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Cement with distributed exfoliated graphite (isotropic) is made by incorporating exfoliated

graphite in the wet cement mix; cement with networked exfoliated graphite (anisotropic) is

made by compressing a dry mixture of exfoliated graphite and cement particles, followed

by curing with water. The graphite layers in the latter are preferentially oriented in the

plane perpendicular to the compression direction; the in-plane electrical resistivity is much

lower than the out-of-plane resistivity and the loss tangent, storage modulus and loss

modulus are much higher for out-of-plane flexure than in-plane flexure. The latter gives

higher density, lower electrical resistivity, higher compressive strength and superior vibra-

tion damping than the former. Compared to plain cement, it gives higher density and

higher compressive strength. In contrast, cement with distributed exfoliated graphite gives

lower density and lower compressive strength than plain cement, though it gives lower

resistivity and superior damping. Distributed exfoliated graphite is detrimental when silica

fume is present. The high damping of cement with networked exfoliated graphite is attrib-

uted to the effective sandwiching of the network ligaments by the cement matrix (con-

strained-layer damping); the high density and compressive strength are attributed to the

low porosity caused by the compression of the exfoliated graphite during composite

fabrication.

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

Cement-matrix composites containing graphite particles as

an admixture have been previously investigated due to their

low electrical resistivity [1–3], high thermoelectric power [1]

and high thermal conductivity [4] compared to the case with-

out the graphite particles and the relevance of their properties

to electromagnetic interference (EMI) shielding [3], electricity

generation [1], thermal storage [4] and fuel cell bipolar plates

[2]. The graphite particles are small graphite flakes, which

differ from exfoliated graphite. Little attention has been
previously given to the incorporation of exfoliated graphite

in cement [5,6].

In contrast to graphite flakes, exfoliated graphite has a cel-

lular structure (an accordion-like structure) [7,8], due to the

vaporization of the intercalate or the emission of gasses

resulting from the decomposition of the intercalate during

heating and the consequent ballooning of each intercalate is-

land during exfoliation [9–11]. Exfoliation involves expansion

in the direction perpendicular to the graphite layers by up to

hundreds of times. An exfoliated graphite flake is known as a

worm, due to its shape. The stretching of the balloon wall
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during the ballooning is enabled by the sliding of the graphite

layers in the balloon wall relative to one another. Thus, exfo-

liated graphite consists of cell walls (balloon walls) and voids.

The cell wall is a nanoscale multilayer that consists of graph-

ite layers. The feasibility of exfoliation relates to the easy slid-

ing 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 enable the cell wall to exhibit a high degree

of viscous character [12].

Upon compression in the absence of a binder, exfoliated

graphite forms a flexible sheet that is known as flexible

graphite [13,14]. 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 [15]. This

preferred orientation and the cellular structure result in resil-

iency in the direction of the compression during sheet forma-

tion. The resiliency enables the applications of this material

as fluid and EMI gaskets [14,15].

A method of incorporating exfoliated graphite in cement

involves the dry mixing of exfoliated graphite and cement

particles, followed by compression and subsequent curing

[5]. The compression step enables mechanical interlocking

between the adjacent worms, as in the process of making

flexible graphite. The interlocking results in a graphite net-

work, which persists after the curing of the cement. This

method results in cement with networked rather than uni-

formly distributed exfoliated graphite. The networking is sup-

ported by the low resistivity (0.04 O cm perpendicular to the

compression direction and 0.5 O cm in the compression direc-

tion) [5]. In contrast, the resistivity is 480 X cm for cement

containing 37 vol.% graphite powder [1]. The cement with net-

worked exfoliated graphite exhibits unprecedented vibration

damping, with high values of loss modulus (7.5 GPa) and loss

tangent (0.81), as measured under flexure [5].

An intuitively obvious method of incorporating exfoliated

graphite in cement involves the addition of the exfoliated

graphite to the wet cement mix and subsequent mixing and

curing. This method is expected to result in the exfoliated

graphite being distributed (ideally randomly and uniformly)

in the resulting cement-based material. Moreover, due to

the absence of compression in the processing, the exfoliated

graphite is expected to retain its fluffiness to a substantial de-

gree. However, this simple method has not been previously

reported. Due to its applicability to the making of large struc-

tural components by conventional cement mixing and pour-

ing, this method is more practical than the method

mentioned above for making cement with networked exfoli-

ated graphite.

