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Abstract: The sustained development of wind energies requires a dramatic rising of turbine blade size
especially for their off-shore implantation, which requires as well composite materials with higher
performances. In this context, the monitoring of the health of these structures appears essential to
decrease maintenance costs, and produce a cheaper kwh. Thus, the input of quantum resistive sensors
(QRS) arrays, to monitor the strain gradient in area of interest and anticipate damage in the core of
composite structures, without compromising their mechanical properties, sounds promising. QRS
are nanostructured strain and damage sensors, transducing strain at the nanoscale into a macroscopic
resistive signal for a consumption of only some µW. QRS can be positioned on the surface or in the
core of the composite material between plies, and this homogeneously as they are made of the same
resin as the composite. The embedded QRS had a gauge factor of 3, which was found more than
enough to follow the strain from 0.01% to 1.4% at the final failure. The spatial deployment of four QRS
in array made possible for the first time the experimental visualization of a strain field comparable to
the numerical simulation. QRS proved also to be able to memorize damage accumulation within the
sample and thus could be used to attest the mechanical history of composites.

Keywords: structural health monitoring (SHM); carbon nanotubes (CNT); quantum piezo-resistive
sensor (QRS); in situ measurements; smart materials; embedded sensors

1. Introduction

Recently, the need to reduce the carbon emissions resulting from the use of fossil
fuels makes it necessary to strongly develop renewable energies worldwide [1]. In 2015,
COP 21 agreed to achieve a balance between carbon emissions and removals by sinks of
greenhouse gases [2]. In the case of wind energy, the size of wind turbine is continuously
increased to provide more energy per unit. In the early 1980s, the length of the blade was
7.5 m; today it is 80 m, and could exceed 100 m in 2030 [3,4]. To ensure a continuous and
powerful wind flow, the turbines are designed to withstand a harsher environment, and
are therefore located further away from the coast. The lifetime of these structures should
also be improved, with a view to less systematic maintenance. Nowadays, composites
materials are essential for the manufacture of wind turbines blades, usually made of
glass fibers assembled with an epoxy matrix. However, composites are anisotropic or
orthotropic materials, and their failure is a complex combination of various mechanisms
such as matrix cracking, delamination, fiber breakage, or interfacial debonding [5]. As a
result, the initiation and propagation of damage remains difficult to predict. Detection of
damage along with undergone strain could lead to better prediction of the ultimate failure
of the structure, thereby reducing maintenance costs. For instance, of the current total cost

J. Compos. Sci. 2021, 5, 60. https://doi.org/10.3390/jcs5020060 https://www.mdpi.com/journal/jcs

https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0002-9694-9274
https://orcid.org/0000-0002-2621-9911
https://orcid.org/0000-0003-2000-4247
https://doi.org/10.3390/jcs5020060
https://doi.org/10.3390/jcs5020060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jcs5020060
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/2504-477X/5/2/60?type=check_update&version=2


J. Compos. Sci. 2021, 5, 60 2 of 12

of onshore wind turbines, which amounts to more than 1 M€/MW, about 10% is due to
maintenance [6], and the shift to offshore plants could increase this cost to nearly 30% [7,8].

Within this frame, a Structural Health Monitoring system (SHM), which would pro-
vide clues on the state of health of the material, comes out like a very interesting tool [9–12].
SHM systems have multiple objectives, such as enabling optimal use of the structure,
minimizing downtime and avoiding catastrophic failures. They should also help to re-
place scheduled and periodic maintenance with performance-based inspections; as well as
reduce human intervention for less labor, fewer human errors, and thus greater reliability.

Over the past decades, various conventional techniques have been developed to detect
and measure the deformation or initiation of cracks and their propagation through the
structure being monitored. These techniques involve primarily the use of metal strain
gauges, piezo-resistive sensors, optical fiber sensors, and acoustic sensors. In a complex
structure such as a wind turbine blade, the maximum stresses are localized in defined
areas, due to the shape of the structure [13]. Structural monitoring of these areas is critical
to detect the degradation in the state of the structure. Therefore, the SHM device should
provide details of the in situ state in order to prevent failure of the structure, since some
parts of the structure, such as the spar cap in the case of windmills, may be several
centimeters thick [14]. Ideally the location of strain and damage in the selected area would
be done by volume mapping. To date, few of the existing monitoring techniques proved
capable to perform internal and external measurements of strain and damage detection. A
recent study by Holmes et al. [15] has addressed this issue based on fiber optic technology,
specifically machined to reduce their thickness and providing through-thickness strain
monitoring of advanced composites. However, the handling of such sensors remains tricky.

