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Coprecipitated mullite precursor powders of the bulk compositions 78 wt % Al,O;+22 wt %
SiO, (high-Al,QO, material) and 72 wt % Al,O;+28 wt % SiO, (low-Al,O; material) have
been used as starting materials. The precursor powders were calcined at 600, 950, 1000,
1250, and 1650° C, and test sintering runs were performed at 1550, 1600, 1650, 1700, and
1750 ° C. Homogeneous and dense ceramics were obtained from cold isostatically pressed
(ClIPed) powders sintered in air at 1700° C. Therefore, all further sintering experiments were
carried out at 1700 ° C. After pressureless sintering, sample specimens were hot isostatically
pressed (HIPed) at 1600° C and 200 bar argon gas pressure. Sintering densifications of low
Al,O5 materials ranged between x~94% and ~95.5%. There was no clear dependency
between densification and calcination temperature of the starting powders. High-Al,O,

compositions displayed sintering densities which increased from x97% at 600 ° C calcination
temperature to ~99% at 950° C calcination temperature. Higher calcination temperatures first
caused slight lowering of the sintering density to ~95.5% (calcination temperature 1250° C)
but later the density strongly decreased to a value of 85% (calcination temperature 1650° C).
HIPing of pressureless sintered specimens prepared from powders calcined between 600 and
1100° C yielded 100% density. At the given sintering temperature of 1700° C, the
microstructure of sample specimens was influenced by Al,0,/SiO, ratios and by calcination
temperatures of the starting powders. Homogeneous and dense microstructures consisting of

equiaxed mullite plus some minor amount of a-Al,O; were produced from high-Al,O,
powders calcined between 600 and 1100° C. Low-Al, 05 sample specimens sintered from
precursor powders calcined between 600 and 1100 ° C were less dense than high-Al,O,
materials. Their microstructure consisted of relatively iarge and elongated mullite crystals
which were embedded in a fine-grained matrix of mullite plus a coexisting glass phase. The
different microstructural developments of high- and low-Al,0; compositions may be explained
by solid-state and liquid-phase sintering, respectively. The microstructure of HIPed samples
was very similar to that of pressureless sintered materials, but without any pores occurring at

grain boundaries.

1. Introduction

Mullite has become increasingly important as a high-
temperature structural material in recent years, be-
cause it retains its room-temperature strength up to
elevated temperature. Further favourable properties
of mullite ceramics are the excellent creep resistance
and a good thermal shock behaviour. The low thermal
conductivity and expansion makes mullite suitable as
a high-temperature insulating material. A new field of
mullite application is its use as ceramic substrate.
High-performance packaging for computer chips re-
quires the development of ceramic materials with low
dielectric constants, high wiring densities, and thermal
expansion coeflicients in the range of silicon. Further-
more, low sintering temperatures ( &~ 1250°C) for a
possible cosintering with metals are necessary (for
references, see [1]). Mullite ceramics are also preferred
substrate materials in silicon solar cells for photo-
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voltaic energy transformation (see, for example, [2,37).
Recent interest has been focused on the applicability
of mullite ceramics as an infrared window material in
the 3—5 pm wavelength region: Prochazka and Klug
[4] were the first to describe infrared transparent
mullite windows. It has been shown that the optical
properties compare favourably with other ceramic
materials (for further references, see [1]).

The immense importance of mullite in the field of
traditional and advanced ceramics is documented in
the enormous number of scientific and technical in-
vestigations which have been carried out in recent
years. Of particular value for the understanding of the
formation and properties of mullite materials are the
basic publications of Pask and co-workers (e.g. [5, 6]).
Other review papers on mullite ceramics were pub-
lished by Somiya and Hirate [7] and by Aksay et al.
[1], while Schneider [8] published a mineralogical
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overview on mullite. Much of the recent progress in
the improvement of mullite ceramics was the result of
two special mullite conferences, one taking place in
Tokyo (Japan) in November 1987, and the other one
in Seattle (USA) in October 1990.

