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absorbing capability. However, the conventional techniques often present a technical
challenge to accurately measure the IFSS between fillers and matrix in the composites.
This is more apparent in graphene particulate composites due to their nano-scale
dimensions as well as the platelet-shaped geometry. Here, the focus of this study is to
use a semi-empirical approach to determine the IFSS of graphene particulate composites
by combining experiments with finite element (FE) modeling. The materials of interest
are reduced graphene oxide (RGO) and polycarbonate (PC). The tensile testing was
performed to characterize the mechanical properties, while simultaneously monitoring
the acoustic emission events in order to measure the global debonding stress (GDS) in
the composites. By coupling thermal stress analysis and deformation analysis with the
GDS as input to a FE model, the IFSS of the RGO particulate PC composites was successfully
estimated by about 136 MPa, avoiding unnecessary assumptions and uncertainties which
are seem to be inevitable with the conventional techniques for the IFSS measurement.
 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

Very recently graphene based polymer composites have been
extensively studied in order to improve electrical and
mechanical properties of a polymer. The extraordinary
electrical and mechanical properties of the graphene along
with their high specific surface area suggest the use of them
* Corresponding author.
E-mail address: suhr@skku.edu (J. Suhr).
http://dx.doi.org/10.1016/j.carbon.2014.05.042
0008-6223/ 2014 Elsevier Ltd. All rights reserved.

in a variety of engineering applications [1–3]. However, the
synthesis of pristine graphene is quite expensive and
involved in complicated processing, which yet leads to small
yield. Attention has been paid to reduced graphene oxide
(RGO) that has a very similar structure but higher electrical
conductivity when compared to graphene oxide (GO). The
RGO can be readily produced in bulk quantity via a chemical
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and thermal reduction treatment from the GO, which can be
synthesized by mechanical cleavage and liquid phase exfoliation of the bulk graphite [2–4]. Therefore, in addition to the
electrical conductivity, the RGO has been studied for the use
as reinforcement in a polymer composite for improving
mechanical properties including Young’s modulus, tensile
strength, and toughness over neat polymer [4–7].
It is well-known that the mechanical properties of
particulate polymer composites are dominated mainly by dispersion, alignment, and interfacial properties of the particles.
In particular, the interfacial properties between particles and
matrix are known to be critically important in determining
the mechanical properties of the composites. For instance,
debonding at the interface between the particle and the
matrix is directly related to load transfer efficiency and
energy absorbing capability in the particulate composites
[8,9]. A number of literatures on the studies of the improvement in the mechanical properties of graphene or carbon
nanotubes based nanocomposites are available. Plateletshaped RGO particles have higher specific surface area when
compared to carbon nanotubes at the equivalent volume fractions [10]. Based on geometry calculation, platelet-shaped
RGO is shown to have almost up to twice greater surface area
over single-walled carbon nanotubes (SWCNT). The higher
specific surface area allows for more chance for physical
interactions and adhesions between the particle and the
matrix [6]. As a result, the RGO platelet could be used to more
efficiently tailor the ultimate mechanical properties of the
composites over the SWCNT or multi-walled carbon nanotubes (MWCNT) based composites. For the RGO particulate
composites, it will be important to determine the debonding
stress at the interface between RGO platelet and matrix in
analysis and design of such particulate nanocomposites. It
is not unusual that for a particulate composite, the debonding
occurs when the maximum interfacial shear stress in the
vicinity of the particle reaches the interfacial shear strength
(IFSS). The corresponding stress value, IFSS, is considered
to be local debonding stress (LDS) in such a particulate
composite [11].
Considerable effort has been made to directly and
indirectly measure the IFSS of particulate composites. There
are a couple of conventional techniques such as microindentation, microdroplet, and fragmentation methods for the
direct determination of the IFSS between particle and matrix.
However, the reported IFSS values in the MWCNT reinforced
composites present a pretty wide range from 3.5 to 380 MPa
[12–15]. Gong et al. [16] and Young et al. [17] observed the
stress-induced Raman band shift of the monolayer graphene
composites to indirectly measure the IFSS of graphene and
they found the value is to be 2 MPa. In contrast, computational modeling using molecular dynamics (MD) simulations
has been used to calculate the interfacial properties of the
graphene in polymer composite and the predicted IFSS values
are in the range 100–140 MPa [18,19]. The literature survey
indicates that although the composites have similar materials
for the constituents, the IFSS values are shown to have a large
scatter, however. In addition to the technical difficulties in the
measurement, the dependence of the IFSS values on each
specific experiment configuration along with uncertainties
and/or assumptions would be attributed to the inevitably
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significant scatter. This will be particularly true in determining the IFSS in platelet-shaped graphene based particulate
composites due to their geometry as well as the nano-scale
dimensions.
In order to address the aforementioned issue, this study
employs a semi-empirical approach to effectively and accurately determine the IFSS of graphene particulate polymer
composites. The materials of interest in this study are
reduced graphene oxide (RGO) and polycarbonate (PC) as
nano-scale fillers and matrix, respectively. The RGO platelets
were synthesized via a thermal reduction treatment, and the
RGO particulate PC composites were fabricated by using a
solution mixing technique. The tensile testing was performed
to characterize the mechanical properties of the composites,
simultaneously monitoring the acoustic emission (AE) events
in order to measure the averaged debonding stress, which can
be defined as the global debonding stress (GDS) of the composites. Thermal stress finite element (FE) analysis was first
performed for taking into account the thermal residual stress
in the vicinity of the RGO particle in the composite, which
was then coupled by deformation analysis with the GDS as
input to a micromechanics based FE model of representative
volume element (RVE). This study demonstrates that the IFSS
of the platelet-shaped RGO particulate PC composites was
successfully estimated by about 136 MPa via the semiempirical approach. Encouragingly, others also reported
similar results with the molecular dynamic simulation on
the IFSS in between graphene and a polymer.

