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Abstract The mechanical, electrical, and thermal per-
formances of flexible graphite sheets (FGS) derived from
HCIO4-graphite intercalation compounds were character-
ized by measuring their tensile strength, electrical resis-
tivity, and thermal conductivity. Results show that these
performances are closely related to the density of sheets
and exfoliated volume (EV) of exfoliated graphite.
Enhancing density of sheets tends to improve their in-plane
tensile strength, electrical, or thermal performance while
using the exfoliated graphite of low EV to prepare sheets is
prone to resulting in low in-plane tensile strength but high
electrical or thermal performance. The structure charac-
teristics of FGS were characterized by using X-ray dif-
fraction, Raman spectroscopy, and scanning electron
microscopy. The X-ray diffraction results show that the
average interlayer spacing of graphite microcrystals for
sheets, dygp, is 3.357 A which is the same as that of natural
graphite flake, but the stacking height of sheets, Lc, is
lower than that of natural graphite. The Raman spectra
indicate that sheets has both disorder peak and graphite one
and the intensity ratio of them is ca. 0.06, which is almost
the same as that of natural graphite, but higher than that of
exfoliated graphite.
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Introduction

Flexible graphite sheets (FGS) provided characteristic
advantages, such as flexibility, compactibility, resilience,
and easily forming into various shapes, in addition to the
original properties of graphite, i.e., lubricity, chemical and
thermal stability, electrical and thermal conductivity, etc.
[1]. FGS, used industrially, is based on H,SO,-graphite
intercalation compound (GIC). Its main utilization is in
sealing materials, where it presents many advantages over
asbestos [2—4]. Therefore, it may be a good replacement of
asbestos gaskets, particularly in the places where fire safety
is demanded. It is also superior to conventional elastomeric
bonded gaskets, because it is more thermally stable and
chemically inert with considerably less creep relaxation.
Due to the flexibility, resiliency, FGS tends to have a good
compatibility with its mating material. Due to its micro-
structure involving graphite layers that are preferentially
parallel to the surface of the sheet, FGS has high electrical
and thermal conductivities in the plane of the sheet.
Because graphite layers are some what connected perpen-
dicular to the sheet (i.e., the honeycomb microstructure of
exfoliated graphite), FGS is electrically and thermally
conductive in the direction perpendicular to the sheet
(although not as conductive as the plane of sheets) [5]. The
flexibility, resiliency, and compatibility along with high
thermal and electrical conductive potentialities make it
possible for FGS to be utilized in the electric industry as
heat sink or thermal interface materials. In view of the
above mentioned these features of FGS, especially its in-
plane thermal conductive property, together with mechan-
ical and electrical properties which are required as a
material were discussed to give a good understanding for
this kind of flexible material. In carbon material family,
FGS is the only two-dimension oriented flexible material
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that can be produced in a large scale compared to other
carbon materials. The producing method and the charac-
teristics of exfoliated graphite are probably responsible for
the flexible property of FGS. First, there are no adhesives
involved in the shaping process of FGS. Second, exfoliated
graphite particles have considerable porosity [6—12]. The
preparation of FGS includes: the synthesis of GICs), ther-
mally treatment of GIC to form exfoliated graphite, and the
compressing exfoliated graphite to form FGS. Here, a
method, different from one used industrially, was adopted.
The reason why HCIOy rather than H,SO4-GIC was used is
in that: (1) the perchloric acid intercalant is more readily
vaporized than sulfuric acid upon heating due to lower
boiling point, thus the exfoliated graphite, and then the
resultant FGS having higher purity, as is very important to
make FGS with high electrical and thermal conductivities.
(2) The intercalating reaction of HClIO, with natural
graphite flakes is easier than that of H,SO,, because the
intercalating time of H,SO, into graphite often needs at
least 16 h [13] while in the case of HCIOy, the intercalating
time is less than 0.5 h. (3) The amount of oxidizer, HNOs3,
used in the synthesis of HClIO4-GIC is by far lower than
that used in the synthesis of H,SO4-GIC, as can be seen by
comparing [14] with [15]. Therefore, it is essential that the
mechanical, electrical and thermal performances of FGS
derived from HCIO4-GIC and its structure characteristics
be investigated in order to develop its potentialities as
thermal management or electrically heated materials.

Experimental
Raw materials

Natural graphite flakes particles with 99.5 wt% carbon
content and average particle size of 2-2.5 mm, commercial
grade perchloric acid (72 wt%) and nitric acid (65 wt%).

