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Abstract

The purpose of this research project is to investigate the synthesis of biomorphic SiC from natural woods.
Rubber woods and sadao-chang woods which are local woods of the Southern Thailand were used as raw
materials. The experimental studies were divided into 3 parts. In first part, the methods of carbonizing
woods for producing porous carbon preform were developed. The charcoal was heat-treated at heating
rate of 10°C min" from room temperature to 70°C, 3°C min’ applied up to 500°C and 5°C min’ applied
up to 800°C then keep it for | hour at this temperature before cooling down to room temperature with
flowing argon gas. The resulted porous carbon was in the original shape and had no crack. For different
heating pattern the crack appeared on the resuited products. The cracking pattern of rubber wood was a
separation of inter-cells that located from the edge to the middle of sample. On the contrary, the cracking
pattern of sadao-chang wood was a separation of cells along the growth ring that located at the middle. In
the second part, the effect of times and cycles of SiO, sol infiltrated process were studied. The results
showed that the longer time and more cycles of SiO, sol infiltrating, the higher conversion of SiC was
obtained. The SiO, coat on rubber woods increased with cycle times of infiltrated process. In contrast,
The SiO, coat on sadao-chang woods were be increased only up until cycle 4. In the third part, the effects
of pyrolyzed temperature and soaking time were studied. The results showed that the completed reactions
of precursors to form SiC/C were synthesized at 1600 °C. The longer times of pyrolysis provided better
results on SiC transformation and also the transformation of - SiC to a- SiC phase. The compressive

strength of the synthesized biomorphic SiC increased with the longer pyrolyzed soaking times.
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Abstract

The purpose of this study was to develop methed of
carbonizing woods for producing porous carbon. The para-
rubber wood and sadao-chang wood were used as precursors.
The charcoal was heat-treated at heating rate of 10°C min™
from room temperature to 70°C. 3°C min™ applied up to 500
°C. 5°C min™' applied up 1o 800°C and coaling down to room
temperature with flowing argon gas. The effects of
temperature and heating rate on carbonization of wood were
discussed. The result products were characterized by SEM and
TGA. The carbonized porous carbon has morphology
mimicking natural woods and retained their precursor shape.
The cracking mechanisms of porous carbon from carbonizing
process were proposed.

1.

Wood is naturally grown composite material of
complex hierachical cellullar structure, and comprised of
elongated tubular cells aligned with axis of the tree trunk and
growth ring structures. The tubular cell of wood uses various
infiltration techniques to transform internal structure.
Materials synthesis form biological structures belong to the
group of good properties such as good stiffness, excellent
strength and high energy absorption under impact. The
properties strongly depend on loading direction with respect to
the cell orientation. (e.g. axial, radial and tangential). Wood
had been used to prepare advanced ceramic materials such as
wood ceramics, porous carbide, metal ceramic composite and
biomorphic (SiC,TiC, ZrC). [1-8]

The plant can be treated under controlled
atmosphere and temperature to yield a porous monoiithic
carbon. The porous carbon from wood may be used in
applications where synthetic carbon foams are currently being
employed such as high temperature filters, corrosion resistant
structural materials or catalyst supports. Additional, the
porous carbon may be impregnated with a polymer to form a
carbon-polymer composite. A high char yielding polymer may
be used with a second carbonization step to yieid a carbon-
carbon composite. Infiltration and reaction with moelten metals
can produce a near net shape carbide ceramic or metal matrix
composite. [9]

The most common for preparing porous carbon from
wood is using controlled conditions of thermal processing.
Mechanisms invelved in conversion cellulose to carbon are:
{a) desorption of adsorbed water up to 150°C. {b) splitting of
cellulose structure water between 150 and 240°C, (c) chain
scissions, or deploymerization, and breaking of C=0 and C=C
bonds within ring vnits evolving water, CO and CO, between
240 and 400°C and (d) aromatization forming graphitic layers
above 400°C. It occurs in a step-wise manner with herni-
cellulose breaking down first at 200-260°C, cellulose next at
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240-350 °C and lignin at 280-500°C. In general. slower
heating rate result in excellent charcoal. [10]

[n this present study. the attempt were made to
demonstrate the fzbrication of porous carbon from para-rubber
wood, sadao-chang wood and investigate the carbonization of
charcoal in argon atmosphere.

