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ARTICLE INFO ABSTRACT

Keywords: In this study, the effect of the exfoliation state of GNPs on the strain sensing capacity of GNP reinforced
Graphene nanoplatelets cementitious composites at the elastic and post-elastic stages of deformation is demonstrated. Below percolation
Exfoliation

threshold, effective exfoliation of multi-layer GNPs results in tri-layer nanomaterials. For GNP volume fractions
above percolation a direct correlation between the number of exfoliated graphene layers and permittivity values
of the cementitious nanocomposites exists. Electrochemical Impedance Spectroscopy (EIS) measurements
demonstrated that the nanocomposite’s electrical energy storage capacity depends on the interlayer spacing
between graphene nanosheets. Piezoresistivity experiments showed that the piezoresistive signal is independent
on the strain levels at the post-elastic stage. Piezopermittivity results revealed an excellent relationship between
the fractional change in permittivity and stress and strain values during the loading-unloading cycles at both the
elastic and post-elastic stages. A direct relationship between piezopermittivity and volume fraction of tri-layer
and multi-layer GNPs is also observed suggesting that the GNP content at the percolation threshold is opti-

Percolation threshold
Dielectric permittivity
Piezopermittivity
Cement-based materials

mum for maximizing the strain sensing capacity of the nanocomposite.

1. Introduction

Graphene nanoplatelets (GNPs) are 2D nanomaterials with ultra-
high surface area, 500-2500 m2/g and hexagonal crystal lattice struc-
ture of carbon—carbon bonds (C-C) that exhibit extraordinary intrinsic
electrical conductivity, orders of magnitude higher than that of 0D and
1D carbon-based nanomaterials [1,2]. The unique combination of
intrinsic properties makes GNPs a prime candidate for developing
functional cementitious nanocomposites with robust electromechanical
strain sensing capacity [3,4]. Due to the lack of proper dispersion
methods, research in nanoreinforced cementitious materials mainly
focus on using high concentrations of stacked multi-layer GNPs [5].
Early attempts to evaluate the electrical properties and self sensing
ability of cement pastes reinforced with stacked multi-layer GNPs, at
volume fractions of 1.2-4.8 vol% were reported by Dai Pang et al. [6,7].
Compared to OPC pastes, the authors reported 2-3x higher electrical
conductivity. However, the piezoresistive signal during compression
and tension up to failure was deemed inadequate for self-sensing. Dong
et al. [8] reported negligible piezoresistivity for cement pastes and
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mortars reinforced with stacked multi-layer GNPs at a volume fraction of
1.5 vol%. Similar results (piezoresistive response of ~3%) were reported
by Sun et al. [9] and Sevim et al. [10] for cementitious composites
reinforced with stacked multi-layer GNPs at high volume fractions of
1.5-4 vol%. Recently, Qi et al. [11] reported that a low weight fraction
of 0.2 wt% (=0.4 vol%) of GNPs with high thickness (100 nm) and
diameter (20-45 pm) defines the percolation threshold. Piezoresistivity
tests under compressive and tensile load revealed that the fractional
change in resistivity reaches a maximum at the percolation threshold
and proportionally decreases for higher GNP dosages.

More recently, Kausar et al. [12] demonstrated that the electrome-
chanical strain sensing ability depends on the GNPs’ electron mobility.
Fang et al. [13] used atomic-scale simulations of the electron density
stored within the interlayer spacing between graphene nanosheets. They
have shown that compared to stacked multi-layer GNPs, prepared by the
commercial production methods, tri-, bi- and mono- layer GNPs exhibit
much higher electron mobility. Robin et al. [14] conducted Scanning
Tunneling Microscopy experiments to develop a Fermi level shift
computation model and confirmed that the poor electron mobility of
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stacked multi-layer GNPs is attributed to the interlayer spacing between
the multiple graphene sheets that significantly lowers the nano-
material’s electron transport properties, namely electron mobility,
charge surface density, carrier concentration, Fermi velocity, and Dirac
point.  Furthermore, the piezoresistive response of nano-
electromechanical membrane gauges with multi-layer GNPs revealed an
independence of the multi-layer GNP loading and the fractional change
in resistivity, for GNP concentrations above percolation threshold [15].
A comparison between the effect of various loadings of multi- and few-
layer GNPs on the piezoresistive behavior of 3D graphene-based sensors
[16] revealed that few-layer GNP-based sensors exhibit a much higher
sensing capability, and that fractional change in resistivity is indepen-
dent on the GNP concentration. From all the above it is concluded that
while the use of multi-layer GNPs can successfully enhance the electrical
conductivity, yet the observed fractional changes in resistivity indicate
that strain sensing does not depend on the volume fraction of stacked
multi-layer GNPs. To successfully enhance the strain sensing ability, the
focus is currently shifted on minimizing the energy storage capacity of
the interlayer spacing by successfully exfoliating the stacked multi-layer
GNPs into few-layer nanoplatelets.

