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bstract

luminum titanate (Al2TiO5: AT) is a synthetic ceramic material of potential interest for many structural applications. A critical feature, which
reatly limits the mechanical properties of polycrystalline AT, is the considerable intergranular microcracking, which occurs due to the large
hermal anisotropy of individual grains during cooling after sintering. This study discusses the temperature dependence of mechanical properties,
nd presents observations on the microstructure morphology. Both the fracture strength and fracture toughness increased considerably with
ncreasing temperature. The critical frontal process zone (FPZ) size was estimated from the mechanical properties. A decrease in FPZ size was

bserved with increasing temperature in the first thermal treatment. These phenomena were explained on the basis of the stress redistribution and
nique microscopic feature on the fracture surface of AT ceramics. The experimental results revealed that further thermal treatment increased the
racture strength and reduced the fracture toughness, while it had almost no effect on the FPZ size.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Aluminum titanate ceramics (Al2TiO5: AT) are synthetic
aterials of potential interest for many structural applications

wing to their high melting point, low thermal conductivity
nd excellent thermal shock resistance. Recently, AT ceram-
cs have been used as refractories in aluminum alloy cast-
ng systems because they have superior thermal shock resis-
ance and better non-wettability compared to molten aluminum
lloys.1 However, the mechanical properties of polycrystalline
T are greatly limited by grain-boundary microcracking that
ccurs as a result of the large thermal anisotropy of indi-
idual grains during cooling after sintering. At RT, the ther-
al expansion coefficients of AT ceramics along the three

rystalline axes are αa = 9.8 × 10−6 K−1, αb = 20.6 × 10−6 K−1,
c = −1.4 × 10−6 K−1.2 Grain-boundary microcracking due to
he large thermal expansion anisotropy in noncubic poly-
rystalline ceramics including AT ceramics has been studied
xtensively.3–7 The occurrence of microcracking is influenced
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y the microstructure. The cyclic and static fatigue of AT
eramics was investigated in Al alloy casting systems and
he fatigue life was linked to the morphological change of
he microcracks.1,8 The mechanical properties of AT ceramics
trongly depend on the microstructure, which in turn is directly
elated to the degree of microcracking and the stress redistri-
ution in the matrix. The morphology of microcracks in AT
eramics shows a remarkable temperature dependence. As the
emperature increases up to the actual casting temperature of
02 ◦C, the microcracks at the grain boundaries close up, and
he AT grains are bonded together by the glassy phase added as
intering aid.1

In the present study, the temperature dependence of the frac-
ure strength, fracture toughness and critical frontal process zone
ize were investigated at actual casting temperatures (from RT
o 702 ◦C). Furthermore, mechanical properties of AT ceramics
ere examined in relation to the repeated thermal treatment and

he microstructure.
. Experimental procedure

AT ceramics (TM-20, Marusu Glaze Co. Ltd.) were sintered
t 1582 ◦C in the presence of gairome clay. ICP analysis shows

mailto:chunhongqiang@hotmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.182


1 uropean Ceramic Society 27 (2007) 13–18

c
3
0
3
r
c
p
m
m
a
a
f
w
w
t
2
o
t

T
t
t
t
s
R

t
T
X

3

3

i
a
d

s
t

4 C.-H. Chen, H. Awaji / Journal of the E

rystalline components after sintering as Al2O3: 52.82, TiO2:
8.47, SiO2: 6.31, Fe2O3: 1.91, Nb2O5: 0.16, K2O: 0.17, CaO:
.09 and MgO: 0.06. Mechanical testing was performed using
mm × 4 mm × 20 mm rectangular specimens. To reduce the

isk of sample failure initiating from an edge, samples were
hamfered at 45◦ using a 10-�m polishing wheel. Four sam-
les of each kind were loaded to failure using a universal test
achine (Instron 5581, USA) for fracture strength and toughness
easurement. The Instron crosshead speed was 0.5 mm/min,

nd the span was 16 mm. All mechanical tests were performed
t the temperature of the thermal treatment in the mounted
urnace. Fracture strengths of longitudinally polished samples
ere determined by three-point bending. Fracture toughness
as measured using the single edge V-notched beam (SEVNB)

echnique.9–11 The specimen was notched at the center of its
0 × 4 surface. The depth and radius of curvature of the V-notch
f the specimens were 1500 �m and less than 20 �m, respec-
ively.

All the experimental data was obtained from RT to 702 ◦C.
he specimens were heated and quenched at a rate of 575 K/h

o the goal temperature and held for 60 min. The first cycle of
he thermal treatment was defined as the heating period from RT
o the goal temperature. The term second cycle will refer to the
ubsequent cycle in which the specimen was first quenched to
T and then brought back up to the desired temperature.

The morphological change of the specimens that underwent
hermal treatment was observed by SEM (JEOL, JSM-5200).
he composition change of the cross-section was examined by
-ray diffractometry.

