
A

T
c
v
b
i
c
a
©

K

1

c
i
c
t
t
f
e
i
r
a
v
o
m

s

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 29 (2009) 539–550

Development of microstructure during creep of polycrystalline mullite
and a nanocomposite mullite/5 vol.% SiC

S. Gustafsson a, L.K.L. Falk a,∗, J.E. Pitchford b, W.J. Clegg b, E. Lidén c, E. Carlström c

a Department of Applied Physics, Chalmers University of Technology, SE-412 96 Göteborg, Sweden
b Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street, CB2 3QZ Cambridge, UK

c Swedish Ceramic Institute, Swerea IVF, Box 104, SE-431 22 Mölndal, Sweden

Received 25 June 2008; accepted 27 June 2008
Available online 21 August 2008

bstract

he microstructures of as-sintered and creep tested polycrystalline mullite and mullite reinforced with 5 vol.% nano-sized SiC particles have been
haracterized by scanning and transmission electron microscopy. The dislocation densities after tensile creep testing at 1300 and 1400 ◦C were
irtually unchanged as compared to the as-sintered materials which indicates diffusion-controlled deformation. Mullite matrix grain boundaries
ending around intergranular SiC particles suggest that grain boundary pinning, in addition to a reduced mullite grain size, contributed to the

ncreased creep resistance of the mullite/5 vol.% SiC nanocomposite. Both materials showed pronounced cavitation at multi-grain junctions after
reep testing at 1400 ◦C which suggests that unaccommodated grain boundary sliding, facilitated by softening of the intergranular glass, occurred
t this temperature. This is consistent with the higher stress exponents at 1400 ◦C.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The incorporation of nano-sized second-phase ceramic parti-
les into a ceramic matrix may lead to significant improvements
n the mechanical properties.1–8 Ohji et al.2 found that the
reep rate of alumina reinforced with 17 vol.% SiC nanopar-
icles was three orders of magnitude lower, and the creep life 10
imes longer, than that of single-phase alumina. Alumina rein-
orced with 5 vol.% SiC nanoparticles, studied by Thompson
t al.,3 showed an increase in creep resistance that was sim-
lar to Ohji’s results, but the lower fraction of SiC particles
esulted in a reduced number of intergranular creep cavities and
much longer creep life. As shown in several studies, a smaller
olume fraction of nanoparticles, typically around 5 vol.%, is
ften sufficient in order to give a substantial improvement in the

echanical properties.1,3,7,8

The mechanism behind the pronounced improvements with
maller additions of a nano-sized second phase is, however, still

∗ Corresponding author. Tel.: +46 31 772 3321.
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ot fully understood.3,5,8 It has been suggested that the improved
reep resistance of alumina/SiC nanocomposites is caused by
he thermal mismatch between alumina and SiC.5 Internal com-
ressive stresses are introduced at the alumina/SiC interface, and
his results in a stronger particle/matrix bonding and thereby an
mproved creep resistance.5 It is, therefore, of interest to evaluate
ifferent matrix materials with different thermal expansion coef-
cients, and to characterize particle/matrix interface structures
nd properties.

Mullite, 3Al2O3·2SiO2, is one potential matrix material in
anocomposite ceramics. Mullite has excellent high temperature
roperties, and its creep resistance is high compared to other
xide ceramics.9–15 In the work by Lessing et al.9 it was shown
hat the creep rate of polycrystalline mullite at 1450 ◦C was one
rder of magnitude lower than that of polycrystalline alumina
f the same grain size. The thermal mismatch between mullite
nd SiC is, however, smaller than that between alumina and
iC.16,17
The present paper is focussed on the relationship between
he fine-scale micro- and nanostructure and the creep deforma-
ion process in polycrystalline mullite and mullite reinforced
ith 5 vol.% nano-sized SiC particles. The microstructures

mailto:lklfalk@chalmers.se
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.036
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Fig. 1. Experimentally determined steady-state creep rates of (a) the polycrys-
talline mullite and (b) the mullite/5 vol.% SiC at 1300 and 1400 ◦C plotted
as function of stress. The testing conditions for the specimens subjected to
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f as-fabricated and creep tested specimens were character-
zed by scanning and transmission electron microscopy (SEM,
EM), and particular attention was paid to the grain bound-
ry regions and the location and size distribution of the SiC
articles. The creep tests, and theoretical modelling for the
rediction of the creep behaviour of these ceramics, have
reviously been carried out by Clegg and co-workers.18,19

esults from that work, relevant to the electron microscopy
nvestigation presented in this paper, are reviewed shortly
elow.

