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Abstract: The main objective of this study was to use flash boiling atomization as a new method
to inject suspensions with high solid content into the high-power plasma flow. The water-based
suspension was prepared with submicron titanium oxide particles with an average size of 500 nm.
The investigated solid concentrations were 20, 40, 55 and 70 wt%. Two plasma torches operated
at 33, 70 and 110 kW were used to investigate the effect of increasing power on the deposited
microstructure and deposition efficiency. At low torch power, the deposition efficiency decreased
with increasing solid concentration, and deposits with a high number of unmelted particles were
obtained with 70 wt% suspensions. At high torch power, the deposition efficiency increased with
increasing solid concentration, and dense deposits were obtained with 70 wt% suspensions. XRD
analysis was performed on all deposits to determine the distribution of rutile and anatase phases.
The percentage of the anatase phase varied from 35.7% to 66.9%, depending on the power input and
solid concentration.

Keywords: flash boiling atomization; suspension plasma spray; high concentration suspension; high
plasma torch power

1. Introduction

Suspension plasma spraying (SPS) is a form of plasma spraying that allows for the
injection of nano-sized or submicron-sized powders into a plasma jet. These small particles
are dispersed in a solvent to give them enough momentum to enter the plasma jet. The
solvent is rapidly vaporized when exposed to the plasma stream, and the small particles
are melted, accelerated and directed to impact the substrate and form a coating. A unique
coating microstructure can be created with this method, and both the mechanical and
thermal behavior of coatings can be improved by using SPS compared to conventional air
plasma spray (APS) coatings [1,2]. However, the feed rate of the powders and deposition
efficiency in SPS are typically two to three times lower than in APS [3]. The use of a
suspension with higher particle concentration is one way to improve the deposition of the
feedstock. However, clogging can be an obstacle to injecting higher concentration suspen-
sions (above 40 wt%) because increasing the particle concentration increases the viscosity
of the suspension, which leads to a decrease in suspension flowability. Nevertheless, flash
boiling atomization has been found to be an effective method for transferring and injecting
high-viscosity fluids in various industries [4,5].

Flash boiling is the thermodynamic phenomenon that occurs when a pressurized
superheated liquid (i.e., a liquid heated to temperatures above its boiling point without
boiling) is exposed to an environment where the ambient pressure is lower than the
saturation pressure of the liquid. Flash boiling atomization has various applications ranging
from fuel injection in combustion chambers [6] to distillation [7], spray drying [8] or the
pharmaceutical industry [9]. Since high temperatures help to reduce the viscosity of liquids
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or solutions, this method is also used to spray highly viscous liquids. Karami [10] used
flash boiling atomization to spray black liquor (pulpwood to paper pulp byproduct) and
studied the spray parameters, such as the spray pattern, at different injection temperatures.
The viscosity of the black liquor at 70 wt% solids and 127 °C is 88 times higher than the
viscosity of water at room temperature [10]. Gunther et al. [11] used flash boiling to spray
a polyvinylpyrrolidone solution and investigated the spray characteristics at different
temperatures, nozzle geometries and fluid properties. This type of polymer has a viscosity
25 times greater than water at a solid concentration of 20 wt%.

Suspension injection in SPS can be either axial or radial. In axial injection, the sus-
pension is fragmented inside the torch by interaction with the atomizing gas, and the
fragmented droplets are then exposed to the plasma jet. In radial injection, the suspension
is injected into the plasma stream from outside the torch. Radial injection allows for more
control over the injection parameters, such as the injection angle or adjusting the distance
between the nozzle tip and the plasma jet. Mechanical injection and spray atomization are
two different radial injection methods currently used in SPS.

In mechanical injection, a single continuous jet is injected into the plasma jet using
a pressurized gas, and different jet breakup regimes occur in the plasma jet based on
the Weber number of the gas (defined as the ratio between inertial forces and surface
tension forces). In spray atomization, the suspension is injected as droplets generated by
an atomizer. Toma et al. [12] used two different injection methods, mechanical injection
and spray atomization (using an inert gas for atomization), to inject fine TiO, particles for
the preparation of photocatalytic titania coatings. They showed that the microstructure
of the coatings did not change for the different suspension injection methods. However,
they found that the deposit thickness per pass decreased from 4-6 um for mechanical
injection to 1.5-2 pum for spray atomization. Three disadvantages of spray atomization over
mechanical injection have been reported in the literature: First, gas atomization spraying
creates disturbances in the plasma jet. Second, it would be more difficult to achieve precise
injection of the feedstock at the chosen location of the plasma jet with this spraying method.
Third, there is a dispersion of droplet trajectories, sizes and velocities when working with
spray atomization [13].

In mechanical injection, the injection pressure is the most important injection parameter
that can affect the deposition efficiency rate, coating properties and microstructure. Meillot
et al. [14] studied the feedstock penetration at different injection pressures for two different
injection modes (up-to-down and down-to-up). They found that the feedstock required
an optimal high pressure to reach the plasma center, while a very high pressure would
lead to decreasing deposition efficiency. Fauchais et al. [15] studied the effect of injection
pressure and concluded that by increasing the pressure, the suspension can penetrate
deeper to reach the hot region within the plasma jet. In spray atomization, in addition to
injection pressure, other parameters such as nozzle design [16] and ALR (gas-to-liquid mass
ratio) [17] can affect the size and velocity of the droplets and the properties of the coating.
Marchand et al. [16] designed two different internal and external two-fluid nozzles to spray
yttria-stabilized zirconia (YSZ) into the plasma jet. They achieved different sprays with
different droplet sizes and velocity distributions by changing the design of the atomizing
nozzle. Rampon et al. [17] showed different spray patterns of yttria partially stabilized
zirconia (Y-PSZ) suspension for three ALR values (0.15, 0.3 and 0.6). It was observed that
better atomization occurred at higher ALR. However, the injection of atomizing gas into
the plasma jet leads to a decrease in plasma temperature and consequently reduces the
heat transfer to the suspension droplets. In flash boiling atomization, no gas is required for
atomization and vapor bubbles are responsible for breaking the suspension jet into small
droplets, so this method can overcome the adverse effects of using atomization gas on the
plasma flow, such as plasma cooling and plasma disturbance.

