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Introduction

Shot peening is a surface treatment technique used to 
improve the mechanical properties and durability of metal 
components. In this process, small metallic or ceramic par-
ticles, known as shot, are propelled at high speed onto the 
material’s surface, causing plastic deformation that hardens 
the surface and induces compressive residual stresses. These 
stresses enhance the component’s resistance to fatigue, wear, 
and corrosion, making it ideal for applications where reli-
ability and longevity are critical. Widely used across various 
industries, shot peening effectively delays the initiation and 
propagation of fatigue cracks, significantly extending the 
fatigue life and durability of components subjected to cyclic 
loading [1–3]. The work-hardening effect of shot peening 
increases surface hardness and wear resistance, enhancing 
components’ ability to withstand abrasive wear and sur-
face damage. Additionally, shot peening improves corro-
sion resistance by sealing surface pores and microcracks, 
reducing the risk of corrosion initiation and spread. This 
technique is widely used in industries like aerospace, auto-
motive, and manufacturing, where the performance and reli-
ability of metal components are crucial. In aerospace, shot 
peening is applied to improve the wear resistance of landing 
gear, turbine blades, and structural parts. In the automotive 
industry, it extends the lifespan of engine parts, transmission 
gears, and suspension components exposed to high cyclic 
loads and wear. Manufacturing processes also use shot peen-
ing to boost the performance and fatigue life of critical parts 
like shafts, gears, and springs [2–6].

CrMoV steels, short for Chromium-Molybdenum-Vana-
dium steels, are a group of low-alloy steels known for their 
exceptional strength, toughness, and heat resistance. Shot 
peening plays a crucial role in enhancing the performance 
and longevity of CrMoV steels, which are commonly used 
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in applications demanding high strength, toughness, and 
heat resistance. By inducing compressive residual stresses 
in the surface layer, shot peening increases the durability 
and fatigue resistance of CrMoV steels. This technique is 
particularly effective in extending the fatigue life of pressure 
vessels, steam turbines, and other power generation equip-
ment by reducing the likelihood of fatigue crack formation 
and propagation. Moreover, shot peening enhances the cor-
rosion resistance of CrMoV steels by sealing surface pores 
and microcracks, reducing their susceptibility to corrosion 
initiation and spread. [7–11].

A component’s surface may accumulate compressive 
residual strains due to shot peening. Compressive residual 
stresses are essential in stopping the initiation and propaga-
tion of fatigue fractures because, in real-world engineering 
scenarios, most fatigue cracks start at or slightly below the 
surface. A component’s endurance limit can be significantly 
increased by carefully controlling shot peening parameters, 
such as intensity and processing variables, which generate a 
coating of compressive residual stresses on the component’s 
surface without needlessly adding roughness [12–15]. In a 
work by Gundgire et al.[16], they looked at many process-
ing variables besides the microstructure, CRS distribution, 
surface features, and microhardness of 316L additive manu-
facturing samples that were shot peened severely and moder-
ately. The results showed that deeper depths of the samples 
had larger compressive residual stresses due to intensive shot 
peening. Likewise, Gao’s [17] examination of the compres-
sive residual stress field of TC18 after shot peening revealed 
that creating a compressive stress field below the surface 
might extend the material’s fatigue life. In a study including 
various metals, Hou et al. [18] found a clear relationship 
between the depth of the resulting compressive residual 
stresses field and the strength of shot peening, highlighting 
the need to manage SP settings to produce the appropri-
ate residual stress profiles. Nursen et al. [4] investigated the 
effects of deformation-induced recurrent transformations 
on steel morphology by performing cycle shot peening 
investigations at room temperature and 200 °C. When they 
compared specimens that underwent cyclic changes caused 
by strain to those that underwent traditional shot peening, 
they discovered that the latter had higher surface hardness, 
indicating an improvement in surface mechanical qualities. 
After reviewing the literature on shot peening’s application 
in corrosion prevention, Huang et al. [19] concluded that 
using the wrong parameters could damage the treated sur-
face’s integrity and lessen its resistance to corrosion. Con-
sequently, the key to guaranteeing efficient corrosion protec-
tion is to optimize the shot peening parameters. The study by 
Maleki et al. [20] explores the intricate relationship between 
shot peening and fatigue strength in high-strength aluminum 
alloys, emphasizing the difficulties caused by inadequate 
fatigue properties, particularly in additively manufactured 

