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Abstract. Graphene nanoplatelet (GNP)/poly(methyl methacrylate) (PMMA) nanocomposite solution was spray coated on
a glass fibre reinforced polymer composite (GFRP) beam with different initial electrical resistance (Ry). Scotch tape erosion
method was used to tailor the R, of the sensors. Beams and the sensors were characterized by computed tomography (CT)
and scanning electron microscopy (SEM) respectively. The piezoresistive behaviour of these sensors was evaluated in mo-
notonic, step and cyclic loading conditions. These spray coated sensors offered good sensitivity (38.5 times) as compared
to a strain gauge. A gauge factor (GF) of 55+0.5, 70+2, and 77+1 was obtained for Ry of 1, 7 and 21 kQ GNP layers, respec-
tively. Sensors showed good response and stability under the step and cyclic loading conditions. The ease in the process of
application coupled with good sensitivity demonstrates that the GNP/PMMA spray coated sensor can be a potential candidate

for the futuristic multi-functional materials for structural health monitoring.
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1. Introduction

Polymer matrix composites (PMCs) are being used
in the aerospace industry owing to their good stiff-
ness, high strength to weight ratio, and resistance to
fatigue and corrosion. However, these structures are
vulnerable to impact-induced damages. These dam-
ages are barely visible on the impact surface due to
the anisotropic nature of this material while they
may be significant in other areas [1]. It is generally
uneconomical to inspect these structures by regular
non-destructive testing (NDT) methods and hence
smart sensors are being developed for the health
monitoring of these structures [2]. The advances in
the field of nano-scale conductive fillers such as car-
bon nanotubes (CNT) and graphene have led to the
development of electrically conductive smart PMCs
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[3—4]. Apart from the conductivity, these nano-fillers
are reported to exhibit properties such as piezoresis-
tivity and can be used either to impart smartness in
the host structures or as sensors to monitor strain in
the structural health monitoring (SHM) [5—7]. The
electrical resistance of such materials changes when
they experience strain and deformation, this phenom-
enon is defined as piezoresistive effect and provides
an easy and direct energy/signal transduction be-
tween the mechanical and the electrical domains [8].
Recently, graphene, a 2D nano-filler, has attracted
great interest due to its unique properties such as ex-
tremely high thermal and electrical conductivity, me-
chanical strength and piezoresistivity [9—11]. These
outstanding properties of graphene have led to the de-
velopment of strain sensors for SHM [12-14].
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Three different approaches have been proposed for
strain monitoring of structures using graphene. First
one is to develop a flexible nanocomposite film which
can be glued to the structure in order to measure the
strain as it is done at present with metal foil strain
gauges. In the second approach, graphene nano-fillers
are embedded in the matrix or attached to the rein-
forcing fibres to prepare a composite lamina/lami-
nate. Another approach is to apply the graphene-
based smart paint directly on the structure and use it
as a strain sensor. The sensitivity of these sensors is
measured in terms of gauge factor (GF) which is the
ratio of change in the electrical resistance (AR/R) of
the sensor to strain (g).

Graphene or various other forms of graphitic mate-
rials such as GO (graphene oxide), reduced GO,
functionalized GO, GNP etc. incorporated in a wide
variety of polymer matrices are being used to devel-
op flexible nanocomposite film sensors having GF
ranging from 0.55 to 300 [ 15-18]. But this method in-
volves complex processes of dispersion of graphene
in the viscous polymer matrices and casting the film
by avoiding the re-agglomeration during the film
formation stage [19-21].

Using the second method, a GF of 56.7 and 300 were
reported for GNPs embedded in the epoxy matrix
[22] and polyvinyl ester [23] respectively and ob-
served that the response of the sensor is affected by
the intrinsic properties of the polymer.

