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1 | INTRODUCTION

Koji Takahashi'

Abstract

The effect of shot peening (SP) on pre-fatigue tested carburized steel was inves-
tigated. Plane-bending fatigue tests were conducted on carburized CrMo steel
that was pre-fatigue tested and treated with SP. Fatigue cracks were induced
by pre-fatigue tests with a stress amplitude of 6, = 1000 MPa, and the number
of the pre-fatigue test cycles was 2.0 x 10* (L5 test) and 4.0 x 10* (L15 test).
We compared the fatigue lives of the fatigue-damaged and smooth specimens
without fatigue damage treated with the same SP. The fatigue life of the L5
tested specimens with SP was longer than that of the non-fatigue damaged
smooth specimens after SP. Therefore, the fatigue cracks introduced by the L5
test can be rendered harmless by SP. Furthermore, near-surface material prop-
erties were evaluated and the mechanisms of rendering surface cracks harm-
less were investigated.
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HIGHLIGHTS

(1) Fatigue cracks were induced by pre-fatigue tests on carburized CrMo steel.
(2) The fatigue cracks could be rendered harmless by shot peening.

(3) The mechanisms of rendering surface cracks harmless were investigated.
(4) Shot peening is expected to be utilized in remanufacturing.

global attention as a means of achieving economic and
environmental sustainability because of its resource-

Remanufacturing of automotive parts has attracted con-
siderable attention in recent years." Remanufacturing is
rebuilding used products and components to the same
quality as new ones through collection, disassembly,
cleaning, and reassembly. This practice has garnered

saving effects and superior economic efficiency compared
to recycling and other methods.”

In the automotive parts industry, there is a high
demand for remanufactured products, driven by the
extensive number of vehicles in circulation.
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Consequently, the remanufacturing market is being
established.>* Gears are among the prime candidates for
remanufacturing efforts. While recycling initiatives have
been undertaken for metal automotive parts like gears,
these processes often entail high CO, emissions, particu-
larly during forging and heat treatments. Remanufactur-
ing, however, offers a pathway to mitigate these
emissions by reducing the need for such energy-intensive
processes. Thus, it presents a significant opportunity for
CO, emissions reduction in the automotive sector. >°

Gears are one of the most critical automotive parts.
To improve the fatigue strength of gears, induction
hardening,’ carburizing,® and nitriding” are used. Among
them, carburized steel is widely used in automotive parts
such as gears. Shot peening (SP) is often applied to such
parts.>' SP is a mechanical surface treatment in which
numerous steel shots impact the metal surface. The
impact of steel shots on the metal surface at high veloci-
ties results in plastic deformation of the metal, inducing
compressive residual stress, and work hardening, which
leads to an improvement in the fatigue strength of the
metal components. The fatigue life and fatigue limit of
carburized steels were improved by SP. For example,
Wang et al. reported that the fatigue life of gas-carburized
CrMo steel improved by up to 650% using SP.'! Tsuji
et al. found that the fatigue limit of vacuum-carburized
CrMo steel improved by up to 30% using SP.'? Kikuchi
et al. noted that the fatigue limit of gas-carburized CrMo
steel could be evaluated based on surface integlities such
as hardness, residual stress, and surface roughness after
Sp."?

Gears subjected to remanufacturing may have cracks
on the surface of the tooth root owing to their long-term
use. Because these cracks may cause gear failure, surface
cracks must be rendered harmless during the remanufac-
turing process. It has been reported that SP can render
semicircular slits harmless in spring steels (SUP9A)'*'?
and aluminum alloys.'"® The authors investigated the
effect of SP on carburized CrMo steel containing a semi-
circular surface slit and revealed that SP can render the
surface slit harmless in terms of fatigue limit.>"’

