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Mechanische, elektrische und sensorische Eigenschaften von
schmelzgesponnenen Polymerfasern gefiillt mit Kohlens toff -

Nanopartikeln

M.Sc. Jose Roberto Bautista Quijano

Multifunktionale Polymerfasern mit Potenzial als Dehnungsd Flussigkeitssensoren wurden
hergestellt und charakterisiert. Die Handéislichkeitsparameter (HSPs) wurden als ein
Werkzeug zur Auswahleines geeigneten Polymers verwendet, das als Matrix fir das
Sensormaterial vor der Faserherstellung verwendet wurde. Die Zugabe von leitfahigen
Kohlenstoffpartikeln zu einer Polymermatrix verleiht ihr Sensorfunktionalitat, wie etwa fur die
Detektion von Zigspannungen und das Vorhandensein von Flussigkeiten, wie es in dieser Arbeit
betrachtet wurde. Als leitfahige Fullstoffe wurden mehrwandige Kohlenstoffnanoréhren
(MWCNTs, MW) sowie eine Mischung aus Ruf3 (CB) und MWCNT im Gewichtsverhéltnis 1:1
verwendet.Die Route die zur Erzielung elektrisch leitfahiger Polymerfasern genutzt wurde,
welche zur Bewertung der Sensorfunktionalitatotwendig sind, war ein kombinierter
Schmelzemisch und anschlieRender Schmelzspinnprozess. Schmelzemischen  und
Schmelzspinnen sthin der Polymerindustrie weit verbreitete Verarbeitungstechniken, welche das
Hochskalieren der in dieser Arbeit entwickelten Fasern ermoglichen. Zuséatzlich zu
Einkomponentenfasern wurden auch Bikomponentenfasern {BE3@rn), die aus einem
PolycarbonatPC)+CB+MW-Mantel und einem reinen PKern bestanden, hergestellt und ihre
Kapazitat wurde mit der von Einzelkomponentenfasern verglichen. Der Dispersionszustand der
Kohlenstoffnanopartikel (CNPs) sowie das Zugverhalten, der elektrische Widerstand und die
Sensorfunktionalitéat bezuglich des Auftretens von Zugspannungen und des Vorhandensein von
Flussigkeiten der Kompositfasern wurden bewertet. Als Ergebnis wurde eine spezifische
Faserzusammensetzung vorgeschlagen, die Potential zur Verwendung als Senabffiinateri
mechanische Beanspruchung und Flussigkeitsaussetzung unter zwei Realsituationen hat
(Belastungsuberwachung einer starren Struktur und Leckagedetektion einer chemischen
Substanz). Sensorfasern, wie sie in dieser Arbeit entwickelt wurden, haberpateftielle




Anwendungen, wie zum Beispiel Echtzbiberwachung der Deformation und
Bauwerkstiberwachung sowie friihe Rissdetektion in jeglicher Art von Strukturen. Auf der anderen
Seite kdnnen Fasern, die in der Lage sind das Vorhandensein von Flissigkdig¢ektieren, das
Austreten von geféahrlichen Chemikalien Gberwachen. Darlber hinaus kann diese Technologie
auch bei der Herstellung intelligenter Kleidung durch Kombination von Sensorfasern mit flexibler

gewebter Elektronik angewendet werden.

Die Hauptegebnisse dieser Arbeit konnen wie folgt zusammengefasst werden:

1. Quellungsmessungen basierend auf der relativen Energiedifferenz (RED), die aus den HSPs der
Polymere und Lésungsmittel erhalten wurden, bewiesen, dass die Verwendung von HSPs ein
geeigneter Asatz zur Auswahl eines Polymer ist, welches als Flussigkeitssensor eingesetzt
werden soll. PC wurde als die Polymermatrix zum Herstellen von Polymerfas@eveentung
der Sensorfunktionalitdhusgewdahlt, da es eine hohe Affinitdt zu vielen kommerziellen
Losungsmitteln sowie eine hohe und schnelle Volumenanderung beim Eintauchen zeigte.
Gemal den Quellungsresultaten sollten Lésungsmittel mit REDs im Bereich von 0,70 bis 0,90
fur die Bewertungen der Sensorik bevorzugt werden.

Unabhangig von der Art des Isioffes wurde eine verbesserte Spinnbarkeit unter folgenden
Bedingungen erreicht: Dise mit groRerem Durchmesser, hoherer Durchsatz, geringere
Abzugsgeschwindigkeit und geringer CN/sehalt. Komposite, die die hochste
Schmelzeviskositat aufwiesen (unterfsuin Oszillationstests), waren auch diejenigen mit der
schlechtesten Spinnbarkeit. Im Gegensatz zu den PC/MWEAS@rn wurde gezeigt, dass die
PC/CB Fasern bei hoheren (>3 Gé) Flllstoffkonzentrationen besser verspinnbar sind.

Nach allen in dieser Adt durchgefihrten Spinnversuchen war das optimale
Verspinnbarkeitsfenster fur Einzelkomponenrkasern: Durchsatze = 0;4717 cm3 / min mit

einer Abzugsgeschwindigke= 20 m / min bei einem @&esamtf
(MWCNT und CB+MW). Die Spinnlr&eit der BICGFasern nach Zugabe der CNPs war sehr
schlecht und es war sehr schwierig, stabile und leitfahige Bi&@@rn zu erhalten. Nach
Variation der Durchsétze von Mant@) und Kern(d ) wurde eine verbesserte Spinnbarkeit

in BICO-Fasern gefunden, wenfb) und (&) beide 1,50 cm? / min betrugen. BlCRasern

wurden erfolgreich gefertigt bei Verwendung von bis zu 3 @éwWWCNT und 5 Gew%

CB+MW.

In den schmelzgemischten Kompositen wurde eine gute Dispersion fur abeidiien mit
geringen Gew% (1-3 Gew:%) erreicht, was unabhéangig vom verwendeten Fullstoffwar. Im
Allgemeinen waren die Komposite mit dem hochsten kumulativen




Agglomeratflachenverhaltnis die PC/CB+MW Komposite, wahrend das niedrigste Verhaltnis
fur die PC/CB Komposite beobachtet wurde.

Wie in der Rasterelektronenmikroskopie im LadungskonrBédgebungsmodus beobachtet
wurde, konnen gut orientierte / ausgerichtete Kohlenstoffnanoréhrchen fir uoh
Zweikomponentenfasern bereits bei dem niedrigstéersuchten Verstregkrhaltnis(DDR)
von 4,83 gefunden werden.

Die Kompositform hat einen grof3en Einfluss auf den spezifischen Widerstand der
entsprechenden Proben. Unterschiede im spezifischen elektrischen Widerstaom~ 2 und

~ 5 GroRenordnungenurde zwischen gepreRten PC/MWCIRToben { ~ 1¢ Wem) und

nicht verstreckten PC/MWCNTilamenten i ~ 10* Wem) gefunden sowie zu den Fasern mit
DDR = 30 ¢ ~ 1 Wem). Im Allgemeinen haben die PC/MWCMN&serneinen niedrigeren
spezifischen elektrischen Wadstand als die PC/CB+M\Wasern, wenn sie unter den gleichen
Bedingungen und mit dem gleichen Fullstoffgehalt hergestellt werden..

. Die Verwendung von niedrigen DDRs-{2) und Kohlenstoffnanopartikelgehalten zwischen 3
Gew:% und 5 Gew% sind fir die Hestellung von Sensorfasern bevorzugt, da héhere
Fullstoffgehalte zu einer schlechten Spinnbarkeit fihren und hohere DDR den spezifischen
elektrischen Widerstand signifikant reduzieren. Es konnten nur zwei Fasern hergestellt werden,
die innerhalb des zuBewertung der Sensorfunktionalitgeeigneten Widerstandsbereiches
lagen,. Diese Fasern wurden unter Verwendung eines MWCNT:CB=1:1 Gewichtsverhaltnisses
erhalten.

Der maximale Versteifungseffekt (Zunahme des Elastizitatsmoduls E um 50%) wurde fir
PC/MWCNT mt 6 Gew:% bei DDR = 4,83 gefunden, bei dem auch die maximale Zunahme

der Zugfestigkeit von ~ 28% gefunden wurde. Die maximale Abnahme der Bruchdehnung
(emax) von ~ 95% wurde fiir PC/CB 6 Ge# bei DDR = 12,03 gefunden, was einer Dehnung

von 3,46% entspricht (im Vergleich zu 80% fur PC bei diesem DDR). Ein grof3erer Abfall von
emaxwurdenach Zugabe von Kohlenstoffpartikeln mit Gedy. O 2 f ¢ r obdchtet. Faser

. Der Dehnungsfaktord (wie aus dein situMessungen der elektrischen Widerstandsanderung
wéahrend Zugversuchen ermittelt) von PC/MWGCRasern erwies sich als sehr empfindlich
gegenuber des DDR und des MWGCI&Ehaltes. Geringere MWCNGehalte undhdhere
DDRs fuhrten zu hoherensS Auf der anderen Seite hatte bei PC/CB+MW Fasern das DDR
einen sehr geringen Einfluss auf des &r Fasern. Angesichts der Tatsache, dass die Mehrheit
der im Handel erhéltlichen DehnungsmessgeraieVi&rte von ~2 aufeisen, zeigte die




10.

11.

12.

Mehrheit der hergestellten Fasern eine hohere Empfindlichkeit als kommerzielle Sensoren und
lieferte zudem ein stetiges elektrisches Signal.

Die hochste Dehnungsempfindlichkeit wurde fir PC / MWCNT mit 3,5 @éviei DDR =

8,08 mit einemSsWert von ~16 gefunden, wahrend die niedrigste fur PC/CB+MW mit 6
Gew:% bei DDR zwischen 4,83 und 8,08 verzeichnet wurde, hier ergab ¢ichk153. Die
piezoresistiven zyklischen BelastuAgstlastungsTests zeigten, dass die PC/CB+Mvasern

unter desen Bedingungen besser arbeiten als die anderen Arten von Fasern. Andererseits
erwiesen sich BIC&-asern bereits bei Dehnungen kleiner oder gleich 1% als ungeeignet fur
zyklische oder periodische Tests.

Wenn man die REBVerte im Voraus kennt, kann maredtahigkeit der Fasern zur Detektion
spezifischer Losungsmittel vorhersagen, da Lésungsmittel mit hoher Affinitat zu einer hohen
relativen elektrischen Widerstandsanderungi)Rihren. Fasern mit niedrigerem DDR und
hoheren Gew%% fuhrten zu einer hohen Flissigkeitsempfindlichkeit. Dies ist hauptsachlich
auf Anderungen in der Diffusionskinetik bei der Ausrichtung der Polymerketten innerhalb der
Faserstruktur zurtickzufuhren. Die PC/CB+M¥dsern zeigten im Vergleich zu PC/MWCNT
Fasern eine bessere Beslifjheit gegeniber allen bewerteten Losungsmitteln. Nach den
PC/CB+MW Fasern zeigte die BIGEaser die beste Fliissigkeitsdetektion. Anderungenvon 1

2 GrofRenordnungen sind innerhalb der ersten Sekunden des Eintauchens sichtbar, die bis zu
einem maximalen R von ~3000% reichen, was die sehr hohe Empfindlichkeit der
PC/CB+MWFasern bestatigt. Insgesamt legt die Flissigi@stssorik der hier bewerteten
Kompositfasern nahe, dass alle mit Kohlenstoff gefilltenFBS€ern mit anfanglichen
Widerstanden innerhalldes ErfassungBignungsbereiches gut als Flissigkeitssensoren
funktionieren.

Nach der Bewertung der Eigenschaften und Ergebnisse der verschiedenen Kohlenstoff
nanogefillten P&Kompositfasern wurde gefunden, dass Fasern aus PC/CB+MW 4%ew.

bei DDR = 4,83besonders gut geeignet sind fir eine multifunktionale Detektion. Mit der
ausgewahlten Faser wurden zwei Szenarien in der realen Situation untersucht: die strukturelle
Zustandsuberwachung einer relativ starren Struktur und der Nachweis eines
Kontaminationmittels in Wasser. Die multifunktionale Sensorfaser konnte ihre effektive
Verwendung bei diesen zwei unterschiedlichen Erfassungsaufgaben, die in realen
Lebenssituationen auftreten kénnen, erfolgreich nachweisen.

Vi



Mechanical, electrical , and sensing prope rties of melt -spun

polymer fibers filled with carbon nanoparticles

M.Sc. Jose Roberto Bautista Quijano

Multifunctional polymer fibers with strain and liquid sensing capabilities were fabricated and
characterized. The Hansen Solubility Parameters (HS&ts)wged as a tool for selecting a suitable
polymer to employ as matrix for the sensing material before fiber fabricdteaddition of
conductive carbon particlegs a polymer matrix provide it with sensing capabilities, such as
againstensile strairand the presence of liquads it was evaluated in this wolMultiwall carbon
nanotubes (MWCNTs, MW) as well as a mixture of carbon black (CB) and MWCNTSs in weight
concentration of 1:1 were used as conductive fillEre route followed to achieve eldactlly
conductive polymer fibers necessary for sensing evaluations was a combined process of melt
mixing and subsequent melpinning. Meltmixing and mekspinning are processing techniques
widely used irthe polymerindustrythat could enable the tgralng of the fibers developed in this
work. Additionally to single component fibers,-@tmmponent(BICO) fibers consisting of a
polycarbonate (PGCB+MW sheath and a neat PC core were also fabricated, characterized and
their performancewvas compared to theirsgle component fibersThe state of dispersion of the
carbon nanoparticles (CNPs) as well as tensile behavior, electrical resistivity, strain and liquid
sensing properties of the composite fibers were evaluated. Finally a specific fiber compatsition
potential to be usd as sensing material for mechanical strain and liquid exposition was proposed
to be tested under two real situations (strain monitoring of a rigid structure and leakage detection
of a chemical substancepensing fibers as the developedthis work have many potential
applicationssuch as redime deformation and structural health monitoring aady cracking
detection of any kind of structure. On the other hdihbars able to sense the presence of liquids
can perceive the leakage diemicals that are hazardous to life. Moreover, this technology can
also be applied in smart clothing manufacture by combining sensing fibers with flexible woven

electronics

Vii



The main results of this wokdan be summarized as follows:

1.

Swelling measuremesibased on the Relative Energy Difference (RED) obtained from the

pol ymersdé and solventsd HSPs proved that th
polymer aimed to work as liquid sensor. PC was selected as the polymer matrix for
fabricating polyner fibers for sensing evaluations since it showed high affinity with many
commercial solvents as well as high and fast volume change upon immersion. According to

the swelling results, solvents with REDs ranging from 0.70 to 0.90 should be preferred for
sensing evaluations.

Independently of the kind of filler, improvedispability was achieved with the following
conditions: @ with larger diameter, higher throughput, lower takespeeds and low
content of CNPs. Composites that showed the highest neglbsity (investigated in
oscillatory tests) were also the ones with the poorest spinnability. In contrast to the
PC/MWCNT fibers, the PC/CB fibers were shown to be better spinnable at higher (> 3 wt%)
filler concentrations.

After all the spinning evalumins performed in this work, the optimal spinnability window

for single component fibers was: throughputs = @.477 cm3/min with takeip speed = 20

m/ min at a total filler content O 6 wt%. Th
of the CNR was very poor and it was very difficult to achieve stabléconductive BICO

fibers. After varying the throughputs of sheath) @and core® ), improved spinnability was

found in BICO fibers whenw and w were both 1.50 cnhin. BICO fibers were
successfully achieved up to MWCNT 3 wt% and CB+MW 5 wt%.

In meltmixed composites good dispersion was successfully achieved for all the composites
with low wt% (1-3 wt%) independently of the filler used. In general, the composités w

the highest cumulative agglomerate area ratio were the PC/CB+MW composites, while the
lowest ratio was observed for the PC/CB composites.

As observed in Scanning Electron Microscopy in Charge Contrasts Imaging meltle, w
oriented/aligned carbon namdiescan be foundor single and bcomponent fibers already
at the lowesDraw Down Ratio (DDRgvaluated which was 4.83.

There is a great influence of the composite shape on the resistivity of the corresponding
samples. A difference in the electricabistivity ¢ ) of ~2and ~5ordersof magnitudevas
foundbetweerPC/MWCNT compression molded samp(es- 10 Wem) andPC/MWCNT
un-drawn filamentgr ~ 10* Wem) as well agibers withDDR=30 ¢ ~ 1 Wem). In general,

when fabricated at the same conditions and wighdame filler content, the PC/MWCNT
fibers tend to have lower electrical resistivity than the PC/CB+MW fibers.

viii
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11.

The use of low DDRs (42) and carbon nanoparticle contents between 3 wt% and 5 wt%
are preferred for the fabrication of sensing fibers sihggher loadings lead to poor
spinnability and higher DDRs reduce significantly the electrical resist®ityy two fibers

could be produced which were within the resistivity range suitable for sensing evaluations.
These fibers were obtained by using a MMICCB=1:1 ratio.

The maximum stiffening efféc(increase in elastic modulus iy 50%) was found for
PC/MWCNT 6 wt% at DDR = 4.83, for whicllsa the maximum increase in tensile strength

of ~28% was found. The major decreasestiain at breakenaxy) of ~95% was found for

PC/CB 6 wt% at DDR = 12.03 corresponding to a strain of 3.46% (compared to 80% for PC
at this DDR).Larger reduction was seen@axa f t er t he addition of
particles for all the fibers

The strairgage factor & (asextracted from then situmeasurements of electrical resistance
change during tensile tests) of PC/MWCNT fibers was found to be highly sensitive to the
DDR and the amount of MWCNTs. Lower MWCNT amount and higher DDR led to higher
Ser. In the other handpf PC/CB+MW fibers the DDR had a very small influence on the
Scr of the fibers. Given that the majority of commercially available strain sensing gauges
have Srvalues of ~2, the majority of the sensing fibers fabricated showed higher sensitivity
than comnercial sensors and provided a steady electrical signal.

The highest strain sensitivity was found for PC/MWCNT 3.5 wt% at DDR = 8.08 having a
SGF value of ~16, while the lowest was for PC/CB+MW 6 wt% at DDRs between 4.83 and
8.08 giving a &F magnitude of~1.3. The cyclic loadinginloading piezoresistive tests
indicated that the PC/CB+MW fibers perform better in such condition than the other kinds
of fibers. In the other hand, BICO fibers proved to be unsuitable for cyclic or periodic tests
alreadyat strans lower or equal to 1%.

Knowing theRED valuesin advanceallows predictingthe ability of the fibersto sense
specific solvents since high affinity solvents result in rigjative resistance changedR

Fibers with lower DDR andhigher wt% led to igher liquid sensitivity. This is mainly due

to changes in the diffusion kinetics upon polymer chains alignment within the fiber structure.
The PC/CB+MW fibers performed better against all the solvents evaluated as compared to
PC/MWCNT fibers.Following the PC/CB+MW fibers, the BICO fiber showed the best
liquid sensing performance. Changes & @rders of magnitude are visible within the first
seconds of immersion reaching up to a maximugndR~3000 % which confirms the very




12.

high sensitivity of the?C/B+MW fibers. Overall, the liquid sensing behavior of the here
evaluated composite fibers suggests that all the carbon filled PC fibers with initial
resistivities within the sensing suitability range perform well as liquid sensors.

After assessing the pregies and results of the different carbon nanofilled PC composite
fibers it was identified that fibers made of PC/CB+MW 4 wt% at DDR = 4.83 are especially
suitable for multifunctional sensing. Two realtuation scenarios were examined using the
selectediber: the structural health monitoring of a relatively rigid structure and detection of
a contamination agent in water. The multifunctional sensing fiber was able to successfully
prove their effective use in these two different sensing tasks that cocdd io real life
situations.




Abbreviations

ABS
BICO
PC
CPCs
CNTs
CPF
CNPs
MWCNTs
GO
EG
USsD
GNPs
TEM
CB
SWCNTs
CCVD
PCL
SEM
PP
PA
EVA
PAN
PS

Acrylonitrile-butadienestyrene
Bi-component

Polycarbonate

Conductive polymer composites

Carbon nanotubes

Carbon nanopatrticle filled polymer fibers

Carbon nanoparticles

Multiwall carbon nanotubes
Graphite oxide

Expanded graphite

United States Dollar

Graphite nanoplatelets
Transmissiorelectronmicroscope
Carbon black

Singlewall carbon nanotubes
Catalytic chemical vapor deposition
Poly (caprolactone)

Scanning electron microscope
Polypropylene

Polyamide

Ethylenevinyl acetate
Polyacrylonitrile

Polystyrene
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PMMA
TPU
PE
Phr
PVDF
HIPS
HSP
PANI
PET
PLA
SEBS
PVA
RED
DDR
CCl
DCM
MEK
DMF
THF
SM

Poly (methyl methacrylate)
Thermoplastic polyurethane
Polyethylene

Parts per hundred rubbe
Poly (vinylidene fluoride)
High impact polystyrene
Hansen solubility parameters
Polyaniline
Polyethylenedrephthalate
Poly (lactic acid)
Styreneethylene/butylenstyrene
Polyvinyl alcohol

Relative energy diérence
Draw down ratio

Charge contrast imaging
Cichloromethane

Methyl Ethyl Ketone

N,N dimethylformamid
Tetrahydrofurane

Sensitivity maximum
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Symbols

VL
Vo
Do

S off

Cross sectional area of the die
Ratio of the cumulative area pfojected agglomerates
Projected agglomerates

Total area of micrograph
Electrical resistivity

2-dimensional

Strain gage factor

Initial electrical resistance
Change in electrical resistance
Mechanical Strain

Energy from dispersion forces
Energy from intermolecular forces
Energy from hydrogebonds
Interaction radius

Distance between a polymer and solvent in the Hansen space
Volume change

Density of polymer

Density of solvent

Weight before immersion

Weight after immersion

Velocity of the fiber at the winder
Extrusion velocity at the die
Diameter of the die hole

Offset yield stress
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S max Tensile strength

€max Elongation at break
E Elastic modulus
Rerel Relative resistance change

I Linear mass density

rd Volumetric mass density

O Innerd i e anseterd |

Do Outerdi eb6s di ameter
4] Diameter of fibers

W Throughput of the core

W Throughput of the sheath

fc Electric percolation threshold
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1. Introduction

1.1. Motivation
Polymer productsare worldwide vastly usedhanks to their versatility they can be found with

different shapes and colors in almost every home on the planet as well asatcloengineering
projects that have specific higachnological needs. According to their thermal properties and
their behavior upon heating, polymers are classified as thermoplastics and thermosets. Unlike
thermosets, thermoplastic polymers can be melted to be shaped using several processing
techniquessuch as extrusion, pultrusion, injection, fiblowing, hotpressing, solution casting,

melt-spinning and many more.

On the other hand, there has been an increasing interest to make functional polymer materials with
enhanced properties or with additibfeatures like fire retardancy, increased strength, increased
ductility, thermal insulation, etc. There are many effective ways to fabricate functional polymers.

It is possible to mix two or more polymers with different properties in order to produesac bl

with combined properties. For instance, by blending acrylonbtadienestyrene (ABS) with
polycarbonate (PC) i1t i s possible to increase
use as automotive interior trim and electrical houglihgAnother approach to fabricate functain
polymer materials issing adlitives that give the polymer additional properties absent in the neat
polymer. Microbarf (Microban International Ltd. UK, 2016) has proved that agl@intimicrobial

agents into polymers inhibits the growth of bacteria which is of great importance for food
packaging[2]. Alternatively, the addition of different kd of particles or nanoparticles with
specific properties can provide new and advanced features to polymers. Dai et al. fabricated a
magnetic recording media by adding cobalt ferrite nanoparticles intblaak copolymer, poly

(acrylic acid}b-poly(styrene), which give the polymer the capability to react upon magnetic field

exposurg3].




1. Introduction

Polymers are predominantly electrically isolating materials. Some polymers like
polytetrafluoroethylene (such as Teff)rare particularly well known for its electric isolation
capadty. Moreover, a feature that can be added to polymers is the ability to electrically conduct.
In the last years, carbon particles are possibly the most used fillers to fabricate electrically
conductive polymer composites (CPT4). When enough amount of filler is added to a polymer
enabling it to be electrically conductive, it is said that it has reached or surpassed the electrical
percolation threshold. In general, making composites with-fikeicarbonnanogrticles requires

fewer amounts of filler to achieve electrical percolatencompared tepherical shaped carbon
fillers such as carbon bla¢k]. Moreover, given their aspect ratio (length/diameter) slightly over
100, the volume fraction of a fibdike carbon structure such as carbon nanofibers needed to be
added to polymer for achieving electrical percolation is between 5 and 10 of weigenttation
percentage (Wt%d6].1 n contr ast , (CNI)yhavwe avemhaheoasped ratid 6150)
and together with theinigh electrical condctivity CNT-basedcomposites havewer electrical
percolation thresholds arfugher conductivitieghan either carbon black or carbon nanofiber
based systenid].

More recently there is an increasing trend to fabricate sensing devices based on CPCs. This is
given by the versatility that polymers have, plus the relative eaSePOR falzication which is
compatible with almost all polymer processing techniques and also théilyssif mass
production at low codi8]. In this matter, sensing devices based on CPCs containing CNTs have
aroused great interest, due to the excellent elecai@himechanical properties of the CNTs. It is
known that polymer/CNT composites respond to certain external stimuli by changes in their
electrical resistancgue to changes in the network structure of the conductive filler network upon
such stimuli. his ahlity makes the fabrication of different kind of polymer based sensors possible.
Amongst the external stimuli that cause change in electrical resistance in CPCs are mechanical

strain, changes in temperature, and changes in concentration of vapors, ddisesdsfo, 10].

There are some processing techniques that have been proven to be effective for shapinthCPCs wi
sensing capabilities; such as compression molding, injection molding and fiber spiihig).

From these methods, fiber spinning could be a very promising agpreace it gives the
possibility to manufacture sensing textiles. At the present time-msuging technological
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applications require the use of diverse kind of sensors, like biological sensors, mechanical sensors
and chemical sensofd4-16]. Nevertheless, the nanocomposite technology is one of the most
promising approaches in the race for achieving high efficiency, ease of us@yotassbilityand

low cost insensor fabrication. However, to manufacture sensing textiles is perhaps the only
approach in which it is also possible to have large area sensors using a small amount of raw

material for composite fabricatiqa7].

Even though fiber spinning of CPCs still has technological challenges, sensory CPC fibers
containing CNTs are very promising candidates for large scale sensor fabrication, arwmbstlow
efficientlarge production§l§]. In addition, the addition of two particles with different geometry
and aspect ratios an interesting approadbr sensing fiber fabrication. This due to that the
addition of a conductive particle with contrasting shape and aspe&ctoatipared to a fibdike

particle such as the CNTs ratio might have a significant effect in the conductivity and sensitivity

upon fiber drawindghat could improve the sensing abilities of the composite fibers

Additionally, large areaensors could bproduced given thamneltspun fibers can be relative
easily woven in textiles. Furthermore, there is the possibility to fabricatenponent fibers
where the core or the sheath can consist of different miscible or immiscible po[yi$jeigery

few works has beereported using this technology to achieve conductive fibers, where one of the
components is a conductive polynj@0]. Yet, this possibilityto fabricate bicomponent fibers

has not been evaluated to be used with the atmeofiseor different sensing applications.

There are many potential applications for polymer fibers with sensing capabilitiaastamrce,
composite fibers with strain sensing properties could monitor mechanical deformation in any
structure either small or large as a building; this also includes complex structures like airplane
wings where a sensing textile can be placed followimg shape in the aircraft enabling early
detection of fissures (see Figure 1.1). This kind of fibers would be also able to detect early cracking

in any structure preventing accidents.
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Figure 1.1. Structural health mdorlng principle using carbon nanopatrticle filled polymer fibers (CPF)
in the shape of grid or a textile.
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Figure 1.2. Potential applications of CPF as hazardous liquid detectors.
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On the other hand, fibers able to sense the presenceid§l@an perceive the leakage of chemicals

that are hazardous to life. Placing liquid sensing fabrics outside chemical containers either in
storage or during transportation could prevent human hazard by responding when a leakage occurs.
Another possibilitys the use of large textile fabrics underground in order to prevent contamination

of groundwater through a warning signal triggered upon pollutant or poisonous liquid detection
before it reaches the water (see Figure 1.2). Moreover, this technologyaha afsplied in smart

clothing manufacture by combining sensing fibers with flexible woven electrfitiics

1.2. Aims of the work
The following work is intended to contribute to the further development of polymer/carbon

nanoparticleomposite fibers towards the manufacture of sensing materials. The focus of this work
lies on the fabrication of polymer fibers capable of sensing not only one but multiple external
stimuli, specifically mechanical strain and exposition to organic sadyeamd to evaluate their
performance. Other properties of interest such as electrical resistivity and mechanical properties

will be characterizeth order to ensure the capability of the fibers for working as sensing materials.

In order to get high andg$aresponse to organic solvents a proper polymer matrix has to be chosen
which determines the selectivity of the fiber upon solvent exposifioa.matrix should be able

to swell without dissolution during solvent exposure so that the conductive netwat& the
matrix changes its density and by that the resistance, which is the signal to be dEbectedre
features thasome of thepolymer based liquid sensaraterialsreported in literature lack. For
instance, some of them are based on biodegragahjmers which are not durable for long time
when exposed to environmental conditi¢Bg, 23]. Others nee@ high amount of a condttive

filler loading to achieve a fair solvent sensing with a slow and weak response to liquid exposition
[24-26]. Therefore, new approaches have to be takendardp get durable liquid sensors with

fast and high response. The potential liquid sensing selectivity and sensitivity of a CPC can be
pursued by following the solubility parametagproach proposed lharlesHansen in order to
select a suitable polymérat reacts strongly to organic solveff3]. The liquid sensing behavior

of the selected polymer rde afterwards characterized by knowing its electrical response after
direct contact with diverse selected solvents. For that reassrof great importance thahe

5
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material working as sensbas to belectrically conductive. As conductive fillers fifent carbon
nanoparticles and their combination can be selected. Due to their excellent physical properties, the

first choice could be multiwall carbon nanotubes (MWCNTS).

Given thatthe existence of remaining nanoparticle agglomerates disturligtoéndabrication,
meltmixing is an effective method to prepare composites since it has proven to be an effective
way to disperse carbon nanotubes into polyni{@&33]. During the meklmixing process
performed using a twiscrewextruder(or also a microcompoundea) main task is to achieve
suitable filler dispersion, so that the composite can be-speh to fibers. The existence of
remaining primary agglomerates damevaluated by means of optical methods. In addition, since
fiber spinning of composites is a difficult task, attention has to be laid on the melt processing

window of composite fibers having different types of filler, loadings and spinning conditions.