In this study, the effect of the exfoliation state and volume fraction of
GNPs on the electrical and dielectric properties, and resistivity- and
permittivity- based strain sensing ability of GNP reinforced mortars is
presented herein. Stacked multi-layer GNPs at several volume fractions
were effectively exfoliated into few-layers, through a liquid-phase
exfoliation process by applying ultrasonication energy at controlled
rates. The number of graphene layers and the lateral dimension of GNPs
were monitored via Raman spectroscopy. The electrical resistivity and
dielectric permittivity of mortars reinforced with several volume frac-
tions of exfoliated GNPs were evaluated using Electrochemical Imped-
ance Spectroscopy (EIS) measurements. The piezoresistivity and
piezopermittivity of GNP reinforced mortars subjected to cyclic
compressive loading in the elastic and post-elastic stages were assessed.
A direct relationship between the number of layers, the interlayer
spacing, and dielectric permittivity is demonstrated for GNP loadings
above percolation. A good correlation between the piezopermittivity
values and the GNP volume fraction was observed suggesting that the
optimum GNP content for strain sensing can be defined by the perco-
lation threshold.

2. Materials and experimental procedure
2.1. Materials and specimen preparation

GNP reinforced mortars with water to cement ratio of 0.485 and sand
to cement ratio of 2.75 were produced as per the ASTM C109/C109M —
20 [17]. Type I Portland Cement (OPC) 42.5 R was used as binder ma-
terial. Standard sand as per the ASTM C778 [18] was used as a fine
aggregate. Graphene nanoplatelets at volume fractions of 0.05%, 0.1%,
0.15%, 0.2%, 0.25%, 0.30%, 0.32%, 0.35%, 0.4%, 0.5%, 0.6%, and 0.7
vol% were used as electrically conductive materials. GNPs were manu-
factured through a non-oxidizing process to ensure a uniform graphitic
surface of sp2 carbon molecules of each graphene layer, essential for
applications that require high electrical conductivity [19]. The number
of graphene layers, geometrical and physical properties, and intrinsic
electrical conductivity of “as received” stacked multi-layer GNPs are
shown in Table 1.

In this work, a simple, one step sonication procedure was applied to
overcome the strong carbon-carbon van der Waals interactions and

Table 1
Properties of “as received” stacked multi-layer GNPs.
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homogeneously exfoliate the GNPs in the mixing water [20,21]. Sus-
pensions were prepared by adding GNPs to an aqueous solution that
includes a polycarboxylate based surfactant. The surfactant to nano-
platelet weight ratio was kept at 4.0 for all mixes. Ultrasonication energy
was then applied to the suspensions by a 750 W cup-horn high intensity
ultrasonic processor with a standard probe of a diameter of 19 mm and a
temperature controller. The sonicator was operated at amplitude of 57%
so as to deliver constant energy rate of 1.9-2.1 e 10° J/min, at cycles of
20 s in order to prevent overheating of the suspensions. After ultra-
sonication process, Zeta potential measurements were used to evaluate
the stability of the dispersed/exfoliated nanomaterials in suspensions
using the Zetasizer Nano ZS system [22]. Prior to sonication, suspen-
sions exhibit values lower than 30 mV, which indicates unstable hy-
drophobic suspensions [23]. The Zeta potential of the GNP suspensions
increases with the application of ultrasonication energy reaching a value
of 42.5 mV which indicates an excellent stability for all suspensions.

