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ABSTRACT

Sensing capabilities of carbon nanotube (CNT) doped adhesive films under bending 

conditions were investigated. Standard Mode-II coupons and skin-stringer sub-elements 

were manufactured while their electrical resistance was monitored. Mode-II energy 

fracture was improved when adding CNTs in comparison to neat adhesive joints due to 

their toughening effect. Electrical monitoring showed a stable increase of the electrical 

resistance with crack length with lower sensitivity than Mode-I testing due to a lower 

crack opening effect. A good agreement was observed by comparing to theoretical 

estimations, indicating a uniform adhesive distribution inside the joint, confirmed by 

SEM analysis. Monitoring tests on skin-stringer sub-elements subjected to bending load 

showed a similar behavior but some sharp increases were observed, especially in the last 

stages of the test, due to a less uniform adhesive distribution in the central region. 

Therefore, the proposed technique shows a high potential and applicability for Structural 

Health Monitoring of composite structures.

Keywords: carbon fiber structures; adhesives; carbon nanotubes; SHM; mechanical 

properties

1. INTRODUCTION

Carbon Fiber Reinforced Polymer (CFRP) materials are now of interest because of their 

high specific as well as some physical properties such as a good corrosion resistance in 

comparison to conventional metallic alloys. Therefore, the increasing complexity of 

composite structures has promoted the development of proper assembly techniques. 
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In this regard, bonded joints present some advantages over bolted connections such as 

a weight saving and the absence of stress concentrators around the bolt holes (1) but their 

reliability is not totally ensured by the available inspection techniques. They are mainly 

based in Fiber Bragg Gratings (FBGs), Ultrasonic Waves or Acoustic Emission systems 

(2-6). However, their main limitation is that they do not often give a global and complete 

information about the damage and the obtained signal is sometimes very difficult to 

analyze and requires complex numerical techniques (7-10). In addition to that, the 

identification of debonding in adhesive joints is especially difficult and these techniques 

sometimes do not give a very accurate information about this issue (6, 10).

In this context, carbon nanotubes (CNTs), since the first studies by S. Iijima,(11) have 

demonstrated a huge potential as they have excellent mechanical and electrical properties 

(12-15), being suitable for SHM applications by electrical resistance monitoring (16-22).

The CNT capability for SHM applications is based on their piezoresistivity and the 

tunneling effect between adjacent nanoparticles (23-26), leading to higher gauge factors, 

defined as the change of the normalized electrical resistance divided by the applied strain, 

than conventional metallic foils (27, 28). For these reasons they are able to properly 

identify and quantify some defects such as delaminations or cracks (29, 30).

In previous studies, the effect of CNTs on bonded joints has been investigated by using 

novel adhesive films sprayed with an aqueous CNT solution (31, 32). This CNT 

dispersion is done by means of ultrasonication and helped by the addition of a surfactant 

Sodium-Dodecyl-Sulfate (SDS). Sensing capabilities of CNT doped adhesive films have 

been demonstrated in Single Lap Shear (SLS) and Mode-I tests. In fact, it has been 

possible to distinguish between different failure and crack propagation modes by 

analyzing the electrical response, showing a good agreement and high sensitivity (33).
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In this regard, this study aims to analyze the crack propagation under bending 

conditions on adhesive joints by using the proposed CNT doped adhesive film and their 

capability for SHM of more complex structures. For that purpose, Mode-II standard 

specimens and stiffened elements were tested in similar load conditions. The main goal 

is to get a deeper knowledge about sensing capabilities of CNT doped adhesive films and 

prove their potential for crack detection in simple sub-elements subjected to more 

complex load states. Moreover, the comparison between the standard coupons and the 

sub-elements will give a more complete overview of SHM capabilities of the proposed 

adhesive films.  

In addition to that fact, a simple theoretical model has been proposed to correlate the 

electrical signal and the mechanical performance of the joints, similar to previous 

theoretical estimations (33), showing the differences between Mode-I and Mode-II crack 

propagation. Furthermore, a microstructural characterization of the transversal section 

and fracture surfaces has been carried out in order to know the adhesive distribution along 

the joint and identify possible manufacturing defects.

2. EXPERIMENTAL PROCEDURE

2.1 Adhesive preparation

The adhesive used for this study was a FM 300K, supplied by Cytec. It is an epoxy-

based adhesive film with a knit tricot carrier typical in aerospace applications for joining 

CFRP-CFRP and CFRP-metal substrates. 

