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bstract

onsiderable efforts are being invested to explore new thermal barrier coating (TBC) materials with higher temperature capability to meet the
emand of advanced turbine engines. In this work, LaTi2Al9O19 (LTA) is proposed and investigated as a novel TBC material for application at
300 ◦C. LTA showed excellent phase stability up to 1600 ◦C. The thermal conductivities for LTA coating are in a range of 1.0–1.3 W m−1 K−1

300–1500 ◦C) and the values of thermal expansion coefficients increase from 8.0 to 11.2 × 10−6 K−1 (200–1400 ◦C), which are comparable to

hose of yttria stabilized zirconia (YSZ). The microhardness of LTA and YSZ coatings were in the similar level of ∼7 GPa, however, the fracture
oughness value was relatively lower than that of YSZ. The lower fracture toughness was compensated by the double-ceramic LTA/YSZ layer
esign, and the LTA/YSZ TBC exhibited desirable thermal cycling life of nearly 700 h at 1300 ◦C.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) made of low-thermal con-
uctivity ceramics have seen extensive applications in turbine
ngines used for aircraft propulsion, power plant, and marine
ropulsion to provide thermal insulation to metallic compo-
ents from hot burner gas. Yttria stabilized zirconia (YSZ) is
he current industrial standard topcoat materials in TBC system,
hich can long-term operate at temperatures below 1200 ◦C.1–6

t higher temperatures, the phase transformation and acceler-
ted sintering of YSZ tend to lead to early spallation failure
f TBC.7,8 To meet the development of advanced gas-turbine
ngines that operated at higher gas temperature, great efforts
ave been made to seek for new ceramic materials with better

9–11
erformance than YSZ. The new materials cover espe-
ially doped zirconia,12–14 pyrochlores,15–17 perovskites,18,19

nd aluminates.20–23
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chanical properties; Thermal shock resistance

Compared with YSZ, pyrochlore La2Zr2O7 (LZ) has a lower
hermal conductivity and better sintering-resistance. However,
he LZ coating has a very short life due to its low thermal expan-
ion coefficient (TEC) compared to YSZ, which leads to higher
hermal stresses from thermal expansion mismatch.15 CeO2 was
onsidered to substitute for ZrO2 because materials containing
eO2 usually have higher TECs and lower thermal conductiv-

ty than YSZ. La2Ce2O7 (LC) is a solid solution of La2O3 in
eO2 with a defect fluorite structure. The main advantages of
C as TBC material are low thermal conductivity and no phase

ransformation between room temperature and 1400 ◦C.24 But
he thermal expansion shows a sudden decrease in the temper-
ture range of 200–400 ◦C and LC reacts with �-Al2O3 at high
emperature, resulting in poor thermal cycling life of the sin-
le layer LC TBC.24,25 It seems that the double-layered topcoat
esign can overcome the shortcomings and improve the thermal
ycling lives of LZ and LC coatings.26–28 Recently, a large class
f hexaluminates with magnetoplumbite structure, particularly
he LaMgAl11O19 (LMA), have been proposed as new TBC
aterials for the excellent sintering-resistance.20–23 The LMA
revents sintering and thus exhibits improved ageing behav-
or under long-term thermal loads despite its relative higher
hermal conductivity than that of YSZ TBC.22 Lanthanum
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Table 1
Nominal chemical composition of Ni-based superalloy K3 (in wt.%).

Ni Co Cr Al Ti Mo W Fe
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itanium aluminum oxide (LaTi2Al9O19, LTA) is face-centered
onoclinic with a huge unit cell, which is as four times large

s that of the magnetoplumbite phase and interleaved with
seudobrookite-like layers. The special crystallographic sites
ould allow achieving the capability of a lower thermal conduc-
ivity. In this work, LaTi2Al9O19 was proposed as a novel TBC
aterial. The phase stability, thermophysical properties and
echanical properties of the LTA were investigated. Besides,

he durability of the plasma-sprayed coating was evaluated by
hermal cycling testing at 1300 ◦C.

