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ARTICLE INFO ABSTRACT

Crack-sensing capabilities of a carbon nanotube (CNT) doped adhesive film have been analysed from coupon
level to a composite repaired panel. Mechanical performance is not negatively affected by the addition of CNTs,
due to their good distribution inside the adhesive. Moreover, the electrical resistance increases with displace-
ment in both Single Lap Shear (SLS) and Mode-I joints, due to the combined effect of adhesive deformation and
crack propagation. More specifically, Mode-I joints usually show a stick-slip behaviour with sharp increases
and arrest phases in the electrical resistance, associated to changes in the failure modes. Furthermore, a struc-
tural health monitoring (SHM) test of a composite repair was carried out by different techniques such as acous-
tic emission, strain gauges and CNT adhesive monitoring. From electrical monitoring of the CNT adhesive, it is
possible to identify some load thresholds from which the electrical resistance starts to increase. They coincide
with sudden changes of the strain field monitored by the strain gauges, as well as, with sudden peaks of the
sound level, being an indicative of crack nucleation, adhesive deformation and, finally, crack propagation.
Therefore it highlights the great potential and robustness for on-line SHM purpose of the proposed CNT-
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doped adhesive films.

1. Introduction

Nowadays, there is an arising interest in the use of polymer-based
composites because of their enhanced mechanical properties as well as
their weight saving in comparison to conventional structural alloys.
More specifically, carbon fibre reinforced plastics (CFRP) are being
extensively used in several industries such as aircraft or automotive.

This extensive use comes with an increasing complexity of CFRP
structures that involves the assembly of several components. In this
regard, adhesive joints are a promising solution as they do not show
some limitations that are present in mechanical joints such as stress
concentration around the bolt holes or galvanic corrosion issues
[1,2]. However, they present some limitations in terms of reliability
as they are difficult to be inspected by conventional non-destructive
testing (NDT) techniques in the case of complex structures. Therefore,
it is necessary to develop proper inspection procedures to guarantee
the mechanical performance of the adhesive joints.

In this context, the concept of Structural Health Monitoring (SHM)
is gaining a great deal of attention. In fact, this concept, applied to
adhesive joints, has been widely studied by using different techniques
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such as Fibre Bragg Grating Sensors (FBGs) or guided waves, among
others [3-5]. However, these techniques usually involve complex
mathematical and physical features.

In this regard, carbon nanoparticles and, more specifically, carbon
nanotubes (CNTs) are now gaining attention. Besides their exceptional
mechanical and electrical properties [6,7], they can be used as rein-
forcements in insulator matrices, allowing the creation of electrical
percolation networks, leading to a drastic enhancements of the electri-
cal conductivity of the nanocomposite [8-10]. In this regard, the SHM
techniques with carbon nanoparticles are based in the measurement of
the electrical conductivity between two electrodes. In fact, the pres-
ence of a damage promotes the breakage of electrical pathways, which
is reflected in a sudden increase of the electrical resistivity of the mate-
rial [11-13]. This fact, jointly to their piezoresistive behaviour and the
tunnelling effect that takes place between adjacent nanoparticles,
makes possible their extensive use as strain and damage sensors
[14-18].

SHM capabilities of CNT-doped adhesive joints have been widely
explored, mainly focused on paste adhesives. They have demonstrated
excellent crack sensing capabilities as well as a satisfactory mechanical
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performance due to the toughening and crack-bridging effect of the
CNTs [19-24].

This study aims to analyse the crack-sensing capabilities of adhe-
sive films, widely used in aviation, by modifying them with the addi-
tion of CNTs. In this regard, the crack-sensing and mechanical
performance have been vastly explored in previous studies where an
excellent agreement between mechanical behaviour and electrical
response has been proved in terms of crack propagation monitoring
at quasi-static [25] and dynamic conditions under fatigue tests [26]
without any detriment on the overall mechanical performance of the
joint. Furthermore, their SHM capabilities in more complex structures
such as skin-stringer elements have been also deeply analysed [27,28].

