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Mechanische, elektrische und sensorische Eigenschaften von
schmelzgesponnenen Polymerfasern gefüllt mit KohlenstoffNanopartikeln
M.Sc. Jose Roberto Bautista Quijano
Multifunktionale Polymerfasern mit Potenzial als Dehnungs- und Flüssigkeitssensoren wurden
hergestellt und charakterisiert. Die Hansen-Löslichkeitsparameter (HSPs) wurden als ein
Werkzeug zur Auswahl eines geeigneten Polymers verwendet, das als Matrix für das
Sensormaterial vor der Faserherstellung verwendet wurde. Die Zugabe von leitfähigen
Kohlenstoffpartikeln zu einer Polymermatrix verleiht ihr Sensorfunktionalität, wie etwa für die
Detektion von Zugspannungen und das Vorhandensein von Flüssigkeiten, wie es in dieser Arbeit
betrachtet wurde. Als leitfähige Füllstoffe wurden mehrwandige Kohlenstoffnanoröhren
(MWCNTs, MW) sowie eine Mischung aus Ruß (CB) und MWCNT im Gewichtsverhältnis 1:1
verwendet. Die Route die zur Erzielung elektrisch leitfähiger Polymerfasern genutzt wurde,
welche zur Bewertung der Sensorfunktionalität notwendig sind, war ein kombinierter
Schmelzemisch-

und

anschließender

Schmelzspinnprozess.

Schmelzemischen

und

Schmelzspinnen sind in der Polymerindustrie weit verbreitete Verarbeitungstechniken, welche das
Hochskalieren der in dieser Arbeit entwickelten Fasern ermöglichen. Zusätzlich zu
Einkomponentenfasern wurden auch Bikomponentenfasern (BICO-Fasern), die aus einem
Polycarbonat (PC)+CB+MW-Mantel und einem reinen PC-Kern bestanden, hergestellt und ihre
Kapazität wurde mit der von Einzelkomponentenfasern verglichen. Der Dispersionszustand der
Kohlenstoffnanopartikel (CNPs) sowie das Zugverhalten, der elektrische Widerstand und die
Sensorfunktionalität bezüglich des Auftretens von Zugspannungen und des Vorhandensein von
Flüssigkeiten der Kompositfasern wurden bewertet. Als Ergebnis wurde eine spezifische
Faserzusammensetzung vorgeschlagen, die Potential zur Verwendung als Sensormaterial für
mechanische Beanspruchung und Flüssigkeitsaussetzung unter zwei Realsituationen hat
(Belastungsüberwachung einer starren Struktur und Leckagedetektion einer chemischen
Substanz). Sensorfasern, wie sie in dieser Arbeit entwickelt wurden, haben viele potentielle
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Anwendungen,

wie

zum

Beispiel

Echtzeit-Überwachung

der

Deformation

und

Bauwerksüberwachung sowie frühe Rissdetektion in jeglicher Art von Strukturen. Auf der anderen
Seite können Fasern, die in der Lage sind das Vorhandensein von Flüssigkeiten zu detektieren, das
Austreten von gefährlichen Chemikalien überwachen. Darüber hinaus kann diese Technologie
auch bei der Herstellung intelligenter Kleidung durch Kombination von Sensorfasern mit flexibler
gewebter Elektronik angewendet werden.
Die Hauptergebnisse dieser Arbeit können wie folgt zusammengefasst werden:
1. Quellungsmessungen basierend auf der relativen Energiedifferenz (RED), die aus den HSPs der
Polymere und Lösungsmittel erhalten wurden, bewiesen, dass die Verwendung von HSPs ein
geeigneter Ansatz zur Auswahl eines Polymer ist, welches als Flüssigkeitssensor eingesetzt
werden soll. PC wurde als die Polymermatrix zum Herstellen von Polymerfasern zur Bewertung
der Sensorfunktionalität ausgewählt, da es eine hohe Affinität zu vielen kommerziellen
Lösungsmitteln sowie eine hohe und schnelle Volumenänderung beim Eintauchen zeigte.
Gemäß den Quellungsresultaten sollten Lösungsmittel mit REDs im Bereich von 0,70 bis 0,90
für die Bewertungen der Sensorik bevorzugt werden.
2.

Unabhängig von der Art des Füllstoffes wurde eine verbesserte Spinnbarkeit unter folgenden
Bedingungen erreicht: Düse mit größerem Durchmesser, höherer Durchsatz, geringere
Abzugsgeschwindigkeit und geringer CNP-Gehalt. Komposite, die die höchste
Schmelzeviskosität aufwiesen (untersucht in Oszillationstests), waren auch diejenigen mit der
schlechtesten Spinnbarkeit. Im Gegensatz zu den PC/MWCNT-Fasern wurde gezeigt, dass die
PC/CB Fasern bei höheren (>3 Gew.-%) Füllstoffkonzentrationen besser verspinnbar sind.

3.

Nach allen in dieser Arbeit durchgeführten Spinnversuchen war das optimale
Verspinnbarkeitsfenster für Einzelkomponenten-Fasern: Durchsätze = 0,47-1,17 cm³ / min mit
einer Abzugsgeschwindigkeit = 20 m / min bei einem Gesamtfüllstoffgehalt ≤ 6 Gew.-%
(MWCNT und CB+MW). Die Spinnbarkeit der BICO-Fasern nach Zugabe der CNPs war sehr
schlecht und es war sehr schwierig, stabile und leitfähige BICO-Fasern zu erhalten. Nach
Variation der Durchsätze von Mantel (𝑉´𝑆 ) und Kern (𝑉´𝐶 ) wurde eine verbesserte Spinnbarkeit
in BICO-Fasern gefunden, wenn (𝑉´𝑆 ) und (𝑉´𝐶 ) beide 1,50 cm³ / min betrugen. BICO-Fasern
wurden erfolgreich gefertigt bei Verwendung von bis zu 3 Gew.-% MWCNT und 5 Gew.-%
CB+MW.

4.

In den schmelzgemischten Kompositen wurde eine gute Dispersion für alle Materialien mit
geringen Gew.-% (1-3 Gew.-%) erreicht, was unabhängig vom verwendeten Füllstoffwar. Im
Allgemeinen
waren
die
Komposite
mit
dem
höchsten
kumulativen
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Agglomeratflächenverhältnis die PC/CB+MW Komposite, während das niedrigste Verhältnis
für die PC/CB Komposite beobachtet wurde.
5.

Wie in der Rasterelektronenmikroskopie im Ladungskontrast-Bildgebungsmodus beobachtet
wurde, können gut orientierte / ausgerichtete Kohlenstoffnanoröhrchen für Ein- und
Zweikomponentenfasern bereits bei dem niedrigsten untersuchten Verstreckverhältnis (DDR)
von 4,83 gefunden werden.

6.

