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Numerical study was conducted to investigate the effect of substrate angle on particle impact velocity
and normal velocity component in cold gas dynamic spraying by using three-dimensional models based
on computational fluid dynamics. It was found that the substrate angle has significant effect on particle
impact velocity and normal velocity component. With increasing the substrate angle, the bow shock
strength becomes increasingly weak, which results in a gradual rise in particle impact velocity. The
distribution of the impact velocity presents a linearly increase along the substrate centerline due to the
existence of the substrate angle and the growth rate rises gradually with increasing the substrate angle.
Furthermore, the normal velocity component reduces steeply with the increase in substrate angle, which
may result in a sharp decrease in deposition efficiency. In addition, the study on the influence of pro-
cedure parameters showed that gas pressure, temperature, type, and particle size also play an important

role in particle acceleration.
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1. Introduction

Cold gas dynamic spray (CGDS), also called cold spray,
represents a radical difference from the conventional
thermal spray. The deposition process relies purely on
kinetic energy rather than the combination of thermal and
kinetic components. In this process, spray particles are
accelerated to a high velocity, ranging from 300 to 1200 m/s,
by the supersonic gas flow which is generated in the con-
vergent-divergent de Laval nozzle. Coating is formed
through the intensive plastic deformation of particles at a
temperature well below the melting point of spray material
(Ref 1-3). The relatively low particle temperature makes
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the formation of oxygen-free metallic coatings to be real-
ized, which can ensure the powder feedstock to retain the
original properties. Therefore, CGDS has been drawing
more and more attention due to its unique advantages.

Generally, it has been well known that there exists a
material-dependent critical velocity, above which particles
can adhere to the substrate and form a coating (Ref 4-8).
Experimental method was always used to determine crit-
ical velocity. However, considering the economical effi-
ciency of experiment, researchers have been trying to
develop new numerical method for estimating critical
velocity. Recently, a new definition that thermal boost-up
zone (TBZ) was proposed to estimate the occurrence of
the adiabatic shear instability and thus critical velocity,
which seems relatively reasonable at present (Ref 6).
Besides, the relationship between particle velocity and
deposition efficiency has been widely investigated by dif-
ferent researchers (Ref 8-10). Previous study showed that
although particle impact velocity significantly affects the
deposition efficiency, the normal velocity component
seems more important, playing a decisive role (Ref 10).
Particles with lower normal velocity component will erode
the substrate and be washed away by the gas flow. Only if
the normal velocity component is sufficiently large, par-
ticles could successfully be deposited on the substrate and
form a cold sprayed coating (Ref 8, 10).

Besides, there also has been growing interest to the gas
flow and particle acceleration in CGDS during the past few
years. The existing studies on this field mainly focused on
two aspects, including the optimal design of nozzle geom-
etry and the influence of relevant procedure parameters on
gas flow and particle acceleration (Ref 11-20). Considering
the economical efficiency of the experiment, most of the
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previous researches resorted to numerical methods. And
some experimental observations and measurements have
confirmed that computational fluid dynamics (CFD) tools
can provide accurate results of gas flow as well as particle
acceleration in CGDS (Ref 16, 21-23).

As for the optimal design, Dykhuizen et al. (Ref 11)
firstly proposed the optimal design of nozzle shape to
obtain a high particle impact velocity based on one-
dimensional isentropic assumptions. Later, Alkhimov et al.
(Ref 12) provided the optimal design proposal of the
nozzle geometrical dimensions according to their experi-
mental data. Li and co-workers (Ref 13, 14) subsequently
examined some geometric parameters which significantly
affect the particle acceleration in the converging-barrel
(CB) and converging-diverging (CD) nozzles by using a
numerical method to optimize the nozzle design. More-
over, Jodoin (Ref 15) obtained the optimal exit Mach
number of 1.5-3.0 through both numerical and experi-
mental methods. Recently, Pattison et al. (Ref 16) pro-
vided the comprehensive experimental investigation on
the effect of standoff distance on particle impact velocity
and deposition efficiency. They found that the medium
standoff region from the nozzle outlet is the optimal
distance, where the bow shock has disappeared and the
deposition efficiency could increase (Ref 16).

