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New Generation Perovskite Thermal Barrier
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Advanced ceramic materials of perovskite structure have been developed for potential application in
thermal barrier coating systems, in an effort to improve the properties of the pre-existing ones like yttria-
stabilized zirconia. Yb,0O3; and Gd,Oj3 doped strontium zirconate (SrZrQ;) and barium magnesium
tantalate (Ba(Mgy,3Taz;3)03) of the ABO; and complex A(B'y3B5/3)O3 systems, respectively, have been
synthesized using ball milling prior to solid state sintering. Thermal and mechanical investigations show
desirable properties for high-temperature coating applications. On atmospheric plasma spraying, the
newly developed thermal barrier coatings reveal promising thermal cycle lifetime up to 1350 °C.

Keywords gas turbine coatings, perovskite ceramics, plasma-
sprayed TBCs, thermal cycling lifetime

1. Introduction

In the last two decades, much effort has been devoted
to the development of ceramic thermal barrier coatings
(TBCs) in order to increase the efficiency of gas turbines
(Ref 1). State-of-the-art TBCs are usually based on
7-8 wt.% Y,0O5-stabilized ZrO, (YSZ) prepared by
atmospheric plasma spraying (APS) or electron-beam
physical vapor deposition (EB-PVD) (Ref 2). The maxi-
mum surface temperature of these types of coatings is
limited to ~1200 °C for long-term operations due to the
phase transformation of zirconia. Such transformation
results to change in volume and causes the formation of
cracks in the coatings (Ref 3).

In order to remedy such phenomenon, a wide search
has been conducted for new TBC materials which allow
operation temperatures higher than 1200 °C without
phase transformation, aside from thermochemical and
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thermomechanical compatibility with the substrate layer
to be coated. Recently, perovskites (ABO;) have been
considered for this purpose. Such perovskites are usually
characterized by melting point higher than 2000 °C.
Further, the thermal expansion coefficient (TEC) has
values typically greater than 8.5 x 107® K~' and thermal
conductivity of less than 22 W m™' K~!, which are
advantageous for use as heat insulating layer (Ref 4).
Perovskites additionally offer the possibility for extensive
substitution of ions at A and/or B site, which enables the
properties of the materials to be selectively influenced
(Ref 5).

Among the perovskites, SrZrO; of ABO; and the
complex Ba(Mg;3Tay;3)05 of A(B'{3B"”53)03 systems
have been proven as two of the most refractory oxides
known to science with melting temperature as high as
2650 °C (Ref 6) and 3100 °C (Ref 7, 8) respectively.

The SrZrOs5 perovskite undergoes three temperature-
induced phase transformations, which are as follows
(Ref 9):

. 740°C 840°C 1130°C .
orthorhombic — ~pseudo-tetragonal — ~tetragonal — ~ cubic,
Pnma Imma 14/mem Pm3m

a sequence entirely consistent with both Carlsson’s
observations (Ref 10). As a candidate TBC material, the
phase transformations for SrZrO; are not desirable.
However, there are no distinguishable discontinuities of
the unit cell volumes in all of the structural phase trans-
formations of SrZrOj;. Only the transformation from
orthorhombic Pnma to pseudo-tetragonal Imma at 700 °C
involves a small volume change of ~0.14% (Ref 11).
These transformations are thus considered nearly contin-
uous (Ref 12). On the other hand, formation of
Ba(Mg;3Tay3)03 (BMT) is usually accompanied by
secondary phases which as well are stable even after sin-
tering at 1650 °C for a long time (Ref 13). Hence, such
phenomena as phase transformation and occurrence of a
secondary phase are not deemed obstacles in the synthesis
and design of these potential perovskite ceramics for TBC
applications.
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The thermophysical properties of SrZrO; modified by
doping with 10 mol% Yb,05 and 20 mol% Gd,Oj; and the
complex BMT, together with their thermal cycling life-
time, are presented in this article.