2. Material characterization
2.1. Dilatometer measurements
Dilatometer measurements were carried out with a
conventional dilatometer in air, and with a dilatom-
eter integrated in the hot isostatic press (HIP).
Conventional dilatometer runs in an air atmosphere
were carried out in a difference dilatometer (Béhr,
Thermo Analyser 802 SI), with an Al,O; measuring
system. Sample specimens were 3 mm x 3 mm x 6 mm
in size. Length changes were measured in comparison
to a dense «-Al,O, sample specimen. A constant
heating rate of 20°C min~! was used for the ex-
periments with a Pt—PtRh(10%) thermocouple con-
trolling the temperature to an accuracy of + 5°C.
The HIP integrated dilatometer runs were carried
out in an argon atmosphere with a dilatometer adap-
ted to the Asea Brown Bovery Q149 hot isostatic
press. For the measurements, sample specimens of
~ 10mm x ~ 10 mm x > 10 mm were used. Length
changes were measured in comparison to those of runs
without sample specimens. A constant heating rate of
20°C min~! was used with a WRe (5)-WRe (26)
thermocouple measuring the temperature to an accur-
acy of +10°C.

TABLE 1 Description of starting powders and of sintering properties

2.2 Density and powder surface
measurements
Green densities were determined by measuring exactly
the dimensions of the specimens, while bulk density
measurements were carried out according to the
Archimedes method using distilled water. Test bar
sizes were typically & 3.5mmx x 4.5 mm x
> 40 mm. The relative densities were calculated using
3.15 g cm ™3 as 100% in the case of low-Al,0; com-
positions and 3.19 g cm ™3 for high-Al,O, materials.
Powder surface values were calculated using the
Brunauer-Emmett--Teller (BET) technique with high-
purity nitrogen after drying the powders at 250°Cin a
nitrogen atmosphere for 2 h.

2.3. Microstructural observation and
phase content

The microstructures of samples were examined with a
scanning electron microscope (Philips SEM 525 M).
Fracture surfaces and polished sections of chemically
etched and unetched specimens have been investig-
ated. Phase analyses were carried out with a com-
puter-controlled powder diffractometer (Siemens D
5000) using nickel-filtered copper radiation. Diffrac-
tograms were recorded in the 10°-80° 20 range in a
step-scan mode (5 s/0.01°, 26).

3. Sample materials
The starting materials for the present study were
provided by Hiils Company (Marl, Germany) in the

¢

Al,O; Composition

Calcination temperature [ ° C]

600 950 1100 1250 1650
(15h) (5h) (5h) (15h) (2h)
High (78 wt%) Weight loss during 21 30.5 314 31 32

calcination (%)

Phase content Non- Mullite Mullite Mullite + Mullite +
crystalline a-Al, 0, a-Al,O4

Surface area after 72 70 55.6 23.6 31

calcination (g m~2%)

Green density of sample 40.7 435 48 50 62

specimens

(% theoretical density)

Density after sintering 97.1 99 98.2 95.4 85

(1700°C, 4 h)

(% theoretical density)

Density after HIPing ~ 100 ~ 100 = 100 98.8 “

Low (72 wt %) Weight loss during 21.5 31 30.8 315 323

calcination (%)

Phase content Non- Mullite Mullite Mullite Mullite
crystalline

Surface area after 84 73 28.5 242 53

calcination (g m™?)

Green density of sample 41.5 44.6 48.2 517 62.0

specimens

(% theoretical density)

Density after sintering 94.5 95.5 93.8 94.4 953

(1700°C, 4 h)

(% theoretical density)

Density after HIPing ~ 100 100 100 97.6 ~ 100

“ insufficient pre-HIP density available
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form of non-crystalline mullite precursor powders.
The precursors were synthesized by coprecipitation of
sodium aluminate and SiO, sol at pH =7, with
H,SO, at about 50°C. The starting materials were
admixed in proportions corresponding to 78 wt %
AlLL,O; + 22 wt % SiO, (designated high-Al,O, ma-
terial) and 72wt % Al,O; + 28 wt % Si0O,) (de-
signated low-Al, O, material). The as-received copre-
cipitated materials were dried at 150 °C.

