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A multiscale model was constructed for agglomerate metal particle deposition in a low-temperature
high-velocity air fuel (LTHVAF) thermal spraying process using finite element analysis (FEA) and
smoothed particle hydrodynamics (SPH). Here, the agglomerate particle impact on the substrate is
simplified to three states. Then, the corresponding model is selected. The simulated results show that the
temperature and velocity of agglomerate particle can affect the effective temperature and plastic strain in
the contact interface for increasing particle energy. At the microscale, the deformation of the deposited
particle might coarsen the coating surface to the extent that the critical velocity of the metal particle
would decrease. It indicates that the agglomerate particle might splash when it impacts on the substrate.
The transient melting can be ascertained at an angle in an approach to the achievement of intermetallics
combined with the modeling of the particle penetrating into the substrate. In this process, the effective
strain of an agglomerate particle at the nanoscale is less than that at microscale, but the surface area ratio
at nanoscale is large. The uncompacted state of the agglomerate particle can lead to a turbulent force
when the agglomerate particle deposits on the substrate, which can reduce the penetration performance
of the particle. This behavior can decrease the stress-strain of substrate and cause the cracked particle to
sparkle.

Recently, work concentrated on the deposition mech-
anism of aggregate particles in order to improve the per-
formance and buildup of coatings (Ref 4, 5). In this
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process, numerical simulations were traditionally per-
formed at a single scale for aggregate particles. Hansbo
and Nylen (Ref 6) developed a model to simulate coating
layer buildup and robot motion without considering the
internal coating microstructure. The work of Barradas
et al. was focused on the laser shock flyer used for the
impact simulation of particle/substrate interactions in cold
spray (Ref 7). The paper of Shimizu et al. concentrated on
simulation of the flattening process of a high-temperature
and high-speed droplet with molecular dynamics (Ref 8).
Shi and Christofides focused on the computational mod-
eling of coating microstructure produced by a high-
velocity oxygen-fuel thermal spray process. In the coating
growth model, the complex characteristics of coatings
were captured by applying certain basic rules in the
deposition process. In the microscopic particle deposition
process, the formation of coating microstructure is cap-
tured by the Madejski deformation model and several
rules that govern splat formation, solidification, and
coating growth (Ref 9, 10).

However, the high-performance coatings fabricated
with agglomerate particles are an important part of the
thermal spray technique (Ref 11), and the behavior of
agglomerate particles depositing on substrate is not
reported. Here, the agglomerate particles should be con-
sidered as multiscale particles, such as nanoscale particle
clusters (Ref 12, 13), whose deposition behavior differs
from that of aggregate particles. Thus, the authors wanted
to research the deposition mechanism of agglomerate
particles in the thermal spraying process. Luckily, some
deposition characteristics of agglomerate particles can be
simulated with smoothed particle hydrodynamics (SPH)
theory (Ref 14), which is a non-mesh-based computational
method for simulating fluid flows, solid deformation, and
coupled fluid-structure systems that may serve to charac-
terize physical clustering of particles (Ref 15). It is par-
ticularly powerful for predicting complex free surface
motion and is able to capture fine features in the contact
surfaces with little numerical diffusion (Ref 16) Thus, it
has been found to be well suited to modeling the deposi-
tion characteristics for thermal sprayed coatings.

In this paper, in order to discover the significant
metallic bonding between the precipitates, the work
employs the mesh-free SPH technique and the explicit
time integration nonlinear finite element code LS-DYNC
(Ref 17) to analyze how the multiscale agglomerate
particles impact on the substrate in the LTHVAF
spraying process. The finite element method (FEM) and
SPH can be used for particle impact at the different
scales, and the relationships between them are analyzed.
Lastly, the buildup of the coatings with agglomerate
particle is described.

2. Numerical Model

2.1 Multiscale Geometric Models

In the LTHVAF spraying process, the agglomerate
particles with high velocity deposited continuously on the
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substrate (or previous coatings) can build the coatings up.
In this paper, the model strategy is shown as:

® Research of iron (Fe) particles depositing on the
substrate (or previously deposited coating) for the
coating buildup should use the LS-DYNC deforma-
tion dynamic response of finite element analysis.

e The SPH geometrical model may be used for the
agglomerate particle.

® The size of agglomerate particles is 20 pm.

