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Abstract

This study aims on the dominant bonding mechanism between aluminum powder particles and aluminum substrate evaluated
both experimentally and numerically. Aluminum particles were deposited at different velocities onto an aluminum substrate by
cold spray (CS) technology. The crater, bond, and interface morphology upon impact were characterized using scanning electron
microscopy, focused ion beam processing, and transmission electron microscopy. Experimental results reveal that rebound
phenomenon existed at high velocities and excellent contact is obtained above the critical velocity. This denotes that ideal
deposition occurs at a certain particle velocity scale. Meanwhile, the numerical analysis was performed via smoothed particle
hydrodynamics (SPH) method. The simulated particle deformation behavior agreed well with the experimentally evaluated
impact morphology, which confirms the viability of the SPH procedure for CS simulation. Furthermore, the numerically
calculated deposition range was in correspondence with the experimental findings. The analysis demonstrates that interfacial
bonding between the powder particles and substrate is influenced by the adhesive intersurface forces of the contacting surfaces.
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1 Introduction

Cold spray (CS) technology made its first breakthrough in the
mid-1980s by the Russian scientists in Novosibirsk. CS pro-
cess utilizes metal powder particles to form a uniform coating
on a substrate. The metal powders (typically 5 to 100 um in
particle size) are injected into a supersonic inert gas through
impaction process [1]. The solid particles undergo plastic de-
formation and attach with the substrate upon impact.
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Successive impacts result in a steady coating consisting of
least porosity and excellent bond strength [1].

Kinetic energy depleted in the form of plastic dissipation
energy generates high strain of plastic deformation, which is
focused within the shear zone at the particle/substrate inter-
face. This plastic dissipation energy is then converted into heat
energy, which results in a local temperature rise in this small
contact area. This in turn causes thermal softening and local-
ized plastic deformation where the particles will be bonded
successfully on the substrate when the particle velocity is
higher than the critical velocity [2]. Grujicic et al. [3, 4] and
Assadi et al. [5] have considered adiabatic shear instability
and thermal softening to be two of the major bonding
mechanisms.

However, there are fewer agreements on the most dominant
mechanism in interfacial reaction. For instance, studies [5—10]
have revealed the possibility of the occurrence of interfacial
melting as a result of localized heating and how it may result
in reliable metallurgical bonding. On the other hand, several
research groups [3, 4, 11, 12] argued that while interfacial
melting may occur through atomic diffusion, the high bond
strengths measured in CS coatings cannot be solely attributed
to it. Thus, the arguments prevail that melting may not play an
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important role in interfacial reaction. Despite the various re-
searches on CS, the real mechanism of particle deformation
and bonding remains unexplained.

Therefore, simulated techniques are optimally adapted for
CS interfacial mechanism because they enable a better analy-
sis of particle/substrate deformation behavior and a more ac-
curate estimation of critical velocity through numerical meth-
od of the entire particle/substrate impact and deformation pro-
cess. In order to study on CS bonding, previous simulations
implemented Lagrangian and Euler codes such as finite ele-
ment methods (FEM) [5-9] and finite difference methods
(FDM) [3, 4, 12], respectively. However FDM and FEM
methods faced many challenges. For example, FDM encoun-
tered trouble in trailing free surfaces and mobile interfaces,
and FEM experienced invalid results and early end in the
simulation [13, 14]. To overcome these problems, Li et al.
[13, 14] employed the Arbitrary Lagrangian-Eulerian method
used in ABAQUS that involves both pure Lagrangian and
pure Eulerian analyses to perform 2D and 3D modeling of
CS particle impacts. Although a satisfactory output was ob-
tained for the 3D models, the results from 2D models yielded
unrealistic interface deformations. Furthermore, satisfactory
results for the 3D models could only be obtained by incorpo-
rating material damage in the simulation. This simulation set-
ting was however unavailable for the 2D model [14].

