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A B S T R A C T

The cell wall (�60-graphite-layer thick, average) in the cellular structure of exfoliated

graphite compacts is viscoelastic, due to the shear between graphite layers. The viscous

character decreases with increasing solid content (volume fraction), due to the increasing

difficulty of shear, which becomes limited at solid contents above 4 vol.%. The elastic char-

acter is essentially independent of the solid content, weakening slightly with increasing

solid content. The viscous character is stronger under in-plane flexure than compression

in the compaction direction, due to the preferred orientation of the graphite layers. At

the lowest solid content of 1.0 vol.%, the loss-tangent/solid-content is 35 and 25 under flex-

ure and compression respectively, the storage-modulus/solid-content is 125 MPa and

46 kPa under flexure and compression respectively, and the loss-modulus/solid-content

is 45 MPa and 13 kPa under flexure and compression respectively. The viscous character

is strong under both flexure and compression, whereas the elastic character is much stron-

ger under flexure than compression. The loss-tangent/solid-content decreases with

increasing solid content, leveling off at 0.9 at 15 vol.% solid. The loss-modulus/solid-

content also decreases with increasing solid content. The highest values of the loss-

tangent/solid-content, storage-modulus/solid-content and loss-modulus/solid-content

are greater for exfoliated graphite compacts than rubber or carbon black compacts.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanical vibrations can affect the performance, durability

and safety of structures, whether they occur during normal

structural operation or extreme events (such as earthquakes).

Relevant structures include the civil infrastructure, railroad,

aircraft, satellites, automobiles, wind turbines, skis, washing

machines, microelectromechanical systems, etc. Viscoelastic

solids are valuable for vibration damping and mechanical

isolation. Damping refers to the reduction of the vibration

amplitude by the conversion of the mechanical energy to an-

other form of energy, typically thermal energy. This energy

conversion is known as mechanical energy dissipation.

Mechanical isolation refers to the avoiding of the propagation

of mechanical energy from one object to another, typically
er Ltd. All rights reserved
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achieved through the spreading of the mechanical energy

along an isolation material positioned between the two

objects.

Rubber and other elastomers are highly effective for

mechanical isolation, due to their cushioning effect. However,

they are not effective for damping, due to their softness and

the consequent low ability for mechanical energy dissipation.

Furthermore, rubber suffers from their tendency to degrade in

the environment, particularly upon exposure to ultra-violet

radiation. In addition, rubber is poor in the ability to with-

stand elevated temperatures and in the chemical resistance.

The viscoelastic behavior of exfoliated graphite [1–4] com-

pacts (also known as flexible graphite [5–10]) under dynamic

flexure and compression has been reported [10,11]. Moreover,

the viscoelastic behavior of cement containing exfoliated
.
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graphite [12,13] and of continuous carbon fiber epoxy-matrix

composites containing exfoliated graphite has been reported

[14]. In particular, the addition of exfoliated graphite to

cement or a carbon fiber epoxy-matrix composite enhances

the viscous character.

Exfoliated graphite has a cellular structure (an accordion-

like structure) [11], due to the vaporization of the intercalate

or the emission of gases resulting from the decomposition

of the intercalate during heating and the consequent balloon-

ing of each intercalate island during exfoliation [15]. The

stretching of the balloon wall during the ballooning is enabled

by the sliding of the graphite layers in the balloon wall rela-

tive to one another. Thus, exfoliated graphite consists of cell

walls (balloon walls) and voids. The cell wall is a nanoscale

multilayer that consists of graphite layers. The feasibility of

exfoliation relates to the easy sliding of the graphite layers

relative to one another. The ease of sliding and the large area

of the interfaces between the layers in the multilayer suggest

that the cell wall may exhibit a high degree of viscous charac-

ter. This understanding motivates us to study the viscoelastic

behavior of the cell wall in this work.

In spite of the prior work mentioned above, the viscoelas-

tic behavior of exfoliated graphite has not been previously

studied with focus on the cell wall of the exfoliated graphite.

By focusing on the cell wall, this work has found that the cell

wall exhibits an usually high degree of viscous character.

