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A novel composite-layered thermal barrier coating is designed to solve performance degradation caused by inev-
itable thermal exposure. Inspired by cathodic protection with a sacrificial anode, a degradation-resistant thermal
barrier was achieved by the spontaneous formation of mesopores. The increment of thermal conductivity de-
creased from 110% for conventional coatings to 40% for composite coatings, which means 50% self-enhanced
thermal insulation was realized. A new mechanism based on effective thermal-resistance was proposed to ac-
count for the self-enhanced behavior. The effective area for heat flux prevention was increased from 10 to 30%
for 2D micropores to ~60% for the newly-formed 2D mesopores.
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Thermal barrier coatings (TBCs) have been critical in enhancing the
efficiency of modern propulsion and gas turbines related to energy-
generation [1–6]. The primary function of TBCs is to enable the hot-
sections to operate at temperatures higher than the limit temperature
that the underlying metals can bear. The inlet temperature of a turbine
can be increased by 100–300 °C when it is protected by a TBC with a
thickness of 150–800 μm [7–9]. In addition, TBCs also need provide re-
sistance to calcia-magnesia-alumino-silicate (CMAS) deposits during
high-temperature operation [3,10–21]. Among various TBC fabrication
technologies, the cost-effectiveness of atmospheric plasma spraying
(APS) means that it continues to find wide application [15,22–25].
Moreover, the thermal conductivity of APS-TBCs is often b40% of that
of the corresponding bulk material [26–29], compared to at least 60%
for TBCs prepared by electron beam physical vapor deposition (EB-
PVD) [30,31]. This enhanced thermal barrier performance is reached
due to the lamellar structure of APS-TBCs, with inter-splat pores,
intra-splat cracks, as well as globular voids [32]. The inter-splat pores,
lying perpendicular to the heat flux, have a dominant role on the ther-
mal barrier performance. Moreover, the in-plane lengths of the inter-
splat pores are significantly larger than their out-plane widths [33].
Hence, they are hereafter called “two-dimensional (2D) micropores”.

However, a key challenge for APS-TBCs is in retaining the excellent
thermal barrier performance. TBCs operate at temperatures above
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1000 °C, which causes sintering of the originally porous ceramic struc-
ture. As a result, the thermal conductivity of APS-TBCs can increase by
50–150% dependent on temperature and time, and hence the insulating
capability would be sharply weakened [27,34–43]. For example, APS-
TBCs made of yttria-stabilized zirconia (YSZ) have thermal conductivi-
ties of 1.0 W·m−1 K−1 in the as-deposited state, whereas this value in-
creases to over 1.8 W·m−1 K−1 after thermal exposure at 1300 °C for
50 h [44]. This degradation is highly associatedwith themicrostructural
changes induced by sintering. The main structural change is the
“healing” of 2D micropores. In situ and quantitative data suggest that
approximately 50% of these pores are healed during thermal exposure
[45–48]. Unfortunately, the sintering of ceramics at high temperatures,
along with their trend to be densified, is inevitable. Therefore, how to
realize sintering resistant ceramic coating at high temperature is key
to achieving sustainable thermal barrier function during thermal
service.

Our structural design is based on thewidely known sacrificial anode
protection [49–51]. In this method, the target metal (cathode) is
protected from corrosion by sacrificially corroding another metal
(anode). This suggests that two materials' differentially changing be-
haviors can be utilized to spontaneously resist degradation under a spe-
cific service environment. Inspired by this idea, a novel composite-
layered structure is tailored to control the sintering effect during ther-
mal exposure. Differential contractions of different layers can defy over-
all sintering, despite sintering of each respective region occurring.
Consequently, overall sintering-resistant structure can be realized,
which would essentially solve the problem of degradation caused by
sintering. In this study, we highlighted the relationship between
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designedmicrostructure and thermal property, and investigated theun-
derlyingmechanism responsible for the degradation-resistant behavior.

