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Abstract: Herein, we present a novel approach for damagenrgeis adhesively bonded
joints using a carbon nanotube single layer web T«<&GWW) which marks a significant
departure from the approach of dispersing CNTsiwidpoxy resins. In this work, a very
thin, highly aligned CNT-SLW (densified thickness50 nm) with aerial density of 2.0
ng/cn? was horizontally drawn from a vertically alignedNT forest, positioned over an
adhesive film, which was, in turn, placed betwega hon-conductive composite adherents.
This was followed by the application of heat andsgure to cure the adhesive. These joints
were subjected to quasi-static and cyclic loading investigate the damage sensing
performance of a CNT-SLW. The CNT-SLW sensor, pdaparallel to the load direction,
exhibits remarkably high cyclic stability as we#l axceptionally high sensitivity to damage
initiation and accumulationThe resistance increasaR/R,% ~1633%) is significantly
higher than that of adhesive sensors with dispe@¢@is/graphene, reported in the literature.
Morphological studies help to explain the sensingchanism through interactions of the

CNT-SLW with the evolution of micro-cracks. Thesesults demonstrate the potential of



macroscopic architectures of CNTs with controllegkmation for the development of high

performance structural health monitoring (SHM) eyss$ for specific damage detection.

1. Introduction

Current wide-bodied passenger aircraft structuresrecreasingly being manufactured from
carbon fibre reinforced polymer (CFRP) compositesng to the material’s specific strength
and stiffness, corrosion and fatigue resistancee dihve towards greater manufacturing
efficiency has also led to the development of larged more integrated structures and a
preference for adhesive bonding over mechanictériass [1].

Structural joints are examined periodically as paErtan aircraft’'s maintenance schedule,
using a variety of inspection methods. The moveatow condition-based maintenance
(CDM), as opposed to scheduled ‘checks’, can piatintreduce the overall operational
costs. However, reliable and robust health momgpmethods have yet to be developed for
ensuring the structural integrity of adhesively-theth joints which may not be easily
accessed and, even if possible, disassembly gbithis results in damage to the adherent and
surrounding structure [2ln situ monitoring of structural health, in adhesive bahgents, is

a critical area of research and development [3jceR#ly, Fibre Bragg Gratings (FBG)
embedded in bonded structures have shown promsensing damage through the detection
of ultrasonic Lamb waves. However, interpretatibrihe@ data is complex and needs special
data acquisition equipment [4-6].

Over the past two decades, carbon nanotubes (CiNah® attracted considerable attention
due to their unique mechanical and electro-theprngperties and shown promise for damage
sensing in composites [7]. Much of the initial wdrs used randomly oriented percolating
networks of nanotubes in a polymer matrix to creadeductive nanocomposites [8-16].

Interestingly, the nanoscale-percolating networkCOTs enables the monitoring of crack



initiation and propagation at a scale at which nmast-destructive techniques are ineffective
[8].

Several research groups have demonstrated damé#ggan and propagation in lap-bonded
joints using randomly dispersed CNTs where thetetat connections were made via the
joint elements (metal or composite adherends) tasone the resistance of the CNT-adhesive
layer under static or fatigue loading [2,17-19]r Fexample, Mactabi et al. studied CNT-
epoxy bonded aluminium joints subjected to fatigo@ding [2]. Kwon et al. used CNT-
epoxy paste to fill cracks in, and coat, carboetipolypropylene (CF/PP) composites for the
evaluation of crack extension and fracture [17]n¢&at al. employed CNT-epoxy adhesive
as a sensor for fatigue life and crack detectioaluminium joints, noting that the adhesive
itself gave a 19-fold increased fatigue life desjit36% reduction in bond strength [18]. Lim
et al. experimentally evaluated the sensing caipabof CNT-epoxy and distinguished
different types of damage mechanisms in composH®@dtal joints [19]. Most recently, CNT
doping of commercially available adhesive filmsipokric films also attracted great interest
for sensing applications [20-24]. Sanchez-Romatal.eexplored the sensing capability of
bonded joints made with carbon nanotube doped acdhfisns [21].