. Review of creep test and modelling results

Polycrystalline mullite, and mullite reinforced with 5 vol.%
iC nanoparticles (in the following termed “the nanocompos-

te”), have been subjected to tensile creep tests in air at 1300
nd 1400 ◦C under stresses between 10 and 50 MPa.18,19 The-
retical modelling of diffusion-controlled creep deformation of
hese two materials was also carried out.18,19

.1. Polycrystalline mullite

Creep tests of the polycrystalline mullite material at 1300 ◦C
howed a stress exponent of n = 1.2 which implies that diffu-
ion processes (n = 1) are controlling the creep deformation at
his temperature, see Fig. 1a. Creep tests performed at 1400 ◦C
esulted in a higher stress exponent of n = 2 (Fig. 1a), which
uggests that, in addition to diffusion processes, other creep
echanisms become active at this temperature.
The experimentally determined creep rates were compared

ith creep rates expected for diffusion-controlled creep as
iven by

˙ = 14σΩ

kTd2 Deff (1)

here σ is the applied stress, Ω the volume of the rate-
ontrolling diffusing species, k the Boltzmann constant and d is
he grain size. Deff is the effective diffusion coefficient, related
o the diffusion coefficients for lattice diffusion Dl and grain
oundary diffusion Db according to
eff = Dl + πδ

d
Db (2)

here δ is the grain boundary width. Maximum and minimum
alues of DeffΩ at the two test temperatures were calculated

2

a

able 1
he as-sintered and creep tested materials

aterial Test temperature (◦C) Stress

olycrystalline mullite As
1400 48.6
1400 13.0
1300 14.9

ullite/SiC nanocomposite As
1400 50.0
1400 12.1
1300 14.4
he microstructural characterization are marked by circles. Diffusional creep
ate intervals of polycrystalline mullite, predicted for the grain sizes of the two
xperimental materials, are also shown plotted. Data taken from Pitchford18.

rom mullite creep data presented in the literature.9,12,13,20 These
alues were then used in an estimate of the creep rate interval of
he mullite ceramic in the present investigation (d = 1.5 �m).18

he plots in Fig. 1a, based on data taken from Pitchford,18 show
hat the experimentally determined creep rates at 1300 ◦C, and at
igher stresses at 1400 ◦C, were higher than the predicted values.
.2. Mullite reinforced with 5 vol.% SiC nanoparticles

The experimental creep rates of the nanocomposite at 1300
nd 1400 ◦C are plotted in Fig. 1b. The creep tests at 1400 ◦C

(MPa) Steady-state creep rate (s−1) Grain size (�m)

-sintered 1.5
1.5 × 10−6 1.3
1.2 × 10−7 1.5
9.5 × 10−9 1.5

-sintered 0.7
1.9 × 10−6 0.7
2.9 × 10−8 0.8
3.2 × 10−9 0.8
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ig. 2. Thermally etched surfaces of the polycrystalline mullite in the (a) as-sin
3.0 MPa at 1400 ◦C, and (d) 14.9 MPa at 1300 ◦C.

howed that the stress exponent increased with increasing stress;
rom around n = 1.5 at stresses under 25 MPa to around n = 4 at
tresses above 25 MPa. This implies that the total strain was not
aused by one single creep mechanism.

The creep rate intervals for diffusion-controlled creep of
olycrystalline mullite with a reduced average grain size
d = 0.7 �m, corresponding to the average matrix grain size
f the nanocomposite) were calculated as described in Sec-
ion 2.1.18,19 This was done in order to better assess the
ffect of the SiC particles, and these creep rate intervals
re also shown in Fig. 1b. As illustrated in Fig. 1b, the
xperimental creep rates of the nanocomposite tested at low
tresses (<30 MPa) at 1400 ◦C were lower than the pre-
icted diffusion creep rates of polycrystalline mullite with this
rain size. At higher stresses, however, the creep rate of the
anocomposite was in the range predicted by the diffusion-
ontrolled creep model. The two data points from creep tests
t 1300 ◦C were within the predicted diffusion creep rate inter-
al.

