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ARTICLE INFO ABSTRACT

Thermal protection coatings for aerospace applications require robust mechanical properties, exceptional thermal in-
sulation, and high impact resistance to safeguard critical hot-section components and thereby extend their service life.
Previous studies have confirmed that high-entropy titanate (Lag 3Kg 1Cag 2Sro 2Bag 2)TiO3 +5 (HE-LKTO) materials have
excellent thermal protection properties and mechanical properties. To evaluate the viability of the HE-LKTO for
Thermal protection coatings, a novel high-entropy titanate coating with a non-equimolar A-site composition was
fabricated via atmospheric plasma spraying. The as-sprayed coatings subsequently underwent a comprehensive analysis
of their microstructure and phase structure. Guided by the experimental results, the coating prepared under the op-
timized conditions was systematically investigated for its thermal protection performance via plasma flame thermal
shock testing. The failure mechanism was revealed by analyzing the coating’s dynamic behavior under extreme heat
flux. Results show that the HE-LKTO coating prepared at 36 kW exhibits the optimal microstructure: the sprayed
particles achieve complete melting and effective spreading, resulting in the lowest surface roughness and porosity. In
addition, HE-LKTO coating maintains structural integrity at ablation temperatures of 1400 °C, exhibiting excellent high-
temperature protection performance. At the extreme temperature of 1600 °C, however, the coating began to spall as a
result of accumulated thermal stress induced by the mismatched thermal expansion coefficients between the coating
and substrate, as well as crack propagation along interlamellar boundaries and interface separation. This work not only
validates the great potential of HE-LKTO as thermal protection coatings but also provides crucial insights into its failure
mechanism, laying a foundation for future performance enhancement.
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1. Introduction materials, for which essential criteria include superior high-temperature

performance, reduced thermal conductivity, and a thermal expansion

Thermal protection coatings (TPCs) are critical materials designed for
extreme high-temperature environments, aiming to provide effective pro-
tection for key high-temperature components [1-3]. TPCs with excellent
performance not only reduce the operating temperature of substrates, but
also significantly prolong their service life. Currently, yttria-stabilized zir-
conia (YSZ) remains the most widely utilized TPC material due to its rela-
tively low thermal conductivity (2.6 Wm™"K~* at 1200 °C) and balanced
mechanical properties [4,5]. However, its sustained operational limit is
approximately 1200 °C. Exposure to temperatures beyond this threshold
induces phase transformations in YSZ, accompanied by volumetric expan-
sion, which ultimately leads to coating cracking and spallation. As a result,
these constraints have driven the advancement of next-generation TPCs

coefficient compatible with the underlying substrate [6].

Actually a new class of high-entropy ceramic coating, with excellent
high-temperature performance [7], lower thermal conductivity [8] and a
matching coefficient of thermal expansion [9], is anticipated to provide new
breakthroughs for the high temperature protection field [10]. Since Rost
et al. [11] proposed the concept of entropy-stabilized oxides in 2015, high-
entropy ceramic coatings have experienced rapid development. It should be
noted that high-entropy ceramic coating is a new type of ceramic coating
material composed of five or more main metal or non-metal elements,
forming a solid solution phase with a single stable crystal structure [12].
While equimolar or near-equimolar ratios are typically employed to max-
imize configurational entropy, the definition of high-entropy ceramics has
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expanded to include materials composed of at least four principal elements
with either near-equimolar or non-equimolar compositions, which occupy
one or more Wyckoff positions [10]. Thanks to the four core effects (high-
entropy effects [13], sluggish diffusion effects [14], lattice-distortion effects
[15], and cocktail effects [16]) of high-entropy ceramic coatings, they
possess excellent combined properties and have become promising candi-
dates for advanced TPCs. Wu et al. [17] successfully fabricated two types of
high-entropy titanate ceramics via an in-situ solid-phase reaction method.
Their study revealed that the single-phase ceramic (Mg, Co, Ni, Zn)TiyOs
exhibits exceptional thermophysical properties due to its ultra-high config-
urational entropy. Similarly, Zhu et al. [18] produced a high-entropy rare-
earth titanate coating (Yo 2Gdg 2Hog oErg 2Ybg 2)-Ti»O, using APS that shows
excellent thermal insulation performance and high-temperature stability,
making it promising for aero-engine applications. In fact, conventional
perovskite titanates such as SrTiOs, BaTiOs, and their doped variants have
been investigated as TPCs or environmental barrier coatings due to their
attractive thermoelectric properties [19] and excellent mechanical features
[20] at high temperatures. Hanifi et al. [21] successfully prepared an alu-
minum titanate ceramic coating (Al;03-40 %TiO,) using the APS technique
and explicitly pointed out that Al;03-40 %TiO, is one of the most important
ceramic materials widely used in TPCs, which protect metallic components
in industrial and aircraft gas turbine engines under high-temperature con-
ditions. However, the introduction of high-entropy design into titanate
systems represents a significant advancement. Earlier studies by our group
[22] confirmed that the (Lag 3Kq.1Cag 2Srg 2Bag 2)TiO5 4 5 (HE-LKTO) exhibit
exceptional intrinsic properties: a low thermal conductivity of
1.46 Wm™K~' at 1200 °C (44 % lower than YSZ), a high thermal ex-
pansion coefficient of 12.2 x 107® K™! at 1200 °C (well-matched with
nickel-based alloys), and excellent mechanical properties (Vickers hardness
of 11.5 GPa). The multi-component composition of HE-LKTO material leads
to enhanced phonon scattering, reduced thermal conductivity and improved
phase stability—properties that are not achievable with conventional tita-
nates.