Within the last decade, several studies have been carried
out by incorporating smoothed particle hydrodynamics (SPH)
process for facile interfacial bonding mechanism [15-18].
SPH employs Lagrangian codes without the influence of mesh
and favorable for hypervelocity impact simulation. SPH is a
promising alternative to the conventional simulation process
for CS bonding mechanism due to its mesh-free adaptation
that minimizes great deformation drawbacks. In the previous
literature [15], SPH method was used to study on how oblique
impact influences particle deformation. The paper outlined
that the size of CS particles has no impact on particle defor-
mation and compression ratio, which signifies the viability of
SPH technique for CS mechanism. However, the work did not
investigate on simulation of velocity impact on CS bonding
behavior.

The focus of this study is to examine the dominant
bonding mechanism in CS technique through both nu-
merical simulation and experimental measurement. The
numerical simulation modeled the impact of spherical
aluminum powder particles bonding on an aluminum
substrate over a wide range of velocities via SPH meth-
od. The reliability of the model was verified through CS
experiments of single particle impact tests. The effect of
velocity on the particle deformation behavior was ana-
lyzed and a rebound phenomenon similar to Wu et al.
[19] was observed. The critical and maximum velocities
were estimated with respect to these experimental and
numerical analyses. The dominant bonding mechanism
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was discussed based on the findings of these experi-
ments and simulations.

2 Numerical method

The SPH modeling of the CS process was performed using a
program that was written in FORTRAN. The numerical meth-
od employed in this work is modified from the previous work
done by Randles et al. [18] to ease interaction between the
particle and substrate. The Johnson-Cook plasticity model
was applied to explain the plastic feedback of the materials
that executes strain, thermal softening, and strain hardening
[20].

2.1 SPH methodology

Instead of a mesh, SPH employs the kernel approximation
method by representing it integrally for field function approx-
imation [15-18]. The kernel approximation is showed as in
the following equation.

() = fﬂf(x/)w(”“Txl’) &’ (1)

where f'is the arbitrary function of the three dimensional po-
sition vector x, £2is the volume, (x —x) is the distance between
the particle of evaluation x and any arbitrary particle x” in {2
[21], and W is the width of the smoothing kernel.

The obtained kernel approximation is resembled further
though particle approximation by replacing the integral in
Eq. (1) with summations of neighboring particles in the sup-
port domain. The particle approximation becomes

!
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where m; and p; are mass and density of particle 7, respectively,
N is the number of particles [22] in the support domain, and /4
is the smoothing length.

The further approximated kernel approximation (Eq. (2))
uses a few different smoothing functions in order to satisfy the
mathematical conditions where the interpolation kernel is
interpreted as cubic B-spline as in the following equation.
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where v= |x; — xi|/h and i and j are the neighboring particles.

The continuous sequence of mechanics in the SPH model
is defined by the conservation equations described in the fol-
lowing equations. Equations 4, 5, and 6 explain the conserva-
tion of mass, momentum, and energy, respectively.

pi = 2m;W; (4)
J
dUi m;
=-Y L (0/~0;).YW; 5
dt %:pipj(o—j U) v ( )
dEl' m;
i = —%—pip’j(Uj—Ui).ai.VWﬁ (6)

where p, U, E, o, and ¢ are the scalar density, velocity vector,
specific internal energy, stress tensor, and time, respectively
[20].

2.2 Modeling cold-sprayed deposition

Two-dimensional models were applied in CS deposi-
tion modeling. The size of the substrate was modeled
as seven times greater than the diameter of the parti-
cle (25 wm) with stable spaces of x and y directions.
The particles and substrate were maintained at uni-
form distance to avoid initial penetration. A wide
range of velocities (500 to 1000 m/s) was used to
impact powder particles onto the substrate.

The pressure for a solid follows the linear Mie-Griineisen
equation of state (EOS) as given in the following equation
[18].