Upon compaction of a collection of pieces of exfoliated

graphite, the pieces are consolidated (as enabled by the large

amount of voids in each piece) and are mechanically inter-

connected (mechanically interlocked, as enabled by the cellu-

lar structure), thus resulting in a sheet (known as flexible

graphite) with the plane of the sheet being perpendicular to

the direction of compaction. The higher is the compacting

pressure, the higher is the solid content in the compact, the

higher are the storage and loss moduli, and the lower is the

loss tangent [11]. It is possible for the compaction to affect

the ease of sliding of the graphite layers in the cell wall, but

this possible effect has not been previously investigated.

This paper is aimed at (i) studying the viscoelastic behav-

ior of the cell wall in the cellular structure of exfoliated graph-

ite, (ii) studying the effect of compaction on the viscoelastic

behavior of the cell wall, such that the range of the degree

of compaction is wider than that in prior work on the visco-

elastic behavior of exfoliated graphite [11], (iii) achieving cell

walls that exhibit an unusually high degree of viscous behav-

ior by proper choice of the degree of compaction, and (iv)

comparison of the cell wall of exfoliated graphite with carbon

black and rubber in terms of the viscoelastic behavior.

The approach used in this work involves dynamic

mechanical testing at a controlled frequency. In this method

(forced resonance method), a sinusoidal stress wave with

specified values of the static stress and the dynamic stress

is imposed on the specimen by using a load cell and the

resulting strain wave (along with the associated static strain

and deformation amplitude) is measured by using a displace-

ment transducer. The phase difference between the input

stress wave and the output strain wave is measured, thereby

giving the loss tangent (tan d), which describes the viscous

character. The ratio of the dynamic stress to the dynamic

strain gives the storage modulus, which describes the elastic
character and corresponds to the real part of the complex

modulus. The imaginary part of the complex modulus is the

loss modulus, i.e., the viscous modulus, which corresponds

to the product of the storage modulus and the loss tangent.

The specimen is an exfoliated graphite compact (flexible

graphite). For testing under flexure (three-point bending),

the specimen is in the shape of a beam with the neutral plane

of the beam in the plane perpendicular to the compaction

direction. For testing under uniaxial compression in the com-

paction direction, the specimen is in a rectangular cuboid

shape, with the compression axis during testing parallel to

the compaction direction. Flexure allows shear between the

graphite layers, whereas uniaxial compression does not.

Based on the measured density of the specimen, the solid

volume fraction is determined. The solid volume fraction is

systematically varied by varying the pressure used in com-

pacting the exfoliated graphite. The viscoelastic properties

of the solid part of the compact (i.e., the cell walls) are

obtained from the measured viscoelastic properties of the

compact by assuming linearity between a compact property

and the solid volume fraction (i.e., the rule of mixtures). The

validity of this assumption is well established for the storage

modulus, but it has also been shown for the loss tangent [14].
2. Experimental methods

As in prior work [11], exfoliated graphite (worms) is obtained

by rapid heating of expandable graphite flake from Asbury

(No. 3772) at 900 �C for 2 min with flowing nitrogen. The

worms of length 2–4 mm and specific surface area 41 m2/g

(measured in this work by nitrogen adsorption using a

Micromeritics ASAP 2010 instrument and corresponding to

about 60 graphite layers stacked in a cell wall on the average)

are compressed in a steel mold at pressures ranging from 0.25

to 7.71 MPa (compared to 0.3–1.7 MPa in prior work [11]) for

5 min to form flexible graphite plates of density ranging from

0.0236 to 0.3503 g/cm3 (compared to 0.0267–0.0891 g/cm3 in

prior work [11]) and carbon volume fraction (i.e., 1 – porosity)

ranging from 1.04 to 15.51% (compared to 1.2–3.9% in prior

work [11]). The density is determined by measurement of

the mass and volume; at least four specimens are measured

for each value of the fabrication pressure. The fabrication

pressures used are low compared to prior work [16] and are

chosen in order to accentuate the viscous behavior. As a re-

sult, the density of the resulting graphite sheets is quite low

compared to those that are commercially available

(1.1 g/cm3) and that were used in the prior work [16].

The method of testing is the same as in prior work [11].

