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Abstract

Extensive neutron di�raction and Rietveld studies of
dense, hot pressed mullite (3Al2O3

.2SiO2) have been
conducted up to 1650 �C in air, yielding a complete
set of lattice parameters and axial thermal expan-
sion coe�cients. Unconstrained powders of the same
stoichiometric composition were also analyzed by X-
ray di�raction and Rietveld techniques up to 900 �C
in air, from which lattice parameters and thermal
expansion coe�cients were obtained. An earlier
reported structural discontinuity was con®rmed
by XRD to lie in the temperature range 425 to
450 �C. Single-crystalline mullite ®bers of compo-
sition 2.5Al2O3

.SiO2 were grown from the melt by a
laser-heated, ¯oat zone method. A partial set of the
single-crystal elastic moduli were determined from
various sections of ®ber, by Brillouin spectroscopy,
from room temperature up to 1400 �C. They indi-
cated a roughly 10% reduction in sti�ness over that
temperature range. # 1999 Elsevier Science Ltd. All
rights reserved.

Keywords: elastic modulus, ®bers, X-ray methods,
thermal expansion, mullite.

1 Introduction

In the design of oxidation resistant, high temperature
ceramic composites, it is wise to know the intrinsic
properties of the component materials, independent
of their structural con®guration in the composite.
Detailed theoretical predictions of composite
behavior, particularly at elevated temperatures,
would rely heavily on a knowledge of single crystal
properties. Furthermore, since the fabrication and
mechanical evaluation of composites is a di�cult,

time consuming and costly procedure, any data on
the intrinsic properties of a component material is
extremely valuable in accelerating the design,
modelling and development of high temperature
composites.
Mullite, of nominal composition (3Al2O3

.2SiO2),
is a highly attractive candidate for oxide compo-
sites.1 As a matrix it is a widespread `workhorse'
refractory material, having very good creep resis-
tance and chemical stability up to 1600 �C. The
current, widely accepted phase diagram indicates
that the equilibrium phase grown by solid state
reaction has a narrow solid solution range around
the 3Al2O3

.2SiO2 (abbreviated 3:2) composition.2

However, when grown from the melt, mullite crys-
tallizes in 2Al2O3

.SiO2 or 2:1 composition.2 The
solid solution range can further be extended to
3Al2O3

.SiO2 or 3:1 composition by rapid cooling in
a closed container, in the absence of alumina
nuclei.2,3

Currently, steady progress is being made in the
production of mullite ®bers. Directionally solidi-
®ed mullite ®bers can be grown by a laser heated,
¯oat-zone method.4 They appear to consist of
columns of single crystals with [c] axes parallel to
the ®ber direction. Polycrystalline mullite±alumina
®bers (Nextel 720, from 3M Company, St. Paul,
MN) have also been fabricated by a sol±gel process
from an 85wt Al2O3±15wt. SiO2 composition,
which subsequently converts on ®ring at 1350 �C to
59 vol% mullite and 41 vol% Al2O3.

5 The micro-
structure is extremely ®ne grained with �0.5�m
mullite grains containing <100 nm largely intra-
granular alumina grains. This microstructure is
unstable above 1300 �C however, due to grain
growth and drastic loss of mechanical strength
from an initial 2.4MPa.6,7 More recently, homo-
geneous, aluminosilicate, glass ®bers (of mullite
composition) and amorphous yttrium aluminate
®bers (of Y3Al5O12 or `YAG' composition) have
been pulled from deeply undercooled melts via a
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containerless processing technique.8,9 The high
tensile strengths of the aluminosilicate glass ®bers
(�6GPa) however, are again drastically reduced to
1GPa at best, due to uncontrolled random crys-
tallization to mullite or YAG, on annealing above
1100 �C. Work is therefore in progress to develop
textured or single crystal ®bers from the amor-
phous solid precursors.

1.1 Crystallographic measurements
Measurements of the thermal expansion of various
mullite compositions are mainly reported for tem-
peratures up to 900 �C and are either based on
dilatometric measurements or on X-ray di�rac-
tion.10±14 For higher temperatures reliable data are
rare.13 It has to be kept in mind that the former,
i.e. the dilatometric method provides results which
are always of both structural and microstructural
origin and therefore, an average, which is hard to
interpret on an atomic length scale. X-ray di�rac-
tion allows, at least in principle, a separation of
both aspects via an evaluation of the positions of
the re¯ections in a di�raction pattern and by a line
pro®le analysis. The X-ray method has its limits if
the sample material is coarse grained, which is
sometimes unavoidable, and because of absorption
e�ects. In particular in the high temperature regime
around and above 1000 �C, the X-ray di�raction
method becomes additionally tedious for experi-
mental reasons.
An alternative di�raction method uses neutrons.