For characterizing the strain sensing abilities of CPC materials the changes in electrical resistance
are measured upon mechanical 1¢a8. One of the main issues to be solved concerning strain
sensingof CPCscontaining CNTs is the sensitivity, which commonly is below or just above the
one found in commercial strain sens(@4. In order to comete with traditional sensor, composite
sensor should have higher sensitivity. A possible advantage of using fiber composites as strain
sensors is the already reported alignment of the carbon nanpi@heBhis phenomenon could
actually provide the fibers of Iger strain sensitivity; which can be studied by quantifying the
effect ofdrawingon the sensitivity. Subsequently, strain sensing properties of the fibers can be

evaluated by a typical piezoresistive characterizd86h

Among otler issues related the processing gbolymer/carbon nanotube composites thera is
highly increased melt viscosigs compared to the unfilled polyni@6]. This increase makes the
composite more difficult to process atieerebyreduces the spinnability dfie nanocomposites.
Mixing the polymer, the carbon nanotubes and one extra carbon filler with lower surface area than
of MWCNTs might increase the procadility, probably as well without reducing the electrical
conductivity of the resulting composite. Additionally, the still high cost of nanocomposites is

among the issues that delay the commercialization of such specialized materials. Therefore, if the
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second filler is cheaper than the MWCNTSs it could also give an extra benefit by reducing the cost

of the resulting composite fibers.

Furthermore, many efforts have been done to achieve composite sensor with high sdBditivity
37-50]. However, the question of whether it is possible or not to increase the sensitivity of polymer
composites by using CPFs sti#dmains unanswered. One uninvestigated alternative aiming to
increase the sensitivity of the fibers is by fabricatingegdmponent fibers. In that direction,
fabricating a coresheath fiber system where the core is electrically isolating and the conductive

particles are only in the sheath is an interesting approach not yet evétuaeasingourposes

To evaluate the effect of the quantity of added fitet he f i ber s6 properties,
carbon particles will be added to the polymertikemmore, for evaluating the sensing performance

of the fibers, surpassed electric percolation has to be achieved. It is also well known that when
adding any kind of particles to a polymer, the mechanical properties will be also modified. In this
way, it is necessary to know how the addition of carbon particles affects specific mechanical
properties important for such structural sensor; for instance the elastic modulus, strength, strain at
break and yield strength.

Finally, once that all the properties ioterest have been evaluated on the fibers it will become
possible to know which of the different alternatives performs better. It should be also feasible to
distinguish which conditions provide the best performing sensing fibers. At the end of the work,
the potential of this kind of fiber will be assessed by comparing them with the available technology
that is already on the market. With this information, a prototype proposal for commercial use might
be given and at the end an outlook for potential fuivmek will be presented. All the outcomes
together resulting from this work could contribute to increase the knowledge on composite based

sensors for further accomplishment of commercial products.
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2.2.1 Graphite

2.1.Introduction
In recent years wide range of technological applications demands the use of different kind of

sersors, like biological sensorgl4], mechanical sensorfl5] and chemicalsensors[16)].
Nanotechnology is thene of themost promising aresgfor achieving high efficiency, ease use,
mass production and low cost sensors fabricatitmwever,this new techology still requiresa
strong foundation of knowledge and research.

Given theversatility andorocessability of polymers, conductive polymer composites (CHIEd)

with carbon particlebavedragyedattention fortheir use as sensing mater[&|. For instance, a

CPC could be shaped in many diverse ways like discs, cubes, balloons, bags and even fibers that
can later be woven into textildsurthermorein contrasto other polymer shapingrocesssfiber
spinningcould give the chance of making kilometers of sengmiaggerial (in the shape offder)

with only a few grams of composite materighis is something which almost cannot be taken to
practice with any dter electrically conductive material rather than with CPCs. AIRCs have
theadvantage over other new technologies that the processing techniques needed to fabricate them
already exist anthey arealsowidely used[4]. Additionally, contrary to traditional sensane
additional componeastsuch as integrated circuits are needed to give the polymer the ability to
senseor transduceTherefore for making polymer senisg fibersattentionhas to be directed to

the particles used as conductive elements and to the procetsihgiques employed for
fabricating the CPCs. The most common particles used to fabricatsnductive polymer
composites are carbon particles due to thigih electricalconductivity[51].

Going forward,jn conductive polymer fiberlled with carbon nanopéclesthere is an enlarged
distancingof the particleccurringthrough the spinning procegs8|, which a the same time

could greatly improve theessing abilities of the fibers teen® the presence of liquids and
mechanical strairf13, 34]. Hence, manufacturingeffective, versatile and cheapnductive

polymer fiber sensorfilled with carbon naoparticleswould mean a significant step towards

commercial polymer sensors industrialization.

In the following chapter, some of the basic knowledge and prinaglie®d to this work will be
introduced The most important features of the most commaharaparticles antheirimpact on
polymer properties will bgiven and comparedSome ofthe most used techniques to fabricate

9
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polymercomposites and polymdbers will be described and discuss@&tie working principles
of carbon nanoparticle filled patyer sens@will be detailedand relevantesearch developedo

this subjectwill be presented

2.2.Most common @arbon fillers and their properties
2.2.1. Graphite

Giventhat carbon can bond to itself by single, double, or triple bonds it is possible to have grea
variety of carbon structuredmong them diamond and graphite are the only ones that can be
found in nature at ambient conditions. In diamond, the carbon atoms hateoafgguration all

bonds are sigma bonds and are arranged in a tetrahedral(fafieceo Figure 2agiving it a very

rigid and stable structure known to be as the hardest of all natural maigPjalin contrast,
graphite is a very soft materiah whichthe carbon atoms have hybricf nds fornng planar
hexagonal ringsn layers parallel to each other (see Figur#bR Moreover, the remaining p
orbitals are delocalizep-type bonds perpendicular to the planes and provide of week van der
Waals attracting forces between the planes. thesdifferencebetween the bonding forces the
responsible of the divee properes that graphite has

* -

-

3 .‘
|

-

Figure 2.1.Schematic representation of the structureadfdiamondandb) graphite ¢) Scanning
electron microscopéSEM)image of commercial graphite particles from Absury Carbons© 2016

Graphite is known to be the most deabarbon structure under standard conditions. Graphite can
havedifferenttypes natural, synthetic, expanded and graphite oxide; each offtasimteresting
properties such as electrical conductivity, thermal conductivity, hardness, porosity and themica
reactivity[52]. In Table 21 some othe main propertiesf graphite &aroom temperaturare listed

Table 2.1. Characteristic properties of graphi{®&1, 53-57)

10
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Property Value
ElectricalResistivity (UW*cm) ~50*
AX10H **
Elastic Modulus (GPa) 42-115*
2.67.9 **
Tensile strength (MPa) 3.7517.4 *
2.91:15 **
Density (g/cm?3) 2.26
Surface areém?/g) ~10

*Parallel to the basal plane. *Perpendicular to the basal plane.

Since graphite is very anisotropic materigome ofthe physical properties on both axes are
commonly given. There is for instance a significant difference for the electrical resistivity
depending on the axésindicatedn Table 2.10ver the years and thanks to iteperties, graphite

has been mainly used as electrodes in electric arc furnaces, in metallurgic industry as crucibles for
heating and refining metals, as refractory material, as heat exchanger in the chemical industry, in
automotive industry as pistons/biegs and even in the nuclear energy industry as shielding
material in nucleareactorsDue to itslow electrical resistivity it has beealso used to construct

the anode in the battery fabrication

While natural graphite can be obtained in large quastitly mining synthetic, expanded and
graphite oxide have to be fabricated and/or processed to be usable in different applithéons.
standard process for fabricating synthetic graphite is heating a carbonaceous precursor (which can
be derivate materialsom petroleum, coal and organic chemicals) in an inert atmosphere to
temperatures in excess of 2,400°C where the high temperature affects thstatelighase
transition leading to the formation of graphite crystallitdatural and synthetic graphitesaised

to obtain gaphite oxide (GQ)The technique foobtaining GO from synthetic graphiteas first
developed bysir Benjamin Collins Brodie in 1859 at the Oxford Univer$tg]. The fabrication

of GO from synthetic graphite is dor®y treatng thesyntheticgraphite flakes with oxidizing

agents in order to introduce polar groups on the graphite surface so that the layers spacing gets
widered Expanded graphite (EG) is fabricatég heating intercalated graphimompounds

11
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(natural orsyntheticgraphite with atoms or molecules of different chemical species between the
graphite layers) untilhey surpass a critical temperature (or exposed to radiation). Then a large

expansion (up to hundreds of times) of graphite flakes along the transversequdasewhere

the intercalated molecules or atoms form large linear structures between the graphite layers in a

process known as exfoliation.

Graphite pries arébased omwo characteristicdlake size and puritwwherebysmaller flakes with
relative bw carbon purity results in reduced pricif@urrent prices on graphite’s market range
from about$500 United States DollarySD)/ton (1g = $0.0005 USDjor particles below 75
microns to approximatel$2,000USD/ton for jumbo flakes lamgy than 300 microdiameter and
higherthan 94%of carbon content. Uncoated spherical graphite for use in litihounbatteries
costscurrently around $000 USDton, having decreased slightly during 2015. Coated spherical
graphite commands significantly higher prices ofuaieb $US7,000/ton or mo®9]. Naturally,

the specificrequirementgor any particular application will determine tbkaracteristicef the
particle neededsivenits price,properties and stabilitgraphite and its derivatives (GO, EG, etc.)

have been used as well ekectricalreinforcementn polymers bycomposite farication[60-63].

2.2.2. Graphite nanoplates
As already mentioned, graphiteds strucugsur e
of carbon atomsConseqently, a single layer would consist of a one atom thick sheetepicted
in Figure 2.2 This single 2dimensional layer of hexagonal arrangement of carbon atoms With sp
hybridizationis called graphene. Graphene structure was first theoretically codceore than
60 years agby Philip R.Wallace in 1947howeverit wasjust recently obtained in laboratory by
Novoselov &al. in2004[64, 65]. Since thepnmany studies have been carried owtderminethe
properties of graphenghowing that it has great physical properties that are much higher than
g r a p h66-68k However up todate obtaining singlegraphene sheet industrialmassscale
is notfeasibleyet or, it is highly expensivilg~ $700 USD)[69].

A compromise betweegraphite and graphene are gris@manoplate$GNPs), whichare being
industrializedto make them commonly available in the markdihey havea similar stacking
structurelike graphitebut at a lower scale, while graphite particle sz#e in the range of

12
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micrometersthe GNPs size rangs betweerD.34 (single layeri.e. grapheneand100 nm (see
Figure 2.2).

=
2 -
e

e
Nanochenstry.it© =

Figure 2.2. Graphene ad graplite nanoplatesa) standardillustration of agraphene sheet,
b) representation of stacked GN&sd c)Transmission electron microscopeEM) image of commercial
GNPs fromCheap Tubes In® 2016.

Graphte nanoplateare most commonly obtained byfoliating natural graphite. Mang¢hniques

are béng developed for exfoliatingraphite to obtaigraphte nanoplates bulk quantities, some

of them are: chemicaloxidation, electrochemicadxidation microwave radiatiorand thermal
expansion. In altaseghe main difficulty is to obtaira controlledexfoliation process that can

ensure that GNPs with a specific number of layers are being produced, which in turns will
determinetheir properties.Currently, the most common methaoal fabricate GNPs ishermal
exfoliation. This method consists leéating gaphite (commonly above 500°C) urttik functional

groups attached to the graphitic layers decompose and produce gases that build up a pressure between
adjacent graphitic layers . Exfoliation occurs at the moment this pressure exceeds the van der Waals
forces between layefg(. However,according to some manufactures (such as Cheap Tubes Inc.)
anothempromisingcosteffective approacto obtainGNPs in bulkquantities igheelectroclemical
exfoliation [71]. The electrochemical exfoliation is carried out by a technique celéadrolysis.

In generalelectrolysis usean electric current to initiate an otherwise nonspontaneous chemical
reaction. It consists of a container, two electrodes and a solution of an electrolyte, where an electric
current is passed through the elelgti® by connecting the electrodes to an electrical source (in
manufacturing industry mostlgirect current) A schematic representation of an electrochemical

cell setup is depicted in Figure 2.3.
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Figure 2.3.lllustration of an electrochemical cell setup.

Theselection of electrolytes and electrodeshe maintask for producindpigh qualityGNP. For
instance, by using two identical graphite electrodes immersed in an agueous ammoniaaolution
aconstant potential of 15 is possible to achieve GNRsth athicknessof ~40nm([72].

It is difficult to namespecific propertie®f GNPs given that the properties tie GNPs vary
depending on the size of the particles and the amount of layeck vary dependig on the
efficiency of the electromechanical exfoliation method employdowever, it is possible to
approximatea rangeof physical properties of GNPs. In Table 2.2 some of &M P snain

propertiesare listed

Table 2.2 Characteristic properties of grajite nanoplate[73, 74].

Property Value
ElectricalResistivity (Wlcm)* 50
Elastic Modulus (Pa) ~1
Tensile strengthGP3 ~100400
Density (g/cm3) 1.82.2
Particle thicknesém) 2-18
Lateral sizgum) 4-12
Surface areémz/qg) 100-1,000

* In the plane direction.
As indicated inTable 2.2, GNPs possess superior mechanical properties anddmetical

resistivity thangraphite Besidesthey also havéigherthermal conductivity, and extremely low
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2.2.3 Carbon black

gas permeability (not shown here). All these properties make GNBi$aalechoice for many
engineering applications such agatfomagnetic intéerenceshielding devices, rechargeable
batteries, electronic desgs, light emitting diodeggas sensors, super capacitorgl ttells and
photovoltaic cell§75, 76] Similarly, based ontheir properties GNPs have been usasdwellas
reinforcement for polymer compositgsurthermore GNPs have proven to improve electrical
conductivity and mechanical properties of polymers at significantlYlentd@adings than graphite
or EG[77, 78]. However, one of the main challenges is to obtgnd dspersion of the GNP
particles in the matrix which is necessary for improving physical properties of polyAgrs
Additionally, their pri@ in the market is still very high. Dependingtbair properties, the amount
of layers and the amount of purchaise. bnegram or kilogramsjheprice per gram can vary from
$15 USD to $510 USD, making them a more affordable option as polymer reinéoricéman
singlelayergrapheng71, 8Q].

2.2.3. Carbon black
Another allotrope of carbon is known as carbdack (CB). CBs are nane and microsized
spherical carbon particles addpendng on how they areabricated theimorphologycanrange
from individual spherical particleto a more complex structure consisting of fused particles in a
chaintlike structurgas visible in Figure .2b). Depending on their purpose as filler they are known
as conductive CBraeinforcing CB, to achieve electrical conductivity in polymer conductive CB
is always preferredd microstructural model of CB is depicted igbre 2.4 in 2dimensiongor
illustrative purposes as well asFig. 2.4ba TEM image of CB particlesloneycomblike carbon
ring systems are the buildingnits of graphitelike lamellar constituenblocks that bond
themselves forming spherical partic{€sgure 2.4a]81]. A singlesphericalCB particle iscalled
the primary particle (size range of-80 nm), whichtends to form aggregates of size of 0D
nm. The aggregates can interact via van der Waals forces to form a secondary structure known as
agglomerates in the scale of micrometers (range iro$iz@ 10> um) anda group ofigglomerates
formsstructures which arealled clustes[81, 82]. These same structure definitiaisoapply for

othercarbon particles such as CNTSs.
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b)

0.2pum

Figure 2.4.Carbon black images o#) an illustrativemodel of the structure af CB particlebasedon
Ban et al[81]and b) TEM image of carbon black partickesm The McCrone Group83].

CB has been used as pigment simzay caturies agphowevelit wasindustrialized jusaround
1970and since then manmganufacturingechniques have been develop&8d 84]. Currently, the

main CB manufacturgechniquesused are known as channel process, oil furnace process and
thermal proces®verall, these processesvolve thermal decomposition or partial oxidation of
hydrocarbonswvhere the formation of polyaromatic macromolesuiethe vapor phase is followed

by nucleation of these macromolecules into droplets, which are then converted into carbon black
particles[53]. The most common method to obtain conductive CB is by the oil furnace process
(depicted in Figure 2.5)n this process oil is heated to about 300°C and then is atomized into the
hot zone if the ftnace (maintained at about 1400°C by auxiliary gas burners), where the particles
of CB are formed53]. The properties of the CB fabricated with this process are adjusted by
controlling the processing parameters in the reactor and their structure can be controlled by the
addition of flame modifiers (such as salts or alkali metals) toutmate.

There is a wide range of applications where CB is used, these include commercial products such
as inks, coating/paintirsg electrostatic/antistatc conductive suppastand electrocatalystin
batteries but undoubtedly the largest use of CB igha rubber product fabricatiorthe
internation& carbon black association estimates the worldwide production ofoGilBout 18
billion pounds per year, where 90% of this production is used in rubber applications, 9% as a

pigment, and the remaining 1%asessential ingredient in hundreds of diverse applicaf@sths
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Figure 2.5.Schematic of the furnace carbon black manufacturing prd&&s

CB as bulk material is a black powdery material, where each grain is conformeadngf
aggregates ofrapeclusterlike morphology which are compasef spheroid primary particles
(as visible inFig.2.4). The price of CB varies on the quality of the particleberdy the
application will establish the quality needed. For instapagnent CB cost $66000 USD/ton
while the price forsuper conductiv€B can rise up to $2000 USD/kg[86].

CB hasmanyproperties thamake it a very reliable dice for reinforcing polymers, includirits

electricalconductivity. Some of the most interesting properie€B are shown in Table 2.3.

Table 2.3 Characteristic properties of carbon blaf53, 84, 87]

Property Value

Electrical Resistivity —~1x10
(MWilcm)

Density (g/cm3) 1.7-1.9
Particle sizerfm) 15-300
Surface areém?/q) 20-1000

17



2. Theoretical Background

As indicated inTable 2.3, CBhas an electricalresistivity (r) similar to that ofgraphite
perpendicular to the basal plamkich islargerthan the onef GNPs but with simibr surface area
and density a&NPs. These properties added to the fact that GNPs are still more expensive than

CB, make CB a very populahoice toelectricallymodify polymers.

Anotheradvantage of CB is that depending of the macitwire proces@ll of which are very well
establishedand the processing conditions used to fabritem,CB can be tailored to have some
desirable features such egenhigher electricalconductivity.For instancesuperconductive CB
canbe 100 timesnoreelectricallyconductie than the standat commercial CB used f@igment
applicationd 88]. For thisreason highly conductive CB is commonly used as filler in polymers in
electrostaticapplications by improving the electrical conductivityof electrically isolating
polymers[89]. On the other hand, thei®no information on thecharacterist tensileproperties

of a singleCB particle This is due to the fact that @Bs p r i ma hmag/a spharical shapke e
which is not suitable for proper measurememtensile tests. However, for this geometrical factor
it is expected that CB has lower amanical properties such as stiffness than {itxer structures
such as the CNTs.

2.2.4. Multiwall carbon nanotubes.
Besides the aforementioned carbon structereployed tomodify polymerselectrically, one of
the most promising structisausedto improve physical properties ofpolymers arecarbon
nanotubes (CNTs)90]. They were firstclearly obsergd using microscopic techniquesnd
characterized by Sumio lijima MEC Corporation in 199191]. CNTs can bevisualized as a
graphene sheeblled up into a tubelosed by fullerendike end caps that contain topological
defects[51, 91]. These crystalline carbon nanostructures are presentadwo-dimensional
hexagonal arrayunlike diamond which is three dimensionally ordered tetrahedtfatye each
carbon atom has threearest neighborwith hybrid s bonding[4]. CNTs can beynthesizeds
a single cylinderginglewall CNTs, SWCNTSs) or multiple coaxial cylindersnfultiwall CNTS,
MWCNTSs) of graphene sheetgth a hollow core(unlike carbon nanofiberspccording totheir
geomdric arrangement they may havdferent electrical propertiesn Figure 2.6the standard
representations of SWCNTs and MWCNEs well as #EM image of a MWCNTare shown
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2.2.4 Multiwall carbon nanotubes.

Figure 2.6. Images of CNTs) Singlewall CNT,b) multiwall CNT ancc) TEM imag of a MWCNT.
Imageaz. A A carbon nanotube model 6 b3yNCSMA3MWes Hedber
Image b: Multiwall carbon nanotube model by Nanoshel [©.2016 and Image:daken fron]92]

Unlike graphite that is seametal, CNTs can be either semiconducting or met&WCNTs may
be metallic or semiconductors depending on their chirality, while MWGCiN@ €onsidered to be
always metallic. In the case of MWCNTS, the intall separation is similato the graphite
interlayer separation of 0.3¥m and the numbef walls can range from 2 to around P2B].

There are three main methods rnmanufacturecarbon nanotubes, they are: chemical vapor
deposition laser ablation and arc dischaf@d]. On the contrary traphene an@&NPs,some of

the CNT productiormethodsare alreadywell-established techniques fabricatethemin bulk
guantites. The catalytic chemical vapor depositio@ VD) method is the main current method

that allows an industrial sda production of carbon nanotubes with high purithe standard
CCVD processis illustrated in Figure Z. This methodconsists of the decomposition of a
hydrocarbon vapor into carbon and hydrogen on a catalytic surface at high temperature (600
1200°C); onventional catalysts asmmmonlytransition metals such as cobalt and ni¢ké).
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Figure 2.7. Growth mechanisms schematics kdwWCNTin the CCVD processvith a catalyst composed
of a metallic particle and a support: (a) tgrowth model, (b) basgrowth model96].

The properties o€ENTSs differ from that of common carbon fibg@¥]. Given their structurghe

CNTsrepresent the ideal carbon fibril structure. CNifs considered to be among thtrongest

materials in nature andepending on their configuratidhey can beas highly conductive as

metals However it is worthto mention that their propertiedepend on many factors, such as their

diameter, amount of layers in the case of MWCNT and defects or functional groups on their

surfaceln Table 2.4 some of the main properties of MWCNTSs are shown.

Table 2.4 Characteristic properties of multiwall carbon nanotulpgg, 90, 91, 93, 98].

Property

Value

*ElectricalResistivity (WMcm)
Elastic Modulus (TPa)
Tensile strength (GPa)
Density @/cms3)

Inner diameter (um)

Outer diameter (nnd)

~5-50
~0.31.3
10-60
0.81.8
2-25 nm
10 up to > 25 nm
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2.2.4 Multiwall carbon nanotubes.

Length (um) 5-30pum
Surface area (ffig) ~10-1,315

*Measured on a single MWCNT. Thagnitude varies depending on:
%the number of walls arfthe diameter.

As shownin Table 2.4 the strength of MWCI$has beenaported to be 280 GPa[51, 99|;
additionally, the shear modulus ipoeted to be 0.39.42 TPa[10(. Furthermoretaking into
account their dimensions MVW@NTSs can have an aspect ratiche order ofL0®> which favors the

transfer of electrical and mechanical projartvhen usetbr examplen composite fabricatian

Some researchers have stated that carbon nanotubes have the trigihgtsits-weightratio of
all known materiad [52, 90]. The outstanding propertied CNTs are the result of the carbon
carbon bond, the orientation of the graphémgersin the axial directionand the electronic
behavior of the delocalized electrons in the orbita®]. However, MWCNTs may vary intheir
dimensions and the amount of defectghair tubelayers.For instancethe elastic modulus of
MWCNTSs is reportedn some publicationt be between 0.3 arid3 TPa (as seen in Tahk.4),
however valuesn the order of 0.4..2 TPaare as well reportefil01]. The variations in the
properties are derived frothe presence of defects in the walls affegdirectlythe mecharal
properties. Salvetat et akported that the stiffness of MWCNTs with disordered walls or with
defects is several orders of magnitude decreased, depending on the quantity of daheagalts
[99]. Also the diameter is an important factor for the magnitude of the mechanical proferties
MWCNTSs have a tubular morphology an increased diameter resalteduced elastic modulus
[102). One of the main f&tures of MWCNTss their capability forelectron transfer. Thelectrical
resistivity of MWCNTs is comparablavith the resistivity of metaldyeingin the same rarggas
iron and platinunj103.

More than a deadde agdhefabrication of CNTs in bulk quantities was still an enormous challenge;
therefore the costper gramwere higher when compared to other carbon fillers. Given the
differences in their synthesis procesMWCNTs are cheaper to fabricate than SWIRN
Nevertheless, some MWCNJroduction compaies have reported a reductientheir prices. For

i nstance, Nanocyl 6s MWCNT price per Kkilogram
being below $200 USD (for multon purchases), while in 2001 the pricas times highgd.04].
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Nowadays, the cost per kilogram of MWCNTs can be as low a6.681SD for multiton
purchase§l05. Today, the global production capacity for MWCNTSs is around 13,000 tons while
in 2011 it was only-3,000 tonsThe extension of production capadgydue to increasing demand
driven by lithiumion batteres automotive components, electronics and semiconductors, and other
end user markets such as compasiéaufacturing104, 106, 107]. Currently, many of the major
carbon nanoparticles productimompanies are planning to increase the production capacity
considering the current and near future demand for MWK NTis means that thanks to the
recently fast process industrialization of MWCNT fabrication and the recent-igusl¢he
MWCNT price per kilogranhas reduced considerably antdl become much lower in short time
since the demand is correspondingly increasing.

Since their discovery, amy potentiabpplicatiors for CNTshave beemaised.Researchers have
proposé their use ascanning probe nanotipeld emission sourcesianotweezerdpr energy
or gas storage, electrochemical devitiesrmal protectiorsensors and in many electrodevices
[90, 108. However some of these potential applicatioase yettheoreticalor are still being
subjects forresearch activitieOn the other handyiven their propertie€NTs have ben also
widely studied as reinforcement in composites widry promising outcomep4]. Therefore,
MWCNTs seem to be amxcellentfiller to improve theproperties of polymer materials, in
particular the electri¢aonductivity and the stiffness

2.3.Polymer nanocomposites
2.3.1. Overview
Thereare many applications that require the combination of some specific properties of a polymer
and other material As a general rule, the addition of a particle with high mechaniogkepties
will mechanically reinforce @olymer;for instancethe addition of a highly stiff materiahto a
polymerwill increaseits elastic modulus. On the other hapdgparinganelectrically conductive
polymer compase involves the addition gfartides with low electricalresistivity tothe typically

isolating polymematrix.

In polymer nanocompositedue tothe addition ofa certain amount akinforcing materialt is

possible tancreaseéhemechanicapropertief polymerssuch as elastic matls, tensilestrength
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2.3.2 Dispersion of carbon nanofillers in polymer matrices

and plasticity. In addition, above a criticéiller amount électrical percolation threshold) the
electrical propertiesf the filler can be transferred to the compodites important to mention that

electricalconductionis anecessarycondition to usgolymer composites for sensing applioas.

For achieving electrical conductiom isolating polymers thereare many optionf conductive
fillers to select fromAmong themmetatbased particles and their chemically modifieatsions
have been alreadyidely employed On the other hand, there are also the already mentioned
carbonbased particlesuch as graphite, CB, GNRENTS and graphends stated in the previous
section, all of thermare goad choices tcelectrically modifypolymers. However, the composite
material will have different pfsicalpropertiesdepending on the particles selected to aéiles.

2.3.2. Dispersion of carbon nanofillers in polymer matrices
Carbon nanoparticles are usually purchased as powdehpowdes contain the particles as
agglomerates that have to be dispersed during or before its inclusion into a polginerAn
example ofagglomerated aneintangled carbon nanoparticles is shown in Figue2 addition,
it has been observed that MWCNTSs &&entangled in hierarchical structsias reportedh [109.

o LB

1 100 pm

Figure 2.8. SEM image otommercial MWCNT: A) an agglomerdte09, B) entangledMWCNTS 110 .

Even though carbon nanoparticles are theoretically ideal reinforcements for polymers, there are
still scientific challenges when fabricating composites. Among these challenges, theriappro

dispersion of these particle agglomerates and the homogeneous distribution of nanofillers into the
polymer matrix remain as the main challenges. Thereby dispersion describes the process of
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individualizing agglomerates into the smallest dispersahite Distribution describes the spatial
arrangement in the matrix. The difficulty in dispersing nanofiller agglomerates is due to high
intermolecular van der Waals interactions and entanglements between the particles. However,
proper dispersion is necesgdo obtain benefits from the nanofillers when fabricating polymer

composites.

Thefive types of carbon fillers compared in the previous sedlbresultin increasealectical
conductivitywhen added tpolymer matricesThereby graphite and CBavethe advantage of
being relatively cheawhen compared to GNP and CN'Howeverpased on the different aspect
ratios and sizethe amount®f graphite and CBieeded to get electrically conductive composites
suitablefor sensing applications are higtthan for the other filler typeé> 6 wt%) Higheramount

of carbon particlesare moredifficult to dispersenside the polymematrix. GNPs are good
candidates for electrically modify and mecharicakinforce polymer matrices. Nevertheless,
they are still gpensivecompared tther conductive particles such as @Bnot yet suitable for
mas productionEven when the price per kilogram of MWCNTs has decreased as mentioned
before, MWCNTSs are still expensifeghen not bought in muHion quantities)f compaed to
other conductive filleslike graphite However, thanks to their physical propertgesd electrical
resistivity can be achieveahile having higler mechanical properties wheding to polymers
MWCNTs than whemddingother carbon particles such@B. For instance, Pdtschke et al. found
that electrial percolation can be achieved in PC composites at 1.95 wt% of MWCNT while for
CB it was achieved at 3 wt¢411].

An additional advantage of the MWCNTs made by processes like CCVD is that the outer wall
surface usually has high amount of defect concentration that serve as bridgeheads for chemical
interaction that may ease the preparation of homogenous MWG$pErdios in polymer
matriceg117. All the described featured CNTs make them a very good first option to fabricate
mechanically reinforced conductive composite with sensing capabilities. Therefore, the

assessment of filler dispersion in polymers wdlfocused onlpn CNTSs.

It is known that depending on the dispersing technique and the processing conthgons,
properties of the matrix polymer and the considered nanotubes, composites can have different
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properties. Enhancing electrical propertiepolfymers are of particular interest when fabricating
composite sensor, given that in order to being able to work as sensor they have to be electrically
conductive(e.g. an electrical resistivity below '@#cm). At constant polymer matrix and CNT

type, the method for dispersing the CNTs has to be taken into consideration.

