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carbon nanotube embedded 
adhesives for real‑time monitoring 
of adhesion failure in high 
performance adhesively bonded 
joints
tadej Bregar1, Donglan An1, Somayeh Gharavian2, Marek Burda3, isidro Durazo‑cardenas4, 
Vijay Kumar thakur5*, David Ayre1, Marcin Słoma6, Mark Hardiman7, conor Mccarthy7 & 
Hamed Yazdani nezhad1,8*

Carbon nanotubes (CNTs) embedded polymers are of increasing interest to scientific and industrial 
communities for multi‑functional applications. in this article, cnts have been introduced to high‑
strength epoxy adhesive for enabling in‑situ strain sensing in adhesively bonded aluminium‑to‑
aluminium single‑lap joints to accurately indicate the onset and propagation of adhesion failure to the 
evolution of piezo-resistivity in varying mechanical loads. The CNT modified adhesive in bonded joints 
and the CNT modified adhesive alone have been tested under monothonic and cyclic tensile loads 
up to ultimate failure. the changes in the piezo‑resistivity induced by the cnts have been monitored 
in situ with respect to loading. A novel interpretation method has been developed for progressive, 
instantaneous adhesion failure estimation under cyclic tensile stresses from a resistivity baseline. 
the method indicates that the in‑situ resistivity changes and the rate of the changes with strain, i.e. 
sensitivity, strongly correlate with the adhesion failure progression, irrespective of the cnt dispersion 
quality. Moreover, the effect of bond thickness on the evolution of piezo-resistivity and adhesion 
failure have been studied. It was observed that relatively thin adhesive bonds (0.18 mm thickness), 
possessing higher CNT contact points than thick bonds (0.43 mm thickness), provide 100 times higher 
sensitivity to varying cyclic loads.

Carbon nanomaterials have been receiving vast interest in multifunctional applications, among which carbon 
nanotubes (CNTs) are one of the most researched ones. Their exceptional mechanical and electrical properties, 
production scalability and ability to introduce various characteristics to everyday materials widen the spectrum 
of the tasks conventional materials (e.g. polymers) have been designed for. As such, use of CNTs in polymer 
adhesives opens door to a wide range of functions adhesives are used for. This is surging in an era where tradi-
tional methods of joining such as bolting or mechanical fasteners are becoming partly replaced by fastener-less 
technologies (e.g. adhesive bonding) for lightness, integrity and multifunctionality. Moreover, there is an urgent 
need to a progressive transition to bonded joints for assembly and joining high performance composite parts 
e.g. wing and fuselage  components1. However, adhesives are sensitive to variations in service and hygrothermal 
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loads, and also surface  preparations2–6. Mechanical performance of adhesives under peeling stresses (in Mode 
I fracture; opening) is also relatively  low7. Furthermore, disassembly of bonded joints for periodic inspections 
of internal damage (e.g. adhesion failure) is another downside as non-destructive inspection (NDI) methods 
are currently limited for reliable detection of such failure when zero-thickness bond defects are  present1,7–10.

Therefore, research in structural health monitoring and bond damage detection methods is essential in order 
to prevent catastrophic failures that may arise due to barely detectable instantaneous adhesive bond  failure5,8,11. 
Various researches have been conducted for that  detection6,12–14 but there is little research done on strain measure-
ment within the elastic regime of adhesive performing in bonded joints prior to irreversible damage occurring 
either in adhesive bulk or at its interface with an adherend.

Numerous researches have focused on enabling strain sensing in polymers using functional nanomaterials 
including  CNTs8,15–23 however there are a few researches conducted on the use of such technology for measure-
ment of adhesion failure in adhesively bonded joint structures (e.g. aircraft wing’s leading edge). On the other 
hand, repeatability of the performance of the measurement technology, and therefore its reliability, within the 
elastic regime, rather than damage progression, e.g. in cyclic tension loading, has rarely been investigated. A 
research has examined single-lap bonded joints at different CNT fractions (0.5 wt%, 1.0 wt%, and 2.0 wt%) in 
epoxy  adhesive1 relying upon the CNT’s piezo-resistivity. Though defects in polymer can be detected via enabling 
such CNT enhancement, the technology has not been able to identify bond defects in joints  application8, and has 
partially been successful in detection of surface defects via resistance response under static  loading3. Adhesion 
failure is an interfacial bond failure mechanism between the adhesive and the adherends, which is recognised by 
the absence of adhesive on one of the bonding surfaces. A distinct research  in8 has shown that under monolithic 
tensile loading each failure mechanism possesses a distinct resistance response which corresponds directly to 
recorded acoustic events, as shown in Fig. 1. Though the size of such defect has not been quantified, the resist-
ance response was able to detect the onset of damage long before the specimen reached its ultimate average shear 
strength, τ , indicated by dramatic slope variations in the �R/R0 trend.

The current research develops a novel adhesion failure sensing technique using CNT modified epoxy adhe-
sives. The article presents the underlying fundamentals behind the adhesion failure in high performance adhe-
sively bonded joints, investigates the strain sensing capability induced by CNTs, at the onset and propagation of 
adhesive degradation, and identifies critical points during in-situ strain measurement to correlate with the joint 
performance in thick and thin bond thicknesses.

For the polymers enhanced by conductive nanoparticles, several distinct physical processes control the elec-
tron transport in the mixture. While the dispersion of nanoparticles does not allow direct mechanical contact 
between the particles, the electron transport is only possible through the polymer  barrier24–26. In such case, the 
conduction between the CNTs is influenced by the quantum tunnelling barrier or tunnelling voltage resulting in 
interparticle tunnelling conduction between adjacent  particles27,28, or by variable range hopping  mechanism29–31. 
However, a long range microscopic conduction mechanism of electrons within a composite is governed by the 
percolation  phenomenon32,33 with the most important element of the theory—percolation threshold, describ-
ing the minimum volume content of the conductive nanoparticle providing the electrical  conductivity34. This 
phenomenon was deeply investigated for the carbon nanomaterials based composites over the past few decades, 
including  CNTs35–40 and graphene  platelets41,42, summarised by Bauhofer and  Kovacs43. Likewise in our research, 
the CNT’s piezo-resistive effect—a change in the electrical resistance under mechanical  strains44 (herein tensile 
cyclic strains)—is due to band-gap  changes45,46 which represents an energy range in which no electron state can 
exist. Once CNTs are dispersed in a polymer, the composite becomes piezo-resistive not only because they are 
inherently piezo-resistive, also due to phenomenological reasons: when tensile strain is applied, contact between 
some CNTs is lost, and for some CNTs the resistance with neighbouring ones changes due to distance  variations28.

Figure 1.  Utilisation of variations in �R/R0 trend for adhesion failure  measurement8.
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Fabrication of CNT modified adhesively bonded joints for strain measurement
Design of performance testing of CNT modified bonded joints. According to the percolation the-
ory, the electrical conductivity of the CNT modified adhesive is the function of the CNT volume, and thus given 
the Kirkpatrick’s  equation32

where σ is the conductivity of the composite, σ0 is the conductivity of CNT, V  is the volume concentration of 
the CNTs, Vc is the critical volume of the percolation threshold, and t  is a critical exponent describing the type 
of conductive network. The equation implies that with the increasing V  , σ increases. While in the CNT modi-
fied adhesive used in the bonded joints the amount (and thus the volume) of the CNTs remains unchanged, 
and the overall volume of the joint ( VJ ) decreases with the compression (either due to process control or during 
loading), the effective volume of CNTs calculated as V/Vc increases, thus introducing a higher conductivity 
(lower resistivity). The sudden transition in the mixed CNT-epoxy (conductive-nonconductive) material from 
insulator to conductor occurs at the percolation threshold at which a connected network of sites is formed 
that spans the sample, causing the system to  percolate47, and its value does not necessary have to be 100% of 
the matrix in which it’s been embedded, i.e. CNTs not covering the whole volume of the matrix material, but 
usually a relatively small fraction of the matrix volume above which the material becomes ‘conductive’. In that 
sense, the value of V  (i.e. the CNTs’ volume fraction) should reach Vc for the material to percolate. The value of 
σ is described by Eq. (1) at the vicinity of the percolation threshold (represented by Vc herein). The equation is 
valid only for V > Vc , and the value of Vc and t  is obtained from fitting a line to log(σ ) data against the CNT 
fraction ( log(V − Vc) ) data. According  to47, σ dramatically increases above 4wt.%, presumably the percolation 
threshold according to the percolation theory, for the MWCNT-polymer system with an exponent of t = 2.27% 
(nearly 2 according to the theory).

Moreover, assuming a constant CNT fraction and size, a thin adhesive should induce lower resistivity in a 
bonded joint than that bonded using a thick adhesive. This scenario has been designed in the current research 
to enable comparison of bond thickness effects on piezo-resistivity and sensitivity. Generally, the CNTs are 
pushed back against each other under compression, make more number of contact points (dashed circles in 
Fig. 2), which increase the conductivity and reduce the resistivity. An opposite effect can be observed when 
tension load is applied.