A composite-layered structure is formed by alternatively stacking
two kinds of splats. The first ones are resolidified from their molten
states prepared by APS. In addition, these splats are further divided
into several splat segments by intra-splat cracks. The limitation of min-
imum particle size in APS suggests that new approaches should be used
to deposit sub-micrometric particles. Recently, suspension plasma
spraying (SPS) and solution precursor plasma spraying (SPPS) are
widely investigated [22,52–57]. The tailored coatings have low thermal
conductivity and long lifetime [58–61], owing to the large quantity of
micro and nanometer pores and segmented structure, respectively.
The strain tolerant nature of SPPS can even be used to prepare durable
TBCswith large thickness [62]. Therefore, the second ones are deposited
by SPS to form nanopowder heaps. For comparison, conventional
mono-layered coatings formed by APS are also prepared. Fig. 1 shows
schematics of the stacking processes of the conventional and composite
coatings; the supplementary file provides information about the sample
preparation, structural characterization, and measurement of thermal
properties.

Fig. 2 shows cross-sectional images of conventional and composite
coatings during thermal exposure. In the as-deposited state, lamellar
features can be clearly found in both coatings, confirming the fact that
the coatings were formed by the stacking of individual splats [63–65].
The splats are often partially bonded together, leaving a large quantity
of 2Dmicropores. These 2Dmicropores provide great insulation against
thermal exposure, since they are oriented perpendicular to the heat
flux.

During thermal exposure, evolution of the composite and conven-
tional coatings canbe divided into two stages (Fig. 2c), and theboundary
is located at approximately 10 h. This two-stage evolutionary trend is
consistent with previous reports [45,66]. In stage I, the trends of change
of the coatings appear to be similar. The length density of 2D pores, de-
fined as the total lengths of 2D pores in unit area, is decreased by ap-
proximately 50%. In stage II, the composite coating shows a contrasting
trend compared to the conventional coating. In the conventional
Fig. 1. Schematics of the stacking processes o
coating, the length density of the 2D pores continues to decrease, albeit
at amuch lower rate than that in stage I, whereas in the composite coat-
ings, the length density of the 2D pores increases. Moreover, the
polished cross-sections show that new pores are formed. These newly-
formed pores clearly have a 2D morphology, but they are longer than
the 2D micropores observed in the as-deposited state. Therefore, they
are hereafter called “2D mesopores.” It is reported that the microstruc-
ture would evolve further under thermal and mechanical load, in
order to relax stresses caused by stiffness [10,11,20,67–69]. And this is
one of the reasons to form new pores or cracks. However, the samples
used in this study are free-standing coatings. Therefore, the external
loading effect may be not the main reason, since no obvious 2D
mesopores can be found in conventional samples, as shown in Fig. 2
(a). In fact, a few of these mesopores are reminiscent of the original
large pores, but most of them are resulted from the interfacial opening
between splats formed through APS and through SPS, as shown in
Fig. 2(f). On one hand, the contractions of the splats formed through
APS and the neighboring splats formed through SPS can be totally oppo-
site. On the other hand, the splats formed through SPS are actually loose
nanopowder heaps, which undergoes a greater contraction degree than
that of the splats formed through APS, since the nanopores significantly
increase the surface energy [70]. These differential contractions result in
the opening of the interface between these two different kinds of splats,
thus forming 2D mesopores. This is similar to the nanostructured TBCs
[71,72].

In fact, the sinteringmechanisms of the splats formed by APS and by
SPS are completely different. In a zone formed by APS, sintering occurs
through the healing of the 2Dmicropores [66]. First, nanoscale roughen-
ing caused by thermal grooving at the grain boundaries and faceting at
the grain surface is observed along the smooth surfaces of the 2Dmicro-
pores. This roughening yields multiple contacts which bridge the facing
surfaces [44,73]. This provides more paths for matter transfer (Fig. 2e),
significantly accelerating the sintering process in stage I [45]. In con-
trast, regarding the nanopowder heaps, the sintering occurs through
the healing of 3D nanopores. Only single contact is formed between
two spherical nano-powders, which is similar to the powdermetallurgy
f conventional and composite coatings.



