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bstract

ecent studies of mullite formation in clays and clay-based vitreous ceramic systems are reviewed. In such systems, mullite crystals grow in a
iscous aluminosilicate liquid, as primary 2:1 mullite in pure clays and as more acicular secondary 3:2 mullite in the presence of alkali fluxes. The
toichiometry of the mullite formed is difficult to determine since the crystals are embedded in an aluminosilicate glass matrix. However, it is likely

he mullites formed have a range of Al/Si ratios as the local liquid composition varies significantly due to the heterogeneity of the microstructure.

ore fluid (fluxed with alkali and iron oxides) aluminosilicate liquids encourage growth of mullite crystals as does firing in oxidising atmosphere
ue to reducing atmosphere causing formation of Fe metal so removing the fluxing iron oxides from the aluminosilicate melt.

2007 Elsevier Ltd. All rights reserved.

eywords: Mullite; Clay; Vitreous Ceramics; Porcelain; Stoneware

i
l
g
m

a
r
d
S
t
f
c
b
e
t
s
a
T

. Introduction

Traditional, high-volume, vitreous ceramics such as white-
ares, some refractories and structural clay products, in which

ubstantial amounts (30–70) vol.% of viscous liquid forms on
ring, are commonly derived from triaxial mixtures of clays,
uxes and fillers. The function of the clays, which typically are
bout a half of the batch, is to act as a binder for the other
ody constituents in the green state and to confer plasticity
n the body for shaping. Kaolinite Al4[Si4O10](OH)8 is the
ost common clay used. The flux is about one-quarter of the

atch and provides low melting phases which lower the tem-
erature of liquid formation and react with other constituents
orming liquid which permeates the microstructure leading to
ensification. Common fluxes include many alkali feldspars
uch as nepheline syenite (KAlSi3O8 and Na3KAl4Si4O16). The
nal quarter of the batch is filler such as quartz or alumina
hich is reasonably stable at commercial firing temperatures
nd reduces distortion and shrinkage. Mullite forms in vitre-
us ceramics from the clay and its interaction with the other
omponents of the microstructure, and is believed to have
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mportant effects on mechanical properties due to its inter-
ocking, acicular morphology and the stress generated in the
lassy matrix due to the expansile nature of its formation
echanism.1,2

The morphology, stoichiometry and composition of mullites
re a complex function of the starting materials and processing
oute.3,4 It is believed that 3Al2O3·2SiO2 mullite only forms
irectly by solid state reaction of oxide precursors and only loses
iO2 so indirectly becoming 2Al2O3·SiO2 mullite at very high

emperatures. 2Al2O3·SiO2 mullite itself only forms directly
rom (e.g. melt-derived) liquid-containing systems. Sol–gel pro-
essed mullites can form directly as a single phase or can form
y reaction of diphasic mixtures of SiO2 and Al2O3. Schneider
t al.5 highlight that differences in the sol–gel precursor types in
erms of the scale of homogeneity and distribution of Al and Si
pecies are key to understanding the final mullite stoichiometry
nd morphology. They defined three types of mullite precursors.
ype 1 precursors are amorphous in the as-prepared state and
ield mullite as the only crystalline phase at about 980 ◦C. Type
I precursors contain pseudo-boehmite and non-crystalline silica
n the as-prepared state. Pseudo-boehmite transforms to spinel
hase above ∼400 ◦C and to mullite above ∼1250 ◦C. Type III
recursors are also amorphous in the as-prepared state but par-

ially convert to spinel phase above ∼980 ◦C yielding mullite
bove ∼1100 ◦C.

Mullite formation from clay systems is often complicated
y the presence of impurities in the natural materials. How-

dx.doi.org/10.1016/j.jeurceramsoc.2007.03.009
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liquid from which they are formed, on crystal morphology and
evolution.
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ver, there is basic understanding of the clay decomposition and
hase crystallisation sequence with disagreement only in the
ne detail.6 Mullite derived from the firing of the clay com-
onent in whiteware bodies is termed primary mullite since
t is the first to form whereas that formed from interaction
f the clay component and any fluxes (typically alkali-rich
eldspars) is termed secondary. On firing, the kaolinite min-
ral dehydroxylates at 500–600 ◦C, forming metakaolin, which
onsists of the kaolinite lattice after the removal of most
f the hydroxyl groups. Transmission electron microscope
TEM) studies of this transformation reveal that the charac-
eristic pseudo-hexagonal morphology of the kaolinite crystals
s retained by the metakaolin, e.g.7,8 As heating proceeds, a
pinel-type phase crystallizes within the metakaolin, beginning
t around 900 ◦C. This has been reported by some researchers9,10