1
p(p,E) = <1§Fn>py(p) + I'pE; (7)
_ Jaon+bo? +con’s >0 g
P { an, 1< 0 ’ ®)

where n=p/p, — 1 is the compression, p, is the density
of the shock disturbance, p and FE are the density and
the internal energy of the material behind the shock,
respectively, subscript H is the Hugoniot curve, and I’
is the Griineisen parameter. Meanwhile, the constants
(a,, b,, and c,) are associated to the intercept, ¢ and
slope; S of Ug =c+ SUp curve is interpreted in the
following equation.

a, = p,c?, by = a,[1 +2(S-1)], Co

= a,|2(5—1) +3(5-1) (9)

The yield stress was defined based on Johnson-Cook plas-
ticity model [18, 23] giving

oy = [A+B(5)"] 1+ Cin(=,/2) | 1-(T)"] (10)

where oy, £, = QBNGKS), Ko, Ep oo n,and A, B, C, and m
are the yield stress, equivalent plastic strain rate, second in-
variant of the plastic strain rate tensor, time integral of -,
reference strain rate, work hardening exponent, and constants,
respectively. Whereas in the dimensionless temperature, 7* is
given as 7%= (T-Ty)/(T,,-Ty) where T, T,,,, and T, are the tem-
perature in kelvin, melting temperature of the material, and
reference temperature, respectively [20]. Damage and fracture
evolution is described by the Johnson-Cook damage model
[23], which is formulated as a rate- and temperature-
dependent model. Damage is defined as

Dy =¢,/er (11)

er = [di + drexp(dso”)] {1 + d4ln(51',/50>} [1+dsT"]
(1)

where eris the rupture strain and o is the ratio of the mean
stress —p to the equivalent stress \3./, where J; is the second
invariant of the deviatoric stress tensor. d;—ds are constants
and 7" is defined in the Johnson-Cook plasticity model.

In this study, aluminum was used as both powder particle
and substrate. Table 1 lists the material properties [6, 14] and
Griineisen EOS constants [24].

2.3 Particle/substrate interaction

Figure 1 illustrates the coalescence process also known as
interfacial bonding developed using cohesive zone model.
This study implements Dugdale-Barenblatt cohesive zone
model involving critical separation distance, .. The primary
parameters used to characterize the interfacial bonding have
been described in the previous study [25].

3 Experiments
3.1 Cold spray process

The samples were produced using a high-pressure cold spray
system: PCS-203 (Plasma Giken Kogyo Co. Ltd., Japan). The
CS system utilizes a high-pressure gas source for both main
flow and feedstock powder carrier flow. Helium and nitrogen
gasses were streamed as process and carrier gas, respectively,
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Table 1 The material properties
and Griineisen EOS constants

used in the SPH model

Properties (unit) Value
Density, p (kg/m®) 2710
Shear modulus (GPa) 27.0
Heat capacity (J/kg/K) 904
Reference temperature, 7)) (K) 300
Melting temperature, T, (K) 916

JC plasticity: A (MPa), B (MPa), C, N, m

JC damage: d;, d, ds, d4, ds
Gruneisen EOS: I, ¢ (m/s), S
Intersurface traction, F' (N)
Critical separation, ¢, (m)

148.4, 345.5, 0.001, 0.183, 0.895
0.071, 1.248, — 1.142, 0.147, 1.0
1.97, 5386, 1.339

3x107

2x1077

to provide broader scale of velocity ranging from 0.5 to 3 MPa
with particle and substrate temperature of 300 K. The material
used was pure aluminum (Al G-AT, Fukuda Metal Foil &
Powder Corporation; 25 um) and aluminum alloy (A1050)
as the feedstock powder and substrate, respectively. The noz-
zle was transported in a single stroke across the substrate with
standoff interval at 15 mm and the lowest powder feed rate
(0.1 rpm) was used to allow limited deposition.

