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Exfoliated graphite is obtained by the rapid heating of acid-intercalated graphite flakes. It
exhibits a cellular microstructure, with about 60 graphite layers in the cell wall. The
recently reported extraordinarily strong viscous behavior of the exfoliated graphite and
its cement-matrix composite has been explained in this paper in terms of an interface-
derived viscous mechanism, which is in contrast to the well-known bulk viscous deforma-
tion mechanism that rubber exhibits. The interfacial mechanism is associated with the
dynamic sliding at low amplitudes between the graphite layers in the cell wall of exfoliated
graphite during dynamic loading in the elastic regime. The ease of sliding is enabled by the
loosening of the interlayer interface that has occurred during exfoliation, in which the cell
wall extends greatly like a balloon due to extensive sliding between the graphite layers in
the cell wall. The viscous behavior is consistent with the well-known resiliency of flexible
graphite, which is a sheet made by greatly compressing exfoliated graphite without a bin-
der. In the cement-matrix composite, the exfoliated graphite is sandwiched with sufficient
tightness by the cement matrix in the microstructure of the composite, thereby providing
constrained-layer damping in the microscale.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

tion damping, vibration isolation and possibly sound absorp-
tion as well.

Viscous behavior that is extraordinarily strong among solids
has been recently reported in exfoliated graphite in the
small-strain elastic regime [1]. Furthermore, the incorpora-
tion of the exfoliated graphite in a cement-matrix composite
has been reported to provide a material that exhibits an
exceptionally high level of vibration damping [2], provided
that the units of exfoliated graphite are sandwiched suffi-
ciently tightly by the cement matrix [3]. Although the behav-
ior has been reported, the scientific origin of the behavior has
not been enunciated. This paper is directed at elucidating the
scientific origin of the above mentioned phenomena, which
have opened up applications for exfoliated graphite in vibra-
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2. Exfoliated graphite

Exfoliated graphite exhibits a cellular microstructure [4-7]
(Fig. 1), which results from the exfoliation of intercalated
graphite [4,8,9]. Intercalated graphite is graphite which has
been reacted with a foreign species, called the intercalate.
The reaction is known as intercalation. The reaction causes
the intercalate to enter the space, typically as a monolayer,
between the atomic layers in the graphite, thereby forming
a layered compound known as an intercalation compound.
Due to their crystallinity and low cost, natural graphite flakes
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Fig. 1 - SEM microscope photograph of exfoliated graphite
used in the discovery of interface-derived extraordinary
viscous behavior of exfoliated graphite [1,2]. It shows the
well-known cellular microstructure. A worm is a piece of
exfoliated graphite obtained by the exfoliation of a single
graphite flake. Only a part of a worm is shown. The
exfoliation was conducted by rapid heating of acid-
intercalated graphite flakes.

are most commonly used to prepare exfoliated graphite.
There is typically a charge transfer that occurs between the
intercalate and the graphite. Most commonly, the intercalate
accepts electrons from the graphite, as in the case of sulfuric
acid as the intercalate [10]. In fact, sulfuric and nitric acids are
the most commonly used intercalates for preparing exfoliated
graphite, due to the large degree of irreversible expansion that
stems from the gaseous species generated by the decomposi-
tion of the acid molecules during exfoliation [11].

The intercalate is typically present in the form of islands,
in accordance with the Daumas-Herold model [12], in which
the graphite layers bend, thereby resulting in domains, each
of which is an intercalate island (Fig. 2). This model has been
confirmed by electron microscopy [13,14]. It means that, for
stages greater than 1, the intercalate layer does not necessar-
ily extend all the way from one end of the graphite crystal to
the other. The in-plane length of an island depends on the
intercalate species and the intercalate activity during interca-
lation. For the same intercalate species, the lower is the inter-
calate activity (as obtained by increasing the intercalation
temperature or decreasing the intercalate concentration in
the reaction vessel during intercalation), the larger are the
intercalate islands [15].