When it comes to the influence of procedure param-
eters, Stoltenhoff et al.’s study (Ref 17) showed the effect
of inlet stagnation pressure, inlet stagnation temperature,
particle diameter, and standoff distance on the gas flow
and particle acceleration using a commercial software
FLUENT. Some further experiments conducted by other
researchers provided evidence to their numerical results
(Ref 16, 18). The effect of particle size on particle
acceleration was also studied in detail by Jen et al.
(Ref 19) using the same software FLUENT. Meanwhile,
they paid special stress on the gas flow structure inside
and outside the nozzle, obtaining the insight into the flow
field in CGDS (Ref 19). Moreover, Samareh and Dola-
tabadi (Ref 20) employed numerical method to analyze
the effect of substrate shape on the gas flow structure and
the particle velocity distribution by using three-dimen-
sional model, which taken the nonplain substrate into
consideration.

Convergent section

Throat

Divergent section

Notwithstanding these findings, several important
problems concerning about the influence factors of parti-
cle impact velocity still need to be further studied. Under
some circumstances, the substrate is probably oblique to
the particle incident velocity, which may affect the gas
flow and particle acceleration. Therefore, in this study, by
the aid of the commercial software FLUENT, numerical
simulation was conducted to examine the effect of sub-
strate angle on particle impact velocity and normal
velocity component in CGDS.

2. Numerical Methodology

2.1 Geometry

The schematic of the nozzle and the substrate used in
this study is shown in Fig. 1. The nozzle has a circular cross
section with the inlet diameter and outlet diameter of
10 mm and 4 mm, respectively. The convergent section has
a length of 30 mm, which is attached to the throat section
with a diameter of 2 mm and the following divergent sec-
tion with a length of 40 mm. Particles are released from the
outlet of the powder injector which is located at the posi-
tion of 5 mm downstream from the nozzle inlet. The flat
substrates are circle plates. The standoff distance between
the substrate center and the nozzle outlet center is 16 mm.
Substrate angle is defined as the include angle between the
Y-axis and the substrate surface. In this study, the substrate
angles are set as 0°, 15°, 30°, and 45°. The material of the
substrate was chosen as copper.

2.2 Computational Domain

To perform the simulation, the commercially available
software FLUENT was employed as the CFD solver to
predict the gas flow field and particle acceleration in
CGDS. Three-dimensional plane symmetry models were
utilized to reduce the computational time. The symmet-
rical axis of the nozzle was defined as the centerline of the
nozzle. The computational domain was meshed into a
number of hexahedral cells with the surrounding region of
the centerline refined to ensure the calculation accuracy.

Substrate

5

/ ¥
40 ‘ Exit

Fig. 1 Schematic of the nozzle and the substrate
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The total number of the cells varies between 197,271 and
317,682, depending on the angle of the substrate. Pressure-
based boundary conditions were applied to the inlet,
outlet, and other atmospheric boundaries. No-slip condi-
tion was used at the nozzle wall and the substrate surface
because the gas velocity near the wall zone is much low. In
this study, the heat transfer process between the gas and
the wall was not considered, thus a fixed heat flux of zero
was enforced at the wall.

2.3 Gas Phase and Particle Phase

The gas phase was treated as continuous phase and
governed by the ideal gas law which takes the compress-
ibility effects into consideration. The governing equations
for gas flow also include the continuity, momentum, and
energy equations. A coupled implicit pressure-based sol-
ver with the second-order accuracy was used to simulate
the gas flow field. The calculation was treated as a steady
state. To account for the turbulent flow, the standard K-¢
turbulence model available in FLUENT was used.

