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Abstract: Recently, wet blast cleaning of paint has attracted attention in remanufacturing processes,
owing to its high efficiency and environmental friendliness. However, studies of removal mechanism
have rarely considered the properties of abrasive particles; thus, there is insufficient theoretical guid-
ance on the process optimization, resulting in energy waste during the cleaning process. Therefore,
the mechanism in wet blast cleaning of paint was researched in this study, which focused on the effects
of abrasive particle shape and size on mechanism. The results indicate that the removal mechanisms
of angular and spherical abrasive particles are significantly different, and that of angular abrasive
particles is not affected by the particle size, whereas that of spherical abrasive particles is significantly
affected. The main removal mechanism for all angular abrasive particles is brittle fracture caused
by large impact stresses. For large spherical abrasive particles (≥60-mesh), the main mechanism is
brittle fracture due to the intersection of longitudinal-through fatigue cracks and interface cracks,
and for small spherical abrasive particles (≤80-mesh), it is brittle fracture due to fatigue cracks and
impact cracks. This study provides good insight into abrasive particles and serves as a good basis for
exploring the process parameters for wet blast cleaning.

Keywords: wet blast cleaning; removal paint; mechanism; particle properties; remanufacturing

1. Introduction

Remanufacturing end-of-life products can greatly reduce energy consumption in pro-
duction processes and environmental pollution, which is an important technique in line
with sustainable manufacturing [1,2]. The remanufacturing process includes disassembling,
cleaning, inspecting, repairing, replacing, and reassembling [3]. Among them, cleaning
plays a very important role in remanufacturing processes. It involves the removal of con-
taminants from the interior or surfaces of a part to achieve a certain level of cleanliness and
allows subsequent remanufacturing processes to proceed smoothly [4,5]. The effectiveness
of the cleaning directly affects the subsequent inspection and restoration process. Paint, as
a widely used industrial antirust product, adheres to the surface of the workpiece and is a
type of dirt that must be cleaned in remanufacturing cleaning [6].

Various cleaning techniques have been developed to remove paint. The laser is a high-
energy beam. When it hits the paint surface, the paint is quickly removed due to a heat
effect, thermal stress effect, vaporization, and ionization effects [7,8]. Therefore, it is very
efficient, but its cost is high and does not facilitate the cleaning of the paint in the corners.
In molten salt cleaning, the workpiece is completely immersed in the molten salt solution,
which can achieve complete cleaning [9,10]. The paint is decomposed and peeled off due to
chemical reactions, but it produces toxic gases and pollutes the environment [11]. Water jet
cleaning technology uses the impact of high-pressure water jets to remove paint [12,13].
It uses pure water as the cleaning medium; thus, it does not pollute the environment, but
it is somewhat dangerous due to the high pressure. Dry blasting cleaning technology
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uses solid abrasive particles as the cleaning medium, using compressed gas to accelerate
the abrasive particles, then the high-speed abrasive particles impact the paint surface to
achieve removal [14]. It cleans efficiently but causes serious dust pollution [15]. Wet blast
cleaning technology is an improved technology that combines water jet and dry blasting
cleaning. Cleaning is achieved by spraying a jet of mixed abrasive particles and water onto
the surface of the object [16]. It not only retains the high efficiency of dry blasting, but also
uses water to solve dust pollution; hence, it has the advantages of high efficiency and low
environmental pollution [17]. Therefore, it is in line with the concept of remanufacturing
and has been applied and studied in remanufacturing cleaning.

Wu et al. optimized the parameters of pressure, stand-off distance, traverse rate,
and cleaning times for cleaning efficiency and reported that traverse rate has a significant
influence and provided the optimal process parameters based on the cleaning efficiency [16].
Xiong et al. optimized the process parameters by orthogonal experiments and reported that
the most significant factor on cleaning capacity was water pressure, followed by abrasive
particle feed-rate condition and stand-off distance [17]. Further, they reported that paint
removal was caused by the combined impact of abrasive particles and water, where the
impact of abrasive particles was dominant [18].

However, the mechanism of coating removal by abrasive particles is complex, and
many scholars have made great efforts to study how abrasive particles act on paint during
the paint removal process.