Fig. 2 - Daumas-Herold Model [12] as illustrated for a stage-2
graphite intercalation compound. The stage refers to the
number of graphite layers between nearest intercalate
layers in the superlattice along the c-axis. The graphite
layers are indicated by solid lines; the intercalate layers are
indicated by dotted lines.
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Fig. 3 - Schematic illustration (not to scale) of the cellular
structure of exfoliated graphite. The cell wall, which is a
nanoscale multilayer that consists of about 60 graphite
layers, can stretch greatly due to the sliding of the graphite
layers with respect to one another. The solid line denotes
the cell wall. The individual layers in the multilayer are not
shown. (a) Before loading. (b) During loading.

During the heating of intercalated graphite, each interca-
late island expands tremendously along the c-axis of the
graphite. The larger are the intercalate islands, the greater
is the degree of expansion [15]. Thus, for a high degree of
exfoliation, the lateral size of the graphite flakes must be
large enough to accommodate at least several islands in the
plane of the flake. The expansion can be up to a few hundred
times, depending on the choice of intercalate and the size of
the intercalate islands [10,15-17]. The driving force of the
expansion is the vaporization or decomposition of the inter-
calate upon heating [10,15]. Thermal decomposition that
causes an intercalate molecule to decompose into multiple
molecules helps enhance the gas evolution during exfolia-
tion, thereby increasing the driving force. An exfoliated
graphite flake is known as a worm, due to its shape.

In order for the large expansion to be able to occur during
exfoliation, the graphite layers that make up the wall of an
intercalate island must be able to stretch greatly — akin to
the stretching of the wall of a balloon as it expands (Fig. 3).
The stretching of the wall enables an intercalate island to ex-
pand like a balloon. A wall consists of multiple layers of
graphite, such that each layer does not necessarily extend
all the way across the length of an island and different layers
may overlap one another to various degrees (Fig. 4). The struc-
ture of the wall has not been adequately addressed. There are
about 60 graphite layers (on the average) in the cell wall of the
exfoliated graphite used in the discovery of the extraordinary
viscous behavior of exfoliated graphite [1]. The stretching of a
wall is made possible by the sliding of the graphite layers with
respect to one another within the wall. This sliding requires
the overcoming of the van der Waals’ forces between the
graphite layers. The vapor-related driving force for exfoliation
is adequate for overcoming these forces, thereby allowing
exfoliation to occur. If the heating rate during exfoliation is
high enough and the vapor evolution during exfoliation is sig-
nificant enough, the expansion is substantially irreversible, so
that the expanded state remains upon subsequent cooling.
This is the case when acids are used as the intercalates
[10,11,15], since an acid molecule decomposes upon heating.
The term “exfoliated graphite” typically refers to the irrevers-
ibly expanded form.
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Fig. 4 - Schematic illustration of the structure in a cell wall of
exfoliated graphite. There are about 60 graphite layers in a
cell wall of the exfoliated graphite used in the discovery of
interface-derived extraordinary viscous behavior of
exfoliated graphite [1,2].

