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A B S T R A C T   

Multiphase jet machining (MJM) is a recently developed surface texturing method that introduces water into a 
dry abrasive air jet. However, there are still some unknown issues with MJM, especially regarding the effects of 
adding water. Hence, we conducted a series of comparative studies when water was added (wet conditions) or 
not (dry conditions). Dimples and masked channels were machined on Si wafer and cemented carbide (YG6) 
surfaces to quantify the machining profile, erosion rate and roughness. Numerical simulations and high-speed 
cameras were used to help understand the particle erosion mechanisms. It was found that the inhaled water 
was completely atomized to form droplets and wrapped the abrasive particles; thus, the abrasives tended to 
follow their original trajectories without being deflected by the divergent airflow. This convergent effect could 
reduce the jet diameter and thus improve the machining resolution. The machining footprint was found to be 
reduced by 47.2 % at a jet distance of 13 mm compared to without water. Experimental and numerical results 
confirmed that under wet conditions, most of the particles would flow close to the machined surface, thus 
introducing a sliding grinding effect. The net result was a decrease in erosion ability but an improvement in 
surface roughness. Particularly, for the machining of sintered materials, the roughness could be improved more 
than 2.5 times.   

1. Introduction 

Surface texture is beneficial for tribological purposes, triggering a 
new topic in manufacturing, i.e., surface texturing (Coblas et al., 2015). 
To ensure effects such as hydrodynamic pressure generation and lubri-
cant reservoirs, the texture unit is usually shallow, typically from 0.5–50 
μm in depth and 100 μm to millimeters in other dimensions on the 
surface of machine components (Yuan et al., 2011). The material to be 
processed also varies, from ductile materials, typically metals and alloys, 
to brittle materials such as glass and ceramics. The precision of the 
surface texturing techniques such as accuracy of the dimensions, geo-
metric shape, control of edge angle, roughness of manufactured surface, 
and material property changes all constitute factors that will influence 
the tribological outcome. It is important to select manufacturing 
methods according to the specific application and material (Coblas et al., 
2015). 

Current techniques for surface texturing include laser machining 
(Schreck and Gahr, 2005), micromilling (Zhang, 2013), reactive ion 
etching (Wang and Kato, 2003); (Yu et al., 2013), electrical discharge 

machining (EDM), chemical wet etching and jet machining. Compara-
tively, jet machining technology has shown its application for surface 
texturing owing to the distinct features of machining hard and brittle 
materials without thermal damage and low operating costs. The tradi-
tional jets generally operate in a dry or wet format, as seen in Table 1, 
including the following: (1) abrasive air jet (AAJ); (2) water jet (WJ); (3) 
abrasive water jet (AWJ), including the modified high-pressure abrasive 
slurry jet (HASJ); and (4) abrasive slurry jet (ASJ). In the past few de-
cades, these jet techniques have been developed to perform a wide va-
riety of tasks due to their respective advantages. Generally, most WJs, 
AWJs and HASJs, including the modified PWJs (Lehocka et al., 2016), 
operate at very high pump pressures ranging from 200 to 600 MPa to 
achieve high jet velocities (up to 1000 m/s), so their high-pressure jet 
penetration or instantaneous impact force make them prominently used 
in application scenarios with bulk material removal effects such as 
material cutting, disintegration of coal, rock drilling, etc. 

Low-pressure jet techniques such as ASJ and AAJ (typically 0–3 
MPa), are usually used in processing where energy requirements are 
relatively low such as micromachining of blind/through holes and 
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channels on glass, turning, polishing, paint or scale removal, pretreat-
ment of plating and painting, deburring, etc. One of the distinct features 
of AAJs is that it uses a cheap and low-pressure air pump of 0.1–0.6 MPa 
to achieve a relatively high velocity (100–200 m/s), which is signifi-
cantly higher than the velocity range of the ASJs (15–89 m/s). Haw-
thorne et al. (1999) and Beaucamp et al. (2017) found that under the 
same working pressure, the material removal rate of AAJ is 3 times the 
material removal rate of ASJ because of the confirmation that the par-
ticle impact velocities in the air jet (84 m/s) are much higher than the 
particle impact velocities of the slurry jet (15 m/s). However, for ASJs, 
normal incidence with pressures of 0.5–3 MPa presents a “W”-shaped 
removal in the cross section, as noted by Cao and Cheung (2014); Cao 
et al. (2016). Thus, the ASJs will induce a mid-high spatial frequency 
residual even if complex tool path planning or oblique incidence from 
different positions are applied. Comparatively, AAJ is more conducive to 
the formation of planar or regular microstructures due to its rotational 
symmetrical Gaussian-like removal profile ("U"-shape) (Balasu-
bramaniam et al., 2002). 

However, AAJ is inconveniently carried out in the blasting chamber 
connected to a dust collector, and the operators normally wear partic-
ulate respirators. Using fine abrasives to reduce the size of machined 
features will lead to longer particle settling times, larger contaminated 
areas and difficult recovery of abrasives (Jafar et al., 2016). Use of 
precious abrasives is costly. Usually, dry abrasive particles used in 
traditional AAJs are characterized by high hardness and sharp corners. 
When high-speed particles (compared to ASJs) impact the surface, the 
pierce points of the substrate are deeper, resulting in a rough glass 

surface that has been reported to be as high as 8–10 μm for 30-μm 
diameter particles (Ghobeity et al., 2012). Beaucamp et al. (2017) and 
Ghobeity et al. (2012) indicated that the roughness of AAJ machined 
microchannels is generally larger than the roughness from other 
methods of micromachining such as ASJs and wet etching, which should 
be a critical issue in microfluidic applications. Another potential 
disadvantage of AAJs is that the compressed air jet diverges significantly 
after the nozzle exit, lowering the resolution of micromachined features 
(Luo et al., 2019). 

Therefore, with the advantages of low pressure but high material 
removal rate and U-shaped erosion profile, methods to reduce the dust 
dispersion, roughness and size of the machining footprint resulting from 
dry AAJ operations are meaningful. 