2.

Experimental

2.1.

Synthesis of reduced graphene oxide

GO sheets were prepared by a modified Hummers’ method
using worm-like graphite as the source according to our previous work [20,21]. Natural graphite flakes were mixed with
hydrogen peroxide and concentrated sulfuric acid, stirred,
washed, and dried. The resultant graphite intercalation compounds were fast heated at 900 C for 10 s to gain the
expanded worm-like graphite flakes. Then the worm-like
graphite flakes were transformed into GO flakes by the modified Hummers’ method using concentrated sulfuric acid,
potassium permanganate and sodium nitrite according to
an established method [22,23]. Afterwards, the as-prepared
GO sheets were thermally reduced at 300 C for 30 min in an
Ar atmosphere and finally the RGO flakes were obtained.

2.2.

Fabrication of particulate composites

In order to maintain the good dispersion quality and isolate
the effect of the RGO loading fraction, the RGO weight
fractions of only up to 0.5% were selected in this study. In
addition, to achieve more uniform distribution of the RGO
platelets in the PC matrix, a solution mixing method was
employed. First, the RGO platelets and PC granules (Goodfellow Corporation) were dehumidified in a vacuum oven
(Isotemp Vacuum Oven Model 281A) at 90 C for 12 h. The
dehumidified RGO platelets and PC granules were dispersed
and dissolved separately using a probe sonicator (Misonix
Ultrasonic Liquid Processor) in tetrahydrofuran (THF) solvent.

392

CARBON

7 7 ( 2 0 1 4 ) 3 9 0 –3 9 7

stress [26]. The experiment setup for the combined tensile
and AE testing is seen in Fig. 1.

3.

Tensile Sample:
RGO/PC Composite

AE Sensor & Line

Fig. 1 – Photographic image of the test setup for combined
tensile and acoustic emission testing. (A colour version of
this figure can be viewed online.)