There exists several constraints with these tect@sigAchieving adequate nanoscale level
dispersion of CNTs in solvents for doping or forgirandomly percolated of CNTs in an
epoxy/polymer matrix remains a challenge due tongfraggregation tendencies of CNTs
(due to high surface area and intrinsic van der [8Vederactions) and increase in viscosity
imposes significant issues in processing. Of @itiamportance however, and as
demonstrated by the work of Kang et al., the seitself must not alter the behaviour of the
joint [18].

We now report the novel application of a highlygakd carbon nanotube single layer web

(CNT-SLW), of negligible weight, to monitor the staof damage in adhesively-bonded



single-lap composite joints. Directly drawn CNT webxhibit a uniform highly-aligned
network, eliminating the agglomeration challengegoeintered when dispersing in bulk
resin. As the CNTs are highly aligned in the dim@tof draw, the resistivity perpendicular
to the draw direction is approximately 20 timesheigthan that parallel to the draw direction
[25]. Joints were subjected to quasi-static andicyoading tests to investigate the influence
of CNT-SLW orientation on the damage sensing amd jgerformance.

2. Experimental procedures
2.1. Materials

Plain weave glass fibre epoxy ‘prepreg’ was usedntmufacture the adherends. 2.0 mm
panels were prepared by laying up eight plies epeg (Gurit SE84 LV, each ply thickness ~
0.32 mm) followed by vacuum bagging and then cumsghg a programmable Genlab™
general purpose oven. The curing was performe@@tCL for one hour under vacuum. Cytec
FM300 high-temperature epoxy film adhesive (thidee- 0.26 mm), with a polyester
carrier, was used in this work. Copper foil (Alfegar, 0.025 mm thick, annealed, uncoated,
99.8%) was used for the electrical buses. A higiligned CNT-SLW with an as-formed
(undensified) thickness ~ 2.5 um (densified thidene 50 nm), with aerial density of 2.0
ng/cn? was used in this study. The fine continuous CNbsyevith controlled alignment,
were horizontally drawn from a few micrograms oftigally aligned CNTs forests (each
individual CNT diameter ~10 nm and length ~170 @mr grown in-house on silicon
substrates using a CVD (chemical vapour depositnedhod [26]. Fig.1 confirms that the
CNT web maintains a high degree of alignment. Esaggle CNT ‘fibre’ in the web is made

of up countless short CNTSs interconnected througing van der Waals forces.
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Vertically aligned
CNT?@zst (b)

Fig.1: (@) CNT-SLW (as-formed thickness ~ 0.6 pm andgheensity of 2.Qug/cnf)

horizontally drawn from vertically aligned CNT fate(b) Low magnification FESEM image

of surface morphology of the horizontally aligneNTGSLW.
2.2. CNT-SLW embedded joint preparation

To fabricate the bonded joints with embedded CNWSIthe glass fibre laminate panels
were cut into rectangular strips (‘fadherends’) i@esLO0 mm x 25 mm x 2mm according to
ASTM D5868. A square (25 mm) piece of film adhesias adhered coincident with the end
of one adherend and the backing film removed. A ENW of width and length >25 mm
was placed over the adhesive film with draw di@c®ither parallel (/) or perpendicular)(

to the load direction (Fig.2). A second adherend placed on the CNT-SLW/adhesive with
its end coincident with the adhesive film to forhmetlap-shear specimens (Fig. 3). The
completed assembly was manually tightened usingp8-tclamps and cured at 7
(Genlab™ general-purpose oven) for 1 hour. The @K was connected to a power source
through the copper electrodes as shown in Fig. 8te Nhat for the web orientation
perpendicular to the load direction, the electrodis® rotated with the web and to make

5



electrical connections, the overhung edge of thel Gi¢b folded onto the edge of the
specimen. Initial investigations where the coppes bbcations remained unchanged from
those used for the web parallel to the load dioecgxhibited high resistance and failed to

adequately capture the evolution of damageger paste was used to ensure ohmic contact

between buses and web.