Several studies have been conducted to extend the
fatigue life of specimens containing surface defects or
pre-fatigue-damaged specimens. Saklakoglu et al.
reported that SP increases the fatigue life of spring steel
containing surface defects.>'®'? Furthermore, Ganesh
et al. reported that the remaining fatigue life was
improved by over 1000% by the laser peening of spring
steel subjected to cyclic stress up to 50% of the fatigue
life.* Kanazawa et al. reported that laser quenching
could improve the fatigue life of friction fatigue-damaged
carburized steel more than that of untreated carburized
steel.”’ These studies compared the fatigue life of

RIGHTS L

. . 3849
FEEMS EEr vy 1 SR

specimens subjected to surface treatments after the intro-
duction of surface defects with that of smooth specimens
without such surface treatments. Because peening signifi-
cantly improves fatigue life, it is reasonable to use the
fatigue life of surface treated smooth specimens for com-
parison to show that fatigue damage is rendered harm-
less. Therefore, previous studies have not discussed the
harmless conditions of surface defects in terms of
fatigue life.

In this study, plane-bending fatigue tests were per-
formed on carburized CrMo steel specimens that had
undergone fatigue damage and were subsequently treated
with SP. The fatigue life (number of cycles to failure) was
assessed using the Weibull distribution. We compared
the fatigue life of pre-fatigued specimens and smooth
specimens without fatigue damage, both treated with SP
and discovered that SP effectively rendered fatigue dam-
age harmless. Furthermore, near-surface properties such
as hardness and residual stress were evaluated to discuss
their influence on fatigue properties.

2 | EXPERIMENTS

2.1 | Materials and specimens

Hot-rolled round bars of CrMo steel (JIS SCM420H) with
a diameter of 100 mm were used. The chemical composi-
tion of the steel is listed in Table 1. After normalizing in
a vacuum, the test specimen shown in Figure 1 was
machined. The specimens were fabricated such that their
longitudinal direction was along the rolling direction.
The specimens were then vacuum-carburized, quenched,
and tempered.

2.2 | Pre-fatigue test and fatigue test
methods

Figure 2 shows the specimen manufacturing process and
experimental flow. Pre-fatigue tests were performed to
induce fatigue cracks. For comparison, specimens with-
out pre-fatigue tests were additionally prepared.

As the pre-fatigue tests, plane bending fatigue tests
were carried out using a fatigue test machine (PBF-
60Xa, Tokyo Koki Co. Ltd.) at a stress ratio of R = —1, a
frequency of 20Hz, and a stress amplitude of
0, = 1000 MPa. The number of cycles for the pre-fatigue
test was 2.0 x 10* and 4.0 x 10*. The former pre-fatigue-
test is referred to as the L5 test and the latter as the
L15 test. The method for determining the number of test
cycles for the pre-fatigue tests is described in
Section 3.2.
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TABLE 1 Chemical composition of SCM420H (mass%).
C Si Mn P
0.23 0.31 0.81 0.013

. L%\_M J|2
—23.3 90 A-A section

dimensions in mm

FIGURE 1
fatigue test specimen.

Shapes and dimensions of the plane-bending

Table 2 shows the SP conditions. In this study, the
general SP conditions for the carburized steel were
selected. This SP condition is identical to that of the pre-
vious study.'>** A direct air pressure-type SP equipment
was used, and the shot media was a conditioned cut wire.

Fatigue tests were conducted on five types of speci-
mens, excluding L15 specimens (see Figure 2). The stress
amplitude 6, was set to 1300 MPa, and the fatigue tests
were terminated until the specimen to failure. The testing
machine, stress ratio, and frequency were identical to
those used in the pre-fatigue test. The number of speci-
mens n used in each fatigue test was eight, and the Ny
values were evaluated using the Weibull distribution.
However, a fatigue test was not conducted on the
L15 specimens because they fractured at an applied stress
of 1300 MPa indicating that the specimens contained
fatal fatigue cracks. Optical and scanning electron
microscopy (SEM) were used to observe the fractured
surfaces of the specimens.

2.3 | Methods for measuring near-
surface material properties

The surface roughness, hardness distribution, residual
stress distribution, and retained austenite content of each
specimen were measured.

The arithmetic mean roughness, R,, and maximum
height roughness, R,, were measured in the longitudinal
direction of the specimen.

