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Abstract

We have synthesized pre-shaped SiC/Si ceramic material elements from charcoal (obtained from wood) by impregnation with molten silicon, which
takes place in a two-stage process. In the first process, a porous structure of connected micro-crystals of 3-SiC is formed, while, in the second
process, molten Si totally or partly infiltrates the remaining open regions. This process forms a dense material with cubic (3-)SiC crystallites, of
which the majority is imbedded in amorphous Si. The synthesis of preshaped “sprocket” elements demonstrates that desired shapes of such a dense
SiC/Si composite ceramic material can be achieved, thus suggesting new industrial applications.

The structure and composition of numerous as-synthesized samples were characterized in detail by using a wide range of techniques. Wear and
friction properties were also investigated, with polished samples. The properties found for the present samples are very promising for abrasive

applications and for new generation brake systems.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide is among the most sought ceramic
and semiconducting materials for industrial applications
because of its low mass density, high-thermal conductivity
(350—490Wm’1 K—h,! strong resistance towards oxidation,
and high mechanical strength. Silicon carbide is also a wide band
gap (2.39-3.33 eV)? semiconducting material with high electron
mobility, high breakdown electric field strength (3—-5 MV/cm),
in its crystalline forms,! as well as a high oxidation resistance,
and etch-resistant properties, making it eminently suitable for
electronic and optical applications at high temperatures, high
frequencies, and high powers.? Such qualities make it applica-
ble with different functions in integrated biomaterials and in
light-weight/high-strength structures.*

During the last two decades, biological materials>® have
been favoured as raw materials for synthesizing engineering
ceramics and composites. Natural materials like rice hulls,” cot-
ton fibers'® and woods from different kind of trees! =2 have thus
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been used as the starting material. The advantage of using wood
as starting material is its tendency to retain the original shape.
Thus SiC components have been successfully synthesized from
wood using methods such as molten silicon impregnation,'%-16
silicon vapour impregnation,!” carbothermal reduction after
tetracthyl orthosilicate (TEOS) impregnation,®!8 and shape
memory synthesis using SiO vapour impregnation.!®?? In the
molten silicon impregnation method, molten silicon is forced to
penetrate into the pore channel system of previously carburized
wood by capillary forces and spontaneous wetting, undergoing
a local solid—liquid reaction to form (3-SiC. This method nearly
retains the shape of the starting wood as a crystallized struc-
ture, in addition to the filling or capping of pores and voids with
silicon. Thus, the sample produced in this way is actually a more-
or-less dense, composite structure of silicon and SiC. It is very
important to understand the synthesis mechanism of these SiC/Si
ceramics. Despite a lot of work already reported on molten sili-
con impregnation of carbon obtained from wood, there are only
a few attempts'>?! reported studying the details of the forma-
tion mechanism of SiC in the ceramic but no conclusions are
given for the entire composite system (SiC/Si) and the role of
the silicon for the properties of the resulting material. It is also
of interest to study the wear and friction properties of preformed
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SiC/Si structures to test their applicability for friction and abra-
sion purposes, as these would not require post-synthesis forming
or shaping processes. There are numerous studies on wear and
friction properties of conventionally made SiC ceramics.?>~2°
However, very few reports have focused on the wear properties
of SiC/Si composites synthesized from natural products.>”

In this work, the silicon impregnation method has been used
to fabricate “sprocket shaped” SiC/Si structures from wood.
Thus it is realized, how this low cost synthesis of variably
structured SiC/Si samples with predefined shapes could make
them usable in any shapes, as in highly abrasive elements for
the automotive industry, i.e. in advanced brake systems. Simi-
larly, they could be seen as alternatives to alumina when used
for high temperature applications, where especially their high
thermal conductivity could be explored. This synthesis route
could also be seen as an important method for making struc-
tural (predefined shapes) parts of SiC composite materials for
nuclear fusion reactors and in heat engines.>!'33 We have care-
fully explored the reaction mechanisms and can now confirm
that the synthesis of SiC/Si ceramic is a two-stage process
(from a pure carbon preform), where we can point out the
important role of silicon for the ceramic material formation,
and for its final properties. We have analysed many products
formed from wooden preforms by Si-impregnation, using X-ray
diffraction (XRD) for crystal structure determination, scanning
electron microscopy (SEM) for imaging the surface morphol-
ogy, X-ray photo electron spectroscopy (XPS) for determining
the physical and chemical surface compositions, Auger elec-
tron spectroscopy with depth profiling for determination of in
depth physical and chemical compositions, nano indentation for
evaluation of hardness properties, and specific surface area mea-
surements. A series of experiments have finally been made to
study tribological properties like friction and wear of polished
surfaces of these samples.

