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Abstract During cold-spraying processes, the deposited
particles play a crucial role owing to the subsequent par-
ticle collisions with surface. Herein, using finite-element
modeling, we numerically analyze the particle behavior
under three models: impact of a single Ti6Al4V (TC4)
particle, deposited particle hammered by a subsequent TC4
particle, and deposited particle impacted by a large shot
peening particle (SP). For the single TC4 particle case, the
particle deformation was limited and maximum interface
temperature of the particle was lower than its melting
point. The high-temperature region was mainly distributed
in a limited area near the particle edge. Meanwhile, for
subsequent impact in the second TC4 particle case, the
upper half of previously deposited particle was deformed,
although the change in maximum interface temperature
was minimal. However, for particles subsequently impac-
ted by large peening particle, the deformation of previously
deposited TC4 particles increased significantly, and the
temperature, both adjacent to and opposite the interface,
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exceeded the melting point of the titanium alloy in a large
surface area, indicating that localized interfacial melting
has occurred. In the third case, the change in interface
temperature, stress, and energy with time, along with the
experimental results, suggests that the bond between the
particle and substrate enhanced.

Keywords cold spraying - local melting - shot peening -
simulation - Ti6Al4V

Introduction

Cold gas dynamic spray is a rapid fabrication process
where micron-sized solid powders are accelerated by an
expanding gas stream to impact and then adhere to a sub-
strate (Ref 1, 2). During cold spraying, substantial plastic
deformation occurs in the particle and substrate, causing
the thin oxide film on the surface of the particles and
substrate to break. Then, fresh metal is splattered in a jet
shape, which subsequently bonds with each other. At pre-
sent, there are a number of studies that have been carried
out to understand the bonding mechanism in cold spraying
(Ref 3-7). Although the adiabatic shear instability theory
can reasonably explain some phenomena observed during
particle collisions when cold spraying, the bonding mech-
anism of cold-sprayed coatings remains poorly understood.

Some scholars believe that the impact of subsequent
particles plays an important role in the deformation and
bonding state of deposited particles (Ref 8, 9). In cold
spraying, bonds will successfully form only if the particle
velocity exceeds a critical value (Ref 10-12). Below this
velocity, impacting particles will only cause densification
and abrasion of the substrate or deposited coating, similar
to shot peening (Ref 12). Because of this phenomenon, it is
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reasonable to use the external force of the following par-
ticles to further deform the lightly deformed particles.
Since the critical velocity of particles increases with par-
ticle size, the in situ peening effect of large particles can be
used to assist in the deformation of difficult-to-deform
metals, e.g., Ti and Ti alloys. Some studies have reported
that dense Ti and TC4 coatings can be obtained in situ
through shot peening-assisted cold spraying (Ref 13), in
which large stainless steel particles were mixed into
spraying powders. The Ti and TC4 particles bond with the
substrate or already deposited particles while the impulse
delivered by large stainless steel particles tamp them fur-
ther. The steel particles rebound because they are beneath
their critical velocity. Figure 1 presents the schematic
diagram for the in situ shot peening-assisted cold spraying.
The adhesion strength under in situ shot peening was
similarly enhanced compared with traditional spraying
(Ref 14).

In cold spraying, the impact-driven deformation of
particles is completed within tens of nanoseconds and the
high-speed collision process transient with a strain rate is
as high as 1010 ! (Ref 1, 9, 11); therefore, it is difficult to
directly observe the deformation process (Ref 7, 15). As a
more achievable means of investigation, numerous finite-
element analysis (FEA) studies have been performed to
examine the impact-deformation process during cold
spraying (Ref 16). ABAQUS/explicit is a commonly used
finite-element software for simulating the impact process
when cold spraying. The Lagrangian method is often used
to simulate the deformation behavior of the particle and the
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@ ©<—— TC4 particle