In flash boiling atomization, not only is no atomization gas added to the plasma jet,
which contributes to plasma cooling, but the disintegrated droplets at the nozzle exit can
also reach temperatures close to the water boiling point. This indicates that approximately
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20% of the energy required for water evaporation with the plasma jet can be saved, as
80% of the required energy for water evaporation is associated with latent heat. In our
previous work, we compared two different coatings fabricated using flash boiling atom-
ization and a single jet method. Our results demonstrate that flash boiling atomization
can achieve slightly higher deposition with wider deposits compared to the conventional
single-jet method [18].

This study focuses on the preparation and injection of a high-concentration submicron-
sized titania suspension into a high-power plasma jet to develop SPS deposits. The spray
parameters were selected to ensure stable plasma conditions and a controlled deposition
process. To investigate the influence of increasing suspension concentration on coating
microstructure, thickness, and deposition weight, four different solid concentrations were
used: 20, 40, 55 and 70 wt%. The effect of torch power on the microstructure of the deposits,
as well as on the deposition efficiency of the process, was investigated by using three
different power levels: 33, 70 and 110 kW. The effect of torch power and solid concentration
on the phase composition of the deposits was determined via XRD analysis.

2. Materials and Methods
2.1. Experimental Setup and SPS Conditions

The experimental setup is shown in Figure 1. Two tanks were used: one for water (1)
and the other for suspension (2). To avoid using more suspension, the experiment started
by initially introducing water to the line to generate a consistent flash boiling spray. Then,
the plasma torch was activated, and the three-way valve (4) was opened to introduce the
suspension into the line. Water was also used to clean the line after each injection. The
suspension was continuously agitated with a magnetic stirrer (3) during the experiment to
prevent sedimentation. The air injection pressure (5) was 0.69 MPa. The flow rate of the
suspension was measured using a Coriolis flow meter (6) placed before the heater. This
type of flow meter (Proline Promass 83, Endress+Hauser, Basel, Switzerland) can monitor
the suspension feed rate and the density of the suspension. The suspension was then
superheated to 140 °C in the duct heater (7) but remained in the liquid phase because it
was pressurized. The power of the heater can be regulated from 0 to 1.2 kW by connecting
it to a variac transformer (8), and the desired temperature can be obtained by changing the
power. The temperature was continuously monitored using a thermocouple (9) inserted
at the outlet of the heater. The heater was connected to the torch nozzle holder (11) by
a flexible plastic tube (10). This tube allows for more flexibility in the movement of the
robotic arm. A cylindrical stainless-steel nozzle (12) with a diameter of 0.15 mm and a
length of 1.25 mm was attached to the robot arm with a nozzle holder.

In this experimental setup, the movement of the robotic arm was limited and did
not allow for the entire substrate to be coated. The torch was attached to the robotic
arm and held stationary in front of a rotating sample holder (13). The stand-off distance
(distance between the torch exit and the substrate) was 50 mm. Stainless-steel substrates
with dimensions of 25 mm x 50 mm were grit blasted with 80-grit alumina particles (i.e.,
particle size of 160 um) and were then mounted on the rotating sample holder. Two different
rotational speeds of 60 and 180 rpm (with linear velocities of 1 and 3 m/s, respectively) were
used for the sample holder. Different spray times were chosen based on the suspension
concentration because it was observed that delamination can occur at spray times longer
than one minute.

The 3 MB torch (Oerlikon-Metco, Pfaffikon, Switzerland) and the Mettech Axial III
torch (Northwest Mettech Corp., North Vancouver, BC, Canada) were utilized to produce
deposits using low and high plasma powers, respectively. In both cases, the suspension
was injected radially into the plasma jet downstream of the torch nozzle exit. The spray
conditions for the 3 MB and Axial III torches are shown in Tables 1 and 2, respectively.
The Axial III torch is designed for axial injection; therefore, some modifications were
required to allow for radial injection. The plasma power was 33 kW for the 3 MB torch, and
two plasma powers of 70 kW and 110 kW were used for the Axial III torch. The vertical
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distance between the nozzle tip and the center of the plasma jet was 8 mm for the 3 MB
torch and 15 mm for the Axial III torch.

Variac transformer (8)
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Figure 1. Schematic of the experimental setup [18].

Rotating Samples (13)

Table 1. Spray conditions for the 3 MB torch.

Plasma  Gas Flow Current Suspension Feed Rate  Density Spray Rotating Coa.tlng
Sample Power Rate (A) Concentra- (mL/min)  (efem3) Time (s) Sample Holder Thick-
(kW) (SLPM) tion (wt%) & Speed (RPM)  ness (um)
C1 20 34-36 1.19 45 55
— 33 Ar/H, 600 —
c2 40 32-34 1.43 30 60 115
C3 55 30-32 1.76 15 100
_ (50, 3.5) _
C4 70 28-30 2.14 10 70
Table 2. Spray conditions for the Axial III torch.
. Rotating .
Plasma Gas Flow Total Gas Suspension . Coating
Flow Rate Density Spray Sample .
Sample Power Rate Flow Rate = Concentra- (mL/min) (g/em3)  Time (s) Holder Thick-
(kW) (SLPM) (SLPM) tion (wt%) Speed (RPM) ness (um)
70 Ar / N2 / H2 180
C5 55 30-33 1.7 10 60 140
45/45/10
Ceé 110 Ar/N,/Hp 220 20 34-36 1.17 30 55
180 T —
Cc7 45/45/10 70 28-30 2.14 10 120