o be a �-Al2O3 spinel phase with some residual amorphous
iO2, and by others11 as a single phase containing more Si
nd having a composition nearer to mullite. Mullite itself also
egins to form at this stage, and the development of these phases
ontinues to 1000 ◦C. TEM analysis of kaolinite fired to this
emperature shows 5–10 nm crystals of spinel-type phase iden-
ifiable by electron diffraction, and primary mullite crystals on
he 10–30 nm scale.7,12 Amorphous, Si-rich material is also vis-
ble at this temperature, having developed from the metakaolin.
t about 1100–1200 ◦C, spinel is lost, and elongated mullite

rystals up to 0.5 �m long begin to develop. By 1300 ◦C, cristo-
alite begins to form from the amorphous Si-rich phases, until
ventually mullite and cristobalite are the only crystalline phases
emaining in the body.

There have been comparatively few studies of microstruc-
ural evolution on firing illite and smectite group clays but it is
enerally accepted that illites dehydroxylate between 350 and
00 ◦C, and that the original crystal structure as observed by
RD is maintained until 700 ◦C. This is in contrast to kaolin-

te, in which the XRD reflections are lost upon dehydroxylation
elow 500 ◦C. The relict illite structure breaks down between
00 and 850 ◦C, and liquid phases begin to form. The octa-
edral portion (containing aluminium, magnesium, and iron)
f the illite structure then crystallizes to form a spinel, which
ncreases in crystal size until above 1100 ◦C and melts by
300 ◦C. The tetrahedral part of the illite structure combines
ith any alkalis present to form a liquid phase, beginning at
50 ◦C. Mullite only begins to crystallize at 1100 ◦C. Smectite
lays such as montmorillonite dehydroxylate below 600 ◦C and,
s in the illites, form a stable dehydroxylated phase that retains
ome of the crystal structure of the original clay mineral.13

he characteristic crystal structure is generally lost above
00 ◦C.14 A spinel-type phase crystallizes from 850 ◦C and
elts between 1100 and 1300 ◦C. A silica-rich liquid is formed,

eginning at around 800–850 ◦C, from the silica tetrahedra
f the original lattice and any alkalis present, and cristo-
alite crystallizes above 1000 ◦C. Mullite crystallization begins
t 1050 ◦C.

Examination of mullite stoichiometry from clays is com-

licated by its being surrounded by an aluminosilicate glass
atrix so making energy dispersive spectroscopy (EDS) analy-

is difficult. Nonetheless, it is believed that 2:1 (primary) mullite
F
w
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erives from decomposition of clays while 3:2 (secondary) mul-
ite forms from interaction of clay with fluxes.2 Rezaie et al.15

ompared mullite evolution from kaolinite, kaolinite with added
lumina and from sol–gel boehmite and colloidal silica pre-
ursors and found that dense ceramics derived from the clay
ontained elongated tabular mullite in a glassy matrix while
hose from the colloidal precursors were more equiaxed with
ome glass located mainly at triple junctions. Djemai et al.16

tudied the effect of iron oxide addition <10 wt.% on mullite
ecrystallisation in iron-rich kaolin and found that at 1050 ◦C
he quantity of mullite formed increases whereas >1250 ◦C the
rowth of mullite crystals was enhanced. Soro et al.17 used
ossbauer spectroscopy and X-ray diffraction (XRD) Rietveld

efinement to show that Fe contributes to the structural reorgan-
sation during mullite nucleation from iron-containing kaolinite
red 900–1250 ◦C. Fe substituted for octahedral Al increas-

ng the orthorhombic c parameter. The quantity of structural
e attains a saturation level with >5 wt.% Fe2O3 for Fe/Al
etween 0.3 and 0.4 depending on the crystallinity of the kaoli-
ite. Poorly-crystallised kaolinites show faster nucleation and
rowth of mullite whereas well-crystallised kaolinites nucle-
ted mullite more slowly although followed by rapid growth
avouring Fe incorporation.