3. Interface-derived extraordinary viscous
behavior of exfoliated graphite

For an irreversibly exfoliated graphite, the tremendous sliding
of the graphite layers has already occurred during the com-
pleted exfoliation, so no further tremendous sliding occurs
upon subsequent mechanical stimulation (vibration). Never-
theless, the exfoliation process has irreversibly loosened the
binding of the graphite layers to one another and, as a conse-
quence, a small degree of sliding between the layers can eas-
ily occur upon subsequent mechanical vibration. This
looseness is consistent with a very low elastic modulus in
the direction perpendicular to the wall, as shown by instru-
mented nanoindentation testing [18]. The deformation upon
nanoindentation is mostly reversible upon unloading, though
the deformation magnitude during nanoindentation [18] is
very large compared to that in dynamic mechanical testing
[1]. Furthermore, no breakthrough of the graphite layers was
observed during nanoindentation of exfoliated graphite [18],
in contrast to the breakthrough observed in highly-oriented
pyrolytic graphite by similar nanoindentation [19]. This sug-
gests the essential reversibility of the small-amplitude dy-
namic sliding between the graphite layers during vibration.
Even though the amplitude of the sliding is small, the sliding
is easy and the back-and-forth sliding during vibration pro-
vides a significant degree of viscous behavior. It is akin to
the wall of a balloon stretching and recoiling at a small defor-
mation amplitude during repeated variation in the gas pres-
sure in the balloon. Thus, the cell wall of exfoliated graphite
provides a balloon-like interface-derived viscous behavior.
The degree of viscous behavior of the cell wall of irrevers-
ibly exfoliated graphite has been measured to be huge [1], in
fact extraordinarily high among solid materials, including
bulk rubber. The degree of viscous character is described by
the loss tangent (i.e., tan 6, where J is the phase lag between
the stress wave and the strain wave during dynamic loading),
which is equal to the ratio of the loss modulus to the storage
modulus. An exfoliated graphite compact is formed by com-
pressing pieces of exfoliated graphite, with each piece known
as a worm, in the absence of a binder, such that the worms
become connected during the compression through mechan-
ical interlocking, which is enabled by the cellular structure of
each worm. The solid part of an exfoliated graphite consists
of cell walls. During dynamic flexure of an exfoliated graphite
compact, the loss tangent of the cell wall (as given approxi-
mately by the loss tangent of the compact divided by the solid
volume fraction) has been determined experimentally to be
up to 35 (Fig. 5) [1], compared to a value of 0.7 for bulk rubber

Fig. 5 - Dynamic flexural properties of exfoliated graphite
compacts at various solid contents (solid volume fractions),
with the static strain at 2%. The loss tangent and the loss
tangent divided by the solid content are plotted. The loss
tangent divided by the solid content relates to the degree of
viscous character of the cell wall; its highest value of 35
occurs at the lowest solid content of 1 vol.%. [1].

[20]. Upon dynamic compression (rather than flexure) of the
exfoliated graphite compact, the loss tangent of the cell wall
is up to 25 [1], which is less than the value of 35 obtained
under flexure because the compact exhibits preferred orien-
tation of the graphite layers in the plane perpendicular to
the compaction direction and, compared to compression,
flexure gives more shear stress in the plane of the graphite
layers; the shear stress facilitates the sliding. Both values of
35 and 25 are extraordinarily high values among solid materi-
als. The values decrease with increasing degree of compac-
tion of the exfoliated graphite (i.e., with decreasing solid
content in the compact) (Fig. 5), due to the associated
decreasing ease of sliding between the layers as the compact
becomes more tightly packed. This means that an adequate
degree of looseness of the binding between the layers is
required for the viscous behavior to be substantial. The
extraordinarily high degree of viscous character is made pos-
sible by the balloon-like interface-derived viscous mechanism
under the condition that the layers are sufficiently loosely
bound. This interfacial mechanism results in energy loss
due to the friction between the layers as sliding occurs. The
greater is the friction, the higher is the mechanical energy
loss (dissipation) for the same sliding amplitude. Indeed, a
simple calculation has shown that the mechanical energy
loss associated with the viscous character in a cell wall stems
substantially from the friction [21].

Viscoelastic behavior includes viscous and elastic charac-
ters. In contrast to the viscous character, the elastic character
of the cell wall, as shown by the storage modulus divided by
the solid content [1], is essentially independent of the degree
of compaction, weakening slightly with increasing degree of
compaction. This means that the stiffness of the cell wall
tends to decrease slightly with increasing solid content, pre-
sumably due to the defects generated in the graphite layers
during compaction and the increase in the amount of defects
as the compaction pressure increases. The loss modulus of
the compact increases with increasing solid content [1]; this
trend corroborates with the increase of the storage modulus
of the compact with increasing solid content. However, the
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loss-modulus/solid-content decreases with increasing solid
content [1]; this trend corroborates with the decrease of the
loss-tangent/solid-content with increasing solid content
(Fig. 5). 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.

