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Abstract

Porous B-SiC with a multimodal porosity preferentially oriented along one direction is obtained by infiltration of pyrolyzed wood
with Si at 7> T§i melting- Hard woods (obece, poplar and assembled poplar) are used as starting materials. The microstructure of the
starting wood, of the wood after pyrolysis and after Si infiltration, is characterised in terms of overall porosity, pore size distribu-
tion and of crystallographic phases. The process is optimised for obtaining porous templates of only B-SiC with a microstructure
that replicates the original wood microstructure. Features such as the presence of unreacted carbon, or conversely, of Si within the
open pores of the infiltrated materials are minimized by a careful control of the amount of Si in contact with the carbon preform
during the infiltration cycle. Compression tests on cubic samples are performed along the axial and longitudinal direction.
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1. Introduction

The process of ceramization of wood or of other bio-
logical structures is currently studied as an attractive
way for the production of porous components with
peculiar microstructures which cannot be obtained by
means of other processes.! The intrinsic microstructure
of the starting material is in fact replicated in a ceramic
component. A wide range of ceramic materials can be
produced and among these, porous SiC is particularly
attractive for its high mechanical and thermal
resistance.”* In the typical process, dried wood is first
carbonised to obtain a carbon perform, which is then
siliconized in a way that gives porous SiC or Si/SiC
composites.

Woods have a strongly anisotropic cellular structure
with the majority of the pore channels oriented along
one axis.! Porosity and morphology depend on the type
of wood. All woods have a similar chemical composi-
tion: hemicellulose (10-20 wt.%), lignin (10-30 wt.%)
and cellulose (30-55 wt.%). The structure of each
channel is also quite similar and is formed by a series of
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layers each with a varying amount of the principal
components. Because of these compositional and struc-
tural similarities, all woods behave similarly during the
carbonisation process which therefore can be easily
optimised. On the other hand each wood has a specific
pore size distribution and such variety widens the
applications of these materials: structures with an
homogeneous pore size are required for filters, catalyst
carriers or multifunctional membranes; heterogencous
structures can be used as biocatalyst support in the food
industry or waste water treatment, for example.

Recent studies focussed on the optimisation of the
two principal steps of the ceramization process for the
production of porous SiC, pyrolysis of wood>® and
infiltration of the carbon perform with silicon (or silicon
source).” 12

In the present study the behavior of two different
woods in function of the temperature and time of infil-
tration with liquid silicon is presented. Obece (7vi-
plochiton scleroxylon) and poplar (Populus) are selected
because they are cheap and, in case of poplar, cultivated
with no detrimental impact to the environment. Assem-
bled poplar, obtained by carefully assembling selected
sheets of poplar, is also tested because it is more homo-
geneous compared to poplar and therefore it can offer a
higher resistance to the crack formation and propaga-
tion during the ceramization process.
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2. Experimental

Three commercial products were studied and com-
pared: Obece, Poplar and Assembled Poplar, formed by
sheets of wood assembled together.

Samples of about 60x40x30 mm? were first dried at
70 °C for 24 h and then pyrolysed at 1000 °C for 1 h
with heating and cooling rates of 1 °C/min and 2 °C/
min, respectively, under flowing Ar in a graphite heating
elements furnace. Infiltration cycles were conducted in
the same furnace under flowing argon. The carbon
templates (about 25x25 mm? and 10 mm high) were
placed in a BN-coated graphite crucible and covered
with silicon powder.

The first set of infiltration tests was conducted on
pyrolysed Obece within the temperature range of 1450—
1600 °C and soaking time range of 30—-120 min in order
to determine the best conditions for infiltration. The
heating rate was 10 °C/min and the cooling rate was
fast, obtained by switching off the furnace power. In order
to study the degree of conversion, the amount of silicon
powder also varied from 10 to 30% more than the stoi-
chiometric quantity needed for the complete conversion
from C template to SiC according to the reaction:
Si+ C=SiC. Finally, the influence of the wood structure
orientation was also evaluated by changing the orienta-
tion of the template fibers from parallel to perpendi-
cular with respect to the direction of the Si infiltration.

