin surface skin layer as in the above residual stress distribu-
tion. 

3.2 Shot-peening effects on the probabilistic stress-life be-
havior 

Fig. 3 shows test data points of the stress amplitude levels 
(S) and the corresponding cycles-to-failure (N) for non-shot-
peened and shot-peened bearing steel specimens. The fatigue 
life of shot-peened specimens at each stress level was largely 
improved: the fatigue life was 6.7 times on average longer 
than that of non-shot-peened specimens. The life data obtained 
from the internal fractures were much longer than those from 

 
Fig. 2. Residual stress distribution in the shot-peened specimen. 
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Fig. 3. The S–N curves of bearing steel: (a) non-shot-peened specimen;
(b) shot-peened specimen. 
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the surface fracture. Simple linear regression of the test data of 
log S versus log N using the least square calculation made an 
average prediction equation for each kind of the specimen as 
expressed in Fig. 3(b).  

Because the life data at each load level in bearing steel may 
fit with Weibull distributions as mentioned in Ref. [10], prob-
ability-stress-life (P-S-N) curves were calculated using the 
maximum likelihood approach based on 2-parameter Weibull 
distributions. A P-S-N curve with the allowable life xai at each 
stress level Si can be represented by the following equation [11]:  

 
log log logai ix b S K= − −             (2) 

 
where K and b are material coefficients. Using probability 
coefficients with a confidence level of 95%, values of K and b 
can be calculated with the least square method. According to 
the failure probabilities (p) of 1%, 10% and 50%, P-S-N 
curves for non-shot-peened and shot-peened specimens were 
obtained through Eq. (2) as shown in Fig. 4(a) and (b), respec-
tively. At a constant failure probability the stress level at the 
allowable life was much up-graded by the shot-peening. Be-

cause the slope b = 27.0 was much lower than that (37.0) for 
non-shot-peened ones, the fatigue life improvement by the 
shot-peening diminished with decreasing the stress level, as 
similarly reported by Shiozawa et al. [2]. 

Such large scattering in the fatigue life test data of non-shot-
peened specimens seemed to have been caused by various 
geometries and positions of oxide particle inclusions at frac-
ture initiation sites. Because the shot-peening brought about 
locally strengthened surface skins having large compressive 
stresses as described above, the fracture initiation on the sur-
face and in the skin layer was greatly suppressed. The prob-
abilities of the surface fractured specimens were 25% in non-
shot-peened ones, and 10% in shot-peened ones (compare Figs. 
3(a) and 3(b)). Most of the fractures for shot-peened ones 
originated from the inclusions in the interior underneath the 
strengthened skin layer, which will be considered further in 
Section 3.3. Moreover, the suppression of the surface fracture 
led to a great reduction of the scattering amount of life data.  

The scattering amount of the individual data from the aver-
age log N at each stress level can be analyzed for reliability 
evaluation of the life test data. The sum of squared error 
(SSE*) between the logarithmic life test data, log ,ijx  and 
the corresponding life estimation values at p = 50%, log xi(p=50), 
can be calculated with Eq. (3). 

Another case (SSE**) of the sum of squared error can be 
calculated on Eq. (4). In contrast with the highly scattered life 
test data of non-shot-peened specimens, SSE* and SSE** 
calculated for shot-peened ones greatly reduced to 32% and 
13% of the non-shot-peened results, respectively (see Table 1). 
SSE** was much more sensitive to the shot-peening effects 
than SSE*. Thus, the scattering amount of the individual data 
from the average log N at each stress level was greatly re-
duced for shot-peened ones, which represents much reliable 
life. The P-S-N curves are representative of quantitative char-
acteristics in the fatigue life at a given failure probability, and 
can be used for the reliable determination of the life corre-
sponding to each stress level.  

 
3.3 Quantitative analysis of the fish-eye region 

As shown in Fig. 3, the fatigue life of the internal fracture 

Table 1. Sum of squared error (SSE) values between fatigue life results 
and P-S-N curve. 
 

Sum of squared error 
(SSE) value 

Non-shot-peened 
specimen 

Shot-peened 
specimen 

SSE* 14.86 4.78 

SSE** 151.80 19.73 

4 5* 2
( 50)1 1

SSE (log log )ij i pi j
x x == =

= −∑ ∑         (3)