2,

Para-rubber wood and sadao-chang wood were
selected as precursors. Specimens of 25 mm. x 25 mm. x 25
mm. were dried (70°C. 24 hr.) and pyrolyzed in flowing argon
gas (3 LPM) in tube furnace. A slow heating rate of 1, 3 and
5°C min” were applied up 10 500°C where the polyaromatic
hydrocarbon polymers (cellulose, hemicellulose, lignin) have
been completely decomposed to carbon followed by a higher
rate of 3. 5 and 10°C min™ up to the peak temperature of 800-
900°C and holding for | hr. '

Dimensions in 3D were measured before and after
carbonization to obtain shrinkage data and bulk density with
ticrometer, Thermal analysis was performed on PerkinElmer,
TGA7) fumace rate of 10°C min' and N, atmosphere.
Photograph of carbonized was perform Scanning electron
microscopy (JSM-5800LV, JEOL).

Experimental

Al ongitudinal
or Axial (L)

Tangential
)}

Figure 1. Principle directions used for describing physical
and mechanical of wood.

3. Results and Discussion

Wood can be converted by controlled thermal
decomposition in to porous carbon that retains the anatomicai
featured of wood. In order to study the decomposition
behavior of wood were heating in thermal analyzer in N;
atmosphere. Figure 2 shows the TGA curves of para —rubber
wood and sadac-chang wood. Respectively, regions
correspond to 1) adsorptions of adsorbed water; 2) polymer
decomposition begins with hemi-celiulose component; 3)
hemi-cellulose has decomposed, cellulose and lignin begin to



de- composed; 4) fastest rate of decomposition owing to the
amount of cellulose and lignin and 3) lignin continues to
decompose above 400 °C. [10]
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Figure 2: Thermogravimetric analysis (TGA) of hardwood (A)
Para- rubber wood, (B) Sadao chang wood.

Moisture content within wood precursors were
measured by periodically weighted the samples at 70°C in
furnace. Figure 3 shows the weight loss percentage curves of
dried wood. Weight loss of the both woods quickly decrease at
the first 10 hr. of drying and slowly decrease after longer
drying duration. They approach weight constant at about 18
hr. of drying. These mean that only little of moisture content
still left in the dried woods. The results of step 1 shown in
figure 2, match well with this suggest. Thus, drying duration
of wood precursors at 70°C would economically be at 18 hr.

~ == Para-rubber wood
- Suao-cang wood

80 e e

|23456739IUI]11[3NI516]718M

Figure 3: Weight loss percentage of dried wood at 70°C
between 1-18 hour.

Shrinkage data can be measured before and after
carbonization with micrometer. Figure 4 shows percent linear
shrinkage of charcoal which pyrolyzed by pattern number 6 of
Table 2. The results of both woods were shown a similar trend
of with highest in tangential direction and lowest in the axial
direction.
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Figure 4: Percent linear shrinkage of the charcoal was heat-
treated at 10°C min”' from room temperature to 70°C, 3°C
min™ applied up to 500°C. 5°C min"' applied up to 800°C and
cooling down to room temperature with flowing argon gas

Scanning electron microscopy used to assess the
integrity of the charcoal morphology feature is shown in
Figure 5. The pore channels of para-rubber and saddao-chang
charcoal preforms have honeycomb structures but para-rubber
wood have bigger pore than sadao-chang wood. The
specimens were pyrolyzed at 800°C are shown in Figure 6.
Pores size and structure of porous carbon from sadao-chang
wood have more uniform than that from para-rubber wood.

Para-rubber and sadao-chang woods  which
pyrolyzed in argon atmosphere with the heating rate of 10°C
min™ at 850°C and 900°C were cracked and the cracking
pattern were difference in each wood-type. Cracking pattern
of para-rubber wood was a separation of inter-cells that
located from the edge to the middle of sample. On the
contrary, the cracking pattern of sadao-chang wood was a
separation of cells along the growth ring that located at the
middle of the sample as shown in Figure 7. The cracking of
pyrolyzed carbon may be due to shrinkage stress developed
from the surface of materials decomposing faster than its
interior. A lot of different pore sizes have internal residual
stress more than surface.

