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ABSTRACT

The performance of thermal barrier coatings (TBCs) depends upon the morphology of
individual splats and how a single particle flattens. A splat is a single unit cell of thermal
barrier coatings. Its properties significantly influence the overall performance of the coating.
The transition temperature of the substrate affects the splat morphology and influences the
adhesion strength of the applied coating. This study investigates the effect of substrate
preheating temperature on splat morphology and the critical transition temperature for yttria-
stabilized zirconia (8YSZ) and lanthanum magnesium hexaaluminate (LaMgAl,,0,9, LaMA)
powders deposited via atmospheric plasma spray (APS). Using scanning electron microscopy
(SEM), a critical transition temperature of 400 °C was identified for both materials. Disc-
shaped splats with improved adhesion formed at this temperature, while irregular shapes were
observed below 400 °C, and disordered morphologies appeared above it. Notably, at 400 °C,
8YSZ splats exhibited surface cracks, whereas LaMA splats remained crack-free, highlighting
differences in their thermo-mechanical properties. These findings emphasize the importance of
optimizing preheating temperature to achieve desirable splat morphology and enhance TBC
performance.

© 2025 The Authors. Published by Synsint Research Group.
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1. Introduction

Plasma spray coating is a common method used in deposition
techniques for functional materials. It involves impingement and
solidification of semi-molten or molten particles onto a substrate,
creating individual splats, which are small, flattened droplets [1]. The
deposition of splats coalesces to create the final coating [1]. The shape
and structure of the splats are key factors in determining the general

properties of the plasma spray coating [1-5], for example, its hardness,
porosity, and mechanical strength [4]. To optimize coating properties,
understanding the factors influencing splat morphology is crucial.
Splat formation is a complex phenomenon governed by a combination
of factors [3, 4]. Current models emphasize the effects of particle
properties such as size, velocity, and thermophysical properties, as well
as spray conditions, including temperature and velocity, substrate
properties, including topography and preheating, and the surrounding
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gas [3, 4]. These models usually consider the coupling between
mass, momentum, and energy conservation during the phenomena of
droplet impact and solidification [4]. The solidification process plays a
key role in defining the morphology of splats [4]. Extended
solidification, promoted by high substrate temperatures, promotes
the formation of disk-like splats with low fragmentation [4]. In
contrast, rapid solidification can result in splashing and
fragmentation [4]. The ambient gas may also affect the development of
splat by providing pathways for gas entrapment beneath the
droplet, which can result in void formation in the coating [4]. The
preheating temperature of the substrate is one of the most critical
factors determining the splat morphology [1]. Exceeding a critical
transition temperature (Ttr) promotes the formation of disk-like splats
with a higher bonding strength [1, 2]. This transition has been
attributed to factors including improved wettability, surface
topographic changes, and the influence of adsorbates/condensates on
the substrate [3].

The microstructure of TBCs, especially the morphology of individual
splats formed during plasma spraying, considerably affects the overall
performance of the coating. Understanding the parameters affecting the
splat formation is necessary for the improvement of thermal barrier
coating properties. Among the diverse TBC materials, yttria-stabilized
zirconia (8YSZ) [6-11] and lanthanum magnesium hexaaluminate
(LaMA) [10, 12-17] have been widely studied because of their
excellent thermal properties. This study investigates the influence of
substrate preheating temperature on splat morphology in 8YSZ and
LaMA thermal barrier coatings (TBCs) deposited by atmospheric
plasma spray (APS) deposition. The objective is to explain the
correlation between substrate preheating temperature and the resulting
splat morphology in these two TBC systems.