Multi-wall carbon nanotubes (MWCNTs) are supplied by Nanocyl with a commercial 

name NC7000. They have an average diameter of 10 nm and a length up to 1.5 µm. 

The addition of the CNTs to the adhesive film is done by spraying an aqueous CNT 

dispersion over the adhesive surface at 1 bar. The dispersion is achieved by means of 
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ultrasonication during 20 min, with the help of a surfactant called sodium-dodecyl-sulfate 

(SDS). CNT and SDS content are fixed at 0.1 and 0.25 wt. %. After that, water is removed 

by drying the adhesive at 70 ºC during 30 min. All of these parameters are set based on a 

previous study (32).

2.2 Manufacturing of normalized coupons and stiffened elements

Normalized bonded joints are manufactured by secondary bonding in a uniaxial hot 

press. CFRP substrates are Unidirectional (UD) laminates of 150 × 25 × 3.5 mm3 with a 

peel-ply surface treatment. Cure cycle conditions are described in Table 1. A Teflon of 

40 mm is placed at the beginning of the joint to induce the pre-crack for Mode-II testing.

Stiffened elements are manufactured by secondary bonding of a flat skin of 150 × 300 

mm2 with a layer sequence [±45/90/]S and a T-stringer using a vacuum bag as shown in 

Figure 1. The curing temperature was set as previously described in Table 1. Secondary 

bonding is set as the manufacturing technique to directly compare the monitoring tests of 

the stiffened elements with those obtained from normalized coupons. The pre-crack is 

made by placing a Teflon insert of 16 mm at the beginning (25 % of the width of the 

stringer, similar to Mode-II standard coupons, highlighted in red in Figure 1).

2.3 Electromechanical and microstructural characterization

Monitoring of both normalized coupons and skin-stringer sub-elements was carried out 

by means of electrical resistance measurement using a hardware Agilent 34401A.

Electrodes were placed as shown in the schematics of Figure 2 and were made of copper 

wire sealed to the CFRP substrate with silver ink and protected from the environment 

with an adhesive layer.
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Mechanical tests were conducted at a test rate of 1 mm/min in both coupons and sub-

elements. In the case of standard coupons, four tests were conducted for each neat and 

CNT-doped adhesive conditions. Two skin-stringer sub-elements were tested with the 

CNT-doped adhesive film. One representative example of each condition is shown in the 

Results and Discussion section.

Microstructural analysis of the transversal sections of normalized coupons and skin-

stringer sub-elements was carried out by Scanning Electron Microscopy (SEM) using a 

S-3400 N apparatus from Hitachi. The samples were coated by a thin layer of gold and 

SEM images were taken at different magnifications for a better characterization. 

3. RESULTS AND DISCUSSION

This section shows the main results of the electromechanical tests of the CNT doped 

adhesive joints under bending conditions. Firstly, the mechanical behavior of the Mode-

II adhesive joints is analyzed by comparing the fracture energy values of doped and non-

doped bonded joints. Simultaneously, the electrical response of the standard Mode-II 

coupons is also analyzed and compared to the crack propagation through the joint. Then, 

the most representative results of the sub-elements under bending loading are shown and 

a comparison with the Mode-II specimen is carried out. Simultaneously, a microstructural 

study of the bonding line and the fracture surfaces is given. 

3.1 Mode-II mechanical behavior

By using the Timoshenko beam theory for End Notched Flexure (ENF) test, the 

specimen compliance ( , being  and P the displacement and the load, =

respectively) is written as follows:
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Where a is the crack length, L the half length of the span, B and h the width and the 

thickness of the substrate and and  its longitudinal and shear moduli, respectively, 1 13

Therefore, it is possible to calculate the equivalent crack length,  from the current 

specimen compliance by rewriting the Equation (1):

=
1

3 10 13
8 1

3 2 3

1

3
(2)

The strain energy release rate under mode II can be calculated by using the Irvin-Kies 

equation:

=
2

(3)

Combining the Equations (2) and (3) it is possible to obtain the  value:

=
9 2 2

16 2 3
1

(4)

Figure 3 shows the mechanical curves of the CNT-doped and neat adhesive joints. Both 

neat and CNT-doped joints show an expected behavior, in according to other studies (34, 

35). The peak load of the force-displacement curve (Figure 3(a)) is slightly higher in the 

case of CNT-doped bonded joints. By analyzing the  curves (also called R-curves)  

some differences can be observed when adding CNTs to the adhesive film (Figure 3(b)). 

