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Abstract: High-velocity oxygen fuel (HVOF)-sprayed amorphous alloy coatings usually have ad-
vantages of a dense structure that improve their resistance to corrosion, wear, and fatigue in the
substrate. The flame flow characteristics and particle behaviors during the spray process have a
significant influence on the amorphous coating structure and properties. In this study, a computa-
tional fluid dynamics model is enforced to analyze the flame flow and Fe-based amorphous alloy
particle behavior in an HVOF spray process. The flame flow temperature, velocity characteristics,
and the Fe48Cr15Mo14C15B6Y2 Fe-based amorphous alloy particles’ velocities, temperatures, flight
trajectories, and mass concentration distribution characteristics are simulated. Moreover, the effects
of the oxygen/fuel ratio, particle morphology parameter, particle-injection rate, and angle on the
particle behavior are also investigated. Judging from the simulation results, the optimum amorphous
alloy particle size varies between 20 and 30 µm, the shape factor is within the range of 0.9–1, the
optimum O/F ratio is 3.4, the optimum injection angle is 45◦, and the optimum injection rate is
10 m/s. With these conditions, most of the particles settled toward the centerline of the spray gun and
are in a semisolid or solid state before affecting the substrate, giving the materials optimal coating
structure and performance.

Keywords: HVOF; Fe-based amorphous coating; flame flow characteristics; particle dynamics

1. Introduction

Corrosion and wear of as well as fractures on materials’ surfaces and interfaces are
major issues in engineering environments, which not only lead to significant economic
losses but also to enormous personal harm caused by these material failures. In China alone,
the cost of corrosion of materials within engineering components amounts to billions of
dollars or approximately 3.34% of the country’s Gross Domestic Product (GDP) according
to Hou et al.’s statistics [1]. Many researchers have studied surface engineering to explore
superior coatings deposited onto metallic materials to overcome deterioration, among
which amorphous alloys exhibit the excellent advantages of corrosion resistance, superior
wear resistance, high mechanical strength, and high hardness, ensuing from their special
disordered atomic structure [2–5]. In the past decade, a large number of bulk metallic
glasses with a high glass-forming ability (GFA) have been developed in Pd-, Mg-, Zr-, and
Fe-based systems using various rapid solidifying techniques [6–9]. Nevertheless, these bulk
metallic glasses typically exhibit no work hardening or plastic deformation during room
temperature deformation that considerably limits their applications as structural materials.
To avoid this situation and simultaneously give play to their unique anticorrosion and
wear-resistant properties, these materials are made into coatings.
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Thermal spray technologies provide sufficient rapid cooling rates that inhibit long-
range diffusion and avoid crystallization, existing as an alternate approach to beat scale
disadvantages and increase the industrial applications of amorphous alloys. Many studies
have attempted to manufacture Fe-based amorphous alloy coatings using various spraying
methods, e.g., high-velocity oxygen fuel (HVOF) spraying [10,11], plasma spraying [12,13],
laser cladding [14], and kinetic spraying [15]. Among these methods, HVOF spraying has
attracted additional attention because of its benefits of low temperature and high velocity,
which are conducive to manufacturing dense or low-porosity amorphous alloy coatings [16].
The complexity of HVOF thermal spraying in terms of its complex physics and multiscale
interactions of variables makes it difficult to determine production parameters directly [17].
In the past decade, many amorphous alloy coatings have been prepared experimentally.
Many experimental procedures in previous studies aimed to correlate the manufacturing
parameters against coatings microstructure and properties [18,19]. However, to obtain
high-quality Fe-based amorphous alloy coatings with homogeneous structure and high
amorphous content, several trial-and-error attempts are needed, which consumes plenty of
time and leads to high experimental costs. Simultaneously, it is troublesome to reveal the
transient rule of gas and the particle flight history in HVOF spraying through experimental
methods. Therefore, in addition to intuitive experimental exploration, it is necessary to
gain a deeper understanding of the spraying mechanism [20]. Some simulations of the
HVOF spraying process have been carried out [21–24]; however, these were mainly focused
on WC–12Co and Ni–Cr materials, whereas, to our knowledge, studies on amorphous
alloy coatings are relatively lacking. However, the excellent performance of amorphous
coatings cannot be ignored by researchers, and a variety of amorphous alloy coatings have
been applied in industry. Therefore, through computer simulations of HVOF spraying, the
momentum and heat transfer between the flame flow and amorphous alloy particles can
be analyzed in detail, which provides theoretical guidance for improving the properties of
Fe-based amorphous coatings [25,26].