For instance, Pham et al. report that even when using the same MWCNTs and the same wt% in
Poly(methyl methacrylate)PMMA) but with two different processing techniquedry powder
blending followed by hepressingand solution mixingfollowed by castiny to producethe
composite filmsresults incompositeswith different electrical propertigd13. They found that

using solution mixing followed by solvent casting technique led to higher electrical conductivity
than when using a diyowderblendingfor MWCNT contents of 2.0 wt% Moreover, electrical
percolation threshold of composites may vary dependmthe filler type, the matrix employed

and the fabrication methofd14]. However, it should be kept in mind that polymer weight
degradation, CNT shortening, dispersion and distribution may be different dueditfe¢hences
between the phenomena imwved in each processing techniqueet al. and Sandler et al. found

that depending on the processing technique and the CNT type, the electric percolation threshold
of an epoxy resin/CNT composite can vary from 0.001 wt% to 10 {®%15. Thus, the
processing technique including the dispersion conditions of the CNTs in the matrix is a very

significantfactor on the electrical conductivity of the composite.

There are different techniques employed to disperse carbon particles into polymers. The most
common are: solution mixingn-situ polymerization,the latex approach and melt processing.
Solution mixing generally implicates intensive agitation of the CNTSs into a fluid (e.g. an organic
solvent) which can be done by refluxing, mechanical/magnetic stirring, vigorous shaking, high
shear homogenization and bath/probe sonication. Once the &bl@ispersed in the solvent they

are added to a polymer solution. However, also incorporation of nanatireefly into the
polymer solution and mixing in that environment is possiblee solvent mixingechnique has

the drawback that onlsolventsolulde polymerscan be employed to fabricate composites and that

it is not always conceivable to remove the solvent completely afterwards. In addition, mostly only
thin films can be produced which quite often have a main arrangement of nanotubes in film

direction. The n-situpolymerization involves the dispersion of the CNTs into a monomer followed
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by its polymerization in the presence of the GNhabling a stronger interaction between the
polymer and the filler. On the other hamaksitu polymerization carhave a negative effecin
electrical properties of the composites derived from the polymer layers formed on the nanotube
surfaces that may reduce the electrical e contact. Both of these techniques have the
limitation that prior mixing into a flui@r viscous medium is a necessary-gi&p to the composite
fabrication and that both methods are not entirely suitable to large scale fabrication. Another
method investigated recently to obtain polymer nanocomposites is the latex appmotuis.
technig, first the CNTs are exfoliated and dispersed in an aqueous medium (typically water or
an organic solvent) using a surfactant by means of sonication. Then, the CNTs are mixed with
latex polymer particles (obtained by emulsion polymerization of the polwinehoice) in an
agueousolution to form, after drying and subsequent shaping, a composite consisting of dispersed
CNTs in the selected polymgtl6. In this approach, aftanixing the nanotubes are located at

the surface of the latex polymer particles, also called segregated structures. Later annealing during
shaping by compression molding may lead to filler migration/diffusion into the polymer particles.
Due to this specianorphology, the latex approadtas been successfully used to enhance the
thermal and electrical conductivity in polymer/CNT compositgé$7, 118. However, ths
technology is not yet ready faicaleup to mass production while melt mixing techniques are
alreadyin use in the composites industry.

Melt processing is considered to be the most viable option for fabricating polymer composites
based on thermoplastiosatrixes given its low cost and flexibility towards large scale production

for industrial application$119. Additionally, a wide range of the available technology for the
well-established melt compounding is also applicable to polymer/CNT composite fabrication
[120]. During melt processing it is expected that the shear stresses transtamedermpolymer
meltonto the primary CNT agglomeratesuse dispersion and distribution of the particles into the
polymer[120. A practical way to observe and qualify the state of macrodispersion (extent of
dispersion of large initial agglomerates) in rraiked plymer/CNT composites is by optical light
microscope in transmission mode, where the areas not transmitting light denotes remaining CNTs

agglomerates.
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2.3.2 Dispersion of carbon nandgrs in polymer matrices

Some authors suggest that not necessarily a good dispersiosagairementor achieving high
electrcal properties. There are reports suggesting that not well dispersed but well distributed CNT
secondary agglomerates (clusters) casult in better electrical properties of CNT/polymer
composites than nicely dispersed CNTI$4, 121, 122. It is expected that by methixing is able

to generate sucdequat distribution of the CNTSs for achieving a proper transfer of the electrical
properties of the CNTs to the polymematrix [120. Therefore, due to the high relevance for
industrial applications anthe already available technology, meatixing is the most affordaél
method towards large scale fabrication of polymer nanocompesitewill be described in more

detail in the next chapter

2.3.2.1. Melt-mixing
A schematic representation of the mmiking pracessusing a twinscrew extrudeis presented in

Figure 29 where thefour main steps of mehixing are shown. These are: melting of polymer
granulesor powders, mixing of polymer melt wittarbon nanoparticleeomogenizingdispersion

anddistribution) and cooling to solidify the composite.

\os

Melting Homogenizing

Figure 2.9. Schematic repremntation of a twin screw extruder for matixing CNTs with thermoplastic
polymers taken frorfil19 licensed under CC BXMC-SA 3.0.
The meltmixing process usually starts from powdery or granular polymers and powdery carbon

particles which are fed into the hmgy immediately after the polymer is heated until it is converted
into a molterpolymer. Then, the powdery carbon material and the molten polymer are mixed and

conveyed together along the screws until the mixture reaches the end zone where the composite
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lower its temperature when exiting the extruder by the effect of cool air. Sonmmoanderfiave
the possibility to rdeed the mixture in a scalled feeeback mixing, giving the CNTs higher
chances to disperse or distribute into the molten polyineprinciple also side feeding of
nanofillers by adding thein a later section of thextruderfter the polymer is molten is possible

anddescribed in some referendesresult in better properti¢$23.

During the meltmixing processthe moltenpolymer has to wet the nanotubes which are attracted
together forming agglomerates caused by van der Waals forces between the nanotubes. The
polymer chains have toat/the nanotubes and to infiltrate into the primary agglomenateseby

packing density and entanglement stit¢he nanotubemay be different due to the production

and modification process¢$24, 125. Infiltration of the molten polymer also depends on the
viscosity of the polymer, which is dependent on the mixing temperature. At higher temperature
and lower matrix viscosity better infiltration is possibkes a result of good infiltration, the
nanotube agglomerate strength isuwztl.During mixing, the number and size of agglomerates
canbeefficiently reduced by an appropriate application of si#a6]. In addition, the interfacial

energy between the nanotubes and the polymer has to be considered, especially for the wetting and
infiltration processes. Among the dispersion processes, rupture of agglomerates and erosion
starting fromagglomerate surfacese discussed and a mott®ithe contribution of both processes

to the dispersion was developgagKasaliwal et albased on studying the agglomerate size kinetics

[127.

Furthermorethere is a relationship between the shear stresses, €0yt Idispersion statand
electrical resistivitylt has been reported that thése significant reduction in th€NT lengthas

a result of melt compounding. For the exampleay/(caprolactone)(PCL)/MWCNT composite

the length otthe asreceived MWCN's (xi0= 510 nm,xso= 1340 nmXe0= 3315 nm reduced
significantly aftercompositeprocessing in a smadicale compounddor 2 min at 400 rpnfXio=

140 nm,xs0 = 425 nm,xe0 = 885 nm)[12§. Other authors have determined the breakage of
MWCNTSs in a polystyrene matrix and found a decrease in length from 2@nbos&th increasing
mixing energy inpuf12€. In melt processed PC/MWCNT compositélsen et al. found thahe
depending on mixing conditions the MWCNT length can be significantly reduced from 50 um to

as small as 400 nfi29. They attributed the CN3hortening to violent rubbing forces and strong
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shearing forces applied during the mixing. A direct consequehdee CNT shortening is
weakening the positive effects that the nanotubes can have as mechanical reinforce or for

improving the electrical catuctivity of composites.

Furthermore, higér mixing energyresulting inshorer nanotube may result in a better dispersion

of MWCNTSs. Krause et al. found for PA6 modified with MWCNTSs that with increasing mixing
energy inpuin smalltscale mekmixing remaining agglomerates are less in number and smaller,
leading to better dispersi¢gh3(. Moreover, thecumuldive area ratio of the remaining MWCNT
agglomerates in PCL reduc&dm 3.4% to 0.4% when the compositgereprocessed at 25 rpm
and 100 rpmrespectivelyf128. Additionally, some authors found that the CNT agglomerate size
decreasewith increasing shear rate in a twsorew extruder and assumed that at high shear rates

in additionnanotube damage could oc¢uB81]].

In addition, the resistivity of polymer/MWCNT composites has been repootdze largely
influenced by the energy input. For instance, it was shown for PC filled with MWCNTSs that the
meltmixing conditions as well as the post mixing processing directly influence the final properties
of the composite, including its electrical &siity [124, 132]. The surface resistivity of PCL
composits with 0.5 wt% of MWCNTSs reducedwith the energy inputup to a certain value
(corresponding to 200 rpnand then increased when using high energy ifP@0Qrpm) [12§.

The electrical volume resistivity of PA6G/MWCNT composites with 5 wigs foundo be lower
atlow energy input (lower mixing time and lower rotation speed) and then iecreassiderably

with further input of mixing energhl3Q. This effect was attributed to MWCNT breaking dgrin
mixing and encapsulation of MBNTs by the polyamide chains, although the dispersability was
higher at higher input of mixing enerf#30. These results indicate that nanotube shortening, and
consequently, reduction of the nanotube aspect ratio, have to be taken into account. Therefore,
mixing timeandrotation speedhould be selected in a suitable windimavoid significantCNT
shortening; given thadt loweraspect ratio the formation of a percolated conductive network will

require a higher CNT content.

Moreover, the conditions of the mixing have to be considered, as they affect directly the dispersion
anddistributionof the CNTSs. Villmow et al. found that high rotation speed (~500 rpm of a twin
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screw extruder) that still ensures a certain residence time of theusnedf ascrew profile
containing mainly mixing elements is highly convenient to dispersaiatribute MWCNTSs in a
poly(lactic acid) (PLA) matri¥133. Although, in their work théemperature profile showed to
have less influencen the CNT dispersion, an increasitggnperaturgrofile resulted in slightly
better nanotube dispersioi$e authorslso pointed out that residence time of the polymer inside
the barrel has to be limileasotherwise degradation tiis polymer cannot be avoided. However,

not only the mixing conditions can influence the disersi the CNTs inside the polymer matrix,

the design of the screw configuration may also affect the dispersion of the CNTsdiAgdo
Villmow et al.[134] a proper design of theerew can promotsuitableCNT dispersion, especially
when using distributive screw configurations containing mixing elements. Here, the lowest area
fraction of undispersed primary MWCNT agglomerates within PCL masterbatches was found
when using an extendelistributive screw. It is however worth mentioning that even though the
current commercial methods to maitx polymer aresuitable for largescale production, for
research and experimentation snsalhle mixers are more adequate to laboratory conditions

aiming for a posterior upcaling process.

In summary thequality of theCNT network structure inside the polyn@aysan important role

on the physical properties of the nanocomposite such as the tensile properties and electrical
resistivity. Attemptsare made to visualize the network structure dire€tty.instance, Natarajan

et al. reported the possibilitp obtain quantitative information on the CNT network structure by
using energyy | t e r e dtoneograplkytl3so Similarly, Loos et al. report thanformation

about the CNT network structure can be obtained by the combination of imaging techniques such
as atomic force microscope, TEM a88M contrast imagm[136. In addition according tdu

et al. t is also possible to obtain knowledge about the CNT network structure indiredthg by

changes in thehedogy and electrical conductivity of the mposite[137].

2.3.3. Effect of carbon nanofillers on mechanical properties of polymers
Depending onthe physical propertiesof the carbonnanofillers and the added amoutite
incorporationof such particles can have a favorable effect on the mechanical properties of
polymers mostly investigated in tensile or impact te§tsr instance, in the case of CNdise to
their excellent mechanicaloperties as mentioned in 2.2.A#s been provethat their addition
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enhances the tensile properties of polyni28§. Figure 210 showsa diagram of typical stress
strain curves behavior after the addition of carbon nanoparticles such as@iN&snoplastic
polymers

Figure 2.10. Typical stressstrain diagram othermoplastigpolymer added wh carlbon nanotubes

There are some genetadnds regarding the effects of adding particles such as carbon nanotubes
on polymer composites mechanical propertsgsme of tem are illustrated in Figure 2.18n

increase in thatiffness élastic modulusand tensile strength (maximum stresgasured from
stressstrainevaluationsThere is also increase in the stress at yield point in polymers with yielding
behavior. Increased stress at break in the case of materials that lacks yielding. Decreased
elongaion at break analsodifferentfracturebehavior and impact toughnesfter the particles

are addedstill, the final properties of the composites will depend on the properties of the filler

added and also on its state of dispersion and the efficieribg aiterfacial adhesion.

Furthermore, the addition of enough carbon particles will promote the formation of a particle
network inside the polymer. This particle network affects as welhéhehanical propertiesf the
composite[139. Once the particle network is formed a negative effect is usually seen in the
composites stresstrain behavior. The elongation at break is the property that gets most affected
by the particle network formation and in the case of polymer that exhibits strain hardening the

stress at breaks also decreases significhh39|.
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Moreover, the fracture properties of the reinforced polymer compasaeges depending on the
amount of particles addeth their work, Gorga et alfound that there is a maximum in the
nonessential work of fracture at 0.5 wt% of MWCNTpiolypropylene(PP) where an enhanced
toughness was seen followed by a sharp decline tifee addition of 1.5 wt% of MWCNTs
indicating a ductilesemiductile transition140. They attributed this behavior to a worse
dispersion of the MWCNTSs and cluster formation of the particles inside the polizn¢hermore
Mirjalili et al. found that CNT bridging inside amorphous PP can enhance the toughness of
PP/SWCNT composites and is dependent on the CNT amount and also orodéssipg
conditions of the CNT polymer mixtufé41]. A low amount of well dispersed CNTan enhance

the fracture toughness of polymers attributed to nanotubepyltupture, ddonding, bridging

and plastic void growthl41, 142. On the other hand large amount of CNTs lead to an increase

in the brittleness of the polymer composite which is related to increased stress concéhttdtion

Tjong [143 reported for MWCNT/polyamide (PA) 6 composites with the addition of 2 wt%
MWCNTSs increases in the elastic modulus to values of 3 times the neat pply8erQuian et

al. achieved reinforcement in a polystyréR&) matrix of 42% the elastic modulus and 25% the
tensile strength with the addin of only 1 wt% MWCNT4144.

In a biopolymer based on chitosan, Wang et al. found that the addition of only 0.2 wt% of
MWCNTSs increased ~28 the tensile strengtfil4g. Furthermore, the addition of 0.8 wt%
MWCNT almost doubled the tensile strength of the unfilled polymer while at 2 wt% MWCNT no

more incease in the mechanical properties is obsef¥4§.

Furthermore, according to Schaefer and Justice the extent in modulus increase strongly depends
on the qualityof the nanofiller dispersiofi4€q. Generally, a good dispersion is difficult to achieve

and largescale disorder is observed in different systems; the enhancement of elastic properties is
limited and lie much below values calculated from theoretical predicti@$. In addition, as
mentioned before aggressive dispersion stradegmplied in order to obtain good dispersion
frequently result in significant shortening of the aspect ratio. However, when comparing the
mechanical reinforcement effect of CNPs such as CNTs against others like CB, larger
reinforcement can be achieved W@NTs.
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According to Huang et al., the additonof CBABc auses a decrease of neat
[147]. Moreover, the addition of less than 10% CB volume fraction (vol.%) into etliylierye
acetate (EVA copolynerhas no signi ficant effect on EVA® s

addition of more CB vol.% originates a decrease in its tensile strgiifh

In the case of CB, besides the rubber industry and elastomers, CB particles are not so largely used
to mechanically reinforce polymers. According to Frogley et al. and Guth, the mechanical
reinforcement effect in rubbers (such as styemadiene rubber) congeng the elastic modulus

is only ~4% per wt% of added CB and a major reinforcement effect is only conceivable at high
loadings above Q5 wt%][149, 150.

In general CBs are considered to be particles that increase toughness rather than strength when
used to fabricate polymer/CB composifé51]. Added to that is the fact that spherical particles

are mainly symmetric structures with aspetipo (largest dimensional length/smallest dimensional
length) of ~1 which can hinder the transfer of mechanical properties when used as fillers in

polymer composites.

Researchers have been trying for many years to add two different kinds of narexpartaider

to improve the mechanical properties of polymers. Gojny et al. compared the tensile properties of
an epoxy resin with CB and double walled CNTs. They found that already with 0.1 wt% of CNTs
it was possible to increase the elastic modulus f8a28 GPa to 3.50 GPa while with the same
amount of CB the elastic modulus suffers no eff@b?]. For the same epoxy resin with 0.1 wt%

of CNT, the tensile strength was just slightly increased from ~63 MPa to ~65 MPa, while the
composite with CB was even decreased to ~60 MPa at the sanfd 5@%

Mechanical reinforcement giblymers when using-dimensional2D) particles such as GNPs as
fillers has beemlso reportedBy adding 4 wt% GNP to polyacrylonitrile (PAN) Mack et al. found
that the elastic modul us o fbedAbNdEF. Edngat &l.r 0 s purn
found an increase of 57.2% in the elastic olod of PS after the ddition of 0.9wt% of
functionalized GNP$§154. Also with functionalized GNPs, Ramanathan et al. éban increase

i n PMMAGs el ast i chennaddihg 1 wt% of dilfef155.8Qn%e wther hand,
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Nguyen et al. also found an nease in the elastic modulus of thermoplastic polyurethane (TPU)
adding 4 parts of functionalized GNPs per 100 parts of. PRthe same time they found that the

tensilestrength of all the compositesatwvays lower than the one nbnrmodified TPU[156].

From thesereportsfound in literature it can be seen thatdladdition of carbon nanofillers such
as MWCNT can act as reinforcement for tensile mechanical properties such as the elastic modulus
and the tensile strengthowever preferable at lower loadirngsavoid the drawback coming from

remaining agglomerates.

2.3.4. Electrical resistivity in compositeswith carbon nanofillers
Percolation theory describes the behavior of connected clusters or particles within a medium. It
says thathere is a critical poinfpercolation thresholddn which the probability of formingra
flopen path (or connecting path) increases depending on the shape and distribution of the
connecting elements within the medium. In the same paymersthatareintrinsically electrical
insulatorscan achieveelectrical conduction by means of the dddi of enough amounts of
conductivefiller to form a connected network (percolated netwovkhen theamount of added
filler is high enoughto form atroughgoing pathway this causesa significantdecreasen the
electricalresistivity of the polymer. This decrease in lectrical resistivityis typically an abrupt
change of several orders of magnitude. This phenomenon is known as electrical percolation and
the filler concentrationwhere this abrupt change occurs is known as the electrical percolation
thresdhold[5]. Thisbehaviorcan be easily depicted with a powaw-like functionasshown inthe

transition phase from zone | to Il iRigure 211 [114].
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Figure 2.11. Typical powerlaw percolation curve of a polymer composite
filled with an electrically conductive filleas reportedn [157].

In the zone | of Figure 2.1the electrical resistivity remain similar to the pure polymer (electric
insulator) after the addition of small amount of filler. Adding more filler around the gray line a
dramatic change in resistivity cie seen meaning that the composite has reached the electrical
percolation threshold. Afterwards, a plateau can be seen at which the addition of more filler has a

l ess significant change on the compofglerthee 6s el ¢
electrical resistivity will decrease at lower extent until reaching a minimum of electrical resistivity

where the addition of more filler will not decrease the electrical resistivity. Thus, if the filling
amount is below the percolation threshtiie composite will behave as an electric insulator, while

if the filler amount is above it the composite will be able to electrically conduct

According to the percolation theory, the electrical conduction in polymer composites can be
obtained at relatly low amounts when using large aspect ratio parj¢f®eq. This is due to that

the probability to form a conductive paihcreases if the conductive particles are very long
compared to their widel'he influence of the aspect ratio of conductive carbon particles in the
electrical percolation threshold is illustrated in Figure22ahere the percolation threshold

dependencymthe particle aspect ratio can be sé@édre curve presented indure 2.2 is based

35



2. Theoretical Background

on Monte Carlo sé¢oméatcphisndvet h tisatf t were al
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Figure 2.12. Dependency of the percolation threshold on carbon patrticles aspect ratio
based on a model reported[ih5§ .

Figure 2.2 shows that a significantly lower percolation threshold can be predicted for particles
with high aspect ratio than with low aspect ratio. Thus, given thatliteeparticles like CNTs

have high aspect ratiohidy possess greater potential to electrically reinforce polymers than other
electrically conductive particles with lower aspect raligpical aspect ratios @ommercialCNT

can rangdetween 100 and 1000, for that reason percolation thresholds bettveed 0.05 vol%

can be expecteld39. Nevertheless, accordirig literature this low percolation threshold values

are not always achievgl14. Among the reasons for the difference between predictions and the
found experimentally is the CNT shortening, an incomplete dispersion or unfavorable distribution
state ofthe nanotubes. These characteristics depend greatly on the processing conditions as well
as on the material used as matrix. For that reason it can be found in literature a very broad variety
of percolation threshold ranging between 0.1 and 10 vol% faerdifit matrixes and processing

conditions.

In a study made by Ha et al. on different thermoplastic polymers filled with MWCNTSs (such as
PC, PA6, PA12, PP, paiyhylene (PE)PCL), it was found that the electrical percolation threshold
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2.3.4 Electrical resistivity in composites with carbon nanofillers

varies depending dhe polymer viscosity and molecular weighthe higheselectrical percolation
was found at MWCNT 5wt% for PA12 and the lowedlightly below1 wt% for PCL. The
electrical resistivityat 7 wt% wagound to be between ¥OW+scm (PA6) and 10 Wrem (PCL)

[159. This electrical resistivitpyf PCL/IMWCNT 7 wt%is very low andsignificantly different
compared to PCL at the same MWCNT, which shows that theixngeatly influence the

electrical resistivity of the composite

Moreover, CNTs are not the only rtidle carbon nanoparticle used to reinforce polymer.
Chekanov et al. reported that the addition-&fWwt% of carbon nanofibers to an insulating epoxy
resin resulted in electrical conduction in the rddi6(. Conversely, an electrical percolation
threshold as low as 0.002 vol% using CNTs hanbaso reported by Sandler at al. for epoxy
based resing5]. Furthermore, according to Bauhofer and Kovacs, it is possible to achieve
electrica percolation at very low wt% of CNTs in the range of-0.Wt% depending primarily on

the dispersion method, the initial MWONength and the polymer matrjg14]. Regarding the
latter (polymer matrix), Logakis et al. found that the crystallinity ofpiblgmer matrix influence

the electrical conductivity of polymer/MWCNCT composites. From the collection of different data
from literature they concluded that higher conductivities can achieved for amorphous polymers
such as P€16]]. The state of nanotube dispersion can also affect gotriell resistivity of the
composite and the evolution of this can be assessed by varying the processing cauaiticass

the mixing speed and the mixing tim@ meltmixed PC/MWCNT composites, Pegel et al.
improved the dispersion state of MWCNTSs in BYCsing higher mixing speed and mixing times
[139. Interestimly, they found that good dispersion not necessarily benefits the reduction of
electrical resistivity of polymer/CNT compositesSimilarly, on solvent casted
polysulfone/MWCNT films Agiilar et al. found that at the same particle amount composites with
betier dispersiotadup to 4 orders of magnitude higher electrical resistivity than composites with
poorer dispersion122. Additiondly to the dispersion state, the electrical resistivity of
polymer/MWCNT composites is affected by the distribution of the conductive particles. Pegel et
al. found that depending on the MWCNT distribution PC composites with 0.875 wt% of MWNT
can have an ettrical resistivity above 10 orders of magnitude largeen the MWCNTSs are
homogeneously distributed39. They attributed this behavior to the formation of secondary

agglomerates which are characterized by a loose nanotube arrangement with very low packing
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densities that aids to decrease the electrical resistiortgiderablyThis is due to that contrary to
distanced agglomeratescondary agglomerates significarpipmotethe formationof nanotube

networks

Furthermore higher electrical resistivities and higher electrical percolation threshold have been
repoted when usingther conductive particles such @B compared to MWNCTSs for polymer
nanocomposite fabrication. In a study made on CB filled rubber, Schwartz et al. found that to
achieve in natural rubber an electrical resistivity in the ord&W&6m, theaddition of up to 70

parts per hundred (phr) CB is needed, whereby the amount of CB to reach such resistivity varies
depending on the CB aggregate size and distrib{ii6d. Correspondingly, Nandand Tripathy

found that nearly 40 phof CB were needed to achieve electrical percolation in a commercial
chlorosulfonated polyethylene rubber whereby electrical percolation was influenced by the
agglomeration of the filler particldd63. Similarly, according to Voet, the amount of particles
needed to achieve electrical percolation in CB filled polymer can vary from 10 to up par§0

per hunded of polymer where a minimum electrical resistivity in the order of \Widn can be
achieved depending on the temperature at which the compositaeltgzrocessed. Thereby an
increase in resistivity was seen upon increased processing tempgr@tire

Another particle that has been used to achieve electrical conduction due to their good electrical
conductivity in polymers are GNPs. However, GNPs have shown to be very difficult to disperse
in polymer matrixesMorphological invesgation made by Drzal et al. in polypropylene/GNP
nanocomposites indicated the presence of big particle agglomerates and poor dispersion
particularly when using high aspect ratio GNP&5. By using GNPs Jang and Zhamu found that

if the 5 wt% of GNP particles are first dispersed in a solvent solution of dimethylformamide before
incorporating to a PMMA solution, elt&rical percolation can be achieved while having a
homogenous dispersion of the GNP parti¢ldss]. Another approach was taken by Du et al., who
reported that adding 4 wt% of GNPs during-situ polymerization of poly(4/4
oxybis(benzene)disul yde) & woiiGalR leadingad valees of i ¢ a |
r ~ trd wevé*attained167). Furthermore, according to Sengupta et al. a combination of
composite preparation methods such as solvent mixingrasitl polymerization is helpful to
achieve electrical percolation at low weight concentratioh GNPs[56]. Additionally, CNP
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functionalization can improve the electrical properties of the nanocsitepo For instance,
Nguyen et al. achieved electrical percolatipn adding ~2 wt% of functionalized GNRs a
thermoplastic polyurethanehere at this wt% amcrease of electrical conductivity by seven

orders of magnitude was attainddg.

Interestingly, Stankovich et al. found that electrical percolation wasmet in PS with the
addition of ~0.1 vol% of GNPs and that a resistivity of A&m was achieved after the addition

of 2.5 vol% GNPs. This value was comparable with those of PS/CNT composites at the same
loading fabricated with the same processing conditji@68]. This shows the possibility to have
similar electrical resistivity at the same amount of fil@hen using different types of CNPs.
Kotsilkova et al. found that adding 20 wt% of nanosizetha@aparticleg1-3 nm particles of 67

wt% disordered graphite, 33 wt% diamomnalacrylic, polyurethane, and epoxy matrices resulted

in a minimum resistivity of 0.1¥\*cm, which is a much larger particle amount when compared

to the GNPs for achieving a siifar electrical resistivity 169 .

Moreover many studies report differerecen the percolation threshold in CPCs using carbon
nanofillers with different size and shape. Nevertheless, according to Liang et al. it is predicted that
at similar aspect ratio relike (such as the CNTs) conductive particles percolate ahalig¢he
amount (in volume) of dishike (like GNPs) particlegl70. Another phenomenon influencing the
resstivity of CPCs is the tunnielg effect, describing that particle (e.g. an electron) tunnels
through a barrier (such as a polymer layer) that it classically could not transcend. According to Li
et al., the CPC contact resistance is the sum of a dirataataesistance between CNTs and the
tunneling resistances, the latter being increased as the distance between CNTs(ther€A¢€
tunneling distancdias reported to bel.8 nm [10, 171]. Consequently, changes in the CNT
network inside the polymer that cause CRINT separation above the tunneling distance will
increase the resistivity of the CPC.

Overall, when comparing the amounts of CNTs ne¢d@dhieve electra percolatiortheseones
aremuch lower compared to other common carbon fillers. Therefolgmer/CNT composites
have several advantages over other composites, like low percolation threshold,-particle

correlation (orientatio and position) arising at low volume fractions, large number density of
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particles per particle volume, extensive interfacial area per volume of particles, sheqpantitde

spacing and comparable size scales between the rigid nanoparticle inclusiancedbetween
particles, and the relaxation volume of the polymer mafirbd]. However, it should be kept in
mind that as mentioned processing conditieas influence the electrical resistivity of the

composites as the CNT dispersion, disttitouandCNT shortening modifyhe network structure.

Furthermoreparticles like graphite and CB have the advantage of being relatively abundant and
therefore cheaper than other carbon nanoparticles. Nevertlaess)firmed by the literatutike
amounts needkto achieve electric percolation in polymer composites made with graphite, GNPs
and their derivatives argtherhigh or functionalization is needed to get lelectrial percolation
thresholdsAdditionally, given the high surface area of GNPs and CNTsexpectedhat they

are difficult to disperse when added to polymer matrixes, which is the main task to fabricate
suitablepolymer/carbon nanoparticle composites. On the other side, greater benefits and at a much
lower weight fractions are achieved WIENTs than with other carbon nanofillers. Similarly to
reinforcement of polymersdéd mechanical propert
conductivity at lower wt%s than other carbon nanofillers including graphite, CB and GNPs.
Additionally, thefiber-like structure of the MWCNTSs can provide polymers of high sensitivity to
physical stimulus such as tensile straiherefore, MWCNTSs could be a good first choice when
fabricating conductive polymer composites with enhanced mechanical and electpeatipsto

be used as sensing material.

Figure 2.B shows the types of materials with relation to their electrical resistivity. Polymer
composites for sensing applications require an electrical resigreitgrably in thesemiconductor
zone (08-102 Wrem), where the compositean beconsidered to be a conductive polymer

composite (CPC).
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Figure 2.13 Classification of materials depending on their electrical resistpi/Z .

2.3.5. Polymer nanocomposites with rixed fillers system
An approacho increasehephysical propertiesf polymerbased nanocompositssthe usef the
combination ofdifferent fillers tofabricate mixed filler system nanocompositisliterature the
use of combined electrically conductive and 1wonductive fillers has been reported to improve
specific properties of polymers depending on the selecledsfio produce the composites. For
instance, by adding a mixture of silica and CBrabber properties like damping and wear
resistance were improved on the polyrfiefrd. Moreover, he effect of mixed fillers on physical
polymerproperties is considered to be almost purely additilesrethe properties of each filler
is transferred to the polymer without hindering each atbegaling a synergic effeft74]. This
synergc effect was also confirmed by Ma et al. were the addition of a mixture of CNTs and
nanoclay to acrylonitrile butadiene styrene enhanced the stiffness and enhanced flame retardancy
as compared to the neat polym&rg.