2. Experimental Procedure

Solid-state synthesis of the modified SrZrO; was con-
ducted through ball milling with ethanol the starting
powders of Yb,O; (Treibacher Powdermet, 99.9%),
Gd,03 (Treibacher Powdermet, 99.9%), SrCOj3 (Aldrich,
>98%), and ZrO, (Aldrich, 99%). The milled suspension
was then dried and calcined at 1400 °C. The synthesis
procedure was repeated three times for the purpose of
obtaining a single phase material. BMT, on the other
hand, followed similar solid state route with starting
powders of BaCO; (Alfa Aesar, 99.8%), MgO (Aldrich,
>99%), and Ta,Os (Treibacher Powdermet, 98.95%).
After drying, the milled suspension was heat treated at
1500 °C for 48 h. The phases formed after syntheses were
determined by XRD (Model D5000, Siemens, Cu K,
radiation, Germany).

Bulk specimens of SrZrO; and BMT materials were
also prepared by cold pressing followed by sintering at
1600 °C for 6 h in air. The densities (p) of the sintered
samples were measured according to Archimedes princi-
ple. Measurements of the thermal expansion coefficients
(TECs), thermal diffusivities, and specific heat capacities
of the bulk materials were then recorded by a high-
temperature dilatometer (Model DIL 402E, Netzsch,
Germany), laser flash (Model THETA, Netzsch,
Germany), and simultaneous thermal analysis apparatus
(Model STA 449C, Netzsch, Germany), respectively.
The thermal conductivities of the sintered samples were
calculated using the equation:

A =Dw(T)Cp(T)p(T) (Eq 1)

where A, Dy (T), C,(T), and p(7T) are the thermal con-
ductivity, thermal diffusivity, specific heat capacity, and
measured density, respectively.

For mechanical property measurements, the samples
were prepared by cold-pressing and subsequent hot-
pressing at 1550 °C with 100 MPa for 2-4 h. The prepared
disc-shaped samples were cold mounted using resin and
polished to ~1 pm. Young’s modulus, hardness, and
fracture toughness of the modified SrZrO; and BMT were
determined by a depth-sensing microindentation tech-
nique in which the indenter position was precisely
recorded at a given applied load. The instrument (Model
H-100 Fischerscope, Helmut Fischer GmbH, Germany)
displays the indenter displacement with accuracy in the
nanometer range and a load resolution of 0.4 mN during
the entire loading-unloading period.

For application as TBC topcoats, the synthesized
SrZrO; and BMT powders were further milled with eth-
anol and 1.8 wt.% dispersing agent, then subsequently
spray-dried. Sieved size fractions between 45 and 125 um
were used for plasma spraying. Single layer and double
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layer systems with 7.8 wt.% yttria-stabilized zirconia
powder (Metco 204 NS, Sulzer Metco GmbH, Germany)
underlayer were also prepared.

The modified SrZrO; coating, modified SrZrO;/YSZ
double layer coating (DLC), and BMT coating were air
plasma sprayed (Triplex I gun, Sulzer Metco, Switzerland)
on individual substrates such that a total coating thickness
of about 400 pm was deposited. The conditions for the
deposition of the coatings were argon and helium plasma
gas flow rates of 20 and 13 standard liter per minute
(slpm), a plasma current of 300 A at a power of 20 kW,
and a spray distance of 100 mm. The DLC consisted of an
YSZ coating directly sprayed on the bondcoat and a
modified SrZrO; topcoat. Before deposition of the final
topcoat, the substrates were coated with a 150 pm Ni-Co-
Cr-Al-Y bondcoat by a vacuum plasma spray (VPS) in a
Sulzer Metco facility using an F4 gun. The thickness of
each topcoat was about half the total coating thickness.

For thermal cycling, the coatings were sprayed on
IN738 substrate with diameter of 30 mm and thickness of
3 mm. The disc-shaped samples had beveled edges to
minimize the effect of stresses originating from the free
edges of the samples. During the manufacture of the
thermal cycling specimens, steel substrates were also
coated. These were used to characterize the as-sprayed
condition of the coatings. The freestanding coatings, which
were produced by removing the steel substrate from the
sprayed coats with hydrochloric acid, were used to inves-
tigate the pore-size distribution using mercury porosime-
ters (Models Pascal 140 and 440, CE Instruments, Italy).

Thermal cycling was then carried out in a burner-rig
test facility where samples were periodically heated and
cooled. On heating, the reverse side of the samples was
cooled by compressed air to maintain a temperature gra-
dient of typically 0.4-1.0 K/um across the samples. After
the high-temperature phase, the burner was removed and
the sample cooled with compressed air. The cycles usually
took 5 min heating and 2 min cooling and were repeated
until a clearly visible spallation of about 5 x 5 mm? of the
coating occurred. The detailed process description can be
found elsewhere (Ref 14).

