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context and highlight the purpose of the study; (2) Methods: Describe briefly the main methods or
treatments applied; (3) Results: Summarize the article’s main findings; and (4) Conclusions: Indicate
the main conclusions or interpretations. The abstract should be an objective representation of the
article, it must not contain results which are not presented and substantiated in the main text and
should not exaggerate the main conclusions.
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1. Introduction

Quite early after their popularization by lijma [1] in 1991, carbon nanotubes (CNTs) have raised
hopes to improve polymers properties through the development of nanocomposites, due to their
exceptional intrinsic properties [2-4]. In fact, the development of CNT nanocomposites has led to
many applications in mechanics [5-8], electro-magnetic interference shielding [9], adhesion [10],
detection [11-13], biomimetics [14], wearable [15], photonics [16], medicine [17], food [18] or
energetics [19-21]. Nanocomposites can also be used to design smart materials [22-26], provided that
a special attention is paid to the dispersion of nanofillers in the polymer matrix, and to their further
structuring into stable conductive networks. If these conditions are fulfilled, the resulting Conductive
Polymer nanoComposites (CPC) can meet many sensing applications for the detection of strain [27-
31], temperature [32] and vapor [33-35].

Particularly in the boating, aeronautic, wind energy and automotive industries, the increasing
use of structural composites have razed a need for the improvement of performances and the
reliability of these materials. In this context CNTs have revealed to be promising multifunctional
nanofillers, able to simultaneously enhance mechanical properties [36-40], monitor the strain [41-43]
and predict the appearance of cracks [44-49], leading to SHM capability [50-52]. But the exceptional
theoretical mechanical properties of CNTs resulting from a unique tubular configuration and sp?
carbon bounding [4], although confirmed experimentally on small bundles of CNTs [53-55], are
hardly transferrable to the composite without deterioration. One cause is the tendency of CNTs to
make bundles and aggregates due to their high specific surface and strong - interactions, which
decrease the modulus proportionally to their diameter, as shown by Salvetat et al. [56] by atomic
force microscopy (AFM). This weakening can result from a sliding of the CNT due to the poor

J. Compos. Sci. 2019, 3, 109; doi: 10.3390/jcs3040109 www.mdpi.com/journal/jcs



J. Compos. Sci. 2019, 3, 109 20of 16

interfacial stress transfer in bundles, as evidenced by Ajayan et al. [57] by micro-Raman spectroscopy.
Therefore, the improvement of epoxy resin’s modulus and ultimate stress with CNT introduction
requires a decrease of aggregates’ size and number, as pointed out by Bai et al. [58]. This is of cause
particularly true at high loadings, as CNTs are more likely to form aggregates. In such conditions, it
is needful to use a high shearing dispersion tool such as a canlender [36,38], according to Gojny et al.
[39] who increased the Young's modulus and the ultimate tensile strength of epoxy samples of
respectively 15% and 8%, with only 0.3% of amine-grafted, double-walled nanotubes. Moreover,
CNTs were found to improve the fracture toughness of polymer matrices and interfacial shear
strength between the matrix and the fiber [58-60]. Wagner et al. [61,62] using the Kelly-Tyson model,
have estimated that the CNT, thanks to a surface area of 250 to 300 m2g~, could increase the
interfacial stress transfer up to 500 MPa, which is ten times more than in current advanced carbon
fiber-reinforced composites (CFRC). The multifunctional character of carbon fillers in composites was
evidenced early in the 1990s by Chung et al. [63], who investigated the fatigue behavior of carbon
fibers/epoxy prepregs, by evaluating the fraction of broken carbon fibers from electrical
measurements made during fatigue tests. Later on, the use of a 3D conductive network within the
epoxy matrix to monitor the damage of glass fiber-reinforced composite (GFRC) was demonstrated
by Chou et al. [41,45]. More recently, localized patches of conductive polymer nanocomposites were
inserted in the core of composites made of epoxy reinforced with glass [48,51,52] and flax [64] fibers
to design smart composites able to monitor structural health (SHM). The conductivity in CPC is
mainly ruled by the tunneling effect, which is very sensitive to the evolution of the average gap
between carbon fillers [65-68]. As reported, the tunneling conduction is cut off when the inter-
particular distance between two adjacent CNT exceeds 1.8 nm [45]. This interesting feature allows
the in situ measurement of strain and damage of the composite, and Chou et al. [45] showed that it
was possible to model the appearance and the development of cracks during damage accumulation
with a finite element method. Moreover, the nature of the electrical pattern during mechanical
solicitations makes possible to distinguish between reversible elastic behavior, non-reversible plastic
deformation and damage due to cracks ignition and propagation, validating the possibility of health
monitoring [41-49].

