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Effect of grain morphology and grain size on
the mechanical properties of Al,O; ceramics
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Bending strength, fracture toughness, fracture energy and crack extension resistance were
evaluated for Al,O, ceramics with equi-axed and platelet grains. Bending strength was
proportional to grain size /2, but flaws with a size of 10 um controlled the strength when the
microstructure was finer than 10 pm. Fracture toughness, measured by the single etched
precracked beam (SEPB) method, was proportional to fracture energy'’?, and increased with
the grain size of Al,O; ceramics with equi-axed and platelet grains. However, the toughness
of platelet grain ceramics was higher than the ceramics with equi-axed grains, and increased
up to 6.6 MPam'/2 with grain size. Therefore, it is thought that fracture toughness not only
depends on grain size, but also on grain morphology; equations were derived to account for

this phenomenon.

1. Introduction

It has been reported that the crack resistance of Al,O,
ceramics increases with crack propagation [1, 2], and
this behaviour (R-curve) becomes remarkable when
the grain size increases [3]. As a result, the fracture
toughness, measured by the single etched precracked
beam (SEPB) method, and fracture energy increase
with grain size [3]. This R-curve behaviour of Al,O;
ceramics is due to grain bridging and grain pullout,
and were identified by optical microscopy and scan-
ning electron optical microscopy [4-7]. These tough-
ening mechanisms have also been widely reported in
silicon nitride ceramics and whisker reinforced ceram-
ics. In these ceramics, the effect of microstructure (e.g.
grain diameter, grain length and aspect ratio) on
fracture toughness has been reported in some papers,
and it has been found that the toughness depends on
the radius of bridging microstructural features; these
bridging microstructural features were large grains in
silicon nitride ceramics [8] and whiskers in whisker
reinforced ceramics [9].

Recently the effect of dopants on the sintering
behaviour of Al,O; ceramics has been clearly under-
stood, which permits control over the microstructure.
For example, Na,O + SiO,, CaO + SiO,, SrO
+ SiO,, or BaO + SiO, dopants react with Al,O; to
produce a liquid phase during sintering, which results
in elongated platelike or platelet grains [10].

In the present study, Al,O; ceramics with equi-axed
and piatelet grains were produced by the addition of
small amounts of CaO + SiO, [11]. The effects of
grain morphology and grain size on the mechanical
properties, bending strength, fracture toughness, frac-
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ture energy and crack extension resistance, were

‘investigated.

2. Experimental procedure

2.1. Materials

The mechanical properties of Al,O; ceramics with
equi-axed and platelet grains were measured. To ob-
tain Al,O; ceramics with equi-axed grains, undoped
Al,O; compacts were sintered at 1300-1600 °C for 4 h
in air and 1600-1800°C for 4h in Ar gas. Al,O,
compacts doped with 0.02-0.25 mol% CaO + SiO,
were sintered at 1500-1600°C for 4 h in air to obtain
ceramics with platelet grains. The grain size of Al,O,
ceramics with equi-axed grains was obtained by a
linear-intercept method, and the size of platelet grains
was calculated from the equation derived by Fullman
[12]. It was assumed that the platelet grains were
circular in shape; for each sample the size of about 100
grains was measured to obtain diameter, H, thickness,
T, and aspect ratio, H/T.

Fig. 1 shows ‘the typical microstructure of Al,O,
ceramics, Undoped Al,O; ceramics had equi-axed
grains, which increased in size with sintering temper-
ature. Ceramics with 0.02 mol% CaO + SiO, had
platelet grains with relatively small grain sizes, but the
platelet grains grew larger when the content of
dopants increased.