The exfoliated GNP suspensions were then added into the OPC and
sand, and mixing of the materials was performed according to the pro-
cedure outlined by ASTM C305 [24] using a standard robust mixer
capable of operating from 140 + 5 revolutions per minute (r/min) to
285 + 10 r/min. After the completion of the procedure the mixture was
cast in 40 x 40 x 160 mm?® oiled molds. Two titanium grids 40 x 60
mm? with a spacing of 100 mm between them were embedded in each
specimen after casting for AC measurements. All specimens remained
molded and sealed with plastic sheet for 24 h to prevent moisture
evaporation. Following demolding, the specimens cured in a curing
room at a temperature of 20 °C and 95% humidity for 28 days.

2.2. Experimental study

2.2.1. Characterization of the exfoliation state and number of layers of
GNP-suspensions

Raman spectroscopy was used for the determination of the optimum
amount of ultrasonication energy by evaluating the exfoliation state of
GNP-suspensions subjected to ultrasonication energy at amounts of up to
4.0 o 10% kJ/L. The Raman spectra of GNP-suspensions were recorded
using the Raman DXR3 spectrometer equipped with a microscope
objective MPlan 10x/0.25. The samples were excited with laser beam of
532 nm wavelength before spectra recording. Raman scattered light was
analyzed at a scanning wavelength of 1000-3200 cm™! using a
diffraction grating (900 lines mm 1) and a CCD camera. The actual
number of layers of exfoliated GNPs at several volume fractions ranging
from 0.05% to 0.7 vol% was determined using the intensity ratio of the
2D-peak and G-peak (Iop/Ig) according to [25].

The complex impedance, namely resistance, Z’, and absolute reac-
tance, |Z”’|, and the dielectric permittivity, ¢, of the 28d GNP reinforced
mortars were determined by EIS measurements over frequencies ranging
from 20 Hz to 1 MHz following the AC two pole method [26]. As no
standards exist, nine specimens of each sample of plain and GNP rein-
forced mortars were used for the EIS measurements.

The stress and strain sensing ability of the 28d GNP reinforced
mortars was assessed by evaluating their fractional change in resistivity
(piezoresistivity) and fractional change in permittivity (piezo-
permittivity) following the AC two pole method, while cyclic uniaxial
compressive loading was simultaneously applied to the specimens at a
rate of 0.84 MPa/s and frequency of 0.0083 Hz using an electrome-
chanical testing machine MTS with a 500 kN capacity [27,28]. The
magnitude of compressive loading was increased at stress intervals of 5
MPa up to specimen’s compressive strength. Two loading-unloading

Number of Thickness 1-Layer Thickness d-spacing Lateral Dimension Surface area (m?/ Electrical Conductivity (S/
Layers (nm) A) A) (pm) g) m)
GNPs  13-16 7-9 3.45 3.4 2 750 10°
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cycles were recorded for each stress level, and every cycle of loa-
ding-unloading had a duration of 120 s.

3. Results and discussion
3.1. Evaluation of the number of layers and exfoliation state of GNPs

Fig. 1 presents the Raman Intensity — Raman Shift of 0.3 vol% GNP
suspensions subjected to ultrasonication energy up to 4.0 e 10° kJ/L.
The 0.3 vol% GNP loading was selected as the optimum volume fraction
to maximize the electrical conductivity of GNP reinforced polymer
nanocomposites [29]. Three prominent peaks are observed in Fig. 1 for
all Raman Intensity — Raman Shift curves, namely the D-peak (~1345
crn_l), G-peak (~1580 cm_l) and 2D-peak (2685-2716 cm_l) [30]. The
D-peak is attributed to the non-covalent bonding between carbon atoms,
along the edge of exfoliated nanoplatelets, and hydroxyl and carboxyl
groups from the polycarboxylate-based surfactant. The G-peak reflects
the graphite band which arises from the stretching of the carbon-carbon
(C-C) bond and corresponds to the crystallinity of graphene. The 2D-
peak is associated with the amount of sp? hybridized carbon atoms in
graphene nanolayers. The Raman intensity of the three peaks is directly
proportional to the exfoliation degree of GNPs and number of graphene
layers. It is observed from Fig. 1 that the Raman intensity increases with
increasing the ultrasonication energy, indicating a more effective exfo-
liation of the multi-layer GNPs. The position of the 2D-peak exhibits a
shift from 2716 cm™? for the “as received” GNPs to 2685 cm™! for the
exfoliated GNPs after the application to ultrasonication energy of 3.6 —
4.0 o 10% kJ/L. This shift is attributed to the elongation of sp? bonds of
carbon atoms which results to the slippage of the graphene layers during
ultrasonication; hence to the higher exfoliation state of GNPs [31]. The
actual number of graphene layers in exfoliated GNPs can be determined
using the intensity ratio of the 2D-peak and G-peak (Iop/Ig) [25]
following the equation:

(€8]

The number of graphene layers, N, of GNPs subjected to ultra-
sonication energy of 0.6-4.0 e 10 kJ/L is presented in Fig. 2. The
number of layers of “as received” stacked multi-layer GNPs, calculated
by Eq. (1) using the Raman intensity data is ~15 and falls within the
range of the number of layers given by the manufacturer (Table 1).
Increasing the ultrasonication energy for amounts up to 3.6  10° kJ/L

Ac Raraivad
0.6 - 103kJ/L
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proportionally increases the exfoliation state of multi-layer GNPs
resulting in up to 3 graphene layers. It is also observed from Fig. 2 that
application of higher than 3.6 e 10% kJ/L ultrasonication energies does
not reduce further the number of graphene layers.

A qualitative evaluation of the exfoliation state of GNPs was per-
formed by scanning electron microscopy (SEM) using an ultra-high
resolution field emission scanning electron microscope (Hitachi SU
3800), operated at 3 kV. Fig. 3a shows the “as received” GNPs with 15
layers of stacked graphene sheets before sonication. An individual tri-
layer GNP was identified in the aqueous GNP/surfactant suspension
after the application of ultrasonication energy of 3.6 10> kJ/L (Fig. 3b).

The successful exfoliation of multi-layer GNPs into a few-layer
nanomaterial requires a controlled application of ultrasonication en-
ergy that ensures the preservation of GNP’s lateral dimension, L. The
GNP’s lateral dimension can be calculated using the intensity values of
the D-peak (Ip) and G-peak (Is) [25] following the equation:

0.14
(ID/IG)GNP - (ID/IG)Gmphite

Where (Ip/Ig)np is the ratio of the Ip and I observed in the Raman
spectra of exfoliated GNPs (Fig. 1) and (Ip/Ig)Graphite is the ratio for pure
graphite [32].

The lateral dimension values of exfoliated GNPs in suspensions
subjected to ultrasonication process at energies up to 4.0 e 10° kJ/L are
presented in Fig. 4. As shown in Fig. 4 maintaining the lateral dimension
of exfoliated GNPs at ~2 pm (nominal lateral dimension value provided
by the GNP manufacturer, Table 1) requires the application of ultra-
sonication energy at amounts up to 3.6 e 10> kJ/L. Ultrasonication en-
ergies higher than the optimum interrupt the GNP’s structural integrity
and result in lower lateral dimensions, 19% for 3.8 e 10 kJ/L and 30%
for 4.0 e 10% kJ/L, respectively, probably due to high disorder degree of
carbon atoms at the edges of GNPs that lead to the fragmentation of the
graphene layers [33].

The number of graphene layers in suspensions with GNPs at volume
fractions ranging from 0.05% to 0.7 vol%, as calculated by Eq. (1) using
the Iop/Ig ratios from Raman spectroscopy, are presented in Fig. 5. The
GNP-suspensions were subjected to ultrasonication energy of 3.6 ¢ 10°
kJ/L. For loadings up to 0.3 vol% the I>p/I; ratio of the GNP suspensions
is ~0.585 and corresponds to tri-layer GNPs. Increasing the GNP volume
fraction proportionally decreases the Iyp/Ig ratio from ~0.585 to
~0.373. It is observed that the number of graphene layers proportion-
ally increases as well from 3 up to 13 layers. It is concluded that at

(2)
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Fig. 1. Raman spectra of 0.3 vol% GNP-suspension as a function of ultrasonication energy.
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Fig. 2. Number of layers (N) of exfoliated 0.3 vol% GNPs as a function of ultrasonication energy.