Adhesive
Cross section

X50 WD 10.0mm  100zm 5 40KV X500 WO0Omm o 10pm

Fig.2: (a) Side view section of CNT-SLW placed over aihe (b) magnified image.
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Fig.3: Lap joint embedded with CNT-SLW sensor (a) parallad (b) perpendicular to the

loading direction and corresponding digital imagésensors under zero load condition.
3. Characterization:

The as-grown spinnable vertically aligned mutiedllcarbon tubes (VA-MWCNTSs) and
CNT-SLW were characterised by Field emission Saanmlectron microscopy (FESEM)
(JEOL: JSM 6500 F), Transmission electron microscpEM) and X-ray diffractometer
(XRD) (Model: X' pert Pro).Thermogravimetric analysis (TGA) was performed with
Metler toldeo TGASDTAS85%at a ramp rate of 10 °C/min from 50 to 700 °C. Raman
scattering spectra of CNT-SLW performed using a 682 N»-H; laser excitation Raman
spectroscopy (LabRAM 300, Horiba, UK with a 632 source). The operating current and
voltage of the laser box is 7 mA and 3.7 kV, resipety. For all samples, a 1 % filter of the
output power was chosen, to avoid the surface damafthe materials. Measurements at
three different positions were conducted for eamme to validate the reproducibility. A
Zwick/Roell tensile testing machine (Model: Z100}wa 100 kN load cell was used for the
guasi-static tensile testing of the joints. Thanjsiwere loaded under tension at a crosshead
displacement rate of Imm/min. The nominal free tlergd the joints between the grip wedges
was 125 mm. The maximum peak load, from the loadisplacement curves, was used to
obtain the shear strength. A digital multimeter (&gt 34450A) was used to measure the

conductivity of CNT-SLW and to record the resistbange across the joints (Fig. 4).

To quantify the CNT-SLW sensor response to defamnmatAR/R, was plotted against

displacement, AR=R-R,) where R is the resistance at zero displacement and Rds th
resistance under load. For cyclic loading, ten ilbgaycles were conducted for each type of
sample with two displacement (d) ratios (minimuraptikcement / maximum displacement)

before and after damage initiation. For examplbedqre damage initiation) = 0.2, where the



maximum displacement was 25% of the displacemefdilate of the static joint, and (ii) d
(after damage initiation)= 0.09, 0.06 and 0.05, ieltbe maximum displacement was 55, 75
and 80% of the displacement at failure of the statint. To gain further insight into the
CNT-SLW sensing mechanism, microstructural analysfs the fractured joints was

performed using FESEM

Crocodile
electrical
clips

Fig.4: Experimental set-up for damage sensing in jdimtsugh real time resistance

measurement.

4. Results and discussion

The FESEM image (Fig. 5a) clearly shows that theTCiNrest arrays synthesized by
chemical vapour deposition are closely packed amtbumly distributed.The CNTs are
highly aligned in the array, as observed at a high&gnification (Fig. 5b). Fig. 5¢ presents a
capturing of continuous CNT-SLW web drawing andah be observed that CNTs re-orient

from the vertical direction in the CNT arrays toriaontal direction in the newly formed



CNT-SLW. The as prepared, CNT-SLW exhibits a higlgrée of alignment (Fig. 5d) and
spacing between the individual CNT fibres or fibtendles. The HRTEM image (Fig. 6a) of
CNTs confirms that the CNTs have multiple walls ytith inner and outer diameters of
4+1 nm and 10+3 nm, respectively. TEM image shows thesgnce of very little

amorphous carbon and confirms that the CNTs are firem catalysts particles. TGA
analysis (Fig.6b) shows the onset of degradatioB0&tC and indicates absence of any
catalyst remnants from no residual mass left aqgbsrt the TEM observations [26]. The

CNTs with such a higher purity are highly desirdioleelectrical applications.

