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Mullite (3Al,05-28i0;) is becoming
increasingly important in electronic,
optical, and high-temperature struc-
tural applications. This paper reviews
the current state of mullite-related re-
search at a fundamental level, within
the framework of phase equilibria,
crystal structure, synthesis, process-
ing, and properties. Phase equilibria
are discussed in terms of the prob-
lems associated with the nucleation
kinetics of mullite and the large varia-
tions observed in the solid-solution
range. The incongruent melting be-
havior of mullite is now widely ac-
cepted. Large variations in the solid
solubility from 58 to 76 mol% alumina
are related to the ordering/disordering
of oxygen vacancies and are strongly
coupled with the method of synthesis
used to form mullite. Similarly, reaction
sequences which lead to the forma-
tion of mullite upon heating depend
on the spatial scale at which the
components are mixed. Mixing at
the atomic level is useful for low-
temperature (<1000°C) synthesis of
mullite but not for low-temperature sin-
tering. In contrast, precursors that are
segregated are better suited for low-
temperature (1250° to 1500°C) densifi-
cation through viscous deformation.
Flexural strength and creep resist-

S. M. Wiederhorn — contributing editor

Manuscript No. 196458. Received August 19,
1991, approved September 3, 1991.

Supported by the U.S. Air Force Office of Scien-
tific Research under Grant No. AFOSR-31-0040
and the Department of Energy, Office of Basic
Sciences, under Contract No. 063961-A-F1.

*Member, American Ceramic Society.

Seattle, Washington 98195

ance at elevated temperatures are
significantly affected by the presence
of glassy boundary inclusions; in the
absence of glassy inclusions, poly-
crystalline mullite retains >90% of
its room-temperature strength to
1500°C and displays very high creep
resistance. Because of its low di-
electric constant, mullite has now
emerged as a substrate material in
high-performance packaging applica-
tions. Interest in optical applications
mainly centers on its applicability as
a window material within the mid-in-
frared range. [Key words: mullite,
processing, substrates, infrared,
transparent materials.]

. Introduction

PHases of the SiO—AlL,O; and the SiO—
Al,03-H,0 systems have had, and will
continue to have, a significant role in
the development of traditional and ad-
vanced ceramics. As hydrous aluminum
silicates, clay-based minerals have
been used since the shaping of the first
manmade ceramic products." Among
the anhydrous forms, the group of silli-
manite (Al,Os-SiO,) minerals (silliman-
ite, kyanite, and andalusite) (the phases
that form at high pressures) and mullite
(3Al;05° 2Si0,) (the only stable phase
under atmospheric conditions) are well-
known for their importance in refracto-
ries. In addition to these traditional ap-
plications, mullite in particular has
received significant attention during the
last decade as a potential matrix
material for high-temperature structural
applications, principally because it
retains a significant portion of its room-
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temperature strength at elevated tem-
peratures and displays very high creep
and thermal-shock resistance.”* Fur-
thermore, mullite is now used as a
ceramic substrate in multilayer pack-
aging® and has been shown to be a
strong candidate as a window material
in the mid-infrared range.’

Although it is one of the most com-
monly found phases in industrial ce-
ramics, the importance of muliite as a
ceramic phase was only recognized
during this century in the pioneering
work of Bowen and Grieg” published in
1924. This late recognition can be at-
fributed to two factors: (i} the occur-
rence of mullite as a mineral is very
rare in nature, and, (i) although it is a
very common reaction product of most
aluminum silicates at high temperatures
(>1000°C), mullite was mistakenly iden-
tified as a silimanite mineral in some
earlier studies.® Sillimanite and its two
polymorphs have orthorhombic crystal
structures very similar to that of mullite,
but at atmospheric pressure the silli-
manite minerals always convert to mul-

Fig. 1. Geological map of Britain and Ireland showing the location
of sedimentary and igneous rocks with the color code of the inter-
national scale for geological maps. Igneous rocks are coded with
red and violet. The Isle of Mull in the northern highlands of Scotland
is marked as a site of past volcanic activity. Because of a rare
occurrence of the compound 3Al,05-2Si0, on this island as a re-
action product of clays, the compound was named "mullite.”"

lite at elevated temperatures.® The
mullite compound, 3Al,0; 2Si0,, is
named after the Isle of Mull in the north-
ern highlands of Scotland, where a rare
occurrence of this compound is found
in nature (Fig. 1).” The occurrence
of this compound on the Isle of Mull
is thought to be a result of post-
Caledonian volcanic activities in which
clay mineral deposits, heated through
contact with magma, produced a high-
temperature mullite phase."

Scientific and technological develop-
ments as they relate to mullite can be
categorized in three time periods. In
the first period, from 1924 to 1950, the
bulk of research activity was on the
structural characterization of mullite
with respect to the sillimanite group
minerals. Most of the relevant studies
from this period were well documented
in an extensive review monogram by
Grofesik and Tamas.” In the second
period, starting in 1950, publications
by Bauer et al.™*' on the growth of the
first single crystals of mullite by the
Vernuil process raised doubts about
the incongruent melting of mullite as
reported by Bowen and Greig in 1924,
and thus laid the pathway for a long
series of phase equilibria studies on
the SiIO~AILO; system. The significant
developments of this second period
were reviewed by Davis and Pask.” Al-
though the studies on phase equilibria
are still of concern today, in the third
period, starting in the mid-1970s, the
emphasis clearly shifted to the devel-
opment of mullite as an advanced
ceramic for structural, optical, and
electronic applications. The beginning
of this third period appears to coincide
with the use of mullite single crystals in
a creep study at 1500°C that showed
that, at stress levels up to 876 MPa,
mullite did not deform plastically. ™

Much of the progress in the third pe-
riod was assessed at the international
workshop on mullite held in Tokyo,
Japan, in November 19877 Because of
rapid progress in the field, a follow-up
symposium to this workshop was orga-
nized on “Mullite Processing, Structure,
and Properties” during the American
Ceramic Society Pacific Coast Regional
Meeting held in Seattle, Washington, in
October 1990." Many of the papers
presented at the Seattle symposium
are now compiled as part of this spe-
cial issue.

