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ABSTRACT

Over the time, the integrity and reliability of civil infrastructures are threatened
by overloadingfatigue,impactdamage, and structural deterioration. Structural health
monitoring (SHM) is therefore becoming a viable tool to collect +ig@e quantitative
data from inservice structures concernisggucturalcondition and performance
Being capable of continuously monitoring critical components, SHM systems
instantaneouslidentify damage, guide necessary repairs,raagultimately help
prevent catastrophic failuréds the core of SHM, the capability, accuracy and
reliability of the applied sensing system govern the overall success of the
implementation of SHMT o date,conventional sensors such as strain gages,
accelerometers, and displacement gages have been widely employed in SHM systems
for attaining global or/and local responses sfracture However, these poifype
sensors still suffer from limitations and chalies which indeed have inspired the
development ohext-generation sensingethodologis for SHM.Recent advances i
nanotechnlogy offera variety of seHsensinghanocompositewith integrated
nanoscalenoninvasive electricallypercolatingnetworksproviding exceptional
sendivity to sensechanges in strain as well e formation anghropagatiorof
micro- andmacroedamageBY appropriately itegratingnanocomposites with
distributedsensing schemean extensiveervelike sensingsystemwith enhanced
detection capabilitieand spatial sensitivitgf strainand growing damage can be

established for SHM of civil infrastructures
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The research work presented hinstdissertation advances the statéhefart by
introducingan innovative carbon nandte(CNT)-based nonwoven composite sensor
that can be tailored for straamd damagsensing properties and potentially offers a
reliable and cosgffective sensing option for SHNirst, a readily scalabksvo-step
procesdgor manufacturingnanocompositewasdevelopedSpecifically,athin,
lightweight and inexpensive nonwoven fabriasselected as the CNT carrignd
nanotubesveredepositedollowing a dip-coating proceduré&secondthe
microstructure, mechanicand electrical properties of the propos&dT-based
compositesensowereinvestigatedIts electrical double percolatiomasobserved for
the first time andits self-sensing capability, angtrain sensitivitywasvalidated and
characterizedisingcouponlevel experimentsT'he sensoraere found to be
repeatable ancespondinealy up to 0.4% strain with achievable elastic strain gage
factors of 1.9 and 4.0 in the longitudinal and transverse direction, respectively. Third,
the establishedompositesensaos werefurther integrated with a difference imaging
basecelectrical impedance tomograp(glT) sensing scheme to offer a true two
dimensionadlamage sensing methodology, from which damage location aside
severity can be estimatethisrepresents significantextension to the commonly
applied direct current (D&)ased point sensing schemext,a systematic
characterization ahe thermoresistive behavior these CNT-based nanocomposites
and multiscale compositegasperformedunderthermal cyclingoetween 25 to 145
°C. A dynamic dominance for a doubteossoveishaped temperature dependence of
their resistanceswasobservecandmethodicallyinvestigatedFinally, a hybrid
compositesystemwasapplied ontwo largescalereinforced concrete laboratory

beams (12 in x 24 in x 16 fin which the CNTmodified nonwoven sensing sheet for
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SHM is integrated witla glass fiber reinforcement to create@nbinedstrengthening
and sensing solutioifhe 14ft-long nanocomposite senseas interrogated using a
multiplexing approactwith multiple electrodes to spatially estimate the damage
locations.To date this is the largest CNIbased composite sensor ever tested.
The findingsfrom this dissertationesearchave made important scholarly
contributions to the fadamental understanding thie sensing networks of the
innovativeCNT-based nonwoveoomposits. Important broader impacts haalso
been made bgromotingapplications of usin@€NT-based sensing composites
strain/damage sensors for SHMe presented ethodology hasemarkableotential

to revolutionizethe fields of SHM and structural engineering
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Chapter 1

INTRODUCTION

1.1 Motivation and Background

Civil infrastructure, a universal group of basic structures including bridges,
buildings, dams, tunnels, pipelinesmd many others, supports the operatiba
society and facilitatesconomic and civilized developmentrafinyregiorsin the
world. If structural deficiencies and malfunctions are unable to be detected and
repaired intime, simply gnoring the structures with poor integrity can ultimately lead
to tragic consequences such as loss of huivesi[1-4]. Structuralhealth monitoring
(SHM) can be a mable solution to maintaimtegrity and reliabilityof structuresSHM
is a recently developed technolothatcollecs and analyzethe measurements from
sensors attached iio-service structureis reattime. The collected data are usied
assess structural performance uratabient loads antb detectand characterize
structual damage. The ultimate gaatlto helpowners, builders, and designer of
structures in rational decisianakingon maintenance strategigs6]. As SHM
systems continuously monitor the health of a structure, the cost of unnecessary
inspections can be mmized. Meanwhile, the instantaneously collected-tieaé
informaion from SHM systentan guidanspectionintervak and maintenance
interventions

Itisobviousthat he nati onds transportation

age According to the @17 ASCE repd card[7], the overall rating for safety of the

bridges in the United States is C+ and

nfr

9.
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56,000 bridges) are rated as structurally defici@pécifically, steel, reinforced and
prestressed concrdbeidges represent a large portion and crucial components of the
transportation network. Due to the deficiencies in the bridge codes at the time when
the brdges were built as well ascreasing truck weightand frequencies, many
bridges have beguut under load restrictions or mustremovatedefore reaching
their intended service lif&HM as a technique teelp prevenand mitigate the
progresof structural damage, is now more andre recognized and accepted in the
civil engineering communyt

As thefundamental and critic@lomponent irBHM systemssensrs govern
the overall success of the implementation of SHt. example, ual inspection
(i.e., an active nondestructive testing (NDT) methbdsingon human senses and
simple equipmenis a common and dominant SHM approatipresen|8,9],
however the possibility of undetected damage evolution to critical levels without
immediate recognition iglwaysa serious cause faoncernAs another example,
deployable sensing systems consgbf conventional sensors such as strain gage
accelerometss, displacement gagestc. have been traditionally employed in SHM
systemg5,6]. The pros and cons of the commonly employed SHM sensolistack
in Table 1.1Generally, these poitype sesorscanonly cover a finite number of
discretepoints and the selection ofitical areagor monitoring remains subjetd the
owner 6s exper t[bg. & patiouthr cencreteis detergeneous
material and therefore concrete structurasehcomplex local strain fields and
nonlinear strain distribution along the gage lerji@®12]. To get a global view of a
concretesst r uct ur e 6 en ohepractical$olutoroisita dply a distributed

sensorcapable of capturing the response of the entire structure to continuously



monitor critical components that show distrfls3. Someexperimental work has

been performed ousingdistributedsensors for SHM, sudscontinuous netwoikof

fiber opticsensos for onedimensional strain field monitoringf concrete structures

[14-16], two-dimensional netwoikof piezoelectric sensors fepatial damage

detection17-19], and laser sensors fassessing loading condit®f20,21] of

concrete and composite membd-inally, threedimensional netwokof acoustic

emission sensotsave been used for monitoring crackingoncretestructure§22-

25].

Tablel.1:

Typical Sensors for SHMBystems

Sensor Type

Advantages

Drawbacks/Challenges

Foil/Demountable
Strain Gages
[5,26,27]

Easy to install, accurate,
availablein manysizes
well-established

Heavy wiring needed, quapbint
measurement, very sensitivelocal
strain but only if at or nearby
location of damage

Accelerometers
[28,29]

Easy to install, accurate,
sensitive to dynamic

Point measurement, global,
indirectly correléing to structural
performancelow sensitivity to local

Sensor$32-34]

response d
amage
Easy to install, accurate, Point measurement, global,
Displacement good linearity within the indirectly correlating to structural
Gageqd30,31] elastic rang®f the sensor healh, low sensitivity to local
and structure damage
Acoustic Passive (no need for extern Network with large number of
Emission Sensor stlmulus),vc_)lumetrlc sensors needddr locating qlamage
coverage, redime damage| difficult to apply, susceptibléo
[24,25] detection ambient noise
Sensitive for locating voids| Point measurementjust knowing
Ultrasonic and discontinuities in the approximate location of damag

concreterelatively high
resolution

in advancedifficult interpretation of
outpus

FiberOptic
Sensor$35-38]

Capable of distributed
sensing, no need for
electrical powder,

guantitative

Susceptible téemperature changes

extremely small sensing area (fibe
diameter in microflever),

moderated sensitivity for local strai




1.2 Carbon Nanotube-Based Nanocomposites and Multiscale Composites

Carbon nanotubes (CNTs) exhibit remarkable mechanical, electrical and
thermal propertief39,40]. Over the past two decades, GRased nanocomposites
have drawn conderable attention and are sgéhtensiely investigated due to their
excellent properties and significant industrial applicatidid$. With their
exceptionally high aspect ratio and small size, CNTs are commonly introduced into
polymers at a small concentration and then utilized as passiveroeiment to tailor a
wi de range of physical properties, such as
resistance, electrical and thermal conductifd®,43] In addition, by strategically
combining conventional reinforcing fibers (~psoalg with CNTs (~nmscalg to
create a macro multiscale material system-geaie) structurally hierarchical
composite can be enabled to further tailor the structural and functional properties by
the selective reinforcemef#4,45] Specifically, CNTs are predominantly pé in
two domainsgncluding either the entire matrix phase or the immediate vicinitijeof
fibers.

Dispersing CNTs throughout the fibrous composite matrix can toughen the
matrix and consequently improve the -oiHplane stiffness, interlaminar strengthd
fracture toughness of the bulk composite which can ultimately enhance its resistance
to matrixdominated damage in the form of matrix microcracking and-piter
delamination attributed to the crack bridging effect by CNiBs44,46] This strategy
is straightforward and simple but neglects the control to the load transfer mechanism
in the interphase region (i.e., the fiber/matrix interface)difiidulties exist regarding
achievinghomogeneous and stable dispen of CNTs in the polymer matrikarge
CNT agglomerates can leadaseltfiltering effect of CNTs during composite

manufacturing and thereby significantly compromises the overall perforrif¥sice



Processingpproaches for developing sumbmposite systeghave been widely
documentedndincludeshear mixing (i.e., calendaring or thnexl milling) [44,47-

49] and sonicatiof50,51]for low-viscosity thermosetting resins, melt proces$btty

54] for thermoplastic matriceandalatexbased approach for highly viscous matrices
[55].