Preparation of HC104-GIC and FGS

Natural graphite flakes, perchloric acid and nitric acid were
used as host material, intercalating agent and oxidizing
agent, respectively, to prepare HCIO4-GIC. The intercala-
tion reaction temperature is —15 to 100 °C and reaction
time is 15-30 min. The mass ratio among natural graphite
flakes, nitric acid, and perchloric acid is 1:(0.15-0.20):
(3-7). The synthesized HClO4-GIC was subjected to
washing, drying to form residue graphite compound. The
residue graphite compound then was placed in electrically
heated furnace when the temperature was kept at 900 °C
and resided 10-30 s to form exfoliated graphite particles.
About 3-5 g particles first were evenly spread in a mold
with a diameter of 100 mm, and then compressed to form
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an article with a thickness of 3-5 mm, finally, the article
was rolled to form FGS with a thickness of 0.15-2.0 mm.

The measurement of exfoliated volume of exfoliated
graphite particles

The exfoliated particles were transferred into a graduated
cylinder of 70 mm in diameter, 1000 mL in volume to
measure their apparent volume after they were cooled
down to room temperature. In order to ensure the mea-
surement accuracy, exfoliated graphite particles of
1000 mL were used. The weight of exfoliated graphite of
1000 mL was obtained by using electronic analytical scale.
The apparent volume (cm’/g) was obtained from 1000 mL
divided by the corresponding weight (g) and the average
value of measurement results of five times is denoted as EV
of exfoliated graphite particles. The EV was used as an
index of characterizing the exfoliating ability of HClO,4-
GIC.

Performance measurement of FGS

The tensile strength was performed on an all-purpose
material tester (CMTS5000, SNS, Shenzhen, China) con-
trolled by computer according to the ASTM C565 with a
cross-head speed of 0.5 mm/min. The five identical samples
were used to measure the tensile strength for the same FGS.
The arithmetic average values were obtained according to
the five test results. The size and shape of the specimens
were seen in Ref. [16] The in-plane electrical resistivity was
measured by the conventional direct current four-probe
method on a milli-ohm meter (Gom-801HDC, Taipei)
according to ASTM C611. The size of specimens is 30 x
10 x (0.15-0.20) mm. The test result was obtained by
averaging arithmetically over electrical resistivities of three
identical samples. The thermal diffusivity (o, mmz/s) was
measured by laser flash method on a laser thermal con-
duction instrument (Netzch LFA447 NanoﬂashTM)
according to ASTM C714. The specimen for the in-plane
thermal diffusivity measurement is a circular sheet, whose
diameter is 20 mm and thickness is 0.1-0.2 mm. For out of
plane thermal diffusivity, the specimen is a square sheet
whose size is 10 x 10 x (0.15-0.20) mm. Three parallel
tests were performed for either the in-plane or the out
of plane thermal diffusivity. The thermal conductivity
(4,W/m k) of FGS is calculated by the formula: 1 = o x
d x ¢ where d—the density of FGS, g/cm’; c—the specific
heat of FGS (0.85 J/g) [17].

Characterizations

Room temperature X-ray diffraction (XRD) measurements
were conducted by using a Brucker-AXSD8 Advance
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vertical 0/20 goniometer to obtain X-ray diffraction pat-
terns of samples. The Ni-filtered Ko radiation of copper
(2 = 0.154178 nm) was used. The X-ray diffraction pat-
terns were collected in the 6/20 step scanning mode with a
step size of 0.02° (20); scanning range, 20 = 5°-85°;
scanning rate, 4°/min; anodic voltage, 40 kV; and current,
30 mA. Average interlayer spacing, dogp, was determined
from Bragg equation. The microcrystalline carbon layer
stacking height, Lc, was calculated from Scherrer equation.
Raman spectroscopy measurements were performed by
LABRAM-HRS800. The 514 nm line of an Ar-ion laser was
used to induce the Raman spectrum. The laser beam was
focused on the surface of samples. With the aid of a
microscope, which was mounted on top of the sample
holder, the illuminated area of the sample could be
examined in situ. The illuminated area was set at 20 pm in
diameter. The cross-sectional morphology of samples was
observed on JEOL JSM-6360 SEM.