A slower crack propagation is observed in the CNT-doped sample, leading, thus to a 

higher value of the fracture energy, around 5 N/mm, in comparison to the neat joints (4.2 

N/mm). This enhancement is explained by a good CNT homogeneity, with the absence 

of larger agglomerates which can induce an embrittlement (32, 36). These results are in 

good agreement with those observed in Mode-I crack propagation testing (33) and can be 
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explained because of the bridging and toughening effect of CNTs, making the crack 

propagation along the joint harder (37-39). 

Therefore, the CNT addition enhances the fracture energy and leads to a slower crack 

propagation. As a further step, the huge increase of the electrical conductivity induced by 

the CNT percolating networks will be used as a method for on-line crack growth 

monitoring. 

3.2 Mode-II electromechanical analysis 

Figure 4 shows an example of the electromechanical behavior of Mode-II standard 

specimens. By observing the graph of Figure 4(a), it is noticed that there is a sudden 

increase of the electrical resistance corresponding to the first drop on the mechanical 

response. This is correlated with the initial crack propagation through the bonded joint in 

a similar way than previously observed for Mode-I specimens in other studies (33). Then, 

there is an increase of the electrical resistance until final failure of the specimen due to a 

continuous breakage of electrical pathways. 

It is important to notice that there is an initial increase of the electrical resistance before 

crack starts to propagate. This initial increase is associated to the bending effect of the 

specimens, which induces the adhesive deformation, leading to an increase on the 

tunneling distance between adjacent CNTs and thus, to an electrical resistance growth. 

After that, a steady increase of the electrical resistance is observed. 

By analyzing the crack propagation and the electrical response, shown in Figure 4 (b) 

it is observed that there is a very good agreement between the crack length and the 

corresponding measured electrical resistance. It is observed that a faster crack 

propagation is directly correlated to a higher increase of the electrical resistance as there 

is a sudden breakage of the electrically conductive pathways. 
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Figure 5 shows the electrical resistance change as a function of the crack length and 

crack propagation velocity. The crack propagation velocity is calculated from crack 

length measurements following this formula: 

= (5)

Where  is the crack length change during a known time interval .

It is noticed that the increase of the electrical resistance as a function of the crack length 

is smooth, although some slight sharp increases are also observed (highlighted in the 

graph as points 1 and 2). These sudden changes are correlated to areas with higher crack 

propagation velocity and with a sudden drop in the load. This faster crack propagation 

can be correlated to an irregular crack growth, in a similar way than the stick-slip effect 

shown in Mode-I testing. 

In order to have a deeper knowledge of the electromechanical behavior of the adhesive 

joints, it is possible to make a first estimation of the electrical response as a function of 

the crack length. For this purpose, a similar theoretical model than the developed for 

Mode-I specimens (33) is proposed, given by the following expression valid for an ideal 

adhesive joint:

0
=

0
1 =

( )
1 (6)

Where b and L are the width and the total length of the adhesive joint. 

Figure 6 presents the theoretical predictions versus experimental measurements of the 

electrical resistance. The electrical behavior is found to be similar as there is a steady 

increase of the electrical resistance. However, the sensitivity, defined as the change of the 

normalized resistance divided by the crack length, is quite different (Figure 6 (a)). It is 

noticed that the theoretical sensitivity is higher than the experimental one. This can be 

explained because of the differences between Mode-I and Mode-II crack propagation. In 
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the first case, the crack opening is much more relevant as each substrate moves in an 

opposite direction (Figure 7). However, in the case of Mode-II this effect is less 

significant as both substrates move in a parallel plane. In addition, there is a relative 

displacement of the substrate in an opposite way due to the bending effect (34). This 

implies a lower sensitivity as there is a higher proximity between conductive pathways 

than in Mode-I crack opening (Figure 7). For these reasons, it is necessary to apply a 

corrective factor, K, taking the lower crack opening effect into account. In this case, the 

Equation (6) will be rewritten as follows:

0
=

( )
1 (7)

The value of K can give a first estimation of this crack opening effect. A value below 1 

indicates that the crack is not totally open such as in Mode-I testing. Therefore, after 

applying the expression of Equation (7) with a K coefficient of 0.33, a good agreement 

with experimental results is observed, as noticed in the dashed line of Figure 6 (b). This 

means that there is no a high opening effect of the crack during the test, and that the 

adhesive joint does not present significant manufacturing defects such as porosity or 

thickness variation. Therefore, CNT adhesive distribution can be considered 

homogeneous along the bonded joint, without sharp increases in the electrical resistance 

(33). This statement can be confirmed by an analysis of the transversal section and 

fracture surfaces. 

