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Elastic anisotropy and acoustic attenuation in bulk material consisting of consolidated graphene nanoplatelets
are studied. The material was prepared by spark plasma sintering, and exhibits highly anisotropic microstruc-
ture with the graphene nanoplatelets oriented perpendicular to the spark plasma sintering compression axis.
The complete tensor of elastic constants is obtained using a combination of two ultrasonic methods: the through-
transmission method and the resonant ultrasound spectroscopy. It is shown that the examined material exhibits
very strong anisotropy both in the elasticity (the Young moduli in directions parallel to the graphene nanoplatelets
and perpendicular to them di�er by more than 20 times) and in the attenuation, where the dissipative e�ect of
the internal friction in the graphene nanoplatelets combines with strong scattering losses due to the porosity. The
results are compared with those obtained for ceramic-matrix/graphene nanoplatelet composites by the same ultra-
sonic methods.
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1. Introduction

Graphene exhibits unique mechanical properties, such
as superior tensile strength [1] and extremely high in-
plane elastic modulus [2]. In order to utilize these prop-
erties for enhancement of the mechanical performance of
ceramics, graphene nanoparticles (such as nanotubes and
nanoplatelets) are often used as �llers for ceramic matrix
composites (CMCs) [3�5]. Various CMCs with highly
oriented graphene-based �laments were prepared by the
spark plasma sintering (SPS) technique [6�8]. These
composite materials exhibit, besides the expected im-
proved fracture toughness, also signi�cant anisotropies
in electric conductivity [6], thermal conductivity [7, 9],
elastic sti�ness and internal friction [10]. Recently, Nieto
et al. [11] reported on a bulk material consisting purely
of the graphene nanoplatelets (GNPs) consolidated to-
gether by the SPS. This material was shown to exhibit
unique tribological properties, utilizing the lubricating ef-
fect of graphene. However, the highly porous anisotropic
microstructure of this material can be expected also to in-
duce extremely strong anisotropy of elastic and acoustic
properties. Such an analysis is carried out in this paper,
with the main aim to show the relation between the ori-
entation of the GNPs and the macroscopic elasticity and
elastodynamics of the bulk material.
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2. Material and samples

The examined material was a bulk aggregate of GNPs
consolidated by SPS. A detailed description of the syn-
thesis and properties of this material can be found else-
where [11], here we bring only a brief summary: GNPs
(XG Sciences, US) with thickness of 6 to 8 nm (≈20 lay-
ers of graphene) and average diameter of 15 µm were
consolidated by SPS at 1850 ◦C with pressure 80 MPa
for holding time of 10 min. The obtained bulk pellet had
the thickness of 3 mm and diameter of 20 mm. The mass
density of bulk GNPs was measured as 2.11 g/cm3 which
is signi�cantly higher than the density 1.82 g/cm3 of the
original GNP powder.
After SPS consolidation, GNPs were uniformly ori-

ented with their preferred plane perpendicular to the
thickness of the sample, as seen in Fig. 1. The Ra-
man spectroscopy (see [11] for more details) proved that
individual GNPs retained their graphene content after
SPS consolidation and did not transform to any other
allotrope of carbon. Some of the individual GNPs were
not strictly straight, but they were bent and folded at
some places resulting from high applied pressure during
SPS processing.
At the macroscale, the material shown in Fig. 1 can be

expected to exhibit transversal isotropy, i.e. rotational
symmetry about the SPS compression axis, as usual for
SPSed composites with spatially anisotropic arrangement
of the individual constituents [10].
The anisotropic elasticity of such a material is describ-

able by �ve independent elastic coe�cients: c11, c12, c13,
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Fig. 1. Scanning electron micrograph of a fracture sur-
face of the examined material. The vertical axis is par-
allel to the SPS pressing direction, the layered structure
outlines the orientation of the GNPs.