As a complement to the articles in-
cluded in this issue, this feature article
provides a broader perspective on the
development of mullite for structural,
optical, and electronic applications.
Recognizing that further developments
necessitate a thorough understanding
of processing-structure—property rela-
tions, in the following sections we dis-
cuss the unresolved issues with respect
to phase equilibria, structure, and the
processing of mullite with the key ac-



October 1991

complishments of the last decade.
Next, the impact of these accomplish-
ments on property control is illustrated
with brief discussions on the mechani-
cal, electronic, and optical properties
of mullite-based ceramic systems.

Il. Phase Equilibria

The key problems of phase equilibria
in the SiO,~AlL,O; system can be dis-
cussed in two categories: (i) the melt-
ing behavior of mullite and (ii) the
solid-solution range of the mullite
phase field #"* Although uncertainties
remain on the exact location of the im-
miscibility region, our discussion here
is confined only to these two problems
since they more directly relate to the
control of the microstructural features
of single-phase mullite systems. The
first problem relates to the nucleation
kinetics of mullite and/or alumina in
aluminum silicate melts and is dis-
cussed in this section. The second
problem, which requires an under-
standing of the crystal structure of
mullite, is discussed in Section Il
Since many of the details on these is-
sues have been extensively covered in
recent reviews,?* % our discussion is
brief and focuses on what appear to
be the reasons for the dilemma that
has resulted in more than 70 years of
confusion in the field.

The results of two recent noteworthy
phase equilibria studies on the SiO,—
Al,O; system are reproduced in
Figs. 2(A) and 37 Figure 2(A) sum-
marizes the results from the work by
Aksay and Pask,??' and Fig. 3 is from
the study by Klug et a2 At first
glance, the main common feature of
these diagrams is the incongruent
melting behavior of mullite, which
agrees with the original work of Bowen
and Grieg. The main differences be-
tween the diagrams center on (i) the
peritectic temperature and composi-
tion and (ii) the extent of the solid-
solution range. These differences are
guite significant and puzzling espe-
cially since both studies represent a
set of very carefully performed experi-
ments. When faced with this dilemma,
the usual solution has been to assume
that one of the diagrams is correct and
the other is wrong. A proper approach,
however, is first to assume that both
sets of experimental results are correct
but that the differences are in the inter-
pretation of the results. Following this
approach, in Fig. 2(B), we superimpose
the latest version of the Klug et al.??23
phase diagram (Fig. 3) on the Aksay
and Pask?®' diagram of Fig. 2(A). Note
that the composite diagram of Fig. 2(B)
reveals two other important points: (i)
the metastable extension of the phase
field in one diagram totally encom-
passes the stable phase field of the
other, and (ii) the metastable (congru-
ent) melting temperature of one per-
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Fig. 2. (A) Stable and metastable phase diagram of the SiO,-Al;O5 system, as determined

by diffusion-couple experiments and through characterization of melt-quenched samples.
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Insert in (B) superimpases the solid-solution range of mullite (shaded region) as determined by

Klug et a/.?*?* on the diagram of (A).

fectly matches the stable (incongruent)
melting point of the other. The problem
then reduces to trying to understand
the conditions that led us to observe
these differences and to differentiate
between the stable and metastable
states. By virtue of the unigue diffusion
couple technique used to determine
the diagram in Fig. 2(A), it at present
stands out as the one that provides a
more unifying view of stable and
metastable states.

The diffusion couple technique lead-
ing to the diagram in Fig. 2(A) is unique
since it can be utilized to determine
the stable and metastable equilibrium
assemblages.?” This point can be illus-
trated with an example that addresses
the problem of nucleation in aluminum
silicate melts and thus the conseguen-
tial confusion on the exact location of
the peritectic composition. Diffusion-
zone microstructures of three diffusion
couples, each of which was annealed
at 1903°C for 15 min, but cooled at dif-
ferent rates, are shown in Fig. 4. These
microstructures differ drastically, al-
though the average composition profiles
and the liquidus compositions at the
alumina single-crystal interface —as
obtained by scanning an electron
beam over an area affecteq by local-
ized crystallization—are identical. The
precipitated crystalline phase, as de-
termined by electron microprobe and
X-ray diffraction (XRD) is mullite in the

AlO, component (mol%)
60 62 64 66 68 70

L L 1 | L

Alurpina
1900 iqui
Mullite
+

%) liquid
o 18 )
= I
2 b Mullite
© +
g alumina
@

1700

1600 : : .