The two solutions were mixed with the desirable weight fractions of the RGO platelet (0.15, 0.25, 0.35 and 0.50 wt%). The
mixtures were sonicated again to get uniformed dispersion
in the solution and then poured into methanol solvent to
obtain the precipitated RGO/PC composite materials. In order
to obtain the RGO/PC composite powder, the precipitate was
filtered using a filtration pump (KNF Neuberger, Inc.) and
dried out to remove any remaining solvent at 90 C for 24 h
in a vacuum oven. The dog-bone shaped tensile specimens
were fabricated using a compressive mold, which was preheated at 180 C. The dimensions of the tensile specimens
are 3.2 mm in width, 0.8 mm in thickness, and 63.5 mm in
length (ASTMD 638 Type V). Fig. 3d shows the scanning electron microscope (SEM) image (Jeol JSM-7400F) of the sonicated
RGO platelets in THF solvent prior to adding into the matrix
material. More details on the composite fabrication process
can be found elsewhere [24,25].

2.3.

Tensile test and acoustic emission test

The tensile testing for all composite samples (neat, 0.15, 0.25,
0.35, and 0.50 wt%) was conducted by using ElectroPlus E3000
(Instron Corporation) for characterizing the Young’s modulus,
the tensile strength and the toughness. A crosshead speed of
10 mm/min according to ASTM D638, and a 3 kN load cell
were chosen for the characterization. During the tensile
testing, the AE signals were monitored in order to identify
the debonding failure mode in the composites. The AE acquisition system was set up in a single sensor mode with a transducer (Physical Acoustics Corporation) and the signals were
counted in a time interval of 0.01 s with respect to the applied

Finite element modeling

A FE model of RVE for the RGO particulate PC composites was
developed in order to estimate local debonding stress
between RGO platelets and PC matrix (Supplementary Data:
S1). The detailed physical properties for the FE model of RVE
are listed in the Table 1 [27,28]. For more accurate prediction,
the effective Young’s modulus of the RGO platelet was calculated by around 305 GPa for the FE analysis (Supplementary
Data: S2). The developed FE model of RVE was seen in Fig. 2
showing the FE meshes, loading, and boundary conditions.
An 8 node three dimensional linear brick element (C3D8R)
of commercial software ABAQUS 6.11 was used for the both
RGO platelet and PC matrix modeling. In this study, we
created a half FE model with the z-axis symmetric boundary
condition (z = 0 plane) taking advantage of the geometric
symmetry. In addition, the left surface of the FE model (x = 0
plane) was fixed against movement along the X direction
and the displacement constraints for the RVE boundary were
imposed on the other three surfaces.

4.

Results and discussion

4.1.

Morphology and characterization of RGO

Fig. 3a shows the SEM characterization of the synthesized
RGO flakes, which reveals that the as-prepared GO flakes have
the lateral size of several hundred nanometers to several
micrometers. For the GO flakes, a large amount of oxygencontaining functional groups were decorated on the basal
planes and the edges as shown in Fig. 3b. The oxygen percentage within the as-prepared GO flakes was found to be about
32.5%. After thermal reduction treatment at 300 C for
30 min, the GO sheets were transformed to the RGO flakes
and most of the oxygen-containing functional groups were
removed from the GO sheet as seen in the XPS analysis
results (Fig. 3c). According to the XPS results, the oxygen
percentage on the GO sheets was reduced down to about
15.5%, which is an indicative of an efficient reduction of the
GO sheets via the thermal treatment.

4.2.

Tensile properties of RGO polymer composites

RGO particulate PC composites were fabricated by using a
solution mixing technique and then tensile testing was
performed to characterize the tensile properties of the composites. The tensile properties such as the Young’s modulus
and tensile strength are compared by varying the RGO loading

Table 1 – Geometrical information and physical properties of the RVE model for 0.5 wt% RGO particulate PC composites.

