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ABSTRACT

Cold spray (CS) with Metal matrix composite (MMC) is an alternative process for improving surface
properties, which is crucial in plastic manufacturing. Understanding of particle behavior during impact
is required for CS. This study focused on developing a simplified computational framework using the
single-shot particle impact model to predict the adherence of matrix particles in the low-velocity impact.
In this work, the hardened SKD11 coated with Al matrix/TiN reinforcement composite was selected,
aiming to verify the proposed framework. Al particle impact at different temperatures (300K, 623K, and
723K) under the low-velocity range of 350-600 m/s were simulated, revealing the particle temperature
affects the cohesive area. As the particle temperature increases, the areas also increase under similar
velocity. The flattening ratio was calculated from the simulation and found to be influenced by the
particle velocity. The CS of pure Al and Al/TiN (75:25 wt.%) on the hardened SKD11 under 623K and
723K was carried out under the experiment with the estimated pressure based on the flattening ratio and
particle behavior. The results suggest the coatings could be developed using estimated pressure. Al/TiN
coating was deposited at different initial particle temperatures. Results reveal that low coating porosity
(<0.01%) could be obtained for both cases, and the higher particle temperature reveals higher thickness
and %porosity, which agree well with the computational results. The developed framework shows high
potential for designing CS for MMC coating, provided the reinforcement particles do not significantly
affect the matrix particle flow or impact conditions.
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1. INTRODUCTION

Steel is a versatile material with extensive applications
across various industries. SKD11 holds an outstanding
position in the production of plastic molds. One
commonly employed method for enhancing material
properties is heat treatment. Surface treatment is a step in
the heat treatment process that increases surface
properties and extends the materials' lifetime. Surface
heat treatment involves various methods, such as
nitriding, which can make the material's surface harder
and increase wear resistance. Moreover, surface heat
treatment processes such as physical vapor deposition
(PVD), cathode arc physical vapor deposition (CAPVD),
chemical vapor deposition (CVD), and plasma-assisted
chemical vapor deposition (PACVD) are actively
employed. These techniques use various coating
materials, including AICrN, CrN, TiAIN, TiC, AITIN,
and TiN, to augment the surface properties of molds. The
heat treatment process enhances material properties and
can also be employed to regenerate carbon and glass
fibers from waste composites. While surface heat
treatment offers numerous advantages in terms of
improved properties, it also has the drawback of potential
distortion due to the high temperatures exceeding 700°C
or the long duration of the process (1-5). Another method
involves applying a different material as a coating on the
substrate's surface without allowing diffusion between
the two layers. These methods offer rapid improvements,
such as thermal spray, cold spray, and cold plasma.
Thermal spray techniques, including flame spray and
plasma spray, are widely employed for applying surface
coatings. These processes involve the controlled melting
of deposited particles onto the substrate (6, 7). In
addition, the sacrificial anodes for cathodic protection
method are widely used to protect steel from chloride
attack (8). The cold spray (CS) coating was initially
developed in the mid-1980s, which uses a high velocity
and low temperature for solid powder, impinges on the
substrate, and creates a surface coating (9).

Cold spray is a new branch of surface engineering that
relates to surface improvement by applying powder
particle coating on a substrate with high velocity (300—
1200 m/s) through a de Laval nozzle at a temperature
below the melting point of the spray material. At or above
a critical velocity of particles, the particle plastic
deformation rate suggests adherence of deformation
particles on the substrate and with each other to form the
coating. Critical velocity is the lowest velocity at which
solid particles impinge or deform on the substrate. The
critical velocity varies for each solid powder due to
particle density and specific heat (10-13). The CS process
typically uses 5-50 m powder particles. The CS had two
categories, High-pressure and Low-pressure, at typical
stagnation pressure ranges of 2-5 MPa and 0.3-1 MPa,
respectively. High-pressure cold spray (HPCS) typically

generates particle velocities of 800-1400 m/s using
higher-density particles. The lower gases, such as
nitrogen or helium, are the preferred propellant gases in
this system. The low-pressure (LPCS) system generates
particle velocities of 300-600 m/s and uses lighter-
density particles; air or nitrogen allow propellant gases
(14-16). In addition, particle velocity depends on particle
size, density, and morphology. HPCS and LPCS
processes for coating formation include two stages:
particle-substrate and particle-particle interaction. The
HPCS process bonding mechanism has a high particle
velocity that allows for adiabatic shear band formation
and bonding at the interface. For the LPCS process, the
bonding mechanism is followed by i) breaking the oxide
film by preliminary particle impact, ii) impact particle
consolidation, and iii) densification from deformation
and consolidation of particle collection due to the shot
peening effect (17). The material particles generally use
cold spray processes such as Al, Ti, Ni, Mg, etc. Because
the properties of these materials can improve the wear
and corrosion resistance of substrate materials, they are
easy to deposit on substrates. However, these materials
had limited mechanical properties, like Al, which can be
susceptible to corrosion by galvanic or wear by abrasives
(18-21). To improve the mechanical and physical
properties of the base material particles, a metal matrix
composite coating could be considered to increase
hardness, wear resistance, and corrosion resistance.

