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Abstract

Composits are prone to failure during operating conditions antK D W Y &st Zdséarch had
been carried out to develop-#itu sensors and monitoring systems to aubelr catastrophic
failure and repairingost. The aim of this research paper was to develop a flexible strain sensor
wire for reattime monitoring and damageletectionin the composites when subjected to
operational loadsThis flexible strain sensawire wasdevelopedoy depositing conductivsilver

(Ag) nanoparticles on the surface mflon (Ny) yarn by electroless platingrocessto achieve
smallest uniform coating film without jeopardizitige integrity of each material. Theensitivity

of this Nylon/Ag strain sensor wirevascalculatedexpeaimentallyandgauge factor was found to

be in the range 0f21-25. Then, Nylon/Ag strain sensor wire was inserted each composite
specimenat different positionntentionally during their fabricatiordepending upon the type of
damage to detect. The specimens were subjectezhsde loadingat a strain rate of 2mm/min.
Overall mechanical response of composite specimens and electrical response signal of the
Nylon/Ag strain sensor wire showed good raproibility in results howevenylon/Ag sensor
showeda specific change in resistance in eaitectionbecause of their respective positidine

strain sensor wire designed did not only monitor the changieeimechanical behavior of the
specimen duringhe elongationand detected thstrain deformatiorbut also identified the type of
damagewhether it was compressiva tensile This sensor wire showed good potential as a
flexible reinforcement in composite materials forsitu SHM applications and dete damage
initiation before it can become fatal.

Keywords Structural @mpositesMechanical DeformationlNylon/Ag Strain sensor wire;
Realtime monitoring; Damage detection



Introduction

Composites héireplaced traditional materials nearly in every industrial application because of
their superior mechanical performance, structural durability, low dertsisteffectiveness

and resistance to environmental factfit?]. However, everthey were not exempt from
limitations and theirdeformation and damagmechanismswere well established[3,4].
Therefore, itwas essential to examine and control therformanceof the structure during
operation to avoidinexpectedailure which ould be initiated either because of the extreme
loading conditions oy extreme environmental conditions such as creep, maisttoe
Macroscopic damageasusually visible externally icompositesbut microscopic damage or
internal crackswere extremely chllenging to detect and usually requirénspection
techniqueg5 #].

Structural health monitoring (SHM) isranownedand extensively usegrocedureto study

and control the performance of compositesensure more reliable and safer structysds

SHM sensors were developed grdtuaver the time form nondestructive testing methods to
reattime monitoring of structure$d A2]. In-situ SHM hadbeen often used forsensing
differentkinds of damages in materials suchtasrmal degradatiordeformation,corrosion,

fiber cracking, intralaminar cracking, debonding/delaminatiomtc. to confirm save and
durable service life of the structurfls3 18]. Likewise, many studie wae availablewhich
investigatedhe strain and damage sensing of the composites structures using different SHM
techniques butimited information wa available in the literature regardinige effect of
sensitivity and location of the sensor on damageation[19,20] Moreover, it wa very
important to study the behavior of sensing respamsedifferent direction ando distinguish
betwee the tensile and compressive damage during the test.

The electrical resistance (ER) measurement was one of the examplestofSHM used for
active damage monitoring in composites by measuring the change in resistance of the material
[21 £5]. This method was commonly applitalcarbon fiber reinforced composites (CFRP)
because of the high electrical conductivity of the carbon fibers. The change in the resistance
was associated with the contact change between the carbon fibers and their rearrangement
within the composite duringhe deformation proceg26,27] For example, the ER response

for unidirectional UD composites was direcflyoportionalto the strain measurementile
composites with random dispersion of fibers showed more complexed signal response
especially with large deformation applications such as flexural displace[@8mB1].
Moreover, this method was not applicable to composites with low conductivity such as glass
fiber reinforced composites (GFRP) or cementitious compositéss limitation was
overcomeby increasng the electrical conductivity and ssknsing behavior of the structure
using nanofillerssuch as nickel powder, carbon fibers/nanofibers, carbon nanotubes (CNT),
graphene and carbon blaf32,33]. But this F R X Ob8 gphWwable on large scaled structures
subjected to flexural loadingecause large weight percentage of ndleodiwas required to
achieve good conductivity whicloald result in high cost and dispersion probld3i,33].