Fig. 3. SEM images of (a) “As received” GNPs with 15 layers of stacked graphene sheets and (b) individual exfoliated tri-layer GNP in the aqueous GNP/surfac-
tant suspension.
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Fig. 4. Lateral Dimension of exfoliated 0.3 vol% GNPs as a function of ultrasonication energy.

volume fractions between 0.32 and 0.7 vol% exfoliation is not complete 3.2. Electrical resistivity and dielectric permittivity of GNP reinforced
and leads to multi-layer (>3) graphene inclusions. mortars

The complex impedance diagrams (Nyquist plots) of mortars rein-
forced with tri-layer GNPs at loadings from 0.05% to 0.7 vol% are
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Fig. 5. Number of Layers (N) and I,p/I; ratio of exfoliated GNPs at a volume fraction range of 0.05% — 0.7 vol%.

presented in Fig. 6. The horizontal and vertical axes represent the real,
Z’, and the absolute imaginary part of impedance, |Z”’|, respectively.
The real part of impedance expresses the charge transfer resistance, also
known as electrical resistance, and is inversely proportional to the rate
of electron mobility. The imaginary part of impedance, expressed as
values of absolute reactance, is associated with the electric charge
storage capacity. Nyquist plots for cementitious nanocomposites are
typically composed of two arcs: (i) the high frequency arc (100 kHz-1
MHz) which is associated with the bulk properties of the nanocomposite;
and (ii) the low frequency arc (20 Hz-100 kHz), associated with the
titanium electrode-specimen interface properties [26]. The low- and
high- frequency arcs intersect at point (A) at 100 kHz and is known as
the cusp point. At this frequency the material acts as a neat resistor,
without exhibiting any energy storage capacity (Z’* = 0). The maximum
value of absolute |Z’| at the high-frequency arc arises at 300 kHz (point
B). This is the point where the material exhibits its highest storage

capacity of electrical energy. It is observed from Fig. 6 that the real part
of the nanocomposites’ impedance decreases with increasing GNP con-
centration up to 0.3 vol%, due to the gradual formation of a continuous
conducting graphene network that facilitates the electron mobility along
the interconnected GNPs. As a result, the electrical conductivity of the
mortars reinforced with tri-layer GNPs increases up to 187% compared
to plain mortar.

It can also be observed from Fig. 6 that the imaginary part of the
impedance (reactance) decreases with increasing GNP concentrations
up to 0.3 vol%; hence the stored electric energy in the nanocomposites
diminishes across the GNP mortar mixes. The lowest bulk reactance
value |Z"’spokmz| = 468 Q was observed for the 0.3 vol% GNP-mortar.
Typically, the lowest bulk reactance values correspond to a state of a
minimum electrical energy storage capacity of the mix. In this sense, the
0.3 vol% GNP-mortar is believed to have undergone perfect dispersion;
therefore, it exhibits a uniform and homogenous distribution of the tri-
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Fig. 6. Nyquist plots of 28d mortar reinforced with GNPs at volume fractions of 0.05-0.3 vol%.
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layer graphene nanoplatelets within the cementitious matrix.

As already discussed in Section 3.1, GNPs at volume fractions > 0.3
vol% are considered multi-layered, i.e., 4-13 layers (Fig. 5). The Nyquist
plots of mortars reinforced with GNPs at volume fractions of 0.32%,
0.35%, 0.4%, 0.5%, 0.6% and 0.7 vol% are presented in Fig. 7. Inter-
estingly, it is observed that all mixes show the same bulk resistance
value (measured at cusp point, 100 kHz), Z’;pokgz = 4370 Q. Since
volume fractions > 0.3 vol% correspond to the percolation threshold, it
is assumed that above percolation, the bulk electrical conductivity of the
nanocomposites is independent of the multi-layer GNP content. On the
other hand, the reactance values (measured at the high frequency arc,
100 kHz-1 MHz), which represent the bulk electrical energy storage
capacity of the nanocomposites, proportionally increase with the GNP
content. Due to the incomplete dispersion in the cementitious matrix,
these multi-layer GNPs act as stacked double layer capacitors, in the
form of graphene layer/interlayer spacing/graphene layer, similar to
that of metal/dielectric/metal [34]. The presence of stacked multi-layer
GNPs therefore leads to a much higher volume of interlayer spacing
within the matrix which increases the electrical energy storage capacity
of the nanocomposites. It is observed in Fig. 7 that increasing the GNP
content proportionally increases the number of layers, hence the volume
of interlayer spacing into the cementitious material, leading to en-
hancements of the nanocomposites’ dielectric permittivity by 20-200%.