The data presented in Fig. 1b indicate that the creep rate of the
anocomposite was determined not only by the reduced mullite
rain size. It has been suggested that the extra work required to

rive self-diffusion in the low diffusivity SiC particles, so that
hey can move with the grain boundaries during creep, will lead
o a reduced creep rate as compared to polycrystalline mullite
f the same grain size.19

a
d
a
m

condition, and after creep testing under a stress of (b) 48.6 MPa at 1400 ◦C, (c)

. Experimental procedures

.1. Materials

.1.1. Polycrystalline mullite
The polycrystalline mullite material was produced by mixing

ommercially available 3:2 mullite powder (KM-101, Kyoritsu,
apan) and an ammonium polyacrylate dispersant (Dispex,
llied Colloids, England) in water. The slurry was ball milled

or 24 h using zirconia ball milling beads. Green bodies were
roduced by slip casting and pressureless sintered in air at
650 ◦C for 3 h. The material was 97% dense as measured by
rchimedean densitometry.

.1.2. Mullite/SiC nanocomposite
The �-SiC starting powder (UF-45, H.C. Starck, Germany)

ad a specific surface area of around 45 m2/g. The larger particles
nd agglomerates that were difficult to break down by milling
he powder were removed by sedimentation. This resulted in
milled and fractionated SiC starting powder that had a mean
article size (d50) of 0.22 �m.

The nanocomposite material was then produced from an

queous suspension containing 95 vol.% of the mullite pow-
er, 5 vol.% of the milled and fractionated �-SiC powder,
nd 0.3 wt% of an ammonium polyacrylate dispersant (Dura-
ax 3021, Rohm and Haas, Sweden). The suspension was
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Fig. 3. The microstructure of the as-sintered polycrystalline mullite (TEM).
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Fig. 4. Amorphous pockets at triple grain junctions and glassy grain bound-
ary films in the as-sintered polycrystalline mullite (TEM). (a) Glass containing
triple grain junctions (arrowed). (b) Diffuse dark field image of a thin glassy
grain boundary film (arrowed) merging into an amorphous pocket. The glass
a) Intergranular porosity (P), and a dislocation pile-up at a grain boundary
arrowed). (b) Dislocation network (arrowed) associated with cavities on a larger
longated grain section.

omogenised by milling for 1 h in a planetary mill using Si3N4
alls whereafter 3 wt% of a polyethylene glycol binder was
dded to the slip. In order to retain a homogeneous distribution of
he SiC nanoparticles, the slip was freeze granulated by spraying
nto liquid nitrogen. The ice was removed by sublimation using
freeze dryer and the resulting granules were hot pressed into
lates at 1600 ◦C for 1 h in an argon atmosphere at a maximum
ressure of 40 MPa. Hot pressing has been widely used for pro-
ucing dense nanocomposite materials since the nanoparticles
ay suppress full densification.2–4,6 The nanocomposite mate-

ial in the present study reached nearly full density, 99.8%, as
easured by a helium pycnometer.

.2. Microstructural characterization and instrumentation

The as-sintered and creep tested materials included in the
icrostructural characterization are shown in Table 1. Polished

nd thermally etched (45 min at 1300 ◦C in argon) specimens
ere imaged in a SEM (Leo ULTRA 55) equipped with a field
mission gun (FEG) in order to assess grain size and overall
omogeneity. The average grain size was determined by the
ean linear intercept method, and the average intercept length
as multiplied by a factor of 1.5.

