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Abstract

High temperature mechanical behaviour of mullite
has been studied. Our study include tensile, ¯exural
and compressive creep behaviour and fracture up to
1400 �C. The results obtained in creep are analysed
and compared with previous work in the literature.
Two regions with di�erent behaviour can be dis-
tinguished. The creep rates in bending, tension and
compression are very similar in the ®rst region at low
stresses and temperatures. It is shown that in this
region creep takes place by accommodated grain
boundary sliding assisted by di�usion. At higher
stresses slow crack growth from defects present in
the sample occurs. The stress at which this transition
in the deformation mechanism happens is dependent
on several factors, the loading system during testing,
the grain size, the amount and distribution of glassy
phase and the environment. It is claimed the exis-
tence of a network of mullite±mullite grain bound-
aries free of glassy phase associated to the low
surface energy of [001] planes. The di�usion rate
through these boundaries controls the creep rate, and
explains the high creep resistance of mullite. The
results presented in this work lead to the conclusion
that the mechanism controlling high temperature
deformation resistance of mullite materials in a wide
range of stress±temperature working conditions is
independent of the glassy phase content. Slow crack
growth limit the use of mullite at high stresses and
temperatures. # 1999 Elsevier Science Ltd. All
rights reserved.
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1 Introduction

Mullite-based ceramics have been widely used as
refractories and in pottery for many years. Mullite
has good chemical stability and a stable tempera-
ture-independent oxygen vacancy structure 1 up to
the melting point, low thermal expansion coe�-
cient, 4.5�10ÿ6 Cÿ1, low thermal conductivity, 0.06
W cmÿ1 Kÿ1, low dielectric constant, 2�7, high
deformation resistance at high temperatures and
low fracture toughness (�2 MPa m1/2).2±4

Mullite did not appear as a stable phase in early
phase equilibrium diagrams for the Al2O3±SiO2

system. Bowen and Grieg in 1924 published the
®rst phase diagram which included mullite, but did
not determine a solid solution range.5 It was not
until 1954 that Shears and Archibald reported a
solid solution region range from 3Al2O3:2SiO2 to
2Al2O3:SiO2.

6 In 1987 Klug published his version
of the SiO2±Al2O3 phase diagram showing the
shifting of the mullite solid solution region towards
higher Al2O3 contents at temperatures higher than
the eutectic point (1587 �C).7 This shifting results in
the presence of a silica-rich glassy phase for a 3:2
mullite sintered at temperatures higher than the
eutectic. In order to obtain mullite monolithic
materials free of glassy phase two routes can be
used. One method is to use mullite powders
obtained by the sol±gel method crystallised at high
temperature, around 1200 �C, and sintered at tem-
peratures well below the eutectic. Nixon hot pressed
highly pure mullite below 1300 �C using this
method.8 The other method is to use mullite with a
higher alumina content that can be sintered at higher
temperatures remaining in the solid solution region.
Most of the work in the literature uses 3:2 mullite

sintered at temperatures between 1600 and
1700 �C, and as a consequence has a remaining
glassy phase in the microstructure.
Concerning the mechanical properties, the

availability of ®ne pure mullite powders and new
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processing routes have made it possible to obtain
dense polycrystalline mullite with higher deforma-
tion resistance at higher temperatures than most
other ceramics, i.e. alumina.9 Although there is
already some work done in tensile creep,10 the
majority of studies on high temperature mechanical
properties of mullite have concentrated on measure-
ments of the strength or the creep deformation under
testing conditions of four point bending or compres-
sion under static loading. These testing procedures
are useful as an initial evaluation of failure strength
or creep resistance but the complexity of the stress
makes it di�cult to interpret the e�ect of the material
variables on the creep mechanisms.
This work introduces creep results obtained in

four-point bending, compression and tension on
the same mullite material.11±13 The material chosen
is a commercial 3:2 mullite. The aim of the study
was to analyse the creep of mullite using di�erent
testing methods and to explain the e�ect of the test
method on creep behaviour of the di�erent loading
states on the samples in a wide range of stresses
and temperatures. Microstructural features were
considered in order to determine the dominant
creep mechanisms in the experimental ranges of
stresses and temperatures studied. Our results are
compared with previous data in the literature.