Aggregates and other admixtures may be incorporated in

cement along with exfoliated graphite. For example, silica

fume (submicron silica particles) is an admixture that is effec-

tive for enhancing the damping (due to the large interface area

between the fine silica particles and the cement matrix) [16],

increasing the abrasion resistance, decreasing the liquid per-

meability, enhancing the bond strength to steel, and improving

the fiber dispersion (in case that fibers are also used as an

admixture) [17]. The incorporation of the exfoliated graphite

to cement by direct addition to the wet cement mix is a method
that allows convenient incorporation of aggregates and addi-

tional admixtures to the same mix. However, the method

involving mixing the worms with cement powder and subse-

quent compression to form a graphite network does not allow

incorporation of an additional solid admixture, because the

presence of an additional solid admixture tends to hinder the

mechanical interlocking of the exfoliated graphite. As a result,

in case that the networked exfoliated graphite is used along

with other solid admixtures or with aggregates, the cement

with networked exfoliated graphite needs to be used as an

admixture rather than a monolith. After formation in a slightly

cured state, this cementitious admixture may be introduced to

a cement mix along with other admixtures and/or aggregates

and allowed to cure along with the additional cement present

in the mix [18].

Comparison between cement with distributed exfoliated

graphite and cement with networked exfoliated graphite is

valuable for studying the effect of the exfoliated graphite

structure on the behavior of the cement-matrix composite.

Networking is important for electrical conduction, due to

the high electrical conductivity of graphite. However, the slid-

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

wall of exfoliated graphite does not require the graphite to

form a network.

Due to the absence of prior work on cement with distrib-

uted exfoliated graphite and the presence of prior work on ce-

ment with networked exfoliated graphite [5,6], this paper is

directed at evaluating the value of adding distributed exfoli-

ated graphite to cement. Specifically, this paper is aimed at

(i) investigating the mechanical, damping and electrical prop-

erties of cement with distributed exfoliated graphite, (ii) com-

paring the properties of cement with distributed exfoliated

graphite with those of cement with networked exfoliated

graphite, (iii) comparing the properties of cement with dis-

tributed exfoliated graphite with those of plain cement, and

(iv) comparing the properties of cement with distributed exfo-

liated graphite and silica fume with those of cement with sil-

ica fume.

The approach of this work involves the preparation of ce-

ment paste with distributed exfoliated graphite and cement

paste with networked exfoliated graphite, such that the exfo-

liated graphite is at the same mass proportion and then test-

ing them in terms of (i) the compressive strength, (ii) the loss

tangent, storage modulus and loss modulus (by dynamic flex-

ure under forced resonance), and (iii) the electrical resistivity.

Cement pastes with and without silica fume are included in

the comparative study.
2. Experimental methods

2.1. Materials

Portland cement (Type I, ASTM C150) was used. Silica fume

(Elkem Materials Inc., Pittsburgh, PA, microsilica, EMS 965,

USA), if used, was at 15% by mass of cement, as in prior work

[17]; it had particle size ranging from 0.03 to 0.5 lm, with aver-

age size 0.2 lm; it contained >93 wt.% SiO2, <0.7 wt.% Al2O3,

<0.7 wt.% CaO, <0.7 wt.% MgO, <0.5 wt.% Fe2O3, <0.4 wt.%

Na2O, <0.9 wt.% K2O, and <6 wt.% loss on ignition.
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For preparing cement with networked exfoliated graphite,

the particle size of the cement was reduced by ball milling for

24 h, using ceramic cylinders as the grinding medium con-

tained in a ceramic container. The milling reduced the typical

cement particle size from 50 to 30 lm. This size reduction was

performed because a smaller cement particle size would facil-

itate the adjacent worms to touch one another. However, for

preparing cement with distributed exfoliated graphite, no

milling of the cement was conducted.

