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Abstract: The cold spray coating process involves many process parameters which make the process
very complex, and highly dependent and sensitive to small changes in these parameters. This results
in a small operational window of the parameters. Consequently, mathematical optimization of the
process parameters is key, not only to achieving deposition but also improving the coating quality.
This study focuses on the mathematical identification and experimental justification of the optimum
process parameters for cold spray coating of titanium alloy with silicon carbide (SiC). The continuity,
momentum and the energy equations governing the flow through the low-pressure cold spray nozzle
were solved by introducing a constitutive equation to close the system. This was used to calculate the
critical velocity for the deposition of SiC. In order to determine the input temperature that yields the
calculated velocity, the distribution of velocity, temperature, and pressure in the cold spray nozzle were
analyzed, and the exit values were predicted using the meshing tool of Solidworks. Coatings fabricated
using the optimized parameters and some non-optimized parameters are compared. The coating of
the CFD-optimized parameters yielded lower porosity and higher hardness.

Keywords: process parameters; cold spray; optimization; critical velocity; SiC; microstructure; properties

1. Introduction

Ti-6Al-4V is an alloy of titanium that is characterized by excellent bulk mechanical and chemical
properties such as very good strength-to-weight ratio (due to low density), high specific strength, low
elastic modulus, superior resistance to both corrosion and erosion in many environments, excellent
high temperature resistance, and biocompatibility. Hence, the alloy is a favorite material for many
applications in the automobile, aerospace, and aeronautical industries. It would have found more
versatile applications in these industries were it not for its poor surface properties such as hardness
and wear resistance which are due to the high friction coefficient, low hardenability, and the tendency
to gall and smear [1]. These poor surface properties are traced to the low resistance to plastic shearing,
low work hardening, and the low protection offered by its surface oxide [2]. The aforementioned
setback of titanium alloy has necessitated various research works, including coating with powder, to
enhance the surface properties and performance without altering the bulk composition/chemistry
thereby retaining the excellent bulk properties [3].

Silicon carbide (SiC), due to its extreme hardness and high wear resistance [4], is one of such
powders for coating titanium alloy in order to confer higher hardness and wear resistance on it.
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However, SiC decomposes before melting [5] making high temperature coating processes unsuitable
for its deposition. A promising option to high temperature deposition of SiC that will prevent its
thermal decomposition is the cold spray process. Cold spray is a material deposition process in
which relatively small particles (ranging from approximately 5 to 100 µm in diameter) in solid state
are accelerated to a critical high velocity (typically 300–1400 m/s), and are subsequently plastically
deformed to form a coating on the substrate [6,7]. In cold spray coating, attachment of powder to the
substrate otherwise known as bonding is achieved by the kinetic energy of the powder particles rather
than the thermal energy as the case in thermal spray processes [8]. Therefore, the fabrication of the
coating of temperature sensitive and nano-structured material is possible by cold spray because no
significant change in the microstructure of feedstock is involved in the process [9]. Bonding takes
place when the velocity of the powder particles exceeds a certain value called the critical velocity (CV).
Hence, the CV is defined as the velocity the particle must attain before deposition can take place after
impacting the substrate [10]. The CV is a major parameter in cold spray; it is related to the mechanical
and thermal properties of the spray materials and their particle sizes, and it determines which of
particle deposition or substrate erosion will occur upon the impact of spray particles [11,12].

