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Abstract

The formations of ALO,-SiC_
composite have been obtained in situ by
carbothermal reduction of a mixture of
Kaolin and activated carbon. The Kaolin
was mixed with activated carbon in a molar
ratio of 1:6. The reaction temperature was
controlled at 1600°C. The synthesized
products were mixtures of alumina and
silicon carbide. The effects of milling time
of precursors are presented. XRD and SEM
analyses indicate complete reaction of
precursors to yield ALO,-SiC_ as product
powders, with the SiC having whiskers

morphology.

Keywords: Al,O,-SiC  carbothermal

reduction
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Abstract

The formations of Al,O;-SiC,, composite have been obtained in situ by carbothermal reduction
of a mixture of kaolin and activated carbon. The reaction temperature was controlled at between
1400°C to 1600°C. The synthesized products were mixtures of alumina and silicon carbide in
the form of whiskers. The effects of milling time of precursors and reaction temperature are
presented. XRD and SEM analyses indicate complete reaction of precursors to yield Al,0;-SiC
as product powders, with the SiC having porous and whisker morphology.

Introduction
N

Ceramic materials have important roles in structural materials and everyday needs applications
such as pottery, cements, high-temperature refractory materials and their coatings. There are
some problems with ceramic materials, however, are that they are frequently fragile, lack
toughness and can fracture readily upon impact. In order to overcome these problems. many
systems of ceramic matrix composites have been proposed. One important system was silicon
carbide whisker (SiCw) reinforced alumina ceramic [1].

ALO;-SiCw ceramic matrix composite can be fabricated via two routes, physical mixing or
ceramic processing and chemical synthesis. Many of earlier works reported on the ceramic
composite were via ceramic processing route. The ceramic processing of ceramic powder with
SiCw required expensive starting materials and special cautions because SiCw are potentially
harmful to human health [2]. The chemical synthesis route such as carbothermal reduction of
kaolin-carbon is considered as less expensive precursors to produce in situ Al;0;3-SiCw.

Carbothermal reaction uses carbon as a reducing agent for high temperature reaction. The
reaction has been found very effective in reducing oxides to lower oxides, metallic oxides to
metals and even metallic carbides [3]. Normally, carbothermal reaction is carried out under
inert gas atmosphere to prevent oxidation of carbon. Bechtold and cutler [4] studied the
separation of clay minerals in order to obtain alumina by carbothermal reaction and in the
process they were able to obtain silicon carbide whiskers as well.

In the early trials, which were not known as a route to produced ceramic matrix composites
powders by carbothermal reaction, many research groups exploited this reaction for producing
AL O; — SiCw composites powders [5-13]. Base on the results reported by those research groups
which have the direct effect from properties of precursors, this present work was carried out the
effect of milling time of the precursors and reaction temperature to the synthesis products.
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Thermodynamic Analysis

Thermodynamic analysis is based on Gibbs energy minimization method, owing to the fact that
the Gibbs energy of the system reaches its minimum value at equilibrium. The thermodynamic
formulation is given as [14]:

G:Z”'(g'” +RTIn P,)+ Zn,g,"-i— Zn,-(g,“ +RTInx, + RTIny,)+ Zn,(g,’-' +RTInx, + RTIn ,V,) (H
Ut pure sofution—1 ~edutioon =2
crmdensed
phase .
where, G is the total Gibbs energy of the system; g is the standard molar Gibbs energy of
species i at P and T n; is the molar number of species i; P; is the partial pressure of species i; x,

is the mole fraction of species i; and y, is the activity coefficient of species i.

In this study kaolin (Al;Si,07*2H;0) and activated carbon (C) were used as precursors for the
carbothermal reaction. The overall chemical reaction can be expressed as:

AlSi;07*2H;0) +6C(s) = AL Os () + 2SiCys) + 4COg) +2H20¢, (2)

The equilibrium composition of ALSi;0:*2H,0-C system at different temperatures was
calculated using Gibbs energy minimization method and the results are shown in Figure 1.

Equilibrium Composition (mol)

0 500 1000 1500 2000

Temperature {°C)

Figure 1: Equilibrium composition of Al,Si;07*2H,0-C system in Ar(g) atmosphere.