Atmospheric plasma spraying (APS) has emerged as the favored ap-
proach for implementing HE-LKTO as TPC, owing to its combination of high
deposition efficiency, cost-effectiveness, and compatibility with large-scale
components [23-26]. Zhang et al. [27] successfully synthesized a
(Yo.2Ybo 2HOg 2Ero 2 Tmy 5)-Hf,0, coating using the APS. They pointed out
that the APS-fabricated coating exhibits a lamellar structure with porosity,
which further reduces heat transfer and thereby leads to good thermal in-
sulation performance. Zhu et al. [6] prepared a novel high-entropy rare-
earth aluminate (Y >Ybg oLug 2Eug 2Erg 5)3A1s015 coating on a nickel-based
superalloy via APS, systematically evaluated its thermal shock performance,
and revealed the coating’s failure mechanism in actual high-temperature
environments. Currently, the studies on high-entropy titanate TPCs fabri-
cated via APS is limited, while the research primarily focused on bulk and
powder materials [22,28-30]. Detailed reports on the microstructural
characteristics and thermal protection performance of such coatings remain
scarce. Therefore, a systematic investigation into the influence of key APS
parameters on the microstructure and properties of the coatings is of great
importance. Such efforts not only facilitate a deeper exploration of the de-
position mechanisms of high-entropy titanates, but also pave the way for
achieving desirable coating properties, thereby advancing their practical
deployment in thermal protection systems for critical high-temperature
equipment.

This study is driven by a high-entropy material design strategy, with the
objective of applying a novel high-entropy titanate coating in the field of
thermal protection. HE-LKTO coatings were deposited on nickel based alloy
substrates (with NiCrCoAlY bonding layer) by changing the spraying power
using APS technology, and the phase composition as well as microstructure
of the coatings were characterized to screen for the optimal spraying
parameters. Furthermore, plasma flame thermal shock testing were con-
ducted on the HE-LKTO coating prepared under the optimal spraying
parameters to evaluate the thermal protection performance of the coating.
Ultimately, the thermal protection capability of the HE-LKTO coating was
assessed by examining its phase stability and microstructural evolution
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following thermal shock tests. This study not only validates the potential of
HE-LKTO as an advanced TPC but also provides fundamental insights into
its failure mechanisms under extreme thermal conditions, laying a
groundwork for future performance optimization and engineering applica-
tions.