Inevitably in our case, the piezo-resistivity of CNT modified polymer is originated from intrinsic conductivity 
of single CNTs and the resistivity change of CNTs conductive network during mechanical deformation, also a 
function of the CNT’s  chirality48.

However, the electromechanical properties of CNTs network is much more complicated due to the facts that 
there are uncertainties associated with the dispersion and distribution of CNTs in a  polymer49, as schematically 
illustrated in Fig. 3. Once the composite is stretched, individual CNTs inside would be also elongated which 
activates the intrinsic resistivity change of individual CNTs. It has been reported that the intrinsic resistivity 
of CNTs increases considerably at a relatively small  strain50. In the case examined herein, a precise control of 
dispersion and distribution is very unlikely, as is the case for many scaled-up manufacturing techniques. There-
fore having CNT enriched and polymer enriched areas is possible. Such matters interfere with the resistivity 
data measured simultaneously in real-time, and give unreliable indication of strain evolution, thus of damage 
evolution. An interpretation technique has been pursued in this research that proposes reliable measurements 
independent of such inevitable uncertainties induced inevitably during fabrication of the composite, described 
in “Results and discussion” section.

Also, elongation will separate the interconnection of adjacent CNTs and result in loss of CNTs contact and 
tunnelling points, which increase the material’s resistivity. At large deformation, micro-cracks may become 
present which either breaks individual CNTs or pull them out of the polymer (Fig. 3), thus increasing resistivity. 
It should be noted that such mechanism is irreversible meaning that the resistivity due to micro-cracking is not 
recovered after  unloading48–51. Therefore, a resistivity baseline has been predicted in a loading–unloading cyclic 
scenario in our experimentation in which the applied stress exceeds the CNT-polymer bond strength, and the 
crack induced resistivity may not reversed back to the initial level. This phenomenon is utilised as a signal for 
the initiation of crack. In adhesively bonded joints, this states that either the bulk of adhesive cracks open or the 
disbond occurs at the adhesive-adherend interface. In a case that the adhesion strength is weakened (e.g. via 
poor surface preparation), the disbond scenario is more likely to occur. This has been designated using a peel 

(1)σ ≈ σ 0(V − Vc)
t

Figure 2.  Evolution of number of conductive pathways (circles) between CNTs (solid lines) in polymer with 
mechanical load (compression and tension).
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ply process to draw the focus of localised high stress at the interface to ensure the adhesion failure would be 
dominant rather than bulk damage.

As final part of the experimentation design, there should be a certain point in an increasing loading scenario, 
at which the slope of the resistivity would dramatically be changed, indicating adhesion failure mechanism, and 
such point should be achieved no matter of non-uniform distribution of CNTs, a ‘threshold point’. This has been 
exploited in the current research for adhesion failure monitoring. Therefore, a load-unload cyclic tension test 
has been designed to examine such multi-parameter hypothesis outlined above.

Selection criteria for efficient CNT modified polymer mixture. A number of researches have been 
conducted for development of piezo-resistive strain sensors made by CNT embedded  polymers52–55, in which a 
higher sensitivity has been observed than that of conventional strain gauges, suggesting a promising measure-
ment technology. The piezo-resistivity of such sensor is defined as �R/R0 , where R0 represents the original 
resistivity at zero strain (undeformed material), and �R the change of that at a certain strain ε44. The sensitivity 
of a sensor is then defined with the gauge factor k:

Such studies have used either a two-probe56,57 or a four-probe  method53,58 for measuring resistance changes. 
They have identified that the piezo-resistivity of CNT modified polymers is approximately linear at low strains 
(e.g. within the elastic regime) and becomes non-linear at high  strains53,54,56,59 under tensile strains, mainly due 
to the tunnelling resistance increasing non-linearly44. Also, percolation theory indicates that the conductivity 
change is nonlinear due to high probability of conductive paths formation when more CNTs are added. However 
the sensitivity could also be negatively affected at excess CNTs. With abundant CNTs, the beginning of deforma-
tion could cause negligible resistivity change, which means, the strain sensing property is  weakened43. Therefore, 
a percolation threshold of CNT content is necessary for theoretical establishment of an efficient conductive 
network for piezo-resistivity. In other word, insufficient CNTs content in composites could degrade the sensing 
performance, and finding a proper content/concentration of CNTs is therefore vital to best optimise the overall 
strain sensing performance.

Here is one model for percolation threshold calculation in CNTs dispersion, which is given  by60:

where φc is the actual percolation threshold, ξ is the volume fraction of composite with agglomerated CNTs in 
case of non-uniform dispersion, εL is the localised volume content fraction of CNTs in an agglomerate state, and 
α is the ratio of average length of CNTs over average diameter, i.e. α = l/d . For our CNTs with average diameter 
of 60 nm and length of 35 micron, α = 583.3.

ξ = 5% means that 5% volume of the composite is occupied by agglomerated CNTs. Also, εL = 10% may mean 
that the CNTs occupy 5% of the volume in the hypothetical spherical shaped agglomeration. Then φC for such 
values is given as

(2)k =

�R
/

R0

ε

(3)φc =
ξεLπ

6
+

(1− ξ)21.195

α2

(4)φc =
ξεLπ

6
+

(1− ξ)21.195

α2
= 0.268%

Figure 3.  Schematic illustration of adhesion cracking at threshold point deformation inducing dramatic 
resistivity change (dashed circles indicate separation or elongation of three individual CNTs).
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In practice, the CNTs quality depends on synthesis process and parameters, which could affect the average 
CNTs aspect ratio. Also, approaches like sonication, shear mixing, surfactant can improve CNTs dispersion, 
thus CNTs agglomeration could not be completely  evitable61. Aspect ratio and agglomeration state could be 
roughly estimated with the help of optical microscopy and scanning electron microscope, and then a percolation 
threshold could be found in correlation with the aspect ratio and agglomeration state. This approach was taken 
in our research to induce a positive effect on finding suitable CNTs concentration and optimising strain sensing 
properties, described in “CNT modified adhesive and single-lap bonded joint test setup” section.

Materials
Adhesive. The CNT modified epoxy adhesive is a high strength aerospace grade 2-component epoxy-based 
thermoset adhesive containing multi-walled CNTs (average diameter of 100 nm) produced by chemical vapour 
deposition technique, both supplied by Cametics Ltd. Component A of the adhesive is an epoxy resin containing 
CNTs and component B is an amine curative, also containing CNTs before it’s mixed. The adhesive’s preparation 
for bonding has been described in “CNT modified adhesive specimen manufacture” section, and its response 
(mechanical and electrical) have been assessed in this research, and is described in “Single-lap bonded joint 
manufacture” section.

Adherends. The substrates used as adherends for fabrication of single-lap bonded joint specimens were 
aerospace grade aluminium 6063T6 with thickness of 1.62 mm, a medium strength  alloy62. Aluminium as a 
material was chosen due to its high electrical conductivity, accessibility and straightforward surface preparation 
for bonding. Moreover, the failure strain and the yield strain for Aluminium significantly differs from those for 
the thermoset adhesive and the modified adhesive. Therefore, the resistivity change due to strains variations in 
the adhesive prevails in such disparity with Aluminium, meaning that the strain in adherends are negligible 
compared to that developing in the bond. Aluminium substrates were cut according to the dimensions based 
on the standard ASTM D1002 to manufacture single-lap joints as presented in Fig. 4, and were drilled at equal 
distances with the bond edges for electrical connections so as to be tested in situ for electrical resistance meas-
urements. Electrodes with attached ring terminals were then bolted on, using M3 Hex socket bolts, and nuts with 
M3 washers to ensure a tightened connection and minimal effect on the strain data.

Figure 4.  Single-lap bonded joint specimen and in-situ electrical measurement attachment.
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CNT modified adhesive specimen manufacture
Adhesive cure. To examine the electrical and mechanical properties of the CNT modified adhesive inde-
pendent of its use as adhesive in the bonded joints, adhesive specimens (Fig. 5) were fabricated having controlled 
thickness of approximately 1.5 mm in a steel fixture using spacers of 1.5 mm thickness. The adhesive specimens 
were then cured at 110 °C for 5 h. The specimens were measured post cure with micrometer, and the final thick-
ness of each joint was identified.

cutting. Once cured, the steel fixture was disassembled, and the sheet of the adhesive was removed. The 
sheet was then cut into strips of the adhesive specimens to the dimensions presented in Fig. 5.

electrical insulation and electrode connection. Kraft paper was bonded using Cyanoacrylate-based 
commercial adhesive on the test grip areas of the strips to electrically insulate the adhesive specimens from the 
tensile machine grips during testing (Fig. 6). Electrodes with crocodile clips attached onto their ends were then 
clipped onto the specimens for enabling connection with multimeter. For improving the electrical connection 

Figure 5.  MWCNT modified adhesive specimen.

