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Abstract

Solution precursor thermal Spraying (SPTS) processes that have been successfully developed, are suitable methods for
producing nanostructured coatings. In the SPTS coatings, important features are splat, porosity, un-melted particles and
un-pyrolysed precursor. Such features can be studied by observing deposit collected by spraying only a single pass on to
the substrate. In the present study, deposition of YSZ-40 wt% Al,O; on glass substrates by solution precursor high velocity
flame spraying (SP-HVFES) of zirconium oxy nitrate, yttrium nitrate and aluminum nitrate solutions mixed with suitable
percentage to result YSZ-40 wt% Al,O; in single scan experiment has been studied/for the first time. In order to investigate
the SP-HVES process, all spraying parameters including the fuel-oxygen ratio, the spraying distance and the feed rate of
solution precursor were varied. The results of thermal analysis showed that precursor decomposition is an exothermic reac-
tion that mainly occurs at temperatures above 250 °C. Also, the phase compositions of the YSZ-40 wt% Al,O; powders
resulted from pyrolysation of the precursor in furnace at different temperatures were investigated by X-ray diffraction, which
confirmed that with increasing heat treatment temperature, the degree of crystallinity and grain size of YSZ-40 wt% Al,O4
powder increases. The morphology of the deposits formed on the glass substrates and their structural characteristics were
studied using Field Emission Scanning Electron Microscope. Structural comparison of deposits formed on glass substrates
in the single scan experiment showed that at low fuel and oxygen flow rates (30 and 300 I/min respectively), solution pre-
cursor injection rate of 20 cm*/min and spray distance of 5 cm, the amount of splats increased. Also, high fuel and oxygen
flow rates (50 and 450 1/min respectively), the solution precursor feed rate of 40 cm*/min and spray distance of 5 cm was
introduced as the optimal parameter due to higher splats observed.

Keywords YSZ-40 wt% Al,O; - Solution precursor - High velocity flame spraying - Single scan experiment

1 Introduction

Solution precursor thermal spraying (SPTS) are new poten-
tially single-step and low-cost processes that have been suc-
cessfully developed for rapid synthesizing and depositing
various Nano-crystalline ceramic coatings [1-3]. The SPTS
deposition process includes various stages of conversion
from the aqueous precursor to molten particles and solid
ceramic final product [4, 5]. Compared to powders, using
liquid-based feedstock offer more flexibility in creating new
composite materials, maintaining the nanostructure and cre-
ating coatings with higher performance. In these processes
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a stream of the liquid metallic salt solution precursors are
injected directly into the high-temperature flames and/or jets
generated in the torches [6, 7]. Atomizing of liquid precur-
sor occurs while it travels through the flame and at the same
time the liquid-to-solid conversion reactions and subsequent
impact to the substrate result coating formation [8, 9]. Stud-
ies of solution precursor thermal spraying have mainly been
conducted in plasma spraying processes (SPPS) [8]. In
addition to the SPPS process, recently, a solution precursor
high-velocity flame spraying (SP-HVES) process has been
successfully developed at university of Connecticut by Chen
et al. [10] to deposit ceramic coatings. The results showed
that microstructures of solution precursor high-velocity
flame spray coatings are different from conventional HVOF
process, and mainly compose of pancake-like ultrafine splats
which are about ten times smaller than the splats in con-
ventional HVOF coatings. Also it was found that the liquid
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droplets experience solvent evaporation, pyrolysis, melting/
semi melting and solidification processes in the HVOF flame
jet. Since, both microstructure and properties of the coatings
are strongly influenced by the structure of the splats [11, 12],
therefore, a key step in understanding and improving ther-
mal spray coatings is study of the formation of the coatings,
through the single splats [13, 14].

The solution precursor high-velocity flame spraying is
a suitable method for producing dense coatings with nano-
structure. Similar to the powder HVOF process, in the liquid
injection high-velocity flame spraying, the coating properties
are a direct result of the high velocity of the particles in the
supersonic gas stream and are useful for applications that
require low porosity coatings [15, 16]. However, due to the
high velocity and low temperature flame, high melting point
ceramics may not be deposited [17].

