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Kaolin DD1 (from Djebel Debbagh, Guelma, Algeria), kaolin Tamazarte KT (from Jijel, Algeria) and mag-
nesium oxide MgO mixtures with relative weight ratios of 59/29/12 have been studied in this work in order to
obtain cordierite ceramics with the stoichiometric formula (2MgO-2Al;03-5S102), by mixing raw materials abun-
dant in Algeria. Thermogravimetric analysis and differential thermal analysis were carried out on powder from
room temperature to 1300 °C, at heating rates from 10 to 50 °Cmin~'. The phases and their transformations were
determined by X-ray diffraction for the mixture of kaolin (59 wt.% DD1 + 29 wt.% KT) and 12 wt.% of magne-
sium oxide powder treated at different temperatures between 900 and 1250 °C for 2 h. The activation energies of
a-cordierite formation calculated from isothermal data were around 372 kJmol ™ !. The average Avrami parameter

is found to be around 1.95 for each heating rate.
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1. Introduction

Cordierite (2MgO-2A1,03-55103) is a technically im-
portant class of advanced technological materials in dif-
ferent branches of industry, because of its excellent ther-
mal shock resistance, low dielectric constant, low thermal
expansion coefficient, high resistivity and chemical sta-
bility, high mechanical strength, good mechanical prop-
erties and ability to be co-fired with high conductivity
electrodes [1-8].

Cordierite is one of the ceramic materials which has
been utilized as a catalyst carrier in industry of automo-
bile exhaust systems, microelectronics, refractory mate-
rial, integrated circuit boards, filters for molten metals,
thermal shock-resistant tableware, porous ceramics and
holders for electrical heaters [2, 5].

In order to synthesize cordierite ceramics at lower
temperatures, various methods were used, such as co-
precipitation [9], the Pechini method, sol-gel processes or
the re-crystallisation of the molten glasses with cordierite
composition [10]. The most usually used method of
processing the cordierite ceramics is solid-state reac-
tion [2-6, 11]. It is synthesized from pure oxides Al;Os,
MgO, and SiOs or nitrates or synthesized from talc and
clays, kaolinite and alumina as raw natural materials [10].

The main objective of this work is to investigate the
possibility of preparing cordierite from Algerian raw nat-
ural materials: kaolin of DD1 and Tamazarte KT mixed
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with the synthetic magnesium oxide MgO. The crystal-
lization behavior was studied using thermogravimetric
analysis (T'G) and differential thermal analysis (DTA)
techniques. The crystalline phases were identified using
X-ray diffraction. The crystallization kinetics was ex-
amined in order to determine the activation energies of
cordierite formation and the growth morphology param-
eters, such as the Avrami parameter n.

2. Materials and methods

Kaolin of DD1 (source of SiOy and AlyO3), from Djebel
Debbagh, Guelma region in Algeria, kaolin Tamazarte
KT (from Jijel, Algeria), as source of SiOy, and the syn-
thetic magnesium oxide MgO were mixed together in a
stoichiometry corresponding to composition of cordierite

Sixteen grams of kaolin (DD1+KT) and magnesium
oxide with 120 ml of ethanol were milled in planetary
ball mill using zirconia balls (15 mm in diameter) for
5 h at a speed of 250 revmin~'. The slurry was dried
in an oven at 150°C for 24 h. After that the material
was crushed manually. DTM is the abbreviation of the
starting materials.

Thermal behavior of DTM powder was determined us-
ing Setaram Labsys Evo TG-DTA 1600°C equipment
in the temperature range between room temperature
and 1400°C under argon gas flow (40 cm®min—!) at
various heating rates. The crystalline phases of DTM
powder formed during sintering were identified using
Bruker D8 Advances diffractometer with Cu K, radia-
tion and a Ni filter, with a scan step of 0.0167°, operated
at 40 kV and 40 mA.
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3. Results and discussion

Figure 1 presents the DTA/TG, DTG/T curves of
DTM powder for the heating rate of 20°Cmin~'. The
TG curve shows two mass losses. The first mass loss of
around 1.5% is observed in the temperature range of 50—
230°C. It corresponds to the evaporation of adsorbed
water. This reaction correlates with the first endother-
mic peak at 120°C in DTA curve and first endothermic
peaks at 113°C in the DTG curve.
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XRD analysis, as seen in Fig. 2, shows that the
DTM powder which was heat treated at 950, 1050, Fig. 3. DTA curves for a DTM powder processed un-

1150 and 1250°C for 2 h, contains several crystalline
phases, such as magnesium silicate Mg,SiOy4, sapphirine
Mg19.12Al45.245111.64080, mullite Aly 55i1.509.74, cristo-
balite Si4Og and a-cordiarite Mgy AlgSi;0O36.

At 950°C magnesium silicate and sapphirine were the
only phases present. At temperature of 1050°C, mul-
lite phase began to appear and the sapphirine phase was
observed too.

Figure 3 shows the DTA curves of DTM powder in
the temperature range 1120-1260°C for various heat-
ing rates between 10-50°Cmin~!. The exothermic peak
shifts to high temperature from 1155 to 1203 °C and in-
creases along with the increase of heating rate from 10
to 50°Cmin !

From the DTA results the crystallized fraction of DTM
powder can be calculated using equation z = Ay /A ver-

der different heating rates.

sus temperature for various heating rates. Here Ar is the
area of the exothermic peak between the temperature T’
and the temperature where the crystallization has just
begun, Ag is the total area under the peak between the
temperature where crystallization began and the tem-
perature where the crystallization finished. The result is
presented in Fig. 4a.

