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ABSTRACT

In recent years, the interest in monitoring the damage of composite materials by
measuring the variation of electrical resistance is increasing because deformations and
cracks generated in the structure produce changes in the electrical conductivity of the

material.

In this work, the structural integrity of glass fiber composite materials with epoxy
matrix doped with graphene nanoparticles is evaluated under in plane tests (interlaminar
shear tests and fracture propagation tests in mode | and I1). The results demonstrated the
ability of graphene nanoparticles to form conductive networks in the epoxy resin with
auto-detection capability of deformation and damage. In the interlaminar shear tests,

permanent changes in resistance were associated to strain and delamination produced
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during the test. In the case of fracture tests in mode | and 11, the electrical resistance
increased as the crack grew. The use of multiple electrodes has also allowed locating the
area of damage generation in the material. Finally, the electrical response of
discontinuities generated out of plane of the laminate was analyzed by means of cuts

through the material.
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damage sensing.

1. INTRODUCTION

At present, composite materials are being extensively used in various industries such as
aviation, automobile, marine etc. Among composite materials, Glass Fibre Reinforced
Polymer (GFRP) composites are particularly used in the aircraft industry and wind
turbine and blades. These components are subjected to several loads during their service
life, which induce various kinds of invisible damages to the composites. The damage
and failure of the composite materials are difficult to predict, which considerably
decreases their reliability. Therefore, the composite material needs to be monitored at

every moment during its operation.

The Structural Health Monitoring (SHM) techniques predict, interpret and evaluate the
composite materials for damage and failure under different loading [1]. Most of these
techniques are based on fiber Bragg grating sensors [2,3] and guided Lamb waves [4,5];
however, they still have many limitations as they usually give only local information

about damage and their signal interpretation is not easy.



The addition of carbon nanoparticles to polymer matrix allows the formation of an
electrical network that gives the material a high piezoresistivity [6-9]. SHM based on
the variation of electrical resistance has received much attention because conductive
networks formed in the polymer are sensitive to deformation and damage, even at low

loads.

Graphene nanoplatelets (GNPs) with a two-dimensional structure are composed of
several layers of stacked graphite nanocrystals, which makes them ideal conductive
reinforcements [10-12]. Besides, graphene-based materials have shown gauge factors
among the highest ever reported [13]. The higher strain sensitivity of graphene
composites may be induced by larger intercontact area among the graphene nanofillers
due to their 2-D structure and that might make larger contact resistance change than 1-D
structure carbon nanofillers. This involves that two-dimensional nanoflakes usually
show a piezoresisitivity one order of magnitude higher than that of nanowires, since
their electrical percolation network is largely susceptible to geometrical changes and

discontinuities [14].

The addition of GNPs to glass fiber composite materials allows the detection and
location of damage by measuring variations in the electrical resistance of the material,
as it has been demonstrated in previous works [15-18]. In the present work, the
incorporation of GNPs in a percentage above the percolation threshold increased the
conductivity of glass fiber composite materials. The sensitivity of the material to
delamination has been analyzed during interlaminar shear tests and propagation of
fracture in mode | and Il. The use of several electric contacts has also enabled the
location of damage in the composite material. The electrical response of the material

caused by out of plane damage has been also analyzed using several channels.



2. METHODOLOGY
2.1. Materials

The polymer used as matrix of the nanoreinforced materials was an aeronautical grade
epoxy resin produced by Huntsman, with a formulation based on DGEBA (Araldite
LY556) cured with an aromatic amine (Araldite XB3473). Graphene nanoparticles
functionalized with amine groups (GNP-NH>) were incorporated as nanoscale
reinforcement. These GNPs have an average lateral size of 5 um and a thickness of less
than 4 nm and were supplied by CheapTubes. Unidirectional glass fiber fabric
purchased from Hexcel with the denomination HexForce® 01031 1000 TF970, type E
fabric UD 4H Satin, was used as traditional reinforcement. It was made of E-glass fibers
(E-GF) with an unbalanced weight distribution of fibers in warp/weft directions (87/13).