Furthermorethe mixture of two conductivearbonfillers is of greatinterest in situations where
the desirecklectricalproperties ar@ot achievedwith the use osingle filler or whenthe amount

neededof a single filer to achievethe desiredresistivity/conductivityvaluesare too high for

41



2. Theoretical Background

composite fabricationln addition, looking at the use of mixed filler systems from a price
perspective, Potschke et al. found that the use of CB plus MWCNTS to fabricate cosnpasite

have an advantageterms of material usage cogtd 1]. They reported that at a given conductivity
value, e.g. 18 S/cm, choosing a composite with 0.878&CB with 0.875 wt% MWCNTS is
cheaper when compared to a composite with 1.25 wt% of only MWCNTSs. In that example, an
economic advantage arises as long as the price ratio between MWCNTs and CB is larger than 4,
which at the moment is usually the case fommercial highly conductive CB types and
MWCNTSs.

There are specific synergic effects coming from the use of two different condeetbanfillers
thatenhancethe properties of polymetThe degree of dispersion can be affected by the addition

of mixedfillers to a polymer. Bokobza et al. found better state of dispersion in stgtdadiene

rubber when using a mixture of MWCNTs and CB than when using only MWCN. This
improvement in the dispersion state is mainly due to higher shear stresses during melt
compounding as a result of the combineldifil The electricalproperties of mixed filler systems

are as well influenced by the addition of two conductive carbon fillers as a result of the synergic
effects Sumfleth et al. reported that thanks to the synergistic effects on percolated network
formaion and in charge transport the inclusion of MWCNT and CB added together to an epoxy
matrix leads to an nearly identical electrical behavior of the nanocomposite as compared to the use
of MWCNT only[177].

Likewise, the electrical percolation threshold behavior of mixed carbon filler systems is affected
by the addibn of two carbon fillersin PA12based melimixed compositeSocher et al. found a
combined electrial percolation effect after the addition of CB and MWCNHsre the electrial
percolation threshold of the mixed filler system at a CB:MWCNT weight Gftil:1 was above

the composite with only CNTSs but far below of the composite with only1ZB. However, they

also found thastarting at 2 wt% loading he mi xed vyl |l er system with
has higher electrical conductivity values than with pure MWCNTs. One of the reasons for the
improved properties is the finding, that the dispersion of CMdsincreased by thpresencef

the second fikr, such leading tthereduced percolation threshold.
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According to a model developed by Sun et ialis possible todetermine whethea positive
combined effecfsynergy) occurs electrical conductivityf composites when usingixtures of
CB and MWCNTs[179. Such effects wereonfirmed throughhe experimentalvork by Ma et
al., whereasignificant decreasia the electrical resistivity adlmost 6 orders of magnitude (from
~10" to ~10 W*m) was foundby adding only 0.2 wt% of CB particles in an epoxy
nanocomposite containing 0.2% CNIS8J.

Similarly, Hilarius et al. found that the electpercolation of hot pressed plates of PC/MWCNT,
PC with mixed filler system of CB and MWCNTSs (weight ratio 1:1) and PC/CB was ~1 wt%, ~2
wt% and 5 wt% respectively, showing that there is not much difference in the elctric
percolationbetweenPC/MWCNT and the mixed fillef181]. Thus half of the (expensive) CNT
amount can be replaced by (cheaper) CB withamihgconductivity propertieOn the other hand,
besides CB other conductive fillers have been added with CNTs to improve the electrical
properties of polymers. Krause and Phtsx found in PP composites filled with carbon fibers,
CNTs and GNPs that the value of electrical resistivity of the composite with thectmgmnent
hybrid filler system was mainly influenced by the amount of CN'BZ].

Thereis anothereffect coming from the use of mixed fillers to fabricate polymer composites that
is the possiblemprovement of thesensing propertiesn that matterjt has been reportethat
higher strain sensitivity can be achievidpoly(vinylidene fluoride) PVDF) compositest lower

filler content when usinthe mixedfiller system ofCB with MWCNTs [183. Therefore, the use

of mixed filler nanocomposites can be a good routeatde the fabrication d€PCs, and hence
highersensingproperties ofpolymernana@omposites. Nevertheless, motadies areneeded to
fully understand the effect of mixed fillers sensing propertiesf nanocomposites

2.4. Polymer nanocomposites as sensimgaterials
2.4.1. Overview

Typically theresponsef a CPCagainst environmental changgsts higher as its filler amount is
closer to its percolation threshokls illustratedn Figure 2.48. Thereby theatio of the response
to the magnitudeof the input quantty is defined as sensitivityConsequentlythe maximum

sensitivity is reached slightly above the eleetrercolation thresholdn thisfiller concentration
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range(blue region in Figure 24), anyslight externalstimulus significantlymodifiesthe inernal

percolated network causing a larggange (in most cases increase) t he composi t eos

resistance. On the contrary, as the filler amdnoteases and the distancethb@ percolation

threshold gets largehe sensitivity upon external stitig decrease
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Figure 2.14. Relation between electric percolation curve and sensitivity.

This behavior is related to the filler network structure inside the polymer. Near the percolation
threshold the network is formed by pgodonnected particlesnd the conductive pathways are
scarceTherefore, a slight external stimulus will cause an importgotire in the connecting paths
that can beperceivedas asignificant increasen the electrical resistance of the composite.
Contuarily, farther from the percolatighresholdhe network is formed by densely interconnected
particles As a resultthe external stimulus haslie large to cause a significant interruption of the
conductive pathwaysConsequently the change in the eleical resistanceand hence the
sensitivity for composites far the electrical percolation will be much minor compared to the

composites near the percolation threshold.

In literature greatefforts to apply CNT/polymer composites in several different sgrasieasre
reported For example, Lee et al. reported the usenetfallic SWCNT and MV@NT/polymer

composites as pressure sendd@®4. Kanget al.[15] implemented a strain sensor basedaon
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2.4.1 Overview

SWCNT/polymer compositecapable of detecting damage on bulk structures. Also chemical
sensos based on CNT/polymer compositesredevelopedor thedetecion of volatile agents or
chloromethanegl85 186. There are reported attempts even for detecting biological substances
as glucose, ohe presence of cqmounds related to diseadéd, 16]. In the fieldof fluid sensors,

Lee et al. develped a gas sensor capable of detecting the presence of hexane oretharsl

after a few minutes of expositigt87]. Potschke et. al.and Rentenberger et aleveloped liquid
sensors capable of detecting different solvents ssi@tetone, ethyl acetate amtiexane, using
MWCNT/polymer compositef22, 23].

Depending on its sensing principle masinsing CPCsould be considered d@smansduces. A
transducer s an el ectronic device that converts one
can be inhis case a CP@ccording to this definition, a CPC that clgges its resistance upon an
external stimulus (e.g. mechanical stretchisg transducethat isable to transduce a physical
stimulus into variations of an electrical sigifelg. electrical reistance)Once the CPC is fully
characterizedit can be coupledr contactedo a signal processor that transforms the eledtric
signalcoming from the CP@to anumerical value, plotted into a graphic or analyzed by a pattern
recognition algorithm. Foinstance He et al.fabricated a CP@naterialbased on high density
PEMWCNT that iscapable of sensinghanges in temperature by decreasing iistresy rapidly

with increasedheat[18§. Boger et al. successfully used a glass fiber reinforced epoxy resin added
with double wall and multi wall CNT to follow the structural health of the composite under
interlaminar sheastress stepped and dynamic tensile forces where delamination and structural
damage upon stretching was successfully detected by the conjf88jteSimilarly, Nofar et al.
reported that an epoxy resin/MWCNT composite is able to predict structural faisita before

it happeng19(. Moreover, Wichmann et al. developed a bending ssamsor consisting of an
epoxy/MWCNT compositable to detect the direction of bending deflection by the igesir

negative electric resistance chanpy@l].

This kind of CPCs could be integratealfterwardsto an electronic cingit system where a
microcontroller can trigger an alarm signal based on the electrical signal received from the CPCs.

Although, according to the literature the potential deasibility of this technology is very
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2. Theoretical Background

conceivablemore research is needed tdyudevelop and convert all these proposes and scientific
knowledge into a marketable technological reality.

2.4.2. The function of conductivefiller networks in polymer based sensors

For a straightforward implementation of polymer composite as sensors,calectmductiorof

the composite is required. Fpolymer composites filled with electrically conductive fillers this
means that a percolated network tmbeformed.How this network is affectedy outer stimuli,

like strain, pressure, temperature, vaporBquidswill influence directly the sensingehaviorof

the compositegiven that the fillerfiller interaction plays the mostimportant role in the
performance of the sensdn. the case of polymer/CNT composite, they are capable of detecting
changesf environmental conditions by quantifying the change in its electrical resistance upon

exposition to an environmental change that modifies the conductive CNT network.

Figure 2.4 shows a representativ@eal 2D percolated network based ordilmensionarod-like
filler being affected after an external stimulus has been applsiigure 2.14hows, the stimulus
modifiesthe percolated network original state and thishysically exhibited in the composite as
changes in its electric resistan@®). Such tianges in Rcan be measuretine-dependento
correlate it with the stimulus that the composite has been expogEd.to

The nature of the stimuli will determine how the network will react upon its application. For
instance, the applicatiasf shearing forces will deform the composite resulting in an alteration of

the percolated neork as depicted in Figure 2.1%hereby, connections between neighboring
conductive filler particles are broken leading to a less perfectly developed conghathivay in

the composites and resistance increase. At higher shear stresses, cracks in a nanocomposite could
be formed that origin a sudden change in the
network would be partially interrupted. This efféd@s been already reported to be used for the

manufacture of structural defect sensors, and it is known as structural health mofiifgjring
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2.4.2 The function of conductive filler networks in polymer based sensors

Figure 2.15. 2D representation of the percolated network beiffgctedoy an external stimulus
In this casedeformation caused sheaing forces actionon the composite

On the other hanaixposure to higér temperaturen a nanocomposite based athermoplastic

will causehermal expansion of the polymer reordering the polymer chains which in turns affects

the arrangement of the percolated network inside the matrix resulting in an increase of its electrical
resistancd188. On this basis, many differeate ns or s can be manof aot ur e

various stimuli

A property of interest when fabricating nanocomposiésea sensors is its sensitivitfhe
sensitivity of a composite sensor is directly relateubiw thefiller arrangement inside the polymer
is affectedoy an external stimuludhis impliesthat if the percolated network is greatly modified
upon lowsmall exposure to a stimulusnd resulting resistance changes are ,hiigh sensors
highly sensitive to that stimulu§he sensitivity can bguantifiedby measuring the relative change
in the electrical resistance upon stimulus exposiéiod depending on thghenomenon under
study it can beestimatedwith a mathematical functiowhere the sensitivity depends on the
electrical resistanceFurthermore, if thearrangment of filler can beintentionally and
systematicallymodified (e.g. addition of more filler,unctionalizations, etcthenthe sensitivity

of the compositean be tailored.
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2. Theoretical Background

2.4.3. Piezoresistivity, $rain sensing and strain sensitivity
Piezoresistivity is a phenomenon occurringnrainly conductivejnaterialsn which an electrical
response is produdeas a consequence of a mechanical stim(riusstly pressure or strain)
Depending on thelectri@l energy input required for working,sensorcan be active wheran
electric energyinput is required or passive whereno electric energy input is required.
Piezoresistive devices are mostly considered as passive sensors becaukentitegeed an

el ectric enerangchaniogptimtlust o 6sensed

A specifictype of piezoresistive devicthat can be fabricatdshsed orCPCs and in particular on
carba nanofilledpolymercomposits is the mechanical strain senstis. sensing principle relies
on the modification of the percolated network upon mechanicatssing orstretching the

compositeFigure 2.5 shows the principle of a nanocompositerking as strain sensor

Mechanical

deformation Elongation

. LA

1

F F

«-— —_—

Figure 2.16. Piezoresistivgrinciple of changes in the conductive network strucinrearocomposite
based strain sensors.

Mechanical deformation is applied to the composite causing an impact on the structure of the
percolated netwd (here shown as adimensional linkage for explanatory purposes) which in
turn changes the electrical resistance of the comp@éstdustrated in Figure 2.1@he percolated

network is extended by the mechanical deformation and the contact disthneerneighboring
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2.4.3 Piezoresistivity, strain sensing and strain sensitivity

conductive particles is increased or interrupted (red circles in Figuég B¢ that, also the
distance between neighbored CNTs increases and may surpass the tunneling[d@Zhndas

phenomenon was already reported for polymer/CNT sensors subjected to unidirectional elongation

[193.

According to Hu et al. the increased$tancesdetween rodike particles is an important factor
affecting the electrical resistance changealymer/CNT strain sensof$92. At low deformation
(within the linear viscoelastic rangihis processs reversible In most caseghe plastic regime of
a trermoplastic compositehouldnot havebeen reached upon mechanical lo&lis isdesirable
for applicatiors inwhich the developedsensomaterial is intended to be usexpeatedlyj113,

e.g. cyclic sensing.

In gereral, while doing a piezoresistive téisé changes electricalresistancaremeasuredvith

time and afterwardscorrelated to thepplied mechanical deformatiorOnce the characteristic
electrical responsef the compositeis known upon mechanicdeformation it can becorrelatel

to a defined strairin order to transduce from the electrical response to mechanical deformation a
transforming function is needed linear casewhere thechange in electrical resistansalirectly
proportionalto themechanical straincan be denoted by the following equation,

)

L) y
Y z2- — (2.1)
Hereby, Scris the strain gage factais the mechanical strainpk the electric resistanpeevious

to load applicatiorandg R= (Rmeasured Ro).

As eq. (2.} indicates, he Sris thecoefficient that correlates the strain and the resistance change
and it can be used ®stimatethe strain from a measured resistartdewever,eq. €.1) is only
applicable for casesr deformation rangewhere the deformationponapplied loadis linear
Elastomers for example have a Horear behaviarFor these cases the resulting cucam be
fitted to a polynomial function from with the strain can be obtaingti94]. Moreover different
gage factors can be obtathéepending on the deformation behawba compositeipon loading

For instance, Ku et aflound thatwo gage factors can be adjusted to fit alim@ar piezoresistive

behavior, where each foll@the strain in the elastic and plastic zomspectively{195.
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2. Theoretical Background

For thermoplastic polymsrsubjected to a tensile loathe deformation regimewith linear
behavior i.e.theelastic regimavherethe elongations still reversibleis limited to relatively low
mechaical strainsThe Srcan be obtaineh the elastic regime dhermoplasticekompositesgs

the slope from the strain vs. change in electrical resistance curve of a piezoresistiaty test
depicted in Figure 271

Figure 2.17. Ty p i c aVs.equRé¢ dRtained from a tensile piezoresistive test of a thermoplastic CPC.

Certainly, this al s&obtared fiosn this method vaill be validprdysni t e 6 s
the elastic regime. From Figure 2.t can beinferred that for a piezoresistive CPC thesS

magnitude ighe quantitative measure ité strain sensitivity, where a higher slogred resulting

higher Srindicate higher sensitivity. In a real implementation siteysing an electronic device
programmed to converhé incoming electrical signal measuieesitu and applying the known

Scrfor an already characterized CRBe strain can be obtained in réiahe. For instance, it has

been proven that a polymer film based on polysulfone/MWG@Nh Scr of 0.50.8 has an

effective strain sensing performande follow the strain inan aluminum beam en
simultaneously evaluated withcommercial metallic strain gaugehich typically have a & of

~2[196, 197].
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2.4.4 Liquid sensing and the role of the filler network in the serisijtiv

Zhanget al reported fora CNT/polycarbonate composite ardf ~7 which is3.5 times higher
than commerciametallic strain gaugd4.98]. This shows that there potentialfor strain £nsing
CPCs to perforrbetter than thalready existingommerciaimetal based stragensors. However,
there is great potential to devel@ven better stain sensing polymer composites if other
alternaivesareusedsuch aghe fabrication obtrain sensing composite fibers.

2.4.4. Liquid sensing and the role of the fillernetwork in the sensitivity
CNT filled conductivepolymercompositesre alsacapable of sensing the presence of fluids such
as gaseandsolvents[9, 10, 199. The detection or sensing of organic sakgein CNT/polymer
composites is based on the ability of the polymer to swell when exposed to a solvent. The
pol ymerdés swelling results in a partial di srt
between neighbored CNTs up to values above thestungnor hopping distanc& his causes
resistance increase in the composite because of theticedof the tunneling currentherefore,
a proper selection of solvents and polynsaneededo achievea high solvent sensitivity due to a
pronouncedswelling effect however without dissolution of the matrikigure 2.18shows the
sensingworking principle ofa material based othis phenomenon orthe example of a

polymer/CNT composite.
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Immersion
in liquid
ﬁ

Swelling

Figure 2.18. Changes in the conductive network structimecarbonnanotubes filled composites by
swelling of the polymer matrix.

As depicted in Figure 28L.the CNFCNT distance increases as the swelling of the polymer matrix
increases causing a rise in the electrical resistance of the composite which can be nmesisured
during evaluationSimilar to nanocomposites used for strain sensing, in CPCs for liquid sensing
the alteration of the structure of the percolated network by increased distancing between

neighboring CNTs is the dominant effect.

CPCs containing CBof sensg the presence of solvents wdiest studiedin the early 2000
Polymerslike poly (ether glycol) and poly (ether amine) containingi@Bebeen evaluated during
the immersion of theompositesnto organic solvents and the changes in the etettresistance
over time verequantified to study the interactions between the solvent and the con{20¢ite

By using TPU, Segal et al. successfully detected the presenmeiwinol, ethanol anddropanol
with the addition of $hr CB to TPU [24]. However, the response upon immersion was very slow
requiring minutes to show a significant change in the electrical resistance amdteyidiwere
unsuccessfulContrariwise in a bend composite of PP/PAG/CB (75/25&)vastava et al. found
that cyclic liquid sensingtests were possible for benzene arddeptang25]. Nevertheless, the
relative resistance is not fully recovered after the first immers$icackowiak et alimmersed
PRCB and PS/CB composites loenzene,dluene, xylene and ethylbenzene finding that higher

sersitivity was found in composites near the eleetrpercolation thresholfR6].
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2.4.4 Liquid sensing and the role of the filler network in the sensitivity

These works provethat polym&/CB composites areffective but poorly efficientOne main
reason for that low efficiency is that the authdicsnot consider the solvepblymer interactions.
However, for liquid sensing applications, the degree of interaction between a desiredtsdigent
sensd and polymerhas tobe taken into consideration. Wore efficientroute is by selecting
polymer and solvents depending on the solubility. In this direchankis et al. found in &igh
impact polystyrene (HIP&VA copolymer blend filled wit CB upon immersionn various
solvents (benzene, methanol, methyl methacrdatin-heptane)thatthe Hildebrand solubility
parameters of polymer and solvelatnot havea very significant impaadn the magnitude of the
compositeds sstedsoiventi20]. ty to the te

On the other handheHansen solubility parametersuld be a better tool to select solvpotymer
combinatiors with higherinteracton. @ nt r ary t o Hi | debr dheldadsen sol ub
solubility parametersake into account the energy from dispersids) and intermolecula(dr)
forces and from hydrogen bon(tii) together withthe interaction radius (Rof the polymei(the

units of solubility parameters are MPaequivalent to/gnv) [27].

The Hansen solubility paramete(slSP) were developed by Charles M. Hansen in 1867an

attemptto predict the solubility of polymers in solven@Gurrently, hey are widely used in the

paint and coatings industry. Tpencipleis based on the idea thiike dissolves like , meaning
thatif a solvent has HSBimilar to that of golymera larger interaction between them is expected.

The HSP can be consideresithe coordinates of a point in thealled Hansen space.

Figure 2.D shows the typical Hansen space constructed withthe HBigood o s ol vent
be seen inside the sphere while the fAbadod so
solvents are more likely to dissolve or swell the polymer. How this can be determined will be

explained further in section 3.1.1.
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Figure2219.Hansen solubility spher epolymetifteraitions matkdkddaa nd @ p C

blue circles and red triangk respectively.

By employing these parameters it is possible to predict the degree of gmaner interaction
This approaclnas been alreadsuccessfullyemployed tceestimatein advance if a composite will

sense the presence ofertainsolvent[23].

Furthermore as shown beforgpolyme/CNT composite have lower electrical percolaton
threshold thapolymerCB composite. Thus, CNT/pofmer composites could aas liquid sasor
and organic solvent sensalreadyat lowerfiller concentrationsTherefore,more recently also

polymer/CNT composites were evaluated as material&gitd sensing

Polymer swelling upon immersion (good) solventss likely to happen due to thdiffusion
process of thaolventinto the polymer changing itlume When the solvent diffuse into the

polymer matrix, polymer swelling will occur and CNONT distance will increase[17, 202.

Unlike deformation upon stretching where the shape of the composite is changed but its volume
remains as before stretchingunihg swelling thecomposite willhave a sizencreasen all its
dimensions This volumetric increasaffects significantly the arrangement of theNTs (as
depicted in Figure 28) which originatesthe sensitivity of the CPCduid sensorThis implies
that the selected polymérst has to be swellable in the presence of the desirkr@rdgoto be
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detected by the composite sensidrerefore, a proper selection of the polymer is crucial for the
efficacy of any liquid sensing CP@dditionally, if the polymer chosen to fabricate a CPC is
intentionally selected to be highly swellable upon contact to a solvent, the sensitivity of that CPC

will be significantly higler.

Some efforts have been done already pointirthe direction ofabricatng CPCs withCNTSs for

liquid sensingapplications Qi et al. fabricated a liquid sensing based on a biopolymer/CNT
compositefiber [203. In their work, they dip coated cellulofibers with different amounts of
MWCNTs achieving dast response to water and to aqueous electrolyte soluMoreover,
Villmow et al. effectively detected the presence of tetrahydrofuaeetone and ethyl acetatging

a MWCNT/polycarbonate compositgth a very fast response within the first seconds of exposure
[202. Studying the CNT wt% influenda the detection of4inexane, ethanol and methanol using
MWCNT/polypropylene/PCL blend composit&sjtschke et afound that the sensing capabilities
decrease with increasing amount of CNPS]. Furthermore Villmow et al. reported that
polymer/MWCNTSs fiber can be woven into textiles showing the great potential and versatility for

developingsmart structures based on polymer/CNT compofga@s.

Although, liquid sensing capabilities pblymer/CNTcompositehavebeen studied, there are still
critical issues that have to be solved in order to improve the sensitiMigrefore, more

investigation is needed for getting this kind of materials into industrial applisation

2.5. Polymer fiber fabrication technology
2.5.1. Overview

Great efforts have been done to avlei accurate and reliable sensor materials based on conductive
polymer composites in the shape of films or plates as stated in the previous section. However,
bringing such composites in the shape of fibers has the advantage of higher material flexibility a
compared to bulk materials such as-passed, injection molded and crdis&ked CPCs. In
addition, fibers can be woven together with other fibers for smart textile fabrichibmrscan

also be fabricated as a single vemyg and fine fiber with seralkilometers of lengthThanks to

their shape and dimensions fibers are easier to place in any kind of structure with all kind of shapes

and lengths. Consequently, fibers with sensing properties offer a very promising approach for
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sensor fabrication. Fthermore, fibers based on CPCs can be regarded as very versatile as their
properties can be adjusteext tothe choice of the conductive fillers, amount of filler, filler
combinations and their geometries as well as fiber diameters and stretching\ratiesheless,

the technique employed for the fabrication of the polymer fibers also has an impact on the fiber
properties as well as on its processing efficiency and production cost, which are very important
matters when fabricating marketable producthsas specialized sensors.

2.5.2. Polymer fiber fabrication
For a given polymer, different spinning techniques can produce fibers with significantly different
physical properties. There are many processes aimed to fabricate polymeanfibersiacro and
micro scale among them aigap spinning, shapdiber spinning, electrospinning, wepinning,
meltspinning, dry and dryjet-spinning and conjugate fiber spinning. Although, given their
versatility and the relative simple spinning plant installation, thet km®monly used spinning
processes are digpinning, wetspinning and meispinning.

In dry-spinning the polymer is first dissolved into a solvent and then extrédditie fibers come

out the spinneret the solvent is evaporated off the fiber, usualyhet air. In most cases the
solventpolymer mixture is then collected andused. Dryspinning is required for polymers with

a melt temperature equal to or close to their thermal degradation temperature; therefore they
require dissolving in a solvent arder to avoid degradation when processed into f{l284. Dry-

spinning is generally recommended for temperature sensitive polymers and depending on the
spinning capacity of the polymeit can havedstproduction rates. However, the elimination of

the solvent is not always effective, which originates defects on the fibers. Additionally, the solvent

elimination control can be expensive.

Wet-spinning is employed when the polymer tochaverted into fibers requires dissolving into a
nonevaporable solvent t o -spiemingsbpaause thelfibersiare spunn o wn
directly into a liquid bath after leaving the spinneret. The liquid in the bath draws out the solvent,
leaving béind only the polymer. The rate at which this occurs is crucial. If it occurs too fast the

bath liquid can create micnoids in the fiber which later could be weak points. Unlike-dry

spinning where the solvent can be evaporatedspieining is based orrgcipitation, given that

56



2.5.2 Polymer fiber fabrication

the drawn dissolved polymer is bathed into a-solvent liquid where the polymer precipitation

or coagulation occurs followed by solvent removal generally by chemical means. The process of
being extruded into a liquid delivers arder drag force on the resulting filaments than those
extruded in dryspinning to cool in aif204]. Consequently, the draw speed is lower than for melt
and dryspinning. Once the solverstremoved, these fibers have to be stretched in order to orient
the polymer chains to give the fiber higher strength. Commercial spun fibers made using this
technique include Acrylic, Rayon, Aramid, and Spandex. Similar tespiyning, this method is
recommended for temperature sensitive polymers. HoweMeasimuch lower production speed

than melt or dryspinning due to the viscous drag. In addition, as well as #sginning the solvent

recovery is very expensive.

On the other handneltspinning s one of the oldest polymers processing technique that has
contributed significantly to society, especially after the commercialization of polyamide (nylon)
synthetic fibers in the 1940s by the DuPont Company. Moreover, the introduction-spmeing

in the late195Gs was a very important breakthrough from many &ffon fiber processing and
since 1980&nabled to melt spin at high take speeds. In me#ipinning, the bulk polymer (e.g.
pellets or granulates) is melted and the melt is then extrudmegtha spinneret. Next, the molten
thread solidifies while passing through a cooling medium and the thread is pulled by a bobbin
winding the fiber onto a roll. This process hematically shown in Figure 2.2@lthough,
commercial spinnerets have manyldsy for simplicity Figure 20 shows the schematics of a
singlehole-spinneret similar to the ones used to fabricate monofilament fibers. During the melt
spinning process usually a metering pump controls the flow of the molten polymer to the spinneret.
Typically the melt is filtered before its extrusion in order to ensure thpartlespass through

the spinneret so that the molten polymer does not form droplets, which woigilthte stress

concentration points in the fibers making them more brittle.
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Figure 2.20. Schematic showing the formation of a single filament duringniglespinningprocess.

As illustrated in Figure 20, a molten polymer, which was in the shear flow field inside the
spinneretcapillary hole, relaxes its stress upon exitirige tspinneret hole, thus giving rise to
disorientation of polymer chains in the short distance from the spinBaiatly after leaving the

spinneret the melt swells due to the die swell phenomenon, also known as Barus effect. The Barus
effect is generatkfrom the polymer chain reordering, given that the molten polymer stream is
first compressed by entrance into the die ar
entangl ements causes an increase in folmea strea
spherical shape that maximizes entr¢p99. Afterwards, the molten thread is then stretched by
theforce exerted from the takgp device positioned beneath the spinneret. During stretching, the

molten thread undergoes in the presence of quench air being blown across the thread, passing from
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the phase transformation to a serystalline phase and fingllsolidifies. A molten polymer
thread may undergo phase transformation into ®eysitalline phase even at a temperature above
the equilibrium melting point of the polymer when the takespeed exceeds a certain critical
value, this phenomenon is knownflmv-induced (or stresmduced) crystallizatiof206, 207].
Furthermore, crystallization may also occupolymers where the bulk material is considered to
bemainlyamorphous or only moderately crystalline (e. g. bisphé&rmblycarbonate)208 209 .

The filaments coming from the spinneretdze as well brought together and/or twisted together
to form a thread. Additionally, spinnerets can be custwede with as many holes as desired, from
1 to make monofilaments up to 80,000 as used to fabricate multiflament Yamsginneretd

diameterscan also have wide rangefrom a few dozens of micrometers to millimeters.

The meltspinning method has many benefits over the other spinning techniques. It is very cost
effective and it is in fact the least expensive of the spinning methods. Senpeotiess does not
involve solvents no washingr solventremoving procedure is required. Though, in large scales
the polymer material can be fed directly to the extruder after its synthesis taking out the steps of
granule/pellets production and meltindheTwinding speedan be as high as 8000 m/muhich

can givehigher productivity thamvith the other methods. It is always the preferred method of fiber
production from polymers that will not suffer thermal degradation at the temperatures required to
form a melt of the desired viscosii204, 207].

Commercial largely manufactured fibers such as polyamides (PA), polyesters, polypropylene (PP)
and polyethylene (PE) fibers are generally fabricated by-spatining. An important requirement

for a polymer to be mekpun is that it should not begtaded when softened by heat. Hence, a
polymer that is degradable or close to degradation at the desired spinning temperature is certainly
not suitable for melspinning. In occasions, the problem of thermal degradation can be avoided
by adding a heat stdizer or plasticizer (some plasticizers are low molecular weight substances,
which can reduce the melting point of a polymer to below its thermal degradation point). The melt
spinning process has two main advantages over others spinning processes,eniielivze high
throughput and high takep speeds and also unlike the previously mentioned methods, solvent
recovery is not needed. In addition, to a certain extent, one can control the physical properties of
the finished fibers by judiciously choosing eptimum value of stretch ratio, because the stretch
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ratio can significantly affect the molecular orientation and crystallinity in the finished fiber. Due
to its advantages, the maipinning process is one of the most promising techniques used for

fabricating composites, including polymer/carbon nanotube composites.