In this context, this work is focused on a practical application such
as a repair of a composite material. It constitutes a next step into the
validation of the proposed adhesive for SHM purposes. In fact, the
monitoring of composite bonded repairs is a subject with a great deal
of attention. R.L. Rito et al. [29] used chirped fiber Bragg gratings
(FBGs) for SHM of composite path repairs while G.D. Bekas et al.
[30] successfully monitored the curing and damage of the same type
of repairs with sensors attached to the bondline manufactured by
inkjet printing of a silver nanoparticle dispersion. Both works,
although interesting, do not give a complete overview about the beha-
viour of the composite repair, as they use external sensors. In this
study, the main novelty is that the whole joint acts as a sensor, as
the CNTs are dispersed inside the adhesive film.

First, the mechanical performance of CFRP standard single lap
shear (SLS) and Mode-I joints manufactured by co-bonding in an auto-
clave have been explored, as well as, their electrical response was
simultaneously measured. Here, it is important to point out that the
effect of CNT addition to the adhesive film in autoclave manufactured
co-bonded joints, has not been investigated yet.

Finally, a proof of concept test in a patch composite repair has been
carried out. The results obtained from the electrical measurements of
the CNT-doped joint have been compared with other NDT techniques
such as strain gauges and acoustic emission in order to prove the
potential and applicability of the CNT-adhesive film for monitoring
purposes.

2. Experimental
2.1. Materials and manufacturing.

The adhesive was an epoxy-based adhesive film FM300 k, supplied
by Cytec, with a wide-knit tricot carrier and a nominal thickness of
0.2 mm. Multi-wall carbon nanotubes (MWCNTs) were NC7000, sup-
plied by Nanocyl. They have an average diameter of 9.5 nm and a
length up to 1.5 pm.

CNT dispersion was optimized in previous studies [25,31] and con-
sists on a ultrasonication during 20 min in an aqueous media of 0.1 wt
% CNTs with 0.25 wt% of a surfactant, sodium dodecyl sulphate (SDS).
Then the solution is sprayed onto the adhesive surface by using an air-
brush at a pressure of 1 bar, prior to curing. The selection of the CNT to
SDS ratio has demonstrated to lead to an improvement of the mechan-
ical performance of the bonded joint.

CFRP substrates were manufactured by using a unidirectional pre-
preg with a carbon fiber of intermediate modulus (IMA) and a M21E
epoxy resin.

2.2. Electromechanical tests on standard joints

SLS and Mode-I tests were carried out in normalized coupons fol-
lowing the AITM 1-0019 and AITM 1-0053 standards, respectively,
with the dimensions given in the schematics of Fig. 1. Here, the joints
were fabricated by a co-bonding process in an autoclave with a curing
cycle of 180 °C for 8 h at a pressure of 0.9 MPa. The lay-up sequence of
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Fig. 1. Schematics of (a) SLS and (b) Mode-I standard coupon tests.

the substrates was [0] ;; and [0] g for SLS and Mode-I tests, respec-
tively. Six specimens were tested for each condition.

Test rate was set as 0.5 and 10 mm/min for SLS and Mode-I tests,
respectively, at room temperature in a Zwick universal tensile machine
with a 10 kN load cell. Simultaneously, the electrical resistance was
measured by using an Agilent 34,410 A module. The electrodes were
placed on the outer skin of the CFRP substrates, made of copper wire
and attached with silver ink to ensure a proper electrical contact. Joint
dimensions and electrode disposition are shown in the schematics of
Fig. 1.