4. Powder processing and sintering

4.1. Powder processing '

The as-received mullite precursor powders were cal-
cined at 600, 950, 1100, 1250 and 1650 °C. Calcination
produced weight losses up to 21.5 wt % at 600 °C, and
up to 32.5wt % at higher calcination temperatures
(Table I). The strong weight losses are attributed
essentially to the evaporation of water and to de-
composition of sulphuric acid occurring in the pre-
Cursors.

According to X-ray diffraction patterns, 600°C
samples are non-crystalline. Above about 950 °C mul-
litization is observed in high- and low-Al,O; com-
positions. However, while mullite is the only crystal-
line phase in low-Al,O; materials calcined between
950 and 1650°C, some additional «-Al,O; can be
detected in high Al,O; compositions calcined at 1250
and 1650 °C (Table I).

Surface-area measurements with BET showed that
mullite precursor powders, calcined at relatively low
temperature ( < 1100°C) contained relatively large
agglomerates up to 15 pm in size. Higher calcination
temperatures ( = 1100 °C) produced very fine crystal-
line powders, however, with much lower surface areas
(Table I). The calcined powders were milled at least
15h, in order to crack agglomerates. Miiling runs
were performed in a polymer vessel, filled with
33 wt % mullite powder, 33 wt % Si;N, milling balls
(ball diameter 5 mm), and 33 wt % isopropanol.

To minimize internal stresses during pressing, and
in order to increase green densities of sample speci-
mens, 6 wt % of an oil-acid (C;¢H;,0,), or of a wax
combination were admixed to the mullite powders.
The powder oil-acid or wax admixtures were homo-
genized and later dried in a rotor vapour.

In a further step of processing, powders were sieved
through a 100 mesh screen, and then compacted at
15MPa into bars with the following dimensions:
63 mm x 5 mm x h mm (h = variable dimension). The
shaping pressure was minimized in order to avoid
pressing cone cracks. The die-pressed bars were
vacuum sealed in thin-walled latex tubings, and then
were isostatically cold-pressed (CIPed) at 250 MPa.
After CIPing the organic binder was burned out
carefully at temperatures up to 600°C (heating rate
40°C h™1). Green densities of sample specimens de-
pendent on changing calcination temperatures are
given in Table I. There exists a strong correlation
between green densities and calcination temperatures
for both high- and low-Al,O; compositions.

Figure 1 provides a flow sheet showing the different
steps necessary for sample specimen preparation.

4.2. Sintering experiments

4.2.1. Pressureless sintering

Pressureless sintering runs were performed in an
MoSi,-heated computer-controlled chamber furnace:
(Ceram-Aix) in air. In order to find the best sintering
temperatures, test sintering runs of differently pre-

High-Al,O; precursors
(78 wt % AlLO,)
Low-Al,O; precursors
(72 wt % AlLO,)

Calcination

Milling

3

Addition of organic binder

Mixing

Drying

Sieving

Shaping: cold pressing,
cold isostatic pressing (CIP)

Burning out of
organic binder

Figure 1 Powder processing routes for high-Al, O, (78 wt % Al,O;)
and low-Al,O; (72 wt % Al,0;) precursor powders.
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Figure 2 Scanning electron micrographs of (a—d) low-Al,O; (72 wt % Al,0,) and (e-h) high-Al,O; (78 wt % Al,O,) materials. Specimens are
prepared from precursor powders calcined at (a, ¢) 600, (b, £} 950, (c, g) 1250, and (d, h) 1650° C, and are sintered at 1700 ° C in air. Chemically
etched polished sections.
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Figure 3 Scanning electron micrographs of (a—d) low-Al,O; (78 wt % Al,Oj3) (e-h) high-Al,O; (78 wt % Al,O;) materials. Specimens are
prepared from precursor powders calcined at (a, €) 600, (b, f) 950, (c, g) 1250, and (d, h) 1650 ° C, and are sintered at 1700 ° C in air. Fracture
surfaces.
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calcined mullite powders were performed at 1550,
1600, 1650, 1700 and 1750 °C (heating rate 300°Ch ™!,
holding time 4 h).

