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Abstract

The objective of this research is to study microstructure and phase evolution of zirconia–mullite (ZM) nanocomposites which were

synthesized by the direct transformation from amorphous precursor monoliths. The monolithic precursors were heat treated at

950–1250 1C to obtain ZM composites. Scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), transmission

electron microscopy (TEM) and high resolution TEM (HRTEM) were employed to investigate the microstructure of the composites.

A unique nano- and submicron-zirconia co-reinforced mullite composite microstructure was obtained after a controlled crystallization.

The nano tetragonal zirconia (t-ZrO2) grains (o50 nm) were spherical and embedded in the mullite lattice. The unconfined zirconia

grains showed a preferred growth direction along /1 0 0S direction of t-ZrO2, and formed submicron grains (o650 nm) with bar-like

shape. The precursor derived ZM composites also demonstrated enhanced mechanical properties comparing with the conventional

powder processed ZM composites.

& 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Over the past decades, mullite has been extensively
investigated due to its outstanding engineering properties,
such as high melting point, good chemical and thermal
stability, excellent high-temperature strength, high creep
resistance and high corrosion stability [1–6]. However, its
low toughness and susceptibility to flaw have greatly
restricted its industrial applications as advanced structural
ceramic. In order to reduce its inherent brittleness by
improving toughness, numerous researches have been
carried out to synthesize mullite-based composites by
introducing other ceramics components, such as zirconia,
silicon carbide and alumina etc. [4,6–12]. Among these
composites, mullite–zirconia composite has attracted the
e front matter & 2013 Published by Elsevier Ltd and Techna G
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widest attention because of its excellent fracture toughness,
high hardness and strength at room temperature.
Several toughening mechanisms related to martensitic

transformation (from tetragonal (t-ZrO2) to monoclinic
(m-ZrO2)) are the origins why zirconia is included into
various ceramics matrices as a toughening agent [13,14].
Various oxides, such as CeO2, Y2O3, MgO and CaO etc.,
were studied to preserve tetragonal zirconia to room
temperature by forming zirconia solid solution to enhance
the toughening efficiency of ZrO2 [15–18]. Moreover,
secondary oxides could also improve the strength of
ceramics through depressing m-ZrO2 formation via the
refining of ZrO2 grains [19,20]. Apart from doping addi-
tives, ceramic manufacturing routes also played a key role
on the properties control of ZM composites [6,21–24]. For
instance, regarding to the densification techniques, recently
developed spark plasma and microwave sintering could
provide high energy within seconds. Those rapid sintering
process can achieve the purpose of inhibiting the abnormal
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grain growth and enhancing the mechanical properties by
promoting the reaction rate [25,26].

It is well accepted that the mechanical properties of a
material largely depend on its microstructures. Optimized
microstructures, such as fine grains, low porosity, low
abnormality etc. are usually required for ceramics to
obtain enhanced strength and toughness. Many studies
have shown that introducing nano sized phases to form
nanocomposite materials could be an effective way to
significantly enhance the mechanical properties of ceramics
[27,28]. This is due to the toughening mechanisms existing
in the smaller scale of second phase particles. Conventional
powder-processed ZM ceramics, restricted by composition
homogeneity of starting powder, are very difficult to
obtain nano-sized matrix grains and/or second phase
particles (zirconia) [11,18,29,30]. The normally generated
micro- and sub-micro grains are not the supreme micro-
structure for acquiring ceramics with excellent mechanical
properties (e.g., high strength and good fracture tough-
ness). In contrast, the homogenous pre-ceramic precursor
derived composite ceramic could be easily produced with
nano-crystalline microstructures by controlling certain
parameters [31–34].

In this manuscript, we report a simple and feasible
method to fabricate novel nano/sub-micro ZM composite
ceramic through a direct transformation of bulk amor-
phous precursor. The precursors could be easily mechani-
cally processed into required shapes and which can be
maintained in the following heat treatments. The mechan-
ical properties, phase development and microstructure
evolution of the ZM composites crystallized at different
conditions were investigated in this work. Furthermore,
based on the observations, a crystallization mechanism
was proposed to elucidate the generation of the unique
microstructure.
2. Experimental procedure