In the HVOF spraying process, the coating performance mainly depends on the
behavior of particles close to the substrate surface [21,27,28], which is affected by the
physical and chemical state at the moment of particle impact. With the increase in the
impact velocity, the degree of flattening of the amorphous alloy particles increases, and the
contact area between the particles and the substrate becomes larger, which improves the
bonding strength and compactness of the coating and forms a high-performance coating.
During the spraying process, the high temperature will cause the molten amorphous alloy
particles to stick to the inner wall of the gun barrel, affecting the normal spraying process.
In addition, the high temperature can also lead to partial oxidation of the amorphous alloy
powder and increase the porosity of the coating. When the particles are in a molten or
semimolten state, they form denser coatings with better corrosion resistance. Obviously,
the particle velocity, particle temperature, and melting state have significant influence on
the coating performance [17]. Therefore, the temperature, trajectory, and velocity of those
amorphous alloy particles should be controlled to manufacture repeatable coatings.

To better analyze the HVOF spraying process and manufacture the corrosion- and
wear-resistant Fe-based amorphous alloy coatings, the Fe48Cr15Mo14C15B6Y2 (SAM1651)
amorphous alloy is chosen as the spray material owing to its excellent corrosion resistance
and glass forming ability (GFA). The alloy features a nominal critical cooling rate of 80 K/s,
suggesting that it can be cooled to an entirely glass state. In this study, the JP-5220 spray
gun (Praxair, Danbury, CT, USA) is the object of analysis, and the gas flow and particle
motion models for HVOF spraying are established based on computational fluid dynamics
(CFD). The transient rules of the composition changes, flame characteristics, and particle
distribution in the HVOF spray process are analyzed.

2. Models and Methods

Figure 1 shows a model diagram of the HVOF thermal spraying, including the
kerosene and oxygen inlet, the combustion chamber, the Laval spray nozzle, and the
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spray barrel. Figure 1a shows the two-dimensional (2D) model of the spray gun, and the
detailed model parameters are annotated in figure and shown in Table 1. In this study, the
three-dimensional (3D) calculation model shown in Figure 1b is used; that is, the 2D model
is rotated 360◦.

Figure 1. High-velocity oxygen fuel (HVOF) spray gun (a) two-dimensional (2D) model, and
(b) three-dimensional (3D) model.

Table 1. High-velocity oxygen fuel (HVOF) spray model parameter.

Model Parameter Values

The length of combustion chamber 92.5 mm
The width of the combustion chamber 37.8 mm

The length of the spray barrel 111.1 mm
The width of the spray barrel 10.8 mm

The length of external field cylindrical domain 400 mm
The width of external field cylindrical domain 220 mm

