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Abstract

Mullite/mullite (rodlike) microstructure which has
whisker-like grains with high aspect ratios within a
fine grain matrix was obtained by adding AIF; into
mullite precursor and heat-treated at 1150°C in air-
tight condition and then sintering at high temperature.
The grain growth conditions of rodlike mullite were
existence of high Al;03/Si0O;, ratio grains and exis-
tence of liquid phase.The fracture toughness increased
by the growth of rodlike mullite particles and at the
same time the flexural strength did not decrease.
© 1998 Elsevier Science Limited. All rights reserved

1 Introduction

Mullite ceramics have many desirable and usable
properties, such as excellent high-temperature
strength and creep resistance, good thermal and
chemical stability, low thermal-expansion coeffi-
cient, low true density and good dielectric proper-
ties.!® But the mechanical properties of mullite
ceramics at room temperature are relatively low,
especially fracture toughness which is just 2-3
MPam!22?2 Many methods have been used to
improve the fracture toughness of mullite and
notable progresses have been achieved. Among
these methods, adding second phase (such as par-
ticles, whiskers, fibers, etc.) is extensively used. In
most cases, second phases can be incorporated into
the matrix by mixing them mechanically with the
raw powders before sintering. Nevertheless, these
improvements of fracture toughness may occur at
the expanse of strength when the second phase acts
as a flaw initiation site. In addition, second phase
may also inhibit densification, making it necessary
to hot-press or HIP to obtain high densities. For
some ceramics, by adjusting fabrication process or
heat-treatment process, by way of in-situ forma-
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tion of a second phase which has a highly aniso-
tropy growth habit, a toughened ceramic
composite can be obtained without sintering diffi-
culties.”® The effect of the developing elongated
grains on toughening was first demonstrated in
silicon nitride ceramics, which improved the frac-
ture toughness successfully.>!!

Microstructures of mullite ceramics differ greatly
in their Al,03/SiO, ratios. For silica-rich mullite,
the grains tend to be circular particles, and alumi-
num-rich samples, equiaxed particles appear.!>!3
The composition-controlled microstructure of
mullite ceramics directly controls the mechanical
properties of the materials. The interlocked net-
work of prismatic mullite crystals occurring in low-
AlL,O; mullite composition produces favorable
mechanical strength values by mullite-mullite
(self-)reinforcement up to relatively high tempera-
ture (<1200°C),'* so the development of mullite/
mullite (rodlike) structure may be very useful for
mullite ceramics used in mechanical field. In this
paper, a new processing route was designed to
obtain mullite ceramic with self-reinforcement
microstructure by using the technique of synthesiz-
ing mullite whiskers through vapor-phase reaction.

2 Experimental Procedure

2.1 Microstructure designing
For prismatic crystals in natural mullite, the elon-
gated direction is [001].75 Crystal habit of mullite
whisker prepared by vapor-phase reaction is also in
[001).!¢ Thus a suitable amount of nuclei of mullite
whiskers produced in the green compacts could be
used as the growth centers for rodlike particles,
and rodlike particles can be developed after high
temperature sintering. In this experiment, the pro-
cessing route was designed as following (Fig. 1).

A small amount of AlF; was added into mullite
precursor and the green compacts were heat-treated
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Fig. 1. Designing route of mullite microstructure.

in an airtight container at suitable temperature, in
this process the mullite whisker nuclei can be pro-
duced. Finally the samples were sintered to high
density at higher temperature.

2.2 Raw materials and sample preparing

The preparation method of mullite precursor was
hydrolysis-precipitation.!” The starting materials
were aluminum chloride 6-hydrate (AICl;-6H,0)
and tetraethyl orthosilicate (TEOS).SiO,-rich
[AlO5/S10,=68/32 (wt/wt)] composition was
selected. The mullite precursor xerogels were cal-
cined at 1000 and 1250°C, respectively. The sam-
ples were as follows:

1. 1000°C calcined mullite precursor +0-5 wt%
AlF;3;

2. 85% 1250°C calcined mullite precursor
+15% 1000°C calcined mullite precursor
+0-5 wt% AlF3;

3. 1000°C calcined mullite precursor.

The mixed powders of mullite precursor and
AlF; were uniaxialy pressed at 50 MPa followed by
cold-isostatic pressing at 200 MPa. The green
compacts were heat-treated at a range of 1100-
1450°C in an airtight container, and then sintered
at 1500-1600°C for 4h in air.

An airtight ZTM container was prepared by
polishing the contact parts of a cover plate and the
rim of a crucible, a process described by Okada
and Otsuka.!® In order to guarantee airtightness,
two sets of crucibles were used.