K75 WD 186mm 100um

\

5.0kV X110 WD 19.0mm  100gm ) SEI 50kY  X50,000 WD73mm 100nm

Fig.5: (a) FESEM image of drawable vertically abgnCNT arrays (b) high magnification
image of highly aligned CNTSs (c) capturing of drag/iof CNT-SLW from CNT arrays

grown over Si wafer (d) high magnification imageheofizontally aligned CNT-SLW.
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Fig.6: Characterization of CNTs (a) HRTEM imagediNTs from forest, (b) TGA of
analysis of CNTs (c) Raman spectra of CNT-SLW at)d{RD spectra of CNT-SLW. Inset

digital images show the CNT-SLW

The Raman spectra of the CNT-SLW (Fig.6¢) show tmaon distinct peak of D band and G
band at~1334 and 1573 cm-1, respectively and the seconel-qrelak of D at 2700 cm-—1.
The G band corresponds to the characteristic taragjstretch mode of graphite wall, which
indicates the presence of crystalline graphitiboarin the CNTs. The D band corresponds to
disordered graphite. The intensity ratio of D p¢HX to G peak (IG) is a measure of the

structural defects and amount of disorder in thb@ananotubes. The relative intensity ratio
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of ID/ IG of the carbon nanotubes in this experimiensmaller than 1, which suggests less
defect content in the CNTs [27]. Fig. 6d shows tigcal XRD pattern of the CNT-SLW.
The presence of the strongest diffraction pealb&°2corresponding to the interlayer spacing
of 0.34 nm and (002) reflection of the hexagonghhi ordered graphite structure [28-29].
The electric conductivity of CNT-SLW along the diag direction (longitudinal) is about
2.6x10 S/m [29]. It is of significance to mention thaetmherent conductivity of nanofillers
is a key factor in sensing. The further in-depftioimation on the detailed characterization of
CNT webs such as degree of alignment, internatt&tres and mechanical properties can be

obtained in previous reports from our group [26:320.

Representative plots of load versus displacementhfe unmodified joint and for joints
containing a CNT-SLW parallel or perpendicularhie toad direction show a slight increase

in joint stiffness in the latter (Fig. 7a) and aptshear strength (Fig. 7b).

24
10000, _ CNT-SLW parallel to load direction a P Joint without CNT-SLW
22
F - - CNT-SLW perpendicular to load direction Q "] I CNT-SLW perpendicular to load
8000 — Without CNT-SLW i A 20 - B CNT-SLW parallel to load
= = 18]
. . £ 16
Z 6000 <) = 141
5 7 £
& 2/ o 12
3 Adhesive > e o 10
40004 ¢jastic limit 27 s
7 E 8'
\ 5 g 6]
20004 ~ 7
(/2]
| 4
I 2
0 * T T T T 0
0.0 0.5 1.0 15 2.0

Displacement(mm)
F o €

WD 9.0mm Tpm
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Fig.7: (a) Representative load vs displacement curveadbesively bonded joints with
embedded CNT-SLW (b) shear strength of joints (Bdas tested per configuration) and (c)

fractured surface of CNT-SLW embedded joint.

The increase of strength can be ascribed to tleefawial bonding and crack bridging effects
of aligned CNTs. The micro-structural examinatidntlte fractured joints (Fig.7c) clearly
reveals the strong CNT bridging effect during crackpagation. The presence of broken
CNTs indicates a good bonding between the alignBd<Cand the surrounding adhesive
matrix that lead to enhancement in the mechanicgdgoties.

This increase is not statically significant butioades that there was no appreciable change in
the joints’ structural performance. However, thadalisplacement curves exhibit a bi-linear
response, reflecting a change in stiffness, and Hghaviour is consistent with other
published works on similar adhesive joints [33,.1Bfe second region with a lower slope
can be attributed to the plastic deformation of #dubesive. Fig. 8 shows a selection of
images of the failed joints. All the fractured sw#s with and without CNT-SLW appear

identical with adhesive found on both sides whighftms cohesive failure.