The substrate temperature was not measured directly, but based on several previous
experiments, it was known that sample temperatures could not exceed 300 °C [19] for
the 3 MB torch and 450 °C for the Axial III torch when using a rotating sample and not
preheating the substrates [20]. The repeatability of experiments was confirmed by repeating
each experiment two or three times, depending on the experimental conditions.
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2.2. Suspension and Feed Material

The suspension was prepared by dispersing submicron-sized titanium dioxide parti-
cles (TKB Trading, Oakland, CA, USA) with an average size of 500 nm in deionized water.
A SEM micrograph of the SPS feedstock powder is presented in Figure 2. The particle
concentrations were 20, 40, 55 and 70 wt%. To produce uniform suspensions, especially at
high concentrations (more than 70 wt%), the particles were added slowly to the water and
mixed simultaneously using a magnetic stirrer and an ultrasonic liquid mixer (QSonica,
Newtown, CT, USA). The suspension injection conditions used in this study are detailed in
Tables 1 and 2.

Figure 2. SEM micrograph of SPS feedstock TiO, powder.

In this research, nano titanium dioxide powder was chosen for its long-term sustain-
ability, accessibility and cost-effectiveness. Titanium dioxide (TiO;) coatings are mostly
recognized for their photocatalytic properties, and they are widely used in photocatalytic
applications such as air and water purification, wastewater treatment and self-cleaning
surfaces across various industries [19].

The viscosity of the suspension increases significantly with increasing solid concen-
tration [21], and the fluidity of the suspension also decreases in this condition. For this
specific powder, Garmeh [22] conducted experiments to generate stress—strain rate curves
for identical TiO, suspensions with varying concentrations of 30, 50 and 70 wt%. The
findings showed a notable rise in suspension viscosity when the concentration increased
from 50% to 70%. In a highly viscous suspension, due to the presence of more solid
particles, the interaction between the particles would be increased, and agglomeration
occurs. An efficient method for decreasing the viscosity of the suspension involves using
an appropriate dispersing agent in relation to the mixture [23]. An alternative approach
chosen for this experiment entails increasing the temperature of the suspension until it
reaches a superheated condition. The viscosity of a suspension is inversely proportional
to the temperature, and the viscosity decreases significantly at high temperatures; further-
more, the flowability would be improved in this condition [11]. It has been observed that
suspensions with high TiO, concentration can be injected with this method for a longer
injection time without clogging.

2.3. Visualization and Characterization Measurements

The flash boiling spray was captured using the shadowgraph technique with a high-
speed camera. The vertical distance between the suspension injector tip and the plasma
jet was chosen based on these shadowgraph results. This vertical distance is important to
ensure that most disintegrated droplets can penetrate the plasma jet. The microstructure of
the generated deposits was observed using scanning electron microscopy (SEM) (Hitachi
53400, Tokyo, Japan) at different magnifications. In addition, the phase identification (rutile
and anatase distribution) of the deposits was measured via X-ray diffraction (XRD) using a
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X’ Pert Pro; PANalytical (Malvern, UK), (Philips, Amsterdam, The Netherlands). Cu-Ka
radiation was used, and the 26 angle ranged from 10 to 90°with a step size of 0.02°.

2.4. Flash Boiling Atomization Condition

Flash boiling atomization is a thermodynamic process that can produce a spray of
droplets. When a pressurized suspension (at a pressure of 0.69 MPa) passes through
the duct heater, its temperature rises from room temperature to over 140 °C, which has
become a superheated suspension. In this state, the suspension can be kept in the lig-
uid phase due to its high pressure, but the maximum temperature must be kept below
the boiling temperature of the injection pressure (the boiling temperature at 0.69 MPa is
169 °C) because the suspension may evaporate inside the heater. When the superheated
suspension passes through a nozzle, it experiences a rapid pressure drop from injection
pressure to atmospheric pressure (0.1 MPa). At the time of pressure reduction, when the
pressure reaches the saturation pressure of the injection temperature (a saturation pressure
at 140 °C is 0.27 MPa), the suspension cannot be maintained as a liquid phase, and the
phase change begins.

The onset of phase change occurs at nucleation sites, and the vapor bubbles begin to
emerge from these sites. In pure water without impurities and dissolved gas, the wall of
the nozzle is the main nucleation site. In suspension, in addition to the wall roughness, the
surface of TiO, particles can promote the formation of steam bubbles. These vapor bubbles
start growing rapidly, eventually reaching a point of expansion where they finally burst,
breaking the suspension jet into smaller droplets. The flash-boiling atomized spray jet of
titanium dioxide suspension is shown in Figure 3.

Figure 3. Spray jet morphology of the flash boiling atomization of the TiO, suspension. Suspension
concentration: 20 wt% (condition C1).

In the flash-boiling spray jet, larger droplets remain in the center, while smaller
droplets are visible at the edge of the spray jet. The larger droplets at the center of the
spray have enough momentum and ate in the right direction to reach the hot region of the
plasma jet, which can create a well-melted zone in the deposited microstructure. However,
small droplets at the edge of the spray may be driven away by the plasma flow or may only
penetrate to the outer zones of the lower-temperature plasma flow, creating an unmelted
zone in the deposits.

3. Results and Discussion
3.1. Microstructure of TiO, Deposits Fabricated with High Torch Power
The cross-sectional microstructure of the TiO, deposit obtained through flash-boiling

spray with a high-power torch (110 kW) and low solids concentration is illustrated in
Figure 4. A bimodal microstructure can be observed for the deposit: fully melted particles
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(light region) and unmelted particles (gray region). In addition, some dark areas correspond
to the porosity observed in the deposit, which is negligible compared to other sections.

