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Abstract  This paper examined bending fatigue strength of shot-peened spring steel 
under the high cycle fatigue (HCF) and very high cycle fatigue (VHCF), and analyzed the
effects of shot-peening on the high strength spring steel through service life. Hourglass shape 
specimens made of spring steel (Si-Cr alloys) were prepared for the rotary bending fatigue test. 
Actual local stresses were quantitatively calculated to compensate for the applied stress
amplitudes, through which it was clarified that the shot-peening had strongly positive effects on 
the HCF strength, but rather negative effect on the VHCF strength. The fracturing process
examination confirmed that most fish-eye fractures arose at sites deeper than the compressive 
residual stress zone, which did not prevent the creation of the fish-eye. The fatigue strength 
improvement in the VHCF range was scarcely expected as a result of the shot-peening 
treatment.  

 
1. Introduction   

Long-life safety of transportation machine and energy industry structures has been concerned 
in recent years. Many researchers have studied the fatigue behavior of materials in the high 
cycle range of more than 107 cycles for high safety and reliability of engineering structural com-
ponents such as turbine blades, bearings, and springs. Researchers have reported that the fa-
tigue strength of high strength steel showed duplex S-N curves depending on the characteristics 
of fatigue failure. As the scope of fatigue test cycle (Nf) was expanded, the range of more than 
107 cycles was classified as very high cycle fatigue (VHCF) [1-5]. Especially mechanical compo-
nents such as springs and bearings used in transportation machine systems have usually ex-
perienced the VHCF stresses. However, in a common test level it takes a really long time to 
observe VHCF behavior. Various fatigue test methods have been implemented to solve this 
problem, including a cantilever type rotary bending fatigue tester used together with the ultra-
sonic-fatigue-test (UFT) employing ultrasonic resonance [3, 6-8]. Spring steels are very usually 
used in combustion motor valves and clutching or injection systems. They are typically subjected 
to cycling conditions beyond the fatigue limit condition of 107 cycles. Various spring steels (Si-Cr 
and Cr-V alloys) have been studied under the VHCF [3, 6-12]. 

Furuya et al. [3] reported the fatigue data of 1010 cycles for spring steel and discussed the 
size and frequency effects on the VHCF behavior. The fatigue strength at Nf ≅ 1010 cycles was 
lower than that at 108 cycles. The frequencies were fixed at 30 and 100 Hz with a multiple rotat-
ing bending machine, 120 Hz with an electromagnetic machine, 600 Hz with a high-speed 
servo-hydraulic machine, and 20 kHz with an ultrasonic machine. The frequency dependency 
was very small to obtain appropriate fatigue results. Bathias et al. [6] performed fatigue tests on 
various metal materials. The fatigue tests were performed at 20 kHz with a stress ratio (R = 
σmin/σmax) R = -1 under load control. Fatigue test results of spring steel (Cr-V, Cr-Si) showed 
that fatigue failure occurred in the VHCF range, and the fatigue strength decreased. Pyttel et al. 
[10] studied VHCF tests on helical compression springs made of SiCr- and SiCrV-alloys with   
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shot-peening treatment. There was no fatigue limit, but a re-
markable decrease of fatigue strength in the Nf range of 
107~1.5×109 cycles. 

Murakami et al. [13, 14] studied influential factors in metal fa-
tigue and reported that fatigue strength was significantly af-
fected by crack initiation sites (surface or interior). Based on 
scanning electron microscope (SEM) fractography, Nishijima et 
al. [15] reported multiple fish-eye regions on a single fracture 
surface. Micro-cracks caused by a nonmetallic inclusion or 
hardened site inside the specimen skin were formed simulta-
neously at multiple sites due to stress concentration. However, 
the most critical crack was present in the skin and caused frac-
ture initiation. In the fish-eye region, granular-bright facets 
(GBFs) were observed. Micro-cracking was mainly caused by 
stress concentration at the crack tip or inclusion boundary in 
GBF. The fatigue strength corresponding to the internal frac-
ture initiation should be much higher than that to the surface 
fracture initiation, because the interior suffers lower local 
stresses than the surface at the same load level [16-19]. 

There are various methods for improving the fatigue strength 
of metals. Shot-peening treatment [20-25] is one of the effec-
tive methods for improving the fatigue strength of high strength 
steels [9, 26-30]. Fargas et al. [30] studied the relationship 
between microstructural changes induced by shot-peening and 
high cycle fatigue (HCF) limit (Nf < 106 cycles) using the stair-
case method. The fatigue tester was under load control in a 
resonant testing machine (150 Hz, R = 0.1). For fully annealed 
austenitic steel, even lower fatigue limits were obtained after 
shot-peening, because of high roughness generated by shot-
peening. Li et al. [31] also predicted a decrease in fatigue limit 
on the basis of stress concentration effect induced by the in-
crease of surface roughness formed due to shot-peening. 
However for cold rolled steel which is a mixture of austenite 
and martensite, the fatigue limit was improved by shot-peening 
for cycles lower than 106 [30]. Bagherifard et al. [32] reported 
that notched specimens of 39NiCrMo3 steel showed fatigue 
strength improvement for severely shot peened specimens in 
spite of their very high surface roughness: fatigue limit at run-
out of 3×106 cycles increased by 12~33 % with peening cover-
age 100 %, and drastically increased by 146 % with 1500 % 
coverage. 

