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+e present study is conducted with a dual-aim: firstly, to examine the effect of several single shot peening conditions on the
subsurface layer properties and fatigue performance of the case-hardened 18CrNiMo7-6 steel, and secondly, to propose an
optimized peening condition for improved fatigue performance. By carrying out the subsurface integrity analysis and fatigue
testing, the underlying relationships among the peening process, subsurface layer property and fatigue performance are in-
vestigated, the way peening conditions affect the fatigue life and its associated scatter for the case-hardened 18CrNiMo7-6 steel is
quantitatively assessed. +e in-depth study shows that dual peening can be an optimized solution, for it is able to produce
a subsurface layer with enhanced properties and eventually gain a significant improvement in fatigue performance.

1. Introduction

High-strength steels are massively used in the aeronautical
and automotive applications for their high-loading capacity.
With the increasing demand for high reliability products, the
dual properties of high strength and high ductility are ex-
pected for such steel materials to give a longer service
lifetime of engineering machinery. +is motivates the design
of a new class of material, referred to as gradient nano-
structured (GNS) high-strength steel [1]. As fatigue failures
generally occur on the material surface and propagate into
the interior, a structural architecture comprising a GNS
subsurface region and a coarse-grained interior are con-
sidered optimal for enhanced fatigue behavior. Loosely
speaking, this is because fatigue crack initiation would be
suppressed by the strong work-hardened subsurface layer of
a fine-grained structure, and fatigue crack propagation
would be arrested by the in-plane compressive residual stress
produced by the misfit strain between the bulk and the
subsurface material [2]. +e GNS subsurface layer can be
formed through surface strengthening treatments by means
of mechanical methods such as shot peening (SP), which
entails impacting a surface with small, round, and hard
particles with force sufficiently high to create localized plastic

deformation for the formation of a deep work-hardened and
compressed subsurface layer in metals and alloys [3, 4]. In the
recent several years, there have been many new types of
peening techniques such as laser shock peening, ultrasonic
shot peening, water cavitation peening, and severe shot
peening which uses more intense parameters compared to
conventional shot peening [5–8]. Despite the development of
these new variants, conventional shot peening method re-
mains one of the most important means in the industrial
production due to its high flexibility and productivity, low
cost, and environmental friendliness. For these reasons, shot
peening process is of particular interest in the present work.

Mechanical methods can be combined with other surface
strengthening treatments such as thermochemical methods
for further improvement in fatigue strength and fatigue life
of steel components [9–13]. As the thermochemical method
is mostly benefited by increasing the microhardness and the
mechanical method is mostly benefited by generating the
compressive residual stress, a positive synergistic effect can
therefore be anticipated if these two methods are combined.
It is highlighted that compared with the single mechanical
method, the combination of mechanical and thermo-
chemical methods can be more advantageous in terms of not
only the microhardness and residual stress distributions, but
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also the overall mechanical properties, and the hybrid
process can finally obtain a remarkable improvement of
fatigue limit for surface treated low-alloy steel regardless of
the sequence how nitriding and severe shot peening are
combined [10]. However, the hybrid process cannot be al-
ways advantageous to the application of steels. For instance,
it is shown in [11] that when both carbonitrided gear and
carbonitrided plus peened gear made of AISI 4130 steel are
subjected to contact fatigue testing, fatigue damages, which
are ought to be in different modes, are found to occur after
about the same testing time for both types of methods. +is
could most probably be a consequence of the use of in-
appropriate shot peening condition; the extreme shot
bombardment on the surface can cause roughness increment
and flaw occurrence and therefore outweigh the beneficial
effect brought by the hybrid process. +erefore, efforts are
made in the present work to address the issue questioning
the appropriate mechanical process condition that should be
selected posterior to thermochemical method in order to
maximize its beneficial effect on the fatigue life improvement
of structural metallic materials.