. Experimental procedure

LTA materials were synthesized by solid-state reaction of
a2O3 (99.99%), TiO2 (≥99.7%) and Al2O3 (≥99.7%). The

hree powders were ball-milled directly, after drying, calcined
t 1500 ◦C for 24 h. This process was repeated for three times to
btain pure products. The LTA compact was densified by cold
ressing of LTA powders at 400 MPa, followed by sintering at
600 ◦C for 72 h.

The powders for plasma-spraying were produced by the
praying method and the powders of 25–150 �m were selected
or spraying. Ni–21Co–17Cr–12Al–1Y (in wt.%) bond coat
as sprayed onto disk shaped K3 Ni-based superalloy substrate

� 30 mm × 2.5 mm) by vacuum plasma spraying with an F4
un. The chemical composition of the K3 superalloy is listed
n Table 1. Then the LTA coating was deposited on the bond
oat in an atmospheric plasma spraying unit using a 7-M gun
Sulzer Metco). For manufacturing of the LTA/YSZ double-
eramic-layered TBC, the YSZ coating was sprayed from 204
S feedstocks (Sulzer Metco) as the bottom ceramic layer while

he LTA coating was deposited as the top ceramic layer. The pro-
essing parameters used for spraying LTA and YSZ are given in
able 2. The sprayed coatings were annealed in air at 1050 ◦C for
e-crystallization. Free-standing LTA coatings, which were used
o investigate the thermophysical properties and microstructure
volutions, were produced by spraying LTA powders onto the
teel, followed by removing the substrate using chemical etch-
ng.

The crystal structure was characterized by XRD (X’ Pert

ro MPD, Cu Ka radiation, Netherlands). Phase stability and
pecific heat of the LTA specimen were investigated by differen-
ial scanning calorimeter (DSC, Netzsch STA 449C, Germany)

able 2
rocessing parameters for plasma spraying of LTA and YSZ coating.

owder Power
(kW)

Spray distance
(mm)

Ar
(slpm)

H2

(slpm)
Feed rate
(g min−1)

TA 37.3 120 45 12 40
SZ 38 75 38 17 35
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n argon atmosphere with a heating rate of 20 ◦C min−1.
he density was determined by the principle of Archimedes’
nd the chemical composition of LTA coating was analyzed
y electron probe micro-analysis (EPMA, JXA-8100, JEOL).
he porosity of the coating was determined using mercury
orosimeter (AUTOSCAN-33, QUANTA CHROME, USA).
he coating microstructures were characterized on scanning
lectron microscopy (SEM, FEI Quanta 600, Netherlands).

Thermal diffusivity measurement was conducted in argon by
aser flash diffusivity apparatus (Netzsch LFA 427, Germany) on
he bulk and free-standing coating specimens with a diameter of
2.7 mm and thickness of 1–2 mm. Thermal expansion of LTA
as determined using a high-temperature dilatometer (Netzsch
IL 402E, Germany) on the LTA bulk specimen with dimensions
f 25 mm × 4 mm × 4 mm.

The micro-hardness was measured by micro-hardness inden-
er (HXZ-1000). Elastic modulus (E) was determined using the
ollowing equation:29

b′

a′ = b

a
− αHk

E
(1)

here b′/a′ denotes the indent diagonal after elastic recovery
uring indentation; b/a is the ratio of the known Knoop indenter
imensions or geometry (1/7.11); α is a constant, having a value
f 0.45; H is the Knoop microhardness value obtained from
he indentation, while E is the Young’s modulus. Test load of
.94 N with a holding time of 15 s was used in this investigation.
he fracture toughness was calculated based on the following
quation:30

IC = 0.016

(
E

H

)1/2 (
P

c3/2

)
(2)

here KIC denotes the fracture toughness (MPa m1/2); H the
ardness (GPa); E the elastic modulus obtained from Eq. (1)
GPa); P the indenter load (kgf) and c the crack length (�m).

