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Abstract

Fatigue behavior of Al2O3-based composite with BaTiO3 piezoelectric phase was studied by carrying out four-point bending fatigue
tests for the poled and unpoled composites, which was compared to that of monolithic Al2O3. Tests were conducted under load ratio of
R = 0.1 at frequency of 20 Hz with sinusoidal waveform. The present composites exhibited high fatigue resistance compared to mono-
lithic Al2O3. From the detailed observations, it was found that the improvement of fatigue strength was mainly due to stress-induced
domain switching. The relationship between da/dN and Kmax was evaluated by conducting fatigue crack growth tests. The threshold
stress intensity factors for unpoled and poled composites were higher than that of monolithic Al2O3.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, new functional composites, such as com-
posites with piezoelectric secondary phases, have been
increasingly interested. Ceramic composites with func-
tional materials as dispersoids have been found to improve
the mechanical properties, and also some new functions
can be introduced into the structural ceramic materials
[1–3]. For ferroelectric/piezoelectric ceramics, domain
switching can be caused by mechanical stress and/or elec-
tric field. The domain switching plays an important role
on the toughening mechanism in BaTiO3 and PZT ferro-
electric ceramics [4,5]. However, there have been few stud-
ies on toughening mechanisms in the composites. In the
previous work [6], BaTiO3–Al2O3 composites could be pro-
duced by using a spark plasma sintering method. The dense
composites could be obtained compared to those by the
conventional pressure-less sintering method. The fracture
toughness of the BaTiO3–Al2O3 composites was improved
and the highest fracture toughness of 6.04 MPa m1/2 for the
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Al2O3 composite with 5 mol% BaTiO3 was achieved, while
that of the monolithic Al2O3 was 4 MPa m1/2.

An electric field can switch a domain by either 180 or
90�, while a stress can switch a domain by only 90�. A
180� domain switching can cause a direct change of polar-
ization and leads to a change of piezoelectric compliance
tensor. A 90� domain switching can cause a direct change
of both polarization and strain. Domain switching is asso-
ciated with the domain wall movement. Experiments
showed that when an electric potential or a mechanical
load exceeded a critical value, the domain wall began to
move and the amount of movement was related to the
intensity of the load [8]. Effects of stress on the piezoelectric
capabilities of lanthanum-doped lead zirconium titanate
(PLZT) ceramics have demonstrated that the applied exter-
nal compressive stress can lead to the disappearance of the
hysteresis loop behavior by complete inhibition of 90�
domain movement [8]. Therefore, the high level mechanical
stressing of PZT produces irreversible deformation by the
irreversible switching of 90� domains. This leads aniso-
tropic deformation behavior in poled materials. The cyclic
stressing of PZT may cause significant incremental increase
in the irreversible strain. This behavior may also result in
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electromechanical fatigue effect that causes the degradation
of piezoelectric property.

As mentioned above, there have been some works on
fatigue behavior of monolithic piezoelectric. However, no
work on fatigue behavior of piezoelectric composites has
been reported. Therefore, basic fatigue behavior and effect
of piezoelectric property on fatigue strength and fatigue
mechanisms have not been cleared. In the present study,
four-point bending fatigue tests were conducted to investi-
gate the fatigue behavior of BaTiO3–Al2O3 composites as
well as those of monolithic Al2O3 and BaTiO3 ceramics.
Fatigue tests were conducted on both the poled and unp-
oled samples. The fatigue crack growth behavior was also
investigated and the piezoelectric effect on fatigue growth
behavior was discussed.

2. Experimental procedure

2.1. Material preparation and microstructure

The Al2O3-based composite with 5 mol% BaTiO3, which
is termed as 95A5B composite, was fabricated. To mix two
kinds of powders, ethanol was used and blended com-
pletely by ball mill for 24 h. The mixture was placed in a
rotary vacuum evaporator to extract the solvent. A dry
powder mixture sieved through 150 lm mesh screen was
produced. The mixed powders were put into a cylindrical
graphite die with an inner diameter of 25 mm, which was
on the vibration table for homogeneous packing of the
powders, with graphite punches on both sides and then sin-
tered by using a spark plasma sintering machine under an
applied load of 38 MPa in vacuum. The temperature was
increased at a rate of 100 �C/min up to a sintering temper-
Fig. 1. Microstructures of the materials used in thi
ature of 1300 �C. After holding for 5 min at the sintering
temperature, the d.c. power was shut off to let the sintered
material rapidly cool to 600 �C for 30 min. The monolithic
Al2O3 and BaTiO3 were sintered by the same sintering pro-
cess as the composite at 1300 and 1100 �C, respectively,
under an applied load of 38 MPa.