The ceramic particles or hard particles used for
reinforcement of the material included TiN, Al,QOs, SiC,
etc. Al, Cu, and Ni are widely utilized for matrix
particles. The complex particle only peens on the layers
or is embedded in a soft matrix (22). Al-based MMC with
TiN by HPCS increases deposit hardness, has a low
friction coefficient, and has a low wear rate compared to
AIl5356. TiN has higher hardness, electrical, and optical
properties (23-25).

The computational technique, i.e., finite element
method (FEM), could be used to study the effect of
impact velocity on particle impact associated with the CS
process. The model could be used for investigation of the
particle characteristics after impinging, predicting critical
velocity, predicting temperature between cohesion zones,
predicting porousness in the coating, etc. (26-36). To
comprehend adiabatic shear and plastic flow localization,
it is crucial to recognize these phenomena as major
contributors to particle/substrate bonding during the cold
spray process. The flattening ratio serves as an indicator
of the extent of particle deformation resulting from the
impact, and it can provide valuable guidance for selecting
the appropriate process pressure.

The objective of this study is to develop a simplified
computational framework to predict the adherence of
MMC coating by focusing on soft matrix. The results
could be useful in the design of the CS process conditions
to develop a specific MMC coating to improve the
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surface properties of substrate material. SKD11 material
with an AI/TIN coating was selected due to the high
potential of Al/TiN coatings in protecting against thermal
oxidation on the substrate. FEM was used as a tool to
understand the deformation behavior of matrix particles,
i.e., Al particles, on hard substrates. The effect of particle
temperature and impact velocity was investigated. The
impact of a single Al particle was modeled to investigate
its behavior. It is expected that the behavior of single
particle impact is sufficient to select a critical velocity
that identifies the process temperature and pressure
associated with obtaining Al/TiN coating, provided that
the CS equipment performance is known. Notably, it is
assumed that the presence of TiN particle does not
significantly affect the Al particle flow or impact
conditions. Experimental work was carried out to verify
the technique proposed. The CS of pure Al coating and
AIl/TiN coating with different AL:TiN ratios were studied.
In this paper, the model descriptions are presented in
the second section, providing a comprehensive overview
of the theoretical framework. The third section covers
experiment details, offering insights into the practical
aspects of the study. The fourth section presents and
discusses the computational results. The fifth section is
dedicated to the discussion of the cold spray experiment
results. Finally, the paper concludes in the last section,
summarizing the key findings and their implications.

2. MODEL DESCRIPTION

2. 1. Finite Element Modeling The study of a
single CS particle's behavior upon impacting a substrate
was conducted employing the widely used FEM
software, ABAQUS/Explicit version 2017, which has
seen extensive utilization in CS research (29-35). The
model was simplified as a two-dimensional (2D)
axisymmetric model was used for Arbitrary Lagrangian—
Eulerian (ALE) analyses to simulate the large
deformation processes that would occur during particle
impact, with R representing radius, L representing length,
and W representing width. The subscript p was assigned
to distinguish the particle, as shown in Figure 1(a).
Considering the axisymmetric nature of the normal
impact process, the boundary conditions employed
involved fixing the bottom of the substrate with the
constraints (U1=U2=U3=0). and XSYMM, signifying
symmetry about a plane X, as illustrated in Figure 1(b).
The thermal and mechanical effects were assessed using
two procedures available in ABAQUS: the Coupled
Temperature Displacement procedure and the Dynamic
Temperature Displacement Explicit procedure. Given the
requirement for handling large deformations, the
Dynamic Temperature Displacement Explicit procedure
was deemed more suitable for this study. Accordingly, it
was utilized to investigate the adiabatic stress effect (29).

