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Crystal structure of Al-rich mullite
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ABSTRACT

Mullite has been synthesized in a sol-gel process yielding an alumina-rich phase with
89 mol% Al,O; corresponding to Al,¢Si, 50,55, With 0.825 O vacancies, space group
Pbam, a = 7.7391(6), b = 7.6108(5), ¢ = 2.9180(1) A, and Z = 1. This is the highest
alumina content observed so far in the mullite solid solution series. The correlation of
lattice parameters with alumina content shows a strictly linear increase of a beyond the
crossover point of ¢ and b at 78 mol% AlO,. This clearly proves that the average crystal
structure remains orthorhombic and does not transform to a tetragonal form. The crystal
structure has been analyzed by the Rietveld method on the basis of X-ray powder diffrac-
tion data. The refinement shows that about half an Al atom per unit cell is statistically
distributed on a new T** site that is linked to T,O groups (T, T*O) forming the crosslinks
between the chains of AlO, octahedra. T** has five bonds to O atoms between 1.81 and
2.42 A. These long distances in the average crystal structure are assumed to be shorter in

the local environment of T**, which could be achieved by split O positions.

INTRODUCTION

The average crystal structure of mullite has been ex-
tensively studied for many years by a number of authors
because of its extraordinary role in ceramic materials
(Burnham, 1964; Angel and Prewitt, 1986; Balzar and
Ledbetter, 1993; for further references see Schneider et
al., 1994). Mullite is one of the promising candidates for
high-temperature applications because of its low thermal
expansion and conductivity, its chemical and thermal
stability, and its high-temperature creep behavior (e.g.,
Aksay et al., 1991; Schneider et al. 1994).

Mullite has been commonly described to exist in a sol-
id solution series of composition Al,,,,Si, ,,0,_., with
an observed compositional range 0of 0.18 < x < 0.55 (57—
74 mol% Al,0,). This corresponds to the known mullite
end-members, Al, 1,51, 6,0, 5, and Al ;81,400 .5, respec-
tively. Compositions with x = 0 and x = 1 correspond to
sillimanite (Burnham, 1963) and alumina, with a hypo-
thetical mullite-type structure (Foster, 1959; Saalfeld,
1962; Perrotta and Young, 1974; Duvigneaud, 1974;
Cameron, 1977a). Mullite compositions with x near
0.25 and 0.4 have frequently been described and are des-
ignated as 3:2-mullite (3A1,0;-2Si0,) and 2:1-mullite
(2AL0;- 1810,), respectively.

Mullite crystallizes in the orthorhombic space group
Pbam. Cameron (1977a, 1977b), Schneider (1986), Klug
et al. (1990), and Ban and Okada (1992) have shown that
the chemical composition of mullite can be derived from
a linear relationship between a and the alumina content.
Whereas a increases upon increasing alumina content, b
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decreases, thus yielding a crossover point at about 78
mol% Al,O, by extrapolation of the two curves (Camer-
on, 1977a). When a = b, this compound is often desig-
nated as tetragonal or pseudotetragonal mullite, but, ac-
tually, it remains orthorhombic with a symmetrically
independent coincidence of a and . However, the ques-
tion remains whether mullite with a composition beyond
the crossover point exists.

Recently Schneider et al. (1993) synthesized alumina-
rich mullite with a > b, even though normal mullite is
characterized by a < b. Our goal was to synthesize mul-
lite with similar lattice parameters but better crystallinity
that was suitable for a Rietveld analysis of its crystal
structure.

EXPERIMENTAL METHODS

Sample preparation

Aluminum sec-butylate [Al(O'Bu),] and silicon tetra-
chloride corresponding to an Al-Si ratio of 4:1 were used
as starting materials. After homogenization of the phase
admixture, H,O was added, leading to a vigorous reac-
tion that produced a highly viscous white gel. After pre-
calcination at 350 °C, the powder was annealed at 1000
°C for 15 h, resulting in a mullite-like compound, ~ alu-
mina, and a residual noncrystalline phase. Details of the
synthesis procedure are given by Schneider et al. (1993).