2.1. Samples preparation

To fabricate ceramic precursor, the commercial avail-
able oxide powders were mixed first and homogenized by a
planetary ball milling with zirconia balls at 100 rpm for
10 h. The batch powder was consisted of 51% of SiO2,
30.5% Al2O3, 9.5% ZrO2, 5.8% MgO and 2.7% CaO
(molar fractions). CaO and MgO powders were added to
decrease the melting temperature of mixture and as the
partial stabilizer for ZrO2 [19]. Then the mixed powder was
dried in an oven at 80 1C and then fused in a corundum
crucible in an electrical furnace (Si–Mo rod heater) at the
temperature around 1700 1C. To generate amorphous pre-
ceramic monoliths, the homogeneous flux was poured into
a designed steel mold and quenched in liquid nitrogen. The
as-made precursor was transparent and maintained in the
shape of the mold. No cracks were formed after quench-
ing. Afterward, the amorphous bulks were heated to
950 1C at a rate of 10 1C/min and kept for 2 h, and then
heat treated at higher temperature (1100–1250 1C, 5 1C/min)
for two more hours to finish crystallization. The samples
were named as ZM-X, where ZM means zirconia–mullite
ceramics, and X stands for the crystallization temperature.
For example, the sample ZM-1150 is zirconia–mullite
ceramic pre-treated at 950 1C and crystallized at 1150 1C.

2.2. Characterization

XRD profiles were collected by a X-ray diffraction using
Japanese D/MAX 2500VB diffractionmeter equipped with
Ni-filtered Cu-Ka radiation at a scan rate of 21/min and a
step size of 0.021. The volume fractions of tetragonal zirconia
(Vt) were calculated by the following Eqs (1)–(3) [35].

Vt ¼ 1�Vm ð1Þ

Vm ¼
PXm

1þ P�1ð ÞXm

ð2Þ

Xm ¼
I

m 1 1 1ð ÞþIm 1 1 1ð Þ

I
m 1 1 1ð ÞþIm 1 1 1ð ÞþIt 1 0 1ð Þ

ð3Þ

Vm is the volume fraction of m-ZrO2. Xm is the integrated
intensity ratio and P¼1.340. Im and It are the peak intensities
of m-ZrO2 and t-ZrO2, respectively.
Fracture toughness was determined for all the samples

using a Vicker’s hardness tester at a load of 9.8 N (Micro-
Duromat 4000). The Eq. (4) was used to calculate the
fracture toughness [36].

KIC ¼ 0:0319
P

al1=2
ð4Þ

P is the indenter load (N). a is the indentation half-
diagonal length (m) and l is the average length of the
generated cracks (m).
Flexural strength was obtained using a three-point bend-

ing on 3 mm thickness, 4 mm width and 35 mm length, with
a 30 mm span. The crosshead of the test is 0.5 mm per
minutes (CSS-44100 tensile machine). The quenched glass
precursors were mechanically processed into 3� 4� 35 mm
direct after quenching and then crystallized for the bending
test. The secondary electron and back scattering electron
(BSE) images were acquired using a Siri-on200 microscope.
Platinum was coated on the samples before the observation.
TEM images and the EDS patterns were taken utilizing a
Tecnai G220 S-TWIN instrument operated at 200 kV. The
HRTEM images were obtained using a JEOL 3010 micro-
scopy operated at 300 kV. A Gatan 691 precision ion
polishing system was employed to prepare TEM samples.

3. Results

3.1. Phases and mechanical properties

The quenched ceramic precursor was amorphous, sug-
gested by its XRD curve in Fig. 1. The precursor bulks
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maintained non-crystalline after heat treatment at 950 1C,
while they became less transparent, indicating the occur-
rence of nucleation. t-ZrO2 (JCPDS #50–1089) was first
crystallized at 1100 1C. And trace amounts of mullite
(JCPDS #15–0776) and alumina (JCPDS #50–0741) were
also detected at this temperature. The higher heating
temperature at 1150 1C promoted the crystallization of
mullite, and its well resolved peaks could be observed
in the XRD pattern of ZM-1150. However, the alumina
phase disappeared, which may be because of the crystal-
lization of mullite. Cristobalite (JCPDS #27–0605) was
crystallized and showed an intense peak at around 221 in
the XRD pattern. The sharpened t-ZrO2 (1 0 1) peak of
ZM-1150 suggested the increasing zirconia grain size
comparing with ZM-1100. This also resulted in the phase
transformation of some overgrown t-ZrO2 and formation
of m-ZrO2 (JCPDS #37–1484). Cordierite (JCPDS #13–
0294) was formed in both ZM-1200 and ZM-1250. It is
clear that higher temperature promoted the crystallization
of m-ZrO2, mullite and cordierite. The decreasing cristo-
balite peak intensity of ZM-1250 compared to ZM-1200 is
caused by increasing proportion of crystallized cordierite.
Fig. 1. X-ray diffraction patterns of samples treated at different condi-

tions. The labeled samples were first treated at 950 1C before heat treated

at denoted temperatures.

