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A B S T R A C T 

Standard Mode-I and skin-stringer sub-elements were manufactured using novel adhesive films reinforced with 
carbon nanotubes. Peeling tests were conducted to analyse the different crack propagation mechanisms. In this 
context, the influence of manufacturing methods and artificial defects is deeply explored. It was observed that the 
electrical resistance increased with crack length due to a breakage of electrical pathways, depending on 
manufacturing and induced defects. Co-bonded specimens showed a more stable behaviour due to a better 
interface between the adhesive and substrate than joints manufactured by secondary bonding. Moreover, by 
analysing the influence of artificial defects, it was observed that larger discontinuities induced more unstable 
electromechanical behaviours as there is a more prevalent breakage of electrical pathways. In this regard, 
samples with Teflon inserts showed sharper increases of electrical resistance than those previously treated with a 
liquid agent simulating a kissing bond. Therefore, the proposed technique shows a high potential and applica
bility for Structural Health Monitoring (SHM) of integrated composite structures. 

1 . In troduct ion 

Carbon Fibre Reinforced Composites (CFRC) are be ing widely used 

in the aircraft indust ry due to the e n h a n c e m e n t of specific mechanica l 

proper t ies in compar i son to some convent iona l alloys. Other factors, 

such as their good corrosion behaviour , a re also va luable and imply a 

great effort in developing m o r e complex CFRC structures . 

This increasing complexi ty leads to the deve lopment of p roper 

jo ining techniques . In this regard, adhes ive jo ints are very interest ing 

over bol ted connect ions due to a higher uniformity of stress dis t r ibut ion 

and we igh t saving [1 ] . 

However , they present some l imitat ions such as the need of a very 

careful surface t r ea tmen t of the substra tes and their difficulty in being 

inspected, two crucial factors t ha t are the subject of h igh interest 

nowadays . 

On the one hand , it has been widely invest igated tha t surface treat

m e n t drast ical ly affects the mechanica l per formance of the adhes ive 

jo in t [2 ,3 ] . In addi t ion to t ha t fact, t he presence of defects such as 

interface debonding has a s trong influence on the shear proper t ies of 

b o n d e d joints [4 ,5] . 

On the o ther hand , inspect ion techniques such as Non-Destructive 

Testing (NDT) by convent ional me thods such as e m b e d d e d Fibre 

Bragg Grat ing sensors (FBGs) or ul t rasonic waves [6 -8 ] are often qui te 

difficult to analyse due to their complex physical basis [9 ,10] , no t giving 

an overv iew of the mechanica l hea l th of the s t ructure . Therefore, it is 

necessary to explore novel NDT techniques [11 ] . 

In this regard, ca rbon nanopar t ic les , such as carbon nano tubes 

(CNTs) seem to b e a promising a l ternat ive due to their except ional 

mechan ica l and electrical proper t ies [12,13] and the fact tha t they 

improve the electrical proper t ies of the po lymer mat r ix making them 



Table 1 
Cure cycle parameters of secondary bonding. 

First Stage Second stage 

Pressure 
Temperature 

Ramp from 0 to 0.6 MPa during 15 min 
Ramp from 25 to 175 °C during 45 min 

0.6 MPa during 90 min 
175 °C during 60 min 

electrically conductive by the creation of electrical percolating networks 
inside the polymer [14-16]. This electrical network makes possible their 
use as strain and damage sensors for Structural Health Monitoring 
(SHM) applications by means of electrical conductivity measurements 
[17-20]. More specifically, they have demonstrated their potential in 
flexible strain-sensors with gauge factors, that is, the change of the 
normalised resistance divided by the applied strain, up to 350 [21,22], 
as well as to detect delamination in interleaved buckypapers [23]. In this 
context, their applicability to crack propagation monitoring in bonded 
joints at quasi-static [24,25] and fatigue [26,27] conditions has been 
widely explored and showed promising results. 

Furthermore, their addition generally enhances the mechanical 
performance of bonded joints due to the stiffening and crack-bridging 
effect of CNTs inside the polymer matrix [28-30]. 

In previous studies, a novel CNT doped adhesive film was proposed 
and its mechanical and sensing performance were deeply investigated. 
More specifically, it demonstrated an excellent capacity to properly 
monitor crack propagation in Single Lap Shear (SLS), Mode-I and Mode-
II standard tests [31-34]. 