2.5.3. Melt-spun fibersfrom polymer nanocomposites
Since thedevelopmenbf the different spinning processitss known that polymer chains can
align in the direction of the fiber axi¥his carbe usedn order to produce fibers with remarkable
stiffness and strengfi21(. Therefore, it can be expected thatlt-spunpolymer fibers based on
CPCs couldhave an additional reinforcement effect coming from the alignment of filler in the
fiber axisinduced by the orientation of the polymer chains upon drawing

Based on their different aspect ratios, the addition of laagerunt ofgraphite, GNPs or CB as
compared to CNTSs needed to achieve low resistivity in compositedewever, thefiber
fabrication by meklispinningis more difficult at higher loadings, so that the low loadings possible
with CNTs are advantageouSNTs can be also considered as idelgr for polymer fiber
reinforcement given their outstanding mechanical properties, very low electrical resistivity and
also, because of its fibdike 1-dimersional geometry with very high aspect rafi®ll]. In
addition, it has been already demonstrated that short filler fibers align themselves in laminar flows
of extrusionlike processes (such as inside a basphneret configuration), specially for high
aspectatio fiberlike structurs [2127). Therefore, CNTs have greater advantage over 2D and 3D
particles to beriented or aligned in the fiber axis during an extrusion process due tdilibeir

|l i ke structure. Ad dighteleatricabcbndugtivitit g mareseasilypossible CNT 6 s
to achieveconductivemeltspun polymer fibers. However, the orientation/alignment of CNTs
whenproducing conductive fibers can be challengmgeting high conductivity along the fiber
axis,as the orientatioand distancin@f thefillers has shown to increase the electrical percolation
threshold and to reduce conductivity in fiber directi@B, 213. Therefore, the effects of CNT
addition to polymer fibers and of fiber drawing on electrical conductivity are still not fully
understood.

Understanding the spinnability as the capability of a polymer to be spun, the medisity of
polymer/CNT composites expected tbe better thafor composites with other carbon structures.

The standard spinneret diametan be in similasize likea graphite particle or a CB typical
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2.5.3 Melt-spun fibers from polymer nanocomposites

agglomeratesize which may induce blocking probies during mekspinning.Conversely, CNTs
have much smaller size and their4ldek structure facilitatethat they pass in their length direction
through the spinneret holes. However, for all cases a verydtadb ofdispersion has to be

achieved in ordr to prevent spinneret blockage.

Consequentlythe composition rangaf the polymer/CNT compositesdits spinningprocessing

conditiors range suitable to produce defect free homogeneous fi@gether known as the

Aspi nnabi |isdilyurdey investigatiod and the influence of spinning conditions is still

being evaluated mainly in research level. The melt viscosity of the polymer under the selected
processing conditions has to be taken into account, as the melt viscosity of the conpesises

with increasing CNT volume fraction. An appr ¢
blending the polymer matrix with a lower viscous partner was proposed by Rentenberger et al.

[22]. They showed that blending a PCL/MWCN®mposite with a second polymer component

(PLA) can be used to tune the viscosity of the blend composite and to combine favorable properties

of both blend materials. Hooshmand et al. found that when using high processing temperatures for
fiber spinning ora two component polymer composite (PP/PA/MWCNTS), electrical conductivity

can be improved for selected blend composit[@id]. In the same direain, Soroudi et al. added
MWCNTSsto a blend of polyaniline (PANI)/PP to produce rsgun fiberd215. In their work,

they found that the homogeneity of the PANIBINT f i ber sdé structure (s:¢

increases when compared to the unfilled filbex yithout CNTS).

Concerning mechanical propertigshas been founds expectethat adding CNTs increases the
mechanical properties of the composite fiber.idarease of 150% in elastic modulus and 90% of
tensile strength in spun single filaments was found by Andrews et al. with the addition of 5 wt%
of SWCNT to an Ashland A500 petroleum pitch maf246. Dondero and Gorgahowedfor
meltspun PP/MWCNT fibers that increases in the values of ultimate stress, yield stress, and elastic
modulus of the fibers can be seen already with the addition of only 0.25 wt% of MWQRNA's

In contrast, Yoo et afound in melispunPolyethylenedrephthalatéPET) fibers that the addition

of 2 wt% of MWCNTSs led to inferior mechanical properties compared to neat PET even when the
MWCNTs appeared to be well dispersed into the poly2&§. They attributed this behavior to
disturbances in crystallizationnd to molecular orientation of PET caused by the highly

61



2. Theoretical Background

constrained state of the MWCNTSs incorporated into the fiber. On the contrary, Mazinani et al.
found in meltspun PET/MWCNT fibers aimcrease of ~12% in the tensile modulus with the
addition of MWCNTS2 wt%[219. Potschke et al. found that the addition of 2 wt% of MWGNT

to PCfor fiber fabricationincreased the elastic modulus of the PC/MWCNT fibers2#o when

the takeup was ® m/min and only by ~5%vhen the takeip was 800 m/mias compared to the
respective neat PC fibers fabricated at 50 m/min and 800 nj{/8|n They attributed this
difference on thencrease in the elastic modulatsdifferent takeup speedto the higher orientation

of the polymer chains and the CNTs that occurshigher takeup speed. This shows that
mechanical reinforcement in malpun polymer/CNT fibers can be achieved. Nevertheless, these
contradictory results show the need of mstadies on the mechanical properties of replin

polymer/CNT fibers.

Another specific condition, resulting from the msgtinning process of CNT/polymer composites

is the orientation of thearbonnanotubes in the fiber direction. In context with enharerg of
mechanical properties this may be an advantage kihown that alignment of carbon nanotubes
results in increased mechanical properties in the fiber/alignment direction. As reported by Potschke
et al., highly oriented MWCNTs can be achieved frili® meltspinning process resulting in a
highly anisotropic composite mater{dl8]. They also found that there is an increase in the CNT
alignment with increasing takep velocity. However, increased talp velocity may result in
eventual fiber breakage. Thubete is a compromise between the alignment of the CNTs and the

spinnability of the composite fiber.

It is known that increased matrix crystallinity enhances mechligmioperties of composites like

tensile strength. As described before crystallization beynduced or enhanced during the melt
spinning process. Sulong et &dund thatthe addition of MWCNT40 meltspun PEaccelerates

the nucleation and crystal growth of the polymer fig2(. According to their study, crystal
nucleation occurs at the surface of the CNTs in such a way that each nanotube becomes coated
with a layer of crystalline polymer of uniform thickness. This could be an talyeous effect of

adding CNT to mefspun polymer fibers since the improved crystallization of the polymer could

help the mechanical properties of the resulting composite fibers.
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Additionally, the amount of CNTs is an important influencing factor wherardigg the
spinnability window éffective melt-spinning processing conditions window) of polymer/CNT
fibers. There is interplay between spinnability, CNT content andupkeelocity resulting in a
spinnability processing condition range. For instancesdbé&e al. reported that for PLA/IMWCNT
fibers the addition of Wt% MWCNTs lead to fiber breakage at all the talkge speedattempted

in the studywhile for fibers with 3nvt% MWCNTSsit was possible to use takg speedranging

from 20 m/min to 100 m/mifiL3]. However, it was observed that with increasing filler content the
improved fillerfiller interaction leads to a significant reduction of flow properties of the melt,
which results in unstable spinnability when high takespeeds were engyled. They found also
thatwith filler contents above 3 wt% at higher tale velocitiesabove 20 m/nim it is not possible

to fabricate fiberainder stable processing conditisiace the reduced drawability of the melt
resulted in fiber breakage. Thisturn could be also associated to defects and droplet or cluster
formation within the spun fibers created due to the presence of filler. However, they reported that
no significant introduction of structural defects and no shortening of the CNTs themsebhees w

originated as a result from the msjiinning process.

Another approach to manufacture raghun fibers is the fabrication ofFbomponent fibers. These
kinds of fibers consist of two concentric polymers rspitin by the use of a special two concentri
holes die. Bicomponent fibers could help to improve the spinnability of composites, as reported
by Shi et al[22]]. They found that dut the mutual interaction between two polynregits along

the spinline, the processability of both components (poly(butylene terephthalate)/poly(butylene
adipateco-terephthalate)) in a filomponent spinning process was improved compared with both
of the orresponding single component spun fibers. Similar findings were reported by Hada et al.
for a bkrcomponent fiber of syndiotactjwolystyrene/atactipolystyrengd222. In their work, they
improved the spinnability and structure to the respective single component fibers. On the contrary,
Cho etal. found in PE/PET btomponent fibers a reduced spinnability due to instability at the
interface as result of the different orientatioduced crystallization behavior of PE and HEY].

Moreover, fabricating carbefilled based conductive polymer-bomponen fibers brings the
possibility to select which component is the conductive or isolating component. Straat et al.
fabricated bicomponent fibers where the core is a CPC filled with CB or MWCNTSs and the sheath
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is an isolating neat polymer (PE, PP and PA26). They found that when using MWCNTS, the
fibers were 3 times more conductive than when using Gligeatame weight concentrations (from

1 to 6 wt%) and that the spinnability of thedamponent fibers was reduced by increasing the
filler content (1 to 7 wt%) regardless of which filler was employed. Also on-speih bt
component fibers with an isolagrsheath based orghase PVDF, Lund and Hagstrém found that

the addition of 7 10 CB wt% to a PP core can produce conductive fibers that can be used as wires
or electrode$223 224). However, they report the need of 8.5 wt% of CBh®PPcorein order

to make fibers with auitable electrical conductivityp be used as wireghich in turns reduced

the spinnability of the bcomponent fibers considerably.

Furthermore, by following this concept in the opposite direction, a sensing fiber could be
developed where the sheath is conductive and the core is electrically isolating, as depicted in Figure
2.21. This kind of fibers could give a broader window of possibgitsuch as the detection of
chemical interactioor atmosphere changes sensatighe sheath component, and alsees the
possibility of a reducing theotal amount of filler needed to have electrically conductive fiber,
since the filler could be congtted to a smaller volume in the outer layer (concept of segregated
filler localization). In this scenario, tanbe expected that the sensing behavior of the filsers
improved when exposed to stimuli affecting mainly the surface of the fibers (e.gigsémsi
presence of fluids)n that direction, Fan et al. fabricated TPU rggduin multiflament fibers that
were covered with CNT by immersing the fibers in a solution of MWCNT dispersed insCHCI
The TPUCNT fibers were able to sense the presenadiftérent solvenvaporsuch as ethanaol,

acetone and tolueradter just some seconds of vapor exposifé0).

Isolating core

CNT filled conductive sheath
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2.5.4 Melt-spun fibers as sensors

Figure 2.21. Schematic of a biomponent fibewhere the sheath is a CPC

From all this i can be elucidatetthat polymer/CNT based medpun fibers have great potential
work as sensorfiowever there is still no conclusive evidencethe superiority over the standard
polymer fibers. More efforts have to be done in order to attain a better knowledge on the realistic

potential that this materials could have for industrial and engineering applications.

2.5.4. Melt-spun fibers as sensors
In order to usenelt-spun fibers asensor materialhey have to be electrically conductive. This
condition can be achieved in fibers filled with CNatsnuch lower filler contents as compared to
the use obther particles such as CB. Additionally, thisalmplies that the spinnability may be
already modified at lover filler contents when using CNT$Joreover as stated beforéhe
conductivity decreases with increased alignment, shifting the percolation threshold to larger filler
content valuesAdditiondly, it has been found that increasing the takevelocity when
fabricating PLA/IMWCNT fibers cause an increase in the CNTs alignment inside the polymer,
which in turns improved the liquid sensing sensitivity of PLA/IMWCNT composite fipE8s
Therefore the sensing properties of the polymer filbeeclosely connected to the filler content

and the spinning conditions.

Melt-spinninghasalready proven to beereliable technique @rawpolymer/CNT compositesnto
fibers [13, 18 213 225 22€. The recent achievemenin meltspun polymer/CNT fiber
fabricationoffer the possibility of polymer fibebased sensor development. However, given the
novelty of this kind of materialthe publishedvorks on the sensing properties of msfiun
polymer/CNT fibers areery rare Following, some of the most relevant studies in this direction

either with CNT orother filler will be summarized.

Regarding the use of fibeas strain sensing materialgt many reports have been published.
Mattmann etl. fabricated meltspun montlamens made from styreriethylene/butylerie
styrene (SEBS)/CBhat were able taneasuresuccessfullythe in-situ deformation of a textile
[227]. However filler loading as high as 50 wt% of Gaasrequiredo obtain suitableonductivity

values n the SEBS/CB filaments faan accurate sensing. These filamehtsvever,were not
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fabricatedusing a standard medpinning method, they were producesing a capillary rheometer
andtheyhaddiameter in the range of 30815¢ mpossibly due to the size of the CB patrticles

Interestingly, Melnykowycz et alalso investigated SEBS/CB melt-spun monofilamentsas
mechanical strain sensor finding that the composite filaments perform betteirasestsr than
a commercial filament Merlin® based on carbon impregnated ryR2&. Surprisingly,they
found that the & of these fibers can be as highl®s However, the addition of 50 wt% of CB
was needed and due to this high amount of filler the monofiitarended up having diameters

ranging fr om 3 @Hchfornmstange are wo & geberwoven into textiles.

The use of melspun polymer/CNT fiberéwith diameters ranging froméb um to 850 m) as
sensomaterialswas reported by Bilotti edl., exhibitingthat thes&ind of fiberscan have a good
performance as mechanical strain seng2?§). In their work, TPU/MWCNT3 wt% melt-spun
fibers show that strain sensing under static and dynamic loagltionsis possibleIn addition,
their TPU/MWCNT fibers were subjecteg tol5loadingunloadingcycles between 0 and 10%
of strain, achieving a change in electrical resistance of 7% at 10% of strainsidgsthat a
singlemelt-spun polymer/CNT fiberauld be employed as strain sensmny times. Nevertheless,
the electrical resistance did not return to its original resistafter the first load was removed
the maximum change remained at 7% for all the 15 cycles. Additiortadl\geinsing signal of the
fiber is not monotoniavith the strain as the fiber resistance first increases with increasing strain
and after a certainrstin value, it decreases with increasing straims EBffect ispossible due to
the elastomeric nature of the polymer employed to produee fibers. In this work, no strain
gage or sensitivity wagportedhoweverfrom their datat can be assumed t@ lbower than 1.

Also with MWCNTSs but with polyvinyl alcohol (PVA), fibers were fabricated by-s@nning by
DenisLutard etal [23(. They found thatvetspunMWCNT/PVA fibers exhibited a higtstrain
sensitivity, heretheelectrial response wasontlinearin the whole strain range evaluatee4@?b).
SimilarlytoBi | ot t,théydound a mokmonotonic behavioietin the case of Denikutard
work this was only found for gh wt% (>10%)However, high strain sensitivity can besumed
since theDR/Ro is ~6%, ~60 and ~82 for 2%, 10% and 20% of strain respectiMalyexemplifies

that polymer/MWCNT fibergan begood candidates for strain sensing applications.
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2.5.4 Melt-spun fibers as sensors

Concerningifuid sensing,hle use of carbon particle filled polymer fibers has been also reported.
However, iquid sensing properties afelt-spunpolymer/CNT fibersseem to be less investigated
than strain sensingPotschke et al. added different amount of MWGNTmelt-spun PLA fibers
finding that the sensitivity is strongly dep@mglon the filler contentLower MWCNTs amount

leads to a higher liquid sensitiviggainst ethandll3]. Additionally, they found that thethanol
temperature hasagreati | uence on the fibersoé Iiquid sensi
resulted in higher changes in the electrical resistdycasing mekspun multifilaments based on

a blend otwo biodegradable thermoplaspolymer (PCL+PLA)dded vith 4 wt% of MWCNTS,
Rentenberger et dhave developed liquid sensor capable of detecting solvents like acetone and
ethyl acetat§22]. In their work theyexposehe fibers to several immersiainying cycles showing

that the PCL/PLA/MWCNT tiershave a very fast response and recovery (drying upon exposition
to the solvent was removed). However, an increaskemmaximumDR/Ro wasseen after each
cycle and the resistance daes return to its original value after the first cycle. They attributed
this behavior to a rearrangement of the polymer chains after the first immersion of the fiber into

the solvent.

Furthermore, Rentéemger et aldescribed prototypen which PLA/IMWCNT fibers were woven
together with glass fiber to form a smart textileich can be useas lekage detectoin building
constructions and industrial plants7, 22]. With this prototype they were able to detect the
application of small drops of ethyl acetate and acetmmethe surface of the textile. This
development suggests that is possible make the transfer of laboratory rmatsaalstowards

industrial applications.

For polymer/CB composites as liquid sensing materials @&y investigations have been
publishedand none on the report thause of CB filled polymer fiberfor its use as liquid sensors.

In contrast to polymer/MWCNT composites high amewitCB need to be added in order to
obtain appropriate liquid sensing properti€® amounts in the range of20 wt% have been
reported as the minimum needed to have stable liquid sensing response, which can difficult the

melt-spinning procesg24-26, 204 .
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Based on that summary of already existing work, it can be concludedeltapun polymer/CNT
composite are a very promisingway to fabricateliquid sensing materialsHaving carbon
nanoparticle filledmelt-spun polyner fibers with sensing capabilitiespens a door to many
potential applications and alemables the fabrication of smart multifunctional textiles. Through
their versatility, smart multifunctional textiles have wide applications such as strain sensing,

structural health monitoring, detection of gases and liquids, flexible sensors and many more.

On the other handhere are still many approaches that have not yet stadiédherefore are
selected as topics for this woikor instancepolymer fiberswith mixed filler systems of CNT and

CB have not yet beesvaluated as sensingaterials. Thugt would be interesting to séesynergic
effects occur irthe liquid sensing behavior by the usesathfiller system. Additionally,a br
component polymer/CNTilder sensor is a very interesting approach that has not been studied yet.
However physical popertiessuch asnechanical propertiemdelectrical resistivity as well as the
strainand liquid sensin@pehavior ofmeltspunpolymercarbon particleompositefibers are not
completely understood arttiereforefurther research is needda. addition other approaches

should be taken in order to improve the properties of such kind of fiber materials.
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In the following chapter, the materials employed as well as the procedures followed for
nanocomposite and fiber fabrication are described in detail. The characterizations carried out on

the nanocomposites and fibers are also detail
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3.1.Materials used
3.1.1. Procedure for polymer matrix selection

In order to fabricate carbon particle filled polymer fibers that are able to sense the presence of
liquids such as solvents, it is a requirement that the selected polymer for fiber fabticetito be
swellable in the presence of the solvents to be detected. As explained before in sé&jan 2.
reliable approach to estimate if a polymer will swell or not in the presence of a particular solvent
is by knowing their affinity using the Hans&olubility Parameter@HSP) of both, polymer and
solvent. When thélSPsof both elements are known, a way to quantify the affinity of a polymer
and a predefined solvent is by calculatimg tRelative Energy DifferencdRED). The RED
correlates the intection radius of the polymer and the distance in the Hansen space between the

polymer and the solvent as following,

YO® — (3.1)

whereRi (in MP&-) is the interaction radius of the polymer molecules Rafin MP&-) is the
distance between the polymer and the solvent in the Hansen Bpaepresents the degree of
interaction andtrength between the polymer molecules Bathdicates the distance between the
HSP of the polymer and the solvent in the Hansen rr&hsional space (see section.2)4

Estimation ofRa is possible by employing equation 3.2,

Yoot | | | | 1 (3.2)

whereab, ab anddi represent the energy from dispersion for&®s dipolar intermolecular force
(P) and hydrogen bondsi} between molecules; subscripts 1 and 2dasegnated to the polymer
and the solvent respectively. For the estimation oRE®, the values oflb, dr, dv andRi were

taken from literature or datasheets when available.

Accordingly, aRED magnitude well above 1 indicates that the solvent will Beigwell nor
dissolve the polymer, RED magnitude near or equal to 1 indicates that the solvent could only
partially dissolve the polymer @hatprobably the polymer would just slightly swell anéRED
magnitude below 1 indicates thexposure of the pginer into the solvent will swell and/or
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3.1.1 Procedure for polymer matrix selection

dissolve the polymeiThis in turns means that as closerfieD magnitude is to zero the polymer
solvent interaction will result in complete polymer dissolution. Thus, it is possible to know
beforehand which polymsrare potential candidates to work as liquid sensor based &Efbe
magnitude. However, knowing tiED magnitude leads only to a qualification of the degree of
polymerssolvent interaction and its accuramy the swelling magnitudeas to be validated ior

polymer selection. In the other hand, it has been established that the ability of polymer
nanocomposites to sense liquids is directly related to their swelling magnitude in the presence of
liquids. This can be easily tested by quantifying to whichréxdgpolymer swells in the presence

of diverse solvents with knowdSPs which can be later correlated with the sensitivity achieved

by the sensor.

3.1.1.1. Swelling measurements
As stated in the previous section, even when the theoretical magnitude of affintyebe
polymers and solvents is known, it is still necessary to determine the magnitude of polymer
swelling in the presence of high and low affinity solvents in order to validate the estiRizied

numbers and afterwards choose a proper polymer with higiityatowards several solvents.

The distance between the HSP of the polymer and the solvent in the HansellRspaceithe

RED numbers of a total of 24 solvents plus water asgiBnablepolymers were estimated using
equations 3.2 and 3.1, respectivelyne solvents and polymers evaluated are listed in Table 3.1
and Table 3.2

Table 3.1.Solvents and solubility parameters used for RED estimation, HSPdakerefrom

[27, 231]; all parameters units are iMPal>,

Solvents a a di

1,2 Dichlorobenzene 19.2 6.3 3.3
1,4 Dioxane 175 1.8 9.0
1-Butanol 16 5.7 158
1-Hexanol 159 58 125

1-Methyl-2-Pyrrolidone 18 123 7.2
2-Propanol (Isopropanol) 158 6.1 16.4
Acetone 155 104 7.0

Aniline 194 51 10.2
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Chloroform 178 3.1 57
Dichloromethane 182 6.3 6.1
Diethylether 145 29 4.6
Dimethylsulfoxid 18.4 16.4 10.2
Ethanol 158 88 194
Ethylacetate 158 53 7.2
Ethyleneglycol 170 11.0 26
Methanol 147 123 22.3

Methyl Ethyl Ketone 16 9.0 51
Methyl metachrylate 158 65 54
N,N-Dimethylformamid  17.4 13.7 11.3

N-Hexane 149 O 0
N-Methyl-2-pyrrolidon 18 123 7.2
Tetrahydrofuran 16.8 5.7 8.0
Toluene 18 14 20
Xylene 178 10 31
Water 156 16.0 42.3

Table 3.2.General purpose gradeofymers evaluated as famtial matrix for sensor material
fabrication and theiHSPstaken fran[27, 232 233; all parameters units are iMPa’>,

Polymer a a di Ri

Polyamide (PA) 6,6 172 99 165 4.4

PA 6 170 34 106 5.1

Polyethylene Terephthalate (PET) 18.2 6.4 6.6 50
Polycarbonate (PC) 196 88 57 10.2
Polystyrene (PS) 21.3 58 43 12.7
Polyethylene (PE) 16.8 3.3 338 6.6
Polypropylene (PP) 177 29 1.2 6.2

PA 12 185 81 91 6.3

First,given their highly REDs PA 66, PA 6 and PET were selected for first ag@fieasurements.

In order to ensure that the polymer experiences high wetting by the solvetikelskmpression

molded samples with 1 mm thickness and 25 mm diameter were fabricated on a PW 40 EH press
(Paul Otto Weber GmbH). Depending on the polyrther pellets were prheated for 46 min and

then pressed at 100 kN between two flat metal plates coveregaiytietrafluoroethyleneThe
compression molding temperature vezdected above he pol ymer 6s nRETt i ng
@290°C, PA66 @290°C and PA®240°C)and pressing time was 15min, followed by 12

min cooling in a minichiller. All samples were dried at 120°C for 24 h in a vacuum oven before
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3.1.2 Carbon based materials

testing and stored before the measurements in the oven to insure that no humidity absorption
modifiest he pol ymer sé swelling.

Afterwards,given their contrastin@ED numbers, PA 6 (Novamf2.7; DSM, The Netherlands),

PA 66 (Ultrami® A27; BASF, Germany), PET (RT20; Invista, USA) and polycarbonate (PC)
(Makrolor® 2205; Bayer MaterialScience AG, Germanygres selected to carry out swelling
measurements in order to know the validity of the calculRteD values. The samples as pellets
were fully immersed into a Petri dish filled with the solvé20 ml) under evaluation and the

Petri dish was covered withlags to prevent solvent evaporation during testing at room
temperature. The previously weighted sample was immersed into the solvedéfioedtime (5,

15, 30 and 60 min.)and during this time the sample was under observation for any possible
changeAfter the desired time, the sample was taken out, cleaned carefully with tissue paper and
weighted again. The volunehangeafter immersion was calculated by employing the following

equation,

w P — — p Ppmnumhp (3.3)

wherero andrs are the densities of the polymer and the solvent, respectivelynartny are

the weights before and after immersion, respectively. The densities of the solvents andspolyme
were taken as reported by the suppliéte densities oPA 6, PA 66, PET and PC were taken as
1.14, 1.13, 1.45 and 1.19 g/cm?, respectively and they are in agreement with the typical density
values reported for these polymers.

3.1.2. Carbon based materias
Two carbon nanoparticld&€NPs) were selected for composite and fiber fabrication. Given their
high electrical conductivity and high tensile modulus, commercially avail@dlgD grown
multiwall carbon nanotube$MWCNTs) (Nanocy™ NC7000; Nanocyl S.ABelgium) as powder
were used as reinforcement material for fabricating nanocomposites and TiberSsIWCNTs
employed have an averadg@meterf 9.5 nm, and average length of 1.5 gnda powdervolume

resistivity of 10 Wem as reported by the suppligd34.
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For producing a mixed filled systemarbon black CB) (Printex XE 2B; Orion Engineered
Carbons, Germany) was selected as second filler due to its good electrical conductivity and low
price compared to thelWCNTs. The CB employeds a hidily structured carbon black types

a primary particle size of30 nm and apowder volumeresistivity of ~10% Wem (measured as
described in235) [236. Additionally, given theC B dlawver aspect ratio whenompared to
MWCNTSs, it is expected that the addition @B (instead of increasing the amount arfly
MWCNTSs to achieve electrical conductivity) will lead to lower melt viscosity than when using
high amounts oMWCNTSs.

3.2.Fabrication of the polymer nanocompoges and fibers
3.2.1. Melt-mixing
For fabricating the nanocomposites, PC (Makr8l8205) and the selected filler(s) warelt
mixed in a DSM microcompounder (DSM Xplore, The Netherlands) with 15 ccm capacity at
280°C for 5 minutes using a screw speed of 2%@. Melt-mixing conditions were selected
according to previous work done with the same polyi287]. Dried PC pellets (100°C, 8 hours
at vacuum and the powdery fillers were manually mixed and then added to the running

compounder as depicted in Figi4.

Extrudate

DSM Xplore 15cc

Figure 3.1.Twin screw microcompounder used for nanocomposite fabrication.
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Independently of the kind of filler, to keep the torque force of the microcompounder screws below
the operating limit, the maximum weight cemtration (wt%) was fixed at 6%, including the
mixed filler system. ThMMWCNT content was varied from 0.25 to 6 wt%. 0B wt% was varied

from 1 to 6% and the mixed filled system was done with an even wt% ratio (1G5 ahd
MWCNT to reach up to a commed weight of 16 wt%; these wt% were 0.5+0.5, 1+1, 1.5+1.5,
2+2, 2.5+2.5 and 3+3).

3.2.2. Melt-spinning of single and bicomponent fibers
The fibers were fabricated following a tvetep process. First, the selected filler and PC mete
mixed as described isection 3.2.1. Afterwards, the previously driedlgized nanocomposite

was meltspun by employing a piston type spinning device constructed &@nédeen

In the case of single component fiheassingle piston barrel (see Figure 3.2) with a speinde

hole diameter of 0.6 mm was employed. As melt temperature 280°C was used and the pellets were
preheated in the barrelthis temperature for 5 min before spinning. Different throughputs {0.47

1.17 cm3/min) and takap velocities (2600 m/min) wereused and selected according to the

homogeneity obtained on the fib¢is).

By varying the throughput and tak velocity different draw dawn ratios were obtained. The
draw dawn ratiolDR) can be defined §207],

00'Y 0 T (3.4)

(wherew. = velocity of the fiber at the winder amd = mean extrusiorvelocity at the die).
According to theaw of conservation of masghé continuity equationthe throughput can be
expressed as,

Y € D 0 “FTO  z v (3.5)

(whereDo = diameter of the die hole)

Thus, theDDR can be calculated using the following equation,
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00Y o0MOQArn nUgeme GHD &6 (3.6)

(whereAo = cross sectional ared the dig.

\l/Drive train

Heater barrel

Single hole die

Winder

Figure 3.2.Schema of the single fiber piston type spinning device, constructed BréRB&en

In the case of btomponent fiber fabrication, a double piston type spipmievie was used. The
device consist®f two independent barrels where the core polymer (neat PC) and tid she
polymer (nanocomposite) are melted at each barresefuently, the melt of the sheatid core
polymers are driven to a common chamber wherdie made with two concentric holes is the
element in charge of joining both components into a filament. The inner diameter (core) of the die
was 0.3 mm and the outer diameter of the dieaihavas 1.2 mm. The working principle of the

double piston tge spinning device is depicted in Figure 3.3.
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3.2.2 Melt-spinning of single and womponentibers

Pistons

Heater
barrels

Melt Sheath
Polymer |
Bi-component
Fibersc ==, Melt Core
Polymer

Concentric
holes die

Winder —

Figure 3.3.Schema of the double piston type spinning device. In thiglhipcorner, the working
principle of the concentric holes die is depicted.
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3. Materials and experimental methodology

3.3.Characterization of the polymer composites
3.3.1. Introduction

In order to know the dispersion state of the filler in the matrix prior fiber fabrication, an optic
dispersion analysis was carried out meltmixed nanocomposites. Similarly, the electrical
resistivity of themeltmixed nanocomposites was measured beafoe#-spinningin order to be

able of quantifying the difference in the electrical resistivity of iedt-mixed and melspun

samples.

3.3.2. Filler dispersion analysis prior spinning
The state bdispersion of the filler in the PC matrix beforeltspinningwas investigated on the
meltmixed composite material using light microscopy. Photographs at a 10X magnification were
taken in transmission mode using a BH2 microscope combined with a DRigtacéOlympus
Deutschland GmbH, Germany) of thmeltmixed carbon nanofilled PC extruded strands.
Resolution of the photographs was 2040 x 1536 pixels and the total observable area was ~0.6mm?2.
Thin cuts of 10 um thickness were prepared using a glasspevipendicular to the direction of
extrusion.For each of the images, the agglomerate area ratio was calculated by the following

equation,

0 —zpmnmb (3.7)

whereAa is the ratio of the cumulative area of the projected MWCNT agglomerageto(the
total area of the micrograplif) and was estimated with the aid of the digital image processing
software ImageJ versidn43u on Analyze Particles modeminimum of 10 thin cuts per sample

was used for this dispersion analysis.