2.3. Mechanical test of a composite repaired panel

Firstly, a 400 X 400 mm? CFRP panel was fabricated with a layer
sequence of [45/-45/90/0/90/-45/45/90/0/90/-45/45/90/0/45/-
45]; leading to a total thickness of 5.888 mm. Then, a scarf patch
repair with a constant slope was defined in the 125 x 125 mm? cen-
tral region of the panel (Fig. 2 (a) and (b)), affecting the last 16 plies,
with a total thickness of 2.944 mm, being the ply of the base of the
cone repair oriented at —45°. The rest of the plies were oriented fol-
lowing the same stacking sequence of the original laminate. An outer
45° ply was placed over the entire repair (Fig. 2 (c)). This repair was
bonded to the base panel by using the CNT-doped adhesive film and
a subsequent curing cycle by autoclave was carried out by following
the same parameters of the manufacturing of the original CFRP panel
(Fig. 2 (d)).

Repaired composite panel was shear tested in a tensile testing
machine with a 500 kN load cell at the TEAMS S.L. facilities by using
a square framework with a test rate of 0.5 mm/min (Fig. 3 (a)). Test
would end by collapsing of composite panel or by reaching the maxi-
mum allowable of the testing machine.

The crack and strain monitoring of the CFRP was carried out by
using eight lineal strain gauges LY41-6-350 of a nominal resistance
of 350 Q, whose disposition is shown in the schematics of Fig. 3 (b),
where the front (patch repair side) and the back faces of the panel
are represented. The panel corners were cut according to the required
tooling for the mechanical tests.

In combination with the strain gauges, an electrical sensing scheme
was defined. This electrical network was composed by five electrodes
(blue circles coded E1 to E5) located as is shown in Fig. 3 (b). E1 and
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Fig. 2. Schematics of (a) patch repair, (b) scarfed dartboard prepared zone, (c) layer sequence used in the repair patch, and (d) repaired 400x400 mm coupon after

autoclave curing cycle.

E3 were placed on the tensile load axis, at 10 mm from the top and bot-
tom corners of the patch. E2 was located at the centre of the repair
patch. E4 and E5 channels were placed near the right and left corners
of the patch, at 10 mm, on the perpendicular line to the load axis. Elec-
trical measurements were done through the thickness of the panel in
order to record the electromechanical behaviour of the CNT-doped
adhesive.

Simultaneously to the strain gauge and CNT electrical measure-
ments, a sonometer was also positioned in the test machine in order
to record the possible sounds associated to cracks or debonding, dur-
ing the test. The sonometer used was a SOUND LEVEL METER PCE-
353, with a measurement range of 30-120 dB, and a resolution of
0.1 dB.

Furthermore, an ultrasonic inspection of the repaired panel, before
and after mechanical testing, was carried out to better characterize the
defects. It was done by using an AUTOMATIC EQUIPMENT TRITON
8000 TT 5 MHz in an immersed pool.

2.4. Microstructural characterization

An analysis of the CNT distribution inside the adhesive film after
curing was done by FEG-SEM characterization. It was carried out by
using a Nova NanoSEM 230 module from Philips. The samples were
coated by sputtering a platinum layer for a proper observation.

Moreover, an analysis of the transversal section of the normalized
bonded specimens was conducted by SEM analysis, using a Hitachi S-
3400 N module. Here, the samples were properly polished and coated
by sputtering a thin layer of gold.

3. Results and discussion

In this section, an analysis of electromechanical properties at cou-
pon level is carried out for SLS and Mode-I standard joined specimens
during mechanical testing. Then, a proof of concept of monitoring a
patch repair is done by comparison to the other inspection techniques.
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Fig. 3. (a) Experimental arrangement of the shear test of the repaired (400x400 m) composite panel and (b) schemes of the strain gauges (SG) and electric (E)

sensorization of the repaired composite panel (F: front face; B: back face).

3.1. Electromechanical behaviour in standard joints

3.1.1. Mechanical behaviour of SLS and Mode-I standard joints

Table 1 summarizes the values of LSS and Gy for the CNT-doped
and neat adhesive joints. Here, LSS is calculated by following this
expression:

Table 1
Mechanical properties of the neat and CNT-doped joints at SLS and Mode-I
energy fracture tests.