This review will describe recent studies carried out predomi-
antly at the University of Sheffield, UK into the microstructures
nd microstructural evolution of a series of clays and clay-
ased vitreous ceramics which give insight into the impact of
itreous liquids on mullite formation. They are mostly based
n interrupted quench studies with suitable time/temperature
rofiles determined via differential thermal analyses using
RD for phase analysis and optical, scanning and transmission

lectron microscopies for microstructural characterisation aug-
ented by EDS in the scanning electron microscopy (SEM)

nd TEM. In particular, EDS in the TEM has been used
o determine the composition of glassy phases throughout

icrostructures, to highlight its variation and the impact of the
ig. 1. Microstructure of commercial porcelain. Reprinted from Iqbal and Lee2

ith permission of Blackwell Publishing.
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Fig. 2. Microstructure of model porcelain quenched after 3 h at 1100 ◦C showing
pure clay C and feldspar-penetrated C + F relict agglomerates. Dark-contrast
suggests liquid L formation from the flux melting, rounding of the flux crystals
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Fig. 3. Bright-field TEM of primary P on left side and secondary S mullites on
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and cracking of quartz Q filler are also shown. Reprinted from Iqbal and Lee
ith permission of Blackwell Publishing.

. Mullite in porcelains

The microstructures of commercial porcelains (e.g. Fig. 1)
omprise large filler particles of alumina (A) or quartz (Q) which
ave started to dissolve illustrating the so-called dissolution rim
R) of highly-pure silica glass dissolving from the pure quartz
rystal. These are embedded in a vitreous matrix system con-
aining primary (P) and secondary (S) mullites. Primary mullite,
ormed directly from the clay decomposition has a fine, cuboidal
r scaly morphology whereas the secondary mullite arises from
elting of the feldspar and its reaction with the clay and has
n acicular morphology. Additionally, in aluminous porcelains
anoscale tertiary mullite has been observed precipitating from
lumina-rich liquid adjacent the alumina filler.1 Quench studies
Fig. 2) reveal in the SEM a complex heterogeneous microstruc-

e
h
m
i

ig. 4. SEM/SE image of cross-sectioned, etched kaolin clay pellets fired 3 h at 1200
ullite SM. From reference [21].
he right side in model porcelain sample quenched after 3 h at 1100 ◦C. Reprinted
rom Iqbal and Lee20 with permission of Blackwell Publishing.

ural evolution on firing that arises from incomplete mixing and
gglomeration of the original starting materials.18,19 Various
egions are observed which may be clay-rich (C), or clay/flux
ixtures (C + F, Fig. 2). TEM (Fig. 3) reveals the cuboidal,

ometimes termed scaly, nanoscale primary (P) mullite and elon-
ated secondary (S) mullite. EDS shows higher K2O in the
luminosilicate glass in regions of secondary mullite consistent
ith its derivation from alkali-rich flux reacting with the clay.
Iqbal and Lee20 defined three distinct types of mullite evolv-

ng in clay-based ceramic microstructures. Type I mullite (MI)
s the nanoscale <0.1 �m cuboidal primary mullite derived from
lay relicts. Feldspar-penetrated clay relicts contain secondary,
longated Type II mullite (MII) <1 �m long and also occasional

ighly acicular elongated up to 20 �m long Type III (MIII)
ullite needles. EDS chemical analysis of mullite embedded

n an aluminosilicate glass matrix is difficult and data must be

◦C. (a) Mullite particles; (b and c) EDS of primary mullite PM and secondary
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reated with caution due to overlap of glass and crystal analy-
is. Nonetheless, semiquantitative EDS revealed that the Al2O3
ontent for primary MI mullite was higher than for secondary
II and MIII mullite consistent with the idea that primary mul-

ites are ∼2:1 mullite whereas secondary mullites are richer in
ilica in flux penetrated regions where fluid aluminosilicate liq-
id is available and so are nearer ∼3:2 mullite. In most cases,
he glass close to quartz grains contained SiO2 only, whereas the
otassium aluminosilicate glass composition varied in the matrix
hroughout the microstructure and contained up to 13 wt.% K2O
n some regions containing secondary mullite. This is consistent
ith the size and shape of the mullites formed. The mullite is
ore acicular and longer going from Types MI to MII to MIII
ullite due to the increasingly fluid alkali-rich silicate liquid in
hich it is located enhancing crystal growth.19 It is worth noting

hat even primary mullite becomes acicular after extended times
t temperature.