The microstructure of the coatings was investigated by
a scanning electron microscope (SEM) (Model JXA 840,
JEOL, Japan).

3. Results and Discussion

3.1 Sintered Samples

The relative densities of the hot-pressed pellets are
>95% of the theoretical densities. Moreover, the relative
densities of the modified SrZrOj; are slightly higher than
that of pure SrZrO;, indicating that doping Yb,O; or
Gd,Os; is favorable for the densification of SrZrOs. These
samples were further used for determination of mechani-
cal properties.

The TECs of the dense SrZrOs;, Sr(Zrp9Ybo1)Os.0s,
Sr(ZrpsGdp2)O,9, and BMT are shown subsequently
(Fig. 1). The TEC of SrZrO; is 8.7-10.8 x 107 K~!
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Fig. 1 TEC profiles for SrZrOs, Sr(Zrp9Ybo1)O209s, Sr(Zrps
Gdp2)O,.9, and BMT bulk materials

(200-1100 °C), which is comparable to that of YSZ
(~10.5 x 107° K™, 200-1100 °C) (Ref 15). The slope of
the TEC profile for SrZrOj slightly changed at ~750 °C,
which is in accordance with a phase transformation
from orthorhombic to pseudo-tetragonal. The TEC of
Sr(Zrp9Ybg 1)O5.95 is higher below ~740 °C and compa-
rable between 740 and 1100 °C to that of SrZrOs. The
change in the slope of the TEC profile at ~630 °C is much
lower than that of SrZrOs;, indicating that doping Yb,O3
can shift the phase transformation temperature to a lower
temperature range. As for Sr(ZrypsGdp,)O,9, TEC is
lower than that of SrZrOj; all throughout the measured
temperature range. A lower TEC may lead to higher
stress generation during thermal cycling, which is a dis-
advantage for TBC application. However, the TEC of
Sr(ZrysGdp2)O, 9 has no obvious abnormal change during
measurement, indicating that doping with Gd,O;3 can
enhance the phase stability of SrZrOj;. This might be
due to a larger octahedral factor of rgq/ro compared with
ryv/fo in perovskite structure, r; being the ionic radius.

BMT, on the other hand, gave the highest and consis-
tent TEC profile from 200 to 1100 °C, indicating no
structural transformation despite the presence of minor
secondary phases of BaTa,0Oq and BasTa,0g in the test
sample. The higher TEC for BMT is beneficial for TBC
application, because it can alleviate stress misfit between
topcoat and bondcoat, as well as substrate super alloy
during thermal cycling. However, at the moment, the data
for thermal cycling of BMT are still being generated and
will be reported later.

Specific heat capacity (C,) profiles reveal that BMT has
the lowest C,, followed by Sr(Zr(sGdy2)O29, Sr(Zrgo
Ybp1)Os29s, and SrZrO; consecutively (Fig. 2). Doping
with Yb,O3 and Gd,Oj3 does not only suppress the phase
transformations in SrZrOs, but also lower its C, value.
This doping effect also yields a lower thermal conductivity
for a given thermal diffusivity value at the temperature
range of 200-1200 °C.
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Fig. 2 Specific heat capacity profiles for SrZrOs;, Sr(Zrgo
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Fig. 3 Thermal conductivities of SrZrOj, Sr(Zrp9Ybg1)O2.9s,
Sr(Zrp5Gdp2)O,9, and BMT as a function of temperature

The thermal conductivity of these materials decreases
with increase in temperature up to about 500 °C where the
profiles suggest a rather constant value up to 1000 °C.
After which, the thermal conductivity profiles continue to
increase with further temperature rise, except for BMT
which further decreases in value (Fig. 3). The thermal
conductivity for Sr(Zry9Ybg1)O,.95 reveals a very prom-
ising profile in that it is not only at least ~20% lower than
that of SrZrOs, but also ~20% lower than that of YSZ at
1000 °C (2.1-22 Wm~' K~', 1000 °C) (Ref 16). The
thermal conductivity of (ZrygGdy,)O,9 is lower below
~900 °C and comparable between 900 and 1100 °C to that
of SrZrO;. These results reveal that doping with Yb,O5 is
more efficient in reducing the thermal conductivity of
SrZrO; than doping with Gd,O3;. BMT has the highest
thermal conductivity among the four materials, which
could be attributed to its higher thermal diffusivity and
bulk density compared to the other three materials.
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Table 1 Mechanical properties of bulk materials

