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In an effort to improve the performance of heat engines at high temperatures, advanced surface coatings
have been developed from complex perovskites. Materials of Ba(Mg1/3Ta2/3)O3 and La(Al1/4Mg1/2

Ta1/4)O3 composition were synthesized and applied as ceramic topcoats of thermal barrier coating (TBC)
systems by atmospheric plasma spraying (APS) in single layer and in double-layer combination with
conventional yttria stabilized zirconia (YSZ). Microstructural and phase analyses reveal that plasma
spraying of complex perovskites is accompanied with the formation of vertical crack networks and
secondary oxide phases which influence the failure mechanism of the TBCs. The low value of fracture
toughness for the complex perovskites and the thermally grown oxide at the topcoat-bondcoat interface
of the TBCs are, however, the major factors which lead to the coating failure on thermal cycling at about
1250 �C.
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1. Introduction

A wide search for new thermal barrier coating (TBC)
materials which can improve or substitute the yttria sta-
bilized zirconia (YSZ)-based TBCs has been conducted to
increase the operation efficiency of heat engines. Such new
TBCs should allow operation temperatures higher than
1200 �C without phase transformation, aside from thermo-
chemical and thermomechanical compatibility with the
substrate layer to be coated. Recently, rare-earth per-
ovskites (ABO3) have been considered for this purpose.
Such perovskites are characterized by melting point higher
than 1800 �C. Further, the thermal expansion coefficient
has values typically greater than 8.5 9 10�6/K and thermal
conductivity of less than 2.2 W/m-K, which are advanta-
geous for use as heat insulating layer (Ref 1, 2).

Among the rare-earth perovskites, the complex
Ba(Mg1/3Ta2/3)O3 (BMT) and La(Al1/4Mg1/2Ta1/4)O3

(LAMT) have recently been investigated. In particular,
BMT has been proven as one of the most refractory oxides
known to science with melting temperature as high as
3100 �C (Ref 3). Another interesting feature of these
material structures is that, the ordering effect in the B-site
allows for the properties to be tailored (Ref 3-6), making

them very attractive candidates for materials development
in TBC applications.

At present, several effective processing techniques
have been used to deposit different material systems from
pyrochlores to perovskites as TBCs (Ref 1, 7-11). Atmo-
spheric plasma spraying (APS) is among those techniques
which are capable of effectively depositing high melting
temperature materials (Ref 12). With this technique,
powders are injected into the plasma where particles are
accelerated and melted or partially melted, before they
solidify into splats on metallic substrates.

This article reports on the thermal and mechanical
properties of the synthesized complex perovskites and
their performance as TBC materials, including the driving
mechanism that leads to the failure of the TBC on thermal
cycling at high temperatures.

2. Experimental Procedure

Ba(Mg1/3Ta2/3)O3 and La(Al1/4Mg1/2Ta1/4)O3 were
synthesized from stoichiometric amounts of BaCO3 (Alfa
Aesar, 99.8%), La2O3 (Aldrich, 99.9%), Al2O3 (Fluka,
>95%), MgO (Aldrich, >99%) and Ta2O5 (Treibacher
Powdermet, 98.95%) powders, mechanically activated in
ethanol suspension by planetary ball milling at 150 rpm
for 12 h. The milled precursors were dried and calcined at
1250 �C for 3 h prior to final heat treatment at 1600 �C for
4 h. Phases formed were determined by x-ray diffraction
analysis.

Bulk specimens 25 9 5 9 3 mm in size were then
prepared from the synthesized powders by cold isostatic
pressing followed by sintering at 1600 �C for 10 h in air.
These specimens were used for dilatometry tests to
determine the linear expansion of the complex perovskites
up to 1200 �C. Dense cylindrical samples with 10 mm
diameter were also prepared by hot pressing at 1600 �C
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for 3 h with a pressure of ~80 MPa. These samples were
used for determination of mechanical properties by depth-
sensing microindentation and thermal conductivity from
the data of thermal diffusivity by laser flash technique,
heat capacity by differential scanning calorimetry and
density by Archimedes method. The data gathering pro-
cedures are given in detail in Ref 13.