+us, the selection of an optimal mechanical process
condition which enhances the fatigue performance of case-
hardened steels is the main concern of the present work,
with the ultimate aim to understand from an experimental
point of view how the mechanical process parameters affect
the heat-treated surface and subsurface layer properties,
which in turn influence the fatigue performance. To tackle
this issue, high-strength 18CrNiMo7-6 steel, widely
employed in high-speed and heavy-duty gear applications, is
selected as the target material. +e carburizing and shot
peening are respectively selected as thermochemical and
mechanical methods since they are the versatile surface
strengthening treatments commonly used in the automotive
industry. In the present work, a few single shot peening
conditions with different Almen intensities and shot di-
ameters, which are recognized as ones of the measurable key
parameters of shot peening process, are carried out on
18CrNiMo7-6 steel posterior to the carburizing process. By
carrying out the surface and subsurface layer property
analysis and fatigue testing, this work is aimed at establishing
qualitative interrelationships between peening process
conditions, surface and subsurface layer properties, and
fatigue performance. Subsequently, based on the obtained
qualitative relationships, we propose an optimized dual
peening condition that can produce superior surface and

subsurface layer properties characterized by work harden-
ing, compressive residual stress, microstructural alteration,
and surface roughness, leading to not only longer service
lifetime but also smaller dispersion degree of fatigue life data.
+e proposed protocol is demonstrated and validated on
industrial gears, which can be valuable for providing a design
guideline for engineering industries.

2. Experiment Setup

2.1. Material. In the present study, the target material is
18CrNiMo7-6 steel and the supplier-given raw material
chemical composition is summarized in Table 1. All the
specimens are carburized in a controllable gas carburizing
furnace, then subsequently quenched in oil to room tem-
perature, and finally followed by tempering and cooling in air.
+e thermochemical conditions are utilized in agreement to
gear heat treatment standard ANSI/AGMA B89-2004 [14].

2.2. Shot Peening Treatment. +e shot peening treatment is
performed with the air blast shot peening machine. +e
specimens are treated by shot peening with different intensities
and shot diameters.+e intensities of peening are measured by
the arc height of Almen specimens, varying from 0.25mmA to
0.45mmA. Cast steel balls with diameters of 0.3mm and
0.6mmare selected as shot blastingmedia in accordance to ISO
26910-1 [15]. +e coverage of shot peening is 200% for all
peening processes, which is obtained by doubling the exposure
time needed to achieve full coverage (100%). Note that the
roughness increases gradually with the increasing degree of
coverage until reaching full coverage and remains constant
thereafter, and thus, to ensure that the specimens can benefit
fully the advantages of the applied surface treatment methods
in terms of subsurface layer properties, it is of prime impor-
tance to keep constant the level of the generated surface
roughness [16]. +e different shot peening configurations of
immediate interest, which are determined based on the pre-
vious laboratory testing, are presented in Table 2.

2.3. Measurement Methods. +e specimens under test are
gear teeth prepared using wire-cut electrical discharge ma-
chining, the cut surface area of the specimen being located far
away from the surface area of interest.+e cross-section of the
specimen is first mechanically polished using standard me-
tallographic techniques, then chemically etched by 8% Nital.

Table 1: Chemical composition of 18CrNiMo7-6 steel.

Element C S Si Mn P Cr Ni Mo Fe
Composition (Wt.%) 0.15–0.21 ≤0.035 ≤0.40 0.50–0.90 ≤0.025 1.50–1.80 1.40–1.70 0.25–0.35 Balance

Table 2: Shot peening parameters for case-hardened 18CrNiMo7-6 steel.

Variant Shot diameter (mm) Coverage (%) Almen intensity (mmA)
SP0 — — —
SP1 0.3 200 0.25
SP2 0.6 200 0.25
SP3 0.6 200 0.45

2 Advances in Materials Science and Engineering



+e cross-section microstructure of the specimen is sub-
sequently investigated by optical microscopy (OM) and
scanning electron microscopy (SEM) using Zeiss Auriga FIB-
SEM at room temperature.

+e microhardness is measured along the depth of the
cross-section of the specimen using a Vickers microhardness
tester with a load of 200 g and a holding time of 10 s. Con-
sidering the material’s heterogeneities and measurement er-
rors, three microhardness measurements are acquired at each
depth, whose average values are used in this work.