In this work we have firstly investigated the ability of CNT to be used as reinforcing nanofiller
in pure epoxy resin and in unidirectional (UD) carbon fiber/epoxy composites. To demonstrate this
point, we see that tensile, three points bending and tenacity experiments have been done. Secondly,
we have studied the multifunctional nature of CNT networks in glass fibers/epoxy composites, and
in particular their potential to follow both strain and damage accumulation.

2. Experimental

2.1. Materials

Multiwall CNTs (NC7000) were kindly supplied by Nanocyl (Sambreville, Belgium). NC7000
have an average diameter and a length of about 9.5 nm and 1.5 pum, respectively, and possess a surface
area comprised between 250 and 300 m2-g. Diglycidyl ether of bisphenol A (EPOLAM 2020%) epoxy
resin and 3-aminomethyl-3,5,5 trimethylcyclohexylamine hardener (see chemical formula in Figure
1) were provided by Axson (Chassieu, France). Taffetas E-glass fiber (0°/90°, 165 g-m2) were obtained
from Gazechim Composites France (Béziers, France).

NH,

O O
RasUoad
NH,
H3C

HaC CHy HC o CHs
(@) (b)
Figure 1. Chemical formula of reactants of Epolam 2020® epoxy resin, (a) diglycidyl ether of bisphenol
A, (b) 3-aminomethyl-3,5,5 trimethyl cyclohexyl amine.
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2.2. Fabrication

Master batches of epoxy filled with 0.5 wt % and 1.5 wt % of NC 7000 CNT were produced with
a three-roll mills calender [22]. For the mechanical study, samples of epoxy (EP) and unidirectional
carbon fibers (Toho Tenax with 800 Tex) reinforced epoxy composites (UDCF 62%—EP 38%) filled
with 0 wt % and 0.5 wt % of CNT were prepared by contact stratification followed by compression
under vacuum for tensile and three points bending characterizations. A roving with [0°; 90°] carbon
fibers structure was used to investigate the interlaminar fracture toughness (Gic). For the health
monitoring study, glass fibers-epoxy samples were also prepared by contact stratification. A layer of
60 um of 1.5 wt % CNT masterbatch was intercalated into the center of a glass fiber epoxy composite
plate. This conductive layer was used as an in situ quantum resistive strain sensor (sQRS) [48] in
these samples. The proportion of glass fiber was 55 wt %. All samples were cured as described in
technical data sheets of EPOLAM 2020 (from 25 °C to 100 °C using isothermal of 2 h every 20 °C) [69].

2.3. Characterization

Tensile tests were performed according to the AFNOR T57 standard. Epoxy and UD carbon
fibers/epoxy samples had an initial length of 250 mm and were tested at a speed rate of 1 mm min™'
with an extensometer, the length of which was 25 mm. Three points bending tests were performed
using the ISO 178 standard. The initial length of epoxy- and carbon fiber-reinforced epoxy samples
were 80 mm. The support span length was 60 mm and test speed was 1 mm min-'. Experiments were
performed in a room at controlled temperature (23 °C) and relative humidity (46%).

The interlaminar fracture toughness (Gic) defined by Equation (1) was investigated using a
double cantilever beam (DCB) test according the ASTM D5528 standard [70].

_3pPs
~ 2B(a + |A]

where Gr is the critical strain energy release rate, P is the load, 0 is the crosshead displacement, B is

Gie 1)

the specimen width, a is the crack length and A is a correction factor (according to the modified beam
theory).

