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 A B S T R A C T 

This study investigates the effects of a newly developed gradient severe shot 
peening treatment (GSSP) on the mechanical properties and tribological 
behavior of AISI 304 steel. Some experimental tests, including microhardness 
and ball-on-disc wear tests, were conducted to evaluate the mechanical and 
tribological properties of both treated and untreated samples. The 
microstructure of the tested materials was analyzed using X-ray diffraction, 
optical microscopy, and scanning electron microscopy. Specimens treated 
with GSSP exhibited a reduction in mean crystallite size and an increase in 
hardness compared to specimens treated with conventional shot peening at a 
constant pressure. Samples treated by both conventional and gradient shot 
peening processes exhibited 50% to 75% of the wear experienced by non-
treated steel specimens. An important finding of this study is that while the 
microhardness improvement in conventional shot pinning diminishes at a 
depth of 0.3 mm, it is sustained at depth of 0.4 mm and beyond in the GSSP. 
This study demonstrates the potential of the gradient severe shot peening 
technique to improve the mechanical properties of AISI 304 steel, primarily by 
reducing crystallite size and increasing hardness.  
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1. INTRODUCTION  
 
To improve performance, reduce weight, and 
increase service life in mechanical components 
many mechanical treatments were invented and 
developed. For example in the energy sector, the 

improvements in materials and components used 
in gas turbine engines are a top priority for this 
industry [1]. Most damage mechanisms such as 
fatigue, fracture, and wear which can fail 
components create and initiate from the surface of 
components; therefore, surface treatments play an 
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important role in the service life of components [2–
5]. Among failure mechanisms, wear is one of the 
most important and it is directly related to surface 
or exterior layers of materials [6–8]. Compressive 
residual stress and grain refinement directly affect 
material properties and are of importance in 
surface treatments [9]. The shot peening process is 
one of the severe plastic deformation methods and 
it can improve wear resistance by introducing 
compressive residual stress (CRS) in the depth of 
material under the surface and producing a higher 
microhardness [10,11]. The shot peening process 
makes permanent plastic deformation in the 
exterior layers of the component surface, which 
leads to structural changes, strain hardening, and 
compressive residual stress in the region. Based on 
the input energy level, the shot peening process 
can be classified into the conventional and severe 
shot peening processes [12]. During the shot 
peening process, many small metallic shots impact 
the surface, and resulting from each impact, 
surface layers undertake compressive plastic 
deformation, and a compressive residual stress 
field is generated. Among the different surface 
treatment techniques, severe shot peening (SP-S) 
is one of the common processes for industrial 
components and it is the conversion of 
conventional shot peening by increasing kinetic 
energy. The main benefit of SP-S is to reduce grain 
size to a nanoscale regime and induce a deep layer 
with high compressive residual stress [13,14]. AISI 
304 steel alloy is one of the most widely used 
stainless steel in automotive and energy industries 
and has been widely investigated in terms of the 
effects of different surface mechanical attrition 
treatments (SMAT) on structural integrity and 
surface hardening [15–18]. However, some studies 
showed that AISI 304 stainless steel has low wear 
resistance in dry and wet sliding conditions and 
severe abrasive wear has been reported [19–23]. 
Some studies have been carried out to evaluate the 
effect of shot peening process parameters such as 
shot diameter [24–26], shot velocity [25], Almen 
intensity [27–29], and surface coverage [30,31]. 
Also, many researchers have studied the effect of 
the shot peening process on mechanical and 
metallurgical characteristics [28,32–34]. In 
addition, some studies have investigated the role of 
the shot peening process on the failure 
mechanisms such as fatigue behaviors [35–39], 
fretting wear properties [40–42], and corrosion 
performances [43–45]. There has been limited 
research examining the impact of different shot 
peening methods on tribological characteristics, as 