Table 1

Mechanical properties and t-ZrO2 volume percentages of sampl

Samples t-ZrO2 (vol%) ZrO2 grain size (nm) Hardness (GPa

ZM-1100 100 25 13.471.4

ZM-1150 75 30, 200 1270.9

ZM-1200 61 30, 300 13.571.2

ZM-1250 47 30, 450 10.171.4
While this reduction of cristobalite intensity was not
observed for ZM-1200 when the mullite crystallization
fraction increased, indicating that the amorphous silica
existed in ZM-1150 sample.
The mechanical properties and t-ZrO2 volume proportions

of different samples are shown in Table 1. The highest
fracture toughness and flexural strength were obtained in
ZM-1150 (5.1370.27 MPam1/2 and 520735 MPa, respec-
tively). The highest hardness, 1.3570.12 GPa, was achieved
in ZM-1200. These obtained mechanical properties marked
comparative improvement from the powder-sintered ZM
composites, considering the low zirconia concentration in
our samples [37]. With the increasing of heating temperature,
the volume fractions of t-ZrO2 decreased from 100% in
ZM-1100 to 47% in ZM-1250.

3.2. Microstructure evolution

The microstructures of different samples were investi-
gated by TEM observation. As can be noticed in Fig. 2a, a
large quantity of nano crystals uniformly distributed in the
ZM-1100 matrix. The inserted selected diffraction rings
characterized that they were tetragonal zirconia, which was
in consistence with the XRD result (Fig. 1). The average
size of the t-ZrO2 grains, shown in higher magnification
image (Fig. 2b), is around 25 nm. It is very difficult to
identify mullite and alumina in the TEM image due to
their trace amounts.
Representative bright field TEM images of ZM-1150,

ZM-1200 and ZM-1250 are shown in Fig. 3. The micro-
morphologies of ceramics changed dramatically when the
crystallization temperature reached 1150 1C. Bar-like sub-
micro grains (labeled as Z in the images) were randomly
dispersed in these samples, and coarsened as the increasing
of crystallization temperatures. Their darker color com-
pared with other regions suggested their higher average
atomic number (zirconium). Two more distinguishable
phases were labeled in the TEM images. One was the
bright phase with nano particles entrapped (M) and the
other was grey phase bridging other phases (S).
In order to distinguish those phases, a series of EDS

analysis were carried out for ZM-1150. The tests spots
were denoted in Fig. 4a and the corresponding EDS curves
were displayed in Fig. 4b. The detailed molar percentages of
elements for the spots are recorded in Table 2. From spot-1
and spot-2 shown in Fig. 4b, the grey region was the silicon
rich phase with aluminum, magnesium and calcium, indicat-
ing it was the parent phase of bulk precursor (S in Fig. 3).
es heated at different temperature.

) Fracture toughness (MPam1/2) Flexural strength (MPa)

4.9270.41 509717

5.1370.27 520735

4.6570.32 495723

4.4370.54 487731



Fig. 2. TEM microstructures of ZM-1100 sample. (a) Low magnification morphology with selected area electron diffraction pattern inserted (t-ZrO2),

and (b) high magnification image showing homogenously dispersed nano t-ZrO2 grains in the parent phase.

Fig. 3. TEM images of ZM-1150 (a), ZM-1200 (b) and ZM-1250 (c).