2. Experimental

Wooden samples were carved into three different shapes,
cylindrical discs, sprocket shapes, and rectangular blocks of dif-
ferent sizes roughly ranging from 10 mm to 15 mm in length,
7mm to 10 mm in breadth and 5 mm to 8 mm in height. Sam-
ples were made with different kind of woods such as Indian pine
(Pinus sp.), Indian mango (Mangifera indica), Silk cotton tree
(Bombax ceiba), Indian blackberry (Syzygium cumini), Cutch
tree (Acacia catechu), Danish beech (Fagus sylvatica), etc. Most
of the results reported here are obtained with Danish beech wood.
Sample names show the type of wood used to synthesize the
sample. The sprocket shaped samples were carefully cut exactly
perpendicular to an axial direction in the wood in order to achieve
discs of uniform thickness after pyrolysis. Different geometries
have been used to demonstrate that the end product ceramic can
be obtained in desired shapes, thus proving the usefulness of the
present synthesis route. Since length contraction during pyrol-
ysis of wood is orientation dependent, the contractions along
radial-, axial-, and tangential directions are different,13-20-34-36
Pyrolysis of wood is done in three stages. During the first stage,
samples were heated to 70 °C for 2h to remove the moisture.

Samples were then heated to 500 °C at a slow heating rate of
1 °C/min in the second stage. This stage involves the decompo-
sition of the polyaromatic hydrocarbon polymers like cellulose,
hemicellulose and lignin, to form a pure carbon structure, !3-20-36
The third stage is a crystallization process where samples are
heated to 1200 °C at a higher heating rate of 5 °C/min for 6 h.
This heating leads to crystallization and purification of the car-
bon structures. Chances of oxidation and burning of the wood
were minimized by carrying out all the process steps in an argon
flow. The pyrolysis of the woods resulted in the formation of
porous carbon structures (carbon preforms) with a network of
capillaries as shown in SEM images. Several carbon preforms
were placed in an alumina crucible together with silicon powder
and heated up to a temperature of 1500 °C £ 25 °C (to melt Si
in contact with the carbon shapes), inside an alumina tube in a
tubular furnace for 12 h.

The finished samples were characterized by X-ray diffrac-
tion (XRD) to check the Si:C stoichiometry and their crystal
structures by using a Siemens Diffractometer D5000 and the
XRD results were analysed with the X’pert High Score Plus™
software. The topographical microstructure was imaged with a
SEM (Zeiss LEO 435 VP), and the composition was checked by
the energy dispersive X-ray (EDX) technique with a RONTEC
detector attached to the same SEM. The confirmation of the SiC
structure was also done with a Raman microscope from Dilor,
using the 514 nm Ar-ion laser line. For analyses of the surface
compositions, AES was used with a 1 wm spot electron beam
excitation in a Perkin Elmer 560 system (with about 1 nm depth
of information) and XPS in a SPECS PHOIBOS 100 system®
(with a 2 mm diameter area of study, and about 7 nm depth of
information). Hardness measurements of the samples were car-
ried out by nano indentation using a tribolndenter system from
Hysitron. The specific surface area of the samples was obtained
with a surface area analyser from Quantachrome. Rectangular
blocks are used for all the above-mentioned characterizations.
Further, dry wear testing of synthesized SiC/Si samples of cylin-
drical shapes has been conducted by using a high temperature
ball-on-disc tribometer (CSM-THT). The samples used for this
were first ground with SiC papers of different grit size and finally
polished using diamond slurry on felt. During the ball-on-disc
wear testing, samples were tested by sliding against commercial
alumina balls of 6 mm diameter. These tests were conducted
for a total travelled distance of 50 m under normal atmospheric
conditions at room temperature with a relative humidity of 55%
using loads of 1, 2, 4 and 5 Newtons (N).

3. Results and discussion
3.1. Confirmation of the nature of the SiC/Si composite

3.1.1. X-ray diffraction analysis

The XRD patterns confirm the formation of cubic (3-SiC)
with some additionally un-reacted silicon as shown in Fig. 1.
Table 1 lists the percentage of different phases present in the
samples. The diffraction patterns of the samples show major
peaks at 20 =28.4°,35.5°,41.3°,47.2°,59.8°, and 71.6°, which
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Table 1
Percentage concentration of different polymorphs of SiC. Sample name shows
the type of wood used to synthesize the sample.

Sample Cubic/% Si/% Si02/%
Beech wood (1) 87.6 12 0.4
Beech-wood (1)-oxidized 94.7 4.5 0.8
Beech wood (2) 89.4 10.6

Beech wood (3) 96.8 3.2

Cutch tree 94.5 5.5

corresponds to diffraction from the Si (111), SiC (11 1), SiC
(200), Si (220), SiC (220) and SiC (31 1) planes.

The average grain size of the samples is found to be 93 nm
and has been calculated by using a Williamson—Hall plot.3” The
Rietveld refinement*®37 technique was used to obtain accurate
values of lattice parameters of crystals and phases present in the
crystal samples. The oxidation of sample Beech wood (1) for
3hat 700 °C in air leads to decrease in percentage of un-reacted
silicon from 12% to 4.5% (see Fig. 1 and Table 1). Thus the
previously un-reacted silicon has now formed amorphous SiO;,
shown as a decrease in intensity of the Si peak at 28.3°, while
the SiC peaks increase in intensity.

