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Abstract

The formation of aluminum rich mullites Al,,,,
St 5010 With X >2/3 has been studied at annealing
temperatures between 700 and 1650°C. Calcination
of the amorphous precursor at 700°C yields a
mullite with 88 mol%% AlLO; corresponding to an
x-value of 0-809. Simultaneously, a y-alumina phase
is formed. Further increase of the annealing temper-
ature yields an increase in the aluminum incorpora-
tion up to 92-1 mol% AlL,O; at 1000°C derived from
the refined lattice constants. This is the highest
amount of Al observed so far in a mullite except the
supposed end member -Al,O; which, however, has
not yet been established unambiguously. Above
1000°C, the aluminum content in mullite is reduced.
This is accompanied by a transformation of the
spinel-type phase to a superstructure of a 0-alumina
like phase. The final product at 1650°C consists of
34 mol% of a ‘normal’ mullite with x = 0-32 and 66
mol% corundum.

1 Introduction

An aluminum rich mullite with 89% Al,O; and
lattice constants a>b has been described
recently’? and it was shown that the linear rela-
tionship between lattice constant ¢ and the molar
content of Al,O; can be extrapolated beyond the
crossover point of a and b lattice parameters. In
the work described here we show that a sample
prepared by sol-gel synthesis exhibits an even
higher aluminum content at annealing tempera-
tures below 1000°C. This sample is used to eluci-
date the crystallization process of mullites at the
high alumina end of the solid solution series.

*Present address: Fachbereich Geowissenschaften der Univer-
sitdt, D-28334 Bremen, Germany.
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2 Experimental

The sample was prepared as described in Refs 1
and 2. After heating at a rate of 300°C/h, the sam-
ples were kept at the respective temperatures for
15 h and subsequently quenched in air. A portion
of the sample was retained for the X-ray investiga-
tions and the bulk of the sample was further
heated to the next temperature step. X-ray powder
diffraction data were collected with a Seifert auto-
matic powder diffractometer with CuK, radiation
and a graphite monochromator in the diffracted
beam. Samples were filled into a flat sample
holder with a bottom silicon crystal to diminish
background scattering. Background was sub-
tracted by hand with a linear interpolation
between consecutive breakpoints in the pattern.
Phase analyses were performed by simulation of
the mullite powder diagrams using the PC
Rietveld plus program.® Calculated intensities
were corrected for automatic divergence slit effects
in the Rietveld procedure.* Data were collected in
step scan mode between 10 and 100°26 with steps
of 0-03° and a counting time of 30 s per step,
except for the final data set of the 1650°C sample
which was measured between 5 and 140°26 with
10 s per step.

3 Results and Discussion

Crystallization of mullite starts at about 700°C,
together with the formation of a y-alumina phase
(Figs 1(a—d)). High background intensities indicate
the presence of a relatively large amount of a
coexisting amorphous phase. Mullite formed at
700°C exhibits broad X-ray lines of low intensity.
X-ray line intensities gradually increase upon
heating accompanied by a sharpening of the line
widths, especially at temperatures above 900°C.
This indicates an increasing degree of structural
order in @ > b mullites heat-treated above ~900°C.
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Fig. 1. Observed powder patterns of mullite samples at various annealing temperatures given in the upper left corner of the

diagram frames. Mullite reflections are indicated by tickmarks underneath the powder diagrams. The broad peaks belonging to

the y-alumina phase are labeled with the Greek letter y in Figs 1(a-d). Reflections without tickmarks in Figs 1(e-g) belong to a

transformed alumina phase. Fig. 1(h) shows the powder diagrams of mullite (upper row of tickmarks) and corundum, a-alumina

(bottom set of tickmarks). The sharp features at 57°260 in Fig. 1(c) and at 24°26 in Fig. l(e) are spurious intensities from
instrumental effects; they are eliminated in the analyses.
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Fig. 2. Lattice parameters «, b, and ¢ of mullites from recent

determinations (4 Ref. 2, A Ref. 5, O Ref. 6) with the addi-

tional data points (+) from this work. The straight line for a

results from linear regression, the curves for b and ¢ are fitted

by hand. Data points of this work are labeled with the
respective annealing temperatures (°C).

This observation is in agreement with HRTEM
studies on g > b mullites prepared at 1000°C which
yielded evidence for an ordered sequence of
domains with high and low Oc oxygen vacancy
concentrations.” The y-alumina phase has the
characteristic broad peaks in the powder diagram
at 20, 46, and 67°26. Above =1100°C (Figs
1(e-g)), the reflections of the alumina phase
become sharper. Splitting of the peaks indicates
a phase transition or an ordering of the highly
disordered defect spinel. At 1650°C (Fig. 1(h)), the
alumina spinel phase transforms to «a-alumina
(corundum) and mullite exhibits very sharp
diffraction peaks.

The chemical composition of the low-tempera-
ture mullites were derived from the linear relation-
ship between its lattice constant ¢ and the molar
content of Al O,. Using the more recent data of
mullite determinations®’ in the low alumina region
extended by the data from the high alumina mul-
lite,> we get the relationships shown in Fig. 2.
A linear regression based on these data (represented
by the open circles, solid triangles, and the dia-
mond symbol) yields the line drawn for lattice
constant a. The curves for lattice constants b and

c are fitted by hand. Slope 4 and intercept B are
derived from the linear regression yielding the
relation to calculate the molar content m of Al,O,
in mullite

a=Am+ B =0-00692-m + 7-124
and
m = 144-5-0—-1029-5

The uncertainties are 0-00008 for 4 and 0-005 for
B yielding an error of about 1-5 mol% for the
determination of m with this equation.