Exfoliated graphite (worms) were obtained by rapid heat-

ing of expandable graphite flakes (graphite flakes intercalated

with sulfuric acid and nitric acid in the presence of catalysts,

with a flake size of 300 lm, as supplied by Asbury Graphite

Mills, Asbury, NJ, USA, under the designation No. 3772) at

900 �C for 2 min with flowing nitrogen. The ratio of the vol-

ume of the worms to that of the corresponding flakes prior

to exfoliation is 600, as obtained by measuring the bulk vol-

ume of the worms that resulted from the exfoliation of

5000 g of expandable graphite flakes. The worms were of

length 2–4 mm. During exfoliation, the vast majority of the

intercalate desorbed, so that the intercalate that remains

after exfoliation is low in concentration and is strongly held

to the graphite [9,19].

For cement with distributed or networked exfoliated

graphite, no aggregate was used and the exfoliated graphite

was used at 2.2% by mass of cement. With the density of

the exfoliated graphite taken as 0.82 g/cm3, this corresponds

to the volume ratio of cement to exfoliated graphite of 12:1 [5].

For preparing cement with distributed exfoliated graphite,

the water/cement ratio was 0.40. A high-range water reducing

agent (Glenium 3000NS, BASF Construction Chemicals) was

used at 1.0% by mass of cement. The defoamer (Colloids

Inc., Marietta, GA, 1010, USA) was used at 0.13% (% of speci-

men volume). All the ingredients were mixed in a rotary mix-

er with a flat beater. In case of specimens for dynamic

mechanical testing under flexure, the mix was poured into a

150 · 25 · 4 mm mold to form a beam-shaped flexural speci-

men. In case of specimens for static mechanical testing under

uniaxial compression, the specimens were of size

51 · 51 · 51 mm, as provided by using mold cavities of these

dimensions. In case of specimens for in-plane (horizontal

plane during curing) electrical resistivity measurement, the

specimens were of size 60 · 12 · 12 mm, with the

60 · 12 mm plane being in the horizontal plane during curing,

as obtained by using mold cavities of this size. In case of spec-

imens for out-of-plane (vertical plane during curing) electrical

resistivity measurement, the specimens were of size

50 · 10 · 10 mm, with the 50 · 10 mm plane in the vertical

plane during curing, as obtained by cutting a

51 · 51 · 51 mm cubic specimen. For all specimens, after fill-

ing the mold, an external vibrator was used to facilitate com-

paction and diminish the air bubbles. The specimens were

demolded after 24 h and then cured at a relative humidity

of nearly 100% for 28 days.

For the sake of comparison, cement pastes without exfoli-

ated graphite were also prepared. The water/cement ratio was

0.35 in the absence of silica fume and was 0.40 in the presence

of silica fume. The water reducing agent and defoamer were

used as stated above in relation to cement with distributed

exfoliated graphite.
For preparing cement with networked exfoliated graphite,

the exfoliated graphite was mixed with the milled cement

particles in the dry state for 24 h using a ball mill without

any grinding medium. The masses of the exfoliated graphite

and cement in the mixture were controlled. The compression

of the mixture was conducted in the dry state in a cylindrical

mold of length 45 cm and inner diameter 31.8 mm by applying

a uniaxial pressure of 5.6 MPa via a matching piston. The en-

tire thickness of a composite specimen was obtained in one

5.6 MPa compression stroke. Each specimen was in the form

of a disc of diameter 31.8 mm. After this, the disc was ex-

posed to water for curing the cement. The water exposure in-

volved exposure to moisture for 2 days, followed by

immersion in water for 26 days. The thickness was measured

after the water exposure. Specimens for out-of-plane deflec-

tion had thickness ranging from 2.8 to 3.0 mm; specimens

for in-plane deflection had thickness ranging from 7.7 to

8.2 mm. The graphite network amounted to 8 vol.% and the

cement matrix amounted to 92 vol.%. For dynamic mechani-

cal testing, the specimen was a beam of size 25 · 8 · 3 mm,

as obtained by cutting the disc.