Without exfoliation, the sliding is relatively difficult, due
to the fact that the binding between the layers is too tight.
Hence, the abovementioned viscous mechanism does not oc-
cur. Indeed, the degree of viscous character is small for graph-
ite flakes that have not been exfoliated, as shown by similar
dynamic mechanical testing.

Upon compression in the absence of a binder (i.e., without
cement), exfoliated graphite forms a flexible sheet that is
known as “flexible graphite” [22-28]. The sheet formation is
due to the mechanical interlocking between the adjacent
worms. The sheet exhibits preferred orientation of the
graphite layers in the plane of the sheet, as indicated by
the much lower in-plane electrical resistivity compared to
the out-of-plane resistivity [27]. This preferred orientation
and the cellular structure result in resiliency in the direction
of the compression during sheet formation. The resiliency
has enabled the application of flexible graphite as fluid gas-
kets [23] and EMI gaskets [26-28]. This resiliency, which is in
the direction that is mainly perpendicular to the cell walls,
is consistent with (i) the balloon-like interface-derived
viscous behavior observed during dynamic loading [1], (ii)
the essential reversibility of the nanoindentation deformation
[18] and (iii) the reversibility of the conformability of the
surface topography upon compression in the direction per-
pendicular to the sheet [29]. Flexible graphite that is available
commercially differs from the exfoliated graphite compact
(Fig. 5) [1] in that the degree of compaction is much greater.
As a consequence of the decrease of the viscous character
with increasing degree of compaction (Fig. 5), the loss tangent
of flexible graphite that is available commercially is relatively
low [30].

The balloon-like interface-derived viscous behavior dis-
covered in exfoliated graphite is scientifically intriguing and
technologically useful. This mechanism is in sharp contrast
to the well-known bulk viscous behavior that rubber exhibits.
The interface-derived viscous mechanism requires a large
interface area, such that the interfaces are loose enough to al-
low easy sliding. The large-area interfaces can be provided by
the interfaces in a nanoscale multilayer, which makes up the
cell wall of exfoliated graphite. An advantage of the interfa-
cial mechanism is that the interfaces do not necessarily de-
crease the stiffness of the material, since the constituent
that provides the interfaces may serve as a reinforcement
while the interfaces provide the viscous character. In con-
trast, the bulk viscous mechanism, as commonly achieved
by including a rubber-like constituent in a material, causes
the stiffness of the material to decrease. Stiffness is impor-
tant for structural materials.

The parameters that affect the balloon-like interface-de-
rived viscous behavior include (i) the cell wall length (which
relates to the intercalate island length, which depends on
the intercalate concentration in the reaction vessel during
intercalation and on the stage of the intercalation compound,

and also relates to the graphite flake in-plane size), (ii) the
ease of sliding between the graphite layers in the cell wall
(the ease depending on the chemistry of the intercalated
graphite, the extent of exfoliation and the tightness of the
compaction of the exfoliated graphite), (iii) the average in-
plane length of the graphite layers that make up a cell wall
(this length presumably depending on the extent of in-plane
defect formation during exfoliation), and (iv) the number of
graphite layers in the cell wall (this number depending on
the amount of expansion during exfoliation, such that the
expansion amount depends on the intercalate species and
the heating rate during exfoliation). The effects of these
parameters still remain to be investigated for the purpose of
unraveling the science of this extraordinary interface-derived
viscous behavior.

