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Abstract: In this work, Ti-10V-2Fe-3Al alloy was selected as the test material, and the shot peening
process of a CoCrFeNiAlx system high-entropy alloy was simulated based on effective test conditions,
and the effects of dry shot peening and wet shot peening on the surface properties were determined.
Preliminary simulation results the surface of the test sample display a clear plastic deformation state
that gradually diminishes and shifts towards the outermost layer. The stress transfer of the test
sample gradually decreases, showing a gradient change, and the twin density also shows a random
sample change. Then, the high-entropy alloy shot peening process was optimized, and the best
process parameters were determined by analyzing the microhardness data, depth of action layer,
and surface state. It was found that after wet shot peening, a new characteristic peak is generated,
and with the increase in the size of the shot, its overall kinetic energy becomes increasingly higher,
the strain energy of the material surface becomes increasingly higher, and the grain refinement is
relatively high. This work provides a new approach to investigating the issues that are present during
the shot peening process of CoCrFeNiAlx system high-entropy alloys.

Keywords: CoCrFeNiAlx system; high entropy; alloy; shot peening; technology; simulation;
optimization

1. Introduction

There are several methods to enhance the hardness of metals, such as decreasing the
grain size, implementing a multilayer system, or utilizing shot peening. One approach is to
reduce the grain size through processes like severe plastic deformation or grain refinement
techniques [1–3]. By decreasing the grain size, the material’s strength and hardness can be
significantly increased due to the limited movement of dislocations within smaller grains.
Another strategy involves creating a multilayer system where alternating layers of differ-
ent materials or varying grain sizes are stacked together [4,5]. This can induce a barrier
effect and hinder dislocation movement, leading to improved hardness [6]. Additionally,
shot peening, a surface treatment technique, involves bombarding the metal surface with
high-velocity spherical particles. This process induces plastic deformation, generating
compressive residual stresses and work hardening, resulting in increased hardness and
improved mechanical properties [7]. These approaches offer effective means to enhance the
hardness of metals, enabling their application in various industries such as the automotive,
aerospace, and tooling industries. Shot peening is a common strengthening process which
mainly uses the principle of stress implantation to bombard the surface of materials and
improve the basic properties of materials [8,9]. Therefore, shot peening is also a cold pro-
cessing process. After shot peening, the materials not only have increased wear resistance,
but also corrosion resistance and fatigue resistance. The device used for shot peening is
simple, so the cost is relatively low and the limitation is small [10–12]. Common shot peen-
ing includes cast steel shot, cast iron shot, glass shot, etc. Shot peening is a shot peening
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strengthening process, which mainly focuses on dealing with the fatigue of materials. The
objective is to extend the lifespan of materials and minimize material waste. During this
process, the exterior of materials will undergo certain plastic changes, forming a relatively
reliable strengthened surface, which can offset the load of materials and reduce the fatigue
risk of materials. Therefore, it is widely used in various parts’ processing.

Alloy is a common metal material, and high-entropy alloy is a special high-performance
alloy, which is mainly formed by more than five metals and has relatively ideal perfor-
mances [13–15]. CoCrFeNiAlx high-entropy alloy is a kind of high-entropy alloy. Its tensile
strength and fracture resistance are better than conventional alloys, but the overall strength
still needs to be improved. With the change in service conditions of the CoCrFeNiAlx
system high-entropy alloy, its mechanical properties will also change correspondingly,
which will affect the service life of the CoCrFeNiAlx system high-entropy alloy [16–19].
Therefore, the shot peening strengthening of CoCrFeNiAlx system high-entropy alloy is an
important means to improve its service properties.