This challenging task has recently attracted the interest of the research community,
especially since the discovery of new nanoparticles such as carbon nanotubes [16,17]. As a
result, conductive nanocomposites obtained by dispersing these nanofillers in a polymer
matrix have led to the development of promising self-sensing materials [18–27]. Thanks
to their unique mechanical [25,28–30], thermal [31–33] and electrical properties [25,34,35],
carbon nanotubes (CNT) are interesting candidates for the development of nanocomposites.
Since the nanofillers can be structured into a 3D conductive network within the insulating
polymer matrix, changes in the resistance of this network in response to mechanical
solicitations can be used to detect and measure the deformation and possible damages to
the composite [19,27,29,36–41]. Furthermore, the use of such smart materials leads to a
perfect match between the durability of the host structure and the nanocomposite used to
sense its state of health. Nevertheless, out of these different strategies to structure percolated
networks into polymer matrices, one is particularly seducing, it consists to introduce locally
a patch of matrix-CNT nanocomposite instead of dispersing CNT randomly in the whole
sample matrix as frequently done. This local sensor could be deposited on the surface of the
composite specimen by resin casting [42,43], spraying [18], or printing [44–47]. This smart
microply can be inserted during processing, in the part’s core. The sensor’s sensitivity
can be furthermore adjusted with the nanofiller content in the polymer according to the
percolation law [19]. Using a CNT-filled epoxy nanocomposite, just above its percolation
threshold around 0.5 wt%, allows to reach gauge factors (GF) as high as 78 [45], while at
0.7 wt% the GF decreases to 3.2 [43]. Such sensors typically have a thickness ranging from
1 µm [18] to 100 µm [43].

Michelis et al. [48] also proposed inkjet-printed CNT based strain sensors made
directly on a polymer substrate with a GF of 0.98. A similar process has been used by
Kaiyan et al. [49] with the addition of epoxy in the sensor, reaching a GF of 50. Dai et al. [50]
chose a cost-effective process based on a non-woven aramid carrier fabric soaked in a CNT-
filled solution to fabricate a sensor, achieving a linear response and an elastic gauge factor
of 1.9.

Nevertheless, the sensors were located on the surface of samples, which avoided the in
situ core measurements potentially affecting them by moisture and temperature. Another
strategy developed by Feller et al. [19,29] is to embed in the composite during its processing
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a premade sensing patch obtained by spraying layer-by-layer (sLbL) CNT-epoxy solutions
on a glass fiber textile.

In this case, the dimensions of the transducer as well as the electrode design can be
fixed “on-demand”, depending on the desired configuration in the host. These so-called
quantum resistive sensors (QRS), can be made of the same resin as the composite and be
cured to the same level of crosslinking degree to guaranty a complete homogeneity of
thermal and mechanical properties. Conveniently, the resulting sensitivity to strain (GF) can
be adjusted by changing the filler content or the number of sprayed layers [19]. Finally, QRS
derive their great sensitivity to their environment, and in particular to nanodeformations
from the percolated nature of their sensing architecture favoring tunneling conduction to
the detriment of classical ohm conduction, which tend to produce an exponential variation
of the resistive response upon an increase of the interparticular distance “d” as shown
in Equation (1).

Rtunnel =
V
AJ

=
h2d

Ae2
√

2mλ
exp

(
4πd

h

√
2mλ

)
(1)

where J is the tunneling current density; V is the electrical potential difference; A is the
cross-sectional area of tunnel; e is the quantum of electricity; m is the mass of electron; h is
Plank’s constant; d is the distance between conductive particles; l is the height of energy
barrier (for epoxy, 0.5–2.5 eV).