In order to get rid of cracking problems, the series of
pyrolyzed pattern with different heating rate have been
performed (as shown in Table 2). All of pyrolyzed patterns
develop no crack and retain their original shape except for
pattern number 3 and 4 that have deformed shape. Thus, for
economical reason the pyrolyzed pattern number 6 would be
the best choice.
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Figure 5: SEM images showing the morphology of (a) para- Figure 6: SEM images showing the morphology of charcoal
rubber wood cross-section. (b) para-rubber wood longitudinal. pyrolysis at 800 °C (a). (b) para-rubber wood. (¢), (d) sadao-
(¢) sadao-chang wood cross-section. (d) sadao-chang wood chang wood.

longitudinal.
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Figure7: SEM images showing characteristic of cracking
charcoal pyrolysis at 850 °C (a), (b), (c) para-rubber wood.
(d). (e). (f). (g) sadao-chang wood.

Tablel: Effect of pyrolyzed temperature for pyrolyzed porous
carbon at heating rate of 10 °C min™,

Temp %
Pyrolyzed Temperature Result
Pattern

1 800°C Crack (small)
3 Crack

] ( o 1]

5 i deformed shape

3 900°C i

deformed shape

Table2: Effect of heating rate for pyvrolvzed porous carbon.

emp 25°C- 70°C- 500°C- Resalt
O 2 esu
e 500°C 800°C
Il 1 1 1 ab
2 3 3 & ab
3 5 5 5 a. d
4 3 3 10 ad
5 3 3 3 ab
6 10 3 5 ab

shape

a: no crack, b: retain original shape, c: crack, d: deformed



4, Conclusions

Natural para-rubber and sadao-chang woods were
pyrolyzed in argon aimosphere at 800 °C to get porous
carbon. The slow heating rate was performed to get the final
porous carbon with no crack. The carbonized porous carbon
has morphology mimicking and retained their precursor
shape.

The charcoal was heat-treated at heating rate of
10°C min"* from room temperature to 70°C. 3°C min™' applied
up to 500 °C. 5°C min"' applied up to 800 °C and cooling
down to room temperature with flowing argon gas. This
carbonized process is an economic and giving good result of
porous carbon from both woods.

Woods pyrolyzed in argon atmosphere at
temperature more than 800 °C were developed cracks. The
cracking patterns were difference in each wood-type.
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Abstract; Biomorphic SiC/C ceramics were produced by vacuum-infiltrating carbon preforms with $i0O; sol and subsequently

synthesized by carbothermal reduction process. Carbon preforms were pyvrolvzed from para-rubber wood and sadao-chang wood. The

effect on holding infiltrated time of $10; sol to the SiC/C products was analyzed. By observing the resulted products by SEM., EDX

and XRD found that SiC/C was formed with retaining morphology of the original template structure.

Keywords: Biomorphic SiC, Carbothermal Reduction, Infiltration

1. INTRODUCTION

Wood is naturally grown composite material of complex
hierarchical cellular structure, and comprised of clongated
tubular cells aligned with axis of the tree trunk and growth
ring structures. Materials synthesis form biological structures
belong to the group of good properties such as good stiffness,
excellent strength and high energy absorption under impact.
The properties strongly depend on loading direction with
respect to the cell orientation. (e.g. axial, radial and
tangential). Wood had been used to prepare advanced ceramic
materials such as porous carbide, metal ceramic composite
(SiC/S, SiC/C and TiC/C) and biomorphic carbide (SiC,TiC,
ZrC).

Silicon carbide belong to the group of high melting
refractory carbides that are characterized by a high hardness
and wear resistance, low thermal expansion, high thermal and
electrical conductivity. Their applications include from
cutting tool, grinding wheels and abrasives for components in
industries. Cellular carbide offer unique properties such as
good specific stiffness and strength and high energy
absorption under impact and the open cell materials can be
useful in applications requiring interconnected porosity (high
temperature filters, catalyst carriers, heat insulation structure,
etc.)

Previous work converting wood into various SiC-based
ceramic materials focused on the infiltration of the pyrolysed
biocarbon template with gaseous or liquid silicon bearing
precursors such as silicon melt, silicon, and silicon monoxide
vapors and organosilicon compounds at high temperatures |
and silica sol from tetraethylorthosilicate (Si(OC;Hs,
TEOS) at low temperatures followed by pryolysis in inert
atmosphere. In terms of cconomy and efficiency. sol-gel
method is the best choice.

Sol-gel technology has been utilized to prepare ceramic

materials using reactive replica techniques, owing to low cost,

simple procedure, and lower processing temperatures.
Recently, some advanced SiC materials such as nanowires.
nanorods, and nanometer-sized powders or whiskers, have
been prepared by sol-gel methods. For example. fine SiC
tubes were prepared by sintering and gasifving carbon fibres
covered with a silica layer produced by z sol-gel method.