In a study that extended the Nf over the giga-cycle range, 
Shiozawa et al. [2] reported the shot-peening effects of ob-
structing the crack initiation and propagation in high carbon 
chromium steel. Lee et al. [29] performed the cantilever type 
fatigue test over giga-cycles using shot-peened steels, which 
were classified according to different kinds of shot-peening 
conditions. For shot peened high strength quenched and tem-
pered 50CrMo4 steel according to DIN EN 10083-3, Trško et al. 
[33] reported a significant increase of fatigue strength in the 
VHCF regime of ultrasonic fatigue testing at a frequency of 
20 kHz. Benedetti et al. [34] studied the VHCF behaviors of 
shot-peened aluminum alloy plates considering the variation of 
residual stress and surface state by analyzing fatigue crack 
occurrence and propagation. Most studies above suggest that 

shot-peening can help improve the fatigue strength. However 
considerable ambiguity in mechanical and microstructural as-
pects still remains to clarify consistently the effects of shot 
peening on the fatigue strength in the VHCF range for high 
strength steels. 

In this study, shot-peening effects on the VHCF strength as 
well as the HCF strength are examined through the rotary 
bending fatigue test of commercially available spring steel (Si-
Cr-Mn alloy, SAE9254). The compressive residual stress in the 
skin, the surface roughness, and the microstructure change 
generated by shot-peening are reflected quantitatively in the 
actual stress amplitude calculation. The VHCF behaviors in 
improving the fatigue limit are re-analyzed through actual 
stress calculation based on the inclusion location and the fish-
eye growth characteristics in the fracture initiation. 

 
2. Experimental procedure  
2.1 Spring steel specimen and shot-peening 

treatment  

The material used in this study was hot-rolled spring steel 
(Si-Cr-Mn alloys, SPS 8, SAE9254), which is used for high 
corrosion resistant spring components in vehicle engines. The 
chemical composition is shown in Table 1. The rotary bending 
fatigue specimens were prepared as in the hourglass shape of 
Fig. 1. Round bar specimens for tensile test were prepared per 
ASTM E8 standards. 

The specimens were immersed in a furnace at 830 °C for 90 
min and then quenched in oil. Subsequently, they were tem-
pered at 400 °C for 120 min, and then air-cooled. Through this 
heat treatment, the surface hardness of the skin was increased 
to above that of HB390 to meet the criteria of spring steel 
SAE9254. The surface was polished with sandpaper (# 2000) 
to remove surface contaminations. A shot-peening treatment 
was then applied to the specimens employing an impeller type 

Table 1. Chemical composition of SAE9254 (wt.%). This material is hot-
rolled spring steel of Si-Cr-Mn alloy, which has been widely used also as a 
commercial code of SPS 8. 
 

C Si Mn P S Cr 

0.51 1.20~1.60 0.60~0.90 ≤0.035 ≤0.035 0.60~0.90

 

 
 
Fig. 1. Geometry of a rotary bending fatigue specimen used in this study 
(mm). The gauge portion is shaped with a diameter of 10 mm where the 
nominal stress at the central surface of the specimen is compensated with 
the concentration factor of 1.08 which was offered by the manufacturer of 
the tester. 
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shot-peening machine with an impeller diameter of 360 mm. 
Shot steel balls with a diameter of 300 μm impacted against 
the whole surface of round bar specimens during their rotation 
for 6 min so that a representative 200 % surface coverage [23] 
was achieved for usual industry application. The angle of im-
pingement on the target surface was almost at right angles. 

 
2.2 Residual stress and surface roughness 

measurement 

For measurement of residual stress and surface roughness 
the above hot-rolled spring steel was sectioned into a plate 
type specimen, and processed under the same heat treatment 
and shot-peening conditions as the fatigue test specimens. The 
surface roughness of the specimen was measured with a non-
contact roughness meter (Nano scan E1000) to examine 
changes in surface roughness due to shot-peening. The 
measuring area was set to 1000 μm× 1000 μm. An X-ray beam 
stress measurement tester (Rigaku MSF/PSF-3M) was used to 
measure the residual stress, and the volume ratio of austenite 
microstructure. The residual stresses were measured based on 
a linear plot of X-ray diffraction (XRD) data using the sin2ψ 
method of measuring the interplanar distance of the changed 
crystals. Exposure conditions for XRD are shown in Table 2. 
The diffraction plane for residual stress measurement was set 
in the rolling direction <100> which was parallel to the speci-
men length. Residual stresses at the material surface (depth = 
0) formed by electro-polishing were measured so that the scat-
tering of X-rays was minimized. After each very shallow elec-
tro-polishing step, the residual stress measurement was con-
ducted at the removed depth. The depth dimension was ad-
justed by controlling the electro-polishing time. After the resid-
ual stress test, the actual depth was measured using the non-
contact roughness meter. 