+e residual stress is measured by the X-ray stress an-
alyzer (LXRD, Proto, Canada) using Cr Kα radiation and
martensitic {211} crystalline plane. +e voltage and current
are, respectively, 30 kV and 25mA. +e measured in-
terference peaks are evaluated by the sin 2ψmethod with the
diffraction angle (2θ) varying from −45° and 45°. +e
in-depth profiles of the residual stresses are determined by
performing first iterative electrolytic removal of thin surface
layers followed by X-ray in-depth measurements.

In addition to the analysis of the cross-section area performed
on the specimen, the surface state of the specimen is examined by
Veeco Wyko NPFLEX optical profiler. +e measured surface
topography is characterized by amplitude surface roughness
parameters in agreement with ISO 25178-2012 [17], which are
frequently used to measure the vertical characteristics of the
surface deviation [18]. Taking into account the spatial surface
roughness variations, the presented surface roughness data are the
values averaged over threemeasurement zones on each specimen.

2.4. Fatigue Testing. Following the setup and procedure for
conducting the SAE single-tooth bending fatigue test (cf.
Figure 1) using a servohydraulic fatigue testing machine
[19], the applied cyclic fatigue load is 0.82 of the yield stress
of the bulk material, the stress ratio R� 0.01, and the
nominal cyclic frequency is 89Hz at room temperature.
Each test series includes six gear tooth specimens. All the
specimens are tested until occurrence of fracture, else the
tests are terminated at 3×106 cycles.

3. Results and Discussions

3.1.Microstructure. In Figure 2, the cross-sectional surface by
SEM is presented for carburized specimen, where three distinct
regions with different microstructures can be recognized. As
can be seen in Figure 2(a), a very thin white carbon oxide layer
of a fewmicrons is formed at the top surface; the pores, carbide
particles, and microcracks are presented within the oxidized
layer, as exhibited in the inserted figure of Figure 2(a). Beneath
the oxidized layer is known as the so-called case-hardened
zone, which consists mainly of martensite microstructure with
a very small quantity of retained austenite and finely dispersed
undissolved spherical carbide particles. In the innermost zone,
the substrate without any evidence of microstructural change is
observed (cf. Figure 2(b)).

+ough carburizing technique has generally a beneficial
effect on the fatigue behavior of specimens, the oxidized
layer and the remained amount of retained austenite can be
detrimental to high-cycle fatigue, as the presence of the

retained austenite can decrease the elastic limit and the yield
strength [20]. For this reason, shot peening, a cold working
process consisting of bombarding a ductile surface with
numerous hard particles at velocity sufficiently high to create
localized plastic deformation, is often performed posterior to
carburizing. Considering the high brittleness of oxidized
layer, the impingement of hard shot particles on the out-
ermost surface layer could sometimes cause the formation of
highly damaged surface area covered with plenty of micro-
cracks if inappropriate shot peening condition is selected.

Figure 3 presents SEM micrographs of the cross-section
of carburized 18CrNiMo7-6 steel after shot peening treatment.
From Figure 3(a), it can be found that shot peening performed
after carburizing can not only suppress the porous structure and
eliminate the carbide particles at the outer oxidized layer, but also
modify the microstructure of the near surface region of case-
hardened 18CrNiMo7-6 steel; the plastic deformation-induced
grain refinement and strain-inducedphase transformation are the
principal microstructural changes that occur during shot peening
treatment, which are well recognized to be a consequence of the
accumulated localized plastic strain caused by the repeated im-
pingement by shot particles on the specimen surface. +is shows
that shot peening allows not only improving the material re-
sponse, but also modifying the microhardness and (residual)
stress fields as discussed later; the results are similar to [4, 21].

