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Effect of cold spray particle conditions and optimal standoff distance on impact velocity
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Cold spray, also called cold gas-dynamic
spray (CGDS), is

conventional

Introduction
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Abstract: The impact velocity of particles plays an important role in coating
formation of cold spray. A proper standoff distance from the nozzle exit to the
substrate surface can ensure sprayed particles to achieve relatively high impact
velocities. Numerical simulations were conducted by using a CFD software, Fluent,
to predict the supersonic flow field outside the nozzle. Based on the simulation
results, the effect of particle conditions on impact velocity is studied and also the way
to determine the optimal standoff distance is proposed. It is found that particles with
small size, low density or irregular shape can be significantly affected by the
dilatational waves, oblique shock waves and bow shock waves. With the energy
dissipation or passing through the bow shock waves, these particles are decelerated
sharply. Moreover, there exists an optimal standoff distance for different conditions.
The determination of the optimal standoff distance requires two essential
considerations: One is that the substrate must be located at the place where the
carrier-gas velocity is relatively low to weaken the strength of the bow shock waves;
the other is that particles should be accelerated twice by dilatational waves before
entering the bow shock waves, which means there must be two groups of dilatational

waves in front of the bow shock waves.
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deformation of particles impacting
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radically different

melting point of spray material ©*%,

thermal spray methods.
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coating is formed through the intensive plastic

a

the

Generally,

deposition process relies purely on kinetic energy
rather than the combination of thermal and
kinetic components. In this process, spray
particles (generally <C50 pm) are accelerated to
a high velocity (ranging from 300 to 1 200 m/s)
by the supersonic gas flow which is generated in

the convergent-divergent de Laval nozzle "'/, A
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there exists a critical velocity for a given spray
material, at which the transient from erosion of
substrate to particle deposition takes place "%,
Only if the particle impact velocity is above the
critical value, could the coating be formed. Cold
spray has many advantages, such as the wider

choices of metals and alloys as coating materials,
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the capability of oxygen-free coating and high

(47101 " Tt has attracted more

deposition efficiency
and more attentions now.

During the past decade, several researchers
had focused on the effect of particle conditions
on its acceleration behavior inside and outside
the nozzle. Jen, et al. " reported that the bow
shock waves almost had no effect on copper
particles of more than 5 pm and significantly
affected the particles less than 1 pm through CFD

021 further showed that

simulations. Li, ez al.
particles with smaller size, lower density or
shape were easier to be

more irregular

accelerated by the carrier-gas via numerical

(31 confirmed  this

method. Pattison, et al.
using the experiment in a free jet. However, a
systemic investigation on effect of particle size,
density and shape on its impact velocity, which
is the most important factor in cold spray
process, is still lacking.

For the optimal standoff distance, there
have been very little literatures concerning this

M sprayed

research.  Gilmore, et al. copper
particles with helium and found that particle velocity
only began to decrease when the standoff distance
was more than 50 mm. Stoltenhoff, ez al. "' gave
a proof to this observation by using numerical

15 employed the

simulation, Pattison, et al.
experimental method to point out that there
exists an optimal region in which the deposition
efficiency can reach a high value. Although some
reports referred to the standoff distance in cold
spray, the reason why the optimal standoff
distance exists and how to determine it are still
not well understood.

Therefore, in this study, the numerical

detailed

investigation into the effect of particle conditions

method was employed to give a

on its impact velocity, and examine the

determination of optimal standoff distance.
1 Mathematical modeling

1.1 Numerical modeling

Numerical modeling is performed by using

the CFD software Fluent to determine the flow
field of free jet and impact jet outside the nozzle.
The gas is taken as an ideal and compressible
one. A coupled implicit method is used to solve
the flow field and the result of flow field in a
steady state is obtained. The standard K-e
turbulence model available in Fluent is utilized for
modeling the turbulent flow in the simulation. The
accelerating of particles is computed using discrete
phase modeling ( DPM). The interaction of
particle with gas is not considered in this study.
The governing equations for gas flow include the
physical laws of conservation of mass,
momentum, and energy. Models describing the
dynamic behavior of in-flight particles during the
two-phase flow have been well documented in
the Fluent manual .
1.2 Geometrical model and boundary conditions
Owing to the axisymmetrical characteristics
of the flow field in this study, a two-dimensional
symmetrical model is employed as shown in
Fig. 1. The diameter of the nozzle exit is chosen
as 4 mm. Pressure-based boundary conditions
are applied to the inlet and outlet, while no-slip
condition and a fixed heat flux of zero are
enforced at the nozzle wall and substrate. The
treated as