Material LSS (MPa) Gic (J/m?)
Neat joint 39.7 = 1.1 768.0 + 106.7
CNT-doped adhesive 39.9 = 0.7 775.8 = 41.3

LSS:L

L (1)

where F is the maximum load and w and L the width and the length of
the overlap.
On the other hand, G value is given by the following formula:

GIC:_
w-a

(2)

being A the area obtained from integrating the force-displacement
curve, w the width of the specimen and a the crack length at the end
of the test.

It can be observed that the mechanical behaviour of co-bonded
specimens is not significantly affected by the previous addition of
the CNTs at the surface of the adhesive film. This is in good agreement
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with previous studies in joints made by secondary bonding, where no
noticeable detriment of mechanical properties was observed [25,31].
It is explained by the effect that CNTs can induce in the adhesive joint.
On the one hand, CNTs promote a toughening and crack-bridging
effect inside the epoxy adhesive [19] that could enhance its overall
performance. However, on the other hand, the addition of the surfac-
tant can induce a detriment of adhesive properties when interacting
both the adhesive matrix and the bond interface. The combination of
these two opposite effects causes that the mechanical behaviour is
not significantly affected.

In this context, Fig. 4 shows several FEG-SEM images of both the
cured CNT-doped adhesive film and the transversal section of the
adhesive joints. Here, it is worthy to notice that, even though the CNTs
are applied only superficially on the adhesive film, once completed the
cycle of pressure and temperature autoclave curing, these are suitably
dispersed and embedded within the epoxy adhesive (Fig. 4 (a) and
(b)). This promotes the creation of effective electrical pathways
through the bonded joint without inducing any prevalent aggregation
of nanoparticles. Moreover, the SEM analysis of the transversal sec-
tions shows that there is no prevalent presence of porosity or voids
through the joint (Fig. 4 (c) and (d)), so no overflow or entrapped
air effect are observed, in opposition to the joints manufactured by sec-
ondary bonding where a prevalent porosity was observed in previous
studies [25,27]. It would explain the much higher values of LSS (40 to
28 MPa) and Gic (775 to 600 J/m?) of co-bonded joints by autoclave

N
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technology in comparison to secondary-bonded joints by hot-press
processing.

3.1.2. Electrical response of SLS and Mode-I standard joints

Fig. 5 shows a representative example of the electromechanical
behaviour of a SLS joint during the load application. Here, it can be
observed that the electrical resistance increases with the displacement.
This increase can be explained by taking into account the electrome-
chanical mechanisms that are taking place. On the one hand, the elec-
trical resistance increases due to the adhesive deformation when
subjected to an applied load. This deformation induces an increase
of the interparticle distance, also called, tunnelling distance between
nanoparticles. Therefore, and based on the tunnelling transport mech-
anisms, the electrical resistance due to tunnelling effect, which is the
dominating mechanism, increases in a linear-exponential way with
the increasing applied displacement, according to G. Simmons formula
[32].

On the other hand, there is a prevalent crack propagation in the last
stages of the SLS tests that induces a breakage of electrical pathways
and, thus, a sharper increase of the electrical resistance. The combina-
tion of these commented effects leads to a highly exponential increase
of the electrical resistance, especially in the last stages of the SLS test,
as noticed in the electromechanical curve.

Furthermore, Fig. 6 (a) shows a representative example of the elec-
trical response of a Mode-I joint test. Here, the prevalent mechanism is

) N
| HV det | mag HFW WD

#1300 kv | TLD |80 000 x/3 73 ym| 4.9 mm |

(b)

(d)

Fig. 4. FEG-SEM images of the cured adhesive showing (a) the general and (b) specific distribution of embedded CNTs, given by the yellow arrows and (c), (d)