Shot peening is a process which projects high-velocity
shot particles by the action of an external force. So, when the
external force reaches the critical stress required for dislo-
cation movement, dislocation slip is generated, and well-
defined slip band structure is therefore formed. On the same
slip plane, when the amount of dislocations impeded at the
grain boundaries increases, the pile-ups of dislocations are
formed [22]. Consequently, the phenomenon of stress
concentration can easily occur in the vicinity of grain
boundaries due to the heavy accumulation of the disloca-
tions pile-ups against the boundaries. When a critical stress
value is reached, the grain boundaries are destroyed and
a high-density nanoscale deformation twins is formed. +e
intensive interactions between twin boundaries and dislo-
cations can then lead to subsequent transformation of
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Figure 1: Schematic diagram of the bending fatigue testing of the
cylindrical gear.
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two-dimensional twin lamellae structures into three-
dimensional nanograins with their boundary character-
istics lying in the form of low angle and high angle.
Herein, there is a considerable fraction of low-angle grain
boundaries and a high density of dislocations resided in the
nonequilibrium high-angle grain boundaries [23]. In addition
to plastic deformation-induced grain refinement, strain-
induced phase transformation is another mechanism by
which nanosurface forms during shot peening. +e strain-
induced nucleation ofmartensite transformation can take place
more dominantly at higher-energy grain boundaries due to
their atomic structures and energies. Besides, the strain lo-
calization bands and deformation twins that accumulate high
strain energy storage could also promote martensitic trans-
formation. All these are elaborated here to show that the
principal microstructural changes induced by shot peening
consist of plastic deformation-induced grain refinement and
strain-induced phase transformation.

In general, the microstructure is deemed to have a strong
correlation with the microhardness, where the former’s
modification can be reflected by the change of the latter [22].
Due to the reduction of the content of retained austenite
caused by martensite transformation and austenite grain re-
finement led by the shot peening process, a microhardness

improvement at the top surface region of carburized and peened
specimens is clearly present, as is detailed in the next section.

3.2. Hardness. Conventionally, the microhardness value is
used to characterize the work-hardened properties. In some
cases, the size of the microhardness marks impressed along
the depth direction of the subsurface layer can also be
considered as an option used to illustrate very roughly the
variation of the microhardness along the depth direction.
+ereby, it is presented in Figure 4 the distributions of the
in-depth microhardness of all specimens. For carburized-
only SP0 specimens, the maximum microhardness appears
on the surface (denoted as maximum surface microhard-
ness), then gradually decreases with increasing depth and
finally reaches a stabilized value. It is well accepted that this
is mainly due to the declination of the carbon content from
the surface to the center. Meanwhile, when shot peening is
performed on case-hardened steels, regardless of shot
peening condition, a similar trend of the microhardness
distribution is observed. +is can generally be attributed to
the peening-induced reduction of plastic deformation from
the outer surface to the center due to the lower grain re-
finement, martensite transformation, and dislocation den-
sity when approaching the center.

2 µm

(a)

2 µm

(b)

Figure 2: Cross-sectional SEM of carburized SP0 specimen; the microstructure of (a) top surface region and (b) bulk material, with the
inserted image in (a) showing an enlarged representation of pores, carbide particles, and microcracks.

2 µm

(a)

2 µm

(b)

Figure 3: Cross-sectional SEM of carburized and peened SP3 specimen; the microstructure of (a) top surface region and (b) bulk material.
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Case depth after thermochemical treatments is very
often considered as a matter of convention. When fatigue
performance is oriented, a microhardness value of 10%
above the core microhardness is generally used to charac-
terize the case depth [13]. �e case depth is approximated to
be ∼2250 μm, as exhibited in Figure 4. It is shown that the
case depth is remained unchanged after shot peening is
carried out posterior to carburizing.

In comparison to the single carburizing process, the hybrid
process of carburizing and shot peening has caused an im-
provement in surface microhardness, in particular maximum
surface microhardness, from the top surface up to a limited
depth estimated to ∼140μm, as clearly seen in the inserted
image of Figure 4. Compared to the maximum surface
microhardness of carburized-only SP0 specimens (784 HV0.2),
that of carburized and peened are estimated to increase by 9.3%
for SP3 specimens (857 HV0.2), by 6.3% for SP2 specimens
(833 HV0.2), and by 5.2% for SP1 specimens (825 HV0.2). �e
improvement in surfacemicrohardness can be attributed to the
peening-induced microstructural changes in the hardened
surface region due to the reduction of the content of retained
austenite caused by martensite transformation and austenite
grain re�nement. Refer to Figure 3(a) for a very dense structure
consisting mainly of the martensitic state formed on the
hardened top surface region after shot peening.