The hardness distributions at the cross-section of the
specimen were measured by using a micro-Vickers hard-
ness tester with an indentation load of 0.98 N and a load
holding time of 10 s.

An X-ray stress measuring device (uX-360s Pulstec
Industrial Co., Ltd.) was used to measure distributions of
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Flow chart of preparation of specimens and fatigue

residual stress and retained austenite content. The cosa
method was used for the analysis. The characteristic
X-ray was Cr-Ka, and the diffraction plane was o-Fe
(211). Electropolishing and the measurements were
repeated to obtain the residual stress and retained austen-
ite content distributions. However, a correction calcula-
tion of the residual stress distribution was performed by
considering the redistribution of residual stress owing to
surface removal.>

3 | RESULT AND DISCUSSION

31 |
results

Material property measurement

Table 3 lists the surface roughness values of each speci-
men before the fatigue testing. The R, and R, values of
the SP specimen were higher than those of the non-SP
specimen. This was because of the dents caused by the
impact of shots during the SP process.

Figure 3 shows the hardness distributions of the non-
SP and SP specimens. The near-surface hardness of the
non-SP specimen was approximately 730 HV. The effec-
tive case depth corresponding to 550 HV or higher is
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TABLE 2 Shot peening condition.

Peening machine

Direct pressure peening

Shot media Steel conditioned cut wire
Hardness of shot media (HV) 700
Diameter of shot media (mm) 0.6
Pressure (MPa) 0.3
Coverage (%) 300
Arc height (mmA) 0.521
TABLE 3 Surface roughness.
Ra (llm) Ry (um)
Non-SP 0.22 2.71
SP 0.52 3.70
Abbreviation: SP, shot peening.
1000
-@-Non-SP
900 fy
~~ 3 - "' = SP
= ™
=800
172}
()
=
s 700
o
Z
()
f) 600
>
500
400 1 L L L 1 1 1 1 1 1 1 1 1 1
0 0.5 1.0 1.5
Depth from the surface (mm)
FIGURE 3 Hardness distributions. [Colour figure can be

viewed at wileyonlinelibrary.com]

approximately 0.9 mm. The hardness of the SP specimen
increased by more than 150 HV near the surface com-
pared with that of the Non-SP specimen, and the hard-
ness increased extended to a depth of 0.3 mm.

Figure 4 shows the residual stress distribution for
each specimen. The compressive residual stress near the
surface of the non-SP specimen was approximately
130 MPa. In contrast, the SP specimen introduced a com-
pressive residual stress of up to 1300 MPa at a depth of
approximately 0.05 mm. The crossing point where the
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FIGURE 5 Distribution of retained austenite. [Colour figure

can be viewed at wileyonlinelibrary.com]

residual stress changed from compression to tension was
approximately 0.25 mm.

Figure 5 shows the distribution of the retained aus-
tenite content in each specimen. The maximum amount
of retained austenite in the non-SP specimen is 18.8
vol. % at a depth of 0.02 mm and decreased with increas-
ing depth. However, the amount of retained austenite in
the SP specimen was significantly reduced compared to
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FIGURE 6 Weibull distribution of Nyof non-SP on 1000 MPa.
SP, shot peening. [Colour figure can be viewed at
wileyonlinelibrary.com]

that in the non-SP specimen in the region from the sur-
face to a depth of 0.25 mm.

The retained austenite in carburized steel transforms
into martensite after the SP process, increasing the sur-
face hardness and compressive residual stress.**>® These
facts suggest that the increases in hardness and compres-
sive residual stress by SP, shown in Figures 3 and 4, were
caused not only by the plastic deformation induced by
shot impact but also by the strain-induced martensitic
transformation of the retained austenite.