The thickness of the fabric was 0.24 mm and its nominal weight 305 g/m?.
2.2. Multiscale composites manufacturing

Multiscale composite materials were fabricated using epoxy resin doped with 12 wt. %
of GNP-NH: and a glass fibre volume fraction of 50 % by hand lay-up, in order to
reduce filtration phenomena. The dispersion of GNPs was performed on the monomer
using a two-stage process optimized in a previous work that combined the application of
ultrasounds for 45 min followed by three cycles of calandering [19]. The combination
of dispersion processes allowed to achieve that most of the GNPs were extended and
did not present a wrinkled structure. Afterwards, the GNP/epoxy mixture was degassed
removing the occluded air by applying vacuum at a temperature of 80 ° C for 15 min.

Then, the hardener was added in a weight ratio of 100:23 (LY556 / XB3473).”

The composite material was manufactured by hand lay-up through the stacking of layers

up to reach the final thickness of the samples. Both, nanoreinforced matrix and glass



fiber fabric layers, were pre-heated up to 80 °C. The fiberglass fabric was placed in an
open mold, and the doped resin was poured over each glass fiber layer. To favor the
impregnation of the fibers and to eliminate trapped air, a roller was manually passed.
The curing of the laminate was then performed in a hot plates press (Fontijne
LabEcon300) in two stages: (1) low pressure (30 kPa) up to reach the gel time (45 min)
to favor the flow and infiltration of the doped resin into the dry fabric; (2) a second
stage at higher pressure (600 kPa) to favor compaction until the end of the curing

process.

2.3. Structural health monitoring tests

The interlaminar shear tests and fracture propagation tests in mode | and Il were
performed on a Zwick/Roell Z100 test machine load cell of 5 kN. During the tests, the
electrical resistance of the samples was measured at various points using a source meter
Agilent 34410A and the electrical contacts were made with silver paint to decrease the
contact resistance. All specimens were electrically isolated from the mechanical testing
fixtures using an isolating adhesive tape. The crack growth in mode | and mode Il was

recorded.

The interlaminar shear tests were performed according to ASTM D2344, the electrical
contacts were placed at the top and the bottom of the specimen and the electrical
resistance was measured in four channels simultaneously defined by 1, 2, 3 and 4
(Figure 1a). The purpose of these tests, in addition to monitoring the deformation, is to

locate the damage on the tested specimen.



Figure 1. Schematic of the arrangement of the electrical contacts for the monitoring of
multiscale composite materials in (a) interlaminar shear tests and (b and c) fracture

propagation tests in mode | and mode 11, respectively.

The characterization of the electrical behavior of the sensor during the growth of a
delamination was also analyzed. For this purpose, fracture propagation tests in mode |
and mode Il were performed. The fracture propagation tests in mode | were made
according to ASTM D5528 (Standard Test Method for Mode | Interlaminar Fracture

Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Composites). The



Double Cantilever Beam (DCB) specimens had dimensions of 125 x 25 x 3 mm. The
teflon insert that defines the pre-crack was placed during the manufacturing of multi-
scale material and had a length of 50 mm. The configuration of the measuring
electrodes on the specimen consisted of eight electrodes placed at the top and the
bottom of the sample to measure the electrical resistance across the thickness (Figure
1b). The contacts were located at 5, 15, 25 and 35 mm from the end of the insert. The
goal of this test was to determine several factors such as the minimum distance of the

crack to the contacts to detect delamination and its sensitivity to its progress.

After the propagation of the delamination in mode I, top and bottom surfaces remain
separated avoiding electrical contact in those areas where the progress of delamination
has taken place. However, when the delamination grows in mode 11, the surfaces remain
in contact and it could lead to a different electrical behavior. To analyze this
phenomenon, tests following the AITM 1-0006 standard (Determination of interlaminar
fracture toughness energy, Mode I1) at a speed of 1 mm-min were made. The
dimensions of the specimens were 110 x 25 x 3 mm. The teflon insert had a length of
50 mm. In comparison to DCB test, the electrical contact line at a distance of 5 mm
from the end of the insert was eliminated to avoid the application of load at the contact
point during the test by the action of the top roller. The rest of the contacts were located
at a distance of 15, 25 and 35 mm from the end of the insert (Figure 1c). The electrical

resistance was measured again, through the thickness between two opposite points.