In the case of mullite neutron di�raction, results
are not a�ected by absorption and the relatively
large sample volume allows for good statistics,
even in the case of coarse grained samples. More-
over, the oxygens have a relatively high scattering
power for neutrons so that oxygen related struc-
tural details can be studied in oxide compounds
more reliably. We performed in-situ neutron dif-
fraction experiments with the 3:2 mullite described
above up to a temperature of 1650 �C. The overall
aim of the investigation was a full structure re®ne-
ment of mullite at high temperatures. Only the
thermal expansion results of neutron di�raction
measurements will be given here, since full infor-
mation will be published in a forthcoming paper.15

1.2 Elastic constant measurements
1.2.1 Bulk properties
The bulk elastic properties of mullite have been
measured on sintered compacts of relatively pure,
raw materials.16,17 More recent work on hot pres-
sed stoichiometric 3:2 mullite, which was hydro-
thermally grown without any glassy phase,
indicated an unusual decrease in Poisson's ratio
with increasing temperature up to room tempera-
ture.18 This was attributed to the incommensurate

modulation in the mullite crystal structure. Early
high temperature measurements16 of relatively pure
raw materials indicate a drop in elastic modulus for
both 3:2 and 2:1 mullite above 600 �C, strongly
suggesting the presence of intergranular glass. With
the availability of highly textured, polycrystalline
®bers,4 it was decided to measure the elastic moduli
of mullite up to temperatures of 1400 �C.

1.2.2 Single crystal properties
The complete elasticity tensor can be measured by
the Brillouin light scattering technique.19 This
technique presents several advantages over other
methods, the most important being that only very
small samples are required, no contact is needed
with the sample, and it is suitable for low-sym-
metry crystals. The sample size is limited only by
the spot size of the laser used as the excitation
source, making Brillouin scattering well-suited for
measurements on the thin mullite ®bers used in this
study. Also, only optical access to the sample is
required for Brillouin measurements, which allows
much ¯exibility in furnace design.
Brillouin scattering involves the inelastic scatter-

ing of light from phonons in a crystal. If V is the
velocity of the phonon, � and �0 are the incident
and scattered angles, respectively, and � and �0 are
the frequencies of the incident and scattered pho-
tons, respectively, then the equation relating pho-
non velocity to the frequency shift of the scattered
photon, �� � �0 ÿ �, is

V � ��

�

� �
c

2n sin�

� �
�1�

for the case of symmetric scattering where � and �0

are very nearly equal. c is the speed of light in
vacuum and n is the refractive index for the direc-
tion of photon propagation. In this experiment we
use a `platelet geometry',20 which allows n sin� to
be replaced by no sin �o, where no is the index of
the surrounding medium, and �o the incidence
angle of the laser light. Platelet geometry allows
access to all phonon directions in the plane of the
sample.
The velocities of acoustic phonons are deter-

mined entirely by the elastic moduli and density of
the material. The velocity in eqn (1) for plane
monochromatic waves must satisfy Christo�el's
equation [eqn (2)].21

Ciklmqiqm ÿ �V2�kl
�� �� � 0 �2�

where qi and qm are unit vectors in the phonon
propagation direction, � is the density, and Cijkl is
the elastic tensor.
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1.3 Objective
In anticipation of the successful growth of single
crystal or aligned textured ®bers of mullite, the
work described here was undertaken. The goal of a
mullite matrix reinforced with mullite ®bers coated
by a suitable debonding oxide interphase would be
well served by a precise knowledge of crystal-
lographic lattice parameters as a function of tem-
perature up to 1600 �C, as well as axial and
volumetric thermal expansion coe�cients. These
data would enable the residual stresses arising
during high temperature cycling to be estimated.
Since dense mullite composites could be used as
shingles to line an aircraft combustion chamber,
for example, (Ref. 22 and H. Schneider, German
Aerospace Center, pers. comm.) the thermal
expansion of dense, hot pressed, polycrystalline
mullite samples were measured, rather than of
loose powders, as is customary in crystallographic
measurements by X-ray or neutron di�raction. In
addition, 3:2 mullite powder would be studied by
X-ray di�raction up to 900 �C, and the data would
be analyzed by Rietveld methods.
To complement the crystallographic data, and