Si0, 72 74 76 78 ALO,

AlLO, component (wt%)

Fig. 3. SiO,-Al0; phase diagram, as de-
termined through microstructural characteri-
zation of quenched samples.?*?® Note that
when this diagram is superimposed on
Fig. 2(A), the solid-solution range falls com-
pletely within the solid-solution range of or-
dered mullite (Fig. 2(B)).
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couple that was quenched (Fig. 4(A)),
alumina in the couple that was cooled
relatively slowly (Fig. 4(C)), and a com-
posite of alumina and mullite in the
couple that was cooled at a moderate
rate (Fig. 4(B)). Since the liquidus com-
position at the peritectic temperature is
523 wt% alumina, ~350 um of the dif-
fusion zone adjacent to the alumina
portion of the diffusion couple would
experience some alumina precipitation
during equilibrium cooling (Fig. 2(A)).
The absence of alumina in this portion
of the diffusion zone of a quenched
couple (Fig. 4(A)) and the presence of
alumina in a slowly cooled couple
(Fig. 4(C)) can be explained only on
the basis of supercooling of the liquid.
Therefore, note that, although the over-
all composition profiles obtained by
averaging over an area are indepen-
dent of the nature of the microstructure
and always provide information on the
stable equilibrium conditions, micro-
structural observations could yield
conflicting results depending on the ex-
perimental conditions followed. Conse-
quently, when a phase diagram is
determined only by microstructural ex-
amination of quenched samples, either
one of the phase diagrams may be
proposed as the stable one since the
microstructure of Fig. 4(A) would lead
an investigator to propose the diagram
of Fig. 3, whereas the microstructure of
Fig. 4(C) would lead to Fig. 2(A). How-
ever, independent of the microstruc-
tural features, the composition profiles
in all microstructures support Fig. 2(A)
as the stable diagram although more

Vol. 74, No. 10

work is needed to clearly understand
the conditions that lead us to the
metastable states.

Hl. Crystal Structure of Mullite

The crystal structure of mullite is a
modified defect structure of sillimanite,
Al,O3- Si0,, in which the mullite stoi-
chiometry is achieved by substituting
Si** ions with AI®* ions in the tetrahe-
dral sites of the alternating aluminum
and silicon columns, as in the scheme
281 +0% =2AP* +0 (Fig. 5).%% The
crystal structure is orthorhombic, and
the average composition may range
from 3Al1,0;-2Si0, (3/2) to 3AI0;-
Si0, (3/1).°%%° 3 This is achieved by
the removal of oxygens from the O(3)
positions (tetrahedral linking oxygens)®
and by a readjustment of cations from
the 7 to T* type in partially occupied
columns formed by linking (Si, ANO,
tetrahedra (Fig. 6).2%33% The octahe-
dral AlOs clusters (Fig. 5), which form
the columnar structure by sharing
edges, and the center of the ortho-
rhombic unit cell do not change during
this rearrangement. In general, the ele-
mental composition of mullite in this
well-accepted defect structure is ex-
pressed as

A (A1, 5,Si22,)010 -

where x denotes the amount of missing
oxygen from the formula and VI and IV
denote sixfold and fourfold coordina-
tions of aluminum, respectively, and sil-
icon occupies the fourfold positions.
Although the ordering of aluminum on
the sillimanite-type (Al, Si)" sites cannot

Fig. 4. Interference-contrast micrographs of the reaction zone between a diffusion couple of alumina singte crystal (bottom) and fused silica
(top) annealed at 1903°C for 900 s and quenched at different rates: (A) the fastest and (C) the slowest. Precipitates in the top portion of the
diffusion zone are (A) muliite (light gray); (B) alumina (light-gray needles) and mullite (fine precipitates between the alumina needles); and (C)
alumina (light-gray needles). All three have identical concentration profiles.?’
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be detected, the new (A" sites can be
detected by XRD and electron diffrac-
tion analyses @933 i has been
observed that x continuously changes
from 017 to 0.6 in parallel with the or-
dering of the vacancies on the O(8)
site. For example, for x=0.25, the com-
position becomes 3Al,03- 2Si0, (space
group Pbam,; unit-cell dimensions
a=7540 A, b=7680 A, and c=2885 A
(1 A=10"" nm)), and, for x=0.57 the
composition is 3A1,05 - SiO,.

Structural studies, which have con-
centrated primarily on the effects of ki-
netics, temperature, and composition,
in the presence or absence of alumina,
have resulted in the development of
various forms of mullite structures. All
of these factors can promote the de-
velopment of metastable forms of mull-
ite because of ordering/disordering of
oxygen vacancies *®%3% The ordering
phenomena in mullite have been stud-
ied by examining extra reflections that
are produced in XRD and electron dif-
fraction patterns 229323336.3240 Thage
reflections are either in the form of
satellite reflections (sharp and diffuse,
denoted by S-mullite and D-mullite, re-
spectively)®® or in diffuse streaks in
which sharpness indicates the ordering
and diffuseness indicates the disorder-
ing. Generally, when mullite is synthe-
sized from a melt of high alumina
content and then guenched to room
temperature, its structure is highly or-
dered and a pair of sharp reflections
occur around the {h0/} reflections of
the matrix; the sharpness changes
with respect to the alumina content in
the structure. The solid-solubility limit
of alumina in mullite can extend as
high as 83.2 wi% (76 mol%) when mul-
lite is formed from a melt.2' In these
aluminous concentrations, the mullite
lattice is heavily twinned, with twin
spacing in the nanometer range.® In
this case, depending on the initial con-
centration of alumina and the cooling
procedures, a continuous change in
the composition of mullite can be ob-
tained from an alumina/silica ratio of
15 to 317219

On the other hand, the stable form
of mullite has the 3/2 composition of
alumina and silica when mullite is
formed from diffusion couples of silica
and alumina.?’ In these cases, the mull-
ite lattice is highly disordered and
is fairty uniform without twinning or
other ordering-induced defects. High-
resolution electron microscopy (HREM)
images taken from extremely thin areas
(<20 A) of a 3/2 mullite indicate the
presence of oxygen vacancies along
the O(3)-type columns.®® These images
also indicate at least 50% cation dis-
placement from the nearest neighbors
to T7- and T*-type columns. This dis-
placement is presumably a result of va-
cancies created in oxygen sites, which
are randomly distributed (and thus

Fig. 5. Ball model of sillimanite (Al.O3-SiO;) which serves as the
basis of mullite unit cell. Large transparent balls represent oxygen
ions, red balls represent sixfold and fourfold coordinated aluminum
ions, and green balls represent silicon atoms.

