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Abstract: The creep behaviour of mullite has been studied at temperatures 
between 1100°C and 1450°C. The two standard stages, primary and steady state 
are observed. The steady state strain creep rate may be represented by the stan- 
dard relationship: F’=Aa” exp(-Q/R7) with a stress exponent value n equal to 
about unity and an activation energy Q of about 410 kJ/mol at low temperatures 
and up to 731 kJ/mol for temperatures above 1300°C. At high stress or tem- 
perature specimens failed. SEM observations of the fracture surface revealed that 
SCG played a major role in the failure process. The experimental lifetime values 
were compared to a simulation conducted by integration of V-K, laws deter- 
mined by Double Torsion technique at 1200 and 1300°C. A fair agreement is 
observed suggesting that the creep duration is limited by SCG which causes the 
material failure, as assumed by Lange. 0 1997 Elsevier Science Limited and 
Techna S.r.1. 

1 INTRODUCTION 

The increasing use of materials in high temperature 
structural applications requires a good knowledge 
of mechanical properties such as fracture strength, 
toughness and of even more importance the long 
term duration controlled by creep and subcritical 
crack growth. 

Recently, dense polycrystalline mullite with little 
or nearly no glassy phase has become available by 
sintering fine mullite powders.’ Although this 
material shows moderate flexural strength at high 
temperature, it remains a promising structural 
material owing to its high creep resistance in addi- 
tion to its low thermal expansion.* However, the 
number of creep measurements on such material 
available in the literature is limited.4~5~7*s~13 

The creep results are generally expressed in terms 
of deformation as a function of time. Although the 
mechanisms are different, most materials including 
metals and ceramics show the typical curve that is 
usually divided into three different parts called 
primary, secondary and tertiary creep. The sec- 
ondary creep region is often designed as steady 

state creep since the creep rate is nearly constant. 
This region is therefore the most important for the 
understanding of the creep mechanisms. 

The experimental data are generally character- 
ized in terms of steady state creep rate according to 
the equation: 

E = ACT” exp(-Q/RT) (1) 

where i is the deformation rate, o is the applied 
stress, n is the stress exponent, Q is the activation 
energy, T is the temperature and A is a material 
constant that depends on microstructure. 

It has been shown that the values of n and Q 
depend on the creep mechanisms. For instance, 
deformation controlled by dislocations glide or 
climb, n can take on values ranging from n = 3 to 12 
= 8. In the case of ceramics and for grain boundary 
sliding, y1 has been reported to be between 1 and 2 
and creep controlled by diffusion is characterized 
by a stress exponent n = 1 and an activation energy 
equal to the activation energy for lattice diffusion 
(Nabarro-Herring creep) or to the activation 
energy for grain boundary diffusion (Coble creep).17 
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By fitting experimental results to eqn (1) it is pos- 
sible to identify the deformation mechanisms. 

In previous creep investigations on mullite, stress 
exponent values ranging from 1 to 1.4 were usually 
observed with an activation energy ranging from 
700 to 1000 kJ/mol. These last values appear to be 
much larger than those observed for creep in other 
ceramic materials such as alumina, zirconia, and 
magnesia. Table 1 shows typical creep results of 
mullite found by different authors. 

The objective of the present study was to evalu- 
ate the creep behaviour of mullite in order to gain 
insights into the mechanisms that control the 
deformation and failure of this material. For this 
purpose the influences of stress and temperature 
have been evaluated and related to microstructure 
evolution. 

2 EXPERIMENTAL PROCEDURE 

2.7 Material 

The mullite used in this work was made by ITMA 
(Spain), from a Baikowski powder (CA 193 CR, 
France). Green compacts of mullite obtained by 
cold isostatic pressing under 200 MPa, were sin- 
tered for 2 h at 1750°C. A post treatment at 
1450°C for 5 h was subsequently achieved in order 
to reduce the glassy phase content. 

The density of the material measured by the 
Archimedes method is about 95.5%. The micro- 
structure analysed by SEM on polished and ther- 
mal etched surfaces (Fig. 1) revealed two 
distributions of grain sizes: polyhedral grains with 
a size of l-4 urn and elongated grains with long 
axis lengths of about 7 urn; one can also observe 
several pores at multiple-grain junctions. Trans- 
mission electron micrography (Fig. 2) revealed the 
presence of a glassy phase at the three-grain junc- 
tion but since no high resolution was conducted, 
no intergranular glassy film has been observed. 