Apart from the tests based on standards, other tests were carried out producing cracks
by means of cuts through the material with the purpose of characterizing the electrical
response of discontinuities perpendicular to the plane of the laminate. The tests are

described in the results section in order to facilitate their understanding.



To develop a strain and damage sensor, it is important to evaluate the relation between
the applied load and the displacement on the sample and the piezoresistivity of the

sensor. The normalized electrical resistance was calculated using the following equation

(D)

1)

where R (t) is the electrical resistance during the test and Ry is the initial electrical

resistance of the specimen.

3. RESULTS AND DISCUSSION

3.1. Monitoring of ILSS tests

Figure 2a shows the variation of the normalized resistance as a function of the strain, as
well as the time domain curve of an ILSS representative test. Up to a beam depth of ~
1.75 mm, the normalized electrical resistance underwent a gradual increase due to an
increase of the distance between GNPs [20]. When damage occurred in the material, a
drop in the stress of the mechanical curve is registered and an abrupt increase of the

electrical resistance took place.

The damage that occurred in the specimen and broke the network of conductive paths
created by the GNP in the multiscale matrix were not detectable until point (1) in
Figure 2a. This would define the minimum size of detectable delamination or crack.
Points (2) - (5) were associated with pronounced increases in the normalized electrical

resistance. Each of the jumps corresponded to a drop of load in the mechanical curve,



therefore, corresponded to the appearance or propagation of delaminations and / or

cracks in the matrix.
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Figure 2. Monitoring of ILSS tests: (a) electrical response and mechanical curves of the

test and (b) image of the damage located at the quadrants S1 and S2 (dashed line).

Variations in the slope of the electrical resistance were observed in the channels located
on the surfaces subjected to compression and tensile loads, points (1) - (3) and (4) - (5),

respectively. The increase of normalize electrical resistance at compression surface



between these points was around 100 % and in the case of tensile surface around 10 %.
Bdger et al. [21] obtained lower resistance changes, in the range of 20-40 % by the
addition of carbon black into a system similar to the one studied, and between 10-15 %
using CNT as reinforcement of epoxy matrix, recording the electrical signal at the edges

of the specimen.

The increase of normalized electrical resistance on the compressed surface is
approximately 10 times higher than the one registered on the tensile surface. For this
reason, it can be concluded that discontinuities created in the material are located in the
upper section of the specimen. The slight increase measured by the tensile channel is
due to the damage located in a volume that overlaps with the measurement volume of
this channel producing the observed augmentation. The gradual response recorded by
the channels at the edges of the specimen allowed establishing that the failure took place
at the central part of the sample. This information, together with the previous reasoning,

located the damage at the upper central part of the specimen.

In order to confirm that the reasoning is correct, the tested sample was observed by an
optical magnifying glass. Figure 2b shows that the damage was located at the region
indicated above and, therefore, demonstrating the ability of the sensor to detect and

locate the produced damage.

3.2. Monitoring of fracture propagation in mode | and 11

Detection and monitoring of the growth of delaminations in composite materials is
critical because in most cases they are internal and cannot be detected visually. For this
reason, the electromechanical behavior of the multiscale composite materials was

analyzed under mode I and mode Il interlaminar fracture toughness tests.
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3.2.1. Growth of delamination in mode |

The behavior of the sensor against the growth of delamination in mode I in one of the
monitored tests is shown in Figure 3. The variation of the normalized electrical
resistance and the force-displacement curve are represented together with the schematic

of the channels placed at a distance of 5, 15, 25 and 35 mm from the end of the insert.
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Figure 3. (a) Schematic of the test and (b) Force-Displacement and electrical response

curves of mode I.

Three regions were distinguished in the monitored channels: in the first region, the
normalized electrical resistance remained constant; in the second one, the electrical
resistance diminished; and in the third region, a progressive increase of the electrical
resistance was observed. Each zone can be related to three phenomena that occurred

during the test. The stability in region | was related to delaminations that were not
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detectable by the measuring channel because there was no appreciable change in the
electrical resistance as it occurred out of the region that influences the measured
electrical resistance, i.e. the delamination was formed at a distance greater than the
maximum detectable by the sensor. In addition, the channels closest to the end of the

insert were the first in detecting the onset of the delamination.

