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Mullite is a promising candidate for advanced ceramic applications but its low fracture
toughness and difficulties in sintering are the main limitations for more widespread industrial
applications. Therefore, mullite/zirconia composites were prepared from a reactive mixture of
alumina and zircon powders. Additives, TiO2 and MgO, were used to modify aluminosilicate
glass to increase densification and <001> aluminum borate templates were incorporated to
texture mullite in [001] by templated grain growth. Mullite/zirconia phase formation was
complete at 1450◦C in the presence of both templates and additives, as compared to 1500◦C for
the samples with only additives and to 1600◦C for the samples with only templates. Dense
mullite/zirconia composites with highly <001>-textured mullite grains (Lotgering factor ∼1)
and a retention of ∼13% tetragonal ZrO2 were fabricated after sintering at 1450◦C for 2 h. A high
quality of mullite texture with a degree of orientation parameter of 0.22 and a narrow
distribution of elongated mullite grains within 8.8◦ around [001] were successfully obtained in
the composites. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Mullite is a promising candidate for advanced ceramic
applications due to its low density, low thermal conduc-
tivity, low dielectric constant, low thermal expansion, ex-
cellent creep resistance and high temperature strength [1–
4]. However, low fracture toughness and difficulties in
sintering to attain full densification are the main limi-
tations for mullite materials for more widespread engi-
neering applications in industry [5]. One method to im-
prove the mechanical properties of mullite is to employ
mullite/zirconia (3Al2O3·2SiO2/ZrO2) composites. It has
been reported that significant toughening can be obtained
by addition of zirconia particles to a mullite matrix [5–10].
Another method utilized to induce anisotropic mechanical
properties is templated grain growth (TGG) [11]. It is a
technique to develop crystallographic texture in polycrys-
talline ceramic bodies via the grain growth of aligned tem-
plate particles. TGG relies on the use of anisotropically-
shaped (i.e. whisker or platelet) single crystal templates
because they can be oriented by shear forming processes
such as tape casting and extrusion. The presence of a liquid
is necessary for growth to occur [12]. Reaction sintering
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of alumina (Al2O3) and zircon (ZrSiO4) is a simple and
inexpensive route to fabricate mullite/zirconia compos-
ites with improved mechanical properties. In literature,
kinetics of phase formation, microstructure evolution, ef-
fect of additives, and type of starting powders have been
extensively studied by many researchers [6, 8–10, 13–17].

Chemical and thermal stability of templates as well
as epitaxial relationship between the template and poly-
crystalline matrix are among the main requirements of
the TGG process [12]. Aluminum borate (9Al2O3·2B2O3)
has a similar crystallographic structure to mullite [18, 19]
and was successfully shown to behave as heteroepitaxial
nucleation sites for enhanced mullite transformation ki-
netics [20]. Gonenli and Messing [21] found that when
the aluminum borate whiskers were heated by themselves
in air, they were transformed to α-Al2O3 at T > 1400◦C.
However, the templates were found to be stable enough to
induce 〈001〉-mullite grain growth in a TiO2-doped mul-
lite even after heat treatment at 1500◦C [21].

In earlier TGG mullite studies, acicular aluminum bo-
rate [21] and mullite [22] templates were used to fabricate
highly textured mullite in [001]. In addition, randomly-
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oriented templates dispersed in the mullite matrix (e.g.,
β-Si3N4- or mullite-whisker/mullite matrix [23], Al2O3-
or SiC-platelet/mullite matrix [24]) were used as second
phase reinforcing agents, rather than texturing purpose.

In this study, <001>-oriented aluminum borate
whiskers were used to texture mullite in [001] in the
final mullite/zirconia composites without and with the
additives of TiO2 and MgO. It is aimed to induce mul-
tiple toughening mechanisms simultaneously from both
textured mullite grains (by crack deflection, crack bow-
ing, crack bridging and whisker pullout mechanisms) and
tetragonal ZrO2 grains (by transformation toughening and
microcracking mechanisms) dispersed among the tex-
tured mullite grains to increase the fracture toughness of
the composites. By this way, both elongated mullite grains
and dispersed ZrO2 grains will be effective together in the
property increment. In this part of study, densification,
mullite/zirconia phase formation from a reactive mixture
of Al2O3 and ZrSiO4, and texture evolution and charac-
terization will be reported.

