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Nanosized alumina from boehmite additions in alumina porcelain
1. Effect on reactivity and mullitisation
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Abstract

The influence of nanosized alumina additions and of grain size of alumina filler on the reaction-sintering of alumina porcelain is investigated.
Phase and porosity evolution has been studied from room temperature up to 1400◦C. When vitrification occurs the presence of alumina
nanoparticles leads to a new type of mullitisation which has two major consequences: a volume expansion resulting in a shrinkage inhibition
and a decrease of the amount of liquid which causes densification problems at usual firing temperatures. This phenomenon is enhanced if the
alumina filler is coarse but it is limited when fine and round alumina is used because in that last case vitrification kinetics is slowed down.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mullitisation has been studied for decades in a number
of systems. It is a complex reaction, not always fully under-
stood yet, whose features (reaction temperature, composition
and structure of synthesized mullite, formation mechanisms,
etc.) are dependent on many parameters: process and start-
ing materials are never the same towards mullitisation[1].

In alumina porcelains three kinds of mullitisation are gen-
erally reported[2–5]. Primary mullitisation occurs first when
heating porcelain bodies around 1000◦C [2,4] as the final
step of a series of reaction taking place inside kaolin particles
[6–9]. Secondary mullite is formed when molten feldspar
dissolves alumina rich metakaolinitic relicts[3,5]. The felds-
pathic liquid can also partially dissolve alumina filler grains
and thus form tertiary mullite[2,3,5]: this mechanism is
close to that of secondary mullitisation and has been ob-
served in other systems such as kaolinite–alumina mixtures
[10–12].

Tertiary mullitisation is the only example of free alu-
mina reactivity towards mullitisation in porcelains: alumina
grains that react here are used as filler and are thus not fine
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(around 1–10�m). The reactivity of nanosized alumina in
porcelainic systems has not been studied yet.

The present work focusses on the influence of additions of
alumina filler (0.5–6�m) and nanosized alumina (boehmite
gel) on the reactivity of porcelain: these additions are sup-
posed to strengthen porcelain parts in both green and fired
states. The first part of this study is a systematic anisother-
mal investigation of reactivity within this new porcelainic
system. The second part is devoted to the resolution of sin-
tering problems induced by this new formulation and the
elaboration of alumina porcelains with better green resis-
tance and sintered thermomechanical properties.

2. Experimental procedures

The materials used in this study are industrial porcelain
pastes (kaolin, potash and soda feldspars, chalk) with alu-
mina additions (no quartz is added in the paste): these ad-
ditions are under the form of granular alumina (alumina
filler) for general strengthening and/or boehmite gel for bet-
ter green mechanical properties[13]. Mixing of all starting
products is made via classical wet processing methods[13]:
the alumina powder is first dispersed in water with a dis-
persing agent (ammonium polyacrylate); then the porcelain
paste is added; in the case of alumina gel addition, the sol is
prepared separately, and added to the precedent slurry; both
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Table 1
Oxide composition of tested samples (in wt.%)

Kaolinite phases (wt.%) Feldspathic phases
(wt.%)

Lime (wt.%) Alumina (including gel)
(wt.%)

Wt.% in the
paste

SiO2 56.4 68.1 <0.1 – 41
Al2O3 40.4 18 <0.1 >99.8 52.3

Alkalis (K2O, Na2O) 2.3 12.3 – – 3.9
1.7 Major phase Major phase
0.6 Minor phase Minor phase

Others Oxides 0.9 (Fe2O3, TiO2,
Li2O, MgO, CaO) Water

Oxides 1.6 (Fe2O3,
TiO2, Li2O, MgO, CaO)

CaCO3: 99.1; MgO: 0.5;
Fe2O3: <0.2

Oxides (<0.2) (Na2O,
Fe2O3, SiO2)

Oxides: 0.8
CaCO3: 2

Size 70%< 2�m 50%< 17�m 50%< 30�m Coarse: 50%< 4–6�m
fine: 50%< 0.5�m gel:
SS: 180 m2/g

–

Wt.% in the paste 45 23 2 30 100

gelling and mixing are performed simultaneously. Samples
are extruded. Two types of alumina filler are used: a fine
one (d50 = 0.48�m) and a coarse one (d50 = 4–6�m).
Three types of mixtures of the same chemical composition
(seeTable 1) are investigated, PC, PCG and PFG: details on
the nature of mixed starting products are given inTable 2;
the compositions are given before firing for the porcelain
paste minerals (for example, CaCO3), but the percentage of
gel corresponds to the added alumina (the dehydratation is
taken into account for the calculations).