Yttria-stabilized zirconia (YSZ) is the most commonly
used electrolyte for high-temperature SOFC due to its high
oxide ion conductivity and stability in oxidizing and reduc-
ing atmospheres [18, 19]. However, zirconia has low frac-
ture toughness and poor strength. The addition of alumina
to YSZ has been found to make it stronger, harder, lighter
and stiffer at room temperature as well as at 1000 °C [18].
Among other ceramics, ZrO,-Al,0; has a relatively high
coefficient of thermal expansion, which increases its ther-
mal shock resistance. Also, some properties of ZrO,—Al,0;
such as high fracture toughness, resistance to crack growth
[20] and excellent long-term biocompatibility make it a
very promising material for in vivo use with high biological
safety [21]. In addition, zirconia-alumina composites have
been widely used as protective coatings due to their excellent
mechanical and thermal properties [10, 22]. Diffusion bar-
rier and wear resistant coatings are among the applications
of such coatings that require low porosity and high adhe-
sion. In the ZrO,—Al,O; binary system, there is a eutectic
with composition of ZrO,-40 wt% Al,O5 at 1860 °C [23].
Because the eutectic temperature is lower than the melt-
ing points of pure zirconia (~ 2700 °C) and pure alumina
(~2050 °C), the droplets with this eutectic composition will
be easily melted/softened compared to the pure zirconia and
alumina [6] in the HVOF flame.

The properties of composite coatings can be improved by
its microstructure [24, 25]. On the other hand, The micro-
structure of thermal spray coating is closely related to the
spray parameters [26], therefore it is important to find out
the correct spray parameters such that a high fraction of the
molten mass can be deposited on the substrate [27]. Also,
in the solution precursor high-velocity flame spray process,
the precursor is injected in the form of liquid and undergoes
various thermo-physical changes before deposition. The
coating microstructure can be intentionally varied over a
wide range by controlling the spray parameters and relative
proportions of the different stages of the precursor reaction

[5, 28]. In the present work, solution precursor that results
eutectic composition of YSZ-40 wt% Al,O; was high-veloc-
ity flame sprayed onto glass substrates and microstructure
of the deposited material was investigated. Various process-
ing parameters includes fuel and oxygen flow rate, solution
precursor feed rate and spray distance.

2 Experimental Procedure

The solution precursors were prepared by making saturated
solution of metal nitrates into deionized water. An aque-
ous solution containing zirconium oxy-nitrate and yttrium
nitrate salts were used as YSZ precursor. The amounts of
these salts in the solution were selected to result 93 wt%
Z1rO, and 7 wt% Y,05 (7YSZ) after pyrolysation. Also,
Aluminum nitrate salt was used as Al,O; precursor. The
YSZ and Alumina precursors were mixed according to the
final composition of YSZ-40 wt% Al,O; after pyrolysation.
HVOF torch with axial liquid injection capability was used
as precursor thermal spray equipment. The schematic of the
SP-HVEFS system is shown in Fig.1. Compressed natural gas
(CNG) and oxygen were used as the fuel gas and oxidant
gas, respectively.

The different spray parameters were designed to inves-
tigate the processing characteristics of depositing YSZ-
40 wt% Al,O; coating by solution precursor high-velocity
flame spraying. Spray distance, solution feed rate and fuel
and oxygen flow rates were selected as the experimental
variables. To make a clear distinction, the experiments were
divided into two series of A and B. In A, oxygen with flow
rate of 300 1/min and CNG with flow rate of 30 I/min and in
B, oxygen with flow rate of 450 I/min and CNG with flow
rate of 50 I/min were used. Also, three solution precursor
flow rates of 20, 40, 60 cm>/min at spray distances of 5 and
10 cm were used. The detailed SP-HVFS parameters are
summarized in Table 1.