__— Ry=12.5um

W 125um

L=125um

(a) 2D axisymmetric model

et xsvaam

Ea— xsvMM
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(b) boundary condition
Figure 1. Schematic diagram

For 2D, the particle/substrate interaction was
executed by wusing the surface-to-surface contact
(Explicit) penalty contact algorithm, choosing balance
master-slave weighting contact for two element-based
deformable surfaces that contact each other, and a finite
sliding formulation (general and allows any arbitrary
motion of the surfaces). The penalty contact algorithm
aims to balance the weighting of forces on both the
master and slave contact surfaces. In cold spray impact,
the particle surface and substrate surface begin to slide
relative to each other. The kinematic friction coefficient
(uk) should be used instead of the static friction
coefficient (Us) and is generally lower than ps. The
friction coefficient (px) was set to be 0.3 (29). The time
increment used for this study was 60 ns. The particle
velocity varied from 350 to 600 m/s for low-pressure cold
spray. The initial substrate temperature was 300K, while
particle temperature varied at 300K, 623K, and 723K.

The element type CAX4RT (A 4-node thermally
coupled axisymmetric quadrilateral, bilinear
displacement and temperature, reduced integration, and
viscoelastic hourglass control) was used for the study, as
shown in Figure 2. The meshing size at the contact
between the particles and substrate was 0.5 pm for 25 pm
particles (a meshing resolution of 1/50D;). To reduce
resulting computational errors, Arbitrary Lagrangian—
Eulerian (ALE) adaptive remeshing was performed to
avoid mathematical truncation errors due to substantially
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et
Figure 2 Mesh structure of 2D axisymmetric model

deformed elements [29]. This method was used to remesh
the model 100 times in each increment.

2. 2. Materials Properties The numerical model
uses the Johnson-Cook plasticity model to estimate the
effects of strain-hardening, strain-rate hardening, and the
equivalent flow stress, which can be expressed as follows
(26):

o =[A+Bep][l+CIn(é, / &)IL-(T)™ (1)

where o is the flow stress, ¢, and &, are the equivalent

plastic strain and strain rate, respectively, and ¢, is
normalized reference strain rate. The constant A is yield
stress, B is the strain-hardening parameter, C is strain-
rate hardening, n is the power exponent of strain
hardening, and m is the thermal softening constant. T~ is
normalization temperature defined as follows:

0; T <Tirans
T = (T _Ttrans )/(Tmelt _Ttrans);Ttrans <T< Tmelt
L Thett <T

where T, .. is a reference transition temperature at or

below which there is no temperature dependence of the

TABLE 1. Material properties used in FE mode (26, 31)

Parameters Al SKD11
Density (kg/m®) 2710 8400
Young’s modulus (GPa) 68.9 208
Poison’s ratio 0.33 0.30
Heat capacity (J/kg.K) 904 461
Melting temperature (K) 916 1733
A (MPa) 148.4 1766
B (MPa) 3455 904
n 0.183 0.39
C 0.001 0.012
m 0.895 3.38
Reference temperature (K) 293 298
Reference strain rate (s) 1 1

response, and T _, is the melting temperature. All

constant parameters depend on materials and are shown
in Table 1.

3. EXPERIMENT

3. 1. Materials and Deposition Process First, the
cold spray (CS) of pure aluminum (Al) was carried out at
1 MPa, at a temperature of 623K (supported by Impact-
Innovations GmbH in Germany) with an Impact spray
machine model 5/11. Nitrogen was used as an
accelerating gas with a 30 mm stand-off distance and a
nozzle travel speed of 20 mm/s. Pure Al coating was
deposited with a 3-pass process. The discussion of CS
conditions will be provided in a subsequent text.

For the metal matrix composite coating experiment,
TiN particles (0.8-1.2 um, H.C. STARCK, USA) with
spherical shapes for feedstock powders were used to
produce TiN reinforcement in Al coating. Figure 3
presents the morphologies of Al-mixed TiN particles.
The particles were mechanically mixed for 8 hours for
deposition at an Al:TiN ratio of 75:25 wt.%, following
the work of Wen-Ya Li (23). The low cold spray system
installed at the University of the Witwatersrand, South
Africa (Centreline, Center Line model SST PX, Canada)
was used for composite coating development in this
work. Low-pressure compressed air was used as an
accelerating gas at 1 MPa with a 30 mm stand-off
distance with deposition temperatures of 623K and 723K.
A nozzle traveling speed of 12 mm/sc was employed to
minimize porosity, as suggested by preliminary tests.

3. 2. Characterization The cross-section
microstructure of the deposited coating was examined by
scanning electron microscopy (SEM) (JSM 6610LV,
JEOL, Japan), including an energy-dispersive X-ray
spectroscope (EDS) (INCA-xart, Oxford, UK). The
average percentage of particles and voids were evaluated
using IMAGE J analysis with SEM imagery. The X-ray
diffraction pattern was identified by X-ray diffraction
(XRD) (SmartLab, Rigaku, Japan) analysis with Cu Ka
radiation under the condition of 40 kV and 30 mA in 30-
80° scanning 26 ranges and incidence angle of 0.5°. The
microhardness of the top surface was tested by Vickers
hardness indenter (SINOWON, China) with a load of 100
gf and a holding time of 15 s. Ten measurements on the
polish cross-section were averaged to determine the
average surface hardness. Note that this preliminary
study did not include adhesive strength testing.