Therefore, this work aims to explore the SHM capabilities of these 
novel CNT doped adhesive films in the crack propagation monitoring of 
more complex structures, such as skin-stringer sub-elements. More 
specifically, the effect of manufacturing techniques is evaluated, as well 
as the presence of artificial defects. To achieve this purpose, stiffened 
panels were manufactured by two techniques: co-bonding and second
ary bonding. Furthermore, the effect of various types of artificial defects 
produced by applying a release liquid agent or Teflon inserts along the 
bonded joint, are evaluated. Then, a comparison between the mechan
ical and electrical performance of these damaged sub-elements is ana
lysed as well as a microstructural characterisation of the joint is carried 
out. This would enable a more complete overview about the SHM po
tential of the proposed technique to be obtained. 

2. Experimental procedure 

2.1. Adhesive preparation 

The adhesive was a FM 300K film supplied by Cytec. It is used for 
metal and CFRP bonding with a good thickness control, due to a knit 
tricot carrier. 

Multi-wall Carbon Nanotubes (MWCNTs) are NC7000 supplied by 
Nanocyl. They have an average diameter of 10 nm and a length up to 1.5 
|im with a 95% purity. 

CNT dispersion was achieved by means of ultrasonication during 20 
min in an aqueous media by the help of a Sodium-Dodecyl-Sulphate 
(SDS) surfactant. Then, it was sprayed on the adhesive surface using 
an airbrush at 1 bar pressure and dried prior to curing. Weight contents 
were 0.1 and 0.25 wt% for CNTs and SDS, respectively. All the param
eters were previously optimised [33]. 

2.2. Joint manufacturing 

Two types of specimens were fabricated: a skin-stringer element 
(pristine and with induced artificial defects), and a damaged Mode-I 
standard coupon in order to firstly assess the influence of defects on 
the electromechanical behaviour of the bonded joint. 

The damaged Mode-I coupon with Teflon inserts, was manufactured 
in a hot press with the curing cycle parameters shown in Table 1. The 
schematics of the artificial defects are shown in Fig. 1 (a). The 
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Fig. 1. Schematics of artificial defects in (a) standard Mode-I coupons and (b) 
skin-stringer elements where red areas indicate the presence of these discon
tinuities and (c) dimensions (in mm) of skin-stringer elements. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

dimensions of the substrates were 150 x 25 x 3.5 mm . 
Stiffened elements were manufactured by two different bonding 

techniques: co-bonding of an un-cured skin with a pre-cured stringer and 
by secondary bonding. 

Co-bonding was done by a manual lay-up process. The material used 
for the skin was a 2 x 2 twill CFRP fabric Z19723-ABS5003P-HTA (926) 
with a layer sequence of [+45/0] s The bonding surface of the pre-cured 
T stringer was carefully sanded and cleaned with isopropyl. Then the 
doped adhesive layer was manually lap-up over the surface. Then, the T-
stringer was positioned along the flat uncured laminate and a vacuum 
bag process was performed under vacuum conditions. In order to co-
bond the elements, the vacuum bag was put inside an oven with a 
standard curing cycle using a heating ramp of 2 °C/min and a stabili
sation step at 180 °C for a duration of 150 min. 

Secondary bonding was done by using a vacuum bag with a curing 
cycle at the same temperature as the standard coupons and UD sub
strates. The layer sequence used for the skin was the same than the one 
used for co-bonded specimens. Pristine and damaged specimens were 
fabricated by inducing two types of artificial defects inside the adhesive 
joint: on the one hand, a sample with a local inclusion of a liquid 
demoulding agent, Frekote, which could act as a kissing bond, and, on 
the other hand, a sample with a solid release film, such as Teflon. A 
scheme of the defects is shown in Fig. 1 (b). Here, the skin thickness 
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Fig. 2. Images of (a), (b) peeling test of skin-stringer sub-elements and (c) schematics of electrodes yellow arrow indicates the direction of the applied load and red 
areas the clamped regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3 . Electromechanical response of the (a) co-bonded and (b) secondary bonded undamaged stiffened elements (red curve denotes the load and blue the electrical 
resistance variation). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Schematics of (a) deformation of adhesive joint from the side view of the specimen and (b) top view of adhesive joint showing the crack propagation 
(highlighted in red) in the stiffened element during peeling tests where 1 denotes the initial stage, 2 the first sudden propagation and 3 the crack propagation inside 
the joint. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

varies from 2 mm in the case of the secondary bonded specimens to 1.5 
mm in the case of the co-bonded ones, due to manufacturing issues. 

