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A B S T R A C T   

This work consists of the synthesis of high purity graphene nanoflakes (GNF), the manufacturing of GNF-epoxy 
nanocomposites and the mechanical characterization of the nanocomposite at high and quasi static strain rates, 
(2750/s - 1.E� 5/s). GNF were synthesized by using the electric arc discharge technique. Thermogravimetry/ 
Differential Thermal Analysis (TG/DTA) of synthesized graphene reveals high purity and high crystallinity. 
Raman spectra and the broad Brunauer-Emmet-Teller (BET) specific surface area indicate that the synthesized 
graphene has several layers. Following the solution mixing manufacturing process of GNF-epoxy nano
composites, the influences of strain rate on the mechanical behaviors are investigated under quasi static and 
dynamic loadings. High strain rate uniaxial compression tests (1270–2750/s) using Split Hopkinson Pressure Bar 
(SHPB) and quasi static compression tests (1.E� 3 and 1.E� 5/s) of GNF-epoxy with two graphene contents (0.1 
and 0.5 wt %) are performed at room temperature. The maximum elasticity modulus achieved by the GNF-epoxy 
with 0.5 wt% at the strain rate of 2350/s corresponds to a 68% increase compared to the neat epoxy. The yield 
strength of the material is doubled under dynamic loading conditions compared to the quasi static loading.   

1. Introduction 

High strain rate deformations of the materials are observed in a va
riety of applications such as crash of vehicles, bullet proof armors and 
impact of the structures. On the other hand, forming processes like 
extrusion and rolling can also result in high strain rate deformation. In 
the design and analysis of the structural components which are under 
the effect of dynamic loading, the high strain rate data are required for 
safety and structural integrity. A deep understanding about the effect of 
strain rate on the material properties is crucial in the design and safe in- 
service performance of polymeric structural components. 

Polymers and composites exhibit rate dependent behavior even at 
room temperature. Strain rate has been known to affect the mechanical 
behavior of polymers quite significantly. Their behavior in quasi static 
and dynamic loading rates are quite different. Low strain rate tests are 
referred to as isothermal since the heat generated during plastic defor
mation is dissipated before any significant temperature increase is 
observed in the material. At the strain rates of 10/s or greater, the heat 
generated due to plastic deformation does not have time to dissipate and 
results in a temperature increase; these tests are referred to as adiabatic 

tests. Adiabatic heating can result in strain localization and may also 
bring about some microstructural changes [1,2]. 

In order to provide the industrial applications of graphene, it is 
necessary to shorten the manufacturing process, to produce the gra
phene with a large scale and high purity and to characterize the gra
phene reinforced nanocomposites at different loading conditions. 
Graphene can be obtained by many different production methods. These 
are; electrochemical exfoliation, solvent based exfoliation, reduction of 
graphene oxide, chemical vapor deposition and electric arc discharge 
methods [3–7]. Some of these methods contain intensive chemical 
processes. This situation causes defects in the structure and decreases 
the rate of crystallization. Compared to the other methods, graphene 
obtained by electric arc discharge method has many advantages such as 
low cost production, high efficiency and synthesis opportunity without 
any catalysis usage [6,8]. In this work, high purity several-layer gra
phene is produced by using electric arc discharge method and the so
lution mixing method was used for the preparation of GNF-epoxy 
nanocomposites. 

Recent researches on the graphene-epoxy nanocomposites have 
focused on fabrication and characterization at quasi-static loadings 
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[9–11]. In the literature, high strain rate behavior of graphene-epoxy 
nanocomposites are not investigated. Most of the works about high 
strain rate are about epoxy based nanocomposites with different re
inforcements such as clay and silica [12–15], but not graphene. Guru
sideswar et al. [12] investigated the effect of medium strain rate on the 
tensile behavior of epoxy/clay nanocomposites which is fabricated using 
the mechanical stirrer. Dynamic tensile characterization of epoxy/clay 
nanocomposites at the strain rates from quasi-static to 445/s is carried 
out on drop mass setup and Digital Image Correlation (DIC) technique. It 
is observed that tensile strength and the modulus increase with an in
crease in the strain rate for epoxy and its clay nanocomposites. 

Tian et al. [13] investigated the strain-rate effect (0.001–3000/s) on 
the compressive properties of epoxy and the epoxy filled with 
sol-gel-formed silica nanoparticles. At low, intermediate and high strain 
rates, the experiments are performed. When the strain rate is increased, 
the compressive modulus and transition strength increased, the strain at 
break and ultimate strength decreased more or less, while the strain 
energy at fracture nearly did not change. 