@ ® Shot particle

Fig. 1 Schematic diagram of in situ shot peening-assisted cold
spraying
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substrate (Ref 6, 7, 12, 17-22). At present, there are many
studies that have studied the deformation of a single par-
ticle after impact using this method (Ref 6, 7, 12, 20-22). In
a work by Assadi et al. (Ref 12) on copper cold-spraying
processes, the concept of adiabatic shear instability was
first proposed to explain the result in which an abrupt
increase in local temperature or equivalent plastic strain
(PEEQ) occurred. This theory is widely accepted because it
can explain the edge jetting of impacting particles and their
bonding behavior during cold spraying. However, due to
the high strength of Ti and Ti alloys, it is very hard for
them to deform during the cold spraying, and the porous
microstructure and weak bonding between particles result
in low strength and durability when used for cold-spray
alloys coatings. Likewise, traditional adiabatic shear
instability theory does not fit Ti and Ti alloy coatings well
since there is no severe deformation and rim jetting. Bae
et al. (Ref 7) proposed the interfacial melting theory to
explain the bonding features observed between Ti particles
and demonstrated that the impact temperature in the sub-
strate—particle interface exceeded the melting point of Ti
through numerical simulation. They believed that it resul-
ted from the relatively higher adiabaticity of Ti when
compared with other materials. However, their work only
focused on particle deformation and interface temperature
when the particle deposits on the substrate and did not
consider the role of subsequent particle impacts. To date,
no relevant numerical simulation work has been carried out
on the cold spray impact behavior of in situ shot peening-
assisted cold spraying. To thoroughly comprehend the
deformation behavior of particles under microscopic
external force, we constructed three models and numeri-
cally analyzed the deformation behavior of the target TC4
particle in each case: impact of a single Ti6Al4V (TC4)
particle, a deposited particle hammered by a subsequent
TC4 particle, and a deposited particle impacted by a large
shot peening particle. Finally, we compared the results with
those of single TC4 particle deposition studies and sum-
marized the deformation characteristics of previously
deposited TC4 particles.

Computational Descriptions
Numerical Model

Nonlinear FEA simulations were performed using
ABAQUS/explicit and a Lagrangian algorithm to simulate
the deformation processes that would occur during cold
spraying. All the three considered models were assumed to
be an adiabatic process, and a dynamic explicit procedure
was performed to conduct an adiabatic stress analysis. Due
to the axisymmetric character of a single particle impact,
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the three models were simplified as 2D axisymmetric
models, which are computationally more efficient and
involved fewer artificial controls compared with 3D mod-
els (Ref 12, 23). The TC4 particle and shot peening particle
had diameters (Dp,) of 22 and 180 um, respectively. This
size was consistent with the average powder size used in
our previous experiment (Ref 14), so that the present
simulation results could be compared with the past exper-
imental results. The radius and height of the substrate were
defined as three and four times larger than the particle
diameter, and the contact type between particle and the
substrate was all treated as the “surface-to-surface contact”
type; the friction coefficient of the contact surface was set
to 0.3. The geometries were partitioned by four-node
bilinear axisymmetric quadrilateral elements with reduced
integration and hourglass control (CAX4RT). The size of
the mesh in the TC4 particle and the center of the substrate
was 1/50 D,,. As the deformation of the shot peening par-
ticle during the impact process is negligible, it does not
require the same resolution and its mesh size was set to
1/10 D,. The axisymmetric condition was applied and a
fixed boundary condition was enforced to the bottom and
sides. The initial temperature of TC4 and shot peening
particles, as well as substrate, was set to 25 °C, and sub-
strate heating by the process gas can be considered negli-
gible (Ref 15, 24). Figure 2 shows a visualization of the
mesh division in a two-dimensional computing model. The
asterisk in Fig. 2(a) represents the node selected to study
interface temperature and strain in the area of the particle
periphery and occurs at an angle of 64.6° from the particle
axis. The strain detection paths were performed in order
from A to C. Corresponding experimental conditions for
the simulation used N, as the process gas for spraying, and
the gas temperature and pressure were 550 °C and 3 MPa,

Fig. 2 2D axisymmetric models
and mesh for particle/substrate
impact simulation. (a) TC4
particle/TC4 substrate. (b) Two
TC4 particles/TC4 substrate.
(c) TC4 particle and shot
particle/TC4 substrate

(a)

respectively. According to the results of previous research
(Ref 13), under these experimental conditions, the veloci-
ties of the TC4 particle and shot particle were set to 700
and 300 m/s, respectively.