explored in this study. For instance, Silva et al. [7] 
investigated the effects of shot peening on residual 
stresses and tribological performance of cast and 
austempered ductile iron. The findings indicated 
that shot peening induced a transformation of 
retained austenite to martensite, resulting in 
increased hardness. However, this hardness 
enhancement was inadequate to offset the adverse 
effects of heightened surface roughness induced by 
shot peening on wear behavior. Kovaci et al. [46] 
delved into the impacts of shot peening pre-
treatment and plasma nitriding parameters on the 
structural, mechanical, and tribological attributes 
of AISI 4140 low-alloy steel. The investigation 
revealed that the shot peening treatment resulted 
in the formation of finer grains, the induction of 
compressive residual stresses on the surface, and 
an augmentation in the diffusion kinetics of the 
samples. Moreover, surface hardness and residual 
stresses exhibited an upward trend with 
increasing shot peening density. Additionally, the 
combined application of shot peening and plasma 
nitriding treatments led to enhancements in the 
wear resistance of the material, with the highest 
level of wear resistance observed in the shot 
peened + plasma nitrided samples. Wei et al. [47] 
investigated the impact of wet shot peening (WSP) 
on the wear and corrosion behavior of AISI 304 
stainless steel through dry reciprocating sliding 
wear tests. The findings from the tests revealed a 
notable enhancement in wear resistance due to 
WSP treatment. Interestingly, the wear mechanism 
observed in both as-received and wet shot peened 
AISI 304 stainless steel involved a combination of 
abrasive and adhesive wear. Gopi et al. [48] 
investigated the microstructure, friction, and wear 
properties of shot peened 316L stainless steel. The 
findings demonstrated that the shot peening 
process enhances the wear properties of the 
material. Yildiran Avcu et al. [49] investigated the 
surface, subsurface, and tribological characteristics 
of Ti6Al4V alloy subjected to shot peening under 
various parameters. The findings indicated that, 
following dry sliding wear tests, the mass loss of 
the peened samples (specifically S60 for 15 
minutes) was 25% higher compared to the un-
peened samples, albeit with a 12% decrease in the 
coefficient of friction. Notably, plastically deformed 
regions and micro-scratches were discernible on 
the worn surfaces, aligning predominantly with 
adhesive and abrasive wear mechanisms. Zhang et 
al. [50] delved into the tribological behavior and 
corrosion resistance of S30432 steel following 
various shot peening processes. The findings 
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indicated that, compared to the original S30432 
steel, the wear resistance of all shot-peened 
samples improved under the measured loads. This 
enhancement was predominantly attributed to the 
elevated hardness of the gradient hardening layers. 
Trung et al. [51] investigated the impacts of shot 
peening pressure, media type, and double shot 
peening on the microstructure, mechanical, and 
tribological properties of low-alloy steel. The 
findings revealed that both shot peening pressure 
and media type exerted significant effects on the 
surface roughness, hardness, microstructure, wear 
resistance, and friction of the shot peened AISI 
4340 steel samples.  
 
Recently, Maleki et al. [52] introduced gradient 
severe shot peening (GSSP) as a novel shot peening 
process. Consequently, this study investigates the 
microstructures, residual stress, and mechanical 
and tribological properties of AISI 304 steel treated 
using this method. Notably, the influence of the 
GSSP process on the tribological properties of AISI 
304 is examined for the first time. Experimental 
tests were conducted to scrutinize the 
microstructure, grain size, surface topography, 
microhardness, and residual stresses of each shot-
peened specimen. The microstructure of the shot-
peened specimens was evaluated utilizing optical 
microscopy and scanning electron microscopy, 
while mechanical properties were assessed via 
microhardness and roughness measurements. 
Residual stress was determined using the XRD 
method. Furthermore, the wear behavior was 
investigated through a pin-on-disc test, and the 
worn surface topology was examined using 
scanning electron microscopy (SEM). Finally, the 
various shot-peened specimens were compared 
based on the aforementioned measurements. 
 
 
2. MATERIAL AND EXPERIMENTAL PROCEDURE  
 
2.1 Materials and specimens  
 
The austenitic stainless steels have an austenitic 
structure in the annealed condition. AISI 304 
stainless steel with chemical composition of 
(0.027C, 0.35Si, 1.61Mn, 0.037P, 0.018S, 18.03Cr, 
0.29Mo, 8.43Ni, 0.14C, and Bal. Fe in wt.%) is 
characterized by high corrosion resistance and 
high toughness; thus, it is broadly used in 
automotive, food, and power industries; 
therefore, it is nominated for experimental 
testing in this study. AISI 304 stainless steel 

specimens were interrupted from a sheet with 3 
mm thickness by using an Electrical Discharge 
Machine (EDM) to the form of a rectangular cube 
with dimensions of 50×50×3 mm. Each of the 
specimens was separately prepared for each of 
the tests. The mechanical properties of the 
material are summarized in Table 1. 
 
Table 1. Mechanical properties of the supplied material. 

YS 

(MPa) 

UTS  

(MPa) 

Elongation 
(%) 

Hardness 
(HRC) 

YS 
(MPa) 

550 750 40 28 550 

 
2.2 Design of experiments for shot peening 
 
The shot peening process was carried out 
according to the SAE AMS2430 standard [53]. 
The peening balls were made from SAE J2175 and 
the diameter and hardness of the balls are 0.5 mm 
and 60 Rockwell C, respectively. The shot peening 
was performed by using an air blast shot peening 
machine. All specimens are shown in Fig. 1. In 
GSSP, instead of employing a consistent 
projection pressure, we explore variant 
pressures. Here, we introduce two distinct GSSP 
methodologies: ascending severe shot peening 
(SP-A) and ascending-descending severe shot 
peening (SP-AD), each delineated based on 
pressure variation trends.  As illustrated in Fig. 2, 
in SP-A, the projection pressure steadily 
increases, whereas in SP-AD, it gradually rises to 
a peak before declining.  
 