4.2.2. Hot isostatic pressing (HIPing)

HIP experiments were performed in an Asea Brown
Bovery QJH9 hot isostatic press (HIP) with c/c
heating elements. Presintered mullite samples were
placed in an Al,O; die. Sample specimens were em-
bedded in a mullite-BN powder mixture, in order to
prevent decomposition of mullite due to the reducing
atmosphere in the HIP graphite furnace running in an
argon atmosphere. Systematic variation of HIP pre-
ssures and temperatures yielded best HIP parameters
at 1600 °C and 200 bar (argon gas pressure).

5. Microstructural development

5.1. Pressureless sintering

All microstructural studies were carried out on speci-
mens sintered at 1700 °C for 4 h. High-Al,O, mater-
1als calcined at 600, 950, and 1100 °C prior to sintering
were rather homogeneous. Microstructures were
characterized by equiaxed mullite crystals up to about

5 um in size, and a low amount of small equiaxed -
Al,O; grains, occurring at mullite-mullite grain
boundaries (Fig. 2). Specimens made from precursor
powders, calcined at 1250 °C, display more heterogen-
eous microstructures with elongated, rounded-up and
frequently bended crystals. Mullite ceramics produced
from precursors calcined at 1650 °C consist of rela-
tively small mullite crystals. High Al,O, materials first
show a slight decrease of the porosity with a calcin-
ation temperature going from 600-950°C. At higher
calcination temperatures the porosity again increases.
The porosity is especially high for sintering specimens
produced from precursor powders calcined at 1650 °C
(Fig. 3, see also Table I).

Low-Al,O, materials contain relatively large and
elongated mullite crystals, which are embedded in a
finer-grained mullite matrix (Fig. 2). Grain sizes and
aspect ratios of the elongated crystals have maxima in
sample specimens produced from precursor powders
calcined between 600 and 1100 °C (maximum size of
elongated mullite erystals is about 5-15 um). Size and
aspect ratio of the elongated mullite crystals rapidly
redecrease for higher calcination temperatures. The
sizes of the smaller more equiaxed “matrix” mullite
crystals were more or less constant (average size

Figure 4 Scanning electron micrographs of (a, b) high-Al,O5 (78 wt % Al,03) and (¢, d) low-Al, O (72 wt % Al,O;) materials. Specimens are
prepared from precursor powders calcined between 950 and 1100 ° C, and are (a, ¢) sintered at 1700° C in air, and (b, d) sintered + HIPed at
1600° C at 1200 bar argon pressure. Chemically etched polished sections.
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0.5-3 pm) for all calcination temperatures. The large
elongated mullite crystals often contained rounded-up
pores. Pores also occurred between individual mullite
grains. Microscopical observation and density meas-
urements (Fig. 3 and Table I) indicate that bulk
porosities of low-Al,O; sample specimens do not
change significantly with the calcination temperature.

5.2. Hot isostatic pressing (HIPing)

Fig. 4 shows scanning electron micrographs of HIPed
high- and low-Al,O; compositions in comparison to
sintered but non-HIPed specimens. The microstruc-
tures of HIPed samples are very similar to those of
the pressureless sintered mullite materials. The differ-
ence between both types of material is the content of
pores occurring in both materials: the pore frequency
at mullite—mullite grain boundaries in HIPed samples
is drastically reduced with respect to that in non-
HIPed samples, though some residual pores occur
within individual mullite crystals also in the HIPed
material.

6. Sintering behaviour

6.1. Pressureless sintering

The aim of pressureless sintering was to obtain dense
ceramics with homogeneous microstructures. Sample
specimens should be suitable for HIPing, i.e. they must
have closed porosity only (i.e. > 93% theoretical
density).

Preliminary sintering experiments were carried out
between 1550 and 1750 °C on the differently calcined
precursor powders, in order to determine the
optimum sintering temperature. At 1550 °C, sample
specimens produced from precalcined powders yield-
ed low sintering densities, though there exists a recip-
rocal dependency between calcination temperature
and sintering densification. With increase of the
sintering temperature the degree of densification in-
creases, but reaches a saturation value at 1700°C.
Powders precalcined at 1650°C are an exception, in
having low sintering densities up to 1750 °C (Fig. 5). It
turns out that best densification conditions were
achieved at a sintering temperature of 1700 °C. There-
fore, all further sintering experiments were carried out
at 1700 °C (see Section 4.2).

