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Abstract

A study concerning the development of embeddedosetey using polymer composite filled with carbon
nanotube for structural health monitoring in aerditastructural parts is presented. The relatignshi
between the mechanical stress applied, both in ardflexural mode and the electrical propertitaro
epoxy composite, are analyzed. The electricaltasie or impedance of the nanocomposites sampes ar
strongly affected by the applied mechanical stréks. present work aims at investigating the possibl

use of the nanotechnology towards the developnfeshbedded sensor systems in composite structures

having self-diagnostic functionalities and capaypitif provide real-time structural health monitayin
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1. Introduction

Lightweight composites based on thermosetting hathtoplastic polymers reinforced with different
carbon nanoparticles, such as Carbon Nanotubes X@Xg increasingly adopted for the fabrication of
multifunctional components in different industrsactors, such aeronautic, automotive, etc. Famplg
nanocomposites based on thermosetting resins pleciiey traditional materials in structural apptioas
due to their high fracture toughness against imgaotages, easy processability and shaping potissili
resistance to several aggressive environmentso@or, flame, moisture, etc.). The inclusion of CNT
even at low weight concentrations, due to theidéey to easily form electrically conductive netisr
may also impart piezo-resistive properties to #multing nanostructured composite thus leading to a
multifunctional component integrating structuratia®nsing capabilities [1-5]. In fact, a correlatio
between the reversible mechanical deformationgtamelectrical resistance of

CNT-based composites has been found making themabseifor use as strain (or stress) sensors [6, 7].
Moreover, filled polymers can be designed to haeciic and tailored properties, thus offering many
advantages in comparison to conventional mateoaded on electro-active polymers or piezoelectric
ceramics which present different limitations du¢hteir fragility, non-negligible weight and high tage
or current required for their proper use. Therefasmocomposites able to measure their own strains
through variation in electrical resistance eveweay low operating voltage, lead to the availapitf
sensor with customized features, design flexib#itand employable even in very harsh environments
[8, 9]. These remarkable features are particulgthactive in aeronautic components where the
stress/strain sensors play a crucial role for strat health monitoring (SHM) of fundamental pasts
aircrafts (i.e. fuselage, wings, cockpit) constaettposed to threatening environmental effects sisch
temperature changes, impact by birds or hailstdigggning strikes, etc. that may affect the safety
serviceability and reliability of the vehicles [1(1.

The classical real-time sensing approach in thppécations, based on piezoresistive material plamne
the monitored structure surface and on the detectidche strain-induced electric charge or current,
typically suffer from high cost, small sensing areav durability. In addition, as it concerns tlaad
inspections, expensive and time consuming X-rayuimdsonic techniques, and acceleration-based
modal testing are employed. Strain sensors embeddedomposite structure may allow to overcome
such drawbacks providing efficient structural heattonitoring, improved durability and reliabilitya
reduced inspection and maintenance costs of cotepstsiictures [13]. Although the strain sensing

characteristics of composites reinforced with carbanofillers have been successfully employed in
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different studies, some critical issues relatethaterial choice and fabrication processes neetidurt
investigations. In particular, the non-uniform disgion of CNT in the resin may introduce entangled
aggregates which in turn impact on the sensingpaidnces, the CNT/matrix interactions may affeet th
load transfer between the two phases, as welleasl#ttrical, thermal, and piezoresistive propsnie