Microstructures of the three materials sintered in the
present study are shown in Fig. 1. Average grain
sizes of monolithic Al2O3 and BaTiO3 were 1–4 and 1–
2 lm, respectively, as seen in Fig. 1(a) and (b). From the
XRD analysis, the intermediate phases, BaAl6TiO12 and
BaAl13.2O20.8, were found in this composite [6]. The differ-
ent phases indicated the different colors, as can be seen in
Fig. 1(c): dark, gray, and bright regions are Al2O3, interme-
diate and BaTiO3 phases, respectively. Mechanical proper-
ties of the sintered materials are summarized in Table 1.

2.2. Specimen preparation

The sintered materials were cut into test specimens
with dimensions of 3 · 4 · 35 mm. Both poled and unp-
oled 95A5B composites were prepared. Silver paste was
applied on the 3 · 35 mm surface as electrode and dried
in air oven at 120 �C for 10 min. The specimens were
poled (1.25 kV/mm) parallel to the width of the specimen,
as schematically shown in Fig. 2. For poling of the com-
posite, the applied electric potential was significantly
higher than that of monolithic BaTiO3 (0.5–0.6 kV/mm)
due to much smaller relative permittivity of Al2O3 phase.
These values of electric potential for poling correspond to
the maximum point, over which the electric current sud-
denly increases. Then, a surface crack in the width direc-
tion was introduced at the center of the tension side of the
s study: (a) Al2O3, (b) BaTiO3, and (c) 95A5B.
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Fig. 2. Schematic of the dimensions of specimen and the direction of
poling.

Table 1
Mechanical properties of the materials used in this study

Al2O3 BaTiO3 95A5B composite

Bending strength (MPa) 446.5 116.5 237.2
Fracture toughness (MPa m1/2) 3.55–4.0 0.6–1.06 5.21–6.04
Young’s modulus (GPa) 353 62.6 239
Poisson’s ratio 0.175 0.41 0.23
Vickers hardness (GPa) 16.7 4.9 12.1
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test specimen with a Vickers indenter using loads of 196 N
for Al2O3 and 95A5B composite, and 4.9 N for BaTiO3.
The residual stress was removed by polishing more than
three times of the depth of the Vickers impression from
the surface [7]. Fig. 3 shows a micrograph of surface
pre-crack for the poled 95A5B composite after removing
the surface layer. The pre-crack lengths parallel to the
poling direction were approximately 400 lm for 95A5B
composite and monolithic alumina, and 120 lm for
monolithic BaTiO3. After polishing, the residual stress
was measured by using an X-ray stress analysis method.
Al2O3 phases located around a crack were measured as
a diffraction phase. The diffraction from Al2O3 (146)
plane by Cu-Ka was recorded with the side-inclination
method. The X-ray stress constant (s) was calculated from
various applied stresses (rA) of the alumina sample to
determine stress by the sin2w method

s ¼ � E
2ð1þ tÞ cot h0;

where E and t is elastic modulus and Poisson’s ratio of alu-
mina, respectively. h0 is the diffraction angle for stress-free
materials. The stress was evaluated from the slope M of the
sin2/ diagram as
Fig. 3. Pre-crack observation by the replica method for the poled 95A5B
composite.
rx ¼ S � M .

The residual stresses determined are summarized in
Table 2. From Table 2, the presence of residual stress is
found after Vickers indentation. However, after polishing,
the residual stress was reduced to the same level as that
before indentation. Therefore, it was suggested that the
residual stress near the pre-crack was removed after
polishing.

2.3. Fatigue test

The specimens were subjected to the four-point bending
cyclic load on a servohydraulic fatigue machine with the
loading conditions: sinusoidal waveform, load ratio (R)
of 0.1 and frequency of 20 Hz. Fatigue tests were periodi-
cally interrupted to examine the crack growth behavior
until failure. Crack lengths were measured by a replica
method and the crack path was observed by using laser
and optical microscopes. Data were presented in terms of
the crack growth rate per cycle, da/dN, as a function of
the maximum stress intensity factor, Kmax, which was eval-
uated by the equation for a surface crack given by Newman
and Raj [9].