SEM images of the transversal section of the autoclave co-bonded adhesive joint.
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Fig. 6. Electromechanical response of Mode-I joints showing (a) the overall
and (b) the detailed electrical and mechanical response (the circles represent
the areas with sharp increases of the electrical response corresponding to
sudden drops in the mechanical performance) and (c) fracture surfaces
showing the correlation between the electrical response and crack propagation
mechanisms.
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Fig. 6 (continued)

the breakage of conductive pathways during the crack propagation,
which takes place in a more controlled way than in the case of SLS test.
Therefore, when analysing the electrical response, an overall increase
of the electrical resistance is observed during the Mode-I test. First,
there is a soft increase of the electrical resistance, which corresponds
to the initial stage of the test. Here, there is no crack propagation so
the main mechanisms in this initial region is the adhesive deformation.
Then, once the crack starts to propagate through the joint, it can be
noticed that this increase of the electrical resistance is characterized
by the alternation of sharp increases followed by arrest phases. The
sharp increases are correlated to rapid crack propagation, which pro-
motes a sudden breakage of the electrical pathways [25]. This rapid
crack propagation is usually correlated to sudden drops in the mechan-
ical load, as can be noticed in the detailed electrical response of Fig. 6
(b) where a good correspondence between the electrical and the
mechanical responses can be pointed out.

Furthermore, Fig. 6 (c) shows another example of an electrome-
chanical curve and its correspondence to the crack propagation mech-
anisms inside the adhesive joint. Here, it can be observed that each
sudden increase of the electrical resistance corresponds to a change
in the failure mechanism through the adhesive joint. More specifically,
points a) and c) are correlated to a change in the failure mechanisms
from an adhesive failure at the interface between the uncured sub-
strate and the adhesive to a cohesive failure by delamination inside
the uncured substrate directly. The opposite failure change is observed
in points b) and d). These changes in the failure mechanisms promote
a sudden breakage of the electrical pathways that is reflected in the
sharp increases of the electrical resistance.

Therefore, the mechanical and electromechanical capabilities of
the proposed CNT-doped adhesive film for co-bonded standard joints
have been demonstrated. In this context, a proof of concept in a patch
repair of a composite panel is now explored.
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3.2. Structural health monitoring of a CFRP repaired composite panel

However, in order to properly understand the possible potential of
the proposed technique for SHM of adhesive joint in repaired carbon
fiber composite structures, it is necessary, first, to get a deeper knowl-
edge about the health of the structure by other conventional tech-
niques. Previously to mechanical testing, composite repaired panel
was inspected by ultrasounds (Fig. 7 (a)). The results did not show nei-
ther discontinuities higher than 36 mm? nor volumetric porosity.
Therefore, from the inspection point of view, the repair was consid-
ered valid. After mechanical testing, ultrasonic inspection was carried
out again and the discontinuities and defects were characterized,
allowing correlating the electrical response with the NDT results. In
this regard, Fig. 7 (b) shows the results thrown by the ultrasonic
inspection after the mechanical test of the repaired composite panel.
Here, it can be observed the presence of two main defects: a debonding
near the upper corner formed by an equilateral triangle of 10 mm side
(debonding A) and a debonding near the lower corner formed by a tri-
angle of 61 X 10 mm side.

In this regard, Fig. 8 (a) shows the electromechanical curve
recorded during the mechanical test of the repaired panel, being clear
the loss of linearity of mechanical response (black dotted line) for
loads higher than 320-330 kN. However, by analysing the electrome-
chanical response of the CNT-doped adhesive junction, more informa-
tion can be deduced. On the one hand, channels E1 and E3 showed the
highest variation of the electrical resistance, whereas channels E4 and
ES5 showed the lowest one. This is explained by the effect of the crack
that appears in the top (E1) and bottom (E3) corner of the repair, as
shown in the ultrasonic inspection. It induces a breakage of the electri-
cal pathways that mainly affects the adjacent channels. Moreover, it
can be also observed that the load threshold is different among chan-
nels (Fig. 8 (b)). E1 and E3 channels have a load threshold of around
200 kN, whereas E4 has a threshold of 250 kN and E5 channel of near
300 kN. Here, the load threshold is defined as the minimum value of
the load at which a change in the electrical resistance is detected by
the electric sensors.