Figure 2a shows the computational mesh of the spraying model. The ICEM software
(Fluent 19.0) is used to mesh the calculation domain. There are 1,282,729 elements and
1,243,608 nodes in the entire domain, and the elements sizes are in the range of 0.2–2 mm.
The mean quality of elements is 0.897. To ensure the accuracy of the calculation, a hexa-
hedral element is selected for depicting the combustion chamber and external region, as
shown in Figure 2b,d, and a tetrahedral element is used for depicting the barrel part, as
shown in Figure 2c. In addition, the external region is divided into two parts and uses a
transitional grid, whereas the internal grid is refined. The refinement of the external region
is conducive to accurately obtaining the flame flow characteristics and particle trajectories.
Oxygen and kerosene are injected into the spray gun at flow rates of 0.02163 and 0.007 kg/s,
respectively. Table 2 presents the property parameters of the SAM1651 amorphous alloy,
where the material’s density is 7310 kg/m3 and the Cp is 460 J/(kg K). By adjusting the
nitrogen gas flow, the particle injection rate varies from 5 to 20 m/s. It is assumed that the
wall temperature of the HVOF spray gun is 300 K. The pressure far field and pressure outlet
boundary are applied at the external domain, and the atmospheric pressure is 1.01 KPa.
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Figure 2. (a) Computational mesh of the model, (b) combustion chamber mesh, (c) barrel mesh, and
(d) external region mesh.

Table 2. Powder properties of SAM1651 [29].

Powder Properties Values

Density 7310 kg/m3

Melting temperature 1394 K
Specific heat capacity 460 J/(kg K)
Thermal conductivity 22.5 W/(m K)
Latent heat of fusion 3.25·105 J/kg

A realizable k–εmodel is used, and within the Cartesian tensor, the governing equa-
tions of the 3D model are defined as follows [16,30]:

Mass conservation equation:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)

Momentum conservation:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj
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∂
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−ρ
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Energy transport equation:
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The deviatoric stress tensor is

(τij)eff = µeff

(
∂uj

∂xi
+
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)
− 2

3
µeff

∂ui

∂xi
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The effective thermal conductivity is

keff = k +
cpµt

σt
(5)
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Mass fraction conservation equation was added to the transport equations, and species
transport model was customized to simulate the combustion reaction. The convection
sources, diffusion sources, and reaction sources of the transport equation are described
in [31]:

∂

∂xi
(ρYαui) = −

∂Jα,i

∂xi
+ Rα + Sα, α = 1, 2, ..., N− 1 (6)

In this study, the eddy dissipation model is used [32], which assumes that the combus-
tion rate is decided by the blending rate of fuel and oxidants. The consumption rate of fuel
is given by [33]:

RF = −ρε
k

Amin
(

mF,
m0

s0
, B

mp

Sp

)
(7)

where
So ≡

noMo

nFMF
(8)

SP ≡
npMo

nFMF
(9)

The empirical constants A and B are 4 and 0.5, respectively.
In practice, kerosene fuel is a mixture of alkanes with carbon content ranging from 9 to

17. Therefore, there is no precise chemical formula for kerosene. In the simulation, C12H23
is used as the representative average of the individual component of the kerosene. Because
the combustion chamber’s temperature exceeds 2300 K, H2O and CO2 break down into
several lightweight mass substances, not solely to H2 and CO flammable gases, however,
additionally to O, H, OH, and other atomic gases [16]. The combustion dynamics is de-
scribed by a global reaction [31] that accounts for intermediate and dissociation reactions.

C12H23 + 17.286 O2 → 7.397 CO + 4.603 CO2 + 7.955 H2O
+1.613 H2 + 1.204 H + 2.66O H + 1.154 O + 3.1O2

(10)

In solving the Navier–Stokes equation, gases are treated as continuous phases, dis-
persed particle phases are solved by tracking large droplets, and there is no interaction
between the particles. The trajectories of these discrete phases and the thermal transfer are
calculated.

In Cartesian coordinates, the equations of particle motion in x direction can be written
as a force balance, equating droplet inertia with forces acting on the particle; the basic
particle equation is as follows.

dup

dt
= FD

(
µ− µp

)
+ Fx =

18µ
ρpd2

p

CDRe
24

(
µ− µp + Fx

)
(11)

A single-particle energy equation that ignores radiation heat transfer is shown below:

mpcp
dTp

dt
= hcAp

(
Tg − Tp

)
(12)

