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Abstract: 

Creep tests for polycrystalline mullites (3Alz03·2Si0z; the average 

grain sizes,~= 1.4 and 2.1 ~m) were carried out in air at tempera

tures between 1365° and 1480°C. The dependence of steady state strain 

rates, ~ , on stress and grain size was given by E oC ~/d2.S at lower 

temperatures (<1460°C), suggesting the deformation mechanism is diffu-

sional creep. The effective diffusion coefficients were calculated 

using the rate equation of diffusional creep of mixed oxides, showing 

very high activation energy (810 kJ/mol). The stress exponent was found 

to increase not only at higher temperatures but also at stresses just 

before fracture without apparent tertiary creep. The SEM examination 

revealed two types of fracture mode: slow crack growth pattern observed 

on the fracture surface of specimens with small grain size, and cavita

tion at grain boundaries (intergranular separation) observed on the 

tensile surface of specimens with larger grain size. 
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1. Introduction 

Dense polycrystalline mullites with a little or no glassy phases 

have become available by sintering fine mullite powders [1-3], and the 

mechanical properties, including the creep behavior, of those ceramics 

have been reported [3-7]. Although mullite polycrystals were shown to 

have excellent creep resistance at high temperatures, the deformation 

mechanisms are not completely clarified because of insufficient data on 

the creep behavior (the dependence of creep rate on grain size, stress 

and temperature) and on the diffusivity of ions in mullite. 

In the present study, bending creep tests were carried out to 

elucidate the deformation mechanisms. Some data on creep fracture 

were also obtained in the experiments. 

2. Experimental Procedure 

The polycrystalline mullite samples were obtained by sintering a 

fine powder* of nominally stoichiometric mullite (3Alz03•Siz03) at 

l650°C for 2 h (sample A). A few of these samples were annealed at 

1680°C for 10 h to obtain coarser grained samples (sample B). The aver

age grain sizes of samples A and B were 1.4 and 2.1 JUm. respectively 

(the average linear intercepts multiplied by the factor of 1.5). 

*Prepared using the sol-gel method by Chichibu Cement Co., Tokyo, 

Japan. Major impurities are TiOz <0.2 wt%, Fe2o3 <0,01 wt%, Na2o and 

K20 <0.01. Lattice parameters determined by XRD measurements are: a= 

7.5466, b= 7.6932 and c= 2.8847 A. Samples were sintered by Hitachi 

Zosen, Corp., Osaka, Japan. 
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Specimens with average dimensions of 2 by 4.5 by 45 mm were machined, 

polished, and then chamfered. 

Creep tests were carried out in air in four-point bending using 

fixtures made of dense, coarse-grained alumina, at temperatures between 

1365° and 1480°C, and at stresses ranging from 10 to 100 MPa. The major 

and minor spans were 35 and 11 mm, respectively. After an apparent 

steady state occurred at an applied load, the load was increased (incre

mental stress testing). The stress and strain rate were calculated 

using equations derived by Hollenberg et al [8]. The tensile surfaces 

and creep-fracture surfaces were examined in a scanning electron micro

scope (SEM) with attention to grain growth, creep damage (cavitation) 

and fracture mode. 

3. Results 

Figure 1 shows the microstructures of samples. Some pores are pre

sent at grain boundaries. Apparent glassy phases are not observed. 

However, traces of a glassy phase at the grain boundaries were reported 

for a mullite which was sintered using the same powder [7]. Some me

chanical properties of sample A are given in Table I. Figure 2 shows 

the flexural strength as a function of temperature (sample A). 

The plots of steady-state strain (creep) rates, ~ ' VS stress, or. 
are shown in Fig. 3. The stress exponent, ~ was ~ 1 at lower tempera

tures, while it increases at higher temperature (>1440°C). It is noted 

that the strain rates increase at stresses just before creep fracture 

without apparent tertiary creep regions, resulting in the increase in 

the value of n. Figure 4 shows the dependence of strain rate on grain 

size, d, indicating p ~2.5, where p is the grain size exponent defined 
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. 
by ~ r£ cS n /d P. The temperature dependence of strain rate is shown in 

Fig. 5, indicating a relatively high activation energy for creep defor-

mat ion (;:;. 870 kJ/mol ). 