Papini and Spelt studied the removal of organic coatings by particle impact and
reported that high- and low-interfacial-strength coatings were removed by mechanical
erosion and delamination, respectively [19,20]. Further, they developed a theoretical
model for the buckling and delamination of organic coatings due to particle impact [21,22].
Djurovic et al. studied the erosion of polyurethane topcoats and epoxy primers on four
substrates using starch media blasting and reported that the urethane topcoat was removed
cumulatively by chipping [23]. Zouari and Touratier reported that the impact of the
particles generated shear and radial stress, leading to delamination and buckling of the
paint, respectively [24]. Dong proposed a three-dimensional (3D) crack-extension model,
which revealed that crack extension and the propagation of stress waves are the main
reasons for paint removal [25]. Liu Y et al. reported that automotive coatings exhibited
brittle fracture behavior when impacted by spherical steel particles at different angles [26].

In addition, the abrasive particles were often inconsistent, and they usually had
different properties, especially in shape and size. These properties can significantly affect
the erosion mechanism of the particles [27]. The effects of the shape of abrasive particles
on erosion characteristics have been investigated. Naveed et al. used SiO2 particles to
erode ductile (Ti-6Al-4V) and brittle materials (TiN) and found that the particle shape
influences the wear mechanism of both materials [28]. Ning et al. investigated the effects
of particle shape on the particle erosion behavior of EB-PVD TBCs using a finite element
method and found that the shape of the erosion particles affects the maximum erosion
depth, rebound velocity, and maximum residual stress at the same initial kinetic energy [29].
Mohseni-Mofidi et al. simulated the effects of particle shapes on erosion behavior and
reported that particles with large angularity and small aspect ratios had more severe
erosion [30]. The effects of abrasive particle size on the erosion characteristics of particles
have also been investigated. Abouel-Kasem used SiO2 mortars of different sizes to erode
UNS G5117 steel, and large particles removed material mainly by micro-plowing, whereas
small particles removed material mainly by extrusion [31]. Nguyen et al. investigated
the erosion characteristics of stainless steel eroded by multiphase flow (water and sand)
through experiments and numerical simulations. They found that large particles dig deeper
into the specimen surface, causing the erosion profile to transition from a “W” to a “U”
shape [32]. Although the properties of abrasive particles have effects on the mechanism,
there are insufficient studies on the effects of abrasive particle properties on the wet blast
cleaning mechanism.
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In this study, we focused on the effects of abrasive particle properties on the removal
mechanism. The cleaning progresses of different abrasive particles were discussed, and the
effects of abrasive particles shape and size on the removal mechanism were reported. These
results provide a good basis for the study of process parameters and further development
of remanufacturing cleaning.

2. Materials and Methods
2.1. Materials
2.1.1. Specimen Preparation

ADC12 aluminum alloy specimens (100 mm × 100 mm × 10 mm) were used. To
ensure firm attachment of paint to the specimens, they were pretreated by dry sandblasting
to increase the surface roughness. The parameters for the dry sandblasting are listed in
Table 1.

Table 1. Dry sandblasting pretreatment parameters.

Parameter Value

Pressure (MPa) 0.5
Stand-off distance (mm) 150

Impact angle (◦) 90
Abrasive particle type 24-mesh Steel Sand

Acrylic one-component solvent-based paint, which is widely used in the industrial
field, was used in this study. The spraying process was repeated thrice at 30-minute
intervals. After painting, the specimens were dried naturally for 30 days. The natural
condition meant that temperature, humidity, and other characteristics varied with the
weather, which made the specimen closer to the actual working conditions. Then, a
coating thickness gauge was used to measure the thickness of the paint film, which was
approximately 150 µm.

2.1.2. Abrasive Particles

As shown in Figure 1, the angular and spherical abrasive particles used in this study
were brown corundum and brown corundum ball abrasive particles, respectively. Brown
corundum abrasive particles are angular particles with irregular geometrical shapes and
usually have sharp edges and corners. On the other hand, brown corundum ball abrasive
particles are spherical particles with a regular spherical shape without sharp edges and
corners. The particle sizes commonly used in industrial cleaning range from 40-mesh
to 100-mesh; thus, we used 40-mesh, 60-mesh, 80-mesh, and 100-mesh. Figure 1(b3,b4)
show the 80-mesh and 100-mesh spherical abrasive particles. They had some bud-like
protrusions on the surface, indicating that they were less spherical than the 40-mesh and
60-mesh abrasive particles (Figure 1(b1,b2)).