The CFD commercial software (Fluent 19.0) is used, and the calculation is run on a
GTS2-RIS208Q workstation. First, a 3D model for the JP5220 gun is established. Second,
the boundary conditions, combustion reaction model, and gas flow model are established.
To avoid simulation calculation divergence, all equations use the second-order upwind dis-
cretization method. Third, according to the convergence criterion to determine whether the
calculation results converge; if convergence has been reached, then we end the calculation.
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3. Results and Discussion
3.1. Flame Flow Characteristics

Figure 3 shows the simulation results of the flame flow characteristics (gas velocity,
gas pressure, and gas temperature as well as the Mach number). The calculation shows that
the flow characteristics of the flame change with the axial distance in the spraying process.
The velocity, pressure, and temperature distribution have symmetrical distributions above
and below the centerline of the gun body. As can be seen from Figure 3a, due to the large
inlet oxygen flow rate, the gas behavior in the combustion chamber is streamlined along the
symmetry axis. The overall gas velocity distribution in the combustion chamber is uniform
but relatively low at 130 m/s. As the flame flows through the Laval nozzle, the velocity
quickly exceeds 2000 m/s. Figure 3b illustrates the changes in the flame flow pressure
during spraying, and the gas pressure is approximately 0.9 MPa in the combustion chamber.
Due to the convergence of the spray nozzle, the pressure drops sharply to 0.18 MPa after
passing through the nozzle and then exhibits overall stable distribution and slight local
fluctuations. On the right side of the barrel outlet, the pressure profile alternates between
light and dark conditions. The pressure value oscillations decrease and then stabilize at a
fixed distribution of 0.1 MPa.

Figure 3. Contours of the flame flow and gas characteristics along the centerline for (a) gas velocity,
(b) gas pressure, (c) gas temperature, and (d) Mach number.

As seen in Figure 3c, the initial temperature is relatively low because the kerosene
and oxygen are not mixed sufficiently. With the combustion intensifies, the combustion
chamber flame flow temperature peaks at 3400 K. When the flame flows through the
spray nozzle, the temperature drops significantly and then fluctuates slightly toward a
constant of 2400 K. The contour shows that when the flame flows into the cold air, the axial
temperature continues to decrease after periodic fluctuations. Eventually, the temperature
drops to 650 K at the substrate position. This whole process reflects the attenuation process
of kerosene combustion energy. Figure 3d represents the changes in the Mach number,
which are similar in trend to the flame flow velocity.
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3.2. The Mass Fraction of Gas Components

In order to reveal the reaction mechanism of kerosene–oxygen combustion, the vari-
ation contours and curves of the mass fraction of various combustion components are
shown in Figure 4. Red lines show the mass fraction of each component distributed along
the centerline, with the horizontal and vertical axes in units of m. At the gun inlet, the mass
fractions are only kerosene and oxygen. The temperature rises rapidly as the combustion
reaction occurs. Concurrently, the temperature increase also promotes the diffusion of
kerosene and oxygen, which intensifies the combustion reaction, and the mass fractions of
the kerosene and oxygen decrease rapidly, whereas the mass fractions of the other com-
bustion products increase rapidly [34]. The calculation results show that the concentration
of kerosene flight into the combustion chamber is comparatively high in the axial direc-
tion. When mixture intensifies and burns completely, kerosene is consumed rapidly until
its mass fraction decreases to zero in the combustion chamber. Simultaneously, oxygen
acts as a flammable agent with relatively large inlet concentrations and oxygen declines
rapidly in combustion chamber. In addition, oxygen increases in external region due to the
presence of oxygen in the air. The concentrations of the combustion products H2O, CO2,
and CO are relatively high, i.e., more than 0.2, and the concentrations of other gases are
comparatively low.

Figure 4. Contours and curves of the mass fraction of various components; (a) C12H23 (b) O2 (c) O
(d) OH € H2O (f) H2 (g) H (h) CO2, and (i) CO.