. Mullite in pure clays

Since clays are natural minerals they contain various lev-
ls of impurities including, significant for mullite formation,
lkalis and Fe-containing compounds. Furthermore, different
ypes of clays contain different species especially alkalis actu-
lly within their crystal structures which exude and lead to
ore fluid silicate liquids on firing. Such compositional vari-

tion means that the distinction between ostensibly primary and
econdary mullites can become blurred and has led to some
onfusion in the literature. Clearly, distinguishing clay-derived
rimary mullite from alkali-fluxed secondary mullites in such
ystems can be troublesome and in such cases the terms pri-
ary and secondary become pretty meaningless. Fig. 4 from
arvornpanich21 shows the microstructure of an ECC Interna-

ional Ltd. Cornwall, UK kaolin clay containing 2.98 wt.% K2O,
.27 wt.% Na2O, 0.1 wt.% CaO and 0.28 wt.% MgO impurity
red 3 h at 1200 ◦C revealing it to contain primary and sec-
ndary mullite. SEM (Fig. 4a) shows scaly primary and rod-like
1–2 �m long secondary mullite. The chemical composition
DS in Fig. 4b and c of the two mullite types is different. The
cale-like crystals are higher in Al but lower in K compared to
he rod-like ones. This difference in shape is explained by the
ormation of primary mullite in the area once rich in clay and
he formation of rod-like mullite in the area containing impu-
ities such as muscovite and K-feldspar, which is the source of
otassium and can act as flux to facilitate the liquid formation on
ring, allowing crystallisation of longer crystals. The EDS also
eveals the primary to be nearer 2:1 mullites and the secondary
earer 3:2 although the higher Si content in the secondary mul-
ite crystals could arise from the glassy matrix in which it is
mbedded. It thus is apparent that the distinction between 2:1
nd 3:2 mullites in these vitreous systems is blurred because the
ompositions can vary across the whole range of stoichiometry

epending in large part on what elements are available in the
ocal environment. There is also a trend to move from 2:1 to 3:2

ullite with increasing temperature, presumably due to alumina
oss to or silica gain from the aluminosilicate glass matrix.

6
f
s
m

ig. 5. BF TEM images of mullite formed from (a) illite fired 3 h at 1400 C;
b) montmorillonite fired to 1300 ◦C and (c) kaolinite fired 3 h at 1400 ◦C. From

cConville22.

McConville22 examined mullite formation from three
ighly pure kaolinite Al4[Si4O10](OH)8, illite K1.5Al4[Si6.5
l1.5]O20(OH)4 and smectite Ca0.33[Al·Mg]4Si8O20

OH)4·xH2O clays. Mullite derived from each clay grew
o very different sizes after similar heat treatments (Fig. 5, note
he different length scales) being >10 �m long in the illite,
1 �m in the smectite and only ∼0.5 �m long in the kaolinite.
easured by X-ray fluorescence alkali Na2O + K2O levels in

he clays were 7.9 wt.% for the illite, 2.3 wt.% for the smectite
nd 0.5 wt.% impurity for the kaolinite while Fe2O3 levels were
.2 wt.% for the illite, 4.8 wt.% for the smectite and 0.9 wt.%

or the kaolinite. The high alkali/Fe2O3 containing and so fluid
ilicate liquid generated from the illite clay clearly facilitates
ullite crystal growth, while the lower alkali/Fe2O3 content of
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he thus more viscous liquids generated from the smectite and
aolinite clays support growth to a lesser extent. Fe was also
etected in the mullites by EDS in the TEM. Fe is well known
o act as a mineraliser supporting mullite growth in clay-based
ystems.16,17

. Mullite in porcelain stoneware

Porcelain stoneware is the world leader in the tiling market23

nd has been the subject of much recent research especially into
se of waste material such as recycled soda-lime-silica (SLS)
lass as replacement for feldspar flux in its formulation. The
igh firing temperatures of porcelain stoneware >1200 ◦C mean
hat different types of waste can be incorporated while still pro-
ucing an as-fired material with a level of desired microstructural
eterogeneity comparable to that of its waste-free counterpart.
oreover, the high firing temperature enables some wastes

o be more easily incorporated into the glassy matrix leading
o enhanced properties.24 A typical porcelain stoneware body
ormulation contains 40 wt.% illite, 1 wt.% kaolinite, 15 wt.%
-feldspar and 35 wt.% Na-feldspathic sand containing quartz.
eplacement of 15 wt.% of the Na-feldspar (which contains
18 wt.% Al2O3) with SLS glass (which contains 1.5 wt.%
l2O3) led to detectably lower contents mullite in the result-

ng stoneware (Souza et al.23) presumably due to the Al2O3
eficiency in the aluminosilicate liquid making it more diffi-
ult for mullite to grow. While mullite content was reduced new
hases formed with the SLS flux including wollastonite, sodium
ilicates and plagioclase solid solution between sodium and cal-
ium aluminosilicates, the latter likely competing with mullite
or Al/Si ions.