The particle-size distribution of the abrasives was analyzed using a laser particle-size
tester. As shown in Figure 2, the particle-size distributions of the two types of abrasives
were close to a normal distribution, indicating good dimensional consistency. Table 2 lists
the data from the particle-size distributions. The median particle size (D50) and average
particle size (Dav) were relatively close, and they decreased with increasing mesh number.
Therefore, the abrasive particles meet the specifications and satisfy the requirements of the
experiments.
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Figure 1. Scanning electron microscopy (SEM) image of abrasive particles: (a1–a4) Angular abrasive
particles; (b1–b4) Spherical abrasive particles.

Figure 2. Size distribution of the abrasive particles: (a) Angular abrasive particles; (b) Spherical
abrasive particles.

Table 2. Parameters of abrasive particle size distribution.

Abrasive
Particles Size D10

(µm)
D50
(µm)

D90
(µm)

Dav
(µm)

S/V
(cm2/cm3)

D[3,4]
(µm)

D[4,3]
(µm)

Angular
abrasive
particles

40-mesh 270.066 569.792 1212.124 657.347 326.727 183.639 657.347
60-mesh 135.746 258.173 552.921 303.122 398.595 150.529 303.122
80-mesh 127.954 217.861 403.883 246.450 460.903 130.179 246.450

100-mesh 114.091 152.357 206.834 157.882 402.368 149.117 157.882

Spherical
abrasive
particles

40-mesh 278.048 601.022 1263.072 689.601 181.202 331.123 689.601
60-mesh 272.425 488.925 1041.786 583.013 133.311 450.076 583.013
80-mesh 215.353 368.430 779.299 438.899 178.236 336.632 438.899

100-mesh 124.296 169.098 233.544 174.963 367.335 163.339 174.963

D50: Median particle size (the volume of particles with this particle size and below accounted for 50% of the total
particle volume, and the same is true for D10 and D90); Dav: Average particle size (D[4,3] is used herein). S/V:
Surface area per unit volume of the particle; D[3,2]: Average particle size of surface area, which is the weighted
average of particle size to the surface area; D[4,3]: Average particle size of a volume, which is the weighted
average of particle size to the volume.
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2.2. Experimental Equipment

Figure 3 shows a schematic of the wet blast cleaning equipment, which is an automatic
wet shotting machine Model SW100100 from INTERNOR. The equipment consists of a
gun, slurry pump, slurry tank, flow meter, pressure gauge, regulator, specimen holder,
automatic feeding devices in X- and Y-directions, and manual adjustment devices in the
Z-direction. The operation of the machine is controlled by PLC. During operations, the
slurry (the mixture of abrasive particles and water) is pumped by the slurry pump and
is delivered to the gun through the fluid delivery pipe. Compressed air enters the gun
through the air delivery pipe. In the gun, the slurry is accelerated by compressed air and
ejected through the nozzle into a jet. Then, the jet hits the surface of the specimens to
achieve the desired cleaning.

Figure 3. Equipment of the cleaning experiment: (a) Structural diagram of the equipment; (b) Schematic
of the cleaning process; (c) Actual image of the equipment.

Firstly, through the control experiment, the effect of abrasive particles shape was
investigated. Specimens of 60-mesh angular and spherical abrasive particles were used for
the cleaning experiments. Each specimen was passed 10 times by the gun, and the mass
of the specimen after each pass was recorded, then the cleaning process was explored by
analyzing the variation of mass with the number of passes. The experimental parameters
are listed in Table 3. Specifically, the feed rate in the Y direction was 15 mm/s. Higher feed
rates cause the specimen to be passed by the jet in less time, resulting in a smaller mass
loss for each cleaning and providing more data for a better understanding of the cleaning
process. After each cleaning, the specimens were rinsed with clean water, dried, and finally
weighed using an electronic scale.
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Table 3. Parameters for the first experiment.