2.3 Experimental methods

Differential thermal analysis (DTA) was performed
with a computer-controlled apparatus. Eighty mil-
ligrams of the precursor powders and the reference
material (fired a-Al,O3), respectively, were heated
in a Pt crucible with a constant heating rate of
10°Cmin~!. DTA was carried out in N, atmo-
sphere. The crystallization behavior of the mullite
processor was observed by X-ray diffraction
(XRD) using Co K, radiation and the X-ray dif-
fraction patterns of sintered samples were obtained
using Cu K, radiation. The bulk densities of green

compacts were measured by the geometrical
method by exactly measuring the weight and
dimension of samples. Sintered densities were
determined using the Archimedes method with
distilled water. The relative density was calculated
from the theoretical density of mullite (68/32),
3-12gem—3. The samples were polished and ther-
mally etched (50°C lower than their sintering tem-
peratures) for 1 h and were examined using scanning
electron microscopy (Model S-500) equipped with
energy dispersive X-ray analysis (EDX).

TEM observations were performed on a JEM-
200CXII (equipped with EDX) transmission elec-
tron microscopy at 200 KV. Thin foils of samples
for TEM were prepared by dimple grinding and
argon-ion thinning. The foils were coated with
carbon films to avoid charging effects.

The strength was measured by three-point bend-
ing with span of 20mm. The fracture toughness
was determined by the single-edge notched beam
method. Every strength value reported was the aver-
age of at least five samples and every fracture tough-
ness value was obtained from at least three bars.

3 Results and Discussion

3.1 The properties of mullite precursor

The curve of differential thermal analysis of mullite
precursor is shown in Fig. 2. There is not any

transformation exothermic peak up to 1000°C.
Above 1250°C, an exothermic peak appears which
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Fig. 2. DTA pattern of mullite precursor.
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indicates the beginning of the crystallization of
mullite. The X-ray diffraction (XRD) patterns of
powders heated at 1000 and 1300°C are given in
Fig. 3. XRD analysis confirmed that the precursor
heated at 1000°C is essentially amorphous phase
with minor quantities of Y-Al,0;, whereas the
precursor heated at 1300°C is crystalline mullite
with no other crystalline phases. The xerogel pre-
pared in this experiments is suitable to produce
mullite whisker using the method described by
Okada and Otsuka'®

3.2 Mullite green compacts containing AlF;
heat-treated in airtight condition
The most important factor of heat-treated process
of mullite green compacts containing AlF; in air-
tight container is to choose a suitable temperature.
After the treatment, a necessary amount of mullite
whisker nuclei can be produce and the whisker
cannot grow effectively, otherwise the whiskers
could form a short network which could act as a
barrier to densification. Synthesis of mullite whis-
ker in F atmosphere carried out by means of
vapor-phase reaction. For vapor-phase reaction,
the fluorides must be volatilizable at the reaction
temperature. F acts as a kind of catalyst because F
does not exist in the final product—mullite whisker.
The formation reaction of mullite whisker may
be as follows:!®

6AIF; + 30, — 6AIOF + 12F (1)

Al, 03 + 2F — 2AIOF +'/,0, (2)

20 30 40 50 60 70 80
28 (Co Kq)

o

20 30 40 50 60 70 80
26 (Co Ka)

Fig. 3. X-ray diffraction patterns of mullite (precursor): (a)
calcined at 1000°C; (b) calcined at 1300°C.

28i0, + 8F — 2SiF, + 20, (3)

6AIOF + 2SiF4 + 7/20, — 3AL0; - 28i0, + 14F
4)

The sublimation temperature of AlF}; is at around
1040°C,'? so the heat-treated temperature must be
above 1040°C. In this experiment, the heat-treated
temperature range is from 1100 to 1450°C in air-
tight condition for 4 h.

The sample treated at 1100°C, there is not any
mullite peak existing, amorphous phase is the
dominated phase [Fig. 4(a)]. After treated at
1150°C, results indicated that although a sig-
nificant amount of amorphous phase still existed,
mullite peaks have appeared obviously, as shown
in Fig. 4(b). AIOF and SiF, were produced by
adding AlF; and reacted each other to form mul-
lite. Through this procedure, the mullitization
temperature of the precursor prepared by hydroly-
sis—precipitation method is decreased intensively.
In order to produce mullite whisker nuclei, it is
necessary to treat the samples above 1150°C.

The SEM micrographs of fracture surfaces of
mullite green compacts after treatment are shown
in Fig. 5. There are no mullite whisker nuclei in the
sample treated at 1100°C. The SEM micrograph of
surface shows that the sample is composed of par-
ticles with a size below 0-1um in diameter
[Fig. 5(a)]. After treatment at 1150°C, notable
changes have taken place in fracture surface
[Fig. 5(b)] due to the formation of mullite whisker
nuclei. Above 1200°C, the changes are much great
[Fig. 5(c)]. Further increasing the treating tem-
perature up to 1400°C, a large amount of mullite
whisker nuclei was formed as shown in Fig. 5(d)

WW
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Fig. 4. XRD patterns of mullite samples: (a) 1000°C for 4h;
(b) 1150°C for 4h.
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Fig. 5. SEM micrographs of fracture surfaces of mullite green compacts containing AlF; treated at various temperatures: (a)
1100°C for 4h; (b) 1150°C for 4 h; (c) 1200°C for 4 h; (d) 1400°C for 4 h.

and some interlinked network of whisker can be
observed in some parts.