Die Kompositform hat einen großen Einfluss auf den spezifischen Widerstand der
entsprechenden Proben. Unterschiede im spezifischen elektrischen Widerstand () von ~ 2 und
~ 5 Größenordnungen wurde zwischen gepreßten PC/MWCNT-Proben (~ 102 cm) und
nicht verstreckten PC/MWCNT-Filamenten (~ 104 cm) gefunden sowie zu den Fasern mit
DDR = 30 (~ 109 cm). Im Allgemeinen haben die PC/MWCNT-Fasern einen niedrigeren
spezifischen elektrischen Widerstand als die PC/CB+MW-Fasern, wenn sie unter den gleichen
Bedingungen und mit dem gleichen Füllstoffgehalt hergestellt werden..

7. Die Verwendung von niedrigen DDRs (4-12) und Kohlenstoffnanopartikelgehalten zwischen 3
Gew.-% und 5 Gew.-% sind für die Herstellung von Sensorfasern bevorzugt, da höhere
Füllstoffgehalte zu einer schlechten Spinnbarkeit führen und höhere DDR den spezifischen
elektrischen Widerstand signifikant reduzieren. Es konnten nur zwei Fasern hergestellt werden,
die innerhalb des zur Bewertung der Sensorfunktionalität geeigneten Widerstandsbereiches
lagen,. Diese Fasern wurden unter Verwendung eines MWCNT:CB=1:1 Gewichtsverhältnisses
erhalten.
8.

Der maximale Versteifungseffekt (Zunahme des Elastizitätsmoduls E um 50%) wurde für
PC/MWCNT mit 6 Gew.-% bei DDR = 4,83 gefunden, bei dem auch die maximale Zunahme
der Zugfestigkeit von ~ 28% gefunden wurde. Die maximale Abnahme der Bruchdehnung
(max) von ~ 95% wurde für PC/CB 6 Gew.-% bei DDR = 12,03 gefunden, was einer Dehnung
von 3,46% entspricht (im Vergleich zu 80% für PC bei diesem DDR). Ein größerer Abfall von
max wurde nach Zugabe von Kohlenstoffpartikeln mit Gew.-% ≥ 2 für alle Fasern beobachtet.

9. Der Dehnungsfaktor SGF (wie aus den in situ Messungen der elektrischen Widerstandsänderung
während Zugversuchen ermittelt) von PC/MWCNT-Fasern erwies sich als sehr empfindlich
gegenüber des DDR und des MWCNT-Gehaltes. Geringere MWCNT-Gehalte und höhere
DDRs führten zu höheren SGF. Auf der anderen Seite hatte bei PC/CB+MW Fasern das DDR
einen sehr geringen Einfluss auf den SGF der Fasern. Angesichts der Tatsache, dass die Mehrheit
der im Handel erhältlichen Dehnungsmessgeräte SGF-Werte von ~2 aufweisen, zeigte die
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Mehrheit der hergestellten Fasern eine höhere Empfindlichkeit als kommerzielle Sensoren und
lieferte zudem ein stetiges elektrisches Signal.
10. Die höchste Dehnungsempfindlichkeit wurde für PC / MWCNT mit 3,5 Gew.-% bei DDR =
8,08 mit einem SGF-Wert von ~16 gefunden, während die niedrigste für PC/CB+MW mit 6
Gew.-% bei DDR zwischen 4,83 und 8,08 verzeichnet wurde, hier ergab sich SGF ~1,3. Die
piezoresistiven zyklischen Belastungs-Entlastungs-Tests zeigten, dass die PC/CB+MW-Fasern
unter diesen Bedingungen besser arbeiten als die anderen Arten von Fasern. Andererseits
erwiesen sich BICO-Fasern bereits bei Dehnungen kleiner oder gleich 1% als ungeeignet für
zyklische oder periodische Tests.
11. Wenn man die RED-Werte im Voraus kennt, kann man die Fähigkeit der Fasern zur Detektion
spezifischer Lösungsmittel vorhersagen, da Lösungsmittel mit hoher Affinität zu einer hohen
relativen elektrischen Widerstandsänderung (Rrel) führen. Fasern mit niedrigerem DDR und
höheren Gew.-% führten zu einer höheren Flüssigkeitsempfindlichkeit. Dies ist hauptsächlich
auf Änderungen in der Diffusionskinetik bei der Ausrichtung der Polymerketten innerhalb der
Faserstruktur zurückzuführen. Die PC/CB+MW-Fasern zeigten im Vergleich zu PC/MWCNTFasern eine bessere Beständigkeit gegenüber allen bewerteten Lösungsmitteln. Nach den
PC/CB+MW Fasern zeigte die BICO-Faser die beste Flüssigkeitsdetektion. Änderungen von 12 Größenordnungen sind innerhalb der ersten Sekunden des Eintauchens sichtbar, die bis zu
einem maximalen Rrel von ~3000% reichen, was die sehr hohe Empfindlichkeit der
PC/CB+MW-Fasern bestätigt. Insgesamt legt die Flüssigkeits-Sensorik der hier bewerteten
Kompositfasern nahe, dass alle mit Kohlenstoff gefüllten PC-Fasern mit anfänglichen
Widerständen innerhalb des Erfassungs-Eignungsbereiches gut als Flüssigkeitssensoren
funktionieren.
12. Nach der Bewertung der Eigenschaften und Ergebnisse der verschiedenen Kohlenstoffnanogefüllten PC-Kompositfasern wurde gefunden, dass Fasern aus PC/CB+MW 4 Gew.-%
bei DDR = 4,83 besonders gut geeignet sind für eine multifunktionale Detektion. Mit der
ausgewählten Faser wurden zwei Szenarien in der realen Situation untersucht: die strukturelle
Zustandsüberwachung einer relativ starren Struktur und der Nachweis eines
Kontaminationsmittels in Wasser. Die multifunktionale Sensorfaser konnte ihre effektive
Verwendung bei diesen zwei unterschiedlichen Erfassungsaufgaben, die in realen
Lebenssituationen auftreten können, erfolgreich nachweisen.

______________________________________________________________________________
vi

______________________________________________________________________________

Mechanical, electrical, and sensing properties 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 (HSPs) were used as a tool for selecting a suitable
polymer to employ as matrix for the sensing material before fiber fabrication. The addition of
conductive carbon particles to a polymer matrix provides it with sensing capabilities, such as
against tensile strain and the presence of liquids as it was evaluated in this work. Multiwall carbon
nanotubes (MWCNTs, MW) as well as a mixture of carbon black (CB) and MWCNTs in weight
concentration of 1:1 were used as conductive fillers. The route followed to achieve electrically
conductive polymer fibers necessary for sensing evaluations was a combined process of meltmixing and subsequent melt-spinning. Melt-mixing and melt-spinning are processing techniques
widely used in the polymer industry that could enable the up-scaling of the fibers developed in this
work. Additionally to single component fibers, bi-component (BICO) fibers consisting of a
polycarbonate (PC)+CB+MW sheath and a neat PC core were also fabricated, characterized and
their performance was compared to the single component fibers. The 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 composition with
potential to be used 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 substance). Sensing fibers as the developed in this work have many potential
applications such as real-time deformation and structural health monitoring and early cracking
detection of any kind of structure. On the other hand, fibers able to sense the presence of liquids
can perceive the leakage of chemicals that are hazardous to life. Moreover, this technology can
also be applied in smart clothing manufacture by combining sensing fibers with flexible woven
electronics.
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The main results of this work can be summarized as follows:
1.