3. Results and discussion

3.1. S–N curve

The relationships between maximum stress and number
of cycles to failure for Al2O3, poled and unpoled 95A5B as
well as poled and unpoled BaTiO3 samples are shown in
Fig. 4. The specimens which did not fail up to 106 cycles
are marked by the arrow symbol (!). As can be seen from
Fig. 4, the fatigue limits of unpoled and poled 95A5B were
noticeably higher than that of monolithic Al2O3. The fati-
gue limits at 106 cycles were 77 MPa for monolithic Al2O3

and 90 MPa for unpoled and poled 95A5B. At higher stress
level, the fatigue strengths of these three specimens almost
coincided. For monolithic BaTiO3, the fatigue limits at 106

cycles were 30 MPa for unpoled one and 46 MPa for poled
one.

3.2. Fatigue crack growth curve

Fig. 5 indicates the relationships between crack growth
rate (parallel to the poling direction), da/dN, and maxi-
mum stress intensity factor, Kmax, for unpoled and poled
BaTiO3. The initial and final aspect ratios on the fracture
Table 2
Residual stress for the Al2O3 specimens by the X-ray stress measurement
method

Residual stress (MPa)

On surface without crack 46.7
Near crack before polishing 93.9
Near crack after polishing 34.3
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Fig. 5. Relationship between da/dN and maximum stress intensity factor
for unpoled and poled BaTiO3.
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Fig. 6. Relationship between da/dN and maximum stress intensity factor
for monolithic Al2O3, unpoled, and poled 95A5B composites.
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Fig. 4. S–N curves for monolithic Al2O3, BaTiO3, and 95A5B composites.
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surface were measured and it was found that both of ratios
were almost the same. In this paper, the aspect ratio was
assumed to be 0.7 and almost constant during crack
growth. As can be seen from the figure, the crack growth
rate for poled BaTiO3 was lower than that for unpoled
one in the low Kmax region. In the high Kmax region, no sig-
nificant difference of crack growth rate was found between
unpoled and poled BaTiO3. This crack growth behavior
indicates that the toughening due to the stress-induced
domain switching exhibits at the low stress intensity fac-
tors, while this toughening mechanism is degraded at the
high stress intensity factors due to the accumulation of
the irreversible deformation of 90� domain switching. This
crack growth behavior is consistent with the S–N curves for
poled and unpoled BaTiO3 shown in Fig. 4, where the fati-
gue limit of poled BaTiO3 is higher than that of unpoled
one but the fatigue strengths of both the specimens almost
coincide at high stress level.

The relationships between da/dN and Kmax for mono-
lithic Al2O3, unpoled and poled 95A5B are shown in
Fig. 6. Arrows in this figure indicate the threshold values,
Kth, of each sample. As can be seen from the figure, the
crack growth rate of poled 95A5B was significantly low
compared to those of unpoled 95A5B and monolithic
Al2O3 in the low Kmax region, while they almost coincided
each other in the high stress intensity factor region. This
result was similar to that for the monolithic BaTiO3. This
crack growth behavior was almost consistent with the fati-
gue behavior observed in S–N curve, while the difference of
fatigue limit between poled and unpoled 95A5B was not
significant.

3.3. Fracture surface

Scanning electron microscopy observations of fatigue
surfaces for the monolithic Al2O3 (Fig. 7(a)) revealed pre-
dominant intergranular fracture while intergranular with
some transgranular regions was dominant in the unstable
fracture region (Fig. 7(b)). Fig. 8 shows scanning electron
micrographs for fatigue surface of unpoled 95A5B. Corre-
sponding to the composition of 95A5B composite, liquid
phases appear at grain boundaries during sintering process,
which enhance the grain growth [6]. Fatigue fracture sur-
face showed intergranular fracture at Al2O3 grains mixed
with transgranular fracture at reaction phases. It can be
found no significant difference of fracture surface morphol-
ogy between the fatigue crack growth region and the final
unstable fracture region.

3.4. Crack path

From the scanning electron microscopy observations, an
example of fatigue crack path for unpoled 95A5B is shown
in Fig. 9. From the figure, dominant intergranular crack
path was found with existence of grain bridging on the
crack wake. In addition, the crack in the threshold region
was arrested at or near the reaction phase as same as the
case for fracture toughness tests [6]. The similar fatigue
crack path was also observed in the poled sample.