Fig. 4. TEM image of ZM-1150 with the labeled EDS spots (a) and their corresponding EDS curves (b).
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In contrast, spots 3 to 5 displayed higher silicon and lower
aluminum EDS intensities, which suggested they were
alumina rich mullite (M in Fig. 3) [3]. It is interesting that
there are very fine nano grains embedded in the mullite
phases, similar to the reported TiN/ZTM materials [20].
The existence of zirconium peaks in their EDS patterns
was the solid proof that the nano grains were zirconia
(Fig. 4a). The morphology and size of those grains were
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resembled to the t-ZrO2 crystals in ZM-1100, which
suggested they were nano sized t-ZrO2. The bar-like dark
crystals (Z in Fig. 3) were confirmed as zirconia as well by
EDS test (spot-6). ZM-1150 still possessed high volume
fractions of t-ZrO2 up to 75%, which indicated only a
small part of zirconia grains overgrew and transformed
into m-ZrO2. The area of the parent phase shown in
Fig. 3b and c decreased and more zirconia and mullite
crystals formed as the temperature increasing. The average
zirconia grain sizes of samples were estimated from the
TEM images and the results are shown in Table 1.

Fig. 5 shows the SEM and BSE morphologies of ZM-
1200. The sample has been etched by 1% (volume fraction)
hydrofluoric acid-water solution and washed with
Table 2

The detailed atomic percentages of elements for different EDS spots.

Elements Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

O 64.1 65.5 64.3 67.3 70.1 57.3

Mg 4.3 4.4 1.1 1.2 1.7 –

Al 7.1 6.7 18.4 18.1 16.0 –

Si 22 20.5 11.9 9.6 10.2 3.7

Ca 2.5 2.3 – – – –

Zr – – 4.3 3.8 2.0 39.0

Fig. 5. SEM (a) and BSE (b) images of ZM-1200 showin

Fig. 6. Different TEM morphologies of zirconia grains. (a) Spherical, (b) ellip

magnification image of spherical zirconia.
deionized water before observation. Silica and other non-
crystalline phase have been removed after etching (Fig. 5a).
The remained bright particles and grey irregular shaped
regions were zirconia and mullite phases respectively.
More distinctive morphologies of these two phases can
be found in the corresponding BSE image in Fig. 5b. The
finding in TEM that plenty of ultra-fine zirconia grains are
confined in the mullite phase is confirmed by the BSE
observation. The interior small white dots with arrows in
Fig. 5b are t-ZrO2 nano grains. The large zirconia grains
can only be found at the mullite grains boundaries or in
the matrix, which may suggest the formation of mullite
restrict the grain growth of zirconia. This conjecture is
supported by the observation that a few zirconia grains
with the length up to 100 nm are trapped inside mullite
grains during the coalescence of individual mullite crystals
(Fig. 5a). On the other hand, the pinning effect of zirconia
can also impede the grain growth of mullite phase.

3.3. Growth of zirconia crystal

From the TEM images in Fig. 6, it is evident that the
zirconia phase has different grain sizes and morphologies
which are strongly related to where they are located. As
shown in Fig. 6a, the intragranular zirconia are nano-sized
g the intergranular and intragranular zirconia grains.

tical-shaped and (c) short bar-like zirconia grains. Inset of (a) is the high



Fig. 7. (a) TEM morphology of ZM-1250. The denoted M, Z and S represent mullite, zirconia and parent phase, respectively. (b) High resolution TEM

image of the grain boundary t-ZrO2 with parent phase (cordierite) and (c) HRTEM image showing amorphous layer between those two phases. The

corresponding areas of these HRTEM images in (a) are labeled as 1 and 2, respectively. (d) The dark field TEM image of t-ZrO2 particle. (e) The

corresponding fast Fourier transformed pattern of (b) and showing a parallel relation of t-ZrO2 001 plane with cordierite 1 1 0 plane.
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(o50 nm) with spherical shape (see HRTEM image in
Fig. S2). While the intergranular zirconia shows different
morphology such as elliptical-shaped and bar-like grains
(Fig. 6b, c). In general, the large zirconia grains have high
aspect ratio, which indicates oriented growth of zirconia.

In order to understand the growth mechanism of
zirconia grain, HRTEM images were obtained for a single
zirconia crystal of ZM-1250, shown in Fig. 7b and c. Their
corresponding areas were labeled in Fig. 7a. Fig. 7b shows
the phase boundary structure of zirconia and matrix,
which were identified as t-ZrO2 and cordierite, respectively
(Fig. 7e). The phase boundary between those two phases
suggested that 0 0 1 plane of t-ZrO2 was parallel with
cordierite 1 1 0 plane (Fig. 7b). The rectilinear crystalline
interface was gradually transformed into amorphous layer
while the parallel relation was maintained. The thickness
of amorphous layer surrounding the zirconia grain
increased from less than 2 nm at the long edge to around
5 nm at the round top (Fig. 7c). This observation suggested
the zirconia grew along /1 0 0S direction as labeled in the
HRTEM image. This preferred growth direction attributes
to the formation of bar-like particles from the spherical
nano grains.