On the other hand, hybridizing CNTs onto the reinforcing fibers can
significantly increase the fiber surface area providing a larger area for transferring
load, which directly promotes the load transfer efficiency in the interpfs66]
Additionally, by grdting functionalized CNTs on fiberghe interfacial bond at the
fiber/matrix interface can be modifies a result of the increaseldemical interaction
within this region57,58] Both enhancements can raise interfacial shear strangth
energy absorbopcapabilities attributetb the improvement to the intaminar
performance of thenultiscale hybrid compositd56,59] This scheme offers the
potential to achieve high nanotube volume fractions and functionally uplcac
properties, but requiresgsiificant process development with respect to the CNT/fiber
hybridization[43,45,59] SeveralCNT depositiortechniques have been reported and
proven industrially scalable as well as eeBective, such as dipoating[60-65],

electrophoretic depositiofiePD)[57,66:68], and spray coatinf$9,70].

1.3 Carbon NanotubeBased Multifunctional CompositesasResistive Sensors
Apart from the classical application of CNTs as nanoscale reinforcing
modifiers, new multifunctional applications of CNdased composites fdamage
sensing and SHM sensors have beately explored during recent years due to the
fastgrowing industrial applications ofiferreinforced compositesnd the urgent

demand to improve the4service relidility of these materialg/1]. In 2004, Fiedleet



al. [72] first introduced the concept of CNJased strain and damage sensing in a
glassfiber composite with CNAmodified matrix by measuring electrical resistance
duringloading. It is now well accepted that due to their nanoscaleGid€s are able
to infiltrate into the matrixich regions around the fibers and between the plies of the
composite resulting in an electrically percolating network where CNTs behave as a
network of distributed nanrsensors throughout the entire mafi8,74]. In this way,
the propagation of micrsized cracks in the composite can alter the configuration of
the conductive network by breaking local percolating pathways (i.e., losingGI\NNT
contacts), thereby leading to an instant rise in the bulk eldatesiatance and
enabling then situdamage sensing capability of the multiscale castips.
Additionally, the reakime resistance changes reflect the transient reaction of the CNT
network (i.e., changing tunneling gap distance between CNTs or/and0BNIT
contacts) in responding to the deformation that the mechanically strained composite
undergoes, proving additional information on structural integrity of the composite.
This is the core of realizing SHM in multiscale compositesiasindicative of their
self-sensing functionality. Similarly, vapof85], temperature, humidity, infrared
radiation[76,77]and other physicdV8] or chemical[79,80]loads that can give rise to
variations in dimensions or intrinsic properties of CNT can directly induceamesest
charges in CNFbased composites.oG@seqgently, these stimuli cabe detected
suggesting a promising route for ngdneration SHM systems withultimodal
sensing capabilitielsased ofCNT composites.

In particular the strain sensing functionality GNT-based nanocomposites
has been studied experimentd#y3,61,8185] and with numerical simulations

[82,86] For instance, Barbet al [87] among others first used CNTs as stress sensors



for the microscale characterization of the glass/polypropylaeeace by Raman
spectroscopy. Dharagt al [84,85,88]performed several primary studies on the
macroscaletrain sensing by utilizing @NT film (namely, buckypapdB89] or CNT
sheet) asresistive strain sensor and found a nearly linear correlatioveba strain

and voltage chang&imilarly, Kanget al [90] systematically characterized the
piezoresistive responses of buckypaper and CNT/poly methyl methacrylate (PMMA)
composites under static and dynamic loading conditions and demonstrated linear
piezoresistivity up to 0.05% and 0.13% strain, respectivelyeperted CNT/PMMA
sensors showed gage factors (GF) of 1.0 to 5.0 and they also produced a long
continuous strain sensor and suggested potential SHM applicdtodnst al [91]

showed that CNT/polyelectrolyte thin films fabricated using a Haydayerprocess

can be used for strain sensing with linearity up to 1% strain and gage factors from 0.1
to 1.8. Huet al [82,92]and Yinet al [83] studied the piezoresistive responsa of
CNT/epoxy composite and reported high gage factors of 7.0 in comprassid®.4

in tension showindjnear but unsymmetrical piezoresistivity. They also numerically
confirmed the dominant role dfieelectrical tunneling effect for the electrical
conduction in CNT/polymer nanocomposites simulated using a 3D statisticalrresisto
network mode[92,93] This conclusion was in agreement with the numerical results
obtained by Lket al [94] and Gatet al [95]. Many other piezoresistive

nanocomposite strain sensors were developed by dispersing CNTs into different
polymer matrices,uch as PQ96], PU[97], PP[98], PSF99], etc.With this unique
piezoresistie sensing respons€NT-based composites can be utilizedrasitu strain

sensors when integrated directly into the structural maf@éB8d106103] or asex situ



sensors that can be attached to a structure (i.e., strain sensors
[61,85,88,90,97,104,1050r body motion sensof406,107] etc).

In addition, the dmage sensing capability ®¢lfsensing multiscale
composites has been systematically characterizezlciliinent state of research related
to this topic has been comprehensively reediy Zhanget al [71] around 2015.
Particularly, Thostenson and Chfgi4] first experimentally investigateglass fiber
crossply laminates with CNTs dispersed in the mataxsensing damage evolution
during static tension. They found that the resistance moderately increases when the
deformation is elastic but dramatically jumps as delamination is initiated. Later,
Thostenson and Chqid3] performedreattime in situ sensiig of damage evolution in
the same multiscale composites during cyclic loading. They introduced the concept of
damaged resistance changéich is equal to the sum of the crackogening
resistance change and the permanent resistance increage.chA snilar study was
also performed by Boget al. [108]. Subsequently, an engineering application of
CNT-based SHM was examined omachanically fastened composite joint by
Thostenson and Chqi09] and further investigated by Friedriehal [110]. In
particular, Li and Choyi111] performednumerical modeling of damage detection in
CNT-modified glass fiber compositeshich supported the experimentally obtained
results showing how the damage evolution affects the electrical resistance

Furthermoreparticularefforts havebeen made on sensing the orfadtire as
monitoring damage. Nofat al [112] implemented a mulplexing monitoring
concept orCNT-glass multiscale composites by dividing the bulk composite into
several zones with multiple interatiate electrodes and then collecting the resistance

responses from all imddual channels simultaneously. The failure location was



accordingly identified as the region with greater resistance increase compared to other
regions on the parLater,Naghashpur and Van Holi113] deployed a grid oB0
distributed surface electrodes on an electrically conductive compasiét pade of
CNT/carbon fiber/epoxgnd collected $oint measurements through thedgoints
as impact damage wagpliedon the compositpanel The applieddamage were
guantitatively representday the percentage change in electrical potential between
grid pointsand approximately located the affected grid points between
measurements

Recently some experimental studies have investiddhe CNTbasedSHM
sensors for use in concreteuctures. Schumacher and Thosterjd8happlied an
integrated structural sensing compogiééch of CNT/glass fiber/epoxy ona 6 in x 6
in X 21in concrete beam specimen thats tested to failure undeuaststatic loads.
The realtime resistive response of thanocomposite patafisplayed a close
correlaton with the mechanical responsiethe concrete specimen in termswt-
spandisplacement and strain recordednfrthe point sensors. Tlikmageevolution
of beam crackingip to failure wasepresented by the resistance change of the self
sensing patchwhich was also validated by the response of the mounted acoustic
emission sensoAdditionally, Saafi[114] devebpedCNT-based cement sensor
which were embedded into small concrete beams for SHM under monotonic and
cyclic loadings A wireless communication system was interfaced with thresgu
sensors to wirelessly collect thegsistive response$he resultglearly demonstrated
thecracking initiation and propagation of the concrete beahmng loading Similady,
CNT-cement compositesere also fabricated and testskx situSHM sensordy

Ubertini, et al [115] who investigated their potential for dynamic strain monitoriag.



2inx 1.5n x 2 in CNFcement sensor was deployaad prestressezh a 14 ft long
concrete beam which was subjected to a harmonic load varying between 0.25 and 15
Hz. The resistive responsd the CNTFcement sens@howeddeal linear dynamic
behavior with constaritequency response curvédter processing the resistive data

by means of the classic frequency domain decomposition method, the power spectral
densities of the data displayed a strong relationshipthetlirequency of the

fundamental vibration moda the concrete beam as measured by the accelerometers

1.4 Problem Statement, Researclsoal and Dissertation Organization

In general, the existing sensing methods are insuffibber@HM and not
ideally suitedfor damage sensingf large scaleconcrete structure3he
aforementioned literature search has shown the feasibility sorgygtotential for
usingCNT-based composites as SHM sensoigyht of theinstantpiezoresistivity of
the electricallypercolatechanotube networksstablished natally in the
nanocompositesHowever,only a few experimental studies have been performed
towardemploying nanotubbased sensingetworks for SHM otoncretestructures.
Among the existing worknost ofthemhave investigated theensing responsé®m
the mateials point of view based atouponlevel experimentd-urthermorethey
have important limitationghich lead to a significant hurdle to transfer this novel
sensingnethodologyto practical applicationsncluding (1) the fabrication methoasf
CNT-based sensors amen-scalablecomplex and expensivg?) fundamental
understanding and repeatability of the sensing responses of th&&3ddl sensorsea
not fully demonstrated; {3he spatial sensing capability of the Clddsed sensors is

substantilly limited by the implemented sensing scheme (i.e., the direct current (DC)
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based point measurements) and not well investigatdd4 temperature effectan
the resistive responses of the GNd%d sensors are overlooked.

The goal of lhis researchocuses orthedevelopment of an innovative CNT
based nonwoven composite sermad advanced sensing schentied can be tailored
for strain sensing properties, spatial damage detection and potentially offers a, reliable
scalableand costeffective sensig optionwith distributed sensing capabilitiésr
largescaleSHM systemsln order to achieve this goal, the dissertation is outlined
hereinas follows:

This chaptemtroduces the basics of SHM for civil infrastructures and the
background knowledgabout sensing techniques for SHM. Arggire review of
recent advancaa CNT-based composites atite concepts and fundamentals of
CNT-based composite sensors for SHM are provided. The problem statardehe
general research goal drghlighted.The dissertatiorstructure isalso outlined.

Chapter 2oresentsn detailthe processing and characterization of the
distributed strain sensor for SHM using Gid&sed nonwoven compositessinple
two-step method to falmate CNFbased compositgensorss introduced.The
microstructure, mechanical properties, the sensing mechanisnrs @itud
piezoresistive responses of tefabricated nanocomposgare fully characterized.
Thetensile and compressive strain sensing capabilities of this nanocomposite for
situ distributed SHM sensors aatsodemonstrated.