In the work by Shadlou et al. [9], the influences of strain rate on the 
mechanical behavior of epoxy reinforced with graphene nanoplatelets 
(GNPs) are investigated under quasi static compressive and tensile 
loadings. A soft molding method is used for the preparation of epoxy 
nanocomposites by Topal et al. [11]. The reinforcing effects of GNP and 
the reduced graphene oxide (R-GO) on epoxy resin are examined by 
tensile testing and dynamic mechanical analysis (DMA). It is observed 
that the ultimate tensile strength has decreased, although the elasticity 
modulus has improved. 

The detailed literature review reveals that the work by Bansal et al. 
[16] is the only work about high strain rate of graphene oxide (GO)-e
poxy nanocomposite. They investigated the impact loading response of 
GO reinforced epoxy nanocomposites up to 1000/s of high strain rate. In 
the strain rate range of 600–815/s, the strength of GO-epoxy with 0.5 wt 
% of the nanofiller has improved by 41% compared to the epoxy. 

The purpose of this work is three fold: synthesis of high purity gra
phene nanoflakes (GNF), manufacturing of GNF-epoxy nanocomposite 
and investigation of GNF-epoxy nanocomposite and pure epoxy under 
quasi static and high strain rate loadings. In this work, GNFs were syn
thesized using electric arc discharge method. The purity and the number 
of layers of graphene were determined via TG/DTA, BET, the Raman 
spectroscopy and Transmission Electron Microscopy (TEM) respectively. 
GNFs obtained at the arc current of 150 A in a He and N2 atmosphere 
were used for the manufacturing of nanocomposites. The method for 
manufacturing GNF-epoxy nanocomposites is the commonly-used solu
tion mixing technique. TG/DTA graph of graphene reveals high purity 

and high crystallinity. Raman spectra and the broad BET specific surface 
area indicate that the synthesized graphene has several layers. Apart 
from many works in the literature, both the synthesis of GNFs and the 
manufacturing of nanocomposite are done along with the determination 
of the mechanical properties under quasi static and dynamic loading. 
The main uniqueness of the present work is the investigation of high 
strain rate of GNF-epoxy nanocomposite and epoxy along with quasi 
static behavior. The influences of strain rate on the mechanical behav
iors are investigated. Quasi static (1.E� 3 and 1.E� 5/s) and high strain 
rate uniaxial compression tests (1270–2750/s) of GNF-epoxy with two 
graphene contents (0.1 and 0.5 wt %) are performed at room tempera
ture. Dynamic uniaxial compression tests of GNF-epoxy with two gra
phene contents were performed on Split Hopkinson Pressure Bar 
(SHPB). Increased mechanical properties at yield strength and elasticity 
modulus were observed at GNF-epoxy with 0.1 and 0.5 wt% at high 
strain rates loadings. At the strain rate of 2350/s, the maximum strength 
achieved by the GNF-epoxy with 0.5 wt% correspond to a 12.5% in
crease compared to the neat epoxy. 68.2% increase in the elasticity 
modulus compared to the neat epoxy is obtained for GNF-epoxy with 
0.5 wt % at the strain rate of 2350/s. The yield strength of the nano
composite is almost doubled at high strain rates compared to the quasi 
static loading. 

2. Synthesis of graphene nanoflakes 

Electric arc discharge method based on the principle that provides a 
constant current between two high purity graphite electrodes to 
vaporize is used for the synthesis of GNF, [17,18]. After the arc 
discharge, nanoparticles accumulate on the inner surface of the home
made reactor. High purity graphite rods (99.9%) with a diameter of 
10 mm and 12 mm are used as electrodes. Reactor is kept under pressure 
for approximately 5 min. In the electric arc discharge method, the cur
rent, the reactor atmosphere and the pressures of the used gases greatly 
affect the size and quality of the graphene. The arc current is varied 
between 100 and 150 A. The purity and the number of layers of gra
phene are determined via TG/DTA and the Raman spectroscopy. The 
optimum synthesis conditions are determined at the electrode diameter 
of 12 mm and the arc current of 150 A in a He and N2 atmosphere. 
Raman spectra and TG/DTA of the synthesized graphene using 12 mm 
electrode in He and N2 atmosphere are depicted in Fig. 1. 