To ameliorate the abovementioned dilemmas, a multiphase jet 
machining (MJM) technology was proposed by Su et al. (2016), in which 
a mixture of abrasives and water was accelerated by compressed air 
through a miniature nozzle to remove material from substrates. Shi et al. 
(2017) pointed out that MJM technology can not only take advantage of 
AAJ under relatively low pressure but also solve the problems of envi-
ronmental pollution. By dissolving abrasives in water, the consumption 
of abrasives is reduced, and valuable abrasives can be recycled. Subse-
quently, feasibility in surface texturing was well verified by Hu et al. 
(2020a, b). However, there are some unknown issues with MJM as a 
potential manufacturing technique. What are the effects of the water 
added? In addition, according to the literature search, some techniques 
are similar to this method, and their technological differences must be 
compared comprehensively. 

In this paper, the unknown characteristics of MJM were experi-
mentally investigated by a comparison with the absence of water 
(equivalent to one of dry AAJs). Parameters compared between these 
methods include jet characteristics (structure, diameter, machining 

Table 1 
Literature results for various jet techniques.   

Type Jet 
pressure 
(MPa) 

Velocity 
(m/s) 

Dry 
(air- 
based) 

Abrasive air jet (AAJ) 0.1–0.6 100–200 
(Luo et al., 2019) 

Wet 
(water- 
based) 

Water jet 
(WJ) 

~600 
~1078 
(Maniadaki et al., 2007) 

Pulsating water jet 
(PWJ) 

40 ~200 
(Lehocka et al., 2016) 

Abrasive slurry jet 
(ASJ) 

0.5–3 
15–89 
(Kowsari et al., 2016), ( 
Nouraei et al., 2013) 

High-pressure 
abrasive slurry jet 
(HASJ) 

35 
150–180 
(Matsumura et al., 2011) 

134–263 200–400 
(Haghbin et al., 2019) 

Abrasive water jet 
(AWJ) 

100 250–450 
(Zhang et al., 2017)  

Fig. 1. An overview of various types of wet AAJ nozzle.  

Table 2 
Literature results for various wet AAJs.  

Slurry 
entry 

Nozzle exit type Application 

Fig. 1(c) Cylinder (180 or 
254 μm) 

Unmasked hole or channel (Nouraei et al., 2013) 

Fig. 1(d) Square (3 mm × 3 
mm) 

Erosion of coating 
(Iwai et al., 2009) 

Fig. 1(d) Cylinder (3 or 4 
mm) 

Polishing (Tsai et al., 2008), (Yan et al., 2008) 

Fig. 1(d) Cylinder (6 mm) Fracture-free texture 
(Mineta et al., 2009) 

Fig. 1(d) Cylinder (8 mm) Surface modification 
(Freiburg et al., 2019) 

Fig. 1(d) Square (1 mm × 1 
mm) 

Wear test (Nakanishi et al., 2015, 2017, 2018); 
polishing (Baba et al., 2019)  
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footprint, etc.) and some important features of the generated dimples or 
surfaces. 

2. Analysis and comparison 

2.1. Technique difference of MJM 

As shown in Fig. 1, there are also similar machining methods that 
mix water and abrasives with air. They are referred to here as wet 
abrasive air jets (wet AAJs), although different researchers have given 
them different names. The variations in ways of mixing the three phases 
determine the characteristics and application of the jet. Table 2 sum-
marizes the results reported in the literature for all kinds of nozzle de-
signs and their applications. 

The early forms of wet AAJ are shown in Fig. 1(a–b) (Old and 
Heitbrink, 2007), in which pressured water is introduced at the nozzle 
upstream or exit. Fig. 1(c) shows a special slurry jet machining system 
proposed by Nouraei et al. (2013), in which the slurry is pushed into a 
small tube by compressed air, making it more like an ASJ; thus, the 
slurry jet machining system yields a "W"-shaped erosion profile under 
certain operating parameters. Fig. 1(d) shows the most frequently used 
wet AAJ, in which air passing through a relatively large and straight 
tube (3–8 mm diameter) results in a weak entrainment effect; thus, 
sometimes the transport of the medium is conveyed with an additional 
pumping pressure (Iwai et al., 2009). This type of wet AAJ technique is 
similar to pumping air into the ASJ to form bubble flow with a cavitation 
effect and was first used by Iwai et al. (2009) to test the wear resistance 
of coatings. Then, Tsai et al. (2008) modified the technique by using a 
4-mm nozzle size to form a large mixed jet flow. Due to its characteristics 
of low speed and large cover zone, the slurry jet machining system was 
used to polish the electrical discharge (ED) machined surface, including 
Tsai et al. (2008, 2009, 2013) and Yan et al. (2008). Most recently, the 
slurry jet machining system was also used for abrasive jet polishing of 
free-form machined surfaces such as the inner surfaces of microgrooves 
and linear/curved microchannels (Mao et al., 2010). Additionally, SiC or 
wax-coated SiC particles within pure water (Tsai et al., 2009), 
water-solvent machining oil (Tsai et al., 2008), water wax (Mao et al., 
2010), or their mixture (Yan et al., 2008) were added to the air supply to 
improve the ED-machined surface. Other related applications using the 
method shown in Fig. 1(d) include Bouzakis’s work, in which cutting 
edges were prepared (Bouzakis et al., 2011); Nakanishi’s work, in which 
the wear behavior of wet AAJ machined surfaces was tested (Nakanishi 
et al., 2015, 2017, 2018); and Baba’s work, in which fracture-free sur-
faces on the target materials of lithium metasilicate glass-ceramic and 

dental ceramics were obtained (Baba et al., 2019). 
The proposed multiphase jet machining (MJM) technology is shown 

in Fig. 2. Structurally, the MJM used a combined nozzle consisting of a 
convergent air nozzle, a mixing chamber and a conical focus tube. The 
ratio of ambient pressure to internal pressure at the convergent air 
nozzle (diameter of 0.7 mm) results in an increase in air velocity and a 
strong negative pressure in the mixing chamber, which can be described 
by the Bernoulli equation of compressible flow. The premixed slurry 
(abrasive and water) can be drawn into the mixing chamber by negative 
pressure and then mixed with the air jet to accelerate the formation of a 
multiphase jet that flows through the focus tube with an inner diameter 
of 1.9 mm. The increased velocity and the small focus tube can facilitate 
the micromachining capacity of the surface texture. The strong negative 
pressure allows easy suction of the slurry without the need for additional 
pumping pressure. Based on the active suction process, the net result is a 
more thorough mixing of gas-liquid-solid than other methods presented 
in Fig. 1(a–d) and changes the jet structure, which will be described in 
detail in Section 3.1. 