There was a point, for all channels, from which region Il was defined, in which the
normalized resistance began to decrease with a slope of -8 + 2 N-mm™. The decrease in
electrical resistance was due to the compression state that appeared in the region
between electrical contacts before the propagation of delamination. This phenomenon
was previously observed in the analysis of the evolution of stresses during delamination
onset and propagation by the finite element method model of the laminate structure
[22,23]. The compression state favored the generation of conductive paths along the

thickness of the specimen and produced the reduction of the electrical resistance.

Finally, the beginning of region Il corresponded to a new change of trend, where the
normalized electrical resistance increased with a slope of (1.4 + 0.4) - 10* mm™. Note
that the increase of the electrical resistance is progressive and significant abrupt
increases were not observed. Nevertheless, small abrupt increases can be detected in the
electrical curve, which corresponds to small drops in the mechanical behavior,

attributed to the unstable propagation of the delamination.

It is also important to mention that the existence of the compressive region Il would
allow anticipate the appearance of delaminations in mode | associated to a decrease in
electrical resistance prior to propagation. This would allow the repair of the component

before of failure, and thus ensuring its structural integrity.
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In order to correlate the crack length with the increase of the normalize electrical
resistance, already shown in Figure 3b, Figure 4 represents the electrical response as a
function of the delamination growth for all channels in the region indicated in Figure 3b
with a square (dash line), taking zero at the end of the insert to facilitate the discussion
of the electrical behavior. In order to correlate Figure 3b and Figure 4, crack lengths of
1 mm and 25 mm in Figure 4 correspond to displacements of 8 mm and 20 mm in
Figure 3, respectively. It can be observed that region I, in all the channels, starts when
the end of the delamination tip is at a distance of ~ 15 mm from the electrical contact
line and extended until the delamination was passed at ~ 5 mm from it, where the
electrical resistance began to grow (region I1l). In that way, the delamination can be
detected at a distance of ~ 15 mm without passing through the measuring channel due to
the compression stress located at the tip, reinforcing the idea mentioned of predicting

delamination growths.
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Figure 4. Electromechanical response depending on the progress of the delamination in

mode I.
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The results obtained by Zhang et al. [24] show a different trend since they do not obtain
a response similar to that of region Il described here. In this work, 2 wt. % of carbon
black was used as reinforcement of an epoxy resin matrix in a multiscale material with
glass fiber. The authors observed an exponential increase of the electrical resistance in
the initial stage, which was followed by initiation and propagation of the delamination,

giving rise to an electrical behavior similar to that explained for region III.

3.2.2. Growth of delamination in mode 11

In order to analyze the electrical response in other fracture modes, tests monitoring the
propagation of delamination in mode Il were made. In this case, the surfaces remain in

contact after delamination.

Figure 5 shows the normalized electrical resistance as a function of the delamination
progress where two regions can be distinguished. The first region corresponded to non-
existent electrical resistance change that was related to delaminations that were not
detectable by the measuring channel. The second region started when the delamination
was 4.7 = 0.3 mm from the line defined by the electrical contacts. This point would
define the beginning of an electrical behavior of the same characteristics as that
recorded in region 111 of mode I, where the electrical resistance increased progressively

with the progress of delamination.

The compression region that appeared in mode | was not observed in mode 11, although
Zhang et al. [24] registered this tendency and associated it to the strain of the material.
This makes impossible to anticipate the damage until electrical resistance begins to

increase.
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Figure 5. Electromechanical response as a function of the progress of the delamination

in mode 1.

It should be noted that the sensitivity in the second region of mode 11 is higher despite
surfaces remain in contact. The sections in which the material is delaminated are
displaced one with respect to the other and this phenomenon could be responsible for

the increase in the sensibility.

3.2.3. Monitoring of damage out of the fiber plane

The electrical response of the material associated to discontinuities perpendicular to the
plane of the laminate was also analyzed. Thus, a gradual cut was made through the
thickness of the laminate and discrete measurements of the electrical resistance from
one end of the laminate towards the interior were made. This allowed monitoring the
influence of the progress of the damage by measuring different channels as it is seen in

Figure 6.
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Figure 6. (a) Monitoring the cut line with a length of 35 mm and (b) scheme of the

regions according to the electrical behavior.