Figure 6.  CNT modified adhesive specimens with bonded Kraft paper insulation.
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between crocodile clips and the adhesive, electrically conductive silver paint Electrodag 1415 was applied on the 
specimen’s edges, similarly conducted  in63.

Single‑lap bonded joint manufacture
Surface treatment of adherends. Based on the chemical nature of polymer bonds, requirements for 
their processing and wettability are specified to chemically activate the adherends’ bonding surfaces which has 
positive influence on the adhesion properties (e.g. adhesion strength), and treat the surfaces so as to prevent the 
formation of hydrated oxides. There are several proven processes for aluminium such as phosphoric acid anodiz-
ing (below 29 °C), grit blast and silane coupling agent, and sol–gel process. The ends of the adherends, which 
represent the overlap region of the final specimens, were first abraded using 400-grit sandpaper, manually and 
perpendicular to the direction of loading (length of the adherends)8. This was done within one hour of adhesive 
application at room temperature and in a controlled laboratory environment to minimize any potential oxida-
tion of aluminium’s surface. Abraded surfaces were then wiped with paper towels soaked in acetone, and were 
additionally rinsed with acetone to remove any leftover contaminants, recommended by researches  in1–3,64. The 
joints were tested not longer than 24 h after their manufacture.

fixture preparation. A fixture to assemble the single-lap bonded joint specimens was manufactured and 
assembled as seen in Fig. 7. Oven paper was put in the middle of the fixture underneath the adherends (post 
treatment) to prevent the adhesive sticking to the fixture. Bottom adherends were then fixed in place with the 
treated surfaces (bond region of 25 mm × 25 mm) facing up (Fig. 7a). On their opposite side, aluminium sup-
ports were also fixed in, and standard 0.5 mm-thickness Teflon spacers were positioned on top to produce bond 
thickness of 0.5 mm slightly lower than the recommended thickness of 0.67 mm. The jig has not been optimal 
due to the existing tolerances which falls below 0.1 mm. As a result, additional supports were required on the 
left side of each pressure steel panel (left arrow in Fig. 8) to guarantee uniform pressure to acquire correct and 
uniform bond thicknesses across all samples.

Figure 7.  Fixture preparation: (a) positioning of bottom adherends and supports with 0.5 mm-thickness Teflon 
spacers, (b) positioning of upper adherends and pressurisation.

Figure 8.  Curing of adhesively bonded single-lap joints in heating oven.
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Adhesive preparation and application. The adhesive was prepared in a fume cupboard by stir-mixing 
its two parts in a weight ratio of A:B equal to 2:1. The two parts were weighed to the nearest tenth of a gram 
using Ohaus Scout Pro Portable Balance scale, where part A was added first, followed by part B addition. Using 
a disposable spatula and a disposable container the product was stir-mixed for three minutes, scraping the sides 
and bottom of the vessel frequently.

Post mixing, the adhesive was slowly applied onto the substrate’s treated surfaces with a spatula over the bond 
region of 25 mm × 25 mm. The application was done as evenly as possible to minimize entrapment of air after 
positioning upper substrates in following steps.

The upper adherends were then positioned on top under an angle to enable an even distribution of adhesive 
and to push out the entrapped air (see Fig. 7b). After ensuring all supports were in place, the cover plates were 
positioned on top of the upper adherends. To ensure proper bond thickness, mechanical pressure was applied 
onto the plates through springs, which were tightened to a spring height of 16 mm. This was 178 N of force per 
spring, which causes the following pressure on each adhesive bond, as recommended by the ASTM Standard:

where P is the applied pressure on bond, n the number of springs, i  the number of specimens (bonds), F is 
force value per spring, and A is the bond’s overlap area. The calculated pressurisation level was achieved using 
the springs at top of each support. The application was conducted manually, i.e. via turning nuts on top of each 
spring. The spacers to ensure nominal 0.5 mm bond thickness were made of relatively hard plastic, so they could 
have been pressurised. The effect of pressurisation directly on the spacers was not measured, but indirectly via 
measurement of the bond thickness achieved post assembly.

The fixture was then put into a pre-heated oven for adhesive to be cured at 110 °C for 5 h (Fig. 8). Differential 
scanning calorimetry was conducted on the adhesive post cure to ensure that the adhesive (CNT modified and 
unmodified) is fully cured.

Once the specimens were cured, they were removed from the fixture and carefully trimmed manually using 
sand papers to remove residuary side fillets of the adhesive joints, as seen  in2,3, and to mitigate disparity in results 
due to the presence of such fillets.

tabbing. End-tabs cut from the aluminium panel were approximately 25.4 mm × 25.4 mm × 1.62 mm (Fig. 9). 
For bonding tabs to the specimens, a two-component Araldite 420 A/B epoxy adhesive was used, which features 
high lap-shear and peel strength. After applying the adhesive and positioning the tabs, the tabs’ bond was cured 
at 60 °C for 12 h (ensuring below the glass temperature of the CNT modified adhesive). To prevent the tabs from 
slipping during curing, binder clips were used to hold them on, and to apply additional pressure to the joint.

electrical insulation. The specimens were electrically insulated in the gripping areas of tensile machine 
Instron 5500R 6025 equipped with a MERLIN software (https ://www.merli nco.co.uk/produ cts/merli n-surve 
y-softw are/) in order to eliminate any interference in the electrical resistance measurements (Fig. 9), as empha-
sised  in57,65. Preliminary trials were performed to assure that no electrical short circuit with the tensile machine 
grips occurs. The ends of the specimens were insulated via bonding strips of Kraft paper onto them. The adhesive 
was additionally spread on top of the paper and got soaked in, for further stiffening the Kraft paper.

CNT modified adhesive and single-lap bonded joint test setup
consideration of joint eccentricity. Quasi-static and cyclic mechanical tensile tests were conducted on 
the adhesively bonded single-lap specimens according to ASTM D1002–10, followed in some  researches1–3,64. 
The most dominant stress present in single-lap bonded joints is peeling  stress66,67 which is unevenly applied 
throughout the bond length due to out-of-plane bending moments caused by the eccentricity of the load path in 

(5)P =
nF

iA
=

6× 178.0N

6× 25.4mm× 25.4mm
= 0.28MPa

Figure 9.  End tabs covered by electrical insulation (width = 25.4 mm).

https://www.merlinco.co.uk/products/merlin-survey-software/
https://www.merlinco.co.uk/products/merlin-survey-software/


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16833  | https://doi.org/10.1038/s41598-020-74076-y

www.nature.com/scientificreports/

such unsymmetrical  joint68, as seen in Fig. 10. This results in peeling stress driven failure for an adhesive bond in 
single-lap joints, which implies that the single-lap joints provide conservative failure load  prediction6,12.

To reduce the eccentricity, end-tabs were bonded to the adherends. However, due to the presence of variability 
in the thickness of adhesive bonds (of both adherends and end-tabs), complete elimination of eccentricity in a 
single-lap joint is not possible. A representation of this phenomenon is schematically depicted in Fig. 10 where 
the thickness of the CNT modified adhesive (nominal 0.50 mm) is exaggerated to be much higher than the 
thickness of adhesive at the end tabs (nominal 0.12 mm).

The specimens have been tested under the static loads in tension associated with in situ electrical resistance 
measurements described in the following section.

in‑situ electrical resistance measurement under mechanical loading. Equipment. An Instron 
5500R 6025 electro-mechanical machine was utilised for static and cyclic tensile testing, instrumented by a cali-
brated 5kN load cell, LVDT and data acquisition system; however, the LVDT displacement measurements is not 
precise since it cannot compensate for the compliance of the crosshead, load cell and grips that come in the load. 
Therefore, a non-contact laser extensometer model (Epsilon LE-05) was used for displacement measurements.

For the electrical resistance changes ( �R measurement), a LabVIEW programme (National Instruments Lab-
VIEW 2015; https ://www.ni.com/en-gb.html) was developed and associated with the acquisition system having 
minimum resolution of 90 measurement per minute. A Keithley Multimeter 2000 with a Keithley 2000-SCAN 
Scanner Card was used for resistance changes measurement with a two-probe method. National Instruments 
CompactDAQ with CNI-9215 C Series Voltage Input Module was used to acquire load and extension signals 
from the Instron machine, and also to acquire the more precisely calibrated extension measurements from the 
laser extensometer.

Measurement algorithm. Figure 11 shows the measurement algorithm developed for the testing and data acqui-
sition, described in detail here:

Upon starting a test, the Instron software sends a command to the controller through the DigiLink interface 
requesting a particular change in crosshead position, Δx. The controller, in turn, sends the command signal to 
the load frame, and the crosshead changes position for an increment of Δx. The specimen which is fixed in the 
grips elongates for the same increment Δx; however, because of the interfering compliance of load-path compo-
nents, the actual extension, Δx’, attain a slightly lower value than the command one. Consequently, the load-cell 
measures an increase in tensile load and sends an analog signal (in the range of 0–10 V) to the controller. The 
controller also receives a confirmation about the position change of the crosshead from the load frame.