Souza25,26 recently examined the use of high Fe-containing
lays in stonewares. The Fe was present in the raw clay predom-
nantly as iron hydroxides and on firing for 30 min at 1100 ◦C in
n oxidising atmosphere (static air) as part of a model porcelain
toneware formulation (comprising 65% clay, 10% nepheline
yenite and 25% fine quartz) formed into veins of haematite
e2O3 particles (Fig. 6). However, comparison of the mullite
ormed on firing in reducing atmosphere (5% H2 and 95% Ar

arrier gas) revealed significant differences. For similar heat
reatments larger primary and secondary mullite crystals formed
n oxidising than in reducing atmosphere (Fig. 7). The mecha-
ism for the effect on mullite growth is believed associated with

c
t
m
f

ig. 7. Secondary electron SEM images of model porcelain stoneware compositions, p
nd (b) 1100 ◦C in reducing atmosphere. Reprinted from Souza et al.26 with permissi
ig. 6. Backscattered electron SEM image of a cross-sectioned, etched model
toneware composition fired in oxidising atmosphere at 1100 ◦C. PM: primary
ullite; SM: secondary mullite; Q: quartz and H: haematite. From Souza25.

tmosphere-induced changes to the liquid composition which
s likely to be more fluid in the oxidising atmosphere facili-
ating mass transport and crystal growth. XRD (Fig. 8) reveals
e2O3 and cristobalite formation in oxidising atmosphere but Fe
etal in reducing. Removal of the fluidising iron oxides from the

ilicate liquid in reducing atmosphere fired samples is believed
esponsible. However, a contribution may be associated with the
otential for transient FeO in the reducing atmosphere to min-
ralise quartz formation (as detected in Fig. 8) making mullite
rowth from silica-deficient liquid more difficult. This ability to
ontrol the extent and nature of mullite formation through con-
rol of atmosphere in cheap, abundant Fe-containing clays has
ignificant commercial implication especially if colour control
ia specific Fe-compound formation is possible.

. Comments on mullite stoichiometry in vitreous
ystems

The stoichiometry of mullite from vitreous systems formed

oncomitantly with complex aluminosilicate liquids is con-
entious and difficult to measure. As mentioned in Section 1,

ullite derived by more conventional processing is stable 3:2
ormed by solid state reaction and metastable, acicular 2:1

olished and etched after firing 30 min at (a) 1125 ◦C in oxidising air atmosphere
on of Blackwell Publishing.
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ig. 8. XRD of specimens of model porcelain stonewares fired in oxidising le
lackwell Publishing.

ormed from the melt in the presence of liquid glassy phase as
xpected from the commonly-accepted phase diagram of Aksay
nd Pask.27 It is perhaps important to highlight that the observa-
ions of mullite in vitreous ceramics and clays in this study and

any previous studies are on impure systems which are likely
o be far from equilibrium so that simple equilibrium phase dia-
rams may not be relevant. The results described suggest that
he general statement the primary mullite derived from pure clay
s 2:1 and secondary mullites derived from clay/flux interaction
re 3:2 is an oversimplification since we believe that there are a
ange of mullites in vitreous systems across the 2:1 to 3:2 range
nd the systems are not at equilibrium.

. Conclusions

Mullite is seen to form in vitreous ceramics with a range
f morphologies and compositions. Mullite content is control-
able, e.g. by extending time and temperature. Variables affecting
he mullite formation include type of flux, level of alkalis
nd Fe impurities and atmosphere particularly in Fe-containing
ystems. These variables influence mullite and other phase for-
ation by affecting the composition and viscosity of the liquid in
hich it grows. The stoichiometry of mullite formed in vitreous

ystems is difficult to determine since the crystals are embed-
ed in an aluminosilicate glass matrix. However, it is likely the
ullites formed have a range of Al/Si ratios as the local liquid

omposition varies significantly due to the heterogeneity of the
icrostructure. Primary mullites are believed predominantly 2:1

nd secondary predominantly 3:2 but the mullite compositions
ary gradually and most are neither but in between, depending
n the local situation, e.g. liquid composition or solid particles
vailable for reaction.
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