atmosphere  is non-reflecting

Q outlet
non-reflecting boundary
inlet 7
axis
(a) free jet
A . outlet
non-reflecting boundary
wall
inlet /
axis

(b) impact jet
Fig. 1  Schematic diagram of the computational
domain and boundaries of the free jet and

the impact jet
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boundary. The meshing is conducted with the
quad elements. The initial velocity of the carrier-
gas has been set as 617 m/s at the nozzle exit
according to the authors’ previous experimental
results. Moreover, it is assumed that the initial
velocity of particles is defined as the same value
as that of the carrier-gas in order to ensure that
all the particles have a same initial condition at
the nozzle exit and make the comparison much

clearer.
2 Results and discussion

2.1 Gas flow field in the free jet

Fig. 2 illustrates the pressure profile in the
free jet by using air as carrier-gas in order to find
the general flow feature of free jet flow field. A
well-formed complex wave structure can
obviously be seen, where dilatational waves and
oblique shock waves appear alternately. The
first region near the nozzle exit presents several
dilatational waves owing to the non-ideally
expanding with a rapid acceleration of gas
velocity and then presents compression waves as
a result of the reflection at the atmosphere

These

combined to the oblique shock wave to reduce

boundary. compressional waves are
the flow velocity with increasing the pressure
and the temperature sharply. The periodic
variation of the wave structure results in the
fluctuation of carrier-gas velocity at the
centerline. Furthermore, it is also noticed that
the oscillation amplitude of this complicated
wave structure is reduced gradually along the jet
direction because of the viscous dissipation.
Eventually, the flow energy is dissipated and
stabilized to the environmental pressure through
continuous adjustment of the supersonic flow.
Fig. 3 shows the velocity plot of carrier-gas
along the nozzle centerline. It is clear that the
gas velocity experiences a periodic fluctuation
along the centerline in the form of a rapid
increase followed by a steep decrease. The
carrier-gas has been accelerated through the

dilatational wave, and then starts to decrease

P/Pa

compressional wave

2.52et5
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2.04e+5
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go7e+4 dilatational wave

5.85e+4
I 3.42e+4
1.00e+4

Fig. 2 Pressure profile outside the nozzle in the free

jet using air as carrier-gas at a pressure of

0.252 MPa and a temperature of 300 K
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Fig. 3 Velocity plot of carrier-gas along the nozzle

centerline

when penetrating into the oblique shock wave
until the next expansion wave comes. Moreover,
the maximum gas velocity is about 840 m/s at
the location of 12 mm from the nozzle exit after
the first dilatational wave and the subsequent
peak values decrease gradually. The velocity
distribution can be well explained by the wave
structure shown in Fig. 2. Jodoin, ezal. "
also reported the same phenomenon through
experiments using nitrogen as carrier-gas at the
stagnation pressure of 2.4 MPa and temperature
of 733 K.
2.2 Effect of particle size, density and shape on

particle impact velocity

Following the free jet study, impact jet is
simulated to clarify the effect of particle size,
density and shape on particle impact velocity.
Fig. 4 exhibits the pressure profile in the impact
jet with the substrate 16 mm away from the
nozzle exit by using air as carrier-gas. It is
obvious that the existence of the substrate

causes the wave structure more different from

that in the free jet. The obvious dilatational
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waves are seen outside the nozzle exit, followed
by the oblique shock waves. Between the nozzle
exit and the substrate, there exists a well-
formed bow shock wave located close to the
substrate, which arises from the interaction
between the gas flow and the substrate. The
pressure in this region is well confined, leading
to a much higher pressure increase at the
substrate and a significantly different flow
pattern. The flow velocity decreases rapidly to
nearly zero when the gas flow penetrates into the
bow shock wave and approaches the substrate.