In parallel, a laser extensometer measures the precise extension value of Δx’, and sends the data to the National 
Instrument DAQ system, which also receives analog data about the change in load, ΔF, and the crosshead posi-
tion from the controller. Resistance measurements on the tested specimen are then performed by the Keithley 
Multimeter. The data from the National Instruments DAQ and Keithley Multimeter are digitally sent through 
IEEE-488 and USB 2.0 cables to a separate PC with the LabVIEW software developed in this research, where 
they are displayed and saved. Data for ΔF and Δx are also sent back to the Instron PC where they are displayed 
and saved. PC then increases the crosshead position to a new increment, sends the command to the controller, 
and the aforementioned process repeats.

Figure 10.  Eccentricity phenomenon in a single-lap adhesively bonded joint and consequential dominant 
peeling stress.

https://www.ni.com/en-gb.html
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Testing procedure for CNT modified adhesive only specimens. The same equipment as for the joint specimens 
(described below) was used for testing adhesive specimens. Each adhesive specimen was gripped into a uni-
versal tensile machine equipped with a load-cell and laser extensometer, as shown in Fig. 12. Electrodes were 
then attached through crocodile clips onto the areas covered with silver paint. Reflective targets for the laser 

Figure 11.  Iterative in-situ measurement algorithm for LABVIEW program.

Figure 12.  CNT modified adhesive specimens set-up in tensile machine’s grips equipped with laser 
extensometer.
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extensometer were clipped on at the edges of applied silver paint to enable comparison between data from the 
two instruments.

Testing procedure for single‑lap bonded joint specimens. Both quasi-static and cyclic tensile tests were conducted 
in a temperature-controlled laboratory space at room temperature. The specimen’s electrode connection areas 
were slightly sanded manually and using 400-grit sand paper. Electrodes with attached ring terminals were then 
bolted on using M3 bolts, nuts and washers, shown in Fig. 13.

The specimens were then fixed into wedge-action grips of a tensile machine, and reflective targets for the 
laser extensometer were clipped onto the sides of each, as shown in Fig. 14. The two targets were positioned 
approximately 10 mm away from the top and bottom edge of the overlap area to be as close as possible to the 
failure mechanism without interfering with it.

The laser extensometer was then positioned at a pre-defined distance from the targets under a slight angle 
( < 5°) to avoid possible spurious reflections from other reflective surfaces. Crosshead speed (0.42 mm/min) 
of the tensile machine was then set. Because the Keithley Multimeter had a relatively slow sampling rate of 1.5 
measurements per second, it was decided to use a lower crosshead speed in comparison to the ASTM D1002 
standard value of 1.27 mm/min to gather more data.

In the case of incremental cyclic tensile tests, where the force is set to be zero before introducing the next 
strain  level69, the load increment was then selected, and set to be 300 N. The selection of this increment was 
based on the existing research  in16,64,65 and according to the ultimate failure load in quasi-static and monotoni-
cally loaded specimens, so that the samples could achieve minimum three load-unloading loops before their 
ultimate failure.

Results and discussion
CNT modified adhesive’s quasi-static tensile test data. The CNT modified adhesive strips (Fig. 6) 
were manufactured under the same curing conditions as for the bond cure in the joint specimens, to charac-
terise their electrical resistance response under identical conditions, subjected to tensile loads. The �R/R0 data 

Figure 13.  Electrical connection of electrodes on the aluminium adherends in single-lap adhesively bonded 
joints.

Figure 14.  Single-lap bonded joint specimens set-up in test machine’s grips equipped with laser extensometer.
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was obtained under tensile loads and with respect to the laser extensometer data until the ultimate failure was 
reached (full cross-sectional net-tension failure), as shown in Fig. 15.

As seen, the initial linear piezo-resistivity region with a linear gain factor of 14.9 mm−1 (according to Eq. (1): 
k = 735) was identified followed by a non-linear piezo-resistivity trend region until the peak load point (16.3 mm 
and 112.5 N) and the ultimate failure point (18.0 mm and 106.4 N). Once the peak load is reached, damage is 
developed across the area of the thin specimens which results in full breakage of the cross-section at the ulti-
mate failure, and a sudden drop in load carrying capacity, which consequently leads to sudden increase in the 
resistivity due to the reduced area. The specimens exhibit slight ductile failure post ultimate failure attributed to 
the CNT bridging mechanisms in action.

The general trend of the non-linearity in the piezo-resistivity response is attributed to the reduction in con-
ductive CNT paths and tunnelling as the CNTs start to separate under shear and tensile strain. Additionally, an 
indication of sensitivity of adhesive alone when it is loaded in tension was specified. From the slope of the linear 
region, the gauge factor obtained represents a sensitivity level more than six times higher than the sensitivity 
achieved with conventional strain gauges.

Single-lap joints’ monotonic static data. Four joint specimens were tested under static tension until 
their ultimate failure was reached. The load-extension data for one joint with the actual bond thickness of 
0.44 mm is shown in Fig. 16. As seen, the �R/R0 decreases with the increasing load until a minimum negative 
value of 38 is reached at an extension of 0.048 mm and 1.6 kN, denoted by εc . The trend is then changed for 
loading beyond that at point εc until full bond failure is reached, dominantly and ultimately in adhesion failure 
mode (Fig. 17), a dominant mechanism observed for all joint specimens, i.e. only deformation mechanisms were 
observed in the bulk of the adhesive, and damage was present at the interface as adhesion failed.

The εc at which �R/R0 trend changes is attributed to the bond thickness difference between the CNT modified 
adhesive and the Araldite adhesive used for bonding end tabs and its effect on the joint’s eccentricity.

Thickness of the modified bond was averagely 0.47 mm while thickness of the Araldite bond was 0.12 mm. 
Eccentricity is not solely due to the bond thickness, and is inherent to single-lap joints, however the difference 
in bond thickness may additionally contribute to that: Once the specimen was fixed into the machine grips, 
compression traction forces were introduced to the joint perpendicular to the load axis (Fig. 18) occurring 
due to the single-lap adherend offset, in which the higher the bond thickness the higher the compression. Such 
compression at the initial phase of loading leads to compressive stress through the thickness of the bond (note 
that the compressive stress was also observed during clamping the specimens prior to loading.). The compressive 
stress then slightly reduces the thickness (as result of through-the-thickness compressive strains) that leads to 
increased conductivity due to increase in CNT contact points and reduced �R/R0 . Upon longitudinal loading, 
once the joint is sufficiently tensioned, shear and tensile stresses reduce CNTs contact points, reduce conductivity, 
and increase resistivity, and at εc reduce the dominance of the compressive stress resulting in increase in �R/R0.

Figure 15.  Evolution of �R/R0 response of CNT modified adhesive specimens during a quasi-static tensile test.
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During extensive tensile loading of the joint (close to the ultimate failure point), the CNTs become aligned 
and inclined towards the loading direction, which results in the conductivity increase despite the reduction 
of contact points. This might have attributed to the drop in the �R/R0 slope near the ultimate failure point in 
Fig. 16 (at 0.1 mm extension).

Simply put, the CNT modified adhesive’s piezo-resistivity under compressive strains is anti-symmetric com-
pared to that under tensile strains, therefore the piezo-resistivity reaches at its minimum level at εc in Fig. 16. 
At this point the CNTs are now being pulled apart which reduces the number of conductive contacts and the 
tunnelling effect between them. The ratio between through-the-thickness compressive and tensile stress playing 
an important role at the beginning of applied tensile (longitudinal) force is the important factor in the evalua-
tion of the acquired results, identified by the identification of εc . It may be noteworthy that the direction of the 
compressive stress discussed herein is directed through the thickness of the bond (rather than its longitudinal 
direction), induced by the work of joint’s misalignment/eccentricity at the beginning stage of a longitudinally 
applied tension (shown in Figs. 10 and 18). Until the longitudinal εc (induced by the tensile force) is reached, 
with the compressive stress dominating, the pushed-together CNTs within the polymer matrix decrease bond’s 
electrical resistance (i.e. increase in conductivity). Above εc , the through-the-thickness tensile stress dominates 
pulling the CNTs apart (exaggeratedly illustrated in Fig. 3)—a process co-assisted by the epoxy matrix’ lower 
tensile strength than its compressive one—which leads to increase in the electrical resistance of the bond, along 
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Figure 18.  Eccentricity introduced by the bond thickness difference and consequent compression forces.



14

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16833  | https://doi.org/10.1038/s41598-020-74076-y

www.nature.com/scientificreports/

with the increasing longitudinal εc . Before the bond failure, �R/R0 increased due to disbond at the adhesive-alu-
minium interface, as evident Fig. 17 and by the research conducted  in8. With the intention of finding additional 
evidence to support this hypothesis, �R/R0 data of four joint specimens bonded with their modified adhesive 
causing disparity in bond thicknesses are plotted in Fig. 19.