Regarding the two peening parameters (shot diameter
and Almen intensity), it can be seen that the increase in the
maximum surface microhardness caused by the increase of
shot diameter is quite comparable to that resulted by the
increase of Almen intensity. Indeed, the values of the
maximum surface microhardness are found to increase by
∼2.9% with the increment of the Almen intensity and by
∼1.0% with the increase of the shot diameter, which shows
that the maximum surface microhardness increment is re-
stricted to some extent. �is �nding infers that the plastic
deformation of 18CrNiMo7-6 steel subjected to the combined
processing of carburizing and shot peening has reached
a critical condition. Indeed, when the hardened region near
the surface is treated with shot peening, a very small plastic

deformation is produced. �is is because the hardened surface
region can no further accumulate localized plastic strain during
the peening process due to the presence of a very high dislo-
cation density and carbon content induced by the prior car-
burizing process, resulting in a slight increase in the maximum
surface microhardness. �e results hereby obtained show that
the thermochemical surface treatment is advantageous in terms
of microhardness distribution compared to mechanical surface
treatment, which is consistent with the results obtained in [10].

3.3.Residual Stress. In Figure 5, the in-depth distributions of
the residual stress for all the surface treated specimens are
depicted. In the range of testing, all the specimens are found
to have similar trend of obvious compressive residual stress
distribution; the top surface compressive residual stress �rst
increases to a maximum (denoted as maximum compressive
residual stress), then decreases gradually along the depth di-
rection of the hardened layer and remains constant thereafter.

From Figure 5, both the top surface compressive residual
stress andmaximum compressive residual stress are exhibited
to be much more important for the hybrid processing of
carburizing and shot peening than the individual carburizing
process. �is observation shows that shot peening process is
highly bene�cial in forming compressive residual stress as
compared with the carburizing process which is previously
seen to be responsible for increasing microhardness. �e
compressive residual stress is well recognized to be related to
the plastic deformation, due to the creation of an elevated level
of the plasticity unevenness; it can subsequently give rise to
compressive residual stress in the steel [24]. In general, two
types of plastic deformations can be distinguished [25]: (i)
plastic deformation due to surface hammering which tends to
localize the peak on the surface and (ii) plastic deformation
induced by Hertzian pressure which is responsible for the
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subsurface peak. Yet, in the case of shot peening performed
posterior to carburizing, a third process heavily linked with the
content of retained austenite is considered as predominant
especially in generating compressive residual stress; that is, the
intensity of the local stress field produced by the impacts of shot
peening can trigger the diffusionless phase transformation from
austenite tomartensite [26]. As a result of the constraint exerted
by the surrounding material on the volume expansion, the
compressive residual stress would then become deeper [21].
Consequently, the peak of the residual stress would then be seen
moving to the regionwhere theHertzian pressure is the highest.

Regardless of the shot peening process parameter, the
values of the compressive residual stress are shown to be lower
at the top surface than at the peak position, and the maximum
compressive residual stresses are found to be located in the
subsurface region at the depth of ∼90 μm.+e former is most
likely a consequence of the counteracting effects by tensile
residual stress and high surface roughness produced by prior
machining processes. And the latter suggests that the steel
material, which undergoes plastic deformation, has most
probably reached a critical plastic deformation limit, and thus
the continuous impingement of the shot particles does not
further deepen the compressed subsurface region.