2 Experimental

A commercial mullite powder (Baikowski 193 CR,
France) with an average particle size of 2.7�m and
a speci®c surface of 3.1m2 gÿ1 was used. The X-ray
di�raction pattern indicates that the powder is pre-
dominantly mullite with possible traces of cristoba-
lite and corundum. Amolar ratio Al2O3/SiO2=1.62
was determined by chemical analysis. This powder
was prepared for subsequent processing by spray
drying a slurry to a particle agglomerate size of
80�m. The water based slurry contained additives
to act as a lubricant and a binder, together with a
dispersing agent and an agent to reduce gas bubble
formation. The spray dried mullite powder was
cold isostatic pressed at 200MPa into plates and
rods, green machined, sintered at 1750 �C±5 h and
then annealed at 1450 �C for 5 h in order to promote
the crystallisation of the amorphous glassy phase
present at the sintering temperature. Finally the dif-
ferent samples for mechanical testing were machined
from sintered bars and blocks. The real density and
the apparent density of the ®red samples were found
to be 3.037 and 2.948 g cmÿ3, and the calculated
porosity was found to be 2.94%.
Parallelepipeds of dimensions 4�3�40mm were

tested in four-point bending with an inner and
outer span equal to 18 and 36mm, respectively. In

any cases the tensile face of the specimens was
polished to 3�m. A constant load, P, was applied
during creep testing on the loading points and the
maximum vertical de¯ection was recorded on the
tensile face of the specimen halfway between the
loading points. A load cell on the device allowed us
to show that the frictional forces remained negli-
gible during loading. A detailed description of the
measurement technique and creep apparatus is
given elsewhere.14 The analysis of creep have
assumed that for small strains the stress can be cal-
culated using the standard linear elastic formula:

� � 3P s2 ÿ s1� �=2BW2; �1�

where P is the applied load, B is the breadth, W the
depth of the sample and s2 and s1 the outer and
inner spans, respectively. The strain is calculated
assuming that the strain rate, "0, and the stress, �,
are related by

"0 � D�n; �2�

where D and the stress exponent, n, are constants.
Hollenberg et al.15 showed that if there is no major
cracking in the specimen and the creep rates in
tension and in compression are similar the max-
imum strain, ", and de¯ection, yc, are related by

" � 2W n� 2� �= s2 ÿ s1� � s2 ÿ s1 n� 1� �� ��
�s22 n� 2� �=2	yc: �3�

The specimens for tensile testing were cylindrical
rods of 150 mm length, 9.00�0.01mm maximum
diameter on the edges, with a gauge length of
20mm in the centre with a diameter of
5.00�0.01mm. A good alignment was achieved,
with <5% of bending stress on the samples at
specimen failure. All specimens were strain gauged
and the room temperature bending checked prior
to testing. The specimen strain was measured with
either an external or a side entry extensometer
attached to the specimen gauge length, and to
capacitance transducers. Details of the testing rigs
used can be found elsewhere.14

Parallelepipeds of dimensions 2�2�4 were tested
in compression. All surfaces were well aligned and
polished down to 3 �m prior to testing to remove
surface damage introduced by machining.

3 Results and Discussion

3.1 Microstructure
The resulting material presents both equiaxed and
elongated grains with an aspect ratio ranging from 4
to 8 (Fig. 1), with an average grain size, d, of 4.0 �m.
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The images obtained by transmission electron
microscopy show the presence of an intergranular
glassy phase located at triple points and some grain
boundaries. Figure 2 shows a triple point ®lled with
glass adjacent to a nonwetted boundary. The che-
mical composition of this glassy phase was deter-
mined by energy dispersive X-ray spectroscopy
(EDX) analysis of di�erent samples in the trans-
mission electron microscope, and was found to be
13�1.6 mol% of Al2O3 and 87�1.6 mol% SiO2.
This is a high viscosity silica-rich glassy phase.
Other regions are characterised by the presence of

clean grain boundaries. These observations are
consistent with the results of Kleebe,16 who found
that depending on the orientation of the mullite
grains, wetted and nonwetted grain boundaries
coexisted. It seems that low energy grain boundaries
that are not wetted by the silica rich glassy phase are
always present in monolithic mullite materials.