3.3. Effect of the Oxygen/Fuel Ratio on Flame Flow

The O/F ratio is a pivotal variable for regulating the flame flow characteristics during
the HVOF process [22,27]. According to the kerosene–oxygen combustion reaction formula
(Equation (10)), the ideal conditions for full combustion of 1 L kerosene requires a mass
ratio of oxygen 3.09 times that of kerosene. To further explore the influence of oxygen
and kerosene on HVOF spraying, this study sets 11 comparative conditions to analyze the
influence of different O/F ratios and the same O/F ratio but different total fuel oxygen
amounts on the pressure, temperature, and velocity of the flame flow. The specific O/F
ratio conditions are shown in Table 3 and Figure 5.

The characteristic curves for different O/F ratios are simulated and plotted, as shown
in Figure 6. Through comparison, the pressure differences in the spray gun are mainly
observed in the combustion chamber. The pressure in the platform region of the combustion
chamber is compared, as shown in Figure 6d, and the pressure increases with the increasing
O/F ratio. However, when the O/F ratio is 3.4, the pressure reaches the maximum and
then decreases. Interestingly, the maximum pressure does not occur at the ideal O/F ratio
of 3.09. At the barrel outlet, all curves exhibit low-amplitude fluctuations. Comparing
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condition 4 with conditions 8–11, the changes in the pressure observed when adjusting the
total amount of kerosene and oxygen under the condition of a fixed O/F ratio are analyzed.
The combustion chamber pressure increases as the total fuel increases.

Table 3. Details of oxygen/fuel ratio conditions.

Condition Kerosene (kg/s) Oxygen (kg/s) O/F Ratio

Condition 1 0.0077 0.01694 2.2
Condition 2 0.0077 0.01925 2.5
Condition 3 0.0077 0.02156 2.8
Condition 4 0.0077 0.02379 3.09
Condition 5 0.0077 0.02618 3.4
Condition 6 0.0077 0.02849 3.7
Condition 7 0.0077 0.0308 4
Condition 8 0.00847 0.02617 3.09
Condition 9 0.00924 0.02855 3.09
Condition 10 0.00693 0.02141 3.09
Condition 11 0.00616 0.01903 3.09

Figure 5. Details of oxygen/fuel ratio conditions.

According to the temperature analysis curves in Figure 6b,e, the O/F ratio has a
certain influence on the heating rate of the combustion chamber. The higher the O/F ratio
is, the higher is the slope of the curve in Figure 6b is. When the O/F ratio is fixed at 3.09,
the slope of the temperature increase is the same. However, the maximum temperature
does not monotonically increase with the increasing of O/F ratio, which is the same as in
the case of pressure. The maximum temperature appears when the O/F is 3.4; then, the
temperature decreases. The flame flow temperature does not increase significantly when
the fuel mass increases by 10% or 20%, and the flame flow temperature does not decrease
significantly when the fuel mass decreases by 10%. However, the temperature decreases
significantly when the fuel mass is reduced by 20%, indicating that the total fuel quantity
has no significant effect on the temperature within a certain fluctuation range. The final
flame flow temperature decreases because of the effect of the cold air outside the spray gun
on the flame flow. Due to the heat transfer between the air and the flame flow, the higher
the temperature at the nozzle outlet, the faster the cooling rate. As shown in Figure 6c,f, the
O/F ratio has an effect similar to that of the pressure and temperature on the velocity of the
flame flow. As can be seen from the momentum equation, the higher the flame pressure,
the faster the flame velocity. However, the variation trends of velocity and pressure are not
the same. The maximum velocity appears when the O/F ratio is 3.7. Adjustments of the
total fuel amount have a significant effects on speed with the fixed O/F ratio of 3.09, which
changes in the same way as pressure.
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Figure 6. Predicted (a,d) gas pressure, (b,e) gas temperature, and (c,f) gas velocity curves with different O/F ratios.