The CoCrFeNiAlx system high-entropy alloy has high strength, and it is difficult
for shot peening to form an effective strengthened surface layer, as it can only introduce
relatively strong compressive stress. The shot peening methods that are currently in use
consist of primary and secondary processes, as well as thermal techniques, dry and wet shot
peening processes, etc. During treatment, the residual stress may not change significantly
due to the change in surface composite force [20–23]. The comprehensive properties of
CoCrFeNiAlx high-entropy alloys have not been significantly enhanced. Therefore, in order
to improve the shot peening effect of CoCrFeNiAlx system high-entropy alloys and solve
the existing shot peening problem [24–26], this paper simulates the shot peening process
of CoCrFeNiAlx system high-entropy alloys, optimizes the original shot peening process
through orthogonal tests, obtains the optimal process parameters, and makes a certain
contribution to improving the comprehensive performance of the alloy.

Generally, the failure behavior of metal materials begins on the surface of structural
components, and when the fatigue failure of the material surface is damaged, cracks and
expansion of the structural surface first appear, resulting in the final fracture of the material
and in reduced equipment life and major accidents. Therefore, the strengthening of the
surface properties of the material structure can significantly increase the service life of
the material. The shot peening process is a cost-effective technical means to improve the
surface performance of materials that continuously sprays the surface of the workpiece
material at room temperature through high-speed fine steel shot flow, so that the surface
of the workpiece has different degrees of cyclic elastoplastic deformation according to the
process requirements, so as to introduce the required residual compressive stress within
a certain depth of the material surface. At the same time, shot peening can effectively
refine the crystals of the hardened layer, and improve the degree of microdistortion and
dislocation density of the surface layer of the material. The results show that this residual
compressive stress strengthening and microstructure strengthening can effectively limit
the dislocation movement and inhibit or slow down the initiation and propagation of
microcracks. However, for high-entropy alloys with a single-phase structure, the shot
peening mechanism has not been systematically studied. Therefore, based on the shot peen-
ing simulation calculation and experimental verification, the shot peening strengthening
process and mechanical properties of the material are studied, and the influence mechanism
of shot peening strength on the residual stress of the structure is analyzed, which is of
great significance for the shot peening process to efficiently improve the hardness and yield
strength of the material and improve the surface fatigue performance of the material.

Nowadays, the service environment of aerospace, automotive, mechanical equipment,
and other industries is becoming more and more stringent, and its performance require-
ments have increased sharply. The requirements for the strength and surface quality of the
corresponding parts are also becoming higher and higher. Therefore, based on economic
cost and performance stability, component surface treatment has become an indispensable
and important process. At present, shot peening technology is one of the simplest and most
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effective ways to improve the surface quality of mechanical parts, which can significantly
improve the fatigue life of the workpiece surface, is not limited by the position and shape of
the workpiece, and is widely used in various industrial fields. However, shot peening is a
complex cold working process involving static and dynamic elasticity, plasticity, and other
disciplines and has more adjustable process parameters because shot peening involves
impact problems, resulting in the whole process also needing to consider the corresponding
workpiece stability, Baussinger effect, material inertia, and other issues. Among them,
the process parameters mainly involve material parameters (such as material model of
the projectile and workpiece) and shot peening process parameters (such as projectile
size, shot peening speed, etc.). However, the current theoretical research on shot peen-
ing analysis is still incomplete. In particular, the analysis of its mechanism has not been
fully explained, so simulation calculation will help to carry out refined process parameter
regulation and intensification.

With the rapid development of finite element methods and computer technology, many
numerical models based on finite element methods to study shot peening residual stress
have emerged. Meguid et al. [27] and Majzoobi et al. [28] used a three-dimensional multi-
pellet symmetry model to systematically analyze the shot peening process. By simulating
multiple impacts on the target plate at different speeds, the residual compressive stress
distribution on the surface of the material was obtained, and the effects of speed and
shot peening coverage were studied. Meo et al. analyzed the residual stress distribution
generated by the finite element method to simulate the welding area of a single projectile
impact workpiece using the finite element method, and the results show that the residual
compressive stress generated by shot peening reduces the tensile stress generated by the
welding process, which is the same as the actual result, thus proving the feasibility of
analyzing the shot peening process using the finite element method.