3.3 Sintering and microstructure of mullite samples
containing AlF; after heat-treatment
Densities of green compacts heat-treated at 1150 and
1200°C, respectively, in an airtight container are lis-
ted in Table 1. Sample 1 exhibits a higher density due
to the precursor having a higher activity while sample
2 shows a nearly constant density because most of the
precursor was calcined at 1250°C.

The dependence of the final relative density on
sintering temperature is shown in Fig. 6. For sample

2 heat-treated at 1150°C, it can be observed that
the relative density of sample increases with the
increasing of the sintering temperature. The opti-
mum relative density reached 97-6% at 1580°C for
4h and then decreased with increasing the tem-
perature up to 1600°C. Sample 1 heat-treated at
1150°C, the sintering curve exhibits a tendency
similar to that of sample 2. At 1550°C for 4h, the
relative density is 98-3%. But those compacts heat-
treated at 1200°C sintered at the same sintering
conditions appeared much lower densities [ <90%,
shown in Fig. 6(b)] because of the retarded forces
existing in the samples. The relative density of

Table 1. Relative shrinkages and densities of samples at different heat treatment temperatures

Green density 1150°C 4h

(gem™3)

Sample

Shrinkage (%)

Density (gem™3)

1200°C 4 h

Shrinkage (%) Density (gem™)

—

1.26 7-20
2 1.25 1-40

1.32 9:50 1-36
125 1.50 125
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Fig. 6. The relationship of relative density and sintering temperature of samples after heat treatment in airtight condition: (a)
1150°C; (b) 1200°C.

sample 1 sintered at 1550°C was 89-4% and then
decreased with increasing temperature. SEM of
fracture surfaces of sample 2 (heat-treated at
1200°C and sintered at 1580°C for 4h) shows that
there are large pores with mullite whisker clumps
about 0-1 um in diameter existing in the matrix
(Fig. 7). The whiskers could form a short network
which acted as a barrier to densification. With
increasing temperature, the mullite grains grew
larger, but without shrinkages occurring to pro-
mote density. From above experiments, it can be
concluded that heat treatment on compacts at
1150°C in an airtight container has no significant
negative effects on densification. It is a relatively
ideal treatment temperature.

As shown in Fig. 8, the microstructures which
consist of equiaxed fine grains and rodlike mullite

&1'”".‘ L S

Fig. 7. SEM micrograph of fracture surfaces of sample 2
treated at 1200°C and sintered at 1580°C for 4 h.

grains are quite similar to those of in-situ self-rein-
forcement Si3Ny ceramics.”!! Sample 1 sintered at
1550°C has a very fine equiaxed grains 0-1-0-3 um
in size and rodlike grains with high aspect ratio
distributing uniformly in the matrix. The diameters
of rodlike grains are significantly larger than those

Fig. 8. SEM micrographs of mullite surfaces: (a) sample 1,
1550°C for 4 h; (b) sample 2, 1580°C for 4 h.
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of equiaxed grains. The microstructure of sample 2
which is sintered at a higher temperature is char-
acterized by rodlike mullite grains embedded in
fine mullite grains about 0-2-0-6um in size
[Fig. 8(b)]. In this structure, the rodlike grains grew
more perfectly and no large defects left among
them by forming network. The shapes of rodlike
mullite grain are shown in Fig. 9. Similar mor-
phology had been observed by Mohamed et a/.?° in
their work by adding F into mullite precursor to
produce mullite whisker. Compared with sample 1,
sample 3 without the addition of AlF3, as shown in
Fig. 10(a), there are fewer rodlike mullite grains
present in the sintered body and their growth is less
perfectly than those of samples having AlF,
[Fig. 10(b)]. Although the SiO,-rich composition
(68/32) which is associated with liquid phase form-
ing during sintering makes rodlike grains grow
easily,!>!3 rodlike grains did not increase with
increasing the amount of liquid phase. Adding
AlF; into mullite precursor and then heat treated
the mixture at 1150°C. The Al,O3/SiO, ratios of
materials were changed by the loss of mass and
SiO, is slightly lower than that of the initial com-
position. It was confirmed by the data in Table 2.
The results also explained the size differences of
equiaxed grains between samples 1 and 3. The
relatively lager grains in sample 3 were a result of
the relatively larger volume of liquid phase. This
fact implies that the volume of the liquid phase is
not the only condition to control the growth of
rodlike grains. In order to examine the chemical
composition of rodlike grains, the Al,03/SiO, ratio
of four rodlike grains in sample 2 (sintered at
1580°C for 4 h) were measured by EDX using TEM.
The number of measuring points was at least four
for each selected grain and the average values are
listed in Table 3. The results indicated that the
Al,O3/S10, ratio of the center part is much higher
than that of the rim part. The phase-diagram of
mullite given by Aksay and Pask® illustrated that

Fig. 9. TEM micrograph of rodlike mullite grain sample 2
treated at 1150°C and sintered at 1580°C for 4 h.

