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Abstract: Wet shot peening (WSP) cleaning technology has the advantages of being green, having a
high efficiency, and producing almost no pollution to the environment. Under the development trend
of green environmental protection, WSP is more and more desired by the public. However, in the
study of WSP cleaning paint, there is little research on process parameter optimization. Accordingly,
this article uses an orthogonal experiment, taking the cleaning efficiency and the substrate removal
mass as objectives, to optimize the parameters of pressure, stand-off distance, traverse rate, and
cleaning times. The experimental results show that the cleaning efficiency is improved by increasing
the pressure, stand-off distance, and traverse rate or decreasing the cleaning times within the scope
of this experiment. The pressure and cleaning times are positively correlated with the substrate
removal mass, whereas the traverse rate is negatively correlated. As the stand-off distance increases,
the substrate removal mass initially increases and then decreases. The traverse rate has a significant
influence on the cleaning efficiency and the substrate removal mass. The optimal process parameters
based on the cleaning efficiency are 0.45 MPa pressure, 140 mm stand-off distance, 5 mm/s traverse
rate, and one-time cleaning. Besides, the cleaning efficiency at such conditions is 64.23 %/min.
Additionally, the substrate removal mass is optimized under 0.25 MPa pressure, 60 mm (or 140 mm)
stand-off distance, 5 mm/s traverse rate, and one-time cleaning to give a substrate removal mass of
approximately zero. The analysis of parameters provides a reference for selecting the parameters in
the actual application of WSP cleaning.

Keywords: wet shot peening cleaning; parameter optimization; cleaning efficiency; ratio

1. Introduction

As a commonly used industrial rust inhibitor, paint is widely used in mechanical parts
and is an indispensable dirt type that requires cleaning in remanufacturing cleaning [1].
Additionally, from the product’s use to the scrapping stage, compared with other types
of dirt, paint and substrate combination takes the longest time. Due to the long-term
contact with each other, molecular permeation was generated, which makes the combi-
nation more complicated and the cleaning more difficult. When using traditional dry
sandblasting cleaning paint, its cleaning efficiency is high and can improve the material’s
fatigue strength [2-4]. However, it is not suitable for cleaning internal cavity pollutants,
and the surface roughness is relatively large after cleaning [5]. The major disadvantages are
that it is prone to dust and noise pollution during the cleaning process, which is harmful
to human health and the environment [6]. High-pressure water jets are energy-saving
and are considered an environmental protection technology, having the advantage of high
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cleaning efficiency and wide application range [7,8]. However, the substrate rusts easily
after cleaning, and the circumstance of high pressure is dangerous [9].

Wet shot peening (WSP) cleaning technology is based on dry sandblasting. It uses the
advantages of high-pressure water jet and dry sandblasting to spray abrasives and water
together onto the substrate’s surface [10]. According to the mixing sequence of abrasive
and water, it can be divided into pre-mixing and post-mixing modes. The pre-mixing
mode is adopted in this study, where abrasive and water are mixed first and then sprayed
out through the nozzle. The WSP method uses compressed air as the power source like
dry sandblasting [11] and uses the effects of grinding, friction, shearing of high-speed
abrasives [12] and the wedge effect of water to remove surface paint dirt. To a certain
extent, it can improve the fatigue strength of materials [13,14].

Papini [15] investigated the alkyd enamel of Bonderite 1000 iron phosphate surface
through sandblasting, and found that the paint removal was related to shear stress, and
there existed a critical normal component of the incident velocity. Zeng and Kim [16]
considers that intergranular cracking caused by stress wave and crack propagation is the
main mechanism of shot peening erosion. Dong [17] founded that when wet shot peening
was used to clean the metal paint on the surface of 304 stainless steel substrate, the removal
of paint has a great relationship with the cracks on the paint surface. Junkar [18] explores
an explicit finite element analysis of a single abrasive particle impact on stainless steel
1.4301 (AISI 304) in abrasive water jet (AW]) machining. Teimourian [19] investigates the
mass loss of paint using water jets and finds that water jet kinetic energy and stand-off
distance significantly affect mass loss. Deris [20] analyzes the influence of some factors on
the surface roughness after AW] and finds that traverse rate is the most influential factor.
The result shows that the impact angle and particle velocity affect the surface roughness.
Raykowski [21] takes maximizing the rate of deposit removal while minimizing substrate
deformation as the overall objective to investigate the effect of particle size, speed, impact
angle, and stand-off distance on the result.