The calcination procedure of the as-received pre-
cursor powders has a controlling influence on the
sintering behaviour of sample specimens (Table I).
While low-Al,O; compositions do not show any sig-
nificant change of sintering densities, with a mean
value near 94%, high-Al,O; compositions first in-
crease in density from = 97% at a calcination temper-
ature of 600°C to a value of x 99% at a calcination
temperature of 950 °C. Above this temperature limit,
densities first slightly, but later considerably decrease
to reach a value of 85% at a calcination temperature
of 1650 °C.

Dilatometer curves of high- and low-Al,O; com-
positions (calcination temperature 1100 °C) measured
under an oxidizing (air) atmosphere are given in Fig. 6.
Sintering is initiated above about 1100 °C. Initially the
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Figure 5 Sintering density of (@) high-Al,O; (78 wt % Al,0;) and
(A) low-Al,04 (72 wt % Al,O3) materials plotted versus increasing
sintering temperature. Specimens are prepared from precursor pow-
ders calcined at 600, 950, 1100, and 1650° C.
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Figure 6 Densification curves of (@) high-Al,O5 (78 wt % Al,O3)
and (A) low-Al,O4 (72 wt % Al,O;) materials dependent on tem-
perature and time. Specimens are prepared from precursor powders
calcined at 1100° C. The curves were recorded in a dilatometer in
air.
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sintering rate of the low-Al,O; materials is slightly
higher than that of the high-Al, O, composition. How-
ever, at higher temperatures above about 1400 °C,
sintering rates are larger for high-Al,O; compositions
than for low-Al,O; materials. High-Al,O, composi-
tions display higher final densities than low-Al,O;
materials.

6.2. Hot isostatic pressing (HIPing)

HIP experiments were performed in order to achieve
100% dense specimens. HIP-densification curves of
high- and low-Al,O, compositions (calcination tem-
perature 1100°C, sintering conditions 1700°C, 4 h)
are shown in Fig. 7. Low-Al,O5 materials, with pre-
HIP densities of 93.8% exhibit low densification rates
above about 1350 °C and up to about 1450 °C. Above
this temperature limit and with longer HIPing runs, a
considerable increase of densification up to theoretical
density (100%) is observed.

High-Al,O; materials with pre-HIP densities of
98.2% display no noticeable HIP densification up to
about 1500 °C. Between 1500 and about 1600 °C weak
HIP-induced sintering occurs. Beyond this point the
sintering velocity increases, shrinking curves having
similar slopes as for low-Al,O, compositions. In spite
of these similarities, high Al,O; materials require
longer HIPing times to achieve theoretical (100%)
densities than low-Al,O; compositions.

7. Discussion

Microstructural development and sintering mech-
anisms of mullite sample specimens are dependent on
three variables:

(i) Al,0O53/Si0, ratios of starting powders;
(ii) calcination temperatures of starting powders;
(iii) sintering temperatures and HIP conditions.

Temperature (°C)

1600
T T T T
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©

[¢e}
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Density (% theoretical density)

©
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»
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Figure 7 HIP-densification curves of (®) high-Al,O, (78 wt %
Al,O3) and (4 )low-Al, O, (72 wt % Al,O,) materials dependent on
temperature and time. Specimens are prepared from precursor
powders calcined at 1100° C, and are sintered at 1700° C in air.
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While Al,0;/SiO, ratios and calcination temper-
atures were varied systematically, sintering temper-
atures and HIP conditions were held constant.