2. Experimental procedure
Mullite/zirconia composites were prepared by reactive
sintering of α-Al2O3 (Alcoa, SG3000) and ZrSiO4

(Eczacıbaşı, Doğa) powders. As-received aluminum bo-
rate (9Al2O3·2B2O3) whiskers (Shikoku Chemical Co.)
were used as templates to texture mullite in [001] in the
composites. TiO2 (Merck, Rutile type) and MgO (Merck)
were added both to accelerate mullite/zirconia phase for-
mation and to promote anisotropic grain growth of mul-
lite during sintering. The mean particle sizes of 0.32 µm
for Al2O3, 0.71 µm for ZrSiO4, 0.12 µm for TiO2, and
3.26 µm for MgO were measured using a laser parti-
cle size analyzer (Mastersizer 2000, Malvern Instruments
Ltd.) after each powder was separately dispersed in wa-
ter by ball milling for 24 h, using ammonium salt of
poly(acrylic acid) (PAA-NH4) (Darvan 821A, R. T. Van-
derbilt Company, Inc.).

Table I summarizes sample designation, template con-
centration and additive contents in the composites. The
samples prepared are MZ-TMA and MZ-A for template-
containing batches and MZ-TM for a template-free batch.
In the nomenclature, MZ refers to stoichiometric mul-
lite/zirconia, T to TiO2, M to MgO and A to the aluminum
borate templates. For MZ-TMA and MZ-TM, the matrix
is consisted of 3.4 wt% TiO2 and 1.2 wt.% MgO in addi-
tion to Al2O3 and ZrSiO4. Note that a template content of

T AB L E I Sample designation, template and additive contents in the
mullite/zirconia composites

Additive content, wt% (vol%) Template
content, wt%

Sample code TiO2 MgO (vol%)

MZ-TMA 3.4 (3.4) 1.2 (1.5) 10 (15.2)
MZ-TM 3.4 (3.4) 1.2 (1.5) –
MZ-A – – 10 (15.2)

10 wt.% was calculated with respect to the total amount
of powders present in the MZ-TMA and MZ-A. Besides,
Al2O3 from aluminum borate was not compensated by
adding excess SiO2 to the matrix powder.

Samples were prepared by tape casting appropriate
amounts of ceramic powders, using PAA-NH4 as a dis-
persant, polyvinyl alcohol (PVA) (Sigma) as a binder and
glycerol (Aldrich) as a plasticizer. Several drops of ethy-
lene glycol surfactant (Surfynol 104E, Air Products) were
added to remove air bubbles formed during slurry prepa-
ration. Tape casting was performed on a glass substrate at
a casting speed of ∼10 cm/s and a blade gap of 200 µm.
Green tapes were cut and laminated at room temperature.
Polymer burnout was carried out at 350◦C. Details of
aqueous tape casting and green sample preparation were
described in our earlier study [25]. Samples were sintered
between 1100 and 1600◦C for 2 h with a constant heating
rate of 7◦C/min in air. The density of the samples was
determined using the Archimedes technique.

Fig. 1 depicts the schematic view of samples used
for the characterization. Parallel samples (hereafter
denoted as “//”) were sintered, then polished to 3 µm
using diamond paste and, finally, thermally etched at
50◦C below the sintering temperature for 30 min in air.
Perpendicular-cut samples (hereafter denoted as “⊥”),
however, were sliced from textured pieces and polished
to yield flat surfaces.

Morphological texture was characterized on the //
samples, using a scanning electron microscopy (SEM)
(Philips XL30 SFEG). Crystallographic texture and ori-
entation distribution were calculated from the ⊥-cut sam-
ples, using X-ray diffraction (XRD) (Rigaku Dmax 2200).
The amount of texture, f, for mullite was calculated from
Lotgering factor [26],

f = (P − P◦)/(1 − P◦) (1)

where P and P◦ are [I(001)+ I(002)]/
∑

I(hkl) in the textured
and random mullite, respectively. The orientation distri-
bution was obtained from rocking-curves [27], using the
(002) mullite peak. The rocking curves were corrected
for background, absorption, and defocus using Texture-
Plus software [28]. The orientation distribution was calcu-
lated by fitting the corrected rocking curves to the March-
Dollase equation [29, 30]:

P( f, r, α) = f (r2 cos2 α+r−1 sin2 α)−3/2 + (1− f ) (2)

where f is the texture fraction, r is the degree of orien-
tation parameter, and α is the misalignment angle from
the texture direction (e.g., [001]). The r parameter is 1 for
random and 0 for perfectly textured materials.

3. Results and discussion
3.1. Phase formation
Figs 2 and 3 show the XRD patterns obtained from
the ⊥-cut MZ-TMA and ⊥-cut MZ-A samples, respec-
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Figure 1 Schematic view of samples used for characterization.