Table 1. Some results on high-temperature creep of 
mullite 

T (“C) n Q(kJ/mol) Reference 

1365-1480 1 870 .3 

1250-1290 1.1 360 .4 

1290-1360 1050 
1360-1430 750 

1400-1500 1 710 .5 

1350-1450 1 690 .6 

1400-1500 1.1 (1400) 700 .J 

1.4(1500) 

2.2 Creep experiment 

The creep experiments have been conducted in 
bending, which offers two major advantages: 

l A simple specimen geometry, 
l A specimen jig that does not require the criti- 

cal alignment needed in tension. 

It also allows the possibility of testing many 
specimens and therefore under many different 
configurations for a relatively low cost. The draw- 
backs, however, is a stress field in the specimen 
which is not constant and therefore makes the 
analysis of the operating mechanisms rather 
difficult. 

The use of compression whould have the same 
advantages. However, the creep rates are differ- 
ent16 and the ultimate creep stage, where micro- 
cracking occurs, could not be observed. 

The specimens, of shape 4 x 3 x 40 mm, were tes- 
ted in four point bending with inner and outer 
spans equal to 18 and 36 mm, respectively. In all 
cases the tensile face of the specimens was polished 
down to 3 pm. 

The constant load was applied through a dead 
load configuration, but a load cell (500N) present 
on the device allowed checking that the frictional 
forces remained negligible. The maximum deflex- 
ion was continuously recorded on the tensile face 
of the specimen using an alumina probe coupled 
with a displacement sensor. A detailed description 
of the measurement technique and creep apparatus 
is given elsewhere.8 

The data analysis requires the knowledge of the 
stress and the strain. However, the stress field in 
the specimen is relatively complicated. Even under 
the hypothesis of a linear elastic material, the nor- 
mal stress field in the specimen varies from com- 
pression to traction. When this hypothesis cannot 

Fig. 1. Microstructure of thermal-etched surfaces of mullite 
(SEM). 
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be considered as relevant, i.e. when significant 
plastic deformation occurs, the evaluation of the 
stress and the deformation is even more complica- 
ted. Hollenbergg has proposed such an evaluation 
under the hypothesis that the neutral axis remained 
in the middle of the specimen. The results show 
that both the stress and the strain depend on the 
stress exponent 12. 

However, since the correction on the maximum 
tensile stress does not exceed 5%, we have calcula- 
ted the stress according the linear elastic hypothesis: 

3P(L - I) 
O= 2BW (2) 

where P is the applied load, B the specimen 
breadth, W the specimen thickness and L and 1 the 

outer and inner span of the 4 point bending con- 
figuration, respectively. 

The maximum strain in the specimen under the 
Hollenberg hypothesis is equal to: 

2W(n + 2) 
’ = (L - I)[L - l(n + l)] + l*(n $- 2)/2” (3) 

where y, is the maximum deflexion. 

3 RESULTS AND DISCUSSION 

Figures 3-5 show some creep curves for muliite at 
several temperatures and stress conditions. After 
an elastic deformation recorded during the loading 

1.2 
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Fig. 2. Transmission electron micrograph showing glassy phase at triple points. 

Strain (%) 

Time (min) 

Fig. 3. Creep curves of mullite at 1450°C. 
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specimen period and a transient state where strain 
rate decreases with time, an apparently steady state 
is established. The evolution of strain rate with 
time during creep test in Fig. 6 shows that after a 
period of about 40 hours, the strain rate becomes 
approximately constant and one can then define a 
steady strain rate. 

At 1300°C specimens submitted to stresses 
above 75 MPa were broken and they exhibit a 
small deformation. One can also note that for 
specimens that did not fail, creep deformation 
after 85 h increases with increasing stress and 
strain rates were about 10S9 s-l. 

From these creep test results, one can note that: 
At 14OO”C, for stresses above 50 MPa speci- 
mens were broken with failure deformation 
decreasing with increasing stress and for 
stresses below 50 MPa the creep strain rate 
was about 1 O-* s-l. 
At 1450°C specimens were broken under low 
stresses (40 MPa). The deformation for speci- 
mens tested below 40 MPa was relatively 
important. For example, under 15 MPa the 
deformation after 8.5 h, was 2.7% and the 
strain rate was about 10m7 s-r. 