To study the effect of spray parameters on the micro-
structural features of the coatings, single scan experiments
on 2.5 2.5 cm glass specimens were done. The glass spec-
imens had a surface roughness (R,) of 0.035 + 0.011 pm
measured by mitutoyo sj-201 surface roughness tester.
Before spraying, the substrates were cleaned with acetone
to remove surface contaminations. Sealed solution precursor
vessel was pressurized by N, gas to 5 bar and so the solu-
tion precursor flows out of vessel to a liquid flow meter that
controls the flow rate of solution to selected values. Solution
with controlled flow rate enters axially to the high veloc-
ity jet and after atomization is propelled toward the glass
specimens. In the single scan experiment, glass substrates
mounted on a specimen holder of the specially designed
fixture pass vertically through the flame fixed at selected
distance with speed of about 1.0 m/s as shown in Fig. 2.
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N, gas /

Solution
precursor

Fig.1 Schematic illustration of the SP-HVFS Process

Table 1 Parameters of solution precursor high-velocity flame spray-
ing
used in this study

Parameter Compressed Oxygen flow Spray Liquid feed
natural gas flow rate (I/min)  distance  rate (cm’/
rate (CNG) (I/ (cm) min)
min)

A 300 30 5 20

40

60

10 20
40

60

B 450 50 5 20
40

60

10 20
40

60

In this way, it is possible to examine the individual coating
microstructural features such as un-pyrolysed precursor, un-
melted or re-solidified particles and splats. The schematic
of the single scan experiment setup on a glass substrate is
shown in Fig. 2. The morphology of deposits formed on
glass specimens were characterized by secondary electron
(SE) mode of Field Emission Scanning Electron Microscope
(SEM; VEGAWTESCAN, Czech Republic).
Decomposition analysis were carried out by Thermo-
Gravimetry (TG) combined with Differential Scanning
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Fig.2 Schematic illustration of the single scan experiment on a glass
substrate

Calorimetry (DSC) (model STA 409 C; Netzsch, Selb,
Germany) in an air environment. Prior to the TGA-DSC
tests, prepared solution precursor dried on a hot plate at
50 °C for 10 h to obtain homogenous precursor powder.
Thermal analysis data for dried YSZ-40 wt% Al,O; pre-
cursor was recorded from room temperature up to 1100 °C
at a heating rate of 10 °C/min.
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3 Results and Discussion

In order to understand the transformations of the solution
precursor as a result of heating, TGA-DSC analysis was
performed. Figure 3 shows the weight change of the pre-
cursor by increasing temperature from room temperature
up to 1100 °C. Also, the schematic illustration of transfor-
mations of precursor while it passes through the flame jet
including evaporation of water, droplet break-up, gelation
and precipitation, pyrolysis, sinter and melting is attached
to Fig. 3. Of course, it should be noted that all atomized
droplets don’t undergo all of these changes necessarily. In
fact this is the reason for different microstructural features
present in the coating. The real aim of investigating the
spray parameters in solution precursor spraying processes
is to increase the portion of droplets that undergo all of
the transformations mentioned above and so formation of
maximum splats in the coating microstructure.

The TGA curve shows that the YSZ-Alumina precursor
is hydrous and its weight decreases with increasing tem-
perature. Almost 40% of the powder weight is lost below
150 °C. Within this initial mass loss, two distinctive regions
can be seen in the curve. The first one, with a sharp and
shallow endothermic appearance at 8§3.23 °C corresponds
to the initial, quick evaporation of the water. The sharpness
of the peak shows that the precursors were prepared near
the maximum solubility level, and its shallowness is due to
the fact that part of the aqueous solvent was evaporated at
50 °C before the TGA-DSC analysis, as mentioned in the
experimental. A similar peak was reported by Sivakumar
et al. [29].