4. Application to cement-matrix composites

With the incorporation of exfoliated graphite (8 vol.%) in a ce-
ment matrix, such that cell walls are sandwiched by the ce-
ment matrix, cement-based materials that exhibit loss
tangent under flexure as high as 0.8 (Table 1) have been ob-
tained [2]. Since the area of the interface between graphite
and cement is small compared to that between the numerous
(about 60) graphite layers in a cell wall, the viscous behavior is
mainly due to the sliding between the layers in a cell wall. The
degree of viscous character in the cement-based material is
even greater than that of bulk rubber, the loss tangent of
which is 0.7 (Table 1).

Constrained-layer damping involves the sandwiching of a
viscous layer by stiff layers. A polymeric material is typically
used as the viscous constrained layer [31-33]. Due to the
significant variation of the viscous behavior of a polymer
with temperature, the damping behavior varies considerably
with the temperature and the temperature range for
effective damping tends to be narrow [31,33]. In addition,
the viscous layer tends to cause substantial reduction in the
stiffness [33].

The incorporation of exfoliated graphite in cement
amounts to constrained-layer damping in the microscale,
with the constrained layer involving the interface-derived vis-
cous mechanism rather than the conventional bulk viscous
mechanism. Conventional constrained-layer damping in-
volves components that are much larger in scale than the
microscale. In contrast, in the exfoliated graphite cement-
matrix composite, the microscale constrained-layer damping
involves a large number of microscopic constrained layers
that are distributed in a stiff (cement) matrix, which serves
as the constituent that sandwiches each of the microscopic
constrained layers.

Stiffness is required for a structural material. One disad-
vantage of the abovementioned cement-based material is
that the stiffness is low compared to conventional cement-
based materials. This issue has been resolved by the com-
bined use of silica fume and exfoliated graphite [34]. Silica
fume is fine noncrystalline silica produced by electric arc fur-
naces as a by-product of the production of metallic silicon or
ferrosilicon alloys. It is a powder with particle size 100 times
smaller than that of anhydrous Portland cement particles, i.e.,
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Table 1 - Dynamic flexural properties obtained under three-point bending at 0.2 Hz and room temperature. All data were
obtained using the same testing method in the author’s laboratory. The bottom row gives the data for bulk rubber (without
cement)

based materials

, Which is high in the loss tangent but low in the storage and loss moduli. All the other rows give data for cement-|
in the absence of aggregate. Plain cement paste (the second last entry) is low in the loss tangent, storage
modulus and loss modulus. The top entry gives the data for exfoliated graphite (8 vol.%) cement-matrix composite

, which|

is the highest in the loss tangent, storage modulus and loss modulus among all the entries.

Mechanism Admixture Loss tangent Storage modulus Loss modulus
(GPa) (GPa)
Balloon-like interface-derived Exfoliated graphite [2] 0.81 9.3 7.5
Interfacial friction Silica fume [39] 0.11 5.8 0.62
Carbon fiber [39] 0.11 3.2 0.35
Bulk viscous Latex [39] 0.12 2.8 0.34
Methylcellulose [39] 0.07 4.1 0.30
Polyethylene fiber [39] 0.06 2.8 0.15
Interfacial friction + bulk viscous Silica fume + methylcellulose [39] 0.11 6.2 0.65
Plain cement paste [39] 0.035 1.9 0.067
Bulk rubber [20] 0.67 0.0075 0.005

mean particle size between 0.1 pm and 0.2 pm. The SiO, con-
tent ranges from 85% to 98%. Due to its small particle size, sil-
ica fume is effective for refining the microstructure of a
cement-based material, thereby enhancing the stiffness and
strength [35-38|. In addition, the small particle size results
in a substantial area of the interface between silica and ce-
ment and this enables a substantial degree of particulate
interface-derived viscous character (Table 1) [39], which is to
be distinguished from the balloon-like interface-derived vis-
cous behavior. This means that the silica fume helps both
the stiffness and the viscous character. Furthermore, silica
fume addition causes reduction of the water permeability,
thereby decreasing the tendency of embedded steel to be cor-
roded [38]. Silica fume is pozzolanic [35], due to the cementi-
tious character resulting from its surface reactivity, which
relates to its amorphous structure.