2. Materials and Methods

The LaMA powder was synthesized via a solid-state reaction
route, as described in previous research works [16, 17]. La,O;
(MERCK 12220), MgO (ALDRICH 34279-3), and y-AL,O; (MERCK
101095) were used as the starting materials. To synthesize the LaMA
powder, the raw materials were carefully weighed based on the
stoichiometric ratios needed for the desired compound. Distilled
water was added to the powder mixture to form a smooth, paste-like
consistency. This mixture was then ball-milled in a planetary ball mill
for 24 hours, using a ball-to-powder weight ratio of 10:1 and a
rotation speed of 250 rpm. After milling, the mixture was dried in an
oven. Finally, the dried powder was calcined in an electric furnace at
1400 °C for 6 hours in air to produce the hexaaluminate powder [16].
The 8YSZ powder (METCO-204NS-G) was supplied by Oerlikon
Metco. To improve the flowability of the synthesized LaMA
powders, a granulation treatment was performed. Polished stainless-
steel plates were used as substrates. These substrates were
ultrasonically cleaned in acetone and ethanol. Then the substrates
were dried in an oven and heated to 100 °C for 60 minutes. Splats of
LaMA and 8YSZ powders were prepared using an atmospheric
plasma spraying (APS) system. To investigate the critical
preheating temperature (also referred to as the transition temperature,
Ttr) for LaMA and 8YSZ coatings, three samples were
preconditioned and heated to temperatures of 200 °C, 400 °C, and
600 °C respectively. For this study, a custom-built, low-height furnace
with a top-opening door was designed and constructed to preheat the

Table 1. Plasma spray deposition parameters.

Gun type 3MB Metco
Argon flow rate (m*/h) 2.265
Hydrogen gas flow rate (m’/h) 0.425
Current (A) 500
Voltage (V) 55
Powder feed rate (kg/h) 11.34
Spray distance (m) 0.08

samples. The furnace can operate at a maximum temperature of
1000 °C and is equipped with a PID temperature controller to ensure
precise temperature regulation. The interior of the furnace is lined with
high-purity alumina refractory bricks to maintain thermal stability and
minimize contamination of the samples. The preheating temperature
was measured and controlled using three thermocouples. The splat
conditions were kept the same as the final coating conditions, as
detailed in Table 1. A 3MB Metco plasma gun was employed for the
process. The argon flow rate was set to 2.265 m*h, and the hydrogen
gas flow rate was maintained at 0.425 m*h. The current and voltage
were fixed at 500 A and 55 V, respectively. The powder feed rate was
set to 11.34 kg/h, and the spray distance was maintained at 8 cm. These
parameters were carefully selected to ensure optimal coating quality
and consistency. The LaMA or 8YSZ powders were sprayed onto the
preheated substrates using the APS system. The morphology of the
splats was examined using VEGA-TESCAN SEM. A thin layer of gold
was deposited onto the samples before SEM analysis. A Siemens
D500 X-ray diffractometer was used for the Phase identification using
Cu(Ka) radiation, scanning from 10 ° to 80 ° with a step size of 0.02 °.

3. Results and discussion

The crystal structure and morphology of the synthesized powders
were characterized using SEM and XRD, as illustrated in Figs. 1
and 2, respectively. The SEM micrograph in Fig. 1 reveals that
the synthesized LaMA powder exhibits a platelet-like morphology
with a high aspect ratio and a thickness of approximately 446 nm
[16, 17], which agrees with previous studies [13, 18]. The [0001]
crystallographic  direction of LaMA has the slowest growth
rate, leading to the formation of these platelet-like particles [13, 18].
The SEM image of the granulated LaMA powder is shown in
Fig. 3. The XRD pattern of the white LaMA powder (Fig. 2) matches
well with the JCPDS cards for LaMA (ICDD 0873-026-00, ICDD
1845-078-00 Standard PDF Cards). This confirms the formation of the
pure LaMA phase [16, 17].

The properties of thermal spray coatings are closely linked to the
shape of individual splats and how each particle flattens.
Since a splat is the smallest unit of the entire coating, its
characteristics can be extended to the overall coating properties.
The transition temperature affects the morphology of the splats
and the adhesion strength. With an increase in the proportion
of disk-shaped splats, the adhesion strength of the coating is
enhanced [1].

Among the most likely mechanisms for splat morphology

modification  are  surface  topography  alteration,  surface
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Fig. 1. Synthesized LaMA powders with different magnifications [16, 17].

chemistry modification by preheating the substrate, evaporation of
surface-adsorbed species, and solidification, which were studied
by Pakseresht et al. [2, 3] on barium titanate. Fig. 4 shows irregular
splats of LaMA with radially outward fingers at a preheating
temperature of 200 °C. Fukumoto et al. attribute the formation of
splashed splats to the solidification of molten droplets as they spread
over the substrate [19].

In addition, three models have been proposed for splat spattering: 1)
the adsorbed gas model, 2) the substrate melting model, and 3) the K
model. In the K model, the parameter K is a function of the Weber and
Reynolds numbers and is not applicable under plasma spray conditions
[1].