At this stage, the research on WSP cleaning technology is mainly in the qualitative
analysis of its mechanism [22], and relatively little research exists on optimizing the process
parameters. Herein, orthogonal experiments are used to observe the cleaning of paint
dirt by WSP. We analyze the process of WSP in removing paint by observing the sample
morphology after cleaning. Through the analysis of cleaning efficiency and the substrate
removal mass, we optimize the WSP process parameters, which provide a reference for
selecting the process parameters in the actual application of WSP cleaning technology.

2. Experimental
2.1. Equipment

Figures 1 and 2 show the cleaning equipment and the working principle of WSP. As
shown in Figure 1, the abrasives and water are fully mixed in the mortar tank, and move
forward under the push of the mortar pump. When it reaches the scope of action of the
air compressor, the air compressor (maximum pressure is 0.65 MPa) generates a certain
pressure, which pushes the mixture of abrasive and water to move to the nozzle and finally
shoots out from the nozzle. In Figure 2, the nozzle can move horizontally and up and down
to adapt to different cleaning distances and moving rate, etc. Placing the part to be cleaned
at the sample placement position, and the nozzle moves to clean the paint on the surface of
the substrate.
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Figure 2. The cleaning equipment diagram of WSP.

2.2. Substance and Coating Material

The research object of this paper is the paint on the surface of engine cylinder block,
end cover, gearbox box, box cover, and other parts. Herein, HI250 gray cast iron, commonly
used in such parts, was selected as the substrate material. The substrate is 60 x 60 x 10 mm
in size. The mechanical properties and chemical composition of HT250 gray cast iron are
listed in Tables 1 and 2 [23].

Table 1. Mechanical properties of the HT250 gray cast iron specimens.

Property Value
Density 6.8-7.3 g/cm3
Tensile strength 250 MPa
Hardness 209 HB (est bar diameter: 30 mm)

Melting point 1145-1250 °C
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Table 2. Chemical composition of HT250 gray cast iron specimens.

Elements Content Percentage
C 3.16-3.30
Si 1.79-1.93
Mn 0.89-1.04
S 0.094-0.125
P 0.120-0.170
Fe Others

In the actual painting work, in order to enhance the adhesion between the coating
and the substrate, and remove the lubricating oil and other dirt on the substrate surface,
the substrate surface will be pretreated to increase the substrate surface roughness before
spraying. Dry sandblasting is commonly used as the pretreatment method, and its related
parameters are listed in Table 3. When the working parameters are fixed during the
pretreatment, the error of the surface roughness between the substrates is relatively small.
There is basically no difference in adhesion between paint and substrate, which sample
difference after pretreatment is ignored in this article. Additionally, an electronic balance
with a precision of £0.0001 g was used to weigh the mass (w) of the pretreated substrate,
and its average surface roughness (Ra) was measured using Wyko NT9300 optical profiler.
In the substrate mass measurement, take the average value of the three measurement
results as the substrate mass. In the substrate surface roughness test, five random regions
of the substrate surface are randomly selected for testing, and the average value of five
data is taken as the final surface roughness value of the substrate. The measurement data
of mass and surface roughness in this paper are obtained by the above methods.

Table 3. Dry sandblasting pretreatment parameters.

Parameter Value
Pressure (MPa) 0.50
Stand-off distance (mm) 200
Exposure time (s) 20
Impact angle 90°
Nozzle diameter (mm) 8

Nozzle type Round nozzle
Traverse length (mm) 60
Abrasive type 24# steel shot

Acrylic paint is adopted, which is commonly used in industrial painting. Three layers
of acrylic paint are sprayed on the substrate at an interval spraying time of 30 min for each
layer. The total thickness of the paint layer is ~100 um. The substrate after spraying is
weighed and denoted as w,. After the surface paint of the painted sample was basically
cured, it was placed in natural conditions for 30 days before the experiment. Which
will make the sample more close to the actual working situation. Among them, Natural
condition is the circumstance such as environmental humidity, temperature, wind namely
and others will change with the different weather.

2.3. Experimental Design and Procedure

By understanding the mechanism of paint removal using WSP, paint removal is related
to the impact energy received on the paint surface. The greater the impact energy, the
higher the removal efficiency of dirt. The impact energy is determined by the instantaneous
impact energy and the impact time. Therefore, the cleaning pressure and stand-off distance
that affects the instantaneous impact energy, and the traverse rate and cleaning times that
affects the impact time are selected to explore the WSP cleaning paint.