The conventional shot peening treatment is 
converted to severe shot peening treatment by 
increasing surface coverage to 1500% [54]. The 
applied parameters of the shot peening process on 
the specimens are shown in Table 2. Four different 
types of shot peening treatments were utilized: 
conventional (SP-C), severe (SP-S), and two 
variations of GSSP methodologies; SP-A and SP-AD. 
Different shot peening processes are described in 
detail in reference [55]. Also, the peening duration 
in these processes is 15 times longer than SP-C, 
which was 10 seconds for 100% surface coverage. 
The SP-A and SP-AD processes mitigate the adverse 
effects of overshot peening (OSP) while retaining 
the advantageous outcomes of surface nano-
crystallization, surface hardening, and the 
induction of compressive residual stresses (further 
elaborated in Ref. [52]). The corresponding 
pressure versus peening duration of the considered 
surface treatments is shown in Fig. 2.  
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Table 2. Shot peening process parameters. 

Specimen ID Pressure (Psi) Almen Intensity (mmA) Peening Duration (s) Surface Coverage (%) 

NSP - - - - 

SP-C 55 0.3 10 100 

SP-S 55 0.3 150 1500 

SP-A 40 → 55 0.25 → 0.3 150 - 

SP-AD 40 → 55 → 40 0.25 → 0.3 → 0.25 150 - 

 

 
Fig. 1. Photographs of prepared flat specimens for 
testing: the NSP specimen is unprocessed, while SP-C, 
SP-S, SP-A, and SP-AD specimens have been treated 
with respective shot peening methods. Note the visual 
differences in surface appearance due to varying 
peening intensities and sequences. 

 

 
Fig. 2. Schematic diagram illustrating the pressure 
profiles applied during shot peening treatments. SP-A 
and SP-AD represent gradient severe shot peening 
(GSSP) processes. 

 
2.3 Microstructure evaluation  
 
Sample preparation was performed by following 
standard metallographic procedures and 
specimens were etched with 2% Nital solution. the 
OLYMPUS optical microscope was used to observe 
the cross-sectional microstructure characterization 
of different shot-peened specimens. 

2.4 Residual stress measurement 
 
The residual stress profile along the depth 
induced by the shot peening process was 
examined using the X-ray diffraction (XRD) 
method. Cu-Kα radiation at 40 kV, 30 mA, and 
1°/min, and the X-ray beam spot size is about 1×1 
mm was used  in the XRD test method. To obtain 
the depth layers of the specimen material, 
measurement was performed step by step by 
removing a layer of material with 0.1mm through 
electrochemical machining (ECM) with a solution 
of acetic acid (94%) and perchloric acid (6%). 
The depth was accurately measured by using a 
micrometer, with a resolution of 0.01 mm. 
 
2.5 Microhardness and surface roughness 

measurement 
 
The surface roughness profile of the shot-peened 
specimens was evaluated by a digital roughness 
tester machine. A cut-off value of 0.8 mm and 2 
mm were used for the non-shot peened and shot 
peened specimens, respectively. Three times 
measurements were carried out for each surface 
condition and the mean values were recorded.  The 
roughness parameters are presented based on the 
ISO 4287  standard. To study the effect of the shot 
peening process on the microhardness of the 
specimens, depth-resolved Vickers microhardness 
measurements were carried out on cross-sections 
of the specimens using a microhardness test 
machine with a 10 gf load and a 10-second holding 
time, in accordance with ISO 6507. Surface 
roughness of the polished cross-sections used for 
hardness testing was also measured to ensure that 
preparation artifacts did not affect the 
microhardness results. The measured roughness 
values were below 0.05 µm (Ra), indicating that 
surface finish was sufficiently smooth for accurate 
microhardness assessment. Microhardness 
measurements were performed on the matrix of 
each specimen cross-section at depth intervals of 
50 μm. At each analyzed depth, three independent 
indentations were made (n = 3), and the average 
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value was reported. The standard deviation for 
each data point was calculated and remained 
below 5%, confirming the reliability and 
consistency of the measurements. 
 
2.6 Wear test procedure 
 
Wear tests were carried out by using a sliding 
pin-on-disc in dry conditions with a 
conventional tribometer to evaluate the 
tribological behavior of the specimens under 
different shot peening conditions. To ensure 
duplicability of results, all wear tests were 
performed under the same environmental 
condition, i.e., at room temperature (25 °C) and 
a humidity of 25%. AISI 52100 steel pins of 
9mm radius were used as their counterparts in 
the test. The hardness of AISI 52100 was 62-64 
Rockwell C. The test specimen has a dimension 
of 20×20×4 mm. The applied load was 10N 
which created a Hertzian contact stress of 40.3 
MPa. The rotational speed was 530 rpm which 
created a linear sliding speed of 0.5 m/s. The 
total sliding distance in each test was 1000 m. 
The tests were repeated once for each 
experimental condition. Wear volume was 

determined by separately weighing the mass of 
both the disc and the hard metal counterpart 
pin before and after testing each specimen. 
After each 100 m, the sample was taken out of 
the war machine, cleaned, and weighed. The 
wear mass was calculated by the difference 
between the initial and the subsequent weight 
of the test samples. 
 
