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A B S T R A C T

Multiphase jet machining (MJM) is a novel surface texturing technique that accelerates the mixture of abrasives
and water by compressed air for removal of materials. Here, the significant stagnation effect of masked MJM was
reported for the first time; this effect can yield a much lower machining efficiency than the masked abrasive air
jet machining and unmasked MJM. It was found that using masks with smaller taper angles improves the ma-
chining efficiency and the sidewall slope of the channel. Moreover, reducing the jet angle also elevates the
efficiency. Machining mechanisms were revealed and described in terms of the slurry pressure and flow velocity
in the stagnation zone. Overall, to improve the machining efficiency of masked MJM, two optimized process
parameters were suggested and verified: 1) masks with a taper angle of 30° or smaller; 2) nozzles with an
inclined jet angle of 80°.

Introduction

Mechanical seals are widely used in rotating machinery to avoid
leakage between dynamic and static rings. The wear on the mating
surface is a serious problem that limits the stability and durability
under the condition of high temperature, high pressure and high speed
[1]. In recent years, surface textures such as microchannels or dimples
have been proven to be an effective approach for ameliorating the tri-
bological and sealing properties of mechanical seals [2–4].

Many materials used for mechanical seals, including cemented
carbide and silicon carbide, are hard and brittle materials that are
difficult to machine. Current process techniques for micromachining
such as laser machining [5,6], micromilling [7] and dry or wet etching
[8] are inevitably associated with either a high processing cost, low
precision of the machining profile, or microcracking caused by either
the processing force or heat. Multiphase jet machining (MJM) is a
newly developed technique for the fabrication of surface textures on the
mating face of mechanical seals that is promising due to its distinct
features of the absence of a heat-affected zone (HAZ) and a high etching
rate for brittle materials [9,10]. The inset of Fig. 1 shows the formation
mechanism of a multiphase jet. Briefly, when compressed air passes
through the nozzle at high speed, the mixture of the abrasive and water
is drawn into the mixing chamber by the negative pressure created in
the nozzle and then mixes with the air to accelerate the formed mul-
tiphase jet that flows to the substrate of the workpiece. Abrasive water

jet machining (AWJM), abrasive air jet machining (AAJM) and abrasive
slurry jet machining (ASJM) are similar or original processing methods.
Table 1 shows the features and working conditions of these methods
reported in the literature. As shown in Table 1, AAJM can achieve high-
speed flow using inexpensive air pumps with low pressure; never-
theless, it faces significant problems with dust pollution and abrasive
recycling. AWJM usually requires the use of expensive high-pressure
water pumps, and because of its high kinetic energy, it is always as-
sociated with poor machining quality and is primarily used for cutting.
ASJM pumps the premixed slurry at a pressure higher than that used in
AAJM, and its jet flow velocity is much lower than that of AAJM. In
fact, MJM uses an inexpensive air pump, and the used Laval nozzle can
obtain a supersonic air fluid at the pressures less than 0.6 MPa. Com-
pared with AWJM and AAJM, MJM can not only achieve the same jet
flow velocity under a much lower pressure than that in AWJM but also
solve the problems of high cost and environmental pollution commonly
found in AAJM [9].

In various types of abrasive jet machining, the stagnation effect is a
phenomenon of the fluid flow velocity in the Z-axial direction falling
rapidly to zero after the jet approaches the workpiece. Parameters such
as the size of the processing area [14], the jet angle and the micro-
texture shape will all influence the stagnation effect.

In the MJM process, an erosion-resistant mask that tightly adheres
or is magnetically attracted to the surface of the target material is
needed for the desired features and dimensions. Clearly, thick masks
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can be reused because of their high erosion resistance. Previously, nu-
merous researchers have tried to use thick masks in the abrasive jet
machining to obtain various dimensional microstructures with high
precision [18–21]. Ghobeity et al. [22] found that the definition of
straight channel edges on glass plates is improved significantly by using

the thick steel masks.
When the accelerated abrasive particles reach the stagnation zone,

the particle behaviors such as collisions and rebounds may make the
process rather complex. In particular, the additional thick masks can
change the flow characteristics around the impinging particles and the
workpiece, including properties such as the jet flow pressure, particle
flow velocity, fluid flow direction, and the degree of particle bottom
and wall rebound, thereby inevitably affecting the machining effi-
ciency, profile and quality. For the texture profile, the “blast lag” effect
is an example of this influence, where the narrow-mask [23] and thick-
mask [21] jet machining more rapidly develop sloped sidewalls that
meet in the center to form a V-shape and obtain a large centerline
depth. On the other hand, for impact velocity, Dehnadfar et al. [24]
found that the particle velocities of AAJM through a narrow mask
opening were clearly lower than that in the free jet, thus lowering the
erosion rate of the narrow masked channels, as shown by Haghbin [19].
Kowsari et al. found that the stagnation zone in a deeper channel was
larger than that in a shallower channel, thus having smaller impact
velocities and producing lesser erosion in deeper channels [14]. In
other words, such small impact velocity and erosion will also occur in
the thick-mask jet machining.