In the past, the determination of shot peening process parameters was mainly per-
formed through the finite element calculation simulation of the macroscopic pattern and
the comparison of the shot peening experiment. In this paper, the influence of dry and wet
shot peening on the surface properties was determined by focusing on the microscopic char-
acterization, and the characterization and orthogonal test simulation analyses were used to
optimize the high-entropy alloy shot peening process and determine the best process pa-
rameters. The novelty of this study lies in a different focus. Since all our previous research
groups conducted shot peening studies, there are not many references from teachers and
peers. This paper mainly analyzes and compares results from the orthogonal experiment
and microscopic level, and the focus is different from previous studies. The simulation pro-
cess is described in detail in the form of orthogonal experimental data expressed in a table.
Roughness and microhardness are not the focus of this paper because the microhardness
data, layer depth, and surface state are mainly introduced in this paper. In this paper, the
simulation process and results are presented in the form of orthogonal experiments.

2. Simulation of Shot Peening Process for CoCrFeNiAlx High-Entropy Alloy

In combination with the requirements for the shot peening simulation of CoCrFeNiAlx
system high-entropy alloy, Ti-10V-2Fe-3AL alloy is chosen as the experimental material for
this study. Table 1 below displays the chemical composition of the experimental material.

Table 1. Chemical composition of experimental materials.

Element Content (wt%)

N 0.03
O 0.03
H 0.01
Al 3.42
V 8.16
Fe 2.12
Ti remain
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It can be seen from Table 1 that according to the chemical composition of the above
simulated experimental materials, they can be effectively cut. In this paper, the high entropy
alloy is cut into a sample that meets the observation requirements using the electric spark
cutting method, and a unified heat treatment process is carried out to obtain a consistent
micro-shot peening fabric [29]. The heat treatment’s temperature is kept at 830 ◦C, and the
oil quenching treatment is carried out for 20 min to generate a single β phase structure. At
this time, the sample structure is relatively coarse, which does not meet the requirements
of shot peening process simulation. It needs to be polished to remove the oxide film and
polished to a smooth shot peening surface.

Conventional high-entropy alloy shot peening mainly includes dry shot peening and
wet shot peening. After many pre-experiments, it is found that the surface integrity of dry
shot peening is relatively low [30–32], and the shot peening effect is poor. Therefore, this
paper uses two shot peening methods for high-entropy alloy shot peening. The ratio of
wet shot peening to water is 1:10, and a 6050 B sandblasting machine is selected as the shot
peening machine. Its parameters are shown in Table 2 below.

Table 2. Parameters of 6050 B sandblasting machine.

Option Parameter

External dimensions 1000 mm × 1600 mm × 1700 mm
Working window size 1000 mm × 800 mm × 830 mm
Number of spray guns 2 (aluminum alloy guns with boron carbide nozzles)
Dust removal power 550 W (according to the sand material configuration used)

Each processing volume 15–20 kg (optimal sandblasting workload)

Dust removal box 1 set (bag type pneumatic dust removal can also be selected with
filter element dust removal or wet dust removal)

Air source requirements The air compressor is required to be above 15 KW
Power supply 380 V/50 HZ

It can be seen from Table 2 that the 6050 B sandblasting machine has good performance
and can carry out automatic sandblasting, which meets the requirements of high-entropy
alloy shot peening process simulation. After preliminary shot peening, it is found that the
integrity of the surface of the experimental sample material has improved, and the effect is
still difficult to guarantee. In addition, the effect of shot peening process simulation may
change due to the impact of the pressure, distance, and other parameters of shot peening.
Therefore, this paper uses constant shot peening pressure to simulate the shot peening
process, and always keeps the shot peening distance at 30 mm.

After shot peening, vertically cut the selected Ti-10V-2Fe-3AL alloy sample, select a
treatment surface as the observation area, polish and polish, prepare corrosion solution
for corrosion, and observe the surface morphology of the test sample [33]. In this paper,
Nova Nano SEM450 is selected as the observation microscope, and JEM-2010HT is used
for shot peening strengthening impact analysis to prepare TEM test samples. To measure
the variation in surface roughness of the samples before and after shot peening, this paper
preset the sampling speed, and the roughness calculation formula at this time Ra is shown
in Formula (1) below [34].