the nanocomposite. For these reasons differentiaiion and experimental measurements have been
carried out in order to analyze the effect of pesteg parameters and material properties on seitysibif
the resulting nanocomposites [4, 14]. The piezetiesi response of thick-film epoxy—graphite composi
materials has been studied with particular empltasihe effect of graphite particle size on théstasce
values, due to the tunneling effect. [15]. Moregtke behavior under tension and compression @iy v
ester thermosetting resin filled with multi-walledrbon nanotubes has been studied under boticelast
and plastic deformations [16]. Recently a comprshenreview on the recent technological advances of
stretchable, skin-mountable, and wearable straia@ewvas reported in order to understand the palysic
phenomenon behind the piezoresistive properti@snoivative and smart materials [17]. Furthermoee th
frequency dependent electrical response of a nampasite to a mechanical strain and its variabilith
filler loading has been analyzed [18, 19]. Howeweost of the available works scrutinize the strain
sensing properties of the nanocomposites on the bBBC electrical characterizations, while onlfeav
deal with AC measurements [20-23]. Hence, in thisgy the DC and AC response of specimens of an
aeronautical epoxy resin loaded with 0.3 %wt oftiublled (MWCNT) stressed in axial and flexural
mode is investigated. More in details, the variaiof the electrical resistance or impedance tbetiro
during the mechanical stresses are correlatecketstthctural deformation exhibited by the compasite
The morphological characteristics of the conside@uposite system are accurately investigated by
different techniques in order to achieve a deepwkedge of the structural ordering and the bonding
states of carbons in the nanotube structures. Euhamo-electrical tests show that the respondeeof t
composite is characterized by a linear increasheélectrical resistance with the strain at lgagte
region of elastic deformation of the material. Mwrer, it is found that the composite exhibits ahleig
sensitivity as the frequency increases. The serdiatacteristics of the nanocomposites are expldame
terms of the mechanisms affecting mechanical-etettresponse the percolation network formed by the
MWCNT. The optimal operation conditions of thesensli-responsive materials for structural aircraft

monitoring applications are also discussed.



2. Experimental

2.1 Materials

The epoxy matrix was prepared by mixing an epoxcprsor, tetraglycidyl methylene dianiline
(TGMDA) with an epoxy reactive monomer 1, 4-butapédiglycidyl ether (BDE) that acts as a reactive
diluent. The curing agent adopted for this manuifidiey process is 4, 4-diaminodipheny! sulfone (DDS)
The epoxy mixture was obtained by mixing TGMDA WBDE monomer at a concentration of 80:20%
(by weight) epoxide to flexibilizer. The hardengeat was added at a stoichiometric concentratidin wi
respect to all the epoxy rings (TGMDA and BDE). S particular epoxy formulation has proven to be
very effective for improving nanofiller dispersidne to a decrease in the viscosity [24, 25]. Intaug

it has been found to reduce the moisture conteithwil a very critical characteristic for aeronauti
materials [26]. Moreover, this epoxy formulatiorrdened with DDS is characterized by a good flame
resistance with a limiting oxygen index of 27%, ewéthout addition of antiflame compounds [27].
Epoxy blend and DDS were mixed at 120 °C and the@®NV (3100 Grade purchased from Nanocyl
S.A) were added and incorporated into the matrixisipng an ultrasonication for 20 min (Hielscher mlod
UP200S-24 kHz high power ultrasonic probe) in otdesbtain a homogeneous dispersion. All the
mixtures were cured by a two-stage curing cycldgsaisothermal stage was carried out at the lowe
temperature of 125 °C for 1 hour and the seconthésmal stage at higher temperatures up to 180 °C o

200 °C for 3 hours.

2.2 Characterization
2.2.1 Raman analysis
Raman spectra were obtained at room temperatuheawiticro-Raman spectrometer Renishaw inVia

with a 514 nm excitation wavelength (laser powen8®) in the range 100-3000 ¢m

2.2.2 SEM and TEM analysis

Samples micrographs were obtained with a field simisScanning Electron Microscopy (SEM)
apparatus (JSM-6700F, JEOL) instrument operatirgkdt. Some of the nanocomposites section were
cut from the solid samples by a sledge microtonies€ slices were etched before the observation by
SEM following a procedure already described in Gugmd et al [28, 29]. The transmission electron

microscopy (TEM) characterization was performedaghEOL 2010 LaBmicroscope operating at 200



kV. Nanopowder was dispersed (in ethanol) by ulinéswaves for 30 min. The obtained suspension was

dropped on a copper grid (Holey carbon).