 
3. RESULTS AND DISCUSSIONS 
 

3.1 Microstructural analysis of specimens 
 
A series of optical microscopy and XRD analyses 
were carried out to evaluate the microstructures 
and grain sizes of the as-received and shot-
peened specimens. The specimens were cut in the 
depth of the thickness with a wire-cut Electric 
Discharge Machine (EDM) and then the surface of 
the specimens was polished based on the 
metallographic process and etched for optical 
microscopy and image evaluations. 
Microstructural observations from the surface 
layer to depth for the as-received specimen and 
after shot peening treatments are shown in Fig. 3.  

 

 
Fig. 3. Cross-sectional OM micrographs of the specimens. 

 
It can be observed that the depth of the 
plastically deformed layers is increased by 
increasing the kinetic energy, and plastically 
deformed layers are enhanced; also, the grain 
refinement achieves by increasing the severity 
of shot peening treatment. As can be observed, 
the microstructures of all specimens are 

formed by austenite grains which inside them 
mechanical twining marks are observed; also, 
in the surface layer of the specimens slip lines 
are formed inside the grains due to cold work. 
As expected, the SP-C specimen has a less 
significant grain refinement due to lower 
kinetic energy. The mean grain size area was 
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measured using image analysis by using MIP® 
software for SP-C and NSP specimens as 42 and 
26 µm2, respectively. Optical microscopy 
images and XRD grain size measurements show 
the most notable grain refinement was 
obtained for the SP-A followed by SP-S and SP-
AD treatments. As can be seen, the grain's size 
reduced near the top surface layer. To evaluate 
the grain size of the shot-peened treated 
specimens at higher rates of kinetic energy, X-
ray Diffraction (XRD) analysis is proposed [55]. 
Fig. 4 shows the XRD patterns of the specimens.  
 

 

Fig. 4. XRD patterns of the specimens. 

 
A general method for determining the mean 
crystallite size is used for determining the 
crystallite sizes of the specimens in the top 
surface layer. The full width at half maximum 
(FWHM) of a diffraction θ peak at Scherer’s 
equation is given as [56]: 
 

/ cosXRDd K  =    (1) 

 

Where d is the crystal apparent size, θ is the 
diffraction angle, λ is the x-radiation 
wavelength, K is a constant close to unity, and β 
is the corrected FWHM. β can be obtained from 
the observed FWHM by convoluting the 
Gaussian profile modeling the specimen 
broadening βr, as follows: 
 

2 2 2

0r i  = −   (2) 

 
Where 𝛽0 is the observed broadening and 𝛽𝑖 is 
instrumental broadening. To determine the 
peak broadening with the crystallite size XRD 
method is used [57]. The results of the 
crystallite size of the specimens are presented 
in Table 3. 

Table 3. Crystallite size of the specimens. 

Specimen NSP SP-C SP-S SP-A SP-AD 

Crystallite 
size (nm) 

42530 26215 81 79 85 

 
There are many factors that can affect the XRD 
measurements such as microstresses, 
dislocations, and defects which were not 
considered in the determination of the size of the 
crystallite in this paper. Also, constants K and bi 
and bo were the default values for the typical XRD 
analysis. However, the XRD analysis was used as 
a comparative tool to access the crystallite size of 
non-treated, treated with conventional shot-
pinning, and treated with severe shot peening 
samples. As Table 3 shows, there is reduction of 
over 99% in the crystallite size from 
conventionally shot-peened samples to the 
severe shot-peened samples. 
 
3.2 Hardness and surface roughness 

measurement and analysis 
 
Shot peening induces dimple-shaped deformations 
on the surface of treated specimens due to the 
impact of high-velocity shots, leading to increased 
surface roughness. To assess the effects of these 
impacts, both the surface roughness and 
microhardness of the treated specimens were 
measured. Microhardness measurements were 
particularly important for evaluating how plastic 
deformation affected the mechanical properties of 
the specimens. The variation in microhardness 
across the depth of the surface layer for the 
different specimens is illustrated in Fig. 5.  
 

 

Fig. 5. Cross-sectional microhardness profiles of 
specimens. 
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These measurements showed a data scatter of 
less than 5%, ensuring reliable results. For non-
shot-peened (NSP) samples, the microhardness 
remained consistent at 202.5 HV throughout the 
measurement depth. This stability reflects the 
lack of induced plastic deformation in these 
specimens. In contrast, shot-peened samples 
exhibited a decrease in microhardness as the 
measurement depth increased. The highest 
microhardness values were observed near the 
surface, where the effects of shot peening were 
most pronounced, with values gradually 
diminishing to a steady state of approximately 
202.5 HV at a depth of 0.4 mm and beyond. This 
indicates that the plastic deformation and the 
associated hardening effects were limited to the 
surface and subsurface layers of the material. 
Among the shot-peened specimens, the lowest 
surface microhardness was observed in SP-C 
samples, with a value of approximately 370 HV. 
Conversely, SP-A samples showed the highest 