Flexible conductive wire sensors were considered @y promising solution for SHM of
composite materialAfter integration, they not only perform damage sensing but also act as
reinforcement[34 87]. They operate on the working principle of traditional metal strain



gauged36]. These smart textiles, fabrj@nd yarns were first developed by using conductive
polymers for reatime damage detection in composite structures but they were unstable when
exposed taheenvironment and had loaonductivity in comparison to nanopartic|@8 41].
Similarly, Coating or inserting conductive nanoparticles such as carbon nanotubes (CNTSs),
grapheneetc into the filaments were also considered as a possible solutiealdime SHM

[42]. For example, CNTs based fibers, having high sensitivity, flexibility and outstanding
impact resistance, were used in fae damage monitoring of composi{ds,44] But their
sensitivity was affected when inserted into the composite specimens because of the two
reasons, one tunneling effect and other is the porous network of CNTs which is permeable to
resin moleculep45#48] )LEHUV FRDWHG ZLWK UHGXFHG JUDSKHQH R
penetration because of their geometry and surface conformanititghowed high sensitivity,
flexibility, and stability in reatime monitoring of high strain applicatiof$9]. These fibers

were more suitable for early detection of damage in the structure with distinguishethggo
behavior from linear to nonlineaHowever, even graphene hadtability issue when exposed

to air and is toxic in naturgs0,51] Moreover, metal nanoparticles such as gold, nickel,
aluminum, stainless steel, copper and silver were commonly used as coating materials for in
situ SHM applicationg52 H£4]. Amongst all these metal nanoparticles, silver (8gdpwed

great potential as a coating material the flexible polymeric substrate because of its
excellent conductivity, competitive price, stability in air and other mechanical progégies
Silver had already been used in anicrobial activity and as wearable sensing clothes for
medical monitoring and showed better stability, responsivity, repeatability andrit in
electrical signal in strain sensing applicat[66 58]. Although,the silver metal coated fabric

was studied numerous tiséor antibacterial and medical activities its application regarding
structural health monitoring purpe in composites is still underdevelop¥d.Qureshi et al.

[59] recently conducted a study to investigate the application of sibatied nylon yarn as
strain sensor under tensile loading. But, up to best knowleddpe afithor, no information in

the literature is available regarding the use this flexableroscalesensor wird59] to detect
strainin a different direction of the applied load composite structureand to distinguish
between different stresses

So, in this contextan experimentastudywas conducted tinvestigatethe in-situ/reattime

strain and damage sensing capabilities of the silver coated (Mgan/Ag) sensor wire

within composite structuresndertensileloadingin this researchThe second objective was

to study the abilityf the sensor to distinguish between the tensile and compressive damage of
the composite specimen during the test in addition to the sensitivity of the response signal.
This flexible strain sensor was fabricated by depositing conductive silver (Ag) nadegar

on the surface of nylon (Ny) yarn by electroless plating process and its electromechanical
response and sensitivityene calculated experimentallyhen, the fabricatiomprocess othe
specimen was carried out by inserting the strain sensor winenwtiite glass fiber plies of the
GFRP compositesA mold was used for the fabrication of the specimens and senses

were placedbetween the plies in their respective directiad@pending upon the mode of
failure to detecduring the test. Then each spaen was tested oINSTRON-50 machine
undertensileloading andts mechanical performance was correlated withelectricalsignal
response otachNylon/Ag strainsensorwire. The results showed that the sensor not only
detected the straim each diretion undertensileloading with good sensitivity but was also



able to differentiate betweeansile and compression stresses
Fabrication Process

2.1Fabrication of Nylon/Ag strain sensorwire
Sensors were developday depositingsilver (Ag) metal nanoparticles ithe form of
continuous and uniform thin filmoatingon the surface of#ach filament ofiylon (Ny) yarn.
Metal film coating was applied because even though, nylon yarn behaved well mechanically
but was poor in electricalonductance. Thengere studies where nano fillers can be inserted
inside the fiber but only ufp a certainweight percentage because further increase can result
in a decrease in mechanicpérformancg60]. But with the coating processl00% uniform
coating was formedvithout affecting the structural integrityor flexibility of core material
Electroless plating was used fiie deposition of metallic nanoparticlescauseLWV D VLP SOl
and effective process and can be eadilge on complex substratggometriesNylon-6 yarn
was cleaned with ethanol to remove any dust particles or surfgeeiti@sto ensure good
adhesion for the nanoparticles of Ag metal. Then nylon was treated with silver nitrate
(AgNOs) and sodium hydroxide (NaOH) at 130 °C for 2 hours and after that, followed by a
reduction process in ammonia (B)Henvironment for a pesd of 2 hours. The reduction
process produced ethylene as a reducing agent which reduced the Ag(l) to Ag(0) ions. Finally,
after posttreatment with ammonia, silver nanoparticles were deposited on the surface of
nylon. The complete process is demonstrateBigure 1 (a). Scanning electron microscopy
(SEM) characterization confirmed that tb@atingconsistef Ag nanoparticleslepositecon
the surfaceach filament of the Nyarn, Figire1 (b). Thefabricatedsensomwire was50cm in
length 225 Fn in diameterwith a coating thicknessf approximately 12 % of the diameter
of the individual filamenof the yarni.e. 1-:2 Bn. This thickness of Agcoatingwas chosen
because it washe best compromise betwedhe good conductive flexible coatingnd
minimum uniform thickness throughout the yarfter the fabrication process, the sensor
wire was cut into the specific length required for insertion in the composite specimen.
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Figurel: (a) Fabrication process of tiéylon/Ag strain sensor wirgb) Nylon/Ag strain sensor wire after fabrication