One distinctive point is that the number of turns on the top nuts to achieve the calculated pressure during 
the joints assembly (“Adhesive preparation” section) was not necessarily led to reaching the spacers as such 
(~ 0.5 mm) in some samples, and exceeded that level in some samples via pressurising the spacers even more 
though slightly. Nevertheless in all samples, the polymer flooded off the joint overlap edges once the pressure 
was manually applied. Such uncertainties associated with the tolerances and the manual pressurisation process 
resulted in joints having bond thickness variations from the nominal 0.5 mm.

It is observed that with the increasing bond thickness of the modified adhesives in the joints even slightly, 
εc increases. This complements the aforementioned hypothesis: At higher bond thickness (e.g. 0.51 mm) the 
eccentricity angle of the joint (Fig. 18) is at higher value at the beginning of the test (before shear and tensile 
stresses dominate). Consequently, higher compressive strains are present in relatively higher bond thicknesses, 
leading to a higher εc (the case for 0.51 mm bond thickness in Fig. 19). This phenomenon was pursued during 
cyclic load testing as well to compare data between the thin and thick bonds in the bonded joints (discussed in 
“Performance of CNT modified bonded joints under cyclic loading” section).

It should be noted that the thickness of the Araldite adhesive was controlled via holding binder clips where 
a relatively thin adhesive was applied (approx. 0.1 mm as measured after assembly). No spacer was used for 
tabbing therefore such thin bond thickness was produced. The tab bond thickness was ¼ of the joints’ modified 
bond thickness at its maximum level (one sixth of the joints’ bond thickness at its minimum). The effect of such 
ratio on the eccentricity, and therefore on εc variations, has been minimal. Ultimately, the effect on the sensing 
response of the modified adhesive has been considered negligible in our study. It should also be noted that tab 
bond thickness ratio (1/4–1/6 of the joints’ bond thickness) would have made an almost similar effect on the 
comparative results across all samples in Fig. 19, i.e. assuming non-negligible effects from the tab bonds, those 
effects have been almost identical for all curves.

The SEM image of the CNT modified adhesive bond’s cross-section in one joint at ultimate failure is shown 
in Figs. 20 and 21, in which the CNTs deformation and their bridging mechanism within the highly deformed 
polymer material are evident, protruding out of the polymer surface.

In Fig. 21, typical agglomeration of CNTs is observed in a few locations across the failure surface, but more 
importantly the CNTs bridging mechanism between the cracked open deformed polymer materials. Both CNT 
clusters and the bridging mechanism at the adhesion surface are observed to be mostly occurring in the loading 
direction.

Performance of CNT modified bonded joints under cyclic loading. The single-lap bonded joints 
have been subjected to cyclic tensile loads in increments of 300 N to cover a range of linear and non-linear 
regions (300 N load increments can be identified in the monotonic response data of Fig. 16). Four bonded joint 
specimens were tested under the proposed cyclic loads with incrementally increasing load of 300 N at each sub-
sequent cycle. One typical load-extension response out of four joint specimens with relatively thin (0.18 mm) 
and thick (0.43 mm) bonds is shown in Fig. 22, in which the thin bond failed after the 4th cycle, and the thick 
bond after the 6th cycle. For the first four cycles, the average maximum extensions value per cycle were 0.09 mm, 
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0.15 mm, 0.20 mm and 0.28 mm, having an almost symmetrical deviation at approx. ± 0.03 mm, ± 0.05 mm, ± 
0.07 mm and ± 0.07 mm, respectively. Such symmetrical distribution of the extension data around the average 
level is due to the fact that the two thick bonds had thickness twice of that in the thin ones, which approximately 
doubled the bulk adhesive’s elongation data in the thick ones before the ultimate failure. All four specimens 
exhibited, dominantly, adhesion failure. Residual strains and plastic (inelastic) behaviour is evident in the figure 
in cycles > 2 where non-zero extensions occurs after unloading. Expectedly, the joint made by the 0.43 mm bond 
thickness shows higher extension per constant applied load, approximately twice as that in the joint made by 
the 0.18 mm bond thickness. Note that the volume of adhesive applied to manufacture each type (thin and thick 
bond) has precisely been controlled as described in “Adhesive preparation and application” section, however 
after applying higher pressure to make thin bonds, the material has been flown off the edge of the overlap par-
tially on the fillets sides and some having been trimmed off the sides. Therefore the total volume of the adhesive 
is different in the two types, and the CNT volume fraction has been eventually increased across the thin bond, 
leading to higher contact points.

The piezo-resistivity data associated with the cycles are plotted in Fig. 23 for the thin (a) and thick (b) bond 
specimens. As seen, the thick adhesive possesses higher eccentricity which has induced through-the-thick-
ness compressive stresses in the initial cycles (1,2) and consequently the downward-upward phenomenon ( εC ) 
observed formerly in the monolithic response of the thick bonds (Figs. 16, 19). Though the initial resistivity of 
thick bonds is much higher than that in thin bonds (> 100Ω compared to < 10Ω levels) as a result of less CNT 
contact points, the difference in R data ( �R ) is much lower compared to the thin bond which results in a low 

Figure 20.  SEM image of single-lap joint specimen’s failure surface (Fig. 17) with CNTs dispersed in the 
polymer matrix.

Figure 21.  SEM image of agglomeration of CNTs with bridging between cracked open polymer matrix; image 
from bridging and cracked open polymer shown in dashed-line circle.
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�R/R0 levels and in some cycles negative levels. That points out a very poor sensitivity in thick bond joints as 
opposed to much higher sensitivity and resistivity variations in thin bond joint specimens:

For the thin bonds, less eccentricity is present, and so low compressive levels through the thickness. No 
downward-upward and εC phenomenon is then observed, and a much higher difference in R levels during load 
evolution has been obtained, and so much higher sensitivity in sensing:

As seen in Fig. 23b, an increasing–decreasing trend is exhibited by the joint in the �R/R0 correlated with 
the cyclic loading trend. However, the baseline initial resistance changes during cycles 2–4 since the material 
undergoes residual strain in those cycles. The �R/R0 trends are interrupted by damage development (progres-
sive adhesion failure only) in cycle 3 and 4, with direct effect on dramatic increasing of the resistivity. In cycle 
4, such dramatic increase is followed by the ultimate failure in adhesion mode. Parameters δmax and Fmax/δmax 
represents the maximum extension attained at the maximum load in each cycle (denoted by Fmax ) and the joint 
stiffness when Fmax is reached. The stiffness represents an increasing trend until the ultimate adhesion failure is 
reached in which the load carrying capacity drops (irrespective of δmax trend) at which the stiffness level drops 
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simultaneously when the level of �R/R0 dramatically increases due to full disbond and significant reduction in 
the conductivity.

Moreover, the �R/R0 slope in Fig. 23b representative of the sensitivity remains almost constant at the begin-
ning of each cycle irrespective of progressive adhesion failure indicated by creating a resistivity baseline from 
cycles > 2 (discussed for Fig. 3). Such sensitivity evolution is an indication of a reliable sensing capability via the 
CNT modified adhesive in thin bonds within the elastic regime (cycle 1) and up to the ultimate failure (cycle 2).

Figure 23.  Electrical resistivity response during cyclic tensile loading of single-lap bonded joint specimens in 
(a) 0.43 mm bond thickness joints, and (b) 0.18 mm bond thickness joints.
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conclusions
The ability of the CNT modified adhesive to be used both for in-situ strain measurements and health-monitoring 
of bonded structures, and specifically for adhesion failure measurement, has been studied in this article. The 
adhesive’s sensitivity response to varying loads applied to adhesively bonded single-lap joints (all processed to 
fail in adhesion failure mode only via use of peel ply surface preparation, as observed in Fig. 17) has provided 
promising indication of adhesion failure in relatively thin bonds (0.18 mm thickness). It has also been shown, 
that by continuously monitoring the linearity of piezo-resistivity during cyclic loads, the initiation and propaga-
tion of damage can be detected prior to the occurrence of the ultimate bond failure. This is an essential quality 
which could be used for bonded structures with the need for prevention of any unexpected failures, such as in 
the aviation industry. An interpretation method has been introduced relying upon the resistivity baseline as an 
outcome of irreversible adhesion crack propagation (mechanism illustrated in Fig. 3 in relation to data presented 
in Fig. 23a). Moreover, through tensile cyclic tests of adhesive alone, it has been established that the adhesive 
exhibits a very high sensitivity to strain, more than six times than conventional strain gauges. However, this does 
not alone lead to a reliable adhesion failure measurement: It has also been observed that strict design considera-
tions are necessary to enable such failure measurement technique since relatively thick bond (0.43 mm thickness) 
in single-lap joints did not cope with the interpretation method due to the low sensitivity (despite high initial 
resistivity) and the role of the single-lap eccentricity in introducing through-the-thickness compressive stress 
at early stages of loading evolution.

Received: 2 May 2020; Accepted: 23 September 2020

References
 1. Mactabi, R., Rosca, I. D. & Hoa, S. V. Monitoring the integrity of adhesive joints during fatigue loading using carbon nanotubes. 