Compared to AAJM (only air), MJM is more complicated because of
the coexistence of air and water. The stagnation of MJM and its severity
remain unclear. It may be significant because the density and viscosity
of water are approximately 700 and 100 times greater than those of air.
Additionally, the development of an effective method for enhancing the
machining efficiency of MJM with narrow or thick-masks and main-
taining the desired feature is a technical challenge that should be in-
vestigated. More importantly, to date, studies on masks mainly focus on
their thickness and width [19]. It is currently unknown whether it is
possible to improve the processing performance by changing the shape
of the mask, particularly for the MJM process.

Herein, this study for the first time provides a comprehensive un-
derstanding of the machining differences between MJM and AAJM.
Then, thick masks were used in this work to obtain a good machining
boundary. The tapered masks of SUS304 with different angles were
designed to ameliorate the abovementioned dilemmas. On the basis of
mask shape optimization, the machining effect of the jet impact angle
was also investigated.

Experimental design

Machining details

A reaction-bonded silicon carbide (RBSC) ring, which is a hard and
brittle material typically used in the mechanical seals, was chosen as
the test material. Because of its high hardness compared with silicon
carbide, synthetic diamond (SD) with a particle size of 13 μm was se-
lected as the microabrasive. Due to its good resistance in erosion and

Fig. 1. Micromachining in multiphase jet machining (MJM).

Table 1
Literature results for the AAJM, ASJM and AWJM jet pressure and velocity.

Types Jet pressure
(MPa)

Jet velocity
(m/s)

Driving modes Methods

AAJM 120–150
[11]

Air pressure
(0.43–0.69 MPa)

Calculation and
measurement

150–200
[12]

Air pressure
(0.2 MPa)

Simulation

100–200
[13]

Air pressure
(0.1–0.3 MPa)

Measurement

ASJM 2–4 [14] 49–127 Water pressure
(1.2–8 MPa)

Simulation

42–89 [15] Water pressure
(2–4 MPa)

Calculation

AWJM 40–160 [16] Water pressure or
velocity
(35 MPa, 180 m/
s)

Simulation

40–100 [17] 250–450 Water pressure
(100 MPa)

Simulation

Table 2
Physical properties of SD, RBSC, and SUS304.

Materials Density
ρ,g/cm3

Hardness Elasticity modulus
E, GPa

Tensile strength
σb, MPa

SD 3.52 HV 1000 1100 1050-3000
RBSC 3.05 HRA 91 330 352
SUS304 7.93 HRB 89 193 535

Fig. 2. Schematic diagram of the S-type feeding mode.
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machining properties, SUS304 was used as the mask material. The main
material properties of reaction-bonded silicon carbide, synthetic dia-
mond, and SUS304 are listed in Table 2.

According to the calculations of Li et al. [11] and the experimental
data of Su et al. [[9]], the maximum machining efficiency of MJM can
be obtained at the jet distance of 10 mm. Hence, this distance was
chosen in both the simulation and experiments performed in this study.
Two scanning modes were studied, including the fixed jet mode and the
S-type feeding mode shown in Fig. 2. In the fixed jet mode, the nozzle

Fig. 3. 3D modeling of (a) unmasked jet and (b) masked jet machining.

Table 3
Parameters for 3D modeling of unmasked and masked jet
machining.

Inlet velocity 200 m/s
Outlet pressure 0 Pa
Reference pressure 101325 Pa
Focus tube diameter 1.6 mm
Mask thickness 3 mm [22]
Mask opening width 500 μm
Mask taper angle 30, 60, 90°

Fig. 4. (a) Pressure and velocity distribution in the vicinity of the stagnation zone as obtained by simulation and (b) their comparison between the masked MJM and
AAJM.
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was fixed at the height of 10 mm from the workpiece. 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. In S-type
feeding mode, the feed rate is 100 μm, and the nozzle scan velocity is
0.2 mm/s.

The processing-related details of the structures were observed by a
3D optical profilometer (Bruker, USA). The surface roughness was
measured by the 3D optical profilometer on a rectangle area of 30 μm
× 37 μm on the groove bottom.