RGO
PC

Young’s modulus
(GPa)

Tensile strength
(MPa)

Poisson ratio

Density
(g/cm 3)

Thermal expansion
(10 6/K)

Width & length
(lm)

Thickness
(lm)

305
1.80

>120
66

0.17
0.37

1.80
1.20

2
68.4

30
37.777

0.2
37.777
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fractions. Interestingly, the tensile strength at each the RGO
loading fraction was found to be more or less the same value
of the neat PC, indicating no enhancement in tensile strength
of the polymer (Fig. 4b). Also, note that the tensile toughness
behavior of the composites was shown to be similar to the
tensile strength behavior (not seen in this paper).
Statistical analyses on the tensile data were further
conducted by the use of liner curve fitting in conjunction with
analysis of variance (ANOVA) test. The statistical analysis
results are summarized in Table S1 (Supplementary Data:
S3), and seen in Fig. 4c and d. The results can confirm that
the Young’s modulus behavior of the RGO particulate composites exhibits a moderate increase with the increase in
the RGO loading fractions (Fig. 4c), while no significant difference in the tensile strength is found over the loading fractions
investigated in this study (Fig. 4d). It is noted that these
results seem to be consistent with the others [7,29,30].
Fig. 2 – A half finite element (FE) model of representative
volume element (RVE) for the RGO reinforced PC composite
showing fine mesh on RGO and the loading and boundary
conditions. (A colour version of this figure can be viewed
online.)

fractions (0.15, 0.25, 0.35, and 0.50 wt%) as seen in Fig. 4a and
b. It was seen in Fig. 4a that the greatest improvement in the
Young’s modulus for the RGO composites was measured by
only 10% enhancement over the neat PC. It can be expected
that the reinforcement effect might be insignificant in the
composites with the addition of such low RGO loading

Debonding stress of RGO polymer composites

It is necessary to experimentally measure the GDS of the RGO
composites to be used as input to the FE model for estimation
of the LDS between the RGO platelet and the PC, which is discussed later. The AE test was simultaneously performed during the tensile testing in order to detect the identify failures
including matrix breaks and particle debonding in the particulate composites. By monitoring the maximum number of the
AE events and then taking the corresponding tensile stress
value, the GDS of the RGO particulate composites was

GO
C-C
C-OH
C-O (epoxy/ether)
C=O
O=C-OH

(b)
Intensity (a. u.)

(a)

4.3.

1 m

280

282

284

286

288

290

292

Binding energy (eV)

(c)
Intensity (a. u.)

rGO
C-C
C-OH
C-O (epoxy/ether)
C=O
O=C-OH

280

282

284

286

288

290

(d)

292

Binding energy (eV)

Fig. 3 – Characterization of reduced graphene oxide. (a) SEM image of the as-prepared RGO flakes, (b) XPS analysis of the GO
sheets, (c) XPS analysis of the RGO flakes, and (d) SEM image of the RGO platelets after sonication. (A colour version of this
figure can be viewed online.)
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2
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3
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45
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4
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Fig. 4 – Characterization of tensile properties of neat PC and RGO particulate PC composites. (a) Young’s modulus of neat PC
and RGO/PC composites, (b) tensile strength of neat PC and RGO/PC composites, (c) statistical analysis on the Young’s
modulus (a linear dependence with respect to the loading fraction is seen), and (d) statistical analysis on the tensile strength
(no dependence between tensile strength and loading fractions). (A colour version of this figure can be viewed online.)
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Fig. 5 – Stress–strain curves and the corresponding number of acoustic emission (AE) events. (a) Neat PC composite and (b)
0.5 wt% RGO particulate PC composite. (A colour version of this figure can be viewed online.)

analyzed and determined [31]. Fig. 5a and b show the
stress–strain curves and the corresponding AE events of a representative sample of neat PC and 0.5 wt% of RGO reinforced
PC composites, respectively. According to the AE test results
(Fig. 5), the 0.5 wt% RGO composite showed a normal distribution and the maximum number of the events were around 250
at the stress level of about 48.7 MPa (Fig. 5b), which would be
the GDS in the composite. In contrast, whereas far less number of the AE events were recorded for the neat PC over the
corresponding stress level. As expected, the more AE events
are counted from the RGO particulate composites over the
neat PC. This is because while the RGO composites would