Al(1) i 0‘3)

(7.7 A)

a(7.6A)

Fig. 6. Projection along [001] direction of the ideal unit cell of mullite showing T to T* transi-
tion of the cations (indicated by an arrow) following the formation of oxygen vacancy (large dot-
ted circle) and readjustment of oxygen in the O(3) positions.
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these sites do not produce diffuse
scattering in the electron diffraction
patterns).

Structural analysis studies of various
mullites formed using solid-state reac-
tions or melt-grown samples indicate
that mullite can have a solid-solubility
range from about 70 to 84 wi% alu-
mina (x=0.17 and x=0.59, respectively),
which is consistent with the phase equi-
libria studies.®?'* The issue of alumina
solubility is still disputed in these stud-
ies, especially with respect to the ex-
tent of the solubility range near the
peritectic transformation. However, de-
spite numerous structural studies,
there has been no systematic study to
determine the exact conditions under
which these ordered and disordered
structures form and the nature of their
compositions. For example, it is very
probable that several different forms of
mullite are present in a given sample
prepared under a set of synthesis con-
ditions involving differential heating and
cooling, which may cause changes in
the heterogeneous distribution of diffus-
ing species (e.g., oxygen) and, hence,
result in nonuniform ordering. There-
fore, it would be useful if future studies
were directed toward the determination
of the precise limits of sub-phase fields
of various mullite compositions pre-
pared under controlled kinetic and
thermodynamic conditions. These stud-
ies would, then, identify whether it is
possible 1o have several forms of mull-
ite, both ordered and disordered, at a
given temperature but with slightly dif-
ferent compositions and the phase
transformation conditions of these
structures. These studies would be es-
sential for identifying these structures

Composite
\ particles
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»
“cvb

1200 1400 1600
Temperature (°C)
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and their phase stabilities and other
physical properties.

IV. Synthesis and Processing

Driven by the need to produce high-
quality mullite for aoptical, dielectric,
and structural applications, progress in
the last decade on the synthesis and
processing of mullite has been exem-
plary. 8174 62 With the use of chemically
synthesized powders and colloidal con-
solidation methods, it is now possible
to produce almost single-phase mullite
in the temperature range of 1250° to
1500°C (Fig. 7).40485053 5962 |n compari-
son to conventional methods that re-
quire either hot-pressing above 1500°C
or pressureless sintering above 1650°C,
fow-temperature-processing methods
allow pressureless sintering of mullite-
matrix composites,®® cosintering with
metals in multilayer packaging,® and
fiber processing (Fig. 8).%

Since nature has not been generous
in providing us with minerals that con-
tain a moleculary mixed state of alu-
minum and silicon at the stoichiometric
composition of mullite, until recent
years most commercial products were
produced through reaction sintering of
mixed minerals (e.g., cltays with alu-
mina).” in such systems, the scale of
chemical homogeneity is limited to the
size of the particles, and, thus, global
homogenization to the mullite stoichi-
ometry is left to the high-temperature
(>1650°C) heat-treatment stage.”

Today, high-quality commercial
powders of mullite are produced by
nanometer-scale mixing of aluminum,
silicon, and oxygen. A recent exten-
sive review by Sacks et al% provides
detailed information on the various

Fig. 7. Densification behavior of mullite is compared among
samples prepared by a diphasic sol-gel route,*® colloidal mixing of
a-alumina and kaofinite (conventional),*® colloidal consolidation of
composite powders,®® and CVD-processed powders.’*%® Low-
temperature sintering of sol-gel and composite-processed powder
systems is due to viscous deformation of amorphous silica-rich
matrix.

Fig. 8. Mullite fibers are used in thermal and electrical insulation,
reinforcement, and high-temperature filtration. Another application is
in fire-resistant fabrics to protect booms that are used to collect oil
spilled on water. As shown in this figure, using a composite fabric
containing NEXTEL 440 ceramic fibers of 3M Co. (3M Fire Boom),
the oil may be burned in situ under controlled conditions when re-
trieval is not possible or practical. High-temperature properties of
the fabric allow the boom to maintain an effective oif barrier after
exposure to a long, intense oil fire.
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methods used in the preparation of
mullite-based powders. Many of the
articles included in this issue also ad-
dress the methods used to synthesize
and process mullite through molecular
and colloidal routes. The key concepts
that have emerged from these recent
studies are summarized below,

(1) Low-Temperature (<1250°C)
Reaction Pathways to Mullite

The reaction sequences of mo-
lecularly and/or colioidally prepared
mullite-forming precursors show strong
resemblances to those observed in
clay-based systems.®® ¢° When the
scale of chemical homogeneity is at
the atomic level (i.e., monophasic pre-
cursors), mullite formation is typically
observed at ~980°C through an
exothermic reaction.®® ® For instance,
amorphous powders produced by
chemical vapor deposition (CVD) or
spray pyrolysis directly transform to
mullite.®57°7" Similarly, slow hydrolysis
of mixed alkoxide or salt-solution con-
stituents can retain a finer scale of
mixing between the two components
and thus promote mullite formation
directly. 49.5266.72