The silica fume had been subjected to silane treatment in

order to improve its dispersion in the cement mix [20,21]. The

silane coupling agent was a 1:1 (by mass) mixture of Z-6020

(H2NCH2CH2NHCH2CH2CH2Si(OCH3)3) and Z-6040 (OCH2-

CHCH2OCH2CH2CH2Si(OCH3)3) from Dow Corning Corp. (Mid-

land, MI) [20,21]. The amine group in Z-6020 served as a

catalyst for the curing of the epoxy and consequently allowed

the Z-6020 molecule to attach to the epoxy end of the Z-6040

molecule. The trimethylsiloxy ends of the Z-6020 and Z-6040

molecules then connected to the –OH functional group on the

surface of the silica fume. The silane was dissolved in ethyl-

acetate to form a solution with 2.0 wt.% silane. Surface treat-

ment of the silica fume was performed by immersion in the

silane solution, heating to 75 �C while stirring, and then hold-

ing at 75 �C for 1.0 h, followed by filtration and drying. After

this, the silica fume was heated at 110 �C for 12 h.

2.2. Testing methods

For compressive strength measurement, the specimens were

51 · 51 · 51 mm in size. A hydraulic mechanical testing sys-

tem was used. The displacement rate was 0.5 mm/min. Six

specimens of each type were tested.

Dynamic flexural testing (ASTM D 4065-94, forced reso-

nance method) at a controlled frequency of 0.2 Hz was con-

ducted at room temperature under three-point bending

using a dynamic mechanical analyzer (DMA7, Perkin Elmer

Corp., Norwalk, CT, USA). The frequency of 0.2 Hz was chosen

due to the relevance of low frequencies to large structures

and the monotonic decrease of the loss tangent with increas-

ing frequency from 0.2 to 2.0 Hz [16]. The loads used were

large enough that the amplitude of the specimen deflection

ranged from 5 to 7 lm (which was over the minimum value

of 5 lm required by the equipment for accurate results). For

the cement with networked exfoliated graphite, flexural test-

ing was conducted for out-of-plane flexure and in-plane flex-

ure, as illustrated in Fig. 1, using specimens that were

obtained by cutting the specimen disc mentioned above. All

specimens were 150 · 25 · 4 mm in size (span = 115 mm),



Fig. 1 – Specimen configuration for testing cement with

networked exfoliated graphite under dynamic flexure

(three-point bending). (a) Out-of-plane flexure. (b) In-plane

flexure. The dashed lines represent the preferred

orientation of the graphite layers. All dimensions are in

mm.
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except for the specimens of cement with networked exfoli-

ated graphite, for which the size was 25 · 8 · 3 mm

(span = 20 mm). Four specimens of each type were tested.

The four-probe method was used for electrical resistivity

measurement of cement with distributed exfoliated graphite.

The outer two contacts (current contacts) were at the entirety

of two end surfaces, as made by using silver paint in conjunc-

tion with aluminum foil. The inner two contacts (voltage con-

tacts) were all the way around the perimeter in two planes

(symmetrically positioned relative to the mid-point of the

length of the specimen in the resistance measurement direc-

tion) perpendicular to the direction of resistance measure-

ment, as made by using silver paint in conjunction with

copper wire. For in-plane (horizontal plane during curing)

resistivity measurement, the specimens were

60 · 12 · 12 mm in size, with the inner contacts being

40 mm apart, and six specimens of each type were tested.

For out-of-plane (vertical plane during curing) resistivity mea-

surement, the specimens were 50 · 10 · 10 mm in size, with

the inner contacts being 40 mm apart, and four specimens

of each type were tested.

The density was measured using either the cubic or beam-

shaped specimens made for compressive or flexural testing. It

was calculated from the measured weight and volume.

3. Results and discussion

Table 1 shows that the cement with networked exfoliated

graphite exhibits higher density, much higher compressive
strength and much lower electrical resistivity than the ce-

ment with distributed exfoliated graphite. The density of

the cement with distributed exfoliated graphite is even lower

than that of plain cement, because of the inherent porosity in

each worm. Similarly, the density of the cement with distrib-

uted exfoliated graphite and silica fume is lower than that of

cement with silica fume. Silica fume decreases the density,

whether distributed exfoliated graphite is present or not.