In Figure 5, the values of the compressive residual stress
observed at the top surface and peak position increase with
Almen intensity. +is is because the increase in Almen
intensity, which accelerates the shot velocity, produces more
kinetic energy and thereby induces a greater amount of
plastic deformation on the hardened surface region. How-
ever, with an increase of the shot diameter, the top surface
and maximum compressive residual stresses are on the
decrease. One of the reasons for this phenomenon is that
when larger diameter shots are projected on the surface of
specimens with a small-scale finite kinetic energy, a larger
impact area is created.+ereby, it can result in a reduction of
equivalent plastic strain and consequently the compressive
residual stress is lowered. Besides, from Figure 5, it can be
seen at the top surface region that the effect of shot diameter
is more significant than that of Almen intensity on the
compressive residual stress; the decrease of shot diameter
induces an increase of compressive residual stress by 42.0%
while the increase of Almen intensity causes an increase of
compressive residual stress by only 19.7%. It can also be
observed from Figure 5 that the values of the compressive
residual stress at the peak position (∼90 μm) appear to be less
severely affected by shot diameter rather than Almen intensity;
the increase of Almen intensity leads to an increase in com-
pressive residual stress by 8.5% while the compressive residual
stress grows by only 1.8% with the decrease of shot diameter.

3.4. Roughness. In what follows, the roughness character-
ization results are presented for both the individual carburizing
and the hybrid process of carburizing and shot peening. +e
surface roughness parameter Sa, which denotes the arithmetic
mean height and is the counterpart of the parameter arith-
metical mean deviation of the roughness profile (Ra), is
a commonly used roughness parameter for characterization of
measured surface textures. +us, Sa is used in what follows to

discuss the surface states of treated specimens. In Table 3, the
values of Sa are presented. For the specimen SP0 with the Sa
value of ∼2.51μm, the surface of carburized specimens can be
considered as rather rough. In this instance, the roughness can
be ascribed to the texture left by machining (cf. Figure 6(a)) but
also to the formation of the oxide layer produced during car-
burizing process (cf. Figure 2(a)).

It can be seen from Table 3 that the magnitude of
roughness due to shot peening induced at the carburized
specimen surface depends on applied shot peening condi-
tions. +e surface roughness of SP1 specimens (with
Sa≈ 1.97 μm, cf. Figure 6(b)) is exhibited to decrease by
21.5% compared to that of SP0 specimens (with Sa≈ 2.51 μm,
cf. Figure 6(a)). +is can be attributed to the fact that when
Almen intensity is low, the impact of shot peening using
smaller shot blasting particles is equivalent to the effect of
surface polishing, which is however unable to induce sufficient
plastic deformation that allows modifying completely the
surface texture left by heat treatments and machining opera-
tions (cf. Figure 6(b)). In contrast, if shot peening process is
performed using larger shot blasting particles, the surface
roughness is increased. So the roughness of SP2 specimens
(with Sa≈ 2.69μm, cf. Figure 6(c)) is found to be 36.5% higher
than that of SP1 specimens. +is is because the use of larger
shot media can produce a higher level of surface plastic de-
formation that allows not only to enhancing the magnitude of
the surface roughness increment, but also to obtaining a more
evenly distributed texture, as illustrated in Figure 6(c).

With increasing Almen intensity from 0.25mmA to
0.45mmA, the surface state of the specimens is improved,
and the surface roughness is thus reduced. For example, the
Sa value of SP3 specimens (≈1.89 μm, cf. Figure 6(d)) is
approximated to be 29.7% less than that of SP2 specimens.
+is can be explained by the fact that the hard heat-treated
surface region has been subjected to the so-called “intense”
shot peening process condition. It is worth noting that using
a high Almen intensity at double coverage can be interpreted
as if every portion of the hard surface region has been treated
with very high impact energy shot blasting particles for at
least two times. +ereby, when the hard surface region is
intensely shot peened, only a small amount of plastic de-
formation is induced as a consequence of the attainment of
a critical limit of the plastic deformation, and as a result, the
surface roughness is difficultly being altered. Due to the
continuous impingement of the shot particles on the speci-
men surface, the surface state is thereby improved with
lowered surface roughness (cf. Figure 6(d)). +is observation
is found to be in accordance with the results exhibited in the
literature [9, 10, 27].

3.5. Fatigue Test Data. +e fatigue tests are carried out to
examine the fatigue performance of all the surface treated

Table 3: Values of the surface roughness parameter Sa of all surface
treated specimens.