Orthogonal experiments were used to analyze the influence of various factors on the
experimental results. The orthogonal experiment table with four factors and three levels is
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designed as shown in Table 4. The relevant process parameter settings of the WSP cleaning
process are shown in Table 5. The following methods were adopted to obtain the relevant
data of the cleaned sample: (1) Weigh the mass of the cleaned sample and record it as ws;
(2) Measure the Ra of the cleaned substrate; (3) Take a photo of the sample at the same
height and position using a high definition camera of SONYHDR-CX405.

Table 4. Lo(3%) orthogonal design table.

Factors
No. A B C D
Pressure/MPa  Stand-Off Distance/mm  Traverse Rate/mm-s—1 Cleaning Times

1 1(0.25) 1 (60) 1(Q1) 1(1)
2 1 2 (100) 2 (3) 2(2)
3 1 3 (140) 3(5) 3(3)
4 2(0.35) 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 (0.45) 1 3 2
8 3 2 1 3
9 3 3 2 1

Table 5. Process parameters for paint system removal experiments.

Parameter Value
Pressure (MPa) 0.25-0.35-0.45
Stand-off distance (mm) 60-100-140
Traverse rate (mm/s) 1-3-5
Cleaning times 1-2-3
Impact angle 90°
Nozzle diameter (mm) 8
Nozzle type Round nozzle
Traverse length (mm) 60
Mixing volume ratio of abrasive and water 1:15
Abrasive type 60# white fused alumina

2.4. Related Parameter Definition

(1) Removal area ratio (A): Based on the size of the entire sample, the percentage of
the exposed substrate area to the entire sample area after cleaning is the removal area ratio.

The following steps are taken to determine the removal area ratio:

A. Take pictures of the cleaned samples at a unified height and position (Figure 3a);

(©)
Figure 3. Process of image processing. (a) Original image, (b) after cropping, and (c) after black and white processing.
B. Use the image processing software to cut the captured picture to a unified and

suitable size (Figure 3b), making the substrate and the paint part form black and white
parts with a large color difference (Figure 3c);
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C. Use MATLAB software to identify the pixels in the picture and calculate the
percentage of the removal area ratio.

(2) Cleaning efficiency (77): The cleaning efficiency is the removal area ratio per unit
time; thus, 7 = A/t, where ¢ is the cleaning time.

(3) Removal mass ratio (R-mass, p): The ratio of the total mass percentage removed
by wet shot blasting to the mass of the entire paint layer. The mass of the substrate after
pretreatment, spraying paint, and WSP cleaning is w1, wy, and w3, respectively. Thus,
1 = (wa-w3)/(wa-w1).

The total mass removed during the WSP cleaning process comprises the masses of the
paint and substrate removed. The mass of the paint removed includes the paint removed
completely and incompletely. Figure 4 shows that complete paint removal is a prerequisite
for substrate removal. The incomplete removal of paint means that the impact energy
of the jet periphery on the paint dirt is limited; thus, the uppermost layer of the paint is
removed while the substrate is unexposed. The mass ratio of the paint removed completely
is theoretically equal to the mass of the removal area. Therefore, the ratio of the removal
mass always exceeds the ratio of the removal area.

Paint area completely

/ removed
1

Paint layer

\ Paint area incompletely

removed

2

Substrate

Figure 4. Ideal model of sample after cleaning.

3. Results and Discussion
3.1. Surface Topography Analysis
3.1.1. “Pseudo-Crack” Phenomenon

By analyzing the cleaned sample surface (Figure 3a), it is found that in the area where
the paint is completely removed, the paint removal width on both sides is significantly
wider than the middle part.

