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Abstract

This study investigated the densification behaviors and microstructural evolution of Al2O3–ZrO2 (3Y) composite ceramics doped with four
different amounts of TiO2 (0, 1, 4, and 8 wt%; denoted as 0T, 1T, 4T, and 8T, respectively) to clarify the effect of TiO2 dopants on densification.
The shrinkage rate during densification increased with the increase in the amount of TiO2. The development of grain boundary feature was also
examined. The undoped ceramic showed clean grain boundaries. Thin liquid grain boundary phases were observed in 1T, whereas large liquid
phases were found on the grain boundary and at the junction pockets in 4T and 8T. The results were discussed in terms of the relationship
between densification and grain boundary feature.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Al2O3–ZrO2 (3Y) composite ceramic is a structural material
with wide applications. Given the excellent ambient and high-
temperature mechanical properties of this material, it is mainly
used as cutting tools, bearings, high-temperature engine com-
ponents, and knee replacement prostheses. However, the sinter-
ing process requires very high temperatures. Thus, a key issue in
the industrial application of structural ceramics is the reduction
of sintering temperature to save production cost. To this end,
several attempts to reduce sintering temperature have been made
by using dopants. Akin et al. [1] added TiO2 in Al2O3–ZrO2

ceramic and observed a reduction in sintering temperature of
about 150 1C. Huang et al. [2] investigated the sintering
behavior of TiO2-doped Al2O3–ZrO2 ceramic. They found that
TiO2 dopants lower sintering temperature, and that levels of
grain growth and hardness reduction are acceptable.

Although sintering enhancement through the addition of dopants
is widely accepted, the enhancement mechanism remains unclear.
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Sintering enhancement of ceramic doped with cations is very com-
plicated. Sintering rate may be affected by the diffusion improve-
ment via excess vacancy, the transition of grain boundary features,
the chemical bonding state of grain boundary, the second phase
occurrence, and other factors. Many researchers have studied the
effects of the addition of dopants during the sintering process.
Brook and his co-workers [3–5] investigated the microstructural
evolution during sintering and the optimization of the process and
microstructures through the use of additives. Their classic works
have provided an easy and convenient way to visualize a complex
sintering problem. Dillon and Harmer [6,7] recently proposed a
new concept of grain boundary feature called ‘complexion’ to
study the relationship between the grain boundary diffusivity and
grain boundary feature. In their previous studies [6–10], they found
that the mass transport rate generally increases with increasing
grain boundary disorder, grain boundary width, or grain boundary
free volume. The concept is effective in guiding field researchers in
appreciating the complexity of the sintering problem. Yoshida and
his co-workers [11,12] investigated the ionic bonding state of TiO2

doped in ZrO2 and proposed that Ti dopants enhance the diffusion
of Zr cations. Other aliovalent dopants in solid solution have been
known to increase defect concentrations and hence the diffusivity.
ghts reserved.
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Fig. 1. TEM morphology of Al2O3–ZrO2 (3Y) nano-sized powders (a) and
SEM morphology of TiO2 powders (b).
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Bagley and Johnson [13] found that Ti4þ can promote alumina
sintering through the formation and dissociation of dopant-defect
complexes on lattice diffusivities. But Fielitz and his co-workers
studied the 26Al tracer diffusion in nominally undoped and Ti-
doped single crystalline Al2O3 and found that Ti doping has little
effect on lattice diffusion in Al2O3 in the recent papers [14,15].
Thus far, a clear enhancement mechanism for the sintering process
in all ceramics has not been established.

TiO2-doped Al2O3–ZrO2 (3Y) composite ceramic has exc-
ellent mechanical properties and good densification ability.
However, the mechanism for the densification enhancement of
this material has yet to be investigated and thus remains
unclear. The present study examines the densification beha-
viors and microstructural evolution of Al2O3–ZrO2 (3Y)
ceramics doped with different amounts of TiO2 to clarify the
effect of TiO2 dopants on densification.

2. Experimental materials and methods

Nano-sized powders of the Al2O3–ZrO2 (3Y) composite
were prepared by the heating ethanol–aqueous salt solutions
method [16]. The TiO2 (Rutile) used in this study had purity of
over 99.8%. Different amounts of TiO2 (0, 1, 4, and 8 wt%;
denoted as 0T, 1T, 4T, and 8T, respectively) were added to the
as-calcinated Al2O3–ZrO2 (3Y) powders by electromagnetic
stirring and ultrasonic wave shaking.

TiO2-doped Al2O3–ZrO2 (3Y) composite powders were
pressed uniaxially in a cylindrical die under ambient tempera-
ture. The cylindrical die was made of high-strength graphite
and had a diameter of 10 mm. The preforms were then sintered
by spark plasma sintering (SPS-3.20MK-IV, Sumitomo Coal
Mining Co., Ltd., Japan) under 65 MPa at 1400 1C with a
dwelling time of 6 min in vacuum. The temperature of these
ceramics during sintering was measured by an infrared radiation
thermometer. The sintering characteristic parameters, including
temperature, pressure, and instantaneous specimen height, were
recorded by the SPS system.