components. Through mechanisms like microstructural 
changes and compressive residual stresses, shot peening is 
a useful surface treatment for improving fatigue resistance. 
However, because individual systems’ contributions are not 
always evident, improving shot peening and creating precise 
fatigue prediction models remain challenging. Using five 
different shot peening treatments, Benedetti provides vital 
insights for designing optimal treatments for high-strength 
aluminum alloys, highlighting the critical role that compres-
sive residual stresses play in optimizing fatigue strength. 
Mondal et al. [21] created ultrahigh strength steel employ-
ing thermo-mechanical controlled processing (TMCP), out-
performing quenching and tempering (QT) in mechanical 
properties. TMCP-processed steel exhibits over 1700 MPa 
strength and more than 20% ductility. There are various rel-
evant studies focused on the quenching of steels [22–26].

Comparative studies of the microstructure, mechanical 
characteristics, surface residual stresses, and surface rough-
ness tests of shot-peened base CrMoV steels, shot-peened 
annealed CrMoV steels, and shot-peened cryogenically 
treated CrMoV steels are notably lacking in the literature. 
Although different studies have looked into how shot peen-
ing affects each of these steel variations independently, 
there is a notable absence of thorough comparison research 
comparing the three circumstances [27, 28]. Investigating 
this might yield vital information about how different heat 
treatment procedures (such as annealing and cryogenic 
treatment) affect how well shot peening works to modify 
the mechanical, surface, and microstructural properties 
of CrMoV steels. This information could then be used to 
develop treatment plans optimized for improved perfor-
mance in various industrial applications.

Materials and Methods

Annealing and Cryogenic Cycle

The CrMoV steel composition includes 0.7–2.2 wt.% chro-
mium, 0.6–1.6 wt.% molybdenum, and 0.15–0.35 wt.% vana-
dium, with carbon content typically kept below 0.25 wt.%. 
Other alloying elements like silicon, manganese, and nickel 
are also kept low. The annealing heat treatment for CrMoV 
steel involves three phases to optimize mechanical proper-
ties and microstructure. First, the steel is gradually heated to 
535 °C in an Okay electric arc furnace, then soaked at this 
temperature for an hour to homogenize the microstructure 
and dissolve preexisting phases. Next, the temperature is 
raised to 825 °C, and the samples are soaked for another 
hour, promoting the formation of new phases and improving 
mechanical properties. Finally, the temperature is increased 
to 1060 °C, with an hour-long soak to stabilize the micro-
structure, refine grain structure, and relieve internal stresses. 
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After annealing, the specimens undergo deep cryogenic 
treatment (DCT), where they are cooled to − 100 °C for two 
hours. This is followed by two tempering processes, each 
lasting two hours at 200 °C.

Shot‑peening

Round S170 grade balls were used as shot peening media 
in the experiment on CrMoV steels. Specific parameters 
ensured optimal treatment: the nozzle was placed 180 mm 
from the sample’s surface at a 90° angle. The shots, with a 
diameter of 0.28 mm and a hardness of 50 HRC, provided 
sufficient impact energy for beneficial surface modifications. 
The surface treatment depth was controlled by an Almen 
intensity of 10 A2, with a shot peening duration of 180 s. 
A mass flow rate of 0.1 kg/s was maintained to ensure uni-
form treatment, while a shot velocity of 45 m/s was used to 
impart enough kinetic energy to induce compressive residual 
stresses and surface changes. These parameters were care-
fully selected to optimize the mechanical and surface prop-
erties of the CrMoV steels. Figure 1 illustrates the shot-
peening process.