Parameters Value

Air pressure (MPa) 0.3
Stand-off distance (mm) 150

Impact angle (◦) 90
X-direction feed speed (mm/s) 0
Y-direction feed speed (mm/s) 15; 5

Weight ratio of the abrasive particles (wt.%) 4.19

Secondly, to explore the effects of the shape and size of the abrasive particles on the
removal mechanism, brown corundum and spherical abrasive particles of four sizes were
used for the cleaning experiment, and the surface microtopographies of the specimens
after cleaning were characterized and analyzed. The parameters for the experiment are
listed in Table 3. The main aim of the experiment was to observe and analyze the surface
microtopographies of the cleaned specimens; hence, each specimen was passed only once.
Thus, the feed rate in the Y direction was 5 mm/s to ensure effective cleaning of the coatings
to expose the substrates. The equipment was thoroughly cleaned every time the abrasive
particles were replaced.

2.3. Characterization Methods

A laser particle-size tester (Winner 2008A, Jinan Winner Particle Instrument Stock Co.,
Ltd., Jinan, China) was used to examine the particle size and its distribution. For the test,
water was used as the dispersion medium, the sonication time was 30 s, the analysis mode
was free distribution, and the statistical method was volume distribution.

The thickness of the paint film was measured using an INSTRUMENT R&D TC100
coating thickness gauge with accuracy of ±(3% + 2 µm). The measurement was conducted
at five random points, and the average of the five values was recorded.

The mass of the specimens was measured using a G&G JJ324BF electronic scale with
accuracy of 10−4 g. Each specimen was weighed thrice, and the average value was recorded.

KEYENCE (HONGKONG) VK-X200K laser scanning confocal microscope (LSCM)
was used to scan the surface of the cleaned specimen to obtain 3D microtopographies of
the surface. A 10× standard objective was used.

Microscopic topography of the cleaned specimens was observed using a QUANTA
FEG 250 scanning electron microscope (SEM) (FEI Company (Thermo Fisher Scientific),
Waltham, MA, USA). The accelerating voltages used were 8 and 20 kV, and a secondary
electron probe with a spot size of 3.0 was used. Several areas were randomly selected for
observations.

3. Results and Discussion
3.1. Cleaning Process

The change in the mass of the specimens after cleaning with the two types of abrasive
particles (60-mesh) is shown in Figure 4a,b, which show the change in the mass of the
specimens as a function of the number of the passes by the gun, and Figure 4c shows the
average removed mass of the specimens in each pass. When angular abrasive particles
were used, the mass of both specimens gradually decreased with increasing number of
passes (Figure 4a), and the average mass loss was relatively low (less than 0.01 g) and
relatively constant as the number of passes increased (Figure 4c). However, as shown in
Figure 4b, the mass of the specimens did not decrease steadily with an increase in the
number of passes when spherical abrasive particles were used. According to the speed of
mass change, the entire cleaning process could be divided into three stages: the initiation (I),
development (D), and stabilization (S) stages. Considering both Figure 4b,c, in the I stage,
the mass of the specimens decreased slowly, and the mass loss was lower than 0.01 g; in the
D stage, the mass of the specimen decreased rapidly and significantly, and the maximum
mass loss exceeded 0.04 g; in the S stage, the mass of the specimens decreased steadily,
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and the mass loss was approximately 0.01 g. Notably, for all passes, the mass loss of the
specimens cleaned with spherical abrasive particles was higher than that of the specimens
cleaned with angular abrasive particles.

Figure 4. Variation of specimen mass with the number of passes using (a) angular abrasive particles
and (b) spherical abrasive particles. (c) Average mass loss of specimens per pass.

Such a significant difference in the cleaning processes indicated that the cleaning
was influenced by the properties of the abrasive particles. Therefore, the surface microto-
pographies of the cleaned specimens were further characterized to investigate the removal
mechanism.

3.2. Three-Dimensional Microtopographies of the Specimens after Cleaning

Based on the microtopographies and distribution of the paint, the specimen surface
could be divided into three parts: the unaffected area, where the area was not impacted
by the jet and the paint was not cleaned; the affected area, where the area was impacted
by the periphery of the jet and the paint was damaged; and the cleaned area, where the
area was impacted by the center of the jet and paint was completely removed, exposing the
substrate. Figure 5 shows a schematic of the classified surface areas of the specimens.

Figure 5. Schematic of the classified surface areas of the specimen after cleaning.