2.2 Fabrication of Specimens inserted with sensor wire

i. Star Specimen for strain monitoring
Specimens othe compositewere preparedising fabric plies of chopped glass fibers as

reinforcemenbecause of their poor conductivity atedensure isotropic meahical behavior

of the specimenThe fabric of choppedjlassfiberswas cut intosectionsand fve plies were
used Nylon/Ag sensor wires were separated from each other by tHempdectrical isolation

and were placed in their respective directions i.e. sensor A in 0°, sensor B in 45°, sensor C in
90° and sensor D iM5°. Then, resin mixed witla hardener with a ratio df:4 was poured
into the mold andull integration of sensoin each specimen dhe composite was achieved
Figure4. Now, sensor wire was visible in all specimearglafterward specimensvere curd

at room temperaturtor 48 hours Then, the specimen p&atvas machined using CNC &
star shape and each leg represented the direction and placementplotilidg sensor wire
moreoverthesample was marked with the DIC correspondgraiets Figure2a.Each leg of

the star specimen was kept at standard dgoa as 25nm in width, length of each leg was
approximately 200nm andthe thickness bthe specimen was &m, Figure 2b. &hematic
representation of the composite star specimen with the embédded/Ag sensor wires
demonstrated that sensors were repnéed by A, B, C, D and each leg of the star specimen
represented the direction according to the loading axis, d&-Re@d.

25mm

k=

wiwooz

SiE

Top view - Side view of one leg

(b)

(©) (d)
Figure2: (a) Example ofa composite specimeambedded witiNylon/Ag sensor wiregfterthefabrication process. The
specimen became transparent after the curing procesbesehsor wire is visiblgb) Geometric characteristics of the star
specimen. (&(d) Schematic representation of the positioMNgfon/Ag strainsensor wire in each direction and between each
ply (section viewyespectively



ii. Standard Specimen for overall damage detection
Standard specimens tife composite were prepared using similar materials which were used

for the star specimen however, three plies were used and both sensor wires were intentionally
for electrical isolation. Then, resin mixed wathardener with a ratio of 1:4 was poured into

the mold and full integration of sensor in each specimehexomposite was achied. Once

the molds were filledhe samples were completely transparent and the chopped glass fiber
fabric was not visible, Figur8a Now, sensor wires in longitudinal an@msverse direction

were visible in both samples and afterward, specimens were cured at room temperature for 48
hours. The specimen was characterize@&sm in width,80 mm in length and 3nm in
thickness,Figure 3b Schematic representation of the conifgostar specimen with the
demonstrated placement of embedded Nylon/Ag sensor wires according to the loading axis
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Figure3: (a) Example of a standard composite specimen embedded with Nylon/Ag sensor wires fteicdtén process.
(b) Geometric characteristics of the specimen and schematic representation of the position of Nylon/Ag strain sensor wire in
0° and 90° direction.

Experimental Procedure

3.1Experimental testing ofthe electromechanical response dflylon/Ag strain sensor
wire

Standalone Nylon/Ag sensor wire was tested under tensile strain to calculate the gauge factor.
This test was conducted usitiySTRON-50 apparatugo record the mechanical behavior
while oscilloscope \as used to record the electricajraal of the sensor wird-igure 4 Many
experimental challenges were encountered, such as difficulties in gripping the samples inside
the fixtures of machine because of its size and it was critical tingnalire that the sensor
wire was not in contact witany metallic portion of the machine. All the necessary parts of
the machine were insolated by covering with the insulation tape so the electrical response of
the sensor could not be affectdéthper frame was used to provide support to such a small
specinen in the tensile machinbowever;it was cut from the sides befozenductingthe test
so it could not affecthe mechanical response of thiylon/Ag strain sensor wirduring the



test. Besides thiselectrodewires were attached at both ends of the specimen to pravide
better connectionvith an oscilloscopeby reducing any chance of perturbation in the signal
during the test andhén the specimen was placed in the tensile machire &nsile test was
performed & low strain rate i.e. Z2am/min. Three successful tensile tests weomductedo
determinethe reproducibility ofresults. TheNylon/Ag sensor wire samplesere loadedand
unloadedrespectively within the elastic limit and electromechanical responsesddethsor
wire was plotted as the change of resistance with respect to the strain.
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Figure4: Experimental setup to test the sensitivity of the designed strain sensor wire.
3.2An experimental test of compositespecimen containingNylon/Ag sensor wire

i. Star Specimen for strain monitoring

A cured compositspecimen consisting of sensor vgingastested usingNSTRON-50 and

data acquisition system (Spider 8 manufactured by HR#NI) the LabVIEW program was
connected to thelectrodes tached with theNylon/Ag sensor wire for reattime monitoring

of specimen deformatigriHgure 5 INSTRON-50 was used to study the mechanical behavior