For application as ceramic top coat in TBC systems by
APS, powder feeds need to be dense and of good flow-
ability. The synthesized BMT powders exhibited these
qualities upon final heat treatment and subsequent
mechanical pulverization, but not LAMT. Hence, the
LAMT powders were first spray-dried as described in
detail in a previous publication (Ref 14). Sieved particles
for both perovskite materials with sizes between 45 and
125 lm were utilized for coating by APS using Triplex I
gun (Sulzer Metco) operated with flowing Argon and
Helium. The complex perovskite powders were coated on
disc-shaped nickel-base superalloy IN738 substrates with
150 lm thickness NiCoCrAlY bondcoat deposited by an
F4 gun of the vacuum plasma spray facility (Sulzer
Metco). Standard steel plates were simultaneously sprayed
for characterization of the as-sprayed coatings. The
porosity level of the free-standing coatings removed from
the steel plates by soaking with HCl, was determined by
mercury porosimetry. Phase composition and microstruc-
ture of the as-sprayed coatings were analyzed by XRD
and SEM, respectively. Double-layer systems consisting of
a 7.8 wt.% YSZ coating directly deposited on the bond-
coat and a complex perovskite topcoat were also pro-
duced. The thickness of each topcoat was about half the
total coating thickness of approximately 300 lm.

Gas burner rig facilities were used to determine the
thermal cycling lifetime of the TBC systems as described
in (Ref 15). In the rigs, the samples were periodically
heated and cooled. On heating, the reverse side of the
sample was simultaneously cooled by compressed air to
maintain a controlled temperature gradient across the
samples. After a 5-min high temperature phase, the
burner was removed and the sample cooled with com-
pressed air for 2 min. The coating lifetime is the number
of thermal cycles at which spallation of about 5 9 5 mm2

of the coating could be visible. At least two replicate
samples were subjected to burner rig tests to confirm the
reliability of results. Metallographic specimens were then
cut-out from the cycled samples for microstructural
investigation.

3. Results and Discussion

3.1 Bulk Properties

The linear expansion versus temperature profiles as
shown in Fig. 1, do not manifest any significant structural
change during heating up to 1200 �C for both complex
perovskites. The corresponding thermal expansion coeffi-
cient (TEC) profiles presented in Fig. 2 show promising
values. In particular, TEC values in increasing tempera-
ture for BMT are higher than that of 4.4 mol.% YSZ

(corresponding to ~7.8 wt.% YSZ) and other new gener-
ation TBC materials mentioned in (Ref 10). In fact, they
are even higher than the TEC of the single crystal BMT in
(Ref 3). With high TEC, the stress misfit between topcoat,
bondcoat, and the super alloy substrate can be alleviated
during thermal cycling.

Properties of dense samples (~95% relative density)
show, that despite higher Cp value at 1200 �C for LAMT
(Fig. 3), its much lower thermal diffusivity of 0.0055 cm2/s
as compared to 0.0083 cm2/s for BMT, resulted to lower
thermal conductivity (Fig. 4) at this temperature. The
thermal conductivity at 1000 �C for LAMT is even lower
than that of 3YSZ and some of the previously published
TBC materials (Ref 2, 16, 17). The mechanical properties
obtained by micro-indentation tests (Table 1) show elastic
modulus lower than that of YSZ (Ref 18), which is quite
desirable for TBC applications. In contrast, low values of
fracture toughness associated to an inhomogeneity of the
material due to the presence of secondary phases, are

Fig. 1 Linear expansion of BMT and LAMT vs. temperature

Fig. 2 Thermal expansion coefficient vs. temperature of BMT
and LAMT, including 4.4YSZ for comparison
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undesirable. Often, the crystallization of complex per-
ovskites at high temperatures is associated with the for-
mation of small amount of secondary phases (Ref 3, 5, 19),
which are very stable even after long periods of sintering
at extremely high temperatures (Ref 20).

3.2 Plasma-Sprayed Coatings

Several APS parameters were varied to obtain the
desirable porosity levels in the coatings. The BMT powder

was effectively coated on standard steel substrate using a
Triplex I gun operated with flowing Ar and He at 20 and
13 standard liter per minute (slpm), respectively. The
optimized spray distance of 90 mm produced about 17%
total pore volume (Fig. 5) in the ceramic topcoat.

