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bstract

he structure of carbon and silicon carbide produced through the pyrolyzation of wood and the subsequent melt-infiltration with silicon was
tudied as a function of initial carbon pyrolyzation temperature. Scanning electron microscopy, transmission electron microscopy, mercury intrusion

orosimetry, X-ray diffraction and Raman spectroscopy were used to characterize material derived from initial carbon pyrolyzation temperatures
n the range of 300–2400 ◦C. It was determined that, although structural differences abound in carbon pyrolyzed at different temperatures, the
esulting silicon carbide is independent of the initial temperature of carbon pyrolyzation.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Biomorphic silicon carbide (bioSiC) utilizes a unique method
f processing porous ceramics from wood. This technique
nvolves the pyrolysis of natural wood precursors, followed by
he infiltration of silicon to form silicon carbide (SiC), retain-
ng the initial wood structure.1–4 Utilizing the natural wood
tructure takes advantage of pre-existing porosity, thus elim-
nating high-energy pore-forming routes from the processing
teps. There are many potential high-temperature applications
or these porous ceramics, including heat exchangers, molten
etal filters, catalyst supports, and heating elements.4

Hardwood microstructures include three types of pores: ves-
els, which are large diameter cells used for transportation of
utrients, and fibers and rays, which are smaller diameter cells
sed for strength and storage.5 The vessels and fibers are elon-
ated and run in the axial (longitudinal) direction of the tree.

he rays are aligned perpendicularly to the vessels and fibers,

n the transverse direction.5 Depending on the wood species,
he relative size and size distribution of the various pores can
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ary considerably. The mechanical and thermal properties of
he resulting porous silicon carbide have been well character-
zed as a function of porosity and orientation.3,4,6–8 The effects
f the pyrolyzation temperature on the resulting silicon carbide,
owever, have not yet been determined.

Traditionally, to produce bioSiC, the carbon is pyrolyzed to
000 ◦C, but previous research has shown that the majority of
eight loss as a result of pyrolyzation occurs before the tempera-

ure has reached 500 ◦C.7–9 However, X-ray diffraction of wood
amples pyrolyzed from 400–2500 ◦ C showed a gradual narrow-
ng of the (0 0 2) reflection (near 2θ = 26◦) as the pyrolyzation
emperature increased, indicating that although the weight loss
s complete, some structural changes are occurring.10 Although
ncreased order is observed, wood-based carbon will not arrange
nto graphite, and thus is classified as non-graphitizable.11

trong cross-linked bonds are formed at low temperatures, such
hat even with high-temperature heat treatments (3000 ◦C), crys-
alline graphite never results.11,12 Instead, turbostratic carbon is
ormed, characterized by misaligned graphene sheets with an
verage lattice spacing larger than that of graphite.

The goal of the current work is to investigate further the pro-
ression towards structural order in wood-derived carbon, and

hen determine how the pyrolyzation temperature affects the
esulting silicon carbide material. While previous work has uti-
ized X-ray diffraction to monitor structural changes of carbon
yrolyzed at different temperatures,10 this work further explores

mailto:k-faber@northwestern.edu
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.040
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hese structures through first studying the atomic level crystal
tructure with transmission electron microscopy, the bonding
haracteristics using Raman spectroscopy, and finally investigat-
ng the samples at a microscopic level by analyzing the pore size
istribution using mercury porosimetry. In addition, the resultant
iC is similarly characterized, in order to determine the effect of

he pyrolyzation temperature on the final ceramic product and
ptimize the processing conditions.

. Experimental procedures

.1. Materials processing

Carbon and biomorphic silicon carbide were processed
rom five hardwood precursors: beech (Fagus sylvatica),
ahogany (Swietenia macrophylla), poplar (Liriodendron tulip-

fera), red oak (Quercus rubra) and sapele (Entandrophragma
ylindricum).13 Wood samples were cut and pyrolyzed at tem-
eratures of 300, 500, 700, 1000 and 1200 ◦C in argon for
ne hour to produce carbon. These carbon scaffolds were sub-
equently melt-infiltrated at 1500 ◦C in vacuum for one hour
ith excess silicon powder to form silicon carbide. Unreacted

ilicon was removed using a continuously stirred mixture of
F/HNO3.7(For clarity, the initial carbon pyrolyzation temper-

ture used to fabricate the carbon or silicon carbide sample will
e added to the sample name, e.g. bioSiC 500 is bioSiC pro-
essed from carbon pyrolyzed at 500 ◦C). Beech wood was also
yrolyzed to 2400 ◦C in argon for 30 min commercially.