2.2. Unknown issues of MJM 

As mentioned above, previous studies of wet AAJs have focused 
mainly on surface polishing, and only little attention has been given to 
the micromachining of surface textures, where the feature details are of 
greater concern. In fact, water in MJM technology may play an impor-
tant role, and there are many unknown issues:  

1) Haghbin et al. (2015) and Messelink et al. (2005) found that the 
introduction of air into the abrasive water/slurry jet would signifi-
cantly increase the material removal rate but enlarge the jet diameter 
and make the polished surface have deeper surface defects. Then, is it 
possible to reduce the air jet diameter and improve the surface finish 
by introducing water into the air jet? How does introduction of water 
affect other surface characteristics such as machining profile and 
surface hardness?  

2) No comparisons to the dry condition were made for the surface 
texturing. The effects of water on the surface roughness were not 
sufficiently illustrated. To what extent is reducing the surface 
roughness accomplished within the texture made by wet conditions 
versus dry conditions? This question is addressed in the context of 
micromachining of surface texture, which is central to this study. 

Fig. 2. Schematic diagram of the formation of MJM.  
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3. Experimental results and discussion 

3.1. Jet structure 

To investigate the unknown effects on jet structure, machining 
footprint, machining profile, and surface roughness when water was 
used (wet condition) or not (dry condition), a series of comparative 
experiments was conducted using specially designed multiphase jet 
machining equipment as reported in our previous work (Hu et al., 
2020a). By using a valve under the same conditions, the inflow rate of 
dry abrasive particles (without using any liquid additive) was regulated 
to be the same as the premixed slurry (abrasives uniformly distributed in 
water, ~10 wt % abrasives). 

After the secondary flow (dry abrasive or premixed slurry) was 
inhaled and accelerated by the high-speed airstream, the mixed flow 
passed through the focus tube to form the jet flow. Fig. 3 shows images 
of jet flow captured by a high-speed camera (i-SPEED 716, iX Inc., 
Tokyo, Japan) under dry and wet conditions. Under dry conditions, as 
shown in Fig. 3(a), the boundary of the jet is vague, particularly in the 
area near the substrate, where the accelerated dry abrasive particles 
rebound immediately after hitting the target surface. Around the jet 
impact zone, a large number of rebounding particles are suspended in 
the air, which will cause pollution and difficulty in abrasive recycling. 
Under wet conditions, Fig. 3(b) shows that the jet boundary is relatively 
clear, and the jet seems to be more convergent than under dry condi-
tions. Many droplets with different sizes are found in the high-speed 
airflow. The environment around the jet is clean and has no violent 
particle rebound phenomenon. Away from the impact zone, both sides 
can observe sliding slurry and advancing ripples on the target surface. 

Why were droplets formed under the wet conditions? Huang et al. 
(2012) found that during an ultrahigh-pressure waterjet (WJ), break-
down of the jet into some droplets starts to occur once the water jet 
departs from the nozzle exit due to aerodynamic interactions, turbulence 
and cavitation. Leu et al. (1998) described that the initially coherent jet 
can break up fully to form droplets as air is entrained into the AWJ. 
Compared with the waterflow, the same but more intensive entrainment 
effect can also occur in the compressible airflow. Thus, due to the strong 
cavitation within the mixing chamber of the MJM, the fluid will be 

completely exhausted to form droplets after the slurry enters the nozzle 
under negative pressure. Since the water droplets have a certain vis-
cosity and adsorption capacity, the small particles will be wrapped in 
them and accelerated together with the airflow to eventually hit the 
workpiece. Obviously, the wet condition is characterized by a large 
number of droplets containing particles in a high-speed air flow, which 
is a typical three-phase flow, while the dry condition is a two-phase flow. 

It also needs to illustrate the difference between the air-based MJM 
and water-dominated jet techniques shown in Table 1, because there are 
three similar phases containing gas, liquid and solid in these jets. These 
three-phase flows include mainly the air entering the abrasive water jet, 
the ultrasonic or self-oscillating abrasive water or slurry jets (PWJ), and 
the entrainment of surrounding air after the water jet exits the nozzle. 
However, in these water-dominated flows, either the gas composition is 
low or the flows are filled mostly with bubbles rather than droplets. 
When compared with other wet AAJs shown in Fig. 1(a–d), only the 
method shown in Fig. 2 causes a strong negative pressure that can 
atomize the liquid into water droplets, while a positive pressure or weak 
negative pressure obviously cannot. The addition of water to the MJM 
changes the formation and composition of the jet, and the resulting ef-
fects will be investigated and discussed. 

3.2. Machining footprint 

Fig. 4(a) presents optical images of the machining footprint using dry 
and wet conditions on the silicon (Si) substrate. The nozzle was fixed at a 
certain height of 1–13 mm from the workpiece. The machining condi-
tions were air pressure of 0.6 MPa, jet angle of 90◦, particle size of 13 
μm, and processing time of 1-minute. Due to the divergence of the jet 
and the secondary impact after the particle rebound, there is a bright 
area around the edge of the machined dimple, the so-called frosted zone. 
Fig. 4(b) shows the frosted width and dimple diameter as a function of 
jet distance, which is drawn according to the machining footprint size of 
Fig. 4(a). 

Under dry conditions, the rebound of particles is too violent. Most 
particles will fall to a distance after being bounced into the air, so there 
are almost no erosion marks caused by the secondary impact of particles 
around the dimple. The frosted zone under dry conditions is caused 
mainly by divergent flow. As the jet distance increases, the divergence 
becomes severe, resulting in a more blurred dimple edge and a larger 
width of the frosted zone. 