of the composite specimemdelectrical systemvas used to record the signal from the sensor
wires simutaneously.It was importantnot only to ensurethat the gecimen was placed
properlybetween thdixturesbut, also that theslectrical connectionserenot in contact with

any metallic part of the machine because it could have influenced the eleesjpahse of

the sensorThen, the specimen was placed in thachine and test was performatl low

strain rate i.e. 2nm/min up to 15 kN to avoid permanent damaged the mechanical
behavior of composite specimen with resistance profile oNgfien/ag stain sensor wire was
obtained Furthermore, strain deformation behavior of each specimen was also confirmed by
the DIC (digital image correlation) camera and DIC marks were calibrated with the camera
before conducting the testaéh test showethe Nylon/Ag sensorwire in each direction
showed different resistance profiecording to thie placementwhich will be discussed in
detail in next sectian
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Figure5: Experimental setup to test the rtiale damage detection of tiNylon/Ag strain sensor wire in composgtar
specimenElectrical connections are highlighted with green arrows.

ii. Standard Specimen for overall damage detection

Standard composited specimen consisting of sensor wires in two directions i.e. 0° and 90° was
also tested using INSTRGBD anddata acquisition system (Spider 8 manufactured by HBM)

like star specimens,igure 6 INSTRONS50 demonstrated the overall meclwahibehavior of

the composite specimen while the electrical recorded the signal from the sensor wires until
fracture. It waensured again that tlspecimen was placed properly between the fixtares

none of theelectrical connections were not in contadgth any metallic part of the machine.

The test was performed at low strain rate i.em2n/min up tofinal fracture and the
mechanical behavior of composite specimen wliresistance profile ofachsensor wire

was obtainedBoth tests sbwedthat Nylon/Ag sensor wiraletected the strain deformation

and final damag@ each direction according to themstion



Specimen

Figure6: Experimental setup to test the overall fiq@le damage detection of the Nylon/Ag strain sensor witkdstandard
composite specimeiilectrical connections are highlighted with green arrows.

Results and discussios

4.1 SEM Characterization of Nylon/Ag strain sensorwire
SEM characterization revealed tliNglon-6 yarn consisted of numerous filaments and all the
filaments werehomogeneouslycoated, Fig. &c. Nylon-6 fibers and yarn showed good
adhesion bonding because of their surface roughness. These small caeitias acchoring
points for deposited metatliparticles and thus shed better adhesion as compared to
polyester and polypropylene polymeric materjéls]. Furthermore, SEM confirmed that the
Ag coating was formed by the continuous deposition of Ag nanoparticles on the surface of
Nylon-6 yarn Figure 'b. In addition large magification showedthat some filaments
exhibitedminute gaps(of nanoscaleyegardless of which the electrical current flow through
the yarn was almost 10% because these minute imperfectiomere found in very few
filaments in comparison to the whole yand their presence did not affect the overall path of
current flow Furthermore, SEM distinguished the nylon core by the Ag coating, Figure 7d.
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Figure7: SEM Characterization of tHeylon/Ag strainsensor wire(a) shows the uniform coating of all filaments of the yarn
with some minute discontinuities (b) confirms that the Ag thin film coating on thé diyrface consisted of deposition of
nanopatrticles of silver. (c) Uniform Ag coating on singlarfient of the Ny6 yarn (d) Crossectional view of a coated
filament to differentiate between the core-Blyand Ag coating

4.2.Electromechanical response and sensitivity of strain sensor wire
The resistance was changed gradually as the strain was applibd s@nsor wire. This
progressive behavior of the sensor wire validdtejood correlation between the electrical
and mechanical responses of the sensor,r€iga The results were very encouraging and
tracking the resistance change of this conductive yarn as a function of increasing load seemed
to be correlating very welllhe sensitivity of the sensor wire was demonstrated layleding
the gauge factor (G.FJGauge factor defines the sensitivity of the sensor by comparing the



change in resistance of the sensor with respect to the applied strain and equation (1) was used
to calculate it.
VL b 4\'(4 K (1)
The gauge factor of this flexible strain sensor wire was found to the range of 225 with
error of sensitivity of 1.7&vithin the elastic limit, Figur&b. This showed thathe Nylon/Ag
sensor wire had good sensitivity and could be used fortireal damage detection

applications.
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Figure8: Experimental calculation dfesensitivity ofthe Nylon/Ag strain sensor wirga) shows the change of resistance
for all three Nylon/Ag sensor wires with the applied strain. This also shgasd correlation between the mechanical and
electrical response of the sensor wire. ghpwsthe calculation of GF. Three tests were catdd to show the
reproducibility and GF was fodlrto be in the range @f1-25 and error of sensitivity curve for all three tests is also presented
in this figure