enable better modelling of the high temperature
behavior of a mullite-containing composite, single
crystal elastic moduli for orthorhombic mullite
would be determined experimentally. Brillouin
spectroscopic measurements would be made both
at room temperature, and up to 1400 �C. Informa-
tion gathered from this work would then indicate
the feasibility and limits of using mullite ®ber-
reinforced composites in a load-bearing structural
application, at high temperature in an oxidizing
environment.

2 Experimental Procedures

2.1 Sample fabrication
For di�raction studies, hydrothermally grown,
stoichiometric 3:2 mullite powder (Kyoritsu Cera-
mic Materials Co. Ltd., Tsukisan-cho 2-41, Min-
ato-ku, Nagoya 455-91, Japan) was used as a
starting material. For X-ray di�ractometry, the
powder of average particle size 0.3�m was inserted
into 0.3mm diameter quartz capillaries which were
kept in rotation during the measurements at all
temperatures to reduce preferred orientation e�ects.
For neutron di�raction, a polycrystalline mullite
ceramic specimen was prepared by hot pressing to
full density under vacuum, at 1600 �C and 34MPa
for 1 h, in a 3 inch bore graphite die with graphite
spacers and plungers.18,23

For elastic constant measurements, mullite ®bers
of �500�m diameter were grown from starting
compositions close to the 3:2 composition from

high purity CERAC1 pure (99.99% pure, 325
mesh) polycrystalline alumina powder (Ceralox
Corp., Tucson, AZ 08576) and 99.99% pure
SiO2 from Alpha Products. The extruded mixture
was made into a feeder rod in a laser heated,
¯oating zone apparatus which was a fully auto-
mated, computer-controlled ®ber processing
facility at the NASA Glenn Research Center.
The ®ber pulling technique is fully described
elsewhere.4

2.2 X-ray di�ractometry
The X-ray powder di�raction experiments were
performed on a focussing STOE-STADIP dif-
fractometer equipped with a curved Ge(111)
monochromator to produce strictly monochro-
matic MoK�1 radiation. Data were collected using
an overlapping stepscan mode of a linear position
sensitive detector of about 5� acceptance angle and
0.02� channel width yielding 1500 data points in
the 2�-range from 5.5 to 35.5�. Each scan was
repeated four times to monitor the stability of the
intensity and the scans were then added together
for better averaging. The resulting minimum half-
width was 0.09� in 2�. For measurements at ele-
vated temperatures the computer controlled STOE
furnace 0.65.1 was employed. The heating element
consists of a current heated graphite tube holding
the sample capillary vertically to the scattering
plane. Bores in the graphite tube permitted unob-
structed pathways for both the primary beam as
well as for the scattered radiation. The temperature
measured by a thermocouple in the graphite tube
was kept constant to within 0.2�.

2.3 Neutron di�raction
The experiments were carried out at the powder
di�ractometer MANI at the FRM reactor facility
in Munich and at the instrument D2B of the HFR/
ILL in Grenoble. The di�raction patterns were
recorded with a wavelength of 0.1594 nm. A mirror
furnace was used which operated at ambient con-
ditions in air. The neutron mirror furnace is based
on light focussed by two rotational ellipsoids.24

Two di�erent experiments were carried out. The
®rst one started with a 0.8�1�1 cm3 sample cut
from freshly hot pressed material which had a dark
color. Due to a malfunction of the temperature
control system at about 1100 �C, the heating
procedure was interrupted. After the break, the
heating sequence was continued up to 1650 �C. As
a by-product we observed a colour change of the
sample from dark to white. In the second experi-
ment the `same' (white, i.e. non-pristine) sample
was used. Here an uninterrupted heating (room
temperature to 1650 �C) and cooling cycle down to
650 �C was employed.
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2.4 Elastic constants measurements
Three platelet-shaped samples were cut from a
single mullite ®ber produced by the laser-heated
¯oat zone method.4 The platelets were ground
nominally parallel to (010), (100), and (001) planes.
The former two were oriented lengthwise with
respect to the ®ber, whereas the later was a cross
section.
An Ar+ laser at a power of <200mW was used