The density of cement with distributed exfoliated graphite

and silica fume is close to that of cement with silica fume

but without exfoliated graphite. The density of the cement

with networked exfoliated graphite is even higher than that

of plain cement, due to the compression step that consoli-

dates each worm during the fabrication of this composite

and the conformability of the compressed worms to the

topography of the cement particles.

The very high compressive strength of cement with net-

worked exfoliated graphite is because of the fact that this

material deforms greatly without cracking [5]. The large

deformation is apparently enabled by the sliding that is pos-

sible between the graphite layers in the cell wall of exfoliated

graphite. In contrast, the compressive strength of the cement

with distributed exfoliated graphite is even lower than that of

plain cement, indicating that the distributed exfoliated

graphite weakens the cement-based material. Similarly, the

compressive strength of the cement with distributed exfoli-

ated graphite and silica fume is lower than that of cement

with silica fume. The weakening is consistent with the poros-

ity in the distributed exfoliated graphite. On the other hand,

silica fume enhances the compressive strength, whether dis-

tributed exfoliated graphite is present or not, partly due to the

small particle size and the consequent refinement of the pore

structure in cement [17]. However, the compressive strength

of cement with distributed exfoliated graphite and silica fume

is lower than that of plain cement (Table 1). Comparison be-

tween cement with silica fume and cement with distributed

exfoliated graphite and silica fume shows that the addition

of distributed exfoliated graphite to cement with silica fume

decreases the compressive strength.

As shown in Table 1, the resistivity is anisotropic for the ce-

ment with networked exfoliated graphite, with the in-plane

resistivity much lower than the out-of-plane resistivity, as ex-

pected due to the compression during the composite fabrica-

tion. However, the resistivity is isotropic for the cement with

distributed exfoliated graphite, with the in-plane and out-of-

plane resistivities essentially equal, as expected since the com-

posite fabrication does not involve compression of the worms.

Although the resistivity is anisotropic for the cement with

networked exfoliated graphite, the resistivity is low in both

in-plane and out-of-plane directions. In particular, the in-

plane resistivity is lower than that of plain cement by 7 orders

of magnitude. The large difference in electrical resistivity be-

tween the cement with distributed exfoliated graphite and

that with networked exfoliated graphite is consistent with

the notion that the distributed exfoliated graphite in the

former is not networked. Networking means percolation.

Nevertheless, the resistivity of the cement with distributed

exfoliated graphite is lower than that of plain cement by 2

orders of magnitude, indicating that the distributed exfoliated



Table 1 – Density, compressive strength and electrical resistivity.

Material Density (g/cm3) Compressive
strength (MPa)

Electrical
resistivity (O cm)

Cement with networked exfoliated graphite 2.20 ± 0.03 278 ± 12 b [5] (36 ± 9) · 10�3 a [5]
(480 ± 10) · 10�3 b [5]

Cement with distributed exfoliated graphite 1.84 ± 0.06 41.2 ± 3.5 (9.22 ± 0.73) · 103 a

(10.02 ± 1.31) · 103 b

Cement with distributed exfoliated graphite and silica fumec 1.68 ± 0.05 48.9 ± 2.8 (9.87 ± 0.60) · 103

Plain cement 2.01 ± 0.02 [18] 54.2 ± 2.1 (4.9 ± 0.4) · 105[1]
Cement with silica fumec 1.73 ± 0.02 [18] 67.1 ± 2.5 /
a In-plane.
b Out-of-plane.
c Silane treated.
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graphite contributes to electrical conduction in spite of the

essential absence of percolation.

Table 2 shows that the loss tangent, which describes the de-

gree of viscous character, is much higher for the cement with

networked exfoliated graphite than that with distributed exfo-

liated graphite. The loss tangent of the cement with networked

exfoliated graphite is higher for out-of-plane flexure than in-

plane flexure. (Prior work only reported for the case of out-of-

plane flexure [5]). Since the graphite layers are preferentially

oriented in the plane, out-of-plane flexure results in more

shear between the graphite layers than in-plane flexure.