Ra =
1
l

∫ 1

0
|y(x)|dx (1)

In Formula (1), y(x) represents the distance from the surface contour of the sample
to each centerline, dx represents the arithmetic mean of the contour, and l represents the
sampling length.

Combined with the above simulation observation tools, the generated shot peening
process simulation samples can be processed, and the metallographic structure of the
section can be intercepted at 10 min, as shown in Figure 1 below.
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Figure 1. Metallographic structure of section.

It can be seen from Figure 1 that after shot peening, the surface of the test sample
displays a clear plastic deformation state that gradually diminishes and shifts towards the
outermost layer. It can be seen that the stress transfer of the test sample gradually decreases,
showing a gradient change, and the twin density also shows a random sample change.

As the shot peening time increases, the surface penetration depth on the sample grad-
ually expands. At this time, the surface of the sample gradually shows plastic deformation,
resulting in a rheological phenomenon. At this time, the microstructure of the shot-peened
Ti-10V-2Fe-3AL alloy sample is shown in Figure 2 below.
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Figure 2. Ti-10V-2Fe-3AL alloy sample structure.

It can be seen from Figure 2 that, as the shot peening time increases, the shot peening
action depth gradually deepens and results in a relatively smooth surface flatness of the
sample. It can be seen that wet shot peening can effectively protect the smoothness of
the sample. When the shot peening process was carried out for 5 min, a white bright
layer appeared on the surface of the sample, and the original grain boundary began to be
blurred [35]. As the shot peening time continued to increase, the area of the white area
became larger and larger, which proved that the area was related to the size of the shot
peening kinetic energy, and the shot peening damage of the test material was relatively
reduced due to the buffer effect of the wet shot peening water medium.

As the shot peening time of Ti-10V-2Fe-3AL alloy sample increases, the overall depth
of shot peening also gradually increases. It can be seen that the depth of the action layer of
shot peening is related to the kinetic energy of the shot to some extent. At this time, the
depth time change in the wet shot peening action layer is shown in Table 3 below.



Metals 2023, 13, 1537 6 of 11

Table 3. Depth time variation in shot peening action layer.

Implementation Time of Shot Peening
Process (min) Depth of Shot Peening Action Layer (µm)

10 250
20 260
30 270
40 275
50 279
60 282
70 283
80 284
90 285

100 286

It can be seen from Table 3 that as the shot peening time increases, the depth of the
shot peening action layer becomes larger and larger and maintains a slow growth trend
after reaching a certain depth.

In the process of high-entropy alloy shot peening, the surface microstructure of the
sample will change to varying degrees. Therefore, when conducting surface RXD analysis,
the dislocation density of the sample can be calculated ρ, as shown in (2) below.

ρ = rl (2)

In Formula (2), r represents the micro-fine particle size. At this time, X-ray diffraction
is carried out to analyze the alteration in the stress state of the sample structure, and
the surface layer XRD pattern is generated. At this time, the phase angle of the sample
composition is singular. After wet shot peening, a new characteristic peak is generated. It
can be seen from the XRD spectrum that the increase in time may lead to the distortion of
the sample surface, and the dislocation density continues to increase.

Analyze the microscopic morphology of the sample, use SEM to scan the surface
morphology of the sample, and observe the SEM structures of different projectile size
sections, as shown in Figure 3 below.
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It can be seen from Figure 3 that when the shot peening time does not change, with the
increase in the size of the shot, its overall kinetic energy is increasingly higher, the strain
energy of the material surface is increasingly higher, and the grain refinement is relatively
high. In the process of shot peening strengthening, the impact speed of the shot is relatively
high, which can easily cause deformation on the surface of the test material. From the
energy point of view, the kinetic energy carried by the shot after acceleration is relatively
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high, and the transformed strain energy is also relatively high. Therefore, with the increase
in the kinetic energy of the shot, the depth of the working layer of shot peening is also
becoming higher and higher.