for ambient temperature measurements. At high
temperature, up to 400mW were used to maximize
the Brillouin signal, since sample heating was not a
concern. Light scattered at 90� from the incident
beam, was analyzed by a 6 pass, tandem Fabry±
Perot interferometer and photomultiplier tube
(PMT).25 Figure 1 shows a representative spectrum
in which Stokes and anti-Stokes Brillouin peaks
occur symmetrically about the strong Rayleigh peak.
The peaks labeled `ghost' are the adjacent orders of
Rayleigh scattered light which are reduced in
amplitude by >103 by the tandem interferometer.
The distance from the Rayleigh peak to the Bril-
louin peaks is taken to be the frequency shift for
that mode.
A set of elastic constants were obtained by a

least-squares procedure which minimized mis®t
between measured velocities and those calculated
from the elastic constants.26 For the high tem-
perature measurements, elastic moduli were calcu-
lated directly fromChristo�el's equation21 using the
average velocity for each temperature and direction.

3 Results

3.1 X-ray di�raction
Rietveld re®nement was performed for all data sets
to extract the temperature dependence of the cell
dimensions. The re®nement was performed in

space group Pbam, and published room tempera-
ture atom coordinates27 were used as starting
values. The resulting cell dimensions and the cor-
responding cell volumes are given in Table 1 and
are shown Fig. 2(a)±(d). About 2 wt% of Al2O3

was detected as a minority phase, which could be
neglected for the purpose of a cell parameter Riet-
veld re®nement.
The cell dimensions of our X-ray data compared

very well with previous data14 obtained by the
Guinier technique. Our cell parameters b and c
deviated only by about 1 to 2 estimated standard
deviations (e.s.d.s), whereas a deviated by about 6
e.s.d.s. The discontinuities of cell parameters a and
b between 400�C and 500�C seen by Schneider et
al.14 were also found with this sample. The tem-
perature range for the discontinuity could be
narrowed down to between 425 and 450 �C. The
discontinuity of a was found to be more pro-
nounced than that of b, which was again in good
agreement with previous literature.14 All cell dimen-
sions showed a marked lower thermal expansion
between room temperature and 100 �C. Neglecting
the (small) discontinuities around 435 �C, a linear
thermal expansion may be ®tted to the data from
100 up to 700 �C (presented in Table 2).
Above 700 �C, both a and b displayed a marked

increase in thermal expansion and c showed a dis-
continuity. Cooling down from 900 �C to room
temperature, both a and b adopted higher cell
dimensions whereas c had a lower cell dimension,
as compared to the values before the high tem-
perature cycle.

3.2 Neutron di�raction
The measured data were analysed by the Rietveld
technique using an extended version28 of the pro-
gram of Thomas and Bendall.29 This meant that
complete structure re®nements were carried out for

Fig. 1. A typical Brillouin spectrum, depicting the main Ray-
leigh peak symmetrically surrounded by Stokes and anti-
Stokes peaks. The `ghost' peaks are adjacent orders of Ray-
leigh scattered light which have been reduced by >103 by the

tandem Fabry±Perot interferometer.

Table 1. Cell dimensions of 3:2 Kyoritsu mullite powder as
determined by X-ray di�raction and Rietvald analysis

Temperature
(�C)

a(AÊ) b(AÊ) c(AÊ) Volume
(AÊ3)

29 7.5501(8) 7.6894(8) 2.8837 167.41
100 7.75506 7.6913 2.8845 167.51
200 7.5530 7.6958(9) 2.8858 167.74
300 7.5559 7.6995 2.8872 167.97
400 7.5579 7.7045 2.886 168.20
425 7.75588 7.7056 2.8889 168.27
450 7.5600(9) 7.7061 2.8893(3) 168.33(4)
475 7.5605 7.7073 2.8895 168.38
500 7.5613 7.7087 2.8898 168.44
600 7.5649(10) 7.7126(10) 2.8912 168.68
700 7.5668 7.7167 2.8927 168.91
800 7.5703 7.7221 2.8945 169.21
900 7.5742 7.7295(11) 2.8958 169.53
29 7.5508 7.6914 2.8830 167.43
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each temperature point. The re®nements were car-
ried out within the orthorhombic space group
Pbam. It is beyond the scope of this paper to dis-
cuss the structural changes in any detail. These are
the subject of the forthcoming paper.15 The lattice
constants comprised three out of 48 re®nable
parameters which showed, as usual, only small
correlations with the set of remaining structural
parameters, such as atomic positions, fractional
site occupations and atomic displacement para-
meters, as well as instrumental parameters related
to the shape of the re¯ections.
Results for the lattice constants are given in