2.2.3 Mechanical and electrical analysis

In order to investigate the mechanical and piezsties behavior of the nanocomposites, axial and
flexural response strength measurements were pgetbm agreement with ASTM standards D638 and
D790, respectively [30, 31], using a Dual Columtletop Testing Systems (INSTRON, series 5967) set
with a cross head speed of 1 mm/min for both logdind unloading. In particular, for the flexuratea
configuration of a three point-bending mode is addpThe corresponding force was measured by the
machine load cell and converted to axial stre3swhereas mechanical strag) (vas calculated as the
machine crosshead displacement normalized by the lgagth of the test specimen. In order to exclude
possible slipping during the displacement, thelldeformation was detected by means of a convealtion
strain gage (RS 5 mm Wire Lead Strain, gauge fatthrbonded to one side of the specimen and having
a gauge resistance of 120constantly measured with a precision multimeter34B01A. Copper
electrodes were fixed on the sample surface usivey aint (Silver Conductive Paint, resistivitf o
0.001Q cm) thus ensuring a good ohmic contact betweepadiis for the measurement of the resistance,
R, of the samples using the two-probe method withultimeter Keithley 6517A configured in the

double function of voltage generator and ammethis easurement method, although simple, has
successfully been applied in literature for resiseameasurements in presence of tensile test 216, 3
Contact resistance was neglected since the measla@dcal resistance for all specimens was in the
order of several®. The same electrodes were used for the impedgeotrescopy (IS) analysis
performed with a precision LCR meter (model Quadirg800). The overall test setup and the

geometrical features of the investigated speciraemseported in figure 1.

3. Resault and discussions

3.1 Preliminary mor phological and electrical characterization

In order to fully investigate the characteristi¢stee employed nanofillers a structural and morphalal
characterization is carried out on them by meansaabus type of analysis. The Raman spectra deliec
for MWCNT is shown in figure 2. Raman spectroscopNT may provide information on the degree
of structural ordering and then on the bondingestaff carbons in the nanotube structures. Foraiake

clarity and completeness of the present work, tasrabserved features already presented in Guadagno

5



et al. are here briefly summarized [33]. In agreetméth the Raman spectra for carbonaceous matérial
is worth to note two strong bands, the D mode (1886) and the tangential stretching G mode (1586
cm™) and two weak bands, the G’ band (overtone of Dlel@t 2700 cihand the 2LO band (overtone of
LO mode) at 2900 cih In particular, the band at ~ 1350 ¢tis known as the disorder-induced D band
and it is observable when defects are presenticaibon aromatic structure. Therefore, this band
together with the G’-band can be used for matehakacterization to probe and monitor structural
modifications of the nanotube sidewalls causednyinitroduction of defects and the attachment of
different chemical species [34]. The G-band exhkihitveakly asymmetric characteristic line shapth wi
a peak appearing close to the graphite frequerB82&m'). The intensity and characteristics of this
band provide information on the order of graphdigers in the carbon nanostructured forms [35-BV].
particular, a high ratio R of intensities of theaBd G bands (R 4lc=1.19, in our case) indicates a high
guantity of structural defects. A detailed anaysithe morphological parameters of the CNT hanbe
carried out by high resolution transmission elattmticroscopy (HR-TEM). The MWCNT are
characterized by an outer diameter ranging frorto1®0 nm whereas their length is from hundreds to
some thousands of nm. Instead, the number of shaiiss from 4 to 20 in most nanotubes. The strain
sensing properties of the nanocomposites depetigeantrinsic response of the constituent materials
(i.e., resin and MWCNT) and on their mutual intéi@ts which are governed by the interfacial
properties. The distribution of the filler withihe resin which determines the electrical percafatio
network and the formation of conductive junctions.( CJ) due to the tunneling effect between rmigh
tubes, can be highlighted by means of scannindreleeicroscopy (SEM) of a fractured surface of a
nanocomposite, as shown in figure 3. In particula,piezoresistivity behavior observed in theistra
sensors based on CNT/polymer nanocomposites iiswattble to relevant changes in the electrical
network, e.g. loss of contact among CNT [38], w#oiain the tunneling resistance due to the
rearrangement of neighboring CNT [4, 39] and iridrpiezoresistivity of fillers due to their defaaution
[7, 40]. As a consequence, there is in generadvaarrangement of the filler that results in srbal
experimentally detectable changes in the electpogberties. A preliminary electrical characteriaat
focused on the DC volume conductivity of the conifeasis carried out without applying any strainrze
load) in order to identify a suitable filler con¢eation to be considered for testing under axiasien and
flexural stress. Therefore in figure 4 the eleatrmonductivity ¢) as function of the amount of MWCNT
(v) is reported. As expected by the percolation theibie conductivity depends on the filler loading i

