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bstract

extured mullite/zirconia (ZrO2) composites were prepared from a reactive mixture of alumina (Al2O3) and zircon (ZrSiO4) powders together
ith acicular aluminum borate templates to nucleate and texture mullite grains in the [0 0 1]. Effect of texturing on Young’s modulus and strength

s investigated by fabricating samples with varying degree of grain orientation by templated grain growth (TGG). It is found that both Young’s

odulus and strength increases with a better orientation control of mullite grains in the longitudinal direction. The increase in Young’s modulus

s consistent with the anisotropic elastic properties of mullite crystal. The increase in strength is attributed to the fact that pores are smaller and
longated in the texture direction resulting in smaller defect size. Scanning electron microscopy (SEM) observations indicate that crack propagation
t mullite crystals is transgranular.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Material properties are controlled by the microstructure.
n effective way of improving the material properties is by

ombining different materials for the optimum performance;
.e. developing composite materials with a microstructure
esigned to give mechanical properties suited to the performance
equirements.1 Another way of improving material performance
s by orientation control of the individual grains (texture), utiliz-
ng the anisotropic properties of the single crystals.2 The under-
tanding of the microstructure-property relationship is essential
or the improvement/design of ceramic materials for structural
pplications.

Composite materials containing zirconia (ZrO2) is exten-
ively studied because martensitic phase transformation of zir-
onia under applied stress that contributes considerably to the
echanical properties of ceramics.3–6 ZrO2 has superior phys-

cal and mechanical properties including high hardness, wear
esistance, elastic modulus, and high melting temperature that

ake it attractive as a structural engineering material.7 On the

ther hand, mullite ceramics have many desirable properties,
uch as excellent high-temperature strength and creep resistance,
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ood thermal and chemical stability, low thermal expansion
oefficient, and low density.8 However, monolithic mullite bod-
es suffer from low values of bending strength and fracture
oughness.9 Zirconia could be introduced into mullite matrix
y reaction sintering of alumina (Al2O3) and zircon (ZrSiO4) at
he stoichiometric ratio. In literature, kinetics of phase forma-
ion, microstructure evolution, effects of additives and type of
tarting powders have been extensively studied.10–13

A textured structure can be achieved by templated grain
rowth (TGG), specifically, by introducing oriented templates
nto a powder compact to develop a textured microstructure after
intering at elevated temperature.14 Tape casting is well suited
or orienting the templates in the casting direction. In the absence
f any significant constraint, mullite has a tendency to grow in
he c direction leading to the needle-shaped grains. The growth
irection of mullite grains can be controlled by orientation of
emplates in the powder compact by tape casting.

Recently, Duran and Tür showed that the addition of acicu-
ar Al-borate whiskers to alumina and zircon powder mixture,
mploying the tape casting method for green body formation,
nd sintering at elevated temperature results in the highly tex-
ured mullite/zirconia composite structure.15 In this study, we

escribe the effect of grain orientation on the mechanical prop-
rties of textured mullite/zirconia composites such as Young’s
odulus and strength. Also, crack growth characteristics of the
aterial are reported. To our knowledge, this is the first report

mailto:yktur@penta.gyte.edu.tr
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.085
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representation of the each microstructure is also included for
visual clarification. Lotgering factors are calculated using Eq.
(1). Fig. 2(a) shows that minor texture is present in the sam-
ple (f = 0.15) when no templates were introduced into the slurry,
464 C. Öztürk, Y.K. Tür / Journal of the Euro

n mechanical properties on the textured mullite/zirconia com-
osites.

. Experimental procedure

Mullite/zirconia (3Al2O3·2SiO2/ZrO2) composites were
repared from �-Al2O3 (Alcoa, SG3000) and ZrSiO4
Eczacıbaşı, Doğa) powders. Ten wt.% [0 0 1] aluminum borate
9Al2O3·2B2O3) whiskers (Shikoku Chemical Co.) were used
s templates. Three wt.% TiO2 (Merck, Rutile type) and 1 wt.%
gO (Merck) were added to modify liquid (or glass) phase,

ased on previous works.15

A polyvinyl butyral (PVB) was used as a binder and disper-
ant and a mixture of poly ethylene glycol (PEG) and benzyl
utyl phthalate (BBP) was used to modify its plasticity. Appro-
riate amounts of ZrSiO4, Al2O3, TiO2 and MgO powders were
ispersed by ball milling for 24 h in an azeotropic mixture of
ethyl ethyl ketone (MEK) and ethanol (EtOH) (40/60 vol%)

sing PVB, PEG and BBP. Al-borate templates were stirred in
EK/EtOH mixture and then introduced into the slurry to avoid

emplate breakage, hereon referred as “intact templates”. For
ome batches, templates were introduced into the slurry at the
eginning of ball milling to break templates and achieve ran-
om template alignment in the a or b direction (hereon referred
s “broken templates”). Then, the slurry was stirred for an
dditional 24 h in a closed beaker for a complete mixing. An
thylene glycol surfactant (Surfynol 104E, Air Products) was
dded as several drops to remove air bubbles formed during mix-
ng. Excess solvent (MEK/EtOH) was then evaporated until a
esired viscosity for tape casting was attained. Tape casting was
erformed on a glass substrate at a casting speed of ∼20 cm/s
ith a blade gap of 200 �m. After drying at room temperature

or 24 h, tapes were cut and laminated at room temperature at
pressure of 50 MPa for 3 min. Polymer burnout was carried

ut by heating samples to 250 ◦C at 50 ◦C/h, then to 275 ◦C at
0 ◦C/h and finally to 600 ◦C at 45 ◦C/h. At each step, there was
dwell time of 1 h. After polymer burnout, samples were sin-

ered at 1450–1550 ◦C for 4 h with a constant heating rate of
0 ◦C/min in air.