3. Optimization of Shot Peening Process for 2CoCrFeNiAlx High-Entropy Alloy

Combined with the above simulation process of the CoCrFeNiAlx system high-entropy
alloy shot peening process, the shot peening process can be optimized. Because the
microstructure and properties of dry and wet shot peening samples have changed to
varying degrees, the orthogonal test method is used to optimize the shot peening process
by combining the extreme value and variance of shot peening process parameters to obtain
the best shot peening process parameters.

An orthogonal test can effectively deal with the influencing factors of the shot peening
process, and simple experimental steps are used to determine the optimal process state. In
this paper, from the three aspects of deformation layer depth, roughness, and microhard-
ness, shot peening size and time parameters are selected for orthogonal testing. Table 4
below displays the factor levels used in the orthogonal test.

Table 4. Orthogonal test factor level table.

Level Dry Shot Size (mm) Dry Shot Peening
Time (min)

Wet Shot Peening Size
(mm)

Wet Shot Peening
Time (min)

1 1 15 2 15
2 3 25 1 35
3 2 20 4 5
4 4 30 3 25

It can be seen from Table 4 that the orthogonal test mainly takes the depth of the action
layer, the surface roughness of the sample, and the microhardness as the main analysis
indicators. A total of 16 tests were conducted to optimize the final experimental results.
The orthogonal test design table and the orthogonal test results at this time are displayed
in Table 5 below.

Table 5. Orthogonal test design table and results.

Group Dry Shot
Size (mm)

Empty
Column

Dry Shot
Peening

Time (min)

Wet Shot
Peening

Size (mm)

Wet Shot
Peening

Time (min)

Depth of
Action Layer

(µm)

Roughness
(µm)

Microhardness
(HV)

G1 1 1 15 2 15 749 0.788 401.5
G2 1 2 25 1 35 413 0.792 407.1
G3 1 3 20 4 5 793 0.611 397.2
G4 1 4 30 3 25 89 0.598 406.25
G5 2 1 25 4 25 1194 0.582 398.25
G6 2 2 15 3 5 919 0.574 382.5
G7 2 3 30 2 35 840 0.682 410.6
G8 2 4 20 1 15 730 0.762 364.7
G9 3 1 20 3 35 1186 0.598 361

G10 3 2 30 4 15 1390 0.714 365.1
G11 3 3 15 1 25 1041 0.570 387
G12 3 4 25 2 5 1467 0.670 380
G13 4 1 30 1 5 1146 0.773 369.4
G14 4 2 20 2 25 1291 0.624 395.5
G15 4 3 25 3 15 1258 0.654 358.2
G16 4 4 15 4 35 1468 0.728 360.3

It can be seen from Table 5 that according to the test results obtained in the above table,
range analysis can be conducted to evaluate the influence of various factors on the shot
peening process by visual analysis R, as shown in Formula (3) below [36].

R = Kmax − Kmin (3)
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In Formula (3), Kmax represents the maximum range and Kmin represents the mini-
mum range. For different factors having different effects on the process, the primary and
secondary factors are set in this paper, and the shot peening time is adjusted [37]. At this
time, the orthogonal test results are visually analyzed, as shown in Table 6 below.

Table 6. Orthogonal test results.

Index K Value Dry Shot Size
(mm) Empty Column Dry Shot Size

(mm)

Wet Shot
Peening Size

(mm)

Wet Shot
Peening Time

(min)

Depth of
deformation
layer (µm)

K1 2844 4275 4177 4347 4127
K2 3683 4013 4332 3330 3907
K3 5084 3932 4000 4845 4325
K4 5163 4554 4265 4252 4415
k1 711 1068.75 1044.25 1086.75 1031.75
k2 920.75 1003.25 1083 832.5 976.75
k3 1271 983 1000 1211.25 1081.25
k4 1290.75 1138.5 1066.25 1063 1103.75

range R 2319 622 265 1515 508

Roughness

K1 2.789 2.741 2.66 2.764 2.918
K2 2.6 2.704 2.698 2.897 2.8
K3 2.552 2.517 2.595 2.635 2.628
K4 2.779 2.758 2.767 2.424 2.374
k1 0.69725 0.68525 0.665 0.691 0.7295
k2 0.65 0.676 0.6745 0.72425 0.7
k3 0.638 0.62925 0.64875 0.65875 0.657
k4 0.69475 0.6895 0.69175 0.606 0.5935

range R 0.237 0.241 0.172 0.473 0.544

Microhardness
(HV)