Figure 6(a1,b1,c1,d1) show the specimens after cleaning with 40-mesh, 60-mesh, 80-
mesh, and 100-mesh angular abrasive particles, respectively. The yellow part was the acrylic
paint, and the silvery gray part was the substrate exposed after cleaning. The smaller the
size of the abrasive particles, the smaller the area of the substrate exposed after cleaning,
indicating that the cleaning ability decreased as the size of the abrasive particles decreased.
The junction areas (A1-1, A2-1, A3-1, and A4-1) between the cleaned area and the affected
area on the specimens was further characterized by LSCM, and the 3D microtopographies
of four areas are shown in Figure 6(a2,b2,c2,d2), and the corresponding cross-sectional
profiles are shown in Figure 6(a3,b3,c3,d3). In the four areas, the distributions of paint were
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similar, showing a “slope-like” trend, and the thickness of the paint gradually decreased to
zero from the affected area to the cleaned area. The distribution indicates that the thickness
of the paint was gradually decreased during the cleaning process, indicating that the
paint was gradually removed, and not debonding of the entire paint layer. However, the
surface microtopographies and thickness distribution of the paint in the cleaning area were
different after cleaning with abrasive particles of different sizes. Therefore, we measured
four characteristic values of these four areas: the maximum height of the area, average
height of the area, surface roughness (Ra) of the paint, and slope of the paint in the section
profile. The paint in the cleaning area in A1-1 was still thick, the maximum height of
the area was 238.3630 µm, the average height was 105.0998 µm, and the Ra of the paint
was 27.156 µm. In the cross-sectional profile, the gradient of the gently sloping paint
was 5.15◦. The paint in A2-1 and A3-1 showed similar surface microtopographies and
thickness distributions, but their four characteristic values were lower than those in A1-1.
The maximum heights of the two areas were 194.5265 and 209.0190 µm, and the average
heights were 99.6084 and 99.3032 µm, respectively. The Ra of the paint in the areas was
16.446 and 16.063 µm, and the slopes of the paint were 3.27◦ and 2.74◦, respectively. The
characteristic values of A4-1 were the smallest, with maximum and average heights of
156.5995 and 82.1448 µm, respectively, The Ra of the paint was 15.560 µm, and the slope of
the paint was 1.81◦. Furthermore, as the particle size decreased, the characteristic values
gradually decreased, indicating that the sloping paint was gradually flatter and the surfaces
were gradually smoother. Therefore, the removed paint was gradually decreased and the
paint was removed in smaller shapes.

Figure 6. Appearance of the specimens cleaned with angular abrasive particles of different sizes, 3D
microtopographies, and cross-sectional profiles of the local area on the specimens. (a1–a3) 40-mesh;
(b1–b3) 60-mesh; (c1–c3) 80-mesh; (d1–d3) 100-mesh.

The surfaces of the specimens after cleaning with spherical abrasive particles of
different sizes are shown in Figure 7(a1,b1,c1,d1), the 3D microtopographies of the paint
in the four areas (B1-1, B2-1, B3-1, and B4-1) are shown in Figure 7(a2,b2,c2,d2), and
the corresponding cross-sectional profiles are shown in Figure 7(a3,b3,c3,d3). Compared
with the specimens cleaned with angular abrasive particles, the exposed areas of the
substrates also decreased as particle size decreased, but the exposed areas were larger,
and the surface microtopographies and thickness distributions of the paint varied. The
distributions of paint in the four areas also varied. Paint in B1-1 and B2-1 showed similar
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surface microtopographies and thickness distributions. The distributions of paint were
“cliff-like”. The thickness of the paint was almost unchanged in the cleaning area and
suddenly decreased to zero at the boundary between the cleaning and cleaned areas. The
maximum heights of the two areas were 240.3675 and 253.5920 µm, and the average heights
were 142.8896 and 139.4244 µm, respectively. The paint surfaces in the two areas were flat
and smooth, and the Ra was only 7.384 and 4.898 µm, respectively. A “cliff-like” distribution
was also observed in B3-1 after being cleaned with 80-mesh abrasive particles. However, the
surface of the paint was no longer smooth but damaged, and Ra was 24.693 µm. Moreover,
the thickness slightly decreased, with maximum and average heights of 232.5480 and
114.3987 µm, respectively. After cleaning with 100-mesh abrasive particles, the “cliff-like”
distribution of the paint in B4-1 was no longer obvious, but there was still a small steep
drop. The paint was very thin, the maximum and average heights were only 134.6775
and 80.0064 µm, respectively, and Ra decreased to 11.750 µm. Although the paint in the
four areas showed a “cliff-like” distribution, B1-1 and B2-1 were the most significant,
indicating that the paint cleaned with 40-mesh and 60-mesh abrasive particles seemed
to be delaminated and rapidly removed, whereas the paint cleaned with 80-mesh and
100-mesh abrasive particles were not, but were removed gradually. Moreover, comparing
the characteristic values, those of the specimens after cleaning with 40-mesh and 60-mesh
abrasive particles were close, indicating that the removal forms of the paint seemed to
be the same, whereas those of the paint cleaned with 80-mesh and 100-mesh abrasive
particles were other forms. Furthermore, paint removal caused by delamination was quite
significant, meaning that 40-mesh and 60-mesh abrasive particles had a stronger cleaning
ability.