Usually, the endothermic peaks between 50 and 100 °C
relate to water evaporation and up to 200 °C relate to
nitrate decomposition. The results of TGA-DSC show that
evaporation of the solvent ends with a sharp endothermic
peak at 149.73 °C, but the weight loss continues up to a
temperature of about 550 °C. After the completion of the
evaporation process and complete removal of the solvent,
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Fig.3 TGA-DSC of the dried solution precursor, from room temperature to 1100 °C, along with a schematic illustration of Chemical and physi-

cal evolution of a droplet injected into the flame
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weight loss in TG curve without observing changes in
DSC can be attributed to drying of the gel-like features.
From this point on (550 °C), no distinguishable weight
change can be seen. In the case of the heat flow, there are
two additional broad peaks, one exothermic at 8§74.39 °C
and the other endothermic at 1063.25 °C. Since no asso-
ciated weight change can be detected, the origin of such
peaks could be further crystallization and phase transfor-
mation of the remaining dried material. The crystallite for-
mation is a relative slow process with causes broadening
of the exothermic peaks [9]. Hence, the only exothermic
DTA peak in this graph at 874.39 °C, without remarkable
weight loss attributes to the crystallization of amorphous
phase. The area under the curve of such exothermic peak
is a measure of heat release [29]. The last change in the
graph is an endothermic peak at 1063.25 °C, which corre-
sponds to a phase transformation or grain growth, presum-
ably. To study in detail the pyrolysis and changes in phase
constitution, XRD phase analysis was also done at the con-
clusion of the TG/DSC test on precursors heat treated at
two temperatures of 874 and 1063 °C. It should be empha-
sized that the results of TGA-DSC are to gain insight on
the thermodynamic behavior of the solution and only show
the successive stages of the possible physical and chemical
reactions [12]. Although, during the spraying process, the
maximum flame temperature is higher than crystallization
and melting temperature of the coating material, but as
mentioned before, for all injected droplets, all steps shown
in Fig. 3 will not be completed, due to kinetics of the reac-
tions. This indicates that depending on the temperature
history of the droplets in the flame, they undergo different
changes and contribute in coating microstructures as dif-
ferent aspects such as splats, un-pyrolysed precursor and
un-melted or re-solidified particles.

The XRD patterns of heat treated precursor at two critical
temperatures of 874 °C and 1063 °C determined by thermal
analysis test are shown in Fig. 4. X-ray diffraction patterns
in Fig. 4 show that in both heat treating temperatures, the
main peaks are related to tetragonal ZrO,. This shows that
YSZ is the base composition of the composite. The pres-
ence of Al,O; in the XRD results wasn’t proved probably
because Al,O; precursor wasn’t pyrolysed completely and
or the amount of pyrolysed Al,O; precursor wasn’t enough
to show itself in XRD results. Also, it can be concluded that,
the heat-treated precursor at 874 °C hasn’t a fully-crystalline
structure and with the increase of the heat-treatment tem-
perature to 1063 °C, no phase transition occurs and only the
relative intensity of the diffraction peaks increases, which
indicates increasing the degree of crystallinity. In addition,
another parameter that changes the intensity or peak broad-
ening in X-ray diffraction analysis is grain size [30]. It seems
that with the increase in the heat treatment temperature, the
average grain size of the nanopowder has also increased.
This change can be related to the endothermic peak in TGA
analysis. In the following, the results of the single scan
experiment are given.

Twelve different spray runs (two fuel and oxygen flow
rates, three solution precursor feed rates and two spray dis-
tances), as described in the experimental methods section,
were performed. Figure 5 shows images of deposits formed
in single scan experiments on glass specimens at solution
precursor feed rate of 20 cm?/min, spray distance of 5 cm
and flame parameter A (Table 1). The high-magnification
image confirms that the microstructure is uniform with no
presence of un-pyrolysed precursor and mainly compose of
splats with thickness of less than 100 nm which are about
ten times smaller than the splats in conventional HVOF coat-
ings. In the SP-HVOF process, when molten/semi-molten

Fig.4 XRD patterns of heat
treated precursor
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Fig.5 FE-SEM images of
deposit formed in single scan
experiments on glass specimens
at solution precursor feed rate of
20 cm?/min, spray distance of

5 ¢cm and flame parameter A

A B
SEM MAG: 10.0 kx SEM HV: 15.
WD: 13.46 mm Det: SE
Date(m/dly): 08/31/21 View field: 21.7 ym

particles impact to the substrate with high velocity, they will
spread and form the splats [10]. The formation of fine splats
is characteristic of the high-velocity flame spraying process
and coating formation from the liquid phase [31, 32]. Also,
these splats clearly indicate that the liquid droplets have
experienced all of the solvent evaporation, pyrolysis, melt-
ing/semi melting processes in the HVOF flame jet.