Variant SP0 SP1 SP2 SP3
Sa (μm) 2.51 1.97 2.69 1.89
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specimens. In Figure 7, the fatigue lives (Nf) of these surface
treated specimens are depicted. Nf for case-hardened
specimens is determined in the range of 14.8–57.9×103
cycles. It is noticeable that the shot peening process can
considerably improve the fatigue lives of case-hardened
specimens, which is attributed to the microstructure
refinement, retained austenite reduction, microhardness
amelioration, compressive residual stress generation, and
surface roughness alteration induced by shot peening pro-
cesses. +ese improved attributes are revealed to exhibit
beneficial effects on fatigue strength and bending fatigue life
[28]. It is worth noting that the trend of fatigue life
improvement is highly dependent on the surface and sub-
surface layer properties which are controlled by shot peening
conditions.

It is clearly shown in Figure 7 that Nf for SP2 specimens
is the lowest, and it is improved by increasing Almen in-
tensity, as exhibited by SP3 specimens. +is significant
improvement is solely a consequence of the presence of
deeper compressed work-hardened subsurface layer with
ameliorated surface roughness in SP3 specimens. Mean-
while, SP1 specimens are found to have the highest Nf
despite the moderate work hardening and compressive re-
sidual stress.+e remarkable increase inNf for SP1 specimens
can be related to the fact that the magnitude of the surface
roughness is the lowest among all peened specimens (cf.Table 3).
Nevertheless, the dispersion of the fatigue life of SP1 specimens is
found to be rather large; the longest lifetime is estimated to be

about 69% more than the shortest one. However, the variation
scale of the fatigue data obtained for SP1 specimens can be
considered to be rather similar to the level of the fatigue data
reported on shot peening [29, 30].

+e presence of the scatter in the fatigue life can originate
from the peening induced average surface and subsurface layer
properties. Two important uncertain sources are noted here.
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One is the nonuniformity of the subsurface layer property, in
particular, the uneven spatial distribution of the compressive
residual stress. It is recently shown by [31] that if shot peening
causes the unevenness of the residual stress distribution in
a very small region of the surface, this can neutralize the
bene�cial e�ect of the compressive residual stress and hence
degrade the fatigue resistance. �e other is the fatigue strength
endowed by the surface and subsurface layer properties, which
is unable to completely cause a shift in fatigue crack initiation
site from a surface to subsurface location and therefore cause
the simultaneous occurrence of both surface and subsurface
fatigue crack initiation in a fatigue testing series. �is certainly
intensi�es the dispersion of the fatigue life.

3.6. Determination of Optimal Shot Peening Process

3.6.1. Optimal Shot Peening Conditions. In the previous
section, it is investigated that the peening induced surface
and subsurface layer properties can shift the fatigue life; it is
of particular importance to optimize the shot peening
conditions with the purpose to maximize their bene�cial
e�ect for enhanced fatigue performance. �e testing results
indicate that on one hand, SP1 specimens, possessing
a moderate subsurface layer properties with reduced surface
roughness, exhibit a considerable improvement in fatigue
life which is however associated with a rather large scatter,
and on the other hand, SP3 specimens, owing to its superior
subsurface layer properties with rather low surface rough-
ness, have a comparable estimate of the fatigue life with
a moderate scatter. �ese investigations motivate us to
propose an optimal shot peening conditions by grouping
di�erent peening conditions. �e proposed dual peening
process consists of two steps, as indicated by the name.
�e �rst peening process is aimed at generating a deep
compressed work-hardened subsurface region by using
a large media with very high kinetic energy, that is, with SP3

process, and the repeening process is then performed using
a smaller media with rather low kinetic energy, that is, with
SP1 process, in order to improve the surface state (e.g., reduce
the roughness and enhance its uniformity).