 
2.3 Tensile test and rotary bending fatigue test 

The tensile properties of the specimens (ASTM E8) were 
measured with a displacement rate of 1 mm/min using a tensile 
tester (Instron 8516). The tensile test was performed for five 
specimens at each condition. The strain was measured by 
attaching an extensometer (Instron 3542). 

A cantilever type rotary bending fatigue tester (YRB-200, 
Yamanoto) with four axis spindles was used for the fatigue test. 
At room temperature, the stress ratio (R) was maintained at -1, 
and the rotating speed was 3600 rpm. The nominal stress of 
the gauge portion was calculated basically conforming to the 
KS B ISO 1143 standards [35] given by the equation 

 

= Mc
I

σ α                                           (1) 

 
where M is the maximum bending moment (= P×m/2), c the 
distance from the neutral axis to a designated height in the 
specimen, I the geometrical moment of inertia at the gage part 

(= πd4/64), α the stress concentration factor (1.08) offered by 
the manufacturer of the tester. P, m and d are the load, the 
fixed test span (40.5 mm) and the gage part cross-section di-
ameter (4 mm) of the specimen, respectively. The stress ampli-
tude was adopted to be ten constant load levels lower than the 
ultimate strength measured in the tensile test. The fatigue test 
limitation was set up to 2.5 × 108 cycles to cover the VHCF 
range. 

 
2.4 Microscopic observation 

Specimens were cut in the direction of the shot-peening per-
pendicular to the surface, and the cross-section surface was 
then polished and etched with 3 % nital solution. To investigate 
the microstructural factors that affect fatigue failure, the etched 
section and fatigue fracture surface were analyzed with an 
SEM (Mira3, Tescan) and energy dispersive X-ray spectros-
copy (EDX, Mira3, Tescan). 

 
3. Results and discussion 
3.1 Residual stress and surface roughness 

variation formed by shot-peening 

Fig. 2 shows the XRD measurement result of residual normal 
stress according to depths from the surface. Taking into ac-
count the stress redistribution caused by the electro-polished 
skin, measured residual stresses were corrected for material 
removal in accordance with Moored and Evans correction [36]. 
Correction amount was varied according to depths, and the 
maximum correction for shot-peened specimen was calculated 
to be about +12.1 MPa at the depth of 75 m. For unpeened 
specimen correction was small: +3.2 MPa in the maximum at 
depth 90 m. Specimens before shot-peening showed com-
pressive residual stress of -190 MPa at approximately 10 μm 
depth. The compressive residual stress decreased rapidly at 
further depths, then vanished at a depth of 40 μm. With deeper 
depths, tensile residual stress appeared with only a small in-
tensity. In contrast, the shot-peened specimen had a large 
compressive residual stress over a depth of 170 μm from the 
surface. The surface had compressive residual stress of about 
350 MPa. The maximum compressive residual stresses of up 
to 480 MPa were formed with depth over 10 to 70 μm. Above 

Table 2. Experimental conditions for X-ray diffraction test. The test was 
conducted on a plate type specimen which had been processed with the 
same heat treatment and shot-peening as the fatigue test specimen. 
 

Characteristic X-ray K alpha 

Tube type Cr 
Tube voltage 30 kV 

Tube current 10 mA 

Scan range 148-164 deg 
Ψ (psi) angle 0, 18.4, 26.6, 33.2, 39.2, 45 

Measurement area ϕ 2 mm 

 



 Journal of Mechanical Science and Technology 35 (11) 2021  DOI 10.1007/s12206-021-1015-0 
 
 

 
4966  

the depth of 100 μm, the residual stress rapidly decreased and 
disappeared around the depth of 200 μm. Results of Wu et al. 
[21] using 18CrNiMo1.6 steel experienced with peening cover-
ages 100~400 % showed maximum compressive stress distri-
butions over depths of 50~75 μm, but had little effect of peen-
ing coverages on their maximum compressive residual 
stresses and their affected skin layer thicknesses. It was also 
confirmed in this experiment that the shot-peening generated 
large compressive residual stresses in such thin skin region of 
the specimens. 

Fig. 3 shows contour images of the surface roughness in 800 
× 800 μm2 area before and after shot-peening. Table 3 shows 
average roughness (Ra) values representing the surface micro-
profile height, and its root mean square (Rq), which is the stan-
dard deviation of the height distribution in the uneven portion. 
Ra increased by a factor of approximately 10 after shot-
peening, and Rq also increased significantly. Due to the shot-
peening treatment, the surface roughness became large over 
the entire specimen surface. The surface topography would 
change with initial surface treatments [21, 22], peening velocity 
and times [20-25]. 