Simulation modeling

To obtain the jet velocity and pressure distribution in the stagnation
zone, a series of simulations were performed in this study using the
COMSOL Multiphysics fluid dynamics software (COMSOL Inc.,
Sweden). In this software, the standard k-ε model can be used to

describe both compressible and incompressible turbulent flow, as was
reported in many previous studies [14,16,17]. Unlike the AWJM, the air
driving jet in the MJM and AAJM process is a compressible turbulent
flow, such that the weakly compressible flows in the simple standard k-
ε model were chosen for the calculation. The standard formulas of the
k-< epsilon>model and level set are used in the mixture flow mode
as below:
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where ρ and μ denote the fluid density and viscosity, k is the turbulence
kinetic energy, and ε is the turbulent dissipation rate. u is the fluid
velocity and φ changes from 0 to 1. For the compressible fluid, the
turbulence correlation constants are given as Cε1 = 1.44, Cε2 = 1.92,
Cμ = 0.09, σk = 1.0, and σε = 1.3. The values for the initialization γ
and interface thickness εls are 140 m/s and 6.5e-4 m, respectively.

Fig. 3 shows the 3D geometrical modeling of the unmasked and
masked jet machining. All unstructured meshes with an average unit-
quality between 0.93 and 0.98 were automatically generated by the
COMSOL software. Clearly, compared with AAJM, the addition of water
increases the density and viscosity of the multiphase jet. After mea-
suring the mass and volume flow rate of the fluid passing through the
nozzle over a certain period of time, the average densities of the
abrasive air and multiphase jet were calculated to be 1200 kg/m3 and
1500 kg/m3, respectively. The viscosity of the AAJM mixture is equal to
the air viscosity (0.001 Pa s), the viscosity of MJM is equal to the water
viscosity (0.1 Pa s), and the compressibility coefficient is 1. In the si-
mulation, the walls of the workpiece and the focus tube are considered

Fig. 5. Groove profiles machined by (a) unmasked and (b) masked MJM.

Fig. 6. Effects of (a) unmasked and (b) masked MJM on the slurry velocity contours obtained by simulation.
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to be rigid walls without slip. It is assumed that the model is initially
filled with air and no slip exits among the three phases in this model.
The boundary conditions of the solver are set as shown in Table 3.

Results and discussions

Stagnation effect in masked AAJM and MJM

Taking the masked MJM as an example, when the jet impacts on the
substrate of the workpiece, a high pressure and low velocity zone will
exist at the liquid-solid contact interface that is usually known as the
stagnation zone. The simulation results of Fig. 4 are obtained using the
method described in Section “Simulation modeling”, and the para-
meters and conditions are shown in Table 3 and Fig. 3(b). Fig. 4(a)
shows the jet pressure and velocity distribution in the vicinity of the
masked MJM stagnation zone. It is observed that the jet pressure at the
jet-center region clearly increases when it approaches the workpiece. In
contrast, the vertical flow velocity (Vz) falls rapidly to zero in the Z
axial direction and the jet even becomes static as it approaches the
workpiece. After the jet impacts the surface of the workpiece, the slurry
will be restricted to flow along the horizontal direction. As shown in
Fig. 4(a), the horizontal velocities (Vx) on both sides away from the
stagnation zone are relatively high, reaching the values of approxi-
mately 40−110 m/s. These values are consistent with the results for
the same air-driving slurry jet examined in the work of Nouraei et al.
[15].

The simulation results presented in Fig. 4(b) show that the masked
MJM has a stronger stagnation zone with a higher pressure and a lower
Vz than those of the masked AAJM. It is difficult for the abrasive par-
ticles in the high-pressure zone to reach the surface of the workpiece,
which is also known as the air cushion effect in the air jets and the
water cushion effect in the water jets, respectively. Numerous studies
have indicated that for the abrasive water or slurry jet machining, a
large stagnation zone can give rise to a low erosion rate [14,15,19,26].
In AAJM, air and dry abrasives are drawn into the air stream, while for
MJM it is a slurry (water and abrasives). Clearly, compared with AAJM,
the water in the MJM process causes an increase in the density and
viscosity of the whole jet and the depth of the slurry-filled region in the
mask opening. Specifically, the density and viscosity of water are ap-
proximately 700 and 100 times greater than those of air, respectively.
According to the analysis of the above simulation, because of the
greater deceleration of the particles in the water stagnation zone and
the strong influence of the fluid density and viscosity on flow con-
finement, a lower machining efficiency will be obtained in the masked
MJM.