Atmospheric plasma spraying with Triplex I (~300 A
operational current) was not able to effectively deposit
LAMT on the steel substrates despite varying the spray
conditions. The sprayed LAMT powders seemed to have
been poorly deposited as they easily fell-off the steel
substrate when soaked in HCl solution, and even in plain
water. It should be noted that the LAMT powders were
previously spray dried, thus the actual particle size is
in-fact smaller. In-flight particle, diagnostics is however in
progress to determine the state of the LAMT particles
during plasma spraying. The failure of depositing LAMT
with Triplex I prompted the use of Triplex II gun (~530 A
operational current) with a higher operation capability. At
a spray distance of 200 mm with flowing Ar and He gas of
45 slpm and 6 slpm, respectively, Triplex II was able to
produce LAMT coatings which were successfully removed
from the standard steel substrate with hydrochloric acid.
The free-standing LAMT coating had about 13% porosity.
Obviously, the coatings produced with Triplex II have
lower porosity levels owing to the higher power of the
plasma gun compared to Triplex I, to melt the powder
regardless of the feeding rate. The YSZ coatings used in
the double-layer systems had porosity levels of 13-18%.

The micrographs of the plasma-sprayed double-layer
coatings are shown in Fig. 6. The microstructures are
characterized with microcracks as usually observed in
plasma-sprayed coatings. Large intersplat delamination
cracks as well as vertical crack networks can be observed
in the double-layer YSZ/BMT deposited with Triplex I
gun (Fig. 6a). The large cracks running parallel to the
coating surface are reducing the bonding between splats,
however also decrease the thermal conductivity. Second-
ary phase forming thin white shades could also be
observed in the micrograph of the BMT coating.

Fig. 3 Heat Capacity vs. temperature of BMT and LAMT

Fig. 4 Thermal conductivity vs. temperature of BMT and
LAMT, including 3YSZ for comparison

Table 1 Mechanical properties of the bulk samples

Composition

Young�s
Modulus,

GPa
Hardness,

GPa

Fracture
toughness,
MPaÆm1/2

BMT 186 ± 2 12 ± 2 ~0.7
LAMT 174 ± 2 13 ± 2 ~0.6
YSZ, t�phase (Ref 18) 210 ± 10 13 ± 1 ~3

Fig. 5 Mercury porosity measurements of free-standing
as-sprayed coatings corresponding to the samples subjected for
thermal cycling
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Small broadening in the x-ray diffraction profile at
around 30� 2h in Fig. 7(a) of the as-sprayed BMT, indi-
cates the presence of an amorphous phase. Perovskites
were observed to decompose forming secondary phases at
high temperatures during particle in-flight on plasma
spraying (Ref 11). On EDX analysis, the secondary phase
was confirmed to be composed of Ba, Ta, and O.

The occurrence of secondary phase is similarly
observed in the micrograph of the as-sprayed LAMT/YSZ
topcoat (Fig. 6b), as the XRD profile also reveals a more
distinct amorphous peak (Fig. 8a). The LAMT secondary
phase forming thin white shades along the splats were
determined to be composed of La, Ta, and O by EDX
analysis. The microstructure of the as-sprayed LAMT/
YSZ double-layer system is characterized by high con-
centration of finer and denser vertical crack networks and
lower porosity level. Intersplat horizontal cracks are
hardly visible indicating good intersplat bonding.

On thermal cycling at ~1250 �C surface temperature,
no further decomposition of the BMT perovskite was
observed, and the associated secondary phase which
increased in crystallinity was found to be a Ba3Ta5O15

(BTO) oxide. However, it was found that the simple dis-
ordered cubic structure of the as-sprayed BMT in
Fig. 7(a), transformed into an ordered hexagonal structure
on thermal cycling (Fig. 7b-c). Corresponding photo-
graphs of the cycled TBC coatings made from BMT are
shown in Fig. 9.