Material Model

The materials of the particle and substrate were described
using a Johnson—Cook plasticity model which allows us to
account for strain, strain rate hardening, and thermal soft-
ening (Ref 25). The stress is expressed according to the von
Mises plasticity model, and the yield stress (c,) of the
material is expressed as follows:

. T— Tref "

o= [A+Be|[l + Clné'] [1 - (7> ] (Eq 1)
Tmell - Tref
where A, B, N, C, and M are material-related constants, ¢,
is the effective plastic strain, and ¢* is the effective plastic
strain rate normalized with respect to a reference strain
rate. Ty 1S the melting temperature and 7, is a reference
temperature above which thermal softening can occur. A
linear Mie-Griineisen equation of state (EoS) was
employed for studying elastic behavior (Ref 26). The
properties of the TC4 material used in this study are listed
in Table 1. These material parameters were derived from
the literature (Ref 27-30).

In this study, isotropic TC4 was selected as the material
of the particle and the substrate, and stainless steel was the
shot material because in in situ shot peening-assisted cold
spraying, the deformation of shot was very small and can
be ignored. Therefore, conventional parameters, such as
density (7.92 g/cm3), elastic modulus (190 GPa), and
Poisson’s ratio (0.305) were set for the stainless steel
particle. For the thermal conversion ratio, the default value

(b)
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Table 1 Material properties used in FE models (Ref 27-30)

Parameter Value

Density, kg/m* 4428
Heat capacity, J/kg K 560

Shear modulus, GPa 419
Poison’s ratio 0.31
A, MPa 1098
B, MPa 1092
N 0.93
C 0.014
M 1.1
Elastic bulk wave velocity, km/s 5.13
Slope in ug, v, u, diagram 1.028
Giliir neisen coefficient 1.23
Melting temperature, K 1878
Reference temperature, K 298
Heat fraction 1

for general materials is 0.9, but due to the lower thermal
conductivity of Ti and Ti alloys, it can be set to 1 (Ref 31).

Results
Deformation Behavior

Figure 3 shows the equivalent plastic strain of a single TC4
particle impacting the substrate and being subsequently
impacted by either a TC4 particle or a shot particle. The
impact times were 23, 48, and 77 ns, respectively. It can be
seen that in the case of a single particle impact, the TC4
particle underwent limited deformation and the maximum
equivalent plastic strain value was 2.05; moreover, there

Fig. 3 PEEQ contour under

. PEE
three cases. (a) TC4 particle/ (Avg: 75%)

TC4 substrate. (b) Impacted by ?igg
subsequent TC4 particle. Ls2
(c) Impacted by subsequent shot 18
particle o082
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0.34
0.17
0.00
(a)
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was no jetting phenomenon at the edge of the particle. This
was mainly a result of the inflexibility of the Ti alloy. In
reported experimental work on single TC4 particles (Ref
32), no distinct jet phenomenon was observed on the edge
of the single deposited TC4 particles, but the morphology
of the particle back surface showed that there was still
metallurgical bonding between particle and substrate.
Therefore, it can be concluded that there is no direct con-
nection between rim sputtering and interface bonding for
Ti and Ti alloy coatings. When a subsequent TC4 particle
impacted on a deposited TC4 particle, the deposited par-
ticle was further tamped and deformed again (as shown in
Fig. 3b, the subsequent TC4 particle is hidden). The highest
equivalent plastic strain reached 3.34, which was slightly
increased over the case of the single particle. When the
large shot particle impacted the already deposited TC4
particle, it underwent secondary deformation and became
completely flat (as shown in Fig. 3c, the shot particle is
hidden). The equivalent plastic strain value of the particle
rose rapidly, reaching maximum value of 39.14. Compar-
ing the deformation characteristics of the deposited TC4
particle in the three cases, it can be clearly seen that the
secondary hammering effect of the shot particle had sig-
nificant influence on the particle deformation, and the
deformation changed from the lower half of the particle to
the whole. Compared with that tamped by an incident TC4
particle, in which the upper half of the particle was also
deformed, the flattening degree of the deposited particle
was not very high. Nevertheless, after the impact of the
shot particle, the flattening degree was greatly improved,
resulting in a rapid increase in the contact area between the
deposited TC4 particle and the substrate, which will play a
positive role in improving the adhesion.