Hence, the higher loss tangent for out-of-plane flexure than

in-plane flexure supports the notion that the viscous deforma-

tion involves shear between the graphite layers. The loss tan-

gent is marginally higher for the cement with distributed

exfoliated graphite than plain cement, indicating that the dis-

tributed exfoliated graphite is not effective for enhancing the

viscous character. Thus, the mechanism of viscous deforma-

tion involving the sliding of the graphite layers relative to one

another [12] is strongly enhanced by using networked exfoli-

ated graphite rather than distributed exfoliated graphite. The

loss tangent is higher for cement with silica fume than plain ce-

ment, due to the slippage at the interface between silica and ce-

ment, as previously reported [16,17]. Similarly, the loss tangent

is higher for cement with distributed exfoliated graphite and

silica fume than cement with silica fume. The addition of dis-

tributed exfoliated graphite to cement with silica fume

decreases the loss tangent. This means that the distributed

exfoliated graphite is detrimental to the viscous behavior in

the presence of silica fume and essentially does not affect the

viscous behavior in the absence of silica fume. The loss tangent
Table 2 – Dynamic flexural properties.

Material

Cement with networked exfoliated graphite

Cement with distributed exfoliated graphite
Cement with distributed exfoliated graphite and silica fumec

Plain cement
Cement with silica fumec

a In-plane deflection, with the plane of the beam containing the out-of-
b Out-of-plane deflection, with the plane of the beam perpendicular to t
c Silane treated.
of the cement with networked exfoliated graphite is much

higher than that of cement with silica fume. This is consistent

with the large interfacial area for slippage between the graphite

layers in exfoliated graphite compared to the interfacial area

between the silica particles and the cement matrix. The cell

wall of the exfoliated graphite of this work consists of a stack

of about 60 graphite layers, as shown by the specific surface

area of 45 ± 4 m2/g (measured in this work by nitrogen adsorp-

tion using a Micromeritics ASAP 2010 instrument).

Table 2 shows that the storage modulus, which describes

the elastic stiffness (the real part of the complex modulus),

is much higher for the cement with networked exfoliated

graphite than the cement with distributed exfoliated graph-

ite. The storage modulus of the cement with networked exfo-

liated graphite is higher for out-of-plane flexure than in-plane

flexure, as expected from the preferred orientation of the

graphite layers in the plane. Out-of-plane flexure involves

bending of the graphite layers, whereas in-plane flexure in-

volves change in the distance between the graphite layers.

The storage modulus of the cement with networked exfoli-

ated graphite is comparable to that of cement with silica

fume. This means that the networked exfoliated graphite is

as effective as silica fume in providing stiffening. The storage

modulus of the cement with distributed exfoliated graphite is

comparable to that of plain cement, indicating that the dis-

tributed exfoliated graphite does not affect the stiffness in

the absence of silica fume. The storage modulus of the ce-

ment with distributed exfoliated graphite and silica fume is

lower than that of cement with silica fume, indicating that

distributed exfoliated graphite is detrimental to the stiffness

in the presence of silica fume.
Storage modulus (GPa) Loss tangent Loss modulus (GPa)

7.74 ± 0.28 a

9.73 ± 0.18 b
0.30 ± 0.04 a

0.76 ± 0.06 b
2.31 ± 0.08 a

7.35 ± 0.11 b

1.97 ± 0.33 0.042 ± 0.007 0.082 ± 0.009
3.13 ± 0.22 0.048 ± 0.005 0.150 ± 0.007
1.81 ± 0.12 0.030 ± 0.009 0.054 ± 0.001
7.13 ± 0.54 0.061 ± 0.008 0.435 ± 0.004

plane direction.

he out-of-plane direction.
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Table 2 also shows that the loss modulus, which is the vis-

cous modulus (the imaginary part of the complex modulus

and equal to the product of the storage modulus and the loss

tangent) and relates to the mechanical energy dissipation, is

much higher for the cement with networked exfoliated

graphite than the cement with distributed exfoliated graphite

and the cement with silica fume. The loss modulus of the ce-

ment with networked exfoliated graphite is higher for out-of-

plane flexure than in-plane flexure, as expected from the

higher stiffness and the stronger viscous character for out-

of-plane flexure. The loss modulus is higher for cement with

distributed exfoliated graphite than plain cement, but is low-

er for cement with distributed exfoliated graphite and silica

fume than cement with silica fume. This means that distrib-

uted exfoliated graphite increases the loss modulus in the ab-

sence of silica fume, but decreases the loss modulus in the

presence of silica fume.