Fig. 2.Microstructural evolutions of conventional and composite coatings during thermal exposure: (a) polished cross-sections of conventional coatings, (b) polished cross-sections of
composite coatings, (c) changes of 2D pore density, (d) normalized 2D pore density, (e) healing of 2D micropores between dense splats, and (f) formation of 2D mesopores.
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[74]. During sintering, the diameters of the contacted necks grow,
resulting in the gradual disappearance of the 3D nanopores.

Fig. 3 demonstrates how the thermal conductivities of the conven-
tional and composite coatings were affected by the duration of thermal
exposure. At as deposited states, the thermal conductivity of the com-
posite coatings is slightly lower than that of the conventional coatings.
The cause is that the splats deposited by SPS introduced some submi-
cron and nanopores, which contribute mainly to the thermal barrier
Fig. 3. Effect of thermal exposure on the thermal conductivities: (a) changes in thermal co
conductivity at different stages with respect to the as-deposited state.
performance of the SPS and SPPS TBCs [53,60]. Moreover, the designed
layered-SPPS coatings even have lower thermal conductivity compared
with the APS coatings [54,75]. This novel layered-SPPS coating with ex-
cellent thermal insulation also inspired us to design the composite lay-
ered structure, so as to achieve optimized thermal barrier performance.

During thermal exposure, the thermal evolution can also be divided
into two stages. For the conventional coating, stage I and stage II repre-
sent 80% and 120% increase in thermal conductivity, respectively. This
nductivities as a function of thermal exposure durations, and (b) normalized thermal
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was similar to that cited in other reports [35–41], as shown in Fig. 3b.
The degrees of increase are consistent in each stage for conventional
coatings, which implies that the thermal insulation is degraded
throughout the duration of thermal exposure. However, for the com-
posite coatings, stage I and stage II represent 90% and 40% increase in
thermal conductivity, respectively. This suggests that the thermal insu-
lation is recovered in stage II to a significant degree. Moreover, this re-
covered thermal insulation can remain for long time. This is highly
related to thehealingmechanism of the 2Dpores. The ultrafast sintering
kinetic in stage I is mainly caused by accelerated matter transfer in-
duced by themultiple contact points [45]. However, thesemultiple con-
tact points are dependent on the roughening scale and the width of the
2D pores. It is reported that the roughening scale is about 30–50 nm,
which is larger than the width of the 2D micropores (b20 nm) [66].
Therefore, significant healing of the 2D micropores occurs in stage I
(Fig. 2). In contrast, the newly-formed mesoscale 2D pores often have
a width larger than 50 nm, suggesting that they are relatively unable
to be bridge-connected by roughening. This is consistent with a previ-
ous report [76], which proposed a critical healing width for ceramic
coatings.

The changes in thermal conductivity can be correlated with the
changes in 2D pore density. In stage I, the 2D micropores are healed
Fig. 4. Effect of pores with different aspect ratios on thermal barrier performance: (a) temper
(d) normalized effective area as a function of aspect ratio of pores. In Fig. 4d, the blue and re
the newly-formed 2D mesopores (75–100), respectively.
significantly, which is highly consistent with the obvious increase in
thermal conductivity. In stage II, the increase of thermal conductivity
in the conventional coatings seems to be gradual, correlating to the
slight healing of 2D micropores. In contrast, the decrease of thermal
conductivity in the composite coatings is caused by the formation of
2D mesopores. A structural model was developed to predict thermal
conductivity by quantitatively correlating the structural and thermal
properties as a function of thermal exposure duration. In this model,
the variable is the change of 2D pore length, including the 2D micro-
pores and the newly-formed 2D mesopores. Other details about the
structural model can be found in the supplementary material. The pre-
dicted changes of thermal conductivity are consistent with the experi-
mental data. Therefore, the quantitative relationship between structure
and properties suggests that the 2D pores of multiple scales dominantly
determine the thermal properties.