15 20 25 30 35 40 45 50 55 60 65 70

1200º C

1350º C

1400º C

1450º C

2 θ, Degrees

Zn

Zn
Zn Zn

Zn

Zn

Zn Zn
Zn Zn ZnA

A
B

(0
02

)

Zn
A

A

A
A A A

A
B

(0
04

)Zn Zn

A
Zn

Zn

Zn
Zn

Zn

Zn

Zn

Zn Zn
Zn

ZnA
Zn

A
A

A A A
A

A
B

(0
04

)

Zn Zn

AZn
Zn

M
(0

02
)

m

M
(0

01
)

A
B

(0
02

),
 m

 
A

B
(0

02
),

 m

A
B

(0
04

),
 m

ZnmZn
m

m m m m m

m

m m

m m
mmm m mm

M(001)

M(002)

Zn

Figure 2 XRD patterns of the ⊥-cut MZ-TMA samples after sintering for 2 h. A: Alumina, Zn: Zircon, M: Mullite, AB: Aluminum borate, m: monoclinic
zirconia.

tively. Major peaks are marked on the patterns. Fig. 2
shows in MZ-TMA that zircon was mainly consumed be-
tween 1350◦C and 1400◦C. Alumina was last detected at
1350◦C. In MZ-A (Fig. 3), however, zircon decomposition
happened gradually in a broad and at higher temperature
range, that is, between 1450◦C and 1550◦C. Alumina was
also detected at 1550◦C. Samples with additives and no

templates (MZ-TM) had reaction sequences in between
MZ-TMA and MZ-A.

The extent of mullite formation (β) as a function of
composition and temperature was calculated from XRD
peak height intensities and is given in Fig. 4. For this anal-
ysis, mullite (001) at 2θ = 30.96◦ (JCPDS # 15-0776) for
the textured samples (MZ-TMA and MZ-A) and mullite
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Figure 3 XRD patterns of the ⊥-cut MZ-A samples after sintering for 2 h. A: Alumina, Zn: Zircon, M: Mullite, AB: Aluminum borate, m: monoclinic
zirconia, t: tetragonal zirconia.

(210) at 2θ = 26.26◦ for the random samples (MZ-TM)
were used. β was then calculated as the ratio of mullite
to mullite + Al2O3 (113) at 2θ = 43.36◦ (JCPDS # 10-
0173). Fig. 4 shows that mullite formation was complete
at 1400◦C in MZ-TMA, 1500◦C in MZ-TM and 1600◦C
in MZ-A. In addition, fully-formed mullite/zirconia com-
posites were obtained at 1450◦C in MZ-TMA (Fig. 2),
1500◦C in MZ-TM and 1600◦C in MZ-A (Fig. 3). Mullite
and ZrO2 formations were found to take place parallel
to each other with temperature in MZ-TM and MZ-A.
In MZ-TMA, however, no Al2O3 peaks are observed at
1400◦C although weak zircon peaks are still present (as
seen in Fig. 2), indicating that mullite formation was com-
plete at relatively lower temperature than that for ZrO2

evolution (1400◦C vs. 1450◦C). Absence of the Al2O3

peaks may be due to the fact that Al2O3 amount might
be too low to be detected by XRD because zircon disso-
ciation and Al2O3 consumption to form mullite are very

fast between 1350◦C and 1400◦C (see Figs 2 and 4). XRD
studies further showed that crystalline SiO2 peaks (e.g.,
cristobalite) were not observed in any of the samples,
which indicates that SiO2 remained amorphous during
the reactions. Also, no evidence of recrystallization of
aluminum titanate, spinel and magnesium silicates took
place during mullite/ZrO2 formation, as determined by
XRD.

Mullite formation from various reactive or coated pow-
ders or precursors was reported to originate from a transi-
tory amorphous aluminosilicate phase [17, 31, 32]. Zhao
et al. [33] postulated based on TEM analysis that mullite
formation in the ZrSiO4/Al2O3 system follows the nucle-
ation and growth mechanism within the amorphous ma-
trix. Mullite/zirconia composite formation from a reactive
mixture of alumina and zircon is expressed as follows;

3Al2O3 + 2ZrSiO4 → 3Al2O3 · 2SiO2 + 2ZrO2 (3)
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Figure 4 Phase formation of mullite (β) as a function of composition and
sintering temperature.

