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Abstract
Suspensionwaterjet peening is an emerging technology for surfacemodification. Coverage is a key
factor affecting the integrity of amodifiedmaterial surface, however such an experimentalmethod
that can be utilized for precise control has not yet been established. To determine the numerical value
of coverage after surface peening treatment, In this paper, a coverage analyticalmethodwas proposed
and then verified by the results through experiments. Furthermore, to explore the impact of high
coverage on surface integrity, a large-scale coverage peeningmodificationwas performed on
18CrNiMo7-6 carburized steel specimens using a specialized suspensionwaterjet equipment. The
results indicate that coverage has a significant impact on roughness and compressive residual stress
field, with the highest improvement on surface and theirmaximumvalues reaching 51.6% and 24.7%,
respectively. It is shown that the fatigue performance of the specimens can be significantly enhanced.

1. Introduction

Water jet shot peening is a new technology for surfacemodification [1]. It uses the high-speed kinetic energy of
water jets to drive solid shots that strike the targetmaterial, creating plastic deformation and a compressive
residual stress (CRS)field on surface [2]. This enhances the fatigue performance of specimens during service.
Advantages of water jet shot peening include high energy density [3], cold processing [4], and being
environmentally friendly [5]. The jet pressure, incidence angle, and position can be accurately controlled [6, 7].
The technology enables surfacemodification in areas that are hard to access through the adjustment of jet
parameters [8]. Pulsatingwater jet (PWJ) forced decaying of the continuouswater jet into discrete clusters to use
the hammer effect. By periodically applying impact pressure in the formof awater droplet in a continuous
stream to erode thematerial. Poloprudsky explored the erosion phenomenon during the PWJ impact, and
observed the erosion damage evolution focusing on early erosion stages [9, 10]. Srivastava et al explored the
modification of SS304 grade stainless steel by pulsatingwater jet process, and the surface residual stress increased
from the initial 69MPa to−540MPa, and themicrohardness also increased. They investigated the effects of
PWJ on surfacemorphology, residual stress, etc, and explored its potential as a surface treatment process [11].
However, for high hardnessmaterials, the impact pressure brought by purewater is limited.Water jet peening
forms amixed jet by adding a certain proportion of shot particles to thewater, greatly improving its impact force
on the surface of the sample. Compared to purewater impact, themodification effect on high hardnessmaterials
ismore obvious. Compared to traditional pneumatic peening, water jet peening ismore effective for treating
high hardness specimens [12, 13] and has a higher energy utilization rate [14]. It holds great promise as a surface
modification technique. According to the differentmixingmethods of water and shots, it is divided into
suspensionwaterjet and injectionwaterjet [15]. Under the same pressure conditions, suspensionwaterjet can
make shots obtain greater speed than injectionwaterjet. Like pneumatic peening, shots, coverage and intensity
are three important factors of amixed jet peening technology. The coverage of amixed jet is affected by various
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factors such as jet pressure,mixing ratio, and targetmaterial conditions. In addition, it is also a key factor
affecting the surface integrity of amodifiedmaterial [16].

To predict and control coverage, Kirk andAbyaneh [17–20]firstly proposed a theoreticalmodel. Themodel
links the indentation growth rate to coverage through the assumption of a constant impact rate of random shots
on an infinitely large target surface. Based on this, Holdgate [21] developed anothermodel that extends the
existingmodel to describe the growth pattern of coverage involvingmultiple peening sources. Shahid et al [22]
adopted an artificial neural network-basedmethod to improve the accuracy of coverage recognition results. The
experiments showed that thismethodwas superior to previous standard image segmentationmethods.Miao
et al [23] proposed using the equivalent plastic strain value corresponding toU3 (the vertical displacement of the
indentation position) as the critical value for determining whether coverage is achieved. Xiao et al [24] developed
a theoretical equation for calculating randompeening coverage. The results can be accurately calculated from
impact density and average indentation size through probability theory.Nguyen et al [25] developed a three-
dimensional unsteady peening simulation platform for coverage prediction based on the commercial
computational fluid dynamics software ANSYS-FLUENT. Thismulti-phase peening enhancement simulation
platform can be used to predict air peeningflow and coverage.