c33 and c44 for the coordinate system oriented such that
the axis x3 is perpendicular to the GNPs. However, in
this case it is more illustrative to use c66 = (c11 − c12)/2
as one of the independent coe�cient instead of c12, as c66
represents the shear modulus for shearing perpendicular
to the platelets, and can be, thus, directly compared to
the shear modulus along the platelets c44.
From the SPS pellet, samples for the ultrasonic char-

acterization were cut out. Two sets of rectangular
parallelepiped-like samples were prepared: The �rst set
(4 samples) had the largest faces of the samples parallel
to preferred orientation of the GNPs and varying thick-
nesses (0.52, 0.82, 0.88 and 1.07 mm) in direction per-
pendicular to this largest face. The second set (3 sam-
ples, thicknesses 0.72, 0.88 and 1.25 mm) had the largest
faces perpendicular to the GNPs preferred plane. These
samples were used for the through-transmission method
measurements [12]. Hereafter, the samples from these

two sets will be denoted as T
‖
1−4 and T⊥1−3, respectively,

where the symbol in the superscript denotes the orien-
tation of the sample with respect to the GNPs and the
number in the subscript is the number of the sample.
Additionally, two samples in forms of thin rectangular
plates were prepared for the resonant ultrasound spec-
troscopy (RUS, [13, 14]) measurements. One of these
plates (thickness 0.21 mm, lateral dimensions 2.27 mm
Ö3.40 mm) was oriented parallel to the preferential ori-
entation of the GNPs, the second one (thickness 0.40 mm,
lateral dimensions 1.87 mm Ö2.81 mm) was oriented per-
pendicularly to this plane. These samples will be denoted
as RUS‖ and RUS⊥, respectively.

3. Experimental

Two ultrasonic methods were applied to the prepared
samples. Firstly, the velocities of longitudinal and trans-
verse elastic waves traveling in directions perpendicular

and parallel to the GNPs, were obtained by through-

transmission measurements on sets T
‖
1−4 and T⊥1−3. For

the set T⊥1−3 (i.e. for the propagation along the GNPs)
shear waves polarized both along the GNPs and perpen-

dicular to them were detected; for the set T
‖
1−4 (i.e. prop-

agation in direction perpendicular to GNPs), no such dis-
tinguishing between the polarization directions was nec-
essary, since all possible polarization directions of the
shear waves propagation along the x3 axis are equivalent
due to the transversal isotropy.
Then, the vibrational spectra of free elastic vibra-

tions of samples RUS‖ and RUS⊥ were recorded using
the contact-less RUS setup described in details in [14].
As shown for example in [15], the through-transmission
method and the RUS are complementary to each other,
since the through-transmission method is highly sensi-
tive to the hard (mostly longitudinal) elastic coe�cients,
while the RUS measurements are suitable mainly for
the determination of the softest (mostly shear) elastic
coe�cients.
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Fig. 2. Experimental data processing examples for
transmission through measurements on the samples be-
longing to the set T⊥1−3: (a) shear waves polarized
along the GNPs; (b) shear waves polarized parallel to
the GNPs.

For the through-transmission measurements, ultra-
sonic transducers with various nominal frequencies were
used, in order to analyze the possible frequency depen-
dence. For the longitudinal wave measurements, trans-
ducers at 5 MHz and 10 MHz were used, and for the
shear (transversal) measurements, transducers at 2 MHz
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and 5 MHz were used. In addition to the velocities of the
acoustic waves, the through-transmission measurements
enabled also the determination of the acoustic attenua-
tion coe�cients α for the individual propagation modes.
For each set of the samples, this coe�cient was deter-
mined from the amplitudes A of the transmitted signals
by assuming [12]:

A = A0 exp(−αd) (1)

where A0 is a constant and d is the traveling distance.
Figure 2 shows an example of through-transmission mea-
surement results for determination of the velocity (from
the times-of-�ight of the waves through the samples) and
of the attenuation coe�cient (from the amplitudes; the
experimental error in α was then determined from the
goodness-of-�t of the A(d) data by relation (1)).
The RUS spectra for the samples were recorded in the

frequency range 50�500 kHz. Due to the high damping,
only a very limited number of resonant peaks was de-
tectable for each sample. In particular, for sample RUS⊥,
7 resonant peaks were detected, and for sample RUS‖, 8
resonant peaks were detected. For each detected resonant
peak, also the corresponding modal shape of vibrations
was determined by a scanning laser vibrometer.