In this present study, the attempt were made to
demonstrate the fabrication of biomorphic cellular structure
SiC/C from infiltrated para-rubber wood and sadao-chang
wood and to investigate the carbothermal reduction of
carbon-silicon oxide composites into SiC/C by heat treatment
in argon atmosphere.[1-10]

2. EXPERIMENTAL

The local woods of Southern Thailnad (para-rubber wood
and sadao-chang wood) were selected as raw materials.
Specimens of 25 mm. x 25 mm. x 25 mm. were dried (70°C,
24 hr.) and pyrolyzed in flowing argon gas (3 LPM) in tube
furnace. The charcoal was heat-treated at heating rate of 10°C
min’ from room temperature to 70°C, a slow heating rate of
3°C min" applied up to 500 °C, where the polyaromatic
hydrocarbon polymers (cellulose, hemicellulose and lignin)
have been ccmpletely dccomposcd to carbon followed by a
higher rate of 5°C min ! applied up to 800°C, holding for 1
hr and cooling down to room temperature with flowing argon
gas. The resulted products were porous bio-carbon preforms.

$i0;-sol was prepared from ethano! solution of TEOS,
distilled water and hydrochloric acid at suitable molar ratio of
TEOS: ethanol: H;O by a sol-gel process. In the present
work, the molar ratio was TEOS: ethanol: H;O =1: 1: 3.

The carbon preform was subjected to infiltration of
S$i0,-so! under vacuum for 30 minute for both wood-carbon
and increased holding time to 45 and 60 min for those of
para-rubber wood-carbon. The SiOs-sol infilirated carbon
specimens were dried in air for 48 h. After the infiltration and
gel formation process, the samples were synthesized by
carbothermal reduction methed at 1600 'C with the heating
rate of 10'C/min under flowing of argon gas (3 LPM) for 1 h.
The generic processing route to produce biomorphic SiC
fibers is summarized in Fig. 1.

The experimental setup for vacuum-assisted infiltration
was shown in the Fig. 2. The in-house fabricated vacuum
chamber with vacuum pressure gauge and control valve on
the lid was used in this study. The vacuum chamber
connected to vacuum pump through the control valve to
produce vacuum atmosphere in the chamber.

In the Fig. 3, the schematic of experimental setup for
carbotherma! reduction was shown. 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 a graphite crucible, located
in a furnace tube with one end connected to Ar gas supply
svsten 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 fumnace
throughout the 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.
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The phase composition and microstructure of the e}

product biomorphic SiC/C ceramics were analysed by X-ray . .t'_'_‘“. _".":'“" o | ytumina tube
diffractometry (XRD, PHILIPS with Cu K radiation) and - .
scanning electron microscopy (SEM, JEQL, ISM-3800 LV). samples e
. E
Woods 1 ._ : . _ ® T | regulstor e

lurnace -

N ; &

y to lab exhaust [E‘ E

Drying bubbler contraiter =

70°C, 24h ) )
Fig. 3 The schematic of experimental setup for carbothermal

reduction.

v

- 3. THERMODYNAMIC ANALYSIS
Pyrolysis

800°C, 1h in Ar In this study carbon perform coated with $i0;-sol were
used precusers for the carbothermal reaction. The overall
chemical reaction can be express as:

L J
Vac. $i0Q, Sol Infiltration

Sioi‘,) + 3C‘5)= SEC“) + ZCOu) (])

(30, 45, 60 min) Thermodynamic equilibrium calculations were performed
using a computer program based on Gibbs energy
minimization method to determine the most stable
compositions of the materizls as a function of temperature.

Gel formation The equilibrium composition of Si0Q; - C system at
at reom temperature, in air different temperatures was calculated using Gibbs energy
minimization method and the resuits are shown in Fig. 4.

ol
‘r A0
Carbothermal reduction N B
10°C/min, 1600°C, 1h in Ar B
{ P IO -
o3
Biomorphic SiC-C Ceramies w
s .-
Fig. 1 Flow chart of the fabrication process. us - s [ - [, [ we e o
Fig. 4 Equilibrium composition of SiQp-C system in
Ar-gas atmosphere.
Fig. 4 shows that it is thermodynamically feasible to
1 pressure gauge fabricate SiC ceramic fiber by using carbothermal reduction
2 control valve process. When increases temperature to about 1530 C, 8i0, is
3 glass beaker reduced by carbon and produces SiC. The reaction will
4 carban preform continue as the temperature increases until complete reaction
) | R | ) T, sl at about 1570 C. The phase result can be maintained as
\acuom chamber vacuurs pump - titanium carbide ceramic after cooling down process under