After 31 cycles at 1215 �C/1022 �C surface/bondcoat
temperatures, the single-layer system failed at the topcoat-
bondcoat interface, indicating that the failure was oxida-
tion driven although the oxide layer is still rather thin after
this short exposure time. This is related to the low
toughness of the perovskites (Ref 7). The double-layer
system failed within the BMT layer as YSZ was not
observed in the XRD profile (Fig. 7c) after 167 cycles at
1339 �C/1003 �C surface/bondcoat temperatures. This
indicates that the material capability on exposure at these
temperatures is limited. The poor intersplat bonding in the

Fig. 6 Cross-section micrographs of (a) BMT/YSZ and (b)
LAMT/YSZ double-layer coatings as sprayed using APS

Fig. 7 X-ray diffraction profile of double-layer BMT/YSZ
surface (a) as-sprayed, (b) after 560 cycles at 1242 �C/1038 �C,
and (c) after 167 cycles at 1339 �C/1003 �C surface/bondcoat
temperatures

Fig. 8 X-ray diffraction profile of LAMT (a) as-sprayed, (b) in
single layer after 527 cycles at 1235 �C/944 �C, and (c) in double-
layer with YSZ after 1921 cycles at 1229 �C/999 �C surface/
bondcoat temperatures
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BMT layer could have also prevented the relief of the
thermal stresses through the large microcracks (Ref 20).
In addition, the presence of secondary oxide phase along
the splat lines could also contribute to further stress mis-
match between the topcoat and the bondcoat on thermal
cycling.

On thermal cycling both the single-layer and double-
layer systems of LAMT, La3TaO7, and La(AlO3) phases
were found to crystallize at ~1250 �C/~1000 �C surface/
bondcoat temperatures (Fig. 8b-c). The structure of
LAMT remained in cubic form upon thermal cycling, but
the orthorhombic La3TaO7 and rhombohedral La(AlO3)
phases became more dominant on increasing thermal
cycling surface temperature. The lifetime of LAMT
coatings particularly the double-layer system, fall within
the lifetime range of the standard YSZ TBC in (Ref 7).
These coatings have a more promising lifetime compared
to BMT coatings despite the low values of fracture
toughness. This is probably due to higher concentration of
vertical crack networks and good intersplat bonding in the
LAMT coatings deposited by Triplex II gun. The vertical
crack networks probably performed in similar manner as
segmentation cracks, which can greatly improve the strain
tolerance of the coatings during thermal cycling. Good
intersplat bonding can also effectively avoid delamination
failure (Ref 20). However, further oxidation of LAMT
during thermal cycling results to formation of secondary
oxide phases which may have different values of thermal
expansion coefficient than the LAMT main phase. Such

occurrence will affect the inter-particle response to ther-
mal stresses during cycling, and ultimately contribute to
the total failure of the coating systems as in Fig. 10, which
is also oxidation driven from the growth of TGO.

Investigation on the improvement of the properties of
these promising TBC systems is currently being pursued as
new techniques have surfaced on how to prevent or con-
trol the reactions in the perovskite coatings during plasma
spraying (Ref 21). Although low values of fracture
toughness is responsible for early crack propagation,
accordingly, the thermal protection of the component
does not deteriorate with the presence of microcracks,
conversely the thermal conductivity drops, as long as the
cracking mechanism is not catastrophic for the TBC sys-
tem (Ref 22).

4. Conclusion

Coating systems made of atmospheric plasma-sprayed
LAMT complex perovskites show promising TBC per-
formance on high temperature thermal cycling compared
to BMT. Plasma spraying of complex perovskites is
accompanied with the formation of vertical crack net-
works and secondary oxide phases which could influence
the failure mechanism of the TBCs. Since the means to
control the propagation of catastrophic interfacial cracks
from thermally grown oxide along the interface of the

Fig. 9 Photograph and corresponding micrograph (bottom) of BMT in (a) single-layer after 31 cycles at 1215 �C/1022 �C and in
(b) double-layer with YSZ after 167 cycles at 1339 �C/1003 �C surface/bondcoat temperatures
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coatings are available, the synthesized complex perovsk-
ites pose a promising future for new generation TBC
materials development.
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Drying of Ceramics for Plasma-Spray Coating, J. Eur. Ceram.
Soc., 2000, 20, p 2433-2439

15. F. Traeger, R. Vaßen, K.-H. Rauwald, and D. Stöver, A Thermal
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