Stagnation effect in unmasked and masked MJM

The use of masks may change the jet pressure, particle flow velocity,
fluid flow direction and other parameters in the stagnation zone,
thereby inevitably affecting the machining efficiency, profile and
quality. To compare the machining details between the unmasked jet
and masked jet machining, two experiments were carried out with a
machining time of 10 min, synthetic diamond mass concentration of 10
%, jet pressure of 0.6 MPa and jet angle of 90°. The fixed jet mode was
used in this section, and the mask had a thickness of 3 mm and an
opening of 500 μm. Fig. 5 shows the cross-sectional profiles of the
microfeatures machined by the unmasked and masked MJM. Compar-
ison of the two curves in Fig. 5 shows that the cross-sectional shape and
edges of grooves can be well controlled by the mask. The centerline
depth of the unmasked groove (268 μm) is 1.07 times that of the
masked groove (220 μm), indicating that the erosion rate of the masked
MJM is remarkably lower than that of the unmasked MJM.

Fig. 6 shows the velocity distribution images of the unmasked jet
and masked jet machining obtained in the simulation. An examination
of the color map shows that masked jet machining has a larger stag-
nation zone than unmasked jet machining. The curves in Fig. 7 are

Fig. 9. Effect of the mask taper angle on the channel cross-sectional shapes
machined by MJM with the S-type feeding mode.

Fig. 7. (a) Pressure and (b) velocity distribution in the vicinity of stagnation
zone obtained by simulation.

Fig. 8. Effect of the mask taper angle on the groove depth and surface roughness.
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obtained from the contact position between the jet and the workpiece
(dz = 0 mm). As shown in Fig. 7(a), the pressure of masked jet ma-
chining is higher than that of unmasked jet machining, implying that
the particle impact velocities Vz are lower for masked jet machining
than for unmasked jet machining, thus reducing the machining effi-
ciency of masked jet machining. The velocities Vx in the masked jet (as
seen in the green dashed circles of Fig. 7(b)) are higher than those of the
unmasked jet, and their role will be discussed in the next section. The
use of a mask increases the degree of flow confinement, necessitating
the use of some methods for ameliorating the effects of these changes to
improve the machining efficiency of masked MJM.

Stagnation effect in masked MJM with different mask taper angles

As shown in Sections “Stagnation effect in masked AAJM and MJM”
and “Stagnation effect in unmasked and masked MJM”, the masked

MJM has a lower machining efficiency than the masked AAJM and the
unmasked MJM due to the strong stagnation effect. Three masks with
the taper angles of 30°, 60° and 90° were designed to improve the
machining efficiency of masked MJM in these experiments. The ex-
periments were conducted at a synthetic diamond mass concentration
of 10 %, jet pressure of 0.6 MPa, jet distance of 10 mm and jet angle of
90°. All metal masks have a thickness of 3 mm and an opening of 500
μm, which is convenient for the processing of the tapered opening. In
the S-type feed jet machining, the nozzle moving rate is 0.2 mm/s, and
the feed rate is 100 μm. In the fixed jet machining, the machining time
is 3 min.

Fig. 8 shows the machining groove depths and surface roughness at
different mask taper angles, indicating that the mask taper angle has
clear effects on the groove depth and roughness. For the S-type feeding
mode, with the decrease in the mask taper angle from 90° to 30°, the
channel depth increases from 25.22 μm to 35.36 μm, and the surface

Fig. 10. Velocity contours of the whole flow field for masks with different taper angles obtained by simulation.
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roughness of the groove bottom also increases by a factor of 1.1.
Therefore, the smaller taper angle improves the machining efficiency,
and the machined surface is poor. For the fixed feed mode, the groove
depth increases with the decreases in the mask taper angle from 90° to
30°. In particular, as observed in the red dashed circle in Fig. 8, the
machining efficiency at the taper angle of 30° is very close to that of
unmasked jet machining.

The mask taper angle also has an obvious effect on the machining
profile. Fig. 9 shows three channel cross-sectional shapes machined by

MJM using the mask taper angles of 30°, 60° and 90° and the S-type
feeding mode. The channel with a relatively vertical sidewall at the
taper angle of 30° is much flatter than those at the taper angles of 60°
and 90°. These machining details indicate that masks with smaller taper
angles will reduce the probability of the particle impacting at the center
and allow the particles to impact on the substrate almost vertically,
significantly increasing the sidewall slope. Consequently, the use of
masks with smaller taper angles has the advantage of maintaining the
U-shaped channel with a flatter bottom and a more vertical sidewall.