Additional samples of red oak- and mahogany-based carbon,
yrolyzed at each temperature, were reheated to 1500 ◦C in vac-
um for one hour. This procedure, which will be referred to as
ock infiltration, was done to simulate the conditions that the

arbon is subjected to immediately prior to the start of melt-
nfiltration.

.2. Characterization methods

Scanning electron microscopy (Hitachi S-3400N-II SEM,
itachi High Technologies America Inc., Pleasanton, CA) and

ransmission electron microscopy (JEOL JEM-2100 FasTEM,
EOL USA, Inc., Peabody, MA) were used to investigate the
icrostructure of the carbon and biomorphic silicon carbide

amples. Traditional transmission electron microscopy (TEM)
ample preparation was done by thinning 3 mm diameter discs
o a thickness of 100 �m using SiC grit paper on a grinding
heel, with further thinning to a 10 �m with a dimpler. The

amples were then mounted on molybdenum grids followed by
on milling using a Gatan Model 691 Precision Ion Polishing
ystem (Gatan, Inc., Pleasanton CA).

X-ray diffraction was performed using a Rigaku ATX-G
iffractometer (Rigaku Americas, The Woodlands, Texas) oper-
ting at 50 kV and 240 mA, using Cu-K α radiation (1.54 Å).
owdered carbon samples (500 mg) were combined with a sil-
con standard (100 mg) to determine accurate peak locations.
2θ/ω scan was performed at a scan rate of 3◦ min−1 with a

tep size of 0.05◦, using 0.5 mm slits. Two known silicon peaks
2θ = 28.4◦ and 47.3◦) were used to establish a linear correction
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actor for the 2θ axis so that the location of the carbon signal
ould be compared from sample to sample. The intensity was
ormalized to the 28.4◦ silicon peak for each specimen to allow
irect comparison of peak intensities from one sample to the
ext.

Raman spectroscopy (Acton TriVista CRS Confocal Raman
ystem, Princeton Instruments, Trenton, NJ), with an operat-

ng current of 40 mA, and a laser of wavelength 514.5 nm,
as used to characterize the carbon materials over a range of
200–1800 cm−1. For the carbon samples, the values were nor-
alized to the height of the convoluted peak made up of the G

1580 cm−1) and D2 (1620 cm−1) peaks, as well as the minimum
ntensity value, in order to compare the curves from different
amples directly. For the silicon carbide samples, a range of
00–1000 cm−1 was used and the spectra were normalized to
he TO (796 cm−1) peak and the minimum intensity value for
irect comparison between samples.

An Autopore IV (Micromeritics, Norcross, GA) mercury
orosimeter was used to determine the incremental intrusion
f mercury with pressure, from which a volume percent for a
articular pore diameter was calculated using:

olume% = I × P

T
(1)

here I is the incremental intrusion, P is the porosity and T

s the total intrusion. The pore diameters are determined from
he Washburn equation, which relates pore diameter (d), pres-
ure (p), wetting angle of Hg (θ = 130◦), and surface tension
etween the Hg and the sample (γlv = 485 dynes/cm)14 by:

= 2γlv

d
cos θ (2)

q. (2) assumes cylindrical pores, and the diameter measured
epresents the smallest opening for a particular pore space.