agreement with a scaling law of the type:



o=o0o(v—vc)t 1)

wherev, is the amount corresponding to percolation thrieshm is the filler conductivity and t an
exponent depending on the system dimensionality [dJparticular, conductive paths are formed ie th
composite when the CNT amount (ivg.increases over a threshold value (EPT piethus leading the
material to convert from an insulator to a condubtehavior. It is worth to note that, as the comagion
of the conductive fillers approaches the EPT, widin the range [0.1-0.3 wt%], an abrupt increase
the electrical conductivity of the composites, cangal with the few pS/m characterizing the purentesi
can be observed. A value of about 0.29 S/m is aeliat the highest filler loading (i.e. 1 wt%)idt

worth noting that the values of EPT and electramaiductivity beyond the EPT greatly depend on the
chemical nature of the hosting matrix, as well ashee manufacturing methods. As an instance, thesa
MWCNTSs, embedded in resins characterized by vemMalues of viscosity, are able to give lowest EPT
values [42]. This different behaviour is most likelue to a strong influence of the viscosity on the
nanofiller dispersion state. The value of the exgmtrt (i.e. 2.2) of the percolation law, obtainsdlze
slope of the linear interpolation in the insetigife 4, is found to agree with universal valugsdslly
reported in literature. The sensitivity of the carspes reinforced with carbon-base filler, as régmbin
different literature studies [3, 43, 44], is low evhthe composite acts as an insulator (below thig BRd
decreases significantly as the weight loading offGireases in the high conductivity region. Theref
the region around the EPT is the most suitablsdmsor applications [45-47]. Hence, in this paper t
mechanical and piezoresistive tensile response epaxy resin suitable for the realization of stuual
aeronautic components and reinforced with 0.3 %wwiti-walled carbon nanotubes (MWCNT) was
investigated when specimens are subjected to alowber of fatigue cycles in axial and flexural mode
Such specific filler concentration has been chadece it is a first concentration above the EPT and
because in aeronautical composites a good eldciticald be ensured. Furthermore, in order to explo
the frequency response of the composite, impedspeetroscopy (IS) measurements are performed in
the range [10Hz -1MHz] without applying any stréero load). Figure 5 shows the plot of magnitufie o
the overall impedance of material @) and in the inset the relative phase angle (inegand real part
of the dielectric permittivity (i.ec,) respectively, as a function of the frequency.tBaalysis allows to
identify the critical frequency fc at which the etiécal properties change from a frequency-independ
to a dispersive (frequency-dependent) behavior488g,In fact, it is interesting to note that upl@0

KHz the electrical behavior exhibited by the conifos of resistive type since the impedance isostm



constant and a phase about zero as for a reddgigond this critical frequency, the capacitive effe
mainly due to the insulating resin become domimanat the impedance varies with the frequency (j.e. f
following a trend described byZ[3 1/f whereas the phasge deviates from the null value to evolve, at
higher frequencies, towards -90° as for a typiealiiating material equivalent from an electricahpof
view to a capacitor. Finally, the variations of tieal part of the dielectric permittivity vs. freepcy can

be ascribed to the presence of free dipolar funatigroups (mainly of type C-OH or sometimes N-H as
reaction product) and more significantly to inteiéd polarization attributable to the presence of
conducting impurities. At low frequency the systsihows the highest value and, as the frequency

increases, the permittivity progressively decredsesuse both mechanisms become negligible.

