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Abstract Reaction kinetics for the solid- state reaction of a@- Al,O; with amorphous SiO, to
produce mullite (3Al0; - 2510, ) was studied in the temperature range of 1450~ 1480°C. Rate
of kinetic reaction were determined by using SiO,- coated Al;O; compact containing 28.16 wt.%
SiO, and heating the reactant mixtures in MgO at definite temperature for various times.
Amount of products and unreacted reactants were determined by X- ray diffractometry. Data
from the volume fraction and ratio of peak intensities of mullite indicated that the reaction
of a- Al,O; with SiO, to form 3ALO, - 25i0, start between 1450 and 1480°C. The activation
energy for solid-state reaction was determined by using the Arrhenius equation; The activati-
on energy was 31.9 kJ/mol.
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1. Introduction

Aluminium- and silicon oxides are conpo-
nents of many refractory products because
of their refractoriness and chemical stabili-
ty. In the Al,O:SiO, binary system, an im-
portant refractory material; Mullite ( 3ALO;
- 258i0,) is also formed [ 1,2 ]. Most studies
of mullite system involve preparation of
material by high temperature reactions from
oxide powder [ 3,4]. By this conventional
process, reaction kinetics between oxides
are often insufficiently fast to lead to com-
plete reactions. Therefore, sol-gel technique
has been used to prepare reactive alumino-
silicate gel and ceramics at low tempera-
ture [ 5-8].

The present study aims at a detailed inve-
stigation of amorphous SiOyr @- Al,O; system
of the compositon 3ALO; - 2510, made by
sol- gel process, using an halb- alkoxide.

The quantitative X-ray determination for
Mullite, corundum and cristobalite contents
is necessary in order to characterize the
behavior and properties of such materials.

Quantitative X-ray diffractometric phase
analysis assumes that the intensity, I, of

the X ray diffractometric reflection of a

crystalline phase @ is proportional to the
phase’s concentration in an aggregate ;
The following equation is valid :

= C/ um (1)

where I is intensity of the X ray interfer-
ence, C is concentration of the crystalline
phase @, g *m is mass absorption coefficient
of the bulk sample.

The intensity of one X-ray reflection of
a crystalline phase is compared with a cor-
responding X-ray reflection of a reference
material containing a known percentage of
the phase to be determined. The X-ray re-
flection intensity is also dependent on the
mean grain size and on the grain size dis-
tribution [ 9 ]. The X ray reflection intensi-
ty increase with decreasing grain size and
displays a maximum between 20 and 1 gm.
Still smaller mean grain sizes are shown by
line broadening and intensity decrease of
the X ray reflections. Crystal disordering
and deformation of the crystal structure
can also cause intensity decreases. More-
over, grain morphology also influences the
reflection intensities . the more the crysta-
llinity deviates from the globular state, the
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more certain lattice planes show preferred
orientation under preparation of powder
samples. The resultantly higher intensity
may simulate exaggerated phase contents.
In this study, the iptemal standard meth-
od is used for qua{ntitative X-ray phase
analysis and reaction kinetics between
amorphous Si0; and a- Al,O; to form mull-
ite. A stoichiometric mixture of the reacta-
nts in MgO was a high-purity alumina
which is coated with a dilute solutions of
tetraethylorthosilicate Si(OC,H;),, and the
samples heated between 1450 and 1480°C
for various times. The amount of mullite,
Al,O; and SiO, in the final samples were
determined by X ray diffractometry. The
rates for the mullite formation reaction

were determined from these results.

2. Experimental Procedures

Tetraethylorthosilicate  Si( OC,Hs ),( Huels
AG), o AlLO; (A-16 SG; mean particle di-
ameter: 0.3~05 gm ; Alcoa Chem.), and
Ethanol (Merck) were used as starting mate-
rials. Al Oy SiOz amorphous composite powder
were prepared by stepwise alkoxide hydro
lysis of a molar ratio [ HO/Si(OCH;),] of
80 in a- Al,O; powder ethanolic colloid solu-
tions. Typical final solution concentrations
were 0.4 mol Si(OC,H;), 32 mol H,O, and
6.23 mol ethanol. The dispersion of coated
powder was next centrifuged to remove the
alcoholic solution, then washed with deioni-
zed water and redispersed in aqueous NH,OH
solution (pH=11). Powder compacts were

400NM

Fig. 1. Scanning electron microgragh of top

surface of amorphous SiO, coated Al;O; gree-

en compact (28.16 % Si0,) made by centrif-
ugal casting.

prepared by centrifugal casting, followed by
drying at room temperature for one day.
The unagglomerated Al,Os SiO; amorphous
composite powder (28.16 mol% Si0,) is
shown in Fig. 1. Before firing, compacts
were calcined in air at 650C for 1 hr to
remove organic material.