3.2 Mechanical results
The creep behaviour of the mullite material at
1400 �C is shown in Fig. 3 in a logarithmic strain

rate versus stress plot. Figure 4 shows the beha-
viour in bending at di�erent temperatures. In these
plots stationary states of deformation for di�erent
stresses and temperatures are represented, so the
stress exponent, n, can be determined. The sta-
tionary strain rates are obtained from the strain
versus time plots when the slope of each curve
reach a constant value, for each stress and tem-
perature. We can discriminate between two regions
with di�erent values of the stress exponent, noted
n1 and n2 in Fig. 4. The region of lower stresses, n1,
is characterised by a constant value of the stress
exponent, n1�1, and the creep rates are very simi-
lar for the three testing procedures. The n value
diverges in the high stresses region (n2). This accel-
eration of creep is observed in tension at lower
stresses than in compression. The change in the
slope is due to the appearance of slow crack
growth, as we will justify later. Tensile testing
may ease the opening of grain boundaries as well
as the creation of cavities and cracks compared to
compressive loading.
In order to make a complete characterisation of

creep behaviour the bending test was selected. Fig-
ure 4 presents results in a logarithmic strain rate
versus stress plot for the range of temperatures
studied, from 1100 to 1450 �C. We can discriminate
between two regions: the low stresses region, with
values of n1 close to 1, and the high stresses region,

Fig. 1. SEM micrograph of a thermally etched surface show-
ing the grain size and the presence of elongated grains.

Fig. 2. TEM micrograph, showing a glassy (G) pocket at a
triple point, and an adjacent nonwetted boundary between

two mullite (M) grains.

Fig. 3. Creep rates at 1400�C for di�erent testing methods.

Fig. 4. Logarithmic strain rate versus stress plot, showing the
creep behaviour in bending at di�erent temperatures.
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where the stress exponents increase with stress to
higher values between 3 and 19, these apparent stress
exponents are labelled n2 in the ®gure and cannot be
considered as true stress exponents. This behaviour
can be explained taking into account that in the
range of high stresses the apparent stress exponent
value is calculated from strain rates close to the
moment of fracture and the value is overestimated.
The overestimation of strain rates at higher stresses
becomes clear when we represent the evolution of
strain rate versus time of the samples deformed in
this high stress region (Fig. 5). It can be observed that
fracture occurs during primary creep, before a truly
stationary state could be observed. In these cases the
values determined for the stress exponents do not
have the same signi®cance as in the low stress region.
The stresses de®ning the limit between the

regions with n1 and n2 values for di�erent tem-
peratures draw a straight line in Fig. 4, represented
as a dotted line.
The activation energies have been determined in

a log "0 versus 1/T plot. Figure 6 shows the results
obtained for three di�erent stresses, 30, 50 and
70MPa. The curves show two di�erent slopes for a
given stress. At lower temperatures the activation
energy is Q=410kJ molÿ1 for all the stresses. At
higher temperatures, above 1300 �C, the activation
energy increases with stress, to 731 and 930 kJ
molÿ1 at 30 and 70MPa, respectively. The same

considerations applied to the n values in this region
can be applied to these increasing Q values. The
strain rates measured to determine the Q values do
not correspond to true stationary states of creep
and they do not have their usual meaning as para-
meters of stationary creep given by the classical
creep equation (4).
The microstructural characterisation by SEM of

the deformed samples shows that in the region of
higher stresses fracture occurs ®rst by intergranular
propagation of defects until they reach a critical
size causing the fracture of the sample in a trans-
granular manner. Figure 7 shows the transition
between these two regions.
In the case of samples deformed at low stress, the

microstructure of tensile surfaces does not change
even at high deformation levels. Figure 8 shows a
tensile surface deformed to a 2.1% without creep
damage. The microstructural observations of crept
samples in this region do not agree with any creep
mechanism that requires cavitation or opening of
grain boundaries.

Fig. 6. Log (strain rate) versus 1=T plot for di�erent stresses,
showing the values of Q determined from the curves. In some
cases this quantitative value has no meaning, does not repre-

sent any activation energy.

Fig. 7. Fractured surface showing the slow crack growth
region, where defects propagate intergranularly until they
reach a critical size, and the region of fast crack growth and
transgranular fracture and micrograph at higher magni®cation
of the transition between the intergranular fracture region (I)

and the transgranular fracture region (T).

Fig. 5. Strain rate versus time plot, showing the moment of
fracture for each stress at 1400�C.

2522 R. Torrecillas et al.



In the testing temperature range between 1200 and
1500 �C several authors have determined the creep
parameters of the eqn (1) for di�erent mullites.