appears with bright contrast. (c) Defocus Fresnel image of a triple grain junc-
tion. Fresnel fringes (arrowed) extending along the grain boundaries reveal the
presence of thin intergranular films merging into a pocket at the triple grain
junction.
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Thin-foil specimens for TEM were prepared by standard
pecimen preparation techniques; mechanical grinding and pol-

shing, dimpling and final ion milling to electron transparency.
he microstructures were characterized in a Philips CM200
EGTEM equipped with a Link ISIS energy dispersive X-ray
EDX) system and a Gatan Imaging Filter (GIF). The chemical

m
F
q
o

ig. 5. Assessment of grain boundary film thickness in the as-sintered polycrystallin
mage shows a set of dark fringes parallel to the grain boundary. (b) At Gaussian foc
mage so that two bright lines delineate the boundary. (d) By plotting the fringe spac
ossible to estimate the film thickness to, in this case, approximately 0.75 nm.
n Ceramic Society 29 (2009) 539–550 543

omposition of mullite grains and amorphous grain boundary
egions was determined by fine probe EDX point analysis. Ele-

ental profiles acquired by the EDX system attached to the
EGTEM were used for the evaluation of peak areas in the
uantification of the EDX spectra. Due to the uncertainty in
xygen quantification, only the relative amounts of aluminum

e mullite using the defocus Fresnel imaging technique. (a) The underfocussed
us there are no fringes. (c) The fringe contrast is reversed in the overfocussed
ing as a function of defocus and extrapolating the data to Gaussian focus, it is
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nd silicon were determined. These were then converted into the
quivalent mol fractions of alumina and silica.

Grain boundary films and amorphous regions were imaged in
iffuse dark field, and the presence of grain boundary films was
lso established by defocus Fresnel imaging of edge-on grain
oundaries.21–25 The defocus Fresnel technique was used in esti-
ating the thickness of the amorphous grain boundary film in

round 20 randomly chosen grain boundaries in the as-sintered
aterials and in the mullite and nanocomposite specimens crept

t 1400 ◦C under a stress of 48.6 and 50.0 MPa, respectively.
he grain boundaries were oriented in the edge-on position by

ooking at the reflection symmetry of the fringe intensity across
he boundary. Through-focus series were then recorded and pro-
essed with the Gatan DigitalMicrograph software. An intensity
rofile across a boundary was obtained by integrating the image
ver a distance of 10–15 nm along the boundary. The fringe sepa-
ation was then determined from the intensity profiles and plotted
s a function of defocus. The film thickness was estimated by
xtrapolating the data to Gaussian focus.

. Results
.1. The as-sintered polycrystalline mullite

The general microstructure of the as-sintered mullite material
s shown in Figs. 2a and 3. Most grain sections were equiaxed,

t
F

s

ig. 6. Thermally etched surfaces of the nanocomposite in the (a) as-sintered conditio
t 1400 ◦C, and (d) 14.4 MPa at 1300 ◦C.
n Ceramic Society 29 (2009) 539–550

ut a limited number of larger and elongated sections was also
bserved on the etched surfaces. The average grain size was
etermined to 1.5 �m. A smaller amount of residual porosity
as observed throughout the microstructure, consistent with the
ensity measurement (97% dense), see Fig. 3. Intergranular,
rregularly shaped, cavities with sizes in the range 0.1–1 �m
ere present at some multi-grain junctions, while the grain
oundaries were free of cavities.

Larger elongated grain sections often contained faceted intra-
ranular cavities, 50–500 nm in size, but only a limited number
f the equiaxed grain sections showed cavities. The intragranular
avities were often associated with single dislocations, or an odd
islocation network, as shown in Fig. 3b. The overall dislocation
ensity in the microstructure was, however, low. Only occa-
ional dislocation structures, such as pile-ups at grain boundaries
Fig. 3) and low angle grain boundaries, were observed.

Thin glassy grain boundary films merging into amorphous
ockets at triple grain junctions were present throughout the
icrostructure, see Fig. 4. The amorphous triple grain junctions

ad a diameter (corresponding to the diameter of a circle of
quivalent area) in the range 30–70 nm. All analysed amorphous
rain boundary films were found to be in the range 0.6–0.9 nm

hick. The result of a TEM through-focus series is shown in
ig. 5.