2.2. Measurement of mechanical properties
Bending strength was measured using the three-point
bending test (JIS R-1601). The specimens were 3 x 4
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Figure 1 Typical microstructure of Al,O; ceramics used in this experiment: (a) undoped Al,O; sintered at 1500 °C; (b) Al,Q, + 0.02 mol %

CaO + 0.02mol%SiO, sintered at
Al,O; + 0.05mol% CaO + 0.05 mol % SiO, sintered at 1600 °C.

x 40 mm, and the span was 30 mm. Fracture tough-
ness, K, was measured by the single etched precracked
beam (SEPB) method (JIS R-1607) [13]; and Young’s
modulus, E, was measured by the resonance-
vibration method in bending geometry (JIS R-1602).
Fracture energy, v, and crack extension resistance, Kp,
were evaluated from the stably fractured
load—displacement curve of the bending bar with
chevron notch (CN). Fracture energy was calculated
from the areas under the load-displacement curves
and respective ligament areas [ 14]. Characteristic be-
tween crack resistance and crack length were obtained
from the same load—displacement curve analysed by
the compliance model [15]. The compliance was cal-
culated by Bluhm’s slice model. To observe
the manner of fracture, the fracture surfaces and the
pop-in cracks for the measurement of toughness
were examined by scanning electron microprobe.

3. Results and discussion
3.1. Bending strength
Fig. 2 shows the effect of grain size on the bending
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1600°C; (c) AL O; + 025mol%CaO + 0.25 mol %SiO,

sintered at 1500°C; and (d)

strength of Al,O; ceramics. The grain size of Al,O,
ceramics, with equi-axed grains, was the value meas-
ured by the linear-intercept method, and the size of the
ceramics with platelet grains was the diameter of
platelet grains. The strength showed the Orowan-—
Petch relationship; the bending strength for large
grains was proportional to grain size”!/?, and the
strength was nearly constant for ceramics with a grain
size below 10 um. In general, strength was propor-
tional to flaw size”!/?, and flaws changed from in-
trinsic flaws to extrinsic flaw as the grain size de-
creased. In the case of Al,O; ceramics, residual stress
was generated by thermal expansion anisotropy, and
produced intrinsic flaws where size was proportional
to the grain size. However, Chantikul et al. [16]
investigated the interrelationships between strength
and grain size, and reported that the strength was a
complex function of both flaw size and grain size, and
that the extrinsic flaw size was about 10 pm. Some
researchers produced Al,O, ceramics using slip cast-
ing and hot isostatic pressing in order to minimize
these extrinsic flaws, but higher strength could not be
obtained [17]. Therefore, the formation of these ex-
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Figure 2 Influence of grain size on the bending strength of Al,O,
ceramics. Line indicates the calculated value obtained by the
equation o = KY 'C~'2, where C is the flaw size. It is assumed
that the flaw size is equal to the grain size and K = 3 MPam'/2. (O)
0mol%, (A) 0.02mol%, () 0.05mol%, (V) 0.15mol%, (@)
0.25 mol %.

trinsic flaws were thought to be due to pores or to the
inhomogeneity of the microstrucutre, which were diffi-
cult to eliminate.

3.2. Fracture toughness and fracture energy
The relationship between bending strength and frac-
ture toughness measured by the SEPB method is
shown in Fig. 3. Fracture toughness increased as the
bending strength decreased, and doped Al,O ceram-
ics with platelet grains had higher toughness. The
relationship between fracture toughness and fracture
energy measured using CN bars is shown in Fig. 4.
Fracture toughness was proportional to fracture en-
ergy'/?, and this relationship could be explained from
the equation K = (2Ey)'/?, because the Young’s
modulus of all Al,O; ceramics was about 390 GPa.
Since the fracture energy was obtained from the meas-
urement of the stably fractured load-displacement
curve, the fracture toughness measured by the SEPB
method did not yield the same value as when the crack
was initiated.