Under the condition that the WSP process parameters remain unchanged, the removal
effect of WSP on paint depends on the adhesion between paint and substrate. The greater
the adhesion, the more difficult the cleaning. As shown in Figure 5, the area marked by
red rectangle 1 and 2 is the unit length, that is, the length of the short side of the rectangle
can be ignored. The paint adhesion in internal area 1 is determined by the surrounding
adhesion to the area. Suppose the adhesion in one direction is F, the adhesion of this area is
2F. Area 2 is located at the edge of the sample and only one side of the paint is affected by
the surrounding adhesion, so the paint adhesion of area 2 is F, which is half as much as area
1. The principle can be understood approximately for the paint surface to produce crack,
like the internal area 3 (2 unit length). Cracks appeared on the paint of area 3, making
the paint unable to effectively stick together, thus reducing the adhesion of the paint on
both sides of the crack, approximately reduced to half of the original. We can denote this
phenomenon as a “pseudo-crack”. As a result of the “pseudo-crack” phenomenon, the
energy required of removing the edge paint is slightly less than internal. Simultaneously,
the water and abrasives of WSP cleaning are more likely to enter the paint interior, which
both causing width of the removal of the paint at the edge higher than the internal part.
Therefore, increasing paint surface crack is an effective way to improve cleaning efficiency.
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Figure 5. Paint sample model.

3.1.2. Layer-by-Layer Paint Removal

The cleaned sample carried a painted surface that is incompletely removed, and the
incompletely and completely removed areas constitute the contact area of the jet. When
the instantaneous impact energy is small, the layer-by-layer paint removal phenomenon is
more obvious. Under the experimental conditions of 0.25 MPa pressure, 100 mm stand-off
distance, 5 mm/s traverse rate, and other wet peening parameters remain unchanged; as
the cleaning times increase, the paint was continuously removed. An optical microscope
with magnification of 400 times was used to observe the paint surface at the same position
with different cleaning times. The change of paint surface morphology was shown in
Figure 6. When the cleaning times of wet shot peening is once, the top layer of the paint is
removed, and the paint surface becomes uneven (Figure 6b). As the cleaning times increase,
the paint is incessantly removed, and finally, the substrate is completely exposed.

According to the GB/T 5210-2006 standard, the adhesion between the paint and the
substrate using the pull method was tested. It was found that the damaged property of the
paint was the damage between the paints rather than between the paint and the substrate;
thus, the damage strength value measured by the method depends on the adhesion between
the paints. Hence, the adhesion between paints is less than that between the paint and
the substrate. Furthermore, it is confirmed that the paint removal is performed layer by
layer. When the WSP energy is large, the impact force of the jet on the substrate surface can
cause the paint to crack, which results in a layer-by-layer removal in a short time. Since
this activity is completed instantaneously, it is intuitive to see that the paint is directly
removed. In the actual work, the higher instantaneous impact energy of the jet increases
the cleaning efficiency.

Figure 6. Cont.
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() (d)

Figure 6. Change process of sample surface. (a) No cleaning, (b) Cleaning one time, (c) Cleaning

two times, (d) Cleaning three times.

3.2. Analysis of Jet Velocity of Wet Shot Peening

The WSP jet completes the acceleration of the abrasive and water inside the nozzle.
Under the action of air resistance, the jet’s energy ejected from the nozzle produces a
certain loss. Ignoring the influence of other factors and considering that the energy loss
is completely caused by air resistance (F), according to energy conservation amount, the
process exists as follows [24,25]:

F:%Qﬁ# (1)

%m(zﬂ - v02> = —/dev ()

where C is the air drag coefficient, p is the air density, S is the windward area of the object,
x is the stand-off distance, vy is the velocity when the jet is ejected from the nozzle, and v is
the jet’s center velocity when the stand-off distance is x. The air resistance is proportional
to the air drag coefficient and the area facing the wind and is proportional to the square of
the velocity. Consequently, the relationship between the velocity and stand-off distance is

1

v ®G)
The pressure determines the instantaneous velocity of the jet center when the jet is
ejected from the nozzle. The greater the pressure, the higher the velocity; Figure 7 shows
the relations diagram of the three factors. Taking the nozzle exit position as the starting
point; i.e., zero on the abscissa. The figure only shows part of the whole. According to the
trend of change, we can also see that with the increase of target distance, the velocity is

infinitely close to 0.

3.3. Process Parameter Optimization Based on Cleaning Efficiency

Based on the orthogonal experiment, the experimental results are listed in Table 4.
The regression equation of the mathematical model is established for the cleaning
efficiency (Y):

Y =93+402 x A+0.1351 x B+ 6.49 x C —8.56 x D @)

where A is the pressure, B is the stand-off distance, C is the traverse rate, and D is the
cleaning times.
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Figure 7. Relationship between pressure, stand-off distance, and jet center velocity.