In addition, the electrical resistance of Nylon/Ag sensor wire was recorded and compared
with neat nylon yarn experimentally to record the change in resistance of the nylon yarn with
the addition of Ag nanoparticles, Figuée This experimental study showed that initially
nylon yarn had very high resistance i.e. poor conductivity thus; it cotldenased for SHM
application. However, with the deposition of Ag nanoparticle by electroless plating drastically
reduce the resistance of the nylon yarn and made it a good conductor of electrical current.
Moreover, Nylon/Ag sensor wire was compared waither similar NylorRAg SHM systemso

further understand the performance of our sensor wire. In comparison with other SHM
systems, it was concluded that Nylon/Ag sensor wire produced by electroless plating showed
better conductivity than nylon fibers inged with Ag nanofiller§62] and nylon fibers coated

with Ag nanoparticles using iodine methf@8]. In addition it was previously discussed that
nanofillerscould beinserted inside the fibdsut, upto a certain weight peentage because
further increase can result in a decreas¢heir mechanical performancé/loreover, even
though Ny/Ag sensor wires produced by depositing the nanowires db&gand nane
crystalline thin film of Ag[55] showed better conductivity than our Nylon/Ag sensor wire but
their fabrcation processes are complexed and expensive additionally, Ag nanowires health
and environmental effects should be considered for Ag nanowire including their impact



during fabrication and disposal
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Figure9: the change of electiat resistance of Nylon yarn with the addition of Ag nanoparticles and comparison of this
change of resistance with other similar Nylag SHM system$55], [58], [62], [63]

4.3Mechanical characterizationand deformation behaviorof the composite

i. Star Specimen for strain monitoring

It was vital to apprehend the deformation behavior of the composite star specimen subjected
to tensile loading to understand the deformation detection response NfltréAg strain

sensor wire, Figur&0. Star specimens were fixed at one leg #Hredensle load was applied

on the opposite leg and all other legs were free. When specimens were subjected to tensile
load, the deformation caused tensile stress along the loading axis i.e. 0° because of the
elongation and compression stresses along the legeoktar specimen in the transverse
direction of the loading axis i.e. 90°. Moreover, it was understood that the combination of
these two stresses, compressive and tensile, were generated at the oblique direetish i.e.
Threesuccessful tests weperfamed,and data wreplotted as stresstrain behavior, Figure

11. However, for sample 1 and 2, sensor A was in the loading axis i.e. in 0° but for the third
test, sample was rotated such that sensor C was in the loading axis i.e. 0°, sensor A was in the
90° and sensor B and D also irdeanged their position, Figure 12 his step was carried out

to test the sensitivity of thlylon/Ag sensor wire with respect to the axis of the applied load
and it did not affect the mechanical behavior showgmbd reprodaibility in results.
Moreover,during the testthe applied load was kept constant as 15kN so it was important to
study thestrain deformation behavior of all three samplBse total strain deformation of all

three samples also showgdodreproducibilityin results and the strain deformation of each
sample was further confired by the DIC camera, Figure.1Bhis comparison showed that

the deformation behavior of each star specimen was similar to the other two specimens,
irrespective of the loaded ledrhis also confirmed the isotropic characteristit the



composite structure and that the presenclyddn/Ag sensor wire at different locations and
directions did not affect the integrity of the structure.

Tensile Load

Tension
Compression

Fixed Leg

Figure10: Deformationbehavior of star specimen during tensile loading

(@) (b)

Figure1l: Comparison of the experimental stragsin behavior of all specimens



@ (b)
Figure12 Placement of the composite star specimen in the tensile machine (a) Sample 1 and 2 and (b) Sample 3

(@) (b)

(© (d)
Figure13: (a) Total strain deformation of all three specimens(dp)Comparison ofhetotal strain of each specimen with
the DIC respectively.



ii. Standard tensile specimen for overall damage detection

The deformation behavior of the standard composite specimen was identical to the star
specimen because it was also subjected to the tensimdoaowever;the only difference

was that these specimemere studied up to final fracture, Figufel. Two composite
specimens with sensor wire in 0° and 90° direction in each specimen were studied for overall
deformation behavior. Sensor wires in eaplecimen were placed in the ddie of both
directions howevein sample2; a defect was intentionally introduced near the fixture, Figure

14. This step was carried out to observe the difference in the damage detection behavior of the
sensor wires especiallihe sensors placed in the transverse direction in both specimens
because it was vital to understand the deformation detection response of the Nylon/Ag strain
sensor wire whether the damage occurs near or far from its position. When specimens were
subjectd to tensile load, the deformation caused tensile stress along the loading axis i.e. 0°
because of the elongation and compression stresses in the transverse direction of the loading
axis i.e. 90°.

Figurel14: (a) Deformation b(e%)avior of star specimen during tensile loading. (b) Scherggtic representation of Sample 1 with

no initial defect and Sample 2 with initial defect

The mechanical response of both samples showed good reproducibility during the elastic
deformation and elastic modulus was found out to be in the range €8.8% GPa, Figure

15a. Overall mechanical behavior of both specimens showed good reproducibility during
elastic deformationhowever, the difference observed in the damage and final fracture was
because of irregular stress distribution and damage propagation because of the introduction of
anintentional defect in sample 2, Figut8b. The objective of this study was to examine the
sensitivity and realime damage detection response of the desigeador wire incorporated

into the composite specimens that could be subjected to variable damage behavior.