The mullite grains did not have a perfect 3:2 mullite compo-
ition; the mol fraction Al2O3 was 57.6 ± 2.0%, slightly lower

n, and after creep testing under a stress of (b) 50.0 MPa at 1400 ◦C, (c) 12.1 MPa
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han the expected 60%. The glassy pockets at multi-grain junc-
ions were rich in silicon. The mol fraction SiO2 in the glass was

3.0 ± 3.2%. Some of the analysed glassy pockets showed an
lumina content close to the eutectic Al2O3–SiO2 composition
f approximately 5 mol% Al2O3, reported in several studies.26,27

DX also showed that the amorphous grain boundary films were

ig. 7. The microstructure of the as-sintered nanocomposite (TEM). (a) SiC par-
icles present in both inter- and intragranular positions (black and white arrows,
espectively). (b) Dislocations pinned by intragranular cavities (C) and SiC par-
icles (P). (c) Clusters of SiC particles (arrowed), associated with intergranular
orosity.
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ich in silicon. Impurities were not detected in any of these
nalyses.

.2. The as-sintered mullite/SiC nanocomposite

The microstructure of the as-sintered nanocomposite material
s shown in Figs. 6a and 7. Most grain sections were equiaxed,
nd an average matrix grain size of 0.7 �m was determined from
EM images (Figs. 6 and 7a). The mullite grains contained intra-
ranular cavities also in this microstructure, and these cavities
ere usually faceted and less than 100 nm in diameter (Fig. 7b).
The majority (around 80%) of the SiC particles were located

t grain boundaries and multi-grain junctions, see Fig. 7. The size
f these particles was in the range 30–90 nm, and a number of
hem formed agglomerates as shown in Fig. 7. Particle agglom-
rates present in multi-grain junctions were generally associated
ith cavities, see Fig. 7c. The intragranular SiC particles did not

orm clusters, and were smaller, typically 10–50 nm, see Fig. 7a.
train contours were only occasionally observed in the mullite
atrix immediately surrounding a SiC particle.
Some dislocations were pinned by, or emerging from, the

ntra- and intergranular SiC particles, but the majority of the
bserved dislocations were, as in the mullite microstructure,
ssociated with intragranular cavities, see Fig. 7b. Although the
verall dislocation density was low, dislocation pile-ups at triple
rain junctions or at grain boundaries were observed in a few
reas.

Thin glassy films were observed in the matrix grain bound-
ries along with smaller volumes of glass separating both
ntragranular and intergranular SiC particles from the surround-
ng mullite grains, see Figs. 8 and 9. The thickness of the
morphous grain boundary films varied between 0.6 and 0.9 nm.
ery small (∼10–15 nm) amorphous pockets were observed at

ome multi-grain junctions, see Fig. 8.

The Al2O3 mol fraction of the mullite matrix was determined
o 55.9 ± 1.5%, i.e. also in this case lower than for 3:2 mullite.
he intergranular glass was enriched in silicon, although the

ig. 8. Thin glassy grain boundary films (white arrows) merging into a glass
ontaining triple grain junction (black arrow) in the as-sintered nanocomposite
aterial. The glass appears with bright contrast in the diffuse TEM dark field

mage.
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Fig. 9. Thin amorphous films separating intragranular SiC particles from the
surrounding mullite grain in the as-sintered nanocomposite. (a) Defocus Fres-
n
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nearby cavities had developed, see Fig. 12. The size of these
cavities ranged from several hundred nanometers up to 1 �m.

The overall dislocation density was low also in the
creep tested mullite specimens. Dislocations were present
el fringes (arrowed). (b) Diffuse dark field image. The glassy films (arrowed)
ppear with bright contrast.

lass volumes in the thin-foil TEM specimens were too small
or quantitative analysis.

.3. The polycrystalline mullite after creep testing
The average grain sizes of the creep tested mullite specimens
ere virtually the same as that of the as-sintered material, see
able 1. This indicates that grain growth was not significant
uring creep testing, see Fig. 2.

F
c
c

ig. 10. A grain showing strain contours (arrowed) in the TEM thin-foil speci-
en of the polycrystalline mullite crept under a stress of 13.0 MPa at 1400 ◦C.