Typically, the CV is the velocity at which the transition from erosion of the substrate to deposition
of the particle takes place [11]. Below the critical velocity, plastic deformation is too low to cause
bonding, above the critical velocity, hydrodynamic penetration leads to strong erosion. Therefore, the
optimum conditions for deposition lie between these two characteristic velocities [13]. According to
Assadi [14], the value of CV is determined by the temperature, thermo-mechanical properties of the
sprayed material [15] and the characteristics of the substrate [13,16,17]. Li et al. [18] measured the
critical velocity for three metal alloys at different oxidizing conditions. The results showed that besides
materials properties, the critical velocity was significantly influenced by the oxidation condition of
the particles. The authors concluded that the material’s properties influence the critical velocity more
remarkably at low oxygen content than at high oxygen content. Yokoyama et al. [19] carried out the
analysis of a metal particle impacting onto a metal substrate by using a dynamic finite element code
(ABAQUS), and numerically studied the effects of substrate and particle temperature on the critical
velocity. It was found that critical velocity decreases with higher stiffness of the substrate, higher
particle temperature, and greater particle size. A decrease in gas temperature and pressure also affects
coatings density and structure [20]. Li et al. [21] carried out both experimental and theoretical estimates
of the critical velocity of copper (Cu) particles during cold spray coating. The authors concluded that
the measured critical velocity was independent of the size and velocity distribution of the particle but
depends on its temperature. Hence, in order to predict quality of the coating in cold spray, a good
understanding of the particle velocity is vital.

Cold spray coating is carried out in a de Lava nozzle of which two variants are currently
commercially available, viz.: the Low Pressure Cold Spray (LPCS) system and the High Pressure
Cold Spray (HPCS) system. Inside the nozzle, the flow of high-velocity gas carrying very fine
solid particles leads to a two-phase flow of gas-solid suspension. Such flow is usually extremely
complex and difficult to understand due to the complexities arising mainly from particle-mean stream
interactions, particle-flow turbulence interactions, inter-particle collisions, particle-wall interactions,
and particle-shock wave interactions [22]. Dmitrienko and Uvarova [23] reported that mathematical
modeling of heat and mass transfer in systems of dispersed particles, nano-particles, and nano-fluids,
as in the cold spray nozzle, is one of the actual problems at present.

According to Vutova and Donchev [24], computational modeling and optimization are important
for better process studying and understanding, and for quality improvement. Although few literatures
are available on mathematical study and optimization of cold spray process parameters [18,19,21],
as far as the authors of this work are aware, Computational Fluid Dynamics (CFD) analysis of input
temperature to determine the critical velocity, which is the object of this investigation, has not been
reported in the literature. The investigation consists of the following parts: (1) statistical computation
of the critical velocity for cold spray coating of titanium alloy with SiC. This was done by using
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a constitutive equation to solve the continuity, momentum, and energy equations governing the
flow of fluid inside the de Lava nozzle used in the LPCS system; (2) Computational fluid dynamics
(CFD) analysis of the flow through the nozzle to determine the input temperature that will yield
the computed velocity at the exit of the nozzle; and (3) verification of the mathematical model by
comparing the properties of coatings deposited using the CFD-optimized parameters and some
non-optimized parameters.

2. Mathematical Modeling

The low Pressure Cold Spray (LPCS) system is shown in Figure 1. The basic principle of the
cold spray involves a high-velocity flow of the particles made possible by the high pressure and high
velocity of the carrier gas. The high pressure jet is preheated to compensate for the adiabatic cooling
due to expansion. The powder particles are transported by the energy of the preheated, high-pressure,
high-velocity supersonic gas jet.
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Figure 1. Schematic diagram of the low-pressure cold spray process [25].

2.1. Modeling Assumptions

In formulating this model, it is assumed that:

(1) Ideal gas law is obeyed by the carrier gas.
(2) The gas flow is one-dimensional, frictionless, and adiabatic.
(3) Steady-state conditions exist.
(4) Gas expansion is uniform; no shocks or discontinuities.
(5) Particles effect on gas conditions is negligible.
(6) Inter-particle collision is negligible.
(7) Particles effect on space charge is negligible.

2.2. Model Equations

According to Papyrin [26], Lee et al. [27] and Janzhong et al. [28], the flow through the nozzle in
the LPGDS process is governed by the continuity, momentum and the energy equations. A constitutive
equation is however required in order to close the system.

2.2.1. The Continuity Equation

A continuity equation is an equation that describes the transport of a conserved quantity.
According to the continuity equation (otherwise known as the law of conservation of mass), the
rate at which mass enters a system is equal to the rate at which mass leaves the system in any steady
state process, i.e., the total time rate of change of mass in a fixed region is zero. Therefore, the mass,
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energy and momentum of the powder in the gas stream are conserved. The continuity equation for the
LPCS can be written as:

Bρ

Bt
`
B pρviq

Bxi
“ 0 (1)

where ρ is the density of the gas and v is the velocity.