@) (b)
Figure 15: Experimental stresstrain behavior of standard composite specimen with and without initial dé#gct
Calculation of Elastic Modulus of each specimen during elastic deformation which showed reproducible behavior. (b)
Overall mechanical behavior of both specimens showed good reproducibility during elastic deformation. The difference in
the damage anfihal fracture was because of irregular stress distribution and damage propagation because of the introduction
of an intentional defect in sample 2.

Furthermore, SEM of the fractured surface of each specimen not only showed fractured fibers
and matrix butalso indicated the position of the Ny/Ag sensor wire (broken), Figure 16a.
Then, on further zoom, fractured Nylon/Ag sensor wire was also studied and two distinct
morphologies were observed. Almost every filament of the Nylon/Ag conductive fiber
showed &clean ductile fracture with both coating and core material, Figure 16b. In addition,
some filaments also showed a pullout or breakage of the coating during the tensile strain. This
breakage of the coating was because of the strain deformation of the aieréahduring
elongation and it was more prominent near the ductile failure of the filanTérsbreaking

of coating could result in the change of resistance of the sensor wire which would be
discussed in detail next secti@EM characterization furtheonfirmed that Nylon/Ag sensor

wire was completely integrated within the matrix and between the random orientation of the
fibers as a reinforcement with good contact.
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Figure16: SEM characterization of thfeactured composite specimen integrated with Nylon/Ag sensor. (a) Fractured surface
of the composite specimen showed random orientation of fibers in epoxy matrix. It also showed the placement of Nylon/Ag
sensor (after fracture) wire from both top andsesectional view. (b) shows fracture of Nylon/Ag sensor wire after the
failure of composite specimen at 100 um and 786x zoom (c) shows single fractured filament of the coated yarn at 30 um and
2850x zoom presenting both ductile fracture and breakageatihgalue to elongation.

4.4Reakttime strain monitoring by Nylon/Ag sensor wire in different directions
within Composites

i. Strain monitoring behavior of Nylon/Ag sensor and reproducibility of results

Nylon/Ag strain sensor wireshowed good electrical signaksponse duringall three



mechanical testsf the composite staspecimen. The resistance was changing in each case
with the gradual increase of the load and sensor wire in all three samples shewweldr
response in all 4 directions i.e. @45° and 90°. Bectrical response @achNylon/Ag sensor

wire showed change of resistance with increase of strain in the spetiavegver, during
deformation the strain sensor wire within the specistewed different behavior because of

its positionand diection with respect to the loading axihis showed thait not only
monitored the deformation hulso identified it ago whether it was compressive, tensile or
both. Test 1 and test 2 were performed by placing the specimen in such a way that sensor A
was in the loading direction and sensor C was in the transverse direction while inthest 3,
specimen was placed in such a way that sensor C was in the loading direction and sensor A
was in the transverse direction.

X Test 1 and Test 2 confirmed the reguoibility of electrical response and the réaie
strain monitoring behavior of thidylon/Ag sensor wireAll sensors A, B, Cand D
showed changed in resistance during the deformation and correlated perfectly in both
teds, Figure 17 Moreover, it was loserved thathe maximum increase in resistance
was recordedby sensor Avhich confirmed maximum tensile deformation occurred in
the loading directionHowever, sensor C showeddecrease in resistance and this
negative behavior confirmed the presence ofmpressive stress and deformation
which established the pamn effect during the deformation of the structur€he
minimum change in resistance was recortbgdsensor B and D and both sensors
showed identical response. This identical response of senaod B was because of
the fact that in isotropic material, these two directionsaarerror of each other with
respect to the loading axis.

X Test 3 was performed and compared with Test 1 to check the sensitivity of the
Nylon/Ag sensor wire with resped¢o the loading axis, Figure8l This comparison
was carried out to not only confirm the strain detection response dfiyioa/Ag
sensor wire but also showed its sensitivity to the applied load or loading direction.
Sensor Qecorded the maximum increaser@sistance in test 3 because it was placed
in the loading direction while sensor A showaedecrease in resistance because it was
in a transverse direction with respect to the loading axis. However, sensor B and D
showed similar behavior in both tests hesa of their identical response in both
directions i.e+45°. In addition, it was observed that the change in resistancthevas
same in each direction in both tests irrespective of the sensor. For example Aensor
in test 1 and sensor C in test 3 shoveesimilar change in resistance because both
placedalong the loading axis. This confirmed that the sensitivity of the sensor was
dependent on its position and direction of the applied load otretivsresporesof
each sensor A, B, C and &n be similaand in every case, the strongest signal was
recorcedalongthe loading direction, Figure9l

In each specimetthe sensor did not only detected theformation but also distinguished

between the type of deformation whether it was tensile or compression.