Dilatometry experiments are performed with Setaram
TMA92 apparatus under reconstituted air flow at 5◦C min−1

up to 1400◦C. Infra-red spectra are obtained on Bruker
Equinox 55 spectrometer. X-ray diffraction measurements
are made with Siemens D5000 diffractometer on specimens
heated in a Naberthem furnace (when a soaking is per-
formed, dwell time is indicated inTable 3) and quenched
in water: quantifications from XRD spectra are based on
the peaks surface areas: (1 1 0), (0 0 6) and (1 1 3) peaks are
used for the quantification of�-alumina, (2 2 0) and (1 2 1)
peaks for mullite, (1 0 0) peak for quartz, a series of small
peaks in the range (2|2|0) to (2|1|4) for anorthite; the in-
tensity of each peakIa (h k l) mentioned before depends on
the quantityVa of the a phase, on a structural factori (h k l),
and others factors that are constant for all analyses (beam
absorption by the solid, beam wave length and area). So the
volume ratioVa of each phase under the total volume of

Table 2
Details and green densities of the three types of mixtures (in wt.%)

PC PCG PFG

Porcelaina 70 70 70
Coarse Al2O3

b 30 20 –
Fine Al2O3

b – – 20
Boehmite gel – 10 10
Green density 1.98± 0.04 1.83± 0.02 1.77± 0.04

a Kaolin 64.3 wt.%, feldspar 32.9 wt.% (microcline+ albite) and chalk
2.8 wt.%.

b Coarsed50 = 4–6�m, fine d50 = 0.48�m.

crystallized phases can be determined:

Va = Ihkl
a /ihkl

a∑x
y(I

x
y/ixy)

(1)

Table 3
Phases contents in the three studied materials at various temperatures (in
wt.%): error:±2% for major phases and±1% for minor phases

Thermal cycle PC PCG PFG

1200◦C 20 min Alumina 35 Alumina 26 Alumina 29
Mullite 19 Mullite 30 Mullite 19
Quartz 4 Quartz 6 Quartz 4
Anorthite 5 Anorthite 4 Anorthite 2
Glass 37 Glass 34 Glass 46

1200◦C 40 min – Alumina 27 Alumina 29
Mullite 33 Mullite 19
Quartz 7 Quartz 3
Anorthite 3 Anorthite 2
Glass 30 Glass 47

1250◦C 0 min Alumina 35 Alumina 29 Alumina 30
Mullite 16 Mullite 29 Mullite 19
Quartz 1 Quartz 4 Quartz 2
Anorthite 2 Anorthite 3 Anorthite 3
Glass 46 Glass 35 Glass 46

1300◦C 0 min Alumina 35 Alumina 28 Alumina 32
Mullite 16 Mullite 31 Mullite 20
Quartz 5 Quartz 4 Quartz 2
Anorthite 0 Anorthite 3 Anorthite 2
Glass 44 Glass 34 Glass 44

Fig. 1. Dilatometric behaviour of the materials with temperature.
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Fig. 2. Comparison of the densification achieved in (a) PC at 1300◦C and (b) PCG at 1400◦C.
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where I (k k l) is given by the software CaRine Cristal-
lography 3.1; by using several peaks a meanVa can be
calculated. The complementary amount of liquid/glass is
estimated by HF dissolution method[14] (a small quantity
of nanocrystals are dissolved by HF and are thus part of the
glass amounts given in this paper). From the glass content
and the differentVa, an approximate composition (error
±2% for major phases and 1% for minor phases inTable 3)
for each sample is then determined. Microstructural investi-
gations are made on Jeol JSM840 SEM and Philips CM200
TEM.