. Results and discussion

.1. Materials

Fig. 1(a)–(e) show examples of the microstructures of each
ood precursor used in this study after pyrolyzation to 1000 ◦C,
ith their corresponding porosity values listed in each figure.

t is obvious from these images that the microstructures vary
reatly from wood to wood. Beech and poplar-based carbon,
ig. 1(a) and (b), respectively, have similar microstructures;

he vessels are evenly distributed throughout the microstruc-
ure and are similar in size. However, they have vastly different
orosities, ranging from 56–79%. Mahogany- and red oak-based
arbon, Fig. 1(c) and (d), respectively, have similar porosity
alues, but have vastly different pore distributions. Mahogany
as a bimodal pore size distribution, where large vessel-derived
ores are dispersed throughout regions of smaller fiber-derived
ores. In red oak, there is a trimodal distribution, with bands of

arger and smaller vessel-derived pores surrounded by smaller
ber-derived pores. The resulting porous silicon carbide ceramic
icrostructures from the five wood precursors are shown in
ig. 2. It is apparent that these microstructures mimic those of
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Fig. 1. Scanning electron micrographs of pyrolyzed wood from five p

heir carbon precursors in Fig. 1. In beech- and poplar-based
aterials, the struts break upon conversion to silicon carbide,

ausing the pores to coalesce.
The variation of the vessel size distribution from wood to

ood is evident in Figs. 1 and 2, but is quantified with mer-
ury porosimetry. Fig. 3(a) shows the pore size distribution of
arbon pyrolyzed to 1000 ◦C from each of the five woods stud-
ed. The total porosity of each sample is listed to the right of its
espective curve. Poplar has the most homogeneous distribution,
ith the majority of pore sizes ranging from 0.35–3.2 �m. Red

ak-based carbon exhibits a trimodal distribution of pore sizes
ith both large and small vessels, as well as smaller fiber cells.
ahogany-based carbon, which has a bimodal distribution, con-

ains some of the largest vessels seen, but the majority of the

a
o
i
p

sors: (a) beech, (b) poplar, (c) mahogany, (d) red oak, and (e) sapele.

orosity derives from pores <0.7 �m. Beech- and sapele-based
arbon also exhibit bimodal distributions, but the spread between
he peaks representing the fiber-derived and vessel-derived pores
s larger in sapele (0.05–61 �m) than beech (0.4–24 �m).

Fig. 3(b) shows the pore size distributions of bioSiC from
he five different wood types derived from carbon pyrolyzed at
000 ◦C. In all wood types, the smallest pores are eliminated due
o the volume expansion of ∼58% associated with the silicon
arbide formation reaction.6 This shifts the pore size distribution
n mahogany-, sapele- and red oak-based bioSiC such that there

re no pores smaller than 1 �m. The majority of porosity in each
f these woods is made up of large pores, greater than 60 �m
n mahogany, 45 �m in sapele and 60 �m in red oak. Large
ores, on average, also decrease in size due to carbide formation.
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ig. 2. Scanning electron microscope images of bioSiC derived from carbon p
apele woods (after reference [8]). Note the broken struts in the beech- and pop

owever, in the beech- and poplar-based bioSiC, the pore size
istribution shifts towards larger sizes, which can be attributed
o the breakage of struts during the expansion reaction, causing
ome pores to coalesce. This is further illustrated by comparison
f carbon and bioSiC derived from both beech (Figs. 1(a) and
(a)) and poplar (Figs. 1(b) and 2(b)) woods.

.2. Pyrolyzation to carbon

The atomic structure of the carbon pyrolyzed at two tempera-

ures was inspected using high resolution transmission electron

icroscopy (HRTEM). Fig. 4(a) and (b) are HRTEM images
f carbon 300 and residual carbon present in the bioSiC 1000
ample, respectively. The carbon in both figures show similar

a
l
r
v

zed at 1000 ◦C from (a) beech, (b) poplar, (c) mahogany, (d) red oak, and (e)
sed bioSiC.

morphous structures, indicated by the lack of long-range order
een at the atomic level in these images. The carbon present in
ioSiC 1000 (Fig. 4(b)) was first pyrolyzed to 1000 ◦C and sub-
equently reheated to 1500 ◦C. According to the HRTEM results,
t does not exhibit any higher degree of crystallinity compared
o the carbon pyrolyzed at only 300 ◦C. Thus, for these two heat
reatments, there does not appear to be any significant difference
n the resulting carbon materials at the atomic level.