Aok - R

= : 20 um

Figure 4. SEM micrographs of TiO, deposits obtained by flash-boiling atomization for a suspension
concentration of 20 wt% and plasma power of 110 kW (condition C6).

In our earlier investigation [18], we presented the deposit formed under the conditions
of C1, characterized by lower power (3 MB torch at 33 kW, solid concentration of 20 wt%),
which exhibited a high number of unmelted areas mixed with well-melted particles. No-
tably, there was an observable gradient of unmelted particles within the deposit, with a
high concentration near the deposit-substrate interface. This may be related to a rapid
cooling rate between the stainless-steel substrate and the high-temperature particles. In our
experimental setup (Figure 1), it is not possible to preheat the substrates because it takes
several minutes to obtain the desired flash boiling spray jet, and the torch cannot be ignited
in the meantime.

In contrast, the deposit formed under the conditions of C6 (Figure 4), produced at
higher power (Axial III torch, solid concentration of 20 wt%), exhibited a more uniform
deposit with a higher proportion of well-melted particles. By increasing the power of
the torch from 33 kW to 110 kW, more energy is available for liquid evaporation and
particle melting. Under these conditions, unmelted particles are not only concentrated
near the substrate, but mixtures of well-melted and unmelted particles are also distributed
throughout the entire deposit.

Figure 5 shows a higher magnification image of the TiO, deposit under the conditions
of C6. The deposit comprises distinct zones: some are formed from the solidified splats
resulting from the impact of fully melted particles, while others consist of unmelted particles
coming from the suspension itself, with diameters ranging from 100 nm to 300 nm. A
comparison between the unmelted particles within the deposits and the starting powder
reveals that certain initial particles remain unmelted and are unable to reach the hot region
in the plasma jet. In radial injection, unlike the case of axial injection, the heat transfer
between the plasma jet and the TiO, particles is not sufficient to provide the particle melting
energy. As a result, the deposit produced with radial suspension injection and lower torch
power is mainly built up by unmelted particles impacting the substrate. The non-melted
zones have a weaker bond strength, which can be easily removed from the deposit with less
abrasion [24]. In addition, the concentration of unmelted particles at the deposit-substrate
interface for low-power torch can lead to weak deposit adhesion, and tolerance for thick
deposits would not be supported. This delamination is the primary failure mode observed
for deposits produced at low torch power and long spray times (greater than one minute at
60 rpm).
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Figure 5. High-magnification SEM micrograph showing non-melted particles and fully melted
regions in a TiO, deposit (condition 6).

3.2. Deposits Fabricated with High Solid Content Suspensions

Figure 6 shows deposit microstructures produced by using suspensions containing
70 wt% of TiO, particles and spraying at two different torch powers (33 kW and 110 kW):
these are deposits C4 (Figure 6a) and C7 (Figure 6b). At low torch power, a significant
number of unmelted particles can be observed by increasing the solids concentration
from low suspension concentrations to 70 wt% (Figure 6a). In addition to the lower
power available for particle melting, two other reasons could explain this high number
of unmelted particles. First, in suspensions with high solid concentrations, there is high
particle interaction, which tends to facilitate particle agglomeration. These agglomerates,
as well as larger particles, remain partially or completely unmelted in the plasma jet, and
a higher plasma torch is required to melt these agglomerates; therefore, many unmelted
particles are obtained under low-power conditions [25]. This is illustrated in Figure 7, which
shows a magnified cross-section of a 70 wt% suspension deposit, showing a large number
of agglomerates in the deposited microstructure. Suspension agglomeration may happen
under each of the suspension conditions; however, when the suspension concentration
is high, there is a greater chance for particles to come into close proximity, leading to
increased agglomeration. In addition, the higher concentration means more solid particles
are present in a specific volume of suspension, increasing the chance of collision to make
an agglomeration.

Second, flash-boiling atomization produces less spray atomization (primary atom-
ization) with a larger droplet size distribution in high-viscosity suspensions because the
high viscosity hinders bubble growth and bubble bursting inside the suspension [11]. In
addition, the surface tension of the suspension would increase with the solid concentration,
leading to a decrease in the Weber number (Equation (1)) and, consequently, less secondary
breakup of large droplets occurs inside the plasma jet. The fragmentation of the suspension
inside the plasma jet is strongly dependent on the Weber number, and complete breakup
usually occurs at high Weber numbers [26]. Less primary and secondary fragmentation
results in the presence of larger suspension droplets inside the plasma jet and, ultimately, a
higher number of unmelted particles in the microstructure of deposits.

_pgxufxdl
o

We 1)

where p, is the mass gas density (kg/m?), u, is the relative velocity between the gas
and liquid (m/s), d; is the drop or liquid jet diameter (m), and o7 is the liquid surface
tension (N/m).
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(a) (b)

Figure 6. SEM micrographs of TiO, deposits obtained via flash-boiling atomization at different torch
powers and solids content concentrations (a) C4 [18] (b) C7.

Figure 7. High-magnification SEM micrograph of agglomerated particles in a TiO, deposit obtained
with 70 wt% (condition C4).