Zircon disassociates to yield ZrO2 and amorphous
SiO2 on heating. The amorphous SiO2 softens with in-
creasing temperature and starts to dissolve Al2O3 to
form an amorphous aluminosilicate glass. Nucleation of
mullite phase takes place after a critical alumina con-
centration is exceeded in the glass phase [33]. Additives
such as CaO, MgO, TiO2 were generally used to form a
liquid (transient or permanent) phase in the sintering of
zircon/alumina mixtures [8–10]. They can decrease the
glass viscosity and retard the crystallization of the sili-
cate phase [17]. It was reported that TiO2 decreases the
viscosity of silica by several orders of magnitude [34].
Enhanced transformation kinetics in TiO2-doped dipha-
sic mullite gels was attributed to the lowered glass vis-
cosity due to TiO2 doping [35]. Miranzo et al. [9] found
that the reaction rate to form mullite/zirconia from the
alumina/zircon mixture was significantly higher in the
MgO-added compositions and this rate increased further
with MgO content. In addition to the presence of addi-
tives, the seed particles significantly affect the mullite
nucleation. It was found that the mullite transformation
kinetics in aluminum borate doped-mullite was enhanced
due to a similarity in the crystallographic structures, pro-
viding epitaxial nucleation sites for mullite [20].

It can be deduced based on Figs 2–4 that mullite
and subsequently mullite/zirconia composite formation
in MZ-TMA at lower temperatures can be attributed to
the presence of both additives and templates in that ad-
ditives lowered the glass viscosity providing a path for
faster transport of species and isostructural aluminum bo-
rate templates served as heteroepitaxial sites for faster
mullite nucleation and growth.

3.2. Densification
Fig. 5 shows the bulk density of composites as a function
temperature. Note that the densities were not calculated
based on the relative amounts of phases present at each
temperature; rather, the density values measured by the
Archimedes method were directly used. Arrows on the
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Figure 5 Bulk density of composites under various sintering conditions.
Arrows indicate the temperature at which full mullite/ZrO2 composites
form.

curves indicate the temperature at which the mullite/ZrO2

composite fully forms. The composites have relatively
constant densification, but at different levels, as a function
of temperature. Template-free MZ-TM samples reached
the highest bulk densities compared to the others except
for at 1600◦C. MZ-A samples did not densify until 1400◦C
and could only be sintered to a bulk density of 2.87 g/cm3

even after sintering at 1600◦C.
Sintering of mullite powders to densities close to the

theoretical density generally requires high temperatures
due to the low bulk and grain-boundary diffusion coeffi-
cients of mullite [9, 36]. Similarly, it is difficult to fabri-
cate fully dense samples due to poor sinterability of the
mixed zircon/alumina powders [37]. Therefore, modifi-
cation of aluminosilicate phase with some additives was
generally applied to enhance densification in the mullite-
based composites [17]. This glass phase behaves as sin-
tering aid and helps improve densification by means of
viscous sintering [38]. Melo et al. [10] and Miranzo et al.
[9] reported improved densification in an alumina/zircon
mixture by adding TiO2 and MgO, respectively. They
attributed this effect to the formation of a transitory liq-
uid phase at around 1400◦C on TiO2 addition and 1400–
1425◦C on MgO addition. Therefore, enhanced densifi-
cation in MZ-TMA and MZ-TM can be attributed to the
modification of aluminosilicate glass by TiO2 and MgO.
Poor sinterability of additive-free MZ-A samples necessi-
tates that either hot pressing or higher temperatures and/or
longer times are required to increase densification. Higher
bulk density values in MZ-TM samples may be attributed
to the density difference between the constituent oxides
(e.g., ρ(aluminum borate) = 2.68 g/cm3 (JCPDS # 32-
0003)), ρ(mullite) = 3.17 g/cm3, ρ(zircon) = 4.67 g/cm3,
ρ(alumina) = 3.99 g/cm3, ρ(m-ZrO2) = 5.83 g/cm3 [39]
and ρ(t-ZrO2)=5.95 g/cm3 (JCPDS # 17-0923)) and to the
template-mullite reaction in MZ-TMA and MZ-A (e.g.,
a solid solution formation between aluminum borate and
mullite [21]). More studies, however, are needed to ex-
plain the reactions between matrix powders, additives and
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templates. Dedensification is observed after 1550◦C in
MZ-TM, which can be attributed to the random abnormal
and/or anisotropic growth of the mullite grains.