Strain contours were generally observed in the TEM bright
eld images of the microstructures of the crept mullite speci-
ens as shown in Figs. 10 and 11. These contours reflect the

tresses that built up in the material during creep deformation.
An increased cavitation at multi-grain junctions was observed

n some areas of the crept microstructures, see Fig. 11. This type
f cavitation was most pronounced in the specimen that had
een subjected to the highest stress (48.6 MPa) at 1400 ◦C, but
lso evident in the specimen crept under a stress of 14.9 MPa
t 1300 ◦C. The microstructure of the specimen crept under a
tress of 13.0 MPa at 1400 ◦C resembled, on the other hand, that
f the as-sintered material, with only a limited increase in the
ensity of cavities.

A number of the intragranular cavities changed shape or size
uring creep testing, and in some cases thin channels connecting
ig. 11. Cavity formation in a multi-grain junction in the polycrystalline mullite
reep tested under a stress of 48.6 MPa at 1400 ◦C. One of the grains shows strain
ontours (arrowed).
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Fig. 13. The general microstructure (a) and cavity formation (arrowed) at multi-
grain junctions (b) of the nanocomposite after creep testing under a stress of
50.0 MPa at 1400 ◦C.
ig. 12. Intragranular cavities in the polycrystalline mullite crept under a stress
f 14.9 MPa at 1300 ◦C. Thin channels (arrowed) are connecting, or extending
ut from, the enlarged cavities.

redominantly in the larger grain sections, and in general asso-
iated with intragranular cavities, as in the as-sintered material.

Glass pockets at multi-grain junctions and thin amorphous
rain boundary films were present also in the crept microstruc-
ures. Measurements of the film thickness in the sample crept
t 1400 ◦C under a stress of 48.6 MPa did not reveal any
ronounced changes in the thickness as compared to the as-
intered mullite material; the films had a thickness of, typically,
.6–0.9 nm also after creep testing.

.4. The nanocomposite after creep testing

Grain size measurements on the creep tested mullite
anocomposite specimens did not show any evidence of grain
rowth during creep deformation, see Table 1 and Fig. 6. The
ocation and distribution of the SiC particles was also appar-
ntly unchanged, see Fig. 13. Around 80% of the SiC particles
ere located at the grain boundaries and multi-grain junctions

n the specimen that had been crept at 1400 ◦C under a stress
f 50.0 MPa. The mullite/mullite grain boundaries were often
bserved to bend near the intergranular SiC particles, see Fig. 14.

An increased number of the multi-grain junctions, pre-
ominantly junctions containing intergranular SiC particles,
ontained cavities after creep testing. This was particularly pro-
ounced in the specimen crept under the highest stress, 50 MPa,
t 1400 ◦C, see Fig. 13b. Cavitation associated with the SiC par-
icles at the grain boundaries was rarely observed. The cavities
nside the mullite matrix grains seemed to have retained their
ize and shape during creep testing.

The dislocation densities in the creep tested nanocompos-
te specimens were low and seemingly unchanged as compared
o the as-sintered material. A limited number of grains with a
ocally increased dislocation density were observed in the crept

icrostructures, but these areas were not different from similar

reas in the as-sintered nanocomposite microstructure.

Thin intergranular glassy films were present also after creep
esting. Measurements of the grain boundary film thickness in
he sample crept at 1400 ◦C under a stress of 50 MPa, showed

Fig. 14. Mullite matrix grain boundaries bending (arrowed) around intergranular
SiC particles after creep testing under a stress of 50.0 MPa at 1400 ◦C.
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lm widths in the range 0.6–0.9 nm. The creep deformation
rocess, did, hence, not have any pronounced effect on the
istribution of the intergranular glass.

. Discussion

.1. The polycrystalline mullite

The virtually unchanged low dislocation densities in the
rept mullite specimens strongly suggest that dislocation glide
as not active to any significant extent under the applied

esting conditions. This is in agreement with previous exper-
mental studies which indicated a very limited (if any at all)
islocation mobility during plastic deformation of both single
rystal and polycrystalline mullite specimens.10,12,13,28 A previ-
us TEM investigation of dislocations in mullite by Gustafsson
nd Falk29,30 revealed comparatively large Burgers vectors of
he type b = <1 0 0>, <0 1 0>, <1 1 0> and <1 1 2>. This may,
ogether with the complex mullite crystal structure, result in a
imited dislocation activity.12