The deposition stress of agglomerate particle can
change with the time and structure deformation when
impacting on the substrate. The energy of agglomerate
particles that contacted previous coatings (or substrate)
will affect coating performance. The model developed in
this study is based on the following main assumptions:

o The geometry of multiscale particle impact is simpli-
fied to three states: continuous particles and continu-
ous particles, agglomerate particles and continuous
substrate, and agglomerate particles and agglomerate
substrate. The geometrical models are listed in
Table 1.

e The particle specific heat is independent of tempera-
ture.

e The agglomerate metal particle might exchange
energy only with the substrate and not participate in
any chemical reaction.

e The entire interface is lubricous.

The coating characteristics can be described with the
impacting particles of different sizes at different axial
stresses when the coatings build up step by step. The dif-
ferent scale geometrical models of particles impacting on
substrate is shown in Fig. 1.

2.2 Johnson-Cook Constitutive Model

For the continuous particle impacting on the substrate,
a purely phenomenological model is considered, which is
from Johnson and Cook (Ref 18). The Johnson-Cook
model is known for its simplicity and the availability of
parameters for parameters for various materials of interest.
It is commonly used in the simulation of highly dynamic
processes. These three key material responses are strain
hardening, strain-rate effects, and thermal softening; these

Table 1 Model for multiscale particle at three states

Relationship between

No. the particle and substrate Simulated model
1 Continuous particle FEA-FEA
and continuous substrate (particle-substrate)
2 Agglomerate particle SPH-FEA
and continuous substrate
3 Agglomerate particle SPH-SPH

and disperse substrate

Journal of Thermal Spray Technology
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Fig. 1 Multiscale model of agglomerate particle in the low-temperature high-velocity air fuel spraying process

effects are combined, in a multiplicative manner, in the
Johnson-Cook constitutive model, which is expressed as:

oy = (A+BelM)(1+ Clne™)(1 — TM) (Eq 1)

where the yield strength portion of the Johnson-Cook
constitutive model has five parameters: A, B, N, C, and M,
and three material characteristics: p, Cp, and Ty; SSff is
effective plastic strain; e* = &/£ is the strain rate used to
determine A, B, and N; and 7% = (T — Trer)/(Tm — Trer) is
the homologous temperature, where T;, is melt tempera-
ture, T, is reference temperature; AT = (1/pCp) [ 3del;.

Based on cumulative plastic strain, the cumulative-
damage fracture model is given by:

el = {Dl + Dy exp (D3 Gi)} [1+ Dslne*][1 4+ DsT™
eff’
(Eq 2)

where Dy = Y Ael;/e" is failure that occurs when D =1,
ot 1S effective stress, and P is mean stress (pressure); this
is similar in form to the yield strength model where the
three terms combine in a multiplicative manner to include
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the effects of triaxial stress, strain rate, and local heating,
respectively. This portion of the Johnson-Cook constitu-
tive model requires an additional five model parameters.

Additionally, the state characteristics in the deposition
process are required. Typically, the shear modulus is input
along with an equation of state (EOS) used to define
pressure versus volume strain response; for low pressure,
the EOS is assumed to be defined by elastic bulk modulus.
The Gruneisen equation of state with cubic shock velocity-
particle defines pressure for compressed material as
(Ref 19):

_ PoC* {1 + [1 — (vo/2)ln — (a/2)n%}
{1— (1 — Dp—Sa[12/(n+1)] = Ss[13/(n+ 1))}
+ (vo +ap)E (Eq 3)

where E is the internal energy per initial volume, C is the
intercept of the ug-u, curve, Sy, S5, and Sz are the coeffi-
cients of the slope of the us-u, curve, yq is the Gruneisen v,
and a is the first-order volume correction to y,. Constants
C, S1, S5, S5, Y0, and a are all input parameters. The
compression is defined in terms of the relative volume,

p
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Table 2 Material parameters of particle and substrate

Elastic constants and density Yield stress and strain hardening Strain-rate hardening Pressure
cutoff (6,,),
Materials E, GPa v p, kg/m® A, MPa B, MPa n Pos Fop 871 C GPa
Fe (Ref 20) 207 0.3 7850 792 510 0.26 Se — 4 0.014 0.24
Lyl12Al (Ref 21) 28.6 0.33 2780 369 684 0.34 6.2¢ — 4 0.015 1.67
Adiabatic heating and temperature softening Fracture strain constants
Cp, J,kg - K Tm, K To, K m Dl D2 D3 D4 Ds
1006Fe 452 1800 500 0.94 0.0705 1.732 —0.54 —0.0015
Lyl2Al 904 775.15 300 1.7 —0.54 4.89 —3.03 0.014 1.12