The electrical resistivity, p, of the GNP reinforced mortars can be
calculated using the electrical resistance values at 100 kHz, Z’;ppknz
(where the material acts as a neat resistor) by the following equation
[26,35]:

S

L

pP= Z;OOkH: ® 3
where S is the cross section of the specimen, and L the distance between
the two electrodes.

The nanocomposite’s bulk maximum energy storage capacity is
represented by the dielectric permittivity, e. The dielectric permittivity
is a true material property and can be calculated by the following

equation [36]:

S
o—0
2 L wec

i
{ ook &

4

£ =
2 1
Zl30[]kHz + Zso0un:

Where Z7 ., is the reactance values obtained by the Nyquist plots
(Figs. 6 and 7), gp is the permittivity of vacuum, w is the angular fre-
quency and cy is the speed of light in vacuum.
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The electrical resistivity and dielectric permittivity results of the
GNP-mortars at volume fractions of 0.05% to 0.7 vol% are presented in
Fig. 8. As discussed above, the incorporation of up to tri-layer GNPs into
the cementitious matrix enhances the electron mobility along the
conductive network; hence both the electrical resistivity and dielectric
permittivity of mortars reinforced with GNPs up to percolation threshold
(0.05% — 0.3 vol%) decrease with increasing the GNP loading. Above
percolation threshold, the values of the electrical resistivity are inde-
pendent of the GNP content and reach a plateau. This may be attributed
to a selective electron transport pathway along the continuously inter-
connected GNPs. A different trend is observed for the dielectric
permittivity of the GNP-mortars above percolation threshold, where the
permittivity values increase proportionally with the GNP volume frac-
tions. The increased dielectric permittivity observed in the GNP mortars
for volume fractions > 0.3 vol% is the result of the higher amounts of the
electrical energy stored in the interlayer spacing between the multiple
graphene layers in stacked GNPs. Please note that interlayer spacing is
directly proportional to the graphene layers: stacked GNPs with multiple
graphene layers include larger volume of interlayer spacing.

3.3. Strain sensing ability of GNP reinforced mortars

The strain sensing ability of cementitious composites is typically
expressed as the fractional change in resistivity under the application of
mechanical loading. This is also known as piezoresistivity [37,38]. It
was reported that for composites reinforced with 2D nanomaterials,
such as graphene, the energy storage capacity of the interlayer spacing
between the graphene layers of GNPs plays an important role on the
electron mobility through the conductive network formed within the
matrix [39]. Results presented in Section 3.2 show that the resistivity is
independent of the GNP loading above percolation, while the dielectric
permittivity proportionally increases with increasing GNP loading
(Fig. 8). In this sense, the resistivity values above percolation are not
able to provide any information on the material’s response to applied
stress. The fractional change of dielectric permittivity, a.k.a. piezo-
permittivity, on the other hand may serve as a better indicator of the
material’s sensing ability as the permittivity values essentially corre-
spond to the change in the amount of the stored electrical energy in the
nanocomposite [40].