Analytical transmission electron microscopy (ATEM)

Transmission electron microscopy (TEM) and
microanalyses were performed with a Philips EM 430
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TaBLe 1. Experimental conditions, crystallographic data, and

definitions used in data refinement

Radiation type, source X-ray, CuKa
Instrumental settings 40 kV, 30 mA
Discriminator diffracted beam, curved graphite
monochromator
Detector scintillation counter
Divergence slit ADS
Receiving slit 0.2 mm
Data collection temperature room temperature
Particle size <200 nm
20 range used in refinement 15-120°
Step size 0.04°
Counting time per step 30s
Space group Pbam
V4 1
Lattice parameters (A) a 7.7391(6)
b 7.6108(5)
c 2.9180(1)
R.p (%) 6.75
R (%) 16.33
R, (%) 3.85
Rg (%) 7.28
Definitions
A =\ /R = CyF
'wp
Zwy
= Z, |V — Cy«:l
: Z, “"-u = ylu]
Ry = Zt e = Crlel
2y ho
A= /IN—- P
° 2 Wy
R,, = weighted residual including profile intensities
R} = unweighted and background-corrected residual
R, = statistically expected residual
R, = residual including integrated intensities
N = no. of statistically independent observations
P = no. of variable least-squares parameters
Yo ¥. = observed and calculated profile intensities
1,, I. = observed and calculated integrated intensities
C = scale factor
w = weight = 1/y,

Note: standard deviations for lattice parameters are given in parenthe-
ses.

analytical microscope (300 kV accelerating voltage, LaB,
filament) equipped with a Tracor system for energy-dis-
persive X-ray spectroscopy. TEM sample preparation was
performed by depositing the suspended powders on a C
film.

Rietveld refinement procedures

Data were collected on a Seifert automated powder dif-
fractometer with graphite-monochromatized CuKa ra-
diation and a zero-background quartz sample holder. De-
tails of data collection, crystallographic data, and
definitions are given in Table 1. The background was
subtracted by hand, since its shape was irregular due to
the coexisting glass phase and could not be fitted by a
simple function. The background values were determined
by linear interpolation between consecutive breakpoints
in the pattern. Regions belonging to 4 alumina were ex-
cluded from the refinement. Intensities within eight times
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. 30n m
Fig. 1. A high-resolution electron microscope (HREM) pho-
tograph of a mullite crystallite.

the full width at half maximum of a peak were considered
to contribute to the central reflection. Peaks below 50° 26
were corrected for asymmetry effects after Rietveld (1969).
Calculated intensities were corrected for automatic di-
vergence slit effects in the Rietveld procedure. The pseu-
do-Voigt function was used for the simulation of the peak
shape, with a refinable parameter defining the Lorentzian
and Gaussian character of the peaks as a function of 26.
Initial coordinates for the refinement in space group Pbam
were taken from Angel and Prewitt (1986), omitting the
O atom Oc, which should be completely vacant for this
composition.

Occupancies were set assuming fully occupied Al and
O sites in the AlO, octahedron: 2.67 atoms (Al + Si) on
the T site (2.31 Al + 0.35 Si), 1.33 Al atoms on the T*
site, and, correspondingly, 1.33 O atoms on Oc*. That
leaves 0.11 Al atoms not accounted for, according to the
chemical analysis. This assignment is based on the as-
sumption that not more than three (Al,Si)O, tetrahedra
are linked together.

The structure analysis was performed with the PC-
Rietveld plus package (Fischer et al., 1993), with a kernel
program based on the Rietveld (1969) method written by
Wiles and Young (1981) and extensively modified by Hill
and Howard (1986). X-ray scattering factors in their re-
spective valence states were taken from the International
Tables for X-ray Crystallography (Ibers and Hamilton,
1974) and the values for O>~ from Hovestreydt (1983).
The crystal structure drawings were made with the plot-
ting program Struplo (Fischer et al., 1991), and the con-
tour map of the difference-Fourier calculation was drawn
with a new program module (M. Auernhammer, unpub-
lished program) in the PC-Rietveld plus package.