2. Material and methods
2.1. Preparation of HE-LKTO powders and coatings

High-purity (> 99.5 %) powders (La;O3, KoCO3, CaO, SrO, BaO and
TiO, from Shanghai Macklin Biochemical Co., Ltd., China.) were em-
ployed as starting materials and weighed according to the stoichiometric
ratio. The blended powders were suspended in anhydrous ethanol and
subjected to attrition milling for 12h at a speed of 300 r/min, employing
zirconia balls as the grinding media. After mixing, the powder suspension
was processed by rotary evaporation to yield a uniformly dry powders.
Following calcination at 900 °C for 3 h, the resulting powders were clas-
sified through a 200-mesh sieve. The powders were subjected to pressure-
free sintering at 1400 °C for 10 h, under conditions of a heating rate of 5
°C/min. HE-LKTO powders were blended with an aqueous solution con-
taining 4.5 wt% polyvinyl alcohol (PVA) and 1 wt% dispersant at a weight
ratio of 6:4. The mixture was then transferred into a grinding tank and
subjected to ball milling for 5h to obtain a homogenized slurry. The slurry
was sprayed in a spray granulation device (YC-019, Shanghai Ya Cheng
Instrument Equipment Co., Ltd., China) with an atomizing pressure of
0.15MPa and a inlet temperature of 240 °C to produce spherical powders.
The powder was sintered at 650 °C and 1050 °C (3 h each) to both remove
organic additives and improve its cohesive strength. Fig. 1 shows the
microstructure and XRD pattern of HE-LKTO spheroidized powders after
heat treatment. After heat treatment, the HE-LKTO granular powders still
maintain excellent surface smoothness and intact apple like morphology
(as shown in Fig. 1(a)). This unique internal concave structure is formed
by the direct evaporation of solvent from the interior of the droplet.
During the particle transformation process in droplets, the evaporation
rate is effectively suppressed by forming a flexible shell with extremely
low permeability [31]. This spray granulating powder has excellent phy-
sical properties, its fluidity is 60 s/50 g, and its apparent density is 1.73 g/
cm®. By comparing the XRD pattern (Fig. 1(b)), it was found that the heat
treatment did not change the crystal structure, while the EDS mapping
(Fig. 1(d)) further confirmed the uniform distribution of the metal com-
position. The particle size distribution of these granular powders is suitable
for APS, as evidenced by the data in Fig. 1(c): Dsg is 39.57 um, Dg, is 48.95
um, and the average diameter is 41.61 um, all of which are within the
recommended range of 30-80 pm [27]. These results indicate that
spheroidized powders have extremely high structural stability under high
temperature conditions and meet the basic requirements of APS for raw
materials.

Prior to spraying, the circular nickel-based alloy substrate (dia-
meter: 25 mm, thickness: 2 mm) surface was roughened to a roughness
exceeding 5pm using a box-type sandblasting machine (HC-9080,
Shijiazhuang Hongchen Machinery Co. Ltd., China). The substrate was
subsequently subjected to ultrasonic cleaning in acetone for 5 min for
the purpose of eliminating residual particulate contaminants from the
surface. In order to further improve the deposition efficiency of the
coating, a metal bonding transition layer (NiCrCoAlY) with a thickness
of about 80 um was prepared on the substrate surface using APS in
advance. The HE-LKTO coating was finally sprayed at powers of 30 kW,
33kW, and 36 kW, named HE-LKTO-1, HE-LKTO-2, and HE-LKTO-3
respectively, with three sets of replicate samples prepared for each
spraying power. The detailed parameters are shown in Table 1.

2.2. Microstructural characterization of HE-LKTO coatings

The phase structure of the HE-LKTO coatings were determined by
X-ray diffractometry (XRD, NSW, The Netherlands). The microstructural
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Fig. 1. Microscopic morphology (a), XRD pattern (b), particle size distributions (c), and elemental distribution map (d) of HE-LKTO granulated powder after heat

treatment.

Table 1
Parameters for preparing bonding layer and HE-LKTO coatings by APS.

Samples Spray distance (mm) Primary gas Ar (slpm) Secondary gas H, (slpm) Carrier gas N (slpm) Current (A) Spray power (kW)
NiCrCoAlY 100 33.3 5.0 3.3 500 30
HE-LKTO-1 100 33.3 5.0 3.3 500 30
HE-LKTO-2 100 33.3 6.7 3.3 520 33
HE-LKTO-3 100 41.7 8.3 3.3 550 36

morphology and elemental distribution of the coatings were characterized
using a scanning electron microscope (SEM, NOVANanoSEM 230 FEI, USA)
equipped with an energy-dispersive spectroscopy (EDS) system. The surface
roughness of the coatings were observed using atomic force microscopy
(AFM, Bruker Dimension Icon, Germany).

2.3. Thermal shock test of HE-LKTO coatings

The thermal insulation performance and resistance to extreme heat
flow erosion of the HE-LKTO coating were evaluated using a high-tem-
perature plasma flame flow thermal shock test platform independently
built in the laboratory. The coating sample (¢ 25mm X 3mm) was
mounted in a graphite fixture on the experimental platform. The testing
distance was set at 60 mm, and the front surface of the sample was heated
to the target temperature by adjusting the process parameters of the APS
system. During the testing process, the surface and backside temperatures
of the HE-LKTO coating were monitored in real-time using infrared ther-
mography (HA384) and thermocouples, respectively. The coating surface
was heated to target temperatures of 1000 °C, 1200 °C, 1400 °C, and 1600
°C, respectively, and held at each temperature for 300 s before the plasma
torch was retracted, marking the end of the evaluation cycle. A schematic
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of the high-temperature plasma flame flow thermal shock test platform is
shown in Fig. 2. The mass of the HE-LKTO coatings was measured using an
analytical balance (Zhuojing Corp., BSM-220.4) before and after thermal
shock testing to determine the coating mass loss. The reported values are
calculated based on three independent repeated samples at each tem-
perature.