Compos. Sci. Technol. 78, 1–9. https ://doi.org/10.1016/j.comps citec h.2013.01.020 (2013).
 2. Kang, M. H., Choi, J. H. & Kweon, J. H. Fatigue life evaluation and crack detection of the adhesive joint with carbon nanotubes. 

Compos. Struct. 108, 417–422. https ://doi.org/10.1016/j.comps truct .2013.09.046 (2014).
 3. Kim, C. H., Choi, J. H. & Kweon, J. H. Defect detection in adhesive joints using the impedance method. Compos. Struct. 120, 

183–188. https ://doi.org/10.1016/j.comps truct .2014.09.045 (2015).
 4. Urbina, S.R., Ayre, D., & Nezhad, H.Y. Effect of hygrothermal cycles on mechanical performance of composite adhesively bonded 

joints. 2018: European Society for Composite Materials. [Online]. https ://www.eccm1 8.org/wp-conte nt/uploa ds/ECCM_Final 
-Progr am.pdf

 5. Liu, Y. D., Zhang, X., Lemanski, S., Nezhad, H. Y. & Ayre, D. Experimental and numerical study of process-induced defects and 
their effect on fatigue debonding in composite joints. Int. J. Fatigue 125, 47–57. https ://doi.org/10.1016/j.ijfat igue.2019.03.033 
(2019).

 6. Bhanushali, R., Ayre, D. & Nezhad, H. Y. Tensile response of adhesively bonded composite-to-composite single-lap joints in the 
presence of bond deficiency. Procedia CIRP. 59, 139–143 (2017).

 7. Kinloch, A. J. Adhesives in engineering. Proc. Inst. Mech. Eng. Part G J. Aerospace Eng. 211(G5), 307–335. https ://doi.
org/10.1243/09544 10971 53270 3 (1997).

 8. Lim, A. S., Melrose, Z. R., Thostenson, E. T. & Chou, T. W. Damage sensing of adhesively-bonded hybrid composite/steel joints 
using carbon nanotubes. Compos. Sci. Technol. 71(9), 1183–1189. https ://doi.org/10.1016/j.comps citec h.2010.10.009 (2011).

 9. Sirikham, A., Zhao, Y. F., Nezhad, H. Y., Du, W. X. & Roy, R. Estimation of damage thickness in fiber-reinforced composites using 
pulsed thermography. IEEE Trans. Ind. Inf. 15(1), 445–453. https ://doi.org/10.1109/tii.2018.28787 58 (2019).

 10. Deane, S. et al. Application of NDT thermographic imaging of aerospace structures. Infrared Phys. Technol. 97, 456–466. https ://
doi.org/10.1016/j.infra red.2019.02.002 (2019).

 11. Liu, Y. D., Lemanski, S., Zhang, X., Ayre, D. & Nezhad, H. Y. A finite element study of fatigue crack propagation in single lap bonded 
joint with process-induced disbond. Int. J. Adhes. Adhes. 87, 164–172. https ://doi.org/10.1016/j.ijadh adh.2018.10.005 (2018).

 12. Nezhad, H. Y., Zhao, Y. F., Liddel, P. D., Veronica, M. A. & Roy, R. A novel process-linked assembly failure model for adhesively 
bonded composite structures. CIRP Ann. Manuf. Technol. 66(1), 29–32. https ://doi.org/10.1016/j.cirp.2017.04.103 (2017).

 13. Nezhad, H. Y., Merwick, F., Frizzell, R. M. & McCarthy, C. T. Numerical analysis of low-velocity rigid-body impact response of 
composite panels. Int. J. Crashworthiness 20(1), 27–43. https ://doi.org/10.1080/13588 265.2014.96337 8 (2015).

 14. Lotfian, S., Giraudmaillet, C., Yoosefinejad, A., Thakur, V. K. & Nezhad, H. Y. Electrospun piezoelectric polymer nanofiber layers 
for enabling in situ measurement in high-performance composite laminates. ACS Omega 3(8), 8891–8902. https ://doi.org/10.1021/
acsom ega.8b009 40 (2018).

 15. Thostenson, E. T. & Chou, T. W. Carbon nanotube networks: sensing of distributed strain and damage for life prediction and self 
healing. Adv. Mater. 18(21), 2837. https ://doi.org/10.1002/adma.20060 0977 (2006).

 16. Gao, L. M., Thostenson, E. T., Zhang, Z. G. & Chou, T. W. Coupled carbon nanotube network and acoustic emission monitoring 
for sensing of damage development in composites. Carbon 47(5), 1381–1388. https ://doi.org/10.1016/j.carbo n.2009.01.030 (2009).

 17. Thostenson, E.T. & Chou, T.W. Real-time in situ sensing of damage evolution in advanced fiber composites using carbon nanotube 
networks. Nanotechnology,19(21), Art No. 215713 (2008). https ://doi.org/10.1088/0957-4484/19/21/21571 3.

 18. Gao, L. M., Thostenson, E. T., Zhang, Z. & Chou, T. W. Sensing of damage mechanisms in fiber-reinforced composites under cyclic 
loading using carbon nanotubes. Adv. Func. Mater. 19(1), 123–130. https ://doi.org/10.1002/adfm.20080 0865 (2009).

 19. Nofar, M., Hoa, S. V. & Pugh, M. D. Failure detection and monitoring in polymer matrix composites subjected to static and 
dynamic loads using carbon nanotube networks. Compos. Sci. Technol. 69(10), 1599–1606. https ://doi.org/10.1016/j.comps citec 
h.2009.03.010 (2009).

 20. Boeger, L., Wichmann, M. H. G., Meyer, L. O. & Schulte, K. Load and health monitoring in glass fibre reinforced composites with 
an electrically conductive nanocomposite epoxy matrix. Compos. Sci. Technol. 68(7–8), 1886–1894. https ://doi.org/10.1016/j.
comps citec h.2008.01.001 (2008).

 21. Lekawa-Raus, A., Gizewski, T., Patmore, J., Kurzepa, L. & Koziol, K. K. Electrical transport in carbon nanotube fibres. Scripta 
Mater. 131, 112–118. https ://doi.org/10.1016/j.scrip tamat .2016.11.027 (2017).

 22. Rosca, I. D. & Hoa, S. V. Highly conductive multiwall carbon nanotube and epoxy composites produced by three-roll milling. 
Carbon 47(8), 1958–1968. https ://doi.org/10.1016/j.carbo n.2009.03.039 (2009).

 23. Janczak, D., Sloma, M., Wroblewski, G., Mlozniak, A. & Jakubowska, M. Screen-printed resistive pressure sensors containing 
graphene nanoplatelets and carbon nanotubes. Sensors 14(9), 17304–17312. https ://doi.org/10.3390/s1409 17304  (2014).

 24. Hodzic, A., Stachurski, Z. H. & Kim, J. K. Nano-indentation of polymer–glass interfaces Part I. Experimental and mechanical 
analysis. Polymer 41(18), 6895–6905. https ://doi.org/10.1016/s0032 -3861(99)00890 -3 (2000).

https://doi.org/10.1016/j.compscitech.2013.01.020
https://doi.org/10.1016/j.compstruct.2013.09.046
https://doi.org/10.1016/j.compstruct.2014.09.045
http://www.eccm18.org/wp-content/uploads/ECCM_Final-Program.pdf
http://www.eccm18.org/wp-content/uploads/ECCM_Final-Program.pdf
https://doi.org/10.1016/j.ijfatigue.2019.03.033
https://doi.org/10.1243/0954410971532703
https://doi.org/10.1243/0954410971532703
https://doi.org/10.1016/j.compscitech.2010.10.009
https://doi.org/10.1109/tii.2018.2878758
https://doi.org/10.1016/j.infrared.2019.02.002
https://doi.org/10.1016/j.infrared.2019.02.002
https://doi.org/10.1016/j.ijadhadh.2018.10.005
https://doi.org/10.1016/j.cirp.2017.04.103
https://doi.org/10.1080/13588265.2014.963378
https://doi.org/10.1021/acsomega.8b00940
https://doi.org/10.1021/acsomega.8b00940
https://doi.org/10.1002/adma.200600977
https://doi.org/10.1016/j.carbon.2009.01.030
https://doi.org/10.1088/0957-4484/19/21/215713
https://doi.org/10.1002/adfm.200800865
https://doi.org/10.1016/j.compscitech.2009.03.010
https://doi.org/10.1016/j.compscitech.2009.03.010
https://doi.org/10.1016/j.compscitech.2008.01.001
https://doi.org/10.1016/j.compscitech.2008.01.001
https://doi.org/10.1016/j.scriptamat.2016.11.027
https://doi.org/10.1016/j.carbon.2009.03.039
https://doi.org/10.3390/s140917304
https://doi.org/10.1016/s0032-3861(99)00890-3


19

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16833  | https://doi.org/10.1038/s41598-020-74076-y

www.nature.com/scientificreports/

 25. Kim, J. K., Sham, M. L. & Wu, J. S. Nanoscale characterisation of interphase in silane treated glass fibre composites. Compos. Part 
A Appl. Sci. Manuf. 32(5), 607–618. https ://doi.org/10.1016/s1359 -835x(00)00163 -9 (2001).