CNT alignment,

alignment

Fig.8: Fractured surfaces of adhesively bonded jointk einbedded CNT-SLW.
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Fig. 9 shows the relative resistance change cuwids adhesively bonded joints embedded
with CNT-SLW under quasi-static load. The CNT-SL\Wrpendicular to the load direction

shows no significant resistance change (i.e. d®%R;) compared with that for the parallel

direction.
12000 . . ; ] ; : . . 1800
] —+—Load curve s
-1600
10000 - Resistance curves -
| —+—CNT-SLW parallel to load ared 4 - 1400
— — CNT-SLW perpendicular to load i
8000 150 |;;king load | 1200 ‘IS‘
] gto0 aren2 of joint r E
3 - -1000 5
< 60003, Damage ! =
< = accumulation j - 800 _*
O 10 125 1. \ - | o
—l Displacement(mm) c
4000 - area 3 [ 600
8 30 i
2000 - Damage initiation | . g’fg /,/’ _—400
| area 2 Top------- -~ |-200
area 1 l r‘"‘“"l I " Bisolacementimm) |
0 I — I— —T I — I_ — I. ! E 0
0.0 0.5 1.0 1.5 2.0 2.5

Displacement(mm)
Fig.9: (a) Electrical resistances of adhesively bondedgavith embedded CNT-SLW under
quasi-static load. Inset images shows a magnifegdion of the response of the CNT-SLW

parallel (red/solid line) and perpendicular to |lakekction (blue/dotted line).

The distinct response of CNT-SLW parallel to thadadirection is characterized by two
transitions. The first occurs at a displacemerahafut 1.03 mm, which registered the onset of
damage initiation ¢ warning zone) by a sudden step increase in resistéinset Fig.9),
below which the resistance change approximatesataliie. When the end-displacement
reached ~1.38mm, the resistance exhibits an extiahércrease (¥ waring zone) until the
resistance of the sensor exceeds the detectiondirttie instrument. In the whole measuring

process, from damage initiation to the failure teé foint at around 2 mm displacement, the
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relative resistance changdRr/R, jumps to~1631%. To the authors’ best knowledge, this
relative resistance change, with progressive dammgeignificantly higher than results
reported in the literature for sensors based gmeds®d CNTs/graphene in an epoxy adhesive
[17-24, 34-37].1t indicates that preferential otegion of carbon nanotubes seems to be
critical to differentiate microscale damage witlspect to load direction. We also compared
our results with recently reported studies on senbased on aligned CNTs (Table 1). The
performance comparison shows that the CNT-SLW he=zlient electrical resistance
response to deformation. This is governed by (Qrg interfacial bonding between CNTs
and the adhesive matrix which results in very ei¥ec load transfer to the CNTs, harnessing
the piezoresistive properties of the CNTs, andilfe high degree of alignment of the CNTs
within the web, causes significant changes in adrdeea between CNTs upon crack opening
and widening [38-43].

Table 1. Comparison of sensitivity tprogressive damage of our sensor with that of other
sensors based on aligned CNTSs.

Aligned CNT sensors AR /R;)*100 Reference
close to failure
Aligned CNT sheet reinforced GRRP composites 40% 38
Aligned CNTSs sheet reinforced epoxy composites 8% 9 3
Aligned MWCNT sheet —-PDMS sensors 1200% 40
Aligned CNT-PDMS sensors 500% 41
Aligned CNT-PDMS 1500 42
Printed CNT-PDMS sensors 1700% 43
Aligned CNT web embedded adhesive joints 1633% Moisk

In contrast, the CNT-SLW perpendicular to the loaection showed only a ~37 % increase
in relative resistanceAR/R,) and only close to failure (Inset Fig. 9). Morpbgical studies
were performed on the fractured surfaces of thetgdio gain further insight into the sensing

behaviour of CNT-SLW perpendicular and parallethie load direction (Fig.10a and 10b).

(a) ~ Load directior
+— Crackbridgin

Broken CNTs

/




Fig.10: SEM image of fractured surface with (a) CNT-SLWfallel and (b) perpendicular to
load direction.
Fig. 10a shows the formation of transverse micexks to the load direction and the CNT-
SLW, parallel to the load, can be seen to intevattt these cracks. This explains the large
increase in resistance from initial damage to failin contrast, the CNT-SLW perpendicular
to the load direction (Fig. 10 b), seems to detmom the matrix during deformation and
loses alignment. Due to the high aspect ratio ef@NTs, the broken contacts, or detached
CNTs, form an ‘electrical bridge’ with adjacent C&lfhat result in only a modest increase in
resistance during continuous deformation. This icore very limited deformation or load
transfer to CNTs when they are oriented perpendicth the applied load. It is also
anticipated that a number of cracks will be aligimedhe draw direction of the CNT-SLW.
On the other hand, the significant shift in resis@for a CNT-SLW, parallel to the load
direction, confirms the formation of transversecksaand the means of detecting damage.
These results are consistent with other works pbetl on externally-mounted aligned CNT
sheets with respect to a tensile loading diredédd@r46].
To better understand, the distinct damage-sensirechamisms along parallel and
perpendicular directions mentioned above (Fig.Qinaplified electrical resistance network
model is proposed:

Rotar Rent +Re €

15



Where Ryt is the intrinsic resistance of the CNT angdifthe contact resistance when the
two CNTs are completely overlapping, such thatdiséance between centres of two CNTs is
comparable or less than the diameter of a CNT [Bdked on the CNT-SLW fabrication
process and highly overlapped morphology, the taasi® change at the CNT-CNT junctions
seems to be the main damage sensing mechanismllynitinder zero loading state, the
contact resistance is mainly caused by the tumgeléffect among CNTs. Thus, when
subjecting a joint to continuous loading, a relalyflat relative resistance curve is seen with
applied displacement below 1.03 mm (area 1, FigTBg resistance increases very slowly
with increasing displacement below this point, vihineans that CNTs are still maintaining
direct contact but only contact area is changintgyveen CNTs(slippage between adjacent
CNTs and it is assumed that the tunnelling distgdg@emains constant, similar to the zero
loading state (area 1). However, after that fitspschange in resistance , followed by step
increases between an end-displacement of 1.03 &aB@ rhm, it is proposed that a
considerable number of CNTs still bridged across tmacks, making the conducting
pathways still viable through increasing tunnellingaddition to partial breaking of a few
conductive paths (area 2, Fig. 9).

However, after an end-displacement of 1.38 mm (&e#&ig. 9), resistance follows an
exponential change, indicating the increasing preseof disconnected CNTSs, leading to
fewer conductive pathways. The significant changereasistance during macro-damage
accumulation confirms that electrons can no lorigeitransferred between the CNThig
exceeded beyond tunnelling cut-off distance) dugt@achastic breakage of CNT contacts. In
area 4 (Fig. 9), at a displacement of 2 mm, rastgtgumps abruptly to an infinite resistance
change, indicating catastrophic rupture of the CHW. Fig. 1la is a diagrammatic
representation of the response of the CNT-SLW, lighrto the load direction, under a

monotonically increasing axial load.
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In contrast, the CNT-SLW transverse to the loaeadion demonstrates distinct behaviour
with a very low resistance change up to joint f&l(~37%) and negligible resistance change
before 1.8 mm end-displacement, as confirmed byOFiBelow an end-displacement of 1.8
mm, the transverse stretching of the CNT-SLW ditinduce any significant changes to the
contact conditions of the CNTs (Fig. 11b). The dwrof slope and modest resistance
increase, just prior to failure, suggests an iregda the tunnelling gap whilst maintaining a

practically constant level of CNT-CNT connectiod$,[48].

Overlapped R
CNTs )

CNTs-SLW integrated Rw"". L
into adhesive matrix

Displacement <1.03 mm. Displacement 1.03 mm. Displacement >1.38
; Increased tunnelling gap Significantly reduced
and reduced number of contacts and broken
F CNT-CNT contacts. CNTs
(a)

Zero displacement
/Load

Displacement <1.4 mi Displacement >1.4 mnr  Displacement >1.8 mm

/ (b)

F
Fig.11: Representation of the damage sensing mechanis@8NdrSLW (a) parallel and (b)

perpendicular to load direction with increasing -eligplacement (deformation).

To demonstrate the stability and sensitivity to nedamage accumulation, the CNT-
SLW/adhesive joints were investigated at differegtlic displacements, with maximum
displacements below and above that for which danagation was observed (1.03 mm) as

indicated in Fig. 9. Samples cyclically loaded tdigplacement from 0.1 mm to 0.5 mm (i.e.