Microstructural Studies

The metallography process for shot-peened CrMoV steels 
began by cutting the samples into 10 mm cubes using Elec-
trical Discharge Machining (EDM) to ensure uniformity. The 
samples were then polished with various grades of emery 
paper to smooth the surfaces, followed by cloth polishing 
to achieve a mirror-like finish, enhancing the visibility of 
microstructural details under a microscope. The polished 
samples were etched with Nital to reveal grain size, bounda-
ries, and microstructural phases, crucial for assessing the 
impact of shot peening. Finally, a scanning electron micro-
scope (SEM) was used to capture detailed images of the 
microstructure.

Residual Stress Measurement

Residual stress distribution in shot-peened CrMoV steels 
was measured using the X-stress 3000 G2R X-ray stress ana-
lyzer. Measurements were taken by scanning between 45 and 
− 45° with a diffraction angle of 1560, covering depths from 
the surface to 1200 µm. Material was removed in 200 µm 
increments through electrochemical polishing, using a 
solution of 100 ml distilled water, 600 ml ethanol, 70 ml 
perchloric acid, and 90 ml butyl cellosolve. This controlled 
material removal allowed for precise depth profiling dur-
ing residual stress measurement. The X-ray stress analyzer 
provided detailed insights into residual stress distribution at 
various depths, offering valuable information on the mate-
rial’s mechanical behavior and performance.

Surface Roughness Measurement

Surface roughness of CrMoV steels was measured using the 
SURFCOM NEX 031 SD-14 machine, following ISO 4287 
standards to ensure accuracy and consistency. The speci-
mens were carefully positioned on the measurement plat-
form, and roughness was assessed at three random locations 
on each specimen. The primary roughness parameters meas-
ured were Ra (average roughness), Rq (root mean square 
roughness), and Rz (maximum peak-to-valley height), pro-
viding comprehensive insights into the surface texture.

Hardnes Measurement

The hardness of CrMoV steels was analyzed using a Vickers 
microhardness tester with a 0.05 kg load and a 15 s dwell 
time. The base metal and shot-peened specimens were 
securely placed on the tester’s stage. Each specimen’s sur-
face was then indented by applying a 0.05 kg load for 15 s.

Fig. 1   Shot peening process
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Results and Discussion

Surface Profile

The influence of shot peening on the 3D surface profile 
and shot peening depth of base, annealed, and cryo-treated 
CrMoV steels were studied and the results are shown in 
Fig. 2 and Table 1. The outcomes show a significant varia-
tion in the shot peening depth among the three conditions. In 
the base sample, the maximum depth reached 1275 µm, sig-
nificantly higher than both the annealed (80 µm) and cryo-
treated (42 µm) specimens. This significant difference can be 
due to the inherent properties of the base steel, which likely 
facilitates deeper penetration of the shot peening owing to 

its untreated state. On the other hand, the minimum depth of 
the shot-peened base sample (875 µm) is notably higher than 
annealed (62 µm) and cryo-treated (32 µm) specimens. This 
disparity underscores the influence of material condition on 

Fig. 2   3D surface profile

Table 1   Shot peening depth values

Shot-peened 
samples

Maximum 
depth (µm)

Minimum 
depth (µm)

Mean 
depth 
(µm)

Standard 
deviation 
(µm)

Base 1275 875 1110 27
Annealed 80 62 75 19
Cryo treated 42 32 36 6
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the shot peening depth, with the untreated base steel exhib-
iting greater susceptibility to deformation. Examining the 
mean depth, the base sample displays a significantly higher 
value (1110 µm) than annealed (75 µm) and cryo-treated 
(36 µm) steels. This suggests a consistent trend wherein 
the shot peening process penetrates more deeply into the 
untreated steel substrate compared to its treated counter-
parts. Furthermore, the standard deviation values provide 
insight into the uniformity of shot peening depth across the 
samples. The base sample shows the highest standard devia-
tion (27 µm), indicating greater variability in shot peening 
depth than the annealed (19 µm) and cryo-treated (6 µm) 
steels. This variability can be attributed to the heterogene-
ous microstructure of the untreated steel, leading to uneven 
deformation during the shot peening process.