The particle phase was treated as discrete phase, and
the copper material was used as the sprayed particle. The
accelerating and heating of particles were computed using
discrete phase modeling (DPM). The effect of particle on
gas flow was not considered in this study. Models
describing the dynamic behavior of in-flight particles
during the two-phase flow have been well documented in
the FLUENT manual (Ref 24).

3. Results and Discussion

3.1 Gas Flow and Particle Acceleration

Figure 2 shows the pressure iso-surface and velocity
iso-surface of the gas flow at the inlet pressure of 2.0 MPa
and the inlet temperature of 500 K using N as driving gas.
From the pressure iso-surface shown in Fig. 2(a), it is
clearly seen a well-formed complex wave structure which
are composed of oblique shock, expansion wave, and
bow shock. As the supersonic flow leaves the nozzle exit,
oblique shock is formed due to the overexpansion, fol-
lowed by expansion waves as a result of multiple reflec-
tions at the atmosphere boundary. These alternate waves
result in the fluctuation of driving gas velocity, which can
be clearly observed in Fig. 2(b). Moreover, it can be found
that between the nozzle exit and the substrate, there exists
a well-formed bow shock located close to the substrate,
which arises from the interaction between the supersonic
gas flow and the substrate. The pressure in this region is
well confined, which leads to a sharp increase of pressure
and temperature in front of the substrate. The gas flow
velocity is decelerated rapidly when the gas flow pene-
trates into the bow shock and approaches the substrate.

Figure 3 shows the velocity and temperature develop-
ment of N, along the nozzle centerline. It is clear that the
driving gas is mainly accelerated at the throat section and
the divergent section rather than the convergent section.
At the current condition, the gas can be accelerated to
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Fig. 2 Three-dimensional simulated results using N, as driving
gas at the inlet pressure of 2.0 MPa and temperature of 500 K:
(a) Pressure iso-surface. (b) Velocity iso-surface

almost 800 m/s at the nozzle exit. Moreover, at the throat
section and the following divergent section, the gas velocity
presents a mild fluctuation due to the cone-shape shock
generated as a result of sudden expansion of the driving
gas. After exiting the nozzle, the gas velocity begins to
fluctuate periodically along the centerline in the form of a
sharp decrease followed by a rapid increase, which arises
from the oblique shock and expansion wave outside the
nozzle. Then, it is decelerated sharply when penetrating
into the bow shock in front of the substrate, which results in
a much low impact velocity of the driving gas.

In order to obtain some features of the particle accel-
eration, the centerline velocity of copper particles with the
diameters of 1, 10, and 20 pm are also given in Fig. 3. It is
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obvious that the particle with the diameter of 1 um can be
easily driven and accelerated to a higher velocity, while
the larger ones, such as the 10 um and 20 pm particles, are
accelerated difficultly. The reason for this fact can be
attributed to the different masses and driven capabilities.
Lower mass can achieve better-driven capability. Fur-
thermore, it is interesting to find that the shockwaves
generated inside and outside the nozzle almost have no
effect on the acceleration of 10 and 20 um copper parti-
cles. These particles are accelerated mainly through their
own inertia outside the nozzle exit. Only the 1 um particle
can be slightly influenced by the oblique shock and bow
shock outside the nozzle due to the smaller inertia. The
fluctuation of particle velocity can be clearly observed
outside the nozzle exit, which indicates the effect of the
oblique shock and bow shock on particle acceleration.
These results are consistent with the previous studies
(Ref 10, 16, 25).

On the other hand, it is important to be pointed out
that the variations of the gas and particle temperatures
present an inverse tendency to the centerline velocities.
The gas temperature maintains a relative high value at the
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Fig. 3 Velocity and temperature development of N, and copper
particle along the nozzle centerline
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convergent section and decreases steeply at the throat and
divergent section. In addition, due to the low gas velocity
at the convergent section, the residence time of particles is
relatively long. Particles, therefore, chiefly heat up in this
section and retain a higher temperature than the driving
gas at the diverging section all the time. The previous
one-dimensional simulation also obtained the same result
as that in this study (Ref 17).