From the densification (Fig. 5) and phase formation
(Figs 2–4) results, it can be inferred that the reactions to
form mullite and mullite/zirconia occur after the densifi-
cation is complete because MZ-TMA and MZ-TM sam-
ples keep their respective bulk densities until full mul-
lite/zirconia is attained.

3.3. Microstructure development
3.3.1. ZrO2 evolution
SEM micrographs from the // samples are shown in Figs 6
and 7 for MZ-TMA and MZ-A samples, respectively.

Figure 6 SEM pictures of the // MZ-TMA samples sintered at various
temperatures for 2 h; (a) 1400◦C, (b) 1550◦C, and (c) 1600◦C.

Figure 7 SEM pictures of the // MZ-A sintered at (a) 1450◦C and (b)
1600◦C for 2 h.

Microstructures of template-free MZ-TM sample are
shown in Fig. 8. Because of the higher atomic number
of zirconium, zirconia particles are seen brighter in the
SEM. Figs 6–8 show that the zirconia grains are dis-
tributed throughout the darker mullite matrix. Two types
of zirconia grains are present; one is intergranular ZrO2

located between the mullite grains and the other one is in-
tragranular ZrO2 located inside the mullite grains. This is a
generally observed microstructure development in the re-
action sintering of zircon/alumina mixture [8–10, 13, 17].
In the MZ-TMA and MZ-TM samples (Figs 6 and 8), the
intragranular ZrO2 grains are small and spherical
compared to the intergranular ZrO2 grains having
quasi-cubic or space-filling geometry at the triple junc-
tions or angular shapes due to the constraint of the mullite
grains. In the MZ-A samples (Fig. 7), however, there are
rarely intragranular ZrO2 present and almost all intergran-
ular ZrO2 grains are spherical.

Fig. 9 shows the t-ZrO2 amount as a function of com-
position and temperature. For calculations, XRD patterns
from as-sintered surfaces were used to avoid mechanical
stress (e.g., polishing or grinding)-induced tetragonal to
monoclinic (t to m) transformation [40, 41]. Polishing ef-
fect on ZrO2 is compared in Fig. 10 for the MZ-TMA
samples sintered at 1550◦C for 2 h. Comparison of the
XRD patterns from the as-sintered (Fig. 10a) and polished
(Fig. 10b) surfaces indicate that no t-ZrO2 is present in
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Figure 8 SEM pictures of the MZ-TM samples sintered at (a) 1450◦C and
(b) 1550◦C for 2 h.
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the latter. Note that the presence of ZrO2 is not dependent
on the sample cutting direction (e.g., ⊥ or //). The t-ZrO2

content was determined from the ratio of integrated XRD
peak intensities of t-ZrO2 (111) at 2θ = 30.17◦ (JCPDS
# 17-0923) to m-ZrO2 (ı̄11) at 2θ = 28.17◦ and m-ZrO2

(111) at 2θ = 31.46◦ (JCPDS # 37-1484), using the Garvie
and Nicholson equation [42]. Note that the calculated t-
ZrO2 contents are with respect to the total ZrO2 content
in the composites, according to Equation 3. The MZ-A
samples have more t-ZrO2 content than the others at all
temperatures.
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Figure 10 Comparison of XRD patterns of (a) // (sintered surface) and (b)
⊥-cut (polished surface) MZ-TMA samples sintered at 1550◦C for 2 h. M:
Mullite, m: monoclinic zirconia and t: tetragonal zirconia.

Stabilization of t-ZrO2 can be accomplished by doping
with such stabilizers as MgO, Y2O3, and CeO. Moreover,
control of ZrO2 grain size (either stabilized or not) can
affect the stabilization of the tetragonal phase [43]. It was
reported that t-ZrO2 can be fully retained grain sizes up
to 8 µm in 12Ce (12 mol.% ceria)-TZP and <1 µm in
2Y (2 mol.% yttria) -TZP [44]. Kyaw et al. [43] attributed
the retention of 30% t-ZrO2 to the finer ZrO2 grain size
(0.29 µm) in mullite/unstabilized ZrO2 composites. As
shown in Fig. 9, the composites had various amounts of
t-ZrO2 as a function of temperature and composition. This
variation may be attributed to the co-doping of MgO and
TiO2 because it was shown in sintering of alumina/zircon
that TiO2 addition caused ZrO2 grains to be located mostly
in intergranular positions (∼6% t-ZrO2 when ∼2.8 wt.%
TiO2 was added) [10] compared to mostly smaller in-
tragranular ZrO2 grains in the presence of MgO (∼50–
70% t-ZrO2 when ∼1.7 wt.% MgO was added) [9]. In
addition, SiO2 was reported to inhibit conversion of t-
ZrO2 to m-ZrO2 in the ZrO2-SiO2 system [45, 46]. Upon
ZrSiO4 dissociation, ZrO2 particles were immersed in the
amorphous SiO2 matrix, which stabilized ZrO2 as t-ZrO2.
However, when SiO2 starts to react with alumina to form
mullite, ZrO2 stabilization in the amorphous matrix is
lost, giving rise to m-ZrO2 formation with increasing
sintering temperature [33]. In other words, larger parti-
cle size encourages t-ZrO2 to m-ZrO2 transformation on
cooling [33, 43].