In simulating the effect of coverage,Wu et al [26]discovered that as the coverage increased from100% to
400%, surface CRS increased linearly. Themaximumvalue of CRS barely increased after reaching 300%
coverage. Yang et al [27] utilizedfinite elementmethods to simulate theCRS onAlmen specimens and showed
that as the coverage increased, the absolute values of both themaximumand surface CRS had a peak value. Lin
et al [28, 29] found that increasing the coverage of shot peening can improve themaximumCRS value and the
size of plastic strain, but has little effect on the thickness of the CRS layer and no obvious regularity on the
roughness value. Pham et al [30]used finite elementmethods tofind that coverage has a significant effect on the
distribution of CRS in the AISI 4340 steel. Increasing coverage, shot speed, and shot size are effectivemethods
for obtaining higher and deeper levels of CRS field. Qiang et al [31] applied a random finite elementmodel to
study the effect of coverage onQ345qD steel. The results showed that both the surface andmaximumCRS
exhibit nonlinear growthwith increasing coverage. The surface roughness also has a corresponding rise.

In the coverage effect experiments and fatigue investigations, Pour-Ali and Liu [32, 33] realized that high
coverage can cause grain refinement and form a certain thickness of the nano-crystalline layer on the stainless
steel’s surface.Maleki et al [34] investigated the impact of different coverage levels on the fatigue behavior of AISI
1050 low-carburized steel, and found that high coverage significantly improves the fatigue life of specimens. At
the same time, it is also an effective way to obtain a nanostructured layer and superiormechanical performance
[35]. Qin et al [36] explored the effects of 4 different shot peening coverage on the surface integrity and fatigue
crack growth performance of 7B type aluminum sheets. The results showed that with the increase of coverage,
both the surface hardness andCRS increased, and the fatigue crack growth rate firstly decreased and then
increased. Li et al [37] examined the effect of coverage on the fatigue performance of the 7B75-T7751 alloy. The
results indicated that the fatigue lifespan improves with higher coverage. However, excessively high coverage
leads to formation ofmicro-cracks on surface and causes a decline in lifespan. Vielma et al [38] through fatigue
tests on specimenswith different coverages demonstrated that the overall lifespanwasmore than three times
longer compared to untreated specimens. However, the effect of shot peeningwith low coverage (80%)was
almost negligible. Sakamoto et al [39]discovered that fatigue limit of specimens with coverage ranging from
140%–2300% increased by 14%–25%compared to unprocessed specimens. The results indicate that valuable
coverage of round bar is higher than full coverage, which can significantly improve the fatigue limit of the
medium carburized steel.

Based on existing studies, there is lack of an accurate control experimentalmethod of coverage, and there is
also limited research on the constraints of high coverage. In this paper, we propose an analytical calculation
method for coverage, and select a high-strength carburized steel (18CrNiMo7-6) as the studymaterial to
investigate the impact of different high coverages on its surface integrity. Then, an ideal coverage range is
established to enhance the fatigue performance ofmaterial specimens.

2. Analytical calculationmodel of coverage

Figure 1(a) illustrates a schematic diagramof the suspensionwater jet process. In this process, shots are
accelerated and impact the surface of the specimen, causing plastic deformation and reinforcing the surface of
the specimens. Figure 1(b) shows a schematic diagramof the contact size of the indentations. The surface
morphology after peening is shown infigure 1(c). As peening time increases, the number of indentations and
coverage increase, but this growth is exponential. As coverage increases, the growth rate decreases. The
relationship between coverage, impact rate, and time established byKirk andAbyaneh [17–20] is expressed as
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where r represents the average radius of the indentations on the surface after impact,R is the rate of generation of
the indentation in a unit area, and t represents the peening time.

The formulamainly focuses on the trend of coverage and has the advantage of easy applicationwith few
input parameters. In order to obtain accurate coverage values under different process parameters, this paper
proposes an analytical calculationmethod for coverage. Themethod is based on analyzing and exploring each
factor that affects coverage change, including the theory of randomdistribution of shots, streamdivergence
angle, standoff distance, traverse speed, shot speed andmassflow rate etc. By usingMATLAB to couple calculate
these factors, simulate the jet peening process and predict the coverage and targetmaterial state under different
process parameters, it ismore precise and efficient than judging surface coverage by visual observation and
empirical formulas in engineering practice.