4. Discussion 

The results shown in Fig. 3 and 4 suggest that the deformation of 

both mullite samples is diffusional creep in a large portion of the 

stress-temperature field tested. In diffusional creep. of mullite 

(A1 6Siz013), the strain rate is given by [10, 11] 

. 
f. 0 _eff (1) 

where JLM is the 'molecular' volume (= 2.23 x 10-22 cm3 for stoichiomet

ric mullite), k is Boltzmann's constant, !_is the temperature and Deff 

is the effective diffusion coefficient for the 'molecule' Al6Si 2o, 3: 

(2) 

whereJ1 is the effective diffusion coefficient of ion A (A= Al, Si and 

0): 

(3) 

where 2l is the lattice diffusion coefficient of A, ~~ is the boundary 
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diffusion coefficient of A and Cf is the grain-boundary width. Consider-

ing the structure of mullite which has a number of oxygen vacancies in 

the lattice [12], and taking account of the analogy to the structure of 

1 1 1 forsterite (Mg 2Si04) [13], it is inferred that _QAl >_Do> Dsi· At 

present, however, we have little information on the diffusion coeffi-

cients of ions in mullite, with an exception of the data reported by 

Aksay et al [14]. The grain-size exponent p(=2.5) shown in Fig. 4 sug-

gests that the diffusion of the rate limiting species both through the 

lattice and along the grain boundaries controls the deformation (Eq. 3); 

i.e. both Nabarro-Herring creep and Coble creep contribute to the strain 

rate. Effective diffusion coefficients calculated in diffusional creep 

region (.::._ .-.J 1) using Eq. are plotted in Fig. 6, where the least-

squares fit (solid line) gives the value as_Qeff = 3.6 x 1010 exp (-810 

± 13 [kJ/mol]/RT). Diffusivities in mullite [14] and those of Si and 0 

in forsterite [13,15,16] are also plotted for comparison. Note that the 

activation energy in mullite is very high compared to those for Si and 0 

in forsterite. The apparent activation energies and stress exponents 

for deformation so far reported are listed in Table II. The high value 

of activation energy in the present work as well as those reported by 

Kumazawa et al [18] and Ohira et al [21] is remarkable. These high 

activation energies are unlikely due to grain-boundary diffusion. Davis 

and Pask [22] have shown that the diffusion through liquid of the 

Al203-Si02 system depends on the concentration of Al 2o3 and shows very 

high apparent activation energy at low concentrations (e.g., ~ 1300 

kJ/mo1 at 4 wt% Alz03). Furthermore, polycrystals containing glassy 

phases at grain boundaries deform via pressure solution (solution pre

cipitation), showing high apparent activation energies [23-25]. Howev

er, the stress exponents obtained at higher temperatures are higher than 
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1 (Fig. 3(A)), which implies dislocation creep (n ~ 3) or interface-

reaction controlled deformation (n = 2) rather than solution precipita-.---

tion (n = 1). Further testing especially at higher temperatures as well 
----

as the investigation of diffusion of ions through lattice and along 

grain boundaries in mullite are necessary. 

No grain growth during creep testing occurred in both samples. Any 

cavity formation was not observed on the tensile surface of creep-

fractured specimens of sample A (Fig. 7). A little cavitation seen in 

Fig. 7(A) is not responsible for creep strain. On the fracture surface 

of sample A, a slow crack growth (SCG) pattern was observed (Fig. 8). 

Intergranular fracture is predominant in the semielliptical SCG region, 

while transgranular fracture is predominant in the outside of the re-

gion, showing catastrophic fracture. The apparent increase in strain 

rate prior to creep fracture, which resulted in the apparent increase in 

stress exponent (Fig. 3), may be induced by slow crack growth. Suppos-

ing the SCG region is the origin of catastrophic fracture, though the 

samples are deformed, the fracture toughness was calculated approximate-

ly using the dimensions of the SCG pattern (the controlled surface flaw 

technique [26]), resulting in an average value of 3.5 MN/m3/Z at 1420°C. 

Apparent fracture toughness appeared to increase at these high tempera-

tures, in spite of the decrease in the strength (see Table I and Fig. 

1). Fast-fracture in three-point bending (Fig. 2; elastic strain rate~ 

1. 7 x 10-4 s-1) was completely transgranular at these t~mperatures. 