Microstructure

Under various treatment settings, the SEM analysis provides 
essential insights into the microstructural changes from shot 

peening in CrMoV low alloy steel samples. As demonstrated 
in Fig. 3, SEM imaging provides essential details on sur-
face topography, grain structure, and phase distribution by 
revealing unique surface morphologies and microstructural 
characteristics influenced by shot peening. Shot peening 
usually causes surface imperfections in the base material, 
like pits, scratches, and microcracks. This is because the 
impact of the shot peening media causes plastic deformation. 
Additionally, dislocation networks and indications of grain 
refinement are frequently seen in SEM images, which point 
to the mechanical impacts of shot peening on the material’s 
microstructure. However, because of differences in grain 
size, phase composition, and treatment history, the micro-
structural response to shot peening may change in the sam-
ples that have been cryotreated and annealed. A comparison 
of the SEM pictures under various treatment settings helps 
to clarify how treatment history affects the shot peening-
induced microstructural evolution. Because annealing causes 
recrystallization and grain development, the surface mor-
phologies and microstructural characteristics of the annealed 

Fig. 3   SEM images shot-peened samples
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samples may differ from those of the underlying material. 
Annealed samples may react differently to shot peening than 
base material due to bigger grain sizes and lower dislocation 
density. This could lead to less noticeable surface imperfec-
tions and grain refinement. On the other hand, materials that 
have undergone cryogenic treatment could exhibit distinct 
microstructural features, like fine-grained structures and pre-
served martensitic phases. In contrast to samples that have 
been traditionally annealed, these microstructural character-
istics may interact differently with shot peening, resulting 
in various surface morphologies and mechanical responses.

Residual Stresses

The findings reveal that shot peening significantly affects the 
residual stress distribution along the depth of the CrMoV 
low alloy steel samples. This is especially noticeable in the 
condition of the samples after heat treatment and shot peen-
ing, as seen in Fig. 4. Shot peening created compressive 
residual stresses at all depths, with the largest magnitudes 
seen at the surface. However, depending on the treatment 
condition, there were differences in the amount of com-
pressive residual stresses. Shot peening in the base mate-
rial produced a compressive residual stress of − 383.5 MPa 
at the surface, which progressively dropped to − 20.9 MPa 
at a depth of 800 µm. On the other hand, shot peening 
caused more significant compressive residual stresses in the 
annealed and cryotreated conditions. These stresses peaked 
at the surface at − 597.9 MPa and − 278 MPa, respectively, 
then decreased to 93.2 MPa and 99.6 MPa at 800 µm deep. 
This discrepancy indicates that the reaction to shot peen-
ing is highly dependent on the initial microstructure and 
treatment history, with the cryo-treated state showing the 
least vulnerability to the generation of compressive residual 

stress. Furthermore, contrasting the efficacy of shot peening 
under various treatment scenarios yields fascinating discov-
eries. Shot peening differs in its ability to induce compres-
sive residual stresses, even though both cryo-treated and 
annealed states show increased surface compressive residual 
stresses compared to the base material. Compared to the 
annealed state, shot peening causes greater compressive 
residual stresses in the cryo-treated condition at all depths. 
This is explained by the improved dislocation density and 
refined microstructure from the cryogenic treatment, inten-
sifying the shot peening-induced plastic deformation. On 
the other hand, shot peening results in comparatively lower 
compressive residual stresses in the annealed state, indicat-
ing a decreased susceptibility to plastic deformation because 
of a coarser microstructure and a lower dislocation density. 
As a result, the original microstructure and treatment history 
affect how well shot peening modifies residual stress distri-
bution, with cryogenic treatment improving the response to 
shot peening compared to traditional annealing. The results 
of the present syudy were compared with the other studies. 
Jiyin Zhang et al. [29] studied shot peening process variables 
to reduce blade deformation by targeting particular residual 
stresses. They created a finite element model to study the 
impact of different shot peening parameters. The investiga-
tion identified optimized condition, which were validated via 
testing, to minimize distortion during blade shot peening. 
Qinjie Lin et al. [30] concluded that increasing shot peen-
ing velocity improves the depth of refined and compressive 
residual stress (CRS) layers, while higher shot peening cov-
erage boosts subsurface stress without influencing surface 
stress or layer thickness. An effective double-peening pro-
cess have been shown to rise CRS while reducing surface 
roughness. These investigations show that optimizing shot 
peening parameters can enhance the distribution of CRS. 
Erfan Maleki et al. ’s [20] findings on severe shot peening 
of AISI 1060 steels show that severe shot peening effectively 
induces a nanostructured surface layer, resulting in superior 
mechanical characteristics and improved fatigue behavior. 
They concluded that gradual relaxation of residual stresses 
during cyclic loading, with severe shot peening exhibiting 
lower stress relaxation than conventional treatments. Finally, 
it was concluded that the present study findings are coincid-
ing with the above-mentioned studies.