In this work, the use of CNT-epoxy Quantum Resistive Sensors (QRS), placed at
different locations into the core of carbon-fiber reinforced polymer (CFRP) samples is
reported, as illustrated in Figure 1. QRS are integrated during the laminate manufacturing
process and are not limited by the shape or angle of the composite part. The evolution of
the electrical behavior of several QRS during a mechanical deformation as a function of
their location inside the structure is investigated (within a ply of the laminate, and between
the plies, i. e. through thickness). The QRS network thus formed could be used from the
elastic deformation to the final breakage of the composite and provide a location of the
stress experienced in the structure.
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Figure 1. Representation of three points bending experiments with Quantum Resistive Sensor (QRS)
placed in the tensile zone.

2. Experimental Details
2.1. Materials

The Carbon fiber reinforced polymer (CFRP) prepreg was purchased from Hexcel. The
carbon fiber is a taffetas fabric (0/90◦, 300 g/m2) with 34% in weight in a M79 epoxy resin.
Multiwall carbon nanotubes (NC-7000TM) were kindly provided by Nanocyl® (Sambreville,
Belgium). This grade corresponds to MWCNT with an average diameter of 10 nm and
a mean length comprised between 100 and 1000 nm. Epolam 2020 epoxy resin & amine
hardener were purchased from Axson Technologies (Saint-Ouen, France), glass fiber was
purchased from Composites Distribution® (Orvault, France) and chloroform (99%) was
purchased from Sigma-Aldrich (Saint-Quentin, France).

2.2. Manufacture of Samples

Calculated amounts of CNT and epoxy resin were homogenized in chloroform by
ultra-sonication with a Branson 3510 sonicator for 90 min at 25 ◦C, and further degassed for
5 min. After dispersion of the CNTs in the epoxy resin, an amine hardener was added and
the mixture was sonicated for 30 min. The obtained mixing contains 3% by weight of CNT
in the epoxy. 7 mm × 3 mm thin-film sensors were obtained by the technique of spraying
via layer-by-layer (sLbL) deposition and can be seen in Figure 2b. The electrical connections
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were made with silver-based ink. The solutions were sprayed with our homemade device
onto the supporting glass fiber/epoxy film allowing a precise control of nozzle scanning
speed (10 cm s−1), solution flow rate (50 mm·sec−1), stream pressure (0.20 MPa), and target
to nozzle distance (8 cm). The QRS was then insulated with a layer of glass fiber/epoxy
substrate. The QRS are embedded into the CFRP during the stacking sequence (16 plies). 4
locations are selected and their coordinates are related to the position of loading pin (X;
Z), as illustrated in Figure 2a,c. A pair of QRSs aligned on the centreline of the loading
pin (X0), under the first ply (X0; Z0) and in the mid-thickness of the CFRP (X0; Z-1/2),
respectively. A second pair is located at the same depths, but offset by a quarter of the
length of the sample, (X1/4; Z0) and (X1/4; Z-1/2) respectively. Curing is carried out by a
6 h heat treatment at 80 ◦C ensuring complete crosslinking and the resulting CFRP sample
dimensions are 400 × 50 × 3.2 mm3.

J. Compos. Sci. 2021, 5, x FOR PEER REVIEW 4 of 12 
 

 