Table 3 Equation-of-state (EOS) parameters
of the particle and substrate

Material C S S S5 7 A Ey, V,

Fe (Ref 20) 04569 1.49
Lyl2Al (Ref 22) 0.5328 1.338

00 0.0 217 046 00 1.0
0.0 00 20 048 00

p=p/pp — 1. For expanded materials, the pressure is

defined by:

P =poCou+ (vo +om)E (Eq 4)
In this paper, the parameters of Fe material come from
Ref 20, and the parameters of Ly12Al (2024 Al) materials
can be found in Ref 21 and in Table 2. The EOS param-
eters of the particle and substrate are listed in Table 3.

2.3 SPH Fundamentals

The SPH method is based on interpolation theory, in
which an arbitrary field function f(r) (and its derivatives) is
expressed in terms of its values at a set of disordered
points, which is an approximation method for the particle
system. One can estimate a function f at position r by
using smoothing kernels W to approximate in a local
neighborhood within distance & (Ref 16, 23):

0 =S m L we —rn.m) (Eq )
=1

]

where m; is the mass, r; is the position, p; is the density,
and f; is the quantity f for neighbor particle j. Here, n is the
number of neighbor particles with Ir —rl < h. To
shorten the equation, we omit the n in all summations.
When r=r;, f(r) is denoted by f;.

Thus, we estimate the density p; for a particle i at
location r; by

pi=y mW(r—r,h) (Eq 6)
=

where the kernel function, W, should normalize to unity and
become a delta function in the limit where the characteristic
smoothing length & approaches zero. The kernel function is
usually chosen to be differentiable, non-negative, and
symmetric, W(r',r;h) = W(I¥' — rl,h), where the integration
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is over the entire space. The choice of a kernel function with
finite support is, however, essential in order to reduce the
number of particle interactions and therefore code effi-
ciency. For the subsequent discussion, the frequently used
third-order B-spline function in d-dimensional space is our
choice of ““generic” kernel function:

| [1-3 e lal<1
/ . — s
W(ﬂﬁ@—m 12-q) 1<|ql<2 (Eq7)
0 2<|q|

where g = (I — rl/h) and the normalization factor N(3)=
{3/2, 710, =, @, 31/10 7%, 3/5 n*} for 6 =1,...,5.

The SPH momentum equation used for the fluid flow is
(Ref 14):

dVa |:(Pb Pa) é 4“0“[7 VabTab

—V = 8- my|\—=+—=|—

dt Zb: Pi P2/ PaPp (e +1p) 72, + M2
(Eq 8)

X v(/IVVab
where P, and p, are pressure and viscosity of particle a
and v,,=v, — v. Here £ is a factor associated with the
viscous term, 7 is a small parameter used to smooth out
the singularity at r,, =0, and g is the gravity vector.

3. Simulation Process and Experiment

3.1 Information on the Simulation Process

In order to produce reasonable resolution in the sim-
ulation process, computer information on the computation
process for the particle and substrate at the relevant scale,
such as continuous-continuous, SPH-continuous, and
SPH-SPH, is listed in Table 4.

3.2 Experiment for Coating Buildup

This experiment was designed to report the deposition
behavior of the agglomerate particle in the LTHVAF
spraying process. The low-temperature supersonic flame
can be obtained (=200 °C) when the parameters of the
LTHVAF spraying system are:

o Fuel/air flow rate: kerosene, 2.5 L/h; O,, 8 m/h; N,,
25 m*/h

Journal of Thermal Spray Technology



® Powder carrier gas (N,): 5 L/h
® Spray distance: 100 mm

The spray powder is Fe particle, and the substrate is Al,
the previous deposition surface of which is polished.

Table 4 Basic computer information

CPU time and clock time

Particles velocity, m/s CPU time, s per zone cycle, ns

Element No. of continuous particle: 2048; Element No. of continuous
substrate, 72,000

300 11,889 2,369
400 6,989 2,359
450 6,302 2,498
500 9,533 2,527
600 7,100 2,390
700 7,882 2,882
900 9,186 2,953

No. of SPH particle: 32,000; Element No. of continuous substrate:
256,000

300 2,558 12,807

400 1,662 6,405

500 39,797 1,842,024

No. of SPH particle: 32,000; No. of SPH substrate: 256,000

400 6,894 41,016

500 7,112 42,202

700 3,011 32,130

Effective Plastic Strain

1.496e+0 -
1.346e+0
1.197e+0
1.047e+0 -
8974de-1 -
7.47%-1 -
5.983e-1 -
4.487e-1 -
2.991le-1
1.496e-1 ]
0.000 .