Chapter dntroduces a novemethodology for twedimensional damage
detection and imaging using the distributed GiNiced composite sensor combined
with electrical impedance tomography (EIThe backroundand recent applications

of EIT-based damage sensing are first reviewed.théery and formulatioof EIT
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are then presented. differenceimagingbased EIT algorithm wamplemented to the
formerly developedNT-based nowoven composite sensors ahe integrated
sensing approach is investigated footdlamage scenarios including we#fined
damage androp-weight impact damage. The resulting EIT reconstructions are
evaluated in detail and comparednfrared thermography images

Chapter 4 systermally characterizes the thermoresisthehaviorin binary
phase nanocomposites and terpalmase hierarchical hybrid composites usmgitu
electrical resistance measurements during thermal cycling between 25 to F¢arC.
series of CNTbased composs (including thereviouslyestablished CN-based
nonwoven composite) with differentorphological states of CNTs wdibricated via
threeroll-milling, dip-coating and electrophoretic deposition procesges.
thermomechanical analysis and finite elensmdlysiswerealso performed to study
the temperaturdependent materials properti€sr SHM applications, a temperature
compensation method isqgposed and verified

Chapter Horesentshe experimental implementations of a hybrid composite
system formtegrated structural rehabilitation and SHM of large scale concrete beams.
The CNTFbased nonwoven sensing sheetsed as thex situSHM sensorintegrated
with the glass fiber reinforcement, and deployed on the concrete beam by means of the
vacuumassisedresintransfermolding (VARTM) process. Two concrete beawith
dimensionsl2 in x 24 in x 16 ftverepre-cracked and retrofitted using the proposed
composite systenBoth beamsveretested to failure and reéime resistance
responseweremeasured ding the entire loading protocol and compared with the
member deformations. In particulars@nsing scheme afiultiplexingwasemployed

to spatially estimate theadhage location.
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Chapter 6 contains the majownclusions of this researdhighlightsthe

contributions of this research, and provides recommendations for future work.
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Chapter 2

PROCESSING AND CHARACTERIZATION OF CARBON NANOTUBE -
BASED NONWOVEN COMPOSITE SENSORSFOR STRAIN MONITORING

Significant portions of tisichapter are already publish@ta peer

reviewed jounal:

1 Ref . [P40Bessing dnd characterization of a novel distributed
strain sensor using carbon nanotsbea s ed nonwoven composi
Sensors 1), 1772817747 (2015).

2.1 Introduction

This chapteintroduces a simpl&vo-step method to fabricate CNJased
nonwoven composite strain sensors where CNTs grestted from an aqueous
dispersioronto a selected nonwoven carrier fabric, followed by infusing an epoxy
resin into the CNImodified nonwoven fabrigia the vacuumassisteeresin transfer
molding (VARTM) processThis manufacturing approach can be readilyestab for
large-scale applicationdn addition, the sensor utilizes a relatively small concentration
of CNTs of approximately 1.0% by weight, making it eeffective. The afabricated
nanocomposite sensor is mechanically robust, strain sensitive, and customizable in
shape, which is espially important for SHM of largescale structural members.

Nonwoven fabrics are plane sheets composed of randomly oriented short
chopped fibers as schematically illustrated in Figuta. Afterdepositing CNTs onto
the preselected fabrieach individubshort fiber becomes conductive and the whole
nonwoven sheet turns into a network of arbitrarily connected resistors. As a result,
simply implementingend electrodes and injecting an electucrent crossing the

CNT-modified fabric, a web of randomly ented conductive pathways can develop
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following arandom fiber architecture dhistratedin Figure2.1b.The bulk electrical
conductivityis governed by the local contacts between individual fibers. In other
words, due to the nonwoven configuration, muplane isotropic conductivity can be
established in this CNbased nonwoven compositéhe epoxy resin is then infused
into the CNFmodified nonwoven fabric todid the CNT network in place, tmpart
mechanicabtrengthto the nonwovensubstrateandto protect the CNIcoating

against environmental weathering.

CNTs on
Fiber
Surface

_ Electrode

Short |
Fibers
Random
Conductive
Pathways +
Electrode
(@) (b)

Figure2.1: Schematic illustrations of (a) nonwoven fabric and (b) oamelectrical
pathways (idealized) formed the CNT-modified nonwoven fabric

This chaptefirst describes the fabrication process of Cb&sed nonwoven
composite sensarblext, thestrain sensing performanoéthe sensors produced with
six types of nonwoven substrat@asstudiedpreliminarily for downselecting the
idealsubstrates angrocessing conditianthat yield a repeatable sensing behavior.

Subsequentlya series of sensors with the optimal parameters manufactured and
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their microstructureandmechanical and electrical properties were experimentally
characterizedh detail. Notably, the selfsensingoerformancend strain sensitivitgf
the asproduced sensing compositgsrestudied Thedistributed sensing capability of
the proposed CNT composite sensordpisitustrain monitoring wagnally
investigatedy bonding the sesor ontametal substrateof aluminum and steel, and

subsequentlyesting it under quastatic cyclic tensile and compressive loads.

2.2 Two-StepManufacturing

In this study, CNTbased nonwoven composite sensors were fabricated
following a simpletwo-step,named here & w e t-anddnr gy i mamgufagturing
processT h e 6 wgdcaduramplées the formation of theanotubenetwork onto
a carrier fabric through a solution casting procéhse 6 d progassaangodnpasses
the infusionof epoxy resin into th€NT-modified nonwoven fabrigia VARTM
techniqueand resin cureThis approach enables application flexibility, since the fabric
can be conformed to a variety of substrate configurations. By depositing nanotubes
onto theporous nonwvenfabric, a macroscopic nanotube sensor can be produced
with a relativdy small concentration of CNTs. In addition, due to the high void
conten of the nonwoven fabric, a sufficiergsin intake can be guaranteed as infusing,
which finally results in th epoxy matrix dominated mechanical robustness of the

CNT-based sensing composite after curing.

221 The6Wettingd Process
The used CNT dispersion for solution casting @mmercially availablgber
sizing agent consisting ofanotubeshatare dispersed ian aqueous solution with

some dispersant and film formé&ZICYL™ XC R2G, Nanocyl)The solid content
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in the liquid sizing formulation is about 6%he overall CNT concentration in the
sizing agent was found to be approximately 1.5% by weigh¥dwia®d onthe
thermogravimetric analysis of the solids after drying. Prior to coating the fabric, the
sizing agent was dilutedith ultra-pure distilled water atertainmass ratiogsuch as

1:1 and 1:2i.e,, sizing:distilled water by mas$) improve the wddability of the

sizing agent and to reduce the céslr instance, based on the calculated concentration
of nanotubes in the sizing and the mass change of the fabric after coating, it is
estimated that the total concentration of nanotubes in the fabrgenedrs are 1.0
wt.% and 0.75 wt.% for sizing dilution ratios of 1:1 and 1.2, respectiVelgnsure
uniformity in the CNT dispersionghe diluted sizing wafirst mixedusinga

centrifugal mixer (THINKY® ARM-310) at 2000 rpm for 128 and thersonicated for
15 min in an ultrasonic bath (Bran§oh510) Figure2.2a shows a small portion of

the asprepared CNT dispersion after standing for 5 days in room temperature
suggesting a stable and uniform dispersion without obsese@gegation and
sedments.Finally, the selectedabric wasimpregnated for 20 min into the-as
prepared CNT dispersiofrigure2.2b shows asample fabric saturated with the

nanotube dispersion
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(a) (b)

Figure2.2: Photographs showing (a) 30 mL sample ofakprepared CNT
dispersion after standing for 5 days in room temperature and (b) a sample
of saturated nonwoven fabric with CNTs following bath impregnation
(from Ref.[45])

222 The 6Dryingd Process

After drying the saturated fabric at 130 °C, the CNTs di@d onto the fabric
form anelectrically-conductive network on the fiber surface. An epoxy resin was
infused into the fabriasing VARTMto form a freestanding sensing composite
where the nanotube network is protected by the polymer matrecepoxy rsin
(EPON 862, Momentive Specialty Chemicals) wist mixed with an aromatic
diamine curing agent (EPIKURE W, Momentive Specialty Chemicald)d&gassed
at 60°C for 20 minn a vacuum oven. The resin was then infused into the fabric using
the VARTM setup as illustrated in Figu2e8a A snapshot of anperating VARTM
setup is also shown Iigure2.3b. After completing the resin infusion, the epoxy was
cured in the oven dt30°C for 6 hours. Figur2 3c displays an agroduced sensing
compositdayer. The final laminghickness isapproximately 470 pmFigure2.3c also

demonstratethefl exibility of the composite sensand its ability to conform to the
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shape of structurahembersAn advantage of thimanufacturing pcess ighat it is
industrially scalable. As shown in Figu2e3d, a 1 x 4 ft composite sensing paics
fabricated permitting largscale applications.

Furthermore CNT composite sensocan beproduced usig a room
temperature curing agent (EPIKURE 3223, Momentive Specialty Chemiwaish
allowsthesensingabric to first conform to the surface of the structame then
integrally adhered to th&tructureon sitewhile curing In generaltheasfabricaed
sensing compositdgave very low fiber volume fraction, approximately 8%, owing to

the high porositfabout 90%)f the nonwoven fabric.
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Figure2.3: (a) Schematic diagram of the VARTM process utilized to infuse epoxy
resin in thenonwoven fabric to form the CNT composite sengfrmsn
Ref.[45]), (b) photograph showing an operating VARTMugetiuring
manufacturing, anghotograpk showing(c) a3 x 5 in free-standing
CNT sensing compositayerafter curing the epoxy, demonstratiite
flexibility (from Ref.[45]) and (d) 1 x 4 ft CNTemsing composite patch
with applied electrodefabricated for large applications, indicating the
excellent scalability of the proposed sensing approach.
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2.3 Experimental Characterization of SelfSensing Conposites
Themicrostructure andhechanical and electrical properties of the as
manufactured CNT sensors were experimentally characteriziee@enter for
Composite Materials at University of Delawakgior to the systematic
characterization, a preliminary study for screenimgsuperioCNT carrierwas
conductecamong six kinds of nonwoven fabride preliminary redts (showed in
Section 2.3.psuggested thahé sensor with the aramid nonwoven ffiab
demonstrated highly repeatable and stalskeain sensing response. Consequently,
CNT aramidnonwoven composite sensors were utilized for the comprehensive

investigationpresented in this chapter
2.3.1 Experimental Details

2.3.1.1 Mechanical and Electrical Measurenents

To fully characterize theeltsensing response d¢fe CNT-based nonwoven
composites, a series of simultaneous mechanical and electrical measurements were
conducted under tensile loading conditicBsain gages3 5 0, 3.2ymmlong gage
length,Micro-Measuremets®, Vishay Intertechology Inc.) were used tmeasure
strain onthe specimesn The mechanical loading protocols for the various specimens
are discussed in the following sections.