Figure 6 shows images of deposits formed in single scan
experiments on glass specimens at solution precursor feed
rate of 40 cm*/min and spray distance of 5 cm and flame
parameter A. The microstructural features of deposit formed
at solution precursor feed rate of 40 cm*/min (Fig. 6) are
totally different from the deposit formed at solution precur-
sor feed rate of 20 cm>/min (Fig. 5). In Fig. 6 it can be seen
that the deposit consists mainly of a fractured, mud-like
film with loosely bonded solid spheres (~ 1 m). It seems
that in this case the conditions of solution atomization are

Fig.6 FE-SEM images of
deposit formed in single scan
experiments on glass specimens
at solution precursor feed rate of
40 cm?/min, spray distance of

5 cm and flame parameter A
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such that the droplets in the flame jet undergo incomplete
solvent evaporation and form mud-like film upon impact
the substrate.

The high magnification image (Fig. 6b) shows gel-like
structures along with hollow shells. Models based on aer-
odynamic droplet break-up, evaporation of droplets and
solute precipitation have been developed for the formation
of fractured hollow shell structures [10]. It seems that hol-
low shells are formed in large droplets. Virendra [27] con-
firms that small droplets tend to precipitate volumetrically
to form solid particles while in large droplets, the solvents
are first removed by exposure to high temperatures, leading
to increase in solution concentration up to saturation [29].
Furthermore, previously published droplet modeling stud-
ies focusing on SPPS confirm that the diffusive transport
within the droplet is much slower than the rapid increase
in solute concentration through evaporation, leading to the

/»7 ) 3
Un-melted particle

WD: 12.92 mm Det: SE 2pm
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formation of a highly concentrated solution near the sur-
face [33]. Therefore, when the saturation concentration is
reached, solute precipitation begins near the droplet surface
and likely forms an impermeable thin layer shell that encap-
sulates the liquid. This thin shell with high concentration of
solutes can prevent further evaporation, consequently, the
internal pressure caused by the buildup of vapor inside the
droplet leads to swell and burst. The hollow-shell structures
were also observed by Valefi [34] and Chen [35]. The simu-
lation results conducted by Jordan et al. [5], admit the pos-
sibility that hollow droplets may form and also vapor explo-
sion from internal evaporation is one possible mechanism
for droplet break-up.

Figure 7 shows images of deposit formed in single scan
experiments on glass specimens at solution precursor feed
rate of 60 cm®/min, spray distance of 5 cm and flame param-
eter A. In Fig. 7, the deposit includes un-pyrolysed precur-
sor. The thermal history (time—temperature) of droplets
injected to the flame determines the microstructural features
of deposit. Depending on this history, a droplet to form the
solid material on the sample surface undergoes some or all
of the following processes: precursor solvent evaporation,
droplet breakup, precursor solute precipitation, pyrolysis,
sintering, melting and crystallization [36]. Deposit forms
on the sample surface after undergoing some or all of these
processes shown already in Fig. 3. Also, in the solution pre-
cursor thermal spraying process, evaporation of solute and
pyrolysis of precursor can be done in two steps; the first
step occurs when the solution precursor is injected into the
flame. When the precursor droplet is exposed to the thermal
flame the temperature is increased at the surface. As a result,
the solvent evaporate and the precursor undergo a thermal
decomposition process similar to that shown in Fig. 3, form-
ing a solid, and then pyrolysis, crystallization and melting
can occur [22]. In this stage, evaporation of precursor solute