RESULTS
Chemical composition

Because the lattice parameters of mullite are directly
related to its chemical composition, the correct deter-
mination of the Al,O, content is crucial. Therefore, great
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Fig. 2. The Al O, frequency-distribution range of the mullite
studied here. Results are from analytical transmission electron
microscope (ATEM) analyses of 58 crystallites.

care has been taken to analyze the mullite crystallites.
The analysis is made even more difficult because the mul-
lite crystals, often embedded in an amorphous matrix,
are smaller than 200 nm (Fig. 1). To get reasonable sta-
tistics, 58 analyses were performed on a large number of
crystallites using ATEM. The results of these analyses are
summarized in Figure 2. The Al content of the specimen
studied here extends the cell parameter data beyond the
crossover point of @ and b at =78 mol% Al,O, (Fig. 3).

The ATEM analyses show that the mullite components
in the sample exhibit a relatively wide range between 83
and 97 mol% Al,O,, with an asymmetric distribution
around the maximum of 89 mol% Al,O,. Such a variable
composition would influence the lattice parameters,
yielding ranges of about +0.04 A for a, £0.03 A for b,
and +0.01 A for ¢. Consequently, powder diffraction peaks
would be broadened at their left and right tails. The max-
imum separation of peak positions caused by this mul-
tiphase effect, though, still would lie beyond the instru-
mental resolution, thus not showing any splitting of
reflections. However, some weak shoulders observed at
the left and right slopes of some higher-angle reflections
might support this interpretation of the results of the
chemical analyses. Actually, a retrospective structure re-
finement using the results of the single-phase refinement
but simulating a three-phase diagram weighted by the
amount of components with 85, 89, and 95 mol% Al,O,,
respectively, improved the fit between observed and cal-
culated data as expressed by a decrease of the residuals
of AR,, = 0.7%, from 6.8 to 6.1%.

Using 89 mol% Al,O, as the average value for the mul-
lite phase, we get the composition Al ;Si, 350, 75, Which
is in agreement with the general formula of the solid so-
lution series corresponding to x = 0.825.

Figure 3 shows the relationship between lattice param-
eters and Al content (after Cameron, 1977b; Klug et al.,
1990; and Ban and Okada, 1992), extended for the new
data point at 89 mol% Al O, represented by the mullite
studied here. This shows that the curve for the lattice
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Fig. 3. The relationship between lattice parameters of mullite
and Al content. Data are taken from Cameron (1977b) (crosses),
Klug et al. (1990) (triangles), and Ban and Okada (1992) (open
circles). The diamond-shaped symbols at 89 mol% Al,O, rep-
resent results from this work. The line is hand-fitted, with the
higher weight on the more recent data.

parameters can be extrapolated beyond the crossover
point, permitting chemical compositions for the alumina-
rich mullite to be estimated on the basis of its observed
cell parameters.

Rietveld refinements

To obtain a starting model for the crystal structure re-
finement, the general mechanism of Si-Al substitution in
the solid solution series must be known. Provided that
there is only one substitution of one Si atom by one Al
atom, and that the octahedral coordination of the AlO,
polyhedron remains constant, the following scheme
(shown in Table 2) was developed: The chemical com-
position given in Table 2 is split into the compositionally
invariable chain of octahedra and the variable residue.
The number of cations in the T,0, T,0, and T,O groups
are given, as well as the total number of these groups in
the unit cell, which is equivalent to the coordination
number of the bridging O atom. In this model, eight O
atoms per unit cell are assigned to the two Al atoms.
Note that in each AlQ; octahedron there are four O atoms
that share common edges with two adjacent octahedra,
thus giving the overall composition of AlO, (or Al,O, per
unit cell) for the chains of octahedra. Tetrahedrally co-
ordinated atoms are linked to three O atoms of the oc-
tahedral chain. The tetrahedron is completed by the re-
maining O atoms not incorporated into the octahedra.
The coordination number of this O atom (i.e., the num-
ber of tetrahedra that have this O atom as a common
corner) depends on the number of the remaining O at-
oms. According to data in Table 2, there are four tetra-
hedrally coordinated atoms (T atoms) and two O atoms
not incorporated into the octahedra in sillimanite. There-
fore, exactly two T atoms must be linked with one bridg-
ing O atom. We designate T,0, T,0, and T,O to refer to
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TasLe 2. Chemical compositions and site assignments for some specific mullite samples in the solid solution series between