LD/LG ratio which provides the information about graphene purity is 
obtained as 0.66. It should be between 0 and 1 [19], and LG/L2D ratio is 
related to the number of graphene layers and it is calculated as 1.33 
which means a few layers (4–5 layers). Fig. 1b shows the TG/DTA graph 

Fig. 1. a) Raman spectra of synthesized graphene samples at the electrode diameter of 12 mm and the arc current of 150 A in a He and N2 atmosphere. b) TG/DTA 
analysis of GNF. 
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of graphene synthesized at 150 A in He and N2 medium using a 12 mm 
electrode. According to the graph, mass reduction in one step was 
observed. This result indicates that the graphene produced is of high 
purity and high crystallinity, [17]. 

The detailed structural examination of the graphene structure ob
tained by the electric arc discharge method is carried out in the JEOL 
JEM 2100 high-resolution HRTEM device in bright field mode. 1 μm, 
200 nm and 500 nm images are taken from the sample. TEM images are 
depicted in Fig. 2. 

Fig. 2 shows typical of graphene sheets synthesized by arc discharge 
technique at 150 A in He and N2 medium. Neither amorphous carbon 
nor other carbon structures are observed. TEM images of the synthesized 
graphene sheets also indicates numerous wrinkles on the surfaces which 
gives them different levels of transparency. 

The specific surface area of Brunauer-Emmet-Teller (BET) is deter
mined by nitrogen adsorption using a Micromeritics TriStar II device at a 
liquid nitrogen temperature. The BET specific surface area of the gra
phene produced at a value of 150 A in the He and N2 atmosphere using 
the 12 mm electrode is measured as 143.2067 m2/g. This result shows 
that BET specific surface area is quite wide compared to graphite 
(1–20 m2/g), [17]. The broad BET specific surface area indicates that the 
graphene which is synthesized has several layers. 

3. Fabrication of graphene-epoxy nanocomposite 

Due to weak intermolecular van der Waals forces, graphene tends to 
agglomerate. Therefore, dispersing the graphene into epoxy matrix is 
always a challenge. Sonication is the main dispersion methods in the 
manufacturing of nanocomposites. An additional processes such as 
mechanical stirring and magnetic stirring improve the dispersion pro
cess, [20]. In this work, the solution mixing method is used for the 
preparation of epoxy nanocomposites. Graphene content is not the only 
factor which influence the properties of graphene-epoxy nano
composite. The other influential factors are the dispersion method, the 
usage of solvent, the modification of graphene-surface etc. In this work, 
acetone is used as solvent. GNF is dispersed in acetone (1 mg/ml) by 
using sonicator (200 W, 20 KHz, Bandelin Sonopuls HD 3200) for 
90 min. The epoxy resin (Fibre Glast 2000, Fibregrast Inc.) is then added 
and sonicated for another 90 min. Following the sonication, acetone 
needs to be removed. Therefore, the mixture is heated in a vacuum oven 
at 70 �C overnight to remove the acetone. Then, epoxy resin curing agent 
(Fibre Glast 2120, Fibregrast Inc.) is added. The mixing ratio of the 
epoxy and curing agent is 3:1 as recommended by the manufacturer. The 
mixture is degassed by stirring under vacuum at room temperature for 
60 min. This mixture is poured into a silicon mold and cured in an oven 
at 60 �C for 24 h, followed by 4 h post-cure at 90 �C, [11]. The 
graphene-epoxy nanocomposites are prepared for various graphene 
contents (0.1 and 0.5 wt %). In this work, the functionalization of 

Fig. 2. Bright Field-BF, TEM images at different magnifications of GNF obtained from the 12 mm electrode He and N2 process gases.  

Fig. 3. True stress-strain behaviors of graphene-epoxy with GNF content of 0.1 and 0.5 wt % under quasi static compression tests. Strain rates are 1.E� 3 and 1. 
E� 5/s. 
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graphene surface is not done. It will be considered in future works in 
addition to using three roll milling method as an effective way of 
dispersing the reinforcement into epoxy matrix, [20]. 

4. Mechanical characterization 

4.1. Quasi static compression tests 

Uniaxial quasi static compression tests were conducted using an 
INSTRON 5969 universal testing machine. The tests were carried out at 

Fig. 4. Comparison of true stress-strain behaviors of graphene-epoxy nanocomposites with GNF content of 0.1 and 0.5 wt% under quasi static compression tests.  

Fig. 5. The mechanical properties (elasticity modulus and yield strength) of graphene-epoxy nanocomposite with GNF content of 0.1 and 0.5 wt under quasi static 
compression test. 