2.2.2. The Momentum Equation

According to Chuayjan et al. [29], one of the governing equations describing the motion of
a particle in the LPCS system is the principle of linear momentum. The principle states that the total
momentum of a system of colliding objects remains constant provided no resultant external force
acts on the system. In other words, when no external forces are acting, the time rate of change of the
momentum is equal to the net force acting on the particle. Taking internal stress and the gravitational
acceleration into account, the application of principle of conservation of translational momentum for
the LPCS can be written as:

Bρvi
Bt

`
B
`

ρvjvi
˘

Bxj
“
Bτij

Bxj
´
Bp
Bxi

` ρg (2)

τ is the internal stress and g is the gravitational acceleration.

2.2.3. The Energy Equation

The kinetic energy of the particles on impact is important for plastic deformation of the particles
and formation of splats, which bond together to produce coatings. The energy equation is given in
Equation (3):

B pρEq
Bt

`
B
`

ρvjE
˘

Bxj
“

B

Bxj

˜

k
BT
Bxj

¸

`
B

Bxj

`

τijvi
˘

(3)

2.2.4. The Constitutive Equation

Constitutive equations relate thermo-mechanical parameters, i.e., strain (ε), strain rate (έ),
temperature (T), and flow stress (σ). Although the conserved quantitative (mass, momentum, and
energy) are the basic quantities describing the flow through the LPCS system, in order to close the
system, a constitutive equation is required for stress and flow/flux, otherwise stress and flow must be
added to the list of variable. Equations (1)–(3) are solved in conjunction with an appropriate equation
of state and the constitutive equation. The stress equation for Newtonian fluid is given by Equation (4):

τij “ µ

«˜

Bvi
Bxj

`
Bvj

Bxi

¸

´
2Bvk
3Bxk

ff

(4)

where i, j = (x, y, z).
The total stress tensor σij in the fluid is given by the sum of internal stresses due to the fluid

pressure p and the stress due to viscous forces as shown in Equation (5):

σij “ ´pδij ` τij (5)

where δij is the Kronecker delta, defined such that δij = 1 if i = j, otherwise δij = 0.

2.2.5. The Discrete Equations

The discrete approximation to the momentum, energy, and continuity equations can be written in
a form shown in Equations (6) and (7):
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Mu ` Apuqu ` GP “ Ku ` fptq (6)

Du “ gptq (7)

M—Mass matrix (for equidistant discretization of the unit matrix), A—advection matrix,
G—gradient matrix, K—diffusion matrix, D—divergence matrix, f (t) and g(t) represents the effects of
the boundary conditions on velocity.

Using the notations and equalities in Equation (8), and If G is denoted with C, Equation (9)
is obtained:

b ” Ku` f ptq ´ A puq u, D ” GT (8)
«

M C
CT 0

ff«

P
u

ff

“

«

b
g

ff

(9)

Consequently, the discrete system for the constitutive equation is obtained as shown in
Equation (10) whereas that of the momentum, energy, and continuity equations are represented
as shown in Equation (11) [30]:

»

—

–

N 0 0
0 N 0
0 0 N

fi

ffi

fl

»

—

–

τ11

τ22

τ12

fi

ffi

fl

´

»

—

–

2L1 0 0
0 2L2 0
0 0 0

fi

ffi

fl

»

—

–

Vi
Vj
P

fi

ffi

fl

`

»

—

–

D1 0 0
0 D2 0
0 0 0

fi

ffi

fl

»

—

–

Vi
Vj
P

fi

ffi

fl

“

»

—

–

0
0
0

fi

ffi

fl

(10)

»

—

–

ciui 0 0
0 ciui 0
0 0 0

fi

ffi

fl

»

—

–

Vi
Vj
P

fi

ffi

fl

`

»

—

–

2K11 ` 2K22 K21 Q1

K22 2K11 ` 2K22 Q2

Q1
T Q2

T 0

fi

ffi

fl

»

—

–

Vi
Vj
P

fi

ffi

fl

“

»

—

–

F1

F2

0

fi

ffi

fl

(11)

Equation (11) is solved by using Continuum mechanics.
The finite element equation for the flow process can be written by defining the coefficient matrix

as given in Equations (12)–(19) [30].