At values higher than the ideal O/F ratio 3.09, an oxidizing environment forms,
resulting in excessive oxidation of molten powder particles and an increase in the oxide
content of the coating. If the ratio is less than 3.09, a large amount kerosene in the mixture
will produce a flame with low temperature and poor oxygen content, and the number of
unmelted particles and holes in the coating will increase. In fact, the ideal combustion
conditions do not exist; to induce the full combustion of kerosene, usually, values higher
than the ideal ratio are chosen for this spraying parameter. Combined with our work, it is
intuitive that when the O/F quantitative relation is 3.4, the kerosene and oxygen can be
totally combusted and the temperature and velocity of the flame flow are also optimal.

3.4. Effect of the Particle Size on Particle Behavior

Particle size is one of the most important factors affecting particle behavior. Particles
of different sizes have different dynamic behaviors due to differences in their momentum.
We selected six different particle sizes, fixed the O/F ratio at 3.4, and fixed the particle flow
and nitrogen flow at 30 g/min and 10 m/s, respectively. The particles temperature and
velocity curves with different sizes are simulated, as shown in Figure 7.

As can be seen from Figure 7a, small-sized particles are can be heated more than
large particles; furthermore, their thermal inertia is smaller than that of large particles,
so the temperature decreases faster. The liquid temperature Tl and solid temperature
TS of SAM1651 amorphous alloy are shown. The results show that 5–10 µm particles
endure melting and solidifying throughout flight. The 20 and 30 µm particles remain
melted; however, particles greater than 40 µm in size may not melt before they reach the
substrate. With the increase in the particle size, the dynamic and thermal response of
particles becomes slower than that of smaller particles, but the insulation capacity of large
particles is stronger than that of smaller particles. Small particles are susceptible to heat
but have a weaker ability to keep warm [24,35]. The melting behavior of the amorphous
alloy powder is closely related to the amorphous phase content of the coating. The more
fully melted the powder is, the more amorphous are the phases formed in the coating.
When the particles hit the substrate in a molten or semimolten state, the splash thickness
decreases, resulting in faster cooling and optimum corrosion resistance [36]. However, the
amorphous phase content is low in the unmelted particles due to the presence of the crystal
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phase. Figure 7b shows that the small particles are susceptible to gas flow due to higher
heating rates. However, due to their relatively large resistance, the reduction is greater
as the distance increases from the outlet of the spray gun. Although the speed of large
particles increases slowly, they tend to maintain axial velocity given their greater inertia.

Figure 7. Effect of the particle size on the particle behavior for (a) particle temperature
and (b) velocity.

To better analyze the effect of different particle sizes on coating properties, the particle
trajectories under six conditions and the distribution of particles on X65 steel substrate
are compared 0.04 s after the spraying process reaches the steady state. Figure 8 shows
the particle flight behavior for various particle sizes with an injection rate of 10 m/s. As
shown in Figure 8a, the small 5 µm particles move along the edge of the barrel. When
the particles affect the substrate, they are concentrated in the upper half of the substrate
and the local thickness of the coating is large. As the particle size increases, the radial
motion distance of the particle increases. Large particles exhibit greater inertia than that
of smaller; therefore, they maintain a radial motion and move a greater distance from
the spray gun. Although 10 µm particles do not travel along the upper barrel, they are
still mainly distributed in the upper half of the substrate. As shown in Figure 8c,d, the
20 and 30 µm particles move closer to the centerline of the external region and are evenly
distributed on the substrate. Concurrently, the mass concentration of the coating with
30 µm particles is higher, indicating that the coating thickness and deposition efficiency
are higher than those of the 20 µm particles. Figure 8f shows that when the particle size is
large, the axial motion of the particle is close to the lower edge of the barrel and the particle
distribution is concentrated in the lower part of the substrate, and a similar result was also
observed in a past study [7].
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Figure 8. Effect of the particle size on particle trajectory and distribution.