Figure 8 shows an image of the fracture surface of the bonded joint. The failure mode 

is mainly cohesive and the adhesive distribution is similar in both substrates. In addition, 

a uniform adhesive distribution is observed in the fracture surface along the bonded joint 

showing no darker bands, in an opposite way than the previously observed results for 

Mode-I testing (33). This is in good agreement with the electromechanical results, 
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showing a soft crack propagation in contrast to stick-slip behavior where the fracture 

surfaces usually present a stick-slip pattern (33, 40).

Microstructural characterization reveals a reasonable uniform thickness distribution, 

ranging from 200-250 µm (Figures 9 (a) and (b)). Some voids are observed along the 

joint. Their presence can be explained by the curing conditions. A uniaxial pressure is 

applied by using a hot press, inducing an adhesive overflow to the edges and causing a 

lack of adhesive in several parts of the joint. This can be solved by applying a uniform 

pressure in every direction, for example by using an autoclave.

In addition to that fact, it is noticed that the interface between the substrate and the 

adhesive shows a good continuity, leading to a high quality of the interface (Figure 9 (c)). 

A globular distribution of the adhesive is observed in the interface due to the peel-ply 

surface treatment (Figure 9 (d)), which induces a controlled roughness. 

Therefore, the proposed method has proved its applicability for crack propagation 

monitoring under bending conditions in standard coupons. Thus, in order to further 

investigate the adhesive monitoring capabilities under bending loading, the 

electromechanical response of skin-stringer sub-elements is going to be analyzed. 

3.3 Skin-stringer bending analysis

Figure 10 shows an example of the electromechanical response of the skin-stringer sub-

element when subjected to flexure load. In a similar way to mode-II normalized coupon 

test, the electrical resistance increases with crack propagation due to the breakage of the 

electrical pathways. It is observed that when the crack reaches the middle point of the 

stringer, that is, 17 mm, (Figure 10 (b)) the variation of electrical resistance is about 20 

%, showing a similar sensitivity than in the coupon tests. This is also explained by the 

way in which electrical pathways are breaking during the test. 
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The electrical resistance of the specimen, supposing that the conductivity of the CFRP 

substrates is much higher than the adhesive and, thus, this contribution to the electrical 

resistance can be negligible, can be defined by the following expression:

= + (8)

Where  is the variation of total resistance of the specimen and  and  

the resistance change due to the crack propagation and the bending effect, respectively. 

The mechanical behavior of the specimen is described in the schematics of Figure 11. 

The region where crack propagates shows a similar behavior than in Mode-I testing with 

a crack opening. Therefore, the contribution due to  is higher than in the case of 

normalized coupons, that is . On the other hand, there is >

more prevalent compressive effects in the adhesive layer when looking the region where 

there is no crack propagation due to the higher thickness of the stiffened element. This 

compression effects leads to a reduction in the tunneling distance between adjacent 

nanoparticles leading to a reduction of  in comparison to mode-II tests where the 

adhesive layer is placed near the neutral axis and, thus, the variation of  is 

approximately zero, that is,  . Therefore, the variation  <

of the electrical resistance, , during the bending tests, when applying Equation 

(8) is similar to mode-II normalized tests, .

Moreover, Figure 12 shows the variation of the electrical and mechanical response as a 

function of the crack length and crack propagation velocity. There are slight differences 

that can be attributed to a more complex strain distribution in the skin-stringer element 

than in the mode-II normalized coupons, requiring a deeper theoretical analysis. 

However, it can be noticed that there is a good agreement between the expected electrical 

response, calculated by using the expression of Equation (7) (dash lines), with the same 
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correction factor K=0.33, and the measured one during the test. Some differences are 

found in the last stages of the bending test, probably due to a more irregular adhesive 

distribution inside the joint. Therefore, the proposed method shows a good applicability 

also in more complex elements such as stiffened panels. 

The analysis of fracture surfaces (Figure 13) of the skin-stringer sub-elements reveals 

a good uniformity of the adhesive distribution and a mainly cohesive failure, in a similar 

way to the previously described normalized coupons, justifying again the softer evolution 

of the electrical resistance in comparison to mode-I tests.

Figure 14 shows several SEM images of the transversal section of the T and web 

regions. The peel-ply treatment of the stringer face results in a better interface than in the 

skin side, treated by brushing, where crack trends to propagate preferentially (Figure 14 

(a)). The typical globular distribution of the adhesive due to the peel-ply roughness is also 

observed in a similar way than to mode-II coupons. In this case, the thickness distribution 

of the adhesive joint is not as uniform as at coupon level due to the stiffener effect. 