Interestingly, under wet conditions, the addition of water makes the 
edge of the dimple clear, and the width of the frosted zone is signifi-
cantly reduced. Taking the jet distance of 13 mm as an example, with 
water used, the frosted zone can be reduced from 9.54 mm to 5.04 mm. 
As shown in Fig. 4(b), the frosting under wet conditions first decreases 
and then increases, achieving a small frost zone at the 4-mm jet distance. 
The large frosted width at the jet distance of 1 mm is due to erosion 
caused by the secondary impact of particles around the dimple. There-
fore, in addition to a bright area around the dimple, there is also a 
shallow erosion area (see Fig. 4(a)). The bright area is caused by the 
divergent jet, while the shallow erosion area is caused by the secondary 
impact of particles. As the jet distance increases, the secondary impact 
ability of the particles decreases, resulting in a decrease in the shallow 
erosion marks, and these marks are increasingly covered by the erosion 
caused by the divergent jet. 

Fig. 4(b) also shows that when the jet distance is less than 10 mm, the 
dimple diameter under the wet condition is slightly smaller than the 
dimple diameter under the dry condition. When the jet distance exceeds 
10 mm, the machined diameter under the wet condition is close to the 
machined diameter under the dry condition and even exceeds the 
machined diameter when the jet distance is 13 mm. Without considering 
the particle rebound, the jet structures under dry and wet conditions are 
drawn in Fig. 4(c) based on the experimental results, clearly showing the 
convergent effect of the jet flow when using water. These machining 
results reveal that the addition of water can slightly decrease the 

Fig. 3. High-speed camera images of (a) dry and (b) wet conditions using 0.6- 
MPa jet pressure and 13-μm particle size. 
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diameter of machined dimples and obviously decrease the frosted zone, 
thus improving the boundary resolution. 

Humphrey et al. (1990) reported that the momentum equilibration 
number, λ, can be used to assess the extent to which entrained particles 
follow fluid flow streamlines, expressed as: 

λ =
ρp(dp)

2vjet

18μ(df )
(1)  

where ρp is the particle density, dp is the particle diameter, vjet is the jet 
velocity, μ is the dynamic viscosity of the fluid, and df is the focus tube 

Fig. 4. Comparisons of (a) machining footprint measured by a digital microscope (KEYENCE Inc., Osaka, Japan), (b) frosted width and dimple diameter and (c) jet 
diameter between the dry and wet conditions. 

Fig. 5. Structure of the free air jet flowing in the air (not to scale) (Li et al., 2009).  
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diameter. During wet conditions, many of the small particles are 
wrapped in the droplets, which is equivalent to increasing the equivalent 
diameter of the particle. The increase in λ indicates that the large 
droplets tend to follow their original trajectory without being deflected 
by the divergent flow field in the covered area. That is, the addition of 
water causes the air jet to converge and limits the deflection of the 
particles; thus, it is beneficial for micromachining. The aerodynamic 
focusing method presented by Luo et al. (2019) is also beneficial to 
reduce the dimple diameter machined by abrasive air jets, but that 
aerodynamic focusing method increases the frosted width. Compara-
tively, the significant advantage of the MJM method is that it not only 
reduces the machined dimple diameter but also greatly reduces the 
frosted zone width. 

Fig. 5 shows the structure of the free air jet flow in the air. As is 
known from ref. (Li et al., 2009), the axial distance u from 0 to 6.2 df is 
usually described as a potential core, where the air flow velocity is 
considered to be constant. When the jet distance reaches the end of the 
potential core (6.2 df= 11.78 mm), the air jet starts to enter the 
degenerate zone. Thus, under dry conditions, when the jet distance 
reaches 13 mm, the boundary of the machined dimple becomes very 
blurred. Under wet conditions, the water flow breaks up fully to form 
droplets and accelerates together with the airflow. Fine particles are 
wrapped in the water droplets. In macroscopic observations, the parti-
cles can be regarded as flowing in an environment of water. Of course, 
the viscosity of this mist fluid is much lower than the viscosity of pure 
water. In general, many researchers have pointed out that water or 
slurry jets have a smaller jet divergence and longer potential core length 
(approximately 100 df) than air jets because the viscosity of water is 
approximately 100 times the viscosity of air. Obviously, water was 
introduced into the air jet to make it similar to the slurry jet. Compared 
with the dry conditions, due to the increase in viscosity and restriction of 
water droplets during the wet condition, fine particles will easily move 
along the jet centerline with a small divergence angle and form a long 

potential core length (Lp). In other words, the attenuation of the dry air 
jet is more significant than the attenuation of the wet air jet as the jet 
distance increases. Thus, under wet conditions, when the jet distance 
reaches 13 mm, the boundary of the machined dimple is still clear, and 
the machined dimple diameter tends to increase. With the water used, 
the air jet will be changed to have a small divergence zone and a fine but 
long potential core. 

3.3. Machining profile 

The last section shows that additional water can affect the trajectory 
of particles associated with machining. Then, how does it affect the 
machining profile? Under the conditions of air pressure of 0.6 MPa, jet 
angle of 90◦, particle size of 13 μm, and processing time of 1-minute, the 
erosion profiles machined under dry and wet conditions at different jet 
distances are compared in Fig. 6. The machining profiles and surfaces of 
disintegrated dimple were evaluated using a 3D optical profilometer 
(BRUKER Inc., USA). 

As shown in Fig. 6(a), under both dry and wet conditions, when the 
jet distance increases, the erosion depth first increases and then de-
creases, achieving a maximum erosion depth at an approximately 4-mm 
jet distance. The erosion depth under wet conditions is smaller than the 
erosion depth under dry conditions. A small-frosted zone width can also 
be observed clearly from the 3D surface under wet conditions. Fig. 6(b) 
presents the numerical difference between the machining depths under 
the dry and wet conditions. With increasing jet distance, the difference 
first increases and then falls. Fig. 6(c) shows an enlarged comparison 
diagram when the jet distance is 4 mm in Fig. 6(a), comparing the 
normalized profiles of holes machined using dry and wet conditions. The 
cross-sections of holes in Si wafers machined under dry conditions are 
typically “V” shaped, while there is a more “U”-shaped cross-section 
under wet conditions, with sidewalls that are steeper than the side-
walls under dry conditions. These machining differences will be 

Fig. 6. (a) Machining profiles of dry and wet condition, (b) graph of numerical difference between the depth of dry and wet condition with the variation of jet 
distance, and (c) an enlarged comparison diagram at jet distance of 4 mm in (a). 
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illustrated by the erosion mechanism in the next section. 