Typical fracture surfaces and crack paths are shown
in Fig. 5. These cracks were the pop-in cracks used for
the measurement of fracture toughness by the SEPB
method. Al,Q; ceramics with equi-axed grains had
low toughness, and these ceramics fractured inter-
granularly. The width of the crack’s propagating zone
was only about 5 um, though the pop-in crack propa-
gated along the grain boundary. On the other hand,
Al, O, ceramics with platelet grains had higher tough-
ness, and the width of the crack’s propagating zone
was 10-20 um for the ceramics. It was observed that
grain bridging was accompanied by crack branching
and crack deflection, and that these ceramics fractured
transgranularly. According to the direct observation
of crack paths, all the grains along the trace did not
bridge the crack, and the mean spacing of the grain
bridging site was about 2-5 grain diameters. Nishida
and Kameyama [3] reported that rough fracture sur-
faces occurred in the case of tough ceramics, and that
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Figure 3 Relationship between fracture toughness and bending
strength: (O) 0mol%, (A) 0.02mol%, (O) 0.05mol%, (V)
0.15 mol %, (@) 0.25 mol %.
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Figure 4 Relationship between fracture toughness, K, and fracture
energy, v. Line indicates the calculated value obtained by the
equation K = (2Ey)*/2, where E is Young’s modulus: (O) 0 mol %,
(A) 0.02 mol %, ([3) 0.05 mol %, (V) 0.15 mol %, (®) 0.25 mol %.

this made the interaction between fracture surfaces
larger. The anisotropy of thermal expansion caused
residual stress in the Al, Q5 ceramics, and this stress
became larger and more inhomogeneous as the grain
size increased. Since cracks propagated at easily frac-
tured surfaces which were weak or stressed in a tensile
manner, the fracture surfaces became rough when the
grain size increased. These rough surfaces became
obstacles for further fracture, and secondary fracture
and friction occurred before the specimen was frac-
tured completely.

It was considered that this improvement of fracture
toughness could be due not only to grain growth, but
also to the presence of an intergranular glassy phase.
Padture and Chan [18] added 1 vol % anorthsite glass
to Al, O, ceramics and crystallized the glass to gener-
ate residual stress between the Al,O; matrix and the
intergranular phase, which improved the flaw tolerance
and fracture toughness. In this research, however the
effect of the intergranular phase on the mechanical
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Figure 5 Typical fracture surfaces and crack paths of Al,0; ceramics with equi-axed grains and platelet grains. These cracks were pop-in
cracks for the measurement of fracture toughness by the SEPB method.

properties was not taken into consideration, since the
intergranular phase, which had a maximum content of
only 0.6 vol% for 0.25 mol % doped Al,O; ceramics,
was not crystallized and a relationship between the
content of dopants and the fracture toughness was not
to be found. Hence only the effects of grain morpho-
logy and grain size on the fracture toughness of Al,O,
ceramics have been discussed.

It is known that the fracture toughness and fracture
energy of anisotropic materials, like Al,O; ceramics,
can be improved by grain growth, since crack bridging
occurs due to large grains which cause compressional
stresses by thermal expansion anisotropy. Vekinis et
al. [4] reported that these stresses were the result of
both grain morphology and thermal expansion an-
isotropy, and they made some simple models to in-
vestigate the effect of grain size on the fracture energy.
Modifying their equation for pullout, assuming the
shape of platelet grains with diameter, H, and thick-
ness, T, is simplified into square plates of size [(n/2)/2

x H] x [(n/2)/2 x H] x T with the same volume.
During pullout, work is done on _these grains against
friction, which occurs effectively on the plates from
[(m/2)/2x H] to (1 — X)[(rn/2)/2 x H] and does not
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occur when the crack opens beyond X[(/2)/2 x H].
Then
Ay = w*3(1 — X)®°N,uc,H3/16 (1)

where N, is the number of bridging grains per unit
area, u is the friction coefficient, and o, is the pullout
stress. Since the relationship between the fracture
toughness and the fracture energy is K = (2Ey)'/?
and v > v,, then

K = QEy)Y? = (2Ey, + 2EAy)'?
= (2Ev,)"? + (QEAY)Y? = K, + AK 2)