In contrast, when the scale of homo-
geneity is in the nanometer range (~1
to 100 nm) (i.e., diphasic precursors),
mullite formation is generally preceded
by the formation of transient alumina
phases and can be delayed to tem-
peratures as high as 1300°C, as
evidenced by a second exothermic
reaction at >1200°C.%55055 576 For in-
stance, powders or gels that are pre-
pared through rapid hydrolysis of salt
or alkoxide solutions yield diphasic-
type precursors.**5"727* Coincidentally,
in these systems, the cubic alumina
(spinel) phase that is usually observed
as the transient alumina also crystal-
lizes through an exothermic reaction at
~980°C. The occurrence of mullite and/
or the spinel phase almost at the same
temperature then becomes the source
of confusion in deciding which one of
the phases is responsible for the 980°C
reaction.

The reaction series of kaolinite
(2Si0, - Al,O3-2H,0) or metakaolinite
(28i0, - Al,03) is similar to that of
diphasic precursors.®®® Initially, a y-
alumina-type spinel forms at 980°C.%
Then, mullite crystallization follows at
higher temperatures, often with a dis-
tinct second exotherm at ~1200°C. This
similarity between the reaction series
of kaolinite and diphasic precursors is
important since it establishes a clear
standard for the type of mixing that is
required to convert a precursor directly
to mullite. Although kaolinite is an
atomically layered structure of (SizOs)*”
and (Al,(OH),)?" molecular sheets, this
level of mixing is still not sufficient to
prevent the segregation of alumina and
silica. In fact, there is evidence that fur-
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ther segregation takes place when
metakaolinite goes through a spinodal-
type coarsening prior to the 980°C
crystallization.®

(2) Microstructure Evolution
During (<1300°C) Heat Treatment

In the conventional approach, when
mullite is produced through reaction
sintering of alumina and silica at tem-
peratures above 1650°C, the nucleation
and growth of mullite occurs as an
interfacial reaction product between
alumina and silica.®®®" In this case, the
growth rate is controlied by the diffu-
sion of aluminum and silicon through
the mullite layer. Since this is a
parabolic rate process, mullitization
slows down with time, and, conse-
quently, the elimination of the siliceous
liguid phase becomes difficult with
grain growth.

In the case of low-temperature
(<1300°C) processing of mullite with
diphasic precursors, however, a com-
pletely different mechanism than what
is observed at high temperatures ap-
pears to control the nucleation and
growth of mullite.®>%¢%%™ |n diphasic
systems, although alumina is present
prior to the formation of mullite, the nu-
cleation of mullite is not at the alumina—
matrix interface but instead is within
the siliceous amorphous matrix. %" The
apparent mechanism is the nucleation
of mullite within the matrix as the matrix
reaches the saturation concentration
necessary to support mullite nuclea-
tion.™ This nucleation is then the cause
of the second exothermic reaction dis-
cussed above. Subsequent growth of
mullite is controlled by the dissolution
of alumina in the matrix but not by inter-
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Coming's luminescent window made of Cr**-doped mullite glass-
ceramic. Low dielectric constant and optical transparency of fine-
grained polycrystalline mullite has led to interest in potential
applications as a host material as a solid-state laser activator. In
highly crystalline glass-ceramic, quantum efficiencies of 30% to
40% have been reported; in glass, quantum efficiencies are less
than 1%; in single crystal, efficiencies are close to 100%.
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diffusion through muliite. The transmis-
sion electron microscopy (TEM) study
described below illustrates this point.
Figures 9(A) and (B) show charac-
teristic regions of a sample prepared
by colloidal mixing of a-alumina and
high-purity kaolinite to attain an overall
composition of 3Al,03-2Si0, and then
heat-treated to 1300°C for 1 h to
achieve partial densification and mulli-
tization. Note that mullite crystallites, 5
to 100 nm in size, are all found within
the amorphous matrix, but none are
observed in association with alumina
particles. Many of the crystallites are
already in contact with each other
(Fig. 9(B)). A higher magnification image
(Fig. 9(C)) of the interface region of the
bicrystal shown in Fig. 9(B} reveals the
lattice structures of both crystallites
(the dark one in the [001] orientation
and the other in the [123} orientation)
and nc amorphous region at the inter-
face. The significance of this image is
that glass-free interfaces between muli-
ite grains start developing even at
these early stages of mullite formation.”™
Anocther significant observation is
that mullite which forms in amorphous
precursors at low temperatures
(~1000°C) can have a tetragonal
structure’™ with high alumina contents
approaching 83 wt% (74 mol%)32967376

Fig. 9. (A) TEM bright-field image of an alumina-kaolinite sample with an overall composition
of mullite after heat treatment at 1300°C for 1 h. Image reveals the formation of nanometer-sized
mullite crystallites in an amorphous silica-rich matrix. (B) High-magnification and high-
resolution image of two mullite crystallites. (C) Higher magnification image of the region shown
by arrow in (B) revealing the interface that is developing between the crystallites.