Figurel7: Reattime strain monitoringy Nylon/Ag strain sensor wire inomposite Star specimen.

Figurel8: Reattime strainmonitoringby Nylon/Ag strain sensor wire. In tedt sensor A was along the loading axis, sensor
B at 45, sensor C at 90° and seri3dn -45° while in tes®2 the specimen was plateansversely with respect to the
specimen 1 and sensor C was along the loading axis, dem@at5, sensor A at 90° and sensor B4iB°.



Figurel9: Sensitivity of theNylon/Ag strain sensor wiraith respect to the loading axis

ii. Strain monitoring behavior of Nylon/Ag sensor in Composites under cyclic
tensile loadin g

The cyclic tensile test further confirmed the reproducibility of electrical response and the real
time strain monitoring behavior of the Nylon/Ag sensor wire under the 20 cycles of tensile
load. All sensors A, B, C, and D showed changed in resistance during the deformation and
correlated perfectly with the applied strain in each cycle, Fig0reThis showed thathe
Nylon/Ag sensor wire also had stability the detection response and leteym response

cycle. This also verified that this strain sensor wire can be reused unless it is fractured even
then; the divided part of the sensor wire could be used as a sensor for damage detection.
Moreover, it was observed that the maximum increasesistance was recorded by sensor A

and sensor C showed a decrease in resistance, even during the cyclic loading which confirmed
maximum tensile deformation occurred in the loading direction and negative behavior of
sensor C confirmed the presence of caspive stress because of the poisson effect. The
minimum change in resistance was recorded by sensor B and D as recorded in the previous
test and their behavior was also identicatimiy cyclic loading. Moreoverticould be seen

that even up to the apptiecyclic strain as high as betweer2% and for 20 cycles the
Nylon/Ag sensor wire perfectly correlated with the applied strain in each cycle. This
confirmed the durability and stability of the sendgdowever, slight diminution with less than

1 % was recaled for the sensor A in comparison with the sensor B, C and D. This reduction
was negligible in comparison to the overall behavior during the cyclic loading. Nevertheless,
the reason behind this behavior of sensor A was because of the fact that seasoplaced

in the loading direction and was experiencing the maximum effect of the applied strain.



Moreover, the applied cyclic strain was applied betwe@%olwhich is within the plastic
deformation regimeSensor A might experience minute permanent defbion during cyclic

tensile and compressive strain because of the poisson effect during the loading and unloading
of the cyclic load.

Figure20: Reattime strain monitoring by Nylon/Ag strain sensor wire in composite Star spaaivhen subjected to cyclic
tensile loading.

4.50verall in-situ strain monitoring and damage detection by Nylon/Ag sensor wire
within Composites

Both standard specimengith sensor wires in longitudinal and transverse direction showed
good electrical signalesponse during the mechanical loading. The resistainsensor wire
along loading (0°was changing in each case with the gradual isered the loaghowever,
the response of sensor wires placedhmtransverse direction in both specimens showed
dissimilar responseFigure 21-22. Global electrical response of the sensor wire in each
specimen showed change of resistance witie increase of strain in the specimen and
resistance reached maximum value during the crack propagation and final fr&cahe
position detected different response and it not only monitored the deformation but also
identified it asto wheter it was compressive or tensile.
In both specimens, the detection of deformation and final fracture by sensor A placed in 0°
was identtal. The resistance of the sensor A increased gradually in both cases with the
increase of strain and reached maximum resistance upon fracture. Moreover, the increase of
resistance of sensor A confirmed the presence of tensile stresses along the loadinapéx
specimens



However, sensor B placed in 90° direction in both specimens showed different overall
electrical response. Sensor B in specimen 1 shastrease in resistance with the gradual
increase of the applied strain which indicatedpghesence of compressive stresses because of
the poisson effect during the tensile loading and then, resistance reached maximum value
upon the damage initiation and final fracture because of breakagee 21-22. Sensor B in
specimen 2 showed no prominaitange in electrical response during the deformation and
even upon fracturea slight increase in the resistance was observed with good sensitivity
Figure 21-22. This change of behavior of sensor B in specimen 2 was because of the fact that
damage did nooccur in the middle of the specimen where sensor B was placed but occurred
near the position of the defect which was introduced during the fabrication. This showed that
the placement of the sensor plays a vital roletle monitoring of damage detection.
Moreover, the slight increase in the resistance of the sensor B indicated the presence of tensile
deformation which confirmed the occurrence of poisson effect near the atka ioftial

defect before final damage. This also verified that even thougiois@did not detect the
damagenitiation in transverse directioduring deformation of the composite specimen but, it
indicated the presence of tensile stresses near its position which could be used as a signal to
predict that the sample would not fragtudeally because of the presence of imperfection or
defect during the fabrication process.

