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Abstract

Four-point bending creep behavior of mullite ceramics with monomodal and bimodal distribution of grain sizes was studied in the temperature
range of 1320–1400 ◦C under the stresses between 40 and 160 MPa. Mullite ceramic with bimodal grain size distribution was prepared using
aluminum nitrate nonahydrate as alumina precursor. When �-Al2O3 or boehmite were used as alumina precursors, mullite grains are equiaxial
with mean particle size of 0.6 �m for the former and 1.3 �m for the latter alumina precursor. The highest creep rate exhibited the sample with
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onomodal morphology and grains in size of 0.6 �m, which is about one order of magnitude greater than that for the monomodal morphology
ut with grains in size of 1.3 �m. The highest activation energy for creep (Q = 742 ± 33 kJ/mol) exhibits mullite with equiaxial grains of
.3 �m, whereas for sample with smaller equiaxial grains the activation energy is much smaller and similar to mullite ceramics with bimodal
rain morphology. Intergranular fracture is predominant near the tension surface, while transgranular more planar fracture is predominant
ear the compression surface zone.
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. Introduction

Mullite is a promising candidate for advanced struc-
ural and functional ceramics because of its good thermo-

echanical properties, excellent creep resistance and good
hemical and oxidation resistance.1 Creep of mullite has
een investigated for the last three decades. Works have
een performed in bending,2–13 in compression11,14–19 and in
ension.11 Materials with different microstructures and com-
ositions ranging from 67 to 82 wt.% of alumina and a wide
ange of activation energies (Q ∼ 357−1051 kJ/mol), stress
xponents (n ∼ 0.2–2.7) and grain size exponents (p ∼ 1–3.7)
ave been characterized in experiments from 0.2 to 300 MPa
nd temperatures from 1100 to 1500 ◦C. There is no univer-
ally accepted opinion about the mechanism of the creep.
n general, grain boundary sliding (GBS) is considered to

∗ Corresponding author. Tel.: +385 1 4597 219; fax: +385 1 4597 250.
E-mail address: etkalcec@fkit.hr (E. Tkalcec).

be the main deformation mechanism, but some authors sug-
gest that the strain rates are controlled by viscous flow of
amorphous grain boundary phases, another by pure diffu-
sion. Solution-precipitation and/or cavitation were also sug-
gested as processes accompanying the dominant process.
It is generally agreed that broad range of reported creep
parameters are due to differences in experimental condi-
tions: loading arrangement, temperature and stress as well
as in microstructure and composition of the studied materi-
als.

The goal of this work was to present the bending creep
results of sol–gel derived mullite ceramics with the same
stoichiometric 3:2 mullite composition but with different mi-
crostructure, and different size and distribution of mullite
grains, which was attained by using various alumina precur-
sors. Tetraetoxysilane (TEOS) was used as a source of sil-
ica, and aluminum nitrate nonahydrate, (Al(NO3)3·9H2O),
�-Al2O3 and boehmite (�-AlOOH), respectively, were used
as the sources of alumina component.

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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2. Experimental procedure

2.1. Sample preparation

Four mullite precursors with stoichiometric 3:2 mul-
lite composition (3Al2O3·2SiO2) but with different level of
mixing, consequently with different microstructure, were
prepared as follows. Gel W was prepared by dissolving
Al(NO3)3·9H2O in water (nitrate/water molar ratio equals
1:32). The solution was stirred and refluxed at 60 ◦C
overnight. Tetraethoxysilane (TEOS, Fluka >98%) previ-
ously mixed with ethanol (with TEOS/ethanol molar ratio of
1/4) was added dropwise to the nitrate solution. The mixture
was heated at 60 ◦C under reflux condition until gelation. First
step in the preparation of gel M1 was the same as in gel W,
but, after mixing nitrate solution and TEOS, the stirring was
continued for next 12 h whereupon the mixture was brought
to pH 6 by adding 2 M aqueous ammonia.

