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Chemical vapor infiltration was used for the production of carbon/carbon composites

based on exfoliated graphite and pyrolytic carbon. Two different exfoliated graphites com-

pacted to densities of 0.05–0.4 g/cm3 were used as a preform. The influence of the synthesis

conditions (temperature, pressure, time etc.) on the degree of infiltration, the pyrolytic car-

bon morphology and the C/C composite characteristics was examined using Raman spec-

troscopy, scanning electron microscopy and low-temperature nitrogen adsorption.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Exfoliated graphite (EG), a light foam-like material, found a

wide application as a component of sealing materials, cata-

lyst support, oil adsorbent etc. due to its low bulk density of

1–2 g/l, carbon content of 99.9%, developed surface area,

peculiar microstructure and an ability to be pressed without

a binder into materials with various densities and gas

permeability, thermal and electrical conductivity etc. [1–3].

However, a significant disadvantage of EG-based materials

limiting their applications is their low strength. Therefore,

strengthening with pyrolytic carbon (PC) is a promising way

to improve mechanical properties of EG-based composites.

Traditionally EG is produced by exfoliation of graphite

intercalation compounds with Brensted acids or expandable

graphite. There are two different routs for expandable graphite

preparation. The first one consists in a hydrolysis of the interca-

lation graphite compounds. The second one is an anodic polari-

zation of graphite in the diluted nitric acid solutions [4].

Expandable graphite synthesized according to the second tech-

nique possesses imperfect structure and an ability to expand

as low as at temperature of 200–250 �C giving EG with highly-

developed pore structure and surface area of 90 m2/g [5].
er Ltd. All rights reserved
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In order to prepare PC, hydrocarbons, such as natural gas,

propane, benzene vapors, chlorine-containing hydrocarbons

and their derivatives are subjected to high-temperature decom-

position at high pressures followed by condensation on or in a

solid support [6–9]. Two distinguished techniques for PC obtain-

ing are known: chemical vapor deposition (CVD) allowing PC

surface deposition [10–12] and chemical vapor infiltration

(CVI) resulting in infiltration as well as deposition of PC on a

support [13–15]. CVD technique is usually carried out in a flow

of a carbon source whereas CVI technique requires tempera-

ture gradient, potentials or impulse passage of the source.

Recent researches on C/C composites containing PC were

mainly focused on composites PC with carbon fibers [16–19],

whereas low-dense EG-based materials infiltration is poorly

described. Thus, this work is aimed to investigate the general

regularities of EG infiltration with PC.

2. Experimental

2.1. Materials

Purified natural graphite with an average flake size of 0.3–

0.4 lm and an ash content about 0.29%, nitric acid (d = 1.51
.
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Fig. 1 – Raman-spectra of EGN (a), EGE (b) and EGE–PC

composite (c).
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or 1.34 g/cm3), methane were used as parent substances. Two

types of EG (EGN and EGE) were prepared for EG-based carbon/

carbon composites. The nitrate exfoliated graphite (EGN) with

a bulk density of 2.3 g/l was obtained by graphite interaction

with 98% nitric acid for 1 h followed by hydrolysis and ther-

mal exfoliation at 1000 �C, according to [20]. The preparation

of electrochemical exfoliated graphite (EGE) with the bulk

density of 1.2 g/l was carried out according to the technique

described in [4]. The natural graphite was subjected to anodic

polarization in 60% HNO3 up to specific amount of electricity

of 500 AÆsec/g followed by hydrolysis and exfoliation at

1000 �C.

2.2. C/C composites preparation

EGN and EGE were pressed into pellets with densities of 0.05,

0.10, 0.20 and 0.40 g/cm3. Samples infiltration with PC was

carried out according to CVI technique through methane

decomposition at temperature of 950–1100 �C and methane

pressure of 140–500 mbar. Infiltration time was varied from

15 to 120 min. Saturation of EG samples was performed as a

combination of cycles with a duration of 9 s: (1) lap joint

(2 s), (2) methane being in a reactor at a constant pressure

for tR = 1–5 s, (3) eviction of unreacted gases and depression

creation of 50 mbar (6–2 s). The second period was charged

with sample saturation with PC. Methane decomposition

was carried out in horizontally situated quartz tube with a

length of 1000 mm and diameter of 50 mm.

2.3. Investigation techniques

The specific surface area of EG samples (SBET, m2/g) before and

after PC infiltration was determined by nitrogen adsorption

measurements using a Brunauer–Emmett–Teller (BET) equa-

tion via QSurf Series analyzer (Thermo Electron Corporation).