Surface Roughness

Examining the surface roughness parameters (Ra, Rq, and 
Rz) provides essential information about how shot peen-
ing affects the surface topography of samples of low alloy 
CrMoV steel, especially under various treatment circum-
stances. Shot peening causes differences in surface rough-
ness metrics in all samples; different trends are seen in 
the annealed and cryo-treated states compared to the base Fig. 4   Residual stress plots of shot-peened samples
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material (Fig. 5 and Table 2). Surface roughness charac-
teristics in the shot-peened base sample are comparatively 
lower, with values of Ra, Rq, and Rz being 1.4305 µm, 
1.7378 µm, and 7.3347 µm, respectively. This implies that 
shot peening improves surface finish and decreases rough-
ness by helping to smooth the surface and remove imperfec-
tions. The surface roughness parameters are higher in the 
shot-peened annealed and cryotreated samples, with Ra, Rq, 
and Rz values of 2.3051 µm, 2.8194 µm, and 11.838 µm, 
and 2.0749 µm, 2.5207 µm, and 11.8337 µm, respectively. 
The interplay between shot peening and the microstruc-
tural properties of the annealed and cryotreated materials 

can be responsible for the raised roughness values, which 
signify a more noticeable surface texture and greater sur-
face imperfections. Moreover, examining surface roughness 
characteristics under varying treatment settings clarifies the 

Fig. 5   Surface roughness plots of shot-peened samples

Table 2   Surface roughness results

Sample Ra (µm) Rq (µm) Rz(µm)

Base 1.4305 1.7378 7.3347
Annealed 2.3051 2.8194 11.838
Cryo-treated 2.0749 2.5207 11.8337
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impact of treatment history on the modification of surface 
topography caused by shot peening. Compared to the base 
material, shot peening produces higher surface roughness 
metrics in both the annealed and cryotreated states. This is 
explained by the variations in material characteristics and 
microstructure brought about by the annealing and cryo-
genic treatment procedures. The material’s microstructure 
becomes coarser, and the dislocation density decreases after 
annealing, which lessens the material’s vulnerability to shot-
peening-induced plastic deformation. Similarly, changes in 
microstructural properties like phase composition and grain 
size brought about by cryogenic treatment may modify the 
material’s reaction to shot peening. The degree to which 
shot peening modifies surface roughness is influenced by 
these variations in treatment histories, underscoring the 
significance of taking material characteristics and treat-
ment settings into account during surface engineering pro-
cedures. Nursen Saklakoglu et al. [4] also studied the effect 
of shot peening on the fatigue behavior of 50CrV4 steels, 
particularly in specimens with artificial surface defects, and 
stated that shot peening not only improves surface hard-
ness but also induces compressive residual stresses, leading 
to significant improvements in fatigue life, with increases 
ranging from 50 to 400% depending on dimensions of the 
defect. The transformation of retained austenite to martensite 
further plays a significant role in microstructural changes 
to achieve these benefits. Javier Nino‑Barrera et al.’s [15] 
results stated that shot peening significantly improves con-
ventional nickel-titanium alloys’ resistance to fatigue crack 
growth rate. The treatment induces beneficial compressive 
residual stresses, as confirmed by XRD analysis, resulting 
in enhanced fatigue life without affecting the length of frac-
tured fragments. Despite an increase in surface roughness, 
the shot-peened samples showed ductile fracture behavior, 
exhibiting the effectiveness of shot-peening in extending the 
lifespan of these samples. R. Yang et al.’s [31] investigation 
explores the influence of various initial microstructures on 
the effectiveness of shot peening in martensitic gear steel. 
The study shows substantial variations in residual stress pro-
files and mechanical characteristics by performing different 
shot peening conditions tailored to softer sorbite + ferrite 
and harder tempered martensite microstructures. The present 
study also yielded the similar results.