Table 1 summarizes the percentage distribution of cubic
SiC, un-reacted Si and SiO; in some of the synthesized sam-
ples. The comparison of XRD results with experimental mass
measurements is done in a subsection discussing the ceramic
formation. The XRD patterns suggest that the samples made by
silicon impregnation are more crystalline than for shape memory
synthesis.?"

3.1.2. SEM images

The SEM images of the SiC/Si samples and the starting car-
bon preforms are shown in Fig. 2. Fig. 2(a) shows the top surface
of a carbon preform, which was cut perpendicular to an axial
direction in the starting Danish beech wood. This image indi-
cates two different kinds of pores or capillaries in the starting
carbon structure originating from vessels and tracheid channels,
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Fig. 1. XRD patterns of the samples synthesized from beech wood, and cutch
tree. XRD pattern from individual crystallites is also shown (explained later).
Sample name shows the type of wood used to synthesize the sample.

the bigger pores having a size of 20-25 pwm while the smaller
pores have sizes in the range of 5—8 pm. Fig. 2(b) shows the inter-
nal capillary system of the carbon preform when it is cleaved
along the axial direction. Fig. 2(c) and (d) are images of the top
surface of the samples after conversion to the SiC/Si ceramic
at different magnifications, corresponding to the preforms in
Fig. 2(a). SiC and silicon regions have also been marked in the
images. The top surface of these samples appears as having the
individual SiC crystals embedded inside silicon. Fig. 2(c) and (d)
indicates significant redistribution during the solid phase reac-
tion of carbon with silicon. All the pores have vanished near the
top surface. Fig. 2(e) and (f) shows the images of the sample from
inside. The bigger pores, which appear as channels in the starting
carbon (Fig. 2(b)) are still preserved after the SiC/Si formation as
shown (labelled as channels) in Fig. 2(e), but they are not uniform
as before the onset of the process, as SiC crystals have expanded
during growth to make it non uniform. The smaller pores of the
starting carbon have totally vanished after the reaction due to
SiC crystallite formation (Compare Fig. 2(a and b) with (c-f)).
The starting carbon framework has been redistributed during
the solid phase reaction and the SiC crystallites have nucleated
everywhere, which is evident from the Figs. 2(c—f). Fig. 2(f)
shows the individual SiC crystals formed inside the SiC/Si sam-
ple. Comparison of Fig. 2(a) and (b) with (c—f) proves that
the capillaries pull the molten silicon inside in the solid phase
contact reaction to form SiC/Si. The presence of Si and SiC
crystallites in the composite is explained further in Section 3.2.

3.1.3. XPS analysis

XPS spectra of two samples made from Danish beech wood
are shown in Fig. 3 and compared with a standard SiC refer-
ence sample (6H-SiC wafer). Electrons with kinetic energies
from 200 eV to 1260 eV have been recorded, covering the range
of binding energies from 1053 eV to —7 eV, as they are excited
with an Mg X-ray source. In the figures the kinetic energies have
been converted to binding energies (relevant only for the pho-
toelectron peaks). The sampled area has a diameter of 2 mm.
All the spectra show the presence of carbon, oxygen and sili-
con. The reference sample (a 6H-SiC wafer) also shows Ar (2p)
and N (1s) photoelectron peaks. This sample had been sputtered
with argon for a short time to remove the contamination on the
top surface, before the XPS measurements. Small amounts of
calcium (*0.5% concentration) are seen in the two samples,
coming from the starting wood.>”

The processed samples are oxidized due to the handling in
air after the synthesis. The silicon to carbon ratio in these two
samples are equal, but different from the ratio of the reference
sample, which is due to different amounts of oxide and adsorbed
carbon species at the surfaces of the samples. The general shape
of the wide scan XPS spectra varies with the density and structure
of the samples. The inelastic lower-energy background below
the sharp peaks depends on the sample density and morphol-
ogy. The 6H-SiC sample has the flattest background below the
O (1s) (720eV) and Okyr peaks (500eV) (i.e. at lower kinetic
energies), while the silicon-impregnated samples show a higher
slope of the background in this region. Different background
slopes below the oxygen signals (lower kinetic energies) indicate
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Fig. 2. SEM images of two carbon preforms (a) and (b) from Danish beech wood; and SiC/Si samples (c)—(f). (a) is perpendicular to axial direction; (b) is along the
axial direction. (c) and (d) are the top surface of sample, SiC/Si replica of (a) at the different magnifications. (e) and (f) are images from inside the sample, (e) is the

SiC/Si replica of (b). (f) shows SiC crystals imbedded in silicon.

differences in the in-depth distributions of oxygen in the
samples*? and effects of roughness. Higher slopes indicate
deeper penetration of oxygen.

The reported concentrations of the impregnated samples
seem to indicate, when compared to the (mildly sputtered) ref-
erence sample, that the amount of carbon in the top layers of the
impregnated samples is slightly higher than for this reference
sample. We believe that most of this excess carbon (compared
to Si) comes from the ambient during handling of the samples,
and a variable degree of oxidation, which tends to lower the Si
concentration at the surface. We thus do not detect any excess
of Si over SiC with this technique, even averaging over an area
of 2 mm. It is therefore interesting to check, with a better reso-
lution, and deeper in the samples, how their local compositions
change. This is done with Auger electron spectroscopy (AES).