Fig.7 FE-SEM images of
deposit formed in single scan
experiments on glass specimens
at solution precursor feed rate of
60 cm®/min, spray distance of

5 cm and flame parameter A

SEM MAG: 10.0 kx
WD: 12.92 mm Det: SE 5pm
Date(m/dly): 09/11/21  View field: 21.7 ym
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or pyrolysis reactions may not be done completely. At the
second step depending on preheating temperature of sub-
strate and the heat transferred from torch to substrate solute
evaporation or pyrolysis reactions can occur on the substrate.
It is obvious that in single scan experiments because of high
speed traverse of glass specimens relative to the torch, little
heat transfers to the specimens and the reactions that happen
on the substrate are removed. In such conditions, physical
and chemical reactions perform only in the first stage. From
the above discussion it can be concluded that precursor reach
the substrate surface in different conditions.

With Careful study at high-magnification (Fig. 7b), it
can be seen that the spherical particles with different sizes
present in addition to irregular gel-like features. This spheri-
cal particles are atomized particles that do not get enough
heat for pyrolysation and crystallization. In fact, in the solu-
tion precursor thermal spraying processes, the liquid can be
injected to jet/flame and atomized by the high velocity flame
or can be atomized prior to injection [37]. Because in this
study, there isn’t any atomizer, therefore due to shear stress
caused by the flowing gas, the solution precursor undergoes
atomization as injects in to the flame jet [12] which form
finely sized droplets. In such a situation, only spray param-
eters determine the atomizing conditions of the injected
precursor. It seems that the different sizes of un-melted par-
ticles are related to the atomization condition in these spray
parameters. Also, the injection rate of the solution precur-
sor in Fig. 7 was 1.5 and 3 times greater than the parameter
used in Figs. 5 and 6, respectively. Therefore, it is logical to
presume that the use of a higher solution precursor feed rate
limits the heat transferred to the precursor droplets and leads
to greater retention of gel-like features and un-melted parti-
cles. Tania et al. [38] have shown that the precursor droplets
tend to form a gel during evaporation, which is responsible
for the type of aggregate morphology observed in Fig. 6.

Un-melted
particles

'SEM MAG: 30.0kx | SEM HV: 15.0 KV MIRA3 TESCAN|
WD: 12.93 mm Det: SE 2pm
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The Morphologies of deposits formed under different  parameter A are shown in Fig. 8. Samples a to f have identi-
solution precursors at spray distance of 10 cm and flame  cal spray parameters except for the solution precursor feed

Fig.8 FE-SEM images of
deposits formed in single scan
experiments on glass specimens
at solution precursor feed rates
of a 20, ¢ 40 and e 60 cm>/min
at spray distance of 10 cm and
flame parameter A
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rate. As noted in the Fig. 3, precursor in various stages of
heating reaches the surface and contributes different features
in the microstructure. It can be seen that non- decomposed
precursor were not found on deposits formed at 20 and 40
cm’/min solution precursor feed rates, while at the solu-
tion feed rate of 60 cm>/min, besides splats and un-melted
particles, non-decomposed precursor can be observed. This
can be due to the using higher solution precursor feed rate.
Increasing the solution precursor feed rate, transfers less heat
to injected precursor and so it can be expected that a fewer
number of droplets will undergo the final processes by which
melting occurs [39]. Also, the effect of solution precursor
feed rate on atomization condition should be considered. It
seems that increase in the solution precursor feed rate results
in weaker atomizing of solution precursor. In addition, at 60
cm?/min solution precursor feed rates, some mud-like cracks
are also seen in the deposit. This clearly shows that, during
the SP-HVES process, some precursor reaches the substrate
as un-pyrolysed. Based on thermal analysis, Fauchais et al.
[40] confirmed that the un-pyrolysed precursor contains sig-
nificant amounts of water. The mud-like cracks are the result
of shrinkage due to aqueous solvent evaporation, presum-
ably. This cracks also observed by saremi [39] and Chen [4].