In the temperature range of 1200 — 1600°C, some species become unstable and begin to form
other stable phase. For example, silica reacts with carbon to form silicon carbide. Bechtold and
Cutler [4] showed that at 1300 — 1500°C the only major oxide in kaolin clay to be reduced by
carbon will be Si0,. These authors showed that the reaction (3) or its reactions (4) and (5)
enough carbon was mixed with clay to reduced all the §iOx(s) to SiO(g) and additional carbon
surrounding this mixture was used to satisfy reaction (6). When temperature is over 1600°C in
the furnace, only the alumina and silicon carbide are thermodynamic stable phase. The final
composition in the product depends not only on the thermodynamic condition, but also on the
kinetic parameters in the reactor.

Si0s(s) + C(s) = SiO(g) + CO(g) 3)



SiO,(s) + CO(g) = SiO(g) + CO(g) -

(4)

C(s) + COx(g) = 2CO(g) (5)
SiO(g) + 2C(s) = SiC(s) + CO(g) (6)
Experimental

Raw Materials and experimental setup
Kaolin powders from Ranong province of Thailand and activated carbon powder (Ajax
Finechem) were used as the precursors. The constituents in the as-received powder as analyzed
by XRF(PHILIPS, PW2400) were ALO; (38.86 wt%), SiO; (53.18 wt%), K;0 (5.28 wt%),
Fe,0; (2.43 wt%), MnO; (0.20 wt%), Rb (0.04 wt%) and trace elements of Mg, Ti, Sn, and W.
SEM micrographs and XRD pattern of these precursors are presented in Figure 2 and 3.
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Figure 2: SEM micrographs of precursors: (a) kaolin (b) activated carbon
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Figure 3: XRD pattern of as-received kaolin powder.

The experimental setup is shown in the Figure 4. A tube furnace (Carbolite, CTF 18/75/600)
with maximum working temperature of 1800°C was used in the experiments. The in-situ
reaction was performed in an alumina crucible, located in a furnace tube with one end
connected to Ar gas supply system and another end partially open. Before heating, the furnace
tube was evacuated and flushed with pure Ar gas for 2-3 times to remove O, and moisture.
Then, pure Ar gas introduced at a constant rate (3 LPM) to the furnace_throughout the
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experimental process to maintain an inert atmosphere. An opening in the furnace end cover

serves as the exit for gas. However, the gas in the environment cannot enter the system due to
the small pressure difference maintained by the flowing Ar gas.

Sample
{ Flowmeter
¢ & o o o oo Ar Gas

Fumace

Figure 4: The schematic of experimental setup

Experimental procedure

Kaolin and activated carbon were milled (kaolin/carbon mole ratio = 1/6, 1/8, 1/10) in planetary
ball-milled with the speed of 250 rpm and ball to powder weight ratio of 39.26 at different
milling time (1. 2, 3, 6, 12, 24 and 48 h). This mixed powder was loaded into alumina crucible
and placed it in the middle of the tube fumace. The fumace was heated in a programmed
manner from room temperature to 1500°C at 10°C min™' and 1500°C to 1600°C at 5°C min’'
Soakmg at the final temperature for 1 h, then the furnace was tumned off, allowing the products
cool in the fumace In case of the study of different reactlon Yemperature, the furnace was
heated at 10°C min™' to 1350°C and 1450°C then 5°C min™ to final temperature of 1400°C and
1500°C, respectively. Soaking time at the final temperature is also ! h. The product powders

were characterized using XRD (PHILIPS with Cu Ka radiation) and SEM (JEOL, JSM-5800
LV) analyses.

Results and Discussions

Effect of milling time on the precursors

The particles size of milled product was analyzed by LPSA (laser particle size analyzer :
COULTER LS230) as shown in Table I and Figure 5. The mean particle size decreased rapidly
at the milling time of 1 to 6 h, then it showed no significant different during 6 to 24 h of milling
time. One obvious different, though, was the increasing of nano-scale particles at the milling
time of 12 to 48 h.

Table I: Mean particle size of the mixture of kaolin and
activated carbon at different milling time.
Milling Time (h) 12 3 6 12 24 48
Mean particle size (um) | 1646 | 1697 = 1357 1164 1133 1152 7.69
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Figure 5: Particles size distribution of the mixture of kaolin and
activated carbon at different milling time.

The SEM micrographs (Figure 6) and the XRD patterns (Figure 7) were used to follow the
morphological and structural changes of particles during the different mitling time. We found
that as milling time increases, the particle shape become rounder and the rod-like particles
disappear. The XRD patterns display the broader peaks of kaolinite, muscovite, vermiculite and
halloysite as milling time increase from 1 to 3 h. The peaks ol vermiculite and halloysite
disappear at milling time of 6 h and the peaks of kaolinite and muscovite disappear at 12 h and
peaks of SiO; appeared instead. After milling time of 24 and 48 h all peaks disappeared.
indicating of transformation to amorphous phase of all compounds.