3.4. Erosion mechanism 

Material erosion is a complex process in which the solid particle 
impact is affected not only by the sphericity, size and impact velocity of 
the particles but also by the mass flow rate, particle distribution and 
local impact angle distribution incident on the substrate, which in turn 
depends on the movement trajectory of particles. 

The change in the machining profile is related to the movement 
trajectory of particles near the target surface. Obviously, the increased 
viscosity under wet conditions can make the particle motion behavior 
more complex. To qualitatively understand the particle motion details in 
the dry and wet jet impact zones, a series of simulations were performed 
in this study using ANSYS Fluent 16.1 (ANSYS Inc., Cecil Township, PA, 
USA). Several assumptions were made in this simulation: the air stream 
is steady flow; the added water was thought to increase the density and 
viscosity of flow; the particle concentration is relatively small, so its 
influence on air flow can be ignored, and the collapse between particles 
can be excluded. Because the low concentration of particles significantly 
eliminates particle-particle and particle-flow interactions, particles are 

injected through the medium at the same velocity as the fluid, following 
the k-ε turbulence model. A unidirectional coupled Lagrangian discrete 
phase model (DPM) was used to simulate the flow field of viscous fluid 
and trace the particle trajectories in the stagnation zone. A second-order 
upstream discrete scheme was used for numerical stability. Hexahedral 
cells were used to mesh the fluid domain with cells arranged roughly in 
the direction of the jet to reduce false diffusion between cells. The mesh 
was refined near the target surface to capture the particle motions. The 
viscosity of the dry conditions is equal to the air viscosity. It is difficult to 
obtain the viscosity under wet conditions; hence, the average viscosity 
was assumed to increase tenfold. The walls of the target and focus tubes 
were treated as smooth no-slip walls. The jet velocity was regulated by 
the air pressure, from 0 to 0.6 MPa. According to Iwai’s research, the 
nozzle exit velocities at 0.6 MPa were estimated to be slightly over 100 
m/s (Iwai et al., 2009). The model was initially assumed to be filled with 
air, and no slip existed among the phases in this model. Table 3 gives the 
boundary conditions of the solver used in the simulation. 

The simulation was carried out while the dimple initially formed. 
Fig. 7 shows the absolute pressure, velocity and particle trajectory 
contours of dry and wet jet flows within the formed dimple. Fig. 7(a) 
compares the absolute pressure clouds of the two jets. A high-pressure 
zone is formed at the bottom of the dimple, the so-called stagnation 
zone. The stagnation zone under wet conditions is stronger than the 
stagnation zone under dry conditions. At the same time, a low-pressure 
area is formed at the boundary of the dimple (see details A and B). The 
boundary pressure under wet conditions is lower than the boundary 
pressure under dry conditions, which can affect the formation of 
chamfers. In most cases, the chamfer under the wet conditions is smaller 
than the chamfer under the dry conditions. 

Fig. 7(b) compares the velocity and motion trajectory of 13-μm 
particles under dry and wet conditions, revealing that the increased 
viscosity causes a large stagnation zone at the dimple bottom, which can 

Table 3 
Parameters for simulation modeling of jet machining.  

Fluid inlet velocity 100 m/s (Iwai et al., 2009) 

Particle inlet velocity 100 m/s 
Outlet pressure 0 Pa 
Reference pressure 101,325 Pa 
Particle shape factor 0.76 
Average density 1.225 kg/m3 

Dry viscosity 1.7894e-5 kg/m s 
Wet viscosity 1.7894e-4 kg/m s  

Fig. 7. Comparison of the (a) stagnation pressure and (b) particle motion near the impact zone between the dry and wet conditions.  
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vary the particle impact velocities and angles. The strong stagnation 
zone can apply significant drag on the abrasive particles, reducing their 
impact velocities and thus, decreasing the erosion rate. Obviously, under 
the dry condition with a small stagnation effect, the interference with 
particles is small. A significant fraction of particles rebound immediately 
after hitting the target surface. This kind of rebound particle will seri-
ously interfere with subsequent abrasive particles. Due to the strong 
stagnation effect upon jet impingement, the fluid diversion and velocity 

reduction under wet conditions are more notable than the fluid diver-
sion and velocity reduction under dry conditions, and the particle 
rebound ability is significantly reduced. The particle impact velocities 
and angles at the jet center and jet edge are different. Most of the particle 
trajectories incident perpendicular to the surface will deflect radially, 
causing these particles to move away from the centerline and strike the 
surface at a shallower angle. The net result is that at the center of the jet, 
the flux of impacting particles is relatively low, and the local impact 

Fig. 8. The brittle erosion mode observed in the wet erosion of Si wafers using a field-emission scanning electron microscope (SIGMA 500, Zeiss) (Shi et al., 2017).  

Fig. 9. Instantaneous motion pictures of particles impacting the surface of the workpiece captured by the high-speed camera (i-SPEED 716, iX Inc., Tokyo, Japan) 
under (a) dry and (b) wet conditions. (The blue dotted line represents the continuous movement of particles). 
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angle varies across the jet. Specifically, the impact angle is close to 90◦

(that is, vertical) in the center area, but the impact angle becomes 
increasingly shallow at the distance away from the jet centerline where 
the secondary flows move more parallel to the dimple surface. Obvi-
ously, the dimple wall formation is related to this particle deflection and 
secondary flow along the dimple surface. Compared with the dry jets, 
the wet jets will form "U"-shaped dimples with a wider bottom because 
some deflecting particles with a larger impact angle first hit the sidewall 
surface directly and more secondary particles flow along the sidewalls of 
the dimple. 