The enhanced thermal insulative performance may be caused by
two reasons. The first is the multiscale pores introduced by SPS. The
coatings prepared by SPS often have large quantity of micron and sub-
micron pores, which contribute to the overall low thermal conductivity
[58–61]. The second is the newly-formed 2D mesopores. Fig. 4 shows
the effect of pores with different aspect ratios on temperature distribu-
tion and heat flux. Just like the mesopores formed in the composite
ature distributions, (b) heat flux, (c) aspect ratios of 2D micropores and mesopores, and
d columns represent the main ranges of aspect ratios of the 2D micropores (15–40) and
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coatings, the pores are perpendicular to the heat flux. Based on Fig. 2,
the mesopores appear to be obvious at stage II, in particular at 100 h.
Therefore, we present the aspect ratios of mesopores at 100 h and
500 h. From the temperature distribution (Fig. 4a), it is found that
pores contribute to a significantly higher temperature drop than solid
material. Moreover, the highest temperature drop occurs at the pore
center, and decreases gradually from the center to the edge of the
pores. In fact, the pores result in a 2D heat flux distribution (Fig. 4b).
At the center of pores, the heat flux is perpendicular to the pores, while
that at the edge of pores is only somewhat affected. This means that
the heat flux at the center of the pore passes through it, whereas that
at the edge of the pore bypasses it. This phenomenon can also be found
in other reports [77,78]. The thermal conductivities of the solid material
and the air-trappedpores are 2.5W·m−1 K−1 and 0.025W·m−1 K−1, re-
spectively. Therefore, the temperature drop decreases from the center to
the edge of the pores. Themethod to determine the pattern of heatflux is
described as follows: (i) the heat flux vector q is divided into qx and qy,
which refer to the X-component and the Y-component of the heat flux
vector q, respectively; (ii) the heat flux bypasses the pores if |qx| N |qy|,
whereas the heat flux passes through the pores if |qx| b |qy|. The critical
condition |qx| = |qy| corresponds to a critical pore of radius Rc, as
shown in Fig. 4d. The area within Rc of a pore would have effective ther-
mal insulation against heat flux, defined as the “effective area.” Fig. 4d
shows the normalized effective area (πRc2) with respect to the total
area (πR2) as a function of the aspect ratio. Overall, the normalized effec-
tive area increases with the aspect ratio. The blue column represents the
main range of aspect ratios of the 2Dmicropores,which is approximately
15–40 observed from Fig. 4(c) at 0 h. In previous reports [8,23,28,33,39],
the aspect ratios of the 2D micropores are b50, and the corresponding
normalized effective area is b30%. In contrast, the red column stands
for the main range of aspect ratios of the newly-formed 2D mesopores,
which is approximately 75–100 observed from Fig. 4(c) at 100 h. As a re-
sult, their normalized effective area increases to nearly 60%. That means
the 2Dmesopores are fully utilized in the prevention of heat flux. This is
the main contribution of the 2D mesopores on the self-enhancing ther-
mal insulation of the composite coatings.

In this study, a novel composite-layered coating was designed
to solve the issues of TBC performance degradation caused by in-
evitable thermal exposure. 2D mesopores oriented against the
heat flux were newly-formed during thermal exposure. The incre-
ment of thermal conductivity was decreased from 110% for con-
ventional coatings to 40% for composite coatings, which means
50% self-enhanced thermal insulation was achieved. Quantitative
analysis confirmed that the 2D pores of multiple scales dominantly
determined the thermal insulation. A mechanism based on the ef-
fective thermal-resistance of 2D pores was proposed to account for
the self-enhancing behavior. The effective pore area which for
preventing heat flux increased from the conventional 10–30% to
nearly 60% for the composite coatings. The novel design enables
TBCs to retain high thermal barrier performance under thermal
service environment, which will provide a fundamental contribu-
tion to the next generation of advanced TBCs.
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