17



d=0.2, where the maximum displacement is belowdtmaage initiation loading) show (Fig.
12) that, after an initial stabilising phase, thesistance is fully recoverable in each
subsequent cycle with negligible drift or hysteseshe changeAR/R, is almost constant at
almost 4% and curves follow the applied displacemétinout any lag. The small steady rise
in resistance at 0.5 mm displacement (~1.0 %, ftgahe 1-5) and undulations observed after

the fifth cycle may be due to the rearrangemer@s under load [12,14].

07 T T T T T T T T T T 5
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0.6 1 - — CNT-SLW parallel to load
i 1{ l - -4
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Fig.12: Sensor response below damage initiation.

The joints were subsequently exposed to threerdiifdevels of displacement cycles with a
maximum displacement beyond that which resultedlamage initiation. For a maximum
displacement of 1.1 mm (just after damage initmgtid-ig. 13) and a peak-to-peak
displacement amplitude of 1.0 mm, not only wasnadr resistance response observed, but
also a positive increase of resistance over theesy@he gradual increase in cyclic resistance
(Rmax=9% from cycle 1-10) can be related to increaseadliing gaps between CNTs with
increase of size of pre-existing cracks (cycle 21%je change in the slope aR/R,, at the
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tenth cycle, indicates the accumulation of new dgenand confirms the high sensitivity of
CNT-SLW to cracks at any length scale [2]. The tamsy of the R, value despite the

rising Rnax Value demonstrates that the release of the ldadsle-connection of the broken
or separated CNTs with essentially unchanged fidels the incipient fractures close. The
aligned CNT architecture facilitates the returrCTs back to their original position through

their defined paths, without buckling on contraetio
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Fig.13: Sensor response at a maximum end-displacemerahjase the damage initiation

threshold.

Fig. 14a shows another example where the sampl® wubjected to a maximum
displacement of 1.5 mm. The CNT-SLW sensor showeglly sensitive behaviour to cyclic
damage accumulation. As confirmed by Fig. 14a, tbsistance (R.) Sshows a linear
increase from cycle 1-10 (~700%) confirming theleseence of multiple micro-cracks under
cyclic displacement. The large resistance incréasessociated with the disconnection of a
large number of CNTs within the CNT-SLW. Notablyetexcellent recovery of resistance on

release, confirms the high flexibility and largeast of the CNT web. The cyclic stability and
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sensitivity behaviour of the CNT-SLW is better th@nventional CNT/polymer composites
at comparable deformation levels. Conventional (f$ed composites suffer from
irreversible changes in resistance during cycladings, due to the irreversible breaking of
inter-nanotube connections [8,15,34]. The enlaigeye of the third cycle (Fig. 14b) shows
that additional information such as crack re-opgnetastic deformation and accumulation of
new damage, may be deduced from the changes sigpe of the resistance curve during the

rising part of the loading cycle. These findings eonsistent with previous work reported by

Gao et al. on CNT/fibre reinforced composites [8].
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Fig.14: (a) Sensor response at a maximum end-displacenshabove the damage initiation

threshold and (b) Expanded view of subsequent dygldighting the re-opening of a crack

and formation of new damage.

Cyclic failure of composites joints may be a conation of different failure mechanisms

such as cohesive/matrix cracking, delaminationféd—matrix debonding. Identification of

these different mechanisms can be difficult, howehe present study reveals remarkable

mapping of different damage mechanisms leading¢bafailure.
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Fig.15: Sensor response at a maximum end-displacemertiglest that recorded at failure

for the quasi-static loading.

It is seen in Fig. 15a that damage accumulatioreases gently up to the third cycle, with
full recovery of lower resistance upon unloadingg éhen increases more rapidly. The over-
all resistance increase up to the third cycle (%6Ralmost falls in the range of cohesive

failure (~1631%, Fig.8 and Fig.9).Therefore, damageumulation (in Fig.15a) up to the
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third cycle could be regarded as macro-level adkesiatrix damage. The much higher
distinguishable step—wise jump in resistance, beéytre sixth cycle (Fig.15b), can be
associated with fiber breakage and fibre-matrixotheling [10]. At this stage, it is expected
that matrix cracks reach and propagate throughatlesive matrix/ fibre interface causing
significant damage. Notably, a closer view from tloeirth cycle onwards, reveals an
irreversible drift of resistance that can be realatethe destruction of the CNT-SLW aligned
network due to abrupt fibre/matrix interface fadusf the cyclic fractured joint surface [12,
49]. These contrasting failure mechanisms are maltifested by microscopic images of the
cyclic fractured joint. Fig.16 confirms the adhesimatrix cracking as well as major
destruction of the CNT-SLW conductive pathways ¢klaircle) induced by delamination,

fiber breakage and fiber/matrix debonding (indiddtg red arrow).