3.3.1. Piezoresistivity-based sensing of GNP reinforced mortars
Piezoresistivity results of 28d mortar reinforced with the tri-layer
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Fig. 7. Nyquist plots of 28d mortar reinforced with multi-layers GNPs at volume fractions of 0.3-0.8 vol%.
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GNPs at 0.3 vol% (percolation threshold) are presented in Fig. 9.
Compressive stress and strain during the loading and unloading cycles
are expressed in normalized values. In a typical loading-unloading
cycle, the fractional change in resistivity, Ap/pg, decreases during
loading and increases during unloading. It is observed that mortar
reinforced with the exfoliated tri-layer GNPs was able to successfully
follow the change in the applied stress, indicating a reversible piezor-

esistive response. The fractional change in resistivity, 4p/pg, of the
mortar prepared with “as received” GNPs is also included for
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Fig. 9. Piezoresistivity, Ap/pg, and normalized stress/strain curves of “as
received” and exfoliated tri-layer 0.3 vol% GNP reinforced mortars.

comparison. It is observed that no sensing ability was detected for the
“as received” GNP-mortar.

The fractional change in resistivity as a function of the specimen’s
strain for 28d mortars reinforced with exfoliated GNPs at loadings of
0.05% — 0.7 vol% are presented in Fig. 10. All nanomodified mortars
exhibit an amplified ability to recognize the changes in their mechanical
deformation through the recorded changes in the resistivity values. It is
observed that for the tri-layer GNP mixes (0.05% — 0.3 vol%) the
fractional change in resistivity, Ap/po, increases with the GNP content at
all stress levels in both elastic and post-elastic stages, up to fracture.
Increasing the GNP loading up to percolation threshold (0.3 vol%)
proportionally increases the piezoresistive signal at a rate of 15% at all
strain values. This is not the case for mortars reinforced with multi-layer
GNPs above the percolation threshold (0.32% — 0.7 vol%). While the
fractional change in resistivity observed for all mixes is considered
adequate for strain sensing (4p/pp > 5% [37]), yet the resistivity values
have reached a plateau (Fig. 7) and the fractional change in resistivity
demonstrates an independence on the GNP content for GNP loadings
above percolation; hence the piezoresistive signal is not sensitive to the
GNP volume fraction above percolation.

3.3.2. Piezopermittivity-based sensing of GNP reinforced mortars

Fig. 11 presents the piezopermittivity, Ae/gp, of the 28d mortars
reinforced with tri-layer GNPs at 0.3 vol%. During the compressive
loading-unloading cycles in the elastic and post-elastic stages the pie-
zopermittivity increases proportionally with the increasing stress level,
reaching a final fractional change in permittivity value of ~410%.
Comparing with the piezoresistive response (Fig. 10), where the frac-
tional change in resistivity demonstrates an independence on the stress
levels at the post-elastic stage, it is observed that piezopermittivity al-
lows for efficient monitoring of the stress and strain changes during
loading-unloading at both elastic and post-elastic stages.

The fractional change in permittivity values as a function of the
specimens’ strain for 28d mortars reinforced with GNPs at 0.05% — 0.7
vol% volume fractions are presented in Fig. 12. It is observed that all
GNP reinforced mortars exhibit an enhanced ability to detect strain
changes at all stages of deformation (elastic and post-elastic stages)
through the fractional changes of dielectric permittivity. For volume
fractions up to percolation threshold (0.3 vol%), increasing the GNP
loading proportionally increases the piezopermittivity at a rate of ~40%
at all strain values for stress levels in both elastic and post-elastic stages,
up to fracture. 0.3 vol% GNP-mortars outperform all other mixes,
exhibiting the highest increase of piezopermittivity signal, 425% at
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Fig. 11. Piezopermittivity, piezoresistivity and normalized stress/strain curves
of 0.3 vol% GNP reinforced mortar.

fracture. A different pattern is observed for the composites reinforced
with GNPs at volume fractions above percolation threshold (0.32% —
0.7 vol%), as the fractional change in permittivity decreases with
increasing the GNP content. Compared to the 0.3 vol% GNP-mortars,
mortars reinforced with 0.7 vol% GNPs exhibit Ae/gg values ~2x
lower at all strain values, despite the < 2x higher GNP volume fraction.
This is probably attributed to the presence of stacked multi-layer GNPs

that act as double layer capacitors with high electrical energy storage
capacity, increasing the dielectric permittivity of the nanocomposite. It
is observed that increasing the GNP dosages > 0.3 vol%, the number of
graphene layers is also increased due to incomplete exfoliation process.
The number of graphene layers is directly proportional to the volume of
interlayer spacing; therefore, more graphene layers produce larger
volumes of interlayer spacing that are able to store higher amounts of
electrical energy. In general, interlayer spacing is considered a barrier
that obstructs the electron mobility; hence a reduced permittivity-based
strain sensing signal is observed in stacked multi-layer GNPs with larger
volumes of interlayer spacing [38].