3.2 Microstructure investigation

Microstructural characterization of the surfaces of the
coating specimen was performed using a scanning
electron microscope (SEM): FE-SEM 4700 (Hitachi).
Single powder particle deposition was mainly seen at
the boundary region of the coating. The interface be-
tween particle and substrate was analyzed using a
transmission electron microscope (TEM): HF-2000
(Hitachi). Before TEM observation, thin foils of sam-
ples sprayed using nitrogen gas at 2 MPa and helium
at 2 and 3 MPa were prepared using focused ion
beam processing (FIB).
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Fig. 1 Schematic diagram of the interfacial bonding between spherical
particle and substrate due to adhesive intersurface forces
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3.3 Particle velocity measurement

Particle image velocimetry (PIV) purchased from Seika Co.
Ltd., Japan, was used to measure the particle velocities. The
particle velocity is measured by displacement method where
the particle in a target plane is displaced between two succes-
sive light pulses accompanied by a time delay. The location of
particle and its mobility is recorded and analyzed through a
digital camera with a charge-coupled device chip and image
analysis software, respectively. In the present experiment, the
powder particles were directly used for imaging and velocity
calculation. The surrounding air was not seeded and no sub-
strate was used in the experiment. The measuring domain was
set as a central rectangular volume of 5 mm x4 mm X 1 mm
with its center at a vertical gap of 20 mm from the nozzle exit.
The mean particle velocity was measured referring to the par-
ticle velocity distribution, which follows the Gaussian distri-
bution, according to which the particle velocity in the central
area is greater than the particle velocity in the boundary area of
the measuring domain. Details of the procedure have been
reported elsewhere [26, 27]. Table 2 shows the calculated
mean particle velocities for nitrogen and helium as process
gasses.

4 Results and discussion
4.1 Numerical results with no cohesive zone

Figure 2 shows the simulated temporal development obtained
for the particle velocity and kinetic energy at velocity of
780 m/s with absence of cohesive zone. Upon impact, the
kinetic energy from the initial velocity of the powder particle
generates pressure at the particle/substrate interface, which
causes the powder particle and the substrate to experience
plastic deformation. During the impacting process, the kinetic
energy of the powder particle dissipates into both the particle
and the substrate, causing the particle velocity and kinetic
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Table 2 The mean particle velocities for Ni and He process gas
conditions
Gas Pressure (MPa) Particle velocity (m/s)
Central region Boundary region

Helium 2.96 1169.6 870.2

2.46 1088.8 841.0

1.96 1026.4 780.7

1.46 988.8 758.7

0.96 926.3 744.9
Nitrogen 2.96 790.6 720.3

1.96 696.5 692.8

0.96 589.3 -

0.46 558.4 -

0.16 462.0 -

energy to decrease. The velocity and kinetic energy ultimately
drop to zero, pressure at the interface decreases, and the de-
formation stops. These results are consistent with those ob-
served for the CS particles in previous simulations [3-8].
However, a negative particle velocity is observed between
50 and 100 ns, which indicate rebound or non-adhesion of
the powder particles.

Figure 3 shows the coefficient of restitution obtained at
550-1000 m/s with absence of cohesive zone (blue). The co-
efficient of restitution is the ratio of velocity after impact

700 a)
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250

100 7

50 : : : : )
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Fig. 2 The simulated temporal development for a particle velocity and b
kinetic energy obtained from SPH for a 25 um aluminum powder particle
during impact onto the surface of a flat aluminum substrate at 780 m/s
obtained with no cohesive zone

(rebound velocity) to the velocity before impact (particle ve-
locity) and it decreases with increasing velocity until it reaches
a minimum value at 780 m/s. The coefficient of restitution
then increases with further increase in velocity. Figure 3 sig-
nifies that the particle will rebound at any velocity. To solve
this problem, a cohesive zone with intersurface traction was
incorporated into the numerical model.

4.2 Numerical results with cohesive zone

Figure 4 shows the deformation pattern at velocity of 700 m/s,
780 m/s, and 870 m/s with presence of cohesive zone. Upon
impact, the particles deformed from spherical powder particles
to flattened particles with formation of a crater. The flatness of
the particles increased as the velocity increased from 700 to
870 m/s. Figure 4 is distinguished between blue (no damage)
and red (damage) regions which indicate pure elastic zone and
elastic plastic zone respectively. Damage is defined by Eq.
(11) where the effective plastic strain exceeds the rupture
strain. Intensive deformation is observed at the contact zone
between the powder particle and substrate. Formation of a
metal jet was also observed at the contact surface. These ob-
servations are similar to those reported in studies [5-9] using
the FEM technique.