3. Results and discussions
3.1. Phase analysis and microstructure of the HE-LKTO coatings

The phase composition of the HE-LKTO coatings were examined by
XRD to confirm that the as-sprayed powders did not undergo phase
transition during the APS process. As shown in Fig. 3, the HE-LKTO
coatings deposited at different power levels all exhibit diffraction peaks
matching those of the sprayed powder, confirming a perovskite struc-
ture [22]. A comparison of the XRD patterns reveals a significant re-
duction in diffraction peak intensity for the HE-LKTO coatings com-
pared to the as-sprayed powders. This reduction can be attributed to the
low crystallinity resulting from the short processing time and rapid
solidification characteristic of the APS process [32].
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Fig. 2. Schematic diagram of plasma flame thermal shock experimental platform.

To further investigate the microstructures of the HE-LKTO coatings
under different powers, SEM, EDS, and AFM analyses were utilized. As
shown in Fig. 4(a), when the spraying power is 30 kW (HE-LKTO-1
coating), there are many irregular particles and some incompletely melted
spherical particles on the surface of coating. This occurred because the low
power only melted the spherical powder into a liquid state on the outside,
while the core remained an unmelted solid particle. When these in-
completely melted spherical powders collide with the substrate at a certain
speed, the internal unmelted particles may break and form many small
particles. Consistent with this analysis, the AFM images (Fig. 4(al) - (a2))
indicated a rough and inhomogeneous surface for the HE-LKTO-1 coating.
With the increase of spraying power to 33kW (HE-LKTO-2 coating), as
shown in Fig. 4(b), the melting degree of coating particles has been greatly
improved, and the coating surface is relatively flat. The increase in
spraying power led to a higher particle heating temperature in the plasma

flame, thereby promoting particle melting. Nevertheless, some partially
melted particles, along with a few microcracks and pores, were still pre-
sent. To further enhance particle melting and explore the effect of power
on coating microstructure, the spray power was increased to 36 kW (HE-
LKTO-3 coating). As shown in Fig. 4(c), compared with the coating pre-
pared at low power, the HE-LKTO-3 coating has a smoother, flatter, and
denser surface (as shown in Fig. 4(c1) - (c2)). It should be noted that in
order to better observe the micro-scale smoothness within the well-formed
sputtered area of the coating, the AFM measurements were conducted on a
local region of 5 x 5 um. Therefore, the obtained roughness value cannot
represent the overall surface roughness of the coating, but this does not
affect the observation of the roughness variation trend. Furthermore, the
EDS mapping in Fig. 4(d) reveals that the HE-LKTO-3 coating prepared at
36 kW exhibits a homogeneous distribution of all elements, with no de-
tectable segregation.
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Fig. 3. XRD patterns of HE-LKTO coatings deposited under different spraying powers.
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Fig. 4. Surface microstructural characteristics of HE-LKTO coatings under different spraying powers: (a) SEM image at 30 kW, (al)-(a2) AFM images (5 X 5 pm scan
area) at 30 kW; (b) SEM image at 33 kW, (b1)-(b2) AFM images (5 X 5 pm scan area) at 33 kW; (c¢) SEM image at 36 kW, (c1)-(c2) AFM images (5 X 5 pm scan area)
at 36 kW; (d) SEM image and elemental distribution maps of the HE-LKTO coating surface at 36 kW.

It can be clearly seen from Fig. 5 that the cross-sectional thickness
and morphology of HE-LKTO coating vary with different spray powers.
All cross-sections exhibit a distinct three-layer structure, with the
average thickness of HE-LKTO-1, HE-LKTO-2, and HE-LKTO-3 coatings
being 173.42 ym, 186.51 um, and 216.23 um, respectively, while the
corresponding average thickness of the bonding layer is 85.76 um,
84.85 um, and 83.12 pm, respectively. It can be concluded that the
coating thickness significantly increases with the increase of spraying
power, while the bonding layer thickness remains basically unchanged.
The increase in thickness is attributed to the more complete melting of
high-entropy titanate particles at higher power, which improves de-
position efficiency and leads to the formation of more material deposits
on the substrate [33]. As shown in Fig. 5(a), the HE-LKTO-1 coating
deposited at a power of 30 kW exhibits a porous and loose structure due
to its low power. When the power is low, it can lead to insufficient
spreading of the coating when the molten particles collide with the
substrate, resulting in the formation of pores during the cooling