The thermal cycling testing of LTA/YSZ TBCs was per-
ormed in a gas burner test facility operating with propane and
xygen. The coatings were heated for 20 s to the desired sur-
ace temperature and held for 10 min. During heating stage
he backside of the sample was cooled by compressed air to

aintain a controlled temperature gradient through the sample
hickness. The surface temperature and the substrate temperature
ere measured with a pyrometer (Raytek, Model: MR1SBSF,
SA, 0.75–1.1 �m, 0.95–1.1 �m) and a NiCr/NiSi thermocou-
le, respectively. During cooling stage the burner went out
utomatically to save the fuel and the sample was cooled by
ompressed air from both sides for 40 s to room temperature.
hermal cycling was stopped when visible spallation of the coat-
ng occurred. The lifetime of the TBCs is defined as the number
f the cycles before failure of the coatings. Three samples were
ested to obtain the average cyclic lifetime.
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∼8%, which is relative lower than the optimized porosity level
(12–15%) of traditional YSZ TBCs. The thermal insulation is
dependent not only on the total porosity but also on the aspect
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ig. 1. XRD patterns of LTA: (a) JCPDS card No. 37-1233; (b) LTA powders;
c) LTA powders annealed at 1500 ◦C for 110 h; (d) LTA compact annealed at
600 ◦C for 72 h.

. Results and discussion

.1. Synthesis, phase stability and coating preparation

The X-ray diffraction (XRD) pattern of the synthesized LTA
owder is shown in Fig. 1 (pattern b). Compared with the JCPDS
ard (pattern a), single LTA phase was obtained by solid-state
eaction conducted at 1500 ◦C. According to the XRD result,
he lattice parameters of LTA are calculated to be a = 22.58 Å,
= 10.99 Å, c = 9.72 Å and β = 98.6◦, respectively, which agree
ell with JCPDS card. The major diffraction peaks are also

ndexed in Fig. 1, indicating the low symmetry and complex
toms arrangement within the unit cell. The crystallographic
ensity was determined to be 4.35 g cm−3, nearly 30% lower
han that of YSZ (6.0 g cm−3).

Fig. 1 also compares XRD patterns of LTA powders after
10 h heat-treatment at 1500 ◦C (pattern c) and LTA bulk densi-
ed by cold pressing of LTA powders and followed by sintering
t 1600 ◦C for 72 h (pattern d). Decomposition and phase desta-
ilization of the specimen did not occur during sintering and
eat-treatment process, implying excellent high temperature
apability of the LTA phase.

Phase stability of the LTA powder annealed at 1500 ◦C for
10 h was examined by differential scanning calorimeter (DSC).
here are neither endothermic nor exothermic peaks from room

emperature to 1450 ◦C in the DSC curve, as shown in Fig. 2.
his indicates that phase transformation of LTA did not occur
uring heating and the LTA phase was stable at least up to
450 ◦C.

The XRD patterns of the LTA coating as-sprayed and after
0 h heat-treatment at 1050 ◦C are presented in Fig. 3. The as-
prayed coating mainly comprised amorphous phase due to rapid
eating and cooling during plasma spraying deposition (pattern

). If the coating is thermally cycled in an amorphous state, then
he re-crystallization together with oxidation and thermal mis-

atch stresses could accelerate premature spallation failure of
BC. In this context, annealing of the sprayed coating was per-

F
f
1

Fig. 2. DSC curve of LTA powders after annealing at 1500 ◦C for 110 h.