However, a dense deposit microstructure can be achieved at high solid concentrations
and high torch power (110 kW) (Figure 6b). The heat transfer increases by increasing
the torch power, and more energy is available for particle and agglomerate melting. In
addition, the gas velocity and momentum are increased with higher torch power [19],
and the Weber number is proportional to the square of the velocity, resulting in increased
breakup within the plasma stream. In contrast to the low torch power, high torch power
produces a denser deposit by increasing the solid concentration from low suspension
concentrations to 70 wt%. Vicent et al. [27] calculated the power required to plasma spray
water suspensions of alumina/titania by SPS at different solid contents of the suspension
feedstock and showed that this power is reduced by increasing the solid concentration.
Therefore, by increasing the concentration, a smaller amount of water is injected along the
plasma flow, and the energy consumption related to water evaporation during the plasma
jet would be reduced.
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Regardless of torch power, no cracks are observed in the deposits produced with
low solid concentrations. However, many horizontal and vertical cracks can be found at
the boundaries between unmelted and well-melted particles in the high-concentration,
low-torch-power deposits (Figure 6a) because these sections are the weakest part of the
deposits. In addition, vertical cracks appeared in the high solid concentration and high
torch power deposits (Figure 6b). These vertical cracks can enhance the strain tolerance of
the coatings. When the coating is subjected to mechanical stresses or strains, these cracks
help distribute the stress more evenly by deflecting and absorbing energy. Additionally,
they provide pathways for the dissipation of mechanical energy.

In these experiments, poor-quality deposits with many cracks were obtained when
spraying under C5 conditions, i.e., with solids concentrations above 55 wt%, torch power
above 70 kW, and a lower speed of 60 rpm (Figure 8). This could be explained by the high
solid deposition per pass at low rotational speeds, and thus, the thermal expansion of the
molten particles, as well as the thermal stress caused by the large temperature differences
between the deposited feedstock and the substrate, can destroy the deposit structure [28].
At high solid concentrations/high torch power, the rotational speed was tripled to avoid
the destruction of the deposits.

Figure 8. SEM micrographs of TiO, deposits obtained with high solid concentrations (>55 wt%), high
torch power (>70 kW), and low rotating sample holder speed (60 RPM) (condition C5).

3.3. Deposition Efficiency

In our experiments, flash-boiling atomization demonstrated the ability to inject high
solid concentrations without any clogging issues. In suspensions with a high concentration,
a significant portion of the suspension consists of particles, resulting in a substantial
number of particles being injected into the plasma jet. Figure 9 illustrates the amount
of TiO; powder injected toward the substrate under various plasma spraying conditions.
Comparing the injected particles under different spray conditions reveals a significant
increase in the number of injected particles with an increasing solids concentration. This
relationship is not linear; for instance, the number of injected particles per second for C4
(70 wt%) is approximately five times higher than that for 20 wt% solids content. However,
it is important to note that each spray condition exhibits varying deposition efficiency,
meaning that only a portion of this injected powder may be coated onto the substrates.

Figure 10 shows the deposition efficiency of deposits produced via flash boiling
atomization under different conditions. The deposition efficiency is defined by dividing
the change in weight of the substrates before and after spraying by the weight of TiO,
powder used during spraying. The deposition efficiency for condition C1 (20 wt% at
33 kW torch power) is 35% and decreases with increasing solid concentration at low torch
power (33 kW), reaching 26% for C2 (40 wt%), 25% for C3 (55 wt%), and finally 21% for C4
(70 wt%). Bernard et al. [29] observed that when the plasma enthalpy is low, the deposition
efficiency is reduced by injecting more material into the plasma jet. In addition, Carnicer
et al. [30] observed similar results, i.e., that increasing the particle concentration resulted in
a decrease in deposition efficiency. Therefore, it appears that as a direct result of increasing
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the solid concentration at low torch power, less energy is available from the plasma jet to
melt individual particles, resulting in lower deposition efficiencies.

vl
o

SD=14.81 g/min

C1 c2 Cc3 Cc4 C5 Ccé Cc7

Spraying condition

w B P
(2] o (2]

w
o

= N
(6] o

=
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Amount of injected particles (g/min)
N
w

Figure 9. Number of injected particles (g/min) for different spraying conditions.
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Figure 10. Deposition efficiency for different spraying conditions.

However, it was also observed that increasing the solid content at high torch power
would increase the deposition efficiency (Figure 10). In particular, the deposition efficiency
increased from 46% for C6 (20 wt% at 110 kW torch power) to 60% for C7 deposit (70 wt%).
This is consistent with the findings of Curry et al. [31], who also showed that increasing the
solids content at a high torch power of 105 kW would increase the deposition efficiency.
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In addition, the deposition efficiency was significantly improved by increasing the torch
power at constant solids concentration. For example, the deposition efficiency is 25% for
deposit C3 (33 kW) and increases to 61% for deposit C5 (70 kW power) (Figure 10). The
reason for these high deposition efficiencies can be related to the higher input power, which
not only compensates for the energy lost in water evaporation but also allows for more
complete particle melting.

The deposition efficiency of SPS is about 20%, whereas the deposition efficiency of
other conventional spray techniques can reach 55-80% [32]. Furthermore, the deposition
efficiency for water-based suspensions is half that of ethanol-based suspensions due to
the high evaporation heat of water [32]. However, it has been found that high depo-
sition efficiencies (up to 60%) can be achieved for SPS using flash boiling atomization,
especially when using a high-concentration suspension, a high-power torch, and a high
rotational speed of the sample holder. This highlights the added value of using flash
boiling atomization.

3.4. Phase Composition

The XRD analysis of the TiO, deposits under various spraying conditions is depicted
in Figure 11. This figure illustrates the XRD pattern for all deposits generated at high torch
powers (Axial III torch at 70 and 110 kW). All of the deposits were identified as mixtures
of rutile and anatase phases. The percentage of each phase for both low- and high-power
torches was determined using the relative peak intensity and is listed in Table 3. The
percentage of the anatase phase varies from 35.7% to 66.9%, depending on the suspension
properties and plasma conditions. The coatings produced under low torch power settings
(C1 to C4) exhibit a higher concentration of anatase in comparison to rutile, as indicated
in Table 3. This disparity can be attributed to the lower plasma power and, subsequently,
lower plasma temperatures.

) C7(70% , 110 kW)

R

) ; C5 (55% . 70 kW)

A A R y R
J U L N J\k,» A R

Intensity (a.u.)