»

—

–

CiUipViq

CiVipVjq

0

fi

ffi

fl

`

»

—

–

p2K11 ` K22qVi ´ K21pVjq `Q1P
´K22pViq ` K11 ` 2K22pVjq ´Q2P

Q1
TpViq ´Q2

TpVjq ` 0

fi

ffi

fl

“

»

—

–

F1

F2

0

fi

ffi

fl

(12)

CiUipViq ´ CiUipVjq `

»

—

–

p2Kij ` KijqVi ´ KijpVjq `QiP
´KijpViq ` Kij ` 2KijpVjq ´QiP

Qi
TpViq ´QiTpVjq ` 0

fi

ffi

fl

“

»

—

–

F1

F2

0

fi

ffi

fl

(13)

CiUipVi ´Vjq `

»

—

–

3KijVi ´ KijpVjq `QiP
´KijpViq ` Kij ` 2KijpVjq ´QiP

Qi
TpViq ´Qi

TpVjq ` 0

fi

ffi

fl

“

»

—

–

F1

F2

0

fi

ffi

fl

(14)

Taken (Vi ´ Vj) = U, then Equation (15) is obtained:

CiUi `

»

—

–

`

´

`

fi

ffi

fl

»

—

–

2KijpUq `QiP
Kijp1`Uq ´QiP

Qi
TpUq

fi

ffi

fl

“

»

—

–

F1

F2

0

fi

ffi

fl

(15)

CiUi ` p2KijU ´ KijU `Qi
TpUqq “ Fi (16)
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CiUi ` pKijU `Qi
TpUqq “ Fi (17)

CiUi ` pKijU `Qi
TpUqq “ Fi (18)

Fi “ CU ` KijU `Qi
TU (19)

Thus, the finite element Equations (10) and (11) become Equations (20) and (21):

Cpuq ` KU “ F (20)

Nτ ´ LU `DU “ 0 (21)

Equation (20) is the typical form of the Newtonian equation whereas Equation (21) represents
the extra stress finite element analogue of the constitutive equation described in Section 2.2.4.
These equations are solved by substituting the boundary conditions in Table 1. The exit velocity
was calculated from Equation (20).

Table 1. Thermo mechanical properties of the carrier gas (air) and the silicon carbide (SiC) powder.

Carrier Gas (Air) SiC Powder

Density 1.205 kg/m3 Density 3160 kg/m3

Specific heat capacity, Cp 1.005 J/kg¨ K Heat capacity, C 675 J¨ kg´1¨ K´1

Thermal conductivity, h 0.0257 W/m¨ K Thermal conductivity 490 W¨ m´1¨ K´1

Kinematic viscosity, v 15.11 ˆ10´6 m2/s Elastic modulus, E 570 MPa
Expansion coefficient 3.43 ˆ 10´3 1/K Poisson ratio, µ 0.17Prandtl’s number, Pr 0.713

2.3. Thermo-Physical Properties and Boundary Conditions

The boundary conditions are determined by the properties of the carrier gas and the feedstock
powder. The carrier gas is air and the powder used in the calculation is SiC ceramic powder.
The properties of the air and SiC are given in Table 1. The feedstock powder is at room temperature at
inlet and its mass flow rate at room temperature is 10 g/min. At the outlet, the pressure of the nozzle,
u = v = w = 0.

According to Lupoi [31], the supersonic nozzle is a critical component for the cold spray coating
process. Lee et al. [32] reported that nozzle optimization is crucial to minimizing shock loss. Figure 2
shows the geometry of the nozzle whose parameters are in shown in Table 2.

Table 2. Geometrical parameters of the nozzle.