Near the stagnation zone, due to the increased viscosity, the particle 
impact velocity under wet conditions shows a slight decrease (see Fig. 7 
(b)). The erosion of Si wafers is a typical brittle erosion mode based on 
the solid particle erosion surface shown in Fig. 8. Since the erosion rate 
of the brittle mode is generally lower at these shallower impact angles, 
the local erosion rate of the wet conditions is lower near the jet center 
than the local erosion rate under dry conditions. In this way, the 
particle-indented depth may decrease, thus resulting in a shallow and 
“U”-shaped profile under wet conditions. 

As mentioned earlier, the use of water makes the jet converge. This 
effect becomes particularly pronounced at relatively large standoff dis-
tances. Hence, at relatively large standoff distances, where the erosion is 

most affected by the wet jet with a small divergent angle, the two depths 
between the dry and wet conditions will be close to each other. At small 
standoff distances, the two depths are also close to each other, possibly 
because the subsequent abrasive can be seriously disturbed by the front 
bouncing abrasive under dry conditions. Both short-distance rebound 
and long-distance divergence will reduce the erosion rate under dry 
conditions. 

In conclusion, under dry conditions, the vertical particle impact has a 
large removal efficiency, while under wet conditions, the deflected 
particles have the potential to improve the quality of the machined 
surface. 

3.5. Particle deflection 

The erosion mechanisms can be more accurately analyzed from a 
microscopic perspective. Fig. 9 shows instantaneous motion pictures of 
particles impacting the workpiece surface under dry and wet conditions. 
To clearly capture the particle movement details, relatively large glass 
beads for shot peening with a particle size of 200 μm and a low impact 
velocity were used. The flow speed may be different from the actual flow 
speed of 0.6 MPa, but complex near-wall particle flow can be well ob-
tained to further explain the experimental phenomenon. 

Fig. 10. (a) Photos and (b) schematic illustration of the high-velocity impact of a water droplet containing a particle on a solid surface.  

Fig. 11. (a) Scanning electron micrograph of a typical shallow channel machined using wet conditions with a S-type feeding path (Hu et al., 2020a), and (b) its 3D 
topography. (Experimental conditions: 90◦ jet angle, 13-μm SiC abrasive, 0.6-MPa jet pressure, 100-μm feed rate, 0.2-mm/s nozzle motion rate, 10-mm jet distance). 
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Both particle trajectories of dry and wet conditions captured by the 
high-speed camera show good consistency with the simulation results 
shown in Fig. 7. As shown in Fig. 9(a), under dry conditions, the particles 
bounce from the surface almost perpendicularly after the first impact. 
The particle motions involved in the wet jet condition seem to be more 
complex, as indicated in Fig. 9(b). After the particle-containing droplets 
first hit the surface perpendicularly, most of the particles will go through 
three stages: (1) bouncing from the impact surface with a certain ejec-
tion angle; (2) flying in the air; and (3) hitting the workpiece again with 
a very low impact angle and then sliding on the machined surface. The 
movement of the particles across the surface produces an abrasive 
sliding scratch effect, which may improve the quality of the machined 
surface. 

Why do particles deflect under the wet conditions? This complex 
near-wall particle deflection under wet conditions is related to the high- 
pressure zone formed by the droplet hitting the surface at a high speed. 
The impact contact between high-speed droplets containing a particle 
and a solid surface is illustrated in Fig. 10(a). The contact consists of two 
main stages, as shown in Fig. 10(b). During the first stage, because the 
shock velocity in the liquid (C1) is lower than the shock velocity in the 
solid (C2), at the moment when the droplet impacts the solid surface 
with a velocity of Vj, an area of high compressive pressure (short high- 
pressure transient, also called water-hammer pressure) will be gener-
ated due to the compression of the water. When the droplet is com-
pressed until the shock waves reach the periphery of the droplet, the 
impact pressure reaches its maximum. Then, during the second stage, 
the shock wave eventually escapes from the contact edge, resulting in 
the release of the stress wave. At the same time, the water flows from the 
contact edge to both sides, and there is evidence that the outflow jet 

velocity (Vr) can be several times higher than the impact velocity (Vj) 
(Kong et al., 2010). Then, the impact pressure reduces to the stagnation 
point value. As shown in Fig. 10(b), the deceleration and deflection of 
particles are caused by the high-pressure zone, which has a 
dust-controlling effect and has a great influence on the abrasive erosion 
behavior. 

3.6. Machining depth, surface roughness and hardness 

In last section, experimental results indicate that wet conditions have 
the potential to improve machined surface quality. This section aims to 
further confirm the assumption through experiments. As shown in 
Fig. 11, by using a mask, miniaturized features with complex surface 
shapes can be fabricated. In addition, by using the S-type feeding mode, 
the machined features will obtain a flat bottom, which is convenient to 
measure the roughness and the average erosion depth. The S-type 
feeding mode was realized by moving the workpiece along the groove 
direction and synchronously oscillating the workpiece relative to the 
nozzle in the direction perpendicular to the mask edge. A metal mask 
with a thickness of 200 μm and an opening width of 500 μm was used. 
Other definite parameters were 100 μm feed rate, 0.2 mm/s nozzle 
motion rate, 90◦ jet angle, and 10 mm jet distance. The variable con-
ditions were 13 or 32 μm SiC, 0.1–0.6 MPa jet pressure. The machining 
results are shown in Fig. 12. 

As shown in Fig. 12(a–b), both under dry and wet conditions, SiC 
particles with an average diameter of approximately 13 μm seem to 
present lower roughness and smaller machining depth compared to the 
32-μm average diameter. Fig. 12(a) shows that the machining depth of 
wet conditions is lower than the machining depth of dry conditions in 

Fig. 12. Roughness, machining depth and nanoindentation results on Si wafers under dry or wet conditions via SiC particles of different sizes at various jet pressures.  
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this erosion mode. Fig. 12(b) shows that the surface roughness under 
wet conditions is lower than the surface roughness under dry conditions, 
revealing that the added water does improve the quality of the machined 
surface. 