Knowledge of the mullite formation mechanisms
may contribute to the understanding of microstruc-
tural development and sintering mechanisms of
sample specimens. Recent X-ray diffractometric and
nuclear magnetic resonance (NMR) studies of Schnei-
der et al. ([9,10], and unpublished results) on as-
received and on heat-treated mullite precursor pow-
ders of low- and high-Al,0, compositions have
shown that above & 900 °C, Al,O5-rich mullite with a
composition close to that of 2/l-mullite (78 wt %
Al,0O,) is formed in both cases. This means that above
~ 900°C, high-Al,0; materials are monophase
Al,O;-rich mullite, whereas low-Al,O, compositions
consist of Al,O;-rich mullite plus SiO,-rich meit.
With increasing temperature, the Al,O, content of
mullite decreases to reach stoichiometry above
~ 1250 °C. This causes the amount of glass phase to
gradually become lower and finally it should disap-
pear completely above & 1250 °C in low-Al, O, com-
positions. In high-Al,O; compositions, the temper-
ature-dependent decrease of the mullites’ Al,O5 con-
tents produces gradually increasing amounts of
a-Al,O; coexisting with mullite. Because there is no
change in the mullites’ chemical compositions between
> 1250 and < 1600 °C, phase assemblages probably
are stable in this temperature range. Phase diagrams
may be used to understand processes at the sintering
temperature (1700 °C). According to the phase dia-
grams published by Klug et al. [11,12], the stable
phase assemblage of low-Al,O; compositions
(72 wt % Al,O;) at sintering temperature is mullite
plus a coexisting liquid phase. High-Al,O; composi-
tions form mullite plus a-Al,O;.

We believe that the presence of a liquid phase in
low-Al,O; compositions and its absence in high-
Al,O4 compositions, especially in the early stages of
reaction sintering (between = 900 and = 1100°C)
has a decisive influence on sintering and on the mode
and degree of mullite crystal growth and associated
microstructural developments of sample specimens.

7.1. Microstructural development

Liquid-phase sintering of low-Al,O; compositions
produces large tabular mullite crystals embedded in a
fine-grained matrix, while the equiaxed mullite micro-
structure with some additionally occurring o-Al,O4
grains of high-Al,O,; compositions is a result of a
solid-state sintering process. The different mullite
grain growth modes in high- and low-Al,O; mullite
compositions in turn directly influence the densifi-
cation process at longer lasting heat treatments:
liquid-phase reaction sintering of low-Al,O; composi-
tions does produce a stiff skeleton of interlinked elon-
gated mullite crystals (Fig. 8). By increasing the
sintering temperatures, or after longer hold times, the
fine-grained matrix in between the tabular mullite
network may further sinter, producing dense areas
with a small number of relatively large pores. How-
ever, the stiff mullite skeleton does not allow any



Tabular mullite

Pores—____
Fine-grained
mullite
+
glass matrix

(a) (b)

Figure 8 Stiff skeleton of tabular mullite crystals embedded in a
fine-grained mullite plus glass matrix. The microstructure is typical
for liquid-phase sintered low-Al,O, materials (72 wt % Al,O;)
calcined between 600 and 1100° C. From (a) to (b) the sintering
temperature increases, simultaneously the porosity decreases,
though individual pores become larger.

further bulk volume shrinkage of sample specimens,
thus limiting the overall densification. Solid-state
sintering of high-Al,O5 compositions produces micro-
structures consisting of fine-grained equiaxed mullite
plus a-Al,O,. Because solid-state diffusion is a tem-
perature-dependent process, high sintering temper-
atures lead to higher final densities. The critical point
of the procedure was to find the best sintering temper-
ature, which in the present case lies near 1700°C:
lower temperatures do not effect sufficiently high
sintering densities, and higher temperatures give rise
to secondary grain growth which has an unfavourable
influence on the materials’ properties.

The microstructural development directly controls
the mechanical properties of the materials. The inter-
linked network of tabular mullite crystals occurring in
low-Al,O, compositions produces favourable mech-
anical strength values by mullite—mullite (self-) re-
inforcement. At high temperature ( = 1000 °C), how-
ever, the mechanical strength falls, owing to viscous
flow caused by the presence of glass phase. The
equiaxed microstructure of high-Al,05 compositions,
on the other hand, may explain why these materials
have slightly lower mechanical strengths at room
temperature than low-Al,O; materials. At high tem-
perature (up to & 1300°C), however, the virtual ab-
sence of glass in high-Al,O5 compositions is favour-
able, because it causes preservation of the mechanical
strength [13].