Figure 7. Appearance of the specimens cleaned with spherical abrasive particles of different sizes, 3D
microtopographies, and cross-sectional profiles of the local area on the specimens. (a1–a3) 40-mesh;
(b1–b3) 60-mesh; (c1–c3) 80-mesh; (d1–d3) 100-mesh.

3.3. SEM Images of the Specimens after Cleaning

Figure 8(a1–a4) show the appearance and SEM images of the surfaces at A1-2 and A1-3
of the specimen after cleaning with 40-mesh angular abrasive particles. In Figure 8(a2), the
red dotted line is the boundary between the paint and the substrate: the left side is the paint,
and the right side is the substrate. The paint was thin and sloping, and the boundary was
not obvious. In addition, the surface of the paint was damaged, and the damaged surface
was smooth, indicating a brittle fracture. As shown in Figure 8(a3,a4) (after magnification),
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there were several microcutting grooves, plowing grooves, and cracks on the surface of
the paint at A1-3. Figure 8(a4) shows obvious large cracks at the bottom of the plowing
groove. These features are also shown in Figure 8(b2–b4,c2–c4,d2–d4), however, as the size
of the abrasive particles decreased, these features became more and more microscopic and
can only be presented upon further magnification (Figure 8(b4,c4,d4)), and the boundary
between paint and substrate became progressively indistinguishable. Hence, the sloping
distribution of the paint, the inconspicuous boundary, and the damage morphology of the
paint indicated that the paint was removed in flakes and the removal amount in a single
pass was small.

Figure 8. SEM images of the local area of the specimens cleaned with angular abrasive particles of
different sizes: (a1–a4) 40-mesh; (b1–b4) 60-mesh; (c1–c4) 80-mesh; (d1–d4) 100-mesh.

Figure 9(a1–a4) show the appearance and SEM images of the surfaces at B1-2 and B1-3
of the specimen after cleaning with 40-mesh spherical abrasive particles. In Figure 9(a2),
there was a very obvious height difference between the paint (left) and the substrate (right)
and an obvious boundary between the two. The edges of the paint were broken off nearly
vertically. Furthermore, there were some longitudinal cracks perpendicular to the substrate
surface that were deep and through the paint. As shown in Figure 9(a3,a4), there were some
round impact craters in B1-3, the paint in the impact crater underwent plastic deformation,
and there were some tiny cracks at the edges of the impact craters. Similar features were
also present in other specimens as shown in Figure 9(b2–b4,c2–c4,d2–d4). However, there
were differences in the surface morphology and thickness of the paint. In Figure 9(a2,b2),
the paint was very thick without obvious thinning, and the surface was relatively flat and
smooth. However, as shown in Figure 9(c2,d2), as the abrasive size decreased the thickness
of the paint also gradually decreased and the surface of the paint was no longer flat and



Sustainability 2022, 14, 14289 11 of 15

significantly damaged. Compared with the specimens after cleaning with angular abrasive
particles, the paint in the affected area of the specimens after cleaning with spherical
abrasive particles was “cliff-like” and the residual paint was thicker, indicating that the
form of paint removal was chunkier when cleaning.