3.1.4. Auger analysis
In order to better access the local concentration of the sam-
ples beneath the oxidized surface, and contamination layers, we

used electron beam excited AES in combination with Ar*-ion
sputtering.

Fig. 4 shows the result of such a sputter profile measure-
ment. This analysis is done with AES excited with a focused
electron beam (1 pum) of 5keV energy, focused on a SiC
crystal-like hump on the surface, and the surface is repeatedly
bombarded for periods of 10 minutes with Ar-ions to remove the
upper layers, and then analysed. Each 10 min sputtering inter-
val would remove 10 A of a uniform, flat sample as calculated
by the SRIM code*!*? for the present experimental conditions.
Fig. 4(a) shows peaks at 92 eV (Sir23vv), 272 eV (CkrL), 290 eV
(Capmm), and 505eV (Okrr). From the sputter profile it can
clearly be seen that the intensity of the oxygen peak is reduced
with the sputtering time while the intensity of the carbon and sil-
icon peaks are increasing. From the spectra we can also see the
presence of calcium, which is an essential nutritional component
of beech wood.*® Fig. 4(b) shows the corresponding atomic per-
centage of Si, C and O with depth. From the measured values, as
shown systematically in Fig. 4(b), we judge the deviation of the
concentrations from smooth curves to be less than 2.5%, which
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Sr Samplename  Silicon Carbon Oxygen Density

No. Mo M P Jeem
| Bechwood(l) 369 414 217 208
2 Beechwood(2) 372 426 201 212
3 SiC6H 442 444 114 3.20
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Fig. 3. XPS spectra of two samples quoted as 1 & 2 (both synthesized from
Danish beech wood) in the figure, and the 6H-SiC reference sample quoted as
3. The inset table in the figure shows the percentage concentrations of these
samples as derived by the Casa XPS™ software.

we state as the experimental accuracy of the method as applied to
this sample. We can clearly see the gradual approach to a nearly
1:1 stoichiometry of silicon and carbon in depths well below the
oxidized surface, but with some local fluctuations, which are
probably due to the non-uniform character of the sample.

3.1.5. Raman analysis

Raman spectroscopy can be used to distinguish the individual
polymorphic types of SiC**** and it also confirms the forma-
tion of 3-SiC in the samples. The 3-SiC has a zinc blende like
structure with the smallest unit cell of all the SiC polymorphs.
Bulk B-SiC has two optical modes at the I" point of the Bril-
louin zone, a transverse optic (TO) mode at 796 cm~! and a
longitudinal optic (LO) mode at 972 cm™! .44

The XRD results showed around 90% {3-SiC as a major phase
and the rest as un-reacted silicon. The Raman spectra are also

a
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Fig. 5. Raman spectra of the samples (all synthesized from Danish beech wood).

Table 2
Peak positions in the Raman spectra of samples and suggestions for the
polymorphs.

Sample Peak positions/cm™! Suggestions for
(4cm™1) polymorph/cm~1 4344
Beech wood (1)-oxidized 795.6 3C (796 and 972)
Beech wood (2) 799.5 3C (796 and 972)
Beech wood (3)-oxidized 798.3,971.5 3C (796 and 972)
Beech wood (4)-polished 791.3,965.4 3C (796 and 972)
Beech wood (5) 796.1, 967.3 3C (796 and 972)

showing peaks of (-SiC and silicon, which thus confirms the
presence of SiC and silicon in the samples. Since the Raman lines
of SiC samples are rather broad, the resolution of Raman micro-
scope was set to =4 cm™!. From the positions of the phonon
peaks shown in Fig. 5 and summarized in Table 2, it can clearly
be concluded that all peaks are falling in the vicinity of 796 cm ™!
and 972 cm~!, which are known as TO and LO modes for B-
SiC, respectively. The full width at half maximum (FWHM) of
these peaks is in the range of 22-26 cm™!, which suggests that
the samples are having stacking faults.
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Fig. 4. (a) Sputter profile of a SiC crystallite hump on the surface of a sample made from Danish beech wood. (b) Relative percentage concentration of Si, C and O

with the depth, from the Auger spectra.
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Fig. 6. SEM images of individual crystallites (a) and (b) at different magnifications (inside the sample which was broken on purpose and taken out after 6 h processing).
(c) SEM and (d) optical microscope image of a polished sample surface. Sample made from Danish Beech wood.

3.2. Ceramic formation

In the present method, carbon preforms are impregnated with
molten silicon and capillary action pulls the liquid silicon into
the pores. All details of the pyrolysis process (see also above) to
obtain the carbon preforms themselves and characterization by
XRD, SEM and Raman, including TGA of wood have already
been given.?’