4 5 2
( 1)1 1

(log log )**
ij i pi j

SSE x x == =
= −∑ ∑         (4)
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Fig. 4. Probability-stress-life (P-S-N) curves: (a) non-shot-peened 
specimen; (b) shot-peened specimen. 
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was much longer than that of the surface fracture. The surface 
fracture propagated rapidly after the initiation on the specimen 
surface. However, the internal fracture formed a ‘fish-eye’ 
region in the course of the initial slow crack growth. The typi-
cal fatigue fracture surface formed by a fracture initiation in 
the specimen interior and its schematic illustration are shown 
in Fig. 5(a) and (b), respectively. An alumina oxide particle 
was observed at the origin of the fish-eye fracture as examined 
by the EDX analysis. Such hard inclusion induced a stress 
concentration to initiate the fatigue fracture. The shape of a 
fish-eye was affected by the stress distribution in the vicinity 
of the inclusion. Because in the rotary bending fatigue test the 
stress gradient became higher in the side of the surface skin, 
the outer edge side of the fish-eye was a bit more grown than 
the inner edge. Several researchers [13, 14] reported similar 
behaviors of the fish-eye shape (2a, 2b), depending on the 
loading type and the loading rate in the rotary fatigue tests. 
The present study measured the area of the fish-eye region 
(areaF) for each test specimen. 

Fig. 6 shows the behaviors of the fish-eye size Farea  ac-
cording to the levels of stress amplitude. The lowest value of 

Farea  for the shot-peened specimens obviously jumped up 
in comparison to the non-shot-peened case. At the respective 
stress levels the mean value of Farea  was larger by about 
180% on average. As the stress level decreased, the average 

Farea  increased considerably, whereas the non-shot-
peened specimens showed an increasing trend in the data of 

Farea  but a wide scattering band. The large increase of 
Farea  for the shot-peened specimens brought about such a 

big increase of the fatigue life as shown in Fig. 7. 

Furthermore, the shot-peening caused values of rfish-eye /2b to 
be lower than those for non-shot-peened ones, making 70% of 
the values even lower than 0.5 as shown in Fig. 8, where rfish-eye 
was the outer radius of the fish-eye region illustrated in Fig. 
5(b). Although the higher normal stress was applied to the 
outer edge than the inner edge of the fish-eye fracture in the 
rotary bending fatigue tests, this phenomenon was because the 
hardening and the compressive residual stress in the skin layer 
stated in Section 3.1 suppressed the initial crack growth from 
the inclusion toward the surface, causing the increase of the 
fish-eye area by about 180% on average as stated above [12].  

A fatigue limit stress σw may be predicted with the equation 

Inclusion

Fish-eye

 
(a) 
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(areainclusion)

Fracture surface
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d inclusion

Fish-eye region
( areafish-eye )
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Fig. 5. (a) SEM observation of the fracture surface; (b) definition of
internal crack geometrical parameter. 
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Fig. 6. Relationship between fish-eye size and stress amplitude. 
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1 6
inclusion(Hv 120)/( area )w eσ ≈ +   (5) 

 
where e is 1.43 and 1.56 for surface and internal fractures, 
respectively [6]. Fig. 9 shows behaviors of σw versus Nf. The 
average value of σw for shot-peened ones was on a higher 
level by 15% than that for non-shot-peened ones, implying a 
higher fatigue strength and a longer fatigue life at an identical 
bending load. On the other hand, a fracture can initiate at an 
inclusion when the nominal stress σinclusioncalculated by Eq. (1) 
at the location of the inclusion exceeds σw. As shown in Fig. 
10, σinclusion/ σw was higher than 1.0 in the present test data, 
indicating that the fatigue fracture arose for all the test speci-
mens. The low σinclusion/ σw for shot-peened ones represents a 
fracture-initiating inclusion positioned at deeper location from 
the surface and thus a longer fatigue life as compared with 
non-shot-peened cases. 

 
4. Conclusions 

The rotary bending fatigue test was carried out using the 
shot-peened high strength bearing steel (JIS-SUJ2). The shot-
peening hardened the skin and formed the compressive resid-
ual stress in the skin, suppressing much the scattering error of 
the probabilistic stress-life data and improving the average 
fatigue life by 6.7 times. The increase of the predicted fatigue 
limit stress, the decrease in the nominal stress around the frac-
ture-initiating inclusion and the increase in the fish-eye frac-

ture size brought about the large life improvement. 
 

Nomenclature------------------------------------------------------------------------ 
ψ  : X-ray incidence angle 
θ : X-ray diffraction angle in the material 
R     : Load ratio 
σ : Nominal tensile stress 
M  : Maximum bending moment 
c : Distance from the neutral axis to a designated height 

in the specimen 
I : Geometrical moment of inertia at the gage part 
P : Load 
m : Fixed test span 
d : Gage part cross-section diameter of the specimen 
Hv : Vickers hardness 
xai : Allowable life 
Si : Stress level 
K     : Material coefficient 
b : Material coefficient 
logxai : Logarithmic life test data 
rfish-eye  : Outer radius of the fish-eye region 
σw     : Fatigue limit stress 
e : Material coefficient 
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