3. Results and discussion

3.1. Shrinkage inhibition

The dilatometric curves presented onFig. 1 reveal that
shrinkage occurs in each material but is inhibited in the
range 1150–1250◦C: this phenomenon is enhanced when
gel (nanosized alumina) is contained in the tested paste and
as the grain size of alumina filler increases. It can be no-
ticed that the green densities of the three samples are quite
different (Table 1), that could influence shrinkage; despite
these differences, shrinkage inhibition is visible for the three
materials. The micrographs ofFig. 2 show that the combi-
nation of both gel and coarse alumina also results in a lack
of densification at high temperatures. To know if these two
results are directly linked porosity measurements are done
on samples heated at different temperatures and quenched
in water.

3.2. Porosity removal

It is well known than in these kind of materials pore elim-
ination occurs via migration into glass because of vitrifica-
tion. As mentioned above,Table 1indicates that the three
materials initially have different green densities: this appears
onFig. 3which shows a difference in the amount of porosity
between the three materials.Fig. 3also indicates that poros-
ity elimination proceeds at the same rate in the three mate-
rials up to 1250◦C: above 1250◦C, it accelerates in PFG.
The initial porosity difference is maintained throughout the

Fig. 3. Evolution of open porosity with temperature.

thermal cycle despite significant disparities in shrinkage be-
haviour: this means that the shrinkage inhibition observed
on the dilatometric curves is not linked to a densification
inhibition.

3.3. Phase evolution under 1150◦C

At around 990◦C, primary mullitisation occurs as indi-
cated on shrinkage curves by a small peak. However, mullite
is not detected by XRD until 1100–1150◦C as shown on
Fig. 4. This is because metakaolin decomposition first gives
birth to a premullitic system, composed of nanocrystalline
particles of mullite and/or�-alumina or aluminium–silicon
spinel [6–9] that can only be detected by XRD when sub-
stantial growth has occurred[4,9].

Fig. 4also indicates that alumina filler and quartz remain
inert and that feldspar has partially melted at 1150◦C (al-
bite peaks have disappeared, only microcline and traces of
anorthite are detected).

Up to 1150◦C phase evolution is the same as can be
expected in a classical porcelain system and does not seem
to be influenced by alumina additions (filler and gel).

Fig. 4. Phase evolution with temperature for (a) PC, (b) PCG and (c)
PFG (A: �-alumina, M: mullite, Q: quartz, m: microcline, a: anorthite).
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3.4. Phase evolution above 1150◦C

3.4.1. Vitrification
In Fig. 4microcline disappears between 1150 and 1200◦C

because it decomposes into leucite and glass[15]. In porce-
lain leucite remains dissolved into glass, so microcline dis-
appearance is the last step of global vitrification. Amorphous
phases are very inhomogeneous and consist of zones of vari-
ous viscosities ranging from highly viscous and almost pure
silica glass to low viscosity feldspathic liquid.

3.4.2. Mullitisation
Fig. 4andTable 3indicate that mullitisation proceeds up

to 1200◦C and stops, except for PC where a small decrease
is recorded: a part of primary mullite can thus be dissolved
by liquid as it has been observed previously[4]. PCG is
the richest in mullite: systematic TEM observations of thin

Fig. 5. Mullite crystals embedded in glass: square sections of the needles are visible (PC heated up to 1200◦C and quenched).

foils from materials heated at 1200 and 1250◦C confirm
this result.Fig. 5shows some nanometric mullite crystals in
a glassy matrix, with acicular shape and square section. In
some areas of the thin sections needles are smaller and less
numerous than on this micrograph, indicating differential
mullitisation throughout the samples.

The main difference between the three materials is the
amount of produced mullite. The first mullite formed is pri-
mary mullite in metakaolin: as the quantity of kaolin intro-
duced is the same in all three materials, this should not lead
to different primary mullite contents. No direct evidence of
secondary mullite formation between 1150 and 1250◦C has
been found but if this happens it should also be in the same
proportions in every materials for the same reasons.