X-ray diffraction results support the TEM observations. Plot-
ed in Fig. 5 are X-ray diffraction patterns from carbon pyrolyzed

t temperatures ranging from 300 to 2400 ◦C, along with dashed
ines indicating the locations of the (0 0 2) and (1 0 1) graphite
eflections. The two broad peaks (20–26◦ and 41–46◦) that are
isible in the patterns are characteristic of amorphous carbon,
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Fig. 3. Pore size distributions and porosities of (a) carbon samples pyrolyzed
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o 1000 ◦C and (b) silicon carbide samples derived from carbon pyrolyzed to
000 ◦C from five wood precursors as determined by mercury porosimetry.
urves are offset by (a) 20 volume% and (b) 30 volume% for ease of viewing.

nd are present in the general vicinity of the (0 0 2) and (1 0 1)
raphite reflections. The intensity and definition of the broad
eaks are enhanced with higher pyrolyzation temperature. This
s apparent when focusing on the amorphous ridge present near
4◦, which is nearly flat in carbon pyrolyzed at 300 and 500 ◦C,
ompared to that in samples pyrolyzed at 1200 and 1500 ◦C,
here much more definition is evident. The amorphous ridge

n the vicinity of the (0 0 2) graphite reflection is shifted to
he left several degrees from either the graphitic carbon or the
urbostratic carbon reflections at 26.5◦ and 26◦, respectively,
ignifying a larger characteristic d-spacing.15 Only with carbon

yrolyzed at 2400 ◦C is there a well-defined peak, which occurs
t 26◦, indicative of turbostratic carbon. These results agree well
ith previous results for powdered poplar-based carbon, where

esemblance to a well-defined peak was first seen at a pyroly-

(
l
b
o

ig. 4. High resolution transmission electron micrographs of (a) carbon 300 and
b) residual carbon present in bioSiC 1000.

is temperature of 2500 ◦C.10 The increase in definition of the
road carbon peaks with increasing pyrolysis temperature from
00–1500 ◦C and the ultimate formation of a turbostratic car-
on peak at 2400 ◦C illustrate a slight increase in the degree of
rdering and a trend towards a layered structure.

Further substantiation of ordering in the system with
ncreased carbon pyrolyzation temperature is provided by
aman spectroscopy. The Raman spectra are shown in Fig. 6

or beech-based carbon samples pyrolyzed at temperatures from
00 to 2400 ◦C. The spectra reflect the subtle changes in the
tructure of the carbon that are not easily quantified in the X-ray
iffraction patterns. D peaks represent the disorder in the system

−1
D1: graphene layer edge disorder at 1350 cm , D2: graphene
ayer surface disorder at 1620 cm−1, and D3: amorphous car-
on at 1500 cm−1), while the G peak, at 1580 cm−1, represents
rdered graphitic structure.16
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Fig. 5. X-ray diffraction of carbon pyrolyzed at different temperatures. The two
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Fig. 7. Pore size distribution and porosities of carbon derived from red oak
wood pyrolyzed at different temperatures as determined by mercury porosimetry.
Curves are offset by 10 volume% for ease of viewing.
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harp peaks in these patterns are due to the silicon standard. Curves are offset
or ease of viewing.

The spectra of samples pyrolyzed at lower temperatures have
ery broad D1 peaks which become more defined, evidenced by
ecreasing full width half maximum (FWHM) as the pyrolysis
emperature increases, an indication of increased order. The D2
nd G peaks overlap, resulting in a convoluted peak. The D3
eak manifests itself as the signal observed in the saddle region
etween the D1 and G peaks. At low pyrolysis temperatures, the

2 and G peaks are indistinguishable. As the pyrolyzation tem-
erature increases, the D2 and D3 contributions decrease. This
auses enhanced definition of the G peak with a shift towards its

ig. 6. Raman spectra of beech-based carbon pyrolyzed at temperatures from
00–2400 ◦C. Curves are offset for ease of viewing.
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haracteristic wavenumber, due to the appearance of a distinct,
et lower intensity D2 shoulder. Ultimately, at a pyrolyzation
emperature of 2400 ◦C, there is a G peak at the expected posi-
ion, with a higher intensity, indicating that the majority of the
urface disorder (D2) and amorphous carbon (D3), respectively,
re no longer present. However, the defined D1 peak shows that
dge disorders (D1) remain, indicating that the resulting struc-
ure is turbostratic carbon, not graphite. This correlates well
ith the X-ray diffraction results shown in the previous sec-

ion. Though graphite is never formed, it is apparent that there
s progression towards increased order, as exemplified by the
mproved definition in both the D1 and G peaks, and the gradual
ecrease in intensity of the D2 and D3 peaks.