Prior to conducting electrical measurements, electrodes wpliecdpsing
conductive silver paint (SPI Flaghr y Gtyucture Probe Inc.). Leadres were
anchored to the electrodes using conductive epoxy resin (EPGXIES00,

Epoxies, Etxwhich wascured at 90 °C for 30 mirklectrical neasurements of the
specimaswere conducted and synchronized with the applied loading protocols in

reattime. A Keithley 6430 voltageurrent meter wasised to measure the electrical
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resistance of thepecimerby sourchg a constant voltage of 10ahd measuring the
resulting current to calculate the electrical resistdneg the twepoint method)All
measurementsncluding appliedoad, strainand electrical resistanceere controlled
and collected using a customized LabVIEW program (LabVEESBY National

Instruments Corporatior@t a sampling frequency @b Hz

2.3.1.2 Preliminary Study

Severaldifferent areal weights and types of fibers were examined as candidate
substrate materialdechnical Fiber Produgts=or the initial teststhe nonwoven
fabrics studied and their areal weights inclagemid (26 g/m), e-glass-€arbon (20
g/m?), polyester (12 g/A), coppernickel coatedtarbon (34 g/, carbon with
polyvinyl alcohol binder (20 g/f), andcarbon with styrene soluble binder (17 gfm
All short fibers have #&ngth of 12 mm as reported by the manufactdtigure2.4
shows optial micrographs of the asceivedfabrics and their porosity.

Samples of these nonwoven fabrics were first trimitoed® x 80 mnsize
patchesand processed with the/®.wt.% CNT dispersion as per Section 2.2.1. Next,
the composite sensors were fabricated following the manufacturing process detailed in
Section 2.2.2. After anchoring etemdes, the sensors were adhesadix aluminum
tensile bars (178 25 x 1.5 mm, 661-T6) using EPON 862poxy resin. Figur@.5a
illustrates the specimen configuration and FigliEd shows g@hotograph of the
prepared specimenghe baseline electrical resistances of these -Ga8ed nonwoven
composite sensors WwWO&MS8. e as wwld8d&4a2s g8 8 .271
44.9 q, respectively.

All six specimensvere subjected to a quasiatic loadunload protocol using

anlinstron 5567 universal testing machine. The loading protwestlisplacement
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controlled and aisplacementateof 1.27 mm/minwas maintainedduring theentire
testing history for all six specimens. To introduce elattiormation to the aluminum
couponsthe loading protocatonsisted ofour incremental tensile loasteps
corresponding td.5 kN, 3.0kN, 5.0kN, and 75 kN asthedesignated peak
amplitudes Every loading step includdour loadingunloading cycles with the same
peak amplitudéo ensure repeatability. The specimens were also held codstant

load for 30 seconds the hird cycle of each loadingtep b examine any transient

effects such as creep.

Figure2.4: Optical micrographs showing the nonwoven structures of the different
fabrics used in this study: (e)glass anaarbon, (b) polyester, (c)
aramid, (d) nickelcopper coatedarbon, (exarbon withpoly (vinyl
alcohol) binder, and (Barbon with styrene soluble binder.
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Figure2.5: (a) Schematic diagraferosssectional viewpf the test specimen for
preliminarystudy andb) photograph of the prepared specimens with
CNT-based sensors consisting of six different nonwoven substrates.

2.3.1.3 Microscopic Study

To study the structure of the electricatlgnductive nanotube network,
scanning electron microscopy (SEM) was utilizedrniage the morphologyfehe
CNT coating on th@onwoven fabric, as well as image fracture surfaces of the as
produced composite sensoris experimental investigation was performed at the
Keck Center for Advanced Microscopy and Microanalysith@University of
DelawareThe speci mens were i maged wit-h an AUR
SEM with a 5kV acceleration voltage. To mmize sample charging, alamples
were coated with a thin conductive Pt/Au layer (~5 nm) in a vacuum sputter coater
(Denton Dek IV, Denton Vacuum, LLC) prior to imagingn particular, the CNT
nonwoven composite specimens were first immersed in liquid nitrogen for

approximately 5 mimnd then fractured in order to obtain a good surface for imaging.
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2.3.1.4 Self-Sensing Characterization

First, © learn the electricagdercolating behavior of the CNT nonwoven
compositeseleven individual CNJaramid nonwoven composite lay€i92 x 127
mm)with CNT concentrations df.0 to 0.05 wt% were fabricatethét is,varying the
sizing dilution rati@ from 1:1 to 1:5@s dip coatingnanotubes onto the aramid
nonwoven fabriper Section 2.2)1 Eachlayer was cut intenultiple 13 x127 mm
coupongo collect hein-plane baseline resistance measurements.

Second, the mechanical and resistegponse athe proposed composite
sensors were characterized in tension to determine their mechanical properties, the
fundamentatlectromechanicaksponse, and talidatethe seli-sensingcapability of
the sensorsThree sets of 88 127 mmcompositdayerswere pepared. One
composite was made using only the aramid nonwoven fabric and tested as a reference;
the other two composites were composed of the €d&ted aramid nonwoven fabrics
with CNT concentrabns of 1.0 wt.% and 0.75 wt.@er Section 2.1 All three
compositelayers were cut int@0 mm widetensile specimens. For each coupon, a pair
of 25.4 mm long nonconductive woven glass fiber/epoxy compositd(ER4,
Professional Plastic Incend tabs were bonded at each end using high strength epoxy
paste adhesive (Hysol® EA9309, Henkdhe electrodes werlocated aB mm from
each edge of the end talsuéting in a gage length of 64m for all electrical
measurementsgigure2.6a illustrats the geometryof the self{sensing CNT composite

specimen andnactualspecimens shown inFigure2.6hb.

36



Cross-section

( a) View

A Electrode CNT Composite Electrode %
End Tabs Sensor Strain Gage l End Tabs
Plane View

P

-

) P

Conductive \‘\ Lead Wires/'\

Epoxy Resin

Figure2.6: (a) Schematic diagram of tlhesituCNT composite sensing specimens
subjected to tensioffirom Ref.[45]) and (b) photograph of antual
specimen tested.

The mechanical characterization was then conducted while simultaneously
measuringelectrical property changes. Albecimens were subjected to monotonic
tensile loading and tested to failure at a constant displacement rate ohAr8m
using a screvdriven universal testing machine (Instron 556%).acoustic emission
(AE) system(Physical Acoustic Corporation) was used to monitor damage initiation
and propagatioio validate theself-sensing results obtained usingsitu resistance
measurementOneAE sensor (R6U, Physi caill0OAcoustic
kHz operating frequency was mounted on the center of the specimens. A threshold of
35 dB was selected to elimimafE events due to ambient norsa related to the
formation of damage in the speciméingures 2.7a and tshow the experimeatsetup

for the mechanical characterization of the aramid nonwoweposite (the referenge
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and the selsensing characterization of the Cl&sed nonwoven composite

respectively
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Figure2.7: Experimental setup for (a) the mechanical characterization of the aramid
nonwoven composite (the reference specimen, no CNT) and (b) the self
sensing characterization of the Cld&ised nonwoven composite.

2.3.2 Preliminary Strain SensingRespmses of the Composite Sensors with
Different Nonwoven Substrates

A sensitive, repatable and stable sensokey © enable a successful strain
sensing applicatiofor SHM. A group of six composite sensors with different
nonwoven fabric substratesereteged preliminarily for strain monitoring of

aluminum bars undex static tension loadzigure2.8 summarize thetransient
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responses of all tested specimens includinggdied strairof the tension coupon
and the simultanesly measured resistivesponss of the CNT sensori.can be
observed from the bottom grafh strain)that the aluminum member undergoes
elastic deformatioduring the entire loading histomyithout exhibitingany permanent
strain changerlhe realtime electrical resistare responsesf the six composite
sensos are shown in the top six grapssthenormalized resistance change which is

defined using Equation 2.

Normalized Electrical Resistance Char(gg) =X = % 100% (2.1)

whereRo is the baseline resistance of the CNT composite measured befohanical
testing,Ris the measured electrical resistance during testinggesl the electrical
resistance changesulting from testingin this preliminary studyRo for all six
sensorss listed in Section 2.3.1.2

It can be seen that #se attached seordeformswith the aluminum member
there isa clearand instanthange in the bulk electatresistive responder each
specimenThe reference lines are shown at zero loaddlidline) and peak loa@-
dashedine). Overall, all sixxomposite sensoshoweda certaindegree of sesitivity
to applied strainHoweve, the composite sensasgth the nonwoven substrates using
acarbon with styrene solubleraler and coppenickel coaéd @rbon show significant
baseline driftover time In addition, these two specimens whaoor stability in the
loadholding periods and a corresponding mismatch at the peak loading amplitudes.
Meanwhile, thesensor witha polyestersubstrate displayslight shifts at zero loadt
is clear that thresensors with the nonwovearriersincluding eglass-<arbon,carbon
with pdyvinyl alcohol binder, andramid demonstrat¢he most robusteattime

electrical responsdrom all.
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Figure2.8: Preliminary result formonitoringtensile strais usingCNT composite
sensordabricatedwith different nonwoven substrates.
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As introduce in Section 1.3, thestablished conductive nanotubased
networks in CNT composites areherentlypiezoresistivewhich enableghe strain
sensitivity of CNT composite. The magnitude of the piezoresistiesponses
guantifiedby the gage factoQ.F., also referred to as piezoresistiyias definedn

Equation 2.2,

GF=2/% 2.2)

whereZ- is the normalizedesitance change (in %) calculatedByuation 2.1 andd)

is the strain change displayed by the CNT composite due to the applied loads.

Thepiezoresistive properties of tikNT compositesensorgwith e-
glass+carbon,arbon withpolyvinyl alcohol binder, andramid nonwoven substrates)
during the unigial tensile testsire represented by thesistance changgrain
responses shown indure2.9. Linearleastsquares curvétting was applied to all
experimental datahown in Figure 2.9 aneikpressed as Equation 2.3,

y=ax+b (2.3)
wherea andb are the fitting parameters andy are the strain and resistive data,
respectively.

It was foundhatall three sensors demonstraighly linearpiezoresistive
behavor with a linearcorrelation coefficient above 99%=f). The slope of théinear
regression curve, that is,the normalized electrical resistance change duleet
applied unit straingan be interpreted as an estimatéhefG.F. of the sensor. Thg
interceptbi | l ustrates the sensordés electrical s
drift) during the entire loading sequence. By comparison, it is notable thedriber
with thearamid nonwoven substrate demonstréttesmost lineastrain sensitivity

with the lowest baseline resistance drift and highest repeatability. Althou@iNthe
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aramid sensoshows lower sensitivit{the slope is lowers compared to tHeNT e

glass€arbon senar, the higher linearity and repeatability of &l T-aramid sensor

made itthe most suitable fatrain monitoring. Acomprehensiveharacterizatioof

the CNTaramid sensas presented in the later sections

R/Ro (%)

Figure2.9:
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Piezoresistiveesponses to tensirainsof CNT composite sensors
fabricated with different nonwovesubstratesAlso shown are the linear
curve fits, including fitted parameters.