The specimen configurations for dynamic mechanical testing

are illustrated in Fig. 1. For flexural testing, the thickness

ranges from 3 to 4 mm and the specimens are in the form

of beams of size 25 · 8 mm in the plane of the flexible

graphite sheet (Fig. 1(a)). For compressive testing, the out-

of-plane thickness of the fabricated sheet ranges from

3–4 mm for compressive testing (Fig. 1(b)). Specimens for

compressive testing are subsequently obtained by cutting

the sheets. The cutting is such that the specimen after cutting

is 3 to 4 mm in the direction of compression, and the area

perpendicular to the compression direction is 10 · 10 mm.



Fig. 1 – Specimen configurations for dynamic mechanical

testing. (a) Flexure. (b) Uniaxial compression (out-of-plane).

The dashed parallel lines show the preferred orientation of

the graphite layers.
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Dynamic testing (ASTM D 4065-94) using a sinusoidal

stress wave at a controlled low frequency of 0.2 Hz is con-

ducted at room temperature using a dynamic mechanical

analyzer (DMA7, Perkin Elmer Corp., Shelton, CT). The varia-

tion of stress with time is illustrated in Fig. 2. Since the loss

tangent decreases with increasing frequency, the low fre-

quency is chosen in order to make the loss tangent measure-

ment more accurate. The chosen frequency is far away from

any vibration resonance frequency of the specimens.
Fig. 2 – Schematic illustrations of the variation of the stress

with time during dynamic mechanical testing. (a) Flexure.

(b) Compression. The static and dynamic stresses are rs and

rd respectively.
As in prior work [11], the dynamic stress rd used ranges

from 1/3 to 2/3 of the corresponding static stress rs (Fig. 2).

The static and dynamic stresses are much higher under flex-

ure than compression, as chosen so that the static strain is

comparable under flexure and compression. The flexural

strain is calculated from the midspan deflection, span and

specimen dimensions; the flexural stress is calculated from

the load, span and specimen dimensions.

The static and dynamic stresses are progressively in-

creased in the testing of a specimen. The stresses are chosen

so that different specimens are tested at comparable values of

the static strain (2%) and deformation amplitude (below

10 lm). Similar values of the static strain are obtained by

adjusting the static stress and dynamic stress, such that the

deformation amplitude is kept below 10 lm in order to avoid

the presence of multiple vibration modes.

For flexural testing under three-point bending, the span is

20 mm, the static flexural stress ranges from 2.5 to 3.8 kPa

(compared to 1.6–3.5 kPa in prior work [11]), the dynamic flex-

ural stress ranges from 1.3 to 1.9 kPa (compared to 0.8–1.7 kPa

in prior work [11]), the static flexural strain ranges from 1.9%

to 2.1% (compared to 0.21–7.9% in prior work [11]), and the

dynamic flexural strain ranges from 0.048 to 0.091% (com-

pared to 0.022–0.085% in prior work [11]). For compressive

testing, the static stress ranges from 236 to 1320 Pa (compared

to 80–800 Pa in prior work [11]), the dynamic stress ranges

from 118 to 900 Pa (compared to 40–400 Pa in prior work

[11]), and the static strain ranges from 1.8–2.2% (compared

to 0.34–13.8% in prior work [11]). Four specimens are tested

for each combination of specimen type and test

configuration.

3. Results and discussion

Table 1 and Fig. 3 show the dynamic flexural properties of

exfoliated graphite compacts at various solid contents, with

the static strain at 2%. As shown in Fig. 3(a), both the loss tan-

gent and the loss-tangent/solid-content decrease with

increasing solid content, but the curve is smoother for the lat-

ter, supporting the notion that the latter quantity is a better

description of the material property than the former quantity

and that the latter quantity reflects the inherent behavior of

the cell wall. The latter quantity decreases monotonically

from 35 with increasing solid content, such that it levels off

at 0.9 at 15 vol.% solid. This means that the viscous character

of the cell wall decreases with increasing solid content.

Preferred orientation of the graphite layers in the plane

perpendicular to the direction of compaction occurs in an

exfoliated graphite compact [4], as supported by X-ray diffrac-

tion [4,16] and by the low in-plane electrical resistivity com-

pared to the out-of-plane resistivity of flexible graphite [17].