Pp/Pa
7.00e+5

6.34e+5
5.68e+5
5.02¢+5
4.36e+5
3.70e+5
3.04e+5
2.38e+5
1.72e+5
I 1.06e+5

4.00e+4

dilatational wave

compressional wave .
bow shock wave ™

Fig.4 Pressure profile outside the nozzle using air
as carrier-gas with the substrate 16 mm
away from the nozzle exit at a pressure of

0. 252 MPa and a temperature of 300 K

Fig. 5 compares the impact velocities of

spherical copper, titanium and aluminum
particles in order to find the effect of material
density on particle impact velocity. The densities
of aluminum, titanium and copper powders are
2719, 4 850 and 8 978 kg/m’, respectively. It
is apparent that three types of particles almost
have the same velocity changing tendency.
Aluminum particle with the lowest density is
more susceptible to carrier-gas than the other
two particles. Therefore, it is easily picked up
and accelerated to the highest velocity before
entering into the bow shock wave. However,
when penetrating into the bow shock waves,
aluminum particle is also easily decelerated and
the velocity drops steeply from the highest value
of nearly 640 m/s to the lowest value of about

610 m/s, while titanium particle and copper

higher

velocities due to their large densities. Moreover,

particle achieve relatively impact
in order to examine the influence of particle
shape on the particle impact velocity, the
comparison of spherical and non-spherical
titanium particles with the equivalent diameter of
5 pm is also given in Fig. 5. It is easily found
that the non-spherical titanium particle has a
higher velocity before penetrating into the bow
shock waves, but a lower impact velocity. This
fact can be linked to the morphologies of
particles. The drag coefficient of a sphere
particle is less than that of an equivalent
diameter  but  irregular  shape  particle.
Therefore, the non-spherical titanium particle
can be easily picked up by the gas flow and also

seriously affected by the bow shock waves.

—— titanium, non-spherical
—o— aluminum, spherical
400 + —o— titanium, spherical
—o— copper, spherical

300 . L . L L
0
x/mm
Fig. 5 Comparison of velocities of spherical copper,
titanium, aluminum particles and non-
spherical titanium at the standoff distance of

16 mm along the nozzle centerline

Fig. 6 shows the centerline velocity of
copper particles with different diameters in the
impact jet. Small particle is easily picked up
through the drag force of carrier-gas compared
with large one. However, as the particles
traverse the bow shock waves, the acceleration
suddenly becomes deceleration. When coming to
the bow shock waves, large particles are affected
slightly by the drag force and maintain sufficient
impact velocity as a result of the significant

momentum and energy. On the contrary, small

and light particles are decelerated steeply by the
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bow shock waves although they can be
accelerated greatly by the carrier-gas before
entering the bow shock waves. The final impact
velocities of copper particles with different
diameters are displayed in Fig. 6. It gives a clear
suggestion that the larger particle can achieve a
higher impact velocity when impacting the
substrate. It is clearly found that with increasing
the particle size, the effect of gas flow becomes
slight and the impact velocity rises gradually.
Jen, et al.™ also reported that the bow shock
waves almost had no effect on copper particle

larger than 5 pm and

with a diameter
significantly affected the particle with a diameter

less than 1 pm.