The infiltration tests on pyrolysed poplar and assem-
bled poplar were conducted at 1500 °Cx 120 min, selec-
ted as the best processing conditions, with the wood
channels parallel to the infiltration direction.

The porosity and pore size distribution of the as
received, pyrolised and infiltrated specimens were mea-
sured by high-pressure mercury porosimetry using two
different instruments: Pascal 140 Thermofinnigan for
the porosity within the range 1.9-65 um; Carlo Erba
Porosimeter 2000 for the range 0.04—1.9 um. The por-
osity of pyrolysed obece could not be evaluated with
this instrument because, due to the poor mechanical
resistance, the sample fractured during the mercury
infiltration.

The relative amount of the crystalline phases in the
infiltrated templates was calculated from the analysis of
the X-ray diffraction patterns by comparing the relative
intensities of the main peaks. The scattering factors used
were 6.46'3 and 4.7,'% for B-SiC and Si, respectively.

TG-DTA analyses were carried out (Netzsch GER-
AETEBAU STA409) on as received samples in order to
determine the decompostion temperature of the woods.

Scanning electron microscopy equipped with energy
dispersive spectroscopy (SEM-EDS) was used for the
microstructural and elemental analysis of samples.

Image analysis (Image Pro Plus 4.0, Media Cyber-
netics, USA) on SEM micrographs was also used for the
evaluation of pore size and distribution.

The degree of conversion was calculated according to
the following relationship:

Conversion degree (%) = Wipnal - 100/[Wc - Siam/Cam]

where Wy, 1s the weight of the template after the infil-
tration cycle, W is the weight of the carbon template,
Siam and Caypg are the atomic mass of silicon and car-
bon, respectively. It must be taken into account, how-
ever, that the values obtained with this calculation
neglect the presence of residual silicon into the porous
template. The degree of conversion may result over-
estimated.

Compressive strength at room temperature was mea-
sured on samples 5.5x6.5x5.5 mm? (heightxwidthx
length) using a crosshead speed of 1 mm/min. Samples
were tested with the fibers oriented parallel and perpen-
dicular to the compression direction.

3. Results and discussion

The pore size distribution and porosity of the as
received samples, after pyrolysis and after infiltration at
1500 °Cx 120 min, are shown in Fig. 1 and Table 1.

3.1. The starting woods

The microstructure of the starting materials is
revealed in Fig. 2. Poplar and obece have similar texture
characteristics and pore dimensions. However, the
longitudinal cross section of Obece (Fig. 2a) shows large
and long channels (> 100 um) which are absent in
poplar (Fig. 2b) and assembled poplar.

3.1.1. Obece

The porosity is 75.7% and the pore size distribution
(Fig. 1a) reveals presence of micro-pores with a mean
size of 0.5 pm and macro-pores of 18.3 um. It must be
noted however that these values do not take into
account the big channels shown in Fig. 2a. In fact, pores
with a mean size larger than 65 pm are not measured by
the porosimeter previously described. The axial com-
pressive strength is 30 MPa.!3

3.1.2. Poplar

The porosity (71.6%) is similar to Obece and the
pore size distribution is slightly bimodal (Fig. 1b). The
size of micro and macro-pores of poplar resulting from
the longitudinal section micrograph (Fig. 2b) is within
the range of sensibility of the porosimeter and the
mean size results 0.5 and 62.4 um, respectively. Macro-
pores are more numerous but smaller in poplar than in
obece, whereas micro-pores have the same mean size
but a wider distribution. Axial compressive strength is
31 MPa.!®
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3.1.3. Assembled poplar

The porosity (50%) is lower compared to the other
woods and most of the pores are around 1 pm (Fig. 1c).
The assembling process leaded to a more regular texture
and a reduced porosity compared to the other woods.