Table II summarizes grain size distributions of inter-
granular and intragranular ZrO2 in the MZ-TMA and
MZ-A samples. Particle sizes given correspond to the
equivalent spherical particle diameters calculated from
the measured area of the ZrO2 grains from the SEM pic-
tures. Measured area was corrected using Fullman relation
[47]. The intragranular ZrO2 grains are smaller than the
intergranular ones in both MZ-TMA and MZ-A. In addi-
tion, grain size increases with temperature in MZ-TMA. A
distinguishing difference between MZ-TMA and MZ-A
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T AB L E I I Grain size distributions of intergranular and intragranular ZrO2 in the MZ-TMA and MZ-A samples.

Intragranular ZrO2 (µm) Intergranular ZrO2 (µm)

Size finer than Size finer than

Sample code Temp. (◦C) d10 d50 d90 Mean size d10 d50 d90 Mean size

MZ-A 1600 0.12 0.27 0.46 0.38 0.40 0.80 1.36 0.95
MZ-TMA 1550 0.12 0.44 0.86 0.58 1.03 2.00 3.31 2.23

1600 0.30 0.65 0.97 0.73 1.52 2.72 4.35 2.96

is that ZrO2 grains are much bigger in the former, espe-
cially intergranular ZrO2 grains. Intergranular ZrO2 grains
was reported to grow by Ostwald ripening [8, 48] and by
grain boundary diffusion mechanisms [17] in which larger
ZrO2 grains grows at the expense of smaller ZrO2 grains
with increasing temperature. The presence of additives (or
modification of glassy phase) highly facilitates the growth
of intergranular ZrO2 grains. The growth of intragranular
ZrO2, on the other hand, takes place by solid state diffu-
sion via the mullite lattice [8], which is a more difficult
and slower mechanism. Therefore, the intragranular ZrO2

grains are much smaller compared to the intergranular
ZrO2 grains.

Although the MZ-A samples were poorly densified
(Fig. 5), they have higher amount of t-ZrO2 retained at
room temperature (Fig. 9). Retention of more t-ZrO2 at
a less dense structure can be partly attributed to finer
ZrO2 grain size (Table II). Porous structure effectively de-
creases the growth rate of ZrO2 particles by increasing the
diffusion distance, which results in finer ZrO2 grain size,
promoting t-ZrO2 retention [33]. In addition, porous struc-
ture reduces compaction tension on ZrO2 grains, which
facilitates t-ZrO2 to m-ZrO2 transformation because the
ZrO2 grains in a dense body are subjected to a larger
strain energy due to constraint of the mullite matrix com-
pared to those in a less dense body [43, 49]. In other
words, the t-ZrO2 to m-ZrO2 transformation is marten-
sitic with a 3–5% volume expansion on cooling and if the
mullite matrix prevents this volume change on ZrO2, the
transformation can be delayed and, furthermore, t-ZrO2

can be retained at room temperature [50]. Apparently, the
constraint of mullite matrix to prevent ZrO2 grain shape
during cooling is lost or weakened in the porous struc-
tures, giving rise to more m-ZrO2 formation in MZ-A.
In the dense MZ-TMA samples, however, more t-ZrO2

is expected due to more compaction tension of mullite
on ZrO2. As seen from Table II, however, ZrO2 grain
size is much bigger, as compared to MZ-A, due to the
presence of additives, contributing to m-ZrO2 formation.
Dense MZ-TM samples have lower t-ZrO2 content than
MZ-TMA, which can be attributed to the lack of template
particles because the isostructural templates induce accel-
erated mullite formation (Fig. 4) and, thus, more amount
of smaller intragranular ZrO2 particles are entrapped by
growing mullite grains. Based on these results, it can be
inferred that compaction tension (or density) and ZrO2

grain size are the controlling factors for t-ZrO2 content
retained at room temperature.