2.3.3 Microstructure

The proposed CN-based nonwovecomposite sensors consist ahaltiscale

material system in which CNTs, nonwoven fibers, and the finished compasé in

nananeter,

micrometer andcentimete-to-meterscale, respectivelyA uniform
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dispersiorstateof nanotubess keyto form a wellconnected CNBensinghetworkin
the compositesTo better understand the bulk mechah@ral electrical properties,
knowledgeabout the microstructure of the-fabricated CNT sensing composites are
neededThe morphologies of the raw nonwoven fabric, CNT sizing agent, and the

multiscale composite weleereinqualitatively assegsl under a SEM.

2.3.3.1 Constituent Materials

Figure 2.1Gshows the randomly dishuted fiber architecture ofr@onwoven
aramid fabric (26 g/R) in its asreceived state. It can be sethat the existing binder
has gpointbondingstructuredueto the low weight conterdf binder agentised(12.5
wt.% as repordd by the manufacturemyhich creates dhin andslightly rough coating
on the fiber surface. In additiothe binde accumulates in thigber intersection points
from the exterior to the interior of the farforming the bonding saild] in the 100
to 200 um rangéhighlighted in circle)which further results in the increase of the
fabric surface areds the high magnificatioSEMimage showsn Figure 2.10b, the
diameterof anaramid fiber is around 12 micronseanwhile local fiberdebonding
andbinder cracking arebserved aafocused bonding pointvhich is most likelydue
to the handling ofhe sample Based on the clean cracking surfatéhe binderit can
bededuced that the applied binder layaso referred to asrosslinked polyestea$
reported by the manufactureig,much more brittle than the aramid fibAtso, the
smooth debonding surface indicates atiedly weak adhesion betweéber and

binder, which however, isot stringently requiredor anonstructural fabric.
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Figure2.10: SEM micrographs showing (a) nonwoven aramid fabricsim#received
state and (bindividual aramid fiber with binder layemagnified view of
the daked area in (a)
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A few drops of ranaqueousCNT sizing agent werfirst placedonto a thin
stainlesssted shim and then dried at 130 ¥€order to acquire solid CNT sizing
film for SEM imaging. The morphology of th€NT sizingagent in itssolid statas
presented in Figure 2.11. The low magnification image shows a highly concentrated
film of CNTs with random agglomerateslef microrsin size, indicating a
homogeneoum-planedistribution of CNTs. Fronthe high magnificatiorSEM image
shown in Figure 2.11b, individual curvy CNirstheir free-standing statean be
clearlyobservedinterestingly, there seems to be a muliyered structure ifew
hundreds nanometacale stackelly theinterconnectedNT agglomeratem the
throughthickness direction of thi@m, which ispresumably due to tHast
volatilization of solvent conterat 130°C drying temperatureTheseloose and
relatively porous CNT networks can creatdra volume between CNTs and CNT
agdomeratesrendeing more surface aredsr potentialinteractiors between CNTs
and their surrounding medsaich as théiber and resinn a compositeAs a result, this
special morphological state reveals the potential enhancementstalbiigy of the
CNT networksas long as the CNT sizing agent is integrated in thevooan

composites
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Figure2.11: SEM images showing theorphology of CNT sizing film at (a) low
magnificaton and (b) high magnification.
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2.3.3.2 CNT-Modified Nonwoven Fabric

Figure 2.1Zhows the aramid nonwoven fabric after the deposition of CNTSs.
There appeart® bea film-like enclosure of the fiber network thaNTs are covering
all fiber intersection points and bondisagils of raw fabric ashown in Figure 203
indicating thegoodwettability betweerthe nanotube sizing and the fibeks.the hgh
magnification SEM image shows Figure 2.12b, a uniform CNdoatinglayerhas
accumulated up to few microns in thickness. Additionatlg,golymer solids in the
sizing act to further bind together thiedrs and form the electricalgonductive
network spanning the individual fibers. Locally there is some stgpithe nanotube
coating, which is likely a consequence of handling the falnimg sample preparation
for SEM imaging

Figure 2.13a shows the nanotube coating that formed at a tiguiadbn ofthe
fiber bonding sail There is crackingpbservedn the fiber bonding pointalso likely due
to handling the fabric after drying, highlighting the need to further protect the fabric
layer through infusion of an epoxy matrix. Fig@ré3bshows a highmagnification
SEM image of the formation of a layer witthesige concentration of CNTENTS and
CNT agglanerates are clearly visibl&@helarge amount of nanotubes deposited on fiber
surfaces effectively forms an electricatignductivenetwork over the entire fabric

impartingelectrical conductivityonto thenonwoven fibers
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Figure2.12: SEM images showingn) aramid nonwoven fabric with CNTs deposited
onto the fabric surface and (b) uniform CNT coating on fiber surface, the
magnified view of the dashed area in (fadm Ref.[45])
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Figure2.13: SEM micrographs showinfp) a typical fiber bonding sail area with the
uniform nanotube coating and (b) a higiagnification image of CNT
layer as formed on fiber surfaffeom Ref.[45])
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2.3.3.3 CNT-Based MultiscaleComposites

Thecryogenicfracture surface of theroposed CNibased nonwoven sensing
composites wasnagedusing a SEMFigure 2.14shows aypical fracture surface of
themultiscale composite demonstratitig brittle crackingf the epoxy matrix and
theductile splitting of aramid fibersThreefibers areseen protruding from the ruptured
crosssectionandtheir fracturel ends havea brushlike appearance with extensive fiber
splitting, indicating the fibrillation formation in the aramid fibgk In addition, t can be
seen that the nanotubased sensor has a low fiber volume fraction overall. From the
highermagnification view in the region of the nanotuhedifiedfibers in Figure 2L.4b,

strong wetting between the coated fibers and the polymer neatribeobserved.

Epoxy ReSi,n%M
Matrix="

EHT=600kV wD=31mm SignalA=SES|I System Vacuum = 5.12e-006 mbar ScanSpeed=4 Mag= 400 X 10 pm
FIB Probe =30KV:50pA  FIB Imaging= SEM ESB Grid = 1040 V FIB Lock Mags = No H

Figure2.14: SEM imageshowing (a) fracture surface of the sensing composite
proposed in this study and (b) the GNibdified fibers in the composite,
the magnified view of the dashed area in (a) (from Ref.[45]).
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(b)

EHT = &. 31mm Signal A=SES|  System Vacuum = 5.12¢-006 mbar ScanSpeed=4  Mag= 533KX 2 prm
FIB Probe = :50pA  FIB Imaging =SEM ESB Grid = 1040 V FIB Lock Mags = No

Figure2.14: continued.

A more focused region in the CNdasechonwoven composite is displayed in
Figure 2.15where the morphologies of the multiscale components including fiber,
CNTsand epoxy matrix are clearly image&imilar toFigure 2.14, the fractured
aramid fiber shows a serious split fibrillation and the epoxy mptegents clean and
distinctive river lines of cleavage for brittle cracki@pviously, a fewmicronsthick
coatingof nanotubes igniformly formedoutside ofthe fiber and spans between
adjacent fibers. Due to the stress concentration, boundary cracking is found along the
fiber-CNT and the CNIepoxy interfacegnakingthe CNT coatinga solid sensing
layercapable of surviving during and affeacture damageddditionally, the CNT
coating shows a rough fracture surfaoest likelyattributedto theloosearrangement
of the CNT agglomerates as previously demonstrated in Figure & tah.be

deduced that the locally integrated CNydabehaveasan energy almsbing
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medi um, | i ke the cdmpasite liractorasdohigwrhagnification view of
the fractured CNT layer is shown Figure 2.1%hjch revealghatthe CNTs form a
relatively porous structure, like@pong@ which is partially infused by the epp
resin with smalloidsless than 500 niheterogeneously distributéaside To
conclude theglobally distributed antbcally well-connectedCNT network forms
bridgesbetween aramid fiber8eing impregnated with surrounding epoxy mattire
CNT coatirg layerruptureswhenever and wherevére composite fracturethereby

promoting ann situdamage sensing functionality thfe multiscale composite.

Scan Speed=4 Ma
FIB Lock Mags = No

Figure2.15: SEM crosssectional images of the CNT nonwoven multiscale composite
showing (a) thdractured aramid fiber, epoxy resin, and the locally
integrated CNT layer and (b) the walterconnected CNT networks, the
high-magnification image of the dashed area in (a).
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Figure2.15: continued.

2.3.4 Mechanical Properties

Theproposed CNIbased sensingpmposites are composed of a relatively low
volume fraction of fibers, approximately 8%, which are also randomly oriented,
resulting in mechanical properties dominated by the epwadyix. To fully understand
themechanical properties and failure mechanisnth@kensing composites, a series
of tensile tests were performed on composite layer specipagr$ection 2.3.1.4
Acoustic emission (AE) monitoring was applied to verify the damage initiation and
evolution characteristiasf the composites orderto edablish their mechanical limits
for sensing applications.

The composite specimenshich include the aramid without the nanotube
coating(the reference)as well as the 1.0 wt.% and 0.75 wt.% CNT loadingse all

monotonically tested to failure in tensi The failed specimens are displayed in

53



Figure 2.16. All reference specimens and@NXT composite specimeimtearly show
even macroscopic fracture edges thatpampendiculato the tensile loading direction,
i.e.,indicatinga brittle failure mod¢3]. The two unusual specime(iso. 1-1 and 24)
failed at the electrodesyhich may be due to stress concentratiantroduced by the
electrodesIn addition, all specimerdid not demonstrate any cracking pattalong
theloading directionsuggesting that the nonwoven compositesakcatastrophically
with aninitial major crack In shortthe evolution of the ini&l transverse crack
inducedocal fiber/matrix interfacial debonding, which propagates locally in the
transverse direction andesedractureof the entire systerf\ similar fracturemode
wasdisplayed by th@onwoven glass/epoxgomposites wittafiber volume fraction

of 13%according tdRios-Soberaniset al. [4].