. Results and discussion

.1. Microstructural observation

The SEM micrograph of the polished surface of a specimen
s shown in Fig. 1. The gray areas are the AT grains with an
verage length of about 13 �m, and the dark areas are the pores

istributed uniformly throughout the matrix.

Fig. 2 shows SEM micrographs of fracture surfaces of the
pecimens at RT: (a) without thermal treatment, (b) after the first
hermal treatment, and (c) after the second thermal treatment.

Fig. 1. SEM micrograph of the polished surface of the specimen.
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ig. 2. SEM micrographs of the fracture surface at RT: (a) without heat-
reatment, (b) after the first cycle and (c) after the second cycle.

he white arrows indicate the microcracks, and the dotted red
ircles show the glassy agglomerates. There are many microc-
acks along the grain boundary in the matrix at RT as can be seen
n Fig. 2(a). The microcracking is believed to be caused by the
ariation in the thermal expansion coefficient of the AT grains
ith the crystalline direction, giving rise to boundary stresses.
hese are often sufficient to initiate small cracks. Stresses
enerated during cooling of the samples from the sintering

emperature can also induce microcracking without leading to
ltimate fracture. At high temperature, the microcracks close up
nd self-heal thanks to the glass phase. The initiation and self-
ealing of microcracks occur repeatedly as a result of repeated
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The fracture strength (σB) was estimated using the equation:

σB = 3PS

2WH2 (1)
ig. 3. SEM micrograph of fracture surface at 702 ◦C after the second cycle.

ooling from 702 ◦C to RT. Thus, the microcrack density is
ower (see Fig. 2(b) and (c)), as compared to the case without
hermal treatment. This is because the glass phase separates
rom the interconnected structure, and a large amount of glass
s entrapped in the AT matrix as can be seen in the micrographs.

No large difference in microstructure of the fracture sur-
ace is observed at 702 ◦C after the first and second cycles (see
EM micrographs in Fig. 3). Less intergranular microcracking

s observed on the fracture surface at 702 ◦C compared with that
t RT. The triple-junction glass phase withdraws and leads to the
ormation of the segregated glass phase at the grain boundaries.
owever, X-ray diffractometry revealed that heat-treatment did
ot alter the phase composition despite the presence of the color
ade-out.

.2. Physical properties of AT ceramics

Fig. 4 shows the temperature dependence of the elastic modu-
us and thermal conductivity of AT ceramics from RT to 702 ◦C.
he thermal conductivity and elastic modulus were measured
y the laser flash method (JIS R 1611) and bend resonance
ethod (JIS R 1602), respectively. The thermal conductivity

radually decreased with temperature down to 502 ◦C, owing to

he contraction from the negative expansion crystal axis and the

icrocrack occlusion from the positive expansion crystal axis.
n abrupt increase in elastic modulus and thermal conductivity
ccurred above 502 ◦C, which suggested that the closed crack

F
1

ig. 4. Temperature dependence of elastic modulus and thermal conductivity in
T ceramics.

urfaces were self-healing and causing bonding of AT grains by
he glass phase in the matrix.

A thermal hysteretic behavior was observed in the heating
nd cooling period in the linear thermal expansion properties
f AT ceramics, as shown in Fig. 5. The curves in the figure
ertain to TM-20 and TM-19, AT ceramic products by Marusu
laze Co. ICP analysis shows the difference in the composition
f the glass phase between TM-19 and TM-20, especially in
iO2 content (TM-19: 8.1 mass%, TM-20: 6.31 mass%). This
an be explained by accumulated microcracking due to the ther-
al expansion anisotropy of the individual AT crystals, which

ives rise to stresses on a microscopic scale during cooling.
hese localized internal stresses constitute the driving force for
icrocracking. Clearly, the difference in the composition of the

lass phase has a great effect on the contraction and expansion
f AT crystals.

.3. Temperature dependence of mechanical properties
ig. 5. Linear thermal expansion properties of AT ceramics (TM-20 and TM-
9).
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after the second cycle of thermal treatment. This is presumably
because different mechanisms of initial phase separation are at
play at different temperatures, depending on the past thermal
history.
Fig. 6. Temperature dependence of fracture strength in AT ceramics.

here P is the applied maximum load, S the span length, and
and H are the width and height of the polished specimen,

espectively.
The intrinsic fracture toughness (KIC) was evaluated by using

he stress intensity factor estimated by Wakai et al.12:

IC = Yσfca
1/2, Y =

4∑
i=0

Aiλ
i, λ = a

H
,

i = ai + bi ln

(
S

H
− ci

)
(2)

fc = 3PS

2WH2 (3)

here Y represents the shape factor of the test specimen, a the
ength of the crack, S the span length, P the applied maximum
orce, and σfc the critical stress on the tensile surface of the
exure specimen.

Fig. 6 shows the temperature dependence of the fracture
trength after the thermal treatment. The experimental results
how that the fracture strength of AT ceramics increases with
ncreasing process temperature due to a decrease in the number
f microcracks along the AT grain boundaries during bonding
f the AT particles via the glass phase at higher temperatures.