The determination of the distribution of shots within a stream is hampered by the restrictions imposed by
nozzle size and the high-speedmotion of the shots. Previous research has frequently treated this distribution as a
uniformly randompattern, which is supported by both theoretical and empiricalmodels. Salvati [40] andAxinte
[41, 42]have posited that the spatial distribution of shots along the radial position x may exhibit aGaussian
distribution, which can be described as
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whereσ andα respectively represent the standard deviation andmean value, and Pαdenotes the probability of
χα, which is the velocity ratio.

In order to investigate the specific laws and values of the distribution, the three-dimensionalmorphology of
specimens following peeningwas examined. It was found that the impact deformation caused by the shot flow
on specimens perpendicular to the nozzle’s direction ofmotionwas approximately normally distributed,
whereas the distribution along the direction ofmotion of the nozzle was approximately uniform, as depicted in
figure 2(a). During the experiment, the inlet pressure andmixing ratioweremaintained in a stable state, thus
implying that the phenomenonwas primarily caused by the distribution pattern of the shots in the stream. The
shots in thewater jet stream exhibit radial diffusion, with a higher density in the central region and lower density
at the edges [43]. Consequently, withmore shots concentrated near the central position, a larger plastic
deformation occurs in the center region compared to the edge, resulting in an ‘inverse normal distribution’
pattern.

In a circular nozzle, the center of shot distribution is coincident with the center of the nozzle. Under certain
process parameters, themassflow rate of the system is obtained, allowing for the determination of the number of

Figure 1. (a) Suspensionwaterjet strengthening, (b) contact size of impact indentation, (c)morphology of strengthened area, and (d)
morphology of unpeened area.
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shots at each position by calculating the standard deviation of the normal distribution. Themorphology of the
specimenswas then analyzed after exposure to different pressures. The experiment utilized a 1%water-shot
mixture ratio. To facilitate easy detection andobservation, a lownozzle velocitywas employed. The displacement
information of themorphologies under various parameters was extracted and processed usingMATLAB
software to calculate the standard deviation. The experimental parameters are presented in table 1.

As shown infigure 2(b), the fitting of the depression areamorphology points displays a favorable trend. The
standard deviation slightly increases with the growth of the inlet pressure, but the amplitude is not large. There is
no obvious relationship between the standard deviation and the nozzle speed. The shots used in the experiment
have been screened and the diameter size of the screened shots has been detected and statistically, the size
distribution is shown infigure 2(d). The shotmodel parameters were defined based on this actual size
distribution law.

The process ofmodeling using thismethod is depicted infigure 3. It assumes that each shot is generated
randomly in any positionwithin the space of the jet stream, and that each shot’s impact on the target surface
creates a circular depression. Total number of shots N in the region is calculated based on the process
parameters, and the first shotmodel is createdwith its spatial coordinates determined using theMATLAB
random function. Subsequent shots are generated in space according to the distribution law and undergo
collision detection simultaneously to ensure that the shot distribution alignswith the actual peening process.
The target area is thoroughly discretized and divided into afinite number of discrete point coordinates. The
distance between each discrete point and the indentation center is calculated and compared to the indentation
diameter, and coverage is obtained by counting the number of discrete points in various states.

The simulation results are shown infigure 2(c). The indentation size varies due to the different shot
diameters and jet velocities. The calculation program cannot accurately determine the contact size of the
indentations produced by different shot velocities. This aspectmust be established through systematic
experimentation and then incorporated into the calculation program.

Figure 2. (a)–(c) Shot distribution laws and (d), (e) simulation pattrens.

Table 1.Distribution regularity experimental parameters.

No. Inlet pressure P(MPa) Traverse speed vn(mm/s) Standoff distance h(mm) standard deviationσ

1 8 2 15 0.4364

2 8 0.2 15 0.4560

3 20 2 15 0.4404

4 20 0.4 15 0.4677

5 20 0.2 15 0.4159

6 20 0.1 15 0.4554

7 35 2 15 0.4842

8 35 0.2 15 0.4826
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3. Indentation size and coverage verification

3.1. Experimentalmaterials and equipment
The experiment used 18CrNiMo7-6 carburized steel as the research object.18CrNiMo7-6 is a high-quality
carburized steel that possesses high hardness and excellentmechanical properties on the surface after
undergoing carburizing treatment. Itfindswidespread use in various industrial parts, particularly in the area of
high-speed heavy-load gears [44–46]. The carburized steel was formed into block-shaped specimenswith
dimensions of 50× 50× 50 mm3. The surface hardness was around 55–58HRC after carburizing and the
carburizing layer was 1.2 mmdeep. Its chemical composition is presented in table 2 (mass fraction).