Swelling measurements based on the Relative Energy Difference (RED) obtained from the
polymers’ and solvents’ HSPs proved that the use of HSPs is a suitable approach to select a
polymer aimed to work as liquid sensor. PC was selected as the polymer matrix for
fabricating polymer 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.

2.

Independently of the kind of filler, improved spinnability was achieved with the following
conditions: die with larger diameter, higher throughput, lower take-up speeds and low
content of CNPs. Composites that showed the highest melt viscosity (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.

3.

After all the spinning evaluations performed in this work, the optimal spinnability window
for single component fibers was: throughputs = 0.47-1.17 cm³/min with take-up speed = 20
m/min at a total filler content ≤ 6 wt%. The spinnability of the BICO fibers after the addition
of the CNPs was very poor and it was very difficult to achieve stable and conductive BICO
fibers. After varying the throughputs of sheath (𝑉𝑆̇ ) and core (𝑉𝐶̇ ), improved spinnability was
found in BICO fibers when 𝑉𝑆̇ and 𝑉𝐶̇ were both 1.50 cm³/min. BICO fibers were
successfully achieved up to MWCNT 3 wt% and CB+MW 5 wt%.

4.

In melt-mixed composites good dispersion was successfully achieved for all the composites
with low wt% (1-3 wt%) independently of the filler used. In general, the composites with
the highest cumulative agglomerate area ratio were the PC/CB+MW composites, while the
lowest ratio was observed for the PC/CB composites.

5.

As observed in Scanning Electron Microscopy in Charge Contrasts Imaging mode, well
oriented/aligned carbon nanotubes can be found for single and bi-component fibers already
at the lowest Draw Down Ratio (DDR) evaluated which was 4.83.

6.

There is a great influence of the composite shape on the resistivity of the corresponding
samples. A difference in the electrical resistivity () of ~2 and ~5 orders of magnitude was
found between PC/MWCNT compression molded samples ( ~ 102 cm) and PC/MWCNT
un-drawn filaments ( ~ 104 cm) as well as fibers with DDR=30 ( ~ 109 cm). In general,
when fabricated at the same conditions and with the same filler content, the PC/MWCNT
fibers tend to have lower electrical resistivity than the PC/CB+MW fibers.
______________________________________________________________________________
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7.

The use of low DDRs (4-12) and carbon nanoparticle contents between 3 wt% and 5 wt%
are preferred for the fabrication of sensing fibers since higher loadings lead to poor
spinnability and higher DDRs reduce significantly the electrical resistivity. Only two fibers
could be produced which were within the resistivity range suitable for sensing evaluations.
These fibers were obtained by using a MWCNT:CB=1:1 ratio.

8.

The maximum stiffening effect (increase in elastic modulus E by 50%) was found for
PC/MWCNT 6 wt% at DDR = 4.83, for which also the maximum increase in tensile strength
of ~28% was found. The major decrease in strain at break (max) 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 in max after the addition of wt ≥ 2% of carbon
particles for all the fibers.

9.

The strain gage factor SGF (as extracted from the in situ measurements 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
SGF. In the other hand, for PC/CB+MW fibers the DDR had a very small influence on the
SGF of the fibers. Given that the majority of commercially available strain sensing gauges
have SGF values of ~2, the majority of the sensing fibers fabricated showed higher sensitivity
than commercial sensors and provided a steady electrical signal.

10.

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 SGF magnitude of ~1.3. The cyclic loading-unloading 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
already at strains lower or equal to 1%.

11.

Knowing the RED values in advance allows predicting the ability of the fibers to sense
specific solvents since high affinity solvents result in high relative resistance change (Rrel).
Fibers with lower DDR and higher wt% led to higher 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 of 1-2 orders of magnitude are visible within the first
seconds of immersion reaching up to a maximum Rrel of ~3000 % which confirms the very
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high sensitivity of the PC/CB+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.
12.

After assessing the properties 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 multi-functional sensing. Two real-situation scenarios were examined using the
selected fiber: 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 could occur in real life
situations.
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Abbreviations
ABS

Acrylonitrile-butadiene-styrene

BICO

Bi-component

PC

Polycarbonate

CPCs

Conductive polymer composites

CNTs

Carbon nanotubes

CPF

Carbon nanoparticle filled polymer fibers

CNPs

Carbon nanoparticles

MWCNTs

Multiwall carbon nanotubes

GO

Graphite oxide

EG

Expanded graphite

USD

United States Dollar

GNPs

Graphite nanoplatelets

TEM

Transmission electron microscope

CB

Carbon black

SWCNTs

Single-wall carbon nanotubes

CCVD

Catalytic chemical vapor deposition

PCL

Poly (caprolactone)

SEM

Scanning electron microscope

PP

Polypropylene

PA

Polyamide

EVA

Ethylene-vinyl acetate

PAN

Polyacrylonitrile

PS

Polystyrene
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PMMA

Poly (methyl methacrylate)

TPU

Thermoplastic polyurethane

PE

Polyethylene

Phr

Parts per hundred rubber

PVDF

Poly (vinylidene fluoride)

HIPS

High impact polystyrene

HSP

Hansen solubility parameters

PANI

Polyaniline

PET

Polyethylene terephthalate

PLA

Poly (lactic acid)

SEBS

Styrene-ethylene/butylene-styrene

PVA

Polyvinyl alcohol

RED

Relative energy difference

DDR

Draw down ratio

CCI

Charge contrast imaging

DCM

Cichloromethane

MEK

Methyl Ethyl Ketone

DMF

N,N dimethylformamid

THF

Tetrahydrofurane

SM

Sensitivity maximum
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Symbols
A0

Cross sectional area of the die

AA

Ratio of the cumulative area of projected agglomerates

Ag

Projected agglomerates

AT

Total area of micrograph



Electrical resistivity

2D

2-dimensional

SGF

Strain gage factor

R0

Initial electrical resistance

R

Change in electrical resistance





Mechanical Strain

D

Energy from dispersion forces

P

Energy from intermolecular forces

H

Energy from hydrogen bonds

Ri

Interaction radius

Ra

Distance between a polymer and solvent in the Hansen space

VC

Volume change

o

Density of polymer

s

Density of solvent

mi

Weight before immersion

mf

Weight after immersion

vL

Velocity of the fiber at the winder

v0

Extrusion velocity at the die

D0

Diameter of the die hole

off
Offset yield stress
______________________________________________________________________________
xiii

______________________________________________________________________________
max

Tensile strength

max

Elongation at break

E

Elastic modulus

Rrel

Relative resistance change





Linear mass density

d



Volumetric mass density

Øi

Inner-die’s diameter

Øo

Outer-die’s diameter

ø

Diameter of fibers

𝑉𝐶̇

Throughput of the core

𝑉𝑆̇

Throughput of the sheath

c

Electric percolation threshold
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1. Introduction
1.1. Motivation
Polymer products are worldwide vastly used; thanks to their versatility they can be found with
different shapes and colors in almost every home on the planet as well as in top-notch engineering
projects that have specific high technological 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
techniques such as extrusion, pultrusion, injection, film-blowing, hot-pressing, 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 additional features 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 produce a blend
with combined properties. For instance, by blending acrylonitrile-butadiene-styrene (ABS) with
polycarbonate (PC) it is possible to increase ABS’ toughness and heat deflection temperature for
use as automotive interior trim and electrical housing [1]. Another approach to fabricate functional
polymer materials is using additives that give the polymer additional properties absent in the neat
polymer. Microban® (Microban International Ltd. UK, 2016) has proved that adding antimicrobial
agents into polymers inhibits the growth of bacteria which is of great importance for food
packaging [2]. Alternatively, the addition of different kind 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 into a di-block copolymer, poly
(acrylic acid)-b-poly(styrene), which give the polymer the capability to react upon magnetic field
exposure [3].
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Polymers

are

predominantly

electrically

isolating

materials.