Fig. 10 shows the velocity distribution images of the stagnation zone
for the taper angles of 30°, 60° and 90° obtained in the simulations, de-
monstrating that the taper angle of 90° has the strongest stagnation ef-
fect. The curves in Fig. 11 are obtained from the contact position between
the slurry and the workpiece (dz = 0). A common trend for the stag-
nation zone is that a high fluid pressure in the stagnation zone corre-
sponds to a low fluid velocity Vz. As observed from Fig. 10(a), the
pressure is minimum at 30°, which means that the vertical flow speed Vz
in the stagnation zone is relatively large, thus enhancing the machining
efficiency of the 30° taper angle. After the vertical multiphase jet hits the
surface of the workpiece, the slurry will be restricted to flow along the
horizontal direction of the mask opening length. Figs. 10 and 11 show
that the horizontal flow speed Vx at the taper angle of 90° is larger than
those at the taper angles of 30° and 60°. It is clear that due to the higher
Vx, the sidewall of the 90° taper angle keeps the slurry flowing fast en-
ough for sufficient surface polishing. Consequently, a larger mask taper
angle will achieve a good quality channel with a lower surface roughness.

Stagnation effect in masked MJM with different jet angles

Jet angle is another factor affecting the machining efficiency of MJM.
A previous study indicated that the machining efficiency and surface
roughness of the 80° jet angle is higher than that of the 90° jet angle for
many reasons [18]. One of these reasons may be that the inclined nozzle
can provide the horizontal speed of the abrasives, so that the particles
have a scratch effect on the surface that can improve the removal effi-
ciency of the material. In addition, the inclined jet makes it easier to
disperse the accumulated microabrasive particles and reduce the inter-
action between the particles, thus reducing the kinetic energy loss of the
particles. For the optimized taper angle of 30° and the S-type feeding
mode, the experimental results presented in Fig. 12 show the same
variation trend of the jet angle as that found in the previous study [18].

Under a 7-min machining time and fixed jet mode, the machining
depths of the 80° and 90° jet angles are compared in Fig. 13. It is found
that the machining depth of the 80° jet angle is higher than that of the
90° jet angle. The maximum erosion point of the 90° jet angle is con-
sistent with the impact position. When the jet angle is 80°, the max-
imum erosion point will shift to the vicinity of the impact location (in
the direction of the nozzle tilt).

To further illustrate the machining mechanism of the jet angle, the
different velocity distributions in the vicinity of the stagnation zone
with the jet angles in the 70–90° range were calculated, with the results
shown in Fig. 14. The numerically obtained curves presented in Fig. 15
are obtained from dZ = 0 and the direction along the mask opening. It
is observed from Figs. 14 and 15(b) that the shape of the stagnation
zone and stagnation point is obviously changed by the jet angle. With
the decrease in the jet angle, the stagnation points are transferred to the
location away from the impact point. As shown in Fig. 15(a), the
stagnation pressure first increases and then decreases with the de-
creased jet angle, and the maximum stagnation pressure is observed
near the jet angle of 80°. For the inclined jet machining, the higher
stagnation pressure will make the abrasive particles shift to the opposite
side and exhibit a higher erosion velocity in the maximum erosion area
(see Fig. 15(b)). As shown in Fig. 15(b), in the maximum erosion area,
the slurry flow velocity of the 80° jet angle is higher than that of the
other jet angles; thus, the machining efficiency of the 80° jet machining
is much larger than that of the vertical jet machining.

Fig. 11. (a) Pressure and (b) velocity distribution in the vicinity of the stag-
nation zone obtained by simulation.

Fig. 12. Effect of the jet angle on the groove depth and surface roughness.

Fig. 13. Machining profiles using MJM with the fixed jet mode and jet angles of
80° and 90°.
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Conclusions

Compared to the abrasive air jet machining (AAJM), the existence of
water and mask in the MJM process can enhance the stagnation effect,
making the machining efficiency of masked MJM far lower than those
of the masked AAJM and unmasked MJM. To improve the machining
efficiency of masked MJM, a series of experiments were conducted, and
the machining process parameters were optimized.

It is found that the use of masks with smaller taper angles decreases
the stagnation effect, improving the machining efficiency. The ma-
chining efficiency for the taper angle of 30° is very close to that of
unmasked MJM. Smaller taper angles can also weaken the “blast lag”
effect and have the advantage of maintaining the U-shaped channel
with a flat bottom and vertical sidewall.

Compared to the vertical jet machining, inclining the nozzle can
improve the machining efficiency to some extent, depending on the
inclination angle. The slurry flow velocity of the 80° jet angle in the
maximum erosion area is clearly higher than that of the 90° jet angle,
resulting in a significant improvement in the machining efficiency.
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Fig. 14. Velocity contours of the whole flow field for MJM with the jet angles in the 70–90° range obtained by simulation.

Fig. 15. (a) Pressure and (b) velocity distribution in the vicinity of the static
pressure zone obtained by simulation.
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