2.3. Mechanical and structural health monitoring tests 

Both stiffened and standard specimens were subjected to peeling 
tests in a Zwick universal tensile machine as shown in Fig. 2 (a) and (b). 
Test rate was set as 3 mm/min and the crack propagation was recorded 
by using a video camera. 

During the peeling test, electrical response was monitored by means 
of electrical resistance measurements using an Agilent 34400A module 
hardware. Electrodes, whose disposition is shown in Fig. 2 (c), were 
made of copper wire sealed to the substrate using silver ink and covered 
with an adhesive layer to protect them from the environment. 

2.4. Microstructural analysis 

The analysis of the cross-section of the adhesive bond line was car
ried out by Scanning Electron Microscopy (SEM) using a S-3400N 
apparatus from Hitachi To achieve this purpose, several sections of the 
co-bonded and secondary bonded skin-stringer joints were properly 
polished and gold-coated by sputtering for a good observation of the 
micros tructure. 

3. Results and discussion 

In this section, a detailed electromechanical analysis of the skin-
stringer elements is carried out. Firstly, electromechanical behaviour 
of the co-bonded and secondary bonded specimens is shown and ana
lysed by stating the main differences in their electrical and mechanical 
responses. Then, a microstructural analysis of cross-sections is carried 
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Fig. 5. SEM images of the transverse section of the adhesive joint for co-bonded joints showing (a) the substrate, interface and adhesive regions, (b) the adhesive 
penetration into the skin and (c) some localised porosity and secondary bonded joints showing (d) the interface adhesive-substrate and (e) the presence of voids. 

out to identify the main interfacial mechanisms which participate in the 
bond failure. After that, an evaluation of the defects is performed, 
highlighting the differences observed in the two types of mechanical 
testing applied: mode-I standard ones and peeling on the skin-stringers 
where the influence of different types of artificial tests, as liquid or 
solid release agents, was deeply analysed. Finally, an analysis of the 
fracture surfaces is also performed. 

3.1. Electromechanical analysis of co-bonded and secondary bonded 
specimens 

Fig. 3 shows representative results of the electromechanical curves 
obtained during the peeling tests. As a general trend, the electrical 
resistance increases with applied load. This is in good agreement with 
previous studies for Mode-I specimens [32], where the breakage of 
electrical pathways induced by the crack propagation during the test, 
also leads to a sudden increase of electrical resistance. Here, it can be 
stated that the maximum applied load of the co-bonded specimens is 
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Fig. 6. (a) Schematics of crack propagation and (b), (c) electromechanical behaviour of damaged Mode-I specimen (where red curves denotes the load and blue the 
electrical resistance). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

lower than the secondary bonded. This is explained by the lower 
thickness of the skin, as previously stated, that affects the mechanical 
performance. For this reason, the analysis will be focussed on the elec
trical characterisation. 

Furthermore, it is possible to distinguish different regions according 
to the crack propagation and electrical response of the sub-elements 
(marked as points 1, 2 and 3 respectively, in Fig. 3). The first one cor
responds to the initial stage of the peeling tests. Here, the crack does not 
yet nucleate so the most prevalent effect is the adhesive deformation 
which induces an increase of distance between adjacent nanoparticles 
and, thus, an increase of electrical resistance associated to this effect. 
However, the effect is less significant than in tensile or single lap shear 
conditions, as observed in previous studies [32,34]. This is explained 
because only a small part of the joint is subjected to the maximum strain 
level, as shown in the schematics of Fig. 4. 

The second region is correlated to a rapid crack propagation where a 
drop of mechanical strength is observed. In this case, there is a sudden 
increase of electrical resistance due to a rapid breakage of electrical 
pathways. 

The third region is identified as a continuous crack propagation in
side the joint. It is correlated to a softer increase of the electrical resis
tance due to a more uniform crack propagation, so the interruption of 
electrical pathways is less drastic. 

This is the general situation of a typical electromechanical 

behaviour. However, when comparing the stiffened elements manufac
tured by co-bonding and by secondary bonding, some significant dif
ferences can be observed. 