The addition of silica fume to cement with distributed

exfoliated graphite increases the storage modulus, loss

tangent and loss modulus (Table 2), but the values remain

much lower than those of cement with networked exfoli-

ated graphite. Similarly, the addition of silica fume to plain

cement increases all three quantities. However, the addi-

tion of distributed exfoliated graphite to cement with silica

fume decreases all three quantities. This means that ce-

ment with distributed exfoliated graphite and silica fume

is inferior to cement with silica fume in terms of the

damping behavior.

The networked exfoliated graphite is highly effective for

improving the mechanical, damping and electrical proper-

ties of cement-based materials. An electrical connection,

as needed for percolation, can be made by touching, without

a mechanical connection, so a mechanical connection is

more difficult to achieve than an electrical connection.

Although the mechanical connection involving mechanical

interlocking between the worms in the network is not

strong, as indicated by the low tensile strength of flexible

graphite [22], the connection is sufficiently strong for the

network to act as a microscale net-like stretchable mechan-

ical constrainer, thereby making cracking of the cement-

based material difficult and greatly increasing the compres-

sive strength.

The anisotropy in the cement with networked exfoliated

graphite (Table 1) contributes to causing the relatively strong

viscous character of the cement with networked exfoliated

graphite, because the preferred orientation of the graphite

layers in the plane of the beam subjected to bending facili-

tates shear of the layers relative to one another. However,

the contribution of the anisotropy to enhancing the viscous

character is not large, as shown by the fact that the loss

tangent under in-plane flexure and that under out-of-plane

flexure are different by only a factor of 2 (Table 2). This

notion is also consistent with the fact that the loss tangent

under uniaxial compression of an exfoliated graphite

compact (without cement) is close for out-of-plane

compression (0.229) and in-plane compression (0.269)

respectively [7], even though in-plane compression facili-

tates shear between the graphite layers more than out-of-

plane compression. Therefore, the very strong viscous

behavior of cement with networked exfoliated graphite
compared to cement with distributed exfoliated graphite is

mainly attributed to the difference in structure rather than

the difference in preferred orientation of the exfoliated

graphite.

The synergy between networked exfoliated graphite and

cement is noteworthy, as indicated by the low loss tangent

but relatively high storage modulus of plain cement, the

low storage modulus but high loss tangent of an exfoliated

graphite compact (in the absence of cement) [12] and the

high loss tangent and high storage modulus of cement with

networked exfoliated graphite. The networked exfoliated

graphite effectively provides a form of constrained-layer

damping, which typically involves sandwiching a viscoelas-

tic material between two sheets of stiff materials that are by

themselves inadequate for damping [23]. Effectiveness in

constrained-layer damping requires good bonding between

the viscoelastic material and the sandwiching sheets. Since

the bonding is never perfect, the thickness of the sand-

wiched viscoelastic material is preferably small. Distributed

exfoliated graphite is inadequate for providing constrained-

layer damping, because the distributed exfoliated graphite is

fluffy and porous (as shown by the relatively low density of

the cement with distributed exfoliated graphite, Table 1) and

is consequently not as well sandwiched by cement as the

networked exfoliated graphite. Furthermore, the distributed

exfoliated graphite is macroscopic in size, compared to the

microscopic size of the ligaments in the networked exfoli-

ated graphite. The ligaments are formed during the com-

pression step of the composite fabrication and have been

observed by microscopy [5].