(b)

Figure2.16: Snapshots of the nonwoven composite specimaths(a) no CNB (=
referencgand (b) 1.0 wt.% and 0.75 wt.% CHITAlso visible ar¢he
macroscopic fracture surfaces due to tensile failure.
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Themechanical responsd a typicalreference specimeturing the entire
tension tesis presented in Figure 271t is clear that both the loading and strain
responses are in a nearly linear fasmathout showing any discontinuity that could
correspond to the initiation of damadgased orAE activity, it is notablethat the
entire damage progression of the achnonwoven composite includes two distinct
stages (namely | and Il shown in Figure 2.17) based on the concentraiBrhaf
rates Evidenty, Stage Il is more severe than Stage | because of the sigtiyfican
increased amount of AE Bitimplying the iniiation and evolution of severe damage
in this stagelt isalsonoted that théirst increase irAE activity of about 45hits by
count appeargl seconds after loading, as the specimsdnaded tat.6 MPa,i.e.
reaching0.12% strain, whichs likely dueto theinitiation of microcracks in the epoxy
matrix due to local stress concentratig@s5,6]. Later,a couple of stroné\E hit
groups of morehan 70hits each, are recorded one after anotisethe composite is
loaded to about4.6 MPa 0.4% straif), makingthe accumulated AE hit curJist
start torise This is likely caused byhe saturation of microcracking ithe matrix In
addition,due tothelow fiber volume fractionthe extensivelycumulated microcracks
in the matrixleadthe stresstrain airveof the composit¢o slightly deviate from its
initial linear responseStage | is then defined as the appearance of the initial major
damage at this momems the load increases, AE evemrecontinuouslyrecorded
suggesting the propagation of nacracks At 120 s AE activity suddenly increases to
about 250 hitsn total, which revead theinitiation of macroscalelamageand hence
the beginning of Damage StageThis islikely due tofiber/matrix interface
debondingas the local microcrack s@pproactthe fiber/matrix interfaceAfter

loadingthe specimeto 39MPa (corresponding td.15% strair), the slope of the
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stressstrain response obviously decreasaesesponding to inelastinechanical
behaviorand the accumulated Agdunts sharply ineasedue to thegrowth of
debondingcracks Different fromunidirectional and laminatecomposite$2,5,6], all
fibers in the nonwoven compositaeaffected bythe initial interfacial debonding
because of the random fiberemiations.Once the first mao debonding crack has
occurred the growth of additional cracks along teesile stress orientation terminates
due to the lack afinidirectionalreinforcement in this direction for effectively
transferrirg the applied tension loath addition, die tothe crackblunting mechanism
[2], this major craclpropagateslong the fiber/matrix interface and interconnects with
surrounding cracks near the crack plane under the increasing tensile stress, which then
simply slices through thegpecimenresulting inthe finalfracturealong the transverse
direction asshown inFigure 2.16aThis specimen finally failed a tensile stress of

60 MPaat 1.9% strain.
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Figure2.17: Typical mechanical responses of the nonwoven composite (with 0%
CNT, the reference) during thmiaxial tension test.

Based on the aforementioned observations, the elastic strain limit of the
proposed nonaven composites is approximaté€yl%. Itcould be observethat
damage progression of this composite involves the matrix microcracking and the
fiber/matrix interfacial debondin@he fracture mechanism dictated by the
fiber/matrix interface failure, originally initiated as a debonding crack. This specific
damage progressiaould bevalidated by then situresistive responses of the CNT
based nonwoven composite sensors, which are presented in Section 2.3.5.2.

Figure2.18 through aepresenthe mechanical properties of the different
aramid/epoxy composites terms ofelastic modulus, fracture strain amtimate
strength, respectivel 12% increase in the elastic modubfghe CNTFcoated

specimens could be obseryaualicating the structural enhancement of nanotubes to
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the bulk stiffness of the composite, whishin agreement with other experimental
researchj7-10]. While there is an increase in stiffness, the coating makes the
specimens more brittle, and the ultimate failure strainmedses with the addition of a
CNT coating. This adverse effeagreesvith the experimental study by Ci and Bai
[11] andis speculated to béue tothe poor CNT-epoxy adhesion caused by complete
crosslinking of the epoxy matrix around the nanotub&hough there is a decrease
in the averagéailure strain there is a slight increasehe averagstrength for the
sensing composite with 1.0 wt.% CNT loading, owing to its higher elastic modulus.
The composite sensors with 0.75 wt.% CNT loading show a slight decreassage

strength.
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Figure2.18: Mechanical properties of the aramid/epoxy composite (=0% CNT) and
the CNT composite sensors (=1.0 and 0.75 wt.%) (error bars represent
one standard deviatiofffom Ref.[45])
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2.3.5 Electrical Properties

As reviewed in Section 1.3, CNdased sensing techniques for SHM are
typically using the iaplane electrical measurements from GbASed sensing
networks whicHargely dependan the electrical conductivityf theasestablished
nanotube networkdviany facors includingcategories, dispersion states,
concentrations, etof nanotubes, can affettte electrical conductivityof the network
Percolation is the top priority to be accomplished in order to enable aorelected,
conductive CNT sensing network light of this, the percolatingehavior of the
proposed CNT nonwoven sensing composites is demonstrated first and then the

resistive responses are characterized in the following sections.

2.3.5.1 Electrical Double Percolation

A series of CNTaramid nonwoven coposite specimens were prepared per
Section 2.3.1.1 anthe in-planeresistivemeasurementsere acquird at room
temperature, noteals the baseline resistandée volume electrical conductivity of the

composite specimen talculated using Equation 2.4

y = O (2.4)
wherel is the conductivitfS/m),Ri s t he r eLYm)isthadismee ( ) ,
between the applied electrodes along the current directiory émg) is the cross
section area perpendicularltoln addition, the volumelectrical resistivity ( q A m)
defined as theeciprocal of conductivity,

) =- (2.5)
Figure 2.1%hows the influence of nanotube concentration on the volume

conductivity of the aprocessed CNT compositést. a concentration of onl§.05

wt.% of nanotubes the volume conductivity decreases by 130 times in comparison
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with 1.0 wt.% CNT. In general, the electricabnductivityof CNT-based nonwoven
compositsis dependhg on the CNT concentratidasy following thescaling function

[12] of Equation 2.6,

Gs (P- Po) (2.6)

whereP is the CNT concentratioi®o is the percolation threshold ahis the exponent
constant reflecting the system dimensionality with calculated values of ~1.33 in two
and ~2 in three dimensiofis2-14]. By taking into accourgtatistical percolation
theory[14], this dependence can be predictedhyation 2.7,

d=n- (P-Po)t,for P>Po (2.7)
wherenis a fitting parameter related to the intrinsic conductivity of CNTSs.

Here, the best fit to the experimentatashown in Figure 2.1produces
values ofn = 3625 S/mt = 1.47,andPo = 0.015 wt.% which wertound bythe least
squareditting of the datgpoints until the best linear fit &fn (i /) versusLn (P-Po)
was obtainedi14,15]as shown in Figure 2.19 ingtaph Compared with the
experimental results of other 42 CMpoxy nanocomposites recently reviewed by
Bauhofer and Kovadd4], the proposedensingcomposite showsnhanced
percolatingoehavior with a low percolation threshati0.015%as wdl as a geerally

high volume conductivity, such @04 S/m at 0.05 w CNT.
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Figure2.19: Dependence of the electrical conductivity on the CNTs weight fraation
room temperaturdnset: The percolation scaling law betwean(/n)
andLn (P-Po) where the solid line corresponds to best fitted line,
indicating an exponerf 1.47.

At first glance, it could be hypothesized that éhectrical featuremightbea
resultfrom the kinetic percolation effeft6,17] Nevertheless, all CN@aramid
nonwoven compositesere fabricatedh this researclollowing a static procegser
Section 2.2.l. ie CNTs coatednthefiber surfacean the asprocessed compositase
in a stable solid state as demonstrdtg@EM images shown iSection 2.3.3.3. As a
result,thesenanotubes are unable towe freely within the compositéhusrejecting
this hypothesisAccording to Connoetal. [18], tunneling between randomly
distributed CNT separated by a thin isolating barrier should resulirnaa

proportionalcorrelation betweehn & andP 3. In Figure 2.20this relatioshipis
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applied to the experimental datacan be observed that itfidllowing a bilinear trend

showingan inflection poinasP**equals t®6.926 which correspondto a CNT

concentrabn of 0.Pwt.%( not ed as ¢ drec &n inThidurique n & )g

dependences distinctive from the single linear trend as observed fsomlar

investgations of using this correlatigh5,19,20] It is likely that there i

coexistence of two or ixed tunnéing mechanisms separated by the infleg

corcentration of nanotubes, i.eQuble percolating behavior.

Figure2.20:

2 7
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] 70 atP=0.30%
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Plot of G as a function of CNTs weight fractiéh'’® at room temperature,
showing a bilinear correlation, indicative of the existence of electrical
tunneling condition.

In this ternary composite system, the bulk percolating behavior can be

attributed to the hierarchic micro/nano doupbrcolation21-25]. As schematically

63



illustrated in Figire 221, the twopercolating mechanisnisvolve structural

percolation otherandomly distributed fiberin the epoxy matrixatthe microscale
andelectricalpercolation othe nanotube®n the fiber surfacestthe naroscale,
respectively Additional noteworthy, substituting a conductivity value 455 S/nitfer
CNT sizing film (measured value) back to the previously fitted statistical percolation
equation (sbwn in Figure 2.19), yielda CNT loading of 24.5 wt.%, whidk almost
equal to the measured CNT concentration of 25%erawCNT Szing solids. This is
validating that the microscale percolatioetwork formed by random aramid fibers
does not influence the intrinsic propegt of the CNTs and solely sesvas tle CNT

carrier.

Short Fibers

SR
CNT Network

Figure2.21: Schematic representation of theerarchical micro/nano double
percolation phenomenon in the Cd&sed nonwoven multiscale
composites.