surface microhardness, measuring 410 HV. The 
enhanced hardness at the surface in SP-A 
samples suggests a more intense or effective 
peening treatment compared to the others. 
Notably, the SP-A samples retained higher 
hardness in the near-surface region, maintaining 
these elevated values up to a depth of 0.2 mm, 
indicating a more robust surface hardening 
effect compared to other treatments. Surface 
roughness (Ra and Rz) was measured for both 
shot-peened and non-shot-peened specimens 
using a Mitutoyo Surftest SJ-210 portable 
machine. Fig. 6 presents the surface roughness 
values and surface morphology for the different 
treatment conditions. The roughness 
measurements were taken as averages across 
three specimens for each test condition to ensure 
statistical relevance. The comparison between 
the treated and untreated samples clearly 
highlights the impact of different shot peening 
techniques on surface texture.  

 

 
Fig. 6. Values of surface roughness in terms of Ra and Rz and surface morphology of specimens. 

 
Among the treatment variations, gradient 
severe shot peening (GSSP) stood out as an 
innovative approach that involved gradually 
increasing the projection pressure during the 
process.  Despite having the same exposure 
time as severe shot peening (SSP), GSSP's 
gradual pressure increase served as a pre-
hardening step for subsequent higher-pressure 

peening. This gradual pressure application 
enhances the material’s tolerance to shot 
impacts, resulting in less surface deformation 
and fewer defects. The controlled pressure 
ramp in GSSP ensures that the material 
experiences less aggressive surface damage, 
leading to a smoother finish. In contrast, 
conventional severe shot peening (SSP) 
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treatments apply a constant, high-impact 
pressure from the outset. This creates a rough 
surface with distinct dimple-shaped 
morphology due to the immediate and intense 
plastic deformation. However, when the 
pressure is applied in an ascending manner, as 
in the ascending severe shot peening treatment 
(SP-A), the surface becomes smoother, with 
lower roughness values. This is because the 
gradually increasing pressure mitigates the 
surface deformation, resulting in a more 
refined surface texture. Furthermore, the 
ascending-descending severe shot peening 
treatment (SP-AD) produced a surface with 
even smaller dimple-shaped morphologies and 
lower roughness compared to the SP-A 
treatment. In SP-AD, the initial ascending 
pressure phase induces plastic deformation, 
while the subsequent descending pressure 
phase acts as a re-peening process. This step 
effectively smooths the surface and reduces 
roughness, leading to improved surface 
morphology. The results demonstrate that 
gradient severe shot peening treatments, such 
as SP-A and SP-AD, yield smoother surfaces 
compared to conventional severe shot peening 
treatments. These methods successfully 
minimize surface defects and roughness while 
retaining the beneficial hardening effects 
induced by shot peening. While the Rz values 
shown in Fig. 6(b) appear similar across the 
shot peened specimens (SP-C, SP-S, SP-A, SP-
AD), a closer examination of surface 
morphologies reveals important distinctions. 
The SP-A and SP-AD treatments produced more 
uniform and shallower dimples compared to 
the SP-S condition, which exhibited more 
irregular and pronounced surface indentations. 
Therefore, surface roughness values such as Ra 
and Rz should be interpreted in combination 
with SEM images to provide a complete 
understanding of the surface texture and its 
potential tribological implications. Although 
SEM images of surface defects are not 
presented in this study, the surface roughness 
measurements (Ra and Rz) and improved wear 
resistance suggest that GSSP-treated 
specimens (particularly SP-A and SP-AD) 
exhibit fewer and less severe surface defects 
compared to SP-S. This inference is consistent 
with prior literature [52], where the gradual 
pressure variation in GSSP is shown to mitigate 
surface damage while enhancing surface 
properties.  

3.3. Residual stress analysis  
 
Residual stresses in the films were assessed using 
the conventional X-ray diffraction (XRD) 
technique, carried out on a diffractometer 
equipped with a CuKa radiation source. In all 
instances, parallel beam optics with a flat 
graphite monochromator and a proportional 
counter were utilized. The diffractometer was 
calibrated with a silicon sample [58,59]. The 
residual stresses introduced by the shot peening 
process were measured throughout the thickness 
of the specimens using this XRD method. Residual 
stresses play a critical role in determining the 
material's structural integrity and long-term 
performance, especially in components subjected 
to cyclic loads, as they directly affect crack 
initiation and propagation. The residual stress 
profiles for the different shot-peened specimens 
are presented in Fig. 7.  
 

 
Fig. 7. Cross-sectional residual stress profiles of 
specimens. 