shrinkage process and adversely affecting the bonding strength of the
coating [34]. As the power gradually increased to 33 kW (HE-LKTO-2)
and then to 36 kW (HE-LKTO-3), the pores observed in the cross-section
of the coating gradually decreased. According to ImageJ software
analysis, the measured porosity of HE-LKTO coating is 15.38 %, 9.89 %,
and 6.21 %, corresponding to three different spraying powers (30 kW,
33 kW, and 36 kW). In summary, HE-LKTO-3 coating has a high-quality
microstructure with a few pore defects, which meets the key application
requirements as a TPC. As shown in Fig. 5(d), the fracture surface of
HE-LKTO-3 coating exhibits a typical layered structure. In addition, a
small number of pores and globular voids can be observed in the mi-
crostructure, which is a characteristic of the APS manufacturing process
itself [35]. This occurs as the plasma-melted droplets travel at high
speed to the metal substrate, enveloping some surrounding air. The
subsequent rapid solidification of these droplets on the substrate pre-
vents the timely escape of the trapped air, thereby leading to the for-
mation of pores and voids [36,37]. In fact, these defects are beneficial
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Fig. 5. Cross-sectional morphology of the HE-LKTO coatings deposited at different spraying powers: (a) 30 kW; (b) 33kW; (c) 36 kW, and fracture surface mor-

phology (d) of the HE-LKTO-3 coating.

to some extent, as they help relieve stress during thermal cycling and
thereby improve the thermal protection performance. Huang et al. [38]
employed a combination of the quartet structure generation set
methods and Monte Carlo simulation methods to develop a thermal
analysis model for TPCs. This study found that microcracks reduce the
thermal conductivity of coatings with different structures, thereby im-
proving their thermal insulation performance to some extent. There-
fore, the HE-LKTO-3 coating achieves a balanced performance: its low
porosity ensures adequate bonding strength and erosion resistance,
while its inherent lamellar structure and the presence of limited mi-
crocracks still provide essential pathways for stress relief and thermal
insulation.

3.2. Thermal ablation behavior of the HE-LKTO-3 coating

Based on the aforementioned analysis, the HE-LKTO-3 coating ex-
hibits the most optimal microstructure, the lowest porosity, and the
most compact structure. Therefore, thermal shock tests were conducted
specifically on the HE-LKTO-3 coating. In this study, a plasma spraying
flame was selected as the high-temperature heat source.

Compared with traditional thermal shock testing sources such as
butane flames, plasma flames have higher center temperatures and
stronger impact forces, providing key reference value for accurately
evaluating the performance of coatings under actual usage conditions.
As shown in Fig. 6(a), after 300 s of thermal shock ablation at 1000 °C,
the HE-LKTO-3 coating showed no signs of thermal shock damage, in-
dicating that the coating maintained its integrity and structural stability
at that temperature. After the ablation temperature was raised to 1200
°C and lasted for 300 s, the HE-LKTO-3 coating did not show significant
thermal shock damage, only a small amount of ablation marks were
observed, and the overall coating remained highly intact. When the
ablation temperature further increased to 1400 °C, a large number of
dark spots (ablation points) began to appear in the ablation area at the
center of the coating surface, although the entire coating still main-
tained a relatively high flatness. At the ablation temperature of 1600 °C,
a large number of ablation points initially appeared on the surface of
the coating, and their range gradually expanded. After the ablation
operation lasted for 180 s, some areas of the coating began to peel off.
Subsequently, the substrate of the central ablation area was rapidly
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damaged, leading to melting and collapse, ultimately resulting in
sample failure. The XRD pattern (Fig. 6(b)) shows that the phase
composition of the surface ablation area is consistent with that of the
HE-LKTO-3 coating, and no secondary or impurity phases were formed
during the high-temperature plasma flame ablation process. This ex-
cellent phase stability is supported by the fundamental “high-entropy
effects”, specifically the high configurational entropy and severe lattice
distortion. The significantly increased configurational entropy of multi-
component systems effectively reduces Gibbs free energy, making it
thermodynamically more favorable for the formation and stabilization
of single-phase solid solutions [39,40]. Meanwhile, significant atomic
size differences between constituent elements can lead to severe lattice
deformation, resulting in significant energy barriers that impede atomic
diffusion and phase separation [41-43]. It is this synergistic effect that
enables HE-LKTO-3 coating to maintain excellent high-temperature
stability even after undergoing thermal ablation processes. Ad-
ditionally, as the plasma jet generated by the APS system is a
high-velocity gas flow containing ionized species, it exerts an impact on
the coating surface. Therefore, the mass loss of the HE-LKTO coatings
before and after thermal shock are listed in Table 2. As can be seen from
Table 2, the mass loss of the coating gradually increases with the pro-
gressive rise of the thermal exposure temperature. This is due to the fact
that at higher temperatures, the thermal expansion mismatch between
the coating and the substrate becomes more pronounced, generating
greater interfacial stress and accelerating crack initiation and propa-
gation. Simultaneously, high temperatures soften the coating surface,
thereby reducing its resistance to the high-velocity impact and shear
forces imposed by the plasma jet. The aforementioned factors collec-
tively degrade the coating’s cohesion and erosion resistance, leading to
increased mass loss under higher thermal loads.