The samples were preheated in a nitrogen flow at tempera-

ture of 250 �C for 3 h. Nitrogen adsorption and desorption

were performed at liquid-nitrogen temperature and at room

temperature, respectively. Specific surface area was calcu-

lated taking into account the samples weight and calibration

results. The main characteristics of the different EG samples

are presented in Table 1. The bulk density (dEG, kg/m3) and

carbon yield (CY, %) were calculated according to the formu-

las: dEG = mEG/VEG and CY = mEG/mE·GÆ100%, where mEG is exfo-

liated graphite mass, VEG is exfoliated graphite volume, mE·G

is expandable graphite mass.
Table 1 – Correlation between the bulk density (a), carbon yield (

EG type dEG
a (kg/m3) CYb (wt%) SBET

c (m2/g)

EGN 2.3 86 89
EGE 1.2 61 143

a Bulk density.
b Carbon yield.
c Specific surface area.
d Density (q0) of EG pellet.
Raman-spectra were recorded on a Renishaw InVia micro-

scope using laser with a wavelength of 514 nm (Ar, 20 mWt)

with a filter power ND (neutral density) varying from

0.00005 to 100%. Samples investigation was carried out in a

backscattering geometry using a confocal microscope Leica

DMLM (1000 objective) at an ambient temperature in air. A fo-

cal distance was of 250 mm, beam size was varied from 1 to

300 lm. The CCD-camera (576 · 384 px) was used as a detec-

tor. The laser radiation power was varied from 0.2 to

30 mWt and spectra accumulation period was of 10–50 s.
b) and specific surface area (c) of EG pellets of different types.

SBET ± 2 (m2/g)

0.05 g/sm3d 0.10 g/sm3 0.20 g/sm3 0.40 g/sm3

46 36 29 23
81 54 39 28



Fig. 2 – The dependences of weigh gain on the infiltration time (a), temperature (b), pressure (c) and impulse time (d) for EGE

(1,2) and EGN (3,4) pressed to densities of q0 = 0.05 g/cm3 (1,3) and q0 = 0.2 g/cm3 (2,4).
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The resonant line position was determined by an experimen-

tal spectra description with Gauss and Lorentz functions

(pseudo – Voight) using the least-square method in a ‘‘WiRE

2.0’’ soft.

Microstructure of EG–PC composites was observed using a

Jeol JEM-5510 scanning electron microscope coupled with an

EDX spectrometer (INCA Energy+, energy resolution below

1 eV) at 20 kV accelerated voltage. To observe the microstruc-

ture of the EG–PC composites, cross-section samples for SEM

observation were prepared by cutting of EG–PC pellets.

3. Results and discussion

3.1. Exfoliated graphite

According to the experimental data, EGN and EGE are different

in bulk densities, specific areas and even in appearances. Spe-

cific surface area of EGE is two times greater than EGN that is

also due to the presence of the amorphous carbon. According

to [5] both EG samples are mesoporous and their compacting

into pellets leads to the reduction of specific surface area (Ta-

ble 1). The chemical oxidation of graphite takes place under

soft conditions without breaking C/C bonds in the layer

whereas EGE formation flows differently. The anodic polariza-

tion of graphite leads not only to the formation of graphite

macrocation but also to the formation of functional groups

on the graphite surface. The deeper oxidation provides more

quantity of surface forms and at the definite conditions the
phase of graphite oxide appears. The presence of graphite

oxide in the product of graphite anodic polarization gives it

extremely low exfoliation temperature of 200–250 �C [4] as a

result of exothermal decomposition of graphite oxide. More-

over, this fact also stipulates for the presence of amorphous

carbon in EGE.

Raman spectroscopy reveals differences between EGN and

EGE (Fig. 1a and b). The peak with a Raman shift of 1581 cm�1

(G band) is observed in spectra of both EG samples (Fig. 1a)

while the peak with a Raman shift of 1360 cm�1 (D band) is

found only in the Raman spectrum of EGE (Fig. 1b). The G peak

is the Raman active E2g2 mode of graphite involving the in-

plane bond-stretching motion of sp2-hybridized C atoms

whilst the D peak is a breathing mode of A1g symmetry

involving phonons near the K zone boundary. The appearance

of D band in the Raman spectrum of EGE indicates a high de-

gree of disorder in EGE or confirms the presence of amorphous

carbon with the mixed hybridization [21].