3.2 Effect of Substrate Angle on Particle Impact
Velocity

Figure 4 displays the pressure iso-surface of the gas
flow outside the nozzle with different substrate angles. It is
clearly found that the four cases give a similar flow pat-
tern. The oblique shock and expansion wave present
periodically with the bow shock generated in front of the
substrate. However, it can be noticed that the structure of
the bow shock presents a great difference. The shape of
the bow shock for the 0° case is regular and has been
depicted in Section 3.1. However, for the 15° case,
although the bow shock is also generated, its shape be-
comes much irregular with some oblique shock formed
along the centerline of the substrate. This fact could cause
the strength of the bow shock to be a little weaker than
that of the 0° case. With further increasing the substrate
angle, the shape of the bow shock becomes increasingly
irregular and the formed oblique shock become more and
more strong, thus the strength of the bow shock decreases
gradually.

Figure 5 shows the effect of substrate angle on particle
impact velocity under different procedure parameters.
Figure 5(a) illustrates the change of particle impact
velocity with the substrate angle using N, as driving gas
under different particle sizes. It is clear that the particle
impact velocity rises with increasing the substrate angle
regardless of the particle size. The growth rate is much
larger for small size particle, such as 1 pm particle in this
simulation. This phenomenon can be attributed to the
strength of the bow shock in front of the substrate. As
mentioned previously, with the increscent in the substrate
angle, the bow shock strength becomes increasingly weak.
Thus, the effect of the bow shock on the deceleration of
the particle velocity becomes weak gradually, which cau-
ses particles to achieve a relative high impact velocity
when the substrate angle is larger. Moreover, it is also
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Fig. 4 Three-dimensional simulated results (pressure iso-surfaces) for different substrate angles using N, as driving gas at the inlet
pressure of 2.0 MPa and temperature of 500 K: (a) 0°, (b) 15°, (c) 30°, and (d) 45°
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Fig. 5 Variation of particle impact velocity with the substrate angle: (a) under different particle sizes, (b) under different N, pressure,
(c) under different N, temperature, and (d) under different gas types

found that the particle size has a significant effect on
particle acceleration. For 1 um particle, it is easy to be
driven and accelerated to a higher value in comparison
with the 10 and 20 pum particle. Nevertheless, it should be
pointed out that although 1 um particle is easy to be
accelerated to a high value, taking into account the com-
monly used powder size distribution in CGDS (5-50 pm),
it is not usually used in actual spray process.

Figure 5(b) and (c) shows the variation of particle
impact velocity with the substrate angle under different
pressure and temperature, respectively, using N, as driv-
ing gas. It is clearly seen that particle impact velocity rises
with the increase in the inlet pressure as well as the tem-
perature. Furthermore, the effect of driving gas type on

Journal of Thermal Spray Technology

particle velocity was also studied. The simulated result
shown in Fig. 5(d) indicates that using He as driving gas
results in a large increase in particle velocity. This is
because that the sonic speed of He at the throat section
which determines the particle velocity at the nozzle exit is
about 2.7 times larger than that of N, under the same
condition. These results are consistent with the experi-
mental results in (Ref 10) and the two-dimensional
numerical results in Ref 13. From Fig. 5(b-d), it also can
be noticed that the particle impact velocity increases
gradually with increasing the substrate angle regardless of
the inlet temperature, pressure, and the gas type. This fact
further proves that the substrate angle actually affects the
particle impact velocity.
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Fig. 6 Distribution of particle impact velocity along Y-axis