Gels M2 and M3 were synthesized from �-Al2O3 (“alu-
minum oxide C” Degusa, mean primary particle size 13 nm,
BET 100 m2/g) and �-AlOOH, boehmite, (“Disperal” Con-
dea Chemie, mean particle size 30–40 nm, BET 188 m2/g),
respectively. The powders were peptized by adding 10 wt.%

Table 1
Vickers hardness, HV, fracture toughness, KIC, and 4-point bending strength,
with corresponding Weibull parameter, σ and m, at ambient temperature of
the samples sintered at 1600 ◦C for 2 h

Sample HV (GPa) KIC (MPa m1/2) σ (MPa) Weibull
parameter (m)

W 13.5 ± 0.2 1.7 ± 0.2 283 8.9
M1 13.5 ± 0.2 1.7 ± 0.1 261 13.6
M2 12.5 ± 0.3 1.9 ± 0.2 204 12.1
M3 12.9 ± 0.3 1.9 ± 0.2 246 4.4

of 0.1 M aqueous HNO3 solution. The suspensions were then
stirred and refluxed for 24 h at 60 ◦C. Stoichiometric amount
of 1 M TEOS in ethanol was dropwise added and gelation
was carried out by refluxion at 60 ◦C. All prepared gels
were further dried at 110 ◦C for 72 h and stored in a vac-
uum desiccator. Dry gels were calcined at 700 ◦C for 9 h
to decompose organics and to remove volatiles. Calcined
gels were wet ball milled in isopropanol using ZrO2 balls
as milling media for 6 h. After milling and drying of the
precursor powders, rod-like green bodies performed by cold
isostatic pressing (200 MPa) were sintered at 1600 ◦C for
2 h.
Fig. 1. SEM micrographs of mullite samples; (A) sample W
; (B) sample M1; (C) sample M2; (D) sample M3.
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2.2. Materials characterization

Polished and thermally etched surfaces (1500 ◦C, 45 min)
of sintered materials were analyzed by scanning electron mi-
croscopy (SEM, JEOL, JSM 6400F), and the average grain
size was determined by the linear intercept method. For mi-
crostructural observations of samples after creep testing, mi-
crographs on tension sides of the samples were analyzed. The
same samples tested at 1400 ◦C were subsequently fractured
and the fracture surfaces near the tension and compression
sides of the samples were analyzed. Transmission electron
microscopy (TEM) equipped with energy dispersive X-ray
analyzer EDX (JEOL 6400 F), as well as, high resolving
transmission electron microscopy (HRTEM) (CM200 FEG,
Philips) equipped with an energy dispersive X-ray spectrom-
eter (DX-4; EDAX) were used for analysis of specimens pre-
pared by mechanical thinning, dimpling, Ar+ ion milling and
carbon coating.

The bending strength at ambient temperature was evalu-
ated by a four-point bending test (spans 10 and 20 mm) on
bars (3 mm × 4 mm × 25 mm) polished by diamond slurry
down to 1 �m. The hardness was measured by Vickers
indentation with load of 10 kg. The fracture toughness
(KIC) was calculated according to Anstis et al.20 The
creep resistance was measured in 4-point bending strength

mode (spans 20 and 40 mm) using polished samples with
dimensions 3 mm × 4 mm × 45 mm. The measurements
were carried out at different stresses from 40 to 160 MPa
at the constant temperature T = 1400 ◦C, and at the constant
stress of 100 MPa from 1320 up to 1400 ◦C (for sample
M3 up to 1420 ◦C). The creep measurements at different
stresses were performed stepwise on the same sample. The
measurement at a higher stress was performed successively
after the steady-state strain rate was attained. The measure-
ment at the constant stress of 100 MPa was performed by
temperature jumps from one tested temperature to another.
The samples were hold at the testing temperatures for 30 min
before loading to reach the temperature stability. No stress
correction was made for the change in cross-sectional area
during the run. The experimental data were characterized in
terms of steady-state creep rate according to the equation:

ε∗ = Aσn 1

dp
exp

(
− Q

RT

)
(1)

where ε∗ is the steady-state creep rate in s−1, σ is the stress
in MPa, Q is the activation energy for creep deformation; n is
stress exponent, d is grain size, p is the grain size exponent,
and A is a material constant, which depends on microstruc-
ture. T and R have their usual meaning. Accordingly, the
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ig. 2. TEM micrographs of studied samples: (A) sample M1; (B) sample M2, ED
f mullite grain and glassy phase in triple junction are given as insets.
X spectrum of glassy phase given as overlay; (C) sample M3, EDX spectra
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exponents n and p and the activation energy, Q, characterize
the creep behavior of materials.

3. Results

The Vickers hardness, HV, fracture toughness, KIC, and
4-point bending strengths, σ, at ambient temperature for mul-

lite ceramics sintered at 1600 ◦C for 2 h are shown in Table 1.
Reported values of the results are the average of 10 measure-
ments.

Representative microstructures of the studied samples are
shown on SEM micrographs in Fig. 1. As shown on SEM
micrographs, samples W and M1 are composed of two types
of grains: elongated crystals (with longer axis about 4–10 �m
for sample W and about 5–7 �m for specimen M1) are em-
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ig. 3. (A) HRTEM micrograph of the sample W sintered at 1600 ◦C for 2 h. The ins
, respectively. (B) EDX line analysis across two mullite grains. The line along th

mage of two mullite grains M1 and M2 and the glassy interphase (G). Inset (left lo
he appearance of Al-containing silica glassy-phase at mullite interfaces. (D) HRTE
ets give EDX analyses of glassy phase in marked circle G and mullite grain
e analysis was performed is 560 nm long and is shown in (A). (C) HRTEM
wer corner) shows EDX line analysis across the grain boundary indicating
M image of a mullite/mullite grain-boundary without glassy phase.
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Fig. 4. Strain (A) and strain rate (B) vs. time for different stresses between
60 and 160 MPa at 1400 ◦C for sample M1.

bedded into a matrix of equiaxial grains much smaller than
1 �m, but the amount of the elongated grains in the sample M1
is greater than in sample W. On the contrary, mullite grains
in samples M2 and M3 are equiaxial with average size of 0.6
and 1.3 �m, respectively, and with monomodal grain size dis-
tributions. TEM micrographs and EDX analyses for samples
M1, M2 and M3 are shown in Fig. 2. The image obtained by
high resolved transmission electron microscopy (HRTEM)
and the EDX line analysis across two mullite grains, as well
as the point analysis of the glassy phase in triple junction
for sample W is shown in Fig. 3. Typical strain versus time
curve for M1 obtained at 1400 ◦C and at loads between 60
and 160 MPa, are shown in Fig. 4A, and the strain rate ver-
sus time plots in Fig. 4B. Strain curves and strain rate curves
as a function of time for sample M3 are shown in Fig. 5A

Fig. 5. Strain (A) and strain rate (B) vs. time for different stresses between
60 and 140 MPa at 1400 ◦C for sample M3.

and B, respectively. Characteristic plots of strain rate versus
stress for all studied materials at 1400 ◦C are shown in Fig. 6.
From these plots the stress exponent, n, was determined. It
should be pointed out that only the data at 40, 60, 80, 100
and 120 MPa (for sample M3 also the result at 140 MPa)
were taken into account for evaluation the stress exponent n,
although the data at stresses of 140 and 160 MPa are located
on the same plot. The grain size-compensated strain rates
versus stress (p = 3) for the samples are also given in Fig. 6.
Fig. 7 shows ln ε∗ versus 1/T plots obtained at the stress of
100 MPa, from which the activation energy for creep was
evaluated. Stress exponent, n, and the activation energy, Q,
are correlated with the mullite grain sizes in Table 2.