Figure 4 shows the compression ratio and flattening ratio
of previously deposited TC4 particle under the three con-
ditions. The compression ratio is the ratio of the deformed
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3.34

foud
13
x

SOoSSmmEENNN
SnB=L LN N
SRAR=CANG =S

(b)




J Therm Spray Tech (2021) 30:1093-1106

1097
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height of the particle to the original diameter, and the
calculation of flattening ratio used the equivalent diameter
method (Ref 33). As can be seen in Fig. 4, after the sub-
sequent impact of TC4 particle and large peening particle,
the compression ratio was increased by 133 and 216%,
respectively. The flattening ratio of the previously depos-
ited TC4 particle was increased by 57 and 227%, respec-
tively. Therefore, the tamping effect of the subsequent
impacts, particularly with the large shot particle, played a
significant role in increasing the deformation of the origi-
nally deposited particle due, with the shot particle’s effect
being largest due to its increased kinetic energy.

Interface Temperature

Figure 5 plots the temperature distribution on the particle
interface in the three cases. It can be seen that the highest
temperature when a single TC4 particle impacted the
substrate was 1452 K, and the area with the highest tem-
perature was mainly distributed around the edge of the
particle with relatively large deformation. After impact by
a following TC4 particle, the maximum temperature
reached 1553 K, distributed in the area of the interface

Fig. 5 The temperature contour
under different conditions.

(a) TC4 particle/TC4 substrate.
(b) Impacted by subsequent
TC4 particle. (c) Impacted by
subsequent shot particle

TEMP
(Avg: 75%

(a)

| -

between particle and substrate. After being tamped by the
shot particle, the maximum temperature of the deposited
particle reached 2090 K, with the high temperature mainly
distributed in two regions: the bottom area where the par-
ticle deformed the most and the top area impacted by the
shot particle. The increase in interface temperature stems
from the heat of the plastic deformation caused by the
increased deformation from shot peening.

Figure 6 displays the temperature distribution diagram
of the bottom and top surfaces of the particle in the three
cases. It can be seen in the figure that when a single TC4
particle impacted the substrate, the high-temperature
region was mainly distributed on the bottom edge of the
particle and the highest temperature was 1452 K. The
width of the highest-temperature region was approximately
1.48 pum, the sub-high temperature was 1356 K, and the
width was approximately 1.21 pm. In the case of secondary
impact of TC4 particle, the maximum temperature of the
interface reached 1553 K with the high-temperature region
similarly located on the bottom edge, and the width of the
highest-temperature and sub-high-temperature regions was
approximately 0.72 and 0.8 pum, respectively. The width of
the high-temperature zone on the bottom of the particle was
not significantly different in these two cases. However,

TEMP
(Avg: 75%)

(b)

TEMP
(Avg: 75%)

(o)
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Fig. 6 The temperature contour
on the bottom and top of the
previously deposited TC4
particle. (a) TC4 particle/TC4
substrate. (b) Impacted by
subsequent TC4 particle.

(c) Impacted by subsequent shot
particle

TEMP
(Avg: 75%)

TEMP
(Avg: 75%)

TEMP

(b)

after being impacted by a large shot particle, the high-
temperature zone expanded outward due to the severe
deformation of the deposited particle. At the bottom of the
particle, the highest and sub-high temperature reached
2090 and 1971 K, respectively. The width of the highest-
temperature and sub-high-temperature zone was increased
to approximately 2.56 and 8.42 um, respectively. More-
over, on the surface of the particle, in the range of
approximately 15.34 pm, the temperature reached 1971 K,
which matched the sub-high temperature on its bottom
edge. Compared with the single particle impact case, the
highest observed temperature increased by approximately
638 K, and the sub-high temperature increased by
approximately 519 K, while the width of the sub-high-
temperature zone expanded by nearly six times. Impor-
tantly, the temperature in both the highest-temperature and
the sub-high-temperature regions in the case of shot
peening exceeded the melting point of 1878 K. The total
width of the area above the melting point on the bottom of
the particle reached approximately 11 pum, which implies
that a wide area of the particle melted after shot impact.
Effective bonding is likely to happen here, which can
improve the bonding strength (Ref 34). In addition, the
particle surface melted in a large range which was not seen
in the case of an impact by a subsequent TC4 particle. The

