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Abstract

La,Zr,0; (LZ) is a promising thermal barrier coating material for the high-temperature applications, which could be significantly toughened by
the BaTiO; piezoelectric phase incorporated into the matrix. The composites of xBaTiO3/(1 —x)LZ (x=35, 10, 15, 20 vol%, LZ-x-BaTiO3) were
densified by means of high-pressure sintering (HPS) under a pressure of 4.5 GPa at 1450 °C for 10 min, by which a high relative density above 93%
could be obtained. The morphologies of the fractured surfaces were investigated by the scanning electron microscope, and the fracture toughness
and Vicker’s hardness of the composites were evaluated by the microindentation. The grain size of the LZ matrix drops significantly with the
addition of BaTiO; piezoelectric phase and the fracture type changes from the intergranular to a mixture type of the transgranular and intergranular

in the composites. The LZ-10-BaTiO; composite has a fracture toughness of 1.98 MPam

12 which is obviously higher than that of the pure LZ

(1.60 MPam'”?), and the toughening mechanism might be attributed to the ferroelastic domain switching of ferroelectric phase BaTiO;.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) have found an increasing
number of applications in protecting high-temperature metal-
lic components, for example, TBCs are deposited on transition
pieces, combustion lines, first-stage blades and vanes, and other
hot-path components of gas turbines either to increase the inlet
temperature with a consequent improvement of the efficiency
or to reduce the requirements for a cooling system [1]. There
are several ceramics that have been evaluated as TBC materials
[2], and lanthanum zirconate is one of the most promising among
them [2—-8]. The properties of high melting point, phase-stability
up to its melting point, low thermal conductivity, low sintering
ability and oxygen-nontransparent are the major reasons that itis
believed to have potential as TBC material for high-temperature
applications. However, its practical applications are limited by
the low fracture toughness. The brittleness of ceramics is the
common problem, which restricts ceramics from the application
in fields where high strength and toughness are required.

* Corresponding author.
E-mail address: xcao@ciac.jl.cn (X.Q. Cao).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.11.025

In recent decades, a variety of approaches to improve
the fracture toughness of ceramics have been developed, and
the toughening mechanisms include the phase transformation,
microcracking, nanofication, fiber/whisker reinforcement, grain
bridging, etc. [9-13], which are all based on the energy dis-
sipation and energy balance approach [14]. Recently, a new
approach for toughening of ceramics, which introduces some
piezoelectric secondary phase into the matrix, has been pro-
posed and investigated [15—18]. Toughening is achieved through
energy dissipation due to the piezoelectric effect or/and domain
wall motion. The systems such as Srp;Nb,O7/3Y-TZP [16],
Nd;TipO7/A1,03 [17] and BaTiO3/3Y-TZP [18] composites had
been studied and the fracture toughness of matrixes showed a
significant increase.

As the first ferroelectrics ceramic, BaTiO3 is widely used
as capacitor, sensor and actuator. Recently, R-curve behav-
ior due to stress-induced ferroelastic domain switching was
also found in BaTiO3z ceramic [19]. Moreover, the effect of
BaTiO3 piezoelectric phase on the fracture toughness of AlO3
ceramic had been presented by Zhan et al. [15] and the
improvement of fracture toughness had been achieved. The
anisotropy behavior in crack propagation is observed in the
poled BaTiO3/Al>,O3 composite [20], indicating that the domain
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switching plays an important role in the toughness variation of
composite.

In the present work, the composites of LZ-x-BaTiO3; had
been densified by high-pressure sintering (HPS) method and
the fracture toughness was investigated by Vickers indentation
technique.