3.2 Microstructural change by shot-peening 

Fig. 4 shows SEM images of the microstructure of skin parts 
for unpeened and shot-peened specimens. The shot-peening 
treatment formed dimples approximately 3 μm deep on the 
specimen surface. Microstructures of the skin part were ob-
served to be crushed by the extremely compressive plastic 
deformation. A micro pit was occasionally generated on the 
surface (Fig. 4(b)), which seemed to originate from some sur-
face defect or pull-out of inclusion in the sub-surface part and 
might suffer from local plastic deformation by the tangential 
tension along the contact surface boundary of an impactive 
shot steel ball during the compressive indentation [37]. The 
skin part was partially micro-cracked due to substantial plastic 
deformation (Fig. 4(b)), and thus the compressive residual 
stress would be relatively relaxed. As shown in Fig. 5, the 
length direction of crystal grains was observed rather horizon-
tally for the skin up to approximately 20 μm depths underneath 
the surface. The severely deformed skin layer was similar to 
the results from high strength 50CrMo4 steel by Trško et al. 
[33] in which the thickness of the severely deformed skin layer 
was about 20 μm in terms of grain refinement microstructural 
change. Such shifted orientation of grains relatively parallel 
with the direction of the compressive residual normal stress 
(Fig. 2) would hinder crack propagation to the grain boundary, 

 
Fig. 2. Residual normal stress distributions measured along the depth from 
the specimen surface before and after the shot-peening. Stress redistribu-
tion induced by material removal of the electro-polished skin is reflected on 
the residual stresses, which is calculated in accordance with Moored and 
Evans correction [35]. 

 

 
                (a)                                 (b) 
 
Fig. 3. Surface roughness contours on the specimen surface measured 
with a non-contact roughness meter (Nano scan E1000): (a) unpeened; (b) 
shot-peened. Roughness data measured on the surface are displayed in 
Table 3. 

 

Table 3. Surface roughness results represented by Ra and Rq values. 
Average roughness (Ra) represents the average micro-profile height, and 
its root mean square (Rq) indicates the standard deviation of the height 
distribution in the uneven portion. 
 

 Roughness average  
(Ra, μm) 

Root mean square  
(Rq, μm) 

Unpeened 0.140 0.281 

Shot-peened 1.411 1.708 

 

                 (a)                              (b) 
 
Fig. 4. Microstructures of the sectioned skin part observed by SEM: (a) 
unpeened; (b) shot-peened. The shot-peening treatment definitely formed 
concave dimples approximately 3 μm deep from the surface. The micro-
structure of the skin part was crushed with the extremely compressive 
plastic deformation. 
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and increase fatigue life [17, 38]. For depths beyond 20 μm, 
grains remained in the original states shaped like the micro-
structure of unpeened specimens. Although the maximum 
compressive residual stresses were distributed at between 30 
and 70 μm (Fig. 2), plastic deformation was hardly formed for 
the crystal grains. There were shown little changes in the 
shape of the fine grains, and the amount of austenite phase 
confirmed by EDX. 

 
3.3 Stress concentration behaviors of the 

shot-peened skin part 

For simulating the stress concentration behavior according to 
changes in surface roughness after shot-peening, stress con-
centration coefficients in various methods were calculated. Fig. 
6 and Table 4 show the stress concentration factor Ktn accord-
ing to the load and specimen type. The depth and radius of the 
dimples formed along the surface due to compressive indenta-
tion by shot-peening were measured with a sectioned speci-
men by SEM (Sec. 3.2), and are applied to the stress concen-
tration equation. The measured dimple radius and depth were 
15~30 μm and 3~7 μm, respectively. Based on the measured 
dimple data the maximum and minimum values in Ktn were 
calculated. The stress concentration factor in the present study 
for cases (b), (c) and (d) was calculated to be between 1.84 
and 2.14, which is similar to the range observed in case (a) [13], 
in which the stress concentration behavior according to surface 
roughness was studied in the rotary bending fatigue test. The 
case (d) was also calculated, taking into account the micro pit 
and the micro fracture of Fig. 4(b). The depth and radius of the 
micro pit were about 0.2-0.3 μm, so small that the stress con-
centration effect seemed difficult to occur because a micro pit 
smaller than the grain size was reported not to affect the stress 
concentration [39-42]. The average of the stress concentration 
factor for the most common shot-peening notch shape was 
calculated to be Ktn ≅ 2.0. 

3.4 Shot-peening effects on tensile properties 

Table 5 shows test data of tensile strength, Young’s modulus, 
and strain at break measured from the specimens before and 
after shot-peening treatment. The tensile property values were 
represented by average ± standard deviation, which were cal-
culated from the test data measured for five specimens. 

After shot-peening, the tensile strength of spring steel de-
creased by approximately 1.1 % (18 MPa), Young’s modulus 
hardly changed, and the strain at the break slightly diminished. 
The standard deviation of the data was very significantly re-
duced. 

 
 
Fig. 5. Microstructural changes and plastic deformation according to depths 
after shot-peening. The length direction of crystal grains was shifted rather 
horizontally in the skin up to about 20 μm depths beneath the surface. 

 

Table 4. Calculated values of stress concentration factors according to 
various loading and specimen types. The dimple radius and depth meas-
ured on the roughness profiles of Figs. 3 and 4 are applied to the equations 
in Fig. 6. Based on the measured dimple data the maximum and minimum 
values in Ktn are calculated. 
 