The spray or paint technique enables the pre-dis-
persed graphene solution to be painted directly and
uniformly using compressed air/Nitrogen at desired
locations on the structure [20]. Tamburrano et al.
[23] spray deposited monolayer graphene on a poly-
carbonate beam, investigated the sensor performance
through static electro-mechanical tests and reported
a GF of 30 at 50 micro strains. The researchers at
Italian Aerospace Research Center working for a Eu-
ropean Union funded project, called ‘Smart Intelli-
gent Aircraft Structures’ (SARISTU) developed an
array of eight sensors by spray coating graphene on
a carbon fibre reinforced composite (CFRC) struc-
ture and reported an engineering GF of 200 for
strains up to 0.14% [24].

Although high sensitivities were reported using GNP
based nanocomposite film sensors, not much work
has been done on the GNP coatings deposited directly
on the surface of the structure. Particularly, the effect
of GNP density on the sensitivity and their perform-
ance under different mechanical loading conditions

are not explored. In the present work, a spray deposit-
ed GNP/PMMA smart layer on a glass fiber rein-
forced polymer (GFRP) composite specimen is used
as a sensor to monitor the strain and studied its per-
formance under various practical loading conditions.

2. Experimental

Quasi-isotropic, 8-layer (0/+45/90/—45/0/—45/90/+45)
GFRP composite specimen of size 250 mmx25 mm
were prepared via vacuum assisted resin transfer
moulding (VARTM) process with a thickness of
3+0.1 mm. Epoxy based RIM 135 and RIMH 134
were used as a matrix and hardener, respectively.
GNPs (thickness < 3 nm; diameter < 10 um) prepared
by low-temperature physical exfoliation were ob-
tained generously from GRAPHENE LAB Ltd, Lon-
don, UK and used without any further treatment.
Poly(methyl methacrylate) (PMMA) (average My ~
120000 g/mol) was purchased from Sigma-Aldrich.
Tetrahydrofuran (THF)-AR was used as a solvent.
WIREGLUE was obtained from Idolon Technolo-
gies, MA, US.

GNPs (20 mg) were added to 80 ml THF and ultra-
sonicated using an ELMA Transonic Ti-H-5 bath
sonicator, 135 kHz at 80% for 180 min. A stock so-
lution of PMMA/THF was separately prepared by
dissolving 0.2 mg of PMMA in 20 ml THF, using a
magnetic stirrer. 5 ml of this stock solution was
added to the GNP-THF dispersion and ultrasonicat-
ed for another 60 min. The GNP/PMMA solution
was poured into a spray gun and was sprayed on to
the composite beam specimen on a marked area
(30 mmx20 mm) using nitrogen gas. Thus, formed
GNP/PMMA sensor was allowed to dry for 48 hours
at room temperature. Lead wires were attached at
both ends of the sensor using wire glue. The resist-
ance of the sensor was adjusted roughly to 1 kQ by
etching the smart layer several times using scotch
tape. The steps involved in the preparation of GNP
sensors over GFRP specimen are shown in Figure 1.
In a similar manner, 7 and 21 kQ layers were also
prepared.

Another GFRP beam, glued with a standard strain
gauge HBM1-LY41-6/350 (obtained from HBM
India), having an initial resistance of 0.35 kQ was
used for the comparison of the results. Piezoresistive
behaviour of the sensor was determined by straining
the beam in the Instron Universal Testing Machine
while monitoring the change in the resistance of the
sensor continuously with Keithley 2450 source meter.
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Figure 1. Method of preparation of GNP smart layer on GFRP composite beams (A small area of 30 mm>20 mm size was
chosen rather than coating complete surface of the beam).
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Figure 2. Schematic of the experimental set up to measure
the piezoresistive behaviour of the smart layers.

The schematic and the experimental setup to meas-
ure the piezoresistive behaviour of the sensors are
shown in Figure 2.

3. Characterization
3.1. Computed tomography (CT) scan of
GFRP composite

Bare GFRP composite samples were scanned in the
Phoenix Vtomex industrial high-resolution CT and
X-ray system, equipped with 240 kV/320 W high-
power micro focus X-ray tube. CT scan is used to
inspect the layers in a composite. Figure 3a shows
the topography of the surface which is rough and we

can find the crest (bright lines) and valley (dull lines)
sort of surface. Figure 3b and 3c show the orienta-
tion of the fibers in the composite.