3.2 DC Piezoresistive characterization

3.2.1Tenslestress

Figure 6a shows the mechanical and piezoresiséviemnances of the epoxy-based composites
reinforced with 0.3 wt% of MWCNT when loaded in alxiension up to failure. In particular, the result
concern the normalized change of electrical rest®#AR/R, (right vertical axis), where s the steady-
state electrical resistance of the material wittaqplying any strain (i.€=0) andAR=R-R, is the
instantaneous change in R, plotted against thé stx&n €). The mechanical loading (i.e) is also
plotted on the left vertical axis. A direct relatghip between the two plotted parameters can bereodxd.
First of all, it is essential to identify the difemt operating regions such as the elastic onesponding
at lower strain levels(up to 2% with respect the rest position) whicfollowed by the plastic zone for
higher loadings that gradually lead to the failof¢he sample. In fact, around at the 3.5% of stvee
observe a cracking that discontinues the electnedsurements and leads to the specimen collapse, a
shown in figure 6a. Therefore, the levels of stimithe subsequent experimental tests will be kejdw
this indicative critical value. In the first regi@orresponding to the elastic response of the mahter
linear mechanical behavior correlates with a lingarzoresistive curve as evident from the tangent
plotted at the origin that coincide with the lind&iof such curves based on the first measured gaints.
Then, theAR/R, curve becomes nonlinear with an evident abruphgéamost likely due to the
occurrence of the first nano-crackings within ttreicture. The sensitivity of a piezoresistive sentuat
is desirable to be as high as possible for prddiggplications, can be quantified in terms of gafagtor,

a dimensionless parameter defined as the relatiange in electrical resistance due to an appligihst
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(i.e. G.F.=AR/ER, ). The value obtained of 0.43 is derived as thpeslof the interpolating line &R/R,
curve of experimental data that lie in the elastgion. The increase of the overall resistancé®f t
sample with increasing tensile stress agrees Wétassumption that in a conductor-filled polymer th
main electrical conduction mechanism occurs viarigling effect” which requires that the filler peles
must be sufficiently close (at the so-called "tuimgedistance”) to each other to allow the electilow

[49, 50]. As a consequence of the imposed tenséénsit is reasonable that the tunneling resistan
could vary between neighboring CNT due to the galarent of inter-tube distance and/or a decreading o
the electrical contact areas. Both phenomena tead increase of the resistance exhibited by thwka
In order to investigate the reversibility and sliéobf sensor properties of the nanocomposites,
specimens were subjected to tensile loading cyadeed on increases/decreases of some selected level
strains. As shown in figure 6b, increasing strain gycle was applied (i.e. 0.83%, 1.65% and 2.420),
the temporal behavior of the piezoresistive respavess monitored. The resistive behavior of the $amp
is regular since, for the same value of the stragach cycle, the variation of electrical resiseshow
comparable values of teR/R, ratio. It is worth noting that, when the crosshestdrns to the initial
position, for lower levels of strain that fall inet elastic regime (i.€=0.83% and&¢=1.65%),AR/R,

returns to zero after each loading cycle, indigatimat significant permanent deformation or irresiae
damage has not occurred in the composite. Otherfaistigher value of tensile strain (i&52.42%),
when the deformation exceed the elastic respondeecfample evolving toward the plastic one, itlsan
noted a change in resistance value that startdorbe irreversible for unloaded sample (@e0). In
particular, the presence of a residual resistappears due to some damage in the sensor most &ikedy
result of a permanent and irreversible phenomeietd(yg) in electrical percolating network assoeat

to morphological rearrangement of the CNT dispeisdte polymer resin and to the fatigue and ptasti
deformation of the latter. Therefore, in plastiginee the sensor system may allow the detection of

possible damages in the monitored part [16, 44, 51]

3.2.2 Flexural stress

The change of electrical resistance was also @iewlto bending deformations. Other literatureistud
report experiments performed in the 4-points-begdimode on thermoplastic polymers and rubbers [47,
52]. Here, the flexural stress-strain curves ataiaobd from three point bend test of the samplés. T

obtained results are shown in figure 7a. In ordgsrevent possible discrepancies during the



displacement, the flexural strain was detected bgms of a conventional strain gauge. In table 1 the
experimentally detected values are also compart#tbse evaluated from the following relation:

6Dt (2)
Eflexural = L—z

where D is the maximum deflection of the centethefsample (mm), t is the thickness of the sample
(mm) and L is the support span (mm). Form the aislyf the data in Table 1 it can be noted that the
theoretical values are always lower than thoseeaelti by measurement. Differently from the
piezoresistive behavior observed in tensile thstormalized change of electrical resistahRéR, vs.
strain measured in such mode is nonlinear in thelevstrain range and follows an exponential law, as
reported in figure 7a. Also under flexural stregadition, different cycles in z-displacement witveral
level of strain were applied to the specimens. fieehanical behavior and change of electrical rersist
as function of time were measured and correlatetiréon, as show in figure 7b. It is evident the t
electrical resistance changes vary with the intgmdistrain and that the maximum value achieved fo
each level of deformation is maintained for diffetreycles. Moreover, the resistance resumes tiglini
value under an applied strain up to 2.06% whichindisted in figure 7a, falls in the elastic regiridis
reproducible resistive response during the mechhnicles indicates that no ruptures or permanent
deformation has occurred in the material structire different behaviors observed for the two types
(tensile and flexural) of imposed stresses mayubtfied by considering Saint Venant's theory and
Navier's formulas, under the hypothesis of plareamall deformations [53, 54]. In presence of tensi
stress, i.e. the application of a traction forcenmal to the surface, the material reacts with gtem
stretching in the direction of the force. This &théng is uniform in the entire cross-section & tbad
application. As a consequence, the percolating arétwoves rigidly with the force and the electrical
response appear linear. Instead, under flexurdstthe behavior may be attributed to an inflectio
giving a curvature according to an arc of circurefere generated by the bending moment (i.e. M). As a
consequence, in this case the electrical respdrtbe onaterial is influenced by a combination obtw
coexisting dynamic effects. In fact, following thiglection (those above the neutral plane, i.epao}s
of the specimen and in particular that of the resinich acts as an insulating spacer between the
conductive particles, will shorten due to the atid the internal compressive stresses §i.pand other
(those below the neutral plane) will lengthen duenternal tensile stresses (iog), as shown in figure 8.

With the gradual increment of specimen curvatuue, the increasing strain values, the elongation of
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resin in the convex part will predominate over tbenpression of the same in the concave part. As a
result, the tunneling resistance between nanotylzescularly sensitive to distance variationseaf
more significantly the electrical response of thegtenial thus originating the exponential dependerice

the AR/R, vs. strain.

3.3 AC characterization

3.3.1Tenslestress

The sensitivity of the composites evaluated with ld€asurements has been also compared with that
obtained by impedance analysis (see figure 9)rderoto evaluate a possible contribution of théedieic
properties on sensing performances. In fact, fieenptreliminary AC investigation illustrated in figu5,
the impedance of the sample, starting from theukeegy of 100 kHz was found to be dispersive
(frequency dependent) due to capacitive effectissiaat to become dominant over those associattteto
conduction, thereby influencing the macroscopicgk@perties of the composites. The strain sengjtivit
of the composites under tensile loads in AC waestigated in terms of gauge factor (i.e. G.F.)roei

as the normalized variation of the electrical imgoeoeAZ/Z, as function of the axial strain (i.€. where
AZ and % are the instantaneous change in the electricatdapce and its initial value before mechanical
loading (i.e.sc=0), respectively. It is possible to note that & &. improves significantly as the frequency
increases and in particular the most favorableevawbserved at 1MHz where G.F. is 0.60, about 40%
higher than that estimated in DC. This improveniernhe sensitivity may be attributed to a synergy
between the capacitive and resistive effects thexist in a composite system with an insulatingrinat
filled with a conductive phase and that can magttig/response of the sensor [55]. In fact, the AC
properties of the polymer/carbon based compos#ade analyzed by using a single-time-constant
equivalent circuit model (i.e. STC circuit) whoseeeall impedance is given by the parallel combirati

of a resistor (i.e. B and capacitor (i.e. £as shown in figure10. The relations between tigeidance

and the electrical parameters of the equivalentiiare:

Ry
I+ w?RECE

where, at first approximation,,Rakes into account the conduction via the CNTiplad percolative

1] = ¢ = arctg(wR,Cy) 3

network (i.e. tunneling resistance,rand G takes into account the small but diffuse coupling

capacitances between the neighboring CNT sepabgtadhin insulating film and mainly the
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“background” dielectric behavior of the resin (i&.9 which as a first approximation can be considered
as that of a parallel-plate capacitor [49, 56, 57].