4. Discussion

Compared to the traditional powder sintering routes, the
direct transformation from the amorphous bulks can achieve
ultra-fine grains and unique nanostructures due to the high
chemical homogeneity of starting precursor. Actually, the
observations of two types of zirconia have been reported for
power sintered ZM composites. In the reaction sintered ZM
system, the size of intragranular zirconia grains reaches
300 nm, and these grains are embedded during the mullite
grain growth, which is similar to the observation in our SEM
morphology (Fig. 5) [36]. For the alkoxide-derived ZM
composites, the decomposition of zircon is responsible for
the formation intergranular zirconia [32]. A different micro-
structure formation mechanism should be applied for this
amorphous precursor transformed ZM system.
The microstructure evolution from the amorphous pre-

cursor to ZM nanocomposites is proposed as follows. The
liquid nitrogen quenched amorphous bulk has homoge-
nous composition, as shown in Fig. 8a. However, this
stressed metastable precursor tends to crystallize after
nucleation. When heat treated at 1100 1C, nano size
zirconia is first precipitated as the dispersoids from the
parent phase (Fig. 8b). This diffusion controlled process
results in composition gradient around zirconia grains.
With further increase of heating temperature, mullite phase
starts to crystallize around some nano zirconia due to its
nuclei effect. Thus, the nano zirconia grains are confined in
mullite grains. The solid state diffusion through mullite
lattice becomes very difficult, which inhibits the growth of
nano zirconia grains. Conversely, for those zirconia grains
in parent phase, the diffusion is rapid, and consequently
larger grains are produced. Due to assembly-like growth
from the amorphous matrix, other than coalescence of



Fig. 8. Schematic crystallization process of amorphous precursor transformed zirconia–mullite ceramic. (a) Homogenous bulk precursor, (b) nano-

crytalline zirconia dispersoids in the parent phase and (c) nano and sub-micro co-reinforced mullite composite. Please the note that the areas of color is

not represented for the volume fractions of the phases.

J. Zhong et al. / Ceramics International 39 (2013) 4163–4170 4169
individual grains in powder sintering process, the t-ZrO2

preferentially grow along the direction of /1 0 0S, which
results in the formation of short bar shaped zirconia grain
(Fig. 8c). This elongated grain morphology of zirconia is
very different from the irregular shapes formed in sintered
ZM ceramics [2,4,9,20]. The m-ZrO2 is formed when
the grain reaches the phase transformation size. The high
heat treatment temperature promotes the growth of the
zirconia, which reduces the volume fractions of t-ZrO2

(Table 1).
High t-ZrO2 fractions would enhance the mechanical

properties of the composites due to phase transformation
toughening mechanisms of zirconia [13]. Although ZM-
1100 shows 100% t-ZrO2, the best mechanical properties
are obtained for the sample heat treated at 1150 1C (75%
t-ZrO2), when a nano and sub-micro zirconia ZM micro-
structures start to be developed. This indicates that both
the bar-like t-ZrO2 and the confined nano spherical
zirconia grains provide reinforcement for the composite.
Furthermore, the partially existed amorphous phase may
also act as buffering agent for crystalline grains, which
together functionalized as a multi-level ‘‘concrete’’ struc-
ture and result in well co-reinforced ZM composite
ceramics.
5. Conclusion

High strength ZM nano-composite ceramics have been
synthesized through the direct transformation of amor-
phous monolithic precursor. Benefited from the homoge-
nous chemical composition of the precursor, sub-micro/
nano-strucutred ZM ceramics were obtained through
controlled crystallization. Two types of zirconia were
generated in the composites. One was the spherical
zirconia nano grains (�30 nm), which were confined in
the mullite lattice. The other type zirconia grains oriented
grew along the /1 0 0S (t-ZrO2) direction, forming the bar
shaped sub-micro particles (o650 nm). This unique
nanostructure contributed to high mechanical properties
of sample ZM-1150, with fracture toughness and flexural
strength up to 5.1370.27 MPam1/2 and 520735 MPa,
respectively. More importantly, this research demonstrated
that the bulk precursor transformation was a feasible route
to synthesize composite ceramics and achieve the purpose
of refining the microstructures and improving the mechan-
ical properties.
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