2.2. Manufacture of Samples 
Calculated amounts of CNT and epoxy resin were homogenized in chloroform by 

ultra-sonication with a Branson 3510 sonicator for 90 min at 25 °C, and further degassed 
for 5 min. After dispersion of the CNTs in the epoxy resin, an amine hardener was added 
and the mixture was sonicated for 30 min. The obtained mixing contains 3% by weight of 
CNT in the epoxy. 7 mm × 3 mm thin-film sensors were obtained by the technique of 
spraying via layer-by-layer (sLbL) deposition and can be seen in Figure 2b. The electrical 
connections were made with silver-based ink. The solutions were sprayed with our home-
made device onto the supporting glass fiber/epoxy film allowing a precise control of noz-
zle scanning speed (10 cm s−1), solution flow rate (50 mm·sec−1), stream pressure (0.20 
MPa), and target to nozzle distance (8 cm). The QRS was then insulated with a layer of 
glass fiber/epoxy substrate. The QRS are embedded into the CFRP during the stacking 
sequence (16 plies). 4 locations are selected and their coordinates are related to the position 
of loading pin (X; Z), as illustrated in Figure 2a,c. A pair of QRSs aligned on the centreline 
of the loading pin (X0), under the first ply (X0; Z0) and in the mid-thickness of the CFRP 
(X0; Z-1/2), respectively. A second pair is located at the same depths, but offset by a quar-
ter of the length of the sample, (X1/4; Z0) and (X1/4; Z-1/2) respectively. Curing is carried 
out by a 6 h heat treatment at 80 °C ensuring complete crosslinking and the resulting CFRP 
sample dimensions are 400 × 50 × 3.2 mm3. 

(a) 

 

(b) 

 

(c) 

 

Figure 2. (a) Diagram of the CFRP specimen with embedded QRS below the surface and in the 
region of the neutral axis along with their name and position in the laminate. (b) Photography of a 
QRS, including the substrate (whitish area), the conductive silver-based tracks and the active 
CNT-filled QRS (dark area) (c) Representation of the CFRP specimen and the detailed location of 
the QRS during three-point bending experiments (QRS placed in the tension zone). 

2.3. Characterization Techniques 
An Instron 5566A servo-hydraulic was used to perform static three-point bending 

experiments, according to the standard NF EN ISO 14125. An Instron Electropuls E10000 
was used to perform dynamic three-point bending experiments with the same apparatus 
as for the static tests. 

The fracture profile was obtained by Scanning Electron Microscopy (SEM) using a 
Jeol series model (JSM-6031F) (JEOL Europe SAS, Croissy Sur Seine, France). 

Figure 2. (a) Diagram of the CFRP specimen with embedded QRS below the surface and in the region of the neutral axis
along with their name and position in the laminate. (b) Photography of a QRS, including the substrate (whitish area), the
conductive silver-based tracks and the active CNT-filled QRS (dark area) (c) Representation of the CFRP specimen and the
detailed location of the QRS during three-point bending experiments (QRS placed in the tension zone).

2.3. Characterization Techniques

An Instron 5566A servo-hydraulic was used to perform static three-point bending
experiments, according to the standard NF EN ISO 14125. An Instron Electropuls E10000
was used to perform dynamic three-point bending experiments with the same apparatus
as for the static tests.

The fracture profile was obtained by Scanning Electron Microscopy (SEM) using a Jeol
series model (JSM-6031F) (JEOL Europe SAS, Croissy Sur Seine, France).

In situ electrical measurements were carried out by an HBM quantum 840 device with
a direct current of 1 V applied to the QRS.

3. Results and Discussion
3.1. Mechanical Properties of the Sample with and without Embedded QRS

In order to study the effect of QRS on the mechanical performance of the CFRP sample,
three-point static bending experiments were performed with and without QRS embedded
in the sample core, as presented in Figure 3a. Both cases show similar behavior with
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first a linear increase in stress with strain up to 0.5% in the elastic range, followed by a
slight reduction in the stress increase due to the initiation cracks at the 90◦ fibers interfaces
and their propagation in the matrix until final failure around 1.4% [51]. The resulting
mechanical properties, summarized in Table 1, are consistent with the literature data for
the pristine 0/90◦ carbon fiber epoxy composite [52,53]. In addition, the introduction of
QRS modifies the modulus, failure stress and failure strain by 1.2, 6.0 and 5.6% respectively,
which are still within the measurement uncertainty.
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Figure 3. (a) Static three-point bending mechanical behavior of a CFRP composite with and without embedded QRS
displaying equivalent behavior. Fracture profile under the central span (b) with and (c) without embedded QRS. The red
line represents the fracture path.

Table 1. Mechanical properties of a CFRP composite (0/90◦) with and without embedded QRS in
static three-point bending, according to standard NF EN ISO 14125.