"0 / �ndÿpeÿÿQ=kT �4�

where p is the grain size exponent, Q is the activa-
tion energy, and kT has its usual meaning.17±23

They have found values for the activation energies
ranged from below 360 kJ molÿ1 to more than
1000 kJ molÿ1, while the stress exponent and the
grain size exponent had values between 1 and 2,
and between 2 and 3, respectively. Creep rates dif-
fers by orders of magnitude for di�erent dense
monolithic mullite ceramics at the same tempera-
ture. Studies of creep from di�erent laboratories
can lead to a signi®cant scatter in results due to
small di�erences in composition, microstructure
and processing, and to the use of di�erent testing
procedures.
In Fig. 9 we have compared the results of

this work with the behaviour of other mullite
materials processed by di�erent methods, with
di�erent contents in glassy phase and grain sizes
from 1 to 4 �m, and tested in compression and
four-point bending. It can be observed (Fig. 9)
that the experimental creep rates are widely

scattered, within a factor of nearly three orders of
magnitude.
A great part of the scatter can be explained if we

consider the dependence of the strain rate with the
grain size. Grain boundary sliding accommodated
by di�usion will result in a grain size exponent, p,
in eqn (1) between 2 and 3, depending on the dif-
fusion path, p=2 when the di�usion takes place
through the volume of the grain, and p=3 when
the di�usion takes place in the grain boundaries.24±26

We have normalised the results in the ®gure using
p=2, and p=3, in the stress and temperature ran-
ges corresponding to the true stationary creep. In
this region no slow crack growth has been
observed, the curves at di�erent temperatures in a
logarithmic strain rate versus stress representation
are parallel, and the values of the activation energy
can be determined with a proper meaning. The
results of normalisation are shown in Figs. 10 and
11. It can be observed that the scatter of results is
reduced very signi®cantly to a factor between 4 and
5 when considering the normalised rates "�d 2, and
also between 4 and 5 when using "�d 3.
The results of the normalisation means that: (i)

the mechanism or mechanisms controlling creep
have the same dependence with grain size in all the
mullite materials processed and tested by di�erent
methods; (ii) the mechanism is probably the same
in all the materials. The latter assumption can be

Fig. 8. Microstructure of a sample deformed in the low stres-
ses region. In this region the creep takes place by accom-
modated sliding of the grains, and no changes can be observed

after the deformation.

Fig. 9. Logarithmic strain rate versus stress plot, showing the
creep behaviour of di�erent mullite materials. The shadowed

area represents the maximum scattering of creep rates.

Fig. 11. Logarithmic normalised strain rate versus stress plots,
creep rates are normalised with the grain size, using a grain
size exponent d=3. The shadowed area represents the max-

imum scattering of creep rates.

Fig. 10. Logarithmic normalised strain rate versus stress plots,
creep rates are normalised with the grain size using a grain size
exponent d=2. The shadowed area represents the maximum

scattering of creep rates.
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justi®ed by two facts: ®rst in the range of stresses
and temperatures the curves have the same slope,
that is, the same n value, and second the matching
of the normalised creep curves for di�erent mate-
rials. The creep rates after normalisation converge
towards one only creep curve (Figs 10 and 11). The
scatter observed in normalised creep rates is very
low, and has been greatly reduced from the
experimental data. Since we are comparing materi-
als processed by di�erent routes, there are small
di�erences in sample composition; in micro-struc-
tural features such as porosity, in the aspect ratio
of grains, in the grain size and the grain size dis-
tribution, and in the amount of glassy phase and
distribution thorough the sample. Di�erent testing
methods at di�erent laboratories will introduce
additional experimental scatter. All these factors
together are likely to cause a wider scatter that is
not observed after the normalisation. It seems that
the mechanism controlling the creep rates in all the
materials is not signi®cantly dependent of other
processing variables apart from the observed
dependence with grain size.
The amount of glassy phase, usually considered

of great importance in determining the creep resis-
tance, is believed to be responsible for big di�er-
ences in strain rates found between di�erent mullite
ceramics.8,18,19 However, we think that the absence
of glassy phase may have another e�ect than dra-
matically lowering the creep rate. There is a limit in
the stress and strain rate that a particular mullite
ceramic can stand deforming by stationary creep,
this critical value is probably a�ected signi®cantly
by several parameters, one of which is the amount
of glassy phases present. The degradation of the
material through the opening of pores can be eased
by the presence of substantial amounts of glassy
phases, particularly when the sample is subjected to
tensile loading.
Nixon studied creep of two mullite ceramics with