These phenomena can be explained as the energy absorption of particles in the form of vacancy,
dislocation, grain reduction and the increasing of disordered crystal structure [15]. As the
absorbed energy high enough to overcome thermodynamic barrier then the transformation to

amorphous phase happen.

Effect of milling time to the synthesis products of ceramic composites

All the synthesized experiments in the Table Il had carbothermal reaction and produced
alumina and silicon carbide as shown in Figure 8. But in the experiment of S1 to S3 there were
pure silicon left unreacted in the system. The reasons for incompleted carbothermal reaction to
happen may explain from the precursors used. Since S1 to S3 used milled precursorsof 1 to 3 h
milling time that have higher mean particles size to the S4 to 87, resulting to the lower surface
area for reaction and lower absorbed energy from milling process as well.

Table II: Symbols use for the synthesized experiments and milled precursors

| Milling Time (h) 2 36 12 24 48
' Milling ML M2 M3 M4 M5 M6 M7
. Synthesis (1600°C) 81 82 83 s4 S5  S6 S7
 Synthesis (1500°C) R S8 S9 © S0 Sl -

'~ Synthesis (1400°C) L. . S12 S13 S14 S15 -
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Figure 6: SEM micrographs of the mixture of kaolin and
activated carbon at different milling time.
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Figure 7: XRD patterns of the mixture of kaolin and activated carbon at different milling time.
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Figure 8: XRD patterns of products from the reaction temperature of 1600°C under Ar gas
atmosphere of the precursors at different milling time
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Figure 9: SEM micrograph of typical products morphology from the reaction temperature of
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Figure 10: SEM micrographs of products from the reaction temperature of 1500°C (S8, S9,
S10 and S11) and 1400°C (S12, S13, S14,and S15) under Ar gas atmosphere of the precursors
at different milling time
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Figure 11: XRD patterns of products from the synthesis temperature of (a) 1500°C (b) 1400°C
under Ar gas atmosphere of the precursors at different milling time

The product morphology obtained from SEM micrograph in Figure 9 shows 3 different forms
of plate, whisker and porous particle. Since the main reaction in the carbothermal reaction is
gas-solid reaction (Equation (6)), resulting in formation of SiC in porous form. The formation
of SiC whisker cannot be explained by the gas-solid reaction of SiO(g) and C(s). It is more
likely that the whiskers formed via gas-gas reaction between SiO(g) and CO(g). The reaction
can proceed as follows [16]:

Si0(g) + 3CO(g) = SiC(s) + 2CO(g) (7)

Porous morphology of SiC is found in all samples but the whisker morphology found higher
volume in products of lower milling time precursors. The Al;O; remain stable throughout the
experiment temperature and has the platelet morphology in the final product.

Effect of the reaction temperature
The reaction temperature has significant effect on the formation of Al;O5 and SiC. At the lower
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reaction temperature of 1400°C the carbothermal reduction of kaolinite and carbon produced

AlL03, SiC and Al¢Si;0O;3 (mullite), as shown in Figure 11(a). But at the reaction temperature of
1500°C (Figure 11(b)) and 1600°C (Figure 8) the result products are Al;O3 and SiC.

Figure 10 shows SEM micrographs of product particles from reaction temperature of 1400°C
and 1500°C. The morphology of products mainly are platelet particles of ALO; (all
experiments) and Al¢Si>O; (experiment S12 to 15) and porous particles of SiC (all
experiments). The whiskers form of SiC has been found only in the experiment S8 and S12 for
the synthesis of 1400°C and 1500°C. When increasing reaction temperature from 1400°C to
1600°C, the whiskers SiC increase as well. These may cause by the higher partial pressure of
SiO(g) and CO(g) at higher temperature, resulting in more favorable to react as Equation (7).

Conclusions

Alumina and silicon carbide ceramic composite powders were produced in-situ from kaolin
powder and activated carbon powder by carbothermal reaction at 1500°C to 1600°C under
argon gas atmosphere. Experimental results have shown that the composite powders were
consisted of platelet alumina and porous and whisker silicon carbide. At lower reaction
temperature of 1400°C, mullite formed and remained as stable phase in the products.

The milling time higher than 6 hours would transformed the precursors to amorphous phase and
resulting in completeness of carbothermal reaction.
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