This electromechanical behaviour can be better understood attend-
ing the crack propagation mechanisms and their effect on the electrical
network. Here, an increase of the electrical resistance can be associ-
ated with two possible effects: 1) the crack nucleation and propaga-
tion, which induces a prevalent breakage of the electrical pathways
inside the adhesive joints, as explained before; and 2) an excessive
adhesive deformation which leads to a significant increase of the tun-
nelling distance between adjacent nanoparticle and, thus, to an
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Fig. 7. Results of the ultrasonic inspection of the repaired panel (a) before and (b) after mechanical testing.
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Fig. 8. (a) Electromechanical response of the repaired panel where E1 to E5
denote the CNT channels and (b) electrical resistance measurements as a
function of the load.

increase of the electrical resistance of the material, as commented in
the analysis of SLS joints. Here, the increase of the electrical resistance
of E1 and E3 channels is motivated by the initial nucleation and, sub-
sequent propagation of a debonding. The values of the threshold are
very similar due to the symmetry of the geometry, promoting a simul-
taneous failure of the top and bottom corners. This symmetry is not
totally reflected in the measured size of the two debonding failures,
probably due to some irregularities in the repair preparation or possi-
ble misalignments that leads to a different crack propagation in the
two corners aligned with the tensile load line.
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However, the electrical resistance variation associated to channels
E4 and E5 cannot be explained by the effect of breakage of electrical
pathways due to the presence of a crack; as no debonding has been
detected just in the left and right corners of the repair patch. It must
be explained accordingly to the effect that the presence of a crack
can induce in the strain field of the joint as well as the presence of
some micro-cracks that can appear during the test. In this regard,
Fig. 9 shows the correlation between the electrical response of E5
channel and the strain measured by gauge SG-2, positioned near the
electric sensor. It can be noticed that the prevalent increase of the elec-
trical resistance of E5 is correlated to an abrupt change in the slope of
the strain gauge measurements, due to the effect that the crack has on
the near strain field [33]. Therefore, it is an indicative of a more preva-
lent adhesive deformation that would explain the increase of the elec-
trical resistance monitored by the CNT-doped adhesive film jointly
with the presence of some micro cracks that can appear due to this lar-
ger adhesive deformation.

However, although a good correlation between the electrical sen-
sors and strain gauges measurements has been found, it is necessary
to further investigate about the crack propagation mechanisms to bet-
ter understand the signal given by the different SHM techniques. In
this context, Fig. 10 (a) shows the results of the sound meter level test.
Here, it is shown that at 282 kN, there is an abrupt increase of the
sound level from the baseline of 70 dB to 79 dB. Then, a second
increase to 80 dB is observed at 297 kN. Finally, three consecutive
abrupt changes at 332, 337 and 334 kN of 83, 90 and 110 dB were
recorded. Here, these increases in the sound level are usually associ-
ated to crack propagation mechanisms, such as matrix cracking, fibre
failure, fibre/matrix or adhesive debonding [34,35].

When comparing sound level results with electromechanical signals
given by the CNT electrical sensor, some interesting facts can be
noticed. Firstly, it is necessary to point out that only E1 and E3 chan-
nels have been analysed, because they are the most affected by the
presence of the debonding failures produced during mechanical test-
ing. In this regard, it can be observed that there is a good agreement
between the sound level test and the electrical response. E1 channel
shows sudden peaks of the electrical response at 282, 337 and 344
kN (Fig. 10 (b)) corresponding to the sound level increases recorded.
Therefore, here, it can be stated that, at these load values, there are
prevalent debonding mechanisms. The sudden increase and subse-
quent decrease of the electrical resistance could be associated to the
breakage of prevalent pathways and a subsequent recreation due to
the closure of the crack.