Based on the regression equation, the cleaning efficiency has positive relationship
with factors A, B, and C, while has a negative relationship with D, respectively. The p-value
indicates the significance of each factor to the result when other independent variables
exist in the model. The p-value corresponding to each variable in the model is 0.177, 0.093,
0.006, and 0.025, respectively, which shows that the traverse rate and cleaning times have
a more significant impact on the results. The standard regression error S in the model is
6.01504, which is within the acceptable range. R-Sp measures the ability of the regression
equation to explain the variation of observed data, and is the ratio of the sum of squares of
regression to the sum of squares of total deviations. The closer its value is to 1, the better
the model fitting is. The R-Sp of this model is 92.25%, indicating that it has good fitting
and is available.

The points in the residual normal distribution graph form a straight line (Figure 8a),
and the average value of the residuals is zero (Figure 8c), indicating that the residuals
are normally distributed. The randomness of the residuals is manifested in their random
distribution around zero; there is no special point (Figure 8b), and all the residuals are
arranged in the order of data collection (Figure 8d). Therefore, the model is appropriate.

Through the cleaning efficiency analysis, the level trend graph of each factor is drawn
(Figure 9). The relationship between the parameters and the cleaning efficiency is consistent
with the regression equation, verifying the model’s correctness. Therefore, to improve the
cleaning efficiency, the pressure, stand-off distance, and traverse rate should be increased,
and the cleaning times should be reduced. The degree of influence of each factor on the
experimental index can be evaluated by the magnitude of the range (R). Evidently, Rc is
the largest, indicating that the traverse rate has the greatest influence on cleaning efficiency,
followed by Rp, and finally Ry and Rp with similar R values, suggesting that the pressure
and stand-off distance within the experimental range slightly affect the cleaning efficiency.
Therefore, the order of the degree of influence is traverse speed > cleaning times > stand-off
distance > pressure.

According to the relationship diagram of the jet center velocity, cleaning pressure, and
stand-off distance (Figure 7), the increase in cleaning pressure or the decrease of stand-off
distance will increase the jet velocity, which will increase the instantaneous impact energy
of the jet. The experimental results show that the impact energy of the pressure between
0.25 and 0.35 MPa is insufficient to achieve high-efficiency paint layer removal; thus, an
increase in pressure has little effect on the cleaning efficiency. However, when the pressure
exceeds 0.35 MPa, the efficiency is significantly improved; thus, a critical pressure value
exists to maximize the utilization rate of pressure. Similarly, for the stand-off distance, it
can be concluded that the impact energy within the stand-off distance can achieve effective
cleaning of the paint. The cleaning efficiency change largely depends on the cleaning width
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increment. Due to the scattering phenomenon of the jet, increasing the stand-off distance
will expand the jet’s contact range. When the impact energy is sufficient, the increase in the
stand-off distance positively affects the cleaning efficiency.
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Figure 8. Residual plots for cleaning efficiency. (a) Normal probability plot of residuals, (b) Residual versus fitted values,
(c) Histogram of residuals, (d) Residual versus order of data.
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Figure 9. Factor-level trend chart of cleaning efficiency.

Under the condition that the instantaneous impact energy of the jet is fixed, a decrease

in the traverse speed and an increase in the cleaning times will increase the contact time
between the jet and the paint, which will expand the paint removal area. The results show
that the increase in the paint removal area is less than the increase in cleaning time, so that
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the paint removal area per unit time is reduced, which is manifested as a decrease in the
cleaning efficiency.

Through the comprehensive analysis of the experimental results, the theoretically
optimal parameter combination in this experiment is A3B3C3Djy, i.e., 0.45 MPa pressure,
140 mm stand-off distance, 5 mm/s traverse rate, and one-time cleaning is performed. The
experiment found the cleaning efficiency to be 64.23%/min under the above conditions,
which is relatively high.

3.4. Process Parameter Optimization Based on Removal Mass of Substrate

The comparison chart of removal mass and area ratio of the nine groups of experiments
is shown in Figure 10. The overall change trend of the ratio of the removal mass and area
is basically the same, corresponding to both. However, compared with other groups, the
R-mass of the sixth and eighth groups of experiments are special. Compared to the data in
Table 6, these two groups of removal mass accounted for 112.11% and 170.14%, respectively,
which both exceed 100%. This situation indicates that there must be a removal of the
substrate material under these two sets of experimental conditions. This situation should
be avoided as much as possible in the actual WSP cleaning work.