In particular these electrical effects can be géiedtaccording to the following expressions:

th (ﬂ 2m A_) (4)
Rtun - Sez Zme/'l exp h ’ Cres
A
=& " Eres” d_s

whereh is the Plank’s constarg,is the electron charge s the mass of electroh,is the height of
barrier, d and S are respectively the distance d@tveonductive particles and the area involvedeén t
tunneling phenomena approximated as the crosssattrea of the CNEy ande s are respectively the
permittivity of free space and that of the neaireshile A and ds are the area of plates and their
separation. The tunneling resistance increasesthstiparticle separation up to of a cut-off diseanc
(about 2 nm); unlikely, the capacitance, decreasdhe particle distance increases. The changbs in
values of resistances and capacitances of thersender different level of strain are analyzedhat t
frequency of 1IMHZ and the results are shown inrgglil. As expected and experimentally observed also
in other literature study [21] the distances betw#e conductive CNT-particles increase with the
increment of strains and, as a consequengicReases and Qlecreases. Figure 12a shows the
mechanical and AC piezoresistive response of thegcamposites measured at operating frequency of
1MHz when strain that falls in the elastic reginieghe material is applied in order to evaluatedghege
factor. In particular, the results concern the ralired change of electrical impeda€&/Z, (right

vertical axis), and that of mechanical loading. @gleft vertical axis) plotted against the axiabgtr ().

It is possible to observe tha¥/Z, increases linearly as a function of the tensilaistwithAZ/Z,

~ke where k, coincident with the G.F. (i.e. 0.60),his slope of the interpolating line of th&/Z, curve
and therefore representative of the piezoresistinsile behavior of the composite. In order to grakthe
dynamic durability in terms of mechanical integratyd electrical functionality, the endurance oistr
sensors to subsequent stretching/releasing cyctéfferent level of strains is tested with AC
measurements and the results are compared toltresw@btained with DC investigations. In particular
figure 12b shows this comparison for the averadeesaof both the maximum resistance and impedance
change ratios measured at each level of straimgltiie different cycles. An evident increment appda

the strain is evaluated in terms of changes of dapee rather than that of resistance variationfadh
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regardless the level of strain, the sensor exhifigker strain sensitivity in AC than in DC duethe

additional contributions of the capacitive elements

3.3.2 Flexural stress

Figure 13 shows the experimental results concerthiagiezoresistive response of the material,rimse
of impedance changing ratio, when subjected to ingridads, evaluated at different operating freqyen
From the plots it is evident that the electricalpense follows exponentially the mechanical defoiona
consistently with the results observed in DC. Gitrenonlinearity of the curves, it is technically
impossible to extrapolate a sensitivity index fremch measures. After all, it would be meaningless
because sensor nonlinearity could make the caliiorarocess particularly difficult and complex.
However, it is worth noting as shown in figure18whthe concavity of the curve tends to become less
pronounced with increasing frequency. Particulartgresting is the measurements carried out at the
frequency of 1 MHz identified in the previous arsdy In fact, at this frequency the behavior of the
composite follows an almost linear trend with thectmanical stress. Therefore, in figurel4a the fiaixu
stress (i.eo, left vertical axis) and normalized change of gieal impedance (i.eAZ/Z,, right vertical
axis) as function of the straim)(are shown. In this case, it is possible to & thurves of the experimental
data with a linear regression whose slope prouidess.F. of sensor for which a value of 1.28 is
obtained. Moreover, following the same procedurscdbed in the previous sections to verify the
dynamic durability of the sensor, AC measuremeatcarried out on the specimens and the results are
reported in figure 14b. The electrical responsthefsample is stable since the impedance variatans
the same value of the strain, exhibits comparaalees (%) in the ratiaZ/Z,. Furthermore, the
electrical response follows linearly the mechandtsfbrmation, both during the loading and the
unloading phases. Since the deformation loaddrared in the elastic regime of the material (ab2t)
AZ[Z, returns to the initial value after each loadingleg thus indicating that the applied strain induce
reversible variations in the nanotube network auntation. Finally, as reported in figurel5, the
resistance and impedance change ratiosAR#R, andAZ/Z,, respectively) are compared for each level
of strain in terms of average of the maximum vaheasured in each cycle. It is interesting to niog in
flexural mode there is a remarkable differenceatgmethan two order of magnitude, if the strain is
detected in terms of variation of impedance rathen resistance. In fact, if the small strain g70.

applied to the sample induces a resistance chatigeof only 0.2%, the same strain leads to a tiania
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of impedance change ratio of 1.1%. The sensitigtystrain is about 108 times greater for the

measurements performed in the AC with respectabithDC.