The microstructures of the ablated coatings were analyzed using
SEM and EDS to further link it with thermal protection performance.
The study on microstructural characteristics mainly focused on the
analysis of coatings exposed under conditions of 1200 °C, 1400 °C, and
1600 °C. The reason for choosing this group of samples is that all the
coatings subjected to impact treatment have the same phase composi-
tion, and the macroscopic morphology of the coating at 1000 °C has not
undergone any changes (as shown in Fig. 6(a)). Fig. 7 shows the surface
morphology of HE-LKTO-3 coating after exposure to a plasma jet at
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Fig. 6. Macroscopic morphology (a) and XRD patterns of the HE-LKTO-3 coating after ablation for 300 s at different temperatures.

1200 °C. In the central ablation area (as shown in Fig. 7(b)), a large
number of pits and particle aggregates can be observed, which is at-
tributed to the continuous erosion effect under high-temperature
plasma flow. The degree of ablation in the transitional ablation zone (as
shown in Fig. 7(c)) exhibits a significant gradient change: the area not
directly exposed to the jet maintains its original shape, while the area
directly exposed to thermal radiation undergoes ablation. This leads to
the formation of micropores and cracks. In the peripheral ablation area
(as shown in Fig. 7(d)), the coating surface remained largely unchanged
because the plasma jet with Gaussian energy distribution significantly
reduced the heat flux density at the edge, resulting in only a slight
ablation effect [44,45]. During the testing process, thermal stress was
generated due to the steep temperature gradient on the coating surface.
When the plasma jet stops, rapid surface cooling leads to local heat
accumulation, resulting in stress concentration and the formation of
large areas of microcracks [9]. It is worth noting that crack propagation
is an effective heat dissipation pathway, which alleviates stress gra-
dients through the distribution of heat flux [38]. EDS mapping was
conducted in the transition zone between central ablation and

Table 2

peripheral regions to analyze elemental redistribution across the
thermal gradient. As shown in Fig. 7(f), after plasma jet testing at 1200
°C, the A-site metal elements in the HE-LKTO-3 coating maintained a
highly uniform distribution, and no element separation phenomenon
was detected.

Fig. 8 shows the surface morphology of HE-LKTO-3 coating after
exposure to 1400 °C plasma jet. As shown in Fig. 8(b), the central ab-
lation area is filled with holes and deep pits, which are typical features
of thermal damage. The formation of these deep pits is due to the ex-
posure of the area to higher temperatures and stronger plasma flow
impacts. In addition, due to the highly concentrated heat flux, the
cooling process of the material is relatively slow, providing sufficient
time for grain growth [18]. Therefore, smaller spherical grains gradu-
ally thicken, forming tightly arranged grain aggregates. In the transi-
tional ablation zone (Fig. 8(c)), the surface remains relatively flat
compared to the central ablation zone, and the ablation effect is
weaker. However, the peripheral ablation area (Fig. 8(d)) did not show
significant structural changes. This spatial difference arises from the
Gaussian energy distribution of the plasma jets, in which the heat flux

Mass loss of the HE-LKTO coatings after thermal shock tests at different temperatures.