4. COMPUTATIONAL RESULTS AND DISCUSSION

4. 1. Effect of Particle Impact Velocity and Particle
Temperature on Deformation Behavior The
initial energy of particles with different impact velocities
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predicted by the computational model is shown in Figure
4. The graph shows that increasing the particle velocity
increases the kinetic energy. The energy transfer from the
particle to the substrate was observed when the particle
initiated contact with the substrate at 10 ns. Later, at
approximately 30 ns, the particle deformation process
starts, and the particle adheres to the substrate as there is
insufficient energy for the particle to rebound.

The deformation of particles during impact could also
be predicted. Figure 5 shows the typical results of
equivalent plastic strain (PEEQ) distribution for different
impact particle velocities at a constant initial temperature
of 623 K (process temperature). The results show that
particles will stretch out when the impact velocity is
increased, eventually forming a sheet-like shape that
adheres to the substrate. Hence, a certain particle velocity
called critical velocity is required for the coating to be
deposited successfully. At the contact surface, a metal
"surface-scrubbing” jet is created. The lack of separation
between the powder particle and the substrate at the
contact surface suggests that there was no rebound or
detachment of the particles from the substrate because of
the impact. This agrees with work on critical velocity
previously reported for Al on the hard substrate [30].
Further, a jetting phenomenon for 300 K starts at the edge
of the particle at an impact velocity above 500 m/s.

In theory, the critical velocity may be described using
particle temperature and material properties following

Equation 2 for known material (28). Notably, the
equation does not include the effect of the substrate
material. This equation is used for estimating the critical
velocity of soft particles on a soft substrate, the reference
material, i.e.:

Figure 3. SEM micrograph of Al mixed TiN
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Figure 4. Kinetic energy of Al impact at varying impact
velocity
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Figure 5. Simulation contour of PEEQ at 36ns of 25 pum Al particles upon an SKD11 hardening substrate at varying particle velocity

(particle temperature at 623K)

16.7

ek
SLt2RTgnnee; z

(a) Temp = 300K

(b) Temp = 623K

(c) Temp = 723K

Figure 6. Simulation contour of PEEQ at 36ns of 25 um Al particles upon an SKD11 hardening substrate at varying particle

temperature (particle velocity at 450 m/s)
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TABLE 2. Critical velocity of pure Al particle calculation
from Equation 2

Initial particle temperature (K)

Critical velocity (m/s)

300 665
623 460
723 370
160-
V, =064 | ——T5 _1C, || T, =Ty 2
or \/[pp(Tm—zgs) P][ n=Toi] ()

where C_ is the particle-specific heat, T, is the particle
melting temperature, p_ is the particle density, o is
the particle tensile strength, and T is the particle

impact temperature (28). The results are shown in Table
2.
The Vv, different temperatures could be estimated

using Equation 2. For example, the particle velocity at
300K is approximately 665 m/s (see Table 2). It could
be seen that V_ decreases as particle temperature

increases, as shown in Table 2. When considering the
plastic strain equivalent (PEEQ) result, Figure 5 shows
that the Al particles start adhering to the substrate at a
particle velocity of 350 m/s, while the critical velocity
determined by Equation 2 suggests a higher value of
critical velocity. The deposition of soft particles onto a
hard substrate typically demands a lower critical
velocity, as demonstrated in the research conducted by
Bae et al. (30). In their study, they determined that for
scenarios involving particle sizes of 25 um and a process
temperature of 300K, the critical velocity was 775 m/s
for Al particles on an Al substrate and 365 m/s for Al
particles on a steel substrate. The current work observed
that the critical velocity initiation occurred at approx.
400 m/s for 300K (see detail later in the text), which
aligns with the work previously reported (30). This
indicated that the simulated critical velocity was lower
than the calculated value due to substrate effects.
Specifically, when the substrate is harder than the
particle, it has the potential to reduce the critical
velocity.

It should be noted that the effect of particle size V.,

has also been discussed by Dowding et al. (37),
suggesting increasing V,, with decreasing particle size.

This is because the small particle size has a higher
surface area-to-volume ratio. It should be noted that
Equation 2 does not include such an effect. The effect of
particle size could be investigated in more detail using
the current model to predict impact behavior.