DCB samples had a length of 120 mm and were tested at a 1 mm min™' test speed rate as depicted
in Figure 2. Notches were initiated in DCB samples by intercalating in their mid-plane a thin anti-
adhesive PTFE (Teflon®) film of different lengths.
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Figure 2. Scheme of double cantilever beam (DCB) samples with dimensions.

Glass fiber-reinforced epoxy samples had a length of 120 mm. The sample thickness was 4 mm
and the 1.5 wt % CNT epoxy sensor thickness was 60 pm. Samples were tested at 0.2 mm min’; the
extensometer had a length of 10 mm.

The mechanical tests were performed with an INSTRON 5566A (Instron, Elancourt, France) and
an MTS Synergy RT/1000 (MTS Systems SAS, Créteil, France) tensile machine driven by TestWork
(MTS Systems SAS, Créteil, France) and BlueHill (Instron, Elancourt, France) softwares, respectively.

The monitoring of the sQRS relative resistance amplitude variation was done by with a HIOKI
3522-50 LCR Hitester multimeter (Hioki, Nagano, Japan), and synchronized with strain
measurements.
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3. Results & Discussion

3.1. Effect of CNT on Stress, Strain and Modulus of EP Composites

The effect of only 0.5 wt % of carbon nanotubes (CNTs) on the mechanical properties of both
pure epoxy and UD-CF-reinforced epoxy have been investigated with tensile and three points
bending tests. In order to better characterize the effect of interfaces, the UD samples were solicited in
transverse mode, i.e., in the direction perpendicular to the main axis of their fibers. The impact of
0.5% CNT on Young’s modulus and the stress and strain of samples have been summarized in Table
1. In tension mode, only slight changes of the epoxy matrix mechanical properties are seen, the most
important being an improvement of 4% of the stress at break for the addition of 0.5% CNT. These
results are in good agreement with those obtained by Gojny et al. [36,70,71] at similar concentrations
with similar materials. Additionally, it is surprising to notice that only a small amount of CNT could
degrade the epoxy’s Young’s modulus of 2%. This could come from a significant increase of the
viscosity, making less efficient the degassing of the matrix, and increasing the number of microvoids
as assumed by Breton et al. [72].

Table 1. Summary of the evolution of mechanical properties of the epoxy matrix (EP) and the UD
carbon fibers 62%/epoxy 38% (CF62/EP-38) composite due to the addition of 0.5% of carbon nanotubes
(CNTs). Raw stress/strain data can be found in the supporting information part in Figure 51-S8 and
Table S1 in Supplementary Materials.

(EP-0.5% CNT)/EP {CF62/(EP-0.5CNT)37.5}/{CF62/EP-38}

Type of Test Measured Parameter (Longitudinal Mode) (Transverse Mode)
Young’s modulus ratio (%) -2 -18
Tensile Test Stress at break ratio (%) +4 +15
Strain at break ratio (%) -3 +30
Young’s modulus ratio (%) +1 -5
3 Points Bending Test Stress at break ratio (%) +12 +14
Strain at break ratio (%) +12 +25

The results of three points bending are showing that both stress and strain at break are improved
of 15% in good agreement with the results of Nadler et al. [73] and Guo et al. [74], who found a similar
improvement of stress and strain at break as well as a decrease in modulus of CFRC. A similar
evolution was revealed by while increasing the CNT proportion in the epoxy matrix.

The improvements in mechanical properties may be explained by the ability of CNT to transfer
the applied energy in the matrix and to decrease the interface stress concentration
[4,38,39,61,62,75,76]. Godara et al. [77] investigated the influence of the transversal loading of carbon
nanotube-reinforced UD-CFRC. They assumed that in this case, the failure was initiated within the
matrix or at the fiber/matrix interface, and that the failure of the CNT/matrix phase would involve
mechanisms such as bridging, slip through or partial debonding. Thus, the presence of CNT within
the composite improved the ultimate tensile strain in transversal solicitation up to +30% in the case
of Godara et al. [72], which is similar to our result. This stress transfer ability of CNTs is due to their
high aspect ratio combined with their important specific surface area. Delaminating and crack
development effects along fiber are thereby decreased, and both stress and strain at break are
increased. Higher energy transmission at the interface leads to higher ultimate tensile strain and
decreases the Young’'s modulus [62]. Similar explanations about stress distribution within the matrix
along transversal plies were given by Chou et al. [45] in a model representing damage sensing in an
epoxy [0°/90°] cross-ply glass fiber composite embedded with a CNT network. The toughening effect
of CNT at the interface for CFRC structures is a key point for mechanical enhancement and durability
[39]. Additionally, a better repartition of stress tends to slow down damage mechanisms, such as
crack appearance, development and delamination [76].
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3.2. Mode I Inter-Laminar Fracture Toughness