7.2. Sintering mechanisms

Sacks and Pask [14,15] suggested that the primary
mechanism of mullite sintering is grain-boundary
mass transport or diffusion, and that the sintering
rates are essentially controlled by the presence or
absence of liquid films around individual mullite
grains. Kanzaki et al. [16] investigated the sintering of
spray-pyrolysis produced mullite (bulk compositions
60-78 wt % Al,O;) and found that densification of
compacts with low-Al,O; contents was enhanced,
which was explained by the presence of a liquid phase
at sintering temperature. Ismail et al. [17] published
data on sintering of sol—gel materials (bulk composi-
tions 70-75wt % Al,0,, calcination temperature

1400°C) between 1600 and 1700°C. Above
2 1650 °C, the density of all powder compacts be-
came high, and there exists a reciprocal dependence of
the sintering density on the Al,O; content. Ismail
et al/ [17] explained this in a similar manner to
Kanzaki et al. [16] by liquid-phase sintering.

The present study supports the reciprocal relation-
ship between sintering densification and Al, O, con-
tent discussed by Kanzaki et al. [16], Ismail et al. [17],
and Sacks et al. [18] for high powder-calcination
temperatures (1650 °C): in spite of similarly low sur-
face areas (3 and 5 g cm ™2, Table 1) of both calcined
powders, the densification after sintering is much
higher for low-Al,0; (95.3%) than for high-Al,O,
compositions (85%, Table I). The former is ascribed to
viscous flow densification due to the presence of glass
phase. However, at lower calcination temperature
( <€ 1250°C) relationships are just the opposite, with
high-Al,O; materials producing higher sintering den-
sification than low Al,O; compositions. The discre-
pancy of the sintering behaviour of powders calcined
at relatively low temperatures is explained by the
prefixing of the microstructural development during
calcination. Low-Al, O, compositions calcined at rela-
tively low temperatures ( < 1250 °C) produce elonga-
ted mullite crystals with high aspect ratios, while high-
Al,O, materials form equiaxed crystals. During
sintering the mullite crystals grow further but cer-
tainly without changing their contours. The densific-
ation of low-Al,O; compositions thus is limited by the
formation of stiff mullite skeletons, whereas high-
Al,0O; materials show the unlimited sintering den-
sification, as described in Section 4.2.

Sintering activity values, given as the difference
between sintering and green densities, are plotted
versus calcination temperatures of powders in Fig. 9.
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Figure 9 Sintering activity plotted as function of calcination tem-
peratures for (@) high-Al,O4 (78 wt % Al,O;) and (A) low-Al, O,
(72 wt % Al,05) compositions. Sintering activities are given as the
difference between sintering density and green density (Table I).
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Sintering activities are highest for precursors calcined
between 600 and 950 °C, but rapidly fall at higher
calcination temperatures. This can be understood,
taking into account that surface area values of starting
powders are very high for calcination temperatures
below 1100°C. At higher calcination temperatures,
they rapidly decrease to achieve very low values for
samples calcined at 1650 °C (Table I). The sharp de-
crease of the sintering density of powders calcined
above a 1250°C probably reflects the negative effect
of particle growth, agglomerate formation, and of
mullitization on sintering densification (see also
[18,19]). Again there is a correlation between sintering
activity and chemical composition of the materials:
low-Al,O; compositions exhibit a flatter calcination
temperature-dependent decrease of the sintering activ-
ities than high-Al,O, compositions. This is explained
by the virtual absence of a liquid phase in the high-
Al, O, compositions, but with the presence of such a
phase in the former case. Coexisting liquid phases
enhance diffusion-controlled sintering, and in that
way work against the reduction of the sintering
activity.