3.2. The pyrolysis process

Table 2 reveals the weight loss and shrinkage values
of the samples after pyrolysis. A massive weight loss
(about 70%) and shrinkage (about 20-30%, depending
on the direction) occurred in all samples, but none of
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Fig. 1. Pore size distribution of as received samples, after pyrolysis at
1000 °C and after infiltration with silicon at 1500 °Cx2 h: obece (a);
poplar (b); assembled poplar (c).

them fractured or was reduced to powder. The curve
obtained with the TG analysis under flowing argon is
similar for all the woods and showed that the largest
part of the overall weight loss occurred between 200 and
350 °C. The X-ray diffraction patterns reveal only
amorphous carbon in all the pyrolysed specimens.

The porosity (Table 1) increases after pyrolysis as a
consequence of the massive weight loss. The weight loss
is only in part counterbalanced by the simultaneous
shrinkage, as confirmed by the increase of the micro and
macro-pore size. In the case of assembled wood, the
increase of the porosity is particularly high (from 50 to
83%) because of the volatilisation of the organic com-
pounds used during the assembling process.

The pore size distribution of poplar and assembled
poplar after pyrolysis (Fig. 1b) is bimodal with a con-
sistent amount of pores around 1 pm, which were
absent before the pyrolysis. Such pores probably
formed in consequence of the volatilisation of the com-
pounds which in the wood obstructed the channels with
a dimension around 1 pm.

The microstructure of the carbon templates replicates
the microstructure of the original woods (Figs. 3a-b,
4a-b and 5a). Pyrolysed Obece (Fig. 3a-b) exhibits

Fig. 2. Longitudinal section microstructure of obece (a) and poplar

(®).
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Table 1

Porosity of as received, pyrolised (1000 °Cx 1 h) and infiltrated (1500 °Cx2 h) samples®

Sample Obece Poplar Assembled poplar
Porosity Microp. M. Macrop. M. Porosity Microp. M. Macrop. M. Porosity Microp. M. Macrop. M.
(%) size (um) size (um) (%) size (%) size (%) (%) size (%) size (%)
As received 75.7 0.5 18.3 71.6 62.4 50.0 1.0 31.9
Pyrolised b 8.8¢ 80.4¢ 73.7 63.9 82.6 1.0 53.5
Infiltrated 81.4 3.0 18. 6 69.0 45.7 63.0 1.0 47.8

4 Porosity range is 0.04—-65 pm. Micro-pore range: 0.04—1.90 pm; macro-pore range: 1.9-65.0 um.

® Sample fractures during mercury infiltration.
¢ Measure taken by Image Analysis on SEM micrograph.

macro and micro-pores of about 80 and 9 pum, respec-
tively, as assessed by the image analysis technique. The
micro-pore mean size is probably slightly overestimated
with this technique since small pores are hardly identi-
fied in the micrographs. In addition, obece exhibits
numerous small pores even along the radial direction
(Fig. 2a), which are neglected in the calculation. The
microstructure of pyrolysed Poplar (Fig. 4a and b)
confirmed the bimodal pore size distribution revealed by
the analysis with the porosimeter (Fig. 1b). The micro-
structure of assembled poplar after pyrolysis revealed
the presence of numerous cracks along the interface
between the wood layers (Fig. 5a) probably formed
during the volatilization of the organic compounds used
to assemble the layers together. The micro- and macro-
pores have similar size and morphology as those of
pyrolysed poplar.

3.3. The silicon infiltration process

Table 3 reassumes the results obtained with different
infiltration cycles.

During the infiltration process with silicon the weight
of the samples increased as a consequence of the Si
entering by capillarity into the carbon template, leading
also to a decrease of the porosity and of the pore mean
size (Table 1).

According to Greil et al.,' the time required for the
liquid silicon to penetrate by capillarity into carbon
templates derived from woods, is in the range of sec-
onds, whereas the reaction Si(l) + C(s) = SiC(s) occurs in
a longer time. The reaction is therefore the rate limiting
step of the process.