3.2 | Fatigue test of Non-SP specimen at
1000 MPa

To select the number of pre-fatigue cycles, preliminary
fatigue tests were conducted at 6, = 1000 MPa for eight
non-SP specimens. The stress amplitudes were deter-
mined from S-N diagrams obtained in the previous
study.'” The results of preliminary fatigue tests were eval-
uated using a two-parameter Weibull plot. Differences in
fatigue lives of surface treated metals can be effectively
characterized by the use of Weibull plots.>”*® The two-
parameter Weibull distribution function is given by

Equation (1).
Flexp{<%>a} (1)
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where F is the cumulative failure probability calculated
by the median rank method, « is the shape parameter
indicating the degree of scatter of Ny and g is the scale
parameter indicating the representative value of N
(F = 63%).

Figure 6 shows the Weibull distribution of N for the
non-SP specimens. The « and f values were 2.1 and
1.0 x 10°, respectively. The average value of Ny was
8.8 x 10,

In the pre-fatigue test, non-SP specimens with suffi-
cient fatigue damage were required. However, the speci-
mens fractured when subjected to excessive cycles.
Therefore, L5=2.0 x 10* and L15 = 4.0 x 10* were
selected as the pre-fatigue cycles that correspond to
F = 5% and 15%, respectively.

3.3 | Fatigue test results

Figure 7 shows the S-N diagrams obtained in this study.
Results from previous studies were also plotted for non-SP
and SP specimens.'” SP increased fatigue strength as
shown in Figure 7(A). The values of Nyof the L5 specimens
were lower than that of the Non-SP. The scatter of the Ny
for L15 + SP specimens was larger than other specimens.

To evaluate the Ny of each specimen in detail, the
fatigue test results at o, of 1300 MPa were organized into
a Weibull distribution. Figure 8 displays the Weibull dis-
tribution for each specimen. The Ny values of a and f for
each specimen are presented in Table 4. In subsequent
discussions, f is utilized as the representative value of Ny.
The fatigue tests revealed that some specimens fractured
from the surface, while others fractured internally. In
Figure 8, specimens that fractured internally are indi-
cated by plots with horizontal lines, whereas the others
fractured from the surface.

As depicted in Figure 8(A), Ny for the SP-treated spec-
imen is approximately 230 times higher than that of the
untreated non-SP specimen, indicating that the compres-
sive residual stress induced by SP significantly enhances
Ny. Therefore, it is appropriate to use Ny of the SP-treated
specimen over that of the non-SP specimen when we dis-
cuss the conditions for rendering the fatigue damage
harmless by SP. However, there was increased scatter in
the Ny values for the SP-treated specimen, attributed to
variations in material properties such as residual stress
and surface roughness post-SP. Compared to the non-SP
specimen, the Ny of the L5 specimen was reduced due to
fatigue crack initiation in the pre-fatigue test, with scatter
in Ny increasing due to differences in fatigue crack size
among the specimens.
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TABLE 4 Parameters of Weibull Non-SP SP L5 L5+ SP L15 + SP
distribution for Ny,

Shape parameter « 6.3 1.7 2.1 1.5 0.43

Scale parameter f 7.9 x 10° 1.8 x 10° 43 x 10° 3.2 x 10° 1.3 x 10°

Abbreviation: SP, shot peening.

Figure 8(B) shows that Ny of the L5 + SP specimen
was roughly 700 times and 1.8 times higher than those
of the L5 and SP specimens, respectively, demonstrat-
ing that the application of SP significantly improved Ny
of the L5 specimen compared to the SP specimen
alone.

The fatigue test results for the L15 4 SP specimen
were categorized into two groups: five specimens with Ny
at the 10° cycles level and three specimens with Ny at the
10* cycles level. Although the data plots were not linear,
a and g were calculated to assess the Ny of the L15 + SP
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specimen. The f value for the L15 + SP specimen was
approximately 70% of that for the SP specimen.