 
These profiles provide a clear picture of how 
compressive residual stresses are distributed 
through the thickness of each specimen and 
highlight the effectiveness of the various shot 
peening treatments. Upon comparing the 
residual stress profiles for the different 
treatment conditions, it is evident that the 
maximum compressive residual stresses at the 
top surface vary across the specimens. 
Specifically, the maximum compressive residual 
stress values were found to be −395 MPa for the 
SP-C specimen, −446 MPa for SP-S, −517 MPa for 
SP-A, and −463 MPa for SP-AD. These variations 
indicate that the type and intensity of shot 
peening treatment have a significant impact on 



Khosro Shirvani et al., Tribology in Industry Vol. 47, No. 3 (2025) 426-442 

 

 434 

the magnitude of residual stress induced at the 
surface. As expected, the highest compressive 
residual stresses were concentrated near the top 
surface of the material. The depth at which these 
stresses occur also varies among the specimens. 
For SP-C, the maximum compressive residual 
stress is achieved at a depth of 0.05 mm, while for 
SP-S and SP-A, this occurs at a depth of 0.075 mm. 
Interestingly, for the SP-AD specimen, the 
maximum compressive residual stress is located 
much closer to the surface, at a depth of only 0.1 
mm. This distribution suggests that the shot 
peening process parameters, such as the 
intensity and pressure of the impacts, play a key 
role in how deeply the residual stresses penetrate 
into the material. As the depth increases, the 
intensity of residual stress gradually decreases. 
This reduction in stress with depth is a common 
observation in shot-peened materials and is 
attributed to the Bauschinger effect [60]. The 
Bauschinger effect occurs when the material 
undergoes plastic deformation in one direction 
(compression in this case), which reduces its 
ability to withstand subsequent deformation in 
the opposite direction. In other words, the 
further one moves from the shot-peened surface, 
the less pronounced the hardening effect 
becomes, and residual stresses eventually 
dissipate. In all specimens, no residual stress was 
detected at depths beyond 0.4 mm, indicating 
that the effects of shot peening are largely 
confined to the surface and near-surface regions 
of the material. Among the different shot peening 
treatments, the ascending severe shot peening 
treatment (ASSP) proved to be the most effective 
at inducing compressive residual stresses. The 
specimen treated with SP-A exhibited the highest 
maximum residual stress and maintained this 
stress at the greatest depth compared to other 
shot-peened samples. This correlates well with 
the microhardness measurements, where SP-A 
specimens also showed the greatest surface 
hardness and the deepest extent of hardening. 
The deeper penetration of residual stresses in SP-
A-treated specimens suggests that this treatment 
not only enhances surface properties but also 
imparts greater resistance to fatigue and crack 
propagation over a larger volume of the material. 
Treatments like SP-A and SP-AD, which involve 
more sophisticated pressure application 
techniques, result in higher surface hardness and 
deeper stress penetration, offering superior 
mechanical performance compared to 
conventional shot peening processes. 

3.4. Friction and wear behavior 
 
The friction and wear behavior of the untreated 
(NSP) and shot-peened specimens (SP-C, SP-S, SP-
A, and SP-AD) was assessed by conducting ball-on-
disc tests to evaluate sliding wear resistance. This 
method is a widely accepted standard for 
investigating the tribological properties of 
materials, particularly in high-stress contact 
situations. The results of these tests are crucial for 
understanding how surface modifications, such as 
shot peening, influence the wear and frictional 
characteristics of treated materials. The wear 
volume of both untreated and treated specimens is 
shown in Fig. 8, and it is evident that the shot 
peening processes significantly reduce wear in 
comparison to the untreated surfaces. Shot peening 
treatments induce beneficial compressive residual 
stresses and enhance surface hardness, which 
together contribute to improved wear resistance. 
As Fig. 8 shows, the wear volume of SP-C, SP-A, and 
SP-AD was reduced by approximately 50%, 
compared with the non-treated samples. 
 

 
Fig. 8. Values of wear volume of all specimens. 

 
For SP-A, the corresponding reduction was 
approximately 22%. Compared with the 
conventional shot-peening, the severe shot-
peening did not make an improvement in wear 
resistance. This reduction in wear volume is a direct 
consequence of the enhanced surface hardness 
achieved through shot peening, as observed in Fig. 
5, where the microhardness of treated specimens 
increased by a factor of two down to a depth of 0.1 
mm. The Archard wear equation provides a 
theoretical basis for understanding this 
relationship. According to the equation, wear 
volume (V) is inversely proportional to the 
hardness (H) of the material, meaning that as 
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hardness increases, wear volume decreases. Since 
the shot peening treatments effectively doubled the 
surface hardness, it follows that the wear volume 
should be reduced to approximately half of what is 
observed in the untreated specimen. This 
correlation between surface hardness and wear 
resistance underscores the effectiveness of shot 
peening as a surface treatment process for 
improving the durability and longevity of materials 
exposed to sliding wear. In addition to wear 
volume, the frictional behavior of the specimens 
was also evaluated. The measured friction 
coefficients for NSP, SP-C, SP-S, SP-A, and SP-AD 
specimens are presented in Fig. 9.  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 9. Surface profiles across the wear tracks on the 
selected specimens; (a) NSP, (b) SP-C, (c) SP-S, (d) SP-A, and 
(e) SP-AD. 
 