Table 2
Weight loss and shrinkage values after pyrolysis at 1000 °Cx1 h
Sample Weight Axial Radial

loss (%) shrinkage (%) shrinkage (%)
Obece 70.6 222 242+1.0
Poplar 73.6 18.8 31.0£1.0
Assembled poplar 68.2 23.4 30.0£2.0

The maximum diameter of the capillary for the infil-
tration with liquid silicon is about 80120 pm,' which is
within the pore size range of the woods selected in the
present study. Experiments reported in literature
revealed that when carbon templates derived from var-
ious types of wood were infiltrated with liquid silicon,
pore channels up to 30 pm were generally filled with
silicon after the infiltration cycle.>’ In the infiltration
tests described in the following, in order to avoid the
formation of Si—SiC composites rather than porous,
pure B-SiC, the total amount of silicon powder was
carefully controlled and limited to 10-30 wt.% more
than the stoichiometric quantity needed for the com-
plete conversion of the carbon preform.

3.4. Infiltration tests with pyrolysed obece

A summary of the relevant tests is reported in Table 3.
The microstructure of obece after infiltration at
1500 °Cx2 h is revealed in Fig. 3c and d.

Infiltration at 1600 °C for 30 min (sample 1) results in
a low degree of conversion (75.9%) of Si and C to SiC.
A possible explanation is that at 1600 °C the volatilisa-
tion of Si is favoured under low PO, condition!® and
therefore part of the silicon is transformed into gasecous
Si or SiO before reacting with the carbon template. The
X-ray diffraction pattern shows only B-SiC peaks but,
considering the low degree of conversion, amorphous
carbon is probably present in this sample.

Infiltration at 1450 and 1500 °C (samples 2—6) over-
comes the problem of the Si volatilisation but a longer
holding time (120 min) is required to complete the
Si+ C=SiC reaction. Specimens treated at these tem-
peratures exhibited a much higher degree of conversion
(from 94 to 100%).

Samples 2, 3 and 4 were treated at 1500 °Cx2 h. The
amount of B-SiC increases from 85.5 to 100 vol.% by
increasing the silicon in excess from 18.1 to 27.7 wt.%.
The microstructure of sample 3 (Fig. 3¢ and d) is char-
acterised by few macro-pores and homogeneous micro-
pores which give a quasi-monomodal pore size dis-
tribution (Fig. la). The amount of residual silicon is
rather low, 10.4 vol.%, as confirmed by microstructural
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Fig. 3. Cross section microstructure of obece after pyrolysis at 1000 °Cx1 h (a,b) and after infiltration with Si at 1500 °Cx2 h, sample 3 of
Table 3 (c,d).

Table 3
Results obtained with different infiltration cycles of the carbon templates with liquid silicon
Sample Starting Infiltration cycle Excess of Degree of Crystalline phases

wood (°Cxmin) Si (Wt.%) conversion (%)

B-SiC (vol.%) Si (vol.%)

1 Obece 1600x 30 12.8 75.9 100
2 Obece 1500x 120 18.1 93.6 85.5 14.5
3 Obece 1500x 120 20.5 101.5 89.6 10.4
4 Obece 1500% 120 27.7 93.6 100 0.0
5 Obece 1450x 120 13.2 96.5 71.6 28.4
62 Obece 1450x 120 16.0 97.8 64.5 35.5
7 Poplar 1500x 120 28.3 97.3 71.9 28.1
8 Ass. poplar 1500x 120 21.7 79.3 73.5 26.5

a Sample with fibers oriented perpendicularly to direction of the Si penetration.
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analysis (the great majority of pores are open) and by
the elevated porosity (81.4%).

Sample 5 and 6 were treated at 1450 °Cx2 h. The
relatively high level of residual silicon (28.4 and 35.5
vol.% respectively) is due to the temperature-depen-
dence of the Si+ C=SiC reaction. After 2 h at 1450 °C
the reaction is not completed. In addition, the orienta-
tion of wood channels in respect of the direction of
infiltration did affect the ceramization process: sample
6, which was infiltrated with the channels oriented in the
opposite direction with respect to the silicon penetration
front, exhibited a higher amount of residual silicon. The
resulting microstructure is not homogeneous, with some
regions that did not react, others that showed a
remarkable cell wall thickening and the closure of the
smaller pores with silicon.

3.5. Infiltration tests with pyrolysed poplar and
assembled poplar

Pyrolysed poplar and assembled poplar were infil-
trated at 1500 °Cx2 h, as these were the conditions
which gave the best results in case of obece. The micro-
structure of samples is revealed in Figs. 4c and d and 5b.