It is found that increasing the hardness, velocity and size of the shot is an effectivemethod to obtain a higher
level of residual stress and a deeper residual stress zone in the targetmaterial [30]. Therefore, the shot used is a
high-strength steel wire cut shot produced according toDIN8201 standard, with a hardness of 750–850HV,
which is the hardest shot for the existing 0.2 mmdiameter specifications. To reduce surface roughness and
approach the theoreticalmodel, themanufacturer carried out special polishing treatment on the steel wire cut
shots used in experiments, dullingmost of the sharp specimens. The chemical composition of the shot is listed in
table 3.

A self-designed SuspensionWaterjetModificationDevicewas utilized tomodify the specimens (illustrated
infigure 4). The device comprises a high-pressure water generation system, a suspensionwaterjet hydraulic
system, and amotion control system. The suspensionwaterjet hydraulic system, depicted infigure 5, consists of
a purewater branch and a shot branch, with pressure gauges (p1, p2, p3, and p4). Theflow rate can be regulated by

Figure 3.Parametricmodeling flow chart.

Table 2.Chemical composition of 18CrNiMo7-6 steel (wt%).

Element C Si Mn S P Cr Ni Mo Cu

Content 0.15–0.21 0.4 0.5–0.9 <0.035 <0.035 1.5–1.8 1.4–1.7 0.25–0.35 �0.3
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adjusting the speed of the variable pump. Themodification pressure is achievedwhen the inlet pressure gauge
(p4) reaches the set indicator and the speed regulation is stopped. To further decrease themixing ratio of the
system, a series of damping holes (d1 and d3) have been installed at the inlet of the shot branch, and the sizes of
the damping holes (d1, d2, d3, and d4) on each branch can be adjusted to effectivelymodify the jet’smixing ratio.
The nozzle used in the experiment has an aperture of 1.2 mmand a length of 30 mm. Thefive-axismotion
platform comprises of three linear axes (XYZ) and two rotational axes (AB). TheXYZ axes control the spatial
movement of the nozzle assemblywith a repeat positioning accuracy of 0.02 mm, the B axis adjusts the nozzle
assembly’s angle with a swing range of± 60°, and the A axis, themain shaft, enables both speed and position
control.

Themicrostructure of the specimens was analyzed using aQC-02 industrialmicroscope at 90×magnifica-
tion. The crystal residual stresses were determined using a high-power x-rayCRS analyzer, specifically the Proto-
LXRD type. TheCr target K-alpha radiation and Fe (211)diffraction planewere usedwith the gaussian algorithm

Figure 4.Photograph of the suspensionwaterjetmodification system.

Figure 5.Theworking principle of the suspensionwaterjet system.

Table 3.Chemical composition of steel wire cutting shots (wt%).

Element C Mn Si S P Fe

Content 0.45–0.75 0.40–1.20 0.10–0.30 0.04 0.04 Bal
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applied tofit the entire CRS field. Electrochemical corrosionwas utilized for the peeling process, with a depth of
10 μm.The peeling depthwasmeasured and correctedwith the use of amicrometer. The three-dimensional
morphology and surface roughness of themodified specimenswere evaluated through non-contact
measurement with anNPFLEX three-dimensional surfacemeasurement system.