sillimanite and «-Al,O,

No. of T,T* sites No. of groups

Compound X Oct. chain Residue T,O T,0 T.0 T.O T,0 T.0
Sillimanite 0 Al,O, Al,Si,0, 4 0 0 2 0 0
3:2-mullite 0.25 Al,O, Al,Si, 50, 75 25 1.5 0 1.25 0.5 0
2:1-mullite 04 Al,O, Al,6Si, ,0, ¢ 1.6 24 0 0.8 0.8 0
4:1-mullite %4 Al,O, Al 3,806,055 0 4 0 0 1.33 0
89% mullite 0.825 Al,O, Al 65Sig 350,175 0 2.1 1.9 0 0.7 0.475
-ALO, 1 Al,O4 ALO 0 0 4 0 0 1

Note: x number of O vacancies. T,0 and T,O groups are composed of T,T*O and T,T*T**O units, respectively.

configurations where one O atom (Oc in T,0, Oc* in T;0
and T,O) bridges two, three, and four T atoms, respec-
tively. In the 3:2-mullite, four T atoms share 1.75 O at-
oms, which gives a configuration with 1.5 T atoms in T,0O
groups and 2.5 T atoms in T,0 groups. Consequently,
1.25 O atoms are linked to two T atoms, and 0.5 O atoms
to three T atoms. In 2:1-mullite, there is an equal number
of T,0 and T,O groups, and the 4:1-mullite consists of
T,O groups only. A hypothetically ordered structure of
this type corresponding to a 3 x a orthorhombic super-
cell is shown in Figure 4. The transformed coordinates,
together with the transformation matrices, are given in
Table 3. This model represents one possibility for a local
arrangement of the unit cells in mullite. A statistical dis-
tribution of the T,0O groups and O vacancies gives the
average structure. A further increase of the Al content, as
observed in the present work, implies that new configu-
rations for the additional Al atoms must be found. On

TasLe 3. Coordinates transformed to 3 x a supercell in Pbam
representing a hypothetically ordered supercell of 4:1-

mullite
Wyc- No. of
Matrix koff Site  atoms per

Atom X ¥ z not pos. sym. unit cell
Al % 0 0 1 4g .m 4

Al2 Yo 0 0 2 2¢ -2/m 2

T1 02160  0.3317 V2 1 4h ..m 3AI/1Si
T2 0.1174  0.6683 1Z] 3 4h ..m 3AI/1Si
ir* 0.5863 0.2203 % 2 4h ..m 4Al

Od1 02112 0.2164 0 1 49 .m 4

0d2 05445 0.2164 0 2 4 .m 4

0Od3 0.8779 0.2164 0 4 4 .m 4

Oab1 0.1180  0.0791 2 5 4h ..m 4

Oab2 04513  0.0791 V2 6 4h ..m 4

Oab3 07847  0.0791 V2 7 4h ..m 4

Oc* 0.1567 04720 V2 5 4h ..m 4

Note: Wyckoff position and site symmetry from International Tables of
Crystallography (Hahn, 1983).

1 Augmented matrices corresponding to transformations of the coor-
dinates in Table 4:

%, 00V Y, 00 Y ~1 0 0Y, %, 009
{0100} ,fotoo) ;[0 -101} ,f0100
“looro] “looto] |0 o10] “{oo10
0001 0001 0 001 0001
%, 0 00 v, 0 0 7, 0 0%
s [0-10%) lo-ton} . [o-10%
‘o010 ‘loot1o ‘foo1o0f
0001 0001 0001

the basis of this assumption, three models are proposed:

1. Placing the Al atoms on vacant T* sites into the B
voids, which converts some of the existing T,O groups
(Fig. 4) into T,O groups.

2. Placing Al into the B voids (Fig. 4) but off the T*
site in the environment of the O atom bridging the tet-
rahedra.

3. Placing Al on an interstitial site in the big elliptical
A voids (Fig. 4), with contacts to the chains of octahedra
only.