Tables 3 and 4, and are shown in Fig. 3(a)±(d) as a
function of temperature. The lines are only a guide
to the eyes and refer to the di�erent parts of the
experiment as explained in the experimental proce-
dures (Section 2.3). The agreement factors (pre-
cisely, the weighted pro®le R-factors Rwp) between

observed and ®tted data were around 12%, while
the goodness-of-®t values ranged between 1.2 and
1.8. Fig. 3(d) shows the behaviour of the cell
volume which is simply given by the product of
a; b, and c in the orthorhombic crystal system.
From these lattice parameters, the thermal expan-
sion coe�cients may be evaluated. In our case of
the point group mmm, we had only three indepen-
dent coe�cients �ii�i � 1; 2; 3� which may be eval-
uated from a; b; c by �11 � ��

����T�, �22 � ��
����T�,

�33 � �c
�c��T�, where T denotes the temperature.

These values are included in Table 3. An average
lattice expansion coe�cient is de®ned by � �
��11��22��33�

3 and may be compared with values

determined by macroscopic methods. One should
keep in mind that here a is a structure-related
coe�cient and not a�ected by microstructural
e�ects which are governed by the grain-micro-
structure in the sample. However, structural dis-
order, for example, produced by vacancies, do
a�ect the �ii or �. These remarks need to be con-
sidered when comparing published data for the
thermal expansion of mullite.

3.3 Elastic constants determination
Optical microscopy of the laser heated, ¯oat zone
mullite ®bers4 indicated a `bamboo-like' columnar
structure with a slightly elliptical cross section,

Fig. 2. Cell dimensions measured up to 900 �C by X-ray di�raction and Rietveld analysis, of stoichiometric 3Al2O3
.2SiO2 mullite

powder. (a) a, (b) b, (c) c, (d) unit cell volume.

Table 2. Linear thermal expansion coe�cients and volume
expansion of 3:2 Kyoritsu mullite powder as determined by

X-ray di�raction and Rietvald analysis

Cell dimensions (AÊ) Linear thermal expansion
� (10ÿ6/K) (100±700�C)

a 3.7(2)
b 5.5(2)
c 4.7(2)
Volume=1.4(1)�10ÿ5 AÊ 3
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reminiscent of an egg shape, with a facet at the
bottom of the vertical `egg'. The ®ber was for the
most part optically clear, with occasional white
streaks across its width, consisting of bubbles or
occlusions. These white streaks often coincided
with joins of the `bamboo segments'. The ®ber
showed uniform extinction along its length under
cross polarized light, regardless of rotation about
this axis. Extinction was less uniform in cross section,
indicating that the ®ber was somewhat polycrystal-
line. Separate X-ray di�raction measurements taken
on a four circle di�ractometer veri®ed that the ®ber
consisted of multiple crystallites oriented in very
nearly the same direction along the ®ber axis. The
X-ray data showed that the c axis was virtually

coincident with the ®ber axis for all the constituent
crystallites. However the crystallites had slightly
varying rotations about the c axis. All the crystal-
lites lay within 5� of each other, where of those, the
majority lay within 2� of each other. Lattice para-
meters for the sample were calculated by ®tting the
major peak for each re¯ection (Table 5). The cal-
culated unit cell angles deviated slightly from 90�

due to the small peaks close by, but this deviation
was ignored in the calculation of cell volume.
Compositional analysis was made by wavelength

dispersive spectroscopy (WDS) in an electron
microprobe, and it indicated a mullite composition
of 2.5Al2O3