Therefore, a lower thickness is observed in the central area (around 130 µm, as observed 

in Figure 14 (b)) in comparison to the web region around 190 µm, as observed in Figure 

14 (c)) where the effect of the stiffener weight is not as prevalent. This would explain the 

sharper evolution of the electrical resistance in the last stages of the test due to a breakage 

of prevalent pathways in the central region of the stiffener. The crack opening is observed 

to be more significant in the web region (Figure 14 (d)). However, the crack end is narrow 

(Figure 14 (e)) and several crack-bridging is observed (Figure 14 (f)), which induces a 

not completely breakage of electrical pathways, leading to lower values of resistance and 

sensitivity, as commented before. In addition, some localized voids are observed inside 

the adhesive joint (Figures 14 (d) and (e)). In this case, these voids are identified as some 

porosity induced by the vacuum conditions during curing, leading to a lack of compaction. 
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4. CONCLUSIONS

Mode-II crack propagation monitoring capabilities of CNT doped adhesive films have 

been investigated at coupon and at sub-element level.

The electrical resistance increases with crack propagation as there is a breakage of 

electrical pathways. This variation differs from mode-I testing where the sensitivity is 

much higher, because of the effect of crack opening. In addition to that, the change of the 

electrical resistance does not show sharp increases and arrest phases due to a stable crack 

growth and a good adhesive homogeneity. 

In addition, an enhancement of  is observed when comparing to non-doped adhesive 

joints due to the toughening effect of the carbon nanotubes, leading to a slower crack 

propagation. 

Moreover, bending tests were also conducted in skin-stringer sub-elements. A similar 

electrical response has been observed. In this case, there is two opposite effects affecting 

the electrical behavior: the higher resistance changes due to crack opening and the 

compressive state due to bending loads. 

Microstructural analysis reveals a good uniformity in the adhesive thickness 

distribution in case of standard coupons. Skin-stringer elements show a lower adhesive 

thickness in central region of the T-stringer, resulting in a more prevalent breakage of 

electrical pathways in the last stages of the tests. In addition, there are presence of voids 

due to adhesive overflow in normalized coupons and a general porosity due to a lack of 

compaction in the skin-stringer elements. 

Therefore, the proposed technology has proved its potential and applicability for 

monitoring CFRP bonded joints subjected to bending conditions at coupon and sub-

element level being a promising technique for SHM applications on composite structures.
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FIGURE CAPTIONS

Figure 1: Image of the vacuum bag used in the manufacturing of skin-stringer elements. 

The sub-elements disposition is highlighted in green while the pre-cracked area is marked 

in red.

Figure 2: Electrode’s disposition in (a) a standard coupon and in (b) a skin-strimger 

sub-element.

Figure 3: (a) Load-displacement and (b) R-curves of the CNT-doped and neat adhesive 

Mode-II joints.

Figure 4: Electromechanical behavior of the Mode-II joints showing (a) the load and 

(b) crack length to electrical response.

Figure 5: Electromechanical response as a function of the crack length.

Figure 6: Theoretical predictions and experimental results for (a) K=1 and (b) K=0.33

Figure 7: Schematics of the crack opening effect on Mode-I (left) and Mode-II (right) 

showing the differences on CNT tunneling distance (marked as red arrows).

Figure 8: Image of the fracture surface of mode-II normalized coupon showing the 

cohesive failure. 

Figure 9: SEM images of transversal area of the CNT-doped mode-II normalized joints 

showing the (a), (b) thickness uniformity, (c) the globular distribution of the adhesive 

(highlighted in red) and (d) the adhesive interface in detail.

Figure 10: Electrical response of the skin-stringer element as a function of (a) the grip 

displacement and (b) the crack length.

Figure 11: Schematics of mechanical force effect on crack opening and mechanical 

behavior of skin-stringer element.
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Figure 12: Electromechanical response of the skin-stringer element as a function of 

the crack length.

Figure 13: Image of the fracture surfaces of skin-stringer sub-element.

Figure 14: SEM images of the transversal section of the skin-stringer sub-element 

showing (a) the adhesive interface, the adhesive thickness in the (b) T and (c) web 

regions, the crack opening (d), (e) and bridging (f) in the joint.
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TABLES

Parameter First Stage Second stage

Pressure Ramp from 0 to 0.6 MPa 
during 15 min

0.6 MPa during 90 min

Temperature Ramp from 25 to 175 ºC 
during 45 min

175 ºC during 60 min

Table 1: Cure cycle parameters of secondary bonding.
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