Constrained-layer damping utilizing exfoliated graphite

also occurs in continuous carbon fiber polymer-matrix com-

posite with exfoliated graphite at the interlaminar interfaces

in the composite [24]. However, the degree of enhancement

of the viscous behavior is not large, due to the inadequate

sandwiching of the exfoliated graphite by the carbon fiber

laminae. During the polymer-matrix composite fabrication,

the worms are compressed between the laminae. In con-

trast, in the fabrication of cement with networked exfoliated

graphite, the configuration in the mixture of the worms and

cement particles enables compression of parts of each worm

between cement particles, thereby resulting in a relatively

fine-scale morphology of the sandwiched exfoliated

graphite.

Compression of the cement mix containing distributed

exfoliated graphite was tried but failed, because the mix flo-

wed like a liquid. Thus, exfoliated graphite in a wet cement

mix could not be deformed by compression, in contrast to

the large deformation of the exfoliated graphite when it is

with cement powder in the form of a dry mixture (the proce-

dure used for making cement with networked exfoliated

graphite).

As shown for an exfoliated graphite compact (in the ab-

sence of cement), the loss tangent decreases with increasing

degree of compaction of the exfoliated graphite, due to the

increasing difficulty of sliding between the graphite layers,

such that the loss tangent is high only when the solid volume

fraction in the compact is less than 4% [12]. This means that

the degree of compaction of the exfoliated graphite in a ce-

ment matrix should not be excessive.
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4. Conclusions

The composite with networked exfoliated graphite is made by

uniaxial compression of a dry mixture of exfoliated graphite

and cement particles, followed by exposure to water to cause

curing of the cement. The compression step is responsible for

the deformation of the exfoliated graphite, the formation of

the graphite network [5] and the anisotropy in this network.

In contrast, the composite with distributed exfoliated graph-

ite is formed by wet mixing of exfoliated graphite, cement

particles and water, so the exfoliated graphite is essentially

not deformed and not networked and is essentially randomly

(and hence uniformly) distributed. As a consequence, the

composite with the distributed exfoliated graphite is

isotropic.

Cement with networked exfoliated graphite is much supe-

rior to that with distributed exfoliated graphite, as shown by

lower electrical resistivity, higher compressive strength and

superior vibration damping performance. It is superior to

plain cement in relation to the lower resistivity, higher com-

pressive strength and superior damping performance. Fur-

thermore, cement with networked exfoliated graphite

exhibits higher density than cement with distributed exfoli-

ated graphite and plain cement. The compressive strength

and damping performance of the cement with networked

exfoliated graphite are also higher than those of the cement

with silica fume and those of the cement with distributed

exfoliated graphite and silica fume.

Cement with distributed exfoliated graphite is inferior to

plain cement in relation to the compressive strength, but is

superior to plain cement in relation to the resistivity (lower)

and damping performance. Furthermore, cement with dis-

tributed exfoliated graphite and silica fume is inferior to ce-

ment with silica fume in relation to the compressive

strength and damping performance. Thus, distributed exfoli-

ated graphite is not an attractive admixture, particularly

when silica fume is used.

The high damping performance of cement with networked

exfoliated graphite is attributed to the sliding between the

graphite layers in the cell wall of exfoliated graphite and the

effective sandwiching of the microscale network ligaments

by the cement matrix, as needed for constrained-layer damp-

ing. The high density and high compressive strength of this

material are attributed to the low porosity that is caused by

the compression of the worms, which are conformable, dur-

ing composite fabrication. In contrast, distributed exfoliated

graphite remains porous and macroscopic in size, due to

the absence of compression in the making of cement with

distributed exfoliated graphite. Therefore, distributed exfoli-

ated graphite is inadequate for providing appreciable con-

strained-layer damping.

Cement with networked exfoliated graphite is anisotropic,

whereas cement with distributed exfoliated graphite is isotro-

pic. For cement with networked exfoliated graphite, the

preferred orientation of the graphite layers is in the plane per-

pendicular to the direction of compression during composite

fabrication. As a result, the in-plane electrical resistivity is

much lower than the out-of-plane resistivity and the loss

tangent, storage modulus and loss modulus under dynamic
flexure are much higher for out-of-plane flexure than in-

plane flexure.
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