Fig. 7. SEM micrographs of fracture surface for Al2O3: (a) fatigue crack growth region and (b) unstable fracture region.

Fig. 8. SEM micrographs of fracture surface for unpoled 95A5B composite: (a) overview, (b) area A: fatigue crack growth region, and (c) area B: unstable
fracture region.
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3.5. Discussion

Since the internal stress is induced in 95A5B after polar-
ization, fracture toughness of this composite shows anisot-
ropy [10]. Based on this behavior, it is suggested that under
the stress level near the fatigue limit (90 MPa) the main
toughening mechanism is ferroelastic domain switching,
which leads to the development of a process zone near
the crack tip. It has been also reported that BaTiO3 has a
rising fracture resistance curve [11]. Therefore, it is sug-
gested that the toughening of ferroelectric BaTiO3 is
related to the stress-induced domain switching near the
crack tip due to the high tensile stress. For a crack parallel
to the poling direction, the toughening is related to the
stress-induced 90� domain switching process near the crack
tip. When a crack propagates, compressive stresses are
induced perpendicular to the crack plane because the pre-
ferred orientation of the c-axis of the tetragonal BaTiO3

is in the direction of tensile stress, as shown in Fig. 10.
Compressive stress induced by domain switching normal
to the crack surface remains in the crack wake and causes
the stress shielding effect at the crack tip. For unpoled
95A5B, the domain orientations of BaTiO3particles are
random in Al2O3 matrix. Therefore, the compressive stress
induced by 90� domain switching is smaller than that in the
poled one and then the stress shielding effect is also not so
significant compared to the poled one.

At the high stress level, the fatigue life of poled 95A5B
became identical to those of unpoled 95A5B and mono-
lithic Al2O3. Since the mechanical stressing of piezoelectric
materials produces permanent deformation by the irrevers-
ible switching of 90� domains, it leads to highly anisotropic
deformation behavior for poled materials [12]. Based on
the investigation on the behavior of a hard PZT under cyc-
lic mechanical loading [13], the stress-induced domain
switching behavior of PZT showed the existence of satu-
rated values of permanent cyclic strain with a strong depen-
dence of the maximum cyclic load. Permanent strains
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Fig. 10. Schematics of domain switching near a crack tip.

Fig. 9. SEM micrographs of crack path for unpoled 95A5B composite.
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increase very rapidly during cyclic loads over the critical
stress for irreversible switching. In the present results, the
high mechanical stress would produce permanent strain
by irreversible switching of 90� domains. Due to the perma-
nent cyclic strain, which depends on the level of maximum
cyclic load, stress-induced domain switching behavior of
piezoelectric would saturate and then the stress shielding
effect would disappear. Thus, no difference of fatigue
strength for these materials was found at high stress levels.

4. Conclusion

Based on the cyclic fatigue test results for the Al2O3-
based composite with BaTiO3 piezoelectric phase, the fol-
lowing conclusions can be summarized:

1. Fatigue limits of poled and unpoled 95A5B were higher
than that of monolithic Al2O3, while at higher stress
level the fatigue lives of poled, unpoled 95A5B and
monolithic Al2O3 almost coincided.

2. Fatigue crack growth rate for poled BaTiO3 was lower
than that for unpoled sample in the low Kmax region.
At higher Kmax level, the fatigue crack growth resistance
for both unpoled and poled BaTiO3 almost coincided
each other. The similar behavior of fatigue crack growth
was also observed for unpoled and poled 95A5B. The
threshold stress intensity factors for unpoled and poled
95A5B were higher than that of monolithic Al2O3 by
9% and 18%, respectively.

3. Fracture surface morphology and crack path profile of
the region directly ahead of the crack tip for 95A5B
showed a predominantly intergranular crack growth
mechanism with grain bridging in the crack wake. The
crack was arrested at the reaction phase.

4. The present experimental results strongly suggest that
piezoelectric secondary phase significantly improves
both fatigue limit and fatigue crack growth resistance,
and that the toughening mechanism of BaTiO3–Al2O3

composites would be the stress-induced domain switch-
ing of piezoelectric secondary phase.

5. At high stress level, the permanent strains are induced
by high stress over the critical stress for irreversible
domain switching and consequently, the toughening
behavior becomes not significant.
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