For microstructural studies, the surfaces of the samples were
olished down to 3 �m using diamond paste and then ther-
ally etched 75 ◦C below the sintering temperature for 45 min

n air. Morphological texture was characterized using a scan-
ing electron microscopy (SEM) (Philips XL30 SFEG). Crys-
allographic texture development was calculated from X-ray
iffraction (XRD) (Rigaku Dmax 2200). The amount of texture
raction, Lotgering factor (f), for mullite was calculated from
q. (1)16

= P − P0

1 − P0 (1)

here P and P0 are [I(0 0 1) + I(0 0 2)]/�I(h k l) in the textured and

andom sample, respectively. Only mullite peaks were consid-
red in the calculations.

For mechanical tests, samples were prepared with tape
asting direction aligned parallel to longitudinal direction,

F
p
t
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ereon referred as “parallel composites” and perpendicular to
he longitudinal direction, hereon referred as “perpendicular
omposites”. Parallel samples were prepared with no tem-
lates, 10 wt.% broken templates, and 10 wt.% intact tem-
lates, whereas perpendicular samples were prepared only with
0 wt.% intact templates. Dimensions of the samples were
.5 mm × 2 mm × 35 mm (height × width × length). Young’s
odulus of samples was measured by the resonance frequency
ethod according to ASTM C1259-94 using a Grindo-Sonic

ystem (Grindo-Sonic MkV, J.W. Lemmens, Belgium). The
exural strength of samples were measured with an electronic
niversal tester (Model 5569, Instron ltd.) by a three point bend-
ng test with a lower span of 25 mm and crosshead speed of
.25 mm/min, based on ASTM standard C1 161-90.

. Results and discussions

Fig. 1 shows the mullite–zirconia phase evolution on a–b
lane as a function of sintering temperature for the samples
ontaining 10 wt.% intact templates. Major peaks are marked
n the XRD patterns. Zircon decomposition mainly took place
elow 1450 ◦C above which only residual zircon remaining.
ircon further decomposes with the temperature to form final
ullite/zirconia. It has been reported that mullite and subse-

uently mullite/zirconia composite formation was attributed to
he presence of both template particles and additives in that
dditives modified the glass phase providing a path for faster
ransport of species and isostructural aluminum borate templates
erved as heteroepitaxial nucleation sites for mullite nucleation
nd growth.15,17 It is also evident that there is only a negligible
mount of tetragonal ZrO2 formation, even though the patterns
re from as-sintered surfaces. In other words, almost all ZrO2 is
onoclinic in the composites.
Fig. 2 shows SEM micrographs of the composites which are

intered at 1500 ◦C with no templates, 10 wt.% broken tem-
lates, and 10 wt.% intact templates, respectively. Schematic
ig. 1. Phase evolution as a function of sintering temperature for the sam-
les containing 10 wt.% intact templates. M: mullite; m: monoclinic-ZrO2; t:
etragonal-ZrO2; Z: ZrSiO4.
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Fig. 2. Texture development in mullite/zirconia composites. (a) No templates
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f = 0.15); (b) 10 wt.% broken templates (f = 0.85); and (c) 10 wt.% intact tem-
lates (f = 0.97). Inserts show the schematic representation of each microstruc-
ure for visual clarification. Tape cast direction is from left to right.

ecause of the anisotropic growth characteristics of mullite. On
he other hand, Fig. 2(b) shows that samples with broken tem-
lates have relatively higher textured mullite grains (f = 0.85)

hich indicates that acicular shape of the templates still plays a
ajor role in a texture formation. Finally, Fig. 2(c) demonstrates

hat highly textured (f = 0.97) mullite grains were achieved for
ntact templates.

m
f
t
s
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Young’s modulus measurements showed that for the compos-
te with no templates E is 164 ± 5 GPa and for the perpendicular
omposite with intact templates E is 152 ± 5 GPa. On the other
and, for the parallel composite with intact templates, E dra-
atically increases to 227 ± 5 GPa, which clearly demonstrates

he effect of texturing by TGG on E. This increase in E val-
es is attributed to anisotropic structure of mullite crystals, as
xplained below.