The shrinkage proceeded unidirectionally for each measured
specimen. Assuming unidirectional shrinkage to compact powder,
the density ρ(T) at a given temperature T is given by the following
equation:

ρðTÞ ¼ Hf

HðTÞ ρf ; ð1Þ

where Hf and H(T) are the final height and the height at
temperature T, respectively. The final density ρf was measured
by the Archimedes method. The density ρ(T) at temperature T was
calculated using Eq. (1).

Analysis of phase composites was performed by X-ray
diffraction (XRD-6000, Shimadzu corporation, Japan). The
microstructure was characterized by scanning electron micro-
scopy (SEM S-4300, Hitachi, Japan). The SEM specimens
were polished with 1.5 μm diamond paste and then thermally
etched in air for 1 h at a temperature that was 50 1C lower than
the sintering temperature. The average grain sizes of the two
phases were calculated using the linear intercept method:
d¼1.56L, where L is the intercept length. The grain boundary
feature was characterized using a transmission electron micro-
scope (TEM, TecnaiG220, FEI, the Netherlands).
3. Results and discussion

3.1. Powder preparation of TiO2-doped Al2O3/ZrO2 (3Y)
composite

Nano-sized powders of Al2O3–ZrO2 (3Y) composite were
prepared by the heating ethanol–aqueous salt solutions method
[16]. The Al2O3–ZrO2 (3Y) powders were synthesized at a
mass ratio of 58:42. The powders were then calcinated in air at
1100 1C for 2 h. The as-calcinated powders showed good
dispersion, uniform grain size, and no hard agglomeration
(Fig. 1a). The average particle size ranged from 20 nm to
30 nm, and the specific surface area was 20.3 m2 g�1. The
mass fraction of various components, including impurities in
the Al2O3–ZrO2 (3Y) composite powders, is shown in Table 1.
Rutile TiO2 was added in as-calcinated Al2O3–ZrO2 (3Y)

powders by electromagnetic stirring and ultrasonic wave
shaking. The TiO2 used in this study had 499.8% purity.
The average particle size of the TiO2 powders was approxi-
mately 80 nm (Fig. 1b). The amount of TiO2 additions were 0,
1, 4, and 8 wt%.
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3.2. Densification behavior and microstructural analysis

Al2O3–ZrO2 (3Y) doped with four different amounts of
TiO2 were sintered at 1400 1C with a dwelling time of 6 min.
The shrinkage curves during the sintering process are shown in
Fig. 2a. The sintering shrinkages of the four ceramics all began
at �1000 1C. However, the samples shrank at a fast rate with
the addition of a high amount of TiO2 when the temperature
reached over 1100 1C. Using the shrinkage data, the depen-
dence of relative density (ρ) on temperature (Fig. 2b) was
calculated by Eq. (1). Fig. 2b shows that densification is
enhanced by the addition of TiO2. The ceramic becomes fully
dense (499%) in 8T, 4T, and 1T at 1320 1C, 1370 1C, and
1400 1C, respectively. The relative density of the undoped
ceramic is only 97.5% after dwelling time.

Fig. 3 shows the microstructures (at the surface parallel to
the stress axis) of Al2O3–ZrO2 (3Y) ceramics doped with four
different amounts of TiO2 sintered at 1400 1C. Al2O3 (dark)
and ZrO2 (white) grains are dispersed, and grain growth occurs
by doping with TiO2 additives. Some large liquid phases
Table 1
Chemical composition of undoped Al2O3–ZrO2 (3Y) ceramic.

Composition Al2O3 ZrO2 HfO2 Y2O3 SiO2 Othersa

Mass fraction (%) 57.6 39.1 0.6 2.3 0.19 r0.2

aImpurities (less than 0.1 wt%).

Fig. 2. Temperature dependence of expansion and relative density of 0T to 8T.
(50 nm to 100 nm thick) are observed along the edge facets
and at the junction pockets in 8 T (marked by hollow arrows).
This finding indicates that liquid phases exist on the grain
boundary and thus affect the sintering process.
The typical XRD patterns of as-sintered 0T to 8T specimens

are shown in Fig. 4. All the specimens show two phases,
namely, α-Al2O3 and t-ZrO2 (3Y). The SEM micrographs
reveal the presence of some liquid phases in 8 T. However, no
peak of TiO2, TiZrO4, or Al2TiO5 phase can be observed, as
shown in the XRD pattern. The contradiction may be caused by
the low sensitivity in XRD detection (Z5 vol% is detectable).