3.2. Indentation contact size experimental
In order to easily observe the indentation size on thematerial surface under certain standoff distance and inlet
pressure conditions, the coverage of the specimen surface isminimized by increasing the nozzle speed and
decreasing themixing ratio. Themixing ratio ismaintained at less than 0.05%during the experiment by
adjusting the size of damping holes, and the range of the screened steel shots used is 0.200 to 0.315 mm. The
speed of thewater and shots in the jet can be controlled by adjusting the inlet pressure, and formula (3) describes
the relationship between nozzle inlet pressure and speed [47]. Our research group, using Particle Image
Velocimetry, found that the ratio of shot speed tofluid speed at the nozzle outlet is approximately 0.8, and the
shot speed can be calculated using formula (4). The specimen surface is polished, and then straight-line peened
under different pressures to establish the relationship between speed and indentation size.

v P44.72 3w ( )=

v v0.8 4s w ( )=

Where vw is the speed of water, vs is the speed of shots, and I is the nozzle inlet pressure.
The specimens used in the original experiment are displayed infigure 6(a), while the shots utilized are

presented infigure 6(b). In order to guarantee the accuracy of the experiment results,five trackswere processed
on specimenswithin the same experimental group and indentationmorphologywas analyzed at different
positions (figure 6(c)). After undergoing peeningwith a specified coverage, the specimen surface was imaged
using a scanning electronmicroscope, as shown infigure 6(d). The plastic deformation layer caused by the shot
impact is clearly visible on the surface. The high carburized content results in numerous small white carburized
particles and residual austenite in the picture. The core of the specimen, as seen infigure 6(e), reveals a higher
presence ofmartensite, with a scarcity of residual austenite and carburized particles that are barely noticeable.

After experiments, the surfacemorphology of a specimenwas analyzed using an industrialmicroscope
(figure 7(a)), which revealed that the surfacewasfilledwith a number of indentations of varying sizes. By utilizing
a three-dimensional surfacemeasuring system, themorphology and contact size of indentations were assessed
(figure 7(b)). Figures 7(c) and (d) present the data of indentationmorphology and size under a pressure of
20MPa. The indentationmorphology under pressures of 1 to 35MPa is depicted infigure 8. As the pressure
increased, the shot speed and kinetic energy increased, leading tomore prominent traces on the specimen
surface. At a pressure of 1 MPa, indentations were not sufficient to conceal the surface grindingmarks, butwhen
the pressure increased to 4MPa, the edges of indentations appear ‘accumulation’ due tomaterial extrusion. As
the pressure continues to rise, themassflowof the system Q increases, leading to a higher impact rateR, which in
turn results in an increase in the number of visible indentations on the specimen surface.

The indentation size was recorded and analyzed under various velocities (as shown infigure 8(b)). Fifty
indentation data points were collected for each experimental condition, and the size distributionwas fitted to a
normal distribution usingMATLAB software. By comparing the size distribution of the experiment shots (as

Figure 6. (a)Original specimen, (b)microscope of shot, (c)modified specimen surface, and (d, e) scanning electronmicroscope
images of different positions after peening.
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shown infigure 2(d)), the values for the indentation size caused by shots of different pressures and diameters
could be determined (as shown infigure 9).

3.3. Coverage verification experiment
With the support of the above experimental results, the coverage is calculated by the programunder certain
process parameters. At the same time, the specimen is experimented according to the process parameters to
verify the accuracy of the coverage calculation program.Due to the difficulty of detecting coverage above 98%,
the experimentmainly focuses on verifying coverage below 98%.After validation, the coverage under different
process parameters is obtained through the program. The experiment parameters are listed in table 4.

A 1× 2mm2 central regionwas chosen as the coverage detection area. To ensure the stability of the results,
the coveragewas detected at 4 different locations for each group of identical parameters, and the average value
was selected as the final coverage. The left columnoffigure 10 is a perspective view of the simulated parameter

Figure 7. (a)Microphotograph of indentation under 20 MPa pressure, (b) 3Dmorphologymap, (c) single indentationmorphology,
and (d) single indentation size.

Figure 8. (a) Indentation detection location and (b) indentationmorphology under different pressures.

Table 4.Coverage verification experimental parameters.

No. Experimental inlet pressure P(MPa) Traverse speed vn(mm/s) Calculated coverageCt(%) Experimental coverageCε(%)

1 19.9 80 12.9004 14.76

2 20.5 70 15.2280 16.93

3 20.3 60 18.5173 20.14

4 20.5 50 20.4176 23.36

5 20.6 40 23.4790 24.91

6 20.3 30 30.5680 29.68

7 20.6 20 47.4554 42.35

8 20.6 10 64.6437 61.12

9 20.2 5 90.4035 91.69

10 20.4 1 96.5782 96.78

8
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for coverage, with the color ranging from ‘blue’ to ‘red’ indicating the increasing number of times that the area
was impacted by shots, and thewhite lines indicating the number of impacts for the same state areas. As the
nozzle speed is decreased, the coverage area expands, andwhen overage is low, there are fewer overlapping
indentations. As coverage increases, the number of overlapping indentations increases, and the concentration of
repeated impacts in the center is significantly higher than in the edge area.