After being drawn into the carbon structures, Si reacts with
carbon at a temperature of 1500 % 25 °C, forming a compact, low
surface area SiC/Si composite material. Silicon melts at 1410 °C
and the liquid enters into the pores undergoing a solid-liquid
reaction to form SiC as follows:

C (solid) + Si (liquid) 2%siC (solid)

3.2.1. Role of silicon

The synthesis of SiC/Si ceramics from carbon preforms
involves a two-step process. In the first step molten silicon infil-
trates the capillaries of the carbon element to react with the
carbon to form crystalline SiC and, in our case this process runs
for more than 5h to process all the carbon. The second step
involves further infiltration with molten Si until some kind of
saturation. Molten silicon is readily available!? in the capillar-
ies in the beginning, but we have observed that its penetration
becomes very slow at the end. The conversion of carbon to silicon
was very well explained by Zollfrank et al.,”! and some further
details are given in the support material. The second — or last
— step of ceramic formation, which involves further penetration
into voids by the silicon melt, is very crucial and is responsible
for keeping the whole ceramic together as a single solid unit.

Almost all of the un-reacted silicon is amorphous in nature as
observed from the XRD pattern of the polished sample, shown
in Fig. 1.

We have carried out the silicon impregnation at 1500 °C under
the argon flow and have checked the sample after the first stage.
Fig. 6(a) and (b) shows the SEM images of the individual crys-
tallites inside the sample having dimensions ranging from 15
to 40 wm. These images have been taken from inside the sam-
ple and this sample was taken out “prematurely” after 6 h. Thus
only the first stage of reaction has been completed (in case of
Fig. 6(a and b)), which has only resulted in the formation of SiC
micro-crystals. Thus, Figs. 6(a) and (b) are snapshots of a sam-
ple after the first stage of the reaction. The XRD (Fig. 1) and
Raman (Fig. 7c) of crystallites confirm that the samples after
completion of this step are in the form of pure crystalline SiC.
These individual crystallites can be removed from the exposed
surface by gentle abrasion. Thus the pure SiC crystals formed
after the first stage are not held strongly together, but the further
addition of silicon (during the second stage) holds them strongly
together, forming a dense unit.

If infiltration of Si into the voids (Fig. 6(a) and (b)) between
the individual crystallites continues to fill them up completely,
it would result in SiC/Si ceramics like the ones shown in
Fig.2(c)—(e), where they appear as very dense units. Fig. 6(c) and
(d) shows the respective SEM and optical microscope images on
the surface of a polished sample with this maximum density. The
crystalline SiC inclusions appear as islands in the matrix of sil-
icon. The SiC appears dark grey while silicon appears as light
grey in the SEM image (Fig. 6(c)). Similarly, Si and SiC appear
with different yellow brightness in optical microscope images
(Fig. 6(d)). We have also produced a powder consisting of SiC
micro-crystals from similar samples simply by etching away the
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Fig. 7. Optical microscope images and their corresponding Raman spectrum (from the marked places) of a polished sample in (a) and (b), and SiC crystallite in (c).
(a) a SiC region, (b) a Si region, and (c) a SiC crystallite. Sample made from Danish beech wood.

amorphous Si with a mixture of HF and HNO3. It proves that
this method can also be used to produce SiC micro-crystals, and
it indirectly proves the role of amorphous silicon as the binder
in these samples.

Fig. 7(a) and (b) shows the Raman spectra taken on a pol-
ished sample at the places marked in the optical microscope
images on the left side in the figure. The optical microscope
image in Fig. 7(a) shows a dark grey region and the correspond-
ing Raman peak indicates 3-SiC. Similarly, Fig. 7(b) shows the
silicon region and the silicon peak in Raman. Fig. 7(c) shows
the Raman spectrum over one of the SiC crystallites shown in
the optical microscope image and as discussed previously in ref-
erence to Fig. 6(a) and (b). The results of Raman studies of the
polished samples have also been confirmed by the EDX mea-
surements as shown in Fig. 8. The EDX has been done at two
different areas, at Si and SiC rich regions. The atomic percent-
ages of respective areas are tabulated as the inserts in Fig. 8,
which suggest the presence of Si and SiC phases in composite.

From the all the points in this discussion, it can now be
concluded that silicon fills the voids between the individual crys-
tallites and thereby helps in holding the SiC crystallites together

to produce a dense piece of a solid material. Thus molten sili-
con plays the role of binder of individual crystallites. It prevents
them from falling apart and creates a dense structure.

3.2.2. Determination of mass and density

In this analysis the carbon atoms are supposed to react with
an equal number of Si atoms to form SiC. The density of the
resultant product can therefore be calculated by using a simple

formula:
)= (1 +3e):

ey

where Dcomposite 18 the calculated value of density of the sam-
ple, Dcarbon 1S the density of the carbon preform of a particular
sample, and Ms; and Msjc are the masses of Si and SiC in the
composite. The derivation of this formula and other equivalent
formulae are given in supporting material.