.SiO2, with a standard deviation of
�0.10 in the molar ratio.
Using the formula Al4+2xSi2ÿ2xO10ÿx from lit-

erature30 for unit cell composition yielded an aver-
age theoretical density of 3.10 g cm3 at room
temperature, which lay between the 2:1 and 3:1
compositional extremes. The densities for high
temperature were determined from thermal expan-
sions calculated with a quadratic curve ®t to the
relative cell volume as measured by neutron dif-
fraction presented in Section 3.2 above, using only
the aged sample data.
Figures 4(a)±(c) show the ambient temperature

velocities measured for the (010), (100), and (001)
platelets, respectively, and velocities calculated
from the ®tted elastic moduli. Rotation of the
sample with respect to its crystal axes was deter-
mined by optical extinction under cross-polarized
light. The elastic moduli obtained are listed in
Table 6. They are considered to be accurate to

Table 3. (a) Lattice parameters a, b, c, thermal expansion coe�cients �ii, and the average thermal expansion � �
��11 � �22 � �33�=3 for hot pressed, as-received (grey) 3:2 mullite, as determined by neutron di�raction

Temperature
(�K)

a (AÊ) �11 (10ÿ6 Kÿ1) b (AÊ) �22 (10ÿ6 Kÿ1) c (AÊ) �33 (10ÿ6 Kÿ1) � (10ÿ6 Kÿ1)

298 7.54350(9) 4.05 7.69404(8) 5.65 2.8841(4) 5.70 5.13
723 7.55654(9) 8.14 7.71365(8) 12.41 2.89116(4) 9.81 10.12
923 7.56887(11) 2.09 7.73285(11) 1.00 2.89685(4) 3.09 2.06
1023 7.57045(8) 6.86 7.73362(8) 9.73 2.89774(3) 8.34 8.31
1123 7.57565(9) 6.12 7.74115(9) 8.55 2.90019(4) 7.87 7.51
1173 7.57796(11) 6.25 7.74446(11) 8.49 2.90133(4) 9.00 7.91
1223 7.58033(11) 6.89 7.74775(11) 9.48 2.90264(4) 9.26 8.54
1273 7.58295(10) 6.34 7.75156(9) 10.16 2.90398(4) 7.41 7.97
1373 7.58776(12) 7.75944(11) 2.90613(5)

(b) Corresponding data after cooling to room temperature and continued heating of air-annealed, (white) 3:2 mullite specimen

923 7.56337(29) 4.45 7.71767(25) 6.14 2.89381(10) 5.63 5.80
1373 7.57854(25) 4.47 7.73904(23) 6.48 2.90115(9) 5.86 5.60
1473 7.58193(27) 4.59 7.74406(24) 6.47 2.90285(9) 5.40 5.49
1573 7.58541(29) 4.44 7.74907(26) 6.34 2.90442(10) 4.92 5.29
1673 7.58878(23) 5.83 7.75399(20) 9.50 2.90585(8) 6.50 7.28
1773 7.59320(15) 4.83 7.76137(13) 7.45 2.90774(5) 5.49 5.92
1823 7.59504(34) 12.33 7.76426(30) 13.13 2.90854(11) 10.14 11.87
1873 7.59973(22) 3.60 7.76936(20) 10.54 2.91002(7) 3.95 6.03
1923 7.60109(42) 7.77346(38) 2.91059(14)

Table 4. Neutron di�raction data after second heating of hot
pressed, air-annealed (white) 3:2 Kyoritsu mullite specimen

Temperature
(�K)

a (AÊ) b (AÊ) c (AÊ)

298 7.54736(13) 7.69337(12) 2.88481(5)
723 7.55767(14) 7.70975(12) 2.89021(5)
923 7.56341(14) 7.71862(13) 2.893127(5)
1273 7.57392(15) 7.73401(14) 2.89833(5)
1573 7.58386(12) 7.74743(11) 2.90361(4)
1723 7.58963(18) 7.75566(16) 2.90619(6)
1773 7.59028(19) 7.75657(17) 2.90656(6)
1823 7.59353(20) 7.76253(18) 2.90804(7)
1873 7.59682(23) 7.76810(20) 2.90937(8)
1923 7.60026(25) 7.77305(22) 2.91057(8)
1823 7.59239(21) 7.76147(19) 2.90764(7)
1773 7.58933(20) 7.75694(17) 2.90645(7)
1573 7.58085(17) 7.74428(15) 2.90238(6)
923 7.56138(14) 7.71624(12) 2.89307(5)
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within �3% which accounts for uncertainty in the
calculated density, as well as possible misorienta-
tion of the crystals.
Velocity measurements were made along two

directions in both the a±c and b±c crystallographic

planes up to 1400 �C, in increments of 200 �C [Fig.
5(a) and (b)]. In these preliminary experiments,
nominal temperatures are cited as read directly
from the furnace temperature controller. However,
even an error of 20�C yields an �0.2% error in the