Ar gas atmosphere.[5-6]

Fig. 2 The schematic of experimental setup for vacuum
-assisted infiltration, [5-6]
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4, RESULTS AND DISCUSSION

4.1 XRD Anazlysis

The XRD patterns of SiC/C ceramics obtained under
different conditions are shown in Fig. 5. Peak due to SiC
phases are observed together with the broad peak of
amorphous carbon, indicating that the formation of SiC has
taken placed and that residual free carbon still exists. The
intensity of peaks due to SiC phases in the XRD patterns
increases with Si0, sol infiltrating time increases. This is due
to higher SiO, coated on carbon preform at higher holding
infiltrating time as shown in Fig. 6.
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Fig. S XRD patterns of biomorphic SiC/C ceramics after
paralyzed at 1600°C in Ar gas atmosphere.
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Fig. 6 Weight change of Si0; contained in charcoal, relative
to the increasing infiltrating time
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Fig. 7 XRD patterns of Biomorphic SiC burn off at 700°C

4.2 SEM  Analysis

Fig. 8 and 9 shows the cellular microstructures of woods,
carbon performs and SiC/C from para-rubber wood and
sadag-chang wood. As seen in Fig. 8 and 9 (a. b and ¢), the
microstructure of the as-pyrolyzed carbon performs shows
hollow channels of various diameters that originate from
tracheid cells that are parallel to the axis of tree. The carbon
preform was subjected to infiltration of $iO;-sol under
vacuum. The SiO,-sol infiltrated carbon specimens were
shown in Fig. 8 (d and ).

The result biomorphic SiC are shown in Fig. 8 (f, gandh)
and Fig 9 (d, ¢ and 0). It can be seen that the resulting of SiC
material is of a microstructure pseudomorphous to carbon
biocarbon template derive from para-rubber wood and
sadao-chang wood. The local formation of SiC whisker could
be observed within the SiC tube (Fig. 8 (f and g))

Fig. 10 (a and b) shows the SiC tube from biomorphic
SiC/C after the residual carbon was burned off in air at 700°C.
The X-ray powder diffraction pattern (Fig. 7) revealed only
the SiC peaks. The SiC tube was attributed from the interface
reaction of Carbon perform and coated Si0;. The higher
magnification images shown in Fig. 10 (c and d} revealed
micro-porous nature of SiC tube’s wall. At the higher
magnification.

SEM images {(Fig 11 (a)) and X-ray mapping (Fig 11 (b
and c)) show complex microstructure of the SiC/C composite.
It is clearly seen in Figure 1I (c) that SiC shown as Si
concentration located on the main tubular and also
interconnected cross-tube throughout the sample.
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Fig. 8 SEM images of para-rubber wood- charcoal (a, b and ¢), infiltration SiO-sol to para-rubber wood-charcoal (d and ¢) and
biomorphic SiC/C after pyrolyzed at 1600°C (f. g and h)

Fig. 9 SEM images of sadao-chang wood charcoal (a. b, and c), and biomorphic SiC/C after pyrolyzed at 1600°C (d. e and. )
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20k 50um

Fig. 10 SEM images of sadao-chang wood- charcoal burned off residual carbon at 700 "C in air. ;SiC tube from biomorphic (a and b),

SiC tube’s wall (c and d).

! 600pm 1 Silicon

Fig. 11 SEM images and X -ray mapping of biomorphic
SiC/C from para-rubber charcoal

5. CONCLUSION

Para-rubber wood and sadao-chang wood can be used as
structural preforms for processing of biomorphic SiC/C
ceramics. The woods were first pyrolyzed in Ar atmosphere
at 800 "C to get carbon preforms. The channel of para-rubber
and sadao-chang carbon performs have honeycomb structures.
Si0;-Sol was used for infiltrating carbon performs. The
specimens dried in air. The precursors were synthesized by
carbothermal reduction method at 1600 'C and got the result
product of SiC/C ceramics. The longer time of SiO, sol
infiltrating, the higher conversion of SiC can be obtained.
The results SiC/C ceramics have the biomorphic morphology
mimicking the bio-template of natural woods.
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