The phenomenon can also be explained from the
oad–displacement curve after fracture shown in Fig. 7. The dis-
lacement at maximum load at RT is higher compared to that at
igh temperature (702 ◦C) owing to the higher concentration of
icrocracks at RT. A stable fracture behavior is obtained at RT,
here no obvious initial linear elastic region is observed before

ttainment of the maximum load. This is because the failure
nder loading occurs only in the glass phase and the cracks prop-
gate along the glass layer around the AT grain boundaries. This
s not the case at high temperature, where the unstable fracture
ehavior is similar to that in dense ceramics.
The fracture strength was further improved by the second
ycle of thermal treatment due to the stress redistribution in the
T grains. This is presumably because an intergranular strain is
enerated upon sintering, when a high concentration of micro-
Fig. 7. Load–displacement curves after fracture at RT and 702 ◦C.

racks form in the quenching process due to the hysteresis and
nisotropy of the thermal expansion coefficient of AT ceramics.1

he residual stresses in the grain are released after repeated
hermal treatment. However, no large difference in strength or
oughness remains after the third cycle, as compared with that
fter the second cycle. One reason for this is that it is impossible
o eliminate residual stresses completely by thermal treatment,
nd thus, the susceptibility of AT ceramics to thermal effects is
owered. Another factor is thought to be the fact that the glass
tructure is stabilized during the repeated heat-treatment which
elps to avoid variation in properties.13

The temperature dependence of fracture toughness after the
hermal treatment is shown in Fig. 8. The fracture toughness
ncreased with increasing temperature. After the second ther-

al treatment, the fracture toughness was reduced compared to
he first thermal treatment, except at RT. Clearly, the relation-
hip that exists between fracture toughness and strength to the
emperature after the first cycle of heat-treatment is reversed
Fig. 8. Temperature dependence of fracture toughness in AT ceramics.
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Fig. 9. The frontal process zone around a crack tip.

.4. Temperature dependence of frontal process zone size

Previous reports have proven that the frontal process zone
FPZ) at the crack tip of ceramics is an important factor in
ssessing the toughening mechanism.9–12,14,15 Owing to the
inuteness and indistinctness of the FPZ size, there are no suit-

ble techniques for estimating the FPZ size, but only an indirect
ethod using the SEVNB technique.9–11

The local fracture criterion states that a crack will propagate
hen the stress at a critical distance from the crack tip reaches
critical value.11,16 The critical FPZ size is defined in terms

f this critical distance, as shown in Fig. 9. Based on the local
racture criterion of linear fracture mechanics, the critical FPZ
ize (r0) is given by11,16:

0 = 1

2π

(
KIC

σC

)2
∼= 1

2π

(
KIC

σB

)2

(4)

here KIC, σB, σC are the fracture toughness, fracture strength
nd local fracture stress, respectively.

Fig. 10 shows the effect of heat-treatment on the size of
he critical FPZ. The critical FPZ size is 167 �m at RT with-
ut heat-treatment. This is 20 times higher compared to that
f other dense ceramics, whose critical FPZ size is almost less
han 10 �m.5 After the first cycle of thermal treatment, the crit-
cal FPZ size decreases with increasing temperature, down to
00 �m at 702 ◦C. The residual stress is released at the grain
oundary. An intergranular strain is generated after sintering,
hen many microcracks form in a quenching process due to the
ysteresis and anisotropy of the thermal expansion coefficient
f AT ceramics.1 At low temperatures, the domain where the
bove-mentioned phenomenon is observed is enlarged due to
he increased number of microcracks. The intergranular strain

s gradually eliminated with the softening of the glass phase in
he matrix and the adhesion/recombination of the microcracks
t higher temperatures, hence the lower size of the critical FPZ.
ig. 10. Temperature dependence of the front process zone size in AT ceramics.

However, after two cycles of thermal treatment, the critical
PZ size is reduced to about 65 �m, and almost keeps a constant
alue, except at the test temperature 502 ◦C. This is because the
egradation in the degree of crack adhesion and the elimination
f the intergranular strain do not appreciably change the domain
ubjected to the stress relief.

. Summary

Three-point bending tests on AT ceramics were carried out
rom ambient temperature to 702 ◦C. The temperature depen-
ence of physical and mechanical properties was examined,
nd the microstructure was characterized. The sintered samples
ere subjected to repeated thermal treatment to investigate the

hange in mechanical properties of AT ceramics. Both the frac-
ure strength and fracture toughness increased considerably with
ncreasing temperature due to the difference in the microcrack

orphology. The second thermal treatment improved fracture
trength and reduced fracture toughness. No appreciable dif-
erence in mechanical properties was observed after the third
hermal treatment because of the decrease in the susceptibility
f AT ceramics to thermal-history effects. The critical frontal
rocess zone (FPZ) size was found to decrease with increasing
emperature in the first heat-treatment and almost no changes
ccurred upon further heat-treatment.
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