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Abstract: The lignin-cellulosic texture of wood was used to produce two-dimensional (2D) carbon/carbon (C/C) composites using coal tar
pitch. Ash content tests were conducted to select two samples among the different kinds of woods present in Iran, including walnut, white
poplar, cherry, willow, buttonwood, apricots, berry, and blue wood. Walnut and white poplar with ash contents of 1.994wt% and 0.351wt%,
respectively, were selected. The behavior of these woods during pyrolysis was investigated by differential thermal analysis (DTA) and
thermo gravimetric (TG) analysis. The bulk density and open porosity were measured after carbonization and densification. The microstruc-
tural characteristics of samples were investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform
infrared (FT-IR) spectroscopy. The results indicate that the density of both the walnut and white poplar is increased, and the open porosity is
decreased with the increasing number of carbonization cycles. The XRD patterns of the wood charcoal change gradually with increasing py-
rolysis temperature, possibly as a result of the ultra-structural changes in the charcoal or the presence of carbonized coal tar pitch in the

composite’s body.
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1. Introduction

As a result of hundreds of millions of years of heredity
and evolution, natural species develop into rational micro-
structures. Recently, materials synthesized through biologi-
cal structures have attracted particular interest [1-2]. The
shape, size, and distribution of components in metal or ce-
ramic matrix composites generally depend on fabrication
processes. However, the technique of fabricating materials
with desired and delicate microstructures is still not simple.
Wood can be considered as a natural composite material
with a hierarchical architecture, where the cellulose and lig-
nin form the cellular microstructures [3]. When wood is
heated at high temperature for carbonization, mixed bio-
polymers in wood are decomposed into carbon and gases.
This decomposition gives rise to a porous carbon with a
morphology derived from its wood template. The porosity
and surface area play great roles in the combustion of wood
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[4-5].

The porous carbon has many favorable characteristics,
such as low coefficient of thermal expansion, low and stable
friction coefficient, high directional stiffness, low density,
high special strength, good electromagnetic shielding prop-
erties, and high damping capacity [1-2]. These characteris-
tics mean that the porous carbon can be used in several in-
dustrial fields to improve the performance of many new
products, such as activated carbons, pyrolytic carbon depos-
ited in wood char, lignocellulose/pitch-based composites,
cellular ceramics, duplex Si/SiC ceramic composites based
on wood templates, C/polymer materials, and different kinds
of C/C composites [6—12]. In this study, a C/C composite
was fabricated using a preform with a wood-like structure.
The composite material was obtained by injecting the mol-
ten coal tar pitch under a specific pressure and temperature
into the porous carbon derived from wood. This approach
was used to increase the density and improve the mechani-
cal properties of C-templates.
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2. Experiments

The ash content of eight different kinds of Iranian wood
(walnut, white poplar, cherry, willow, button wood, apricots,
berry, and blue wood) was analyzed according to the ASTM
D3174 method. For the thermal analysis of wood powders
(ASTM E.11, mesh No. 60), 2-3 mg of each species were
studied using a Perkin-Elmer Diamond thermo gravimet-
ric/differential thermal analyzer (PED TG/DTA). The sam-
ples were loaded into the unsealed alumina crucibles and
were subsequently heated from room temperature to 1000°C
at a rate of 10°C/min with a 200 mL/min purge rate. Nitro-
gen gas was used as the purge gas. The heating of selected
woods was conducted in a steel mold with dimensions of
200 mm x 150 mm % 150 mm placed in the furnace. The
samples were first pyrolyzed at 600°C for 2 h to produce the

porous carbon. Then, the pyrolyzed woods were densified
using molten coal tar pitch in seven impregnation/re-car-
bonization cycles.

Powdered PA¢;X coal tar pitch (ASTM E.11, mesh No.
30) was used as an impregnant; its specifications are shown
in Table 1. Impregnation was performed in a stainless steel
mold with dimensions of 500 mm x 150 mm x 150 mm.
Eight specimens with dimensions of 100 mm % 30 mm % 30
mm for each type of wood were used. The mold was placed
in an autoclave, and the temperature was increased to 250°C
to decrease the viscosity of pitch. Nitrogen gas was subse-
quently injected at pressure of 3 MPa to facilitate the im-
pregnation process. After each cycle, the samples were
re-carbonized in the furnace. For the re-carbonization proc-
ess, the heating rate and maximum temperature were 0.5
C/min and 1000°C, respectively.