In any case, the framework structure consisting of the
4:1-mullite shown in Figure 4 will be the main constitu-
ent of the crystal structure of the 8:1-mullite studied here.
The difference occurs in the T site, which has a different
Al-Si ratio. Therefore, the following assumptions were
made for the initial refinement: fully occupied octahedral
sites (Al and Oab, Od), 2Al and 0.35Si in the T position,
1.175Al in T*, and 1.1750 in Oc*. Si and Al are distrib-
uted over the T and T* sites, with the assumption of a
2:1 ratio between the number of T and T* atoms and
assigning all Si to the T position.

On the basis of this model, the Rietveld refinement
yielded residuals of R,, = 7.0% and R, = 8.5%, thus
confirming that the crystal-structure model is essentially
correct. However, a negative displacement factor for T*
indicated a deficiency in its population. Subsequent dif-
ference-Fourier analysis showed a distinct maximum at
0.35, 0.12, 0.5 with 8 e/A? (Fig. 5). This position is close
to the T* site and thus would conform with model 1 and
model 2, but it disagrees with model 3. Fourier results
are generally less significant in a powder-diffraction case
than they are in the single-crystal case because of pattern-
deconvolution problems. However, this position is the
only characteristic feature in the Fourier maps that re-
peatedly and reproducibly occurs in the Fourier calcula-
tions after various refinements. Therefore, refinements
were performed that allowed a comparison of model 1
and 2 assignments.

Model 1. The remaining Al atoms reside in the T* po-
sition, building additional links to the bridging O atom
in the T,0 groups, thus forming T,O groups (Fig. 6). It
is evident from Figure 4 that the additional T* atom
should cause a shift of the O atom toward the center of
the cross built by the two T atoms and the two T* atoms.
This actually is the Oc position at 0.5,0,0.5. If the link
between opposite T* atoms would be through Oc*, a tug
of war for the bridging O atom toward one of the T*
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Fig. 4. The hypothetically ordered crystal structure of 4:1
mullite corresponding to a 3 x a orthorhombic supercell. The
subcell of the average structure is marked by dashed lines. Two
types of cavity in mullite are labeled A and B, respectively. Atom
sites T and T* are marked in one T,;0 group (T,T*O). Trans-
formed coordinates and transformation matrices are given in
Table 3.

atoms would result in T*-O distances much longer than
2.5 A, which is very unlikely to occur in tetrahedral co-
ordination. There would be no reason for the bridging O
atom to avoid the most favorable position in the center
of the four cations. Therefore, the structure model is
modified by shifting 0.475 Oc* atoms to the Oc position.

The refinement based on this configuration yielded re-
siduals of R,,, = 7.1% and R, = 8.7%, which is slightly
worse than for the model with the 4:1-mullite structure.
In addition, the unfavorable distance of 2.49 A for T*-
Oc bonds and the negative displacement factors for T
(—0.14 A%) and Oc* (—1.8 A?) discredit this model.

Model 2. In this model, the additional Al atoms were
placed exactly on the values corresponding to the maxi-
mum in the difference-Fourier analysis. The position was
constrained to lie at x,,0.5, and the displacement factor
was fixed at 3 A2, taking into account that the position
might be slightly off the mirror plane, as indicated by
interpolation of the Fourier maxima around z = 0.5. The
residuals decreased to R,, = 6.8% and Ry = 7.3%. Es-
pecially the decrease in Ry, which is the best measure for
the crystal structure fit, from 8.5 to 7.3%, indicates that
the route followed in model 2 may be on the right track.
All displacement factors are positive, and the interatomic
distances become more plausible. Therefore, this model
is favored in the following discussion. A projection of the
atom positions is shown in Figure 7.

The fit between observed and calculated diffraction
patterns is shown in Figure 8. The refined atomic param-
eters are listed in Table 4, and a selection of interatomic
distances is given in Table 5.