Temperature (°C) 1000 1200

1400 1600

Mass loss (g) 0.0002 + 0.0001

0.0061 + 0.0008

0.0154 * 0.0013 0.1132 = 0.0217
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Fig. 7. Surface morphology images of HE-LKTO-3 coating after 300 s thermal shock by 1200 °C plasma jet: macroscopic morphology image (a); microscopic image of
the central ablation zone (b); microscopic image of the transition ablation zone (c); microscopic image of the peripheral ablation zone (d); low magnification image of

the transition ablation zone (e) and EDS mapping (f) of the rectangular boxed area.

at the edges drops off sharply, resulting in inadequate ablation. EDS
mapping was conducted in the transition zone between central ablation
and peripheral regions to analyze elemental redistribution across the
thermal gradient. As shown in Fig. 8(f), the HE-LKTO-3 coating main-
tained uniform distribution of its five A-site metal elements after ex-
posure to a plasma jet at 1400 °C, and there was no separation phe-
nomenon, highlighting its extremely high thermal stability.

Fig. 9 reveals the ablation failure characteristics of the HE-LKTO-3
coating after extreme thermal shock under a 1600 °C plasma jet for 300s.
The macroscopic morphology (Fig. 9(a)) indicates severe overheating in the
central ablated area, exhibiting localized coating spallation. As depicted in
Fig. 9(b), the central ablation zone exhibits a prominent network of wide
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cracks, which primarily originated from the thermal stress generated during
the shock process [46]. A higher-magnification view of the central region
(Fig. 9(c)) reveals that, compared to the effects observed at 1400 °C, the
1600 °C thermal load triggered a more intense remelting-solidification cycle.
The subsequently rapidly solidified melt developed a new, tightly inter-
locked and rugged microstructure.

3.3. Thermal protection performance and failure mechanism of the HE-
LKTO-3 coating

Thermal insulation performance is the most critical service indicator
for TPCs [9]. Therefore, evaluating the thermal insulation performance



X. Ma, J. Zhuy, C. Gao et al.

50 pm

Extreme Materials 2 (2026) 34-46

Fig. 8. Surface morphology images of HE-LKTO-3 coating after 300 s thermal shock by 1400 °C plasma jet: macroscopic morphology image (a); microscopic image of
the central ablation zone (b); microscopic image of the transition ablation zone (c); microscopic image of the peripheral ablation zone (d); low magnification image of

the transition ablation zone (e) and EDS mapping (f) of the rectangular boxed area.

of the HE-LKTO-3 coating under the four high-temperature thermal
shock test conditions is crucial. During the thermal shock tests con-
ducted using a high-temperature plasma jet, the surface and backside
temperatures of the HE-LKTO-3 coating were monitored in real-time by
an infrared thermography and thermocouples, respectively. The corre-
sponding temperature curves are presented in Fig. 10. When the tem-
perature difference between the front and back sides stabilized, a front
surface temperature of 1000 °C resulted in a backside temperature of
540 °C. Subsequently, the backside temperature reached to 780 °C, 1050
°C, and 1380 °C as the front surface temperature increased to 1200 °C,
1400 °C, and 1600 °C, respectively. In other words, when the response
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temperature of the coating surface is 1000 °C, 1200 °C, 1400 °C, and
1600 °C, the corresponding insulation temperatures are 460 °C, 420 °C,
350 °C, and 220 °C, respectively. This data reveals a clear trend: as the
temperature of the plasma flame impinging on the coating surface rises,
the temperature differential across the HE-LKTO-3 sample progressively
narrows. This change occurs because the intense and prolonged thermal
and erosive forces induce surface melting and spallation of the coating.
Such damage compromises the structural integrity of the coating and
consequently degrades its thermal insulation performance. Liu et al.
[47] prepared YSZ coating using APS technology, and found that the
insulation temperature of the coating at 1200 °C was only 84 °C, much
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50 pm

Fig. 9. Surface morphology images of HE-LKTO-3 coating after 300 s thermal shock by 1600 °C plasma jet: macroscopic morphology image (a); microscopic image of
the central ablation zone (b); enlarged image of the central ablation zone (c) and surface elemental distribution map (d) of the coating.
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Fig. 10. Thermal insulation capability curve of the HE-LKTO-3 coating after 300 s of plasma flame thermal shock testing at 1000 °C (a), 1200 °C (b), 1400 °C (c) and

1600 °C (d).

lower than the insulation temperature of HE-LKTO-3 coating at the
same temperature (420 °C). Chen et al. [48] used APS technology to
prepare two types of YSZ coatings (submicron structure and nanos-
tructure), both of which have thermal insulation performance lower
than 100 °C at an ambient temperature of 1200 °C. Furthermore, YSZ
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coatings undergo a phase transformation at around 1200 °C, which is
accompanied by a volume expansion of 3 — 5% [49]. In other words,
the failure temperature of YSZ coatings is essentially 1200 °C, whereas
the failure temperature of the HE-LKTO-3 coating studied here reaches
as high as 1600 °C.
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Fig. 11. Cross-section microstructures of HE-LKTO-3 coating under thermal shock test at 1400 °C (a) and 1600 °C (b)-(c). As well as the schematic diagram of the

microstructure evolution process of the coating (d).