3.3.3. Electrical resistivity measurements ormelt-mixed samples
Electrical resistivity ofmeltmixed nanocomposites was measured on compression molded
samples. The pelletized extruded strands froeft-mixing were compression molded at 280°C
for 2 minutes into circular plates of 60 mm diameter and 0.5 mm thickness using a Weber hot press
(Model PW EH, Paul Otto Weber GmbH, Germany). Electrical resigtivels measured using a
Keithley electrometer 6517A combined with a Keithley 8009 test fixture for resistances higher
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than 13 Won disc shaped samples (triangles in Fig. 4). For resistances lower thafsttips
with the dimensions 30x3x0.5 nimvere measred using a foupoint probe combined with the
electrometer DMM 2000 (Keithl&) [32].

3.3.4. Melt viscosity measurements
With the aimof seeng the change in the melt viscosity upon increasing the MWCNT content,
oscillatory melt viscosity measurements were performed at different weight concentrations using
an ARES G2 oscillatoryrheometet(Rheometric Scientific Inc., USAQn 25 mm parétl plates
under nitrogen atmosphere at 280F@zquency sweeps were performed between 0.1 and 100 rad
per second at strains withthe linear viscoelastic range and the second sweep was used for the

interpretation.

3.4.Characterization of the polymer fibers
3.4.1. Fiber morphology and filler arrangementin the polymer fibers

In orde to observe the arrangemasitthe CNPs in the fibersas well as the morphology of the

single and bcomponentibers upon CNP additigrscanning electron microscope (SEM) images
weretakenusing a Ultra 55 Plus (Carl Zeiss SMT) microscdmmplesof ~70 nm thickwere cut

under nitrogen a40°Cusing an ultratome in order to observe the morphology of the fibers on the
cross section andithin the fiber axis. Additionally, observatiomgre done directly at the surface

of the fibers.In order to observe if there fdler alignmentin the fibers, SEM images in charge
contrast imaging (CCIl) mode were taken. For that purpose, the surface of single component and
BICO fibers was observetbr a total filler content of 3 wt%Additionally in the case of a
PC/MWCNT 4 wt% fiber at DDR = 4.83 TEM images were taken in order to see the filler
arrangement at the nanoscale on a Libral20 (Carl Zeiss GmbH). The acceleration voltage was 120

kV and ~70 m cuts were done using an ultratome.

3.4.2. Electrical resistivity measurements
In order to have a first approach on the electrical resistiv)tyf the fibers, in a first set of fiber
samples the electrical resistivity was measured on PC containing 1 wt% of MWCNT with DDRs
varying between 30 and 480 and also compared tartdeawnfibers and the compression molded

samples. Based on these résuh second sef fibers with more suitable electrical properties and
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good spinnability was fabricated at much loW&Rs and used for further characterizations; these
DDRwere 4.83, 6.02, 8.08 and 12.&3ectrical resistivity measurements of the fibeese carried

out on PC/MWNCTwith diameters ranging from ~15 uidDR = 480) to ~250 umPDR = 4.83).
Electrical resistivity of the fibers was measured using a Keithley electrometer 6517A combined
with a Keithley 8002A test fixture for 60 mm long fibefdter the suitabl®DR range is obtained

on PC/MWCNT fibers, the subsequeziéctrical resistivity measurements sasfigle component
fibers with MWCNTs and/or CB were performed only on tHeBdRs.

3.4.3. Tensile tests
Tensile testsf thepreviously dried (2 howsrat 80°CYibers were carried owtt room temperature
with a Zwick-Roell universal testing machine and at least 5 fiber pieces were evaluated for each
set of samples. The load cell, the test speed and sample's length were 20 N, 5 mm/min and 95 mm,
respedwely, werdby the free sample length was 35 mm. The offset yield steegsat 0.8%strain
(i.e. the stress at a strain offset of 0.8% in the sts&ssn curve) was obtained to evaluate the
effect of the addition of MWCNTSs on the plastic yielding lué fibers.

3.4.4. Strain sensing evaluation
Piezoresistivity tests were carried by measuring the actual (time dependent) reststasde
during tensile tests until sample break. From thatchange in electrical resistand®= Rmeasured
Ro was calculatedrad related to the initial resistan€®. LR/R as relative resistance charn(Reel)
is shown in the plots. For the piezoresistive tests, the same test conditions as for the mechanical
characterization were employed. The changes in electrical resistaneemgasured using a
Keithley DMM 2001 electrometer usirgpftware developed at IHBresderfor data acquisition
with a sampling rate of 1s until sample break. The fibers were contacted using electrically
conducting silver paint and connected to the meagumistrument with copper wires, as illustrated

in Figure 3.4.
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Clamping zong

Silver paint

Copper wire

Figure 3.4.Pi ezoresi stive measuring testsupon the fib

For quantifying thestrain sensitivity of the fibers, the strain gage facke)(was estimadd as the

slope in the range from 0 to 1.5% strain from the charactefiRii vs. strain curves.

I n addition, with the purpose of evalwuating t
ability; cyclic loadingunloading tests were perfoen on selected fibers that are known to have a

stable electrical response signal between 0 and 1% of strain in the previously done piezoresistive
tests. The cyclic tests consisted of 10 steps of loading until 1% of strain, then maintaining the load

for 15 s, and then unloading. Loading and unloading were performed at the same speed of 2.5

mm/min.

3.4.5. Liquid sensing evaluation
To perform liquid sensing evaluation, changes in electrical resistance were measured on
electrically conductive fibers immersed iretbelected solvent for 5 minutes followed by 2 minutes
of drying in air at room temperature. The solvents were selected according to Table 3.1 and to their
calculated RED values. Electrical resistanc€R) was measuredn situ using a Keithley
Sourcemeter 400 with computercommunication.Similarly as for strain sensing, from the
continuously over time recorded resistance valaksn at every 2 secontle relative resistance
change Re =[R/R with [R= RmeasuredRo) was determinedA vertically adjustable self
constructed carriage was used to regulate and control thdixtest height during

immersion/drying and to reduce any external stimuli, as depicted in Figure 3.5. The total fiber
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3. Materials and experimental methodology

length employed was 3 cm and the immersed fiber length was 1 cm. Silver paint was used in the
clamping zonsto reduce contact resistance. Temperature was controlled by using an oil bath and
a thermostat.

Additionally, immersion/drying cycles were perfcethin order to evaluate the reproducibility of

the liquid sensing capability of the fibers. For the immersion/drying cycles the fibers were
immersed in the solvent for 15 seconds and then taken out to dry for 45 seconds before immersing
again;up to5 cyckes per sample were performed.

Figure 3.5.Measuring setup schematic to perform liquid sensing tests on the fibers.
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4. Results and discussion

4.1.Polymer selection for liquid sensing
4.1.1. Introduction

Liquid sensitivity in polymer composites is directly relatedhe ability of a polymer to swell in

the presence of a particular solvent. Hertoegnsure good seitigity upon specific solvents a
suitable polymer has to be selectezfore fabricating polymer/carbon nanoparticle composites.

The selected polymer has to be preferably highly swellable présence of theolvent attempted

to be sensed. Following thi®ncept there are two possibilities from which to choose. One is to
select a polymer that is only swellable in the presence of as few as possible solvents, being a single
solvent the most exdme case. Another one is to sele@olymer swellable by a gat variety of
solvents The first case would result anhighly selective sensowhile the second one resultsa

broader window of detection. irtking ina scenario where the detection of all possible hazardous

to life chemicas is needegda liquid sesor with a larger solvent detection window is much more

desirable. Hence polymer swellable bgeverakolvens will be pursued.

Knowing to which extenta polymer swells irthe presence of a solvent can begogat help in
order to choose a proper potgr for liquid sensing applications. In that direction, using the HSP
is an effective way to numerically identify which solvents are more likely to ssgelen polymer.
However, it is as well convenient to first make sure that enough swelling is acimévegolymer
composite to cause a modification in the percolated network and to increase the- pantiicle
distance inside the polym@rior composite fabricatiothus leading to a measurable electrical

resistance change.

4.1.2. Hansen solubility parametes of polymers and solvents
The RED values of several polymer/solvetsnbinationsvere calculated using the HSP listed
in Tables 3.1 and 3.2 as inputs for equati8risand 3.2. Only spinnabfgolymer typeswere
considered since they could laberusedin the textile industry. Similarly, commercially available
organic solvents of common use in different kinds of industries were taken into account. Polymers
with RED magnitudes too higfwell above 1)or too low (very close to cero) were initially
discardé as they are not desiraliter liquid sensing applicatiorsince a solvent with such RED

to a polymer values will cause no effect or will dissolve the polymer.
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4. Results and discussion

Table 4.1 showthe RED values a4 solvents plus water and 8 spinngtdéymer types

Table4.1.RED values estimation for 8 polymers and 25 liquids.

Solvents RED estimation

PA12 PA66 PA6 PET PC PS PE PP
1,2 Diclorobenzene 099 324 177 077 035 034 086 0.81

1,4 Dioxane 105 251 049 107 086 0.77 085 1.27
1-Butanol 138 111 118 204 125 123 187 246
1-Hexanol 105 143 074 150 103 107 140 1.97

1-Methyl-2-Pyrrolidone 075 221 191 119 049 0.76 150 1.80
2-Propanol (Isopropanol) 148 107 134 218 131 129 198 258

Acetone 1.07 230 165 135 0.83 1.01 1.24 1.69
Aniline 058 266 100 090 057 056 128 159

Butyl Acetate 119 279 097 110 0.90 0.90 049 1.03
Chloroform 099 291 101 070 0.66 060 042 0.73
Dichloromebane (DCM) 056 2.54 1.15 0.10 0.37 0.51 071 0.98
Diethylether 1.67 3.37 153 169 116 1.10 071 1.17
Dimethylsulfoxid 133 213 261 213 090 1.06 226 2.63
Ethanol 1.85 095 208 278 154 149 252 3.5

Ethyl acetate 1.01 244 090 099 0.83 090 067 1.21
Ethylenglycol 2.76 218 337 4.02 207 1.88 356 4.21
Methanol 251 1.82 3.02 363 192 1.83 3.18 3.85

Methyl Ethyl Ketone (MEK) 1.03 266 159 107 0.71 087 0.92 1.29
Methyl methacrylate 1.07 271 128 099 0.78 087 0.62 1.08
N,N Dimethylformamid (DMF 1.02 147 203 1.77 085 1.03 195 239

N-Hexane 225 450 233 226 138 116 096 104
Tetrahydrofurane (THF) 0.68 2.16 0.69 0.64 0.67 0.77 0.73 1.22
Toluene 156 384 178 136 087 0.65 054 0.29
Xylene 149 367 158 130 0.88 0.67 047 043

Water 549 6.07 6.71 747 374 323 6.15 6.99

With the help of thdRED calalationit is possible to foresee which polymers are more suitable
for their use as liquid sensor. For instance, polymers with many RED magndsddgents which
areclose to zero are not desirable as they migleidsdy dissolved bynany solvents. Othe other
hand, polymersolvents combinationwith many RED magnitudes well above 1 are also not
desirable since it is expected that they exhibit poor interaction with solvents whiclsistabte

for liquid detectors. Additionally, since B determired experimentally it is possible thadlvents
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4.1.2 Hansen solubility parameters of polymers and solvents

with RED values above yatlose to 1 might also have a swelling effect on the polyrards
therefoe solvents with RED slightly aboveshould be considered as swelling candidates

From theRED estimations Isown in Table 4.1, it can be observed that PA12, PA6, PET and PP
have very few RED valuet® the selected solventselow 1.0Q, justfor 6, 6, 7 and Solvents
respectively, while RED values close to one (from 1.01 to 1.19%oa@ 2, 4 and 3olvents
Moreover, PA 66 seems to have very poor interactiith all of the selected solvenss it has

only one RED value below 1 and just 2 RED values close@ In contrast, PC, PS and PE
apparently havéetterinteraction withthe selectedolvents. RED vales below 1.00 of PC, PS
and PE can be fouridr 16, 13 and 13olventsrespectivelywhile only 2 and 6 RED values close

to the unit appear for PC and R8spectivelyPE did not show any RED value close to 1 for the
25 selected liquids. In additiofgr PET, PS and Pénly one solvent leads RED values close to
zero (O 0. 3 thisnumbehi®. Foe PEfandrthe polyamides no solvents result in RED

values near to zero

Based orthese calculations, it can be expected #mabng the spinnable polymersnsideredn

this study composites baseddhe polymer typeBC, PS and PE could work effectively as solvent

sensors given that they are more likely to swell in the presence of many solvents. Nevertheless,

PC am PS are the ones that have npméential since from the 24 solvents assessed thayhigh

affinity with 18 and 19respectively. However, PS has the drawback of being highly flammabile,

it is classified according to DIN 4102 as feas:s
in any exposed installations, in building constimrt as well as in many facilities with relative

high exposure to heat. Therefore, PC seems to be the most promising candidate to be used as liquid

sensomatrix material

In order to verify if these estimations are reliable, swelling test® carried out on specific
polymers with high and low theoretical solvent interaction; this means, polywigch show
many and few RED valudse solventsclose or below 1. As polymer with poor solvent interaction
PA 66wasselected, while P@asselected athebestcandidate polymer due to hgyh interaction
with manysolvents. PET and PAerealso tested for validation of the theoretical findings as

they accountor intermediate solvent interaction limited to specific solvents.
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4.1.3. Selectivity and swelling measunments
As first step to evaluate the swelling capabilities of the polymer depending on their RED to
different solventsPA 66, PA6 and PETdiskswere usedfor first swelling measurementsThe
polymer diskdabricated as detailed in 3.1.Wkre immersedniside a Btri dish (Figure 4.1) into
different solvents known to have no interaction to the polymers and into solvents known to swell
and/or dissolve the polymers, in accordance to their HSP values (Table 3.1 and Table 3.2) and to
literature. The RED wasaken from Table 4.1 and the gained volume after immersion was

estimated from eq. (3.3).

Figure 4.1.Photograph of a disk sample immersed into solvent.

After immersionof PA 6, PA 66 and PEihto 17 solvents only PET showedamount of swelling

larger han 4% Figure 4.2 shows the volunohange (¢, calculated from eq. 3.3) in PET over

time for various solvents. Not all the tested solvents are shown; however, all the solvents that were
able to swell PET plus some that did halveany effect are shown aig with their respective

RED. Depending on the density of the solvent, a variation in the tafighL mg (which is the

i nstr ume n tliity copld geve an erroneus change iadf ~0.45%, therefore values
below ~0.45% were neglected as swelliaglotted line fixed at a ¥= 0.45% in Figure 4.2 was

set in order to discard any chasfelowthis line.
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Figure 4.2.Volumechangeof PET for different solvents differenttimes.

Surprisingly, only 3 solvents were alite swell PET, these were DCM, chloroform and THF.

Other solvents such as aniline (not shown in Figure 4.2) with a RED = 0.90 that theoretisally
supposed to swell PET did not show any eftectthe PET disks after 60 min of exposure at the
testingcondtions. Similarly to anilineto ethyl acetat€® EThas a RED close todnd did not show

any swelling. Tis indicates that solvents with RED vetiose to 1do nothave an effect on the

pol ymer s swelling. T Waduesetd jpolyreers ofsoorid ieouid be wi t h
discarded as detetti@ byaliquid sensoibased on that polymer

In the case of DCM and chloroform changes in volume higher than 1% were achieved after only
5 min of immersion.On the contrary,THF only achieved ~0.82 % after the sanmaet of
immersion. For chloroform and THF the maximuraachieved #er 60 minof immersionwas

6.12 % and 3.83 %respectively.There is a nearly linear increase with immersion time for
chloroform and THF, however DCM showedbater increase ind&tarting at an immersiotime

of 20 min. The solvent which reached the highewelling in the PET samples was DCM,

achieving ~1%b in Vcafter 60 mirof immersion, which fitso the predictions from the $Psince
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its REDwith PETis 0.10. The solvent with thekest swellingamongthe three able to swell PET
was THF, which has a RED PET= 0.64. In the case @CM, after the swelling tegndedthe
solvent wadeft to fully evaporateand residues of the polymer in the Petri dish were found as
shown in Figure 8. This shows clearly that solvents with REEry close to zerdissolve the
polymer as the HSP theory predicts. However, despite therepolymerresidues left in the Petri
dish, the swellingpon the compressed digkas high enough to Istill measuredin this case, total

dissolution will occur only after exposition time higher than 1 hour.

Figure 4.3.Polymer residues in the Petri diglfter 60 min swellingand
afterthesolvent evaporaid

On the other hand, PA 6 and PA 66 disks did not showwagliling even after 60 min of immersion

into thedifferent solvents. Therefore, given that PET did show a good correlation between the
amount of swelling and its RED valuesdifferent solventsand PA 6 and PA 66 did not show
any swelling, some phenomenare expected to occpreventing the solvent to diffuse through
the polymer samplét cannot be excludetiatthe compression molding procesgltd sample has

an effect on the swelling capacity of the polymdos example by forming a skin layer with
properties slightly different from the matrix

In addition, diring the pressing process different degrees of crystallinity may be developed in these

partially crystalline materials depending on the processing conditions, whereas it is expected that
swelling mainly occurs in amorphous regions. Therefore, in addition unprocessed polymer samples
(as received polymer granules) were considered for swelling measurements expecting that this
could be an more appropriate approach to quantify the volume gaimaftersion into solvents

and to find more agreement between theoretical expectations and experimental findings, especially
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for PA6 and PA66. In such shape also the surface to volume ratio is higher leading to faster

swelling of a given volume.

Pellets ofPA 6, PA 66, PET and P@ken as received from the supplier were dried and stored into

a dry environment prior testing; Figure 4.4 shows the shape and size of the pellets.

Figure 4.4.Samples employed for swelling tests as pellets,
from left to right:PET, PC, PA 6 and PA 66.

2 granules okach ofthe four polymers were tested in 24 solvents and the swelling measurements
represented by &/in dependence on swelling tinaee shown in Figure 4.5. In the case of PET,

PA 6 and PA 66 all solvents that catdisavelling are shown, while for P@nly 8 solvents that
caused swelling are presented. Since the samples were smaller than-8teagesk samples the
initial weight was also smaller. Thus, depending on the density of the solvent, a variation in weight
of ~0.1 mg could give an erroneous change of ~1.25%cinAVdotted line was fixed at &/=

1.25% in Figure 4.2all values of \¢ below the dotted line werdiscarded. Additionally, given

that PA 6, PA 66 and PET exhibited low swelling after 60 min, the ev@tuéime was
guadruplicated for thegtree polymers. Only PET had a slight¢rease in its swelling after 240

min, while PA 6 and PA 66 did notave any further swelling after @4min of direct contact with

the tested solvents.

As expectedFigure 45 showsthat increasing the time of exposure also increases the amount of
swelling. Also, a fast increase on the swelling in the first minutes is seen, followed byea slow

increase rate in the subsequent time. The swelling behavior exhibited by therpotysmmilar to
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a power law function, whichoflows the diffusion kineticsdescribece.g.for PC by Villmow et
al.[207.
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Figure 4.5.Volumechangeof polymersafter swelling indifferentsolvents at the evaluated time.
a) PC, b) PET, c) PA 6 and d) PA 66.

As Figure 4.5 shows, PA 6 and PA 66 presented only ~2% of swelling after 5 min of exposure on
solvents with low RED and a maximum amount of swelling of only ~5%#016 in tbutanol

(RED = 1.18), even after 60 min of immersion into all the solvents.

For PET (Figure 4.5.b) similar results as the previous results frorrskégded samples were
found. However, swelling in more solvents than with the-diskped sampdawas achieved which

is in accordance to the RED numbers estimated for PET/solvent combinations. However, some of
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these solvents such asriethyt2-pyrrolidone (RED = 1.19) only achieved ~2% of swelling in the
PET pellets.

In the case of PC, the affinibetween the polymer and all the solvents tested with low REDs was
very high and the amount of swelling was closely correlated to their RED magnitudes. Figure 4.5
also shows that after only 5 min of exposition, much higher amount of swelling was achieved i
PC than in the other polymers for the different solvents tested. For instance, in PC (Figure 4.5.a)
it was possible to achieve up to nearly 30% of swelling after 60 min for various solvents such as
acetone (RED = 0.83), toluene (RED = 0.87) and ethyhte€0.83). Additionally, MEK (RED =

0.70) had a swelling effect of around 25% in 30 min and above 10% after 5 min of immersion.
Diethyl ether (RED = 1.16) anddutanol (RED = 1.25) showed a very low swelling effect in PC.
This also confirms that solvépblymer combinations with RED values above yet close to 1 can

have swelling effects in some polymers.

However, it is worth to notice that in the case of PC solvents with much lower RED number (<0.70)
such as chloroform (RED = 66) or THF (RED = 0.67) esxpye resulted in irreversible physical
changes (see Figure 4.6), while solvents with RED values close to 1 (e.g. toluene with RED =

0.87) occasionedghowswelling with nosuchsevere physical changes.

Unexposed 15 min. 30min. 60 min.

Figure 4.6.PC granulesafter exposure into highfénity solvents.

Moreover for the majority of the solvents able to swell Béa plateau was reached aftér min

of exposurewvhere the Vis slightly below 6%, while foPA 6 such plateawas reached at 30
min. For PET a plateau was seen after 15 nhiimanersion in all the solveaswellingPET with

the exception of DCM and chloroform that kept swelling PET after 1 hour of immersion.
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4. Results and discussion

Nevertheless, prolonged PET exposure to D@8ultedin almost full PET dissolution, which
matcheghe results obtainddom the diskshaped samplgEigure 4.3) Inthe case oPC, a plateau

was reached after XBin of exposition to dimethyl sulfoxide and acetone where the/as ~11%

and ~249%respectively Furthermore, for all polymer the solvents with RED values lowan t

0.50 such as DCM (PETO6s RED = 0.10, PCds RED
0.35) and imethyt2-py r r ol i done (PCbébs RED = 0.49) result
than 1 hHowever, in this work was not evaluatedhérte is acorrelation between how low the

RED values are arttiedissolutiondegreeof the polymeafter long exposition timeNevertheless

with only a few exceptions the behaviors found with these tests were in good agreement with their
RED values in terms of swelnand dissolving of the tested polymers. REDs close to zero led to
polymer dissolution, REDs below but close 1 had a swelling effect and REDs too high had
practicdly no effect onthe polymersTherefore, these results suggest that it is possible to aelect
polymer for a potential use as liquid sensor by knowing its RED magnitude against different
liquids. Nevertheless, there were some solvents that did not respond as in accordance to their
respective RED numbers estimated. For instance, 1,4 dioxane #adf-&velling effect in PA

66 even when its RED is 2.51 which is well above 1. However, unlike theskiggled samples,

PA 6 and PA 66 pellets were swollen by various solvents with RED values close or below to one.
This shows that the sample shape andfocgssing can have an influence on the swelling
capabilities of polymers. Still, the amount of swelling of PA 6, PA 66 and PET pellets is very low

when compared to PC pellets which is in accordance with their predicted RED values.

After theswelling evéduatiorsit can also betatedthat PET is highly selective since it presented
high amount of swelling by only very few solvenks comparisorPA 6 and PA 66 have very
reduced interaction with solvents given that it was poorly swellable, and on thectmthe rest,

PC has a high grade of interaction with many solvents. Additionally, PC exhibited a very fast
swelling response to high affinity solvent which is desirable for liquid sensor applications.
Consequently, PC has shown to have great potentialsf use as detector of a great variety of

solvents.

Moreover, these results also suggest that solventsRith values to polymers @ . 70 O RED C
0.90 are more likely to be detected fast and successfully by polymer based liquid sensors; which
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in turnsexclude again PS as a good candidate for sensing since it has less amount solvent within
that range of RED than PC. Co 09 shguddeaprilmafily sol v
considered when evaluating the liquid sensing ability of polymer fibeese results found from

the swelling tests also imply that when PC is employed for liquid sensing evaluations, the
exposition times to the solvent should bBsundor lower than 5min for more accurate

measurements and to prevent polymer dissolution.

4.1.4. Summary
The relative energy difference (RED) was estimated for 25 different liquids and 8 spinnable
polymers. From these polymers, PC, PA 6, PA 66 and PET were selected to perform swelling
measurements by immersing them into solvents and quantifying thHemeahangeFrom the
low amount of swelling measured on the polymer disks, the hot pressed sahgpigsto be
unsuitable to performswelling evaluations Therefore,in addition the asreceived polymer
granuleswere used for further swelling evaluatioAs predicted by the RED estimations, from
the tested polymers PC had the largest swelling (>20%5 min. of exposuyewhile the
polyamides were the lesser swollen (<7%). There was a close correlation between the high affinity
sol vent s an dwelting and/qr dissgiving. ISavénts svith RED values close to zero
tend to dissolve the polymers while solvents with RED well above 1 did not have any effect on the
polymerdéds volume. I n addition, some soéktwents

on some polymers.

After the swelling evaluations, PC was selected as the polymer matrix for fabricating polymer
fibers for sensing evaluations since it showed high affinity with many commercial solvents with a
fast volume change. However, there weoene solvent with low REDs values that did not show
much swelling as expected. Still, the RED estimation proved to be an effective tool for knowing
in advance if a polymer will swell or partially dissolve in the presence of a determined solvent.
According the swelling results, the solvents with RED ranging from 0.70.906 8hould be
preferred for further sensing evaluation. Furthermore, the expositionhisi¢o be taken into
account when performing liquid sensing tesitse long expositions tirsevill have a destructive

irreversible change in the PC physical structure.
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4. Results and discussion

4.2. Determination of the spinnability window of the fibers
4.2.1. Introduction

An important task when fabricating meajpun polymer fibers is the determination of the
processing condition range thaoduces defect free homogeneous fibers. Once these processing
conditions are weltlefined they can be referred as the spinnability window of a polymer fiber. In
the case of polymer fibers made from carbon particle f{{#F)polymercomposits, the anount

of particles added is also relevant to determine the spinnability window since it is expected that
the processability changesth the particlecontent In this work the spinnability window of PC
fibers was determined experimentally by adjusting fbBowing processing parameters:
throughput, takeip velocity and filler weight concentration. Temperature was not taken as a
parameterThis isbasedn preliminaryobservationsvherean increase iprocessingemperature

in PCwell above280°Cled to hidh fiber breakagevhile much lowertemperaturded to high
increaseof the pressure inside the barrel tregulted indroplet formation at the end of the die and
also in highly unstable spinning. Therefore, the temperature wastbxbe melt temperature
recommendedy the supplier (280°C).

4.2.2. Single filament fibersdspinnability
Fibers of PC/MWCNT were fabricated as described in section 3Taeup velocity and
throughput were varied in order to have diverse DDRs iaguit differentfiber diametes. Two
die diametes (Do) were used for single component PC/MWCNT fiber fabricatramely0.30
and 0.60mm. In this work the polymer will beonsidered to have poor spinnability when any of
the following occurs: the polymer filament suffers breakage upawidg, thereis droplet
formation at the exiof the die or the fiberhas a highly inhomogeneous shape.

By usingthedie diameter of 0.30 mm and different throughputs it was possible to obtain neat PC
fibers with takeup speed up to 850 m/min, which vibe highest takeip speed attempted for PC.

It is assumed that even higher takevelocities are possible to be employed without reducing the
spinnability of neat PC by adjusting the throughput accordingly. In addition, similar findings were
achieved foneat PC when using a die witlirgerdiameter (0.60 mm) with the only difference of

lower pressure inside the heating baa®lcompared to the smaller diameter. diee maximum
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DDR attempted and successfudlghieved for neat PC was 5Ilherefore, it ca beconcluded
that the neat PC used in this work has good spinnability.

However,by using a die diameter of 0.30 nas from the addition of 1 wt% of MWCNTswas

no longer possible to ugakeup velocities higher than 400 m/min at none of the throutghp
attempted Furtherincrease of takep velocity led to fiber breakage due to a decrease in the
drawability of the molten polymer. This behavior was nmaeceablavhen increasing the amount

of MWCNTSs. As the amount of filler was increased, the maxinmka-up velocity on which the
composite could be me#pun was greatly reduced and in some cases the composite was not
spinnable at all.

Subsequent| vy, the diebs diameter was i ncreas
improved the spinnability athe PC/MWCNT single component fibers. This modification also
reduced the pressure inside the barrel making the molten composite neote bé spun. The

increase on Pmadeit possible to fabricate fibers with 1 wt% of MWCNT concentration up to

twice thetakeup velocity (i.e. 800 m/min) than with the smaller diameter die. The throughputs at
which the fibers were able to be msfiun at this wt% were 0.2834 cm3/min. Furthermore, the

highest DDR achieved for MWCNT/PC 1 wileer was 48which is closed the maximum DDR

achieved for neat PC. Thudp = 0.60 mm was employed to fabricate all the subsequent single

component fibers.

After the addition of 2 wt% of MWCNTS, the drawability of the fibers was again reduced. At this
wt% the maximum takeip sped possible was 400 m/min and the throughpuidow was
narrowed to 0.44.17 cm3/min which ceesponds to a maximum DDR of 243imilarl effects
happened after the addition of 3 MWCNT wt%, the processing window was redloed
maximum takeup speed achiable at this wt% was 200 m/min while the throughputs remained
similar to PC/MWCNT 2 wt% fibers corresponding to a maximum DDR = 120. Furthermore, a
great reduction in spinnability was reached after the addition of 4 wt% MWCNT, where the
maximum takeup sped was 50 m/min and the throughputs achievable were slightly reduced to
the ones achieved for MWCNT 3 wt% and 2 wt% giving a maximum DDR of 30. Thaupake
velocitiesfound in this work for a MWCNT content €2 wt% areworse as compared to those
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reportedon other MWCNT based composités.Potschke et al. work, PC/MWCNT 2 wt% fibers
were able to be mefipun up to 800 m/mi(DDR = 126)[18]. Rentenberger et dl22] were able

to fabricate melspun fibers up ta takeup speeds @0 m/min ofby blending PCL with PA to

make PCL + 4% MWCNT/PLA $50/50 wt% as 80 multifilament fibers. For PP/MWCNT fibers
Sulong et al. were able to uaavinder speed of 70 rpm (no area of the winder was given for a
conversion to m/min), however the MWCNT contefitheir fibers was of only 0.5 MWCNT wt%
[22(]. It is worth mentioning that in the two aforementioned works the throughput was not

reported to badjusted as it is in this work.