Moreover, E3 channel also shows a good agreement between elec-
tromechanical curve and sound level measurements with sudden peaks

41200
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Fig. 9. Correlation between the strain measured by SG-2 strain gauge (red
line) and the electrical resistance of E5 electrical sensor.
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of the electrical response at 282 and 344 kN (Fig. 10 (c)), indicating
the load level values at which prevalent debonding mechanism are tak-
ing place. Therefore, according to these measurements, two different
facts can be stated: on the one hand, the peaks in the sound level
detected at 297 and 332 kN may be associated to other failure mech-
anisms such as fibre or matrix cracking inside the CFRP adherents, as
no prevalent changes are observed in the electrical response of the
these two electrical sensors. However, when analysing the load thresh-
old of channel E5, it can be observed that coincides with the 282-297
kN sound level meter peak (Fig. 10 (d)), indicating that there can be
some failure mechanisms in this region, such as micro-cracks, as stated
before, that have not been detected by ultrasonic inspection. On the
other hand, the initial debonding takes places at 282 kN in both the
top and bottom corners of the repair. Then, the crack propagates sta-
bly, except for a peak observed at 344 kN would be indicative of a
rapid crack propagation. Finally, the greatest change observed in the
electrical resistance at E3 channel would be indicative of further crack
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Fig. 10. (a) Results of the sound meter level tests and detailed electrome-
chanical response of (b) E1, (¢) E3 and (d) E5 channels, as well as (e) summary
of detailed electromechanical response of all the CNT channels compared to
the sound meter level test.
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Fig. 10 (continued)

propagation, as previously indicated by ultrasonic inspection, where
the debonded area close to the bottom corner was more extended. In
this regard, Fig. 10 (e) summarizes the matches of the electromechan-
ical resistance changes of all the CNT channels with the sound meter
level tests.
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Furthermore, the electrical resistance increase measured before the
initial sound level peak in both E1 and E3 sensors between 200 and
282 kN can be explained by the crack nucleation taking place before
the initial debonding. In fact, this is a phenomenon that has been pre-
viously reported in other studies [26] and proves the high sensitivity
of the developed sensors.

Therefore, the results from the electromechanical tests from electri-
cal sensor based on a CNT doped adhesive film show a good correspon-
dence with the strain gauge and sound level measurements as well as
with the ultrasonic inspection; proving an enormous potential and
applicability for SHM purposes of composite repairs.

4. Conclusions

An analysis of SHM capabilities of a CNT-doped adhesive film has
been carried out in standard coupons as well as in a composite repair.

It has been observed that the mechanical performance of the nanor-
reinforced joints is not negatively affected by the surface addition of
the CNTs on the adhesive films with similar values of LSS and Gy¢
obtained for the neat and the modified adhesive. The electrical
response, on the other hand, shows a good agreement with the
mechanical behaviour. In the case of SLS joints, there is a very preva-
lent exponential increase of the electrical resistance, associated to both
the adhesive deformation and the sudden crack propagation in the last
stages of the test. In the case of Mode-I joints, the electrical resistance
shows sharp increases with arrest phases, which correspond to changes
in the failure mode.

The analysis of the CFRP repaired panel under shear conditions
shows several interesting conclusions. On the one hand, the electrical
resistance presents an initial stable phase until it starts to increase due
to the effect of the crack nucleation and subsequent propagation. This
increase is more prevalent in the areas where the major debonding
failures takes place. On the other hand, the adjacent areas to the
debonding present a much higher adhesive deformation, corroborated
by the measurements of the strain gauges, that are also in good agree-
ment with the electrical response, which starts to increase due to this
effect. Moreover, the acoustic measurements also show a good correla-
tion with the electrical response of the electrical sensor, with sudden
peaks of the sound level corresponding to peaks in the electrical resis-
tance, associated both to sudden propagation of debond defects.

Therefore, the potential and applicability of the proposed CNT
doped adhesive film for SHM purposes are demonstrated for crack
sensing at both normalized coupons as well as in a CFRP repair.
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