generate the AE events from not only the matrix failures
but also the debonding between the RGO and the PC matrix
when compared to the neat PC which will have only matrix
material failures during tensile testing. It is seen in Fig. 6a
that the GDS values were measured by from 49.4 to
54.3 MPa over the four different RGO loading fractions (5 test
samples for each loading fraction: 0.15, 0.25, 0.35, and
0.50 wt%). However, the statistical analysis indicates that
there is no significant difference between the obtained GDS
values (Fig. 6b). For the consequence and convenience, we
take the averaged value of 51.6 MPa as the GDS in the RGO
particulate PC composites.
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Fig. 6 – (a) Global debonding stress of RGO particulate PC composites and (b) statistical analysis on the debonding stress data
with respect to the RGO loading fractions. (A colour version of this figure can be viewed online.)

Fig. 7 – Estimated interfacial shear stress values along the square RGO platelet (30 lm · 30 lm) in the particulate polymer
composites. (A colour version of this figure can be viewed online.)

4.4.

Interfacial shear strength of RGO polymer composites

Prior to the deformation analysis, thermal stress analysis
was performed to account for the thermal residual stress
that is developed in the vicinity of the RGO platelet during
the composite manufacturing process before application of
any external loads. Given that sufficiently accurate estimation of the IFSS (or LDS) of the composites is essential in
this study, the thermal stress analysis was first conducted
to simulate the annealing process during the composite
fabrication by imposing the temperature change from
180 C to room temperature. Afterwards, the structural
stress analysis was coupled by applying the uniaxial load
described above; where the imposed stress was equal to
the experimentally measured GDS (51.6 MPa) in the earlier
testing. By superimposing the thermal residual stress into
the structural stress at the interface between the RGO and
the matrix of the FE model, the more accurate IFSS (or
LDS) of the RGO composites is able to be estimated. The

calculated structural shear stress distribution contour along
the RGO platelet, which results from the coupled thermal
residual stress and deformation analysis, is seen in Fig. S2
(Supplementary Data: S4).
Fig. 7 shows the calculated interfacial shear stress values along with the RGO platelet in the RVE FE model
(Fig. 7). According to the FE results, the maximum shear
stress was found at the each edge of the RGO platelet,
which can be readily expected from the Cox-based shear
lag model [32]. As aforementioned, the maximum shear
stress in the vicinity of the particle is assumed to be the
LDS, which will be then equal to the IFSS of the RGO
platelet in the particulate composites. In this way, the IFSS
was successfully evaluated by around 136 MPa via the
semi-empirical approach taken in this study. Similar
results on the IFSS ranging from 106 to 141 MPa between
three layer graphene sheets and vinyl ester matrix were
reported by others based on MD simulation, which is
encouraging [19].

396

5.

CARBON

7 7 ( 2 0 1 4 ) 3 9 0 –3 9 7

Conclusion

In this study, a semi-empirical approach was successfully
demonstrated by combining experiments and FE modeling,
which allows for the determination of the IFSS of RGO platelet
in the RGO particulate polycarbonate composites. The RGO
particulate composites were fabricated via a solution mixing
method and their tensile properties were characterized by
varying the RGO loading fraction. The AE events were simultaneously monitored during the tensile testing. It was experimentally observed that the Young’s modulus of the
composites was slightly increased as the RGO loading fraction
increases up to 0.5 wt%. In addition, from the coupled tensile
test and AE technique, the GDS of the RGO composites was
measured in order to be used as input to the FE model of
RVE for the particulate composites. After that, the coupled
FE analysis was conducted by accounting for the thermal
residual stress and structural stress. By the use of the semiempirical approach, the IFSS between the RGO platelet and
the PC in the nanocomposites was evaluated and estimated
by about 136 MPa. This allows for avoiding unnecessary
assumptions and uncertainties, which seem to be inevitable
with the conventional techniques for the IFSS measurement.
To the best of our knowledge, this is the first experimental
study to determine the IFSS between graphene based fillers
and polymer matrix in nanocomposites. We believe that this
is an important contribution for better understanding and
designing on the composites particularly with nano-scale
reinforcements such as graphene or carbon nanotubes for
various engineering structural applications.
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