At 1100°C no specimen was broken after 85 h, 
deformations were relatively small and the 
steady strain rates were about lo-lo s-l. 
At 12OO”C, only specimens tested above 132 
MPa were broken. For the other specimens 
the deformation after 85 h increases with 
increasing stress and the steady strain rate 
ranges from 4.5 10-r’ to about 3 1O-9 s-r. 
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Fig. 4. Creep curves of mullite at 1200°C. 
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Fig. 5. Creep curves of mullite at 1100°C. 
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3.1 Stress effect 

In order to determine the stress exponent which 
characterizes the stress effect on creep strain rate, 
the variation of steady strain rate with stress 

(log(c) = f(l o 0 g )) was plotted at different tempera- 
tures (Fig. 7). In the cases in which the specimens 
failed during the creep experiment the deformation 
rate at failure (i.e. minimum strain rate) has also 
been plotted. 

One notes that for temperatures above 1100°C 
the curves can be defined by two apparent straight 
lines that correspond to two stress ranges which 
have been characterized by different stress expo- 
nents (Table 2). 

One can note that the stress exponent 122 in the 
second zone (where specimens failed during creep 
tests) decreases with increasing temperature. This 
may be explained by observing that as 
perature is raised the failure due to SCG 

the tem- 
occurred 
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Fig. 6. Evolution of strain rate during creep test. 
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Fig. 7. Strain rate vs applied stress. 



502 H. Rhanim et al. 

Table 2. Stress exponent values at different tem- 
peratures 

clearly note that the specimens failed during the 
transient state. 

Temperature (“C) 

1100 
1200 

1300 

1400 

1450 

Stress exponent 

n1 =I.05 
nl =I.08 fora<llOMPa 
n2 =21 fora>llO MPa 
n1 =I.1 for CI 170 M Pa 
n2 =7.55 for cr >70 MPa 
nl =I .2 for cr 550 MPa 
n2 =3.90 for ~7 150 M Pa 
nl =I.18 for u 530 M Pa 
n2 =3.13 for CT )30 M Pa 

It can also be noted that the value of a transition 
stress between those two parts decreases with 
increasing temperature. 

3.2 Temperature effect 

at decreasing stresses. The failure therfore arises 
during later stages of transient creep closer to the 
steady state. 

The value of n being nearly unity for creep of 
mullite at lower temperatures or at lower stresses 
and higher temperatures suggests a creep process 
controlled by a diffusional mechanism associated 
to viscous creep: either Coble (grain-boundary 
diffusion) or Nabarro-Herring (lattice diffusion), 
controlled by grain boundary sliding. 

The temperature dependence of the strain rate is 
shown in Fig. 9 for three applied stresses. This plot 
indicates that for lower temperatures activation 
energy for creep deformation was about 410 kJ/ 
mol independently of the applied stress, while it 
increased with increasing stress for higher tem- 
peratures. It varied from 731 kJ/mol at 30 MPa to 
930 kJ/mol at 70 MPa. It is important to note 
however that for 50 and 70 MPa, the specimens 
failed during the primary stage. Nevertheless those 
values of activation energy appear to be of the 
order of values reported by other authors (Table 1). 

3.3 Analysis and discussion 
At high stresses a significantly higher value of the 

stress exponent y1 is observed. Care should be taken 
in the interpretation of these n values. The values 
of n at low stresses represent a stress dependence of 
the steady strain rate whereas the values of n at 
high stresses represent the stress dependence of the 
strain rate at which specimen fracture occurred. It 
may then be questionned whether these high values 
of n are a true stress effect or whether it is brought 
about by overvaluation of the steady creep rate. 
The answer is suggested by Fig. 8 where one can 

In order to determine the mechanisms governing 
creep deformation SEM observations were con- 
ducted to investigate the microstructure and 
damage after creep tests on both failure and tensile 
surfaces. No apparent change in microstructure 
from was observed for the tensile surface of the 
specimen after the creep test. Nevertheless we have 
observed an increase in the number of triple junc- 
tion voids for specimens crept at higher tempera- 
tures (Fig. 10). On the other hand we have 
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Fig. 8. Evolution of strain rate during creep test showing failure in the transient stage. 
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Fig. 9. Temperature dependance of creep strain rate. 
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observed an intrusion/extrusion of grains on the 
surfaces of crept specimens. This phenomenon had 
also been observed by Gross and Dokko5 who 
considered it as an indication of the occurrence of 
grain boundary sliding. 