This observation paraliels the findings
discussed in Sections Il and fll on high-
alumina-content mullites that crystallize
in melts quenched from high tempera-
tures. However, when heated to tem-
peratures higher than 1200°C, the
alumina content decreases toward the
stoichiometric (60 mol%) composition.
As in the case of high-temperature
mullites, the cause of these structural
and compositional variations is not
clearly understood %"

(3) Low-Temperature (<1350°C)
Sintering through Viscous
Densification

Although various elegant methods
have been developed to produce
submicrometer-sized and phase-pure
mullite powders, the pressureless sinter-
ing of these powders to a fully dense
state af temperatures below 1500°C has
not been possible (Fig. 7) mainly be-
cause of the low interdiffusion rates of
silicon and aluminum ions in crystaliine
mullite.®®”" To circumvent this problem,
the approach that is now preferred for
low-temperature (<1350°C) densifica-
tion is sintering through viscous defor-
mation of amorphous mullite-forming
systems prior to total mullitization.
Thus, delaying the mullitization step to
higher temperatures is an essential re-
guirement for the success of this ap-
proach. A study of phase formation
during densification shows that, in
addition to mullite, the crystalliza-
tion of cristobalite in the temperature
range of 1275° to 1350°C also contrib-
utes to retarding densification rates
(Fig. 10).%859%2 Various methods have
been developed to implement densifi-
cation via viscous phase deformation
(Fig. 7)%85354385862 Foyr instance, with
diphasic sol-gel-based systems,
nearly fully dense (>98.5%) states
have been achieved at temperatures as
low as 1250°C.*%%** In recent studies,
composite particles of alumina coated
with amorphous silica have been used
to achieve the same result without the
deleterious effects of excessive shrink-
age experienced in the sol-gel-based
systems during densification 5%

V. Mechanical Properties

Mullite has never been considered
suitable for high-strength applications
at low temperatures. Depending on
the microstructural features, the low
fracture toughness of mullite (about
2.2 MPa-m") limits its strength to the
range of 200 to 500 MPa.”® For high-
temperature applications, however,
mullite has long been recognized for
its excellent resistance to creep and
thermal shock in refractories.®*% Fur-
thermore, recent studies have shown
that phase-pure mullite can also retain
its strength to temperatures as high as
1500°C." 8¢ Combined with its intrinsic
thermal stability under oxidizing condi-
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Fig. 10. Evolution of phases in a colloidally consolidated compact
of composite powders during viscous-phase sintering.®® Densifica-
tion is completed in the temperature range of 1300° to 1400°C. In
this range, cristobalite crystallization is dominant. Mullite nucleation
and growth starts at ~1350°C and coincides with the dissolution of

alurmina.

tions, mullite then stands out as a
unique material for high-temperature
applications not only as a single-phase
material but also as a matrix material
in the development of high-temperature
composites. Consequently, over the
last decade, research work has con-
centrated on two key areas: (i) under-
standing the role of microstructural
feaiures that affect high-temperature
strength and creep resistance® #8487
and (ii) increasing the fracture tough-
ness of mullite through composite
engineering %"

(1) High-Temperature Strength

In the polycrystalline form, the most
essential requirement for retaining the
strength of mullite at elevated tempera-
tures appears to be the elimination of
glassy boundaries. As illustrated in
Fig. 11, when a polycrystalline mullite is
not phase pure, although a noticeable
increase in strength occurs above the
softening temperature of the glassy in-
clusions, the effect of the glassy pock-
ets is also to reduce the strength at
higher temperatures.”®® ¢ This initial
increase in strength corresponds 1o a
similar increase in fracture toughness
caused by the blunting of the cracks
with the viscous phase.®® Since the
softening temperature of siliceous in-
clusions is expected to increase with
the purity level, the maximum in the
high-temperature strength shifts to tem-
peratures as high as 1300°C in highly
pure systems and can drop below
1000°C as the impurity level increases.®
When the glassy phase is crystallized
to form cristobalite, the maximum in
strength disappears, but the resulting
mullite—cristobalite composite now re-
tains a higher level of its strength up to
1400°C (Fig. 11).** In the absence of

I YA
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= with cristobalite
5 s B .
£ v
gm_ By
@ )
w
s 60Wt% ALO,
] with glass
[
200
1500 RT 1200 1300 14'00
Temperature (°C)
Fig. 11. Flexural strength of mullite and mullite composites as a

glassy inclusions, however, polycrys-
talline mullite retains a significant por-
tion of its room-temperature strength
up to 1500°C. "7

(2) Creep Resistance

Significant differences are observed
in the creep behavior of phase-pure
polycrystalline mullite in comparison to
mullite-matrix composites. The first
definitive study attesting to the unusu-
ally high creep resistance of mullite at
1500°C indicates that mullite in single-
crystalline form shows no plastic defor-
mation at stress levels up to 900 MPa
(the limit of the instrumental system
used).® Similarly impressive results
have been obtained with polycrystalline
mullite without an amorphous boundary
phase (Fig. 12).* In the case of mullite
matrix composites and/or mullites
that contain an amorphous boundary
phase, creep resistance decreases
(Fig. 12)." However, when an amorphous
boundary phase is present, the steady-
state creep resistance is decreased by
2 orders of magnitude when tested
under constant stress in the tempera-
ture range of 1177° to 1427°C and at
stress levels of 5 to 220 MPa. A
20 vol% silicon carbide-whisker-
reinforced muilite composite also con-
taining an amorphous phase shows
similar behavior, but only 1 order of
magnitude decrease in the creep resist-
ance. The three different activation en-
ergy regimes also appear to be related
to the change in the viscosity of the
amorphous phase with temperature.” In
the middle-temperature regime, cavita-
tion primarily at the grain boundaries
appears to be responsible for the high-
activation-energy creep, whereas in the
low- and high-temperature regimes,
cavitation is not observed.