DISCUSSION

The Al-Si substitution and the concomitant increase of
O vacancies alone are not sufficient to describe the rela-
tionships in Al-rich mullite with x > 0.67. It has been

Fig. 5. A contour plot (at z = 0.5) of the difference-Fourier
calculation. The dashed lines represent the zero level. The solid
lines are drawn in equidistant steps of 150 units on the basis of
the electron density scaled to 999 (corresponding to 8 e/A3) for
the highest peak.

postulated that additional Al has to be incorporated in-
terstitially. The general considerations discussed above
showed already that additional interstitial Al atoms should
be connected with the bridging Oc* atom in the T,O
groups. Formally, the easiest solution to accommodate
the additional Al atoms would be in T,O groups. This

Fig. 6. A projection of a hypothetical crystal structure with
T,O groups (T, T*,0).
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TaBLE 4. Positional parameters, isotropic displacement factors
(A2), site symmetry, Wyckoff positions, and occupan-

cies
Wyc-  No. of

Site koff atoms per
Atom x y z B symm. pos. unit cell
Al 0 0 0 1938) .2/m 2a 2
T 0.1479(5) 0.3317(4) V> 0.16(6) .m 4h 2Al/0.35Si
™ 0.259(1) 0.2203(9) Y2 0.5(1) m 4h 1.175Al
T 03353) 0.103@3) 2 3 ..m 4h 0.475Al
Oab 0.3539(6) 0.4209(5) Y2 1.9(1) m 4h 4
Oc* 0.470(3) 0.028(3) Y2 4.2(5) m 4h 1175
Od 0.1336(7) 0.2164(5) 0 29(1) .m 4g 4

Note: data for site symmetry and Wyckoff position taken from Inter-
national Tables of Crystallography (Hahn, 1983).

model would permit the extension of the solid solution
series to a pure -AlL,O, structure. The projection of a
hypothetical structure of this type is shown in Figure 6.
However, a mullite-type structure with T,O clusters has
been clearly discredited by Padlewski et al. (1992) on the
basis of energy calculations. Also, the results of our study
show that a symmetrical T,O configuration is very un-
likely to occur.

However, the results achieved in this study still favor
a model where the bridging O atom is connected to four
cations. In contrast to model 1, the additional Al atom
occupies a position approximately in the center of void
B in Figure 4. The Al atom is coordinated with five O
atoms between 1.8 and 2.4 A, with a mean value of 2.17
A. Also the T* position could be better described by a
fivefold coordination rather than tetrahedral coordina-
tion. Therefore, we could infer from these results that
mullite with a composition beyond 80% Al,O, generally
consists of sillimanite-like T,O groups, with additional
pairs of Al atoms that are linked to the bridging O atom
being loosely bound with long distances to the octahedral
chains. This would explain that the TO, tetrahedra in this
refinement are geometrically more regular than normally
observed in mullite and that the T* sites are more dis-
torted than usually observed. The individual T-O dis-
tances determined by Angel and Prewitt (1986) and Angel
et al. (1991) for the average structure of 2:1-mullite range
from 1.67 to 1.73 A, whereas the corresponding range in
the Al-rich mullite studied here is 1.71-1.74 A. The dis-

TaBLE 5. Selected interatomic distances (A)
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Fig. 7. A projection of the crystal structure of the mullite
studied here, with T* and T** positions marked in adjacent B
voids. The T,0 group (T, T*T**O) is encircled.

tortion of the configuration around the T* atom is ex-
pressed by the distances ranging from 1.69 to 2.19 A
(2.44 A in fivefold coordination) as compared with the
distances between 1.77 and 1.86 A in the 2:1-mullite.

The T**-O distances determined here are considerably
longer than expected for Al-rich cation sites. However,
in the discussion of interatomic distances, we should note
that the refinement of T** with <% Al atom per unit cell
yields a statistical atom distribution in the average struc-
ture of mullite. Therefore, the local environment of the
atoms close to the T** site may deviate slightly from the
average structure. If split positions for O atoms would be
considered, as proposed by Angel et al. (1991) for 2:1-
mullite, we could get significantly smaller distances in the
coordination polyhedron of the T** atom. Splitting Oab
and Od, giving additional positions at 0.351,0.365,0.5,
and 0.160,0.202,0.935, would yield distances of 2 A be-
tween T** and Oab and Od, respectively. However, sin-
gle-crystal data with intensities better resolved than in
the powder-diffraction case would be required to prove
such a configuration.