Fig. 10. Tensile surface after creep test at 1450°C and 
MPa (indicating some change in microstructure). 

30 

The values of stress exponent, ranging from 1.05 
to 1.2 in the first part, are in good agreement with 
those found by different authors (Table 1). It was 
generally suggested that the creep deformation was 
controlled by a diffusional mechanism. In addition 
Dokko5 found that the grain size exponent defined 
by ,6 = 2 was about two suggesting a Nabarro- 
Herring diffusion mechanism. However, for the 
mullite investigated in this work, the authors 
believe that the deformation is controlled by a vis- 
cous creep or grain boundary sliding. 

The theoretical models of creep diffusion suggest 
an increase of grain size during creep test and in 
order for the grains to maintain compatibility dur- 
ing the deformation an accommodation process 
must occur. Raj lo has proposed that diffusion and 
grain boundary sliding are coupled mechanisms 
which are accommodated mutually. 

In the present material accommodation by grain 
boundary sliding is considerably limited because of 
the larger grains and the small amount of inter- 
granular phase. It may therefore be assumed that a 
swinging movement of grains is responsible for tri- 
ple junction cavity formation and intergranular 
separations of larger grains, as discussed by 
Moussa.” Fig. 11. 

We have also observed some facet-sized cavities 
created by growth and coalescence of several cav- 
ities at two grain junctions on the tensile surface of 
specimens crept to 2.7% under 15 MPa and 
1450°C (Fig. 11). 

The small increase of n-value from 1.05 to 1.2 
with increasing temperature suggests that the rela- 
tive contribution of non-Newtonian creep to the 
total creep rate increases with temperature. This is 
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in agreement with the fact that at lower tempera- 
tures no change in microstructure after creep tests 
was noted. 

Concerning the temperature effect on creep 
strain rate, at lower temperatures one can say that 
the creep occurs by small grain movement (GBS or 
Swinging), entirely accommodated by a viscous 
creep through the amorphous grain boundary 
phase. The absence of modification in microstruc- 
ture and the stress exponent equal to 1.05 confirms 
this hypothesis. 

For specimens tested under low stress, the 
increase in activation energy at high temperatures 
is an indication of a change in deformation 
mechanism probably caused by the decrease of the 
intergranular phase viscosity, making the grain 
movement easier. It also induces cavity formation 
at triple junctions and at mullite-mullite grain 
boundaries. The strong increase in activation 
energy at high temperatures with increasing stress 
might be explained by the high creep rate values of 
specimens which failed in the transient stage. 

As already said the specimens belonging to the 
second part of the E-a graphs (Fig. 7) exhibit a 
small failure deformation. SEM observations of 
the fracture surfaces clearly revealed two zones. 
Intergranular fracture is predominant near the 

Fig. 11. Facet-sized cavity created by growth and coalescence 
of several cavities (specimen crept to 2.7% under 15 MPa and 

1450°C). 

Table 3. Size of intergranular zones at different test 
conditions and related stress intensity factors 

Test conditions Size of intergranular KIC 
zone (mm) (MPa ml/*) 

1200°C and 132 M Pa 0.364 3.6 
1300°C and 100 M Pa 1.654 4.1 

1400”CandllOMPa 1.13 1400°C and 90 MPa 1.9 ::: 
145O”Cand75MPa 0.838 3.8 

tensile surface while transgranular fracture is pre- 
dominant in the second zone (Fig. 12). This reveals 
the existence of SCG followed by fast fracture, 
which suggests that the crack growth process plays 
an important role and controls the fracture. As 
stress decreases, the size of this intergranular zone 
increases. For example, the fracture surface of a 
specimen crept at 50 MPa and 1450°C shows 
intergranular fracture on the whole surface. Using 
the applied stress and the size of these intergranu- 
lar zones, the fracture toughness was calculated 
approximately. The values are given in Table 3. 
These values are in fair agreement with those gen- 
erally measured in mullite by the standard SENB 
method, i.e. about twice those obtained at room 
temperature.i3 