Type of Sample Young Modulus
(GPa)

Failure Stress
(MPa)

Failure Strain
(%)

Pristine CFRP 52.1 ± 1.8 669 ± 27 1.42 ± 0.06
CFRP with embedded QRS 51.5 ± 2.1 629 ± 61 1.34 ± 0.11

The regions where the rupture occurred were observed by the SEM as shown in
Figure 3b,c. It was detected that the onset of failure occurred on both sides of the sample
and propagated through the thickness while the delaminations are parallel to the plane
of the fabric. This behavior is in line with that expected for the 0/90◦ composite under
bending solicitation [53]. Samples with in-core QRS do not show additional delamination
or failure compared to the blank samples, confirming that the mechanical properties are
not affected by the introduction of QRS.
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3.2. Electrical Response of QRS According to Their Location in the Specimen

QRS were incorporated at four different locations in the CFRP samples, as described
earlier. Two were one ply below the surface, one below the central span and one offset
100 mm to the side of the sample. Two others QRS were placed at the same X-positions,
but in depth, on the neutral axis of the sample. Because of these different locations, QRS
are subject to different level of strain, as shown in the following equation:

ε =
24 f v x

L3 (2)

where ε is the strain, f is the deflection, v is the distance from the neutral axis, x is the
position along the sample, and L is the length between the two external spans.

As already shown [19,32,37,54], QRS are displaying a change in electrical resistance
with strain, which is characterized by the Gauge Factor (GF), defined as follows:

GF =
Ar
ε

=
∆R/R0

ε
(3)

where ∆R is the change of electrical resistance compared to ε = 0, R0 is the initial resistance
at ε = 0, and Ar, the relative amplitude of the electrical resistance, i.e., the ratio ∆R/R0.

It has been previously estimated that for such embedded sensors with an initial
resistance of about 20 kΩ, the GF is about 3 [19]. Therefore, in order to represent the effect
of the sensor position, the electrical response has been normalized to the maximum value
obtained for QRS (X0; Z0), which is assumed to be subject to the maximum strain and
thus exhibit the highest response. Figure 3a represents the normalized amplitude of the
electrical resistance of the four QRS, with the strain measured below the central span in a
static three-points bending experiment, which is supposed to be the maximum strain value.

QRS placed a ply below the surface, e.g., QRS (X0, Z1/4), depicts a behavior similar to
QRS (X0, Z0). An initial growth in resistance is visible up to 0.1%, followed by a steadier
increase in resistance. The final value reached by the QRS (X0; Z0) is almost double that of
the QRS (X1/4; Z0) one. This result is consistent with Equation (2) and Figure 4c,d, where
the strain under the center span at the X1/2 position is about twice that of the position
LX1/4. In addition, the stress undergone at the center QRS is higher, which may result in a
noisier signal compared to others QRS. In the case of the QRS placed near the neutral axis,
the resistance variation is almost equal to 0. This is consistent and corresponds to the fact
that there is no deformation on the neutral axis. Focusing on the curves in Figure 4b. It can
be seen that the QRS (X0; Z-1/2) is nevertheless subjected to an initial increase in resistance
up to 0.3% followed by a slight decrease, while the QRS (X1/4; Z-1/2) displays a decrease
in resistance throughout the bending test. This indicates their proximity to the neutral axis
and the resulting nearly total absence of resulting strain. Thanks to the variation of the
behavior as a function of the position, it demonstrates the ability of QRS to provide in situ
measurements of the strain encountered, both along the sample and through the thickness.
Although CFRP is an electrically conductive material, the absence of short circuits and the
individual response of each QRS demonstrate the ability of the supporting film to isolate
the QRS from the carbon fibers-reinforced composite.