The term (Dcarbon + Decarbon X (28.0855/12)) is the theo-
retical value of the density of SiC when only one additional
atom of silicon is added to the carbon atoms of the

28.0855 Ms;

Msic

Dcomposite = (Dcarbon + Dcarbon X
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Fig. 8. SEM image and EDX at the marked places showing Si and SiC region in a polished sample. Sample made from Danish beech wood.

earlier framework. The additional term (Dcarpon + Decarbon X
(28.0855/12))(Ms;/ Msic) is due to the presence of un-reacted
silicon inside the sample. The mass of the un-reacted sili-
con has been estimated by taking the difference of mass of
final composite and the theoretical mass, which is given as
(Mcarbon + Mcarbon % (28.0855/12)).

The difference between experimental values and calculated
values is between 0 and 8.1%. These deviations, although mostly
small, may come from errors in the measurement of the volume
of the sample and from the presence of other elements such
as calcium in the original wood as seen from EDX, XPS, and
Auger results. There is always a presence of oxygen, most likely
adsorbed on the surface of the samples, but not accounted for
in the model. In this model we have not considered any excess
carbon because we have not found any signs of such unreacted
carbon (less than 0.8%) in the TGA of SiC/Si, as shown in the
supporting material.

The comparison of the percentage of silicon deduced from
the change in mass of the samples (shown in Table 3), which
is around 35-40%, and from XRD analysis (shown in Table 1),
which is showing 5-12%, suggests that most of the silicon is
present in its amorphous form.

From Table 3 it is concluded that all of the carbon preform
material has been converted to crystalline SiC. Un-reacted Si
fills and takes up the empty space in the samples and accounts
for the additional 40% of the material (by mass). If and when
there is good agreement between experimental and calculated
values in the table, the use of Eq. (1) for the analysis seems
justified, and the model presented here is then valid.

After the completion of the reaction process, most of the big-
ger pores in the starting wooden framework must have been

filled with silicon or have been capped from the top, resulting in
~0m? g~! specific surface areas (discussed later). There are still
some voids or open channels inside the structural unit as shown
in the SEM image in Fig. 2(d), which leads to a smaller value for
the density of the SiC/Si composite (given in Table 3) than the
density of bulk silicon (2.32 gcm™3) or bulk SiC (3.2 gcm™3).
The present values are approximately similar to those obtained
by Greil et al.'* The starting carbon structure is with a hon-
eycomb like structure of the bigger size pores, together with
a distribution of small size pores as shown in Fig. 2(a). The
smaller pores vanish quickly during the reaction of silicon with
carbon to form SiC crystallites while the bigger pores (capillar-
ies) may still remain in existence in the form of non uniform
voids (see Fig. 2(d)), not having been completely filled by the
molten silicon. Thus, overall it can be said that Si impregnation
retains the starting bulk structure of the carbon preform while
its microstructure (smaller pores) is lost during the formation of
SiC crystallites. Fig. 9 shows, as an illustration of the procedures
used here, how a compact, hard and lightweight sprocket shaped
structure of SiC/Si can be formed from a preshaped wooden
structure, when impregnated with molten silicon.

3.3. Hardness and specific surface area analyses

The hardness at various positions of one of the samples
(synthesized from Danish beech wood) was measured by nano
indentation with a Berkovich diamond indenter. The XRD, SEM,
EDX and Raman measurements suggested different regions of
SiC and Si on the samples, so local variations in hardness are
expected, which was our reason for using nano indentation that
also provides information about elastic modulus. The sample
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Calculated and experimental values of mass and density of the samples synthesized by silicon impregnation.

Sample name Mass of Density of Theoretical ~Experimental Un-reacted  Experimental Calculated value Deviation from
carbon/g carbon/gcm™3 mass of mass of silicon/% value of density of  of density of calculated value
SiClg composite/g composite/gecm™  composite/gcm™>  of density/%

Beech wood (1) 0.56 0.4 1.87 2.82 33.7 2 1.999 0.2

Beech wood (2)  0.25 0.37 0.83 1.37 39.4 2.08 2.079 ~0

Beech wood (3)  0.26 0.32 0.86 1.48 41.9 1.84 1.835 ~0

Beech wood (4)  0.25 0.37 0.83 1.14 27.5 1.78 1.696 4.8

Beech wood (5) 0.2 0.37 0.67 1.09 38.5 2.12 1.986 6.5

Beech wood (6)  0.29 0.34 0.96 1.59 39.8 2.06 1.904 8.1

Beech wood (7)  0.10 0.38 0.32 0.58 44.6 2.26 2.261 0.1

Beech wood (8)  0.07 0.36 0.24 0.46 473 2.31 2.299 0.5

used was flat, dense and polished with a finish down to 500 pwm.
The Oliver and Phaar method® is used to evaluate the hard-
ness values using the loading and unloading curves, when load
displacement curves are recorded under load-controlled mode.
The load displacement curves show a hysteresis-like behaviour
with elastic—plastic loading followed by an elastic unloading.
The knowledge of the contact area between the indenter and the
sample is very important. It is known that the plastic properties
of the sample under observation can change the contact area
and hence result in wrong values.*® This happens mainly when
a “pile up” or “sinking in” of the displaced material happens
around the indentation spot. The ratio of helhmax™ indicates the
tendency of the material to pile up, where hnp,x is the maxi-
mum depth of penetration during the indentation test and A is
the final displacement after the complete unloading of the con-
tact. If the ratio h./hmax < 0.7 then the contact area given by the
Oliver—Phaar method is known to match very well with the true
contact area, and if hic/hmax > 0.7, then it may lead to large errors
in contact area.*’ In this method the contact depth is estimated
from the load displacement data using the following equation:

P max

he = hmax — € S

@

where Ppax is the maximum indentation load, S is the stiff-
ness obtained from the unloading curve as S = (dP/dh)p_p,
and ¢ is a constant, which depends upon the indenter geometry;
empirical studies have shown that ¢ ~0.75.

Starting wooden
sprocket shapes

§

]

The hardness, H, and elastic modulus, E, are calculated using
the following formulae:

Pmax
H = T, (3)
and
1J7 S
— 4
B2 VA @

where S is a constant, depending on the geometry of the indenter.
Its value for the Berkovich indenter is 1.034. The area of the
impression, A, is determined from the indenter shape function
at the contact depth A and is properly calibrated.

The hardness values obtained for the samples vary between
10.7 and 31.4 GPa. From Table 4, giving the results, we can
group our values in three sets. The first five values in this
table have hardness values from 26.5 to 31.4 GPa (with a stan-
dard deviation (SD) of 2.30 GPa), and elasticity values ranging
from 236.9 to 332.1 GPa (SD of 39.8 GPa), which matches the
respective values for compact bulk SiC.*® This set of values con-
stitutes a first category. The following category has two values
10.7 and 12 GPa for hardness and elasticity values of 115.8 and
121.9 GPa, which, in turn, clearly match values for silicon.*

The third category has values varying from 17.1 to 22.3 GPa
(SD of 2.32GPa) for hardness and 169.9-261.9 GPa (SD of
35.5GPa) for the elasticity values. This category most likely
includes erroneous values due to an overestimation of area
because of pile up during the indentation, since the hc/hmax ratio

Sprocket shapé?i, :
after conversion to

SiC/Si

Fig. 9. Image of “sprocket shaped” Danish beech wood and converted SiC/Si structures.
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Table 4

Hardness and Young’s modulus values measured in different points on one sample, made from Danish beech wood.

S. no. he/nm Area/nm? Load/microN F = helhmax Hardness/GPa E/GPa
1 73.9 232736.3 7302.54 0.66 314 253.2
2 51.9 131368 3504.8 0.66 26.7 236.9
3 75.7 241581.1 6979.9 0.68 28.9 259.5
4 90 317848.4 8433.58 0.69 26.5 235.2
5 67.5 201649 6251.45 0.71 31 332.1
6 75.2 238709 2858.9 0.71 12 121.9
7 65.8 207725 2229.4 0.71 10.7 115.8
8 98.9 371146.5 6333.86 0.72 17.1 169.9
9 93.5 338434.7 6009.6 0.73 17.8 194.7

10 79.3 259817 4797.1 0.74 18.5 213.6

11 121.6 528854.5 8596.06 0.75 16.3 185

12 94.1 342117 7625.35 0.75 22.3 261.9

exceeds 0.7, as discussed above, or it may be due to the averag-
ing of the contributions from both Si and SiC. Otherwise, these
values may have been influenced by the non-uniform surface
of the polished sample (see Fig. 2(f)) used for the indentation
measurements.

The BET adsorption isotherm method is used to measure the
specific surface areas of the samples. Initially, the samples are
evacuated and degassed at 350 °C. After cooling them down to
liquid nitrogen temperature, nitrogen gas at variable pressures
is used to obtain six points on the BET adsorption isotherm,
from which the specific surface area is calculated. The specific
surface areas of the three samples have been measured and their
respective values are found to be 0.33, 0.00 and 0.06m? g~ !.
With these values, we can say that these samples are almost
totally non-porous. This is understandable assuming that the
molten silicon goes into the porous carbon framework and fills
the holes up to a large extent, and caps the rest, and thus may
not leave any passage for nitrogen to go inside and adsorb. The
corresponding SEM pictures in the Figs. 2(c)—(f) show the pres-
ence of uniformly imbedded crystallites, indicating the absence
of irregularities and defects, which could otherwise have acted
as adsorption sites for the nitrogen gas.

3.4. Wear and friction properties

In this study, preformed SiC/Si structures (synthesized from
Danish beech wood) with flat faces (as shown in Fig. 9) were
used for experiments to test the wear and friction properties. The
wear rate (W,) was calculated by using the following equation:
w, = Lo 5

TR ©
where W, is the wear volume, F is the normal load (in N) applied
on flat surface and [ is the sliding distance.