Figure 9. SEM images of the local area of the specimens cleaned with spherical abrasive particles of
different sizes: (a1–a4) 40-mesh; (b1–b4) 60-mesh; (c1–c4) 80-mesh; (d1–d4) 100-mesh.

3.4. Analysis of Removal Mechanism

Two types of abrasive particles with different particle sizes were used for the cleaning
experiments. The cleaning process and the microtopographical features of the paint cleaned
with different abrasive particles were different. These differences indicated that the removal
mechanisms of the particles were different, which also varied with the shape and size of
the abrasive particles.

3.4.1. Removal Mechanism of Angular Abrasive Particles

The angular abrasive particles could generate high stress when impacting the paint
due to their sharp edges, resulting in cracks on the paint, which expanded into the paint as
the impact proceeded. As shown in the microtopographies of the specimens after cleaning,
the cracks gradually became transverse cracks parallel to the substrate surface in the process
of downward expansion, and new transverse cracks sprouted. Arjula et al. reported that
new transverse cracks are formed parallel to the substrate surface because the shear stress
concentration at the crack tip is greater than the shear strength of the material [33]. The paint
undergoes brittle fracture and breaks out as flakes due to the expansion and intersection
of cracks. Thereafter, water jets can enter it and create a “water wedge”, which expands
the cracks [34,35]. Herein, the numerous microcutting and plowing grooves on the paint
indicate that the abrasive particles microcut and plowed the paint during the cleaning,
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resulting in the removal of the paint. The occurrence of microcutting and plowing shows
that some of the abrasive particles had a certain horizontal velocity, indicating that their
impact angles were below 90◦ [36]. Although the impact angle was set at 90◦ during the
experiment, the abrasive particles did not all impact at 90◦ on the specimen. The abrasive
particles bounce back after impact, and the bouncing particles may be hit by high-energy
particles from the blasting gun, changing the direction of the two particles. Hence, a lot of
impact angles should be expected. These microcutting and plowing phenomena occurred
in the cleaning area, which was impacted by the periphery of the jet; thus, microcutting
and plowing grooves were observed in this part.

Therefore, as shown in Figure 10, the main removal mechanism of angular abrasive
particles includes brittle fracture caused by cracks resulting from large impact stress, micro-
cutting and plowing, and the “water wedge” of the jet. The size of the abrasive particles did
not significantly affect the cleaning mechanism. The paint cleaned with abrasive particles
of different sizes showed similar microtopographies, only that the microtopographical
features of the paint cleaned with the smaller abrasive particles were more microscopic.

Figure 10. Removal mechanism of angular abrasive particles.

3.4.2. Removal Mechanism of Spherical Abrasive Particles

For the spherical abrasive particles, the microtopographies of the specimens cleaned
with 40-mesh and 60-mesh abrasive particles were similar but different from those of the
specimens cleaned with 80-mesh and 100-mesh abrasive particles. When the specimens
were cleaned with 40-mesh and 60-mesh abrasive particles, the contact area during impact
was large because of the spherical shape; thus, the impact stress generated was small
and could not peel off the paint immediately. This is the reason why the mass of the
specimens did not decrease obviously in the I stage. As the cleaning proceeded, the paint
was repeatedly impacted by the abrasive particles, and although the impact stress was
not sufficient to reach the stress limit to destroy the paint, it could lead to fatigue. We
speculate that these cracks were caused by fatigue. As shown in Figure 9, the paint in the
affected areas of the specimens was all impacted by the abrasive particles, but the cracks
appeared on the part near the cleaned area, not near the unaffected area. The paint in this
part was closer to the center of the jet, and there were more abrasive particles in the center
of the jet. Therefore, the paint here was more frequently impacted by the abrasive particles,
which leads to fatigue and fatigue cracks. As shown in Figure 9(b1,b2), the paint peeled
off clean. The surface of the exposed substrate was very clean and free of paint residue,
indicating that the paint was detached from the substrate due to interfacial cracking. We
speculate that the accumulated energy from repeated impacts was not completely released,
which caused large tangential stress between the paint and the substrate, thus leading
to interfacial cracks. As cleaning further progressed, longitudinal-through fatigue cracks
interweaved with transverse interfacial cracks, resulting in block delamination removal
of paint. The microtopographies of the specimens after cleaning with 80-mesh and 100-
mesh spherical abrasive particles were more similar to those of the specimens cleaned
with angular abrasive particles. Further, the paint was not delaminated but gradually
removed when cleaning with 80-mesh and 100-mesh angular abrasive particles, similar to
the form of paint removal when cleaning with angular abrasive particles. However, the
paint was removed more, and its removal form was small blocks. There are two possible
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reasons for this: the small size of the abrasive particles had less kinetic energy, which
was not enough to cause longitudinal-through cracks and interfacial cracks; the abrasive
particles had lower sphericity, and the bud-like protrusions on the surface played the role
of corners, making them similar to angular abrasive particles. For the specimens cleaned
with spherical abrasive particles of all sizes, impact craters appeared on the surface of the
paint, resulting in small amounts of paint peeling in the form of plastic removal.