Results and discussion
Effects of the shaping force on the density of FGS

Figure 1 shows that the density of the FGS monotonically
increases with the shaping force increasing and the lower
the EV of exfoliated graphite is, the easier it is pressed into
FGS with a higher density (above 1.2 g/cm®) under the
same pressure. The FGS compacted from exfoliated
graphite with low EV tends to have low resilience after
remove of pressure [18]. This result shows the exfoliated
graphite with low EV is easily pressed into the FGS with
the higher density due to small resilience.
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Fig. 1 Density of flexible graphite as a function of pressure (filled
triangle, filled circle, filled square represent the FGS compacted from
the exfoliated graphite with the EV of 150, 280, 540 mL/g,
respectively)

The performances of FGS
Tensile strength

The strength of FGS is dependent not only on the loosing
degree of the structure of a heap of exfoliated graphite
particles but also on the physicochemical state of the
individual particle surface, which is related to both prop-
erties of the initial graphite and the conditions used in the
chemical and thermal treatment [19]. It can be seen from
Fig. 2 that the higher the EV of exfoliated graphite is, the
higher the tensile strength of the corresponding FGS is
under the same density and the tensile strength of FGS
increases with its density increasing. Dowell and Howard
[20] and Yang et al. [21] have also concluded that the
tensile strength in the plane of foil increases linearly with
the density of the foil. Yang et al. concluded that the tensile
strength of the foil increases as the diameter of the pristine
natural graphite flakes increases. They demonstrated that
the increase in the tensile strength with flake size is only
realized when the GIC is “fully exfoliated”, otherwise the
strength may decrease with increasing flake size. We
suggest that the underlying relationship of tensile strength
to flake size should be that to the EV of exfoliated graphite.
The high EV means that it has larger specific surface area
and surface energy than that with smaller EV and so it is
easily bound together under pressure to form FGS with
higher tensile strength.

Electrical and thermal conduction characteristics of FGS
Since FGS is highly anisotropic, its thermal conduction
characteristics in both in-plane direction and out of plane

direction were investigated. The measurement of electrical
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Fig. 2 The tensile strength of FGS with different apparent density

(open circle and open triangle represent the FGS compacted from the

exfoliated graphite with 540, 280 mL/g, respectively)

@ Springer



2452

J Mater Sci (2010) 45:2449-2455

18 4 i ¢ | 600

16

I

14 /
1 Nl L
| ~g 47 - 300

Electrical resistivity / 10 ohm.m
Thermal conductivity / w. (m.k)*

¢\\E 200
6 -
/i —
a4 ¥ A\ﬁ - 100
g
2 T T T T T T T T T T 0
04 06 08 10 12 14 16 18 20
Density / g/amn’

Fig. 3 The relationship of the in-plane electrical resistivity and
thermal conductivity of FGS with its density

resistivity of FGS was finished only in the in-plane direc-
tion due to the relevance between electrical conduction and
thermal conduction. Figure 3 shows that either electrical or
thermal conduction increases with its densities in the in-
plane direction. According to the preparing characteristics
of exfoliated graphite, it consists of the graphite micro-
crystals that are exfoliated in the intercalation and subse-
quently thermal treatment and those that are not exfoliated
as can be evidenced by XRD measurement of HC10,4-GIC
hereinafter. Therefore, there should be four kinds of
resistance impeding its in-plane electrical or thermal con-
duction for FGS: the resistance (R1) of microcrystals
themselves which keep intact without being intercalated in
the intercalation reaction, the resistance (R2) of micro-
crystals themselves which were intercalated by HC1O,4 and
then exfoliated upon heating, the resistance (R3) between
microcrystals in a single exfoliated graphite particle and
the contact resistance (R4) of microcrystals between par-
ticles. Increasing density contributes to improving the
contact area, the orientation of microcrystals, i.e., decreas-
ing R2, R3, and R4 while having no effect on R1. Of all the
resistances affecting the conductivities of FGS, R1 is
negligible compared to R2, R3, and R4. Figure 4 shows that
the out of plane thermal conductivity (Ac) of FGS decreases
with its density increasing, as is opposite to the relationship
of in-plane thermal conductivity (la) of FGS with its
density. The relation of the axial direction electrical
resistivity with the density is similar to the Ac—density
relation for FGS [22]. This indicates that the thermal
conduction anisotropic ratio (1a/Ac) increases with density
increasing. The Ac-density behavior is due to the compet-
itive effect of two processes: preferential orientation of
elemental graphite planes normal to the compression,
which is disadvantageous for the effective thermal con-
duction along the axis-direction, and the reduction in
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Fig. 4 The relationship of the axial direction thermal conductivity of
FGS with its density
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Fig. 5 The relationship between the thermal conductivity and the
electrical resistivity for FGS

porosity, which is advantageous for increasing the thermal
conductivity. Of the two factors affecting the axis-direction
thermal conduction, the preferential orientation maybe
is dominant over the reduction in porosity with density
increasing. Either the preferential orientation or the reduc-
tion in porosity due to density increasing for FGS is
favorable to the in-plane thermal conduction. This is the
reason why Aa increases while Ac decreases with density
increasing.