Differentiated dilatometer curves were used to ob-
tain further information on the sintering process. The
curves for high- and low-Al,O, compositions meas-
ured under an oxidizing (air) atmosphere yield a min-
imum of the shrinkage rates near 1320°C (Fig. 10).
Under the reducing atmosphere of the HIP furnace, a
second, quite strong, minimum of the densification
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Figure 10 Derived shrinkage values of (@) high-Al,O; (78 wt %
Al,O;) and (4)low-Al,O4 (72 wt % Al,O;) materials dependent on
temperature and time. Specimens are prepared from precursor
powders calcined at 1100° C. The curves were recorded in (a)
nitrogen and (b) air atmospheres.
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rate near 1550 °C does occur. Under oxidizing condi-
tions this effect is very weak for low-Al,O; composi-
tions, while it is not observed at all in high-Al,O,
materials. Rodrigo and Boch [20,21] observed intense
cristobalite formation in the former temperature
range, and attributed the sharp decrease of corres-
ponding shrinkage rates to the crystallization of
amorphous SiO, coexisting with mullite to cristobal-
ite. Our own X-ray diffraction patterns collected from
powders heat-treated in a similar way as during cor-
responding dilatometer runs, and which were quen-
ched to room temperature, yicld no evidence for cris-
tobalite but a discontinuous increase of the mullite
content between 1250 and 1350 °C. Therefore, the
lowering of the sintering rate near 1320°C is correl-
ated to volume increase induced by mullitization,
which works against the sintering-induced shrinkage.
At present we have no clear idea for the explanation of
the sintering minimum at about 1550 °C. However, it
can be stated that the effect is intensive for low Al,O,
compositions, especially under reducing sintering at-
mospheres. It may, therefore, be associated in some
way with the glass phase occurring in that composi-
tion. Perhaps solution of the smaller sized mullite
grains in the coexisting melt and subsequent nucle-
ation and growth of larger tabular crystals is one
reason for it.

Relative HIP-induced densification curves of high-
and low-Al,O; mullite compositions are plotted in
Fig. 11. The low-Al,O4 materials’ curve is steeper, and
approaches theoretical density (100%) more rapidly
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Figure 11 Relative HIP-shrinkages of (@) high-Al,O, (78 wt %
Al,0;) and (A) low-Al, 04 (72 wt % Al,O;) materials dependent on
temperature and time. Specimens are prepared from precursor
powders calcined at 1100° C and are sintered at 1700° C in air.



than high-Al,O; compositions. Furthermore, the
shrinkage curve is shifted towards lower temperature
with respect to the high-Al,O; curve. Two main rea-
sons may be responsible for the different HIP-den-
sification curves of high- and low-Al,O; materials:
low-Al,O, materials have lower pre-HIP densities
(93.8%) than high-Al,O; materials (98.2%). Con-
sequently, low-Al,O; sample specimens can bec HIP-
densified more casily than high-Al,O; compositions.
Furthermore, low Al,O,; mullitc materials contain
significantly larger amounts of glass phase than high
Al,O, compositions. Therefore, pressure-aided vis-
cous flow is a main driving force for rapid HIP-
densification in the case of low-Al, O, compositions,
whercas slower solid-state diffusion-controlled HTP-
sintering is @ main factor of the latter.

8. Conclusions

An important conclusion of our recent investigations
was that sintering mechanisms and associated devel-
opment of microstructures of mullite ceramics pro-
duced from coprecipitated precursor powders is con-
trolled by varying the Al,O;/Si0, ratio, and by using
different calcination procedures of the starting mullite
precursor powders: completely dense, homogencous
and fine-grained mullite microstructures necessary for
mullite substrates and for optical windows can be
processed using suitable calcination, sintering and
HIPing conditions from high-Al,O; starting mater-
ials. Completely dense and homogeneous, sclf-reinfor-
ced microstructures, consisting of a skeleton of tabular
mullite crystals, and a fine-grained mullite matrix,
required for structural application can be processed
using suitable calcination, sintering and HIPing
conditions from low-Al, O, compositions. The latter
havc good mechanical properties at room temperature
[13]. The materials should also be suitablc for appli-
cations at high temperaturc, if the glass phase
occurring at the interface of tabular mullite crystals is
eliminated by recrystallization, e.g. by addition of
Y,O0; or MgO. Further experimental work will be
concerned with this aim.
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