The formal calculation of distances yields a value of
1.19 A between T** and Oc*. Because of the partial oc-
cupation of both sites, this distance does not occur in the
local environment of T** within the unit cell. It repre-
sents the projection of all unit cells averaged in the X-ray
diffraction analysis.

4 x Al-Oab 1.942(3) 2 x T-Od 1.706(3)
2 x Al-Od 1.945(4) T-Oab 1.733(6)
T-Oc* 1.74(3)
[T-Oc* 1.75(3))
Mean 1.943 1.72
Ban and Okada
(1992) 1.912 1.7
Angel and
Prewitt (1986) 1.908 1.71

T*-Oab 1.694(8) T*.0c* 1.81(3)
2 x T-0d 1.753(5) T*.Oab 2.01(2)
T*-Oc* 2.19(3) T*-Oab 2.42(20
T*-Oab 2.440(8) 2 x T*.0d 2.30(2)
1.97 [V] 217
1.85 [IV]
1.79 —
1.80 -

Note: values in brackets for T-Oc* denote the alternate coordination statistically possible in the average structure. Mean values for T*-O distances
are given for fourfold-coordinated [IV] and for fivefold-coordinated [V] T* atoms.
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Fig. 8. Observed (crosses) and calculated (solid line) powder
patterns with difference curves underneath. Peak positions per-
mitted by the cell metric are indicated by tick marks. (top) Sin-
gle-phase diagram. (bottom) Diagram resulting from a multi-
phase refinement based on lattice parameters inferred from
ATEM analyses (Fig. 2), weighed according to the number of
crystallites with 85, 89, and 95 mol% Al,O,, respectively.

As a general scheme, we can now summarize the fol-
lowing relationships between O vacancies, occupancies,
distribution of T,0, T,0, and T,O, and alumina content
using the generally accepted substitution scheme, finally
confirmed by Angel and Prewitt (1986) combined with
the results from this work: The general unit-cell compo-
sition in the solid solution series is Al,,,.Si, ,,0,,_, with
Xx representing the number of O vacancies per unit cell,
theoretically ranging from 0 (sillimanite) to 1 (:-ALO,).
The highest value observed so far is x = 0.825 for the
mullite studied here, not considering the Al,O, phases
that are described as having a mullite-type structure but
without support from a structure determination. Site oc-
cupation assignments are given in Table 6. At x = %, all
Oc atoms are vacant or they are shifted to the Oc* posi-
tion where they are coordinated by two T atoms and one
T* atom. Toward higher alumina content, the T** sites
are formed building the T,O groups.

The assignments in Table 6 are based on the assump-
tion that all Si atoms are incorporated in the T site. Angel
and Prewitt (1986) and recently Balzar and Ledbetter
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TaBLE 6. Site occupancies and atom distribution as function of
number x of O vacancies

X=2 Xz 2%
No. of T atoms (Si + Al) 4 —2x 4 — 2x
No. of T* atoms (all Al) 2x 2 —-x
No. of T** atoms (all Al) 0 -2 + 3x
No. of Al in T site 2 2
No. of Si in T site 2 - 2x 2 - 2x
No. of Oc atoms 2 - 3x 0
No. of Oc* atoms 2x 2 - x

Note: positions not listed are fully occupied.

(1993) did observe in occupancy refinements of the tet-
rahedral sites that small amounts of Si reside on T* as
well. However, as pointed out by Angel and Prewitt
(1986), these assignments are very uncertain, and the re-
sults are not conclusive. An occupancy of 0.033 for Si on
the T* site, corresponding to 0.1 Si atoms per unit cell,
was determined by Balzar and Ledbetter (1993) in the
3:2-mullite. It is very difficult to verify the incorporation
of such small amounts of Si in the tetrahedral sites by
Rietveld analyses. However, the Al and Si distribution
on the T sites and T* sites could be reconsidered when
more precise data from single-crystal analyses are avail-
able.
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