X1,100 WD85mm  10um QUB SE 50KV X4300 WD 85mm 1pm

Fig.16: SEMimage of fractured joint showing different failureechanisms during cyclic

loading.

Load control experiments were also conducted wihkdoading close to the strength of the
joint to assess the sensing response of CNT-SLWllphand perpendicular to the applied

load.
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Fig.17: Cyclic load curve as (a) function of time (b)placement between 100 kN and 7740

KkN.

Fig. 17a and 17b show the representative curvesyidic loading as a function of time and
displacement respectively. The specimens were dyoégween 100N and 7740 N (90% of
the quasi-static breaking load). An increasing ldispment with each subsequent cycle,

indicates a viscoelastic response.
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Fig.18: Sensor response to cyclic loading (100kN to 7740kN

As expected, the damage accumulation response gdewalic load-control experiments
follow a similar trend to those of displacement4toh(cf. Fig. 17 and Fig. 15). For example,
an initial modest increase over the first threeleydollowed by a linear increase from the
fourth cycle onwards. Note that, as expected, #matje accumulation is much more severe
in load-control (R.ax~15000% increase, cycle 1-10) than for joints testeder displacement-
control (Rnax~1400%, cycle 1-10) where load relaxation takeseldMore importantly, as
shown in Fig. 19a, the combination of large incesasn R..x over the cycles and
insignificant drift of Rnin << 4% (recoverable resistance,) is rarely reporttegdeems that a
well-integrated aligned CNT architecture enablesT€Nb return to their original state upon
unloading. Additionally, the viscoelastic behaviairthe adhesive matrix and the successful
transfer of load from matrix to CNT-SLW could aleelp CNTs to re-arrange to their

original network upon unloading.
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Fig.19: Changes in Rax and Ryin with each cycle post damage initiation: (a) CNTWSL
parallel (b) perpendicular to load direction (L00kiN7740kN). R.axcorresponds to the

damage sensitivity and.fR to recovery of resistance.

In contrast (Fig. 19b), for CNT-SLW perpendicularldad, the sensitivity to cyclic damage

accumulation is poor. The scale of the changaRAR, is around two orders of magnitude
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lower than for the parallel orientation. Comparathtét of both Rn.xand Rnin shows lower
sensitivity and cyclic stability compared to CNTASL(parallel to load) for reasons described
earlier.

This experimental study has demonstrated that ma@iutectured CNT assemblies, in this
case as a highly-aligned web, are capable of beéapjoyed as ultrasensitive sensors with
high sensitivity to micro-cracks and displaying etkent mechanical stability against repeated

loading-unloading cycles.

5. Conclusions

In this work, we have presentéd a novel and sistge approach for damage sensing in
adhesively bonded joints using a highly alignedocar nanotube single layer web (CNT-
SLW). of insignificant weight (20 mg /sgm) and andified thickness of 50 nm, which
mitigated the problems and limitations encountesben dispersing CNTs in bulk resin for
similar purposes. The capability of a CNT-SLW tomtor damage initiation and progression
was thoroughly evaluated and the influence of tientation of the CNT-SLW on sensitivity
explored. When aligned with the load direction, @¥T-SLW sensor displayed remarkably
high cyclic stability as well as exceptionally highnsitivity AR/R,% ~1629%) to damage
accumulation and significantly higher than reporteglsults for sensors based on
CNTs/graphene dispersed in an epoxy adhesive. Wevbdhat the present ultra-sensitive
sensors based on a macroscopic highly-aligned taothie of CNTs have considerable
potential for the development of high performant¢eictural health monitoring (SHM)

systems.
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