K1 1612 1530.1 1531.3 1587.6 1489.5
K2 1556 1550.2 1543.5 1528.2 1539
K3 1493.1 1553 1548.4 1520.8 1529.1
K4 1483.4 1511.2 1551.3 1507.9 1586.9
k1 403 382.525 382.825 396.9 372.375
k2 389 387.55 385.875 382.05 384.75
k3 373.275 388.25 379.6 380.2 382.275
k4 370.85 377.8 387.825 376.975 396.725

range R 128.6 41.8 32.9 79.7 97.4

It can be seen from Table 6 that, combined with the above table, the impact of various
factors on the shot peening process indicators can be estimated, and the final optimization
scheme can be obtained. In order to further judge the significance relationship between the
shot peening process parameters and the shot peening layer, the depth variance analysis is
conducted in this paper, and the analysis results are shown in Table 7 below.

Table 7. Results of deep variance analysis.

Source of Variance Sum of Squares of Deviations Freedom Mean Square Variance

Dry shot peening dimension A 0.011 3 0.0037 1.693
Dry shot peening time B 0.0039 3 0.0013

Wet shot size C 0.0304 3 0.0101 4.62
Wet shot peening time D 0.0418 3 0.0140 6

Error deviation 0.0092 3 0.003
New error deviation 0.0131 6 0.00218
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It can be seen from Table 7 that the impact of the dry shot peening time on sample
roughness is relatively low, and the secondary items can be regarded as error items. At this
time, the dry shot peening time can be fixed for size verification. The results show that the
microhardness and roughness are good when the dry shot peening size is 4 mm. After the
above steps are completed, the dry shot peening size can be fixed to determine the optimal
wet shot peening attribute. The results show that when the wet shot peening size is 2 mm,
it is in the optimal state.

Once the dry and wet shot peening sizes are chosen, the shot peening time parameters
need to be optimized and the dry and wet shot peening sizes need to be fixed. At this time,
it can be concluded that the shot peening performance is best when the wet shot peening
and dry shot peening time is 25 min. The above optimization parameters are verified, and
the results show that the selected shot peening size and time meet the requirements of
micro hardness, depth of action layer and surface state of shot peening, and are reliable,
which proves that the shot peening optimization parameters set in this paper have certain
application value [38–40].

4. Conclusions

In this paper, the conventional high-entropy alloy shot peening process of CoCrFe-
NiAlx system is simulated, the existing process problems are analyzed, and the effective
optimization is carried out, which makes a certain contribution to optimizing the compre-
hensive properties of metal materials. It is mainly optimized by the best process parameters.
Through 16 experiments, the optimization results are finally obtained. The results show
that when the shot peening size is 4 mm, the microhardness and roughness of the alloy are
good, and when the wet shot peening size is 2 mm, the alloy is in the best state. The results
indicate that the effect of shot peening process simulation may change due to the impact of
the pressure, distance, and other parameters of shot peening. Simulation results indicate
the surface of the test sample displays a clear plastic deformation state that gradually
diminishes and shifts towards the outermost layer. The stress transfer of the test sample
gradually decreases, showing a gradient change, and the twin density also shows a random
sample change. After wet shot peening, a new characteristic peak is generated. Meanwhile,
with the increase in the size of the shot, its overall kinetic energy is increasingly higher,
the strain energy of the material surface is increasingly higher, and the grain refinement
is relatively high. Therefore, this paper simulates the conventional high-entropy alloy
shot peening process of the CoCrFeNiAlx system, analyzes the existing process problems,
and effectively optimizes them, which makes a certain contribution to optimizing the
comprehensive properties of metal materials. This paper will conduct further research on
the basis of the present findings.
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