In order to demonstrate the ability of the QRS to detect dynamic deformations, cycling
tests were also performed in addition to the static test. Figure 5a shows the normalized
change in QRS resistance with strain over 30 sinusoidal cycles. As expected and observed
during the static test, although having the same gauge factor, one can see in Figure 5b that
the amplitude of their electrical signal relates to their position in the composite. Indeed,
the QRS positioned on the side (X1/4) displays a smaller change in resistance with the
strain than the one placed under the center span (X0) and, near the neutral axis, almost no
change in resistance is visible. The absence of hysteresis and the ability of QRS to follow the
sinusoidal cycles confirm their possible use for dynamic in situ measurements. To further
investigate the sensing capability of QRS in tension and compression, Figure 5c,d presents
the dynamic three-points bending test of a CFRP specimen equipped with QRS located
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one ply below the surface, i.e., QRS (X0; Z0), QRS (X0; Z1/4) in the tensile side and QRS
(X0; Z-1), QRS (X1/4; Z-1) in the compression side. The strain ranged from 0 to 0.1%. QRS
displayed two symmetrically opposite electrical behaviors in tension and compression with
a maximum normalized Ar of 0.089 and –0.085 for traction and compression. respectively.
As observed earlier in static tension mode, when the sample is moved from the position
X0 to the X1/4 position, the electrical response is two times less, which is consistent with
Equation (2) and Figure 4c,d. As a result, QRS showed three distinct electrical behaviors,
whether in traction, compression or on the neutral axis. They can therefore be used to
measure the deformations experienced by the laminate composite, both on the surface and
in the core of the part. The use of multiple QRS could be envisaged to map selected areas
of the composite part in three dimensions.
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Figure 4. Electrical behavior of four QRS located at four different spots in the CFRP sample, below the central span
(identification X0), or in the middle along the side of the sample (X1/4), and one ply below the surface (Z0) or close to the
neutral axis (Z-1/2). (a) Normalized Ar of the four QRS as a function of the maximum strain below the central span during
static three-points bending test. (b) Magnification of curves for (X0; Z-1/2) and (X1/4; Z-1/2). Modelling of the strain field
during the three-points bending experiment at (c) initial state and (d) during bending.

To verify the reversibility of the QRS response, specimens were submitted to 300
consecutive cycles in the elastic domain and above the elastic limit. Figure 6a represents
the strain imposed over time. Increasing successive stages are visible, with one below the
elastic limit (average strain ε1 = 0.15%), one close to the elastic limit (ε2 = 0.30%), one above
the elastic limit (ε3 = 0.80%) and on close to the final breakage (ε4 = 1.13%). These steps are
interspersed with periods of solicitation referenced (labelled ε1, ε1–2, ε1–3, ε1–4) to a strain
of ε1 = 0.15%. The range of deformation variation around the mean values during the step
as was chosen at 0.06% to avoid any additional defects formation during the complete
cycling test.
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Figure 5. Electrical behavior of four QRS located at four different locations in the CFRP specimen, below the center span
(identification X0), or in the middle along the side of the specimen (X1/4), and one ply below the surface (Z0) or near the
neutral axis (Z-1.2). (a) Normalized electrical resistance (Ar) of the four QRS with maximum strain during dynamic elastic
three-points bending test. (b) Representation of their electrical response with time according to the deflection of the beam.
(c) Electrical behavior of the QRS located on the compression side, (X0; Z-1) and (X1/4; Z-1), or the tension side, (X0; Z0)
and (X1/4; Z0), during the dynamic three-points bending test. (d) Representation of their electrical response associated
with time for a given deflection.

Figure 6b shows the average value of the QRS response during the increasing stages
of the cycle and the scale bars correspond to the total amplitude of the signal. QRS have a
behavior equivalent to that of static deformation where the increase in Ar depends on the
location of the QRS. The average increase in Ar and the increase in the amplitude of Ar
moving on the one hand from the neutral axis to the tensile side, and on the other hand
from the side to the underside of the central span. With the exception of QRS (X1/4; Z0) in
the last step (ε4), the amplitude of Ar is also constant for all steps, as shown in Table 2. This
indicates that once a level of strain above the elastic limit is obtained, small mechanical
solicitations do not deteriorate the specimen and the resulting QRS response. In addition,
the modified behavior displayed by the QRS (X1/4; Z0) in the last step can be associated
with the increase in nearby defects and in the QRS. The QRS can therefore attest to the local
degradation of the material.
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Figure 6. Dynamic deformation of a CFRP specimen with four QRS located below the center span (identification X0), or
in the middle along the side of the specimen (X1/4), and one ply below the surface (Z0) or near the neutral axis (Z-1/2).
(a) Four stages of increasing strain applied to the specimen and the reference strain periods/plateaux. The inset represents a
magnification of the sinusoidal load applied to the sample during the test. In each sections, the sample is subjected to a
dynamic sinusoidal bending load of a small amplitude (+/− 0.06) around a fixed value (ε1, ε2 etc.). (b) Average value of the
relative electrical amplitude of QRS in the four increasing steps. The scale bars represent the amplitude of the dynamic
response. (c) Average value of the relative amplitudes of the QRS during reference periods of low strain. The scale bars
represent the amplitude of the dynamic response to a small variation of +/− 0.06% around a fixed εi value.