2. Experimental

The LZ powder was synthesized by solid-state reaction using LayO3
(99.99%) and ZrO; (99.6%). Starting materials were ball-milled for 24 h in dis-
tilled water with zirconia balls. The mixture was heated at 1400 °C for 12 h and
ball-milled again. The BaTiO3 was prepared by sol-gel method: the Ba(AC),
dissolved in distilled water was added dropwise to a prepared solution of stoi-
chiometric amounts of tetra-n-butyl titanate in isopropanol under stirring. The
gelation was initiated after stirring for 30 min and the LZ powder was dispersed
in this gel. The mixture was dried at 80 °C for 24 h and subsequently calcinated
at 800 °C for 12 h to synthesize the LZ-x-BaTiO3 composites. Small pieces of
round-shape samples with a diameter of 11 mm were obtained by pressing LZ-
x-BaTiO3 composites powders under a pressure of 0.3 GPa at room temperature.
For the indentation test, such small pieces were further densified by HPS under
a pressure of 4.5 GPa at 1450 °C for 10 min (6 x 800 Ton 6-Axial Presser, The
Prospect Machine Factory of Hebei Zhang Jia Kou).

X-ray diffraction (XRD) patterns were collected on a Rigaku D/Max-I1IB
diffractometer with Cu Ko radiation (0.15406 nm). Density was measured by
the Archimedes method in distilled water. The morphologies of the composites
and the microstructures of the densified samples were analyzed by the scanning
electron microscope (SEM, XL 30 ESEM FEG, Micro FEI Philips). Before
the indentation test, the surfaces of the densified samples were polished with
diamond suspensions (Metadi Diamond 15-1 wm, Buehler) by a low-speed auto-
matic polisher (Minimet 1000, Buehler). The fracture toughness and Vicker’s
hardness were measured by a microindentor (FM-700, Future-Tech) with a load
of 3N for 15s.

3. Results and discussion

The XRD patterns of LZ-x-BaTiO3 composites powders after
calcination at 800 °C are shown in Fig. 1 and the phase consti-
tutions can be clearly confirmed by the results of XRD analysis.
The major peaks are in agreement with those of the JCPDS cards
LZ (No. 17-0450) and BaTiO3 (No. 03-0725), and the intensi-
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Fig. 1. The XRD patterns of LZ-x-BaTiO3 composites powders: (a) x=5 vol%;
(b) x=10vol%; (c) x=15vol%; (d) x=20 vol%.
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Fig. 2. The XRD patterns of LZ-10-BaTiO3 composite: (a) powders calcinated
at 800 °C for 12 h; (b) sample densified by HPS at 1450 °C for 10 min.

ties of BaTiO3 peaks are increased with the increase of BaTiO3
volume content. The LZ-x-BaTiO3 composites are densified by
HPS under a pressure of 4.5GPa at 1450°C for 10 min and
the XRD pattern of the LZ-10-BaTiO3 composite is shown in
Fig. 2. After densification by HPS, the LZ and BaTiO3 would
remain as the major phases and the intensities of BaTiO3 and
LZ peaks have no obviously change. There is no impurity phase
is detected in densified sample, indicating that the HPS process
does not produce a reaction between the LZ and BaTiO3 phases.
Inregard to piezoelectric toughening mechanism, it is important
to prevent the piezoelectric phase from reacting with the matrix.
The HPS process with such a high pressure and a short sintering
time is an effective sintering method for preventing the reaction
happening.

The microstructures of the fractured surfaces of the pure LZ
and LZ-x-BaTiOs composites densified by HPS are shown in
Fig. 3. The fracture type of the pure LZ is found to be intergran-
ular, while the composites exhibit a mixture of the transgranular
and intergranular fracture. On the other hand, the micrographs of
fracture surfaces also indicate that the grain size of the LZ matrix
drops significantly with the addition of BaTiO3 particles. The
average grain sizes of LZ matrix evaluated from SEM images
are shown in Table 1. The grain size of the pure LZ densified by
HPS is about 1 pum, while that of the LZ-10-BaTiO3 composite
is less than 0.3 wm. It is attributed to that the BaTiO3 particles,
which are dispersed in the LZ matrix, restrict the grain boundary
movement and limit the grain growth of the LZ matrix during
the HPS process [21].