Section of the Nozzle (mm)

Throat diameter 4
Nozzle entrance diameter 8

Nozzle exit diameter 6
Length of converging section 50
Length of diverging section 125

Successful bonding of feedstock powder particle to the substrate demands that the particle must
exceed a critical velocity, which is a function of the thermo-mechanical properties of the powder and
the substrate [7–13]. Basically, the velocity of the particle is always less than that of the carrier gas.
Therefore, the velocity of the carrier gas must be substantially above the critical velocity for deposition
of high quality coating [18]. Li et al. [33] reported that particle temperature affects critical velocity.
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2.4. Experimental Details

The feedstock powder used for this investigation consists of 95 wt. % SiC of 53 µm particle
size which was mechanically blended with 5 wt. % Al (Centerline SST-Al5001, CenterLine Limited,
Windsor, ON, Canada) in a planetary ball mill. The addition of Al is necessary to act as a binder because
SiC is a ceramic powder with limited plastic deformability. In order to simplify the mathematical
model, the thermo-mechanical properties of Al are ignored. The weight percentage of Al is negligible
as compared to SiC. Ti-6Al-4V with nominal composition: 6.10 wt. % Al, 4.01 wt. % V, 0.15 wt. %
Fe, 0.007 wt. % C, 0.12 wt. % O, 0.005 wt. % N, Ti, balance and sectioned to 35 ˆ 35 ˆ 5 mm3 was
used as the substrate. The substrates were grit blasted with 100–300 µm alumina grit (Centerline
SST-G0002, CenterLine Limited, Windsor, ON, Canada) prior to coating deposition. This is necessary
to facilitate adhesion of the feedstock powder to the substrate. The cold spray coating experiment
was performed with the Centreline SST Series P low pressure cold spray machine. The carrier gas
was air generated by a 10 bar-capacity CompAir external air compressor. Centreline SST Series P is
equipped with an automated gun moving device which was set at a transverse velocity of 3 ms´1.
Thus, it takes approximately 18 s to travel the 35 mm long substrate. Five passes were made on the
substrate to form an approximate total thickness of 3 mm. A somewhat parabolic coating shape was
observed. This suggests that the density of particle at the center of the nozzle is greater than that at
the periphery. The powder was delivered axially into the pre-chamber of the nozzle in the supersonic
gas stream by an integrated, dual-hopper, non-pressurized vibratory powder feeder at a feed rate set
at 30%. Coating deposition was performed at the system's maximum allowable operational pressure
of 0.99 MPa. This is because much higher pressure is usually required for the deposition of carbides
during the cold spray coating [34]. There was no direct measurement of velocity at the exit of the
nozzle but several values of temperature were simulated using the Solidworks Flow Simulation CFD
package to determine their corresponding velocities at the exit of the nozzle.

To verify the accuracy of the set of simulated parameters, coatings were deposited using three
temperatures and their properties were compared. Temperatures were selected based on the simulation
results and preliminary investigations [35]. The temperatures are: (1) the CFD-optimized temperature
(i.e., the temperature whose output velocity agrees with the calculated velocity), Topt = 773 K;
(2) T1 = 723 K (50 K below Topt); and (3) T2 = 823 K (50 K above Topt).

After the coating process, the samples were sectioned, mounted, and polished semi-automatically
to mirror finish following standard metallographic procedure [36]. X-ray diffraction analysis
was performed on the coatings using the Philips P1710 Panalytical diffractometer (PANalytical,
The Analytical X-ray Company, Almelo, The Netherlands) with Cu target Kα radiation to identify the
constituent phases. The samples were scanned at intervals of 2θ and a step size of 0.02. The phases
present were identified using X’ Pert High score plus software (Version 2.2.2, PANalytical B.V., Almelo,
The Netherlands). The structural data of the identified phases were taken from the ICSD database.
The hardness measurements were performed on the prepared cross-section of the coating with a Vickers
hardness tester (Future Tech FM-800, Version 1.15, Future Tech. Corp., Tokyo, Japan) according to
ASTM E384 standard [37] to ensure consistent result. A load of 100 g was allowed to dwell for 15 s.
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A total of ten indentations were made on each coating sample and the average is reported as the
surface hardness of the sample. In order to avoid strain hardening effects and possible cracking of
the reinforced matrix, indentations were spaced at a distance of at least four times the diagonal of the
previous indent as per ASTM C1327 standard [38].