ormed at 1050 ◦C for re-crystallization. After 20 h annealing,
rystallization of the coating was completed (pattern b). Com-
ared to the diffraction patterns of LTA powder, the annealed
oating does not show any other peaks, suggesting that no
ecomposition occurred during plasma spraying. The chemi-
al composition analysis of LTA coating shows atom ratio of
a:Ti:Al ≈ 1:2:9, indicating that the LTA coating with stoichio-
etric composition was attained by plasma spraying.
The cumulative porosity distribution of the free-standing LTA

oating is shown in Fig. 4. The result reveals a typical bimodal
ore size distribution. According to Guo et al.,31,32 the larger
efects corresponding to radius above 1 �m are believed to
ave resulted from macrocracks and voids (globular and irreg-
lar pores). The fine pores with a size smaller than 1 �m are
ainly attributed to microcracks such as intersplat gaps and

ntrasplat cracks. The cumulative porosity of the LTA coating is
ig. 3. XRD patterns of LTA coatings: (a) as-sprayed; (b) annealed at 1050 ◦C
or 20 h; (c) after thermal cycling (equal to a holding time of nearly 700 h at
300 ± 50 ◦C).
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Fig. 5. (a) Thermal diffusivities of the LTA bulk (prepared by cold pressing
and sintering at 1600 ◦C for 72 h) and sprayed coating (as coated), (b) specific
heat capacities of LTA and (c) thermal conductivities for several candidate TBC
materials (all the coatings mentioned here are as coated and produced by plasma
spraying).
Fig. 4. Porosities distribution of as-sprayed LTA coating.

atio of pores. The percentage of large pores as high as 60%
uggests that the LTA coating should be further optimized with
espect to the microstructure.

.2. Thermophysical and mechanical properties

Thermophysical properties such as thermal diffusivity and
hermal conductivity are important parameters for TBCs’ ther-

al insulation. In electric isolating solids, the thermal resistivity
s due to changes of lattice vibrations which are usually described
s phonon scattering. After sintering at 1600 ◦C for 72 h, the
ensity of the cold-pressed LTA bulk was determined to be
.1 g cm−3 and the relative density reached 95%. The ther-
al diffusivity of the LTA bulk decreased from 1.2 mm2 s−1 to

.5 mm2 s−1 when heating from 25 ◦C to 1400 ◦C, as shown in
ig. 5a. For the coating specimen with porosity around 8%, the

owest value of 0.3 mm2 s−1 was achieved at 900 ◦C above which
he thermal diffusivity revealed a little increase. The increased
iffusivity could be attributed to re-crystallization of amorphous
hase at high temperature. The specific heat capacity of the LTA
pecimen was measured by a differential scanning calorimeter
rom room temperature to 1400 ◦C and the values were coinci-
ence with the calculated ones by the Neumanm–Kopp rule, as
hown in Fig. 5b.

Thermal conductivity was calculated according to the follow-
ng equation:

= κρCp

here λ is the thermal conductivity, κ the thermal diffusivity,
the bulk density and Cp the specific heat. For comparison,

he values of YSZ and some candidate materials being investi-
ated are also presented in Fig. 5c with relative densities and
orosity labeled in parentheses. Between 300 ◦C and 1500 ◦C,
he thermal conductivities for the LTA coating are in a range of

.0–1.3 W m−1 K−1, which are comparable with 8YSZ TBC and
uch lower than those of LMA (2 W m−1 K−1, 1200 ◦C). The

ow thermal conductivity of LTA is relevant to the complicated
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Fig. 6. Thermal expansion coefficients of LTA bulk specimen.

rystal structure which has a low symmetry and incorporates
everal crystallographic different atoms inside the unit cell. The
uge unit cell and complex atoms arrangement result in the
ncrease of scattering center and decrease of the mean free path
f phonons with a consequent reduction of thermal diffusivity.
ue to these, the LTA coating exhibits very promising thermal

nsulating performance for application as a TBC.
The thermal-expansion mismatch is one of the crucial fac-

ors responsible for spallation failure of TBCs. Large TECs are
esirable for the ceramic topcoat in TBC systems because the
arge TECs tend to reduce thermal stresses arising from thermal
xpansion mismatch between the ceramic topcoat and metal-
ic substrate and extend the thermal cycling life of the TBC.
he TECs of LTA bulk are shown in Fig. 6. The LTA speci-
en expanded almost linearly in the temperature range of room

emperature to 1400 ◦C and the values of TECs increased from
.0 × 10−6 K−1 to 11.2 × 10−6 K−1 (200–1400 ◦C), which were
ery closed to the values of YSZ. At this point, the LTA is eligible
or the topcoat materials in TBC system.