Table 1. Specifications of PA4;X coal tar pitch

Charring yield /% So_ﬁening Insoluble toluene / Density before cajbonization / Density after ca{l;onization /
point/ °C vol% (grem™) (gem™)
52 120-130 29 1.31 2.02

Scanning electron microscopy (SEM) was used to study
the morphology and microstructure of the porous carbon
and C/C composites. The bulk density and open porosity of
the porous carbon and C/C composites were determined af-
ter each densification cycle according to the standard
method of BS EN 993-1.

The structures of the obtained samples were character-
ized by X-ray diffraction (XRD) measurements using a Cu
K, radiation source operated at a voltage of 30 kV and a
current of 20 mA. The infrared spectra of the porous carbon
and C/C composites were obtained on a Fourier-transform
infrared (FT-IR) spectrophotometer using attenuated total
reflection; the sample chamber was maintained under a ni-
trogen atmosphere with a flow rate of 5 L/min.

3. Results and discussion

3.1. Results of ash content

The test results of ash content are shown in Table 2. Ac-
cording to the results in this table, walnut, which exhibits the
highest ash content (1.994wt%), and white poplar, which
exhibits the lowest ash content (0.351wt%), are selected for
further study.

3.2. Differential thermal analysis (DTA) results

The wood samples were destroyed via two mechanisms.
The first mechanism occurs at temperatures less than 573 K,

where cellulose walls are destroyed via the breakage of in-
ternal chemical links, resulting in the formation of free radi-
cals, carbonyl and hydroperoxide groups, carbon monoxide,
carbon dioxide, and activated charcoal. Oxidation of acti-
vated charcoal and secondary oxidation of flammable vola-
tile gasses lead to non-flash and flash ignition, in order
[13—14]. The second mechanism occurs at temperatures
greater than 573 K and leads to the formation of secondary
links and intermediate compounds such as polysaccharides
and carbonized compounds. The DTA curves of the walnut
and white poplar are shown in Fig. 1.

Table 2. Ash content of different woods wt%
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Fig. 1. DTA curves of the walnut and white poplar.
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When the woods were pyrolyzed, two exothermic peaks
were identified at 603 and 723 K during the process. The
first peak was associated with the wood combustion and the
removal of carbon monoxide, methane, formaldehyde, ace-
tic acid, formic acid, methanol, hydrogen, and flammable
tars. The second peak was related to the combustion of the
remaining charcoal and flammable gases during the secon-
dary pyrolysis stage [13,15].

3.3. Thermo gravimetric (TG) analysis

The weight loss of the pyrolyzed woods was evaluated in
the present study. The water present in the woods was vola-
tilized before the beginning of thermal decomposition of the
wood constituents [15-16]. As shown in Fig. 2, the weights
of samples (i.e., walnut and white poplar) decrease with in-
creasing charring temperature, and the curve gradually de-
creases with a gentle slope until it stabilizes at approxi-
mately 520 K. A sharp increase in sample weight occurs at
temperatures above 520 K. These significant weight losses
may originate from the pyrolysis of principal chemical con-
stituents — cellulose, hemicelluloses, and lignin — in the
cell walls. Hemi-celluloses decompose at temperatures be-
tween 473 and 573 K, followed by the cellulose decomposi-
tion above 513 K and lignin above 553 K [13]. At 600 K,
the weight loss curves are less steep than those associated
with the previous losses; then the curves stabilize above 723
K. These losses are attributable to the removal of volatile
materials and to the evaporation of attracted moisture. High
weight losses of samples are caused by the activated pyroly-
sis and the production of flammable gasses, such as carbon
monoxide, methane, formaldehyde, acetic acid, formic acid,
methanol, hydrogen, and flammable tars [14].
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Fig. 2. Weight loss curves of the walnut and white poplar.
3.4. Evaluation of impregnation process