Young’s Fracture

modulus, Hardness, toughness,
Material GPa GPa MPa-m"?
SrZrO; 170 + 4 13+1 1.5+ 0.1
S1(ZrysGdp2)O0z9 160 £ 5 92 +03 1-2
S1(Zrp9Ybo1)O2.5 150 £ 5 92+ 0.9 1-2
BMT 186 + 2 1242 ~0.7
YSZ (Ref 17) 210 £ 10 13+1 ~3

It is uncertain if the increasing values of the thermal
conductivity at high temperatures above 1000 °C in Fig. 3
are realistic. This increase could probably be due to the
method of thermal diffusivity measurement, which is the
laser flash technique. Such technique requires a supple-
mentary topcoat to make the test sample opaque at
measurements above 1000 °C, because ceramic materials
are transparent on thermal radiation to a certain extent in
this temperature region. The opaque layer, which was
graphite in this case, tends to disintegrate at elevated
temperatures. This can lead to erroneous values of the
thermal diffusivity, and usually the value at high temper-
atures could therefore be too high.

The mechanical properties of SrZrO; and BMT were
determined by an indentation technique (Table 1). Values
for YSZ are also listed for reference. The Young’s mod-
ulus of the modified SrZrO5; was found to be lower than
that of SrZrOs;. A low elastic modulus value is advanta-
geous with respect to thermal stresses. The fracture
toughness of the modified SrZrO; is between 1.0 and
2.0 MPa-'m'?, which is comparable to that of YSZ (1-2
MPa-m'?) (Ref 17) and SrZrO; (1.5 &+ 0.1 MPa'm'’?).
BMT, on the other hand, has the lowest value of fracture
toughness, which might be associated with an inhomoge-
neity of the material due to the secondary phases present.

3.2 Plasma-Sprayed Coatings

Plasma-sprayed coatings of Sr(Zry9Ybg.1)O2.9s, Sr(Zrg g
Gdy,)O,9, and BMT were first optimized mainly with
respect to homogeneity of the microstructure. The
porosity distribution of modified SrZrO; and BMT coat-
ings used for thermal cycling is shown in Fig. 4. The
porosity distribution of SrZrOj; coating is also presented
for comparison. The results reveal a typical bimodal pore
size distribution. The larger defects corresponding to radii
above 1 pm are believed to have resulted from macro-
cracks and voids. The fine pores smaller than 1 um are
mainly attributed to microcracks such as intersplat gaps
and intrasplat cracks. The cumulative porosities of the
freestanding coatings are ~20.0, ~16.5, and ~15.0% for
Sl’(zr()_ngO.l)Oz.g& Sr(Zr()lng()_z)Oz_g, and BMT, respec-
tively. The modified SrZrOj coatings have slightly larger
values than the optimized porosity level (~15%) normally
used in conventional YSZ-based TBCs (Ref 18). SrZrO;
coating has a lower cumulative porosity than the other
three coatings with almost no macrocracks and voids. This
could be attributed to the smaller particle size used for
plasma spraying (56-90 pym). The smaller particles of
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Fig. 4 POrOSity distribution of Sr(ZTQ_ngQ_l)Oz_gs, Sr(ZrO_g
Gdy,)0,9, and BMT freestanding coatings in the as-sprayed
state

Table 2 Thermal cycling test results

Cycles

TBC system Tourss °C Touwp» °C to failure
SrZrOs 1251 965 1514
SI'(ZI‘()»ng()»z)Oz_g 1130 984 13
S1(ZrpsGdp2)020/YSZ 1249 965 3853

1348 1015 208
Sr(Zro()YbOl)Ozgs/YSZ 1246 974 3443

1329 1011 1285
Sr(Zr()_ng()_ 1 )02_95 1239 969 806
Ba(Mgy33Ta0.67)03/YSZ 1242 1038 560
Typical YSZ (Ref 20) 132041350 1000-1035  250-1000

Tsurt. 1s the surface temperature, while Ty, is the substrate
temperature of a sample

SrZrO; must have been well melted and ultimately
formed a denser coating.