 26. Thostenson, E. T., Ren, Z. F. & Chou, T. W. Advances in the science and technology of carbon nanotubes and their composites: a 
review. Compos. Sci. Technol. 61(13), 1899–1912. https ://doi.org/10.1016/s0266 -3538(01)00094 -x (2001).

 27. Mitra, S., Banerjee, S. & Chakravorty, D. Tunneling conduction in graphene/(poly) vinyl alcohol composite. J. Appl. Phys.113(15), 
Art no. 154314 (2013). https ://doi.org/10.1063/1.48026 64.

 28. Sherman, R. D., Middleman, L. M. & Jacobs, S. M. Electron-transport processes in conductor-filled polymers. Polym. Eng. Sci. 
23(1), 36–46. https ://doi.org/10.1002/pen.76023 0109 (1983).

 29. Lux, F. Percolation in electrical conductive polymer filler systems. 1. Density filler curves according to a new thermodynamic 
percolation model. Polym. Eng. Sci. 33(6), 334–342. https ://doi.org/10.1002/pen.76033 0605 (1993).

 30. Kim, H.M., Choi, M.S., Joo, J., Cho, S.J. & Yoon, H.S. Complexity in charge transport for multiwalled carbon nanotube and 
poly(methyl methacrylate) composites. Phys. Rev. B. 74(5), Art no. 054202 (2006). https ://doi.org/10.1103/PhysR evB.74.05420 2.

 31. Luo, S. D., Liu, T., Benjamin, S. M. & Brooks, J. S. Variable range hopping in single-wall carbon nanotube thin films: a process-
ing–structure–property relationship study. Langmuir 29(27), 8694–8702. https ://doi.org/10.1021/la401 264r (2013).

 32. Kirkpatrick, S. Percolation and conduction. Rev. Mod. Phys. 45(4), 574–588. https ://doi.org/10.1103/RevMo dPhys .45.574 (1973).
 33. Miyasaka, K. et al. Electrical-conductivity of carbon polymer composites as a function of carbon content. J. Mater. Sci. 17(6), 

1610–1616. https ://doi.org/10.1007/bf005 40785  (1982).
 34. Zhang, W., Dehghani-Sanij, A. A. & Blackburn, R. S. Carbon based conductive polymer composites. J. Mater. Sci. 42(10), 3408–

3418. https ://doi.org/10.1007/s1085 3-007-1688-5 (2007).
 35. Coleman, J. N. et al. Percolation-dominated conductivity in a conjugated-polymer-carbon-nanotube composite. Phys. Rev. B 

58(12), R7492–R7495. https ://doi.org/10.1103/PhysR evB.58.R7492  (1998).
 36. Winey, K. I., Kashiwagi, T. & Mu, M. F. Improving electrical conductivity and thermal properties of polymers by the addition of 

carbon nanotubes as fillers. MRS Bull. 32(4), 348–353. https ://doi.org/10.1557/mrs20 07.234 (2007).
 37. Li, J. et al. Correlations between percolation threshold, dispersion state, and aspect ratio of carbon nanotubes. Adv. Func. Mater. 

17(16), 3207–3215. https ://doi.org/10.1002/adfm.20070 0065 (2007).
 38. Ma, P. C., Kim, J. K. & Tang, B. Z. Effects of silane functionalization on the properties of carbon nanotube/epoxy nanocomposites. 

Compos. Sci. Technol. 67(14), 2965–2972. https ://doi.org/10.1016/j.comps citec h.2007.05.006 (2007).
 39. Martin, C. A. et al. Electric field-induced aligned multi-wall carbon nanotube networks in epoxy composites. Polymer 46(3), 

877–886. https ://doi.org/10.1016/j.polym er.2004.11.081 (2005).
 40. Sandler, J. K. W., Kirk, J. E., Kinloch, I. A., Shaffer, M. S. P. & Windle, A. H. Ultra-low electrical percolation threshold in carbon-

nanotube-epoxy composites. Polymer 44(19), 5893–5899. https ://doi.org/10.1016/s0032 -3861(03)00539 -1 (2003).
 41. Stankovich, S. et al. Graphene-based composite materials. Nature 442(7100), 282–286. https ://doi.org/10.1038/natur e0496 9 (2006).
 42. Pang, H., Chen, T., Zhang, G. M., Zeng, B. Q. & Li, Z. M. An electrically conducting polymer/graphene composite with a very low 

percolation threshold. Mater. Lett. 64(20), 2226–2229. https ://doi.org/10.1016/j.matle t.2010.07.001 (2010).
 43. Bauhofer, W. & Kovacs, J. Z. A review and analysis of electrical percolation in carbon nanotube polymer composites. Compos. Sci. 

Technol. 69(10), 1486–1498. https ://doi.org/10.1016/j.comps citec h.2008.06.018 (2009).
 44. Alamusi, H. N., Fukunaga, H., Atobe, S., Liu, Y. L. & Li, J. H. Piezoresistive strain sensors made from carbon nanotubes based 

polymer nanocomposites. Sensors. 11(11), 10691–10723. https ://doi.org/10.3390/s1111 10691  (2011).
 45. Grow, R.J., Wang, Q., Cao, J., Wang, D.W. & Dai, H.J. Piezoresistance of carbon nanotubes on deformable thin-film membranes. 

Appl. Phys. Lett.86(9), Art no. 093104 (2005). https ://doi.org/10.1063/1.18722 21.
 46. Tombler, T. W. et al. Reversible electromechanical characteristics of carbon nanotubes under local-probe manipulation. Nature 

405(6788), 769–772 (2000).
 47. Ugur, S., Yargi, O. & Pekcan, O. Conductivity percolation of carbon nanotubes (CNT) in polystyrene (PS) latex film. Can. J. Chem. 

88(3), 267–276. https ://doi.org/10.1139/v09-173 (2010).
 48. Obitayo, W. & Liu, T. A review: carbon nanotube-based piezoresistive strain sensors. J. Sens. Art no. 652438 (2012). https ://doi.

org/10.1155/2012/65243 8.
 49. Zhang, H., Bilotti, E. & Peijs, T. The use of carbon nanotubes for damage sensing and structural health monitoring in laminated 

composites: a review. Nanocomposites. 1(4), 167–184. https ://doi.org/10.1080/20550 324.2015.11136 39 (2015).
 50. Yang, L. & Han, J. Electronic structure of deformed carbon nanotubes. Phys. Rev. Lett. 85(1), 154–157. https ://doi.org/10.1103/

PhysR evLet t.85.154 (2000).
 51. Jones, D. E. H. Science of fullerenes and carbon nanotubes—Dresselhaus, M.S., Dresselhaus,G., Eklund, P.C.. Nature 381(6581), 

384–384. https ://doi.org/10.1038/38138 4a0 (1996).
 52. Kang, I. P., Schulz, M. J., Kim, J. H., Shanov, V. & Shi, D. L. A carbon nanotube strain sensor for structural health monitoring. 

Smart Mater. Struct. 15(3), 737–748. https ://doi.org/10.1088/0964-1726/15/3/009 (2006).
 53. Hu, N., Karube, Y., Yan, C., Masuda, Z. & Fukunaga, H. Tunneling effect in a polymer/carbon nanotube nanocomposite strain 

sensor. Acta Mater. 56(13), 2929–2936. https ://doi.org/10.1016/j.actam at.2008.02.030 (2008).
 54. Hu, N. et al. Investigation on sensitivity of a polymer/carbon nanotube composite strain sensor. Carbon 48(3), 680–687. https ://

doi.org/10.1016/j.carbo n.2009.10.012 (2010).
 55. Yin, G. et al. A carbon nanotube/polymer strain sensor with linear and anti-symmetric piezoresistivity. J. Compos. Mater. 45(12), 

1315–1323. https ://doi.org/10.1177/00219 98310 39329 6 (2011).
 56. Yasuoka, T., Shimamura, Y. & Todoroki, A. Electrical resistance change under strain of CNF/flexible-epoxy composite. Adv. Compos. 

Mater. 19(2), 123–138. https ://doi.org/10.1163/09243 0410x 49044 6 (2010).
 57. Shimamura, Y., Kageyama, K., Tohgo, K., & Fujii, T. Cyclic behavior of electrical resistance type low stiffness, large strain sensor 

by using carbon nanofiber/flexible epoxy composite. Fract. Strength Solids Vii, Pts 1 and 2,462–463, 1200 (2011). https ://doi.
org/10.4028/www.scien tific .net/KEM.462-463.1200.