After an initial transitional period at the beginning 
of the test, where the friction coefficient fluctuates 
as the contact surfaces adjust, a steady-state 
friction coefficient was reached for each specimen. 
For the untreated (NSP) specimen, the steady-
state friction coefficient was the highest at 0.75, 
indicating higher resistance to sliding and greater 
energy dissipation during contact. This higher 
friction coefficient suggests that the untreated 
surface experiences more severe frictional 
interactions, likely due to the absence of surface 
compressive residual stresses and the lower 
hardness. In contrast, the shot-peened specimens 
demonstrated lower steady-state friction 
coefficients, reflecting the benefits of the surface 
treatment. For SP-C, SP-S, SP-A, and SP-AD 
specimens, the steady-state friction coefficients 
were 0.65, 0.7, 0.6, and 0.6, respectively. The lower 
friction coefficients observed in the shot-peened 
specimens can be attributed to several factors. 
First, the increased surface hardness reduces the 
tendency of the surface to deform under contact, 
leading to a smoother sliding interface and, 
consequently, lower friction. Second, the 
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compressive residual stresses induced by the shot 
peening process help to mitigate the formation 
and propagation of surface cracks, further 
reducing friction. Among the treated specimens, 
the SP-A and SP-AD specimens exhibited the 
lowest friction coefficients, both stabilizing at 0.6. 
This result is consistent with the surface 
roughness measurements, which show that these 
specimens also had smoother surfaces compared 
to other shot-peened specimens. The smoother 
surface morphology, combined with the increased 
surface hardness, contributes to the reduced 
friction in these specimens, making them 
particularly well-suited for applications where 
both wear resistance and low friction are critical. 
In summary, the friction and wear behavior of the 
shot-peened specimens highlights the 
effectiveness of the treatment in enhancing both 
mechanical and tribological performance. By 
doubling the surface hardness and inducing 
compressive residual stresses, the shot peening 
process significantly reduces wear volume and 
lowers friction, offering a clear advantage over 
untreated materials.  
 

 
Fig. 10. Comparison of the obtained results. 

 
The present study aims to compare various shot 
peening treatments, namely those with constant 
projection pressure (referred to as SP-C and SP-
S) and treatments with gradient pressure 
(referred to as SP-A and SP-AD). The findings are 
summarized in Fig. 10, which illustrates the 
effectiveness of gradient severe shot peening 
treatments in improving mechanical and 
tribological properties. This type of visualization 
was presented by [61]. In this figure, all results 
are categorized based on their effects on various 
mechanical and metallurgical performance 
aspects. It is evident from the results that the SP-
A treatment has the greatest impact on 
parameters such as surface layer crystallization 
size, maximum residual stress, and hardening. 
Conversely, the SP-S treatment exhibits 
significant effects on surface roughness, while the 
SP-C treatment shows minimal mass loss. 

3.5. Surface morphology evaluation 
 
To better understand the wear failure 
mechanism of as-received and shot peened 
specimens after the wear test, worn surfaces of 
the specimens were examined under the SEM as 
shown in Fig. 11. The examination showed 
significant characteristics indicative of adhesion 
wear mechanism, as well as the presence of 
debris, plastic deformation, and fatigue cracks in 
the worn surfaces of the specimens. The plastic 
deformation layer of wear scars was observed in 
SEM micrographs after the wear tests. The SEM 
micrographs displayed clear evidence of 
adhesion wear mechanism on the worn surfaces 
of the specimens. The formation of transfer films 
and material build-up was observed during 
sliding contact. The adhesion regions are 
observed in all specimens, especially NSP, SP-C, 
and SP-S. As can be seen, SP-S has the largest 
adhesion region among all specimens. Also, many 
debris particles were found dispersed across the 
worn surfaces, as seen in the SEM micrographs in 
all specimens. The particles are likely generated 
by the detachment of material from the surfaces 
due to repeated contact and relative motion. The 
presence of debris further supports the 
occurrence of abrasive wear mechanisms 
combined with adhesion wear. In addition, some 
plastic deformation marks were obvious in the 
SEM micrographs of the worn surfaces. 
Striations, grooves, and plastically deformed 
regions were observed, signifying the occurrence 
of severe mechanical interactions during sliding 
contact. Wear plastic deformation refers to the 
permanent deformation that occurs in materials 
during sliding contact and contributes to surface 
wear. During sliding, asperities on one surface 
interact with those on the opposing surface, 
leading to local stress concentrations. These stress 
concentrations cause the material to undergo 
plastic deformation in the form of microplasticity. 
Microplasticity refers to the overall deformation of 
a larger volume of material due to sliding contact. 
It involves more extensive plastic flow and can 
lead to the formation of wear scars or wear tracks 
on the material's surface. These wear scars often 
exhibit smooth and polished surfaces due to the 
cumulative effect of plastic deformation and 
material removal. Also, in the SP-S specimen, in 
addition to adhesion wear and plastic 
deformation, fatigue cracks were observed in the 
SEM micrographs. These cracks appeared as fine, 
branching lines on the worn surfaces. 
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Fig. 11. SEM micrographs of worn surface of the specimens with different magnification (50X, 300X, and 1000X); 
(a), (b), (c) NSP, (d), (e), (f) SP-C, (g), (h), (i) SP-S, (j), (k), (l) SP-A, and (m), (n), (o) SP-AD. 
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The presence of fatigue cracks indicates the 
occurrence of fatigue wear. The presence of 
adhesion wear, debris particles, and plastic 
deformation further contributes to the generation 
and growth of these fatigue cracks. In the SP-AD 
specimen, some transferred tribo-films are 
observed. During sliding contact, asperities on the 
surface of one material come into contact with 
asperities on the opposing surface. As sliding 
continues, the junctions experience shear stresses, 
causing them to deform and eventually separate. 
This tearing phenomenon leads to the removal of 
material from one surface and its transfer to the 
other. The transferred material can form a thin 
layer or patches on the opposing surface, known as 
transfer films. These transfer films contribute to the 
further adhesion and subsequent wear process. 
The repetitive cycle of adhesion, deformation, and 
separation during sliding results in the formation 
of characteristic features such as wear debris, 
microcracks, and plastically deformed regions on 
the worn surfaces. Overall, the SEM analysis of the 
worn surfaces showed a complex wear behavior 
characterized by adhesion wear mechanism, 
debris accumulation, plastic deformation, and 
fatigue crack formation. Based on the SEM 
micrographs, it is evident that the NSP and SP-S 
specimens have exhibited a higher level of wear 
compared to the other specimens. This finding is 
consistent with the results obtained from the 
analysis of wear volume values. 
 