Fig. 6. Schematic of SHPB.  
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the strain rates of 1.E� 3 and 1.E� 5/s at room temperature. Using the 
load–displacement data of the testing device, the stress–strain behaviors 
of graphene-epoxy nanocomposite with two graphene contents (0.1 and 
0.5 wt %) were determined. For each loading conditions, at least four 
samples were tested. No barreling effect is observed due to the low 
thickness/diameter ratio. True stress-strain behavior of graphene-epoxy 
with graphene content of 0.1 and 0.5 wt% at two strain rates are 
depicted in Fig. 3. 

In elastic region, a small rate dependency is observed. The elasticity 
modulus is calculated from the initial slope of the true stress–strain 
curves. Following the elastic behavior, rate dependent yielding is 
observed. After yielding, a stress drop at 1. E� 3/s strain rate with plastic 
straining is seen due to the decrease of the internal stress which may 
result in a rearrangement of molecular defects until a more stable 
configuration is reached, [21]. When the strain rate is decreased (in the 
case of 1.E� 5/s), softening after yielding almost disappeared. With 
plastic straining, hardening occurs due the entanglement of the polymer 
chains. The rate dependency is much more prominent at yielding and 
viscoplastic region. 

For comparison of the influences of GNF contents, the true stress- 

Fig. 7. Incident, reflected and transmitted waves during SHPB test.  

Fig. 8. a. True stress-strain behaviors of repeated experiments on graphene-epoxy (GNF: 0.5 wt%) nanocomposite during SHPB tests, b. Strain rate changes of 
repeated experiments during the SHPB tests. 

Fig. 9. a. True stress-strain behavior of epoxy at high strain rates of ~1500 and 2350/s during SHPB tests, b. True strain rate versus true strain curves during 
SHPB tests. 
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strain curves are plotted for 0.1 and 0.5 wt% graphene content and the 
results are depicted in Fig. 4. 

Increasing the GNF contents leads to a decrease in the mechanical 
properties due to probably agglomeration of the graphene in the struc
ture. The mechanical properties of graphene-epoxy nanocomposite 
under quasi static compression are depicted in Fig. 5. 

4.2. Dynamic uniaxial compression tests 

Since, the conventional servo-hydraulic machine is limited to lower 
strain rates (<10/s), for high strain rate testing, the Split-Hopkinson 
Pressure Bar (SHPB) is used commonly. The strain rates as high as 1. 
E2 to 1.E4/s can be obtained in SHPB. The working principle of SHPB is 
based on one dimensional wave propagation. It consists of a gas gun, a 
striker bar, an incident bar and a transmission bar, (Fig. 6). The sample 
tested is sandwiched between the incident and transmission bar. All bars 
are made of the same material with the same cross section area. During 
the test, at all times, the striker, incident and transmission bar should 
remain elastic. 

When the striker bar is propelled by gas pressure, compressive stress 

wave is generated and propagated toward the incident bar. When the 
wave arrives at the interface between the incident bar and the specimen, 
the part of the wave is reflected back into the incident bar and the rest 
transmits through the specimen into the transmission bar. By varying the 
impact velocity and specimen size, different strain rates can be achieved. 

Strain gauges mounted on each bar in the form of half Wheatstone 
bridge measure only the axial strain and remove the effect of any 
bending. The elastic strain generated in incident and transmission bar 
are used to calculate the stress-strain in the sample. The nominal strain 
rate in sample is proportional to the reflected strain and inversely pro
portional to the length of specimen and is calculated as 

_εðtÞ ¼ � 2Co

L
εrðtÞ (1)  

where Co is the wave velocity of the bar material, L is the initial length of 
the specimen, εrðtÞ is the time-resolved strain associated with the re
flected pulse in the incident bar. Considering the elasticity modulus (E) 
and density (ρ) of the bars, the wave velocity of the bar is Co ¼

ffiffiffiffiffiffiffiffi
E=ρ

p
. 

The nominal stress is calculated according to 3 wave analysis as, 

Fig. 10. a. True stress-strain behavior of graphene-epoxy nanocomposite (GNF: 0.1 wt %) at high strain rates of ~1500 and 2750/s. b. Strain rate changes of 
graphene-epoxy nanocomposite (GNF: 0.1 wt %) during SHPB tests. 