Therefore, as shown in Figure 11, the main removal mechanisms of spherical abrasive
particles are as follows. For large particles, they include brittle fracture caused by fatigue-
generated cracks and interfacial cracks due to tangential stresses, small plastic deformation,
and “water wedge” action. Small particles show a similar mechanism as spherical and
angular particle composites (brittle fracture due to fatigue-generated cracks and impact
cracks). In addition, plastic deformation and “water wedge” action occur.

Figure 11. Removal mechanism of spherical abrasive particles.

The cleaning process also further confirmed the difference in the removal mechanism.
The microcutting and plowing of the angular abrasive particles did not take time to grow
and intersect like cracks, resulting in the immediate removal of the paint. Thus, as shown
in Figure 4a, the mass of the specimens started to decrease from the beginning of the
experiment. Spherical abrasive particles mainly rely on fatigue cracks caused by repeated
impacts to remove paint, which accumulates over time; therefore, as shown in Figure 4b,
the mass of the specimens did not decrease significantly in the I stage. The paint was
removed rapidly and substantially only when fatigue cracks developed in the D stage.
On the other hand, the differences in the removal mechanism were also reflected in the
cleaning ability of the abrasive particles. Considering Figures 4c, 8 and 9, the mass loss and
exposed substrate area of the specimens after cleaning with spherical abrasive particles
were larger, indicating that their cleaning ability was greater.

4. Conclusions

In this study, we investigated the effects of the shape and size of abrasive particles on
the wet blast cleaning of paint. Four sizes of angular and spherical abrasive particles were
investigated. The cleaning process was studied based on the change in the specimen mass,
and the microtopographies of the cleaned paint were characterized by SEM and LSCM.
Based on the results, the following conclusions are drawn:

(1) The cleaning process varies with the abrasive particle type. The cleaning process of
angular abrasive particles is constant, with an increasing number of passes, but that
of spherical abrasive particles is divided into three stages: the initiation, development,
and stabilization stages.

(2) The main removal mechanism of angular abrasive particles includes brittle fracture
due to the emergence and expansion of cracks caused by large impact stress, micro-
cutting and plowing, and “water wedge”. Therefore, the paint is removed in flakes.
The size of abrasive particles has a negligible effect on the removal mechanism.

(3) The main removal mechanism of spherical abrasive particles varies with the particle
size. For large abrasive particles, brittle fracture due to a combination of fatigue-
generated cracks and interface cracks caused by tangential stresses is predominant.
As a result, the paint is removed in block delaminations. However, for small abrasive
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particles, brittle fracture caused by fatigue cracks and impact cracks due to large
impact stresses are predominant. Therefore, the paint is removed in small blocks.
Furthermore, for all sizes of abrasive particles, plastic deformation and “water wedge”
action contribute to the removal process.

(4) The difference in the removal mechanism of the particles is reflected in the cleaning
efficiency. Spherical abrasive particles have higher cleaning efficiency than angular
abrasive particles. In addition, the larger the size of the abrasive particles, the greater
the cleaning ability and the higher the cleaning efficiency.

This study serves as a good basis for investigating the process parameters of wet blast
cleaning and would promote the development of remanufacturing cleaning. The surfaces
of the specimens used in this study are flat, whereas those used in actual remanufacturing
cleaning may have some depressions and protrusions. Therefore, the mechanism of the
cleaning process on nonplanar surfaces should be further explored.
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