@ Springer
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large melting area on the particle surface will make it
easier to deform when impacted by subsequent particles.
Figure 7 shows temperature distribution contours in the
substrate surface in the three model cases. From the sub-
strate side, the highest-temperature zone mainly appeared
in the area contacted by the particle. In the case of a single
particle, the highest temperature was 805 K and the width

of the highest-temperature zone was approximately
3.72 pm; the sub-high temperature toward the center was
785 K and the width of this zone was approximately
1.67 um. After impact by the subsequent TC4 particle and
the shot particle, the highest temperature reached 785 and
777 K, respectively, which is not very different from the
first case; therefore, it can be concluded that the impact of
subsequent TC4 particle and shot particle had almost no
influence on the substrate temperature.

Figure 8 shows the change of temperature and strain
over time at the selected node under the three conditions.
As can be seen in Fig. 8, in the case of a single TC4 particle
impact, the equivalent stress of the particle increased
rapidly within a very short time (less than 10 ns) due to the
strain hardening caused by instantaneous deformation. At
the same time, the interface temperature soared rapidly,
from 298 K to more than 1200 K in approximately 10 ns,
and up to a maximum of 1384 K. Correspondingly, with
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Fig. 7 The temperature contour on the surface of the substrate. (a) TC4 particle/TC4 substrate. (b) Impacted by subsequent TC4 particle.

(c) Impacted by subsequent shot particle
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Fig. 8 The temperature and strain over time at selected node. (a) TC4 particle/TC4 substrate. (b) Impacted by subsequent TC4 particle.

(c) Impacted by subsequent shot particle

increasing temperature, thermal softening occurred, and the
stress dropped from a maximum of 1789 MPa to a mini-
mum of 327 MPa. However, this temperature is still far
away from the melting point of the TC4, which is

approximately 1878 K. Therefore, particle melting does
not occur under this condition. In cold spraying, due to the
high particle velocity, the particle undergoes high-strain
viscoplastic deformation within a short time (Ref 12). The
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high temperature at the interface will cause local thermal
softening, resulting in a rapid decrease in equivalent stress
(Ref 10, 11). Although the thermal softening of the particle
provides favorable conditions for further deformation after
subsequent impact of the following particles, the residual
stress is still very high, and there was a fluctuation of stress
of approximately 30 ns, which indicates that the possibility
of rebound is still very high and the bonding state between
the particle and substrate is not stable (Ref 7, 35).

Meanwhile, when a subsequent TC4 particle impacted
on the deposited TC4 particle, the interface temperature at
the selected node increased to 1470 K. Correspondingly,
the stress dropped from the maximum of 1803-538 MPa,
followed by a degree of recovery that may be caused by the
strain hardening resulting from the subsequent impact.
Then, the stress continued to decrease before stabilizing at
approximately 202 MPa. In the case of secondary tamping
by a peening particle, the stress and temperature of the
deposited TC4 particle underwent secondary change after a
short, relatively stable period. It can be seen in
Fig. 8(c) that due to the velocity difference between TC4
and peening particle, after the previously TC4 particle
completed the first deformation, the peening particle then
came into contact with it at approximately 30 ns. The
peening particle continued to move downward, thereby
compelling the TC4 particle to be compressed again. Since
the selected node was located at the bottom of the particle,
and the deformation of the particle transmitted gradually
from top to bottom, an “incubation period” existed that
lasted for approximately 20 ns. During this period of time,
the temperature at this node remained at a relatively
stable level, whereas the stress fluctuated slightly. Before
that, the equivalent stress decreased rapidly after the first
deformation, followed by a certain degree of rebound that
may have occurred due to the high temperature after the
impact and the subsequent cooling, resulting in temporarily
restoring the strength of the particle. However, after a short
“incubation period,” the temperature of deposited TC4
particle increased rapidly, exceeding the melting point
within approximately 10 ns, reaching the maximum of
1922 K during the simulation period. Correspondingly, as
the temperature increased, the equivalent stress decreased
rapidly until it eventually became zero after the stress
underwent a short period of recovery and stabilization.
Therefore, the in situ tamping effect not only enhanced the
deformation of the particle but also promoted the local
melting of the previously deposited TC4 particle.