A drawback is that silica fume addition degrades the work-
ability of the cement mix, but this can be alleviated by the use
of a water-reducing agent and/or silane surface treatment of
the silica fume [39,40]. In addition, the silane treatment of sil-
ica fume enhances the viscous character of the resulting ce-
ment-matrix composite [34,40-43].

Due to the fact that the silica-cement interface area is
much smaller than that of the cell wall of exfoliated graphite,
the ability of silica fume to enhance the viscous character is
considerably less than that of the cell wall of exfoliated
graphite. The cell wall of exfoliated graphite is also expected
to be more effective than carbon fibers, nanofibers and nano-
tubes, due to its larger interface area resulting from its multi-
layer planar geometry. The exfoliation of intercalated carbon
fibers (even those of the graphitic form) is much more difficult
than that of intercalated graphite flakes and the degree of
expansion is much lower [44]. Sliding at an interface between
planar layers is expected to be easier than sliding at an inter-
face between concentric cylinders in a nanotube. In contrast
to the abovementioned interfacial mechanisms, latex (Table
1) [39] enhances the viscous character due to a bulk viscous
mechanism associated with each latex particle. Compared
to silica fume, latex is expensive.

In order for the cell wall of exfoliated graphite to be suffi-
ciently tightly sandwiched by the cement matrix, as needed

for constrained-layer damping, the fabrication of the ce-
ment-based material requires compaction prior to curing. A
process involves dry compaction of a mixture of cement par-
ticles and exfoliated graphite prior to exposure to water for
curing the cement [2]. Simple addition of the exfoliated
graphite to a cement mix does not provide the necessary
squeezing, thus resulting in loose sandwiching of the exfoli-
ated graphite by the cement matrix after curing and the near
absence of constrained-layer damping [3]. Furthermore, with-
out the squeezing, the exfoliated graphite units (worms) in
the cement remain macroscopic and highly porous, making
them ineffective for enhancing the strength. In contrast, with
the squeezing, the exfoliated graphite is effective for enhanc-
ing the strength. Thus, the method of incorporating exfoli-
ated graphite in cement is critical. In practice, the squeezing
may be achieved by using roller compaction.

The mechanical interlocking ability of the worms enables
them to be interconnected upon compression of a dry mix-
ture of worms and cement particles, thereby resulting in a
graphite network. The networking is supported by the low
resistivity (0.04 Q cm perpendicular to the compression direc-
tion and 0.5Qcm in the compression direction) [2]. In con-
trast, the resistivity is 480 Q cm for cement containing 37
vol.% graphite powder [45]. Although the networking itself is
not expected to affect the viscous behavior, it affects the dis-
tribution of the exfoliated graphite in the cement-based
material and may enable a coordinated viscous response
among the cell walls of distinct worms in the cement-matrix
composite. The possible effect of the networking on the vis-
cous response remains to be investigated.

5. Further discussion

The dynamic mechanical properties reported in this paper
were measured under dynamic loading using a sinusoidal
stress wave at a controlled low frequency. This is the forced
resonance method. The resulting sinusoidal strain wave is
out of phase from the stress wave by a phase angle ¢. A low
frequency (e.g., 0.2 Hz) is used in order to allow accurate mea-
surement of §. The frequency is far from any resonance vibra-
tion frequency. That the loss tangent results obtained in this
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way agrees with those obtained on larger specimens using the
free resonance method (which involves the use of an impulse
hammer) has been shown [46].

This paper addresses the elastic regime, due to its rele-
vance to normal structural operation. Due to the nanoscale
interfacial mechanism of damping, plastic deformation and
damage may not affect the damping performance signifi-
cantly. Damping in the plastic deformation and damage re-
gimes is relevant to the mitigation of the hazard of extreme
events (e.g., earthquake), but the science in the elastic regime
is more fundamental.