According to the particle temperature and velocity curves, the particle size has an
important influence in determining the particle temperature and velocity. In addition,
according to the experiment, when the particle diameter is too small (less than 15 µm),
the powder and nozzle exhibit a serious adhesion phenomenon, affecting the coating
deposition rate. The degree of heating reduces greatly with particle diameters larger than
50 µm, which affects the deposition rate and surface quality of the coating. Compared
with the small particles, when the particle size increases, the unmelted particles increase in
number and the coating porosity increases. However, the amorphous alloy coating passive
film prepared with large size powder particles is more stable than that of prepared with
small particles [37]. The smaller the particle size, the larger is the surface area, and the
higher the degree of oxidation is during spraying. As discussed above, the melting state is
best when the particle size of the amorphous alloy powder is 20–30 µm and the prepared
coating has a more uniform structure and excellent corrosion resistance.

3.5. Effect of Particle Shape on Particle Behavior

In this study, gas phase atomization is used to prepare an Fe-based amorphous
alloy powder, a large number of nonspherical amorphous alloy particles inevitably exist.
Previous studies have shown that the particle shape is related to particle motion resistance.
With the increase in the particle sphericity, the drag decreases [38,39]. Figure 9 shows the
temperature and velocity behavior of amorphous particles with different shapes when
the particle size is 30 µm and the injection velocity is 10 m/s. As shown in Figure 9a, the
particle temperature curves demonstrate that the temperatures of nonspherical powder
particles are lower than those of spherical particles. Only when the sphericity is 1 or 0.9
does the particle temperature reach the molten or semimolten state. From Figure 9b, it can
be seen that the nonspherical particles have a higher velocity. When the shape factor is
reduced from 1 to 0.6, the nonspherical particles attain greater velocity and shorter times
in the flame flow, which in turn brings their temperature down. Kamnis and Gu found
similar results in particle spheres [40]. The flight behavior of the nonspherical WC–Co
powder in an HVOF spray gun was simulated. Kamnis and Gu found that the nonspherical
particles had a higher axial velocity and a lower temperature than spherical particles and
were closer to the centerline of the torch. When the particle size decreases, the spherical
degree has little effect on particle behavior.
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Figure 9. Effect of the particle shape on particle characteristics for (a) temperature and (b) velocity.

3.6. Effect of the Nitrogen Flow Rate and Particle Injection Rate on Particle Dynamics

The effect of the nitrogen injection rate and particle injection rate on amorphous parti-
cle dynamics has been studied in the literature [41–45]. In general, because nitrogen is inert
and does not participate in combustion reactions, increasing the flow of nitrogen reduces
its flow temperature and velocity [46]. The effect of different nitrogen flow and amorphous
particle injection rates on HVOF-sprayed amorphous alloy coatings are compared and
analyzed when the O/F ratio and particle size are fixed. In Figure 10a,b,d, it can be seen
that when the nitrogen flow rate is 10 m/s, the particles move along the centerline of the
spray gun and are evenly distributed on the substrate. When the nitrogen flow is 5 m/s, the
particles move along the upper part of the gun and are concentrated in the upper part of
the substrate. When the nitrogen flow rate is 20 m/s, the particles rebound after colliding
with the inner wall of the spray barrel, changing the original trajectory and increasing
the likelihood that the particles will adhere to the wall of the cylinder. At the same time,
particle attachments lower the diameter of the spray gun barrel, further undermining the
stability of the flame flow.

In addition, Figure 10b,c compare the fixed nitrogen flow at 10 m/s with different
particle injection rates. The results show that the particle injection rate has no effect on
the particle trajectory. However, the thickness of the coating (particle mass concentration)
increases with the increasing particle injection rate. In HVOF spraying, the coating is
deposited layer by layer. At the time the first layer formed, the temperature difference
between the substrate and amorphous particles was large and the cooling rate of the
amorphous alloy powder was the largest, approximately 106 K/s. In general, amorphous
alloys display a lower heat conductivity [47–49], so the coating forms a temperature
gradient along the depth of the coating [50,51]. The amorphous phase content of the
coating decreases with the increase in the thickness.
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Figure 10. Effect of the nitrogen flow rate and particle injection rate on particle dynamics.