 58. Dharap, P., Li, Z. L., Nagarajaiah, S. & Barrera, E. V. Nanotube film based on single-wall carbon nanotubes for strain sensing. 
Nanotechnology 15(3), 379–382. https ://doi.org/10.1088/0957-4484/15/3/026 (2004).

 59. Wichmann, M.H.G., Buschhorn, S.T., Gehrmann, J. & Schulte, K. Piezoresistive response of epoxy composites with carbon nano-
particles under tensile load. Phys. Rev. B80(24), Art no. 245437 (2009). https ://doi.org/10.1103/PhysR evB.80.24543 7.

 60. Sanchez-Romate, X. F., Jimenez-Suarez, A., Sanchez, M., Guemes, A. & Urena, A. Novel approach to percolation threshold on 
electrical conductivity of carbon nanotube reinforced nanocomposites. RSC Adv. 6(49), 43418–43428. https ://doi.org/10.1039/
c6ra0 3619h  (2016).

 61. Ma, P. C., Siddiqui, N. A., Marom, G. & Kim, J. K. Dispersion and functionalization of carbon nanotubes for polymer-based 
nanocomposites: a review. Compos. Part A Appl. Sci. Manuf. 41(10), 1345–1367. https ://doi.org/10.1016/j.compo sites a.2010.07.003 
(2010).

 62. A. M. Ltd. Aluminium Alloy ‑ Commercial Alloy ‑ 6063 ‑ T6 Extrusions (2016).
 63. Oliva-Aviles, A. I., Aviles, F. & Sosa, V. Electrical and piezoresistive properties of multi-walled carbon nanotube/polymer composite 

films aligned by an electric field. Carbon 49(9), 2989–2997. https ://doi.org/10.1016/j.carbo n.2011.03.017 (2011).
 64. Dugnani, R., Zhuang, Y. T., Kopsaftopoulos, F. & Chang, F. K. Adhesive bond-line degradation detection via a cross-correlation 

electromechanical impedance-based approach. Struct. Health Monit. Int. J. 15(6), 650–667. https ://doi.org/10.1177/14759 21716 
65549 8 (2016).

https://doi.org/10.1016/s1359-835x(00)00163-9
https://doi.org/10.1016/s0266-3538(01)00094-x
https://doi.org/10.1063/1.4802664
https://doi.org/10.1002/pen.760230109
https://doi.org/10.1002/pen.760330605
https://doi.org/10.1103/PhysRevB.74.054202
https://doi.org/10.1021/la401264r
https://doi.org/10.1103/RevModPhys.45.574
https://doi.org/10.1007/bf00540785
https://doi.org/10.1007/s10853-007-1688-5
https://doi.org/10.1103/PhysRevB.58.R7492
https://doi.org/10.1557/mrs2007.234
https://doi.org/10.1002/adfm.200700065
https://doi.org/10.1016/j.compscitech.2007.05.006
https://doi.org/10.1016/j.polymer.2004.11.081
https://doi.org/10.1016/s0032-3861(03)00539-1
https://doi.org/10.1038/nature04969
https://doi.org/10.1016/j.matlet.2010.07.001
https://doi.org/10.1016/j.compscitech.2008.06.018
https://doi.org/10.3390/s111110691
https://doi.org/10.1063/1.1872221
https://doi.org/10.1139/v09-173
https://doi.org/10.1155/2012/652438
https://doi.org/10.1155/2012/652438
https://doi.org/10.1080/20550324.2015.1113639
https://doi.org/10.1103/PhysRevLett.85.154
https://doi.org/10.1103/PhysRevLett.85.154
https://doi.org/10.1038/381384a0
https://doi.org/10.1088/0964-1726/15/3/009
https://doi.org/10.1016/j.actamat.2008.02.030
https://doi.org/10.1016/j.carbon.2009.10.012
https://doi.org/10.1016/j.carbon.2009.10.012
https://doi.org/10.1177/0021998310393296
https://doi.org/10.1163/092430410x490446
https://doi.org/10.4028/www.scientific.net/KEM.462-463.1200
https://doi.org/10.4028/www.scientific.net/KEM.462-463.1200
https://doi.org/10.1088/0957-4484/15/3/026
https://doi.org/10.1103/PhysRevB.80.245437
https://doi.org/10.1039/c6ra03619h
https://doi.org/10.1039/c6ra03619h
https://doi.org/10.1016/j.compositesa.2010.07.003
https://doi.org/10.1016/j.carbon.2011.03.017
https://doi.org/10.1177/1475921716655498
https://doi.org/10.1177/1475921716655498


20

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16833  | https://doi.org/10.1038/s41598-020-74076-y

www.nature.com/scientificreports/

 65. Thostenson, E. T. & Chou, T. W. Carbon nanotube-based health monitoring of mechanically fastened composite joints. Compos. 
Sci. Technol. 68(12), 2557–2561. https ://doi.org/10.1016/j.comps citec h.2008.05.016 (2008).

 66. O’Dwyer, D. J., O’Dowd, N. P. & McCarthy, C. T. Micromechanical investigation of damage processes at composite–adhesive 
interfaces. Compos. Sci. Technol. 86, 61–69. https ://doi.org/10.1016/j.comps citec h.2013.06.013 (2013).

 67. Corbett, M. & McCarthy, C.T. Numerical investigation of a hybrid mechanical-adhesive joining technology for application in 
lightweight composite-metal structures. In 21st International Conference on Composite Materials, Xian, China (2017).

 68. NPL Manual: Design and testing of bonded and bolted joints. https ://www.npl.co.uk/uploa d/pdf/bonde d-bolte d-manua l.pdf (2007).
 69. de la Vega, A., Kinloch, I. A., Young, R. J., Bauhofer, W. & Schulte, K. Simultaneous global and local strain sensing in SWCNT-

epoxy composites by Raman and impedance spectroscopy. Compos. Sci. Technol. 71(2), 160–166. https ://doi.org/10.1016/j.comps 
citec h.2010.11.004 (2011).

Acknowledgements
The authors would like to acknowledge supports from Cametics Ltd., the UK EPSRC funded research (STRAIN-
comp; Ref. EP/R016828/1). This publication has emanated from research conducted with the financial support 
of Science Foundation Ireland (SFI) under Grant Number SFI 13/IA/1833 & SFI 16/RC/3918, co-funded by the 
European Regional Development Fund. The authors are also grateful to Mr. Jim Hurley and Mr. Ben Hopper from 
Cranfield University for strong and continuous technical supports throughout the research. The underpinning 
data can be accessed at https ://doi.org/10.17862 /cranfi eld.rd.13006 631.v1.

Author contributions
H.Y.N. managed the proposed research, and together with M.B. hypothesised the theory behind the research 
for enabling real-time measurement of adhesion failure. T.B. and D.A. developed the initial draft manuscript for 
the original research. T.B., D.A., H.Y.N., D.A. and V.K.T. contributed to development of experimentation plan, 
and carried out manufacturing and in-situ testing. M.B. supplied synthesised modified materials, and provided 
technical contribution. I.D.-C. assisted development of LABVIEW algorithms and setup of in-situ resistivity 
measurements. M.H. and C.M. assisted with the analysis of bonded joints performance and adhesion failure 
assessments. M.S. calculated the percolation threshold and assisted with the fundamentals on the correlation 
between CNT-polymer failure and resistivity data. S.G. assisted analysis of data giving critical thinking on their 
elaboration in the revised version.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.K.T. or H.Y.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/j.compscitech.2008.05.016
https://doi.org/10.1016/j.compscitech.2013.06.013
http://www.npl.co.uk/upload/pdf/bonded-bolted-manual.pdf
https://doi.org/10.1016/j.compscitech.2010.11.004
https://doi.org/10.1016/j.compscitech.2010.11.004
https://doi.org/10.17862/cranfield.rd.13006631.v1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Carbon nanotube embedded adhesives for real-time monitoring of adhesion failure in high performance adhesively bonded joints
	Fabrication of CNT modified adhesively bonded joints for strain measurement
	Design of performance testing of CNT modified bonded joints. 
	Selection criteria for efficient CNT modified polymer mixture. 

	Materials
	Adhesive. 
	Adherends. 

	CNT modified adhesive specimen manufacture
	Adhesive cure. 
	Cutting. 
	Electrical insulation and electrode connection. 

	Single-lap bonded joint manufacture
	Surface treatment of adherends. 
	Fixture preparation. 
	Adhesive preparation and application. 
	Tabbing. 
	Electrical insulation. 

	CNT modified adhesive and single-lap bonded joint test setup
	Consideration of joint eccentricity. 
	In-situ electrical resistance measurement under mechanical loading. 
	Equipment. 
	Measurement algorithm. 
	Testing procedure for CNT modified adhesive only specimens. 
	Testing procedure for single-lap bonded joint specimens. 


	Results and discussion
	CNT modified adhesive’s quasi-static tensile test data. 
	Single-lap joints’ monotonic static data. 
	Performance of CNT modified bonded joints under cyclic loading. 

	Conclusions
	References
	Acknowledgements