Graphene in the form of single atomic graphite layers, if
well dispersed in a matrix, can provide much interface area
between it and the matrix. Slight sliding at this interface
potentially provides a degree of viscous behavior, which is
distinct in mechanism from the balloon-like interface-de-
rived viscous behavior.

A graphite nanoplatelet [47-49] is in the form of a stack of
graphite layers and is commonly made by the breaking up of
exfoliated graphite by mechanical agitation (e.g., sonication).
If the nanoplatelets are dispersed in a matrix, they can pro-
vide viscous behavior due to the area associated with the
interface between the graphite layers in each nanoplatelet,
in addition to the interface between each nanoplatelet and
the matrix. However, with the cell walls greatly broken down
in the in-plane direction during the preparation of graphite
nanoplatelets [47,49], the length-to-thickness aspect ratio of
the graphite layer stack is expected to be much reduced. This
aspect ratio reduction is expected to increase the need for a
strong bond between the graphite and the matrix in order
for the load transfer to be effective enough for constrained-
layer damping. In other words, for the same bond strength,
the viscous behavior is expected to decrease when the aspect
ratio is reduced. Furthermore, since the mechanical agitation
used to prepare the nanoplatelets has already caused fracture
at the relatively loose interfaces, the layers in a nanoplatelet
may not be sufficiently loose from one another.

6. Conclusion

It has been recently reported that exfoliated graphite exhibits
an extraordinarily strong viscous behavior, such that the loss
tangent of the cell wall in the cellular structure of exfoliated
graphite is as high as 35 under flexure [1]. The exfol-
iated graphite is obtained by the rapid heating of acid-interca-
lated graphite flakes. It exhibits a cellular microstructure,
with about 60 graphite layers in the cell wall. It has also been
reported that suitable incorporation of exfoliated graphite in a
cement-matrix composite results in a material that exhibits
high values of both the loss tangent and the storage modulus,
and hence an extraordinarily strong vibration damping
behavior [2].

This paper has provided explanation of the abovemen-
tioned extraordinary viscoelastic behaviors. The strong
viscous behavior of exfoliated graphite is explained in terms
of a balloon-like interface-derived viscous deformation
mechanism. This mechanism is associated with the dynamic
sliding at low amplitudes between the graphite layers in the
cell wall of exfoliated graphite during dynamic loading in

the elastic regime. The ease of sliding is enabled by the
loosening of the interlayer interface that has occurred during
exfoliation, in which the cell wall extends greatly like a
balloon due to extensive sliding between the graphite layers
in the cell wall. Without the loosening, the viscous behavior
is weak. Consistent with the requirement of looseness is that
the degree of viscous character of exfoliated graphite de-
creases with increasing degree of compaction of the exfoli-
ated graphite.

Flexible graphite is a sheet made by greatly compressing
exfoliated graphite without a binder. The viscous behavior
of exfoliated graphite is consistent with the well-known resil-
iency of flexible graphite in the direction perpendicular to the
plane of the sheet.

In the cement-matrix composite, the exfoliated graphite is
sandwiched with sufficient tightness by the cement matrix in
the microstructure of the composite, thereby providing con-
strained-layer damping in the microscale. In conventional
constrained-layer damping, the constrained layer, typically
polymeric, is macroscopic and viscous, such that the viscous
behavior is due to the bulk viscous deformation mechanism.
In contrast, in the cement-matrix composite, the constrained
layer is microscopic and distributed, and exhibits balloon-like
interface-derived viscous behavior. Without sufficient tight-
ness in the sandwiching of the exfoliated graphite by the ce-
ment matrix, the exfoliated graphite remains highly porous
and both constrained-layer damping and strengthening are
ineffective. The tight sandwiching can be achieved by the
compression of a dry mixture of exfoliated graphite and ce-
ment particles prior to curing the cement in the presence of
water.
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