The porosity and macro-pore mean size of both sam-
ples decreased compared to pyrolysed samples as a
consequence of the silicon infiltration and reaction with
carbon (Table 1). Further, the amount of micro-pores
decreased, as shown by the pore size distribution curves
in Fig. 1b and c. A similar behavior is expected for
obece, although a direct comparison is not possible
since, as mentioned before, the porosity of pyrolysed
obece could not be measured.

'

Fig. 4. Cross section microstructure of poplar after pyrolysis at 1000 °Cx1 h (a,b) and after infiltration with Si at 1500 °Cx2 h, sample 7 of

Table 3 (c,d).
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The amount of residual silicon in poplar and assem-
bled poplar after infiltration (28.1 and 26.5 vol.%
respectively) is higher than in obece (0-14 vol.%) and
the final porosity is consequently lower (Table 1). Pre-
sence of residual silicon which closed small pores is
confirmed by the SEM-EDS elemental analysis of the
samples cross section. In assembled poplar silicon
entered by capillarity also into the fractures between the
wood layers formed during the pyrolysis. In addition a
consistent thickening of the wall cells is also observed
(Figs. 4c and d and 5b).

3.6. Compressive tests of infiltrated samples

The compressive strength of infiltrated samples is
revealed in Table 4. The average compressive strength in
the axial direction (i.e. with the channels oriented in the
same direction of the load) is 55 MPa for obece and 108
for poplar. Assembled poplar differs slightly to poplar.
In all the tested samples the compressive strength in the
opposite direction (i.e. with the channels perpendicu-
larly oriented to the load) is 8-10 times smaller.

Fig. 5. Cross section microstructure of assembled poplar after pyr-
olysis at 1000 °Cx 1 h (a) and after infiltration with Si at 1500 °Cx2 h,
sample 8 of Table 3 (b).

Comparing the strength data in respect with porosity,
we find that the strength decreases with increasing por-
osity. To give an idea about a possible underlying trend,
the data are shown in (Fig. 6) with an interpolating
exponential curve, which is normally used to describe
the strength—porosity relationship.!”

The lower strength in the axial direction exhibited by
infiltrated obece compared to poplar and assembled
poplar is related to the higher amount of final porosity
in obece. Poplar and assembled poplar have a higher

Table 4
Compressive strength of infiltrated samples (1500 °C/120 min)

Sample Compr. strength® Compr. strength®
(MPa) (Mpa)

Obece (30 MPa) 55.9+24.4 7.0+2.8

Poplar (31MPa) 108.0£21.7 82+39

Assembled poplar 105.0+19.7 9.0+2.5

4 Channels parallel to the compression direction.
® Channels perpendicular to the compression direction.
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compressive strength despite the fact that they contain a
higher amount of residual silicon compared to obece.
Finally the strength value of assembled poplar is similar
to that of poplar despite the numerous fractures which
were observed along the interfaces between the wood
layers after the pyrolysis. During the infiltration process
most of these fractures were closed by the silicon enter-
ing by capillarity, thus increasing the strength of the
final material.

4. Conclusions

Porous SiC is obtained through a ceramization pro-
cess based on the infiltration with liquid silicon of car-
bon templates formed by pyrolysed wood. Three types
of woods are tested, obece, poplar and assembled
poplar. The best processing parameters for infiltration
are 1500 °Cx2 h under flowing argon and with a slight
excess of silicon, about 20 wt.% more than the stoi-
chiometric quantity needed for the complete conversion
of the carbon template to SiC. Under these conditions
porous B-SiC with a crack-free microstructure which
mimics the microstructure of the original wood and
with a low amount of residual silicon, is obtained.

With obece as the starting material porous SiC with
no residual silicon is obtained, whereas with poplar and
assembled poplar the residual silicon in the infiltrated
template is 28.1 and 26.5 vol.%, respectively. Residual
silicon fills the smaller pores and decreases the total
porosity.

Compressive strength values are related to the final
porosity of the SiC material.
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