For the surface texture, apart from the wear resistance caused by its 
geometric structure, the physical properties of the surface machined by 
abrasive jet machining also play an important role. Actually, the particle 
impact has a shot peening effect, which will cause a plastic zone below 
the impact point, as shown in Fig. 8. This effect will harden the surface, 
thereby improving the surface wear resistance. Therefore, it is necessary 
to explore whether the addition of water affects this characteristic. 

The hardness of the eroded surface can be reflected by the nano-
indentation depth, which was measured using a dynamic ultramicro 
hardness tester (DUH211 s, SHIMADZU, Japan) with a Berkovich 
indentation of 115◦. Indentation with a constant test force of 20 mN was 
carried out on the substrate to test the maximum indentation depth. 
Fig. 12(c) shows that SiC particles with a small diameter seem to present 
a lower nanoindentation depth than SiC particles with a large diameter. 
The nanoindentation depth under wet conditions is also lower than the 
nanoindentation depth under dry conditions. 

The wear resistance of the dry and wet jet machined surface was 
estimated using a scratch test with a loading speed of 20 N/m, loading 

Fig. 13. Images of scratch tracks on the initial Si surface and the erosion surfaces under dry and wet conditions using a jet pressure of 0.6 MPa and particle size of 
13 μm. 

Fig. 14. The influence of abrasive particle size and its transport medium on the surface roughness under (a) dry and (b) wet conditions.  
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force of 20 N and scratch length of 3 mm. The diamond loading head has 
a cone angle of 120◦ and radius of 0.2 mm. Fig. 13 shows that the wear 
resistance of the surface processed by both dry and wet conditions is 
improved, indicating that the hardened surface will prevent the emer-
gence of scratch cracks. However, the addition of water will weaken this 
hardening effect, so premature fracture occurs on the wet machined 
surface. Scratch cracks and indentation depth are both a reflection of 
surface hardness, which means that the harder the surface is, the shal-
lower the indentation depth and the shorter the plastic scratch length. 

Fig. 14 schematically illustrates the effects of fine and coarse parti-
cles on the surface integrity of Si wafers under dry or wet conditions. 
Under dry conditions (see Fig. 14(a)), a larger roughness is generated if 
coarser particles are employed, illustrated by the repeated impacts on 
the Si surface by the coarser particles with relatively high erosion kinetic 
energy. Therefore, due to the more intense material removal ability 
through crack growth, the coarse particles cause severe plastic defor-
mation and brittle fracture of the target compared with the corre-
sponding fine particles. Beyond that, as theoretically shown in Fig. 15, 
fine particles are more likely to be deflected by the airflow and even-
tually impact the surface with a lower impact force and impact angle (F2, 
θ2) than coarse particles (F1, θ1). Since the brittle erosion of brittle 
materials depends strongly on the velocity component perpendicular to 
the surface and roughness decreases with the decrease in the normal 
impact velocity component and impact angle, the net effect of fine 
particles is to reduce erosion and therefore the channel depth, roughness 
and nanohardness. 

The related mechanism of wet conditions is shown in Fig. 14(b). 
Under wet conditions, particles are easier to be deflected due to the high 

pressure formed in the impact of water droplets and eventually impact 
the surface with a lower impact force and impact angle than under dry 
conditions, so that the machining depth, roughness and nanoindentation 
depth under wet conditions are lower than under dry conditions. For wet 
conditions using fine and coarse particles, the machining difference can 
be well illustrated by the simulation results shown in Fig. 15. Under wet 
conditions, the direction of abrasive movement tends to be the direction 
of the water flow because of its large viscosity. For fine abrasive parti-
cles, this phenomenon of being guided by water droplets is more pro-
nounced than using coarse particles. On the one hand, buffing occurs 
since small particles are dragged more easily by the flowing water along 
the surface, thus decreasing the first impact angle and improving the 
machining quality. On the other hand, a particle sliding effect occurring 
after the second impact also improves the quality. Large particles are less 
affected by water droplets and are used mainly to pierce materials 
deeper (see Fig. 15). A larger portion of the initial particle kinetic energy 
of the coarse particles is consumed to generate the deformation and 
crack system shown in Fig. 8. Thus, brittle material subjected to wet 
conditions by fine particles is considered to have a lower roughness and 
a smaller nanohardness than erosion by coarser particles under the same 
conditions. 

3.7. Machining characteristics in sintered ceramics 

In industrial applications, many materials are not the single-phase 
materials, such as Si. Most sintered materials have a nonuniform struc-
ture and are popular or potential materials of mechanical end seals 
owing to their high erosion resistance, high hardness and light weight. 

Fig. 15. The influence of abrasive particle size on the particle trajectories under dry and wet conditions.  
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For example, cemented carbide is a compound ceramic, offering 
improved wear resistance as a result of a microstructure in which hard 
WC grains are surrounded by infiltration of the Co matrix. The hetero-
geneous mechanical and thermal properties caused by this uneven 
structure may affect the sensitivity of particle impact, so it is necessary 
to explore the erosion behavior of cemented carbide. 

Fig. 16 shows that the addition of water has a more obvious influence 
on the machining profile of the cemented carbide. The results in Fig. 16 
indicate that under the different processing times, the bottoms of the 
dimples processed under dry conditions are all relatively sharper, while 
the bottom surfaces processed under wet conditions are relatively flat. 
As explained in Section 3.4, this flat bottom under the wet condition is 
related to the large stagnation effect. This effect is more obvious in the 
machining of cemented carbide. It is found that the wet machined 
profile of the cemented carbide is flat, while the bottom of Si is rounded. 
In other words, under the wet condition, the machined profile of the 
cemented carbide is flatter than the bottom of the Si wafer, which may 
be related to the nonuniform force of the particles acting on the multi-
phase material. The same trend can be found in Kowsari’s work, in 
which the glass and zirconium tin titanate were tested (Kowsari et al., 
2016). In addition, the dimple machined under wet conditions has a 
smaller edge chamfer than the dimple machined under dry conditions, 
which can be obtained by the comparison between the blue and yellow 
areas of Fig. 16(b). The large chamfer during dry conditions may be 
caused by excessive erosion of the particles around the divergent jet 
boundary. Under the wet condition, a has low pressure and high velocity 
at the edge of the dimple (see detail B of Fig. 7(b)). Since abrasive 
particles were wrapped in water droplets and the slurry flowed rapidly 
at low boundary pressures, a small chamfer was formed under wet 
conditions. 