function of temperature. Phase-pure mullite retains >90% of its
strength at 1400°C. Glass-containing mullite, however, starts losing
its strength above 1300°C after an initial increase due to the pres-
ence of the viscous phase. After the crystallization of this phase to
cristobalite, the behavior resembiles that of phase-pure muliite.
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Fig. 12. Steady-state creep rate of mullite
and mullite-matrix composites in the tem-
perature range of 1230° to 1430°C at a con-
stant stress of 100 MPa. Upper curve is for a
mullite with glassy inclusions and the lower
one is for a phase-pure muliite. Middie curve
corresponds to a 20 vol% silicon carbide-
whisker-reinforced mullite with the composite
of mullite + glass of the upper curve used as
the matrix.4
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VI. Electronic Properties

High-performance packaging require-
ments for new-generation computer
systems place a premium on the de-
velopment of ceramic substrates with
a low dielectric constant, high wiring
density, and low sintering temperatures
to achieve cosintering with metals
such as copper and thermal-expansion
match to silicon.® As a substrate, mull-
ite, with a dielectric constant, =67
results in about 17% lower signal trans-
mission detay time than alumina
(e=9.8)>% Furthermore, mullite has a

T

Fig. 13. Mullite-based multilayer electronic package (courtesy of Hitachi)®
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Fig. 14. In-line transmission spectra for monolithic ceramic materials in the mid-infrared
(4000=5<400 cm™"). (“Alon” is an abbreviation for aluminum oxynitride.) Mullite has a higher
cutoff, at A=5 um, but the presence of a strong absorbance band at 4.3 um further reduces its
effectiveness as an infrared window. This absorbance has been shown to be related to the
process method used and may be caused by the presence of nanometer-sized inhomogenei-
ties in the mullite matrix (Fig. 16). Molecular-scale processing eliminates the 4.3-um absorption
band and improves the utility of mullite as a window material.

low-thermal-expansion coefficient
(4x107%/°C in the 20° to 200°C range),
which is almost that of silicon. Conse-
quently, mullite and mullite-based
glass-ceramics have now emerged as
candidates in high-performance pack-
aging applications.®3%* As iflustrated
in Fig. 13, Hitachi's multilayer ceramic
system is now totally based on a mull-
ite substrate®

Recent research has shown that
further reductions in the dielectric con-
stant to values as low as 4.5 can be
achieved with a mullite—glass com-
posite.®® As illustrated in Section 1V,
with sol-gel or composite powder
methods, pure mullite can now be sin-
tered at temperatures as low as
1250°C. Thus, it is quite likely that fur-
ther reductions in sintering tem-
peratures can be achieved with a
mullite—glass composite, thus making
mullite an ideal candidate for cosinter-
ing with copper.

VIl. Optical Properties

Recent interest in the optical proper-
ties of mullite has focused on its appli-
cability as a window material within the
mid-infrared portion of the spectrum,
from 3- to 5-um wavelength.®*% Al-
though various attempts have been
made to produce optical-grade muli-
ite™**7 and the infrared characteristics
of mullite have been studied extensively
since the 1950s,%7°" the first successful
demonstration of mullite as an infrared
transparent window by Prochazka and
Kiug® is quite recent. In Fig. 14, we
compare the transmissivity of their
mullite with various other ceramic ma-
terials in this mid-infrared range.®%%%
Figure 14 shows that the optical prop-
erties of mullite compare favorably to
other advanced materials as a poten-
tial window material. Two features are
of significance: (i) the presence of the
4.3-um absorption band in the trans-
mittance spectrum of mulliite is quite
deleterious to the overall properties of
the mullite, and (ii) the 5-um cutoff
of mullite windows is below the cutoff of
other window materials. As discussed
below, the 4.3-um absorption appears
to be associated with processing-
related defects and thus may be elimi-
nated, but the 5-um cutoff is intrinsic
to the structure of mullite.

The very large absorption band cen-
tered at 4.3 um was first attributed by
Prochazka and Klug® to tetrahedral sili-
con within the mullite matrix (Fig. 14).
Subsequent studies illustrated that this
band i1s absent in mullites prepared with
CVD-processed powders and mono-
phasic polymeric precursors but is stifl
present in systems processed with
diphasic gels (Fig. 15).%8%02 A ¢lose
examination of the sol-gel-processed
mullite showed nanometer-sized amor-
phous inclusions within the mullite
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grains, which may be responsible for
the 4.3-um absorption (Fig. 16).
Detailed analysis of mullite grains
from densified samples revealed that
each grain included isolated, roughly
spherical pockets with sizes ranging
from 3 to 20 nm. The HREM image
presented in Fig. 16 shows such a re-
gion in a single grain of mullite in the
[010] projection of the lattice. The
structure of the amorphous phase in
the pockets is discernible from the
phase contrast which arises because
of the differences in diffraction (crys-
tallinity) and absorption (mass) be-
tween the pockets and the mullite
matrix. Analysis of the amorphous
phase within the pockets was made by
electron energy loss spectroscopy,
which determined that the phase is
composed of about 88 mol% silica and
12 mol% alumina. The presence of
pockets with amorphous silica is at-
tributed to the silica, which remains
between the AIOOH particles during
the gelation step and are then en-
trapped within the mullite grains during
the mullitization process above 1000°C.
The 5-um cutoff within the infrared
range for mullite is due to the Si-O
bond within the matrix and is therefore
intrinsic to the material. The cutoff
region can be shifted for glasses if
cations of larger size and lower crystal
field strength are used. Thus, germa-
nium oxide has a cutoff at 6 um, com-
pared to 5 um for silica.™ Similarly, in
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aluminum germanate (3A1,0; 2GeO,),
the germanium analog to mullite, the
infrared cutoff shifts to about 6 pm."