3.3. Effect of liquid phase

The sintering results indicate that densification is enhanced
by the addition of TiO2. The densification improvement in
doped ceramics may be affected by several factors, such as
diffusion enhancement via excess vacancy [17,18], structure/
chemistry of grain boundary [14,15], chemical bonding state of
grain boundary [12,19], and second phase occurrence. Given
the low limited solubility of TiO2 in Al2O3 (�0.27 wt%) [20],
a few Ti cations are dissolved in Al2O3 lattice. In some prev-
ious studies, it is confirmed that cation vacancy defects are
generated due to the different valence between Ti4þ and Al3þ

[17,18]. In the solid solution of Ti–Al2O3 lattice, one Ti cation
substitute at Al site, while 1/3 Al vacancy defect ½V‴Al�
formed. The Al ion vacancy defects may compose a path
which Al ion can diffuse through rapidly in Al2O3 lattice. But
Fielitz and his co-workers [14,15] reported that Ti doping has
little effect on lattice diffusion in Al2O3 in the recent papers.
For the doped ceramics (1T, 4T, and 8T) in this paper, the
solubilities of Ti ions in Al2O3 lattice are the same. However,
the densification is enhanced significantly by doping with more
TiO2 additions. Therefore, the enhancement of densification is
not mainly caused by the excess vacancies in Al2O3. Due to its
high limited solubility in ZrO2 (�16 wt%) [21], and the
distribution tendency of dopants, some Ti cations are dissolved
in ZrO2, while others segregate on grain boundaries. Yoshida
et al. [12,19] studied the chemical bonding state of the grain
boundary of ZrO2 doped with Ti cation. They found that Ti
cations reduce the ionicity between O anions (neighboring Ti
cation) and Zr cations. The weakened ionic bonds can enhance
the diffusion of Zr cations. Meanwhile, Ti cations segregated
on grain boundaries change the grain boundary feature. Fig. 5a
shows clean grain boundaries in the undoped composite
ceramic. After doping the ceramic with TiO2, the grain
boundary feature changes. Several thin liquid grain boundary
phases (1 nm to 2 nm thick) in 1T can be observed (Fig. 5b) at
all types of interface, namely Al2O3–Al2O3, ZrO2–ZrO2,
Al2O3–ZrO2. Generally, the transition of grain boundary
feature should affect the grain boundary transport rate and
consequently the densification process. The distinction of these
grain boundary features can be expressed by the difference of
the width of the solute disordered cation layers on the grain
boundaries (the width of the liquid grain boundary phase).
The mass transport rate on grain boundary can increase
with increasing the width of the grain boundary phase [6–10].



Fig. 3. Scanning electron microscopy images of (a) 0T, (b) 1T, (c) 4T, and (d) 8T sintered at 1400 1C by SPS. The dwelling time at sintering temperature is 6 min.
The specimens were polished and thermally etched in air for 2 h at 1350 1C.

Fig. 4. XRD patterns of Al2O3–ZrO2 (3Y) ceramics: undoped, 1T, 4T, and 8T.
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In 1T, there are a lot of intergranular films with equilibrium
thickness (1 nm to 2 nm thick) on grain boundaries. By contrast,
the undoped ceramic showed clean grain boundaries. Therefore,
the movement of the atoms at the grain boundary is enhanced by
the transition of the interface structures. Consequently, the
densification of the 1 wt% TiO2-doped ceramic is improved
mainly by the weakened Zr–O ionic bonds and by the occurrence
of the thin grain boundary liquid phases.

The concentrations of Ti cations dissolved in the ZrO2

grains and segregated on the grain boundaries in 4T and 8T are
higher than those in 1T. The increase of Ti cations in ZrO2

improves the diffusion in ZrO2 during sintering. However,
diffusion enhancement due to weakened ionic bonds in 4T and
8T may not be sufficient to significantly improve densification.
Notably, some large liquid phases (Fig. 5c) can be observed on
the grain boundary and at the junction pockets in 4T and 8T.
The liquid phase should enhance densification because of its
viscous flow ability during the final sintering process, high
cation diffusion via liquid phase, high grain boundary migration,
and its ability to eliminate cavities. The liquid phases in 8T
(detected by TEM and SEM) are larger and greater in number
than those in 4T (detected only by TEM). This condition
indicates that sintering enhancement by large liquid phases in
8T is more significant than that in 4T. In summary, densification
enhancements in 4T and 8T are dominated by the occurrence of
large liquid phases.
4. Conclusion

The densification behaviors and microstructural evolution of
Al2O3–ZrO2 composite ceramic doped with four different
amounts of TiO2 were investigated. Densification is enhanced
significantly by TiO2 doping. After TiO2 doping, Ti cations
reduce the ionicity of the Zr–O bond; thus, the Zr cations can
move easily. Furthermore, grain boundary feature changes with
TiO2 concentration. Most of grain boundaries are clean in the
undoped ceramic. By contrast, thin grain boundary liquid phases
appearing in 1T and large liquid phases appearing in 4T and 8T
can be detected in the TiO2-doped Al2O3–ZrO2 ceramic. Given
the microstructure features and densification behaviors observed
in the study, the densification enhancement in 1T is attributable to
the weakened ionic bonds and the thin grain boundary liquid
phases; in 4T and 8T, the densification enhancement is attribu-
table to the occurrence of large liquid phases.
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