Hardness

Examining CrMoV low alloy steel samples’ hardness 
along their depth provides fascinating new information 
about how shot peening affects material characteristics, 
especially under various treatment scenarios. Shot peening 
causes changes in hardness at all levels; different patterns 
are seen in cryo-treated and annealed conditions relative to 

the base material (Fig. 6). Hardness values exhibit changes 
in the depth profile, ranging from roughly 429 HV to 464 
HV in the cryo-treated and shot-peened state. Usually, the 
hardest areas are closest to the surface and are progres-
sively softer as one descends. This trend can be ascribed 
to the microstructure’s refinement as well as the addition 
of compressive residual stresses from shot peening and 
cryogenic treatment, both of which raise the material’s 
hardness. On the other hand, the hardness values in the 
annealed and shot-peened conditions show a similar pat-
tern of higher values near the surface, ranging from about 
251 HV to 266 HV. However, the coarser microstructure 
and decreased dislocation density from conventional 
annealing result in lower overall hardness levels compared 
to the cryo-treated condition, suggesting a less noticeable 
impact of shot peening on hardness augmentation. Moreo-
ver, contrasting the hardness profiles under various treat-
ment scenarios clarifies how treatment history affects a 
material’s reaction to shot peening. Compared to the base 
material, shot peening produces higher hardness values at 
all depths under cryo-treated and annealed conditions. The 
cryo-treated state exhibits a more significant increase in 
hardness, attributed to the combined effects of shot peen-
ing and cryogenic treatment, which refine the microstruc-
ture and introduce compressive residual stresses. On the 
other hand, in the annealed state, the shot peening-induced 
hardness augmentation is relatively small, suggesting a 
lower vulnerability to microstructural refinement and 
plastic deformation. These results highlight how crucial 
treatment history is in assessing how well-shot peening 
modifies material properties, with cryogenic treatment 
providing a better hardness improvement than traditional 
annealing.

Fig. 6   Hardness of shot-peened samples
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Conclusions and Future Scope

•	 The 3D surface profile results indicate that the shot peen-
ing depth is influenced by the material condition, with 
untreated base CrMoV steel showing deeper penetration 
and more variability than annealed and cryo-treated sam-
ples.

•	 The SEM study reveals that shot peening alters the sur-
face topography and induces microstructural changes, 
such as the formation of dislocation networks and refined 
grains, which improve the mechanical properties and 
fatigue resistance of the base material.

•	 Cryogenic treatment, which produces a finer micro-
structure and higher dislocation density, enhances the 
effectiveness of shot peening in generating compressive 
residual stresses compared to traditional annealing.

•	 Cryogenic treatment and shot peening enhance hardness 
by refining the microstructure and introducing compres-
sive residual stresses, resulting in higher hardness values 
compared to conventional annealing.

•	 While shot peening enhances the base material’s sur-
face finish by smoothing and reducing irregularities, it 
also leads to higher surface roughness parameters under 
annealed and cryo-treated conditions. This reflects the 
interaction between shot peening and the samples’ micro-
structural characteristics.

•	 Perform extended fatigue and tribological testing under 
different environmental conditions to analyze the dura-
bility of shot-peened CrMoV steels. This study will shed 
light on the effect of residual stresses and surface rough-
ness on the long-term performance of CrMoV steels.
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