Pythonwas used to classify the experimental results images to determine the coverage values. The
experimentalmorphology is depicted in the right columnoffigure 10.

The comparison between the simulated and experimental coverage at different speeds is shown in
figure 11(a). The simulated coverage alignswell with the experimental results, with an errormargin of less than
6%, and themaximum error in the analytical coverage is 10%. The highest experimental error is 17%,which
supports the validity of the analytical coveragemethod and the indentation parameters. The analytical and
experimental coverages at four different locations under each set of identical parameters were tested. The average
valuewas selected as thefinal coverage.

Figure 9. Indentation size under different velocities.

Figure 10.Theoretical and experimental coverage comparison chart.
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Figures 11(b) and (c) respectively depict the distribution of impact times in the simulated group under
varying coverage levels.When coverage is low, impact times are primarily concentrated at a single instance, with
shotsmainly impacting un-impacted areas. As coverage increases, shots increasingly impact areas near the
center, resulting in awider range of impact times and a shift towards higher frequency times, ultimately resulting
in an impact time distribution that approximates a normal distribution. At 90.40% coverage, the impact time
distribution closely resembles a normal distributionwith amean of 3, while at 96.58% coverage, it closely
resembles a normal distributionwith amean of 4, due to the expansion of the distribution range, its ‘standard
deviation’ is significantly higher than the former.

4. The impact of coverage on the surface integrity of carburized steel

4.1. Surfacemorphology and roughness
In engineering, 98% coverage is often considered complete, and peening time that is double the original (or half
the traverse speed) is equivalent to 200% coverage. Using the above coverage analyticalmodel as support, a single
factor experiment was conducted to examine the effect of various coverages on the surface integrity of carburized
steel. The experiment adjusted the traverse speed to alter the coverage. Previous research carried out by our
group indicated that both excessively high and low jet intensities are detrimental tomodification, and the
optimal results can be achievedwhen the inlet pressure within the range of 16–25MPa (shots velocity of
143–178 m s−1) [48]. As a result, the pressure wasfixed at 20MPa for this experiment. The standoff distancewas
set at 15 mm tomaximize jet stream energy utilization. The specimenswere peened in a straight line under
specified process parameters. The experiment parameters are listed in table 5.

As depicted infigure 12, with the rise of coverage, thematerial surface becomes increasingly rough and
plastic deformation progressively increases.When coverage is 8,000%or below, the distribution of indentations
is relatively uniform,with small and dense indentation traces easily visible on the specimen surface. However, as
coverage reaches 10,000%, there are obvious local depressions near the central position of the specimen, which
are larger than the indentation traces caused by a single shot and gradually expandwith the increase of the
coverage. To gain an accurate understanding of the coverage and progression of local damage.

To accurately understand the coverage rate of local damage, figure 13 shows the ultra-depth electron
microscopy and electronmicroscopy images of surface when the coverage rate exceeds 10,000%. It is observed
that damage on the surfacemorphology of the specimen due to excessively high coverage rate can be roughly
divided into four stages.When the coverage rate increases from10,000% to 16,000%, local depressions appear

Figure 11. (a)Analytical and experimental coverage comparison and (b), (c) the proportion of strikes at different coverages.

Table 5.Experimental parameters.

Parameter

name

Parameter

symbols

Parameter

value

Parameter

units

Nozzle

diameter

D 1.2 mm

Shot diameter D1 0.2 mm

Stream angle θ 90 °
Standoff

distance

T 15 mm

Mixture ratio M 9–10 %

Shot flow rate Q 1.91–2.06 Kg·min−1
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on surface and gradually expand as the coverage rate increases.When the coverage rate reaches around 18,000%,
depressions gradually connect with each other.When the coverage rate approaches 20,000%, the connected
depressions form a local collapse. Finally, when the coverage rate exceeds 20,000%, the surface is severely
damaged, and the central area is eroded andworn, forming ‘egullies’.