After adding 5 and 6 wt%f MWCNT to PC thefibersdprocessing window was further narrowed
until reaching a single takep possibility for 6 wt% where the fibers westdl fairly homogenous;
this was at 20 m/min. Nevesrless, the take ugpeeds at MWCNT contents above 3 wt% achieved
in this work are highethanthosefound by Potshke et al. fosingle component fibemrselt-spun
PLA/MWCNT [13]. In their work, Pdtshcke et al. fabricated PLA/MWCNT fibesith MWCNT
contents from 0.5 up to 5 wt% for a range of takespeeds of 2000 m/min. According to their
work, the PLA/IMWCNT fibers were easily spinnable at this tagespeed range up to 3 wt% of
MWCNT. In this work higher takep speed were possible at thit?. Nevertheless, in Pétschke
et al. workdrawing was no longer possikd¢ 5 MWCNT wt% even at the lowest takp speed
possible which for this work drawing was possible up to 6 wt% for the lowestitakpeed (20

m/min).

Furthermore, foamountsof MWCNTSs higher than 3 wt%t was observed that by increasing the
throughput ©0.47 cni/min) it was possible to me#ipin more homogenous fibers at low take
velocities (O 50 m/ min). However, while-for
up velocity as high as 800 m/min, for 6 wt% (the highest MWCNT wt% aet)ew was only
possible to make fibers with a maximum take velocity of 50 m/min when using a throughput

of 0.70 cni/min. Nevertheless, the fibers with 6 wt% of MWCNTSs obtained at aupkeslocity

of 50 m/min were inhomogeneous and had many defectseosurface. These inhomogeneous
fibers are characterized by having highly uneven diametéshape along the whole spun fiber
Moreover, at 5 wt% there were only two possibilities on which homogenous fibers were achieved,
at DDR = 6.02 and DDR = 4.83ikewise, at 6 wt% there was a single possibility that gives fairly
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homogeneity in the fibers which was at a throughput = 1.17 cm3/min andpageed = 20 m/min
(i.e. at DDR = 4.83). In this worthe DDR = 4.83wasthe only DDR at which all the weight
concentrations employed {8 wt%) could be melspun homogeneouslyhis DDR waslso he
lowest DDR achievablor PC/MWCNT fibers

Similar to this work, for a MWCNT content of 3 wt% &®ET/MWCNT fibers Mazinani et al.
achieved a DDR maximum of 47[219. Nevertheless, according to their work PEdmposites
with MWCNT contens above 3 wt% were not spinnap¥ehile in this work fibers withwice that
wt% were successfully melspun. Also with PET, Yoo et al. successfully rsdun
PET/MWCNT fibers however, these fibemsere fabricated ainly 22 m/minand hada very low
MWCNT content of 0.1 wt%[218. On the other hand, different alternatives fabricate
homogeneous composite MWCNT/polymer fibegh high amount of MWCNTdike using
polymer blends have also been reporteldmogeneous melpun fibers were obtained by
Hooshmand et al. in PP/PA/MWCNT fibers with MWCNT 5 wi#enusing very low DDRs of
2 and 3[214. In literature the maximum amount of MWCNT to be added to rsplin
polymer/MWCNT fiber was reported [8oroudiet al.also using a polymer blej@d15. Contrary
to the results of this work, they were able to add up to 7.5aft8BHWCNT to PPat a DDR = 4
They achievethese high amountsy blending PANI and PP tabricatePANI/PP/MWCNT melt
spunfibers.However the drawability of thie fibers was consistently reduced as the {aespeed
increases. Simildbehaviorwas reported by Potschke et al. where tafespeeds higher than 20
m/min led to fiber breakage in PLA/MWCNT fibers with MWCNT loagisof 5wt% [13].

Furthermore, a trend can Iperceivedconcerning the reduction afrawability depending on
MWCNT weight concentration. This was experimentally perceimgtlis workas an increase in
the pressure inside the heating bargelch pressure increaseuld be mainly due to an increase

in the melt viscosity upon CNT additionwhich reduces the flow rate of the molten polymer

compositanaking it more difficult to be pushed out through the die. Moreover, an increase in melt

viscosty of the composite coming from the MWCNifiditioncan also make the polymehains

themselves lessable to be drawn. In addition to the increased viscosity, another reason for the

reduced spinnability upon increased MWCNT content is the presence or MaGiNomerates

remaining from themeltmixing process (as it will be discussed in section 4.3.). The presénce

99



4. Results and discussion

MWCNT agglomerates in the fibers genesadefects that cause fiber breakage upon stretching
due to stress concentration around the defeiehce, the presence of remaining agglomerates may
increase the brittleness of the molten polymer composite upon drawirtheartyreducing its

spinnability.

As mentioned before, an indicative of unstable spinnability is having high pressure inside the
heating barrel while pushing the polymer through the die. Rymetiminarystudies using the same
spinning equipment it iknown that for PC fibers more stable spinning is achieved when the
pressure inside the barrelimsthe range 00-30 bar, whereas highstability is seen in the fibers

for pressures above 50 bar. Between 30 and 50 bar the stability of the spinline is known to be
adequate for spinning, neverthelegghin this pressure range thestability increases as the
pressure increases. Theelt-spinning conditions of selected fiberare summarized in Table 4.2

The values of the melt pressure shown in Table 4.2 were measured from the piston and the
processing temperature was 280°C.

Table 4.2 Melt-spinning conditions and fiber diameters.

Material Throughput Take-up DDR  Diameter Melt pressure
(cm3/min)  speed (m/min)  (-) (mm) (bar)
Neat PC 0.23 20 24.6 90 11
0.23 200 2459 NM 11
0.23 400 491 NM 11
0.47 20 12.03 163 14
0.47 200 120 50 14
0.47 800 481 NM 14
0.7 20 8.08 204 16
0.7 200 808 31 16
0.7 400 161 NM 16
0.94 20 6.02 205 19
0.94 50 15.0 153 19
0.94 200 60.2 NM 19
1.17 20 4.83 250 21
PC/MWNCT 1 wt% 0.47 20 12.03 151 13
0.47 800 481 NM 13
0.7 20 8.08 200 16
0.94 20 6.02 227 20
1.17 20 4.83 260 25
PC/MWCNT 2wt% 047 20 12.03 167 15

100



4.2.2 Single filament fibers

spinnabi

0.47 400 241 NM 15
0.7 20 8.08 209 20
0.7 50 20.2 102 20
0.94 20 6.02 234 22
1.17 20 4.83 263 26
PC/MWCNT 3 wt% 0.47 20 12.03 171 17
0.47 200 120 NM 17
0.7 20 8.08 201 21
0.94 20 6.02 238 25
1.17 20 4.83 265 33
PC/MWCNT 4 wt% 0.47 20 12.03 165 19
0.47 50 30.1 99 19
0.7 20 8.08 200 22
0.94 20 6.02 238 32
1.17 20 4.83 267 37
PC/MWCNT 5 wt% 0.94 20 6.02 247 40
1.17 20 4.83 257 51
PC/MWCNT 6 wt% 1.17 20 4.83 306 52

NM, not measured.

The diameter of thelfers was calculated by employing the known relationship between the linear

mass density of fibers { and the diameter as follows,

$EAI AOAOp ! Tar

(4.1)

wherer 4 is the volumetric mass density of the polycarbonate and was taken as 1.19 gr/cm? as

reported by the suppliet, have units of dtex (mass in grams per 10,000 meters of a single

filament/fiber) and was obtained by measgrihe mass and length of each tested fiber.

As visible from table 4.2the diameter of the fibers increases with increased throughput as

expected given the higher volume flow. Similarly, the diameter of the fibers fabricated at low DDR

increases after theddition of the MWCNTSs. This can be due to the volume exclusion effect that

arises after the addition of the carbon particles. In accordance with previous studies using the same

equipment with several polymers including PC, when the pressure was abdvar 30e

spinnability of the molten composite started to be unstable, while no spinning was possible for

melt pressures above 52 bar. This is thuthat higher pressures imphatit is more difficult for
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the molten polymer to flow easily while exitingetldie. Moreover, the significant increase in the
melt pressure when increasing the MWCNT amount can be a consequence of increased viscosity.

Melt viscosity was measured as described in 3.3.4 on PC and on the PC/MWCNT composites.
Figure 4.7 shows themoun of complex viscosity and storage modulutor PC/MWCNT
composites at thenixing and spinning processing temperature (280fC3hould be noted that
sincethedispersion process finishedafter meltmixing andthe state of dispersion®t changed
signficantly in the low standing timdefore melt-spinning, the viscosity of the mettixed
composite and the viscosity of the melt inside the spinning bameelxpected to be nearly the
same.

As seen from Figure 4.7, tlaenount ofcomplexmelt viscosityincreases significantly as from the
addition of 1% of MWCNT. The addition of 2 wt% MWCNT shows as well a significant increase
in the melt viscosity, compared to the onelowt% MWCNT. After the addition of3 wt%

MWCNT and the subsequent weight concerdret, a smallemicrease in the viscosity $&en.
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Figure 4.7.Amount of omplexmelt viscositya) and storage modulus (@ 280°Cas function of the
angular frequency of PC/MWCNTeltmixed composés at different MWCNWeightconcentrations.

Likewise, the storage modulus shows a significant increase when adding 1 and 2 wt% of
MWCNTSs. After the addition of MWCNT 3 wt% the storage modulus shows only a small increase

and similarly for 4, 5 and 6 wt%\ ccording to lhe spinnability obtained ateight concentrations

> 2 wt%the slight increase seentnh e mel t 6s properties, points o
the amount ofcomplex viscosity and the storage modulus for those wt#nough to cause

negative effect on the drawability of the fibeFéie large increase seen in storage modulus show
that there is an increase in the meltbds rigid
These results are in full accordance with the consétuction in drawability seen for PC fibers

after increasing the MWCNT content.

Contrary to the findings of this work, Pétschke e{38] were able to make PC/MWCNT fibers

with 2 wt% of CNTs at a throughput of 0.45 cm3/min with a tagespeed up to 800 m/mwhich

is twicethe maximum takeip speed achieved at the same wt% at any throughput attempted in this
work. This difference in the maximum take speed is possible due to the difference in the melt

Vvi scosities achi eve dAslk giferenoPC matriw and & different kinchgfo s i t e
MWCNTs was usedand possibly also the state of nanotube dispersion was diffdgreatnount

of complexmelt viscosity otthis PC/MWCNT 2 wt% composite is2¢10* Pa*s (at 0.1 rad/s)n
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comparisonas visible fromFigure 4.7 the viscosityat 2 wt% MWCNTSn this work was above
10° at0.1 rad/s

Furthermore, it was found that the addition of more than 2 wt% of MWCNTSs led to the formation
of protuberancgon the fibers. Theggotuberancewere more visible for M@NT contens equal

and above 3 wt%and more frequently visible ake DDRs get higher Figure 4.8 shows
microscopemages of three fibers with MWCNT contents ofi86, 4 wt%and3 wt% fabricated
attwo different throughputs arelPC neat fiberall spun &a takeup speeddf 20 m/min.

a) C)

2956 pm
296,7 pm

b)

163,7 pm

Protuber i ____ | 200um
d)
250 um

Figure 4.8.Fibers fabricated at takeup speed 620 m/min.
a) PC/MWCNT 5 wt% produced at 0.94 cm3/min, b) PE@IENT 4 wt% at 0.47 cm3/min,
¢) PC/MWCNT3 wt% produced at @.7 cm3/min, and JIPC neat at 0.47 cm3/min.
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The images in Figure 4.8a and 4.8b were taken in an optical microscope in transmission mode,
while for 4.8c and 4.8d in reflection mode. As seen from Figure 4.8a, at-agake20 m/min
fibers apparently homogenous were obtained for high MWCNT contelytsvben fabricated at

a higher throughput of 0.94 cm3/min (DDR = 6.02), leading to larger fiber diameters.

In Figure 4.8lsomeprotuberance can be seen when a throughput of 0.47 cm{DDR = 12.03)

was employed to fabricate the fibers. This might be t remaining agglomerates from the melt
mixing process (as it will béiscussed later in section &.Fimilarly, in Figure 48c a large
protuberancean be seem the fiber with a MWCNT conterower that the shown iRigure 4.8b
Moreover given thatthe fiber shown in Figure 4.8a is apparently homogeneous and yet has a
higher amount of MWCN3than the fibes in Figure 4.8kand 4.8¢it is very likely that there are

still remaining agglomerates inside the fiber in Figure 4.8a. Nevertheless, coattheyfibes
shown inFigures 4.8 and 4.8ahe protuberance are not visible in Figure 4.8&his outcome is

most likely to bedue to the higher diameter of the filament fabricated at a higher throughput

allowing the agglomerates to be concealed witHarger volume.

Overall, it was observed that depending on the througlgmdthe most homogenous fibers with
amounts of MWCNT higher than 3 wt% were obtained at a-tgkeelocity of 2630 m/min. In
addition, 20 m/min was the only tak velocity at wich properly homogenous fibers were
obtained for allthe wt%s here evaluated. Therefore, it can be established that for PC/MWCNT
single component fibers thgpinnability windowstands as followsthroughputs of 0.41.17
cm3/min at a takep velocity of 20m/min for a MWCNT contents between @p to 6wt%.
Consequently, the fibers employed for further studies were fabricetger these processing
conditions where their combination delivers different DDRs. Fdahéu discussions involving

single componentliers only the DDR will be referred hereafter.

4.2.3. Bi-component fibergspinnability and single component fibers with CB
Thinking in polymer fibersusable for bothstrain and liquid sensing applications, strain sensing
fibers have the singleonditionthatthey haveo be electrically conductiv&imilarly, as detailed
in section 2.5.2, in btomponent polymer fibers for liquid s@mg applications it imecessaryhat
the shell (sheathtomponenis electrically conductive. For that reason, a conductingteheas
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pursued in order to have a fiber sensor able to work as strain sensor as well as liquid sensor.
Thereforethekind of bircomponent (BICO) fibeas described in section 3.&:&s fabricated. For
avoiding anyadditionalprocessing drawback coming fropotential immiscibilityof core and

sheath component t he same pol ymer was c hbots(ieemeabPC).t he ¢

For fabricating the PC+MWCNT/PC (sheath/core) BICO fibers, additionally to the throughput,
the takeup velocity and thelie diameter (as in the single component Bheanother parameter

that canbe adjustedss t he di fference in the diesd di amet
dies as the ones used in this work it is possible to adjust the core and sheath didheetengr

di e6s di)aseddor teercord ranged between 0.30 mm and 0.80 mm, while thelduterd s
diameter (@) employed for the sheath was601.4 mm. All the possible die combinations were
tested in order to obtain the most homogenous fibeltse tfiroughput of the sheattb) and
throughput of the corey) were also possible to adjusted independently «Thadw were varied

from 0.20cm3/minto 1.50cm3/minwhich were the minimum and maximum achievaldkiesto

avoid damage to the spinning equipment. As with single component fibers, theptakéocities

were adjusted according to the drawability of the fibers. Similar to the single component fibers,
several combinations of the parameters were tested and tuoedliagly to find the best

spinnability window for obtaining BICO fibers suitable for sensing applications.

After the addition of 1 wt% of MWCNT to the sheath, it was possible to fabricate fibers only at a
reduced varietyf throughputs ranging from @40 1.00 cm3/min (or up to 1.50 cm3/cm if the
outer die with the largest diameter was used). The range of effectivagalaocities was much
narrower than in the case of single component fibers at the same amount of MWCNTSs. The
PC+MWCNT 1 wt%/PC fibersould be onlyfabricated at takep velocities in the range from 20

to 50 m/min. For BICO fibers witl2 wt% MWCNT the processability window was slightly
reduced being the take velocity narrowed to 20 40 m/min, while the effective throughputs
remained snilar to the PC+MWCNT 1 wt%/PC fibers.

Contrary to the single component fibers, adjusting the melt temperature was attenopdied io
reduce the meltiscosity and thus obtain BICO fibers containing higher MWCNT costian 2

wt% in the sheath compent with better drawability. After varying all the BICO spinning
parameters the maximum MWCNT weight concentration that could besmett was 3 wt%,
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which represents half the amountloatachieved for single component fibers. This can be due to
the hidh viscosity of the molten composite that reduces considerably its drawability, which in the
case of BICO fiber fabrication affects the spinnability more significantly due to the reduced cross
sectional area of the dies corresponding to the sheath araaf{afeeath at the die exit = area of

the outer dig area of the inner dié thickness of the inner die walls). Figure 4.9 shows light
microscope images ofr-drawnrods and melspun BICO fibers at different wt%s of in slices

cut at the crossection of the fibers and along the fiber axis.
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Figure 4.9. Transmission light mroscope imagethin slidesof PC+MWCNT/PC BICO fibers.
a) PC+MWCNT 3 wt%/PC witllyy= 1 cm3/minuy = 0.50 cm3/mirun-drawn
b) PCG-tMWCNT 2 wt%PC withwy= 1.2 cm3/min, oy = 0.40 cm3/min drawn at 20 m/min.
c) PC+MWCNT 1 wt%/P@vith wy= &y = 1.5 cm3/min drawn at 20 m/min.
d) PC+MWCNT 3 wt%/P®@ith wy= oy = 1.5 cm3/min drawn at 20 m/mintcat the fiber axis.

As evident from Figure 4.9a and 4.9b the cross section of the fibers in some cases was not perfectly

circular, this might be caused by imperfections in the shape of the die hole or by a quenching effect

107



4. Results and discussion

at the die exit. Neverthele$sgure 4.9c shows that both components can also have adafmed
circular cross section. Moreover, Figure 4.9b shows that some fibecotehclusionsnto the
sheathat the sheath/core interphase that goes from the core through ttreaftitea BCO fiber.
Theseinclusions aranore likely to happen at the die exit before drawing or shortly after leaving
the dies; given that these are the gmbgitionswere both components arecontact andgtill in a
molten state prior cooling. Furthermoreggratuberanceés also visible in Figure 4.9d. This kind of
protuberance were found in most of the fibers containing amounts of MWCNTSs higher than 2
wt% like theoneseen in Figure 4.8 for PC/MWCNT fibers. Additionally, it can be observed in
Figure 4.9b and igure 4.9c that the core is partially-bonded to the sheath. Though, as seen
from Figure 4.8d the core/sheath-lbonding does not occur along the whole fiber. Given that the
core and the sheath matrix are the same polymer, it is unlike that immisdibitieya dominant

factor affecting the ubonding of sheath and core.

Moreover, the wbonded section@rigures 4.9b and 4.9¢) do nlmdve a circular geometry that
suggests air bubble formation. The-honding can be due to a combination of factors tffgc

the molten polymer upon exiting the die explained as follows. From Figure 4.7 it is visible that the
viscosity difference between the MWCNilled core and the neat PC sheath is very high, this
cause that both components have different drawabil#idditionally, given the different melt
properties the neat PC and the PC/MWCNT composites are likely to have different shrinking
capabilities upon coolindgzurthermore, it is also possible that the sheath/coftgond originates

from the Barus effecfdescibedin chapter 2, fiber technology sectjoccording to Newman

and Trementozzi, the polymero6s Barus effect
[238. The change in the Barus effect can be even mgrefisiant for the composites fabricated

in this work since according to their viscosity, the neat and filled polycarbonate already behave
differently at the employed processing conditions. In addition, the stress distribution of a non
isothermal extensiohdlow such as in a molten polymer been drawn and cooled causes that the
extensional stress to be higher near the surface than in the core. This can have a greater impact in
a BICO molten thread where each component responds differently to the appsisdi$iezefore,

the core urbonding can be the results of the combined influence of the different sheath/core
viscositiesand shrinking capabilities upon coolirge Barus effect and the stress distribution of

the molten bicomponent thread.
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It is worth noticing that the sheath/core-bonding was present in almost all cases and was not
completely avoidable at all of the processing conditions attempted. However, it is known that at
slower polymer flow streams less pronounced Barus effect will be obd@@8dTherefore, the
sheath/core ubondng could be prevented by using low&r andw thanthoseattemptechere
Nevertheless, as mentioned before, high throughputs are required to achieve homogeneous carbon
particlefilled PC fibers suitable for sensing and consequently using verylamdw wasnot
attemptedin this work Still, independently on how the spinning parameters were varied, for
PC+MWCNT/PC BICO fibers the maximum wt% possible to be s@lin was 3 wt% andnd

the processing windowvas very narrowetakeup speed of 280 m/min,0 & w of 0.4 1.5

cm3/min). However, this weight concentration is not high enough to fabricate BICO fibers for

sensing application@s it will be discussed isection 4.4).

Given that suitable BICO fibers for sensing applications were not achieved by using carbon
nanotuoes in thesheathcomponent another approach was taken. As reported by Wang et al., the
use of mixed filler systems can ingwe the properties of a polymer thanks to a synergic effect of
the fillers[173. A good alternative towards conductive fibers is the use of another carbon particle,
which as detailed in section 2.3.4 is a reliable approach to obtain electrically conductive
composites. The additional particle has to be electrically conductive and preferably it should be
equally or less expensive than MWCNTSs for not increasing the prodectsts of the BICO fiber
sensor; considering a potential seal® t hi s can have a significant
cost. In addition, the chosen particle should have lowdasel areaso that the melt viscosity
increaseis not as pronounceas wih e MWCNTSs. Asnoted inchapter 2, a kind of particle that

fulfills all these requirements is carbon black. Howewee potential drawback to keep in mind
when using CB for making polymer fibers the possible need of high amount of filler to achieve
sutable electrical conductivity for sensing applications and a possible different processability
given the larger particle size of CB compared to the MWCNTSs. Moreover, it has been reported
that an even weight ratio of CB and MWCNTSs can have a positive efféte electrical properties

of polymers[178. In addition, the us of a mixtureof CB and MWCNTSsin polymer sensor
fabrication has been reported to provide high strain sensing properties to polymer composites at
lower CB and MWCNT content than when using a single fill&3. Consequently, it is possible
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that the use of CB and MWCNTSs improves not only the feasibility to obtain BICO fibers but also
provides them good sensing capabilities.

First, given that CB has different size, shape and electrical conductivity than th&VRNRIZ/CB
composites were t methixed and then spun &@ingle component PC/CB fibers with different
amounts of CB wt% to know the feasibility to msfiun such kind of fibers before fabricating
fibers with a mixture of CB and MWCT$. The mixing conditiosiused to fabricate PC/MWCNT
fibers was employetb fabricate the PC/CB composites, while the already known spinnability

window was used as guidance danded accordingly to make the PC/CB fibers.

CB loading from 1 to 9 wt% were added to PC in order aiarthe PC/CB fibers. As with fibers
containing high amounts of MWCNTSs, at CB loadings above 8 wt% fiber breakagereddue

to stress concentration upon drawing even at the lowesutakpeed possible. Nevertheless, at
low takeup speeds (< 30 m/miit)was possible to use higher weight concentrations (up to 8 wt%)
and higher throughputs (>1.40 cm3min) than thaxima possible for PC/MWCNT fibers.
However, PC/CB fibers with CB content above 6 wt% showed significantly decreased
homogeneityand increase spinning instabilityThe homogeneity of the PC/CB fibers was better
thanthat oneobtained for PC/MWCNT fiberfor filler amountsO6 wt%. Additionally, at low CB
content (< 4 wt%) the drawability of the PC/CB fibers at tagespeeds above 30 m/min was
better than for the PC/MWCNT fibers at the same-gkepeeds. As with the PC/MWCNT fibers,
better homogeneity in the fibers wassebved in PC/CB fiber when a take speed of 20 m/min
was used. Overall, the PC/CB fib&is/eshown to be more spinnable than the PC/MWCNT fibers.
This can be due to that MWCNT agglomerates are more difficult to disentangle during melt
mixing than CB aglg@merates which can be observed by performing dispersion analysis (refer to
section 4.3.). HigheCB weight concentrationsould be added for fabricating PC/CB fibers
compared tdMWCNTs. However, after the addition of 8 wt% of CB (which was the maximum
CB content to bemelt-spun), the PC/CB fibers were still niot an electrical resistivity range
suitable for sensing applications (as it will be discussed in section 4.4.). Kntwin§C/CB
fibers with bettethomogeneitycould be fabricated at higher loadjsthanwith MWCNT, PC
fibers filled with a mixture of CB and MWCNT were fabricated followigimilar processing
window tothat previouslysuccessfuy obtained for PC/MWCNT and PC/CB fibers.
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Subsequentl vy, a mixture of C BC Ba MdvVin thev@tibT ( her
CB:MWCNT=1:1was added to P8y using the same processing conditions as with PC/CB and
PC/WMCNT composites order to fabricate PC/CB+MW fibers. For simplicity, when referring

to the amount of fillers only the sum of both fillers v namede.g CB 3 wt% + MWCNT 3

wt% = CB+MW 6wt%). As with the PC/CB fibers, the already known processing window used
to fabricate PC/MWCNT fibers was employed and tuned accordingly to make the PC/CB+MW
fibers. Given that for both PC/MWCNT and PC/CBmnbomogenous fibers were obtainethat

takeup speed of 20 m/min, the winder velocity was set to this speed and only the throughput was
varied. CB loadigs from 1 to 4wt% were employed to produce PC/CB+MW fibeFbe melt
spinning conditions of the PCB+MW fiber fabrication are summarized in Table 4.3. As with the
PC/MWCNT fibers, the values of the melt pressure shown in Table 4.3 were measured from the

piston and the processing temperature was 280°C.

Table 4.3.PC/CB+MW fibers melspinning conditios and diameters.

Material Throughput Take-up DDR (-) Diameter  Melt pressure
(cm3/min)  speed (m/min) (mm) (bar)
PC/CB+MW 1 wt% 0.47 20 12.03 145 12
0.70 20 8.08 193 14
0.94 20 6.02 215 18
1.17 20 4.83 245 20
PC/CB+MW 2wt% 0.47 20 12.03 160 NM
0.70 20 8.08 195 17
0.94 20 6.02 220 19
1.17 20 4.83 251 26
PC/CB+MW 3 wt% 0.47 20 12.03 167 NM
0.70 20 8.08 195 17
0.94 20 6.02 223 25
1.17 20 4.83 253 28
1.40 20 4.04 261 37
PC/CB+MW 4 wt% 0.47 20 12.03 171 14
0.70 20 8.08 199 NM
0.94 20 6.02 228 25
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1.17 20 4.83 265 29
1.40 20 4.04 287 35
PC/CB+MW 5 wt% 0.47 20 12.03 178 19
0.70 20 8.08 206 23
0.94 20 6.02 239 31
1.17 20 4.83 264 36
1.40 20 4.04 290 45
PC/CB+MW 6 wt% 0.47 20 12.03 180 NM
0.70 20 8.08 245 29
0.94 20 6.02 260 33
1.17 20 4.83 312 a7
1.40 20 4.04 330 NM

NM, not measured.

From Table 4.3 can be seen that as with the PC/MWCNT fib#rs diameteof the PC/CB+MW
increases wih increased throughput and increased filler amo@dditionally, a wider rang of
processing conditions were suitable for fabricating PC/CB+MW fibers at wt% > 3 compared to
the PC/MWCNT fibersln generalthe spinnability of PC/CB+MW fibers was found to be slightly
better than for PC/MWCNT fibers. By increasing the throughpub 4p40 cm3/min, no significant
changes in the spinnability were seen among the CB+MW contents below 3 wt%. However, fibers
containing CB+MW amounts of-8 wt% presented a reduced drawability if the throughput was
above 1.40 cm?/min. Furthermore, in the samay as with the PC/MWCNT fibers the maximum
amount possible to be malpun for PC/CB+MW was 6 wt%. The maximum throughput achieved
for PC/CB+MW fibers at all the wt%s employed was 1.4G/orm which is higher than the
maximum achieved for PC/MWCNT analwer than for PC/CB fibers. This suggests that possibly

a lower melt viscosity of PC/CB+MW composites and a better dispersion of the carbon filler
mixture than with only MWCNT at the same wt®&re achieved whicbontribute to a better melt
processability bthe PC/CB+MW composites. In addition, similarly to PC/MWCNT and PC/CB
fibers more homogenous fibers were obtained when high throughputs were used. After the
spinning tests performed with PC/CB+MW fibers, it was proteat using the same already
known spinnability window to produce homogenous PC/MWCNT and PC/CB fibers led to
homogeneous PC/CB+MW fibers. Nevertheless, similar to the PC/MWCNT fib&ttsberance
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were seen on the surface of the fibers, especially as thevasBowt% or higher However fewer
amounts oprotuberance were found for PC/CB+MW fibers than for PC/MWCNT fibers and in
some cases these were visible only sporadically along the fiber length.

In order to observthe differences ithe surfaceuality of the fabricated fibe;fSEM images were
takenonsingle componerfibers with thetwo different fillers employed. Figure 4.10 shows SEM
images of PC/MWCNT, PC/CB and PC/CB+MW at 3 wt% of fitentent fabricatedt a DDR
=4.83.
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Figure 4.10.SEM images of single componebefis at DDR = 4.83 filled with:
a) MWCNT3wt% b) CB3 wt% and cICB+MW 3 wt%

From Figure 4.10 it can be seen thagerbulgesare present on the surface of the fiber with
MWCNTs and CB than with CB+MW This can be due to not fully disentangled pmna
agglomerates duringpeltmixing the composite. However, the size of phetuberancein Figure
4.10b is smaller than the seen for fibers with MWCNTSs. This can be dhattén dispersability of
the CBthan forMWCNTSs, which will be discussed in secti@gn3. Moreoveramongthe three
kinds of fibers feweprotuberanceareseen at the surface of the fibers with CB+Mykbbably
due to the reduced difficulty of dispersing hihlé amount of each of the fillers. Additionally, the
observableoughnesenthef i ber s 6 s u ndtieableor fibarswitmC8+M&V and less
evident for fibers with MWCNTs andCB. This can be due to that a better dispersion of the
CB+MW particles leading to a wider spread of the carbon particles on the surface than with
entangéd CB or MWCNT particledt should be kept in mind that abwylge orprotuberancean

be considered as defect that may cause fiber breakage during handiibgemjuent testing.