@ Springer

Marginal Plastic Strain

Figure 9 shows the strain on the specified path (from A to C
in Fig. 1a) of the previously deposited TC4 particle over
time in three cases. From Fig. 9(a), when single particle
impacted the substrate, the particle began to undergo
plastic deformation within 5 ns. With time, the particle
deformation gradually increased, and there was a large up—
down fluctuation in strain, which may be due to the
extremely unstable deformation at this time. In addition,
the location of the point, where the maximum plastic strain
occurred, was constantly expanding from A to B; therefore,
it can be indirectly inferred that the contact area between
the particle and substrate was continuously increasing.
After approximately 30 ns, the particle deformation tended
to be stable. At this time, the length of the area where the
particle was in contact with the substrate (shown by the
arrow in the figure) was roughly equivalent to the particle
radius, which is consistent with the results shown in
Fig. 3(a).

When the subsequent TC4 particle impacted the
deposited TC4 particle, the particle strain experienced a
secondary increase along the peripheral semicircular path,
and this increment in strain stabilized after approximately
50 ns, as shown in Fig. 9(b). This was mainly due to the
secondary tamping effect of subsequent particle, which
further increased the deformation of the particle and the
contact area between the particle and substrate. However,
such tamping effect caused by the following large shot
particle was more obvious. In the in situ peening state, the
shot particle took approximately 30 ns to reach the top of
the deposited TC4 particle, and then, the particle under-
went a “secondary deformation” after the first plastic
deformation, as shown in Fig. 9(c). There was a short
interval between these two deformations due to the velocity
difference between TC4 and shot particle. After the inter-
val period, the deformation in the upper half of the particle,
near point C, soared rapidly due to the tamping effect of the
large shot particle, causing the deposited particle to
squeeze out to the edge, reaching the maximum value at 70
ns. The abovementioned temperature analysis suggests that
the thermal softening caused by the local melting of the
area, wherein the particle was in contact with the substrate,
made the secondary deformation of the particle easier. As
the particle deformation increased, the contact area
between the particle and substrate also increased rapidly, as
shown by the straight line with arrows. Compared with the
non-shot peening state, the contact area between the par-
ticle and substrate increased significantly. In addition, by
comparing the abscissas of these three figures, we can see
that the length of the contact area between the particle and
substrate did not exceed the half-circumference of the TC4
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Fig. 9 The strain on the specified path over the time. (a) TC4 particle/TC4 substrate. (b) Impacted by subsequent TC4 particle. (c) Impacted by
subsequent shot particle (two sets of points in a and b results from data fluctuation)

particle (approximately 0.035 pum) under the first two
conditions. However, in the in situ peening state, the plastic
deformation area extended beyond half of the circumfer-
ence from 40 ns. Combined with the results of interface
temperature, it was likely that the localized melting pro-
duced a viscous flow, which plays an important role in
generating edge sputtering and improving bonding state
(Ref 7).

Energy Analysis

During the cold-spraying process, the particle and substrate
can be considered as a system. The initial kinetic energy of
the in-fight particle is mainly converted into plastic
deformation of particle and substrate (Ep), viscous effect
(Ey), frictional heat (Ef), and recoverable elastic strain
energy (Er) in the contacting bodies. The conversion of
energy during impact can be described as follows:

E=Ep+ Ey+ Er+ Egr (Eq2)

Among these four types of energies, plastic deformation
energy accounts for the largest proportion, and only a few
percent of the initial kinetic energy is normally dissipated
as viscous effects and frictional heat; therefore, they can be
ignored (Ref 6). In this way, by analyzing the change in the
initial kinetic energy, plastic deformation energy, and
recoverable elastic strain energy over the impact time, the
bonding state of the particle and the substrate can be
explained.