The results of increasing temperature on the particle
(see Figure 6) present the contour of PEEQ at the same
particle velocity at various particle temperatures. The
result shows that the particle increased surface area and
deformed more when increasing particle temperature.
Increasing the temperature of Al particles could result in
particle softening and particles being easier to deform.
Thus, an increase in particle temperature could increase
particle flat length from 15 pm to 35 pm, 133% from its
initial temperature (300K to 723K). This could also help
in the deposition of the particle in the following impact.

Figure 7 provides a graph showing the relationship
between plastic strain equivalent (PEEQ) and impact
time for different particle temperatures. It could be seen
that an increase in strain developed when increasing the
temperature up to the melting point. With a process
temperature equal to or higher than the melting
temperature, the particle would start melting, and
wetting phenomena may take place. Hence, Al material
spreading out is expected. The deformation behavior of
the particle, therefore, could result in a change in coating
layer thickness depending on the particle geometry after
impact.

4. 2. Effect of Particle Impact Velocity and
Particle Temperature on Interface Temperature
Figure 8 (a)-(c) presents the temperature distribution in
the particle and substrate during impact (at 36ns) for
cases with an impact velocity of 450m/s. Figure 8(a)
shows the result for an initial particle temperature of 300
K. It could be seen that the cohesive zone was small, and
the temperature of a particle during impact at 36 ns was
823 K. The cohesive zone size increases by
approximately 86% and 143%, and the temperature of a
particle during impact at 36 ns rise to 1066 K and 1000K
when the initial particle is 623 K and 723 K, respectively
(see Figure 8b). The change in the cohesive zone and
interface temperature could affect adhesion behavior,

2 ——300K ——623K ——723K

] 10 20 30 40 50 60
Time (ns)

Figure 7. Time history of PEEQ for Al impact at different
particle temperatures (Impact velocity of 450 m/s)
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Cohesive Zone

(a) Temp = 300K

i.e., gap and adhesion strength, at the interface between
the coating and the substrate. Figure 9 shows the
relationship between particle temperatures at the
interface with impact time for different initial particle
temperatures. The particle temperature during impact
would affect the particle deformation behavior during
impact and in turn, result in a change in the critical
velocity of Al particles as observed as a result of
changing initial particle velocity, i.e., decreasing in the
critical velocity is expected for higher initial particle
velocity. As temperature rises, particles acquire greater
kinetic energy, leading to increased vibrational intensity.
As gas temperature increases, particles gain Kinetic
energy, resulting in higher speeds. Consequently,
particles collide with surfaces more frequently and with
greater impact.

4. 3. Influence of Particle Impact Velocity and
Particle Temperature on Flattening Ratio The
flattening ratio represents the severity of particle
deformation after impact in a clearer aspect. Deposits
with heavily deformed particles are likely to have less
porosity, a high bonded area, and high cohesive strength,
as described earlier. Thus, the flattening ratio can be
examined as a “diagnostic* microstructure property. It
acts as a benchmark for the general quality of cold-spray
coating. Hence, the effect of particle impact on the
flattening ratio is also investigated.

Figure 10 shows the typical characteristics of
particles before and after impact. As the flattening ratio
is closer to 1, less porosity is expected. This is because as
the particles deformed flatter, the gap between the two
colliding particles should be reduced, resulting in a
denser coating.

On the other hand, the resulting coating will be highly
porous if the flattening ratio is close to 0. In general, the
elongation characteristics of a particle depend on particle
velocity. High particle velocity results in a high flattening
ratio. The flattening ratio can be calculated following
Equation 4.

Flattening Ratiozl_h_p (4)

P

(b) Temp = 623K

Figure 8. Temperature contour particle and substrate at 36ns, 450m/s with different particle temperatures

Cohesive Zone

(¢) Temp = 723K

Cohesive Zone

where h is the height of the particle after impactand D,

is the diameter of the particle before impact.

For the flattening ratio, the relationship between the
particle velocity and the flattening ratio can be plotted as
shown in Figure 11, which shows the relationship
between the particle velocity and the flattening ratio at
different temperatures of the obtained coating predicted
by the computational analysis. When increasing particle
temperature, the flattening ratio increases to
approximately 60% of room temperature. High particle
velocity should be selected, or a flattening ratio
approaching 1 should be chosen to reduce coating
porosity and improve adhesion behavior. As shown in
Figure 8, the flattening ratio, as indicated by the
temperature contour, decreases as particle temperature
increases, resulting in an expanded cohesive zone.