The double cantilever beam (DCB) protocol allows one to evaluate the inter-laminar fracture
toughness from the propagation of an existing crack. The largest stress concentration is located at the
tip of the notch, between the central plies, and allows the crack development from this notch. Upon
the application of a load to the sample, the crack propagates until the stress is partially released,
which correspond to some intermediate equilibrium state, then an extra load will propagate the crack
further step by step, until the complete breakage of the sample. The protocol allowing one to calculate
Gre results from incremental jumps not causing sharp decreases in the load value [70] has explained
in detail by Compston et al. [78]. The critical strain energy release rate, Gr, was calculated using the
corrected beam theory method (Equation (1)). A correction factor A needs to be added because of
crack tip rotation at the root of the cantilever beam. This factor is the x-axis intercept of the compliance
cube root C'# as a function to crack length a.

Figure 3 represents the load deflexion curve of CNT-based carbon fiber-reinforced epoxy
composite and carbon fiber-reinforced pristine epoxy composite DCB samples for cracks’ initiation
at different initial cracks’ length. The general trend of the critical strain energy release represented by
the solid curves was fitted to guide the eye thanks to a relationship between the energy and the initial
crack distance for crack initiation, as used by Peters et al. for CFRC [79]. The stress required for CNT-
based samples is much higher than for the based laminates, especially for small cracks propagation.
In this study, an improvement of 25.6% of the Gr for 0.5 wt % CNT UD-EP samples upon neat samples
was reported. Similar results (+21%) were indicated by the Godara et al. investigation on UD-CFRC
samples with the same CNT NC7000 from NANOCYL [77]. CNTs improve the interface interaction
and the stress transfer between fiber and matrix, which leads to a material with a higher ultimate
tensile strain [60].
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Figure 3. G Critical strain energy release initiation of carbon fiber reinforced epoxy with pristine
epoxy and 0.5 wt % masterbatch.

Classically in thermoset, the resin’s fracture toughness is enhanced by improving the interfacial
adhesion between the hardener and the resin [77,80], or by adding a ratio of hyperbranched resin
[81]. In both cases, it results in a higher deformation and enhances the fracture toughness of the
composite. However, this approach reduces the modulus and the stress at the break of the composite
[65]. Due to their very high specific surface area and aspect ratio, CNTs can improve the stress transfer
between the resin and the fibers, thus leading to a decrease of the stress concentration between the
laminate’s layers [70]. Similar fracture behaviors between carbon nanotubes and carbon fibers in

composites, showing pull out, CNT fracture, crack bridging [70] and stress-induced fragmentation of
CNTs [62].
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The CNT-based epoxy matrix can store more energy during mechanical solicitation, especially
when this energy is located in classical critical regions, at the interface between carbon fibers and
CNT-based epoxy matrix. The addition of all these properties leads a major toughening role in CNT-
based composites.

3.3. Strain Sensing with CNT Based Nanocomposites

To understand the opportunity given by CNTs to develop composite materials with a strain
sensing capability, it is useful to come back to the origin of the conduction mechanisms in conductive
nanocomposites. Knite et al. [67] have considered that the resistance in CNT-based nanocomposites
was ruled by tunneling conduction, and could be expressed by Equation (2).

L\ ; 8mhs <
Reora = (N) (3a2y62> e ?

where R is the total resistance of the composite, L is the number of particles forming a single
conductive path, N the number of conducting paths, / the Planck’s constant, s the least distance
between conductive particles, a2 the effective cross-section where tunneling occurs, e the electron
charge, and y is calculated with Equation (3).