Some

polymers

like

polytetrafluoroethylene (such as Teflon®) are particularly well known for its electric isolation
capacity. 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 (CPCs) [4]. 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 fiber-like carbon-nanoparticles requires
fewer amounts of filler to achieve electrical percolation as compared to spherical shaped carbon
fillers such as carbon black [5]. Moreover, given their aspect ratio (length/diameter) slightly over
100, the volume fraction of a fiber-like carbon structure such as carbon nanofibers needed to be
added to polymer for achieving electrical percolation is between 5 and 10 of weight concentration
percentage (wt%) [6]. In contrast, carbon nanotube’s (CNT) have even higher aspect ratio (>150)
and together with their high electrical conductivity CNT-based composites have lower electrical
percolation thresholds and higher conductivities than either carbon black or carbon nanofiber
based systems [7].
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 ease on CPC’s fabrication which is
compatible with almost all polymer processing techniques and also the possibility of mass
production at low cost [8]. In this matter, sensing devices based on CPCs containing CNTs have
aroused great interest, due to the excellent electrical and mechanical properties of the CNTs. It is
known that polymer/CNT composites respond to certain external stimuli by changes in their
electrical resistance due to changes in the network structure of the conductive filler network upon
such stimuli. This ability 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, gases and liquids [9, 10].
There are some processing techniques that have been proven to be effective for shaping CPCs with
sensing capabilities; such as compression molding, injection molding and fiber spinning [11-13].
From these methods, fiber spinning could be a very promising approach, since it gives the
possibility to manufacture sensing textiles. At the present time wide-ranging technological
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applications require the use of diverse kind of sensors, like biological sensors, mechanical sensors
and chemical sensors [14-16]. Nevertheless, the nanocomposite technology is one of the most
promising approaches in the race for achieving high efficiency, ease of use, mass producibility and
low cost in sensor 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 fabrication [17].
Even though fiber spinning of CPCs still has technological challenges, sensory CPC fibers
containing CNTs are very promising candidates for large scale sensor fabrication, and allow costefficient large productions [18]. In addition, the addition of two particles with different geometry
and aspect ratios is an interesting approach for sensing fiber fabrication. This is due to that the
addition of a conductive particle with contrasting shape and aspect ratio compared to a fiber-like
particle such as the CNTs ratio might have a significant effect in the conductivity and sensitivity
upon fiber drawing that could improve the sensing abilities of the composite fibers.
Additionally, large area sensors could be produced given that melt-spun fibers can be relative
easily woven in textiles. Furthermore, there is the possibility to fabricate bi-component fibers
where the core or the sheath can consist of different miscible or immiscible polymers [19]. Very
few works has been reported using this technology to achieve conductive fibers, where one of the
components is a conductive polymer [20]. Yet, this possibility to fabricate bi-component fibers
has not been evaluated to be used with the aim of the use for different sensing applications.
There are many potential applications for polymer fibers with sensing capabilities. For instance,
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 following any 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 monitoring principle using carbon nanoparticle filled polymer fibers (CPF)
in the shape of grid or a textile.

Figure 1.2. Potential applications of CPF as hazardous liquid detectors.
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On the other hand, fibers able to sense the presence of liquids can 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 possibility is 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 technology can also be applied in smart
clothing manufacture by combining sensing fibers with flexible woven electronics [21].

1.2. Aims of the work
The following work is intended to contribute to the further development of polymer/carbon
nanoparticle composite 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 solvents, and to evaluate their
performance. Other properties of interest such as electrical resistivity and mechanical properties
will be characterized in order to ensure the capability of the fibers for working as sensing materials.
In order to get high and fast response to organic solvents a proper polymer matrix has to be chosen
which determines the selectivity of the fiber upon solvent exposition. The matrix should be able
to swell without dissolution during solvent exposure so that the conductive network inside the
matrix changes its density and by that the resistance, which is the signal to be detected. There are
features that some of the polymer based liquid sensor materials reported in literature lack. For
instance, some of them are based on biodegradable polymers which are not durable for long time
when exposed to environmental conditions [22, 23]. Others need a high amount of a conductive
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 taken in order to 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 parameters approach proposed by Charles Hansen in order to
select a suitable polymer that reacts strongly to organic solvents [27]. The liquid sensing behavior
of the selected polymer can be afterwards characterized by knowing its electrical response after
direct contact with diverse selected solvents. For that reason it is of great importance that the
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material working as sensor has to be electrically conductive. As conductive fillers different carbon
nanoparticles and their combination can be selected. Due to their excellent physical properties, the
first choice could be multiwall carbon nanotubes (MWCNTs).
Given that the existence of remaining nanoparticle agglomerates disturbs the fiber fabrication,
melt-mixing is an effective method to prepare composites since it has proven to be an effective
way to disperse carbon nanotubes into polymers [28-33]. During the melt-mixing process
performed using a twin-screw extruder (or also a microcompounder) a main task is to achieve
suitable filler dispersion, so that the composite can be melt-spun to fibers. The existence of
remaining primary agglomerates can be evaluated 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 load [15]. One of the main issues to be solved concerning strain
sensing of CPCs containing CNTs is the sensitivity, which commonly is below or just above the
one found in commercial strain sensors [34]. In order to compete 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 nanotubes [18]. This phenomenon could
actually provide the fibers of larger strain sensitivity; which can be studied by quantifying the
effect of drawing on the sensitivity. Subsequently, strain sensing properties of the fibers can be
evaluated by a typical piezoresistive characterization [35].
Among other issues related to the processing of polymer/carbon nanotube composites there is a
highly increased melt viscosity as compared to the unfilled polymer [36]. This increase makes the
composite more difficult to process and thereby reduces the spinnability of the nanocomposites.
Mixing the polymer, the carbon nanotubes and one extra carbon filler with lower surface area than
of MWCNTs might increase the processability, 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 MWCNTs 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 sensitivity [34,
37-50]. However, the question of whether it is possible or not to increase the sensitivity of polymer
composites by using CPFs still remains unanswered. One uninvestigated alternative aiming to
increase the sensitivity of the fibers is by fabricating bi-component fibers. In that direction,
fabricating a core-sheath fiber system where the core is electrically isolating and the conductive
particles are only in the sheath is an interesting approach not yet evaluated for sensing purposes.
To evaluate the effect of the quantity of added filler on the fibers’ properties, different amounts of
carbon particles will be added to the polymer. Furthermore, 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 of interest 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 future work 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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2.1. Introduction
In recent years wide range of technological applications demands the use of different kind of
sensors, like biological sensors [14], mechanical sensors [15] and chemical sensors [16].
Nanotechnology is the one of the most promising areas for achieving high efficiency, ease to use,
mass production and low cost sensors fabrication. However, this new technology still requires a
strong foundation of knowledge and research.
Given the versatility and processability of polymers, conductive polymer composites (CPCs) filled
with carbon particles have dragged attention for their use as sensing material [8]. 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 textiles. Furthermore, in contrast to other polymer shaping processes fiber
spinning could give the chance of making kilometers of sensing material (in the shape of a fiber)
with only a few grams of composite material. This is something which almost cannot be taken to
practice with any other electrically conductive material rather than with CPCs. Also, CPCs have
the advantage over other new technologies that the processing techniques needed to fabricate them
already exist and they are also widely used [4]. Additionally, contrary to traditional sensors no
additional components such as integrated circuits are needed to give the polymer the ability to
sense or transduce. Therefore, for making polymer sensing fibers attention has to be directed to
the particles used as conductive elements and to the processing techniques employed for
fabricating the CPCs. The most common particles used to fabricate conductive polymer
composites are carbon particles due to their high electrical conductivity [51].
Going forward, in conductive polymer fibers filled with carbon nanoparticles there is an enlarged
distancing of the particles occurring through the spinning process [18], which at the same time
could greatly improve the sensing abilities of the fibers to sense the presence of liquids and
mechanical strain [13, 34]. Hence, manufacturing effective, versatile and cheap conductive
polymer fiber sensors filled with carbon nanoparticles would mean a significant step towards
commercial polymer sensors industrialization.
In the following chapter, some of the basic knowledge and principles related to this work will be
introduced. The most important features of the most common carbon particles and their impact on
polymer properties will be given and compared. Some of the most used techniques to fabricate
______________________________________________________________________________
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polymer composites and polymer fibers will be described and discussed. The working principles
of carbon nanoparticle filled polymer sensors will be detailed and relevant research developed on
this subject will be presented.