The degree of preferred orientation of the graphite layers in-

creases with increasing solid content, as supported by the re-

port that the in-plane resistivity decreases with increasing

solid content [16]. A higher degree of preferred orientation is

expected to facilitate the shear between the graphite layers

during flexure. Nevertheless, the viscous character decreases

with increasing solid content. Thus, this trend of the viscous

character is attributed to the increasing difficulty of shear as

the solid content increases.
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Fig. 3 – Dynamic flexural properties of exfoliated graphite

compacts at various solid contents, with the static strain at

2%.
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As shown in Fig. 3(b), the storage modulus of the compact

under flexure increases with increasing solid content, as

expected, since the stiffness is derived from the solid part

of the compact. However, the storage-modulus/solid-content

is relatively independent of the solid content, indicating that

the stiffness of the cell wall is essentially independent of the

solid content and that the Rule of Mixtures is essentially

obeyed for the storage modulus. In spite of some irregularity

in the variation of the storage-modulus/solid-content with

the solid content, this quantity tends to decrease slightly with

increasing solid content. This means that the stiffness of the

cell wall tends to decrease slightly with increasing solid

content, presumably due to the defects generated in the

graphite layers during compaction and the increase in the

amount of defects as the compaction pressure increases.

As shown in Fig. 3(c), the loss modulus of the compact

increases with increasing solid content; this trend corrobo-

rates with the increase of the storage modulus of the compact

with increasing solid content (Fig. 3(b)). However, the
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loss-modulus/solid-content decreases with increasing solid

content; this trend corroborates with the decrease of the

loss-tangent/solid-content with increasing solid content

(Fig. 3(a)). In other words, the loss modulus of the cell wall

is mainly governed by the degree of viscous character,

whereas the loss modulus of the compact is mainly governed

by the stiffness of the compact.

The loss modulus of the compact increases with increas-

ing solid content, such that it starts to level off at around

9 vol.%, with the leveled-off value at 1.9 MPa. The loss-modu-

lus/solid-content decreases with increasing solid content,

such that it starts to level off at around 6 vol.%, with the lev-

eled-off value at 12–18 MPa. This means that, for mechanical

energy dissipation using the compact, the solid content

should be at least 9 vol.%. However, for mechanical energy

dissipation using a cell wall (assuming that a cell wall can

be isolated), the lowest possible solid content is most

effective.
Fig. 4 – Dynamic compressive properties of exfoliated

graphite compacts at various solid contents, with the static

strain at 2%.
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In prior work [11], it was reported that, under flexure, the

storage modulus is essentially unaffected by slightly increas-

ing the static strain, while the loss tangent and loss modulus

decrease. A small increase in the static strain relates to a

small increase in the solid content. These effects of the static

strain (over a small range) are not consistent with the effects

observed in this work for the effect of the solid content (over a

large range) on these quantities, but are consistent with the

effects of the solid content on the storage-modulus/solid-con-

tent (Fig. 3(b)), the loss-tangent/solid content (Fig. 3(a)) and

the loss-modulus/solid-content (Fig. 3(c)). The consistency

with the normalized quantities relates to the notion that

the deformation involves shear of the graphite layers relative

to one another and that this deformation occurs in the solid

part of the compact.

Table 2 and Fig. 4 show the dynamic compressive proper-

ties of exfoliated graphite compacts at various solid contents.

The loss tangent of the compact decreases with the increas-

ing solid content, such that it does not level off. However,

the loss-tangent/solid-content decrease with increasing solid

content, such that it levels off at around 15 vol.% (Fig. 4(a)), as

in the case under flexure (Fig. 3(a)). The loss-modulus/solid-

content decreases with increasing solid content, such that it

starts to level off at around 6 vol.% (Fig. 4(c)), as in the case

of flexure (Fig. 3(c)). The consistency in the leveling-off behav-

ior between the loss-tangent/solid-content under compres-

sion and flexure and the consistency in the leveling-off

behavior between the loss-modulus/solid-content under

compression and flexure support the notion that these quan-

tities reflect the viscous behavior of the cell wall.

In prior work [11], it was reported that, under out-of-plane

compression, both storage and loss moduli increase with

increasing static strain over a small range, while the loss tan-

gent slightly decreases. These trends are consistent with the

effect of the solid content (over a wide range) on these quan-

tities, as observed in this work, but are not consistent with

the effect of the solid content on the storage-modulus/solid-

content (Fig. 4(b)), the loss-modulus/solid-content (Fig. 4(c))

and the loss-tangent/solid-content (Fig. 4(a)). The inconsis-

tency with the normalized quantities relates to the fact that

the out-of-plane compression involves relatively little shear

of the graphite layers relative to one another and hence a less

clear-cut role of the solid part.