In fact these materials differ by the size of alumina filler
and the presence of gel. Alpha alumina peaks onFig. 4
and associated quantities given inTable 3 do not change
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significantly with temperature which suggests that alumina
filler remains inert: it thus does not participate to mullite
formation. The two gel containing materials are richer in
mullite: as liquid/glass is too alumina poor to mullitise, it is
likely that it can dissolve ex-gel alumina so that mullite pre-
cipitates. This mechanism is close to that leading to tertiary
mullite by dissolution of alumina in the liquid. For that it
will be called pseudotertiary mullitisation. This phenomenon
occurs at high temperature in alumina rich porcelains[3–5];
in the present work, it can be supposed to happen at lower
temperature because of the high reactivity of alumina gel.

But such a mechanism does not explain the great differ-
ence in mullite content in PCG and PFG (same gel content).
Fig. 6shows that alumina dispersion is heterogeneous. This
is due to the initial mixing: the smaller alumina and kaolin
grains have been brought together around the larger feldspar
particles and this configuration remains up to high temper-
ature. This phenomenon is especially developed in PFG, as
shown onFig. 7, where alumina grains are aggregated be-
cause of their small size. Because of this particular disper-
sion, after feldspar melting liquid has to cross alumina rings
to spread within the samples: these rings act as a barrier
which is especially strong in PFG where grains are aggre-
gated. This results in slower kinetics for pseudotertiary mul-
litisation in PFG.

3.4.3. Alumina
As shown in previous paragraph, alumina filler is inert:

1400◦C is not a sufficient temperature to induce alumina

Fig. 6. Alumina dispersion in matrix: the shape of the original kaolin grains appears (PCG).

dissolution by the feldspathic liquid, which is consistent with
authors observations in related systems[2,3,5,10–12]. High
measured contents given inTable 3are due to the dehydrox-
ylation of kaolinite and decomposition of limestone.

Note that the alumina content is smaller for PCG and
PFG due to partial substitution of alumina filler by gel:
the particles of boehmite have transformed into nanocrys-
talline �-alumina, not detected by XRD. Above 1150◦C,
this �-alumina should become�-alumina and its content in
PCG and PFG should reach the value obtained in PC. How-
ever, this is not the case as this�-alumina is consumed dur-
ing pseudotertiary mullitisation. In PFG where this reaction
is inhibited, there is significantly more alumina than in PCG
because unreacted gel transforms into�-alumina in the tem-
perature range 1200–1250◦C: these high temperatures for
�–� transformation are due to the presence of amorphous
silica which delays alumina transitions[16,17]. Pseudoter-
tiary mullitisation and gel transformation are competitive
processes.

3.4.4. Metakaolin
TEM observations show large areas of nanocrystals

diffracting as�-alumina (seeFig. 8). These areas can be
seen in PC which does not contain gel, providing evidence
that metakaolinitic relicts can remain at temperatures as
high as 1200–1250◦C. Silicon is always detected by EDS
in these areas but the method’s resolution has not allowed
us to isolate a single crystal: so only further investigations
could help to determine the exact nature of each observed
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Fig. 7. Alumina grains aggregated in PFG (heated up to 1200◦C and quenched).

areas,�-alumina or aluminium-silicon spinel.Fig. 9 shows
an example of one of these zones in PC which is part of a
metakaolinitic relict.

3.4.5. Anorthite
A significant amount of anorthite is found that clearly di-

minishes with temperature and has disappeared in every ma-
terials at 1400◦C, as shown inFig. 4 andTable 3. Compar-
ison of anorthite quantities in the three materials is difficult
and can be within the range of experimental error (±1%).

Chalk incorporated into liquid phase is the only source
of CaO in our system. According to the CaO–Al2O3–SiO2
phase diagram[15], anorthite crystallisation from liquid can
occur above 1165◦C for certain compositions (when liquid
phase becomes richer in alumina). The anorthite-potash
feldspar phase diagram[15] indicates that feldspar rich
anorthite–feldspar mixtures lead to leucite and liquid at tem-
peratures depending on the composition. Anorthite is thus
a transitory phase that crystallises from a CaO containing
liquid and is then dissolved by feldspathic liquid.

The CaO–Al2O3–SiO2 phase diagram indicates that
anorthite formation is preferential to mullitisation. As the

mechanism of these two reactions is similar (alumina dis-
solution), anorthite formation can thus limit both types of
secondary mullitisation: this phenomenon is clearly put in
evidence in the second part of this study[13].