2.2. Most common carbon fillers and their properties
2.2.1. Graphite
Given that carbon can bond to itself by single, double, or triple bonds it is possible to have great
variety of carbon structures. Among them, diamond and graphite are the only ones that can be
found in nature at ambient conditions. In diamond, the carbon atoms have a sp3 configuration, all
bonds are sigma bonds and are arranged in a tetrahedral lattice (refer to Figure 2a) giving it a very
rigid and stable structure known to be as the hardest of all natural materials [52]. In contrast,
graphite is a very soft material on which the carbon atoms have hybrid sp2 bonds forming planar
hexagonal rings in layers parallel to each other (see Figure 2.1b). Moreover, the remaining p
orbitals are delocalized -type bonds perpendicular to the planes and provide of week van der
Waals attracting forces between the planes. It is the difference between the bonding forces the
responsible of the diverse properties that graphite has.
a)

b)
c)

Figure 2.1. Schematic representation of the structure of: a) diamond and b) graphite; c) Scanning
electron microscope (SEM) image of commercial graphite particles from Absury Carbons© 2016.

Graphite is known to be the most stable carbon structure under standard conditions. Graphite can
have different types: natural, synthetic, expanded and graphite oxide; each of them has interesting
properties such as electrical conductivity, thermal conductivity, hardness, porosity and chemical
reactivity [52]. In Table 2.1 some of the main properties of graphite at room temperature are listed.
Table 2.1. Characteristic properties of graphite [51, 53-57]
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Property

Value

Electrical Resistivity (µ*cm)

~50 *
1x104 **

Elastic Modulus (GPa)

4.2-11.5 *
2.6-7.9 **

Tensile strength (MPa)

3.75-17.4 *
2.91-15 **

Density (g/cm³)

2.26

Surface area (m2/g)

~10

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

Since graphite is a very anisotropic material some of the physical properties on both axes are
commonly given. There is for instance a significant difference for the electrical resistivity
depending on the axis as indicated in Table 2.1. Over the years and thanks to its properties, 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/bearings and even in the nuclear energy industry as shielding
material in nuclear reactors. Due to its low electrical resistivity it has been also used to construct
the anode in the battery fabrication.
While natural graphite can be obtained in large quantities by mining; synthetic, expanded and
graphite oxide have to be fabricated and/or processed to be usable in different applications. The
standard process for fabricating synthetic graphite is heating a carbonaceous precursor (which can
be derivate materials from petroleum, coal and organic chemicals) in an inert atmosphere to
temperatures in excess of 2,400°C where the high temperature affects the solid-state phase
transition leading to the formation of graphite crystallites. Natural and synthetic graphite are used
to obtain graphite oxide (GO). The technique for obtaining GO from synthetic graphite was first
developed by Sir Benjamin Collins Brodie in 1859 at the Oxford University [58]. The fabrication
of GO from synthetic graphite is done by treating the synthetic graphite flakes with oxidizing
agents in order to introduce polar groups on the graphite surface so that the layers spacing gets
widened. Expanded graphite (EG) is fabricated by heating intercalated graphite compounds
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11

2. Theoretical Background
______________________________________________________________________________
(natural or synthetic graphite with atoms or molecules of different chemical species between the
graphite layers) until they surpass a critical temperature (or exposed to radiation). Then a large
expansion (up to hundreds of times) of graphite flakes along the transverse plane occurs, where
the intercalated molecules or atoms form large linear structures between the graphite layers in a
process known as exfoliation.
Graphite prices are based on two characteristics: flake size and purity, whereby smaller flakes with
relative low carbon purity results in reduced pricing. Current prices on graphite´s market range
from about $500 United States Dollar (USD)/ton (1g = $0.0005 USD) for particles below 75
microns to approximately $2,000 USD/ton for jumbo flakes larger than 300 micron diameter and
higher than 94% of carbon content. Uncoated spherical graphite for use in lithium-ion batteries
costs currently around $3,000 USD/ton, having decreased slightly during 2015. Coated spherical
graphite commands significantly higher prices of around $US7,000/ton or more [59]. Naturally,
the specific requirements for any particular application will determine the characteristics of the
particle needed. Given its price, properties and stability, graphite and its derivatives (GO, EG, etc.)
have been used as well as electrical reinforcement in polymers by composite fabrication [60-63].
2.2.2. Graphite nanoplates
As already mentioned, graphite’s structure is formed by parallel layers of planar hexagonal rings
of carbon atoms. Consequently, a single layer would consist of a one atom thick sheet as depicted
in Figure 2.2. This single 2-dimensional layer of hexagonal arrangement of carbon atoms with sp2
hybridization is called graphene. Graphene structure was first theoretically conceived more than
60 years ago by Philip R. Wallace in 1947, however it was just recently obtained in laboratory by
Novoselov et al. in 2004 [64, 65]. Since then, many studies have been carried out to determine the
properties of graphene showing that it has great physical properties that are much higher than
graphite’s [66-68]. However, up to date obtaining a single graphene sheet in industrial mass scale
is not feasible yet or, it is highly expensive (1g ~ $700 USD) [69].
A compromise between graphite and graphene are graphite nanoplates (GNPs), which are being
industrialized to make them commonly available in the market. They have a similar stacking
structure like graphite but at a lower scale, while graphite particle sizes are in the range of
______________________________________________________________________________
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micrometers, the GNPs size range is between 0.34 (single layer, i.e. graphene) and 100 nm (see
Figure 2.2).
a)

b)

c)

Nanochemistry.it ©

Figure 2.2. Graphene and graphite nanoplates: a) standard illustration of a graphene sheet,
b) representation of stacked GNPs and c) Transmission electron microscope (TEM) image of commercial
GNPs from Cheap Tubes Inc. © 2016.