 
4. CONCLUSION 
 
In this work, we investigated the impact of the shot 
peening treatment method (GSSP) on AISI 304 
steel, focusing on its microstructures, residual 
stress, mechanical properties, and tribological 
behavior. Experimental tests were conducted to 
analyze various aspects such as microstructure, 
grain size, surface topography, microhardness, and 
residual stresses. Optical microscopy and scanning 
electron microscopy were used to assess the 
microstructure of the shot-peened specimens. The 
mechanical properties were evaluated by 
measuring microhardness and roughness, while 
the XRD method was employed to measure the 
residual stress. The wear behavior was examined 
through a pin-on-disc test, and the worn surface 
topology was analyzed using scanning electron 
microscopy (SEM). Ultimately, a comparison was 
made between different shot-peened specimens 
based on the aforementioned measurements. 

1. It can be observed that the depth of the 
plastically deformed layers is increased by 
increasing the kinetic energy of shot peeing. 
Also, grain refinement is achieved by increasing 
the severity of the shot peening treatment. It 
was observed that the microstructures of all 
specimens are formed by austenite grains inside 
which mechanical twining marks are observed.  

2. The microhardness of samples treated with 
shot peening decreases as depth increases, 
with the highest value at the surface and the 
steady state value of approximately 202.5 HV 
at a depth of 0.4 mm and beyond. The lowest 
hardness value at the surface is that of SP-C at 
approximately 370 HV. The highest harness 
at the surface is that of SP-A at 410 HV. 

3. The surface roughness measurements show 
that the gradient severe shot peening did not 
yield smoother surfaces than the 
conventional shot pinning treatment.  

4. Residual stresses induced by the shot peening 
process along the thickness of the specimens 
were measured using the XRD method. 
Comparing the profiles of different specimens 
shows that the maximum compressive 
residual stress of the top surface was −395 
MPa, −446 MPa, −517 MPa, and −463 MPa 
with the specimens of SP-C, SP-S, SP-A, and 
SP-AD, respectively. The maximum 
compressive residual stresses in shot-peened 
samples are achieved on the top near the 
surface and at depths of 0.05 mm, 0.075 mm, 
0.075 mm, and 0.1 mm for SP-C, SP-S, SP-A, 
and SP-AD respectively. 

5. The wear test results show surfaces treated 
with the SP-C, SP-A, and SP-AD experienced 
approximately ½ of the wear of the untreated 
surface while SP-S samples experienced ¾ of 
the wear of the untreated surface . 

6. For the untreated specimen, the steady 
friction coefficient was the highest at 0.75. 
For SP-C, SP-S, SP-A, and SP-AD specimens, 
the steady friction coefficient was 0.65, 0.7, 
0.6, and 0.6, respectively 

7. A comparison of the obtained results shows the 
SP-A treatment has the greatest impact on 
parameters such as surface layer crystallization 
size, maximum residual stress, and hardening. 
Conversely, the SP-S treatment exhibits 
significant effects on surface roughness, while 
the SP-C treatment shows minimal mass loss. 
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8. SEM observation shows characteristics 
indicative of the adhesion wear mechanism, 
as well as the presence of debris, plastic 
deformation, and fatigue cracks in the worn 
surfaces of the specimens.  

9. Further research is needed to optimize the 
tribological performance of GSSP-treated 
surfaces and understand the underlying wear 
mechanisms. 
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