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Introduction
The damping of mechanical vibration is important for the
stability, performance and durability of structures, including
aircraft, spacecraft, wind turbines, bridges and buildings.
Damping can be achieved by using materials that are capable
of the conversion of mechanical energy to heat, so that the
mechanical energy is eliminated. This is known as passive
damping. As no device is needed, the method is inexpensive.
However, this method has been inadequate due to the
insufficient ability of available materials for providing the
damping. Rubber and other elastomers suffer from inadequate
energy dissipation (due to their softness) and the tendency for
degradation by UV radiation. Metals such as steel and shape
memory alloys are relatively stiff, but they are inadequate in
the ability to reduce the vibration amplitude quickly.
This paper innovatively exploits exfoliated graphite for
greatly enhancing the damping of cement-based and polymerbased structural materials. The high effectiveness of
exfoliated graphite stems from the shear deformation enabled
by its accordion microstructure. The use of a structural
material for damping is advantageous to the use of a
nonstructural material for damping, because structural
materials occupy much of the volume of a structure, and the
energy dissipation is proportional to the volume. Furthermore,
structural materials are durable and cost-effective.
Carbon fiber polymer-matrix composites are dominant
aerospace structural materials, but they are poor in damping
unless a viscoelastic interlayer is incorporated between the
laminae. However, the interlayer decreases the stiffness [1].
This paper provides carbon fiber epoxy-matrix composites that
have been modified for enhancing both damping and stiffness
through the use of exfoliated graphite at the interlaminar
interface. It also provides cement-matrix composites with
ultrahigh damping through the incorporation of exfoliated
graphite as a network in the cement.
Experimental methods
In case of polymer-matrix composites, exfoliated graphite
(as obtained by rapid heating of acid-intercalated natural
graphite flake), nanoclay, multi-walled carbon nanotube
(MWCNT), single-walled carbon nanotube (SWCNT), and
halloysite (clay) nanotube were used alone and in
combinations as fillers at every interlaminar interface of a 7lamina crossply carbon fiber epoxy-matrix composite. The
fillers were suspended in a solvent and the suspensions were

applied to the surface of the fiber prepreg. After this, the
prepreg sheets were stacked and cured by hot pressing.
In case of cement-matrix composites, exfoliated graphite
was mixed with cement particles and the mixture was
compressed and then exposed to water for curing. The
resulting composite had 8 vol.% graphite, which was in the
form of a network (as supported by microscopy and the low
electrical resistivity) with the accordion structure typical of
exfoliated graphite in each ligament of the network.
For damping evaluation, dynamic mechanical testing was
performed under flexure (three-point bending, Perkin-Elmer
DMA7) at a controlled loading frequency (0.2 Hz) and room
temperature. The testing was performed with the span at 20
mm and the maximum midspan deflection at 5-10 µm.
Results and discussion
Table 1 Dynamic flexural properties of crossply carbon fiber epoxymatrix composite (0.5 MPa curing, unless stated otherwise).
*0.8 wt.% suspension. †1.2 wt.% suspension. ‡2 wt.% suspension
Interlaminar filler(s) in carbon
fiber epoxy-matrix composite

Storage
modulus
(GPa)
None
16
MWCNT*
35
Nanoclay†
21
SWCNT*
24
Halloysite nanotube*
31
Exfoliated graphite
16
Exfoliated graphite (2 MPa curing)
20
MWCNT* and exfoliated graphite
26
Halloysite nanotube‡ and
27
exfoliated graphite
MWCNT* and nanoclay† (1:3
29
mass ratio of suspensions)
Halloysite nanotube‡ and
31
nanoclay† (1:7 mass ratio of
suspensions)
Halloysite nanotube‡ and
27
exfoliated graphite (2 MPa curing)