160 [ Removal of the area ratio
—&— Removal of the mass ratio

120

80

Ratio (%)

40 +

Experiment number

Figure 10. Comparison chart of removal mass and area ratio.

Table 6. Orthogonal experiment result.

Experiment Result

No. Cleaning Efficiency Removal Area Ratio Removal Mass Ratio Surface Roughness (Ra)

/% -min—1 1% 1% /um
1 25.25 25.25 45.02 241
2 38.90 25.93 38.47 3.26
3 44.92 26.95 39.74 3.24
4 28.60 28.60 55.83 2.88
5 53.51 10.70 23.79 4.37
6 29.00 58.00 112.11 2.73
7 51.52 20.61 37.16 3.55
8 17.78 53.33 170.14 3.00
9 63.87 21.29 33.21 3.86

The difference between the two values is the sum of the mass ratio of the substrate
removed and the paint incompletely removed. To minimize the impact of WSP cleaning on
the substrate, the mass ratio of the substrate removed (R-sub) should be reduced. Using the
change in Ra value of the substrate before and after WSP cleaning to judge the substrate
removal mass. As shown in Figure 11, The Ra after pretreatment by dry sandblasting is
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Ra=1.66 pm

higher than that after WSP. Which can be seen from the side that the influence of WSP
cleaning on the substrate is less than that of dry sandblasting. The Ra after WSP cleaning is
shown in the fourth column of Table 4. Taking the average value of the Ra of each sample
after pretreatment as the Ra before the WSP cleaning (Figure 11b), and the average value is
3.82 um. Comparing the Ra before and after WSP cleaning, the Ra of the fifth group after
cleaning is greater than that before. By observing the samples after cleaning, it is found
that under the experimental conditions, the paint area removed completely is less. The
actual measurement value is the Ra value between the substrate and the surface of the
paint removed incompletely, which will be significantly higher than the substrate surface
roughness.
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Figure 11. Variation of sample surface roughness value. (a) Untreated, (b) After pretreatment by dry sandblasting, (c) After

painting, (d) After wet shot peening cleaning.

Through the comparative analysis of the substrate surface roughness after experiment
and after pretreatment, when the difference between the two is very small, it is approxi-
mately considered that there is no substrate mass removal, which is an ideal assumption.
In this case, the value of change in mass depends entirely on the mass of paint removed.
The area of the paint completely removed under different parameters for different cleaning
width, this part of the mass of the clean is to get rid of the great proportion. In the observa-
tion of the paint layer on the surface of the cleaned sample, it was found that the cleaning
width of the unfinished area of the paint was little different or basically the same, so it was
considered that the removal mass of the unfinished part of the paint was the same under
different experiment conditions. Therefore, the sample with basically no change in surface
roughness before and after cleaning was used as a reference, and the ratio of the mass of
the paint incompletely removed under this condition was used as the benchmark. Judging
the removal mass of the substrate under each experimental condition. According to the
Ra analysis after cleaning, it is found that the data of the ninth group have the smallest
change. Therefore, it is approximately thought that the substrate mass is not damaged
under the experimental conditions, and the difference between the ratio of removal mass
and area in the ninth group of experiments is regarded as the incomplete removal mass
of the paint surface. Based on this value, the comparison chart is shown in Figure 12, and
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the difference between the two polylines is the R-sub under each experimental condition.
Figure 13 shows the trend chart of factors related to the mass of substrate removal.

1201 —#— The difference of ratio
—— The benchmark
90
$
260F
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Experiment number

Figure 12. Difference comparison between removal-mass-to-area-ratio and benchmark.

Pressure | Stand-off distance Traverserate |  Cleaning times
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Figure 13. Factor-level trend chart of removal mass.