_ 4An(2me)°®
B h

where m is the electron mass and ¢ the height of potential barrier between adjacent particles.
Schematically, the ability of electrons to circulate from a nanotube to the other at tunnel junctions
requires that they can hop an energy potential barrier (quantum tunneling) when the interparticle
distance “s” is short enough (less than some nm). Thus, it can be understood from Figure 4 that
considering the very large number of possible interconnections in random networks of entangled
CNTs, and the wide distribution of the associated interparticle gaps, only a statistical approach, such
as percolation theory, can be used. Under the percolation threshold no current can cross the material,
but above, when enough connections can form sufficient conductive pathways, the polymer matrix

can become conductive at the macroscopic scale.

(©)

Tunnel gap ]

Figure 4. Schematic representation of the CNT-CNT junction’s gap responsible for tunneling
resistance in Conductive Polymer nanoComposites (CPC).

The conductivity of such material will therefore depend on the connections/disconnections of
the numerous CNT-forming conductive pathways (L), on the number of effective paths (N) and the
average least distance between particles, according to Equation (4). It can be seen that the evolution
of this distance s leads to an exponential relationship between relative gap and the relative resistance.

R S
S (_) e¥(5=s0) (4)
Ry So
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where Ro is the initial resistance, and so the initial interparticle length.

Interestingly, any variation of the environmental parameters of the conducting nanocomposite
able to change its interparticle length
exponential variation of resistance, opening the way to the design of smart materials. After

7
S

, such as stress, temperature or chemicals, will trigger an

connection to a suitable device, recording the evolution of AR/Ro of such materials will thus allow
one to monitor their strain and eventual degradation. This evolution also represents the sensitivity of
the sensor, called Ar for relative amplitude resistance, as shown in the equation below:
R - RO
Ay =—F— 5)
Ry

where R is the resistance at a given moment and Ro is the initial resistance, both in ohms.

3.4. Damage Accumulation Monitoring

The appearance of damage in structural composites is generally located at the interface between
the matrix and the reinforcing textile or between plies. The development of the cracks is then induced
by a stress concentration and a preferential orientation mechanism toward the fibers, which leads to
delamination and finally the fibers” breakage. To avoid such catastrophic failure, it is then crucial to
detect the damage at an early stage, throughout crack appearance and development.

An attempt to quantify the damage evolution was performed by Thostenson et al. on glass fiber
epoxy-CNT 0.5 wt % composites with a gradual tensile profile [82]. An exponential drift of the relative
resistance amplitude (Ar) was observed at each cycle. Also, a relative resistance amplitude hysteresis
between loading and unloading for high stresses was reported. Similar studies from Boger et al. [83]
reported the appearance of residual strain in a cyclic incremental strain tensile profile after a
threshold value. They assumed this residual strain can be attributed to plastic deformation and
damage appearance within the matrix transversal layers [84].

During a mechanical solicitation, the structure of the CNT conductive network is modified by
cracks appearance and development. Some electrical paths are permanently destroyed, resulting in
an irreversible resistance increase. In this analysis, incremental tensile loading cycles were applied to
glass fibers-reinforced epoxy laminates to investigate the damage accumulation occurring within the
composite. Figure 5 represents the evolution of stress during an incremental loading, of the stress
imposed to a glass fiber reinforced epoxy with a 1.5 wt % CNT sample, as well as the resulting strain
measured by the tensile testing equipment and the relative resistance amplitude of an integrated
quantum resistive strain sensor (sQRS) measured by a multimeter.

At first sight, the relative resistance amplitude and the strain seem to well follow the stress
solicitation. However, a finer analysis of the curves shows that both the strain and the piezo-resistive
response plots evidence a linear drift in their base line (dashed line) and a hysteresis between loading
and unloading appearing at high stresses and characterized by nonlinear features. This evolution is
attributed to the appearance of breakages in the polymer chains [41,82,83]. This is also well visualized
in Figure 6a, in which the evolution of Ar versus the strain of glass fiber-reinforced epoxy with 1.5 wt
% CNT instrumented with an in-situ sQRS, under incremental stress, is represented.
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Figure 5. (a) stress (8), (b) strain (&) and (c) relative resistance amplitude (Ar) evolution versus time,
during the cyclic solicitation of glass fiber-reinforced epoxy with a 1.5 wt % CNT in situ strain sensor.
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Figure 6. (a) In the upper graph, a relative amplitude resistance versus strain evolution of glass fiber-

reinforced epoxy with 1.5 wt % CNT in situ strain sensor with increment stress. The tangential dashed
lines represent the sensitivity at the third and seventh cycle during load. (b) In the lower graph, a
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stress versus strain evolution of glass fiber-reinforced epoxy with 1.5 wt % CNT in situ strain sensor
with incremental stress.