This is becausewhen the coverage is high, the number of repeated impacts of shots increases. The impacts
not only cause overlap effects but also remove surfacematerial. At the same time, internalmaterial generated by
pressure will create noticeable protrusions at the impact edges and form local depressions. Since shots spread
radially within thewater jet stream, the density of impacts is higher in the central area and lower at the edge. As
the number of impacts near the depressions increases significantly, the depressions willmergewithmaterial

Figure 12.The effect of different coverages on surfacemorphologies.

Figure 13.The ultra-depth electronmicroscopy images under different stages of damage.
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compressionmarks, causing the plastic deformation area to gradually expend until forming ‘gullies’. This will
have a negative effect on the surfacemorphology and roughness of thematerial.

The surface roughness of the specimen changes under varying coverage, as depicted infigure 14. The
NPFLEX three-dimensional surfacemeasurement systemwas used to accuratelymeasure the surface roughness
of themodified specimen. In order to ensure the accuracy of roughness parameters under each group of
experimental conditions, six different positionswere sampled under the same pass, and the average value of
these six parameters was taken as the roughness value. The difference between the average andmaximumvalues
of each parameter was used as the boundary band of coverage error. The roughness can be categorized into two

Figure 14.The change in roughness under different coverages.

Figure 15.Compressive residual stressfield under different coverages.
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phases. During the initial stage, when coverage increases from100% to 8,000%, the roughness value (Ra)
fluctuates around 1.2 μm.Thefitted line shows a slight downward trend, but it is not significant. In the latter
stage, as coverage continues to rise from10,000% to 100,000%, roughness demonstrates a rising trendwith
increasing coverage. This rise becomes significantly steeperwhen coverage surpasses 20,000%. This is evident
from the impact of coverage on the specimen’s surfacemorphology. Tomaintain a defect-free surface and
ensure appropriate roughness, the coverage of the carburized steel should be kept within 8,000%when the
modification pressure is constant.

4.2. Compressive residual stressfield
Themodified specimens exhibit high compressive residual stress both on the surface and at a certain depth, as
demonstrated by theCRS curves infigure 15. The distribution of the entire CRSfield displays a ‘spoon-shaped’
pattern, with the surface andmaximumCRS reaching above−1000MPa. As coverage increases, there are
noticeable alterations in the surface andmaximumCRS of specimens.

The relationship between the coverage andmaximumCRS and surface CRS is illustrated infigure 16. The
maximumCRS can be roughly categorized into three phases (figure 16(a)): unstable, enhancement, and
decrease. As the coverage increases from100% to 800%, the trend in themaximumCRS change is not obvious,
exhibiting fluctuations around−1300MPa.Despite this, the depth of themaximumCRS layer remains
relatively constant at around 60 μm.As the coverage increases from800% to 20,000%, themaximumCRS shows
a gradual increase. At a coverage of 800%, themaximumCRS is−1261MPa, which rises to−1573MPa at
20,000%coverage, representing an increase of 24.7%.Despite this upward trend, the depth of themaximum
CRS layer remains around 60 μm. It is speculated that the increase in coverage leads to the accumulation of
plastic deformation, causing themaximumCRS at thematerial to rise.However, the constant inlet pressure and
the difficulties in energy transfer from the specimen surface to deeper positions result in limited effect of
coverage on the depth of theCRS field. As the coverage increases from20,000% to 100,000%, the specimen’s
maximumCRS experiences a rapid decrease, dropping from−1573MPa to−1147MPa, a decrease of 27.6%.
Additionally, the depth of themaximumCRS decreases to 30 μm.This can be attributed to ‘over peening’, a
phenomenon caused by excessive erosion andwear on the surface due to the high number of shots impacting the
material.