Based upon thexcluded volumeoncepi26], the percolation threshol&p, in
a three dimensionalystem of randomly orientaylinders with high aspect ratids

approximatelycalculated using Equation 233,26],
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Po=2 . &/DA ( (2.8)

wherelL is the length an® is thediameterof the cylinder

In the case ahonwovencomposits without CNTs anindividual short fiber is
12 mm long and 12 pm in diametas formerly notedwhich yieldsPo of 0.28%by
volumefollowing the above equatioifhis volume fraction can Hertherconverted
to the weightoncentratiorby multiplying the density of this composite, that is2L.2
g/m?, whichis calculated based on the material properties inclualfitger volume
fraction of 8% (neasuregber Section 2.2.2pfiber density of 1.44 g/f(reported by
the manufactudethe EPON 862epoxydensity of 1.2 g/M[27] following the rule of
mixture[6], giving 0.34 wt.% as the sictural percolation threshold fare neat
nonwoven composit®bviously, thisghresholds very close to the inflging
concentration of nanotubes, 0.30 wia®previously determined for the CNbased
percolating network, suggesting tlaiow CNT concentrationsf < 0.30 wt.%the
observedunnelingdependencshown in Figure 2.2% solely dominated by the
nanotube networkn addition,selectivdy localizedCNTs onthe fiber surfaces only
occupy8% (i.e., the fiber volume fractiorgf the totalvolume of thecomposite A
very low electrical percolation threshold of 0.015 wt.% is manifested to be existing
most likely bytaking advantage of tregnificantly pre-percolated microscakiber
network(8 vs. 0.28 vol.%) thatreates tremendous amount of continuous and
homogeneously interconnected subdomains for carrying CNTs to form conductive
pathwaysFurthermoreat a high CNT loading, the complete coating effibrillary
domains can be achievddrming a superimposed micro/nasoale percolating
network that isiniformand homogeneouwss shown in Figure 22 tod. On the other
hand partialnon-uniform coating can occwvith CNT concentration is lower thah3

wt%, leading to an inhomogeneous network as displayEdyure2.22e tof, which is
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in agreement with the experimental work by Rausch and Ma8gt9] Therefore, the
micro- and nanepercolatingmechanisms can coexmtdifferent CNT concentrations

due to the different percolatirggructures.

1.0% 0.61%
(@) (b) (€) (d)

1cm

0%
(e) (f) (9)

Figure2.22: Optical photographs of the CNdased aramid nonwoven multiscale
compositesvith different CNT loadings including (a) 1.0 wt.%, (b) 0.77
wt.%, (c) 0.61 wt.%, (d) 0.31 wt.%, (e) 0.17 wt.%, (f) 0.05 wt.%, and (g)
0 wt.%, the reference, in which as CNT% >%,3howing a stable and
spatially uniformnetworkin the macoscale compotgs; as CNT% <
0.3%, showing thenhomogeneous network withf | oc s 0 .
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To summarizebased on the synergy between the microscale andaz@os
percolatingnetworks, using the approach of dipating GNTs onto nonwoven fabrics
is an efficient way tonnprove he electrical percolation and conductivitinonwoven
compositesandoffers a new route to desigonductive multiscale composites by
simultaneously tuning the double percolation networks at the minerescale In
comparisonrecent numerical simulatns conducted by TallmdB0] showedhatthe
network with alignedanofillersdemonstratea generdy degraded percolation and
conductivity transversetthe alignment dirdion, which is attributable tthe
decreased likelihood of newnbarallel sticks intersecting, which in tureduceghe
number of tunneling junction€bviously, wth the enhanced percolating and
conductive propertieshe proposed CNbased nonwovesensingcompositesequire
a small excitation voltagenaybe onlyseveral vdis, making themselves a practical

sensing materidbr SHM applications.

2.3.5.2 SelfSensing Performance

As demonstrated in Section 2.3.4, under uniaxial tensile loadingthe a
processed nonwoven composigg®w two stages of damage progression inalydi
matrix microcraking and fiber/matrix interfacialebonding. Tavalidate and further
investigatethis microscaledamage mechanisra,distributechetwork of nanometer
sized carbon nanotube sensors is extremely helpfulonitor the damage process
Therdore, a series dENT-based nonwoven composites were tested following the
same loading protocol with their resistive behaviors measured #imeaDue to the
selecive localization of nanotubes the fiber/matrix interphase region (see SEM
image in Setion 2.3.3.3) theformed CNT network is utilized a® situsensing layer

to detecinterfacial damage, resulting a smartsel-sensingnonwoven composite.
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Figure 2.2a shows theeaktime responsef electrical restancechange
stressstrain and acoustic emission for a nonwoven composieispen with 0.75
wt.% CNT. Both stress and strdollow alinearelasticfashion,in which, however,
no local features could be related to the damage progression but the suddat¥érop
MPa(i.e., 1.2 %strain)due tofinal fracture.On the other hand, botksistance and
AE responses displagmarkablynonlineartrends with locakharp increments, seen as
0 k n edarimghthe applietbad protocol indicatingthe progressivesvolution of
damageln partiaular, he AE behaviodisplays asimilar patternas those recorded
from thereference specimepresented in Section 2.3.4, indicating the-stage
damage mechanism.

The firstthree AE activitieg70 hitsin total) arerecordedsimultaneouslyhen
the specimen is loaded up4at MPa 0.1% straif, suggesting the initiation of the
microcracks in the matrix. Nevertheless, the resistive response does not reveal this
onsetof micro damage, becauttee nanotube sensing networktlis composite
sydem isonly concentrated on the fiber surfaeemd not uniformly distributed ithe
matrix phase, likén otherperformed researd®,31-35]. In addition, athis low stress
level, the cenposite deforms elastically, simes the nanotube netwotlater, a
distinctive AE activity(about 1.3 hitg is detected athe specimen ikadedto 17.6
MPathat corresponds to 0.418rainat 77.5s. A closer look at the period from &5
to 80s when damage initiates is shown in Figure 2.23b and demonstrates that a sharp
resistance change is observed coincidently wghdden accumulation &E hits. It
canbeenvisioredthat in a local trasverse region of the compositécrocracks
propagateinder the increasing loadls those microcrackgst approactthe CNT

coating, thecrack tips inducéocal stress concentratisto the nanotube network,
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therefore, resulting in thenmediateincrease in resistancas the load is increasing
microcracks areeaching neasaturationin the matrix,which results in theise of
resistance and AE activity

Back to Figure 2.23after loadingthe specimeto 28.6 MPa (.68% strai,
two intense AE activities (abo@tLO hits eachare recordedmplying the start of
damage Stage IA magnified view of thigritical momenis shown in Figure 2.23 It
is clear that the resistive response dramatically jumps as sepikam AE activities
are detectedevealing the initiation of interfacial damage, igepbonding Under
increasing loadjdebonding cracks could grow, projgdg through the CNT coating,
andgatheralong acrack plane, formingnacrocracks thaseverthe nanotube network.
Thisdamage progress the CNT compositas inhereniy represented by theesistive
responseén reattime andfurther confirmedoy observedAE responseln comparison,
the strain data do not show aeyidenceegarding the evolution afamage, most
likely due tothefact that thdocation of the strain gage is far from the initiated crack
plane as shown in Figure 2.16b (sample Ng).2

Subseguently, as the interfacialacks accumulatend inerconnectrom each
otherunderfurther loading a fracture planaitiates andthe compositspecimerthen
fails immediatelylt can further be observed that the amount of accumulatedtaE hi
during damage Stage Hrom the CNFbased nonwoven composite specimen are about
seventimes less thathereferencespecimen (as shown in Figure 2.17), which is
mainly due tothe differenttensile streskevelsthese twaspecimengxperiencean
thisdamage statehat is,28-46 MPaversus40-60 MPa respectively. Less stress in
general causes less cracking in the same type of epoxy resin. In addition, this

discrepancy may be partially attributingthee porous structure of the selectively
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integrated CNT coatinasshown in Figure 2.1)&hat creates numerous nanosized
voids and extensive boundaries possibly for attenuating elastic stress waves released
as damage initiates)creasing wave attenuati¢86-38].

Based ortheaforementioned observations, themage evolion of the as
established CN-basedhonwoven sensing composit@sder uniaxial tensiors
demonstrated explicitlipy thein situresistive responsaf the nanotube network
which ispromising andurther confirmed byhe realtime AE recordings.

Speciically, comparedwvith the reference tedtie elastidoehaviorof the nonwoven
composites with and without CNTs are neadkgntical i.e.,(1) the first AE everst

from these two composites were recorded at the same stress level, i.e., 4.4 MPa vs. 4.6
MPg (2) the observed elastic limits are very close, i.e., 0.41% strain at 17.6 MPa vs.
0.40% strain at 14.3 MPa.

It was observethatthe failure mechanisinereis governed by awo-stage
damage progression including (1) saturation of microcracktsei@poxymatrix
(micro-level), and (2) propagation of fiber/matiixterfacialdebonding crackénacroe
level). Additionally, due tadheselective location oENTs onthe fiber surfaces,
nanotubebasedsensing network demonstratenuch higheelectrical resistance
sensitivity due tointerfacid damage thamicrocracking, making this CNbased

nonwoven composite @sefulsmart sedsensing material.
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Figure2.23: In situelectrical resistance, strain, and acoustic emission responses of the
aramid nonwoven composite with 0.75 wt.% CNT under uniaxial tensile
testing showing (a) entire loading protocol, and the initiation of damage
(a) Stage | and (c) Stage II.
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2.3.5.3 Piezoresistivity

To facilitate potential strairmonitoring applications witkhe proposed CNT
based nonwoven composite senssthe piezoresistive resporifehis type of sensing
compositewas characterizedh situunder uniaxial tensile testingigure2.24shows
the typical piezoresistive response and stsés8n behaviofor anonwoven
composite sensor with 0.75 wt.% CNi the elastic zone, th@ezoresistiveesponse
of the sensoshows andeallinear trendsimilar tothe transient resistance charage
presented in Figure 2.23Aat strans beyondhe elastic zoné.e., >0.4%) the
piezoresistive response begins to deviate from its initial lineavftich is represented
as the redlashed line in the figurén addition,more noise in the measurement is
noted which isattribuied © the accumulation of microcracksthe matrix. After
0.68% strair(i.e., initiation of fiber/matrix debonding)here are some sharp knees
observedn the piezoresistive responsehich correspondto the formation of
debondingcracks that permanently sever portions of the electrically conductive
network.This progressive increase in anacracks results in@nspicuoughange in
theslope of thestressstraincurveand corresponds to theelastic behavior of the
sensoyrevealing the reduction in stiffnedsater,whenfractureoccurs the resistance
change goes to infinity. In general, the slope changleegfiezoresistive response in
the inelastic zone isubstatially nonlineardemamstrating an increased sengitpvof
resistance change to inelastic deformation

The piezoresistive betimr of the nanotube sensorggsantified interms of
their gage fators, which have beettefined in Section 2.3.For strairmonitoring
applicationsgage factorare further categorizaghder two specific strain levels

corresponding to the weracked elastic state (under 0.4% strain) and the matrix
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cracked inelastic state (above 0.4% strain) by performing a lineasshpaests curve

fit on the experimental data.
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Figure2.24: Typical piezoresistive response and st&sain behavior of CNT
composite sensors.