On the other hand, the creep fracture of sample B was completely 

intergranular as seen in Fig. 8. In addition, many cavities (inter-

granular separation) were observed on the tensile surface of fractured 

specimens (Fig. 7(8)), though significant cavitation was not observed 

for specimens deformed without fracture. These results suggest that the 
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mechanism of creep fracture in sample B is different from that in sample 

A: slow crack growth from a fracture origin in sample A, and cavity 

growth at isolated origins and their coalescence in sample B. However, 

additional studies of the effect of glassy phases at grain boundaries on 

deformation and fracture are required for further discussion. 

Acknowledgment: The authors thank J. Yano, Hitachi Zosen, Corp., for 

providing the mullite samples. 
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Fig. 1. Microstructures of mullite samples A and B, thermally etched 

after polishing. 
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g. 2. Flexural strength as a function of temperature for sample A, 

tested in three-point bending (span = 30 mm). 
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Fig. 3. Steady-state strain rate vs stress for (A) sample A and 

(B) sample B. The arrows indicate the stresses at which the 

specimens fractured during creep testing. 



202 

105 
I I 

1(/J 

·W 1460"C 
aj 

1440 "'-a E:ccd-p -+-
~ 

"o~ a. 
OJ 

~420"'~ OJ 
10-6 L.. 

u 

~0" OJ 
P=2.5 -+-

0"' ro 
-+-
(/) 2.6 ' >-. 0"' u 

at40 MPa 2.4 m 
-+-
V) 

10-7 I. .I 

1 2 3 

Grain size, d (!1 m} 

Fig. 4. Effect of grain size on strain rate for creep of mullite. 

10-5 

·W - 10-6 OJ 
4-ro 
L 

c 
ro 
L.. 

4-
V) 

10-7 

1450 

mperature ( 

1400 1350 
I I 

1- -

~o G:::80MPa 
t- ""c. ~ Q:::8791d/mol ~ 

~0 

>- '"'-·~ ->;0 0=30MPa ~ 
Q =861 kJ/m 

0
"" 

4~ 
i- -A 

""' 
_L 

5.8 6.0 6.2 

104/T(K-1) 

Fig. 5. Temperature dependence of strain rate for mullite (sample A). 



203 

Temperature (•c) 

1400 
I 

Dsi 
375kJ/mol 

-

-

Fig. 6. Effective diffusion coefficients CPeff) calculated from creep 

strain rates using Eq. 1. ~0 and ~Si are diffusion coefficients 

of 0 [13, 15] and Si [13, 16], respectively, in forsterite. D* is 

diffusion coefficients in mullite [14]. Activation energies are 

specified on the figure. 
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Fig. 7. Deformed and fractured samples and scanning electron micro 

graphs of tensile of creep-fractured mullite for (A) 

sample A tested at 1460°C, 86 MPa; t= 2.8 and (B) sample B 

tested at 1480°C, 56 MPa; t = 3. 9 %. Significant cavitation is 

observed on the tensile surface of sample B (B-1 to B-3). 
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Fig, 8. Scanning electron micrographs of fracture surfaces. 

(A-1) Sample A tested at 1400~C and 113 MPa ( ~= 2.6 %), showing 

slow crack growth. (A-2) Boundary region between SCG fracture and 

catastrophic, transgranular fracture. (B) Sample B tested at 

1480~C and 56 MPa ( ~= 3.9 %), showing intergranular fracture on 

the whole fracture surface. 
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lallle I. Some mccllc\llicul properties of sumple A. 

Density (%theoretical) >98 

Young's modulus, .f_ (GPa)* 224 

Flexural strength, 6f (MP a) 301 ± 17 

Vickers hardness, Bv (GP a) 10.2 ± 0.4 

Fracture toughness, ~IC (MN/m3/2)H 2. 7 ± 0.1 

* Flexural resonance technique. 

**· Indentation fracture method. 

where Pis the indentation load, a is the impression radius and is 

the radial crack length [9], 

Table II. Stress exponent and activation energy for creep deformation 

of mullite 

Testing Temperature CC) n Q (kJ/mol) Reference 

Hot pressing 1450-1650 1.4 707 Penty et al [ 17] 

Bending 1350-1450 1.0 687 Lessing et al [4] 

Compression 1400-1500 1.0 710 Dokko et al (5] 

Tension 1350-1450 1.6 900 Kumazawa et al[l8] 

Bending 1400-1500 1.3 Ohnishi et al [19] 

Bending 1400-1500 1.4 703 Ashizuka et al[20] 

Compression 1400-1550 1.3 1030 Ohira et al [ 21 J 

Bending 1365-1480 1. 0 81 0>'~" Present study 