Figure 9a to f shows images of deposits formed in single
scan experiments on glass specimens at solution precursor
feed rates of 20, 40 and 60 cm*/min at spray distance of 5 cm
and flame parameter B. Three general features of the deposit
morphology are realized depending on the spray parameters
which are; precursor droplets that reached and spread on
the glass surface, non- decomposed precursor and spheres.
Microstructural changes under different parameters could be
seen more clearly in high magnification images. Unexpect-
edly, it can be seen that layers formed at solution precur-
sor injection rate of 20 cm?/min contains non- decomposed
precursor. As previously noted, in the SP-HVES process, the
solution precursor is fed axially in to the torch and liquid—jet
interaction causes fragmentation of the liquid into fine drop-
lets [41]. In this parameter, the flow rate of fuel and oxygen
increased, and the shock diamonds were also clearly seen
at the flame jet. It seems that at the solution feed rate of 20
cm®/min, the condition of the liquid atomization by shock
diamonds causes non-uniform distribution of the particles
in the flame.

The microstructure of deposits formed at solution pre-
cursor injection rate of 40 cm*/min spray distance of 10 cm
and flame parameter B (Fig. 9c, d) is similar to that of solu-
tion precursor feed rate of 20 cm®/min, spray distance of
5 cm and flame parameter A (Fig. 5). As can be seen, they
are mainly composed of ultrafine splats and the cracked
mud-like film and semi-pyrolysed hollow shell structures
have disappeared. This microstructure confirm improved
degree of melting and splat formation that can be due to the
higher flame enthalpy that resulted from using parameter

@ Springer

B. Increase in thermal energy promotes pyrolysation of the
precursor and subsequent melting of particles formed. Also,
similar to other liquid feedstock thermal spraying, in SP-
HVES Process, splat sizes are dependent on the atomization
condition. Therefore, proper atomization condition affect the
thermal history of injected droplets, so that as the particles
become smaller, the kinetics of deposition change and the
microstructure of the coating is improved [27]. Actually,
in suitable atomization condition, easy droplet breakup and
solvent evaporation leads to full pyrolysis and melting; while
large droplet and difficult evaporation leads to incomplete
evaporation [35] and the formation of un-pyrolysed or un-
melted particles. The above results suggest that the atomiza-
tion characteristics changes with injection rate of solution
precursor and also the flame parameters that should be con-
sidered together. The suitable atomization conditions for the
parameter B are obtained with the solution feed rate of 40
cm’/min. Also, it seems that the thickness of the splats has
decreased compared to Fig. 5. In fact, using higher flow rate
of fuel and oxygen, in addition to increasing the enthalpy,
leads to the acceleration of the flame jet and particles, which
reduces the thickness of the splats.

By increasing the feed rate of the solution up to 60 cm®/
min, un-pyrolysed precursors can also be observed (Fig. 9e,
f). The presence of these un-pyrolysed precursors can be
attributed to an increase in the amount of solution pre-
cursor and insufficient heat per droplet and also weaker
atomization.

Figure 10a to f shows images of deposits formed in single
scan experiments on glass specimens at solution precursor
injection rate of 20, 40 and 60 cm*/min, spray distance of
10 cm and flame parameter B. The glass surface at solution
injection rate of 40 cm*/min (Fig. 10c, d) shows a higher
degree of splats, with some solid spherical particles. This
morphology of layers attribute to the higher flame enthalpy
that resulted from using parameter B. Also, again it should
be emphasized that the role of the atomization character-
istics in controlling splat and solid particle formation and
final coating microstructure can be critical, so that better
atomizing conditions provide more uniform and finer par-
ticle size distribution and so the particles undergo almost
similar changes during their flight in the flame. This is the
trend observed in Figs. 9 and 10 for solution feed rate of
40 cm®/min.

