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a b s t r a c t

The use of graphene for the development of a strain and damage sensor was evaluated and modeled. To 
achieve this, a graphene epoxy reactive mixture was used as a conductive coating which was cured onto a
carbon fiber reinforced composite. This methodology proved to be very effective where substantial 
changes in piezoresistivity (up to 400%) were found as a function of strain (up to 2%). This contributed 
to a very high linear gauge factor (56.7±0.69). The role of reversible and irreversible phenomena in the sen- 
sor piezoresistivity was modeled using the concepts of tunnelin g currents and conduction paths. In order 
to predict the respo nse at higher deformation, an irreversible comp onent was introduce d to account for 
the substantial increase of piezoresistivity. A model which incorporated both components was able to 
predict the piezoresistivity up to high deformation. 

� 2013 Elsevier Ltd. All rights reserved. 

1. Introduction 

In the last decades, fiber reinforced polymers (FRPs) are being 
increasingly used as materials for structural applications in aero- 
space, naval and automotive fields. Their high specific strength 
and stiffness, in combinati on with a superior corrosion perfor- 
mance with respect to metallic materials are the main drivers of 
this paradigmatic change. Since the mechanical performanc e of 
composite materials may be severely altered when damage takes 
place, the serious interest in the use of FRP in structural applica- 
tions has led to the necessity of the developmen t of innovative 
ways to monitor the status of the structure in which the FRP is 
utilized.

Among traditional non destructive inspection techniques used 
to evaluate the structura l integrity, those that exploit electrical 
properties of the materials are known to be effective to detect 
damage or to measure strain [1,2]. These techniques have already 
been applied by exploiting the bulk electrical properties of carbon 
fiber reinforce d composites [3,4]. However, the insulating polymer 
matrix complicated the electrical measureme nts by a substantial 
decrease and modification of conductivity . Moreover, the random 
character of the in-plane and out-of-plan e fiber contacts in the 
composite strongly affected the electrical measureme nt reproduc- 

ibility. Consequentl y, the effectivenes s of this approach can be at 
least partially questioned. 

As widely reported in literature [5–17], the use of conductive 
nanoparti cles such as carbon black, carbon nanotubes and carbon 
nanofibers can significantly enhance the electrical conductivity of 
the insulating polymer matrix in which they are embedded. In 
addition, in most cases, the concentratio n to which this effect 
was pronounced (percolation threshold) was found to be very 
low. For example, Kim et al. [7] found that with a 3 wt.% of graph- 
ene nanoparticles, the conductivity increase was low enough so as 
to measure piezoresistivity phenomena .

Graphene is a single layer of sp 2-bonded carbon atoms that can 
be thought of as an individual atomic plane extracted from graph- 
ite [18,19]. Recent studies have demonst rated that few stacked 
graphene layers, which essentially represent partially exfoliate d
graphite, can be applied successfully as fillers for polymeric matri- 
ces [20–25]. This filler is commonly referred to as graphene nano- 
platelets (GNPs). In recent years, due to the outstanding 
mechanical properties of graphene, its application to reinforce 
polymer matrices has become of essential importance in polymer 
science [26]. Simultaneousl y, the electrical propertie s of the graph- 
ene based nanocompo sites have also been studied [7,26], where 
the remarkable electroni c properties of graphene represent the 
main driving force of these developments. In fact, it has been 
hypothes ized that the velocity of electrons in graphene is in the or- 
der of 10 6 m/s [19]. Liang et al. [22] studied the electromagnet ic 
interfere nce (EMI) shielding of graphene/epox y composites, 
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showing that these systems had a low electrical percolation 
threshold and a good shielding efficiency. Enhanced electrical con- 
ductivity for exfoliated graphite based composites was also found 
by Biswas et al. [23].

As far as the piezoresi stive behavior of nanoparticl e-based com- 
posites is concerned, most publications have focused on the use of 
carbon nanotubes as a filler [27–30]. A recent review by Alamusi 
[6] elucidates which are the main variables that control the piezo- 
resistive behavior of those nanocomposites . For the case of graph- 
ene, only recent publications have dealt with aspects of the 
piezoresistive behavior [7,31]. Kim et al. [7] studied the piezoresis- 
tive behavior of graphene–epoxy nanocompo sites with concentra- 
tions of 3 wt.%. In addition, the sensor had a gauge factor of 11.4 
and its behavior was considered reversible up to strain of 10 �3.
Eswaraiah [31] has develope d a piezoresistive sensor based on 
graphene nanofiller and a polyviny lidene fluoride matrix. They 
found that the sensing capabilities were improved when the filler
concentratio n was around 2 wt.%. Therefore, the study of the 
piezoresistive behavior of graphene based composites is very lim- 
ited. In addition, the piezoresistive behavior at higher strains (up to 
10�2) has not been reported. 