Besides the thermal properties, mechanical properties of
eramics are also very important for superior TBCs. The hard-
ess values as well as Young’s modulus and fracture toughness
alues for LTA and YSZ are given in Table 3. The micro-
ardness for the LTA bulk is comparable to that of the YSZ
ulk. Also, the microhardness for the LTA and YSZ coatings
re in the similar level of ∼7 GPa. The high microhardness
nables TBC resist to erosion and foreign-object impact. The
oung’s modulus of the LTA bulk is 230–250 GPa, a little
igher than that of the YSZ bulk. The Young’s moduli for both
f the coatings are 85–115 GPa. The values for the Young’s
odulus of the YSZ coating reported in literatures are in a

road range of 50–100 GPa,2,34,35 possibly owing to the variable
nd anisotropic microstructure of the plasma sprayed coatings.
n addition, the measurement techniques may also affect the
esults. The fracture toughness was determined by an inden-
ation technique. The values of 1.9–2.5 MPa m1/2 for the LTA

ulk are relatively lower than the values for the YSZ bulk
6–9 MPa m1/2).33 The values of 0.9–1.7 MPa m1/2 for the LTA
oating are nearly half of those for the YSZ coating. Lower

s
m
L

ig. 7. SEM micrographs of cross-sections of the LTA/YSZ TBCs: (a) as-
prayed and (b) after thermal cycling.

racture toughness is not desirable for TBCs because TBCs tend
o be cracking more easily when suffering from large stresses.
n the other hand, LTA kept chemical stable with ZrO2 even

t 1500 ◦C investigated by calcining the mixtures of powders
f 50 mol% LTA and 50 mol% ZrO2. In this context, LTA/YSZ
ouble-ceramic-layered TBC was proposed, exhibiting a signif-
cant improvement in thermal cycling lifetime as compared to
he single LTA TBC.

.3. Thermal cycling performance of LTA/YSZ TBCs

The cross-section micrograph of the plasma-sprayed
TA/YSZ TBC is shown in Fig. 7a. A NiCoCrAlY bond coat of
100 �m thickness was coated onto the K3 substrate. An YSZ

ayer of ∼200 �m thickness and a LTA layer with the nearly
ame thickness were sprayed onto the bond coat as the bot-
om ceramic layer and the upper ceramic layer, respectively.
he binding of LTA layer to YSZ layer looks perfect, showing a
ood melting condition of LTA powder in the plasma flame. The
TA/YSZ TBC specimen was exposed to a gas flame for 10 min,
ollowed by compressed air cooling for 40 s. For comparison,
he LTA single-layered TBC was also evaluated. During heating
rocess, the coating surface temperature was 1300 ± 50 ◦C, and
he substrate temperature was 950 ± 50 ◦C. The average cyclic
ife of the LTA/YSZ TBC was 4189 cycles, which equalled to a
olding time of nearly 700 h at 1300 ± 50 ◦C, whereas the LTA
ingle-layered TBC had a short life of less than 800 cycles. Spal-
ation failure of the single LTA TBC occurred at the interface
etween the ceramic top-coat and the bond coat, exhibiting the

ame failure mode with the traditional YSZ TBC. The peeling off
ay be owing to the thermal expansion mismatch between the

TA layer and bond coat (∼14 × 10−6 K−1) and the relative low
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Table 3
Mechanical properties of LTA samples determined by indentation technique.