4. Results and discussion

The results of the through-transmission method (the
velocities of the propagation and the corresponding at-
tenuation coe�cients) for both sets of samples are listed
in Tables I and II. It is clearly seen that the velocity of
both the longitudinal and the shear waves exhibits strong
anisotropy, and so does the attenuation coe�cient. Sys-
tematically, the velocities of propagation for all modes
and at all frequencies in directions along the GNPs are
signi�cantly higher than the corresponding velocities in
directions perpendicular to the GNPs.
Only the longitudinal waves appear to be frequency-

dependent; especially the velocity of propagation along
the GNPs and the corresponding attenuation coe�cient
di�er signi�cantly for 10 MHz and for 5 MHz. This
indicates that there is some wave-guiding e�ect of the
platelets occurring in the material.
Another interesting phenomenon appears for the shear

waves. From assuming the transversal isotropy, the ve-
locity of the shear waves propagating along the x3 di-
rection (and polarized along the x1x2 plane) should be
exactly the same as the velocity of the shear waves prop-
agating along the x1 direction and polarized along the
x3 direction. Similar equality should be valid also be-
tween the attenuation coe�cients, providing that the vis-
coelasticity of the material exhibits the same symmetry
class as the elasticity. However, as seen in Table II, the
waves propagating perpendicularly to GNPs (i.e. along
the x3 direction) and polarized along them are signi�-
cantly slower and more attenuated than those propagat-
ing along GNPs and polarized perpendicular to them.
This discrepancy can be easily explained by the fact that
the attenuation of the waves propagation perpendicular

TABLE I

Results of longitudinal wave through-transmission mea-
surements: velocities v and attenuation coe�cients α.

Frequency Direction v [mm/µs] α [mm−1]
5 MHz ‖ GNPs 5.6±0.1 0.9±0.3
10 MHz ‖ GNPs 4.7±0.2 1.4±0.3
5 MHz ⊥ GNPs 1.3±0.1 2.9±0.7
10 MHz ⊥ GNPs 1.2±0.1 5.2±1.0

TABLE II

Results of shear wave through-transmission measure-
ments: velocities v and attenuation coe�cients α for dif-
ferent polarization orientations.

Freq. Direct. Polariz. v [mm/µs] α[mm−1]
2 MHz ⊥ GNPs ‖ GNPs 0.68±0.03 2.1±0.5
5 MHz ⊥ GNPs ‖ GNPs 0.68±0.02 2.0±0.5
2 MHz ‖ GNPs ⊥ GNPs 0.73±0.03 0.7±0.2
5 MHz ‖ GNPs ⊥ GNPs 0.77±0.03 1.1±0.3
2 MHz ‖ GNPs ‖ GNPs 2.8±0.2 1.2±0.5
5 MHz ‖ GNPs ‖ GNPs 2.9±0.2 1.3±0.5

to the GNPs is given not only by the viscoelasticity of the
material but also by scattering of the waves on �at pores
and imperfect bondings between the platelets. This scat-
tering e�ectively increases the attenuation and decreases
the measured velocity of propagation [16]. The observed
large di�erence in both the velocities and the attenua-
tion coe�cients indicates that the e�ect of scattering is
very strong; such pronounced anisotropic scattering is
expectable with respect to the layered structure of the
material.

The outputs of the both experimental methods (i.e.
the velocities of longitudinal and shear waves in the given
directions and the resonant frequencies of the RUS sam-
ples) were recalculated into the elastic coe�cients by us-
ing a joint inverse procedure described in [17]. This pro-
cedure �nds such a set of elastic constants that the mis�t
between the input parameters (i.e. the experimentally
obtained velocities and the resonant frequencies) and the
values of these parameters calculated for the this set of
elastic constants is minimal in the least squares sense.
For this procedure, the velocity data obtained at lower
frequencies (5 MHz for the longitudinal waves and 2 MHz
for the shear waves) were used.