(a)

-.<

4. Results and Discussion

4.1 Depositing Characteristics of Agglomerate
Particle at Microscale

As shown in Fig. 1, the agglomerate particle can be
described with two states: continuous and SPH agglom-
erate unit. At the micrometer scale, the agglomerate
particle can be considered a continuous unit whose
depositing behavior can be simulated with FEM.

In Fig. 2, the deposition process of two particles with
different axes impacting on substrate are shown; the initial
velocity is 500 m/s, and the initial temperature is 500 K.
The particle impacts on the substrate, the stress between
the substrate and particle occurs, and they distorts syn-
chronously. Then, a later particle impacts the previous
particle and deposits on the substrate, which can induce
stress turbulence at the contact interface. Next, the second
particle destroys the state of first particle. Thus, during the
coating buildup process, the second deposited particle can
tamp the previous coatings. However, at the region where
there is no impacting stress, the edge of the first deposited
particle will be warped up (Ref 24). Additionally, the fo-
cus stress can occur at the extruded region for the later
particles. The interface between coatings and substrate is
shown to involve complex morphological and metallurgi-
cal phenomena that can be claimed to govern macroscopic
properties, primarily coating-substrate adhesion. The most

Effective Plastic Strain
1.496e+0 -
1.346e+0
1.197e+0 -
1.047e+0
8.974e-1 -
7.479%-1 |
5.983e-1 -
4.487e-1
2991e-1 o

1.496e-1 ]
0.000

(b)

Effective Plastic Strain

1.831e+0
1.648e+0
1.464e+0
1.281e+0-
1.098e+0
9.153¢-1 -
7.322e-1 4
5.49%-1
3.661e-1 i
1.831e-1
0.000

Fig. 2 Deposition characteristics of two particles at different axes (v=500 m/s, T=500 K)
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Effective Plastic Strain
1.070e+0
9.634e-1
8.564e-1 -
T.493e-1
6.423e-1 -
5.352e-1
4.282e-1
321le-l
2.141e-1
1.070e-1 I
0.000

V=300m/s 1=0.15ps .
(a) (b)

Fig. 3 Effect of the particle velocity on the plastic strain

prominent of these mechanisms was that of transient
melting at the coating/substrate interface formed for the
impacted particle. It is propitious to deposit thick coatings
and improve the performance of coatings.

In order to research the effect of agglomerate particle
velocity on coating buildup at micrometer scale, the
deposition processes of particles with different velocities
are shown in Fig. 3. The effective plastic strain of the
particle increases with the increase of particle velocity. In
contrast, the effective strain of the particle decreases when
the particle velocity is 900 m/s. This indicates that the
effective plastic strain can approach a certain value when
the particle velocity exceeds the threshold velocity.
Additionally, the compressed volume ratio of the previous
particle increases insensitively when the later particle,
which flattens and compresses, impacts on the previous
coatings. In this process, the contacted interface can cause
transient melting for the stress focus. In this way, the
relationships between the coating structure and interface
morphology can be established in the low-temperature
HVAF spray process.

Certainly, the previous particle can be compressed at
the high velocity. This can improve the coating quality,
especially by decreasing the porosity. The compressed
volume ratio of an agglomerate Fe particle at different
velocities is shown in Fig. 4, where only the first particle is
shown. When the particle impacts on the substrate, with
the increase of the particle temperature and velocity, there
is an increase in the particle compression ratio. There
exists a threshold at 500 to 600 m/s. This shows that the
instantaneous rate of change of particle volume com-
pression ratio decreases when the particle velocity
increases. Although the volume of the particle can
change with the increase of velocity in the spraying
process, the relationship in the particles is not compact
for the low flattened ratio when the particle velocity
is less than 500 m/s. This indicates that the porosity in the
coatings may increase and cause a decline in the coating
performance.