3.4.6. Quartz
Quartz dissolution in the liquid clearly appears onFig. 4

andTable 3: it is though limited in PCG up to high temper-
ature.

3.4.7. Liquid/glass
Liquid/glassy phase is generalised above 1150◦C and in-

cludes amorphous silica and feldspar. For that reason, it is
heterogeneous: some areas approximate the composition of
pure silica, others contain varied quantities of alkalis, and
crystal free and mullite containing areas have different com-
positions.

The lack of liquid/glassy phase in PCG (seeTable 3)
is induced by extra mullitisation and explains that quartz
dissolution and final densification are limited in this material.
It is also possible that differential crystallisation induces a
local modification of the viscosity of liquid phase which can
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Fig. 8. An agglomerate of�-alumina nanocrystals (PCG heated up to 1250◦C and quenched).

Fig. 9. Adjacent mullitic (M) and spinel-type (S) zones suggesting a metakaolinitic relict (PC heated up to 1200◦C and quenched).
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Fig. 10. Evolution of the ratio of micropores in total porosity with
temperature.

affect densification: however, this possibility has not been
confirmed by our investigations.

3.5. Pore coalescence

Closer examination of porosity data shows that differential
microporosity (∅ < 1�m) evolution hides behind a similar
global porosity elimination behaviour. At high temperatures,
the relative quantity of micropores decrease in PFG and PC
(especially in PC where micropores disappear at 1300◦C),
as showed onFig. 10. This diminution can be correlated
with the vitrification of the system around 1150◦C and is
the result of both global porosity removal and coalescence
of some of the remaining pores. Coalescence is delayed in
PFG as liquid spreading kinetics is limited by the alumina
barrier effect. It does not take place in PCG because it is the
poorest in liquid phase.

3.6. Mullitisation and shrinkage inhibition

The temperature range associated with shrinkage inhibi-
tion corresponds to intense mullitisation. Other authors have
noticed the detrimental effect of mullitisation on shrinkage
in other materials[18,19]: in alumina–zircon mixtures this
has been attributed to a volume expansion associated to the
reaction[20,21]. This study has shown that nothing can be
correlated with the sharpness of shrinkage inhibition except
the amount of mullite, from which a part comes from the
dissolution of nanosized alumina by the liquid phase. Con-
sidering this and the converging results in literature, this
phenomenon of shrinkage inhibition is probably linked to a
volume increase associated to pseudotertiary mullitisation.
The volume expansion cannot be calculated because it seems
impossible to determine the glass volume mass, but it seems
plausible considering the high density of alumina (4 g/cm3),
converted in mullite (3.2 g/cm3).

4. Conclusions

In low temperature range, the phase evolution of alumina
porcelains containing nanosized alumina is similar to that of
classical porcelain systems. Vitrification is completed above

1150◦C with the end of feldspar melting and the beginning
of quartz dissolution.

In the range 1150–1250◦C, additional mullitisation oc-
curs when nanosized alumina is present in the system (gel
containing materials) through a mechanism that is very
similar to that of tertiary mullitisation: nanosized alumina
is dissolved by liquid phase and mullite precipitates. For
that reason this special kind of mullitisation is called pseu-
dotertiary mullitisation. Unreacted gel finally transforms
into �-alumina: as this reaction lies in the same temperature
range it is competitive with pseudotertiary mullitisation.

The grain size and shape of alumina filler have an influ-
ence on liquid phase spreading inside the samples: when
grains are fine and round they are aggregated and act as
barriers which slow liquid spreading down. This results in
pseudotertiary mullitisation inhibition and gel transforma-
tion enhancement when fine alumina filler is combined with
boehmite gel.

Shrinkage inhibition between 1150 and 1250◦C does not
correspond to densification inhibition but is probably caused
by a volume expansion which accompanies pseudotertiary
mullitisation. Thus limited final densification in the material
containing boehmite gel and coarse alumina filler is not a
direct consequence of greater shrinkage inhibition: it occurs
because enhanced secondary mullitisation II in this material
finally leads to a lack of liquid phase which hinders it to fill
the initial porosity gap that separates it from the two other
materials.
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