In the case of the co-bonded element, a soft increase of the electrical 
resistance is observed in the first stages of crack propagation, where it 
grows through the edges. Then, a sharp increase is observed, marked at 
point 2* in Fig. 3 (a), and is correlated to a sudden drop in the me
chanical response. When this sudden crack propagation occurs, it rea
ches the total length of the stringer. Finally, there is again a soft increase 
of the electrical resistance until final failure of the specimen. 

However, in the case of secondary bonded elements, the initial crack 
propagation takes place in a very sudden way, corresponding to a sud
den drop of the mechanical load (Fig. 3 (b)). This behaviour is explained 
by a sudden crack growth through the whole joint. As observed by the 
video camera during the test, there is a quick crack propagation 
following the stringer edge direction. Afterwards, the crack starts to 
grow towards the centre of the joint, due to the bending strains applied 
in the skin, as schematised in Fig. 4 (b). This propagation towards the 
centre is reflected in a soft increase of the electrical resistance, marked 
as point 3 in Fig. 3 (b). It is in good agreement with the mechanical 
response, where no sudden drops due to rapid crack propagation are 
observed. 

The differences observed between both types of bonded elements are 
correlated to the way in which the stiffened elements are manufactured, 
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Fig. 7. Electromechanical and detailed response of stiffened elements with (a) liquid release agent and (b) Teflon insert. (NOTE: the figures on the right are just t 
zoomed plot of the most interesting detail of the global response (left)). 

which has a significant influence on the adhesive properties of the joint. 
In this context and for a better explanation, a microstructural analysis of 
the joints is carried out. 

3.2. Microstructural analysis of co-bonded and secondary bonded 
elements 

Fig. 5 shows SEM microstructures of the polished cross-section of the 
adhesive joint between the skin and the stringer. 

In the case of the co-bonded specimens, three regions can be 
distinguished: the CFRP substrate, the interface between the adhesive 
and substrate, and the adhesive itself (Fig. 5 (a)). This intermediate re
gion is formed by the adhesive that flows during curing and penetrates 
into the uncured skin (Fig. 5 (b)). Here, a generally continuous adhesive-
substrate interface is observed through the whole joint. However, some 
localised porosity is observed in both the adhesive joint and the skin 
substrate (Fig. 5 (c)). This is explained by the lack of compaction 
induced by the manufacturing at vacuum conditions. 

In the case of the secondary bonded specimen, the commented in
termediate region is not found as both substrates have been previously 
cured (Fig. 5 (d)) so the adhesive does not penetrate into the skin. 
Therefore, the quality of the interface between substrate and adhesive is 
not as high as in the co-bonded elements. In addition to that, the pres
ence of voids is more generalised (Fig. 5 (e)). This can be explained by 
the action of the weight of the T-stringer that could induce some over
flow and, thus, a lack of adhesion, as has been previously observed in 

other studies [32,33,35]. 

3.3. Assessment of defects in adhesive joints 

The effect of damage in the mechanical and electrical response of the 
joint was also investigated. First, a Mode-I standard damaged specimen 
was tested. The artificial defects were induced by using a solid release 
film (Teflon). Fig. 6 shows the electromechanical response of the sample. 
Here, each sudden increase of electrical resistance is correlated to a drop 
of the mechanical load. This pattern was previously observed in stick-
slip propagation for Mode-I tests [32,36]. It is explained by the action 
of Teflon inserts that induce a total disruption of the electrical and 
mechanical pathways between the adhesive and the substrate. There
fore, the crack propagation is highly unstable as well as the electrical 
response. 

A detailed analysis shows that electrical resistance slightly increases 
at the initial stages due to the adhesive deformation until the crack starts 
to propagate, where a drop of mechanical load is observed and, thus, the 
electrical resistance rapidly increases (marked as 1 on Fig. 6). Then, 
once the crack propagates through the first adhesive region, it finds the 
Teflon insert. Here, the mechanical load starts to increase until the crack 
again propagates through the next adhesive zone (marked as 2 on 
Fig. 6). This process takes place repeatedly through the different adhe
sive areas (marked as 3 and 4 on Fig. 6). Here, it is interesting to point 
out that the slight increase of electrical resistance between areas of 
sudden crack propagation are explained because of the effect of adhesive 
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Fig. 8. Image of the fracture surface showing (a) the effect of co-bonding and (b) the pattern of the crack propagation (highlighted in red) and the effect of (c) 
secondary bonding and (d) Teflon and (e) liquid agent inserts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

deformation, as explained before, which induces an increase of tunnel
ling resistance. Therefore, at first sight, there is a high agreement be
tween the mechanical and electrical behaviour of the damaged 
normalised coupons. 