Table 1
Physical properties of the LZ and LZ-x-BaTiO3 composites in this study
BaTiO3 Relative Hardness Mean LZ grain
content (vol%) density (%) (GPa) size (pm)
0 93.7 10.54 1
5 95.7 10.21 0.5
10 96.6 10.63 0.3
15 97.9 10.57 -
20 92.5 10.53 -
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Fig. 3. SEM images of the fracture surfaces of LZ and LZ-x-BaTiO3; composites prepared by HPS: (a) LZ; (b) x=5 vol%; (c) x=10 vol%.

From the Table 1, it can be noted that all the composites densi-
fied by HPS have a high relative density above 93%. The relative
density is increased with the increase of BaTiO3 content, which
is attributed to the addition of BaTiO3 powder. It is reported in
Ref. [9] that the grain growth can restrict the density increase
during sintering when it outweighed the density increase. The
addition of BaTiO3 powder limits the grain growth of LZ matrix
during sintering, which is obviously observed in SEM images,
and increases the relative density. The other reason for the den-
sity increase is that the addition of BaTiO3; with low melt point
(1705 °C), which lowers the liquid phase formation temperature
of the system and increases the liquid content, is helpful for the
sintering. When the volume content of BaTiO3 is 15 vol%, the
relative density shows a maximum value of approximately 98%.
For situation of high concentration of BaTiO3 (x> 15vol%),
the density reduction is observed in LZ-20-BaTiO3; composite.
Due to the difference of thermal expansion coefficients (TECs)
for BaTiO3 and LZ, the incorporation of pores into the matrix
grains leads to the forming of macrocracks during cooling after
sintering and the decreasing of density during sintering.

Vicker’s hardnesses of the composites were measured at room
temperature and the results were shown in Fig. 4. The fracture
toughness (Kjc) is estimated from the crack length [22]:

Kic = 0.16Ha'?(c/a)™3/?

where H is hardness, 2¢ the crack and impression length and 2a
is the length of the indent diagonal. It is observed that the fracture
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Fig. 4. Fracture toughness and Vicker’s hardness of LZ-x-BaTiO3 composites.

toughness Kjc of LZ matrix is significantly improved by incor-
porating a modest amount of BaTiO3 piezoelectric phase and
the maximum fracture toughness of 1.98 MPam!/? is achieved
for the composite of LZ-10-BaTiO3. The stress-induced domain
switching process near the crack tip due to the high tensile stress
is used to explain the enhanced toughness of the LZ-x-BaTiO3
composites. The R-curve behavior of BaTiO3, which is produced
by stress-induced ferroelastic domain switching, has been pre-
sented by Meschke et al. [19] and the toughness mechanism is
similar to that for phase transformation toughening in zirconia-
toughened ceramics. Both of the toughening mechanisms are
based on the energy dissipation and energy balance approach.
In zirconia-toughened ceramics, the transformation with volume
dilation of 5 vol% is stress-induced near the crack tip and results
in compressive stress [23]. When the crack extends, this com-
pressive stress act on the crack wake and cause shielding of the
crack tip from the applied load. Similarly, for the LZ-x-BaTiO3
composites, the toughening mechanism is the domain switching
induced by high tensile stress around the crack tip. In the unpoled
composites samples, the domain orientations of BaTiO3 are ran-
dom. When the crack extends, the stress induces polar rotation
of domain and causes compressive stress. Just as in the case of
zirconia-toughened ceramics, this stress can cause shielding of
crack tip through energy dissipation [24]. The above discussions
indicate the significant toughening effect when a suitable piezo-
electric phase is introduced into matrix. For the higher BaTiO3
concentration (>10 vol%), the toughening effect is limited by the
increased residual stress and the macrocracks, which are formed
during cooling after sintering due to the different TECs of LZ
and BaTiO3. The effect of the addition of BaTiO3 on Vicker’s
hardness is not obvious and the hardness values of LZ-x-BaTiO3
composite materials are closed to that for LZ matrix.

4. Conclusion

The study of this work indicates that the HPS with such a
high pressure for a short period is a good choice for the sin-
tering of LZ-x-BaTiO3 composites, and the addition of BaTiO3
piezoelectric secondary phase is really an efficient way for the
improvement of fracture toughness.
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