R

LJ.»_)R\__\_)\ " C6 (20% , 110 kW)

A A R A R

JU ﬂ’\; "\» AV N A - N_MR
3‘0 40 50 60

10 20

70 80 90
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Figure 11. XRD patterns of the TiO, deposits for conditions C5 to C7 (plasma power of 70 and
110 kW). A represents anatase. R represents rutile.
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Table 3. Percentage of anatase and rutile phases for the deposits produced with conditions C1 to C7.

Samples Anatase (%) Rutile (%)
C1 59.4 40.6
C2 52.8 47.2
C3 50.3 49.7
C4 66.9 33.1
C5 35.7 64.2
C6 48.1 51.9
Cc7 38.2 63.9

Under low torch power, more anatase phase would be formed by increasing the solid
content, and the anatase distribution was increased from 59.4% for C1 (solid concentration
is 20 wt%) to 66.9% for C4 (solid concentration is 70 wt%). Additionally, it seems that when
the anatase phase of TiO; nanoparticles was higher, a large number of unmelted particles
was observed in the deposit microstructure, which can be observed in the SEM images
(Figure 6a). There is a suggestion that the anatase phase is linked to partially and unmelted
particles, whereas the rutile phase is ascribed to particles that have undergone complete
melting [33,34].

Our measurements revealed that the main peak for the anatase phase when using
a low-power torch can be found between 20 = 25.2° and 20 = 25.4° depending on the
different solid concentrations, which is in agreement with the peak values reported in
the literature [35]. This can be explained by the low torch power, for which there is no
significant change in the peak intensities related to the anatase and rutile phases. The main
peak for the rutile phase occurs at 20 = 27.8° at a low plasma temperature. Under the
conditions of C4, the deposit formed shows an anatase-to-rutile ratio of approximately 2:1,
the highest proportion of anatase to rutile of all other conditions. This could prove valuable
for photocatalytic utilization because the anatase phase can exhibit greater photocatalytic
behavior compared with the rutile phase [36].

In contrast to the low torch power, the rutile phase is predominantly formed, and
the irreversible phase transformation of TiO, nanoparticles from anatase to rutile is more
prevalent. This can be explained by the high plasma temperature, which is sufficient to
cause excessive heating of the particles, which can promote this phase transformation. In
contrast to the lower-power torch, where increasing the solid concentration resulted in less
rutile and more anatase formation, the higher-power torch resulted in an increase in the
rutile phase from 51.9% for deposit C6 (20 wt%) to 63.9% for deposit C7 (70 wt%). A high
solid concentration in the suspension promotes the agglomeration of particles injected into
the plasma jet. The heat transfer rate between the plasma flow and the agglomerates would
be much lower than the heat transfer rate with the nanoparticles; therefore, depending on
their size, the agglomerates may not be melted or even partially melted inside the plasma
jet. Thus, the higher-power torch is required to convert the agglomerates from the anatase
phase to the rutile phase. The rutile content for sample C4 (70 wt% and 33 kW torch power)
is 33.1%, and this amount is approximately doubled to 63.9% for sample C7 (70 wt% and
110 kW torch power).

On the other hand, at a low solid content (20 wt%), no significant increase in the
rutile phase was observed by increasing the torch power from 40.6% for sample C1 (33 kW)
to 51.9% for sample C6 (110 kW). When using flash-boiling atomization for SPS, the
droplets generated from the suspension should reach the core region of the plasma jet
(hot zone) to achieve successful deposit deposition. This condition is more easily achieved
for suspensions with high solids concentrations (e.g., 70 wt%) because their density and
momentum can be up to twice that of suspensions with lower solids content (Table 1).
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4. Conclusions

Flash boiling atomization was applied as a new method of suspension injection in
suspension plasma spraying to inject suspensions with high solid content. In this study,
a water-based TiO, suspension with a particle size of 500 nm was used with different
solid concentrations (20, 40, 55 and 70 wt%). In this method, a pressurized suspension is
first superheated to temperatures above 140 °C via a duct heater, then injected through
a 0.15 mm stainless steel nozzle, and the spray jet of disintegrated droplets penetrates
into the plasma jet. Unlike other spraying methods, no additional gas is added to the
suspension for atomization, and the vapor bubbles created in the capillary area of the
nozzle by rapid depressurization are responsible for atomization. A low-power torch at
maximum power (33 kW) and a high-power torch at two power levels (70 and 110 kW)
were used to investigate the effect of torch power on deposit properties such as deposit
microstructure, deposition efficiency and phase composition. The key findings from our
experimental investigation are presented below:

(1) Remarkably high deposition rates could be achieved with the high-power torch and
by increasing the solids concentration from 20 wt% to high concentrations such as 55
and 70 wt%.

(2) Deposition efficiency decreases with increasing solid concentrations at low torch
power because less energy is available for particle melting under low-power con-
ditions. Conversely, at high torch power, increasing solid concentrations enhances
deposition efficiency due to better penetration into the hot region of the plasma jet.

(3) Using suspensions containing 70 wt% of feedstock and varying torch power from
33 kW to 110 kW, a variety of microstructures ranging from dense to highly porous
have been achieved. Low torch power and high solids concentration can produce large
amounts of unmelted particles, but high torch power and high solids concentration
can produce a very dense deposit (mostly composed of well-melted particles).

(4) XRD analysis showed that at low torch power, the anatase content is higher than the
rutile content, and the anatase percentage increases with increasing solid concentra-
tions. However, the anatase phase is less dominant at high torch power and would
decrease with increasing solid concentrations.