3.2. EG–PC composites

3.2.1. General regularities of EG infiltration with PC
The dependences of the saturation degree of EGN and EGE in

terms of the weight gain (dm/m0 = (mPC/mEG) · 100%, where

mPC and mEG are PC and EG masses, correspondingly) due to

PC deposition or infiltration as a functions of the reaction

time, temperature, pressure and impulse time are shown in

Fig. 2. As one can see, the weight gain significantly increases



Fig. 3 – SEM cross-section images of sample I: from a sample

surface (a); the enlarged image of area I (b); from a sample

volume (c).

Fig. 4 – SEM images of sample II: a cross-section image from

a sample surface (a); the enlarged image from of surface

area I (b); the cross-section images of areas II (c) and III (d).

Areas I, II, III are marked as dashed cycles in (a).
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with the increasing of infiltration time (Fig. 2a), temperature

(Fig. 2b) and pressure (Fig. 2c), whereas dm/m0 does not de-

pend on impulse time (Fig. 2d). Moreover, the weight gain is

strictly depends on the methane amount served into reactor

and, consequently, amount of products of its decomposition.

Using of high pressures, long reaction times and high-

temperatures implies a greater CH4 amount and its complete

decomposition. Impulse time primarily has an influence on

PC microstructure (Fig. 3–5).

According to Fig. 2 there is a tendency that the saturation

of EGE runs easier than one of EGN. Nevertheless CVI tech-

nique applied for the EG volume infiltration with PC is very

sensible to the sample density. The saturation degree of both

EG samples with the density of 0.2 g/cm3 is less than that of

samples with the density of 0.05 g/cm3. Moreover the differ-

ence between the saturation degrees of both EG samples with

the density of 0.2 g/cm3 prepared under the similar conditions

is insignificant while the weight gains of EGE are significantly
bigger than EGN. The infiltration of the samples with the den-

sity of 0.4 g/cm3 has shown no difference between EGE and

EGN. Besides, the weight gains of several percents could be

achieved by samples infiltration for at least of 90 min. The in-

crease of the total infiltration time from 15 to 120 min leads to

an insignificant weight gain growth although its final value

still does not exceed several percents. Hence, the volume

infiltration for such pressed samples is practically substituted

with a surface deposition. Thus the dependence of the satura-



Fig. 5 – SEM cross-section images of sample III with different

magnification: 100 (a), 2000 (b) and 4000 (c).

Table 2 – Specific surface areas of C/C composites with the
density of 0.1 g/cm3 and various infiltration degrees.

mPC/mEG
a

(%)
q0

b (g/cm3) SBET (EGN + PC)c

(m2/g)
SBET (EGE + PC)c

(m2/g)

0 0.1 35 54
20 0.08 30 45
70 0.06 15 25

240 0.03 – 10
a Weight gain.
b Density of initial EG pellet.
c Specific surface area.

Table 3 – Conditions of the sample preparation for SEM
cross-section investigations.

No. tR (s) p (mbar) t (min) dm/m0 (%) SBET (m2/g)

I 1 140 90 84.2 19
II 5 140 30 77.3 21
III 1 500 30 71.6 24
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tion degree on EG preparation prehistory disappears with

increasing of EG density.

3.2.2. EG–PC composites structure
Raman spectroscopy was applied to determine the pecu-

liarity of the carbon atom hybridization in EG–PC composites.

Fig. 1c shows a Raman spectrum of the EG–PC composite ob-

tained by EG infiltration with PC at p = 140 mbar, T = 1060 �C,

tR = 1 and reaction time of 30 min. The Raman spectrum of

the EG–PC composite significantly differs from the EGN and

EGE spectra. The G and the D bands in the EG–PC composite

spectrum are almost equivalent in intensity. In comparison

with EGE spectrum (Fig. 1b) the D band intensity increases

whereas the G band intensity decreases in the Raman spec-

trum of the EG–PC composite. The increasing of the D band

intensity can be explained with the formation of the low-

ordered PC amorphous phase. The G and the D bands are

shifted and broader leading to a strong overlap. The G band
and the D band of the EG–PC composite are located at

1594 cm�1 and at 1371 cm�1, respectively, compared with

the positions of the EGE bands at 1581 and 1360 cm�1. Accord-

ing to [22], the G band shift to the area of the greater values of

Raman shift is due to the appearance of the sp3-hybridized C

atoms contained in the deposited PC.