Lattice constants were determined by the
Rietveld refining method. The accuracy of the
refinements depends strongly on the accuracy of
the crystal structure parameters which are used for
the powder pattern simulation. Therefore, the
refinement has been performed iteratively with an
average structure of mullite as an initial model.
This initial refinement yielded improved lattice
constants which were used to redetermine the
chemical composition from the curves shown in
Fig. 2. The occupation factors of the Al and Si
atoms were set to values derived from the x-values
according to the formula given below (see also
footnote in Table 1). This process was repeated
two or three times until the best fit was achieved
with the most accurate lattice constants. Regions
of the spinel phase in the powder diagrams were
excluded from the refinements. The resulting lat-
tice constants, related to the molar content of
Al O3, can be used to derive the x-value in the for-
mula of the mullite chemical composition and,
consequently, the occupation factors of the respec-
tive atom sites. The x-value is given by

m + 200
m + 100

The results are listed in Table 1. The lattice con-
stants are added to Fig. 2 (+ symbols). While the
a parameters inevitably lie on the straight line
(since they were derived from the linear regres-
sion), the parameters b and ¢ give a good measure
for the shape of these lattice parameter curves.

x=10-6-

Table 1. Lattice constants a, b, ¢ (A) from Rietveld refinements, molar content, m of ALO; (%) from linear regression, and atom
site occupancies

T(°C) a b c m X Number per unit cell
SiinT T*% Oc* T** Oc

700 7-7328(24) 7-6229(23) 2:9175(6) 88-0 0-809 0-383 1-191 0-426 0
800 7-7419(12) 7-6172(11) 2:9197(3) 893 0-830 0-340 1-170 0-489 0
900 7-7480(6) 7-6106(6) 2:9205(2) 90-2 0-845 0-311 1-155 0:534 0
1000 7-7616(9) 7-5969(8) 2:9201(2) 92-1 0-877 0-245 1-123 0-632 0
1100 7-7525(10) 7-5978(9) 2:9150(3) 90-8 0855 0-289 1-144 0-567 0
1175 7-6889(26) 7-6222(26) 2:9034(6) 81-6 0-697 0-606 1-303 0-091 0
1250 7-6278(20) 7-6671(20) 2-8964(5) 72-8 0-528 0-944 1-056 0 0-416
1650 7-5603(3) 7-6886(3) 2-8843(1) 631 0-320 1-360 0-640 0 1-040

Siin T = 2-2x, T*,Oc*= 2-x for samples with x>2/3 (700-1175°C) and 2x for samples with x <2/3, T** = 3x-2 for samples with

x>2/3 else 0, Oc = 2-3x for samples with x <2/3 else 0 (see Ref. 2 for explanation).
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Fig. 3. Plot of lattice constants versus annealing temperature.

The deviations of the parameters of the 1175 and
1250°C samples might be caused by the severe
overlap of the mullite reflections with the spinel
phase reflections. An improvement in the accuracy
of the lattice constant determinations could be
achieved by a simultaneous simulation of mullite
and +y-alumina. The multiphase refinement could
not be performed because of difficulties in the
crystal structure determination of the spinel phase.
Further work is in progress. However, the results
are sufficiently accurate for a discussion of the
phase formation. Figure 3 shows a plot of the lat-
tice constants versus the annealing temperature
and Fig. 4 shows the corresponding molar rela-
tionship derived from data in Fig. 2. It is notable
that the lattice constant a, and consequently the
molar content of AlLQ,, increase upon heating
between 700 and 1000°C. In this region, the mullite
phase corresponds to the new type of mullite
described in Ref. 2 (see also data in Table 1). Above
1000°C, the aluminum content is reduced, rapidly
falling to values which represent a ‘normal’ mul-
lite at 1250°C with lattice constants a <b and with
x-values <2/3 corresponding to mullites with less
than 80 mol% Al,O;. At the final temperature, at
1650°C, the sample consists of a-alumina (corun-
dum) and a well crystallized mullite with 63%
Al,O;. Simultaneously with the reduction in the
aluminum content at 1100°C, a transformation of
the spinel phase is observed indicated by the
narrowing and splitting of the broad reflections at
20°260 and 46°20 (Fig. 1(e)). At 1250°C, further
transformation to a @-alumina like phase 1is
observed with very sharp reflections indicating a well
crystallized product. However, several reflections
which do not fit into the monoclinic cell of #-alu-
mina® indicate a supercell with bigger lattice
parameters which has not been observed before
for the transition aluminas. We suspect that the
reduction of the aluminum content in mullite
above 1000°C is directly related to the formation
of the new deformed spinel phase. Considering
that the spinel phase could incorporate silicon as
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Fig. 4. Plot of molar content of Al,O; versus annealing
temperature.

well’ a discussion of the exact phase relations in
this system is very difficult as long as the structure
of the defect spinel has not been determined.

The final product at 1650°C contains 34 mol%
mullite (Aly¢,S1;.34095) and 66 mol% corundum
(Al,O;) derived from the standardless quantitative
Rietveld analysis with an absolute error of about
3%. Here, we assume that the amorphous phase
completely disappeared. This corresponds roughly
to a Al/Si ratio of 6:1 in the bulk composition of
this sample which indicates a loss of silicon in the
vigorous hydrolytic reaction of the starting mate-
rials with an initial Al/Si ratio of about 4:1.!2
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