 Specimen 
type Load type 

Stress concen-
tration factor, 

Ktn 
Reference 

Case (a) Cylinder

Rotary  
bending 
fatigue  

machine 

1.842  
(750 MPa) -

2.333 
(950 MPa) 

Murakami [13] 

Case (b) Plate Tension 1.894~1.966 [43] 

Case (c) Plate Tension 1.859~1.931 Cole and Brown 
[43] 

Case (d) Plate Tension 1.936~2.140 Nishitani and Tada 
[44] 

 
Table 5. Tensile properties of Si-Cr-Mn alloy before and after shot-peening 
(average ± standard deviation).  
 

 Tensile strength 
(MPa) 

Young’s modulus 
(GPa) 

Strain 
at break (%) 

Unpeened 1604 ± 8.9 209 ± 4.8 12.0 ± 1.2 

Shot-peened 1586 ± 0.9 210 ± 1.0 11.4 ± 0.5 

 

        
              (a)                                    (b) 
 

              (c)                                    (d) 
 
Fig. 6. Stress concentration factors (Ktn) according to the specimen surface 
profiles: (a) a periodic surface roughness; (b) an equivalent ellipse concept 
of a flat tension bar with a notch; (c) a flat tension bar with a U-shaped 
notch at one side; (d) a flat tension bar with double notch at one side. σ0

indicates the nominal stress applied at the skin part. Those models of (a) to 
(d) may apply to the stress concentration circumstances at the shot-peened 
surface. Calculated values of Ktn are displayed in Table 4. 
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3.5 Shot-peening effects on fatigue test re-
sults 

Fig. 7 shows the experimental data points of stress ampli-
tude (σa) versus the number of fatigue test cycles (Nf) for un-
peened and shot-peened specimens. The stair-case method 
was used to determine the fatigue limit: the upper stress level 
of 820 MPa was tested first, and then each stress amplitude 
was tested with a decrease by an interval of 5 MPa until the 
lower level of 785 MPa. At each stress level the fatigue test 
was conducted two times. If a specimen did not show a frac-
ture until Nf reached 2.5×108, the fatigue test was stopped, and 
the specimen was marked as a run-out datum. Based on the 
test data, an S-N curve was derived that included the VHCF 
range. In the intermediate and high cycle range below 106 cy-
cles, the unpeened specimens show a fatigue strength obvi-
ously lower than that for shot-peened specimens. The fatigue 
life of shot-peened specimens at each stress level was much 
longer than that of unpeened specimens. Several researchers 
[10, 27-29] have confirmed the improved fatigue strength of 
shot-peened specimens in the HCF range (104 < Nf < 107). 
However, in the VHCF range with Nf beyond 1.0 × 107 cycles, 
fatigue strengths of shot-peened specimens became lower 
than those of unpeened specimens. The shot-peening treat-
ment would adversely affect the fatigue strength. For the HCF 
and VHCF ranges the corresponding S-N curve can be repre-
sented by a regression curve given in equation, 

 
10A B loga fNσ = − ⋅ .                         (2) 

  
Here, A is the y-intercept that indicates the initial fatigue 

strength and B represents the decreasing slope of fatigue 
strength as the life cycle increases. It is to be noted that the Eq. 
(2) adopts arithmetic σa versus logarithmic Nf. This may be 
more reasonable than a log-log relationship of σa and Nf in that 
the arithmetic scale of σa can represent accurate behaviors of 
the fatigue limit calculated in the VHCF range. The HCF and 
VHCF limit stresses were calculated through MINITAB on the 
basis of test data obtained by the staircase method. Based on 
the HCF range (Nf ≤1.0×107), the fatigue limit (σf) of the un-
peened and shot-peened specimens was 807.5 MPa and 
815 MPa, respectively. Such values of σf were about 50.3 % 
and 51.4 % of the corresponding tensile strengths (σu) in Table 
5, respectively, which were still about 2.5 times larger than the 
maximum allowable engineering stress (320 MPa) of the spring 
steel calculated assuming the safety factor of 5.0 for spring 
components. 

Assuming that the fatigue limit of unpeened specimen was 
the same as that obtained from a uniaxial cyclic test, the follow-
ing Goodman relation between σa and σm+σrd may be consid-
ered to deduce a fatigue limit value for shot-peened specimen: 

 

0 0

1a m rd

f u

σ σ σ
σ σ

++ =                                   (3) 

where σf0 and σu0 are the fatigue limit and the tensile strength 
of unpeened uniaxial specimen, respectively. The mean stress 
σm at any position in the specimen is zero for the rotary bend-
ing cyclic test. σrd is the maximum residual stress in Fig. 2. In 
Eq. (3) the stress amplitude σa can arrive at a fatigue limit 
which is expected by assuming a uniaxial specimen containing 
the pre-existent residual stresses. Thus expected fatigue limit 
values at Nf = 1.0×107 are calculated to be 904.4 MPa (56.4 % 
σu) and 1059.5 MPa (66.8 % σu) for unpeened and shot 
peened specimens, respectively. However, the expected limits 
were considerably larger than those measured experimentally 
by the staircase method. Such difference for unpeened speci-
men may be caused by specimen types of uniaxial test and the 
present rotary bending test, and it for shot-peened specimen 
may originate from residual stress distribution characteristics 
and microstructural changes in addition to specimen type. 