It should be noted here that piezopermittivity results could have
been predicted, simply by examining the Nyquist plots at different stress
levels. As discussed in Section 3.2, the bulk electrical energy storage
capacity of the nanocomposite is represented by the absolute reactance
value |Z’3ppkrz|. Permittivity values are calculated using the absolute
reactance values at 300 kHz (Section 3.2, Eq. (4). Changes in absolute
reactance values observed at different stress levels are directly related to
the piezopermittivity values (Fig. 12) and reflect to the changes in the
bulk electrical energy storage capacity of the material. As an example,
we plotted the Nyquist plots of the 0.3% and 0.7 vol% GNP-mortars at
two different stress levels, 0% and 100% (fracture), and compared their
absolute reactance values at the frequency of 300 kHz (|Z"’300kmz|)
(Fig. 13). The compressive strength to strain curves of the 28-day OPC
mortar and mortars reinforced with GNPs 0.3% and 0.7 vol%, showing
the 0% and 100% stress levels are also presented in Fig. 14. It is observed
that the change in reactance values |AZ"’300ku;|, between 0% and 100%
stress, for both mixes, 0.3% and 0.7 vol% GNPs, are in perfect agreement
with the piezopermittivity results presented in Fig. 12. These results
confirm that compared to the multi-layer GNPs, well exfoliated tri-layer
GNPs exhibit lower energy storage capacity of the interlayer spacing and
high electron mobility. In composites reinforced with 2D nanomaterials,
such as graphene nanoplatelets, interlayer spacing and high electron
mobility is the key for strong sensing properties; hence proper exfolia-
tion of stacked GNPs into few-layers is necessary to enhance the strain
sensing signal.

4. Conclusions
In this study, the effect of the exfoliation state of GNPs on the elec-

trical conductivity, dielectric properties and strain sensing capacity of
GNP reinforced cementitious composites at the elastic and post-elastic
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stages of deformation is demonstrated. Raman spectroscopy analysis
revealed that the controlled application of ultrasonication energy of 3.6 -
10° kJ/1 exfoliates the multi-layer GNPs into tri-layer graphene nano-
sheets and preserves the 2D nanomaterial’s structural integrity, while
higher energies interrupt the GNP’s lateral dimensions due to high dis-
order degree of carbon atoms at the edges of GNPs that lead to the
fragmentation of the graphene layers. EIS experiments showed that,
compared to the multi-layer GNPs, well exfoliated tri-layer GNPs exhibit
lower energy storage capacity. Above percolation threshold the bulk
electrical conductivity of the nanocomposites is independent of the
multi-layer GNP content. On the other hand, dielectric permittivity,
which represent the bulk electrical energy storage capacity of the
nanocomposites, proportionally increases with the GNP content due to

the presence of stacked multi-layer GNPs which act as double graphene
layer capacitors, able to store high amounts of electrical energy.
Mortars reinforced with GNPs at volume fractions below and above
percolation threshold exhibit a strong piezoresistivity-based sensing
signal, within the elastic stage. However, the signal is not sensitive to
strain values at stress levels in the post-elastic stage. Contrary to the
piezoresistivity-based sensing signal, the signal based on the dielectric
properties (piezopermittivity) allows for efficient monitoring of the
stress and strain changes during loading—unloading at both elastic and
post-elastic stages. Therefore, piezopermittivity-based sensing signal
serves as a better indicator of the material’s sensing ability as the
permittivity values essentially correspond to the change in the amount
of the stored electron molecules in the graphene layers of GNPs. In
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composites reinforced with 2D nanomaterials, such as graphene nano-
platelets, the control and modification of electrical energy stored within
the interlayer spacing of graphene sheets is the key for strong sensing
properties; hence proper exfoliation of stacked GNPs into few-layers is
necessary to enhance the strain sensing signal.
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