Owing to the electrical resistivity (p) being an easy
measurement parameter compared to the thermal conduc-
tivity, therefore, if it were possible to obtain a correlation
between them, it would provide a valuable guidance to
researchers seeking to optimize thermal conductivity,
without having to perform complicated thermal measure-
ments. Figure 5 shows that FGS presents a similar
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characteristic in the correlation between p and 4 with the
metal conductors and artificial carbon or graphite articles.
The p-A relationship for metal conductors obeys the
Weideman-Franz law at room temperature: 1 x p = con-
stant. The p—A empirical relationship for artificial graphite
whose microcrystalline size, La, is more than 20 nm, is 4 =
418/(0.293p + 0.34)[23]; for highly oriented mesophase
pitch carbon fiber, 4 = 4.4 x 10%/(100p + 258) — 295
[24]. The empirical expression given by using the sigmoidal
regression on the p—4 correlation in the in-plane direction for
the FGS studied is A = 102.2 4+ 1168.4 exp (—p/3.5).

Effect of EV of exfoliated graphite on the thermal
diffusivity of FGS

Figure 6 indicates that FGS, which was prepared by using
exfoliated graphite with low EV, has high thermal diffu-
sivity under the same density (1.65 g/cm®). The varying
trend also holds for the FGS with other densities, although
they are not shown here. This is probably due to difference
in the numbers of contacts between microcrystals in FGS.
The FGS made from exfoliated graphite with larger EV
maybe has more numbers of contacts, i.e., the higher
contact thermal resistance and inferior microcrystalline
graphite layer plane orientation, but these two factors are
disadvantageous over thermal conduction.

The XRD structural characterization of FGS

The XRD patterns of FGS, along with natural graphite
flakes, HCIO,4-GIC, exfoliated graphite for comparative
purpose are presented in Fig. 7. The HCIO4-GIC sample
for XRD analysis has a EV of 540 cm?/g at 900 °C, which
is the maximum EV value obtained in HClO4-HNO;3-
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Fig. 6 The relationship between the thermal diffusivity of FGS and
the EV of exfoliated graphite, a precursor for making FGS under the
same density (1.65 g/cm’®)

natural graphite flakes system. The exfoliated graphite was
obtained by thermally exfoliating the HCIO4-GIC at
900 °C. The density of FGS is 1.7 g/lcm. It can be seen
from Fig. 7 that (002) peaks for natural graphite flakes (a),
FGS (b), GIC (c), and exfoliated graphite (d) located at
26.553°, 26.552°, 26.113°, and 26.308°, respectively.
According to the Bragg equation, the d-spacing (dygz)
values for natural graphite flakes, GIC, exfoliated graphite
and FGS are 3.357, 3.412, 3.388, and 3.357 A, respec-
tively. The average stacking height (Lc) of graphite mi-
crocrystallites was obtained from Scherrer equation. The
instrumental broadening had been deducted in calculating
the Lc. The corrected width (w) is determined from the
formula w = (w? —w3)"/?, where w is the full width at
half maximum height of 002 diffraction peak from sample
and wq is the instrumental width and amounts to 0.15°
expressed in terms of 20, which is determined from highly
pure crystalline silicon. The Lc values for natural graphite
flakes, GIC, exfoliated graphite and FGS are 331, 137, 236,
and 236 A, respectively. The fact that FGS has almost the
same Lc and dy, as exfoliated graphite indicates that the
shaping pressure has almost no effect on the microcrystal
structure in the compressing exfoliated graphite particles.
The XRD pattern (Fig. 7c) of HC1O4-GIC suggests inho-
mogeneous structure, intercalated and not-intercalated. If
so, the exfoliated graphite is also inhomogeneous, some
flakes were exfoliated but others are not. The diffraction
intensity of (002) peaks for natural graphite flakes, FGS,
HC104-GIC, and exfoliated graphite decreases sequen-
tially. This indicates that the shaping pressure tends to
increase the orientation of microcrystals. As far as orien-
tation is concerned, the pristine natural graphite is the best
while exfoliated graphite is the worst and FGS is between
them according to their respective XRD intensities.
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The cross-section morphology of FGS

SEM was used to characterize the cross-section morphol-
ogy of FGS. It can be seen that the graphite flake layer
orientation in FGS prepared from exfoliated graphite with
low EV (Fig. 8a) is superior to that in FGS prepared from
exfoliated graphite with high EV (Fig. 8b) under the same
density (1.7 g/em?). Tt is explained structurally that why
using exfoliated graphite with the low EV tends to enhance
the thermal conductivity of resultant FGS.