Author Contributions: Conceptualization, S.A.B., A.D. and C.M.; Methodology, S.A.B. and FB.E;
Formal analysis, S.A.B.; Investigation, A.D. and C.M.; Writing—original draft, S.A.B.; Writing—review
& editing, A.C.L. and C.M,; Visualization, FEB.E.; Supervision, A.D. and C.M.; Project administration,
A.D. and C.M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the financial support of Natural Sciences and Engineering
Research Council Canada (NSERC) and the Canada Research Chairs Program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Vaflen, R.; Kafiner, H.; Mauer, G.; Stover, D. Suspension plasma spraying: Process characteristics and applications. J. Therm. Spray
Technol. 2010, 19, 219-225. [CrossRef]

2. Fauchais, P; Etchart-Salas, R.; Rat, V.; Coudert, J.F; Caron, N.; Wittmann-Téneze, K. Parameters controlling liquid plasma
spraying: Solutions, sols, or suspensions. J. Therm. Spray Technol. 2008, 17, 31-59. [CrossRef]

3. Fauchais, P.; Montavon, G.; Lima, R.S.; Marple, B.R. Engineering a new class of thermal spray nano-based microstructures from
agglomerated nanostructured particles, suspensions and solutions: An invited review. J. Phys. D Appl. Phys. 2011, 44, 093001.

[CrossRef]

4. Seelam, N.; Gugulothu, S.K.; Reddy, R.V,; Burra, B. Influence of hexanol/hydrogen additives with diesel fuel from CRDI diesel
engine with exhaust gas recirculation technique: A special focus on performance, combustion, gaseous and emission species.
J. Clean. Prod. 2022, 340, 130854. [CrossRef]


https://doi.org/10.1007/s11666-009-9451-x
https://doi.org/10.1007/s11666-007-9152-2
https://doi.org/10.1088/0022-3727/44/9/093001
https://doi.org/10.1016/j.jclepro.2022.130854

Materials 2024, 17, 1493 150f 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gvozdyakov, D.; Zenkov, A. Improvement of atomization characteristics of coal-water slurries. Energy 2021, 230, 120900.
[CrossRef]

Badawy, T.; Xu, H.; Li, Y. Macroscopic spray characteristics of iso-octane, ethanol, gasoline and methanol from a multi-hole
injector under flash boiling conditions. Fuel 2022, 307, 121820. [CrossRef]

Guo, G,; Deng, H.; Zhu, C.; Ji, Z. Spatially dependent salinity effect in actively vacuumed spray flash desalination. Desalination
2022, 537, 115868. [CrossRef]

Ivey, ] W.; Bhambri, P; Church, TK.; Lewis, D.A.; Vehring, R. Experimental investigations of particle formation from propellant
and solvent droplets using a monodisperse spray dryer. Aerosol Sci. Technol. 2018, 52, 702-716. [CrossRef]

Myatt, B.J.; Versteeg, H.K.; Hargrave, G.K.; Long, E.J.; Gavtash, B.; Lewis, D.A.; Church, T.; Brambilla, G. Unlocking further
understanding of the atomization mechanism of a pressurized metered dose inhaler. Aerosol Sci. Technol. 2022, 56, 1022-1032.
[CrossRef]

Karami, A. Effects of Flashing on Characteristics of Splashplate Nozzle Sprays; University of Toronto: Toronto, ON, Canada, 2015.
Ginther, A.; Wirth, K.E. Superheated Atomization. In Process-Spray; Springer: Cham, Switzerland, 2016; pp. 609-645.

Toma, FL.; Berger, L.M.; Jacquet, D.; Wicky, D.; Villaluenga, I.; De Miguel, Y.R.; Lindelov, J.S. Comparative study on the
photocatalytic behaviour of titanium oxide thermal sprayed deposits from powders and suspensions. Surf. Depos. Technol. 2009,
203, 2150-2156.

Fazilleau, J.; Delbos, C.; Rat, V.; Coudert, ].F; Fauchais, P.; Pateyron, B. Phenomena involved in suspension plasma spraying part
1: Suspension injection and behavior. Plasma Chem. Plasma Process. 2006, 26, 371-391. [CrossRef]

Meillot, E.; Vert, R.; Caruyer, C.; Damiani, D.; Vardelle, M. Manufacturing nanostructured YSZ deposits by suspension plasma
spraying (SPS): Effect of injection parameters. J. Phys. D Appl. Phys. 2011, 44, 194008. [CrossRef]

Fauchais, P.; Etchart-Salas, R.; Delbos, C.; Tognonvi, M.; Rat, V.; Coudert, ].F.; Chartier, T. Suspension and solution plasma
spraying of finely structured layers: Potential application to SOFCs. J. Phys. D Appl. Phys. 2007, 40, 2394. [CrossRef]

Marchand, O.; Girardot, L.; Planche, M.P.; Bertrand, P; Bailly, Y.; Bertrand, G. An insight into suspension plasma spray: Injection
of the suspension and its interaction with the plasma flow. J. Therm. Spray Technol. 2011, 20, 1310-1320. [CrossRef]

Rampon, R.; Filiatre, C.; Bertrand, G. Suspension plasma spraying of YPSZ deposits: Suspension atomization and injection.
J. Therm. Spray Technol. 2008, 17, 105-114. [CrossRef]

Amrollahy Biouki, S.; Ben Ettouil, E; Liberati, A.C.; Moreau, C.; Dolatabadi, A. Flash Boiling Atomization of High-Concentration
Suspensions in Suspension Plasma Spraying. J. Therm. Spray Technol. 2023, 33, 122-133. [CrossRef]

Alebrahim, E.; Rahaman, M.S.; Moreau, C. TiO; Photocatalytic Ultrafiltration Membrane Developed with Suspension Plasma
Spray Process. Coatings 2022, 12, 1764. [CrossRef]

Bily, A. Development of Titanium Diboride Wettable Cathodes for Aluminium Electrolysis by Suspension Plasma Spray. Doctoral
Dissertation, Concordia University, Montreal, QC, Canada, 2023.