When the fatigue range was extended to the VHCF range (Nf 
≥ 1.0×107), σf values were slightly lower than those in the HCF 
range, but was reversed having values of 795 MPa and 
805 MPa for the shot-peened and unpeened specimen, re-
spectively. The decrease of σf for shot-peened specimen was 
thought to be still mild, but definitely larger than that of un-
peened one, which was quite different from the results by 
Trško et al. [33] who utilized high strength and low alloy steel 
50CrMo4 under the ultrasonic fatigue tests at a frequency of 
20 kHz. Because allowable stress for engineering design and 
application of the present spring steel was 320 MPa (one-fifth 
of σu) assuming the safety factor of 5.0, the decreasing slope 
did not seem to be a dangerous situation for spring compo-
nents during the service life. With removal of the surface dim-
ples with the maximum depth of 7 m and thus decreasing the 
surface roughness shown in Secs. 3.1-3.3 to relax the stress 
concentration in the skin part, the reversed situation in the σf by 
shot-peening would be improved for assuring better life. 

Table 6 shows the regression curves calculated according to 
the fatigue cycle ranges. The accuracy of linear regression is 
represented by the regression coefficient (R2 = SSR/SST) 
where SSR and SST are the residual and total sum of squares, 
respectively. High R2 value indicates a small deviation of test 
data from the regression curve. In the HCF range, the shot-
peening caused an increase in the initial fatigue strength A as 
well as in slope B. Data deviations in the shot-peened speci-
mens were much less. The results were consistent with those 
[7] obtained by different experiments using the uniaxial tension-
compression loading. However, in the VHCF range, shot-
peening brought about a significant increase in B, and its posi-
tive effect was hardly seen in improving the fatigue strength, 
while the shot-peening treatment suppressed very much the 
scattering of the strength data so that the expected fatigue life 
was much more reliable. 

The actual stress distribution, according to the depths in the 
specimen, was calculated considering the surface roughness 
and compressive residual stress, which acted on the surface 
and interior of the shot-peened specimens. In Sec. 3.3, the 
stress concentration factor (Ktn) of the skin part was 1.8-2.1 
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after shot-peening. The residual stress (σrd) and stress concen-
tration factor (Ktn) were applied to calculate the actual stress 
(σA) on the skin part using equation 

 
( )0A tn rdKσ σ σ⋅= +                                 (4) 

 
where σ0 is the nominal stress at the corresponding depth. The 
surface notch of the shot-peened specimen had various ge-
ometries of dimple depth (t) = 3-6 μm and radius (r) = 13-
20 μm. Based on the surface profile geometry data, local 
stresses at the actual surface were estimated reflecting tensile 
σ0, compressive σrd, and concentration Ktn. In a way similar to 
the previous studies [45-47], the lowest depth corresponding to 
no stress concentration was determined using the dimple 
depth and radius data. Ktn approached almost 1.0 in specimen 
depth larger than 55 μm. As illustrated in Fig. 8, Ktn was as-
sumed to be 2.0 (Sec. 3.3) at the surface and set to converge 
to 1.0 at depths ≥ 55 μm. The tensile stress reduction, due to 
a significant increase in compressive residual stress in the skin 
part, was higher than the tensile stress increments due to 
stress concentration. Thus, the actual stress σA became lower 
than σ0. The decrease of σA by shot-peening treatment led to 
an increase in nominal fatigue strength. However, in the VHCF 
range, although the nominal stress σ0 got lower than the fa-
tigue limit σf, the actual stress σA of the surface was higher 

than σf, which caused the fatigue fracture, and thus a decrease 
in the nominal fatigue limit. In contrast, unpeened specimens 
had a low surface roughness, and scarcely generated stress 
concentrations. Without defects or inclusions in the skin of 
unpeened specimens, fatigue failure hardly seemed to occur in 
the VHCF range even for high stress amplitude ( aσ ) of 820 
MPa, as shown in Fig. 7. In this state, the fatigue limit of un-
peened specimens could be higher than that of shot-peened 
specimens. 

 
3.6 Shot-peening effects on the VHCF fracture 

behavior 

Most fatigue fractures in the VHCF range originated from the 
inclusion of small oxide particles or grain boundaries of the 
metal poly-crystals, and formed a dark zone called the “fish-
eye region” [6, 13, 18, 19] on the fracture surface, as illustrated 
in Fig. 9. Such failure mode was often observed for low stress 
amplitude and HCF range of hardened steels. The shot-
peened specimens showed obviously longer fatigue life than 
unpeened specimen below Nf = 3.0 × 107 cycles, as shown in 

Table 6. Regression curves of fatigue strength and the regression coeffi-
cient (R2) for unpeened and shot-peened specimens according to cycle 
ranges. R2 (= SSR/SST) represents the accuracy of linear regression, 
where SSR and SST are the residual and total sum of squares, respec-
tively. 
 