ImageJ analysis software (Version 1.48k, 2013, National Institute of Mental Health, Bethesda, MD,
USA) was used to estimate the percentage porosity of coatings by calculating the area fraction of the
pores. In order to cater for porosity at varied scale (micrometric, submicron, and nanometer pores) in
the coatings, two different magnifications (1000ˆ and 10,000ˆ) of the SEM image were used. The work
of Konečná et al. [39] agrees with this practice. The use of two different magnifications ensures
that features like column gaps and big cracks will be captured by the lower magnification whereas
features like sub-micrometric and nanometeric pores will be captured by the higher magnification [40].
Five micrographs were taken for each magnification. This is because a large number of micrograph
at higher magnification may lead to a more reliable assessment of porosity. Although this method of
image analysis may be cumbersome and time consuming, Ganvir et al. [40] reported it will provide
an estimate of all types of pores such as connected, non-connected, vertical and branching cracks in
the coating which may not be otherwise possible.

3. Results and Discussion

3.1. Exit Velocity

Figure 3 shows the CFD analysis of gas flow in the nozzle for the three temperatures investigated.
The distribution and exit values of velocity, temperature, and pressure are also shown in the Figure.
The value of the velocity obtained from the mathematical calculation is in the range of that obtained
from the CFD when the temperature is 500 ˝C (773 K). This is about 826 m/s as shown in Figure 3B.
At 450 ˝C (723 K), the exit velocity is about 787 m/s (Figure 3A), whereas at 550 ˝C (823 K), the
exit velocity is about 866 m/s (Figure 3C). According to the simulation result, Increase in input gas
temperature led to increase in exit velocity. This is probably because, as shown in Equation (22),
at a given mass flow rate, the velocity of the air increases as temperature increases [41]. This also
confirms the work of Huang and Fukanuma [37], who reported that that higher gas temperature
benefits impact velocity:

Vrms “

c

3RT
M

(22)

where, Vrms is the velocity, R is the universal gas constant, T is temperature, and M is mass.
Thus, a certain velocity range for efficient bonding and good coating properties called window of

deposition has been defined. The window of deposition usually has both the minimum and maximum
values. The minimum value is the critical velocity whereas the maximum value is called the erosion
velocity. If the velocities of the particles are less than the critical velocity, there will be insufficient
plastic deformation and no bonding. If the velocities of the particles are higher than critical velocity,
there will be strong erosion as a result of hydrodynamic penetration. The optimum velocity for efficient
deposition and good quality bonding lies between these two velocities [18]. The optimum velocity
obtained from the statistical calculation is in good agreement with the value obtained from the CFD at
temperature of 500 ˝C (773 K).
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3.2. Microstructure and Porosity of the Coatings

The SEMs of the cross-section of the coatings are shown in Figure 4 whereas Figure 5 shows the
XRD in relation to the feedstock powder.
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The micrographs of all the coatings are similar as they show partially homogenous distribution
of SiC, and are generally characterized by fully dense structures and uneven surfaces. Although, no
inter-connected pores are observed at any of the temperature investigated, a difference in porosity
level is observed. The coating deposited using the CFD-optimized parameters yielded less porosity of
4.32% as compared to 5.05% and 4.97% respectively obtained at T1 and T2 (lower and higher than Topt).
The lower porosity obtained from the optimized velocity is probably due to the hammering effect of
the SiC particles on the coating which subsequently leads to a more dense structure. Higher velocity
during cold spray coating usually leads to lower porosity.
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Huang and Fukanuma [42] observed that higher gas temperature benefits impact velocity and
particle temperature, which leads to increase in the velocity of in-flight particles. Khalid [43] reported
that impact energy is increased when the working gas temperature is increased. This increase in both
the velocity of the in-flight particles and impact energy are expected to produce a decrease in volume
fraction of porosity in the coatings. Thus the coating deposited at T2 is expected to yield less porosity
than that deposited at Topt. Contrarily, it is observed that at temperature above the optimized value,
there is increase in percentage porosity of the coating. This is probably due to fracturing of the particles
of SiC powder upon impact at higher velocity which will lead to increase in porosity. SiC is a ceramic
powder; it is rigid and brittle, and higher impact velocity has the tendency to fracture it [44]. Moreover,
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higher deposition temperature (and velocity) could have caused sufficient heat in the jetting region
which could have aided thermal softening of the few Al particles in the feedstock powder. The increase
in porosity at higher deposition temperature (and velocity) could also be because, at T2, Al particles
would have probably experienced thermal softening. Thermal softening causes reduced consolidation
and increase porosity [42].