Fig. 3. Lattice parameters a,b,c and cell volume (=a�b�c) of mullite [(a) to (d), respectively], as a function of temperature. Full
circles relate to the ®rst experiment on grey mullite, triangles to the second experiment on annealed white mullite. Error bars are
smaller than the symbols. The uncertainty of temperature was about �10 K. Solid and dotted lines are only guides to the eyes.
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Cij's. The moduli C11, C33, C44, and C55 were cal-
culated for each temperature [Figs. 6(a) and (b)].
The orientation of the sample at high tempera-

ture in a given crystallographic plane was deter-
mined from the longitudinal to shear velocity ratio

Vl

Vs

� �
. Uncertainties in sample orientation and the

thermal expansion increased the error of the high
temperature elastic constants. At this point it is
di�cult to assign a formal uncertainty to the high
temperature measurements due to the sparse pre-
liminary data set, but current measurements in
progress will allow a more rigorous assessment in
the high temperature moduli.31

4 Discussions

4.1 X-ray di�raction
The fact that our data also showed the dis-
continuities of the lattice parameters a and b
around 425 �C supports the general validity of this
e�ect in mullite. Explanations were given in terms
of the complex dependencies between thermal
expansion and structural arrangement of mullite
and the related phases andalusite and sillimanite. A
relation to domains originating from oxygen
vacancies was also discussed by Schneider et al.14

The somewhat larger deviation of our cell para-
meter a may be related to the fact that this cell
direction seems to be more sensitive to sample
dependent variations, possibly oxygen vacancies
and their related macrostrains. These e�ects may
also be responsible for the heating cycle induced
widening and ¯attening of the unit cell observed
with our sample but not with the sample of
Schneider et al.14 A full multiphase Rietveld
re®nement including minority phases will be per-
formed in the future in order to extract more
accurate intensities to resolve structural details at
the discontinuities mentioned above.

4.2 Neutron di�raction
Figure 3 reveals a striking result in that the beha-
vior of the lattice constants of the pristine (grey)
sample material di�ered appreciably from that of
the pre-heated sample. This di�erence became
remarkable at temperatures of about 700 �C.
Above this temperature the material exhibited a

di�erent, i.e. stronger expansion as compared to
the pre-heated sample (see below). This behavior
was re¯ected by all three lattice constants. Note
that after the ®rst heating of the sample the colour
changed to white. If the hypothesis is correct that
the dark colour (of the pristine material) were due
to a considerable amount of oxygen vacancies, this
di�erent expansion behavior would relate to a
strongly disordered mullite structure. After annihi-
lation of these vacancies we should then have a
`normal' expansion. This is evidenced by the coin-
cidence of the values measured in two subsequent
experiments and further supported by the full
structural analysis.15 Generally the thermal expan-
sion was most pronounced in the b-direction and
the lowest values occurred along the a-axis. The
mean expansion coe�cient (of the non-pristine,
grey sample) was around 5.5�10ÿ6 (Kÿ1) for tem-
peratures up to 1550 �C. Except for the generally
di�erent expansion of the fresh (grey) sample, we
observed an additional anomaly at around 700 �C.
We refrain from further discussion because this
observation is based only on one single tempera-
ture measurement, and must be supported by
further detailed measurements. We do mention it,
however, because some `anomalies' are reported
earlier for temperatures matching this temperature
regime.14 A second `anomaly' might be in the high
temperature regime between 1550 and 1600 �C (cf.
Fig. 3 and Tables 3 and 4). Once again, this e�ect
must be substantiated by further experiments.
Comparing the two di�erent runs with the heated
sample there were only small di�erences, and, if
any, a small hysteris on completing a full heating
cooling cycle (cf. Fig. 3). We are not completely
sure whether these small di�erences or `hysteresis'
are substantial or not, because we cannot fully
exclude aging e�ects of the sample undergoing one
or more heating cycles in air.