The rate of crystallized fraction as a function of time
at different heating rates is shown in Fig. 4b. The rate
of crystallization increases with increasing heating rate
from 10 to 50°Cmin~"'. The Johnson-Mehl-Avrami the-
ory describes the evolution of crystallized fraction z with
the time ¢ [12-14]:
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Fig. 4. Crystallized fraction and rate of crystallized
fraction at different heating rates.

x=1—exp|[(—kt)"]. (1)
Here z is the crystallized fraction at a given temperature
at time t; n is the Avrami parameter, k is the reaction
rate constant, given by

E
k = ko exp (—]%‘%) , (2)

where ko is the frequency factor, R is the ideal
gas constant, F,4 is the activation energy and T
is the temperature.

Equations (1) and (2) lead to Eq. (3):

In <(3;§> = In(kon) + n-l In[—In(1 — )]
+in(l—a) — % — Infko f(x)] — %. 3)

Figure 5 presents the plot of (a): Y = In(dz/dt) and
(b): Y = 1/T versus the crystallized fraction x at various
heating rates, obtained from the DTA experiment. If the
same value of crystallized fraction = at different heating
rates is selected and In(dz/dt) is plotted as function of
1/T, the activation energy, Ea can be calculated from
the slope of the plots. These values are shown in Fig. 6a
and in Table I. The activation energies of a-cordierite are
in the range of 350-384 kJmol~! with average equal to
372 kJmol 1.

This value is close to the values of 438, 348.85 and
340-498 kJmol ! determined in [15-17], respectively.

In(dx/dt) )

Fig. 5.

In(dx/dt) (s)

In(K,f())

Fig. 6. Plot of In(dz/dt) vs. 1/T and In[kof(x)] vs.

&
2

A
b

&
?

&
b

>
?

(a

—o— V=10°C/mi
—o— V=20°C/mi
—o—V=30°C/mi
—— V=40°C/mi
—*— V=50°C/mi

04 0p 08 10
crystallized fraction (x)

7,04

—o—V=10°C/min
—o—V=20°C/min
——V=30°C/min
—=»— V=40°C/min
—*— V=50°C/min
6,6 T

6,74

\ | | | "’
7,14

0,0 0,2

Plot of Y =

T T
0,4 0,6 0,8 1,0
crystallized fraction (x)

In(dz/dt) (a) and Y = 1/T (b)
vs. the crystallized fraction z at different heating rates.

Q QSO“C/min o x=0,4
4.0 NN o x=0,5
' ~ N N —
% ~. p\\q A x=0,6
N A NN *  x=0,7
N NN
N N
S AP N
= ~ NN
N
N
N ~ o\ﬂ\
4,5 N SRR
! B AT
N ~ NN
N N s
~ nooN Y
N N NN
N SN
N NN
~ S vy ~
N N NN \
N NN N o /mi
N o . 10°C/min|
-5,0 ~ NN N
N N NN
SO N Sota
N
N
k.

6,70 6,75 6,

T T T T
80 6,85 6,90 6,95 7,00 7,05
10°.TH (K™Y

26,4

N

o
[
f

25,8

255 :

—o— V=30 °C/mi
—— V=40 °C/mi
| —*—V=50 °C/mi

0,0 0,2

0.4 06 08
Crystallization fraction (x)

crystallized fraction x at different heating rates.



74 D. Redaoui et al.

The Avrami parameter n was determined by the se-
lection of numerous pairs of x1 and x5 that satisfied the
condition [kof(z1)] = In[kof(z2)] and by using Eq. (3),
as follows:

. In[ln(1 — z2)/In(1 — 21)] )
In[(1—22)In(1 —22)/(1 — z1) In(1 — z1)]

Figure 6b presents the plot of In[kqf(x)] versus crys-
tallization fraction x for DTM powder heated at different
heating rates. The Avrami parameter n was calculated
from the plot of the curve. Its average is around 1.95 for
each heating rate and is given in Table II. The average
value of tg.75/to.25 for each heating rate, as shown in Ta-
ble II is equal to 1.81. This suggests a two dimensional
growth during the DTM powder crystallization [12-14].

TABLE 1

Values of Ea and R? for different crystallized fractions,
Eaver = 372 kJmol ™",

crystallized fractions z 04 | 05 | 06 | 0.7
Coefficient of determination R* [0.998(0.997[0.998 |0.995
Activation energy Ex [kJmol™']| 384 | 381 | 373 | 350

TABLE II

Values of the Avrami parameter and to.75/t0.25
value for different heating rates, naver = 1.95,
(to.75/t0.25)aver = 1.81.

Heating rate Avrami
[°Cmin™?] parameter, n fo.75/t0.25
10 2.10 1.72
20 1.97 1.70
30 1.95 1.76
40 1.90 1.86
50 1.81 2

4. Conclusions

In this study, cordierite ceramics was prepared by
solid-state reaction from Algerian raw materials. The
crystallization kinetic and growth morphology parame-
ters have been studied by isothermal DTA analysis. The
calculated activation energy of cordierite formation is
found to be 372 kJmol~!. The value of the Avrami pa-
rameter n is around 1.95, which means that bulk nucle-
ation was dominant in cordierite crystallization followed
by 2D growth with plate morphology controlled by the
interface reaction from constant number of nuclei.
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