The resulting elastic constants were c11 = (66.17 ±
2.34) GPa, c13 = (9.14 ± 1.29) GPa, c33 = (3.57 ±
0.51) GPa, c44 = (1.15 ± 0.05) GPa, and c66 = (17.76 ±
1.71) GPa, where the errors were calculated by a sen-
sitivity analysis described in [14]. This set of elastic
constants con�rms the strong anisotropy deduced from
the through-transmission measurements: the longitudi-
nal sti�ness along the platelets (c11) is signi�cantly sti�er
than perpendicular to them (c33); similar di�erence can
be seen between the shear sti�ness along the platelets
(c44) and perpendicular to them (c66). In Fig. 3, these
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Fig. 3. Directional dependence of the Young modulus
in the x1x3 plane.

elastic constants are visualized by a plot of the direc-
tional dependence of the Young modulus in the x1x3
plane. It can be seen that the Young modulus is the high-
est in the transversely isotropic plane (E1 = 38.66 GPa)
and the smallest in direction perpendicular to this plane
(E3 = 1.55 GPa). However, the Young moduli both in
the in-plane and out-of-plane directions are incompara-
bly smaller than those of graphite (E1 = 1.03 TPa and
E3 = 36.1 GPa [18]), probably because of the porosity
and the micromechanics of the GNPs in the studied ma-
terial similar to the one suggested for GNPs embedded in
a ceramic matrix in [10]. Nieto et al. [11] reported on the
Young moduli of the bulk GNPs measured by nanoinden-
tation with signi�cantly di�erent results (E3 = 8.7 GPa
and E1 exhibiting a bi-modal distribution with the val-
ues E1 = 10.3 GPa and E1 = 15.2 GPa). This indicates
that the elasticity of the GNP bulk material is strongly
amplitude-dependent. The elastic moduli determined by
the ultrasonic measurements (amplitudes ε ≈ 10−6) cor-
respond to purely elastic straining of the GNPs, including
reversible sliding of the platelets, while for much larger
strains the material is subjected to under the indenter,
the measured elasticity corresponds probably also to fold-
ing of the platelets, pore closing and irreversible sliding.
As a result, the elasticity determined by nanoindentation
is much less anisotropic, since the highly oriented spatial
arrangement of the GNPs deteriorates under the large
loads induced by the indenter.

The resulting set of elastic coe�cients cij can be possi-
bly also used for rough estimates of the anisotropic elas-
ticity of the CMC including some given amount GNPs
by means of some rule of mixtures. For example, for the
silicon nitride/GNP composite reported in [10], the Hill
averaging method (using E =324 GPa for pure silicon
nitride and the above obtained results E1 = 38.66 GPa
and E3 = 1.55 GPa for GNPs) gives E1 = 273 GPa
and E3 = 168 GPa. However, the experimental results
E1 = 308 GPa and E3 = 240 GPa for this CMC [10] are

signi�cantly higher. This di�erence may indicate either
that the GNPs embedded in ceramic matrices are better
anchored than those in the examined material, or that
the elasticity of the bulk GNPs is still signi�cantly soft-
ened by porosity and weak interconnections between the
individual platelets.

5. Conclusions

The ultrasonic measurements reported in this paper
show that the bulk GNP material under study is highly
anisotropic in acoustic properties such as speed of ul-
trasonic longitudinal and transverse waves and their
attenuation.
The corresponding elastic coe�cients are signi�-

cantly more anisotropic than those obtained previ-
ously by nanoindentation, but simultaneously much less
anisotropic that the elastic constants of graphite.
From the attenuation measurements, it is obvious that

the elastic waves propagation in this material is damped
at least by two di�erent mechanisms: viscous energy dis-
sipation probably due to mutual sliding of the GNPs
(cf. [10]) and scattering of the waves on the layered
porous structure. The attenuation coe�cients obtained
especially for the wave propagation perpendicular to the
GNPs are very high, which suggest the possible applica-
tion of the bulk GNPs as acoustic shock absorbers or as
components of materials for acoustic energy redirection
or cloaking.
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