Figure 3 also illustrates the coefficient of restitution at ve-
locity of 550—1000 m/s with presence of cohesive zone (red).
From Fig. 3, the coefficient of restitution is zero from the
critical velocity (650 m/s) until the maximum velocity
(900 m/s). This result indicates that the rebound velocity is
relatively very small compared to the particle velocity where
the bonding between the particle and substrate has successful-
ly occurred. Thus, particle velocity range of 650-900 m/s is
the range for deposition of aluminum powder particles on the
aluminum substrate. On the other hand, particles impacting at
particle velocities below the critical velocity or above the

—No cohesive zone
—With cohesive zone

o

-

N
1

o
-
|

Coefficient of restitution (%)

e o o @

o © o o

o & & ©
. | ) .

o

550 650 750 850 950

Velocity (m/s)

Fig. 3 The coefficient of restitution obtained from SPH for a 25 pum
aluminum powder particle impacting onto the surface of a flat
aluminum substrate at 550-1000 m/s with and without cohesive zone or
intersurface traction at the particle/substrate interface
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Fig. 4 SPH simulations of a 25 um aluminum powder particle during
impact onto the surface of a flat aluminum substrate with cohesive zone
and intersurface traction at the particle/substrate interface. The

maximum velocity are rebounded. This rebound phenomenon
[19] can be explained as follows.

When a powder particle impacts on a substrate, the initial
kinetic energy is dissipated within the particle and into the
substrate as plastic dissipation energy, and generates plastic
deformations that are concentrated within a small contact
zone. The remaining kinetic energy is then stored in the pure
elastic region as elastic energy which is later transferred back
into the particle as kinetic energy, resulting in rebound of the
particles. At impact velocities above the critical velocity, ma-
terial loses potential to store elastic energy due to large plastic
deformation and thermal softening [28]. This enables deposi-
tion of particles on the substrate. At impact velocities above
the maximum velocity, the deformed particles are once again
reflected off the substrate. When thermal softening starts, the
maximum particle deformation is reached and the plastic zone
is toughen resulting in a new elastic stress limit, also referred
to as the secondary elastic stress limit [29]. It is possible that
the excess kinetic energy is then stored as elastic energy in this
new elastic region instead of further dissipating into the sub-
strate and later transferred back into the particle as kinetic
energy, resulting in rebound of the particles. Therefore, the
rebound phenomenon and the deformation behavior of
rebounded particles can only be analyzed by simulation pro-
cess, highlighting the significance and fitness of numerical
method in solving impact issues.

4.3 Comparison between experimental and numerical
results

Figure 5 shows the SEM images obtained from the experi-
ments for the bonded splats (45° tilted view) of a 2030 um
aluminum powder particle impacted onto a flat aluminum
substrate at 693 m/s, 781 m/s, and 870 m/s. The results show
that the plastic deformation occurred in the particle and sub-
strate increased as the particle velocity increased. Figure 5
agrees well with the SPH simulations in Fig. 4. For further
analysis, the bond ratio was calculated by evaluating the im-
pacted surface of the substrate. The bond ratio or deposition
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deformation patterns obtained at particle velocities a 650 m/s, b
780 m/s, and ¢ 900 m/s. The temperature contours obtained at particle
velocities d 650 m/s, e 780 m/s, and f 900 m/s

efficiency is the ratio of bonded particles to total sprayed par-
ticles in a unit area of impact surface [19]. The bond ratio has
been presented in Fig. 6. The particles rebounded at low and
high velocities resulting in a low bond ratio show the presence
of a rebound event. The particle velocities where the bond
ratio is predicted to become zero are taken as the values of
critical and maximum velocities. The estimated critical and
maximum velocities are 680 m/s and 880 m/s, respectively,
which define the particle velocity range for deposition.
Furthermore, a maximum bond ratio existed in the middle of
the range (780 m/s), which indicates that maximum deposition
is obtained at the mean particle velocity. Besides that, the
maximum deposition value of 780 m/s is almost similar to
the theoretical critical velocity of 775 m/s of aluminum parti-
cle (25 pm).