Moreover,it was observed that the resistance increased progressively during the large plastic
deformation or damage initiation and propagation just before naéféilure of the specimen

which was caused by the breaking off of the conductive layer of Ag during the strain
deformation of Nylon yarn (as discussed in the previous section). This phenomenon was the
actual concept behind the rdmhe strain monitoringand damage detection performance of

the Nylon/Ag sensor wireln addition, the SEM images shard in the previous section showed
that Nylon/Ag sensor wire was completely inserted within the fibers and matrix of the
composite specimen with good contact ahdwas deforming simultaneously with the
composite specimen that is why there was no loss of contact between the sensor wire and the
mechanical response of the sensor.

Thus, n each specimerthe sensor did not onlgletectand identiyy the failure but italso
demonstrated the importance of the damage initiation with respect to the position of the
sensor wire in damage detectiand predictionThis study can be further continuedthre

future to study the behavior of the sensor wire during the fabricptimress of composites

and to detect any imperfection or defect in the sample prior to structural performance.



Figure21: Realtime strain monitoring and damage detection by Ny/Ag strain sensor wire in standard composite shecimen



Figure22 Realtime strain monitoring and damage detection by Ny/Ag strain sensor wire in standard composite specimen 2
Conclusion

In this work, an experimental investigation was carried ouleéeelop a microscale strain
sensor wire by depositing nanoparticles of Ag conductive metal on the surface of flexible
nylon yarn and to examine its application in f@ae monitoring and identification of
deformationin composites subjected tensileload. First, standalonstrain £nsor wirewas
tested experimentallyshowed good sensitivityo applied strain and gauge factor was
calculated to be in the range of-2%. The sensor wire was then inserted in the individual
composite specimens fatur different locatios and directionsvith respect to the loading axis
intentionally depending upon the type of damage to be detethedexperimental results
showed good reproducibility in the overall mechanical response of the composite structures
and electrical signalof the Nylon/Ag senso wire in the monitoring of the deformation.
Following conclusions were drawn from this study:

x It confirmed the novel concept of using flexible strain sensor wires based on nylon yarn
with nanoscale conductive metal coating forsitu and reatime strucural health
monitoring.

X The fabrication process was simple, eeffective and applicable to complex structures
such as yarn an®EM images of theNylon/Ag sensor wire showed uniform and
continuous thin film metal coating of Aganoscale particlesn the surface of each
filament of theNylon-yarnwhich confirmedthe good conductivity response of the sensor.



x FourNylon/Ag sensor wires were embeddedi +45°, and 90° direction with respect to
the loading axis in each star specimen subjected to tdnaikng whichdid not only
show reproducibility in rachanical responsbut also showed reproducibility ithe
electrical signal of the sensor wirethe monitoring of the deformation

x All four sensor wires placed in each specimen shovee@ton in theresistance response
of the sensor wire becauseitsf different position and directiosccording to the loading
axis andmaximum increase in resistance was recording along the loading axis which not
only confirmed the detection of tensile load but alsalisted that the specimen will most
likely fail in this direction.

X The cecrease in resistance in transverse direction confirmed the presence of compressive
stressebecause of the poisson effect during the tensile deformation and this behavior was
similar in each testMoreover,Sensor B and D showed that identical response because of
their mirror position with respect to the loading axhswever, their minute change
resistance showed detection of less deformation in the oblique direction during the tensile
test.

X Moreover, It could be seen through the experimental results that even up to the applied
cyclic strain as high as betweer2% and for 20 cycles the NylbAg sensor wire
perfectly correlated with the applied strain in each cycle. This confirmed the durability
and stability of the sensor.

x The overall insitu damage detection of Nylokg sensor wire in standard composite
specimen showed thé#te placement othe sensor plays a vital role ihe monitoring of
damage detection. Moreover, this study also verified that even though sensor did not
detect the damage initiation in transverse direction of specimen with initial defect during
deformation but its signahdicated the presence of tensile stresses near its position which
could be used to predict the presence of imperfection or defect during the fabrication
process which led to theperfectfracture.

X The strain sensor wire designed did not only monitor dhange in the mechanical
behavior of the specimen during tensile deformation but, also identified the type of
damage whether it was tensile or compressive.

X Moreover, the results of sensitivity data of the sensor wire with respect to the loading axis
confirmed that response of the signal is dependent on the position and the direction in
whichasensor isplace for monitoring the damage.

x In addition, NylonAg sensor did not only detected and identified the failure but it also
demonstrated the importance of the damage initiation with respect to the position of the
sensor wire in damage detection and prediction. This study can be further contithead in
future to study the behavior of the sensor wire during the fabrication process of
composites and to detect any imperfection or defect in the sample prior to structural
performance.

This Nylon/Ag strain sensor wireshowed good potential as a flexible reinforcement

composite materialdor realtime monitoring, detectignand identification of damage.

Moreover, this study also showed that it is possible to detect the damage whether it is within

the direction of applied load or not by studying the response dhtloe/Ag sensor wire.

This study was performed using chopped fiber fabric to ensure isotropic behavior of the



composite but can be extended to directional composites to understand the damage detection
response of the strain sensor wire under more complexrdation.
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