 Cycle range Regression curve R2 
(= SSR/SST)

~ 106 = − 101185 67.32loga fσ N  0.714 
Unpeened 

106~VHCF = − 10828.1 2.56loga fσ N  0.400 

~ 106 = − 101385 100.1loga fσ N  0.816 Shot-
peened 106~VHCF = − 10890.6 11.38loga fσ N  0.879 

 

 
Fig. 7. Data points of the stress amplitudes (S) versus the number of cycles 
(Nf) for unpeened (□) and shot-peened (○) spring steel specimens. Solid 
marks indicate run-out data at the test end cycle of 2.5×108. The fatigue 
limit for each specimen type was determined using the stair-case method.

 
Fig. 8. Distributions of nominal (σ0), residual (σrd), local (σL), and actual (σA) 
stresses along the depth from the surface for shot-peened specimens. The 
actual stress (σA) calculation reflected the surface roughness and compres-
sive residual stress, which acted on the surface as well as the interior of the 
shot-peened specimens. Ktn of the skin part due to shot-peening was 1.8-
2.1. The lowest depth corresponding to no stress concentration (Ktn = 1) 
was calculated around 55 μm. Ktn was calculated 2.0 at the surface. 

 

 
 
Fig. 9. Definitions of fracture surface geometrical parameter. This illustrates 
typical fracture pattern observed in the fracture surface of fatigued spring 
steel. 
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Fig. 7. In a range larger than Nf = 3.0 × 107 cycles, the fatigue 
strength was dependent on the position and size of the inclu-
sion. Shot-peening was rather ineffective in VHCF behavior, 
which was dominated by the internal fracture characteristics as 
follows. 

Through the SEM examination, the fish-eye regions in the 
shot-peened and unpeened specimens were also found in the 
VHCF range. Regardless of specimen types, the size of the 
inclusion was approximately 30 to 35 μm almost similar for all 
fractured specimens. However, the fish-eye regions had varia-
tions in size and shape. It is to be noted that such variations of 
the fish-eye regions may have been affected by the compres-
sive residual stress distribution and skin layer change due to 
the shot-peening. 

Figs. 10 and 11 show the largest fish-eye regions among 
those observed near the specimen surface in the VHCF range 
through this study for unpeened and shot-peened specimens, 
respectively. The largest size of fish-eye may indicate the long-
est duration of microfracturing process initiated at the corre-
sponding inclusion. For the unpeened specimen of Fig. 10, the 
diameter of fish-eye (Df) was around 300 μm, and the depth of 
inclusion from the surface (dinc) was 178 μm. Df for the shot-
peened specimen (Fig. 11) was 229 μm, and dinc was 156 μm. 
The value of dinc at the fish-eye center of unpeened specimen 
was much deeper than that in the shot-peened specimen, 
while the maximum Df of unpeened specimen was much larger. 
For unpeened specimen, the skin crack initiated with a fish-eye 

pattern caused a more rough and bumpy fracture than that in 
the shot-peened specimen. 

Fig. 12 shows the highly magnified photographs around the 
inclusions corresponding to the fish-eye initiation site. The size 
of inclusion for unpeened specimens (Fig. 12(a)) was little dif-
ferent from that for the shot-peened specimen (Fig. 12(b)). The 
EDX analysis showed that the inclusion in an unpeened 
specimen was a non-metallic compound composed of C, S, Ca 
and Al oxides. The inclusions must have different modulus 
from the steel matrix, which induced quite large stress concen-
tration behaviors at the inclusion site. 

Although there were shown different stress amplitudes at the 
surface for unpeened and shot-peened specimens, it is to be 
noted in Table 7 measured in Figs. 10 and 11 corresponding to 
the largest fish-eye sizes formed in the VHCF tests that the 
actual local stresses calculated around the inclusions using the 
stressconcentration effect [48] were nearly the same (about 
737.6~737.9 MPa) for both specimens. However, the fatigue 
life for the shot-peened specimen was four times longer, and 
the depth of inclusion (dinc) for fish-eye initiation was more 
shallow than the unpeened specimen. Most fish-eye fractures 
arose at sites (dinc > 100 μm) deeper than the compressive 
residual stress zone, which did not prevent the creation itself of 

 
 
Fig. 10. SEM observation of the fracture surface of an unpeened specimen 
(σf = 810 MPa, Nf = 3.3×107 cycles, Df = 300 μm, dinc = 178 μm). This 
photograph was taken for the largest fish-eye region detected near the 
specimen surface among unpeened specimens tested in the VHCF range.

 
 

    
 
Fig. 11. SEM observation of the fracture surface of a shot-peened speci-
men (σf = 800 MPa, Nf = 1.4×108 cycles, Df = 229 μm, dinc = 156 μm). This 
was taken for the largest fish-eye region detected near the specimen sur-
face among shot-peened specimens tested in the VHCF range. 

 

Table 7. Fatigue properties of the fish-eye fracture before and after shot-
peening. The data are obtained from Figs. 10 and 11 which correspond to 
the largest fish-eye region detected for unpeened and shot-peened speci-
mens tested in the VHCF range, respectively. 
 