4.3 Elastic constants
Because of ®ber microstructure, the elastic moduli
probably represent an average over numerous
crystallites. Since the crystallites have di�erent
rotations about their c axes, this e�ect is most
important in the (001) plane. This plane shows
relatively low anisotropy in phonon velocity, which
is most likely real, since velocities are averaged
over a range of orientations less than 5�. The low
anisotropy in the (001) plane can be correlated to
the crystal structure. Mullite may be considered as
cross-linked, (edge-shared) chains of Al3+ octahe-
dra and tetrahedral (corner-shared) chains con-
taining alternating Si4+ and Al3+ cations, running
parallel to the c axis.32 Longitudinal and transverse
vibrations polarized in this plane represent defor-
mations of the voids and cross-linking bonds

Table 5. Lattice parameters measured by X-ray di�ractometry
for mullite ®ber grown by the laser-heated, ¯oat-zone method

a (AÊ ) 7.58(1)
b (AÊ ) 7.68(1)
c (AÊ ) 2.90(1)
Cell volume (AÊ 3) 169(1)
Theoretical density (g cmÿ3) 3.10
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Fig. 4. Measured and ®tted phonon velocities of mullite ®ber in the (a) (100), (b) (010), and (c) (001) planes.
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between these chains regardless of directions. In
the (100) and (010) planes, the nature of the defor-
mations change from being normal to the polyhedral
chains to being parallel to them, as the propagation

direction approaches [001] for a longitudinal wave
and vice versa for a shear wave polarized in the
plane of rotation. This accounts for the higher
anisotropy in these planes, since the polyhedral
chains are relatively sti� along their length. This is
evident from the substantially higher value of C33

as compared to C11 and C22. Similar correlations
have been shown for sillimanite and andalusite33

which share structural similarities with mullite. The
mullite sample measured did not contain a sub-
stantial amount of glassy phase as was thought to
exist in the impure sample measured in previous
work.16,17 This accounts for the lack of marked
decrease in moduli above 600 �C. Further work is
in progress to completely specify the elastic tensor
of mullite to 1400 �C.31

Fig. 5. Measured phonon velocities versus temperature for selected crystallographic directions. (a) longitudinal waves; (b) trans-
verse waves.

Table 6. Single crystal, room temperature, elastic moduli of
mullite ®ber grown by the laser heated, ¯oat-zone method

C11 (GPa) 280
C22 (GPa) 245
C33 (GPa) 362
C44 (GPa) 111
C55 (GPa) 78.1
C66 (GPa) 79.0
C12 (GPa) 105
C13 (GPa) 99.2
C23 (GPa) 135
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5 Conclusions

In this work, the lattice parameters and thermal
expansion coe�cients for stoichiometric mullite
(3Al2O3

.2SiO2) powder were measured by X-ray
di�ractometry up to 900 �C. The data was analyzed
by the Rietveld technique, and the strutural dis-
continuity reported by Schneider et al.12 was con-
®rmed. The temperature range of its occurrence
was narrowed to between 425 and 450 �C.
A dense, hot pressed sample of the same mullite

made from hydrothermally grown, stoichiometric
3Al2O3

.2SiO2 powder was examined by high tem-
perature neutron di�raction and Rietveld analysis.
Specimens were cycled from room temperature to
1650 �C, yielding a complete set of axial lattice
parameters and thermal expansion coe�cients.

In addition, the as-hot pressed, grey mullite
(thought to be oxygen de®cient due to hot pressing
in a graphite die under vacuum) exhibited higher
lattice parameters than did those of the (presumably)
fully oxidized, white mullite specimen examined in
subsequent heating cycles after e�ectively anneal-
ing in air. This observation suggests that the highly
incommensurately modulated structure is highly
sensitive to oxygen vacancies, and this is the sub-
ject of further ongoing work.
Cameron and others3,33,34 de®ne the position of

satellite re¯ections as being determind by structural
vacancies needed to accommodate composition.
Thus it follows that additional vacancies will
be expected to strongly impact this feature. This
observation may have general rami®cations in that
it suggests that lattice parameters and properties of

Fig. 6. Variation of selected elastic moduli with temperature.
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oxygen de®cient oxide ceramics may di�er from
those of fully oxygenated, stoichiometric oxides.
The single crystal elastic constants were mea-

sured for a melt-grown, orthorhombic, mullite
®ber. The complete set of nine elastic moduli were
obtained at room temperature, while incomplete
measurements up to 1400 �C indicated roughly a
10% drop in sti�ness at elevated temperatures.
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