Figure 10 shows the initial kinetic energy, plastic
deformation energy, and elastic recovery energy of previ-
ously deposited TC4 particle and substrate as a function of
impact time. In the single particle impact state, the kinetic
energy of the particle decreased quickly when it came into
contact with the substrate. In contrast, the plastic defor-
mation energy of the particle increased rapidly, almost at
the same time, when the kinetic energy dropped to the
bottom of the valley, plastic deformation energy reached
the maximum, and recoverable elastic strain energy
increased slightly with an increase in the plastic
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Fig. 10 The change of the energy in three cases
subsequent shot particle

deformation energy. Then, it began to decrease after the
plastic deformation energy stabilized and eventually
remained at a level close to zero. Since the recoverable
elastic strain is the energy source for the particle rebound,
the lower the elastic recovery energy, the smaller the
possibility of the particle rebound, thereby suggesting that
the particle and substrate effectively bond with each other.

In the subsequent TC4 particle secondary impact state,
the plastic deformation of particle continued to increase,
i.e., approximately 1.7 times the maximum value than that
of the single particle impact state. Furthermore, the influ-
ence of subsequent particle impact on the plastic defor-
mation of deposited particle is significant. Moreover, in the
case of in situ shot peening, the plastic deformation energy
of the deposited TC4 particle experienced a secondary rise
when the shot particle reached it, the plastic deformation
energy continued to increase almost in a straight line.
Obviously, it was the secondary tamping effect of the large
shot particle that promoted further deformation of previ-
ously deposited particle. Simultaneously, the kinetic
energy and elastic recovery energy of the particle

@ Springer

. (a) TC4 particle/TC4 substrate. (b) Impacted by subsequent TC4 particle. (c) Impacted by

experienced a plateau of approximately 20 ns after falling
to the bottom of the valley, followed by a slow recovery.
This may have resulted from the horizontal recovery to the
particle center because of the large plastic deformation
under external force of large shot particle.

Discussion

In cold spraying, the impact of subsequent particles has an
in situ compaction effect on the plastic deformation of the
deposited particles (Ref 13, 36). However, this self-com-
paction effect also has an impact on the bonding of the
deposited particles. G. Bae et al. (Ref 37) have studied the
effect of strain accumulation and thermal conduction dur-
ing cold-sprayed CP-Ti coating. They found that the par-
ticle strain and temperature continued to increase during
the coating formation. Similarly, in this study, we also
found that the interface temperature exceeded melting
temperature point after the subsequent shot peening parti-
cle impact. Therefore, the abovementioned results are
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sufficient to confirm that the impact of subsequent particles
on the interface parameters cannot be ignored during the
particle deposition in cold spraying. Since the bonding state
of the deposited particle cannot be identified easily in
simulation, we can indirectly judge the particle bonding by
the recoverable elastic strain energy. In this study, after the
TC4 particle underwent subsequent collision, the change in
recoverable elastic strain energy of earlier deposited TC4
particle can be shown in Fig. 11. Obviously, the recover-
able elastic strain energy of the deposited TC4 particle
after subsequent collision was lower than that of single
particle state, indicating that the strain accumulation and
thermal conduction resulting from subsequent particle
collision during cold spraying is beneficial for bonding.

During cold spraying, the flying particle impacts sub-
strate at a very high velocity, followed by deforming in
nanoseconds. The substantial deformation area always
focuses on the particle’s periphery (in the jetting region),
while almost no deformation occurred in the center of the
particle (Ref 32). Therefore, the temperature at the rim area
is significantly higher than that at the center of the particle,
and edge instability is much easier to occur. In many cases,
this instability was associated with a thin interface layer
with temperature approaching or exceeding the melting
point of the material. Several previously conducted studies
(Ref 6, 38, 39) have noted the correlation between the
morphologies and the rapid temperature increase (adiabatic
heating) exhibited by a deforming particle in cold spraying.
In contrast, interface melting is relatively easy to occur in
material with low melting point as Sn and Zn, even in
metallic glass coatings (Ref 40, 41). In the research of cold-
sprayed Zn coating (Ref 40), some small spherical particles
were formed that resulted from particle melting during high
velocity impact followed by rapid cooling.