3.6.2. Validity of the Proposed Solution. In the following, the
specimens subjected to the proposed optimal shot peening
condition are denoted as SP4-op specimens. �e experi-
mental results show that the maximum microhardness of
874 HV0.2 appears on the surface (cf. Figure 8), the values of
top surface and maximum compressive residual stresses are,
respectively, 569MPa and 980MPa, and the estimated value
of Sa is equal to ∼1.86 μm. Compared to the previous single
peening method, the dual peening method by using �rst
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Figure 8: In-depth (a) microhardness and (b) residual stress distributions of the surface treated specimens.
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Figure 9: �e ratio of applied cyclic load to yield stress versus
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a large media with very high kinetic energy followed by
a smaller media with rather low kinetic energy can indeed be
more advantageous in producing improved quality of the
surface and subsurface layer of 18CrNiMo7-6 steel. It is
emphasized that the repeening process in the dual peening
method has double benefits: firstly, inducing a more regular
surface state by smoothing sharp corners and somehow
closing the microcracks generated during the first shot
peening process; secondly, generating a more homogeneous
surface residual stress and surface microhardness [29, 32].

To validate the proposed shot peening process condition
for fatigue life enhancement, the fatigue test is carried out for
SP4-op specimens under three different stress levels; the
ratio of the applied cyclic fatigue load to yield stress is 0.76,
0.82, and 0.87. +e fatigue data presented in Figure 9 show
that for the first two cyclic load levels, the bending fatigue life
of gear teeth is greatly improved, that is, not only the fatigue
life is increased marvelously (with Nf≥ 3×106 cycles), but
also the degree of dispersion in the fatigue-life data is also
minimized. +is affirms the capability of the dual peening
process in delaying the fatigue crack initiation phase by
enhancing the surface and subsurface layer properties of
18CrNiMo7-6 steel. However, when the ratio of applied cyclic
fatigue load to yield stress is increased up to 0.87, the fatigue
performance of SP4-op specimens is drastically degraded.

+e aforementioned observations are understood as
follows. Under the high cyclic fatigue load, fatigue cracks are
most likely to initiate from the surface (cf. Figure 10(a)), in
contrast to the case of lower fatigue loads, where fatigue
cracks are found to be prone to originate from the interior of
the subsurface layer region (cf. Figure 10(b)). When the load

level is low, the peak stress of the applied fatigue load does
not exceed the increased fatigue strength at the surface;
however, at some depth below the surface, the applied stress
can be larger than the local fatigue strength. Using the
concept of the local fatigue strength applied for surface
treated material [10], the intersection of the applied stress
level with the local fatigue strength curve gives the site of
crack initiation; subsurface crack initiation does occur. In
the case of high load being applied, crack initiation happens
at the surface because the peak stress at the free surface
exceeds the increased fatigue strength.

4. Conclusion

In this paper, the effect of different shot peening conditions
on the surface and subsurface layer properties and the fa-
tigue performance of case-hardened 18CrNiMO7-6 steel has
been investigated. +e analysis of the surface and subsurface
integrity reveals that the subsurface region of the case-
hardened 18CrNiMO7-6 steel can no further accumulate
enormous localized plastic deformation during shot peening
process as a consequence of the attainment of a critical limit
of the plastic deformation for 18CrNiMo7-6 steel due to the
presence of a high dislocation density and carbon content
induced by the prior carburizing process. Based on the
quantitative assessment of subsurface layer properties and
fatigue performance, the interrelationships between peening
process, subsurface layer properties, and fatigue perfor-
mance are qualitatively established; shot peening application
with lower intensity and smaller shots causing moderate
subsurface layer properties results in an increase in both

400 µm

(a)

400 µm

(b)

Figure 10: SEM micrographs of the surface treated specimens obtained at the ratio of applied cyclic load to yield stress of (a) 0.87 and
(b) 0.82.
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fatigue life and its associated scatter, while shot peening
application with higher intensity and larger shots producing
superior subsurface layer properties exhibits comparable
estimate of fatigue life with decreased scatter in fatigue data.
+e experimental study suggests that a two-step shot
peening process, where a large media with very high kinetic
energy is used in the first step and a smaller media with
rather low kinetic energy in the second step, can be con-
sidered as an effective way to enhance the surface and
subsurface layer characteristics and the fatigue performance;
the optimality of the proposed dual peening process is ex-
perimentally validated and discussed.
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