and without glassy phase.8 He found creep rates
for the glass free material were nearly two orders of
magnitude lower. Once taken into account the dif-
ferent grain sizes, the normalised creep rates are
very similar, but stationary creep is observed at
much higher stresses, up to 300MPa, for the glass
free mullite (Fig. 11).
Hynes compared the creep of one pure mullite

and one mullite with 6wt% glassy phase with
similar grain sizes.18 The sintering temperature was
higher than the eutectic temperature for both
materials. The method used to avoid the formation
of glass was to increase the alumina content, mov-
ing in the phase diagram towards the liquid free
region for the processing temperature. It is possible
that there was some alumina present at the grain
boundaries. No direct measurement of the glass

present was made. A signi®cant di�erence in the
creep rates was found, but not enough to justify a
dependence of creep rates with the third power of
glassy phase volume fraction, as it is predicted by
models based on the viscous ¯ow of mullite hard
grains on amorphous silica. Because of the
observed microstructural evolution and the values
obtained for creep parameters the authors sug-
gested that the same mechanism was rate control-
ling the creep for both materials. The activation
energies were determined in the high stress region
and the values founded were high (>700 kJ
molÿ1). The stress exponent for the mullite con-
taining glass was somewhat high, n=1.6, and 1.2
for the pure mullite. At low stresses the strain rates
are closer.
The convergence of strain rates at lower stresses

agrees with our view that a higher content of glassy
phases reduces the critical stresses at which slow
crack growth appears and the creep accelerates.
Further study with a careful control of the amount
of glass present at the grain boundaries in di�erent
mullite ceramics is necessary to avoid controversy
on this point.
Given the very good agreement of normalised

creep rates in the lower stress region, the wide
range of activation energies determined by di�erent
authors is not understood. Higher values are
obtained at higher temperatures (Fig. 6). However,
these values are often obtained outside the region
of low stresses, or at least partially the stresses used
for the determination of Q at di�erent tempera-
tures are situated above the critical stresses of
appearance of slow crack growth for the highest
temperature or temperatures used. High apparent
Q values measured are due to the creation of some
creep damage during testing.
Creep rates will be controlled by the slower

accommodating mechanism. At high temperatures,
where creep can be observed, self-di�usion of mul-
lite will be slower than the transport of matter by
solution-precipitation of mullite in the silica-rich
glassy phase, and the Q values should be those of
the slowest mechanism controlling the creep rate.
The discrepancy in the values requires a correct
evaluation of all di�usional paths in polycrystalline
mullite.
Work by Mizuno,27 and later by Kleebe,16 has

shown an important feature of the microstructure
of monolithic mullite. This is the accumulation of
glassy phases in triple points, and the absence of
glassy ®lms in all or certain type of boundaries,
depending of the crystallographic orientation of
the grains. Mizuno observed by high resolution
transmission electron microscopy that no glassy
phases were present in any observed grain bound-
ary, despite the sintering at a temperature well
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above the eutectic point, where liquid is a stable
phase in the SiO2±Al2O3 diagram. He observed the
presence of glass only as amorphous pockets at
triple points. Kleebe observed that boundaries
including a [001] plane are clean of an amorphous
thin layer. High resolution TEM showed total
absence of a glassy ®lm, but electron energy loss
spectroscopy (EELS) showed wetted and clean
boundaries. This inhomogeneity in the distribution
of glassy phases had not been reported before in
mullite.
The fact that there are clean grain boundaries

explains why creep in mullite requires the activa-
tion of self±di�usion. In the interfaces mullite±
mullite free of glassy phase there is no other option
to accommodate creep. If there is no di�usion at
the glassy free mullite-mullite boundaries inter-
locking of mullite grains will impede grain bound-
ary sliding. Deformation will be stopped until the
local stress intensity factor reached the critical
value and cause the propagation of a crack.
Di�erent stationary creep mechanisms, Nabarro±