The changes observed in the microstructures of the crept mul-
ite specimens indicate that lattice diffusion is an active creep
eformation mechanism, both at 1300 and 1400 ◦C. The elon-
ation and enlargement of some intragranular cavities, and the
evelopment of thin intragranular cavity channels, indicate dif-
usion activity within the grains, and thus a contribution from
abarro-Herring creep. In addition, the presence of a continuous

ntergranular glassy phase at the grain boundaries (Figs. 4 and 5)
ould provide rapid diffusion paths and thereby promote creep
eformation by grain boundary diffusion. The intergranular
lass may, hence, contribute to an increased creep rate as com-
ared to the model discussed in Section 2, see Fig. 1a.

Creep deformation by diffusion, either through the grains or
hrough the grain boundary glass, would give a stress exponent
f n = 1. This is in good agreement with the stress exponent of
= 1.2 that was determined from the creep tests performed at
300 ◦C.18 Solution-reprecipitation creep, limited by the trans-
ort of matter through the glassy grain boundary films, is also
xpected to give a stress exponent of n = 1. There is, however,
o microstructural evidence for such a process.

Diffusion creep only would, however, not result in the
tress exponent n = 2 determined from the creep tests carried
ut at 1400 ◦C.18 A large number of cavities had formed at
ulti-grain junctions in these specimens (Fig. 11), and the sur-

ounding grains showed strain contrast (Figs. 10 and 11). This
as most pronounced in the specimen that had been tested at
8.6 MPa. These observations suggest that rigid grain bound-
ry sliding, facilitated by softening of the intergranular glass,
ontributed to the strain during creep testing. Such a process
ould increase the stress exponent, since cavitation alone gives
alues of n > 1.31 A stress exponent close to n = 2, and evidence
f cavitation and grain boundary sliding, have been observed
reviously in other creep studies of glass containing mullite

eramics.10,12,13

It may be expected that the amorphous grain boundary phase
ould redistribute during rigid grain sliding because the glass
ay be squeezed out from grain boundaries under compression

d
m
t
m
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nd accumulated in grain boundaries under tension.32 The mea-
urements of intergranular film widths presented in this paper
o not, however, show any clear evidence of glass redistribution
uring these creep tests. The thickness of the investigated grain
oundary films was in the range 0.6–0.9 nm in both as-sintered
nd crept specimens, and a possible redistribution might, there-
ore, be difficult to detect.

.2. The mullite/SiC nanocomposite

The addition of SiC nanoparticles resulted in a reduced
ullite grain size (Table 1). This indicates that the nanopar-

icles suppressed grain growth during sintering through grain
oundary pinning. The SiC particles located at the grain bound-
ries were larger (30–90 nm) than the intragranular particles
10–50 nm). A critical SiC particle size for effective mullite
rain boundary pinning would, hence, be in the range 30–50 nm
uring hot pressing under a pressure of 40 MPa at 1600 ◦C.

Strain contours were generally not observed in the mullite
atrix around the SiC particles in the as-sintered specimen. This

ndicates that the thermal expansion mismatch between mul-
ite (α = 5.3 × 10−6 ◦C−1)16 and SiC (α = 4.7 × 10−6 ◦C−1)17 is
oo low for the introduction of compressive residual stresses
f any significant magnitude at the SiC/mullite interface. In
ddition, the analysed SiC/mullite interfaces contained amor-
hous films or pockets (Fig. 9). The SiC/mullite interfaces are,
ence, not likely to be significantly more rigid than the glass
ontaining mullite/mullite grain boundaries. This is in contrast
o SiC reinforced alumina nanocomposites where the thermal
xpansion mismatch between alumina (α = 8.8 × 10−6 ◦C−1)17

nd SiC puts the particle/matrix interface under compression
uring cooling from the sintering temperature. It has been pro-
osed that this leads to a more rigid interface bonding and
hereby to a reduced creep rate due to the suppression of
he nucleation and annihilation of point defects during creep
eformation.5 The proposed rigid interface bonding was sup-
orted by theoretical calculations and TEM observations of glass
ree SiC/alumina interfaces.5 This interface mechanism would,
ence, not be active to any significant extent in the present
ullite/SiC nanocomposite material.
The fraction of SiC particles located at mullite grain bound-