Waldbillig, D.; Kesler, O. The effect of solids and dispersant loadings on the suspension viscosities and deposition rates of
suspension plasma sprayed YSZ deposits. Surf. Depos. Technol. 2009, 203, 2098-2101.

Garmeh, S. Transportation of High Concentration Suspension Using Visco-Plastic Lubrication. Master’s Thesis, Concordia
University, Montreal, QC, Canada, 2019.

Canas, E.; Rosado, E.; Alcdzar, C.; Orts, M.].; Moreno, R.; Sdnchez, E. Challenging zircon deposits by suspension plasma spraying.
J. Eur. Ceram. Soc. 2022, 42, 4369-4376. [CrossRef]

VanEvery, K.; Krane, M.J.M.; Trice, RW. Parametric study of suspension plasma spray processing parameters on deposit
microstructures manufactured from nanoscale yttria-stabilized zirconia. Surf. Depos. Technol. 2012, 206, 2464-2473.

Xiong, H.B.; Zhang, C.Y.; Zhang, K.; Shao, X.M. Effects of atomization injection on nanoparticle processing in suspension plasma
spray. Nanomaterials 2016, 6, 94. [CrossRef]

Fauchais, P.; Vardelle, M.; Vardelle, A.; Goutier, S. What do we know, what are the current limitations of suspension plasma
spraying? J. Therm. Spray Technol. 2015, 24, 1120-1129. [CrossRef]

Vicent, M.; Bannier, E.; Carpio, P; Rayon, E.; Benavente, R.; Salvador, M.D.; Sanchez, E. Effect of the initial particle size distribution
on the properties of suspension plasma sprayed Al,O3-TiO, deposits. Surf. Depos. Technol. 2015, 268, 209-215.

Jamali, H.; Mozafarinia, R.; Razavi, R.S.; Ahmadi-Pidani, R. Comparison of thermal shock resistances of plasma-sprayed
nanostructured and conventional yttria stabilized zirconia thermal barrier deposits. Ceram. Int. 2012, 38, 6705-6712. [CrossRef]
Bernard, B.; Bianchi, L.; Malie, A.; Joulia, A.; Remy, B. Columnar suspension plasma sprayed deposit microstructural control for
thermal barrier deposit application. J. Eur. Ceram. Soc. 2016, 36, 1081-1089. [CrossRef]

Carnicer, V.; Orts, ML].; Moreno, R.; Sanchez, E. Influence of solids concentration on the microstructure of suspension plasma
sprayed Y-TZP/Al203/SiC composite deposits. Surf. Depos. Technol. 2019, 371, 143-150.

Curry, N.; VanEvery, K.; Snyder, T.; Susnjar, J.; Bjorklund, S. Performance testing of suspension plasma sprayed thermal barrier
deposits produced with varied suspension parameters. Deposits 2015, 5, 338-356.

Gan, J.A.; Berndt, C.C. Nanocomposite deposits: Thermal spray processing, microstructure and performance. Int. Mater. Rev.
2015, 60, 195-244. [CrossRef]

Lee, C.; Choi, H.; Lee, C.; Kim, H. Photocatalytic properties of nano-structured TiO, plasma sprayed deposit. Surf. Depos. Technol.
2003, 173, 192-200.


https://doi.org/10.1016/j.energy.2021.120900
https://doi.org/10.1016/j.fuel.2021.121820
https://doi.org/10.1016/j.desal.2022.115868
https://doi.org/10.1080/02786826.2018.1451818
https://doi.org/10.1080/02786826.2022.2116305
https://doi.org/10.1007/s11090-006-9019-1
https://doi.org/10.1088/0022-3727/44/19/194008
https://doi.org/10.1088/0022-3727/40/8/S19
https://doi.org/10.1007/s11666-011-9682-5
https://doi.org/10.1007/s11666-007-9143-3
https://doi.org/10.1007/s11666-023-01679-y
https://doi.org/10.3390/coatings12111764
https://doi.org/10.1016/j.jeurceramsoc.2022.03.049
https://doi.org/10.3390/nano6050094
https://doi.org/10.1007/s11666-015-0286-3
https://doi.org/10.1016/j.ceramint.2012.05.060
https://doi.org/10.1016/j.jeurceramsoc.2015.11.018
https://doi.org/10.1179/1743280414Y.0000000048

Materials 2024, 17, 1493 16 of 16

34. Khatibnezhad, H.; Ettouil, EB.; Moreau, C. Photoactive Ce-doped TiO, and CeO,-TiO, composite coatings deposited by
suspension/solution plasma spray. Mater. Res. Bull. 2023, 166, 112346. [CrossRef]

35. Liu, Y,; Wu, J.; Lu, H;; Wang, J.; Qu, Y,; Jing, L. Enhanced photocatalytic activities of commercial P25 TiO, by trapping holes and
transferring electrons for CO; conversion and 2, 4-dichlorophenol degradation. Mater. Res. Bull. 2017, 92, 23-28. [CrossRef]

36. Fujishima, A.; Zhang, X. Titanium dioxide photocatalysis: Present situation and future approaches. Comptes Rendus Chim. 2006, 9,
750-760. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.materresbull.2023.112346
https://doi.org/10.1016/j.materresbull.2017.04.004
https://doi.org/10.1016/j.crci.2005.02.055

	Introduction 
	Materials and Methods 
	Experimental Setup and SPS Conditions 
	Suspension and Feed Material 
	Visualization and Characterization Measurements 
	Flash Boiling Atomization Condition 

	Results and Discussion 
	Microstructure of TiO2 Deposits Fabricated with High Torch Power 
	Deposits Fabricated with High Solid Content Suspensions 
	Deposition Efficiency 
	Phase Composition 

	Conclusions 
	References