3.7. Effect of the Injection Angle of the Particle

We injected 30 µm particles at a nitrogen flow rate of 10 m/s. The trajectories of
particles with injection angles of −45◦, −30◦, 0◦, 30◦, and 45◦ are simulated, as shown
in Figure 11. As can be seen from Figure 11a, when the injection angle is in the opposite
direction to the flame flow, the particle temperature is higher than that of the vertical
injection particles. Because particles encounter high-temperature flame flow, more heat is
generated. In contrast, when particles are shot in the direction of the flame, the temperature
of the particles is lower than the temperature of the vertical injection particles. In addition,
except for the particles at the −45◦ injection angle, the temperature differences between the
other four angles are not large and the particles can melt well. Figure 11b shows the particle
velocity during flight. The particles have the maximum velocity when the injection angle is
0◦, and the velocity at the other four angles decreases slightly. Similar to the temperature
behavior, the particles at −45◦ have the lowest velocity. Referring to the particle movement
trajectories in Figure 11c, it is found that when the injection angle is −45◦, the particles
move along the upper gun wall and deviate from the flame flow’s centerline. The best
injection angle to obtain high temperature and low velocity is 45◦. The precise selection of
an injection angle not only ensures that the particles obtain reasonable temperature and
velocity but also helps control the particles deposition position.

Figure 11. Effect of the particle injection angle on the particle behavior for (a) particle temperature,
(b) velocity, and (c) trajectories.
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4. Conclusions

A 3D CFD model is established using the Fluent software to study flame flow and
amorphous alloy particle behavior in the HVOF spray process. The gas pressure, tempera-
ture, velocity, gas component, and amorphous alloy particle morphology and deposition
patterns were examined in the HVOF spray process. Based on the results of numerical
simulation, the following three conclusions can be obtained.

1. During the HVOF spraying process, the temperature, velocity, and pressure of flame
flow appear the maximum value near O/F ratio of 3.4. When the O/F ratio is fixed,
the flame flow pressure and velocity increases monotonically with the increases in
the total fuel flow rate, but the total fuel flow rate has no significant effect on flame
flow temperature.

2. Particle size and shape have an important influence on particle melting state and
movement behavior. When the particle size of the amorphous alloy powder is
20–30 µm, the particles are evenly distributed on the substrate with high mass con-
centration. When the particle sphericity is 1 or 0.9, the particle reaches the molten
or semimolten state. The prepared coating has a more uniform structure and low
porosity.

3. Nitrogen flow rate, particle injection rate, and angle have a great influence on HVOF
spraying amorphous alloy coating. When the nitrogen flow rate is 10 m/s, the
particles move along the centerline of the spray gun and are evenly distributed on the
substrate. The increase in the particle injection rate can increase the coating thickness
(particle mass concentration) but has no effect on particle trajectory. The best incident
angle is 45◦, which not only ensures that the particles obtain reasonable temperature
and velocity but also helps control the particle deposition.

This study is helpful to understand the process of preparing Fe-based amorphous alloy
coatings by HVOF spraying, deepen the understanding of flame flow and particle behavior,
and provide theoretical guidance for the improvement of HVOF spraying equipment and
selection of manufacturing parameters.
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Nomenclature

Cp specific heat, J/(kg·K)
E enthalpy value
Keff kinetic energy in turbulent and nonturbulent flow
ueff the addition of nonturbulent viscosity
k thermal conductivity
Ra net productivity
Sa productivity
Sh reaction source energy
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xi coordinate in the i direction
Ja mass diffusion flux
δ Kronecker delta
σt turbulent Prandtl number
T temperature
Tg glass transition temperature
Tl liquid temperature
Ts solid temperature
τ deviatoric stress tensor
T turbulent environment
p pressure, Pa
ρ density, kg/m3

ui velocity in the i direction
µt turbulent viscosity
Ya mass fraction of product a
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