In addition to the bonding changes that the X-ray diffraction
nd Raman spectroscopy detect, microstructural changes in the
arbon can be quantified on a microscopic level by using mer-
ury porosimetry. Mercury porosimetry data, including porosity
nd pore size distributions, from red oak wood pyrolyzed at tem-
eratures ranging from 300–1200 ◦C are presented in Fig. 7. As
he carbon is pyrolyzed to higher temperatures, the pore size
hifts to slightly smaller values, but the porosity volume frac-
ion remains fairly constant. These changes are, in part, due
o the decomposition of the organic matter and accompanying
hrinkage of ∼60%.6

While it is difficult to detect changes using microscopy alone,
he combination of X-ray diffraction, Raman spectroscopy, and

ercury porosimetry have proven to be more useful in detecting
ubtle differences between carbon pyrolyzed at different temper-
tures. As a result, it is clear that the carbon undergoes changes

n the bonding, and at a microstructural level, changes in pore
ize, as a result of increased pyrolyzation temperature. The next
tep is to determine how this initial pyrolyzation temperature
ffects the resulting biomorphic silicon carbide.
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there is no change in the silicon carbide. Thus, the bonding in
the silicon carbide is independent of initial carbon pyrolyzation
temperature.
ig. 8. High resolution transmission electron micrographs of the silicon carbide
rom (a) a bioSiC 300 sample and (b) a bioSiC 1000 sample.

.3. Conversion to silicon carbide

Fig. 8 shows HRTEM images of bioSiC 300 and 1000.
he two insets are the corresponding selected area electron
iffraction (SAED) patterns, indicating that both bioSiC 300
nd 1000 are cubic with lattice parameters of 4.355 ± .02 and
.352 ± .02 Å, respectively. The lattice parameters calculated
rom SAED patterns agree well with the theoretical value of
.3589 Å.17 The HRTEM image of bioSiC 300 (Fig. 8(a)) along
he [1̄ 1 2] zone axis reveals that SiC is well crystallized. The
RTEM image of bioSiC 1000 along the [0 1 1] zone axis

Fig. 8(b)) also shows that SiC is fully crystallized with a
ong-range ordering. Both SAED patterns and HRTEM images

ndicate that the crystal structure of bioSiC is independent of
nitial carbon pyrolyzation temperature.

Fig. 9 shows the Raman spectra for silicon carbide processed
rom carbon pyrolyzed at 300–1200 ◦C. In the spectra, two fea-

F
r
p

ig. 9. Raman spectra of beech-based silicon carbide derived from carbon
yrolyzed to 300–1200 ◦C. Curves are offset for ease of viewing.

ures are present, due to transverse optical (TO, 796 cm−1) and
ongitudinal optical (LO, 968 cm−1) vibrations.18 This figure
learly shows the prominent TO peak, which does not show
ny variation in peak height or shape as a function of initial
arbon pyrolysis temperature. The LO peak is also visible, but
ifficult to resolve due to background noise present at similar
avenumbers. The consistency in the spectra from each silicon

arbide sample indicates that, contrary to the carbon, where there
as an apparent progression towards a higher degree of order,
ig. 10. Pore size distribution and porosities of silicon carbide derived from
ed oak wood pyrolyzed at different temperatures as determined by mercury
orosimetry. Curves are offset by 10 volume% for ease of viewing.
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Fig. 11. Pore size distributions of red oak-based carbon (a) pyrolyzed at 500 ◦C
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infiltration step, the pyrolysis continues, and the resulting car-
ollowed by mock infiltration, and (b) pyrolyzed at 1200 ◦C followed by mock
nfiltration to 1500 ◦C.