Graphite nanoplates are most commonly obtained by exfoliating natural graphite. Many techniques
are being developed for exfoliating graphite to obtain graphite nanoplates in bulk quantities, some
of them are: chemical oxidation, electrochemical oxidation, microwave radiation and thermal
expansion. In all cases the main difficulty is to obtain a controlled exfoliation process that can
ensure that GNPs with a specific number of layers are being produced, which in turns will
determine their properties. Currently, the most common method to fabricate GNPs is thermal
exfoliation. This method consists of heating graphite (commonly above 500°C) until the 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 layers [70]. However, according to some manufactures (such as Cheap Tubes Inc.)
another promising cost-effective approach to obtain GNPs in bulk quantities is the electrochemical
exfoliation [71]. The electrochemical exfoliation is carried out by a technique called electrolysis.
In general, electrolysis uses an 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 electrolyte by connecting the electrodes to an electrical source (in
manufacturing industry mostly direct current). A schematic representation of an electrochemical
cell setup is depicted in Figure 2.3.
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Power supply

Anode
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+

-
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Figure 2.3. Illustration of an electrochemical cell setup.
The selection of electrolytes and electrodes is the main task for producing high quality GNP. For
instance, by using two identical graphite electrodes immersed in an aqueous ammonia solution at
a constant potential of 15V it is possible to achieve GNPs with a thickness of ~40nm [72].
It is difficult to name specific properties of GNPs, given that the properties of the GNPs vary
depending on the size of the particles and the amount of layers which vary depending on the
efficiency of the electromechanical exfoliation method employed. However, it is possible to
approximate a range of physical properties of GNPs. In Table 2.2 some of the GNPs’ main
properties are listed.
Table 2.2. Characteristic properties of graphite nanoplates [73, 74].

Property

Value

Electrical Resistivity (µcm)*

50

Elastic Modulus (TPa)*

~1

Tensile strength (GPa)

~100-400

Density (g/cm³)

1.8-2.2

Particle thickness (nm)

2-18

Lateral size (µm)

4-12

Surface area (m²/g)

100-1,000
* In the plane direction.

As indicated in Table 2.2, GNPs possess superior mechanical properties and lower electrical
resistivity than graphite. Besides they also have higher thermal conductivity, and extremely low
______________________________________________________________________________
14

2.2.3. Carbon black
______________________________________________________________________________
gas permeability (not shown here). All these properties make GNPs a suitable choice for many
engineering applications such as electromagnetic interference shielding devices, rechargeable
batteries, electronic devices, light emitting diodes, gas sensors, super capacitors, fuel cells and
photovoltaic cells [75, 76] Similarly, based on their properties GNPs have been used as well as
reinforcement for polymer composites. Furthermore, GNPs have proven to improve electrical
conductivity and mechanical properties of polymers at significantly smaller loadings than graphite
or EG [77, 78]. However, one of the main challenges is to obtain good dispersion of the GNP
particles in the matrix which is necessary for improving physical properties of polymers [79].
Additionally, their price in the market is still very high. Depending on their properties, the amount
of layers and the amount of purchase (i.e. one gram or kilograms) the price per gram can vary from
$15 USD to $510 USD, making them a more affordable option as polymer reinforcement than
single layer graphene [71, 80].
2.2.3. Carbon black
Another allotrope of carbon is known as carbon black (CB). CBs are nano- and microsized
spherical carbon particles and depending on how they are fabricated their morphology can range
from individual spherical particles to a more complex structure consisting of fused particles in a
chain-like structure (as visible in Figure 2.4b). Depending on their purpose as filler they are known
as conductive CB or reinforcing CB, to achieve electrical conductivity in polymer conductive CB
is always preferred. A microstructural model of CB is depicted in Figure 2.4a in 2-dimensions for
illustrative purposes as well as in Fig. 2.4b a TEM image of CB particles. Honeycomb-like carbon
ring systems are the building units of graphite-like lamellar constituent blocks that bond
themselves forming spherical particles (Figure 2.4a) [81]. A single spherical CB particle is called
the primary particle (size range of 20-50 nm), which tends to form aggregates of size of 100-200
nm. The aggregates can interact via van der Waals forces to form a secondary structure known as
agglomerates in the scale of micrometers (range in size of 10-103 µm) and a group of agglomerates
forms structures which are called clusters [81, 82]. These same structure definitions also apply for
other carbon particles such as CNTs.
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a)

b)

0.2 µm

Figure 2.4. Carbon black images of: a) an illustrative model of the structure of a CB particle based on
Ban et al. [81]and b) TEM image of carbon black particles from The McCrone Group [83].

CB has been used as pigment since many centuries ago, however it was industrialized just around
1970 and since then many manufacturing techniques have been developed [53, 84]. Currently, the
main CB manufacture techniques used are known as channel process, oil furnace process and
thermal process. Overall, these processes involve thermal decomposition or partial oxidation of
hydrocarbons, where the formation of polyaromatic macromolecules in the 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). In this process oil is heated to about 300°C and then is atomized into the
hot zone if the furnace (maintained at about 1400°C by auxiliary gas burners), where the particles
of CB are formed [53]. 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) to the furnace.
There is a wide range of applications where CB is used, these include commercial products such
as inks, coating/paintings, electrostatic/antistatics, conductive supports and electrocatalysts in
batteries but undoubtedly the largest use of CB is in the rubber product fabrication. The
international carbon black association estimates the worldwide production of CB to about 18
billion pounds per year, where 90% of this production is used in rubber applications, 9% as a
pigment, and the remaining 1% as an essential ingredient in hundreds of diverse applications [84].
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Figure 2.5. Schematic of the furnace carbon black manufacturing process [85].
CB as bulk material is a black powdery material, where each grain is conformed of many
aggregates of grape-cluster-like morphology which are composed of spheroid primary particles
(as visible in Fig.2.4b). The price of CB varies on the quality of the particles, whereby the
application will establish the quality needed. For instance, pigment CB cost $600-900 USD/ton
while the price for super conductive CB can rise up to $20-100 USD/kg [86].
CB has many properties that make it a very reliable choice for reinforcing polymers, including its
electrical conductivity. Some of the most interesting properties of CB are shown in Table 2.3.
Table 2.3. Characteristic properties of carbon black [53, 84, 87]