Figure 6a shows the electrical response of the self-sensor due to the advance of a cutting
line of 35 mm length. Four channels were monitored, the cutting line crossed three of
them and the other one, far from the damage, was used as reference. Five regions were
distinguished (a) - (e) according to the electrical behavior of the material caused by the
generated damage. A scheme of the regions is represented in Figure 6b. In the region (a)
the electrical resistance remained constant, so that the damage was not detectable by the
sensor. This means that there was a minimum cutting line size, or maximum distance to
the position of the contacts over which the damage was not detected through the

measurement of the electrical resistance.

The cut was measurable when it was located at a distance of 4.5 mm from the monitored
channels and this threshold defined the beginning of the region (b). The region (b)
extended until the defect was located at a distance of 2.7 mm from the line joining the
contact points that defined the measurement channels. In this region, the variation of the
electrical resistance was minimal compared to that which occurs in the following

regions.
16



The distance of 2.7 mm defined the beginning of the region (c), where the electrical
response of the sensor showed a linear trend with a slope of 1.2-10%, 9.7-10 and
1.4-10"2 m* for channels 1, 2 and 3, respectively. The reference channel was placed at a
distance of 30 mm from the rest of the channels and that is why it did not detect the
defect, since it is at a distance greater than the maximum distance detection. The slope,
in all channels, remains constant until exceeding the line of contacts, included in the

graph, at a distance of 1.8 mm.

From the results obtained, it can be deduced that the sensitivity of the channel 1 is two
orders of magnitude higher than those of channels 2 and 3. This is due to the distance
between contact points of channel 1 is half that in channels 2 and 3. Therefore,
depending on the damage that is required to locate and how critical is its detection, the
network of contacts will be designed for each component. The next region (d)
corresponds to the zone of maximum sensitivity of the sensor, where the slope increased
t0 4.8-107, 3.7-102 and 1.4-10 mm™ in the channels 1, 2 and 3, respectively. This
region comprised the range of 1.8 to 2.6 mm, taking the position of the contacts as zero.
The conclusion is that the sensitivity of the sensor increased considerably when the
cutting line crossed the line of electrical contacts. With an appropriate design, this
phenomenon could be used for the detection of critical crack size in structural
components and the sensor will allow the acceptance or rejection of the structural

integrity of a component.

Finally, the saturation of the electrical signal occurred (region (e)). This implied that the
sensor is not sensitive to an increase of the damage length further than 2.6 mm from the

contact line.

The results obtained in this work allow concluding that it would be possible to obtain a

damage map of components designing the configuration of electrical contacts for the
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evaluation of the integrity of this type of material, as it is possible using electrical
impedance tomography [25]. This would allow detection, localization and quantification
of the damage without the need to perform non-destructive tests that are usually done
when the device is out of service. Viets et al. [26] implement this technology in multi-
scale composite materials using CNT as nanoreinforcement of the matrix to create the

electrical network that allows the monitoring of the damage.

4. CONCLUSIONS

Damage detection and location in glass fiber composite materials with epoxy matrix
doped with graphene nanoparticles were analyzed. Damage was detected by means of
abrupt increases in electrical resistance induced by breakage of the electrically

conductive paths created by the graphene nanoplatelets.

In the case of ILSS tests, the use of several measurement channels allowed to locate the
failure in the laminate, due the higher increase of electrical resistance registered by the
electrical contacts closest to the failure. In the case of fracture propagation in mode I,
damage was detectable from a distance to the contacts line of ~ 15 mm and ~ 5 mm
when the fracture propagated in mode II. This fact established a greater detection to

delaminations in mode | versus mode II.

This method also works for damage out of the plane of laminate. The use of low
distance between electrical contacts gave rise to higher sensitive signals. The
configuration design of electrical contacts would allow obtaining a map of the damage
out of plane of components for evaluating the integrity of composite materials, taking
into account the maximum distance of the damage from the position of the electrical

contacts.
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