The trends for the variation of the dynamic compressive

properties with the solid content (Fig. 4) are essentially the

same as those for the variation of the dynamic flexural
Table 3 – Ratio of the flexural loss-tangent/solid-content to the

Solid content
(vol.%)a

1.04 ± 0.07 1.18 ± 0.04 1.77 ± 0.05 2.88 ± 0.07 3

Flexural
loss-tangent/
solid-content

34.9 ± 2.4 30.3 ± 1.2 18.0 ± 0.6 10.1 ± 0.3 6

Compressive
loss-tangent/
solid-content

25.3 ± 3.1 21.9 ± 2.3 14.0 ± 1.7 8.6 ± 1.1 5

Ratio 1.4 ± 0.2 1.4 ± 0.2 1.3 ± 0.1 1.2 ± 0.1 1
a Density divided by the graphite density (2.26 g/cm3).
properties (Fig. 3). However, the magnitudes of the property

values are very different between compression and flexure.

The loss tangent is smaller for compression (out-of-plane)

than flexure, as expected from the notion that the viscous

character is mainly derived from the shear of the graphite

layers relative to one another. This difference is consistent

with the prior report [11] that the loss tangent is higher for

in-plane compression than out-of-plane compression.

Under out-of-plane compression, shear between the

graphite layers occurs to a limited degree, due to the preferred

orientation of the graphite layers. Due to the in-plane stiff-

ness of the graphite layers, the bending of the graphite layers

is not expected to contribute significantly to the viscous char-

acter. Due to the limited specific surface area (Section 2),

which corresponds to an average of about 60 graphite layers

stacked up in a cell wall, the friction between air and the

graphite surface during mechanical deformation is expected

to contribute insignificantly to the viscous character. There-

fore, we believe that the limited shear between the graphite

layers is the main mechanism of the limited viscous charac-

ter under out-of-plane compression.

The storage modulus is smaller for compression than flex-

ure by four orders of magnitude, as expected from the pre-

ferred orientation of the graphite layers in the compact and

the much greater stiffness of graphite in the in-plane direc-

tion than the out-of-plane direction. The loss modulus is

smaller for compression than flexure by three orders of mag-

nitude, also due to the preferred orientation and graphite

anisotropy.

Table 3 shows the ratio of the flexural loss-tangent/solid-

content to the out-of-plane compressive loss-tangent/solid-

content. This ratio decreases with increasing solid content,

such that it is 1.4 at the lowest solid content of 1.04 vol.%

and is 1.0 at solid content P3.94 vol.%. Since shear of the

graphite layers relative to one another is much less significant

for out-of-plane compression than flexure, a ratio of 1.0

means that the shear mechanism contribution to the viscous

character is limited to the relatively low level that occurs un-

der out-of-plane compression. Hence, the shear-driven vis-

cous character occurs extensively under flexure only when

the solid content is below 4 vol.%.

Under uniaxial compression at the same frequency of

0.2 Hz, a carbon black (Vulcan XC72R, Cabot Corp., Billerica,

MA, USA., with specific surface area 254 m2/g) compact exhib-

its loss-tangent/solid-content 1.2 [18]. This is the highest

value among quite a variety of carbon blacks [18], but it is
compressive loss-tangent/solid-content.

.94 ± 0.08 6.38 ± 0.11 9.40 ± 0.29 12.30 ± 0.39 15.51 ± 0.46

.1 ± 0.2 3.27 ± 0.07 1.81 ± 0.07 1.29 ± 0.05 0.92 ± 0.03

.9 ± 0.7 3.4 ± 0.3 1.9 ± 0.3 1.3 ± 0.2 0.9 ± 0.2

.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.2
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much smaller than the highest value of 25 obtained in this

work for an exfoliated graphite compact under dynamic com-

pression. The viscous character of the carbon black compact

stems from the movement among the particles in a carbon

black aggregate [18]. If the carbon black were graphitic, the

specific surface area of 254 m2/g corresponds to a structure

in which each graphite region consists of 10 graphite layers

stacked up. Such a structure, though too idealistic, is consis-

tent with the nanoparticulate structure of the carbon black

(particle size 30 nm). Based on geometric considerations, the

interface area per unit volume is greater between the graphite

layers in the cell wall of exfoliated graphite than that between

the particles in a carbon black aggregate. Therefore, the high-

est value of the loss-tangent/solid-content is much greater for

an exfoliated graphite compact than a carbon black compact.