Property
Electrical

Value
Resistivity

~1x104

(µcm)
Density (g/cm³)

1.7-1.9

Particle size (nm)

15-300

Surface area (m2/g)

20-1000
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As indicated in Table 2.3, CB has an electrical resistivity () similar to that of graphite
perpendicular to the basal plane which is larger than the one of GNPs, but with similar surface area
and density as GNPs. These properties added to the fact that GNPs are still more expensive than
CB, make CB a very popular choice to electrically modify polymers.
Another advantage of CB is that depending of the manufacture process (all of which are very well
established) and the processing conditions used to fabricate them, CB can be tailored to have some
desirable features such as even higher electrical conductivity. For instance, super conductive CB
can be 100 times more electrically conductive than the standard commercial CB used for pigment
applications [88]. For this reason highly conductive CB is commonly used as filler in polymers in
electrostatic applications by improving the electrical conductivity of electrically isolating
polymers [89]. On the other hand, there is no information on the characteristic tensile properties
of a single CB particle. This is due to the fact that CB’s primary particle has a spherical shape
which is not suitable for proper measurements in tensile tests. However, for this geometrical factor
it is expected that CB has lower mechanical properties such as stiffness than fiber-like structures
such as the CNTs.
2.2.4. Multiwall carbon nanotubes.
Besides the aforementioned carbon structures employed to modify polymers electrically, one of
the most promising structures used to improve physical properties of polymers are carbon
nanotubes (CNTs) [90]. They were first clearly observed using microscopic techniques and
characterized by Sumio Iijima of NEC Corporation in 1991 [91]. CNTs can be visualized as a
graphene sheet rolled up into a tube closed by fullerene-like end caps that contain topological
defects [51, 91]. These crystalline carbon nanostructures are presented in a two-dimensional
hexagonal array (unlike diamond which is three dimensionally ordered tetrahedral) where each
carbon atom has three nearest neighbors with hybrid sp2 bonding [4]. CNTs can be synthesized as
a single cylinder (single-wall CNTs, SWCNTs) or multiple coaxial cylinders (multiwall CNTs,
MWCNTs) of graphene sheets with a hollow core (unlike carbon nanofibers). According to their
geometric arrangement they may have different electrical properties. In Figure 2.6 the standard
representations of SWCNTs and MWCNTs, as well as a TEM image of a MWCNT are shown.
______________________________________________________________________________
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a)

b)

c)

10 nm

Figure 2.6. Images of CNTs. a) Singlewall CNT, b) multiwall CNT and c) TEM image of a MWCNT.
Image a: “A carbon nanotube model” by James Hedberg licensed under CC BY-NC-SA 3.0,
Image b: Multiwall carbon nanotube model by Nanoshel LLC © 2016 and Image c: taken from [92]

Unlike graphite that is semi-metal, CNTs can be either semiconducting or metallic. SWCNTs may
be metallic or semiconductors depending on their chirality, while MWCNTs are considered to be
always metallic. In the case of MWCNTs, the inter-wall separation is similar to the graphite
interlayer separation of 0.34 nm and the number of walls can range from 2 to around 20 [93].
There are three main methods to manufacture carbon nanotubes, they are: chemical vapor
deposition, laser ablation and arc discharge [94]. On the contrary to graphene and GNPs, some of
the CNT production methods are already well-established techniques to fabricate them in bulk
quantities. The catalytic chemical vapor deposition (CCVD) method is the main current method
that allows an industrial scale production of carbon nanotubes with high purity. The standard
CCVD process is illustrated in Figure 2.7. This method consists of the decomposition of a
hydrocarbon vapor into carbon and hydrogen on a catalytic surface at high temperature (6001200°C); conventional catalysts are commonly transition metals such as cobalt and nickel [95].
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a)

b)

Figure 2.7. Growth mechanisms schematics for MWCNT in the CCVD process with a catalyst composed
of a metallic particle and a support: (a) tip-growth model, (b) base-growth model [96].

The properties of CNTs differ from that of common carbon fibers [97]. Given their structure, the
CNTs represent the ideal carbon fibril structure. CNTs are considered to be among the strongest
materials in nature and depending on their configuration they can be as highly conductive as
metals. However, it is worth to mention that their properties depend on many factors, such as their
diameter, amount of layers in the case of MWCNT and defects or functional groups on their
surface. In Table 2.4 some of the main properties of MWCNTs are shown.
Table 2.4. Characteristic properties of multiwall carbon nanotubes [51, 90, 91, 93, 98].

Property

Value

*Electrical Resistivity (µcm)

~5-50

Elastic Modulus (TPa)

~0.3-1.3

Tensile strength (GPa)

10-60

Density (g/cm³)

0.8-1.8

Inner diameter (µm)

2-25 nm

Outer diameter (nm) a

10 up to > 25 nm
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Length (µm)
Surface area (m2/g) a,b

5-30µm
~10-1,315

*Measured on a single MWCNT. The magnitude varies depending on:
a
the number of walls and bthe diameter.

As shown in Table 2.4 the strength of MWCNTs has been reported to be 10-60 GPa [51, 99];
additionally, the shear modulus is reported to be 0.35-0.42 TPa [100]. Furthermore, taking into
account their dimensions MWCNTs can have an aspect ratio in the order of 103 which favors the
transfer of electrical and mechanical properties when used for example in composite fabrication.
Some researchers have stated that carbon nanotubes have the highest strength-to-weight ratio of
all known materials [52, 90]. The outstanding properties of CNTs are the result of the carboncarbon bond, the orientation of the graphene layers in the axial direction and the electronic
behavior of the delocalized electrons in the orbitals [52]. However, MWCNTs may vary in their
dimensions and the amount of defects in their tube-layers. For instance, the elastic modulus of
MWCNTs is reported in some publications to be between 0.3 and 1.3 TPa (as seen in Table 2.4),
however values in the order of 0.4-1.2 TPa are as well reported [101]. The variations in the
properties are derived from the presence of defects in the walls affecting directly the mechanical
properties. Salvetat et al. reported that the stiffness of MWCNTs with disordered walls or with
defects is several orders of magnitude decreased, depending on the quantity of damage on the walls
[99]. Also the diameter is an important factor for the magnitude of the mechanical properties. Since
MWCNTs have a tubular morphology an increased diameter results in a reduced elastic modulus
[102]. One of the main features of MWCNTs is their capability for electron transfer. The electrical
resistivity of MWCNTs is comparable with the resistivity of metals, being in the same range as
iron and platinum [103].
More than a decade ago the fabrication of CNTs in bulk quantities was still an enormous challenge;
therefore the costs per gram were higher when compared to other carbon fillers. Given the
differences in their synthesis processes MWCNTs are cheaper to fabricate than SWCNTs.
Nevertheless, some MWCNT production companies have reported a reduction in their prices. For
instance, Nanocyl’s MWCNT price per kilogram dropped as much as 40% from 2006 to 2007
being below $200 USD (for multi-ton purchases), while in 2001 the price was 3 times higher [104].
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Nowadays, the cost per kilogram of MWCNTs can be as low as ~$10.00 USD for multi-ton
purchases [105]. Today, the global production capacity for MWCNTs is around 13,000 tons while
in 2011 it was only ~3,000 tons. The extension of production capacity is due to increasing demand
driven by lithium-ion batteries, automotive components, electronics and semiconductors, and other
end user markets such as composite manufacturing [104, 106, 107]. Currently, many of the major
carbon nanoparticles production companies are planning to increase the production capacity
considering the current and near future demand for MWCNTs. This means that thanks to the
recently fast process industrialization of MWCNT fabrication and the recent scale-ups, the
MWCNT price per kilogram has reduced considerably and will become much lower in short time
since the demand is correspondingly increasing.
Since their discovery, many potential applications for CNTs have been raised. Researchers have
proposed their use as scanning probe nanotips, field emission sources, nanotweezers, for energy
or gas storage, electrochemical devices, thermal protection, sensors and in many electronic devices
[90, 108]. However, some of these potential applications are yet theoretical or are still being
subjects for research activities. On the other hand, given their properties CNTs have been also
widely studied as reinforcement in composites with very promising outcomes [4]. Therefore,
MWCNTs seem to be an excellent filler to improve the properties of polymer materials, in
particular the electrical conductivity and the stiffness.