The analysis of Figure 12 shows that the eighth group of experiments has the largest
R-sub, followed by the sixth, fourth, and first groups. The mass of the other groups of
experiments basically remained unchanged. By analyzing the experimental parameters
of these four groups, it is found that the three groups have a 1 mm/s traverse rate, which
indicates that the prolonged traverse rate will remove a large amount of the substrate’s
mass. Lower transverse rates should be avoided in WSP. To ensure the consistency of the
substrate before and after cleaning, the traverse rate should be selected as 5 mm/s, which
is consistent with the result of Figure 13. Figure 13 shows that the pressure and cleaning
times are positively correlated with the R-sub, whereas the traverse rate is negatively
correlated. As the stand-off distance increases, the R-sub initially increases and then
decreases. The degree of influence from large to small is traverse rate > cleaning times >
pressure > stand-off distance.
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Like the removal of paint, the impact of WSP on the substrate also has a critical energy
value. When the energy value is lower than the critical energy value, WSP mainly removes
the paint and has less impact on the substrate. Conversely, the higher energy impacts the
substrate, which decreases the substrate’s mass, but has little effect on the paint removal;
thus, it does not increase the cleaning efficiency. The parameter range corresponding to
the critical energy for removing the substrate can be roughly determined by comparing
Figures 6 and 11. The critical value of pressure is slightly less than 0.25 MPa, the traverse
rate is ~5 mm/s, and one-time cleaning is performed. The changing trend of the R-sub
shows that when the stand-off distance is within the range of 100-140 mm, the jet’s impact
energy can realize the effective removal of paint. However, due to the difference in the
performance of the substrate and the paint, the substrate is less affected. As the stand-off
distance increases, the jet energy gradually decreases and eventually reaches a critical
value, so the value exceeds 140 mm.

Through comprehensive analysis, the parameters that promote slight substrate change
before and after WSP are 0.25 MPa pressure, 60 mm or 140 mm stand-off distance, 5 mm/s
traverse rate, and one-time cleaning. Through the two experiments performed herein, it is
found that the mass removal of the substrate is approximately equal to zero.

4. Conclusions

In this paper, HT250 cast iron and acrylic paint as the research object, through orthog-
onal experiment to explore the influence of WSP process parameters on cleaning effect,
and observe the change of paint surface analysis of paint removal process. The main
conclusions of this experiment are as follows:

(1) According to the change of paint surface during the cleaning process, it is inferred that
paint removal is achieved layer by layer, and it is pointed out that the pseudo-crack
phenomenon is the main reason that the cleaning width of the two sides edge is higher
than that of the middle part, so increasing paint surface crack is an effective way to
improve cleaning efficiency.

(2) Taking cleaning efficiency and the mass ratio of the substrate removed (R-sub) as
the evaluation indexes of cleaning effect, it is found that increasing pressure, stand-
off distance, traverse rate or reducing cleaning times can effectively improve the
cleaning efficiency. The pressure and cleaning times were positively correlated with
the R-sub, while the traverse rate was negatively correlated. With the increase of
stand-off distance, the R-sub first increased and then decreased. According to the
range, the traverse rate has the greatest influence on the cleaning efficiency and
the R-sub, followed by the cleaning times, and the cleaning pressure and stand-off
distance have little influence on it.

(3) According to the change in the regular pattern of process parameters and the degree
of influence on the evaluation index, the optimal process parameter with cleaning
efficiency as the index is determined as A3B3C3D;, that is, 0.45 MPa pressure, 140 mm
stand-off distance, 5 mm/s traverse rate, and one-time cleaning. The cleaning ef-
ficiency can reach 64.23% /min under this experiment. The optimization results of
process parameters based on smaller R-sub are A1B;C3D; and A;B3C3Dy, that is
to say, 0.25 MPa pressure, 60 mm or 140 mm stand-off distance, 5 mm/s traverse
rate, and one-time cleaning. Under these parameters, the R-sub and the cleaning
efficiency are almost zero. In the practical application of WSP, cleaning efficiency
and the R-sub should be considered comprehensively. In other words, the adverse
effect on the substrate of WSP cleaning is minimized while ensuring high cleaning
efficiency. Therefore, combining the two index analyses, the transverse rate should
be reduced from 5 mm/s to 3 mm/s, and the stand-off distance should be set as
140 mm. Under these conditions, the R-sub and cleaning efficiency were 5.37% and
38.65% /min, respectively.

In the actual working environment, different parts pay different attention to cleaning
efficiency and the mass ratio of the substrate removed, so the selection of optimal process
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parameters is slightly different. This article aims to provide a method for selecting process
parameters during WSP cleaning, so as to facilitate the practical application of users. The
experiment sample used in this paper is flat, but there are curved surfaces and holes in the
substrate in actual cleaning, so it is necessary to further study the process parameters, such
as adjusting the cleaning angle to adapt to the non-flat structure or from a single abrasive
to mixed abrasive.
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