As shown in the XRD in Figure 5, there are no differences observed in the diffraction pattern
of the coatings at the three temperatures investigated. This shows that the investigated temperature
range has no effect on the phases formed in the coatings. Moreover, the diffraction patterns of the feed
stock powder are identical to those of the coatings, although there is a noticeable peak shift between
them. This peak shift could be traced to the high impact of the deposition process which would have
caused micro-straining, amorphization and grain refinement of the powders particles.

3.3. Hardness of the Coatings

Although there is a general improvement in the surface hardness of the coatings, the sample
deposited using the CFD-optimized parameter has the highest average hardness of 652 ˘ 12.7 HV0.3 as
compared to the 599˘ 14.8 HV0.3, and 634˘ 13.5 HV0.3 respectively obtained at T1 and T2. The general
increase in hardness could be traced to the presence of hard SiC (Vickers hardness of 2350 [45]) particles
in the feedstock powder, strain hardening effect of the plastically deformed Al particles during cold
spray deposition, and accumulated strain caused by particle deformation during high impact blending
and supersonic deposition processes.

Increase in velocity above the optimized value does not produce a corresponding increase in
hardness of the coatings. The highest hardness was obtained from the optimized parameters and
this is thought to be due to the lower porosity of its coating as explained in Section 3.2, and greater
plastic deformation of Al particles at 500 ˝C. The greater the plastic deformation, the higher is the
hardness [46]. Plastic deformation of Al particles will be higher at 500 ˝C than at 550 ˝C because thermal
softening (which reduces plastic deformation) would have taken place at 550 ˝C since Al melts at 660 ˝C.

Ideally, as the gas temperature is increased, the average kinetic energy of the molecules of the gas
will increase leading to increase in both particle temperature and impact velocity. This will produce
corresponding increase in the momentum of the powder particles and greater particle impact, higher
work hardening effect, greater coating densification, and increased coating hardness. However, the
highest temperature does not produce the highest coating hardness. This is probably because the heat
produced at the jetting regions at the higher deposition temperature would have favored dynamic
recrystallization of Al particles which will lead to a reduction in hardness. Moreover, in addition to
thermal softening explained above, the heat at the jetting region may also prevent sufficient plastic
deformation of the Al, and consequently lessen strain hardening and hardness.

4. Conclusions

The continuity, momentum, and energy equations were solved by transforming the partial
differential equations into a single ordinary differential equation. A constitutive equation was
introduced to close the system, and also to account for stress and flow viscosity. The solution was used
to calculate the optimum velocity for the deposition of SiC on titanium substrate using the LPCGD.
CFD analysis of the flow through the nozzle was carried out to determine the input temperature that
will yield the calculated velocity at the exit of the nozzle. Although there is no noticeable difference
between the phases obtained in the coatings deposited with optimized and non-optimized parameters,
coating with optimized parameter yielded less porosity and higher hardness. The higher hardness
was traced to greater plastic deformation. Having established the relationship between the velocity,
temperature, and pressure of the gas, for SiC, the solution can be used to predict these parameters
for other powder materials by substituting the thermo-mechanical properties of the powder into the
boundary conditions.
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Abbreviations

ρg gas (air) density

δg
Kronecker delta, which is a component of the identity tensor defined such
that δij = 1 if i = j, otherwise δij = 0

ν velocity vector
τ stress tensor
µ molecular viscosity
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