This contrast between an exfoliated graphite compact and a

carbon black compact further supports the notion that the

sliding of the graphite layers relative to one another in the cell

wall of exfoliated graphite contributes largely to the viscous

behavior of exfoliated graphite.

The compressive storage-modulus/solid-content of the

carbon black compact that exhibits the abovementioned va-

lue of 1.2 for the loss-tangent/solid-content is 27 kPa [18],

which is lower than the compressive storage-modulus/solid-

content value of 46 kPa for the exfoliated graphite compact

that exhibits the highest value of 25 for the loss-tangent/so-

lid-content. This means that the cell wall of exfoliated graph-

ite is stiffer than the solid part of a carbon black compact.

The compressive loss-modulus/solid-content of the car-

bon black compact that exhibits the abovementioned value

of 1.2 for the loss-tangent/solid-content is 1 kPa [18], which

is lower than the compressive storage-modulus/solid-content

value of 13 kPa for the exfoliated graphite compact that

exhibits the highest value of 25 for the loss-tangent/solid-

content. This means that the cell wall of exfoliated graphite

is superior to the solid part of a carbon black compact in

terms of the viscous character, the stiffness and the mechan-

ical energy dissipation ability.

Rubber is a well-known viscoelastic material [19]. Under

flexure at the same frequency of 0.2 Hz, Neoprene rubber

exhibits loss tangent 0.7 [10]. Since the solid content is 100%

for the rubber, the loss-tangent/solid-content is also 0.7,

which is lower than those of all the exfoliated graphite com-

pacts of this work. The corresponding storage modulus of this

rubber is 7.5 MPa [10], so that the storage-modulus/solid-con-

tent is also 7.5 MPa, which is much lower than the value of

125 MPa for an exfoliated graphite compact. The correspond-

ing loss modulus of this rubber is 6.7 MPa [10], so that the

loss-modulus/solid-content is also 6.7 MPa, which is smaller

than the value of 45 MPa for an exfoliated graphite compact.

Hence, the cell wall of exfoliated graphite is superior to rubber

in terms of the viscous character, the stiffness and the

mechanical energy dissipation ability.

4. Conclusion

The cell wall (with about 60 graphite layers on the average) in

the cellular structure of an exfoliated graphite compact is

viscoelastic, due to the shear between graphite layers. The

viscous character of the cell wall decreases with increasing
solid content (corresponding to increasing compaction pres-

sure), due to the increasing difficulty of shear between the

graphite layers. The elastic character of the cell wall is essen-

tially independent of the solid content, essentially in accor-

dance with the Rule of Mixtures, though it tends to decrease

slightly with increasing solid content.

The viscous character is greater under in-plane flexure

than uniaxial compression in the compaction direction, due

to the preferred orientation of the graphite layers in the plane

perpendicular to the compaction direction and the conse-

quent stiffness anisotropy. At the lowest solid content of 1.0

vol.% (99.0 vol.% voids), the loss-tangent/solid-content is 35

and 25 under flexure and compression respectively, the stor-

age-modulus/solid-content is 125 MPa and 46 kPa under flex-

ure and compression respectively, and the loss-modulus/

solid-content is 45 MPa and 13 kPa under flexure and com-

pression respectively. The loss-tangent/solid-content de-

creases with increasing solid content, leveling off at 0.9 at

15 vol.% solid, whether under flexure or compression. The

loss-modulus/solid-content decreases with increasing solid

content, leveling off at 6 vol.% solid at 19 MPa and 6.1 kPa

for flexure and compression respectively. The shear-driven

viscous character occurs extensively under flexure only when

the solid content is below 4 vol.%.

The cell wall of exfoliated graphite is superior to rubber

and the solid part of a carbon black compact in the viscous

character, the stiffness and the mechanical energy dissipa-

tion ability. The highest values of the loss-tangent/solid-con-

tent, the storage-modulus/solid-content and the loss-

modulus/solid-content are much greater for an exfoliated

graphite compact than rubber or a carbon black compact.
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