Table 2
Grain size and grain size distribution, activation energy, Q, and stress exponent, n, at the stress of 100 MPa and T = 1400 ◦C

Sample Grain size morphology Mean grain size (�m) Activation energy, Q (kJ/mol) Stress exponent, n

W Bimodal ∼0.7 (elongated grains: 4–10, equiaxial grains: <1) 563 ± 33 1.94 ± 0.03
M1 Bimodal ∼0.5 (elongated grains: 5–7, equiaxial grains: <1) 606 ± 33 2.05 ± 0.01
M2 Monomodal 0.6 573 ± 16 1.69 ± 0.04
M3 Monomodal 1.3 743 ± 18 1.75 ± 0.04
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Fig. 6. Steady-state strain rate as a function of stresses at 1400 ◦C. M2 (�);
W (�); M1 (�); and M3 (�). Grain size-compensated strain rates vs. stress
using p = 3: M2 (�); W (♦); M1 (�); M3 (©).

Specimens tested in creep have been analyzed by SEM.
Fig. 8 shows the morphology of the tension surface of sam-
ples after creep at 1400 ◦C at two different loads (40 and
100 MPa). Fracture morphology of the same specimen near
tension and compression surfaces, respectively, are shown in
Fig. 9.

4. Discussion

4.1. Microstructure and mechanical properties of
un-crept samples

Different microstructure of studied mullite ceramics seen
on SEM micrographs (Fig. 1) is due to different alumina
precursors used in preparation of studied samples, since the
silica precursor (TEOS) was the same in all prepared gels.
Using aluminum nitrate nonahydrate, (Al(NO3)3·9H2O) bi-
modal grain size distribution of mullite grains is obtained,
whereas by using transient alumina (added as �-Al2O3 or in
situ formed by boehmite decomposition) monomodal grain
size distribution is achieved. If �-Al2O3 is used as alumina

F
1

source much smaller mullite grains were obtained, whereas
by reaction of boemite with TEOS more than twice greater
mullite grains were produced. The microstructures seen with
specimens W and M1 are typical for liquid flow sintering,21

whereas a solid state sintering is supposed for the equax-
ial mullite morphology (M2 and M3 samples). TEM and
HRTEM micrographs and microanalyses, (Figs. 2 and 3),
reveal the presence of glassy phase located at triple points
and a thin film at grain boundaries. However, there are grain
boundaries clean, without glassy phase (Fig. 3D). That is in
accordance with Kleebe et al.22 who found that depending on
the orientation of mullite grains, wetted and not wetted grain
boundaries coexist. The present glassy phase is an aluminum-
containing silicate glassy phase, as shown by EDX analyses
(EDX spectra in Figs. 2 and 3).

As can be seen in Table 1, the 4-point bending strength,
σ, and corresponding Weibull parameter, m, the Vickers
hardness, HV, and fracture toughness, KIC, differentiate the
samples with bimodal grain size distribution from those with
monomodal grain size distribution. Samples with bimodal
morphology (W and M1) are characterized by somewhat
higher strength and Vickers hardness, and smaller fracture
toughness than the samples with monomodal morphology
(M2 and M3). Inside the latter, at the same number of tested
specimens (10), the sample M3 (average grain size = 1.3 �m)
shows a greater strength then the sample M2 (average grain
s
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ig. 7. Steady-state strain rates vs. reciprocal temperature for stress at
00 MPa. M2 (�; W (�); M1 (�); and M3 (�).
ize = 0.6 �m), but also a larger dissipation of results (smaller
eibull parameter). The microstructure and mechanical

roperties at room temperature clearly distinguish the
tudied samples into two groups with small but noticeable
ifference between them.