Densification efficiency is a function of the following
parameters: (a) the inherent properties of samples, such as
the initial density, the distribution, shape, depth, and size of
pores (or vessel), and the connection mode of pores to the
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surface; (b) the properties and behavior of the impregnant,
such as the viscosity of the molten metal, softening point,
charring yield, and density before and after the carboniza-
tion process; and (c) the impregnation conditions, such as
the temperature, pressure, and time of impregnation. In gen-
eral, large pores, voids, and cracks or ruptures in the sam-
ples investigated in this work are easily impregnable. Ac-
cording to thermodynamics, the presence of microspores is
not advantageous, because, in this case, the surface energy
increases with the infiltration of the precursor into the pore
[17]. The impregnation rate is defined as the increment of
the matrix precursor in the unit volume per time (dV/df) of
the composite, which is equivalent to the definition of the
volume flow rate in physical chemistry. Its precise math-
ematical expression can be derived only for the model pores
with a defined size and shape. In the case of cylindrical
pores and a precursor that exhibits Newtonian behavior, it
can be written as the following equation [17]:

dV _ wR*AP

< - ()
dt 8nL

where R is the pore radius, AP the driving force, 77 the vis-

cosity, and L the pore length. From this equation, the domi-

nant influence of the pore radius on the impregnation rate is

evident. Also, the impregnation rate increases with an in-
crease in external pressure or a decrease in the impregnant
viscosity and pore length. The SEM images obtained for the
impregnated C-template in the section vertical to fibers are
shown in Fig. 3. However, in this view, the depth of im-
pregnation is not observable. According to Fig. 4, the ligno-
cellulosic fibers do not fill. Also, the observed impregnation
depth in vessels decreases with an increase in their length; in
addition, three impregnation depths (full-impregnated,
semi-impregnated, and non-impregnated) are observed in
Fig. 4.

Non-saturated cellulosic fibers are affected by two factors:
(1) the fiber diameter is not proportional to the applied
pressure (i.e., 3 MPa); thus, it prevents the penetration of the
molten pitch into the fibers’ throats; and (2) the fibers are
discontinuous because different membranes those actually
absorb the nutrient filters are in their path. These filters in-
hibit the penetration of the molten pitch. This interpretation
is completely revealed in the filters shown in Fig. 5. Unlike
the hollow fibers, the vessels exhibit a much greater diame-
ter and depth, and the molten pitch easily penetrates into
them. However, greater impregnation requires vessels with a
greater depth. In addition, because of the presence of resid-
ual carbon on their walls, these open porosities become
closed porosities after the impregnation cycles [17].
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Fig. 4. SEM micrographs of the impregnated pyrolyzed wood: (a) full-Impregnated vessel; (b) semi-impregnated vessel; (c)
non-impregnated vessel.

Fig.5. SEM micrographs of the impregnated pyrolyzed wood and the absorbing nutrient filters of fibers.
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3.5. Densification efficiency

The bulk density and open porosity content of samples
before and after each densification cycle were estimated ac-
cording to the standard method BS EN 993-1. The measured
values are presented in Fig. 6. In term of curves, the results
indicate an increase in the bulk density from 1.051 g/cm’ to
1.421 g/em’ for the walnut composite and from 0.66 g/cm’
to 1.022 g/cm3 for the white poplar composite after seven
cycles of densification. The results also indicate a decrease
in the open porosity from 34.57% to 13.22% for the walnut
composite and from 50.75% to 28.21% for the white poplar
composite.

The volumetric densification efficiency (y), as defined in
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Eq. (2), was calculated from the open porosity and bulk
density data as follows [18].

Py(n)—p,(n—-1)
o(n-1)-p,
where y,(n) is the volumetric densification efficiency of the
nth densification cycle, py(7) the bulk density after the nth
densification cycle, 8(n) the open porosity after the nth den-
sification cycle, and p, the density of the decarbonized pitch.
The evolution of the calculated densification efficiency with
the number of densification cycles is presented in Fig. 7. In
general, the densification efficiency exhibits an inverse trend
with respect to the number of densification cycles, as clearly

indicated in Fig. 7.
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Fig. 6. Bulk density (a) and open porosity content (b) of the C/C composites in terms of the number of densification cycles.
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Fig. 7. Densification efficiency of the C/C composites as a
function of the number of densification cycles