According to Sampath and Herman [20], the solidified particles
exhibit a characteristic three-zone microstructure resulting from

thermal gradients: (1) central equiaxed grains formed through

@

elongated grains in peripheral regions developing under slower

rapid cooling at the particle-substrate interface, radially
cooling rates due to indirect heat transfer, and (3) an outer rim
This
observed in LaMA-processed
below 200 °C, further
supported by the experimental data presented in Figs. 5 and 6 of
this study.

Over 50% of the splats formed fully disc-shaped at a substrate

with minimal thermal contact. specific morphological

configuration was exclusively

splats at substrate temperatures as

preheat temperature of 400 °C. A sample of the disc-shaped
splats is shown in Fig. 7. Increasing the substrate temperature
resulted in the transformation of the splats from teardrop-shaped to
disc-shaped, but the three

structural regions were no longer
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Fig. 2. XRD pattern of synthesized LaMA powders.
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Fig. 3. Granular LaMA powders with different magnifications.

observed in the splats. It is thought that the size of the molten
particles and the volume of the melt play a role. In other words,
as the size and volume of the molten particles decrease,
the three characteristic regions of the splats are no longer
observed. At temperatures above the transition temperature, a
disordered morphology is observed in the LaMA splats, as shown in
Fig. 8.

Figs. 9, 10, and 11 display the 8YSZ splats morphology at
different preheat temperatures of 200, 400, and 600 °C, respectively.
As can be seen, the splats change morphology from teardrop-shaped
to disc-shaped at 400 °C (Fig. 10), and then to a disordered
morphology at 600 °C (Fig. 11). The splats at 400 °C (Fig. 10) are
disc-shaped, but unlike the LaMA splats, they have cracks on the
surface. This difference is attributed to the varying thermal and
mechanical properties of the LaMA and 8YSZ. The change
in morphology of the splats is thought to be due to the combined
effects of surface tension, viscosity, and thermal stress. The cracks
on the surface of the 8YSZ splats are thought to be caused by
the differing thermal expansion coefficients of the splat and the

substrate. The different thermal-mechanical properties of 8YSZ and
LaMA are thought to be due to the different crystal structures of the
two materials.

The morphology of splats at high temperatures is disrupted
for both 8YSZ and LaMA powders. This is attributed to
the development of a surface oxide layer and an enhancement
of surface roughness. Pasandideh-Fard et al. revealed that
the oxide layer was present on the surface even at low
temperatures, and its thickness increased with increasing
temperature. The formation of the oxide layer on the surface
led to the higher thermal resistance at the interface [19]. As
surface roughness increases, the spacing between peaks and
valleys also increases. This causes molten droplets to first
impact the peaks and then flow down the slopes, disrupting the
splat morphology.

In this study, considering the similarity of the final coating
conditions and the splat study conditions, a transition temperature of
400 °C is approximately assumed for both LaMA and 8YSZ
compositions.

ol WD —————] 100

Fig. 4. LaMA splat morphology (preheating temperature: 200 °C).
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Fig. 5. LaMA splat morphology (preheatking temperature: 200 °C).

Fig. 6. Micrograph at higher magnification of different regions of a LaMA splat (preheating temperature: 200 °C).
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Fig. 7. LaMA splat morphology (preheating temperature: 400 °C).
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Fig. 8. LaMA splats morphology (preheating temperature: 600 °C).
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Fig. 10. 8YSZ splats morphology (preheating temperature: 400 °C).
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Fig. 11. 8YSZ splats morphology (preheating temperature: 600 °C).
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4. Conclusions

The substrate preheating temperature significantly affects the splat
morphology in LaMA and 8YSZ thermal spray coatings deposited via
atmospheric plasma spray (APS). A critical transition temperature of
around 400 °C is observed for both materials. Below this temperature,
splats exhibit irregular shapes. At 400 °C, disc-shaped splats with
improved adhesion form. Above 400 °C, the morphology becomes
disordered. Surface tension, viscosity, thermal stress, and surface oxide
layers influence splat morphology. Optimizing preheating temperature
is crucial for achieving desirable splat morphology and enhancing
coating performance. In comparison, at 400 °C, 8YSZ splats exhibit a
disc-like morphology with cracks on the surface, whereas LaMA splats
maintain a disc-like shape without cracks. This difference suggests a
variation in the thermo-mechanical properties of these two materials.
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