In this work, starting from the optimized graphene-epox y nano- 
composite already developed by our group [32], the piezoresistive 
behavior of an epoxy–graphene nanocomposite was studied with 
particular emphasis on its application as a strain sensor in a carbon 
fiber reinforce d composite subjected to bending loads. For this rea- 
son, the liquid reactive mixture was used as a conductive coating 
that can be easily poured and cured onto the surface of the com- 
posite for strain and damage sensing purposes. Subseque ntly, the 
electrical resistance as a function of composite deformation was 
studied, focusing on the reversible behavior after several bending 
cycles. Finally, the electrical resistance was modeled using a phe- 
nomenological model, taking into account the irreversibility of 
piezoresistivi ty at higher deformat ion. 

2. Materials and methods 

An Epikote 862 diglycidy l ether of bispheno l F (DGEBF) epoxy 
resin, kindly supplied by Hexion, was used as a matrix. Diethyltol- 
uenediamin e (DETDA), supplied by Lonza, was used as curing agent 
(26.4 phr). Graphene nanoplatelets (GNPs) were supplied by Cheap 
Tube Inc. (Grade 2). According to the manufac turer, the GNPs had a

surface area of 100 m2/g, an average thickness of around 10 nm 
and an average diameter of 25 lm. They were used as supplied 
by the manufactur er. A GNP concentratio n of 2 wt.% was chosen 
accordin g to previous results of the authors [32]. The scheme of 
the preparation of the graphene-based composite reactive mixture 
is depicted in Fig. 1. In the first step, GNPs were added to chloro- 
form (Sigma Aldrich, ACS grade) at a concentratio n of 2 mg/ml. 
The colloidal suspensi on was then sonicated with a Vibracell �

VC750 tip sonicator for 1 h at an amplitude of 30% (225 W). Then, 
the epoxy monomer was added and the mixture was further soni- 
cated for 1 h at identical conditions. Afterwards, in order to fully 
remove the solvent, the solution was heated on a hot plate (Infra-
red spectroscopy was used to corroborate solvent evaporation). Fi- 
nally, the hardener was added and the system was magneticall y
stirred for 5 min. This reactive mixture was then used to create a
coating (50 � 6 mm 2 area) onto the carbon fiber/epoxy composite 
(CFRC) specimens. As depicted in Fig. 2, a metal mask (thickness
0.6 mm) and the aluminum electrodes were previously prepared 
and placed on top the CFRC specimens. To avoid an electrical 
short-cir cuit, a thin layer of acrylic paint was also applied (yellow
area in the figure). Finally, the coated specimens were cured at 
130 �C for 5 h. DSC tests were performed on the cured system in or- 
der to check if any residual heat of reaction was present. The com- 
plete absence of any exotherm al peak after the Tg, which was 
measure d around 130 �C, confirmed the full cure of the system. 

A carbon fiber/epoxy composite was used as a reference 
structura l material in which the sensing performance of the graph- 
ene-based sensor was evaluated. The composite was a [0/90] 2S

cross-ply laminate manufac tured through the vacuum infusion 
techniqu e. From this laminate (2 mm thickness), the rectangular 
specimens necessary for this study were cut (80 � 10 mm).

A Keithley electrom eter, model 6517B, was used to measure the 
electrical resistance. The instrument electrodes were attached at 
the end of the aluminum conductive strips (Fig. 2) and a continu- 
ous voltage of 100 V was applied while the fiber reinforced speci- 
men was subjected to a flexural load in a three-po int bending 
test configuration (LLOYD Instruments LR30 K mechanical testing 
machine). The flexural test geometry and parameters followed 
the guidelines of the ASTM D 790 standard. Even though the results 
presente d in the following sections are associate d to one specimen, 
all the deductions performed in this work were based from the 
analysis of at least five testing specimens . Finally, it is worth to 

Fig. 1. Scheme of the preparation of the graphene-epoxy composite reactive mixture. 
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