3.3.2. Texture evolution in mullite
Fig 6 and 7 show morphological texture development for
the // MZ-TMA and MZ-A samples, respectively. Texture
development in MZ-TMA (Fig. 6) improves very fast with
increasing temperature, resulting in highly morphologi-
cally textured mullite grains. In MZ-A, however, almost
no growth of templates takes place at 1450◦C (Fig. 7a) and
elongated grains with rather rough surfaces are obtained
at 1600◦C (Fig. 7b). Crystallographic texture evolution
for mullite in the ⊥-cut MZ-TMA and MZ-A samples is
evaluated from Figs 2 and 3, respectively. Absence of alu-
minum borate (hk0) and (hkl) peaks and presence of only
(00l) peaks indicate an evidence of good template orien-
tation in [001] during tape casting. Preferential growth
of mullite depends on the initial orientation of templates
during the green body processing. Both graphs indicate
that once mullite forms, its orientation is always (00l),
proving that aluminum borate templates serve as sites for
both mullite formation and grain orientation in [001] be-
cause mullite peaks other than (00l) does not appear in
the XRD patterns. Only in the MZ-A does the main peaks
of mullite appear at T ≥ 1550◦C (Fig. 3). These weak
mullite peaks can be attributed to the mullite nucleated in
the matrix, that is, independent of templates. Fig. 10 indi-
cates further evidence of mullite texture. Comparison of
the XRD patterns obtained from the // and ⊥-cut samples
(see Fig. 1 for sample configuration) clearly prove strong
mullite texture in [001] because only (hk0) peaks in the
// sample and only (00l) peaks in the ⊥-cut sample are
present. Note that (hkl) peaks (e.g., (111) at 2θ = 35.27◦
and (121) at 2 θ= 40.87◦) do not appear in both patterns,
which is an indicative of strong fiber texture in mullite.

The texture fraction (f) of mullite in the mullite/zirconia
composites was calculated using Equation 1. Fig. 2 indi-
cates that when mullite forms, its orientation is (00l) and,
therefore, f is ∼1 for MZ-TMA. As for MZ-A (Fig. 3),
however, main mullite peaks appear in addition to the
(00l) peaks. f is calculated to be 0.93 for samples sin-
tered at 1600◦C for 2 h. Although the Lotgering factor
is an easy method to calculate texture fraction, it does
not give information about the texture distribution around
[001]. Therefore, the texture distribution around [001] can
be quantitatively determined from the rocking curves. For
each sample, orientation distribution curves were obtained
by fitting the corrected rocking curve data to Equation 2,
and then the orientation distribution parameter r for mul-
lite was calculated. Fig. 11 shows orientation distribution
curves of mullite in the MZ-A and MZ-TMA samples
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Figure 11 Orientation distribution curves for (a) MZ-TMA sintered at
1450◦C and (b) MZ-A sintered at 1600◦C for 2 h. Values on the graph show
the angle at half width at half maximum (HWHM).

after mullite formation is complete in each case. For MZ-
A and MZ-TMA, r was calculated to be 0.31 and 0.22,
respectively. The curves indicate that the elongated mul-
lite grains are oriented within 15.6◦ (i.e., half width at
half maximum (HWHM) is 7.8◦) in MZ-A and 8.8◦ (i.e.,
HWHM is 4.4◦) in MZ-TMA around [001]. Higher r in
the MZ-A can be attributed to the mullite formation in
the matrix, that is, mullite nucleated independent of the
templates, which increases randomness. Increase in the
r parameter corresponds to a broadening of the orien-
tation distribution in [001] because the r parameter is
closely related to the width of the texture distribution of
the anisotropic mullite grains.

The liquid (or glass) in the system promotes the growth
of aligned template particles (or elongated mullite grains
after mullite formation), which is characterized by nucle-
ation or reprecipitation of mullite on the bigger (or lower
surface area) template particles. This process results in
the anisotropic growth of mullite grains, which stresses
that the aspect ratio of the template particles must be high
and the matrix grain size must be as fine as possible at the
time of densification. Fig. 12 shows mullite grain growth
in the length and thickness directions as a function of
temperature in the MZ-TMA samples. (001) growth of
mullite grains reveals that the growth in the length di-
rection is faster than the thickness direction because the
activation energies for the grain length and thickness di-
rections were calculated to be 690 kJ/mol and 790 kJ/mol
in the textured, 5 wt% TiO2 doped-mullite, respectively
[35]. It was determined that mullite tends to have acicu-
lar shapes under unconstrained growth conditions such as
directional solidification and vapor-solid synthesis where
the acicular particles grew in the c-axis and were bounded
by {110} or {111} surfaces [51, 52]. These results indi-
cate that {110} and {111} planes have a lower energy than
the other planes, giving rise to the growth of elongated
grains in [001]. Such a growth habit is strongly related
to the crystal structure of mullite because it is composed
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Figure 12 Growth of mullite grains in the length and thickness directions
as a function of sintering temperature (for 2 h) in the MZ-TMA samples.

of octahedral AlO6 chains aligned in the c-direction and
cross-linked by corner-shared AlO4 and SiO4 tetrahedra
[53].