After adding KB 2010 (Zschimmer &
Schwarz, Lahnstein/Rh) as binder the pow-
ders were formed uniaxially into pellets (8
X15 mm?) at 400 N/mm® The firing was
carried out in air in an electric furnace
with molybdenum silicide heating elements.
The sample were introduced at a constant
rate so that they were exposed within 5
min to the indicated temperature. The tem-
perature of the furnace was controlled a Pt
- 13Rh/Pt thermocouple and at the end of
each temperature, they were water quenched.

In this paper, quantitative X-ray meas-
urements ( XRD) were performed using Ni-
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filtered CuKe radiation. The scanning speed
was 0.5° 2 §/min. As an internal standard
50 wt% of MgO powder was added to the
sample, which has chemical composition of
AlLO; : SiO; in rate of moles 1:4, 1:1, and
4:1, respectively.\' The mixture was during 5
min in a percussion mill. Such a time rep-
resents a compromise between particle size
reduction which
and crystallite destruction which expecially
affected the SiO,
changing the peak height ratics. The fol-
lowing peaks were evaluated : MgO(220),
Mullite( 023 ), a Al,05(104), and SiO, cristo-
balite( 200). According to the internal stan-
dard method, the following equation is used

improves reproducibility

peak intensity thus

for calculating the phase content of a
phase mixture [ 10 }:

Xi=lu/le X p/p. X X, / (1K) (2)

Where X, is content of the phase of a in
the sample in weight %, X. is content of
the phase of e in the reference material in
weight %, I, is reflection intensity of the
phase of a, I, is reflection intensity of the
reference material, o, and . are density of

a and e, respectively.

- I

1 1 T 1

R " T T T
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Fig. 2. The standard curve for the formation
of mullite( Il :Cristobalite, [J:Corundum).

The following equations give the concen-
tration of AlLO, SiO, and mullite in mole

percent as function of the peak height rati-

ons .

CAlz 0; = IAlz 0, (104) / IMgO(ZZO)

Csi0, = Iswo, 200 / Imgocazoy

CMuIIite = IMuIlite(023) / IMEO(220) (3)

If one knows the initial composition of
the powder, these eq. (3) allow for the
independent determination of the mole per-

Table 1
Physical properties of amorphous SiO;- coated Al,O; powders
Precursor Corundum Si(0C; Hs), + Corundum
Crystal form a- corundum Amorphous + Corundum
Average particle size range( ym ) 0.2~0.3 0.4
Green density(g / m®) 2.15 1.8
Density(g / m?*) 391 3.1
* Surface area(m? / g) 10~15 76.3
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cent of mullite. Figure 2 shows the stan-
dard sample of mullite obtained by XRD.
The peak height relations have been estab-
lished experimentally from powder mixtures
of known compositions to serve as standa-
rds.

The final densities were measured for
composite powders. The SiO; coated Al,O;
powders consist of spheroidal particles ha-
ving a narrow size distribution and a large
surface area (76.03 m%*/g) in Table 1.

3. Chemical Kinetic Equation

After Most ceramic process is carried out
by intimately mixing fine powders. In 1929,
Jander applied the parabolic rate law, de-
veloped for planar interface reactions, to
powdered compacts [ 11 ].

ro! [1—(1-X)"**] = 2kt (4)

Eq. (4) is the well-known Jander’s
equation relating X the fraction of reaction
completed to time. Where k is the rate c
onstant and ro is the initial radius of the re-
acting particles. By plotting [ 1—(1—X)"*?%]
versus time, reaction-rate constant equiva-
lent to k/ro’ can be obtained, which 1is
characteristic of the reaction conditions.

There are two oversimplifications in eq.
(4) which limit its applicability and the
range over which it adequately predicts re-
action rates. First, eq. (4) is valid only for
a small reaction thickness, Y ; and second,

there was no consideration of a change in

ESSSSY Product

Fig. 3. Carter’s solid- state reaction geometry

(Phase A is completely and constantly cov-
ered with particles of componet B) [ 9 ].

molar volume between the reactants and
the product layer.

Carter’s equation indicated that the time
dependence of the fraction reacted correct-

ed for these two constraints is given as

[11]:

[1+(Z-DX P+ (Z-1)(1-X)¥®
=Z+2(1-2) kt/ro  (5)

Eq. (5) to represent the rate of product
formating and entered a Z term to account
for the change in volume, where Z repre-
sent the wvolume of the reaction product
formed per unit volume of reactants consu-
med.