Fig. 17 illustrates typical trajectories of the abrasive particles in dry 
and wet jet processes and presents SEM and 3D optical images of the 
corresponding machined surfaces. Compared with the machining results 
of the Si wafer in Fig. 12, the results of Fig. 17 show that when 
machining cemented carbide, the surface roughness of wet machining is 
obviously lower than the surface roughness of dry machining, revealing 

that the machining differences are magnified in the machining of sin-
tered materials. The presence of hard and soft phases within the sintered 
materials leads to differing erosion behavior. Under dry machining, 
particles almost perpendicularly impact the target surface. Since the 
erosion rate of WC (brittle materials) is higher than the erosion rate of 
Co (ductile materials) at large impact angles, when particles hit the 
brittle phase vertically, the local penetration depth is too large, causing 
the pit depth to reach 4 μm. The protruding parts are Co materials that 
are difficult to remove, and the recessed parts are WC materials that are 
easy to remove. The average surface roughness of dry machining is 809 
nm. Under wet machining, the breakage of droplets produces a lateral 
velocity several times greater than the impact velocity. Since the 
removal rate of Co (ductile materials) is higher than the removal rate of 
WC (brittle materials) at low impact angles, the protruding parts (Co) 
can easily be flattened by the particles with high lateral speeds. 

In addition, in wet machining, abrasive particles are mixed with an 
additive (water solvent), which can easily cause the abrasive particles to 
slide over the surface following impact. Hence, as shown in Fig. 17(b), 
slight scratches can be observed on the wet erosion surface. The motion 
of the particles across the target surface generates a grinding polishing 
effect, and hence, the quality of the machined surface is improved. The 
sliding effect of liquid-coated particles is illustrated in Fig. 18, which 
results in the surface being flattened and smoothed. As shown in Fig. 17 
(b), the height difference of the machined surface under wet conditions 
can be reduced to ±1 μm. The average surface roughness of wet 
machining is 312 nm. 

These machining characteristics reveal that the presence of water 
can bring many benefits. Denkena and Biermann (2014) also reported 
that in slurry jets, water is considered to have a cushioning and damping 
effect that favors better surface quality, suppresses dust formation and 
has no thermally induced distortions. AAJ machining uses air as a carrier 
medium, which is a dry process. To improve the machining quality, 
researchers usually add a small amount of lubricating fluid such as 
minimum quantity lubrication (MQL)-assisted machining (Sen et al., 
2019) in dry processing. Obviously, the added water in MJM was found 
to have the same lubrication effect. 

Fig. 16. Comparison of erosion profiles on cemented carbide (YG6) surfaces machined under dry and wet conditions using fixed jet mode, jet distance of 1 mm, jet 
angle of 90◦, jet pressure of 0.6 MPa and particle size of 13 μm. 
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Fig. 17. The erosion surface on cemented carbide (YG6) under (a) dry and (b) wet conditions using the S-type feeding mode and the same conditions as in Fig. 16.  
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In summary, the novelty of this paper is that the proposed MJM 
method can be beneficial to ameliorate the technical microdefects such 
as dust dispersion, high surface roughness and large machining footprint 
size resulting from dry abrasive jet machining operations. According to 
the machining performance, MJM would be advantageous for the 
fabrication of tribological texturing on sintered ceramics, where both 
shallow features and a flat, repeatable depth are required. Despite 
several benefits seen in MJM, the use of this machine tool is limited due 
to the existence of some process limitations such as the entrainment 
method similar to abrasive water jets that results in lower energy 
transfer efficiency. Compared with abrasive air jet machining, experi-
ments confirm that the addition of water in MJM further weakens the 
cutting force. Improvement of the machining efficiency during MJM will 
be the subject of past and continuing research. 

4. Conclusions 

Multiphase jet machining (MJM) is a recently developed surface 
texturing method that introduces water into dry abrasive air jet 
machining. To explore the effects of water added in MJM, we conducted 
a series of comparative experiments when water was used (wet condi-
tion) or not (dry condition). Dimples and masked channels were 
machined on Si and cemented carbide (YG6) surfaces to quantify the 
erosion rate, roughness and machining profile. Numerical simulations 
and high-speed capture images were used to help understand the par-
ticle erosion mechanism. The key concluding remarks in the compari-
sons of dry and wet conditions are as follows.  

1 The added water was found to greatly change the jet structure. The 
MJM (wet condition) is characterized by a large number of droplets 
containing solid particle erodents within the high-speed airflow.  

2 The MJM (wet condition) was found to have a very small divergent 
angle compared with the dry abrasive air jet. This convergent effect 
can reduce the jet diameter, thereby improving the machining res-
olution, manifested in the decrease in the machining footprint. 
Taking the jet distance of 13 mm as an example, with the water used, 
the machining footprint can be reduced by 47.2 %.  

3 The added water obviously changes the particle motion trajectories 
near the target surface. Under dry conditions, particles almost 

perpendicularly bounce from the surface because the viscosity of the 
air is very small. Under wet conditions, perpendicular particle flow 
will be deflected into lateral flow. Compared with the V-shaped 
profile machined under dry conditions, due to particle deflection, the 
MJM has a more U-shaped machining profile.  

4 Under wet conditions, due to the strong decelerating effect of the 
water stagnation zone near the target, the measured MJM erosion 
rates were slightly smaller than the erosion rates under dry 
conditions.  

5 The sliding grinding effect under wet conditions results in an 
improvement in surface roughness. Particularly, for the machining of 
sintered materials, due to the abrasive sliding effect, the roughness of 
the machined surface is found to be improved more than 2.5 times. 
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