Loss
tangent
0.046
0.044
0.058
0.058
0.054
0.099
0.103
0.074
0.076

Loss
modulus
(GPa)
0.73
1.5
1.2
1.4
1.7
1.6
2.0
1.9
2.0

0.072

2.1

0.076

2.4

0.12

3.3

Table 1 shows the storage modulus (stiffness), loss
tangent and loss modulus (product of the storage modulus and
the loss tangent) for the unmodified composite and for
composites modified with various interlaminar fillers. The
storage and loss moduli are enhanced by any of the
interlaminar fillers. Among the five fillers used as sole
interlaminar fillers, exfoliated graphite is outstandingly
effective in increasing the loss tangent, but the least effective
in increasing the storage modulus, whereas MWCNT is the
most effective in increasing the storage modulus, but the least
effective in increasing the loss tangent. Nanoclay and SWCNT
as sole fillers are effective for increasing the loss tangent,
though they are less effective than exfoliated graphite. The
superiority of exfoliated graphite over nanoclay or SWCNT
for increasing the loss tangent is attributed to the accordion

microstructure of exfoliated graphite. MWCNT and halloysite
nanotube as sole fillers are most effective for increasing the
storage modulus. The combined use of a filler that is effective
for enhancing the storage modulus (MWCNT or halloysite
nanotube) and one that is effective for enhancing the loss
tangent (exfoliated graphite or nanoclay) gives the best
performance, as shown by the loss modulus. The combined
use of halloysite nanotube and nanoclay gives better
performance at a lower cost than the combined use of
MWCNT and nanoclay. The combined use of halloysite
nanotube and exfoliated graphite also gives better performance
at a lower cost than the combined use of MWCNT and
exfoliated graphite. Upon increasing the curing pressure from
0.5 to 2 MPa, the exfoliated graphite becomes even more
effective, thus causing the combination of halloysite nanotube
and exfoliated graphite to give the highest performance, as
shown by a loss modulus of 3.3 GPa (350% increase relative
to the unmodified composite cured at 0.5 MPa). The increase
in curing pressure causes increases in both the storage
modulus and the loss tangent. This suggests that a tighter
accordion microstructure is attractive for both damping and
stiffness. The optimized proportions of the fillers are shown in
Table 1 in terms of the mass ratio of the filler suspensions.
The superiority of halloysite nanotube over MWCNT is partly
because a spreadable suspension with a higher filler
concentration can be obtained for halloysite nanotube.

cement. The admixture and the cement matrix are in contact,
with a diffuse interface.

Table 2 Dynamic flexural properties of cement-graphite composite
and other materials.

Fig. 2 Optical micrograph of the polished surface of cement
containing the cement-graphite damping admixture (62 vol.%)
and silica fume (15% by mass of cement) at 3 days of curing.

Material
Cement-graphite
Rubber [2]
PMMA [2]
Flexible graphite [3]
Cement paste [4,5]
Cement paste with
latex [5]
Cement paste with
silica fume [5]

Storage
modulus
(GPa)
9.3
0.00745
3.63
1.0
1.91
3.12

Loss
tangent
0.81
0.67
0.093
0.19
0.035
0.142

Loss
modulus
(GPa)
7.5
0.0067
0.336
0.21
0.067
0.443

5.76

0.107

0.616

Table 2 shows results for cement-based materials and
other materials. The cement-graphite composite is higher in
the loss tangent and loss modulus than any of the materials in
Tables 1 and 2, although its storage modulus is lower than
those of Table 1. Flexible graphite (without cement) [3] is
much inferior. The high damping in cement-graphite is
attributed to the accordion microstructure in the graphite
network (Fig. 1) and the stiffness of the encasing cement.
The cement-graphite composite is effective as a
cementitious damping admixture in concrete. Fig. 2 shows the
polished surface of cement containing the damping admixture
(62 vol.%) and silica fume (15% by mass of cement) at 3 days
of curing. The bright regions are the graphite network in a part
of a piece of the damping admixture; the dark regions are

Fig. 1 SEM photograph of the fracture surface of the cementgraphite damping admixture, showing an accordion-structured
ligament of the graphite network (bright region).

Conclusions
By using halloysite nanotube and exfoliated graphite as
interlaminar fillers in a crossply carbon fiber epoxy-matrix
composite, this work has achieved 350% increase in the
flexural loss modulus (which reaches 3.3 GPa). The halloysite
nanotube is primarily for increasing the storage modulus,
while the exfoliated graphite is primarily for increasing the
loss tangent. By using exfoliated graphite in cement to form a
graphite network with an accordion microstructure in the
network ligaments, this work has provided an ultrahigh
damping cement-based material (loss modulus 7.5 GPa) that
can be used as a damping admixture in concrete.
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