These different observations lead us to think that 
failure is the result of two independent mechan- 
isms: the accumulation of creep damage and slow 
crack growth. Such SCG and creep fracture were 
governed by grain boundary separation and sliding 
mechanisms. Lange l2 has proposed a simple ana- 
lysis to describe the concomitant processes of creep 
and SCG that has been shown to operate in several 

Fig. 12. SEM of surface fracture after creep at 14OO”C, 110 
MPa. (a) Intergranular fracture zone; (b) transgranular 

fracture zone. 
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materials.14 It is based on the hypothesis that the 
creep duration is limited by the time taken for a 
crack to grow up to the critical size which leads to 
failure. The analysis is therefore the following: 

l Creep is governed by the standard equation: 

e = e. + Aa”t (4) 

where only the steady state creep is consid- 
ered. 

l SCG is also described by the standard equation: 

V=BK”’ (5) 

where B and m are constant. 

The time to failure due to SCG under static 
loading is given by’? 

1_(2-m)/2 
L‘j 

” = (m _ ‘4Bym Oprn (6) 

where ci is the initial crack length and Y is the 
stress intensity geometrical factor. 

By reporting tr in the creep deformation equation 
(4) one obtains the creep strain at failure: 

Er = co + (m ‘_ 2) B ym d-m 

One can also obtain a relationship between the 
time to failure and the creep rate: 

7,,(2-m)/2 
.-WI/n tr = AM’” :;T 2)BY”I E (8) 

From the plot of (7) and (8) one can obtain a 
general estimation of the exponent values, n and WZ, 
of the two basic mechanisms. Unfortunately, 
although the basic hypothesis is relevant, one can- 
not use these equations because in this case the 
failure occurred mostly in the primary stage where 
eqn (1) is not valid. 

The same approach with a different methodology 
has therefore been used to demonstrate that the 
fundamental Lange hypothesis gives a correct 
description of the mechanical behavior. The idea 
was first to record the SCG behaviour by double 
torsion technique. This has been achieved at 
1200°C and 1300°C (Fig. 13) on the same material 
(experimental details are published elsewhere).ts 
The lifetime under static loading at 1200 and 
1300°C was subsequently evaluated by integration 
of the DT law. It should be pointed out that the 
different crack velocity stages present in Fig. 14 
have been considered. These simulation results are 
represented in Fig. 14 and compared to the experi- 
mental values obtained during creep experiments. 

For the higher stress regime, a good agreement is 
observed suggesting that the creep curves are 
indeed limited by the SCG which could imply that 
the two mechanisms operate in parallel. 

4 CONCLUSION 

A systematic experimental characterisation of 
creep resistance of mullite was performed at tem- 
peratures between 1100°C and 145O*C under sev- 
eral stresses. This study indicates clearly that this 
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Fig. 13. V-K, diagram for mullite (obtained by DT technique). 
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Time to failure (s) 

lo5 

lo4 

lo3 

lo* 

10 - DT 

--- SF 

80 90 100 110 120 140 160 

Stress (MPa) 

Fig. 14. Time to failure obtained by both methods (double torsion and static fatigue). 

material exhibits, concurrently, creep and slow 
crack growth. 

An effective transition stress exists at each 
temperature. Above this stress the specimens 
failed in transient state and then the apparent 
stress exponent was enhanced to a value yt2 
which decreases strongly with temperature 
increase. 
Below the transition stress, the creep rate was 
characterized by a stress exponent close to 
unity, suggesting a viscous creep. For lower 
stresses, the activation energy was about 410 
kJ/mol at low temperatures and it increases 
until 731 kJ/mol for higher temperatures. 
For specimens failed during creep tests, the 
lifetime under static loading was evaluated by 
integration of SCG laws which were deter- 
mined by DT technique at 1200 and 
1300”CThese simulation results seem in a fair 
agreement with the experimental values sug- 
gesting that the Lange hypothesis is verified 
and the creep duration is limited by SCG, 
which causes the material failure. 
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