3.2. Scanning electron microscopy (SEM)

GNP spray coated sensors were subjected to a low
magnification SEM (INSPECT F-50) to assess the
morphology of the layer, at different resolutions and
shown in Figure 4. The channel-like morphology be-
longs to the naked beam surface, resembling ridges
and trenches impinged with the GNPs. In Figures 4a
and 4b, these platelets are lumped together and ori-
ented randomly because of several layers of spray
deposition (Ry ~ 1 kQ). A maximum number of par-
ticles are found in the trenches and a very few GNPs
are stuck to the ridges. Figures 4¢ and 4d show the
morphology and inter-particle distance in the smart
layer after several times of scotch tape erosion (R ~
21 kQ). The number density of the GNPs is observed
to be more in the 1 kQ sample as compared to the
21 kQ sample.

4. Results and discussion

Piezoresistive behaviour of these sensors was tested
under three different tensile loading conditions i.e.
monotonic uniaxial, step and cyclic and the electrical
resistance response of the layer was measured and
expressed as % AR/R.
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a)

Figure 3. Computed tomography (CT) scanning of GFRP samples a) surface of the specimen, b) orientation of the GFRP
fibers inside the composite and c) side view.
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Figure 4. SEM images of the GNP layer on GFRP at different resolutions; a) GNPs sprayed upon composite which got stuck
to the surface of the composite ridges and valleys, b) zoomed image of the rectangular portion, ¢) sample subjected
to scotch tape erosion several times showing less number of GNPs and the inter-particle distance and d) GNPs
stuck on the surface of the beam.
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4.1. Monotonic uniaxial loading

Monotonic uniaxial testing was done to assess the
sensitivity of the sensor with different initial resist-
ance (Ro) and to calculate the GF. The load on the
specimen was uniaxially applied at a rate of
2 mm/min. Figure 5a shows the sensitivity of the
standard strain gauge where a GF of 1.6 was meas-
ured from the slope of the curve. Figure 5b shows the
change in the resistance (% AR/R) of the smart layers
with strain. While the change in resistance of all the
beams is linearly increased with strain, the beam
with high initial resistance (21 kQ) smart layer has
shown better sensitivity to strain. An approximate
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Figure 5. Change in the resistance of the standard strain
gauge — HBM1-LY41-6/350 (Ry = 0.35 kQ; meas-
ured GF is ~1.6) b) change in the resistance (AR/R)
of the GFRP beams with strain for different initial
resistance (Ry); the GFRP beams with Ry of 1, 7,
and 21 kQ have shown an approximate GF of
55+40.5, 70+2, and 77+1, respectively. ¢) IV char-
acteristics of GNP layer (Ro = 21 kQ) with and
without strain.

GF of 7741 is obtained from the slope of this curve
by best fit from data of three tests. As the Ry is de-
creased, the slope of the curve is decreased, indicat-
ing a decrease in the sensitivity. The sensors with Ry
of 1k, 7 kQ have shown a GF of 55+0.5, 70+2, re-
spectively. Not much difference in the piezoresistive
sensitivity is observed between 7 and 21 kQ sam-
ples. VI characteristics of the sensors were investigat-
ed under different strains to check the linearity (Fig-
ure 5¢). As seen from the figure these sensors retain
their ohmic behaviour and the resistance of the sen-
sor is increased with the strain which is caused by
the increased tunnelling distance among GNPs with
the strain.

Researchers explained the piezoresistive behaviour
of the nanocomposites through the tunnelling effect.
When the gap between the adjacent conductive par-
ticles is small enough, the conductivity takes place
between the particles through quantum mechanical
tunnelling. Only the probability of this effect reduces
with the increase in the inter-particle distance [25,
26]. In the 1 kQ layer, there is a number of GNPs in
the network with a smaller inter flake distance as
compared to 21 k€. When such a beam is strained,
even a few GNP networks have broken due to strain,
several alternative conductive paths are available for
the electrons to conduct, and hence a smaller change
in the resistance is observed. For 21 kQ layer, with
less number of particles and an optimum distance
between the particles favouring for the tunneling of
electrons, a greater change in the resistance can be
observed when such networks have broken due to
strain [18, 20].