Fig. 11. a. True stress-strain behavior of graphene-epoxy (GNF: 0.5 wt %) at high strain rates of approximately ~1270, 1750 and 2350/s. (SHPB tests) b. Strain rate 
changes during SHPB tests. 
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σðtÞ¼ At

2As
E½εiðtÞþ εrðtÞþ εtðtÞ� (2)  

where As and At are the cross-section areas of the specimen and trans
mission bar respectively, εiðtÞ is the time-resolved strain associated with 
the incident pulse in the incident bar, εtðtÞ is the time-resolved axial 
strain in the transmission bar and E is Young’s modulus of the bar. True 

strain and stress are identified from nominal measurements as 

εtðtÞ¼ � lnð1þ εnðtÞÞ (3)  

σtðtÞ¼ σnðtÞ½1 � 2νεnðtÞ�

A typical pulse signal recorded using strain gauges on incident and 
transmission bars are given in Fig. 7. 

Fig. 12. The mechanical properties of epoxy and graphene-epoxy under dynamic loading (SHPB tests).  

Fig. 13. True stress–true strain curves of graphene-epoxy nanocomposite under uniaxial quasi-static compression loading and dynamic compressive loadings (SHPB) 
at room temperature. 
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The experiments are repeated at least three times for each loading 
conditions for epoxy and graphene-epoxy nanocomposites. True stress- 
strain behaviors of graphene-epoxy (0.5 wt%) for three repeated tests 
and strain rate changes during these tests are depicted in Fig. 8. Coin
cided curves indicate their repeatability and consistency. Strain soft
ening after peak stress is observed as seen in Fig. 8. 

The true stress strain curves of epoxy for ~1500 and 2350/s strain 
rates are shown in Fig. 9. Visco-elastic behavior is observed. Following 

the yield, strain softening behavior is observed at 2350/s strain rate. 
True stress-strain behaviors of graphene-epoxy with 0.1 and 0.5 wt% 

GNF at various high strain rates are depicted in Figs. 10 and 11. Elastic 
behavior is almost linear. Following the yielding, strain softening is 
observed for all cases. Yield behavior and subsequent behaviors are rate 
dependent. Increasing the strain rate yields an increase in the yield stress 
and the strain at break. 

The mechanical properties upon the addition of GNF are seen in 

Fig. 14. SEM micrographs of fractured surfaces of neat epoxy under SHPB test.  

Fig. 15. SEM micrographs of fractured surfaces of graphene-epoxy nanocomposites (GNF: 0.1 wt %) (a–b) and (GNF: 0.5 wt %) (c–e) under SHPB test.  
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Fig. 12. The strain rate dependent mechanical behavior is observed as 
expected. The yield strength is increasing with an increase in GNF 
content and as well as with an increase in strain rate as seen in Fig. 12. 
Similarly, the elasticity modulus has the same trend. However, 
compared to the yield strength, the enhancement in the elasticity 
modulus with the addition of GNF is much more prominent. 

The strain rates were observed over a range of 1500–2750/s during 
the impact testing of nanocomposites. At the strain rate of 2350/s, the 
maximum strength was achieved by the GNF-epoxy with 0.5 wt% is 
about 200 MPa which correspond to a 12.5% increase compared to the 
neat epoxy. Various factors such as the interfacial adhesion, the strength 
of the matrix material and the dispersion of particles in the matrix in
fluence the strength of the nanocomposites. The dispersion of the GNP in 
the polymer matrix is one of the most crucial factors to be considered. 
Agglomeration of nanoparticles in polymers induce the local stress 
concentration, and reduce the particle matrix adhesion, and thus 
weaken the load transfer efficiency at the interface. The preparation of 
nanocomposites without agglomeration by the commonly-used solution 
mechanical mixing techniques is difficult. Therefore, the increase in the 
strength of nanocomposite compared to neat epoxy is not very high. 

GNF-epoxy with 0.5 wt % shows that the highest elasticity modulus. 
It is achieved by a 68.2% increase compared to the neat epoxy which 
was 2266 MPa at 2350/s strain rate. The maximum stress is increased 
from 176 MPa to 198 MPa with a reinforcement of 0.5 wt% of GNF filler. 
At high strain rates, the strain at break does not decrease with the 
introduction of GNF, even though aggregated reinforcements are known 
to act as failure points during the elongation of a composite material 
[17]. To observe the prominent effect of strain rate, the comparison of 
quasi static and high strain rate experimental results are done in Fig. 13. 