The Raman spectra of natural graphite flakes, exfoliated
graphite, and FGS

The normal Raman spectrum for a typical carbonaceous
material consists of two peaks, one around 1360 cm”!
called D peak (disordered) and another around 1580 cm ™!
called G peak (graphite), the former being structure-sen-
sitive and absent in the spectra of graphite single crystals
[25-28]. The 1360 cm~! band has been assigned to a
vibrational mode originating from the distorted hexagonal
lattice of graphite near the crystal boundary, and can be,
therefore, observed for ordinary carbon materials contain-
ing various defective structures in the graphite layers
planes, i.e., a defective-induced Raman vibrational mode
[29]. For graphite, the characteristic G peak is associated
with the E,, vibrational mode—vibrations of the carbon
atoms within the hexagonal sp? network of the graphite
layer. The mode at 1580 cm™', often referred as the G
mode, is assigned to “in-plane” displacement of the carbon
strongly coupled in the hexagonal sheets. Its shifts and line-
width variations are indicative of the defects in the lattice
[30]. The Raman spectra of FGS, along with exfoliated
graphite and natural graphite flakes for comparative pur-
pose are shown in Fig. 9. The existence of D peak indicates
that natural graphite flakes, exfoliated graphite, and FGS
are typical polycrystalline graphite materials because

Fig. 8 SEM micrographs of the
transverse morphology of FGS
prepared using exfoliated
graphite with different EV

(a 64 cm’/g; b 384 cm®/g)
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graphite single crystal has only one G peak in Raman
spectrum [31]. Of natural graphite flakes, exfoliated
graphite and FGS, natural graphite flakes possess the
strongest Raman G band while FGS has the weakest G
band, which is probably due to the difference of orientation
of graphite microcrystalline layers in local region.
According to the attribution of D band, exfoliated graphite
should have the strongest D band compared to natural
graphite flakes and FGS, but really not, as is opposite to the
results obtained in exfoliating carbon fiber [32]. Yang et al.
[33] examined the Raman spectrum characteristics of
exfoliated graphite samples obtained at different exfolia-
tion temperatures. They obtained a result that the ratio of
intensity of D to G band (Ip/lg) decreases with exfoliating
temperature increasing. They suggested that high exfoli-
ating temperature help improve the structure of graphite
crystals. This implies that the exfoliated graphite with large
EV has low Ip/lg value, as is accordance with our Raman
testing result on exfoliated graphite. According to Fig. 9,
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Fig. 9 Raman spectra of FGS, exfoliated graphite and natural
graphite flakes
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FGS has almost as the same Ip/Ig (ca. 0.060) as natural
graphite flakes while the Ip/I; value of exfoliated graphite
is ca. 0.014. We suggest that interior stress should be
responsible for this phenomenon because exfoliated
graphite maybe has more low interior stress than FGS or
natural graphite flakes due to exfoliation. According to the
G peak intensity, as far as the orientation of microcrystals
is concerned, FGS is between EG and NGF.

Conclusions

FGS based on HCIO4-GIC has good in-plane mechanical,
electrical, and thermal performances. The maximum
in-plane tensile strength, thermal conductivity, and minimum
electrical resistivity are 12 MPa, 620 W/m k,and 3.3 pQ m,
respectively. The in-plane thermal conductivity increases
with density increasing while the out of plane thermal con-
ductivity decreases with density increasing. The tensile
strength, electrical resistivity, and thermal conductivity of
FGS in the in-plane direction are closely related to both its
density and the apparent bulk density of exfoliated graphite
from which FGS is made. The empirical expression on the
correlation between the thermal conductivity (4, W/m k) and
the electrical resistivity (p, LQ m) in the in-plane direction
for the FGS studied is 4 = 102.2 4+ 1168.4 exp (—p/3.5).
The exfoliated graphite with low EV tends to produce FGS
with high thermal conductivity. The XRD results show that
the average interlayer spacing, dyg, of FGS is 3.357 A which
is the same as that of natural graphite flakes, but its average
stacking height, Lc, is lower than that of natural graphite
flakes. The low EV of exfoliated graphite does help improve
the thermal conduction of FGS according to SEM mor-
phology observations. The Raman spectra indicate that FGS
has both G and D peaks, the intensity ratio of D to G peak
being ca. 0.06 which is almost the same as that of natural
graphite flakes, but higher than that of exfoliated graphite.
The internal stress and the orientation of graphite micro-
crystalline layers are probably main two factors influencing
the G or D bands of Raman spectra for natural graphite flakes,
exfoliated graphite, and FGS.
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