Figure 6 shows the distribution of particle impact
velocity along the Y-axis. It is obvious that the particle
impact velocities almost have a same value when the
substrate is 0°. This is because that the velocity of the
driving gas generally can be considered to have a same
value inside the potential cone and thus the same driving
capabilities. In this work, all the selected particles are
inside the potential cone and hence they can achieve a
same velocity when impacting the substrate. However,
when increasing the substrate angle to 15°, the impact
velocity presents a linearly increase along the Y-axis with
the peak value at the location of 1 mm and the lowest
value at the location of —1 mm. This fact can be attrib-
uted to the different strength of the bow shock. As
mentioned above, the presence of the substrate angle
results in the generation of the oblique shock along the
substrate centerline, the strength of the bow shock at the
direction where the oblique shock is generated should be
a little weaker than the other direction. Therefore, par-
ticles can be accelerated to a higher velocity at this side.
Furthermore, with further increasing the substrate angle,
the discrepancy of the bow shock strength between two
sides is increasingly large and thus the growth rate rises
gradually. When the substrate angle is increased to 45°,
the peak value and the lowest value can amount to 438
and 430 m/s, respectively.

3.3 Effect of Substrate Angle on Particle Normal
Velocity Component

Gilmore et al. reported that the deposition efficiency is
much dependent on the particle normal velocity compo-
nent, but not the impact velocity (Ref 10). Therefore, in
order to clarify the effect of substrate angle on normal
velocity component and thus deposition efficiency, the
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variations of particle normal velocity component with the
substrate angle under different procedure parameters are
given in Fig. 7. It is obvious that substrate angle exerts
significant influence on the normal velocity component.
With increasing the substrate angle, the normal velocity
component decreases steeply regardless of the particle
size, temperature, pressure and type. The reason for this
fact can be simply explained through the following
equation:

Vp =V X COS ol (Eq 1)

where v, is the normal velocity component, v is the impact
velocity, o is the substrate angle. The values of cos 15°,
cos 30°, and cos 45° are 0.966, 0.866, and 0.707, respec-
tively. Despite the fact that the impact velocity increases
with the increase in substrate angle, the product of v and
cos o causes the normal velocity component much lower
than the impact velocity. This lower normal velocity is so
harmful to the deposition efficiency in CGDS. However, it
is interesting to find that 1 um particle achieves a higher
normal velocity component while increasing the substrate
angle from 0° to 15°. This is because that 1 um particle is
easy to be influenced by the driving gas. When increasing
the substrate angle to 15°, the bow shock strength becomes
weaker and thus particle can be accelerated to a higher
velocity, but the value of cos 15° is 0.966, just 0.034 smaller
than 1. Therefore, the product of 0.966 and the impact
velocity cause the normal velocity component still to
maintain a high value when the substrate angle reaches
15°. This phenomenon gradually disappears with further
increasing the substrate angle.

4. Conclusions

Numerical investigation on the effect of substrate
angle on particle impact velocity and normal velocity
component was conducted by the aid of CFD tools.
Owing to the nonaxisymmetrical characteristic of the
calculation models, three-dimensional models were
employed to reveal all features of the gas flow and par-
ticle acceleration. It has been found that particles can be
accelerated to a higher velocity with smaller size, higher
pressure, and temperature. Also, using He as the driving
gas can achieve a higher particle velocity compared to
the N,. The substrate angle significantly affects the par-
ticle impact velocity, normal velocity component, and
thus deposition efficiency. With increasing the substrate
angle, the bow shock strength becomes increasingly
weak, which results in a gradual rise in particle impact
velocity. Besides, the substrate angle also leads to a lin-
early increase of the impact velocity along the substrate
centerline and the growth rate rises gradually with
increasing the substrate angle. In addition, the normal
velocity component which is closely related to the
deposition efficiency decreases sharply with the increase
in substrate angle. This fact implies that the deposition
efficiency may decrease when substrate is oblique to the
direction of particle incident velocity.
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Fig. 7 Variation of particle normal velocity component with the substrate angle: (a) under different particle sizes, (b) under different N,
pressure, (c) under different N, temperature, and (d) under different gas types
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