1100

1000

TEMP (K)
2 3 8 B8
2 8 8 8

500 ——300K ——623K ——723K

-

300

0 10 20 30 40 50 60
Time (ns)

Figure 9. Time history of temperature for Al impact at
different particle temperatures (Impact velocity of 450 m/s)

impact on the substrate
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Figure 11. Relationship between the particle velocity and
the flattening ratio at different temperatures

5. COLD SPRAY EXPERIMENT

To investigate the capability of the computational model,
the experiment was performed. A process temperature of
623K was selected. The preliminary study of the cold
spray of pure Al on SKD11 was first carried out. The
pressure in the experiment could be determined by using
the equation shown in Equation 5 (10) for a required
particle velocity, V,. The desired particle velocity was
chosen based on computational results for 623K using the
flattening ratio results. The particle velocity should be
greater than the critical velocity, V., which gives the
flattening ratio greater than 0.5. Notably, the flattening
ratio was approximately 0.5 when the particle velocity
was equal to critical velocity V4=V, (28). This is to
ensure that a coating with low porosity would be
developed. The desired velocity of 450 m/s was selected.

Vv, = !
1M D [Pp (5)
— |—% 1085, |=2
M\ #RT x\ Ry

where M is the local Mach number and v is the ratio of
specific heat. For monatomic gases (He, Ar), y is 1.66,
and for diatomic gases (Na, air), y is typically 1.4. R is
the gas constant (8314 J/kmol K). T is gas temperature.
Local Mach number M only depends on the inner form
of the nozzle. Mg is the molecular weight of the gas used
in the process. Py is the supply pressure measured at the
entrance of the nozzle, while py is the particle density, D
is the particle diameter, and x is the axial position.

The calculated pressure for the desired particle
velocity is shown in Table 3a, while the particle velocity
developed for a pressure of 1 MPa (the low pressure was
chosen in this work due to the limitation of the CS
machine) is shown in Table 3b. In Table 3b, the initial
particle temperature affects the particle velocity in the
process; as the temperature increases, particle velocity
also increases. Temperature plays a significant role in
adding energy to the spraying process in the form of heat.
Elevated gas temperature enhances gas expansion
through the nozzle, resulting in higher particle velocities.

This observation is also related to the flattening ratio.
Additionally, as the temperature increases, so does the
temperature of the particles, leading to a greater degree
of particle softening. This, in turn, increases the
likelihood of plastic deformation during impact,
ultimately improving deposition efficiency.

5. 1. Cold Spray of Pure Al Coating The
characteristics of the sample after cold spray as shown in
Figure 12. The sample was cross-sectioned by wire
cutting to measure the thickness, as shown in Figure 13.
The coating thickness was found to be 180£55 pum, while
the hardness was 29.3+5 HVq..

The preliminary experimental (pure Al) results
confirmed that the computational model could be used to
estimate the initial desired velocity, which was later used
to select the process pressure for different particle
temperatures based on particle deformation and interface
behavior, i.e., flattening ratio. On the other hand, for a
case with pressure limitation due to machine
specification/performance, the required impact velocity
for different particle temperatures could be estimated,
which can be helpful in the design of the process
parameters or improvement of the heating and pumping

TABLE 3a. Process pressure estimated for particle velocity of
450 m/s for different initial particle temperatures

,::ri]:?;rgi;t:gl&) Particle velocity Pressure (MPa)
300 450 14
623 450 0.95
723 450 0.86

TABLE 3b. Particle velocity developed for a process pressure
of 1 MPa for different initial particle temperatures

Initial particle
temperature (K)

Pressure (MPa)  Particle velocity

300 1 387
623 1 457
723 1 471

N

Figure 12. Appearance of pure Al-coated specimen carried
out at Impact-Innovations GmbH in Germany
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Figure 13. Optical micrographs for a cross-section of pure
Al- coated specimen carried out at Impact-Innovations
GmbH in Germany (magnitude 5x)

system. The effect of particle size should also be
investigated with no major difficulty, which could be
used as a guideline to reduce the process temperature and
pressure.

5. 2. Cold Spray of Al/TiN Coating To improve
the hardness of Al coating, TiN hard particles were added
for reinforcement. To investigate the ability of the
computational framework for the prediction of coating
achievement based on Al particle impact behavior, the
composite coatings deposition was performed. The
selected size of TiN was smaller than pure Al to minimize
the effect of TiN particles on Al particle flow and impact
behavior. In this experiment, TiN was expected to
disperse in a soft matrix and not deform. TiN particles are
hard to deform or implant on a hard substrate at low
velocity. The critical velocity and particle velocity of TiN
(size 10 um) could be estimated theoretically following
the methodology previously described. The TiN critical
velocity was approximately twice that of the Al particle,
Veal, and the particle velocity of TiN was approximately
1.2Vyar (particle velocity of Al particle). Thus, TiN
particles are expected to require higher energy for
deformation on a hard substrate.