Fig. 10. SEM micrographs of mullite samples: (a) sample 3,
1550°C for 4 h; (b) sample 1, 1550°C for 4h.

the Al,05/Si0, ratio of mullite would decrease
with increasing sintering temperature below
1350°C. In this experiment, with the addition of
AlF; into mullite precursor, the mullitization tem-
perature decreased greatly. So the synthesed mul-
lite has a higher Al,O3/SiO, ratio. Okada and
Otsuka?! also demonstrated that the Al,0;/SiO,
ratio of mullite whisker decreased with increasing
firing temperature in their research work. Mullite
whisker nuclei with a high Al,05/SiO, ratio pro-
duced during heat-treated procedure at 1150°C

Table 2. EDX analysis results of samples 1 and 3

Sample Sintering condition ALO;/Si0; (wtfwt)
| 1550°C 4h 69-89/30-11
2 1550°C 4h 68-22/31.78

Table 3. Al,O3/SiO; ratios of rodlike mullite particles

Grain Center Al,03/Si0, Rim Al,05/Si0,
(wtjwt) (wtiwt)

1 75-1/24-9 69-2/30-8

2 75:3/24-7 70-9/29-1

3 75-5/24-5 69-8/30-2

4 74-9/25-1 68-9/31-1
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Table 4. Mechanical properties of mullite ceramics

Sample Sintering Flexural Fracture
temperature strength toughness
(°C) (MPa) (MPa m'?)
3 1550 250+40 1-94+0-34
1 1550 280+32 2-48+0.22
2 1580 265+52 2:97+0-37

Fig. 11. SEM micrographs of fracture surfaces of samples: (a)
sample 3, 1550°C; (b) and (c) sample 1, 1550°C.

were used as centers for nuclei growth during sin-
tering and grew in the selected direction by choos-
ing the AlLQ3/SiO, ratio. In the case of grain
growth accompanying liquid phase sintering, small
particles dissolved in liquid phase and precipitated
on large particles. The high Al,05/Si0, is required
to form rodlike grains.

From the above analysis, two necessary condi-
tions for producing rodlike mullite were: (1) exis-
tence of high Al,03/S10, ratio grains; (2) existence
of liquid phase which causes small grains dissolving
and precipitation on large grains.

3.4 Flexural strength and fracture toughness

As shown in Table 4, the fracture toughness of
sample 1 (1550°C sintered) and sample 2 (1580°C
sintered) increased by the growth of rodlike mullite
grains and flexural strength did not decrease. This
indicated that the growth of rodlike grains could
not lead to large defects among matrix which can
be seen in Fig. 8. Compared with sample 3, the
fracture toughness of samples 1 and 2 increased
27-8 and 53-1%, respectively.

The fracture surface of sample 3 in Fig. 11(a)
was relatively flat and showed mainly transgra-
nular fracture. However, the rough and complex
features are observed on the fracture surface of
sample 1 and rodlike particles pulling out from
matrix are also observed, as shown in Fig. 11(b)
and (c). It demonstrated that the growth of rodlike
particles changed the fracture mode from mainly
transgranular to the mixture type of transgranular
and intergranular in monphase mullite ceramics.
The area of fracture increased and it could absorb
much more energy. Therefore the growth of rodlike
mullite increased the toughness of mullite ceramics.

4 Conclusion

1. A new experiment route was designed to fab-
ricate rodlike mullite particles among
equiaxed grain matrix: AlF; was added into
mullite precursor and then heat treated in air-
tight condition. During this process, mullite
whisker nuclei were formed and could be used
as growth centers for rodlike grains.

2. The experiment results demonstrated that
1150°C was a proper heat-treated temperature
for mullite precursor with the addition of
AlF;. Above 1150°C, densification bodies
could not be obtained after the following sin-
tering process.

3. The necessary conditions for rodlike grain
growth were existence of high ratio composi-
tion gains and existence of liquid phase. In
this experiment, after sintered at higher tem-
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perature, mullite/mullite (rodlike) micro-
structure was obtained for the samples con-
taining AlF; heat-treated at 1150°C in air-
tight condition.

. The growth of rodlike particles improved the
fracture toughness of matrix and did not
decrease the flexural strength.
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