3.4 | Fracture surface observation

results

As described in the previous section, some specimens
fractured from the surface, whereas others fractured from
the inside. Figure 9(A),(B) show typical examples of sur-
face and internal fractures, respectively.
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The crack initiation points for all non-SP and L5 spec-
imens were located on the surface. The crack initiation
points of SP specimens were internal for two specimens
with a relatively long Nrand on the surface for six speci-
mens with a relatively short Nn Even if compressive
residual stress is introduced near the surface, fatigue fail-
ure may occur from dents caused by shot impact.'®*
Because the fatigue strength depends on the size of the
surface defects, specimens with harmful large dents are
considered to have failed at the surface as shown in
Figure 9(A). In contrast, all L5 + SP specimens failed
internally. In the L15 + SP specimen, both surface and
internal failures were observed, and the values of Ny for
the surface fractured specimen were much shorter than
that of the internal fractured specimen. The factors affect-
ing the fatigue behaviors of the L5 + SP and L15 + SP
specimens are discussed in Sections 3.6 and 3.7,
respectively.

Fish-eyes were observed in all internal fractured spec-
imens, as shown in Figure 9(B). It has been reported that
fatigue failure in carburized steels occurs from internal
inclusions in the high-cycle fatigue range.**>*' Elemen-
tal analysis by SEM-EDX confirmed the presence of MnS
inclusions at the fracture origin.” The fracture origin was
distributed at a depth of approximately 0.2 to 0.5 mm in
the internal fractured specimens. Small tensile residual
stresses were observed at the fracture initiation point of
the specimen that failed internally.

3.5 | Rendering surface defects harmless
in terms of fatigue life

Figure 10 presents a schematic S-N diagram comparing a
smooth specimen to a specimen with surface defects,
both with and without SP. This S-N diagram was drawn
based on the results of Figure 7. Category (a) depicts a
non-shot-peened smooth specimen; when this specimen
is subjected to SP, its fatigue strength is enhanced, as
shown in category (b). Conversely, when a non-
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shot-peened smooth specimen incurs fatigue damage, its
fatigue strength diminishes, as illustrated in category (c),
due to the emergence of fatal surface cracks.*> However,
if SP can neutralize the surface defects in specimen (c),
an increase in fatigue strength is observed, transitioning
from (c) to (d), and it is anticipated to match the fatigue
strength depicted in category (b).

This study defines the harmless condition for fatigue
damage as the instance where the f (the representative
value of Ny) of a shot-peened specimen post-fatigue load-
ing improves to exceed 90% of that of a solely SP speci-
men, based on precedents from previous studies.”
Table 4 indicates that the § of the L5 + SP specimen was
approximately 180% of that of the SP specimen, suggest-
ing that the SP rendered the fatigue cracks from the L5
test harmless, meeting the criteria for rendering fatigue
damage harmless.

Consequently, all L5 + SP specimens fractured from
an internal origin, as the SP successfully neutralized the
surface-initiated fatigue cracks from the L5 test. In
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FIGURE 11
observed in the L15 specimen:

Fatigue crack

(A) optical micrograph of fatigue
crack on the surface; (B) SEM
micrograph of the fracture surface.
SEM, scanning electron microscopy.
[Colour figure can be viewed at
wileyonlinelibrary.com]

(A)

contrast, the g of the L15 + SP specimen was approxi-
mately 70% of that of the SP specimen, indicating that
the SP was not sufficient to neutralize the fatal fatigue
cracks caused by the L15 test.

These results show that SP can significantly improve
the fatigue life of steels with cracks below a certain size.
Therefore, SP is expected to be utilized in remanufactur-
ing. It is important to apply appropriate non-destructive
testing methods that can accurately assess crack
dimensions.

3.6 | Factors increasing the fatigue life of
L5 + SP specimen

As mentioned in Section 3.3, the fatigue life of the L5
-+ SP specimen was longer than that of the SP specimen,
even though the L5 specimen was fatigue-damaged in the
L5 test. To investigate this, the residual stress and
retained austenite were measured for the L5 and L5 + SP
specimens.