The thermal cycling results for Sr(Zr9Ybg1)O5.95/YSZ
and Sr(ZrggGdg2)0,9/YSZ DLC are listed in Table 2.
Typical values for YSZ coatings are also presented for
comparison. It is obvious that the single layer Sr(Zrgo
Ybp.1)O2.95 and Sr(ZrysGdo,)O,9 coatings have shorter
thermal cycling lifetime compared to that of the lone YSZ
coating. However, the thermal cycling lifetimes of the
DLCs Sr(ZrO_ng0,1)02,g5/YSZ and SI’(ZI'()Ang()Az)OQAg/
YSZ at a surface temperature of ~1250 °C are 3443 cycles
and 3853 cycles, respectively, which are comparable to
that of YSZ and much higher than that of SrZrO;. This
indicates that the DLC system can indeed prolong the
thermal cycling lifetime of new TBC materials.

At a surface temperature >1300 °C, the thermal
cycling lifetime of Sr(Zrp9Ybg1)O,.05/YSZ coating is 1285
cycles, which appears rather long, whereas the lifetime of
Sr(ZrpsGdo2)0,9/YSZ coating is much shorter. The
shorter coating lifetime of the newly developed materials
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might be mainly due to the lower critical energy release
rate as compared to that of YSZ. Lower critical energy
release rate has a higher potential for bondcoat-ceramic
delamination (Ref 19).

The surface morphology of the Sr(Zry9Ybg1)02.05/YSZ
coating after cycling at a surface temperature of 1329 °C
reveals some spalling of the topcoat from the bondcoat
(Fig. 5a). Its corresponding cross-section micrograph
also reveals some vertical cracks that might have devel-
oped due to the sintering of the coating surface, which is
also observed in YSZ coating after cycling at surface
temperature range between 1320 and 1350 °C (Ref 20).

The surface morphology of Sr(ZrggGdg2)0,24/YSZ
coating after thermal cycling at a surface temperature of
1348 °C reveals that sintering of the coating surface
occurred (Fig. 5b). The corresponding cross-section
micrograph shows the formation of parallel cracks at the
YSZ-Sr(ZrygGdy,)O,. ¢ interface and vertical cracks in the
Sr(ZrpsGdo,)O,9 layer. The development of parallel
cracks is mainly attributed to the lower TEC of
Sr(ZrygGdo,)O29 as compared to YSZ. The surface
coating spalled from the Sr(ZrggGdy2)O,9 layer as con-
firmed by the XRD profile in Fig. 6(A), which reveals that
YSZ diffraction peak after thermal cycling is absent.

The surface XRD patterns of Sr(ZrgoYbg1)02.95/YSZ
and Sr(ZrygGdy,)0,6/YSZ DLC as-sprayed and after

Tou= 1348°C
T, 5= 1015°C

sub

-.<

cycling at different surface temperatures are shown in
Fig. 6(a). The DLC is single phase in the as-sprayed
condition. However, after thermal cycling at high surface
temperatures (~1250 or ~1350 °C), secondary phases
appeared, which are Yb,O3 for Sr(ZrgoYbg1)05.9s5/YSZ
and Gd,0; for the Sr(ZrygGdy,)O0,0/YSZ. The precipi-
tation of the secondary phase in the coatings is detri-
mental for TBC applications.

During thermal cycling, different vapor pressures
for ZrO,, SrO, Yb,0Os3, and Gd,0;, which are 1 x
107 atm (2500 °C), 2 x 107> atm (2500 °C), 6 x 107*
atm (2500 °C), and 9 x 107® atm (2500 °C), respectively,
are believed to be the cause of the precipitation phe-
nomenon (Ref 21, 22). According to the ZrO,-SrO phase
diagram (Ref 6), during thermal spraying, SrO volatilizes
more than ZrO, due to its higher vapor pressure, resulting
in the deviation of the coating composition from stoichi-
ometric SrZrOs;. Zr is partially substituted in SrZrO; by
Yb or Gd, and the vapor pressure of SrO is higher than
that of both Yb,O5; and Gd,Os. Therefore the mixture of
SrZrOj; and the small amount of non-equilibrium Yb,05
or Gd,Oj3 is believed to be present in the as-sprayed
coatings. The non-equilibrium Yb,O5; or Gd,O;5 trans-
forms into equilibrium phase upon cycling, as well as the
amount of Yb,O3 or Gd,O5 in the coatings increases
simultaneously, which might be due to their limited