Fig. 11 displays SEM images of the cross-section of the HE-LKTO-3
coating after thermal shock testing. As shown in Fig. 11(a), after testing
at 1400 °C, the interfaces between the top coating, the bonding layer,
and the substrate remain clear and well-bonded, with no obvious de-
lamination observed. This result is consistent with the experimental
finding that the coating maintains a high thermal insulation perfor-
mance (with an insulation temperature drop of 350 °C) at 1400 °C,
further confirming the significant potential of HE-LKTO as a novel high-
entropy titanate TPC for high-temperature applications. This perfor-
mance can be attributed primarily to the sluggish diffusion effects
characteristic of high-entropy coatings, which impart properties such as
sintering resistance [50] and low volumetric shrinkage [43]. These
features help to release stress and allow pores to absorb crack-tip en-
ergy under thermal loading, thereby enhancing the coating's actual
service life [6]. Additionally, the bonding layer, with its moderate
thermal expansion coefficient (approximately 15 x 10~° K1) [51]
and excellent ductility, acts as a “stress buffer”, effectively dissipating
localized stress concentrations at the interface between the top coating
and the substrate, thereby delaying interfacial cracking. In contrast,
when the test temperature was increased to 1600 °C (as shown in
Fig. 11(b), (c)), distinct interfacial separation between the top coating
and the bonding layer occurred, accompanied by crack propagation
along the interface. This is due to the aggravated mismatch in the
thermal expansion coefficients between the top coating and the sub-
strate under extreme temperatures, leading to significant thermal stress
at the interface. As reported by Zhang et al. [41], such a thermal ex-
pansion coefficient gradient across the coating system induces radial
and axial thermal stresses during plasma flame thermal shock, with
tensile stress at high temperatures (1200 — 1600 °C) and compressive
stress during cooling. With continued thermal shock, these stresses
accumulate at the interface, initiating and propagating microcracks.
Under prolonged thermal shock, the bonding layer further accelerates
coating failure through the accumulation of interfacial stresses. Fur-
thermore, the cross-sectional images (Fig. 11(c)) reveal cracks pene-
trating through the coating thickness, resulting from stress concentra-
tion induced by rapid heating and cooling during thermal shock. The
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lamellar structure (formed by the APS process) of the coating weakens
at high temperatures due to grain growth and sintering effects, reducing
interlayer bonding strength and further promoting crack propagation
along the interlamellar boundaries, ultimately leading to coating spal-
lation.

Based on the above observations, the microstructural evolution of
the HE-LKTO-3 coating during thermal shock testing can be divided
into three stages (Fig. 11(d)): (i) Initiation of microcracks at the in-
terface between the top coating and bonding layer driven by thermal
mismatch stress; (ii) Propagation of cracks along the top coating/
bonding layer interface as thermal shock continues. To effectively re-
lieve interfacial stress and reduce the energy release rate at the crack
tip, cracks penetrating the coating and secondary cracks are induced
[52], leading to gradual weakening of the lamellar structure; (iii) Fur-
ther extension and interconnection of cracks, eventually causing se-
paration between the top coating and the bonding layer and resulting in
failure of the coating.

4. Conclusion

In this study, HE-LKTO coatings were prepared using APS tech-
nology by varying the spraying power. Systematic investigations were
conducted to elucidate the relationship between the coating’s micro-
structure, thermal protection performance, and failure mechanisms
under plasma flame thermal shock. The results demonstrate that the as-
sprayed coatings retain a single-phase solid solution structure with a
dense, layered morphology. At a spraying power of 36 kW, the HE-
LKTO-3 coating achieved the most favorable microstructural char-
acteristics (such as minimum porosity). The exceptional thermal pro-
tection performance of the HE-LKTO-3 coating is attributed to its high-
entropy nature. During thermal shock testing, the coating maintained
integrity and effective thermal insulation up to 1400 °C, with only lo-
calized ablation features observed. However, at an extreme temperature
of 1600 °C, the coating undergoes spallation failure due to accumulated
thermal stress induced by the mismatched thermal expansion coeffi-
cients between the coating and substrate, as well as crack propagation
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along interlamellar boundaries and interface separation. This study
offers valuable insights for the development of high-entropy titanate
ceramic coatings and demonstrates their promising application in ex-
treme thermal environments.
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