450 1 L 1 1 1
0 3 6 9 12 15 18
x/mm
Fig. 6  Comparison of velocity of copper particles
with different diameters at the standoff

distance of 16 mm along the nozzle

centerline

2.3 Optimal standoff distance

Fig. 7 shows the effect of standoff distance
(d) on impact velocity by using copper particles
with different sizes. It is clearly observed that
there exists an optimal standoff distance between
the nozzle exit and the substrate. Under the
given condition in this study, the optimal
distance is 16 mm. The reason for this is that
the carrier-gas velocity at 16 mm is the lowest in
the first changing period in the free jet as shown
in Fig. 3. Therefore, when setting the substrate
at this position, the intensity of the bow shock
waves must be very small, which could weaken

the deceleration effect of the bow shock waves

on particle impact velocity and thus particle can
achieve a higher impact velocity. However, it
also can be noticed that in the free jet there exist
several velocity changing periods and each has a
minimum point of gas velocity. Thus, it can be
deduced that there must be another limitation to
determine the optimal standoff distance of 16
mm. In order to find this determinant, the
standoff distance of 32 mm is chosen. The
carrier-gas velocity at this distance is the lowest
in the second changing period in the free jet.
Fig. 8 shows pressure profile outside the nozzle
using air as carrier-gas with the substrate 32 mm
away from the nozzle exit at a pressure of 0. 252
MPa and a temperature of 300 K. It can be seen
that the particle experiences twice acceleration
and three times deceleration before entering into

the bow shock waves due to the alternant

—0o 12um

450 1 1 1 1 1 1 1 1 1 1 1
0 4 8121620 24 28 32 36 40 4448

d/mm
Fig. 7 Effect of standoff distance on impact velocity
by wusing copper particles with different

diameters

p/Pa

5.00e+5
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4.06e+5
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3.12e+5
2.65¢+5
2.18et5
1.71e+5
I 1.24e+5 compressional wave

dilatational wave

4.40e+4
3.00e+4 bow shock wave

Fig. 8 Pressure profile outside the nozzle using air
as carrier-gas with the substrate 32 mm
away from the nozzle exit at a pressure of

0. 252 MPa and a temperature of 300 K
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dilatational waves and oblique shock waves.

After the second dilatational wave, the
deceleration effect of drag force becomes more
intensive than the positive drag force as a result
of the energy dissipation in carrier-gas.
Therefore, the in-flight particle velocity can not
reach the peak before permeating into the bow
shock waves. However, when the standoff
distance is 16 mm as shown in Fig. 5, the
particle experiences twice acceleration and only
once deceleration. The particle uses the positive
drag force effectively to obtain a higher velocity
compared with that the standoff distance is 32
mm.

From the discussion above, it can be easily
concluded that the determination of the optimal
standoff distance needs two essential conditions
to ensure that the particle can achieve the
highest impact velocity. The first one is that the
substrate must be located at the place where the
carrier-gas velocity is lower in the free jet. The
other is that the particles should be accelerated
twice before entering the bow shock wave,
which means there must be two dilatational
waves in front of the bow shock wave. The
previous experimental study on the standoff
distance conducted by Pattison, ez al.™ also
reported the similar results that the optimal
standoff distance in cold spray linked closely to
the bow shock wave intensity. Only for the
proper standoff distance at which the bow shock
wave intensity is weak, the particle impact
velocity and the deposition efficiency can reach a

L7 reported the

higher value. Also, Li, etal.
same phenomenon that standoff distance actually
affected the impact velocity and the optimal
standoff distance indeed existed in cold spray by
experiment method. These facts further enhance

the value of this study.
3 Conclusions

(1) Particle size, density and shape play

critical roles in in-flight particle velocity and
impact velocity. Particles with small size, low
density or irregular shape can be easily affected
by the carrier-gas. These particles can be
accelerated to a higher velocity by the positive
drag force and decelerated sharply by viscous
dissipation and the bow shock wave. But large
size, high density or spherical particle is not
sensitive to the carrier-gas and thus can obtain a
higher impact velocity while impacting the
substrate.

(2) The existence of the substrate causes
the wave structure more different from that in
the free jet. The obvious bow shock wave which
arises from the interaction between the gas flow
and the substrate, leading to a steep deceleration
of particle velocity.

(3) There

distance. The determination of this distance

exists an optimal standoff
requires two conditions. The first one is that the
substrate must be located at the place where the
carrier-gas velocity is lower. The other is that
particles should be accelerated twice before
entering the bow shock wave, which means

there must be two dilatational waves in front of

the bow shock wave.
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