Figure 5 shows the temperature change in the interface
between the particle and substrate when the initial size,
velocity, and temperature of Fe particle are 20 pm, 500 K,
and 500 m/s, respectively. Obviously, the elements (S817,
S821, S7271, S7001, and S6701) come from the particle and

416—Volume 18(3) September 2009

Effective Plastic Strain Effective Plastic Strain
1.727e+0 1.811e+0
1.555¢+0 1.630e+0
1.382¢+0 - 1.449e+0
1.209e+0 - 1.268e+0
1.036e+0 1.087e+0
8.636e-1 9.055¢-1
Pt 7.244e-1

183 5.433e-1

3.622-1
1.811e-1
0.000

3 A45de-l o
1.727e-1 I

v=T00m/s 1=0.08ps

v=600m/s t=0.08us
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Fig. 4 Effect of the particle velocity on volume compressed
ratio

the interface at the substrate surface (Fig. 5a). Figure 5(b)
shows the surface temperature of particle (S817, S821),
and the contacted element (S7001) increases to 600 to
630 K (0.02 ps) quickly when the particle contacts the
substrate surface. Latterly, the others at the contact sur-
face can slowly increase to 450 to 550 K. This shows that
the contact surface changes continuously during the
deposition process.

During the impact process, the energy exchanged
between the particle and substrate exists in two models:
the heat conduction and the heat energy transformed from
the particle movement energy. Certainly, the movement
energy is the main resource, which can cause the geometry
model to change form and increase the temperature at the
contacted interface. Then, the heat energy can transmit to
the low plastic strain region for the heat conduction. The
temperature of substrate decreases slowly. Compared with
temperature of S7271, S7001, and S6701 in the substrate,
the maximum temperature can occur at the S7001 ele-
ment. It shows that there is an angle (about 30°) where the
element exists at maximum strain and the maximum
temperature changes. Here, transient melting can
be ascertained in an approach to the achievement of

Journal of Thermal Spray Technology
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Fig. 5 Temperature change at the interface affected by the Fe agglomerate particle. (a) Grid characteristics. (b) Temperature change of

the interface element

intermetallics combined with the modeling of the particle
penetrating into the substrate.

4.2 Deposition Characteristics of Agglomerate
Particle at Nanoscale

Sometimes, the particle impinging on the substrate can
splash during the spraying process, especially for the
agglomerate particles. Additionally, the diffusion region
between the particle and the substrate is important to the
LTHVAF sprayed coatings. It can improve the adhesive
strength at the interface of the coatings and substrate.
Evidently, the simulation at the simple scale for the par-
ticle deposited on the substrate cannot explain these
phenomena. So, the agglomerate particles impacting on
the substrate should be researched at the different scales,
which can be defined with the SPH particle.

The deposition state and the effective plastic strain of
agglomerate particles impacting on the substrate at 400 m/s
and 500 K are shown in Fig. 6. During the flying process,
the agglomerate particle can be constructed a aggregation
when the adhesive in the agglomerate particle decom-
poses. Then, the particle clusters impacting on the sub-
strate can be splashed at the different content for the
turbulent momentum, which is shown in Fig. 6(a-c). Syn-
chronously, the large force produced in this process can
cause the obvious plastic strain at a certain region in the
substrate, which can be found in the Fig. 6(d, e). This
turbulent force can make the particle crack (Fig. 6f).

Journal of Thermal Spray Technology

4.3 Interface Characteristics Between
Agglomerate Particle and Substrate

In order to describe the supersonic impact phenome-
non in the depositing process, the selected equation in the
work can formulate the complex behaviors at high pres-
sure and high strain rate. The equation of state can
describe the melt and gasification processes. The con-
tracting characteristics of the multiscale particle at 500 m/s
are shown in Fig. 7. As can be seen, there is an interface
layer between the impacted agglomerate particle and the
strain region of substrate. In this region, the particle ele-
ment mixed with the substrate element for the turbulent
force. It indicates that the diffusion layer may appear
when the particle impacts on the substrate. This can
demonstrate the feasibility of reproducing metallurgical
and morphological interface mechanisms involved in
LTHVATF spraying process.

In order to expatiate upon this phenomenon, the effect
of the particle velocity on the depositing interface char-
acteristics is shown in the Fig. 8. When the particle
velocity exceeds the critical velocity, the layer at the
interface between the agglomerate particle and substrate
becomes more and more obvious with the increase of the
particles. Additionally, the subcounterforce can increase
with high velocity; so, the apparent sparking phenomenon
increases with the increase of the particle velocity.