Setting N, = f(nH>T/4)~ 23, where f is the ratio of
grains acting pullout, then

AK = (QEAy)?
w4273 (1-X)(fuc, E) R HS T3 (3)
= w2 X) (o, EY P H/T) P HY? (4)
= m2TI(1-X)(fuo, E) A (H/T T (5)

This equation shows that fracture toughness is pro-
portional to diameter®’®, thickness ~ 13, and toughness
is proportional to both diameter!/? and thickness!/
for ceramics with the same aspect ratio, H/T. Fig. 6



shows the dependence of fracture toughness of Al,O4
ceramics on diameter!/2, thickness'/? and diameter®’®
thickness ~ /3, The fracture toughness increased with
both diameter and thickness, but the slope was the
same only for the relationship between the toughness
and diameter®® thickness™!/3. The real bridging
stress, o, can be calculated by use of the equation

6 = N,(2poy)(n/2)"? x H]?
= (2m)'*fno,(H/T)*? (6)

The bridging stress, o, reported by several researchers
was 30-70 MPa [18, 19]. Taking o = 50 MPa, H/T
= 4.5, and E = 390 GPa in Equations 3 and 6, fuc,
= 10 MPa and X = 0.85 can be obtained using the
slope between the fracture toughness and diameter>’®
thickness ~/* in Fig. 6. Bridging does not occur when
the crack opens beyond X[(r/2)/2 x H] and the max-
imum crack opening displacement, (1-X)[(rn/2)/2
x H], is 0.13H. This value is a little lower than
the crack opening displacement, D/4, reported by sev-
eral researchers [ 19, 207, because they represented the
grain size using only the grain diameter, D. Since
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Figure 7 Crack extension resistance of Al,O, ceramics. Al,O,
ceramics doped with 0-0.25 mol% CaO + SiO, were sintered at
1600°C: (O) 0mol%, (A) 0.02mol%, (O) 0.05mol%, (V)
0.15 mol %, (@) 0.25 mol %.

D® = nH?T/4 and H/T = 4.5, the crack opening dis-
placement is 0.23D which is close to D/4.

Consequently, the effect of grain morphology and
grain size on the fracture toughness of Al,O; ceramics
could be explained, and equations were derived on the
basis of grain pullout model.

3.3. Crack resistance

The crack resistance of Al,O; ceramics sintered at
1600°C is shown in Fig. 7. Crack length calculated
from the change of compliance was the length from the
top of the chevron notch. Al,O; ceramics with larger
platelet grains, which had higher fracture toughness,
indicated larger R-curve characteristics than the cer-
amics with equi-axed grains. However, the initial
value of crack resistance and the plateau of the
R-curve could not be obtained, probably because the
compliance calculated from the geometry of the speci-
men was not exact and because the chevron notch was
used. Upon exposing these curves to the crack initia-
tion value, 3—4 MPam?/? was obtained and this value
was independent of grain size.

4. Conclusions

Bending strength, fracture toughness, K, fracture en-
ergy, v, and crack extension resistance were evaluated
for Al,O5 ceramics with equi-axed and platelet grains.
The results are summarized as follows:

1. Bending strength was proportional to grain
size "1/2, but flaws with a size of 10 um controlled the
strength when the grain size was less than 10 pm.

2. The fracture toughness measured by the single
etched precracked beam (SEPB) method was propor-
tional to fracture energy’/?; this relationship could be
explained from the equation K = (2Evy)/2.

3. The fracture toughness of Al,O; ceramics with
equi-axed and platelet grains increased with grain size,
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but the toughness of ceramics with platelet grains was
higher and increased up to 6.6 MPam'/? with grain
size. Therefore, it was thought that fracture toughness
depended not only on the grain size, but also on grain
morphology. Equations for toughness were derived
which included grain diameter, thickness and aspect
ratio.

4. Al,O, ceramics with large platelet grains, which
had higher fracture toughness, indicated larger
R-curve characteristics than ceramics with equi-axed
grains.
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