In this regard, by using this information, Fig. 7 summarises the 
electromechanical behaviour of the damaged stiffened elements. 
Although at a first sight both liquid and solid release agents show a 
similar behaviour, some differences can also be observed. 

The increase of the electrical resistance in the case of the liquid agent 
is softer than in the Teflon specimen. This can be explained attending to 

the quality of the interface and the way in which crack trends to prop
agate in both cases. 

The liquid agent does not induce a complete discontinuity inside the 
adhesive joint. For this reason, the crack propagation does not take place 
in a sudden way, as in case of the Teflon insert where there is a total 
discontinuity between the adhesive and the substrate, as commented 
before. In addition, crack propagation takes places mainly in the weak 
interfaces induced by the liquid agent. This fact promotes a softer crack 
propagation as observed in other studies [36]. Then, the Teflon damaged 
specimens, which simulate joints with de-bonded areas, showed a 



sharper increase of the electrical resistance during the peeling test with 
several drops of the mechanical response. By analysing the curves in 
detail, an excellent agreement between electrical and mechanical 
response is observed, with each sharp increase of electrical resistance 
corresponding to a sudden drop of the mechanical response, as can be 
observed in the detailed graph of Fig. 7 (b). 

Furthermore, it can be noticed that the electrical resistance variation 
at the initial stage is higher than in the undamaged specimens, where it 
was almost zero. This can be explained by the fact that artificial defects 
can induce an early nucleation of cracks during the first stages of the 
peeling tests, promoting a higher variation of the electrical response. 

The analysis of the fracture surfaces reveals that the co-bonded 
specimens show a totally cohesive failure (Fig. 8 (a)) with the pres
ence of some patterned areas corresponding to the main crack propa
gation mechanisms inside the joint (Fig. 8 (b)). However, in case of 
secondary bonding, there is a mixed failure mode with some areas 
showing a cohesive failure and even a delamination of the substrate 
(green and blue areas of Fig. 8 (c), respectively). By looking at the 
damaged specimens, a much higher discontinuity of the joint is observed 
when placing the Teflon inserts, where a total adhesive failure is 
observed in these areas (Fig. 8 (d)). On the other hand, liquid agent 
treated zones, which would simulate low strength bonded areas with 
intimate contact (kissing bond), induce softer discontinuities with the 
presence of cohesive regions inside the defect (Fig. 8 (e)). This is in total 
agreement with the electrical response, with a sharper behaviour in the 
case of the Teflon inserts due to the higher discontinuity of the electrical 
pathways. 

4. Conclusions 

The influence of the manufacturing process and defects has been 
analysed in standard coupons and skin-stringer elements by means of 
electrical monitoring of carbon nanotube doped adhesive films. 

It was observed that the electrical resistance increases with crack 
propagation, making it possible to distinguish different regions: a first 
one with a slight increase due to tunnelling mechanisms when there is 
no crack nucleation; a second one characterised by a sharp increase due 
to rapid crack propagation, and a third one with a softer increase due to 
a more uniform crack propagation inside the joint. In this context, the 
manufacturing process has a significant effect on electromechanical 
behaviour. Joints manufactured by secondary bonding show a much 
sharper increase of electrical resistance in the first stages of the test 
because of a sudden crack propagation following the joint edges. 

Furthermore, it is observed that artificial defects also have a deep 
impact on the electromechanical properties. Samples with Teflon film 
inserts, which simulated debonded areas, show a more unstable elec
trical response as crack propagation takes place, also in a more unstable 
way. On the other hand, samples with the liquid agent, which simulates 
a kissing bond, show a more uniform behaviour due to a more stable 
crack propagation inside the joint. In every case, each sudden me
chanical drop corresponds to a sharp increase of electrical resistance, so 
the high potential and applicability of the proposed method is demon
strated by identifying different types of defects and crack propagation. 
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