Figure 3 is a schematic representation of
the Carter’s mechanism.

Where ro, is the initial radius, r, the radi-
us of unreacted material at any time t and
r; the radius of the sphere which includes
reacted and unreacted material at any time
t. The values of the rate constant k, as a
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function of temperature, were analyzed by

means of the Arrhenius equation.
1.k—1ko = —E/RT (6)

It is assumeua that the intensities are
proportional to the number of moles the
species. The investigated test samples with
50 wt% of original standard by X-ray, was
evaluated the rate of moles of unreacted
mixture of Al,O; and SiO, Because of the

stoichiometry of the chemical reaction, i.e.,
a- AL,O;+Si0, amorphous — mullite (7)

Through multiplication with the volumes
of the moles was estimated the volume of
solid species per mole on the layers on the
spheres with following equation.

VMulIite

X = (8)
VAlz 0s — VSio;“VMulme

The volume fraction X of the mullite can
be calculated from Eq. (8). Z can be obta-
ined from the relation of the volume of
moles. Because of Al,O; as the starting ma-
terial was coated from amorphous SiO,, ob-
tains one the ratio Z for SiO, coated AlO;
green compact( 28.16 mol% Si0,) of 1.58.
Optical microscopie examination of equimo-
lar sample of AlOs SiO, composite showed
that the particle size was approximately 0.5
ym in diameter (0.25 y¢m in radius), sub-
stituted into Eq. (5).

4, Results and Discussion

Weight loss (%)

07

1] TGA
20]
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endrth.
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TCCO)
Fig. 4. DTA/TGA curver of the mullit gel.

The amorphous SiO: coated AlLO; pow-
ders ( 3AL,0;-2Si0,) consist of spheroidal
particles having a narrow size distribution
(0.5-0.6 ym) and a large surface area
(76 m?/g). This uniform size SiO; coated
powder required the simultaneous satisfac-
tion of several conditions [ 12 ]; proper re-
agent concentration are necessary to pro-
mote nucleation and reagents must be
mixed completely prior to particle nuclea-
tion, so that nucleation occurs uniformly
throughout the solution.

The DTA-TGA heating curves of the
sample dehydrated at 100°C is shown in
Fig. 4. The dried mullite- gel exhibited a
broad endothermic peak in the low- temper-
ature range around 120°C due to the loss
of water and organic solvents. With further
heating, the material showed a broad exo-
thermic effect around 200°C and another
broad exotherm peak at 1300°C. This trans-
formation can be assigned to cristobalite

formation from amorphous SiO; as XRD in
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Fig. 5. Reaction between amorphous Si0, and
AlO; to from mullite by Cater’s equation.

Fig. 5 at this stage showed stable cristoba-
lite phase and at 1480°C mullite formed (4
H=16.21 Kcal/mol ) [ 13 ].

Powder X ray diffraction intensities of
amorphous SiO; coated Al;O; gel powder
from 1000 to 1500°C without soaking time
are shown in Fig. 5. These data were fitted
by means of ratio of peak intensities of
corund(012), cristobalite(101) and mullite
(210). The amorphous SiO, began to crys-
tallize at 1300 to formation of cristobalite.
Cristobalite peaks were detected between
1300 and 1550°C. Mullite was first detected
at 1480cC.

Figure 6 showed shrinkage rate curves
of green compact of SiO, amorphous coat-
ed ALO;. When a green compact was hea-
ted at 5°C/min, shrinkage started at 900°C,
reached a maximum rate of 3.73 X 107°S™
at 1375°C. After mullite has initially formed
at 1480°C(1.69 X 107°S™'), the shrinkage
rate were obtained between 1450 and 1500°C

Shrinkage (%)
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T(°C)
Fig. 6. Shrinkage and shrinkage rate of SiOr
coated Al,O; powder.

from 253 X 107357 to 0.85 X 107%S7.
However, the speimen shrinkage which oc
curs during mullite formation at about 1500°C
decrease the shrinkage rate of 1.33 x 107*
S-!. The coated powder has a density of
95.6 % theoretical density and consisted of
23 wt% mullite at 1500°C. Total shrinkage
in this case was 11.7 %.

The caystalline phase of the amorphous
SiOy coated a- Al,O; gel powder as a funti-
on of temperature and soaking time is re-
ported in Table 2. No mullite was detected
in the heat- treated samples at 1400C, even
after soaking for 1 hr. This mullite- gel
powder heat- treated at 1480°C / 1 hrs show
cristobalite as the major phase with a small
amount of a- Al,O; and mullite. The amor-
phous silica prepared from tetraethylortho-
silicate (TEOS, Si(OC;H;).) has a simpler

transformation [ 6 ].