Figure 6 agrees well with the particle velocity range for
deposition obtained numerically in Fig. 3 with cohesive zone
(red). The numerically evaluated particle velocity range (650—
900 m/s) is slightly larger as compared to the experimentally
evaluated particle velocity range (680—-880 m/s). Kang et al.
[26] found that the oxygen scale on the particle surface of the
aluminum powder can influence the bond ratio, and increasing
the oxygen content may decrease the bond ratio. Therefore,
the smaller particle velocity range obtained from the experi-
ment is assigned to the oxygen content in the powder.

The bonded interface has been analyzed in detail. The
Fresnel contrast image of the Al-Al interface of a powder
particle impacted onto a flat aluminum substrate at 780 m/s
is given in Fig. 7. This contrast mode can be used to study the
interface using TEM. For perfectly abrupt interfaces, a resid-
ual Fresnel contrast and discontinuity can be observed. This,
however, was not detected in Fig. 7, which demonstrates the
diffuseness of the interface.

4.4 Deposition mechanism
Surface adhesion driven by the intersurface forces is

proposed to be the deposition mechanism. A good ad-
hesion reflects to the clean surfaces and high contact
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Fig. 5 SEM images obtained
from the experiments for the
bonded splats (45° tilted view) of
a20-30 pm aluminum powder
particle impacted onto the surface
of a flat aluminum substrate at
particle velocities a 693 m/s, b
781 m/s, and ¢ 870 m/s

18%0kV/32.8mm x2.00k SE(M)

-

"Wy
(8

pressures. Thus, the formation of a mutually
conforming contact surface is a signal to attractive
atomic interaction. This attractive atomic interaction
was translated to a larger scale and modeled in SPH
as the forces acting at the contact surface upon impact.
The results obtained using SPH agrees well with the
experimental results. From the experiments, the diffu-
siveness of the particle and the substrate, determined
through the residual Fresnel contrast observation using
TEM, demonstrates the formation of a mutually
conforming contact surface. Furthermore, in our previ-
ous study [25], deposition efficiency was found to be

80 -
70 1
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30 -
20 - A
10

0 A
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Measured Value A A
Fitted Curve —

Bond Ratio (%)

750 850 950

Velocity (m/s)

650

Fig. 6 Bond ratio obtained from the experiments for the bonded splats of

A

20 pm 20 pm

higher for coatings with better adhesion property.
Based on the results of this study, interfacial bonding
is driven by the intersurface forces that act within the
cohesive region. Although the formation of large inter-
metallic phases and thus high bonding strengths ob-
served in the previous studies [8—10] is said to be only
possible with the presence of liquid, interfacial bond-
ing observed in studies [3, 12] where melting was not
found can be attributed to the adhesive intersurface
forces at the contacting surfaces.

o »
®

Particle

Substrate

500 nm

Fig. 7 The Fresnel contrast image obtained from the experiments for the

a20-30 pm aluminum powder particle impacted onto the surface of a flat
aluminum substrate at particle velocities 550—1000 m/s

Al-Al interface of a 20-30 pwm aluminum powder particle impacted onto
the surface of a flat aluminum substrate at a particle velocity of 780 m/s
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5 Conclusion

In summary, the interfacial bonding mechanism between alu-
minum powder particles and aluminum substrate was success-
fully studied using SPH numerical method accompanied by
experimental measurements. The viability of SPH method for
studying the impact behavior in CS was proven in this work
where the deposition mechanism corresponds well with ex-
perimental findings. Moreover, a rebound event was found
indicating presence of a certain particle velocity range for
deposition of particle onto the substrate. This shows the fea-
sibility of SPH method as a convenient implementation to
predict critical and maximum velocities for deposition and
optimize spray conditions for various materials. In addition
to the thermal softening and adiabatic shear instability, the
adhesive intersurface forces at the contacting surfaces as well
as the work of adhesion play a significant role in the impact
behavior between the powder particles and the substrate.
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