For the composite coating, the experiment used the
same condition desired for pure Al (Pressure of 1 MPa,
Temperature of 623K). Preliminary tests with 2 AL:TIiN
ratios (25 wt.% and 50 wt.% TiN) were investigated to
study the upper limit of % TiN that could be deposited
based on the critical velocity predicted for pure Al.

It was found that 50wt.% TiN was the limit of TiN
fraction for conditions of pressure =1 MPa and
temperature = 623K. It was also found that the average
thickness of coating obtained for this case was
approximately 18.7 + 4.6um, which was too thin, and the
specimens were unevenly coated. This may be due to the
effect of TiN particles on particle flow, which could
reduce the travelling velocity and impact velocity of Al
particles. It should be noted that the number of TiN
particles is higher with a higher percentage of TiN. The
micrograph presented in Figure 14 (a & b) shows an SEM

(backscattered electron mode) micrograph of the cross-
section of AI/TIN composite coating at a process
temperature of 623K with magnitudes of 100x and
1000x, respectively.

A gap between the coating and substrate can be
observed in Figure 14(b). The coating hardness was
found to be 75.3 £26.2 HV,1. The effect of the hard
substrate could be expected due to the thin coating
developed. Increasing the process pressure and
temperature or reducing the TiN size may improve the
coating process, resulting in an increase in coating
thickness.

For a ratio of Al=75wt.%: TiN = 25%, the average
coating thickness was found to be approximately 234.7 +
51 um, and the average coating hardness was 63.6 £8.8
HVo.1. Figure 15 presents a micrograph showing a cross-
section of AI/TiIN (fraction Al=75wt.%: TiN = 25wt.%).

The coating appears denser and thicker than that
observed with a fraction of Al=50wt.%: TiN = 50wt.%.
It could be said that the computational prediction of
critical velocity and particle velocity of Al could be used
for AI/TIN composite coating for the case with
insignificant effect of TiN on Al impact behavior.
Notably, the %TiN limitation is expected to be changed
with process conditions and particle size. For this work,
the TiN and Al particle sizes are 10 um and 25 um,
respectively, and the process pressure and temperature
are 1 MPa and 623K, respectively.

(b) magnitude 1000x
Figure 14. SEM (Back Scattered Electron mode with
magnitude 100x and 1000x) micrograph showing a cross-
section of AI/TIN (fraction Al=50wt.%: TiN = 50wt.%)
(Centreline Center Line model SST PX)
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Figure 15. SEM (Back Scattered Electron mode with
magnitude 100x) micrograph showing a cross-section of
AI/TIN (fraction Al=75wt.%: TiN = 25wt.%) (Centreline
Center Line model SST PX)

For the experimental study of the effect of initial
particle temperature, tests were performed at 623K and
723K for an ALTIN ratio of 75 wt.%:25 wt.%. The
pressure for both cases was fixed at 1 MPa.

A micrograph of Al/TiN composite coating in Figure
16 (a & b) shows an SEM (backscattered electron mode)
micrograph of the cross-section of AI/TIN composite
coating at process temperatures of 623K and 723K,
respectively. The EDS mappings, as depicted in Figure
17, displayed the presence of pure aluminum (a) on the
deposit side, along with nitrogen (b) and titanium (c).

a) Temperature at 623K

(b) Temperature at 723K
Figure 16. SEM (Back Scattered Electron mode with
magnitude 100x) micrograph showing a cross-section of
AIl/TiIN composite coating at different process temperatures
(Centreline Center Line model SST PX)

Figure 17. EDS mapping (Energy Dispersive Spectroscopy
with magnitude 3000x) of the cold-sprayed Al/TIN
composite coating at a process temperature of 723K.

The X-ray diffraction analysis of the AI/TIN
composite coating was conducted, and the findings are
presented in Figure 18. Based on the XRD analysis, the
coating primarily consisted of aluminum (Al), with a
limited presence of titanium nitride (TiN). The X-ray
diffraction (XRD) analysis revealed the absence of
impurities, additional phases, or significant phase
alterations, thus confirming the absence of oxidation
during the cold spray process. The results further
confirmed the embedding of TiN particles within the Al
matrix.

A micrograph showing a cross-section of AI/TIN
reveals that the Al particles deformed flat and were
deposited layer by layer. TiN particles were embedded
around pure Al particles and were uniformly dispersed in
the matrix (see Figure 19 (a)). Because the impact energy
for particles of the soft component is high enough to
adhere to the substrate, the impact energy of hard
material is sufficient to adhere to the surface previously
covered by soft material due to mechanical embedding
(31). The volume fraction of TiN in the deposit was
approximately 10% for both conditions. This differs
slightly from the findings of Li et al. (24), who
investigated TiN composite coating with high-pressure

Intensity (a.u.)