Herring,24,25 Coble,26 ¯ow of hard grains in a vis-
cous phase, suggested by Hynes18 following the
model by Dryden,28 or solution±precipitation29 of
mullite in the presence of a viscous phase, have
been proposed for mullite.8,9,12,17±23 Of these, ¯ow
of hard grains in a viscous phase and solution-pre-
cipitation require the presence of a continuous
glassy ®lm in the grain boundaries. However
experimental evidence have demonstrated that cer-
tain crystallographic planes of mullite grains
appear always clean of glassy phases. Therefore,
we have to eliminate these mechanisms as respon-
sible for the control of creep, although some con-
tribution may be expected in wetted boundaries
with glass.
Nabarro±Herring, Coble mechanisms, or di�u-

sionally accommodating grain boundary sliding as
described by Lifshitz30 or Ashby±Verrall31 predict
stress exponents close to 1 and grain size exponents
between 2 and 3. At the interfaces clean of glassy
phase, we can consider the overall contribution of
Nabarro±Herring, Coble creep and grain boundary
sliding with one equation. Pure di�usion predicts a
creep rate32

"0 � 14�
=kTd2Def ; �5�

where 
 is the atomic volume of di�used species, d
is the grain size, � is the stress, and Def is

Def � Dv � ��Dgb=d
ÿ �

; �6�

where Dv and Dgb are the coe�cients of di�usion
in volume and in the grain boundaries, respec-
tively, and � is the grain boundary width. Accom-

modated grain boundary sliding models require
di�usion for the transport of matter in those grain
boundaries deviated from perfect planes where due
to sliding a local stress ®eld is generated.Without the
relaxation of the stresses the grain boundary sliding
would be stopped until the creation of cracks. For a
polycrystal with equiaxed grains and high strains the
dependence with stress and grain size is the same as
in pure di�usional creep, but strain rates would be
higher by a factor of 7.33 For example in the Ashby±
Verrall model eqn (2) becomes

"0 � 98 � ÿ �u� �
=kTd2Def �7�

where Def has the same meaning that in (2), and �u
is the threshold stress needed to activate grain
boundary sliding. For high stresses the dependence
with the stress is the same, but accommodated grain
boundary sliding predicts higher strain rates and
therefore will be the dominant creep mechanism.
Mullite materials with very di�erent origins and

tested in di�erent laboratories have shown the
same dependence with grain size and stress, and the
normalised creep rates become very close, as can be
seen in Figs 10 and 11. Therefore, we assume that in
the region of stationary states considered there is only
one common mechanism controlling the creep rates
in all the materials. We believe that the dominant
creep mechanism is di�usionally accommodated
grain boundary sliding.
In order to have an experimental evidence of the

slow crack growth appearance at high stresses and
temperatures, the crack velocity versus stress inten-
sity factor behaviour have been determined using the
double torsion technique. A detailed description of
this study can be found in a former work.34 A
threshold stress intensity factor, KI0, of 1.6MPam1/2

was found, no slow crack growth is observed for
stress intensity factors below this value.
An approximate size of pre-existent ¯aws in the

material can be calculated from values of the frac-
ture strength, �f, and the fracture toughness, KIc,
using the Gri�th theory. The fracture strength was
determined in bending and the fracture toughness
by the single edge notched beam technique. A
detailed description of the results can be found
elsewhere.34

The stress required to initiate slow crack growth in
the material, �SCG, can then be obtained approxi-
mately from the ratio �f/KIc and the KI0 values
determined by double torsion, with the following
equation:

�SCG � �f=KIc�KI0� �8�

The results are given in Table 1. We have com-
pared in Table 1 the values of �SCG to the stress
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values, noted as �t , which de®ne the limits between
n1 and n2 regions de®ned in Fig. 4. We consider that
in the n1 region deformation takes place by accom-
modated grain boundary sliding creep and in the n2
slow crack growth appears. Values of �SCG not only
follow the same trend with temperature, the values
are in good agreement with the stresses de®ning the
transition to the n2 region. The results thus con®rm
our assumption that the di�erent behaviour in the
high stress and temperature region correspond to the
activation of slow crack growth.
The region at which accommodated grain