Figure 10c shows the microstructure of the deposit
formed under the same conditions as Fig. 9c but using spray
distance of 10 cm. In the spray distance of 10 cm, since the
precursor dwell time in flame is longer, it is expected that the
heat transfered is higher and more material has been molten.
But, a very small fraction of un-melted spherical particles
were observed when spray distance was doubled, which
could be attributed to the re-solidifying of the particles at
longer spray distances. The calculated results by Cheng et al.
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Fig.9 FE-SEM images of
deposits formed in single scan
experiments on glass specimens
at solution precursor feed rates
of a 20, ¢ 40 and e 60 cm?/
min, spray distance of 5 cm and
flame parameter B
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[42] showed that the physical status of particles before hit-  the microstructure of the coatings and is strongly influ-
ting onto the substrate which is determined by the velocity  enced by the particle size, morphology and spray distance.
and temperature of the particles, is a key factor affecting  In fact, in thermal spraying processes, the velocities and
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Fig. 10 FE-SEM images of
deposits formed in single scan
experiments on glass specimens
at solution precursor feed rates
of a 20, ¢ 40 and e 60 cm®/min,
spray distance of 10 cm and
flame parameter B
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temperatures of small particles decrease more severely than
larger particles due to their smaller momentum and ther-
mal inertias, while larger particles will reach the maximum
temperature and velocities in a longer spray distance [43].
In the SP-HVFS process, after evaporation, decomposition
and pyrolysation of the droplets, the mass of the particles
become small, resulting in reduced momentum. Therefore,
small particles may reach the melting point in a short time,
but at longer spray distance due to the lower temperature of
the flame jet at farther distances [28], molten particles may
re-solidify during the flight. Similar to what happened in
parameter A, the melting state of the coating became worse
with increasing solution flow rate up to 60 cm®/min and un-
pyrolysed precursors also increased.

4 Conclusion

The aim of this study was to investigate the influence of
the Solution precursor high velocity flame spraying param-
eters, such as fuel and oxygen flow rates, spray distance
and solution precursor feed rate on splat formation of the
YSZ-40 wt% Al,O5 by single scan experiment. The results
indicated that the microstructures of the deposited layers
were sensitive to the spray parameters considerably. Some
important results can be summarized as follows:

1. The results of the thermal decomposition, first reflected
the successive evaporation of water and nitrates, and it
was manifested in the form of continuous loss in weight.
Also the XRD results on heat treated precursor showed
that no phase transition occurred with the increase of
heat treatment temperature from 874 to 1063 °C and the
increase in peak intensity is the result of the increase in
the crystallinity degree and grain growth.

2. The formation of hollow particles is the result of the
high surface evaporation rates that leads to increased
solute concentration near the surface and the formation
of a solid shell with some amount of retained precursor
within. The internal pressure caused by the buildup of
vapor inside the droplet will lead to inflate and rupture.

3. By increasing the solution precursor feed rate up to 60
cm’/min, the amount of un-pyrolysed precursor and un-
melted particles in the microstructure increased.

4. Atomization characteristics that is determined by flame
parameters and precursor feed rate, are important in
determining flame stability, formation of un-pyrolysed
precursor, spherical solid particle, controlling splat for-
mation and final coating microstructure.

5. Spray distance is an important factor which affect the
microstructure. Due to smaller sizes of the particles in
SP-HVES process, the shorter spray distance (5 cm)
allows more particles deposition in molten condition

on substrate. For longer spray distance, particles may
solidify during the flight.

6. Despite the fact that the precursor droplets at longer
spray distances have a greater chance of undergoing
pyrolysis and crystallization reactions, but the results
showed that the droplets are exposed to heat up to a cer-
tain distance in the flame and their temperature decrease
with increasing distance. This can be a reason for re-
solidifying of some particles before reaching the sub-
strate.

7. According to the obtained results, it seems that the dep-
osition condition using the high velocity flame spray
parameter A, at the solution feed rate of 20 cm’/min and
the spraying distance of 5 cm and also, spray parameter
B, at the solution feed rate of 40 cm*/min and the spray-
ing distance of 5 cm is suitable.
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