: , i | ‘ A
2-theta (degrec)

Figure 18. X-ray diffraction pattern of Al/TiN composite

coating
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623K 723K
Process temperture (K)

(b)
Figure 19. SEM (Back Scattered Electron mode with
magnitude 500x) micrograph showing a cross-section of
AI/TiN composite coating at a process temperature of 723K
(a) and AI/TiN porous coating on SKD11 hardening by cold
spraying (b)

cold spray at 25 wt.% TiN (resulting in a volume fraction
of 13.9% in the deposit). It is evident that the flattening
ratio results from simulations have utility in designing
experimental conditions.

The results suggested that the temperature in the
process affects coating porosity and thickness, as
predicted by computational investigation. It was found
that increasing the process temperature increases the
thickness, and a dense Al/TiN composite coating was
expected with this flattening ratio (> 0.5). The average
percentage of voids was evaluated using IMAGE J
analysis with SEM imagery. The result found that the
porosity of the Al/TiN composite coating was less than
0.01% at both process temperatures (see Figure 19(b)).
The results show that at a process temperature of 723 K,
there is a higher percentage of porosity compared to 623
K. This observation may be attributed to the particle
expansion and contraction behavior, as depicted in Figure
7 (Time history of PEEQ for Al impact at different
particle temperatures (Impact velocity of 450 m/s)). At
723 K, particles initially expand from 0 to 10 seconds,
then contract briefly before expanding again after 15
seconds. This cyclic behavior can create voids in the
coating, resulting in a higher porosity at the higher
process temperature of 723 K as compared to 623 K.

The coating thickness is presented in Figure 20. A
higher particle temperature could increase particle
velocity at the same process pressure, resulting in a
thicker coating. This is because high particle velocity

would result in flatter particles after impact, which could
promote particles adhering during the impact of the
following particle, i.e., the next particle layer.

The highest microhardness of AI/TiN composites was
74.2 £6.5 HVp1 at 723 K. The hardness of the AI/TIN
composite coating was higher than the Al deposit by 65%
(the hardness of the pure Al deposit was 29.6 +5.1 HVq1),
as expected (23-25). Figure 21 shows that increasing the
particle temperature could result in a coating with higher
surface hardness. This is due to the effect of thicker
coating with higher deformation obtained at higher
temperatures, as the particles deform more easily,
showing flatter particle geometry after each impact. The
results align with those from Li et al. (24), who examined
AI5356/TiN composite coating in high-pressure cold
spray. They found that TiN particles increased the
hardness of the matrix coating by 50%. For instance, with
a TiN fraction of 25 wt.%, the hardness of Al5356/TiN
reached approximately 140.38 HV 2, while Al5356 alone
had a hardness of 68.7 HVo.. In terms of adhesive
strength, AI5356 had a strength of 32 MPa, while
AI5356/TiN exhibited an even higher strength exceeding
50 MPa (24, 25). Based on the Li et al. (24) study, the
adhesive strength can be estimated to fall within the range
of 30 MPa to 50 MPa. Note that this preliminary study
did not include adhesive strength testing, but this aspect
will be addressed in future work as the experimental
conditions are refined.

600

500

400

300

200 J

Coating thickness (um)

100

o

AlITIN T=623K AITIN T=723K

Figure 20. The average coating thickness of the composite
coating

Pure Al ANTIN T=623K AlTIN T=723K

Figure 21. Average coating hardness of pure Al coating and
composite coating
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6. CONCLUSIONS

A simplified computational framework to predict the
adherence of MMC coating was proposed, i.e. a model
for a single impact of a single matrix particle. The
deformation behavior of matrix particles could be
investigated to provide information for CS process
conditions to be selected for cases with the insignificant
effect of hard reinforcement particles. The critical
velocity, characteristic of particles during impact, and
porosity in the coating could be predicted. Al/TiN
coating was studied in this work. The effects of particle
temperature and impact velocity were investigated. The
results showed that:

e Single-shot particle impact modelling could be used
to show representative composite coating deposition
performance for the case of hard reinforcement
particles as long as no significant effect of hard
particles on matrix particle velocity is observed. For
the AI/TiN coating studied in this work (TiN and Al
particle sizes of approx. 10 um and 25 pm,
respectively), 25wt.% TiN was suggested.

o Particle temperature directly affects the cohesive
zone; by increasing particle temperature, the
cohesive zone area increases as well. This could
confirm that the particles adhere to the substrate.

e The flattening ratio can be determined
computationally, which can then be used as a
guideline to predict the coating porosity.

o Particle deformation increases with increasing impact
velocity and initial temperatures. Hence, the coating
could be easier to deposit with higher particle
velocity or higher initial temperature.
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