As seen in Fig. 13, the yield strength of the nanocomposite is almost 
doubled at high strain rates compared to the quasi static loading. The 
elasticity modulus is around 2600 and 3800 MPa for graphene-epoxy 
with 0.1 and 0.5 wt% GNF respectively at high strain rate tests, while 
it is around 1390 and 950 MPa at quasi static loadings. The strain rate 
effect can be associated with the molecular motion of the polymer 
chains. At high strain rates, the molecular motion of the chains are 
restricted. There is no time for rearrangement of polymer chains on the 
time scale of the high strain rate tests. Since the fundamental process of 
yielding of amorphous polymers consists of the jump of macromolecule 
segments from one equilibrium position to another [22], at a higher 
strain rate, there is a higher molecular resistance to jumps and, hence, a 
higher yield stress is observed. 

4.3. Scanning electron microscopy (SEM) fractography 

To obtain much more information about the interfacial adhesion 
between GNP fillers and epoxy matrix, the fracture surfaces of com
posites are investigated by SEM and depicted in Figs. 14 and 15. The 
cleavages are observed on the fracture surfaces of epoxy and nano
composites. As seen in Fig. 14, deep cleavages are observed in neat 
epoxy specimens, whereas shallow cleavages are observed in nano
composites (Fig. 15-d). 

The SEM micrograph (Fig. 14 (d, e)) shows smooth and featureless 
fracture surface for the neat epoxy specimen tested at SHPB. This type of 
morphology indicates a typical brittle fracture behavior of epoxy resin 
[12,23]. 

After addition of nanoparticles, the fracture surfaces show rough 
fractographic features, river like markings, and graphene agglomerates. 
When the GNF content is increased (Fig. 15(d–f)), the fracture surfaces 
show more and deeper river markings around the agglomerates. The 
stress concentrations are developed around the agglomerated particles 
and the failure is initiated at these localized domains [12,24]. 
Micro-voids are observed in GNF-epoxy nanocomposites containing 
higher graphene content (Fig. 15(d–f)). Compared to epoxy, the failure 
mode is significantly changed in GNF-nanocomposite as shown in 
Figs. 14 and 15. 

5. Results and discussions 

The aim of this work is to synthesis of GNF, manufacturing of 
nanocomposite and characterization of GNF-epoxy nanocomposite at 
quasi static and high strain rates which are observed in a variety of 
applications such as crash of vehicles, bullet proof armors and impact of 
the structures. High purity GNF are synthesized by using the electric arc 
discharge technique. Synthesized GNF are characterized by TG/DTA, 
Raman spectroscopy, BET and TEM techniques. Raman spectra of syn
thesized GNF reveal multiple of layers and high purity as well as BET. 
According to TG/DTA, mass reduction in one step is observed. This 
result indicates that the graphene produced is of high purity and high 
crystallinity. 

The solution mixing manufacturing process is used to fabricate GNF- 
epoxy nanocomposites. Apart from many works in the literature, the 
high strain rate behavior of graphene-epoxy nanocomposite is investi
gated in addition to quasi static behavior. High strain rate behaviors of 
graphene-epoxy nanocomposites with 0.1 and 0.5 wt% GNF content 
were investigated using SHPB at the strain rates up to 2750/s. Graphene- 
epoxy with 0.5 wt % GNF shows that the highest elasticity modulus. 
68.2% increase in the elasticity modulus is observed at 2350/s strain 
rate. 12.5% increase in the strength under impact loading of the 
graphene-epoxy nanocomposite using 0.5 wt% GNF is obtained as 
compared to the neat epoxy at the strain rate of 2350/s. 

Quasi static compression tests are performed at 1.E� 3 and 1.E� 5/s 
strain rates for GNF-epoxy with 0.1 and 0.5 wt%. As expected increasing 
strain rate leads to an increase in the elasticity modulus and the yield 
strength. Comparing the experimental results at high and quasi static 
loading conditions reveals that the yield strength of the material is 
doubled under dynamic loading conditions. Both the pure epoxy and 
graphene-epoxy nanocomposites exhibit strain rate dependent behavior 
in the tested strain rates of 1.E� 3/s to 2750/s. Rate dependent elasticity 
modulus, yield strength and post yield behavior is associated with the 
changes in the molecular mobility of the polymer chains with strain rate. 

The achievement of maximum improvement in the mechanical 
properties of graphene-epoxy nanocomposites, depends on the disper
sion method, the usage of solvent, surface modification of GNF etc. As 
mentioned previously, graphene tends to agglomerate due to the weak 
van der Waals interactions. In future works, to handle the limited dis
persibility and interfacial bonding of graphene, the surface modifica
tions will be carried out. Also, it is planned to use three roll milling 
process for dispersing GNF into epoxy matrix since it involves high shear 
stresses, [20]. 
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