.2. Creep behavior

There are great discrepancies among the proposed creep
echanisms for mullite in literature. Different stationary

reep mechanisms; Nabarro–Herring,23,24 Coble,25 flow of
ard grains in a viscous phase,16 or solution-precipitation
n the presence of a viscous phase26 have been proposed
or mullite.2,4–6,8,9,14–16 Nabarro–Herring23,24 and Coble25

echanisms or diffusional accommodating grain boundary
liding predict stress exponents close to 1 and grain size ex-
onent, p, between 2 and 3. When the diffusion takes place
hrough the volume of grain p = 2, and when the diffusion
akes place in grain boundaries26 p = 3. Majority of authors
ropose the combination of two or more mechanisms. Dokko
t al.14 suggested Nabarro–Herring mechanism accompanied
y diffusional flow, and according to them, the glassy phase
ccounts for the higher creep rates and higher stress expo-
ent than 1. Nabarro–Herring creep was thought to be domi-
ant also by Ohira et al.9 Hynes and Doremus17 proposed the
ow of mullite grains in a viscous glassy phase. According to
ixon et al.15 there are different creep mechanisms in mullite
ith and without glassy phase. They proposed that the creep
f mullite containing small amounts of glassy phase is most
ikely controlled by grain boundary sliding (GBS) accommo-
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Fig. 8. Microstructure after creep tests. (a) SEM micrograph of tension surface for non-etched and un-crept sample W; (b) surface of sample after creep at
40 MPa and 1400 ◦C; (c) surface of sample after creep at 100 MPa and 1400 ◦C.

dated by diffusion in the glassy phase, but some viscous flow
may also be present. At higher temperatures, these mecha-
nisms were joined by cavitations along grain boundaries. On
the contrary, in glassy phase free mullite, operating mech-
anism is GBS accommodated by lattice diffusion and cavi-
tation. According to Torrecillas et al.,11 the dominant creep
mechanism is diffusion accommodated GBS, however, by
stress-induced solution-precipitation, viscous flow of grains
in amorphous phase-rich zones and self-diffusion of mullite
can all contribute to the strain during creep. Rhanim et al.27

have proposed also GBS mechanism accommodated by a vis-
cous creep. Studying the creep damage in mullite during the
creep tests, Fernandez and Baudin,12 and Baudin and Villar13

propose stress enhanced dissolution of mullite grains at the
stressed area even in samples containing no glassy phase be-
fore tests. Studying the creep behavior of mullite/alumina
fibres, Deléglise et al.28 attributed the stress exponent n = 2
to a higher viscosity of thin amorphous alumino-silicate inter-
granular glassy phase. De Arrelanno-López et al.19 believe
that large variations in Q values reported in literature and
very different interpretations of creep mechanism could, at
least partially, be related to grain morphology, as well as, to
composition and location of the glassy phase.

It was stressed out11 that creep studies from different
laboratories can lead to a significant scatter in results due
to small differences in composition, microstructure and
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Fig. 9. SEM micrographs of fracture surface of sample W after creep at
1400 ◦C and load of 100 MPa: (a) near the tension side and (b) near the
compression side of sample.

different testing procedures. Since in this work, for all four
samples the same testing method was used and the gels are
characterized by the same Al/Si = 3/1 ratio (stoichiometric
3:2 mullite), creep results could be correlated only with mi-
crostructure, mullite grain size and the intergranular glassy
phase in mullite ceramics. As seen in Fig. 6, the highest
creep rate exhibited the sample with monomodal distributed
grains in size of 0.6 �m (sample M2). It is about one order
of magnitude greater than that for sample with monomodal
distributed grains in size of 1.3 �m (sample M3). Creep rates
for samples W and M1 (bimodal morphology) are somewhat
smaller than that for sample M2. That is in accordance with
the results of Dokko et al.,14 who reported that the presence

of elongated grains in a matrix of small equiaxial grains only
slightly decreases the creep rate. Since the ratio of elongated
and equiaxial grains in the samples studied in this work is
much smaller than 1, only a small decrease of creep rate
in samples W and M1 in comparison to M2 was expected.
The small difference between W and M1 is due to different
amount and length of the elongated grains.