Given the promising spinning results of PC/CB+MW composites, they werlrdpas sheath
component in order to attain BICO fibers suitable for sensing applications. As with the
PC/CB+MWsingle componerfibers,a ratio of CB:MWCNT = 1:1 was usedConsequently, the
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BICO fibers consisted of a PC+CB+MW sheath while neat PC wad asecore to have
PC+CB+MW/PC BICO fibers. Similarly to the PC/CB+MW fibeosly the total weight
concentratiorof the fillers added to the BICO fibeisnamed when referring to the filler amount.
Similarly as for PC+MWCNT/PC fibers, the throughputs afand \c as well as the inner and
outer die diameters were adjusted independently. Theugakeelocities were also adjusted
accordingly to have the most homogeneous fibers possible. BICO fibers with total filler weight
concentration up to 3 wt% were ddtilt to be mekspun; their spinnability was similar to the
spinnability of single component fibers with filler loadings above 4 wt%. Figure 4.11 shows a
SEM image of a PC+CB+MW 3 wt%/PC BICO fiber.
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Figure 4.11.SEM image of a PC+CB+MW 3 wt®C BICO fiberat two magnifications

As visible from Figure 4.11, the surface of the PC+CB+MW 3 wt%/PC BICO fiber is not much
different from the PC/CB+MW 3 wt% singmponent fiber. Howevesmaler protuberance
wereseen on theingle componerfibersthan in theBICO fiber at the same CB+MW wt% his

is likely to happen due to that the constrained volume of the sheath forces the remaining
agglomerates to be near the surface. Furtherrfewey defects werebservable in theurface of

BICO fibers withCB+MW thanwith MWCNTSs. In addition the fiber diametarseemedo be

fairly homogenous along the fiber.

BICO fibers with 1 and 2% CB+MW showed good spinnability, similar to the spinnability of
single component fibers at this CB+MW weight concentratitowevey BICO fiberswith 3 wt%
CB+MW were only attainable at a maw range of high throughputsy(= 1-1.5 cm3/min;® =
0.5-1.5 cm3/min) and slow takep velocities (2660 m/min). Furthermore, thaaimeter was not
homogenous fai below 1cm3/minand takeup speedsbove 30 m/min. In addition, BICO fibers
with electrical resistivitysuitable for sensing applications were not reached at this wt%s (see
section 4.4.4). As from the addition of CB+MAWWvt%the spinnabilitywindow of the BICO fibers

was once more greatly reducedudcandw valuesabove 1 cm3/min and takep speed®f 20-40
m/min. However, at this combined wt% of CB and MWCNT the BICO filshi®w resistivity
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values already suitable for sensing applications. Similarly to single component fibers, after
increasing the filler amount the spinnability is remarkably reduced. As mentioned before, this
behavior can be related to an increase in the melt viscosity but alsodispbesionstate of the

filler, which at high particle loadingsis expected to bevorse This inherently supposes a
compromise between the spinnability of the BICO fibers and the suitability of these fibers to work
as sensorgor PC+CB+MW 4 wt%/PC fibers, independently of the die diareet@plo/ed the
effective throughputsaf and w) were always at-1.50 cm3/min while the effective takg
velocity was between 280 m/min. However, the only spinning conditions at which the BICO
fibers show fair homogeneity along the fiber length were at throughput =L5BAGn¥/min, at a
takeup speed= 20-30 m/min, with @= 0.360.40 mm and &= 1-1.40 mm. By fine tuning these
parameters the spinnability can be further improveabtain the optimal conditions to fabricate
CB+MW filled BICO fiberssuitable for sensing.

Furthermore the morphology of the fibers should be also taken into account. Figure 4.12 shows
light microscope images of thiein cross section and the longitudinal secfjalong the fiber axis)
of a BICO fiber made from PC+CB+MW 4 wt%/PC fabricated atke-tap speed of 20 m/min

and ® @ = 1.50 cni/min.

117



4. Results and discussion

Round
cavities

P e

/ 218)

200 mm |

Figure 4.12.Light microscope images of PC+CB+MW 4 wt%/PC BICO fibeys ( & = 1.50 cni/min).
a) Cross section, b) section in the direction of the fiber axis.

From Figured.12a it is visible that the cresgctional area of the fiber is not perfectly circular and
that the core is not located entirely at the center of the fiber. Additionally, unlike the BICO fibers
with only MWCNTSs protuberances are not clearly visible gltre fiber axis (Figure 4.12b). It is
worth to mention that the missing section of the fiber at theigp in Figure 4.12a comes from

the sample cutting and not related to fibedefects.
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It is also visible from Figure 4.12, that the core is notgletely bonded to the sheatimilarly to

BICO fibers with only MWCNTsNevertheless, in contrast with the PC+MWCNT/PC fibers the
unbonded segments seen in the cross section (Figure 4.12a) are present along the véhele core
perimeter and these #onded sctions have a more circular geometry ttatnecs the sheath

and core atwo points of the round shape caviti&#sese round cavitiesould beformed fromair
bubbles trapped during the BICO fiber formation at the die exit. Additionally, it is alsy thea

as with the BICO fiber containing only MWCNThe combined influence of the different
sheath/core viscosities, the Barus effectd the stress distribution of the moltercbmponent

thread also affect the sheatbre bonding of the PC+CB+MW/PC Blfibers. On the other hand,

Cho et al. found that the spinnability in BICO fibers is reduced due to instability at the sheath/core
interface as result of the different orientatioduced crystallization behavior of the sheath and
core polymer (PE and PEé&spectively]19]. In this work sheath andore weréoothPC; however

the addition of the carbon particles changes the PC behavior possibly creating instabilities at the
sheath/chore interface that can lead tdbanded sheath and core.

Regarding the diameteo$ sheath and core, it can be seen from Figure4. 12 at t he f i ber 6
diameter (taking into account the corgnot entirely regularThis can banainly due tothat the

sheath and the core are not concentric, which is clearly visible in Figuie A4 result from

this, there are thinner and thicker sections in the sheath along the BICO fibers.

After the addition of5 wt% CB+MW, the drawability of the BICO fibers was again further
reducedThesePC+CB+MWY/PC fibers were able to be msgjtun onlyatw = w = 1.50 cm3/min

and at a takep = 2630 m/min, however they presented great inhomogeneity along the spun fiber.
This inhomogeneity consisted of highly variable diameters along the whole fiber, where large (>10
cm) thicksectionsvere fdlowed by very long (>15 cnthin sectionsand therefore the fibers were
highly brittle and had very uneven surface. Similarly, the spinnability of BICO fiberswiti%o
CB+MW was very low. After varying the processing conditions very few fibers wereachat

this high wt%, yet none of them were entirely homogeneous and all of them were highly brittle
and presented also variable diameter similarly to the BICO fiberswitifo CB+MW.

In literatureonly afew reportsavere found describing successful estement oBICO fibers with
carbon fillers. Lundand Hastrom fabricatedmeltspun BICO fibers based on a polymer/CB
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compositd223. In their work they used PVDF as sheath congmbrand PP with 8.5 wt% of CB

as core component and similarly to our findings they reported that the BICO fibers were only
spinnablen very narrow range of DDRs (from 20 to 25). In PVDF/BRw% CB BICO fibers
DDRs higher than 25 led to fiber breakageleyBIDRs lower than 20 led to highly inhomogeneous
fibers. Also with CB in the core, Lund et &bricated PVDF/PPCB BICO multifilament yarns
with 8.5 wt% of CB[239. Contrary to our findings, theybservedhat more stable spinning was
achieved when ¥was up to 4 times higher tharc\In other work, Hagstrom fabricated BICO
fibers similar to the BICO fibers done inshwork where the sheath and core were fabricated using
the same polymeanatrix PP while CB was used as filler in the core compof&24]. Similar to
thefindingsin this work,Hagstom achieved stable BICO fibby melt-spinningwhensettingw
=w.In Hagst® mé s wo r k al CB mntemtagassibhe tepin fibers was 8 wt% whebg

spinninginstabilities wereseen already dt wt% CB.

To the best of our knowleg there is only one report of the use of polymer/MWCNTSs for
fabricating BICO fibers which was done by Straat e{20]. However, similarly to Lund and
Hangstom, Straat et al. employed the carbon filler in the core component made of PE/MWCNT
composite achieving maximum loading 010 wt% MWCNTs whereasPA 6 was the sheath
component. Contrary to the BECfibers done in this work, Straat et al. fdubhetter BICO
spinnability wherw was2.6 times higher thae , which is similar o the findings of Lund et al.

[20, 239. From the spinning results of these four aforementioned works it can be inferred that
using the nanocomposite in the core component could reduce the spinning instabilit1GGhe

fiber by constraining the carbon particle filled cavéhin the neat polymer sh#m However, this

is not possible when the nanocomposite is in the sheath as it was done in thi$hwagrkince

the aim of this work is to have BICO fibers able to sense external stimulus such as the exposure to
liquids, using the nanocomposite in thereand the neat polymer in the sheattuld notbe useful

to fulfill this workoés goal s.

As established before, PC+MWCNT/PC BICO fibeosild notbe fabricated at MWCNT contents
above 3 wt%. On the contrary, PC+CB+MW 4 wt%/PC was successfully spin&able when
BICO fibers with CB+MW 5 and 6 wt% had poor spinnability they weapable of beingnelt

spun. This difference in the spinnability of both kinds of fibers could be explained by their melt
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properties Figure 4.11 shows themount ofcomplexmelt Mscosityand the storage modul@
280°Cof PC composites at differeamounts oCB+MW. PC/MWCNT 4 wt% was included as

reference since at this wt% the BICO fiberstaaming only MWCNTSs were no longspinnable.
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Figure 4.13.Amount oftcomplex nelt viscosity(a) and storage modulu®) @ 280°Cas function of the
angular frequency aheltmixed composites &fC/CB+MWat different filler weighconcentrationsand

of PC/MWCNT4 wt%

As visible from Figure 4.3, similarly asfor PC/MWCNT composites (Figure 4.#)eamount of

complexmelt viscosity increases significantly after the addition of 1 wt% CB+MW. The melt
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viscosity of PC/CB+MW 3 wt% is higherompared tdC/CB+MW 1 wt% and is significantly
increased Wwen compared to the neat PC. The melt viscosity of the nanocomposite is again
increased after adding 4 wt% of CB+MW to PC. In contrast, the melt viscosity of the PC/CB+MW

5 wt% composite is not much higher when compared to the one of PC/CB+MW 4 wt%.

Likewise, after the addition of CB+MW 1 wt% the storage modoluthe compositéncreases
significantlyand further increases at CB+MW 2 wt%. This point out a significant increase on the
rigidity of the molten polymer at these wt%airthermore, slighinhcreae in the storage modulus

is observedvhen adding larger CB+MW amount&dditionally, it can be seen that tis¢orage
modulusof the PC/MWCNT 4 wt% composite is slightly higher compared to PC/CB+MW 4 wt%
while at the same time it is very similar to thierage moduluf PC/CB+MW 5 wt%.This
suggests that the storage modulus of the composites at 4 wt% is high enough to hinder the
spinnability of the fibersMoreover as known by th8ICO spinning tests the PC/MWCNT 4 wt%
composite and PC/CB+MW compositegiwmore than 4 wt% were not spinnable as BICO fiber,
whereas PC/CB+MW 4 wt% was successfullgliaspun. This suggests that tsleght difference

in the melt viscosityand storage modulusetweenPC/CB+MW 4wt% and PC/MWCNT 4wt%
might be enough tonodify significantly the spinnability of the BICO fibers. Additionally, it is
possible that the spinnability limit f@ PFBICO fibers is reached atstorage moduluslose to
thatattained by the PC/MWCNT 4 wt% composite. These results suggest that the meltyiscosi
and storage moduludg composites containing carbon nanoparticles can significantly influence the

capability of such composites to be rrshun.

In conclusion, the spinnability window of BICO fibers with CB+MW consistetheprocessing
conditions a follows: equal throughputs af = & of 1-1.50 cm3/min, takeip speed = 20 m/min,
with @ = 0.30 mm and €= 1.40 mm for CM+MW wt%05 %. In comparison,as stated before
for fibers with MWCNT, the spinnability window consisted of take speeds of 2@0 m/min,w

& & between 0.4 and 1.5 cm3/min for MWCN®ntent® wa%, with the same inner and outer
die diameter as for the BICO fibers with CB+MW.
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4.2.4. Summary
Single component polycarbonate fibers filled with different amooft®WVCNTs and/or CB were
successfully fabricated. Improved spinnability was achieved with a die diameter of 0.60 mm
instead of 0.30 mm. The additionafily 1 wt% MWCNT to PC already causadeduction in the
spinnabilitywindow of the PC/MWCNT fibersincreasing the amount of MWCNTed toalarge
reduction in the spinnabilitand to inhomogeneous diameterf the fibers, especially at low
throughputsnaking necessary the fine tuning of the spinning paramé&temsposites with igher
amounts of MWCNT thab wt% could notbe meltspun appropriately and were considered to be
not spinnable. The increase in thlger amountled to the appearance pfotuberance on the
f 1 b er s thatwevandreaisilde in fibers containing &% of eithetMWCNTsor CB+MW.
The addition othe carbon particles led to a significant increase of many orders of magnitude in
theamount of the&eomplexmelt viscosityof the composites’he mmpositesvith the highest melt
viscosity were also the ones with the poorest spinnabiiitgontrasto the PC/MWCNT fibers,
the PC/CB fibershowed bettespinnabilityat high (> 3 wt%) filler concentrations. This behavior
can be attributetb the very high melt viscositgf the PC/MWCNT composites, which is expected
to be much lower for PICB composites given the characteristic surface acdaSB and
MWCNTSs. It was found foall thefibers containingitherMWCNT, CB or a mixture oboththat
the useof high throughputs and low take velocities always led to an increased spinnability.
Finally, the single component fibers chosen for further evaluations were fabricated at a fixed take

up speed of 20 m/min were the variation of the througlgadsto different DDRs.

Regarding BICO fiber fabrication, all the spinning parameters adjustake twned to achieve
MWCNT containingBICO fibers suitable for sensing applications. However, BICO fibers with
only MWCNTSs were only achieved & w&% loading. Gven that the CB has lower electrical
conductivity than the MWCNTSs, BICO fibers fabricated with a sheath made of PC/MWCNT or
PC/CB can be discarded as suitable for sensing fiber fabrication. Therefore, fabrication of BICO
fibers with a mkture of CB and MWCNT (CB+MWat a CB:MWCNT ratio of 1:Was attempted.
Contrary to the BICO fibers with MWCNSJBICO fibers with CB+MWcould be mekspunup to

6 wt%. However, the homogeneity of the fibers was very poor and all the fiber©witBunio
loading were highly brittle and therefore considered to be not suitable for sensing applications.

After varying the throughputs of sheath ) and core @ ), improved spinnabilityvas found in
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BICO fibers whenw andw were equalThe core was observed to be partiallyhonded to the
sheath along the fiber possibly due to the breathviscosity differences and to a combined
influence of the Barus effect and the stress distribution during flow. Additionally, air buixdres
patially trapped at the die exit forming spherical cavities as the seen for BICO fibers with
CB+MW. Similarly as with the single component fibers, it was found that the increase in melt
viscosity of the sheath led to poorer spinnability. Furthermore, wheelaiing the spinnability

of the BICO fibers and the melt viscosity of the sheath composite a possible spinnability limit for
carbon filledBICO fibers is reached at a melt viscosity between the one observed for PC/MWCNT
4 wt% and PC/CB+MW 4 wt% compossteThis suggests that the melt viscosity is a significant
factor affecting the spinnability of composites containing carbon nanopatrticles.

After all the spinning evaluations performed in this work, ab&mal spinnability window for

single component figrs was: throughputs = 04717 cm3/min with takeip speed = 20 m/min at

a total filler contenD6 wt%. BICO fibers were successfully achieved up tet% MWCNT and

6 wt% CB+MW. However, theébest processing conditions to fabricBkO fiberssuitable fo
sensingvere found when the sheath was PC+CB+MW 4 wt% spun with @ of 1.50 cm3/min

at a takeup speed of 20 m/min and by using an inner and outer die diameters of 0.30 mm and 1.20

mm, respectively.

4.3. Filler dispersion in composites andibers
4.3.1. Introduction

The fabrication of polymecarbonnanocomposites alwayavolves the dispersion otarbon
particle agglomerates (the morphology in which such fillers are providesijle the desired
polymer matrixprior to compositeshaping During the meltmixing process shear forces are
applied to the polymer/particle mixture through the extruder's screws. The input of high shear
forces is necessary to surpass the high intermolecular van der Waals interactions tietween
carbon particlesvithin theagglomeratesrhough without proper dispersiomé properties of the
polymer will notbe enhanced and on the contrahey might beevenreduced In the case of
nanocomposite fiber fabrication, a good dispersion durmalmixing has tobe achieved priao
spinning since large agglomerates could difficult the 1s@hning process or even obstruct the
spinneret die) makingthefiber fabrication unfeasibldn order toanalyzethe dispersion state of
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the carbon nanoparticles in tR& matrix, differentmicroscopic techniques were employed on
meltmixed samples pridio spinning and on mekpun fibersDispersion characterizatiomgere
done following the methodologlescribedn section 3.2 and 3.4.1 for composites prior and after

spinning respectivey.

4.3.2. State of filler dispersion onmelt-mixed samples
The state of dispersion of the malixed composites was analyzed prigpinning using
transmissioright microscopyon thin cuts as shown iRigure 4.14for PC/MWCNT composites
with MWCNT contens of 1-6 wt%. In order to quantify the quality of dispersion in the
MWCNT/PC composites, theumulativeagglomerate area ratidf) was determineds detailed
in section3.3.1 Composites with MWCNT amounts up to 3 wt% had similar dispersion state
simplify Figure 4.14 the PC/MWCNT 3 wt% composite is not shown.
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Figure 4.14.Transmissiodight microscopyimages of PC/MWCNT composites after making for
three different MWCNT weight concentrations withrtlcalculatedrespectivevalues of the agglomate
area ratio Aa).
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Composites with 1 wt% of MWCNT presentedAnof 0.24% that is not significantly increased
when adding? wt% or 3 wt%. These low values represent gatidpersionfor composites with
MWCNT. They arein good accordance wittesults presnted bySocher et al. who founchac

of 0.20% for the same PC at the same processing conditibiese the only difference was the
MWCNT provider (Baytube%from Bayer MaterialsScience AG, Leverkusen, Germa2agy].
Socher et alalso foundamong5 dfferent polymetypes(PA 12, polybuglene terephtalate, PC,
polyetheretherketone aholv densityPE)with three different grades each (low, medium and high
melt viscosity), the PC withl wt% MWCNT showed to be the composite with the fifth best
dispersiorfrom all the 15 different compdgns(only surpassed by PEEK and high viscosity PBT
that hadAa < 0.1%at that same wt%P37]. Additionally, according tahis study lower viscosity
matrices resulted in lower electrical percolation threshold whiehdesirable characteristic for
this work. It is then worth mentioning thamongthe three different PC grades investigabgd
Socher et a).the PC used ithis work is the onavith the lowest melt viscositihatalsoshowed

the lowest electrical percdlan threshold.

As visible in Figure 4.14tarting from3.5 wt%MWCNT the agglomerates become largaring
anAa of 0.73%. After the addition of 4 wt% thfea increased up to ~4 times compéte 2 wt%
reaching a value of 1.82 The Aais considerably llager for composites with 5 wt% and 6 wt%
of MWCNTSs getting as high as 2.%/and 3.28%respectivelyMoreover, forcompositesvith 1-

3 wt% MWCNT no large agglomerates weseen Therebyl wt% MWCNT havean excellent
dispersion state since no agglomerateall are visible. Thecomposite with 2 Wt%VWCNT
presented only sma#ligglomerateshat were very well distributed within the compositerge
agglomerates stadto appear from MWCNT content of 3.5% and they become larger as the wt%
of MWCNT increasesSimilarly, thenumberof agglomerates increasegh the MWCNT amount.
Additionally, it was possible to observe th&dr composites with > 3vt% MWCNTSs the large
agglomerates were not well distributedthin the PC matrixas some of them austeredn a

small area whil@ther areas amithoutanyagglomerates.

Remaining agglomerates may reduce the spinnability of the fibers by causing breakage during the
spinning procesd.herefore, tis very likely thathe spinnabilityseen foPC/MWCNT composites
with > 3% wt% filler was negativelyinfluencel by these large remaining agglomerateAs
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discussedh sectiord.2, PC/MWCNT fibers werenuch bettespnnable at low MWCNTcontents

while MWCNT contens above 3 wit%ed toa high number dfiber breakagel ik ewise,unstable
spinning as a result of thegh pressure inside the heating bawek seen for composites with
high MWCNT conterd. Interestingly reduced spinnability wasnore evident at the same
compositions on which the remaining agglomerates becmndicantly large {.e. wt% > 3%)

In addition, theprotuberance seen in the me#ipun fibers can be a consequence of the
agglomeratetike those onesisible in Fgure 414. This is due tdhe factthat the mekspinning
shaping step does not contribtieefurther nanotube dispersion and therefore such agglomerates
are also existenh the meltspun fibers as seen in the previous secfitws point out that mek
spnning composites with highfWCNT amounts could become more difficalk a consequence

of the existence ofemainingagglomeratesAs reported in literature, the size aachount of
remaining agglomerates in polyMMdWCNT compositesis strongly dependent on the melt
mixing condtions [24(0. For example, Kasaliwal et al. reported that increasing the residence time
during snall-scale mekmixing results in a decrease in saed number of agglomeratgs27].
However, Krause et al. reported for PA based composites that lower rotation speeds and mixing
times are preferable to obtain electrically conductive polymer/MWCNT composites. Higher
rotation speeds are expected to led to morequeed MWCNT shortening which reduces the
electrical conductivity of the composit€s3(. In a studydoneon the influence of twirscrew
extrusion conditions on the dispersion of MWCNTSs in PLA, Villmow et al. found that the
agglomerate number and size decreases significantly by increasing the rotation speed up to 500
rom [133. Therefore, given that sensing applications require electrically conductive composites
and thedisperson stateachievedwashigh enough to obtaimelt spunPC compositefibers, the
mixing conditions likemixing timeand the rotation speedere no furthemodified

As an alternate approadAC/CB and PC/CB+MW composites wexe wellfabricatedby melt
mixing (as detailed inexction 4.2) Similarly to the PC/MWCNT compositegtior to spinning he
state of dispersion of tleC/CB and PC/CB+MW compositess studied usingansmissionight

microscopyas seen ifrigure4.15for composites wittdifferentCB+MW and CBcontens.
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TCBFMWIIN

Figure 4.15. Transmissioight microscopyimages of PGIB+MW composites fod differentwt% and
PC/CB composites at\@t% with their correspondingc values
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The composites with wt% CB+MW showed an Aof 0.67% which can be considered as good
dispersim. The CB+MW 2 wt% compositgsot shown in Fig. 4.155howeda not very significant
increasd Aa (1.05 %) ompared to CB+MW 1 wt. However, after the additiorBa#t% and 4
wt% CB+MW (4 wt% not show in Figure 4.15) thesAncreased significantly compared
CB+MW 1 wt% reaching 1.48% and 1.95%espectively. Moreover, the A found for
PC/CB+MW 3 wt% and PC/CB 3 wt% compositessvery similar. However,some large
agglomerates can be seen3ant% CB+MW whichare not present in the composite watiwt%

CB. Similar to PC/CB+MW 3 wt%, some big remaining agglomerates were present for
PC/CB+MW 4%.A large increaseni the remainingagglomerate area fractiaman beobserved
after the addition 05 wt% CB+MW wherethe Aawas 3.24%, which is ~5 times ¢gar tharfor 1

wt% CB+MW and at the same time similar to the Af PC/MWCNT 6 wt% composite
Furthermore the Ac of 6 wt% CB+MW was 4.486 which is larger than the Afound for
PC/MWCNT 6 wt% composite$n addition, the & = 2.28% of the PC/CB 6 wt% composites is
muchlower than the one of CB+MW 6 wt%lso from Figure 4.15 it can be seen that similarly
to PC/MWCNT composites, no big agglomerates remain after adding 1 wt% CB+MW. As from
the addition o8 wt% CB+MW some big remaining agglomerates are visible which bedarger

as the CB+MW content increasas the seen for CB+MW 6 wt%or direct comparison of the
dispersion in MWCNT and CB+MW compositéable 4.4shows the A found for meltmixed
composites with MWCNT and CB+MW added witi6 wt%.

Table 44. Cumulativeagglomerate area ratidw of PC/MWCNT and PC/CB+MW composites.

An (%)

Wt%  MWCNT CB+MW  CB
1 024  0.67 -
030  1.05 -

0.44 1.48 1.22
1.32 1.95 1.72
2.44 3.24 2.02
3.28 4.48 2.28

o OB WD

As visible from Table 41, composites with CB+MW had largé&ka compared to MWCNT
compositedor all the weight concentrations evaluated. Moreovenr®notonically increases for
CB+MW composites while fot-3 wt% MWCNT Aa remains similar until reaching 4 wt%n

the other handfrom Figures 4.14 and 4.15 it can been thathere are no large agglomerates
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presentn compositewith only CB. For instanceat 3 wt% of filler composites with CB had a
maximum particle size of ~23 pmwhereas at the same wt% composites with MWCNT and
CB+MW had maximum particle sizes-678 and ~136 um respectiveMoreover,by comparing

the images from MWCN®B wt%, CB+MW 6 wt% and CB6 wt%it is visible thatthe composite

with MWCNT has large agglomerates while theonposites with only CB show small size
agglomerates.The largest partie found in PC/CB composites was of ~35 um for composites
with 6 wt% of CB, while at the same wt% the maximum particle size of PC/MWCNT composites
was ~210 ym. The maximum particle size of PC/CB+MW at 6 wt% of filler w&S ptin, which

is lower than for MVCNT but much larger than for PC/CB composites at the same Wi#%.
suggests that the aggl omer at e sesulsfom entafigled CB+ N\
MWCNTSs rather tharirom CB agglomeratedn general, MWCNT composites presented larger
agglomerateshan thoseseen for composites wit6B+MW and CB This outcomemight be
explained by the strong interacti@@oming fromvan der Waals forceshat the MWCNTs have
which makest very difficult to breakits agglomeratedownto smaller particledNevertheless, as

seen in Table 4.4nd Figures 4.14 and 4.1%e dispersion of CB+MWomposites is apparently
poorer than for composites with only MWNCand the MWCNT compositeshow larger
agglomeratesThisis in accordance with a stuthy Ke et al. foMWCNTs, CBand mixed fillers

in a PVDF matrix Here,the Aa in CB containing composites wéarger than that of MWCNTSs
[183. Contraryto MWCNTS CB particles have weaker graction between them making big
agglomerates easiertoakedownto a smaller sizéAs a resultthere arenany small agglomerates

in the compositewith CB instead of fewbut big agglomerates as withe MWCNT composites
Moreover, the small agglomerates seen for composites with CB are well distributed as visible from
Figure 4.15. This isn agreement witliindings by Potschke et abn PC based composites with
MWCNTSs, CB and mixed filler systemsh@&yalsofoundthat there is a good distribution of small
CB agglomeratefl11]].

The largest agglomeratsze among all he compositions evaluated of ~2jum wasseenfor
PC/MWCNT 6 wt% For PC/CB+MW 6 wt% none of thag agglomeratewaslarger thanl60
pm, whereador PCMWCNT 3 wt% havingthe sameMWCNT content as PC/CB+MW 6 wt%
presented remaining agglomeratesaen than 8Qum. On PC/CB 6 wt% compositethe large
agglomerates size wasaverage5 um. This suggests that the addition of @8he PC/MWCNT
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compositedas nopositiveimpact on theanaximum agglomerate size of its correspondmgked

filler compositeln contrast with thesendings,Socheret al. observed posiive effect from the
additionof CB on theMWCNT agglomeratsizeinside a PA 12 matrikl78. They attributedhis
behavior tohigher shear forces during compounding resulting from slightlgdni¢gprque values

in the microcompounder wharsingthe mixed filler system as compared to samples with only
MWCNTSs, as well as to an increase of internal friction coming from the addition of the second
filler. The differencebetweenthe dispersiorbehavia reported by Socher et al. aimdthis work

might be due toheuse of @PA12 matrixwith an excess of acid end groups

Neverthelesdyetter spinnability was found for CB+MW than for MWCBES observed in section
4.2, even when th®€CICB+MW composites &d larger A andbutsmaller agglomerate sizes than
PC/MWCNT compositesThis suggests thamalker maximumagglomeratasizerather thalower
dispersion index (A) is significantfor the spinnabilityof mixed filler compositesFurthermore,
the PC/CB comgsites showed the best spinnabiléynong all the three compositéypes
Consequentlyit can be confirmed and establishbedt for bettespinnabilityparticle agglomerates
which areeasier to disentangkere more relevanthanthe geometry of thearticles Thus,CB

addition to PC is recommended over MWN(illing whenaiminga more stable spinning process.

4.3.3. Fiber morphology and filler arrangement in the polymer fibers
Scanning electron microscoffeEM) images were takeas described in 3.4ith orderto observe
the morphology of thecarbon patrticle filledibers and the filler arrangemeiatt the microscale.
Given thatmore significant effestin the meltspinning behaviowereseen in fibers with particle
content above or equal to 3 wt%, fibers with tatahtent at or above this wt% were selected for
observationdlt is worth mentioning that optical light microscope imagese attempted on many
fibers. However the magnification needed to focus on the fibesulted on UNCLEAR images
and therefor@o vduable information on the carbon partiel@angementould be taken &m the
light microscope images, except for a fBMCO fibers with mixed fillersas shown in Figure
4.19).

Figure 4.16 shows SEM images of a PC/MWCNT fiber with 4 wt% of MWCNT cofdbritated
with the lowest DDRfabricated in this worKDDR = 4.83). In order to observe the internal

132
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morphology of the fibergransversally and longitudinallguts were done e fiberaxisandat
thecross section.

Figure 4.16. SEM images of a PEWCNT 4 wt% fibe(DDR = 4.83) taken froncuts at two drections.
a), b)fiber direction,c), d)cross sectioninsert inc) from TEM imaging

In Figure 4.16aa relatively smootlcut surface in the transversal direction at this scale be
observedHowever, at higher magnification as seenkigure 4.16b some small agglomerates in
the fiber directiorcan be seethat arerandomlydistributed. Moreover, the images takarthe
fiber’s cross section (Figures 4.16¢ and 4.3568dwthat small agglomeratewliite dots) are fairly
well distributedwithin the fiber. Additionally at the nanoscalgnsert in Figure 4.16aj is visible
that there are as well some clusters of small agglomerates alongsidesWidispersed nanotubes
andregions without MWCNTSsThis is in good correlation with the dispersioithe melt-mixed
composites at the macroscale ptimmelt-spinning.Moreover, some small voids can be seen in

both fiber directionsSuch voidsprobably originateéfrom air enteringduring themelting and
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