Comparing Figures 6a,b shows that the damage accumulation within the matrix is well featured
by the sensor and highlighted by the tangential dashed lines at the third and seventh cycle. According
to Lachman et al. [85], this evolution could also be associated to the development of cracks
throughout the epoxy matrix, destroying at the same time some electrical pathways, highlighted by
the Ar drift, when the stress is completely released at each of the consecutive cycles in Figure 5.

Moreover, from the mechanical point of view, the appearance of defects is affecting the
composite’s mechanical integrity, inducing non-reversible strain (Figure 6b). On cycles 4 to 7 in
Figure 6a, one can notice a hysteresis during unloading, assumed by Thostenson et al. [41,46] to act
as a witness of damage propagation. Therefore, it can be concluded that the trace of Ar versus ¢ gives
a pertinent visualization of the increase of crack density with the number and intensity of loading
cycles. The two dashed lines plotted in Figure 6a at cycles 3 and 7 feature the decrease in sensitivity
of the sQRS during cycling, as these tangents correspond to the gauge factor GF. Another
representation of the same phenomenon is given in Figure 7 where the residual relative resistance
amplitude (Ar) at the end of each cycle is plotted versus the residual strain, at complete unloading.
Such exponential increase of Ar with strain has been ascribed by some authors to the disconnection
of the CNT network during a plastic deformation process [86-88]. Moreover, the exponential
evolution of the piezo-resistive response with strain at high loadings is also characteristic of the
percolated structure’s degradation, due to the increase of cracks density and damage propagation
[46]. This also means that the electrical measurement is more effective to characterize the damage
accumulation than the mechanical one.

2,0 T T T

1,54 :

1,0 :

Residual Ar (%)
-]

0,5 ]

|
00 m B . .
0,0 0.1 0.2 0.3 0.4

Residual strain (%)

Figure 7. Hysteresis characterized by the evolution of residual A at the end of each cycle from Figure
6a versus the residual strain evidencing the damage evolution in glass fiber-reinforced epoxy with an
EP 1.5 wt % CNT in situ strain sensor.

At high loads, the sample is strongly solicited inside the epoxy matrix and along the reinforcing
glass fibers. Then, the non-linear strain behavior during unloading can be separated into two steps.
In the first step, a release of energy occurs in stress concentration areas, at cracks locations visible on
Figure 6b; in a second step, the linear strain decrease compared to stress indicates the entrance in an
elastic domain.

The area below a stress—strain curve (Figure 6b) represents the elastic energy per unit volume
stored by the composite. The exponential increase of hysteresis, which is the area ratio between
loading and unloading at each cycle plotted in Figure 8. This ratio represents the energy loss and
suggests that the release of energy within the polymer matrix is mainly due to increasing crack
concentration.
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Figure 8. Hysteresis characterized by the evolution of the area below a stress—strain curve in Figure 6b
versus residual strain.

Chou et al. analyzed this increase of weakness of the composite with damage accumulation with
a finite element approach in [0°/90°] cross-ply glass fiber/CNT-based epoxy composites [45], and
proposed a model describing this phenomenon while assuming that stress concentration acts mainly
on the longitudinal matrix along carbon fibers at small deformation in a unidirectional tensile
experiment. Then cracks propagate in the transverse direction along fibers. In this simulation, local
stress concentration at the interface with the matrix leads to high strain between adjacent nanotubes,
and results in the appearance of microcracks, which is irreversibly damaging the conductive network.
Above 0.5% strain, cracks are appearing and lead to a dramatic rise of the resistance as seen in Figure
8.