80 i Single Particle
= Two particles

E(1073))

1 1 1 1 1 1 1
0 20 40 60 80
Time (ns)

Fig. 11 Recoverable elastic strain energy over the impact time under
cases of single and two TC4 particles

In cold spraying, most of the plastic deformation energy
of the particle is converted into plastic heat. Therefore, the
interface temperature increases rapidly within a few
nanoseconds. For soft materials such as Cu and Al, due to
severe jetting and high thermal conductivity, the plastic
heat is relatively easy to dissipate. However, for Ti and Ti
alloys, because of high strength and low thermal conduc-
tivity, there is no serious edge jetting and heat transfor-
mation. Bae et al. (Ref 7) proposed for the first time that
there may be an interface melting phenomenon during the
cold spray deposition of Ti and Ti alloys. Fig. 12 shows the
viscous flow phenomenon observed at the interface of Ti
coating, presumably due to the local melting of the inter-
face. It was speculated that this interfacial melting caused
by an increase in the local temperature will improve the
particle—substrate and particle—particle metallurgical
bonds.

Recently, some research have reported interface melting
for Ti and Ti alloys (Ref 42-44). In our previous research
(Ref 14), we prepared the TC4 coating by in situ shot
peening-assisted cold spraying. The results showed that the
bonding strength of the coating was higher than that pre-
pared under the traditional cold spraying with similar
spraying parameters, and it has even exceeded the highest
bonding strength value of Ti alloy coating reported so far.
By analyzing the fractural morphology, a “shear lip” was
found at the particle-to-particle interface, as shown in
Fig. 13. Based on the above simulation results, we specu-
lated that this “shear lip” most likely resulted from the
local interface melting and molten particle flowing out to
the periphery under the shearing effect of the impact. As
mentioned above, the stress in this region was significantly
decreased, whereas the temperature increased rapidly.
Therefore, the thermal softening reduced the flow stress of
the material in the periphery zone and overcame the strain
and strain-rate hardening, further resulting in viscous flow
to extrude (Ref 10, 12). The generation of this viscous flow
is beneficial for the removal of oxide film on the particle
surface, as well as the diffusion of atoms and chemical
reactions between the viscous fluid and solid surface (Ref
45, 46). Therefore, it will be helpful for the bonding the
particles. Because the interfacial melting phenomenon is
difficult to observe in experiments, the current research in
this field needs to be further deepened.

Conclusion
In this study, the impact behavior of a single TC4 particle,
as well as the subsequent impact of another TC4 particle

and shot particle, was analyzed via numerical simulation.
The conclusions are as follows:
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Fig. 12 Interface melting in cold-sprayed Ti coating (Ref 7). (a) Nitrogen, 600 °C, 2.5MPa. (b) Nitrogen, 600 °C, 2.5MPa, powder feeder gas
preheating temperature at 600 °C. (c) Helium, 600 °C, 1.5MPa. (d-f) Higher magnifications of the boxed areas in (a-c)

Fig. 13 Fracture morphologies
of TC4 coatings: (a) N,, 700 °C,
3 MPa; and (b) Ny, 750 °C,

3 MPa (Ref 14)

(a)

In the case of a single TC4 particle, when the particle
impacted the substrate at a velocity of 700 m/s, only
limited deformation occurred in the lower half of the
particle. After the subsequent TC4 particle impact, the
previously deposited particle underwent further defor-
mation and the contact area with substrate expanded.
Meanwhile, significant secondary  deformation
occurred when a large shot particle impacted the
particle, and the compression ratio and flattening ratio
were increased by 2-3 times than that in the single
particle case.

The change in interface temperature over impact time
under three cases showed that the highest temperature

(b)

slightly. However, after the impact by the shot particle,
the maximum interface temperature exceeded the
melting point of Ti material, molten area was pre-
dicted, and the contact area between particle and
substrate further increased.

In the three cases, the strain of selected node on the
edge of the particle increased with an increase in the
impact and then showed a tendency to fluctuate.
Simultaneously, the node temperature increased
rapidly, thereby confirming that the thermal softening
reduced the strain hardening of the particle and
improved the plastic deformability.

under single particle state was 1452 K, and the highest-
temperature zone was mainly distributed in the limited
area near the particle edge. In the case of subsequent
TC4 particle impact, the temperature increased
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