4, Conclusions

The piezoresistive behavior of an structural regsarsticularly indicated for aircraft applicationsca
reinforced with a specific amount of MWCNT, waseastigated with DC and AC measurements when
the specimens are subjected to a low number oésyaihd different levels of strain loaded in botlalax
tension and flexural mode. The piezoresistive priiggecan be mainly attributed to the re-arrangdroén
conductive percolating network formed by MWCNT iedd by the deformation of the material due to
the applied stresses. It is found that the seiityitof sensor, quantified in terms of gauge fadhoreases
with the increases of the frequency. The AC measergs are more effective than those in DC, due to
the combined action of the resistances and capaeisathat determine the overall electrical respofise
the material. At an optimal operating frequencyLbfHz there is an improvement of the sensitivityte
strain of more than two orders of magnitude compawehe results of the DC characterization.
Furthermore, dynamic durability of the sensor, \atica fundamental requirement especially for
structural aircraft monitoring applications, wastésl during stretching/releasing cycles. The
nanocomposites showed high sensibility, reliabaityl reversible response. Future works will attetmpt
analyze composites subjected to cycling stresskmgfduration and systems with different
concentrations and type of fillers such as carlilser$ or graphene sheets in order to support feetsm

of functional nanomaterials with improved and telb piezoresistive properties.
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Figure 6. Mechanical behavior (i.@, left vertical axis) and normalized change of &leal resistance
(i.e. AR/RO, right vertical axis) observed in tensile s¢ras function of the axial straig) @nd vs. time for
cycling tension loading of nanocomposites, in égand b), respectively.
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FIGURE 8. Dynamic deformation in the case of bending st(le$§ and geometrical effect on the CNT
morphological electrical network (right).

FIGURE 9. Sensitivity vs. frequency of the composite unéastle stress. The markers refer to the
average value of the measurements carried outffamatit specimens. The corresponding error bars are
also reported.

FIGURE 10. Equivalent circuit for the electrical behavioraohanocomposite

FIGURE 11. Resistance and capacitance variation of the semstar different level of strain for
composites analyzed at f=1MHz.

Figure 12. a) Sensitivity of the composite under tensilesstrevaluated in the elastic range; b)
Comparison of the sensitivity of the composite urtdasile stress measured in DC and AC domain. The
markers refer to the average value of the measursmerformed on different specimens. The
corresponding error bars are also reported.

Figure 13. Behavior of normalized change of electrical impemaversus flexural stress at different
operating frequency.

Figure 14. Mechanical behavior (i.e, left vertical axis) and normalized change of ihpece (i.e.
AZ/Z,, right vertical axis) measured at the optimalrafiag frequency of 1MHz in flexural stress as
function of the axial strairef and vs. time for cycling tension loading of nammposites, in fig. a) and
b), respectively.

Figure 15. Comparison of the sensitivity to strain of the qmsite evaluated with DC and AC
measurements. The markers refer to the average vhlhe measurements performed on different

specimens. The corresponding error bars are gisotesl.

20



TABLE 2: Comparison of the flexural strains evaluated frbmoty and with a strain gauge

Eflexural [%]

Theory 0.29-0.58-0.87-1.16-1.46-1.75042.2.33-2.63 - 2.92

Strain Gauge 0.34-0.69-1.04-1.38-1.73720.42-2.76-3.11-3.45
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FIGURE 3. High resolution transmission electron microscapades of MWCNT (bottom); SEM
images of the fracture of composites with 0.3 wtftding of MWCNT where possible conductive

junction (CJ) are identified (down).
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FIGURE 10. Equivalent circuit for the electrical behavioraohanocomposite
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Figure 14. Mechanical behavior (i.e, left vertical axis) and normalized change of iece (i.e.
AZ]Z,, right vertical axis) measured at the optimal egiag frequency of 1MHz in flexural stress as
function of the axial straire] and vs. time for cycling tension loading of nammposites, in fig. a) and

b), respectively.
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Figure 15. Comparison of the sensitivity to strain of the gasite evaluated with DC and AC
measurements. The markers refer to the average vathe measurements performed on different

specimens. The corresponding error bars are gisotesl.
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