boundary sliding controls creep is limited to a
maximum stress and strain rate for each tempera-
ture (Fig. 4). We can de®ne pairs of critical values
(critical strain rate, critical stress) that will deter-
mine the limit between the region of creep char-
acterised by uniform values of stress exponent and
activation energy, and the region characterised by
the growth of cracks and accelerated creep rates.
We can call the latter one the sub-critical crack
growth region. There is a wide region of tempera-
tures and stresses in which mullite can work show-
ing optimum creep behaviour, with very low strain
rates. Above a certain stress for each temperature
slow crack growth will appear, with the associated
risk of catastrophic failure in a brittle manner.
To avoid the risk of catastrophic failure of mullite

components in operation at high temperature we
need to determine the range of stresses and tempera-
tures at which deformation happens by accom-
modated creep and not by creep-damage or slow
crack growth. The line separating both regions in the
logarithmic "0±� plot will move towards the region of
higher or lower stresses as a function of several
parameters: state of stresses, grain size, presence and
distribution of glassy phases and atmosphere.
The dependence with these parameters has to be

studied to understand the creep of mullite as a
monolithic material or as a matrix in mullite based
composites.

4 Conclusions

4.1 High temperature mechanical behaviour
The creep behaviour of a monolithic mullite has been
studied by di�erent testing methods and compared
with previous results for other mullite materials.

Previously it was known the excellent resistance
of mullite under compressive loading. In this work
mullite has shown the same creep resistance in
tension and compression at low stresses. This fact
supports the use of the Hollenberg model for the
calculation of bending creep rates. Calculated
bending creep rates are very similar than those
obtained in tension and compression.
Creep rates have been normalised following a

dependence with grain size "0/dÿp, with p=2 or
p=3, predicted by the accommodating creep
mechanism. The scatter in strain rates narrows
very signi®cantly after the normalisation, with all
materials close within a factor of 4.
It makes no sense to try the normalisation with

grain size where the log "0±log � curves are not
parallel, crack growth takes place and no proper
parameters of creep can be obtained, i.e. the
apparent activation energy values determined in
this region change with the stress.
The creep mechanism in the low stress region is

accommodated grain boundary sliding. Di�usion
by stress-induced solution±precipitation, viscous
¯ow of the grains in amorphous phase-rich zones
and self-di�usion of mullite can all make some
contribution to the strain during creep. The domi-
nant accommodating mechanism is di�usional,
most likely by grain boundary di�usion of mullite
as the path controlling the creep rate. The possible
inhibition of grain boundary sliding and deforma-
tion by pure di�usion creep in glass-free mullite will
result in di�erent creep rates after normalisation.
This is not observed.

4.2 Suitability of mullite for high temperature
applications
The suitability of mullite for high temperature
applications in a wide range of temperatures and
stresses has been demonstrated. In the region
where crack growth is not observed catastrophic
failure in a brittle manner does not occur. The limit
between both regions de®nes a critical stress and
strain rate, separating the region of extended creep
from the slow crack growth region at each tem-
perature. This stress should be the maximum
operating stress to avoid risk of catastrophic brittle
failure. This stress depends on the loading system
applied on the sample, microstructural and envir-
onmental variables.

Table 1. Values of KIc, �f , KI0, �SCG and �t at di�erent temperatures. �SCG values are obtained from KIc, �f , KI0 values34 and �t

from Fig. 4

T (�C) KIc (Mpa m1=2) �f (MPa) KI0 (Mpa m1=2) �SCG (MPa) �t (MPa)

1200 3.6�0.1 260�15 1.6�0.1 115�17 105
1300 3.5�0.2 200�20 1.6�0.1 91�20 71
1400 3.3�0.2 120�25 1.6�0.1 58�18 45

2526 R. Torrecillas et al.



It has to be taken into account that the use of
tensile stresses will shift the slow crack growth
region to lower stresses. The absence of glassy
phase seems to increase the critical stresses, allow-
ing the use of structural mullite components at
higher stresses. Mullites with higher alumina con-
tents could avoid the formation of liquid during
sintering and consequently could extend the safety
margin to higher stresses and temperatures without
the risk of slow crack growth and catastrophic
brittle failure.
Studies of fracture and fatigue on mullite will

help to understand the appearance of slow crack
growth to extend the suitable range of stresses and
temperatures for high temperature applications.
For example, from results in crack growth studies,
it is known that low levels of humidity reduce the
crack growth rates.35 It is possible that this e�ect
also appears in creep, and at low humidity testing
environment slow crack growth will appear at
higher stresses. We intend to continue the present
work studying the e�ect of other variables, as the
testing environment, on mullite creep.
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