3.2.3. Surface area of the C/C composites
According to nitrogen adsorption measurements (Table 2),

no matter what EG sample was used as a start material, its

infiltration with PC leads to the surface area reduction. How-

ever, the rate of SBET reduction is higher for the EGE although

the correlation SBET(EGE + PC) > SBET(EGN + PC) remains for all

the saturation degrees. These are due to the more developed

pore structure of the EGE compared with EGN. Infiltration of

EG with PC apparently occurs with the infill of micro- and

mesopores.

3.2.4. Morphology of the C/C composites
SEM observations were performed from cross-sections of

EGE + PC composites prepared from EGE pressed to the density

of q0 = 0.2 g/cm3 at infiltration temperature T = 1060 �C. SEM

cross-section images of EGE + PC composites prepared under

the different conditions (Table 3) are shown in Fig. 3–5. The

morphology of the C/C composites is considered using EGE-

based composite due to higher PC content in comparison with

EGN + PC one, although general regularities are similar as it

was shown in Fig. 2.

Fig. 3 shows SEM cross-section images of sample I (Table

3). As it is shown in Fig. 3a, under the considered conditions

the predominantly surface deposition of PC takes place

resulting in the formation of a PC layer with a thickness close

to 10 lm (Fig. 3b). The separated PC particles are clearly ob-

served in the area I (Fig. 3a and b). The formation of PC in



Fig. 6 – Models of the PC particles formation in EG pellets depending on the CVI technique conditions.
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sample volume is fragmentary (area II in Fig. 3a) and the mac-

ropores infill with PC does not occur (Fig. 3c). Thus the

increasing of the infiltration time does not lead to the increas-

ing of methane diffusion depth inside EGN pellets.

Fig. 4 shows SEM images of sample II (Table 3). According

to Fig. 4 the increasing of impulse time provides both surface

and volume sample infiltration with PC. The agglomerates of

PC spherical particles are observed in the planar and cross-

section images (Fig. 4b and c). The maximum infiltration is

observed if cracks, apertures or even holes are closed with

globes consisting of PC (an outward appearance is ‘‘bunch of

grapes’’). Methane decomposition leads to the infilling by PC

the greater part of not only micro- or meso-, but macropores

as well. Nevertheless PC agglomerates in sample volume are

not observed deeper than at 70–80 lm (Fig. 4a and d). Thus

the increasing of impulse time leads to the infilling by PC only

near-surface macropores of EGN pellets.

Fig. 5 shows SEM cross-section images of the EG + PC ob-

tained using the highest pressure applied in the work (sample

III in Table 3). Herein the presence of the significant amount of

PC not only on the surface but substantially in the volume of

the sample should be pointed out. Probably, this is the reason

of pore capping in the sample volume. The surface PC layer in

contrast to the sample I is not of globular but of lamellar

shape. We assume that this peculiarity is due to the well-

ordered structure forming during greater impulse duration

[7,13,23]. The influence of the different conditions of CVI tech-

nique (infiltration time, impulse time and methane pressure)

on EG infiltration with PC are summarised in models shown

in Fig. 6.

Thus, even long infiltration time does not promote PC

penetration into the compacted EG volume. The volume den-

sification of EG could be reached using high pressure in the

CVI-process and long impulse time. Under these conditions

PC fills or caps pores in EG matrix practically completely, that

leads to the PC surface deposition and, as a consequence, de-

crease of the samples infiltration rate.
4. Conclusions

The influence of temperature, pressure, impulse time and

infiltration time on the process of PC deposition on nitrate

and electrochemical EG was studied for the first time. EGE

samples are enabled to be infiltrated with PC for shorter time

and up to higher infiltration degrees compared to EGN sam-

ples. The maximum difference in infiltration degrees occurs

for the low-dense samples (q < 0.2 g/cm3) that grades for the

samples with high densities. Based on SEM investigations

the models of the PC particles formation in EG pellets depend-

ing on the CVI technique conditions are proposed. The homo-

geneous covering of EG support with PC occurs at infiltration

durations of 15–30 min, the longer infiltration results in for-

mation of the PC agglomerates filling holes in EG matrix.

The mainly volume infiltration occurs under high pressures

of 500 mbar; otherwise, PC deposition on support surface

takes place. Nitrogen adsorption measurements reveal the

significant (2–3 times) reduction of specific area as a result

of EG saturation with PC.
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