Mercury porosimetry was used in order to gain a micro-
copic understanding of the bioSiC pore structure as a function
f carbon pyrolyzation temperature. Fig. 10 shows the pore
ize distribution for red oak-based bioSiC derived from car-
on pyrolyzed at temperatures ranging from 300–1200 ◦C. The
orosities decreased by ∼10% from pyrolyzed wood to silicon
arbide, as the smaller pores, below 1 �m, close due to the ∼58%
olume expansion upon conversion to silicon carbide.6 The dis-
ributions, however, do not vary significantly with initial carbon
yrolyzation temperature. One hypothesis for this is that during
he infiltration step, prior to melting or vaporization of silicon,
he carbon is heated in excess of 1200 ◦C, and pyrolyzation con-
inues. This suggests that, regardless of the initial pyrolyzation
emperature, the carbon specimens will be structurally compara-
le immediately prior to the start of infiltration. This ultimately
eads to the similarities among the five pore size distributions

n Fig. 10, indicating that the pore size distribution and porosity
re independent of carbon pyrolyzation temperature for bioSiC
aterials.
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.4. Mock infiltration

To test the hypothesis that pyrolyzation continues during
he infiltration step, carbon samples were subjected to a mock
nfiltration. Specifically, samples were heated to 1500 ◦C in a
acuum, under identical conditions to the infiltration step, but
ithout the introduction of silicon. Fig. 11(a) and (b) show com-
arisons between red oak-based carbon initially pyrolyzed at (a)
00 ◦C and (b) 1200 ◦C, and their respective mock-infiltrated
amples.

It is clear from Fig. 11(a) that microstructural changes occur
etween the initial pyrolyzation step at 500 ◦C and the subse-
uent mock infiltration. Akin to results shown in Fig. 7, where
mall pores shift to a smaller diameter with increasing pyrolyza-
ion temperature, comparable alterations occur in the mock
nfiltration step. Fig. 11(b), indicates strong similarities in pore
ize distribution between the carbon pyrolyzed at 1200 ◦C and
he mock-infiltrated sample. The results indicate that the carbon
erived from the higher initial pyrolyzation temperature is simi-
ar to the carbon that is present immediately prior to infiltration.
hese experiments suggest that pyrolyzation continues to occur

or an additional 1–3 h, depending on the initial pyrolyzation
emperature, as the carbon is heated to the infiltration tempera-
ure before the silicon carbide formation reaction begins. This
mplies that in each infiltration reaction, the carbon is exposed
o the same maximum temperature, and thus the same degree
f pyrolyzation occurs before silicon infiltration, regardless of
he initial pyrolyzation temperature. Hence, silicon carbide pore
istributions are independent of the initial carbon pyrolyzation
emperature.

. Conclusions and implications

Carbon was pyrolyzed at temperatures ranging from
00–2400 ◦C, and silicon carbide was processed from carbon
yrolyzed at temperatures from 300–1200 ◦C. Transmission
lectron microscopy demonstrated that there is no visible dif-
erence in the structure of either carbon (amorphous) or silicon
arbide (cubic crystalline) as a result of these processing
chemes. X-ray diffraction indicated an increase in order in the
arbon samples with an increased carbon pyrolyzation temper-
ture, which was further confirmed by Raman spectroscopy.
aman spectroscopy was also performed on silicon carbide
rocessed from carbon pyrolyzed at different pyrolyzation tem-
eratures, and indicated no difference in the resulting vibrations.
hus, the microstructure of wood-derived silicon carbide is inde-
endent of carbon pyrolyzation temperature.

Although porosimetry showed evidence for a decrease in
ore size as a function of higher pyrolysis temperature in the
arbon and from conversion of carbon to silicon carbide, the
ilicon carbide pore distributions from carbon pyrolyzed at dif-
erent temperatures illustrated no differences. Mock-infiltrated
arbon illustrated that as the carbon is heated up during the
ons have similar pore size distributions. These results explain
he similarity in pore size distributions among bioSiC samples
rom different carbon pyrolysis temperatures. Hence, the initial
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yrolyzation temperature of wood prior to silicon infiltration can
e as low as 500 ◦C yielding equivalent resulting silicon carbide
aterials, potentially lowering the energy required for bioSiC

rocessing.
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