The aforementioned conclusions featured the role of
local phenomena, which suggests the actual existence of a
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Fig. 6 Deposition state of the agglomerate particle (v =400 m/s). (a), (b), and (c) Deposition state of agglomerate particle. (d), (e), and
(f) Effective plastic strain of agglomerate particle
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Fig. 8 Effect of the particle velocity to the depositing interface. (a) Particle velocity is 400 m/s. (b) Particle velocity is 500 m/s.
(c) Particle velocity is 700 m/s

narrow window for processing conditions for some mate- thickness typically (Ref 7, 11). The importance of the
rials. This can be found in Fig. 9. As a marker for diffusion mechanism is that of transient melting at the coating/
was detected through the entire interface thickness, the substrate interface that formed from the impacted particle
same transition could form layers of about 20 nm in in the LTHVATF spraying process. Transient melting was
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ascertained by liquid-state diffusion calculations in an
approach to the intermetallics combined with the model-
ing of the particle impinging on the substrate.

4.4 Relationship of Deposition Behavior Between
Two Models

Figure 10 shows the numerical simulation of effective
plastic strain and flattened area ratio when a multiscale
agglomerate particle impacts on the substrate at different
velocities. From the Fig. 10(a), when the particle velocity is
less than critical velocity, the crack in the agglomerate
particle is small, so the particle deposited on the substrate
takes on the agglomerate state. Also, a small effective strain
appears on the substrate. The potent proof is that the crit-
ical velocity of Fe particle is about 620 to 640 m/s (Ref 25),
which can decrease when the particle temperature in-
creases (Ref 26). This shows that the elastic strain can only
exist at the interface of the particle and substrate. In con-
trast, the agglomerate particle can splash and crack when
the particle velocity exceeds the critical velocity (Fig. 6f).

Compared with deposited state of a differently simu-
lated model, the effective plastic strain of particle at
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nanoscale is less than that the microscale. This indicates
that the uncompacted state of agglomerate particle can
lead to the turbulent force when the particles impact on
the substrate, which can reduce the penetrated perfor-
mance of particle at the nanoscale. This behavior can
decrease the stress-strain of substrate and cause the
cracked particle to sparkle. Additionally, the agglomerate
particle area ratio (A/Ag) of the flattened particle after
impacting on the substrate is shown in Fig. 10(b). When
the micrometer particle velocity is less than 500 m/s, the
area ratio of the flattened particle increases as the
velocity increase. Also, the rate of area ratio increases
slowly when the particle velocity exceeds the velocity. It
indicates that the contact energy between the agglomer-
ate particle and substrate at the microscale can cause the
particle to crack when the velocity is less than the critical
velocity.

However, when the velocity exceeds the critical
velocity, there is a linear relationship between the cracked
area and the agglomerate particle velocity at the nano-
scale with SPH model. The result shows that the area ratio
of agglomerate flattened particle is larger than that of the
other because there is little force in the agglomerate
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particles. It indicates that it is difficult for the agglomerate
particle to deposit on the substrate because of the turbu-
lent force generated during the impacting process.

5. Conclusions

In this paper, the authors simulated a three-dimen-
sional model at multiscales for an agglomerate Fe particle
deposited on the substrate (or previously deposited coat-
ing) using the LTHVAF spraying process. The physical
impact phenomenon of the agglomerate particle is
researched. Results include:

e The temperature and velocity of particle can affect
the effective temperature and plastic strain at the
contact interface for increasing particle energy, and
the unflattened particle is a key to restricting the
bonding strength of the coating.

® During the coating buildup process, the deformation
of the deposited particle results in the coarseness of
the coating surface so that the Fe particle critical
velocity would be decreased. The flying particle
impacting on the deposited particle produces a second
deformation and temperature increase of the previ-
ously deposited coatings at the microregion. The
transient melting can be ascertained at an angle
(about 30°) in an approach to the achievement of
intermetallics combined with the modeling of the
particle penetration into the substrate.

® SPH can be used to describe the deposition behaviors
of particle clusters with substrate. The uncompacted
state of agglomerate particle can lead to the turbulent
force when the particles impacts on the substrate,
which can reduce the penetration performance of
particle. This behavior can decrease the stress-strain
of substrate and cause the cracked particle to sparkle.

As a result, the work presented in this paper proposes
the multiscale simulation of the depositing mechanism
with agglomerate metal particles in the LTHVAF spray-
ing process. Some physical features in the coatings can be
explained, such as interface layer. It can become a pow-
erful tool for improving the coating buildup with
agglomerate particles in the spray process.
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