3.6. X-ray diffraction (XRD)

The XRD patterns of the wood charcoal and C/C com-
posite before and after seven cycles of impregnation/car-
bonization for both the walnut and white poplar composites
are shown in Fig. 8. The figures indicate sharp peaks in the
approximate 26 range of 15°-30°; these peaks are related to

the presence of cellulose and some lignin or hemi-celluloses.
After the samples were carbonized at 600°C, the peaks grad-
ually became weak and broad. For the two kinds of wood
charcoal shown in Figs. 4(a) and 5(a), two weak and broad
diffraction peaks were observed, reflecting the low crystallinity
of carbon obtained from the carbonization of cellulose [19].
As shown in Figs. 4(b) and 5(b), after seven impregna-
tion/carbonization cycles at 1000°C, two diffraction peaks
were detected, which were more intense than those of the
wood charcoal. These results proved that the amount of
crystallized carbon obtained from carbonized woods could
be increased at elevated temperatures [4]. Nishimiya et al.
[19] showed that the XRD patterns of the wood charcoal
changed gradually with increasing temperature, possibly
because of the ultrastructure changes in charcoal. Therefore,
the sharp peaks appeared to originate from the crystalline
graphite structure that appeared in charcoal carbonized at
1800 and 2000°C. These results suggested that the wood
charcoal and C/C composite were not composed of com-
pletely graphitized carbon structures but had a turbostratic
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structure [17,20]. Also, after seven cycles of densification,
the molten coal tar pitch was impregnated into the porous
charcoal and remained in the wood’s vessels after carboni-
zation. Among the different impregnants, the coal tar pitch
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exhibited by far the greatest crystallinity. Our observation of
two fairly sharp and narrow peaks in the XRD patterns of
samples was attributable to the presence of carbonized coal
tar pitch in the composite’s body [21].
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Fig. 8. XRD patterns of the walnut (a) and white poplar wood (b): (I) before densification; (II) after seven cycles of densification.

3.7. FT-IR spectroscopy

Fig. 9 shows the FT-IR spectra of the C/C composite af-
ter 2, 4, and 7 cycles of densification (impregnation/car-
bonization) for two kinds of Iranian woods. The infrared
spectra of products were not clearly resolved because of the
greater absorbance of visible light rays by wood charcoal as
a consequence of its black color. As evident in the spectra in
Fig. 9, the C—H deformation vibration mode (approximately
1400 cm') and the O-N=O mode (approximately
20002200 cm') were weakly detected. Also, the C=C
aromatic mode (approximately 1600 cm™') and the C-O
mode (approximately 1500 cm™') were clearly detected.
These modes increased in intensity with further densifica-
tion, especially in the case of walnut because of the substan-
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tially greater cellulose and lignin contents. As a result, the
decomposition of volatile gasses, such as H,O, CO, and CO,,
and the formation of pyranose rings proceeded with an in-
crease in the number of densification cycles. It was assumed
that the temporary formation of the C—O and C=C modes
was caused by the formation of H,O in a pyranose ring dur-
ing the primary carbonization step, because these modes did
not exist in the original cellulose. A large and broad band
was observed at approximately 1400—1700 cm . This band
was assigned to the presence of lignin in the wood charcoals.
These results therefore suggested that the absorbance in-
creased with the increased lignin content in the original
woods. In this investigation, the walnut wood was ob-
served to have a lignin content greater than that of the white
poplar.
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Fig. 9. FT-IR spectra of the C/C composites from the walnut (a) and white poplar wood (b).

4. Conclusions

(1) The lignin-cellulosic texture of wood is used to pro-
duce 2D C/C composites.

(2) An effective method for the production of preforms
with sufficient strength to be carbonized and infiltrated was
developed.

(3) The bulk density tends to increase with the increasing
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number of densification cycles, which means that, for both
the walnut and white poplar, the density increases, and the
open porosity content decreases. The density of the walnut

3 and its

wood increases from 1.051 g/em’® to 1.421 g/cm
open porosity decreases from 34.57% to 13.22% during the
densification cycles.

(4) The XRD patterns of the wood charcoal gradually
change with increasing temperature, possibly because of the
ultrastructural changes in the charcoal or because of the
presence of carbonized coal tar pitch in the composite’s

body.
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