ries and multi-grain junctions was unchanged (80%) in the
pecimen that had been creep tested under a stress of 50.0 MPa
t 1400 ◦C. This suggests that moving grain boundaries dragged
he SiC particles during creep deformation. This process requires
directional flow of atoms from one side of the particle to the
ther.33 The diffusional migration may occur along three dif-
erent paths: through the SiC particle, in the thin glassy film
eparating the SiC particle from the mullite matrix or around the
article through the matrix. One of these diffusion processes, or
nterfacial reactions, may be rate controlling.33

A model proposed by Clegg and co-workers18,19 suggests that
he creep rate would be limited by self-diffusion through the low

iffusivity SiC particles. It was assumed that the particles would
ove with a velocity equal to that of the grain boundary at which

hey are situated. It was also assumed that the global defor-
ation of the body would be caused by self-diffusion within
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Fig. 15. The predicted nanocomposite creep rate at 1400 ◦C based on the
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ssumption that SiC self-diffusion is rate limiting.18,19 The experimentally deter-
ined steady-state creep rates of the nanocomposite at 1400 ◦C are also shown.
ata taken from Pitchford18.

he mullite matrix and within the SiC particles, and that these
wo processes would operate independently. The nanocompos-
te creep rates predicted at 1400 ◦C under these assumptions
re shown in Fig. 15 together with the experimentally deter-
ined creep rates at this temperature. There is a relatively good

greement between the predicted and experimental creep rates at
ow stresses (<25 MPa), which indicates that creep under those
onditions may be controlled by self-diffusion through the SiC
articles. This is also suggested by the observation of SiC par-
icle pinning of mullite/mullite grain boundaries (Fig. 14). The
EM investigation revealed, however, that there is usually a thin
lassy film separating a SiC particle from the mullite matrix.
his glass would not only provide a more efficient diffusion path,
ut also be a viscous medium facilitating rigid particle/matrix
ovement.34

The nanocomposite specimen crept under a stress of
0.0 MPa at 1400 ◦C showed a significantly increased cavitation
t the multi-grain junctions. This suggests that unaccommo-
ated grain boundary sliding, facilitated by a reduced viscosity
f the grain boundary glass, had taken place. These observations
ay explain the increased stress exponent at higher stresses at

400 ◦C and the discrepancy between the proposed model and
he experimental creep data at these stresses (Figs. 1 and 15).

The TEM results indicated that the dislocation activity was
ery limited also during creep of the mullite/SiC nanocomposite
aterial. The low dislocation density was virtually unchanged in

he creep tested specimens. The combined results, hence, point
owards diffusion-controlled creep processes at lower stresses
nd a transition to creep controlled by diffusion and rigid grain
oundary sliding under higher stresses at 1400 ◦C.

. Concluding remarks

Creep of polycrystalline mullite at 1300 ◦C is controlled

y diffusion, but the smaller volumes of grain boundary glass
ncreases the creep rate as compared to a pure mullite ceramic. At
400 ◦C, grain boundary sliding, facilitated by softening of the
ntergranular glass, dominates the creep behaviour as suggested

1

1
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y the TEM observation of cavitation at multi-grain junctions
nd the presence of strain contours in adjacent mullite grains.
his is consistent with the increase in the stress exponent from
= 1.2 at 1300 ◦C to n = 2 at 1400 ◦C.

The mullite/5 vol.% SiC nanocomposite has an increased
reep resistance which is caused by grain boundary pinning
y intergranular SiC particles and a reduced matrix grain size.
reep at 1300 ◦C, and at lower stresses at 1400 ◦C, is dominated
y diffusion, and may be controlled by the slower self-diffusion
n the SiC particles as compared to the mullite matrix. Multi-
rain junction cavitation under higher stresses at 1400 ◦C,
aused by rigid grain boundary sliding facilitated by softening
f an intergranular amorphous phase, reduces the positive effect
f the SiC nanoparticles. This results in a stress exponent that
ncreases with stress at 1400 ◦C.
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