The potential applications of infrared-
transparent mullite are principally as
windows in chemically harsh, hot, or
mechanically stressful environments.*®
More recently, mullite glass-ceramics
have been studied as a potential matrix
material for Cr*, a luminescent transi-
tion metal used as an optical activator
in solid-state lasers (see photograph
on p. 2349)."%1% Normally, activators of
this type are stabilized and protected
by using crystalline "hosts” (e.g., alex-
andrite) because the electronic struc-
ture of the ion is sensitive to the crystal
field strength of the crystal. The ex-
pense of using crystalline hosts led to
an interest in amorphous matrices, but
guantum efficiencies for Cr®* were
found to fall below 1%.'® Mullite glass-
ceramic was seen as a material of in-
terest because of its stability as a
phase, its defect structure, and the low
dielectric constant for mullite glass-
ceramics. In mullite, Cr®* quantum effi-
ciencies increased by 30% to 40%,
and optical gain was found to be al-
most one-third that of Cr®* in alexan-

7.0

Mullite
from

1500

Fig. 15. Optically transparent mullites made using three proc-
esses: sol-gel, CVD, and polymeric precursors. Two technigues
which use atomic-scale mixing of the alumina- and silica-containing
moieties (CVD and polymer) succeed in eliminating the absorption
band centered at 4.3 pum observed in the sol-gel-derived material.
However, it is possible to reduce or eliminate this band in mullite
from carefully prepared sol-gels, indicating that the 4.3-um band
may be used as a quality-control indicator in mullite processing.

Fig. 16. HREM image of a mullite grain recorded in the [010] pro-
jection of the mullite lattice revealing a pocket of amorphous phase
engulfed within the grain, as indicated by an arrow. Composition of
the pocket is 88 mol% silica and 12 mol% alumina
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drite.™ Increasing crystallinity in the
mullite glass-ceramic reduced scatter-
ing losses, indicating that the Cr®* ion
preferentially resides in the crystailine
phase and that it is possible to synthe-
size polycrystalline materials ap-
proaching the quality of laser crystals.

VHI. Conclusions

The current intense interest in mullite
as an important candidate material for
demanding structural, electronic, and
optical applications is well justified. Its
attractive properties include excellent
high-temperature strength and resis-
tance to creep and thermal shock, low
dielectric and thermal-expansion con-
stants, and good transmission at high
temperatures in the mid-infrared band.
However, despite the advances in fun-
damental research on mullite in recent
years, much more laboratory research
and development is required before the
full potential of mullite, as an advanced
ceramic material, can be realized.

After decades of controversy, uncer-
tainties about the phase equilibria of
the silica—alumina system still con-
tinue. Conflicting views mainly arise
when only ane method of analysis is
used to determine the phase diagram.
More properly, in addition to micro-
structural characterization, the overall
composition must also be profiled to
determine the stable and metastable
equilibrium conditions. On this basis,
the phase diagram shown in Fig. 2(A)
is the most unifying one since it com-
bines the resuits of various methods to
provide an overall view for all stable
and metastable states.

Large variations in the composition
of mullite, ranging from 3Al,O,-2Si0,
to 3Al,03- SiO,, appear to relate to the
defect structure as manifested by the
ordering/disordering of oxygen vacan-
cies. Additional studies are needed to
determine the limits of sub-phase fields
for mullites of different compositions.
Controversy still attends the nature of
the ordered and disordered structures
which appear in mullites prepared un-
der different conditions. Although it is
probable that several different forms of
mullite exist in a given sample, much
more work is needed to clarify these
structures and their effect upon phase
stabilities and physical properties.

Almost single-phase mullite can now
be produced at temperatures between
1250° and 1500°C using molecular and/
or colloidal mullite precursors. Precur-
sors with atomic-scale homogeneity
convert directly to mullite at tempera-
tures near 980°C, but these precursors
are not ideal for the low-temperature
sintering of mullite. In contrast, with
diphasic precursors (with a scale of ho-
mogeneity from 1 to 100 nm) and silica-
coated particles, mullite formation is
delayed to the 1300° to 1550°C range,
and, thus, these systems provide the

Vol. 74, No. 10

means for low-temperature sintering via
viscous deformation. However, although
viscous sintering is beneficial, espe-
cially in the processing of composites,
i1 is essential that glassy inclusions
must later be converted to crystalline
phases since glass-free grain bound-
aries are prerequisite to maintaining the
high-temperature strength of mullite and
to maintaining high creep resistance.

Mullite is a suitable electronic pack-
aging material because of its low dielec-
tric constant and thermal-expansion
coefficient. Lower dielectric constants
can be achieved using glass-ceramics,
and this has led to possible applica-
tions of mullite in solid-state lasers.
Similarly, as a material of interest for
windows in the mid-infrared spectrum,
mullite is especially suited for high-
temperature applications. A deleterious
absorption band centered at 4.3 um
appears to be connected with the
presence of small amorphous inclu-
sions within the grains; this band
can be eliminated through careful pro-
cessing or the use of monophasic
precursors.
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