4.2. Stepped loading/unloading

Stepped tensile loading was performed to study the
performance of GNP/PMMA sensors under practical
loading conditions such as increasing the load, hold-
ing it for a certain time and then increase or decrease
the load. Here the tensile load was increased from 0
to 5 kN in three steps, holding for 10 sec at each load
(Figure 6a). In a similar manner, the load on the spec-
imen was decreased to zero. During the entire course
of loading and unloading the change in the resistance
of the standard strain gauge and GNP layer was
monitored and plotted in Figure 6b and 6c¢, respec-
tively. It can be observed that the change in resist-
ance of the sensor is increased with the increase in
the load and was observed to be constant when the
load is held constant. Here the time response of the
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Figure 6. a) Loading/unloading cycles of the GFRP specimen

with time. b) Change in the resistance of the strain gauge and

¢) Change in the resistanceof the GFRP specimen with various initial resistances (Ry) GNP layers (about 40% of
the total piezoresistivity observed during first loading is not recovered after unloading and shift in the base line for
subsequent loading/unloading cycles can be observed).

sensor (% AR/R) is matching with the time of load-
ing and there is no observable time lag between the
input (load) and the response (% AR/R). But in the
first cycle, during the unloading phase, even when the
GFRP specimen is completely unloaded, the resist-
ance response did not reach the zero base line. In-
stead, the base line got shifted to a new level of about
15% for 1 k€ sensor. As the R, increased, this base
line shift is also increased. For 21 kQ sample, this
shift is observed to be around 18-20 %. This shift is
found to be stable for further loading and unloading
cycles. This behaviour of the sensor can be attributed
to the irreversible re-orientation of GNPs with load-
ing and unloading which resulted in the permanent
set in the network.

4.3. Cyclic loading

The samples were subjected to tension-tension fa-
tigue cycles at a 0.01 Hz frequency in load control
mode of 1 kN (Figure 7a) in order to test the cyclic
behaviour of the sensors. Figure 7b shows the re-
sponse of a standard strain gauge. Figure 7c shows the
normalized resistance for all smart layers with dif-
ferent Ry which is observed to be increased with an
increase in the load and with an increase in R, with-
out any time delay in the response. Here also the
base line shift can be observed during the first cycle
which is almost constant in the further cycles. It is

interesting to see that this shift is directly proportion-
al to the sensitivity i.e. high sensitivity sample has
shown a greater shift. This may be because the GNPs
are loosely stuck to the surface of the GFRP and are
reoriented thus causing the change in the initial re-
sistance of the layer. However, this base line shifting
behaviour under cyclic loading was also observed in
the sensors made from multi-walled carbon nan-
otubes (MWCNT)/Ecoflex spray coated films [27],
GNP/PMMA solution cast films [28] and screen
printed silver-coated polystyrene spheres/poly di-
methyl siloxane (PDMS) films [29].

5. Conclusions

We report the piezoresistive behaviour of spray coat-
ed GNP sensors on the GFRP composite specimen,
under three different loading conditions. The scotch
tape erosion method is used to tailor the initial re-
sistance. A GF of 55+0.5, 70+2, and 77+1 was ob-
tained for Ryof 1, 7 and 21 kQ, respectively. The re-
sults show that the smart layers exhibit a significant-
ly higher sensitivity than the commercial strain gauge.
The GF is found to be dependent upon the GNP den-
sity on the surface. These spray coated sensors suffer
from some initial drift of baseline resistivity during
the cyclic loading. Although the base line shift be-
haviour is not sought in practical applications, the
high sensitivity, ease in the method of application
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Figure 7. a) load on the GFRP specimen vs time b) change in the resistance of strain gauge and c¢) normalized resistance vs
time for cyclic loading (tension-tension) at load control of 1 kN.

and the simple process to tailor the sensitivity demon-
strates that the GNP spray coated sensor can be a po-
tential candidate for structural health monitoring of
the polymer matrix composite structures.
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