The gauge factor (GF) determined from each loading and calculated from Equation (6) is plotted
versus the number of loading cycles in Figure 9. It can be seen that GF behaves differently in the
elastic range of strain (1), and in the plastic range (2). This provides an interesting way to follow the
damage phenomenon described above, i.e., using the transition between elastic and non-recoverable
strain to eventually anticipate the damage.

AA,
Ae

Calculation of the gauge factor: where GF is the gauge factor, AA: is the difference between A:
when the stress is maximal minus Ar at unload for each cycle and Ae¢ is the maximal strain minus the
remaining strain at unload for each cycle.

It can be noticed that during the three first cycles, the response of the sQRS is stable despite that
a slight remnant strain occurs (Figure 7). Over the third cycle, as in the simulation of Chou et al., the
strain concentration initially localized at the interface between the fibers and CNT, is affecting the
matrix incrementally. Although this reversible process has little effect on the sensor structural
integrity, it resulted in an increase of its sensitivity for larger strains. The strain concentration
increased the CNT interparticle distance between CNTs, making electron tunneling less probable,
which led to progressive disconnection of conductive pathways and finally to an exponentially

GF = (6)

growing sensor sensitivity to macroscopic strain.
On Figure 9, it is clearly visible that the sensitivity, represented by the gauge factor, rises by 31%
for 0.45% strain against only 0.17% strain at the first cycle.
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Figure 9. Influence of load and damage on the gauge factor of glass fiber-reinforced epoxy with a 1.5
wt % CNT in situ strain sensor (sQRS).

Over the elastic deformation limit, the GF decreased with increasing loading. However, it should
be noticed that in this study, the gauge factor was calculated from the initial part of the curve for each
cycle, in the elastic domain. A careful observer can notice a sharp slope at the end of the high stress
cycles in Figure 5c. On the unloading steps, the opposite trend takes place, as the slope is initially
sharp and became gradually smoother. But this rather symmetrical behavior of Aris not observed on
the mechanical trace in Figure 5b. It is believed that in this later case, the elastic recovery appends
first, followed by the non-linear contribution of higher negative slope. In this study, it has been shown
that the appearance and development of cracks, and the gradual weakening of the matrix due internal
stresses can well be monitored from both a mechanical and an electrical point of view, but that this
phenomenon is not exactly transduced in the same way.

4. Conclusions

The objective of the paper was to investigate the multifunctional capability of carbon nanotubes
when dispersed in a poly(epoxy) matrix. In a first part our results allowed us to show that the
enhanced stress transfer ability of CNTs can improve the ultimate tensile strength and strain in
traction and flexion of both bulk epoxy and UD carbon fiber laminates. However, a slight decrease of
Young’s modulus was also noticed. The benefit of CNT was found larger in structural carbon fibers
composites than in bulk epoxy, suggesting that CNTs are improving the stress transfer from carbon
fiber to the epoxy resin. In a second part the potential of CNT to design core sensors for strain and
damage accumulation monitoring has been established in advanced laminate composites. The
evolution of the strain during tensile solicitations can be monitored with a local CNT conductive
network intercalated between plies. The behavior of the composite may be described in two states.
Before the massive appearance of cracks, the sensor’s sensitivity (GF) is driven by the evolution of
the tunneling distance and electrical pathway disconnection of the CNT network. GF is enhanced
thanks to the more heterogeneous distribution of strain and orientation phenomena promoting
anisotropy, which becomes more important at higher loads. Under this reversible process, the
conductivity of the sensor remains stable from a cycle to the other.

Then, over the elastic limit, damage accumulation and cracks development can be identified and
quantified through the exponential evolution of Ar with the remnant strain after each mechanical
cycle. The apparent decrease of the sensitivity of sensors noticed is also a witness of the damage
evolution within the composite.
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Therefore, it can be concluded that carbon nanotubes can provide composites with both
enhanced strength and heath monitoring capability, but not necessary at the same location and
content in the polymer matrix.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl. Raw data of
stress/strain experiments with pure EP, EP-CNT, UD GF-EP and UD GF-EP-CNT are summarized in Table S1
from the analysis of the curves plotted in Figures S1-S8.
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