Figs. 10(a) and (b) shows the SEM micrographs from the
wear track of a tested SiC/Si composite under dry sliding con-
ditions. The wear track shows a smooth, near-polished surface
with some wear debris on the track. Experimental data of fric-
tion measurements (as shown in the support material) indicates
an increase in the coefficient of friction (COF) in the begin-
ning. It becomes constant afterwards, which may be attributed
to removal of the initial surface roughness of the material. From

the SEM images in Fig. 10(a) and (b), the main wear mechanism
could be attributed to micro-cracking and pulling of the grains
in the composite material, which results in cavity formation and,
later, filling of these cavities by the wear debris.?’ Fig. 10(c) also
shows the effect of normal load on COF () at room temperature
(25°C). This figure indicates that there is no significant varia-
tion in the COF with normal loads up to 2 N. However, COF
increases to an average value of 0.75 for loads of 4 and 5N.
These results are comparable with those of Dong et al.,® where
«-SiC balls were used on SiC ceramics and p was found to be
0.67 on average. Sang et al.,”” have also reported similar val-
ues of COF for Si/SiC composite. Our values are slightly higher
and it might be due to the rough surface and the presence of free
SiC-crystallites, which get on top of the surface due to ploughing
when the sample is polished. It is suggested that the SiC compo-
nent in the SiC/Si composites leads to higher u, accompanied by
higher wear due to its abrasive nature, while the presence of Si
in the composite matrix has a large impact on the morphology
and adhesive friction, which actually also increases M.zg Sili-
con can thus react with oxygen in the alumina balls and cause
formation of hard SiO» particles, which are excellent abrasives.
Furthermore, Si by itself could stick to the alumina ball, causing
an increase in the friction forces.

Fig. 10(d) shows the variation of the coefficient of friction
with temperature at a constant normal load of 4 N. The figure
shows a very small increase in the coefficient of friction with
temperature. There is a step of 0.073 in  from room temperature
to 100 °C and after that there is slight increase of approximately
0.014 in p with every 200 °C rise in temperature. This set of
observations lies partly in region II and partly in region III of
the transition diagram suggested by Dong et al.?® The region II
starts from room temperature to 250 °C approximately at nor-
mal loads less than 10N and region III is constituted by COF
values measured for the temperature range of 250-1000 °C at
normal loads less than 10 N. This region is governed by tribo-
oxidation reactions. Takadoum et al.,?” have also studied the
friction coefficient and properties of SiC/Si systems and found
w values varying in the range of 0.4-0.85 with increasing sliding
distance at a relative humidity of 50%. The w values found here
are thus slightly higher than reported by others.?*-3°

The wear rate calculated by using Eq. (5) at normal load of
4N in a sample of the SiC/Si composite is 6.6 x 10™* mm?/Nm
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Fig. 10. (a) and (b) SEM images of wear tracks taken from different regions and at different magnifications of same track. (c) Effect of normal load on coefficient of
friction at room temperature (25 °C). (d) Effect of temperature on coefficient of friction at a constant normal load of 4 N. Samples made from Danish beech wood.

at room temperature. This value is higher than the reported val-
ues for similar materials (in range of 1070)3% and is comparable
to results reported by Sang et al.’ In the literature, the lower
wear rates have been explained by the formation of carbon debris
during sliding and presence of carbon in the EDX spectrum col-
lected from the wear track. However, we have found a negligible
amount of carbon in Raman spectra collected from the wear
track.

4. Conclusions

All the samples made in the present work with silicon
impregnation of a porous charcoal skeleton coming from nat-
ural wooden samples have a composite SiC/Si character and
very low specific surface areas. This is a result of the character
of the reaction process. Thus the formation of SiC/Si ceram-
ics from porous charcoal structures obtained from natural wood
takes place in two stages. The first stage involves the reaction
of silicon with carbon to produce crystalline SiC and the second
stage continues with infiltration of the structures by molten Si
until saturation. The second stage is responsible for binding the
individual SiC crystallites in a matrix of silicon to constitute a
single and dense unit.

The SiC in the ceramic is in the B-SiC form as confirmed by
XRD and Raman studies. The density of the resulting material
varies in the range of 2.0-2.3 gm/cm™3. This is roughly around
3.5 times denser than the samples made with the shape memory
synthesis method,?” from similar wooden preforms, which pre-
serves the open skeletons without filling the pores. The present

samples are found to be very dense and hard with hardness values
in the range 26.5-31.4 GPa.

The wear results indicated a wear rate higher than earlier
reported for SiC elements, which is believed to be mostly due
to the adhesive friction of amorphous Si. Coefficient of friction
measurements on these composites indicated a relatively stable
value over time with respect to changing temperatures and loads.
Overall, it can be said that these samples, which can be made
in desired shapes, are quite stable with respect to load and tem-
perature variations, thus qualifying them for wear and abrasive
applications, for cutting tool applications, and for new genera-
tion brake materials for automobiles and aircrafts. They can also
be used as refractory materials. Artificially shaped elements of
the hard, compact, and light weight 3-SiC/Si composite mate-
rial have been fabricated as shown in Fig. 9, which might be of
interest for the production of more complex shapes of SiC than
possible through sintering and injection molding.
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Supplementary  data
can be found,

associated with this article

in the online version, at doi:10.1016/
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