Fig. 8 depicts that the mullite grains are mostly
anisotropic and randomly-oriented as well as some of
them are small and equiaxed in the MZ-TM samples.
Mullite grains in the MZ-TMA samples (Fig. 6), how-
ever, were evenly regulated in the direction of initial tem-
plate particles’ orientation, which indicates that random
anisotropic grain growth in mullite was successfully pre-
vented by the templates and that a template content of
10 wt% was adequate to control the microstructure, as
also reflected by strong (00l) peaks in Fig. 2. Fig. 7 shows
for the MZ-A samples that there seems to be not much of
growth on the templates despite the fact that XRD shows a
strong mullite texture in [001] together with weak mullite
main (hk0) peaks after sintering at T ≥ 1550◦C (Fig. 3). A
high crystallographic texture in spite of a poor microstruc-
tural texture reveals that the mullite grains adjacent to the
template particles might have the same crystallographic
orientation as the templates because mullite growth oc-
curs by nucleation on the template particles. However,
this needs to be verified by orientation image microscopy
or transmission electron microscopy. Similar results were
also observed in TGG of mullite textured with acicular
mullite templates [22].

As mentioned before, the aim of this study is to fab-
ricate mullite/zirconia ceramic composites with highly
textured mullite in [001] as well as homogeneously dis-
persed t-ZrO2 grains (rather than m-ZrO2 from the trans-
formation toughening and microcracking points of views).
In the MZ-TMA samples sintered at 1450◦C for 2 h,
100% mullite texture and ∼13% t-ZrO2 in the final mul-
lite/zirconia composite were obtained. Higher amount of
t-ZrO2 (∼24%) was retained in the MZ-A samples sin-
tered at 1550◦C, but densification was limited and low. Be-
cause a high modulus of the mullite matrix and small ZrO2

grain size (typically <1 µm) are effective in suppress-
ing martensitic t-ZrO2 to m-ZrO2 transformation [50],
increasing the amount of initial template content (up to
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as high as 25 wt.%) can confine ZrO2 grains between the
growing template particles or mullite grains such that little
room will be available for the growth of ZrO2 grains be-
cause of the smaller intertemplate spacing. Another pos-
sible solution is to utilize Y2O3 as a stabilizing agent to
retain t-ZrO2 at room temperature [48]. These processing
approaches as well as mechanical properties of resulting
composites will be reported later.

4. Conclusions
Dense mullite/zirconia composites were successfully fab-
ricated by reactive sintering of alumina and zircon pow-
ders. Acicular aluminum borate templates (10 wt%)
served as heteroepitaxial sites for mullite nucleation and
growth in [001] in the composites. Additives TiO2 and
MgO modified the aluminosilicate glass by decreasing its
viscosity and promoted liquid phase sintering, resulting
in faster transport of species. Therefore, mullite/zirconia
composites were fully obtained at 1450◦C for the samples
containing both templates and additives, as compared to
1500◦C for the samples containing only additives and to
1600◦C for the samples containing only templates. In ad-
dition, SiO2 remained amorphous during the reactions.

Mullite/zirconia phase formation occurred after the
matrix densification was complete. Texture development
also started after the matrix densification. Mullite/zirconia
composites with highly textured mullite (Lotgering factor
for mullite ∼1) were fabricated at 1450◦C in the presence
of both additives and templates. A high quality of mul-
lite texture with a degree of orientation parameter of 0.22
and a very narrow distribution of elongated mullite grains
within 8.8◦ around [001] were obtained in the composites.
Nearly 13% tetragonal ZrO2 in the final mullite/zirconia
composite was retained in the presence of additives and
templates. Higher amount of tetragonal ZrO2 (∼24%) was
retained in the presence of only templates, but densifi-
cation was limited and very low even after sintering at
1550◦C. Compaction tension (or density) and ZrO2 grain
size were found to be the factors controlling t-ZrO2 con-
tent retained at room temperature.
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