Amorphous SiO, gel ------ Cristobalite
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The reaction of various types of AlO,
and SiO; to form the intermediate crystal-
line mullite phase is triggered by the for-
mation of cristobalite. Others suggest that
an amorphous aluminiumsilicate phase or a
Al-Si spinel type\ forms before the forma-
tion of mullite phase [7]. But mullite
forms by the reaction of AlLO; and amor-
phous without the formation of the a pre-
cursor (either amorphous or spinel phase).

As mentioned above a rather narrow
temperature range could be investigated
with the present powder mixture and most
of results and discussion to follow will re-

fere to heat treatments performed at nomi-

Tabel 2

nal 1450°C. Mixtures of Al,O; and amorpho-
us SiO, was heated at a given temperature
for a specified period of time. The experi-
1) heating time, 2)

temperature, 3) the mol% and volume of

mental data are :

reacted and unreacted material at any time
and 4) the volume fraction of mullite.
These data are presented in Table 3.

The subsequent nearly proportional lines
for T=1450 and 1480°C correspond to ini-
tial formation temperature of mullite any
significant overall 'volume fraction variation.
A incresed sample volume while the frac-
tion is in progress means that the porosity

reduction or densification closely matches

Phase composition of the amorphous SiO; coated a- Al,O;(high temperature X- ray diffraction)

Temp/Soaking time
(°C / hr) (hkl)
K(012)

C(101)

Phase composition of the amorphous SiO, + a- AlO,

M(210) M(120)

110
1100
1100 7 2
1200 / 2
1300
1300 7 2
1400
1400 / 2
1450 / 2
1480 7 2
1500 / 1
1550 / 1
1600 / 2

$3338833535 535533

38833333

3933
$° %3

Phase : K = Corundum, C = Cristobalite, M=Mullite

Intensity : vvs = very very strong, vs = very strong, s = strong, m = middle,

w = weak, vw = very weak, vvw = very very weak
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Fig. 7. Ratio of peak intensities of cristobalite,
corundnm and mullite vs heat- treatment.

the volume expansion due to mullite forma
tion. A demonstration that eq(5) is to 3.0 %
for 1450°C and 4.2 % for 1480°C for 3 hrs
mullite volume fraction in Fig. 7 for the
reaction AL,O; + amorphous Si0, The vol-

Table 3
" The data of quantitative X- ray measurements

ume fraction of mullite at 1450 and 1480°C
increased with the soaking time. The react-
ed mullite volume fraction of 4.0 and 5.1 %
were obtained only at 1450 and 1480C with
6 hrs of heat treatment, respectively. An
average growth velocity for product layer
was estimated k=7.97X10"? m?/s at 1450°C
and k=1.81X10"" m%s at 1480C. An
Arrhenius plot of the powder rate constant
yields an apparent activation energy of 31.9
kJ/mol. But it was measured at low unspe-
cified oxygen pressure, ie., under condition
that many not be directly comparable to

ours.

5. Corclusions

The formation of mullit has been studied

1450C

Soaking Mol % Mol- Vol.(cm?® / mol) M
time C K M C K M Vol- fraction X
1 hr.

3 hrs. 39 53 8 11.0 156 113 3.0
6 hrs. 37 50 12 10,7 148 169 40
12 hrs. 32 46 22 90 136 309 58
24 hrs. 17 26 57 4.8 77 801 86
1480°C

1 hr*

3 hrs. 37 50 30 104 148 183 4.2
6 hrs. 35 45 18 9.8 13.3 25.3 5.1
12 hrs. 27 38 22 7.6 11.2 49.0 7.2
24 hrs. 12 19 69 3.2 54 96.2 9.2

* see Fig. 5. and Table 2.
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in an unagglomerated, monosized, SiOy
coated Al;O; powder mixture of 04 ym
small particle sizes and moderate purity
(99.8 wt% ) at temperature around 14507,
where the volume fraction for the forma-
tion of mullite is\ver'y small. Crystallizations
lead to Si0,(1200°C/1 h) which must be
then lost the potential advantages of coat-
ing process. The transformation of AlQO;
and SiO; into mullite appears between 1450
and 1480°C with an average growth velocity
of k=7.97X10"® m*/s and k=1.81X107"" m?
/ s, respectively. The activation energy for
the chemical kinetics for the solid-state re-
action of amorphous SiO; with a- AlL,O; to
produce mullite was 31.9 kJ/mol.
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