The effect of coverage on surface CRS is sensitive, as shown infigure 16(b). It can be divided into two phases,
the ascending phase and the declining phase.When coverage rises from100% to 10,000%, surface CRS
experiences a significant upward trend, rising from−1003 to−1521MPa, a 51.6% increase. As coverage
continues to rise from10,000% to 100,000%, surface CRS drops to−1038MPa, a 31.8%decrease. This is
because as coverage increases, plastic deformation at the surface leads to accumulatedwork hardening, resulting
in a substantial rise inmaterial surface CRS.However, when coverage becomes too high, erosion andwear from

Figure 16. (a)The change in themaximum residual compressive stress and its depth and (b) the change in the surface residual
compressive stress and thefield total depth under different coverages.
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‘over peening’ cause surface destruction, causing a rapid decrease in surface CRS. The effect of coverage on total
CRS layer depth is not substantial and generally remains around 175 μm.

5.Discussion

This study investigates the precise controlmethod for coverage and its effect on the surface integrity of
carburized steel. An analytical calculationmethod for coveragewas proposed and verified, and can be applied to
othermaterials. Coverage, as one of the two key elements in peening, significantly affects surface integrity
parameters andmay vary for differentmaterials. For 18CrNiMo7-6 carburized steel, the optimal coverage range
is between 1,000%–8,000%,with 1,000% coverage being the best choice as it balances peening efficiency and
surface integrity. Under this condition, although the surface and themaximumCRS value have not reached the
maximum, they have all reached a stable state, which canmeet themodification requirements of the specimen
and the roughness isminimal.

Fatigue damage occurs in three stages: crack formation, crack propagation and final fracture. From this
point of view, the fatigue life of amaterial is directly related to its surface properties such as hardness,
metallurgical features, notch effects etc, because a fatigue crack usually starts on surface. In this respect, if the
suitable surface treatment is applied, the fatigue life of amaterial can be improved [49, 50]. Shot peening is a
process that induceswork-hardening on surface and forms a residual stressfield in the component’s surface
layer, thereby suppressing occurrence of surface stress concentration and transferring the surface crack source to
sub-surface. This effectively enhances the service life of the component. The Institute of Fatigue Resistance at
ZhengzhouUniversity conducted research to assess the influence of waterjetmodificationwith 1,000%coverage
on fatigue round bar specimen. Themodified round bar specimens are shown infigure 17. TheNakamura test
(figure 18) revealed that themodified specimens displayed a 150MPahigher failure stress compared to the
unmodified specimens after 104–106 fatigue cycles. This test demonstrates the significance of selecting an
appropriate coverage for enhancing the fatigue performance of specimens.

Figure 17.Amodified round bar specimen.

Figure 18.Comparison of fatigue behavior betweenmodified and unmodified round bar specimens.
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The advantage of water jet peening lies in its ability to precisely control jet pressure, incidence angle, and
injection location,making it easy to apply in engineering. By adjusting the jet parameters, surfacemodification
of small, narrowparts that withstand alternating loads, such as gear roots, threads and blade roots, which are
difficult to process with traditionalmachining, can be achieved.However, these small areas requirefine nozzles
andfine shot to achievemodification. Therefore,more stringent parameters and schemes need to be developed
for surfacemodification of these areas.

6. Conclusions

An analyticalmethodwas employed to determine the coverage of suspensionwaterjet peening, and a single
factor experiment was conducted to investigate the effect of coverage on the surface integrity of 18CrNiMo7-6
carburized steel. The conclusions can be summarized as follows

(1) The validity of the analyticalmethod for calculating coveragewas established and found to be effective in
predicting the coverage and impact state of thematerial surface under varying process parameters. The
impact indentation size and shot distribution patternwere identified as key factors affecting coverage.

(2) As coverage increased frombelow 10,000%,fluctuations in surface roughness (Ra)were observed, though
remainedwithin a range of 1.2 μm.Beyond 10,000% coverage, roughness exhibited a continuous upward
trend, with a sharp increase notedwhen coverage exceeded 20,000%.

(3) Both surface CRS andmaximumCRS showed an upward trendwith increasing coverage, reaching peak
enhancements of 51.6% and 24.7%, respectively. However, when coverage exceeded a certain level, the
‘over peening’ phenomenon caused both values to decrease and the depth ofmaximumCRS to diminish.
The impact of coverage on the total depth of CRSwasminimal.

(4) The fatigue tests on standard specimensmodifiedwith 1,000%coverage demonstrated that an appropriate
coverage level can effectively avoid surface damage and defects, resulting in a significant enhancement of the
specimen’s service life.
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