The predicted stiffness evaluated by averaging the stiffness
atrix in the longitudinal direction18,19 and experimentally
easured Young’s modulus are compared. Predicted stiffness

ncreases with increasing texture because C33 is higher than
ther elastic constants for mullite crystals. The experimentally
easured Young’s modulus also increases as the [0 0 1] mul-

ite texture fraction (Lotgering factor) in the sample increases
rom 0.15 to 0.97. Instead of giving absolute values for theoreti-
al and experimentally measured Young’s modulus, normalized
alues may be used. That is, the averaged stiffness, by taking
nto account the texture fraction and distribution, is divided
y 362 GPa (C33 for mullite) and the experimentally measured
oung’s modulus is divided by 230 GPa (slightly higher than
xperimentally measured value of 227 GPa for highly textured
ample, f = 97). Then, it is observed that not only the trend but
lso the normalized values are very similar. Also, for the per-
endicular composites, the low Young’s modulus measurements
152 GPa compared 227 GPa) are consistent with the low values
f C11 and C22 in mullite crystal (240 and 285 GPa compared to
62 GPa).

Flexural strength measurements showed that for the compos-
te with no templates σf is 175 ± 25 MPa and for the perpen-
icular composite with intact templates σf is 170 ± 25 MPa. On
he other hand, for the parallel composite with intact templates,
f sharply increases to 300 ± 25 MPa. Similar to the increase

n E, TGG induces anisotropy on σf. This increase in σf values
s attributed to the pore size and pore orientation as explained
elow.

Strength of a ceramic material is a function of its fracture
oughness, KIC, and defect size, c.20

f = KIC

Y
√

c
where Y is the geometry factor. (2)

Even though, fracture toughness studies are incomplete, pre-
iminary results indicate that the fracture toughness of the tex-
ured composite is not dependent on the crack propagation
irection with respect to the mullite grain orientation. This result
s supported by SEM observations as well. From Fig. 3 it is
een that cracks propagate as easily through the mullite crys-
als both parallel and perpendicular to the growth direction,
.e. transgranular crack propagation is the dominant mechanism
hen crack front reaches a mullite crystal, independent of its
rientation. On the other hand, cracks propagate around the zir-
onia grains, i.e. intergranular crack propagation is the dominant

echanism when crack front reaches a zirconia crystal. Since

racture toughness of the material is not orientation dependent,
he discrepancy between the strengths of different orientations
hould be attributed to the defect size and defect geometry.
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Fig. 3. SEM picture of a sample with f = 0.97. Arrows labeled as a and b show
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rack propagation perpendicular to and parallel to the c axis of the mullite crystal,
espectively. Arrows labeled as c show the crack propagation around zirconia
rains.

In fact, Fig. 3 shows that pores tend to form at the intersection
oints of textured mullite grains and have a tendency to be elon-
ated in the texture direction. Therefore, detrimental effect of
he morphology and alignment of the pore is more pronounced
hen the stress is applied perpendicular to the texture direction.
herefore, σf is much lower for perpendicular composites.

Preliminary results also indicate that the fracture toughness
f the textured composite is slightly higher than the un-textured
omposite, approximately 25%. However, this amount of frac-
ure toughness increase is not enough to explain the two folds
f increase in σf. Comparison of the morphologies of the un-
extured and textured composites (Fig. 2(a and c), respectively),
ndicate that the pore size is much larger for the un-textured com-
osite. Also, as explained above, pores are elongated parallel to
he applied stress in textured composites. Therefore, the increase
n strength of textured composite compared to un-textured com-
osite is a result of small defect size achieved by better packing
f the grains and better orientation control of the defects.

Above results indicate that textured microstructure in mul-
ite/zirconia composites have beneficial effects on the mechani-
al properties. One of the expected beneficial effects of texturing
as utilizing grain bridging and grain pull out mechanisms
uring crack propagation, therefore, enhancing the fracture
oughness of the material. However, observed crack propaga-
ion behavior indicates that these mechanisms are not employed
ffectively. Also, almost all ZrO2 is in monoclinic form in all
omposites, which limits transformation toughening. Work is in
rogress to further enhance mechanical properties by modify-
ng microstructure (e.g. grain boundary phase) and introducing

ore tetragonal ZrO2 (e.g. by adding Yttria).

. Conclusions
Mullite/zirconia composites with 97% textured mullite grains
n [0 0 1] (f = 0.97) were successfully prepared from a reactive
owder mixture of alumina and zircon formed by tape cast-

1

1
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ng. Both E and σf increase dramatically with better textured
icrostructure and better orientation control of mullite grains

n the longitudinal direction. E increases from 152 to 227 GPa,
nd σf increases from 170 to 300 MPa for mullite grain orien-
ations perpendicular to and parallel to longitudinal direction,
espectively. The increase in E is explained by the anisotropic
roperties of mullite single crystal. As the mullite grain is ori-
nted better in longitudinal direction, higher elastic properties
ere achieved because C33 in mullite single crystal is higher than
ther elastic constants. On the other hand, the increase in σf is
ttributed to the pore size and pore geometry of the composite
aterial. As the texture fraction increases, pore size decreases

nd becomes elongated in the texture direction. However, crack
ropagation at mullite grains is observed to be transgranular, and
lmost all zirconia is in monoclinic form.
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