Two groups of CNT composite sensors with nanotube concensafidn0
and 0.75 wt.% were testethe piezoresistiveesponse athesesensors for the elastic
state and inelastic states are shown in Figuzéa and b, respectively. Figure 2.26
summarizes gage factors obtained for both groups of specimens in accordance to the
elastic and inelastic strain levels. It daseen that the group of four specimens with
0.75 wt.% CNT loading shows higher strain sensitivity than 1.0 wt.% CNT group.
There have been a number of experimental studies on the piezoresistive behavior of

nanocomposites based on CNTs. Experimentaltsg8%43] indicate that there is a
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higher degree of sensitivity with reduced CNT concentration, and the general trend in
gage factor is consistent with that reduction. However, the elastic gage factors are
somewhat lower than expected as compared to nammusites with nanotubes

dispersed throughout the polymer matrix developed by other reseddthidry. This

lower gage factor is attributed to the formation of the conducting networks
preferentially along the surfaces of the fibers. The high concem@tiGNTs on the
fiber surface results in a nanocomposite T
interphase region effectively acts like an overall nanocomposite sensor that has a high
volume fraction of nanotubes. In addition, it is likely thgfproviding excessive

electrical conductive pathwayise random fiber architecture also influences the
piezoresistive response. Meanwhile, the inelastic gage factors are also higher than the
elastic gage factors. The breaking up of the CNT network duad&ing and fiber

matrix debonding severs conducting pathways, resulting in a lower effective volume

fraction of nanotubes conducting current in the sensor.
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Figure2.25: (a) Elastic and (b) inelastic piezoresistive responsesifidividual test

coupons of the CNFbased nonwoven composite sensors fabricated in
this researciifrom Ref.[45]).
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Figure2.26: Gage factors for the CNFased nonwoven composite sensors (error bars
represent one standard deviati@ndm Ref.[45])

2.4 EX Situ Strain Monitoring

The previously established CN¥ased nonwoven composite sensors consist of
a pervasive, weltonnected nanotube network that conveys electrical conductivity to
the nonwoven composites and behaves as an integrated nanoscale sensor network,
representing extraordinaiy situ perception of the mechanical state of the composite,
i.e., the selisensing cagality. Under the applied stresthe configuration of the
nanotube network changes as the composite deforms, which manifests as the
quantitative varidgions of electrical resistanae the local CNT networkAfter
characterizing than situstrain sensitivity of the nonwoven sensing composite, the
proposed sensors were then bonded onto metal substraggssitustrain monitoring,
including alunmum and steel, and tested under cqs#aic cyclic tensile and

compressive load# addition, a distributed sensing network with fQNT sensors
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wascreated and tested to show the CNT senso

strains in bothhelongitudinal and transverse directions.

2.4.1 Experimental Setup

2.4.1.1 Case Study 1Elastic and Plastic Strain Monitoring

To verify elastic and plastistrain monitoring capabilities of the proposed
CNT-based strain sensoesyniaxial strain monitoring specimemasfurther
investigated omnaluminum substrate. 8ensor size of 89 13 mm, composed of the
aramid nonwoven fabric withCNT concentration of 1.0 wt.%, was mounted at the
center of a dogborghaped aluminum tensile bar (15253 2 mm, 6061T6). This
specimen (At1.0% CNT) was subjected to incremental tensile cyclic loadings
performed using an Instron 5567 universal testing machine at adisqgelcement rate
of 1.3 mm/min. The loading protocol consisted of six stepsreghiting stress
anplitudes 0f23.5,47.1, 70.6, 106, 141, and 188 MPa. A 47.1 MPa loadmgading
cycle was placed between the 106, 141, 188 MPa steps in order to validate the electrical
stability of the sensing layefhe kaseline electrical resistance of this specimen was

measure@d s 7 .. Bh8 tedt gpecimen geometnyiliastratedin Figure 2.27
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Figure2.27:(a) Photograph ahe test specimeffl-1.0%CNT) for elastic and plastic
strain monitoringand (b)illustration ofthe specimen configuratiotirom
Ref.[45]).

2.4.1.2 Case Study 2:Compressive and Tensile Strain Monitoring

To validatethe monitoring capabilities dboth compressive and tensile strains,
auniaxial compression and tension test was perfororean aluminumspecimen with
the composite sensor attach&tis643 10 mm sensor contasn0.75 wt.% CNT and
wasbonded on a 6.4 mm thick aluminum bar (28525.4 mm, 6064T6). This
specimen (Al0.75%CNT) was subjected to a sevstep compressietension cyclic
loading at the same displacement rate as specimé&r02¢CNT. The initial loading
cycleresulted in a stress a24.8 MPa. Each loading step included two cycles with
identical magnitude at the peak and a full comprest&nsion loading step with four

individual cycles. The load steps increased fresulting sresses 0£4.8 to 99.2 MPa
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in tension at an even increment of 12.4 MPa and, due to the slenderness of this bar, the
largestcompressive load cycle resulted in a stre€g2dd MPa after the fourth
compression stefihe aseline electrical resistanoéthis specimen was measured as

2 4 . 8Figkrg 2.28hows the specimaonfiguration
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Figure2.28: (a) Photograph ofhe test specimeffAl-0.75%CNT) for tensile and

compressive testing and (Hystration ofthe specimen configuration
(from Ref.[45]).

2.4.1.3 Case Study 3Distributed Strain Monitoring

To investigate the sensing capability of the CNT composite sensors in the
longitudinal and transverse directions, four sensors were distributed on a steel (ASTM
A572 Grade 50) dogborshaped tensile bar (dimenss 432 643 5 mm) with a neck

area of 229 38 mm.Thesensors are composed of the aramid nonwoven fabric
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processed with 1.0 wt.% CNT loading and adhered along the longitudinal centerline of
the steel bar using epoxy resin (EP0862) with a curing agefEPIKURE 3223). In
accordance with the sensor size as well as the electrical current sourcing direction
between the electrodes, these sensors are referred to as SehsdrT, 0.31-L and
1-0.3T as shown in Figur2.29 Specifically, Sensdt-1-L and Sensor-1-T are 25

25mm (.e., aspect ratio = 13nd their electrical measurements are made in the
longitudinal and transverse directions, respectiv&imilarly, Sensor 0-3-L and

Sensor 40.3- T are32 mm in thex-directionand10 mm in they-direction they are
monitoring the axial strain in the longitudinal direction and the transverse strain due to
Poi ssonb6s contr act i-axalstaimngagef0&90 pattera, Migro A
Measuremenfd with a gagdength of 6.4 mm was used teeasure the strains in both
principal directions. The steel specimen was then subjected to astptasloading
protocol using an Instron 8562 seffrpdraulic load frame. The displacement

controlled loading protocol included five continuous lingelinloading cycles: two to

a stress level df10 MPa and three to 248 MRsing a displacement rate(ob

mm/min and an unloading rate of 0.8 mm/min. During the second and fifth loading
cycles, the stress was maintained for 30 s to examine any transient &fiedisst

was discontinued at a peak load corresponding to 300 Marticular, vinen

multiple sensors were measured simultaneously, the lead wires were connected to a
terminal block, which is screwed on a multiplexer (Keithley 3706A system switch).
This multiplexer is linked witiKeithley 6430sourcemeterand rapidly switches

channels between the four senstrgxecute thelectricalmeasurements
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Figure2.29: (a) Photograph ahe experimental setdpr distributed strain monitoring
test and (b)llustration ofthe specimen configuratiqfrom Ref.[45]).

2.4.2 Results

2.4.2.1 Monitoring of Elastic and Plastic Tensile Strains

Understanding thex situstrain sensingesponse of the sensoruniaxial
tensionas well as its response while the substrate undepjastsc deformation, is
importantfor SHM applications. Figur2.30a shows théransientresponse of the
sensor (Al1.0%CNT) due to applied tensile deformation. This specimen undergoes
elastic deformation in the first 12 applied load cycles without permanent strain change.
The response of the senslirectly correlates tthe elastic strairPlastic deformation
of the aluminum occurs beyond 0.3% strain, which is at 75% of the elastic limit of the

sensorThere is a permanent deformation of 0.52% strain at the end of this cycle. In
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addition to the plastic strain that occurs, this deformatioeds the elastic limit of the

CNT composite sensor, resulting in a larger sensitivity to the permanent deformation

in the last cycle. Specifically, there is a permanent electrical resistance change of 1.2%
(or 88 q in real r etrendsin therresistgnce rebponse ofthec | e ar
attached composite sensor and strain measurements are very comparable and there are
no resistance drifts observed in the electrieaponse of the sensor. Figure B.30

shows the piezoresistive response of the €bifiposite sensor during the full loading
profile. As thealuminum babegins to deform plastically, resistance increases

nonlinearly with strain and a permanent resistance change wasdtthedend of the

loading corresponding to a strain of 0.52%. €kelution of the plastic deformation of

the specimen is comprehensively reflected by the trend of the electrical resistance
responsewhich is desirable. The bottom ingétFigure 2.230 shows the linear

elastic piezoresistive response correspondingaditst 12 applied elastic load cycles.

It can be observed that unddastic loading, the piezoresistivity the sensor (GF =

1.44) is quiteconstantompared to the strain gage measurement, which is promising.
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Figure2.30: (a) Transient resistive respeof Specimen Al1.0%CNT during afull
cyclic loading test, showing the closerrelation betweerntsin and
resistance up to plastic deformation of the specimen and (b) the
resistance changgrain response of the sensBoftominset: elastic
piezoresstive responsdfrom Ref.[45])
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Figure2.30: continuedfrom Ref.[45]).

2.4.2.2 Monitoring of Compressive and Tensile Strains

For specimen AD.75%CNT, Figure2.31a shows the tensile and compressive
elasticresistiveresponse of the sendarreattime under the prescribed loading cycle.
The peak tensile strains are +0.14% and mi

which are all in the elastic rangéthe aluminum membelnder compression, the
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nanotubenanotube tunneling gaps decreaseltes) in more conductive pathways
and then theeduced electrical resistance of the CNT composite sensor. It can be seen
that under the compressiansion cyclic loading protocol, the recorded electrical
resistance displays very close correlations torteenber strains. The sensor shows
strong electrical stability as well as negligible amount of baseline resistance change
among all compressietrension loading steps neaktime.

From Figure 2.3R, it can also be seen that the piezoresistive response of th
CNT composite sensor displays strong linearity for both compressive and tensile
strains with a single gage factor, GF = 1.80 which is close to the gage factor (GF =
1.90) of the group of sensors with 0.75 wt.% CNT ingaharacterized in Section
2.3.5.3 indicating a high degree of repeatability. These results are desirable and

facilitate applicationsfathis fabricated composite senséos future SHM.
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(@)

(b)

Figure2.31: Linearelastic resistive response of CNT composite sensor on Specimen
Al-0.75%CNT according to applied compressitmmsion cyclic loads:
(a) reaidtime response under cyclic loading and (b) linear piezoresistive
behavior under tensiecompression loadinfrom Ref.[45]).
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