Table 2. QRS response amplitude during the cycling steps.

Step (X0; Z0) (X1/4; Z0) (X0; Z-1/2) (X1/4; Z-1/2)

ε1 0.070 0.072 0.019 0.008
ε2 0.075 0.072 0.015 0.011
ε1–2 0.072 0.067 0.019 0.008
ε3 0.096 0.082 0.012 0.014
ε1–3 0.067 0.082 0.017 0.007
ε4 0.080 0.79 0.044 0.015
ε1–4 0.064 0.095 0.017 0.010

Figure 6c shows the QRS response during the steps of the reference cycle and the
scale bars correspond to the total amplitude of the signal. For all QRSs, the first two
reference steps (ε1, ε1–2) give equal responses. For consecutive reference steps (ε1–3, ε1–4), a
residual Ar is visible for all QRS and is greater on the tensile side and under the center span.
Chowdhury et al. [19] reported a fairly similar electrical behavior in the case of increasing
static tensile cycles. Residual strain is due to the formation and propagation of cracks in
the material. Once the elastic limit of the sample is exceeded, the defects and cracks created
are mainly located in the region below the centre span. Thus, the residual Ar is higher for
the QRS (X0; Z0) because it is located in the most damaged region. Therefore, the Ar drift
is an indicator of the amount of core damage and it is conceivable that the use of a discrete
number of QRS can be used to locate the main affected area in the specimen.
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4. Conclusions

The integration of an array of four Quantum Resistive Sensors was carried out for the
first time to map the deformation gradient inside epoxy-carbon fiber laminate composite
samples, i.e., in plane and through thickness. It was also demonstrated that the presence
of QRS did not affect the mechanical behavior and properties of the CFRP samples. The
gauge factor of QRS was selected around 3, being a compromise between sensitivity and
noise ratio. Although higher gauge factor can be found in the literature, this sensitivity
was found sufficient to monitor very small deformation in the core of the composite
(0.06%). The integration inside a carbon fiber reinforced composite was made possible
thanks to insulation of the sensors which opens applications in the high-performance
composites area previously reserved for optical fibers. QRS were tested in both static
and dynamic experiments. The robustness of sensors to follow sinusoidal solicitation at
different amplitude was demonstrated.

In addition, the electrical response of QRS, conditioned by their location in the samples,
allowed to determine the local deformation. A positive response was observed on the side
of the composite sample submitted to tension, whereas the sensors located near the neutral
axis exhibited almost no response. For the two sensors located in the same ply, a lower
response was found for the QRS located away from the loading span being consistent with
the beam theory. The precise spatial location of sensors could thus be used to map the
deformation gradient and eventually feed a simulation software.

A part from deformation measurements, the sensors proved to be able to follow
damage up to failure in static mode. In dynamic mode, a transition in behavior was
observed through the variation of sensitivity of sensors over a limit of 0.8%, assumed to be
the elastic limit, suggesting that sensors could be used to track damage accumulation.

Further investigations will concern the implementation of a larger number of QRS in
3D in a laminate composite part in order to map the strain field in selected area. Other
modes of solicitation such as compression, shear or impact, as well as long-term experi-
mentation (fatigue) should be studied in order to broaden the fields of application and
specially to get closer to the real environmental conditions of use

This could be of great interest to monitor the health of composite in the energy and
transport fields, such as turbine blades or boat foils.
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