T

surf

=1329°CH

Fig. 5 Surface morphology and corresponding cross-section micrographs after thermal cycling of the double layer coatings of

(a) Sr(zro'ngo'l)Oz'QS/YSZ and (b) Sr(ZrO'ngO'z)Oz'g/YSZ
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Fig. 6 (A) XRD profiles of the surface of Sr(Zrp9Ybg1)Oz.05/
YSZ coating in (a) as-sprayed, after cycling at surface tempera-
ture of (b) 1246 °C and (c) 1329 °C, and for Sr(ZrpsGdy>)O5.o/
YSZ coating (d) as-sprayed, after cycling at surface temperature
of (e) 1249 °C and (f) 1348 °C. (B) XRD profiles of the surface of
BMT/YSZ coating in the (a) as-sprayed and (b) after cycling at
surface temperature of 1242 °C

solubility in SrZrO; at lower temperatures as compared
to the synthesis temperature of Sr(Zrp9Ybg1)O,95 and
Sr(ZrypsGdp2)O,9. The lifetime values of the designed
TBCs, however, suggest that the double layer systems of
the modified SrZrO; paired with YSZ could be alterna-
tives for high-temperature applications than possible with
lone YSZ coating.

For the double layer BMT/YSZ system, the thermal
cycling lifetime is lower compared to the other DLC sys-
tems of the modified SrZrO; owing to its much lower
fracture toughness, higher elastic modulus, and higher
thermal diffusivity. Such factors greatly influence the
material response to stresses resulting from thermal mis-
match between the different layer materials (Ref 23).
Moreover, some thermal instabilities were observed
during the thermal cycling test of the BMT TBC, which
could be due to the formation of Ba;TasO;5 as revealed in
the XRD profile of the cycled sample in Fig. 6(B). The
thermal cycling lifetime of 560 cycles at ~1250 °C is
nevertheless promising at this early stage of investigation
for BMT as a thermal barrier coating material.
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4. Conclusions

Perovskite SI‘(ZI"()IQYb()Al)Oz_gS, Sr(ZrOAngoiz)Ozhg, and
BMT were investigated for their potential as new gener-
ation TBC materials. The TECs of Sr(Zrg9Ybg1)O,.95 and
BMT are 9.2-10.6 x 107° K~! (200-1100 °C) and 9.5-
11.1 x 107 K~! (200-1100 °C), respectively, which are
comparable to that of YSZ, while Sr(ZrggGdy2)O,9 on
the other hand has a lower TEC value. The results of
specific heat capacity and thermal conductivity measure-
ments reveal that doping Yb,Oj3; is more effective in
reducing the specific heat capacity and thermal conduc-
tivity of SrZrO; than doping Gd,0O;. The thermal con-
ductivity of Sr(Zry9Ybg 1)O3.95 is ~20% lower than that of
SrZrO; within the temperature range of 200-1200 °C,
which is beneficial for thermal insulation. Whereas BMT
has the highest thermal conductivity among the four
materials which could be attributed to its higher thermal
diffusivity and bulk density, even with the lowest specific
heat capacity. Nevertheless, the potential for its applica-
bility in TBC systems is very promising due to (compa-
rable or better) properties than YSZ.

The Young’s moduli of the modified SrZrO; were
found to be lower than that of YSZ, which might yield
higher strain tolerance for coatings. Furthermore,
compared to thermal cycling lifetime of the single
layer ST(ZT()Ing()Al)OQ.L)S and ST(ZT().SGd()IQ)Ozlg coatings,
Sr(zro_ngovl)Ozvgs/YSZ and Sr(zro_ngo,z)Oz.g/YSZ
DLCs have much longer thermal cycling lifetimes at a
surface temperature of ~1250 °C, which are comparable
to that of the YSZ coating at similar surface temperature.
A major advantage of the Sr(Zry9Ybg1)O,.95/YSZ DLC is
that its thermal cycling lifetime is better compared to that
of the optimized single layer YSZ topcoat at a surface
temperature of ~1350 °C. This suggests that double layer
coatings with Yb-modified SrZrOj; could be alternatives
for lone YSZ coating at higher temperature applications.

Compared to the SrZrOj; coatings, low fracture
toughness, higher elastic modulus, and decomposition of
BMT lead to its earlier failure at ~1250 °C.
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