Specimen Unpeened 
Fig. 10 

Shot-peened 
Fig. 11 

Stress amplitude at surface 
(MPa) 810 800 

Inclusion depth (μm) 178 156 

Actual stress at inclusion 
(MPa) 737.9 737.6 

Number of cycles (Nf) 3.3 × 107 1.4 × 108 

Fish-eye’s radius 
(Df/2, μm) 150 114.5 

Crack growth per cycle 
(Df/2Nf, μm) 4.54 ×10-7 0.82 × 10-7 

 
 

 
                 (a)                                (b) 
 
Fig. 12. SEM observation of inclusions at the fracture initiation site in Figs.
10 and 11: (a) unpeened (dinc = 33 μm); (b) shot-peened specimen (dinc = 
34 μm). 
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the fish-eye. Therefore the fatigue strength improvement in the 
VHCF range could be scarcely expected as a result of the 
shot-peening treatment. 

On the other hand the fish-eye region in the shot-peened 
specimen in Fig. 10 was larger than the unpeened specimen, 
while the crack growth per cycle largely decreased to approxi-
mately 18 % because the micro-cracking toward the surface 
was hindered by the high compressive residual stresses domi-
nating in the skin part. It is ascertained that the compressive 
stress suppressed the microcrack growth, leading to the slow 
growth of the fish-eye in the skin part. Thus the fish-eye region 
for shot-peened specimens was shaped into a more elliptical 
form. The depth of the un-microfractured layer (Fig. 9) was 
around 20 μm which corresponded to the location of the maxi-
mum compressive residual stress shown in Fig. 2, which was 
consistent with the result of the previous study [27]. 

 
4. Conclusions 

The rotary bending fatigue test was carried out over the span 
of high-cycle and very high cycle life using unpeened and shot-
peened spring steels. The shot-peening of about 200 % cover-
age formed a large amount of compressive residual stress in 
the skin part. Further, most of the subsurface-originated frac-
ture and scattering of the fatigue test data were definitely sup-
pressed, and the fatigue strength in the cycle range below 
3.0×107 cycles was considerably improved. The shot-peening 
effect on suppressing the subsurface cracks was clearly con-
firmed in improving fatigue life in the HCF range. On the basis 
of Goodman equation presupposing a uniaxial test specimen, 
the conventional fatigue limits at Nf = 1.0×107 were expected to 
be 56.4 % and 66.8 % of the tensile strength for unpeened and 
shot peened specimens, respectively, which were considerably 
larger than those measured experimentally by the staircase 
method. The difference in strength could be caused by speci-
men types of uniaxial and rotary bending tests for unpeened 
specimens, while it for shot-peened specimens originated from 
residual stress distribution characteristics and microstructural 
changes in addition to specimen type. 

When the fatigue cycle was extended to the VHCF range (Nf 
≥ 1.0×107), the fatigue limit values were slightly lower than 
those in the HCF range, but was reversed having values of 795 
MPa and 805 MPa for the shot-peened and unpeened speci-
men, respectively. The decrease of the fatigue limit value for 
shot-peened specimen was definitely larger than that of un-
peened one. Although the decreasing fatigue limit did not rep-
resent a dangerous situation for spring components during the 
service life, the reversed situation in the fatigue limit by shot-
peening should be improved for assuring better reliability and 
longer service life in actual application to spring components 
through removal of the surface dimples, minimizing the surface 
roughness, and thus relaxing the stress concentration in the 
skin part. 

Regardless of the shot-peening treatment, most fatigue frac-
tures occurred from fish-eye fractures, which arose at sites 

deeper than the compressive residual stress zone up to around 
100 μm in depth. The compressive residual stress zone cre-
ated by shot-peening treatment did not prevent the initiation 
itself of the fish-eye fractures. The fatigue strength improve-
ment in the VHCF range could scarcely be expected using the 
shot-peening treatment. 

Surface polishing needs to be performed for up to 7 μm in 
depth underneath the surface to remove various peening-
defects and roughness within the limit that the maximum com-
pressive stress zone in the skin part should be maintained. 
Through this process a positive effect in the fatigue strength in 
the VHCF range can be expected which remains for a further 
study. 
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Nomenclature----------------------------------------------------------------------------------- 

R : Stress ratio 
σ  : Nominal stress of the gauge portion 
M : The maximum bending moment 
c : Distance from the neutral axis to a designated height 
I : Geometrical moment of inertia at the gage part 
α : Stress concentration factor 
P : Load 
m : Fixed test span 
d : Gage part cross-section diameter 
Ra : Average roughness 
Rq : Root mean square 
Ktn : Stress concentration factor 
σ0 : Nominal stress  
σa : Stress amplitude 
Nf : Number of fatigue test cycles 
A : Y-intercept that indicates the initial fatigue strength 
B : Decreasing slope of fatigue strength as the life cycle 

increases 
σf : Fatigue limit 
σu : Tensile strength 
σf0 : Fatigue limit of unpeened uniaxial specimen 
σu0 : Tensile strength of unpeened uniaxial specimen 
σm : Mean stress 
σrd : The maximum residual stress 
R2 : Regression coefficient 
SSR : Residual sum of squares 
SST : Total sum of squares 
σA : Actual stress 
σL : Local stress 
Df : Diameter of fish-eye 
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