Torrecillas et al.,11 observed that a scatter of strain rate
values are significantly reduced when grain size exponent,
p [Eq. (1)], has been taken into evaluation. Therefore, they
corrected the data cited by Lessing et al.,2 Okamoto et al.8

and Nixon et al.15 multiplying the strain rate, ε∗, by dp; p = 2
and 3, respectively, and compared the obtained normalized
ε∗ × dp–σ plots with their own results corrected on the same
way. The scatter of the results was significantly reduced,
especially using grain size exponent p = 3. Using the same
method and taking p = 3, we obtained two ε∗ × dp–σ plots
(hollow marks in Fig. 5); one (n = 1.74 ± 0.08) for the both
samples with monomodal and another (n = 1.98 ± 0.05) for
both samples with bimodal morphology independent on av-
erage grain size. Since the stress exponent, n, is a key indica-
tor for identifying the rate controlling mechanisms, the same
n values for both samples with monomodal grain morphol-
ogy, but with different grain sizes (Fig. 5), suggest the same
creep mechanism. The same is valid for samples with bimodal
grain morphology. Taking into consideration that more then
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ne process is involved in grain boundary sliding, it could
e proposed that all co-processes are not represented in the
ame extent at these two groups of samples. That means that
he creep mechanism of monomodal morphology is some-
hat different than that in samples with bimodal morphol-
gy.

The activation energy of 743 ± 18 kJ/mol for sample M3
grains with mean size of 1.3 �m) matches with the value
f 742 kJ/mol obtained by Hynes et al.17 for mullite with
wt.% of glassy phase. However, for sample M2 with smaller
quiaxial grain size (0.6 �m) it is much smaller and yields
73 ± 16 kJ/mol. Activation energy does not act as criteria
or creep mechanisms, but it gives interesting details about
reep if the activation energies are compared, especially for
he ceramics possessing similar stress exponents,29 like are

3 and M2 samples. According to De Arrelanno-López et
l.19 the smaller activation energy for M2 could be, at least
artially, related to grain morphology.

There exists obvious difference in microstructure of sam-
les before and after creep experiment, as shown on SEM mi-
rographs in Fig. 8. Whereas the morphology of the tension
urface before creep experiment and after creep test at 40 MPa
nd 1400 ◦C are the same without any cracks (Fig. 8a and b),
he morphology of the tension side of the same sample after
he creep test at 100 MPa and1400 ◦C showed damages ac-
umulated by the development of intergranular microcracks
Fig. 8c). These results correlate with the results of Baudin
nd Villar13 who found that the damage observed in stoichio-
etrically mullite samples is directly related to creep testing.
ith higher load the damage is greater. SEM observations
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of fracture surfaces for the same samples near the compres-
sion and tension sides (Fig. 9) clearly revealed two zones in
the samples. Intergranular fracture is predominant near the
tension surface (Fig. 9a), while transgranular more planar
fracture is predominant near the compression surface zone
(Fig. 9b). This is in accordance to the results of Delèglise
et al.,28 who found that in mullite fibres the intergranular
crack propagation is followed by an intragranular planar fail-
ure of the remaining section. These damages are created by
the decomposition of mullite grains in the presence of liquid
phase.

The discrepancies in creep mechanisms in mullites pro-
posed by different authors have not been overcome yet. We
agree with Baudin and Villar’s statement13 that only exhaus-
tive microstructural analysis of samples tested under a homo-
geneous stress state—pure compression or tension—could
clarify the creep damage mechanisms in stoichiometric
3Al2O3·2SiO2 mullites.

5. Conclusion

• Mullite samples with monomodal and bimodal grain
size distribution were prepared using different alumina
precursors. If aluminum nitrate nonahydrate is used as
alumina component, specimen exhibited bimodally dis-

•

•

•

•

•

• Only exhaustive microstructural analyses of samples with
different morpholgy tested under pure compression or ten-
sion conditions could clarify the creep damage mecha-
nisms in stoichiometric 3Al2O3·2SiO2 mullites.
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