Sample Hardness [GPa] Young’s modulus [GPa] Fracture Toughness [MPa m1/2]

YSZ-bulk (full dense) 13 ± 115 210 ± 1015 6–933

YSZ-coating (porosity: ∼12%) 7.1 ± 0.2a 6.334 93.1 ± 10.8a50–1002,34,35 1.6–3.6a 1–315,36,37

LTA-bulk (density: ∼95%) 14.6 ± 1.2 240 ± 13 1.9–2.5
LTA-coating (porosity: ∼8%) 7.1 ± 1.1

a Determined in this work.

YSZ LZ LZ/YSZ LC LC/YSZ LTA LTA/YSZ
0

200

400

600

800

1000

392415 2738

S
ur

fa
ce

 te
m

pe
rt

ur
e 

(o C
)

 Ther. cycl.

T
he

rm
al

 c
yc

lin
g 

lif
e 

(h
)

Samples

1200

1250

1300

1350

1400

1450

 T
Sur.

 

F
T

f
L
w
s
l
u
t
o
h
i
e
i
Y
p
s
c
v
L
m
t
o

4

i
c
m
t
c
a

8
c
m
i
c
l
p
L
7
c

A

d
5
o

R

ig. 8. Thermal cycling lives of LTA TBC and LTA/YSZ TBC as well as other
BC candidates for burner-rig test. See refs. [38,39].

racture toughness of LTA. For the LTA/YSZ TBC, the upper
TA layer spalling bit by bit instead of peeling off in one piece
as observed after around 4000 thermal cycles. Compared to the

prayed coating, there are a large number of cracks in the LTA
ayer after thermal cycling, as shown in Fig. 7b. The large irreg-
lar cracks, caused by the sintering of ceramic topcoat exposed
o high temperature for long term, would result in the spalling
f the coating surface under the erosion of high temperature and
igh-speed gas flame. According to the XRD pattern as shown
n Fig. 3 (pattern c), the coating still remained the LTA phase
ven after 4000 thermal cycles, indicating a good phase stabil-
ty. For comparison, the thermal cycling lives of the traditional
SZ TBC and some new TBCs reported in literatures are also
resented in Fig. 8. All of the coatings were prepared by atmo-
pheric plasma spraying and the thermal cycling lives of the
oatings were assessed by gas-burner test facility. Despite of the
arieties in coating microstructures and failure criterions, the
TA/YSZ TBC showed very promising thermal cycling perfor-
ance at 1300 ◦C. It is expected that the thermal cycling life of

he LTA/YSZ coating can be improved by further optimization
f the process parameters and coating microstructure.

. Conclusions

In conclusion, we investigated the synthesis, phase stabil-
ty, thermophysical and mechanical properties, and thermal
ycling performance of LaTi2Al9O19 (LTA) TBC. As a new TBC

aterial, LTA showed excellent phase stability between room

emperature and 1600 ◦C. The thermal conductivities for the LTA
oating are in a range of 1.0–1.3 W m−1 K−1 (300–1500 ◦C)
nd the values of thermal expansion coefficients increase from
99.6 ± 13.4 0.9–1.7

.0 × 10−6 K−1 to 11.2 × 10−6 K−1 (200–1400 ◦C), which are
omparable to those of yttria stabilized zirconia (YSZ). The
icrohardness of the LTA and YSZ coatings were in the sim-

lar level of ∼7 GPa. However, the fracture toughness of LTA
oating ranged from 0.9 to 1.7 MPa m1/2, which were relative
ower than that of YSZ. The lower fracture toughness was com-
ensated by the double-ceramic LTA/YSZ layer design, and the
TA/YSZ TBC exhibited desirable thermal cycling life of nearly
00 h at 1300 ◦C. Due to the merits above, LTA is very promising
andidate for TBC applications at temperatures at 1300 ◦C.
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