As shown in Figure 4, the compressive residual stress
in the L5 specimen was larger than that in the non-SP
specimen up to a depth of 0.3 mm. Near the surface, the
compressive residual stress increased by approximately
180 MPa. In the L5 + SP specimen, the maximum com-
pressive residual stress is approximately 220 MPa higher
than that of the SP specimen. As shown in Figure 5, the
amount of retained austenite in the L5 specimen was
lower than that in the non-SP specimen. It is considered
that martensitic transformation of the retained austenite
occurred during the L5 test, increasing the compressive
residual stress.***° Consequently, the amount of
retained austenite in the L5 4 SP specimen was lower
than that in the SP specimen, and its compressive resid-
ual stress value was higher than that in the SP speci-
men. This is why the fatigue life of the L5+ SP
specimen was longer than that of the SP specimen, even
though the L5 specimen was fatigue-damaged in the
L5 test.
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3.7 | Factors contributing to scatter in
fatigue life of L15 + SP specimen

As described in Section 3.3, the Nyvalues of some L15 + SP
specimens were much shorter than those of the SP speci-
mens. To investigate this, the surfaces of the L15 specimens
were observed using optical microscopy and SEM. To make
the surface cracks more visible, bending stresses were
applied to open them for observation. As shown in
Figure 11(A), only one fatigue crack was observed near the
edge of the specimen surface. The L15 specimen was forced
to static fracturing, and the fracture surface was observed
using SEM, as shown in Figure 11(B). The maximum depth
of the fatigue crack was 0.24 mm.

Tsuji et al. conducted fatigue tests on the same CrMo
carburized steel (JIS SCM420H) with semi-circular slits
of 0.1 and 0.2 mm depth after applying the SP with the
same conditions.'®> They reported that semi-circular slits
with a depth of 0.1 mm or less could be rendered harm-
less by the effect of compressive residual stresses, but slits
with a depth of 0.2 mm could not be rendered harmless."
Therefore, fatal fatigue cracks of sizes that could not be
rendered harmless by SP were considered to exist on the
surface of the L15 + SP specimen with short N. How-
ever, for the L15 + SP specimens with Ny values equiva-
lent to those of the SP specimens, the initiated surface
cracks were rendered harmless by SP. Therefore, the L15
+ SP specimens exhibited a larger scatter in fatigue life.

4 | CONCLUSIONS

1. Near the surface of the shot peened carburized steel
(SP specimen), the Vickers hardness increased by
150 HV, an increase of 21%. The maximum compres-
sive residual stress in the SP specimen was approxi-
mately 1300 MPa, and the depth of the residual stress
was approximately 0.25 mm. The increase in hardness
and compressive residual stress can be attributed to
the work hardening caused by plastic deformation
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resulting from shot impact and martensitic transfor-
mation of retained austenite.

2. L5 and L15 specimens were prepared by performing
pre-fatigue tests on non-SP specimens at a stress
amplitude of 1000 MPa  for 2.0 x 10* or
4.0 x 10* cycles, respectively. The remaining fatigue
life at 1300 MPa for the L5 specimen was lower than
that of the non-SP specimen, whereas that of the L5
+ SP specimen was longer than that of the SP speci-
men. Some of the L15+ SP specimens had signifi-
cantly shorter fatigue lives than the SP specimens.
Consequently, the fatigue cracks caused by the L5 test
were rendered harmless, whereas those caused by the
L15 test were not rendered harmless by SP.

3. The amount of retained austenite in the L5 specimen
was lower than that in the non-SP specimen, suggest-
ing that the L5 pre-fatigue test caused a strain-induced
martensitic transformation of the retained austenite.
As a result, the compressive residual stress of the L5
+ SP specimen increased more than that of the SP
specimen, yielding a higher Ny than that of the
SP specimen.

4. The L15 specimen after the pre-fatigue test had a sur-
face crack larger than the critical defect size that could
be rendered harmless by SP; thus, the Ny of some L15
+ SP specimens was shorter than that of the SP
specimen.
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NOMENCLATURE

a  shape parameter

p  scale parameter

6, stress amplitude

F  cumulative failure probability
n  number of specimens

Ny number of cycles to failure
R stress ratio

R, arithmetic mean roughness
R, maximum height roughness
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