2.3. Polymer nanocomposites
2.3.1. Overview
There are many applications that require the combination of some specific properties of a polymer
and other materials. As a general rule, the addition of a particle with high mechanical properties
will mechanically reinforce a polymer; for instance the addition of a highly stiff material into a
polymer will increase its elastic modulus. On the other hand, preparing an electrically conductive
polymer composite involves the addition of particles with low electrical resistivity to the typically
isolating polymer matrix.
In polymer nanocomposites, due to the addition of a certain amount of reinforcing material it is
possible to increase the mechanical properties of polymers such as elastic modulus, tensile strength
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and plasticity. In addition, above a critical filler amount (electrical percolation threshold) the
electrical properties of the filler can be transferred to the composite. It is important to mention that
electrical conduction is a necessary condition to use polymer composites for sensing applications.
For achieving electrical conduction in isolating polymers, there are many options of conductive
fillers to select from. Among them metal-based particles and their chemically modified versions
have been already widely employed. On the other hand, there are also the already mentioned
carbon-based particles such as graphite, CB, GNPs, CNTs, and graphene. As stated in the previous
section, all of them are good choices to electrically modify polymers. However, the composite
material will have different physical properties depending on the particles selected to act as filler.
2.3.2. Dispersion of carbon nanofillers in polymer matrices
Carbon nanoparticles are usually purchased as powder. Such powders contain the particles as
agglomerates that have to be dispersed during or before its inclusion into a polymer matrix. An
example of agglomerated and entangled carbon nanoparticles is shown in Figure 2.8. In addition,
it has been observed that MWCNTs can be entangled in hierarchical structures as reported in [109].

B

Figure 2.8. SEM image of commercial MWCNT: A) an agglomerate [109], B) entangled MWCNTs [110].

Even though carbon nanoparticles are theoretically ideal reinforcements for polymers, there are
still scientific challenges when fabricating composites. Among these challenges, the appropriate
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 dispersable unit. 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 necessary to obtain benefits from the nanofillers when fabricating polymer
composites.
The five types of carbon fillers compared in the previous section all result in increased electrical
conductivity when added to polymer matrices. Thereby, graphite and CB have the advantage of
being relatively cheap when compared to GNP and CNTs. However, based on the different aspect
ratios and sizes the amounts of graphite and CB needed to get electrically conductive composites
suitable for sensing applications are higher than for the other filler types (> 6 wt%). Higher amount
of carbon particles are more difficult to disperse inside the polymer matrix. GNPs are good
candidates for electrically modify and mechanically reinforce polymer matrices. Nevertheless,
they are still expensive compared to other conductive particles such as CB or not yet suitable for
mass production. Even when the price per kilogram of MWCNTs has decreased as mentioned
before, MWCNTs are still expensive (when not bought in multi-ton quantities) if compared to
other conductive fillers like graphite. However, thanks to their physical properties good electrical
resistivity can be achieved while having higher mechanical properties when adding to polymers
MWCNTs than when adding other carbon particles such as CB. For instance, Pötschke et al. found
that electrical percolation can be achieved in PC composites at 1.95 wt% of MWCNT while for
CB it was achieved at 3 wt% [111].
An additional advantage of the MWCNTs made by processes like CCVD is that the outer wall
surface usually has high amount of sp3 defect concentration that serve as bridgeheads for chemical
interaction that may ease the preparation of homogenous MWCNT dispersions in polymer
matrices [112]. All the described features of 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 will be focused only on CNTs.
It is known that depending on the dispersing technique and the processing conditions, the
properties of the matrix polymer and the considered nanotubes, composites can have different
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properties. Enhancing electrical properties of polymers 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 105 *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 techniques (dry powder
blending followed by hot-pressing and solution mixing followed by casting) to produce the
composite films results in composites with different electrical properties [113]. They found that
using solution mixing followed by solvent casting technique led to higher electrical conductivity
than when using a dry powder blending for MWCNT contents of 2-10 wt%. Moreover, electrical
percolation threshold of composites may vary depending on the filler type, the matrix employed
and the fabrication method [114]. However, it should be kept in mind that polymer weight
degradation, CNT shortening, dispersion and distribution may be different due to the differences
between the phenomena involved in each processing technique. Li et 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 wt% [5, 115]. Thus, the
processing technique including the dispersion conditions of the CNTs in the matrix is a very
significant factor on the electrical conductivity of the composite.
There are different techniques employed to disperse carbon particles into polymers. The most
common are: solution mixing, in-situ polymerization, the latex approach and melt processing.
Solution mixing generally implicates intensive agitation of the CNTs 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 CNTs are dispersed in the solvent they
are added to a polymer solution. However, also incorporation of nanotubes directly into the
polymer solution and mixing in that environment is possible. The solvent mixing technique has
the drawback that only solvent soluble polymers can 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 in-situ polymerization involves the dispersion of the CNTs into a monomer followed
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by its polymerization in the presence of the CNTs enabling a stronger interaction between the
polymer and the filler. On the other hand, in-situ polymerization can have a negative effect on
electrical properties of the composites derived from the polymer layers formed on the nanotube
surfaces that may reduce the electrical tube-tube contact. Both of these techniques have the
limitation that prior mixing into a fluid or viscous medium is a necessary pre-step 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 approach. In this
technique, 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 polymer of choice) in an
aqueous solution to form, after drying and subsequent shaping, a composite consisting of dispersed
CNTs in the selected polymer [116]. In this approach, after mixing 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 special morphology, the latex approach has been successfully used to enhance the
thermal and electrical conductivity in polymer/CNT composites [117, 118]. However, this
technology is not yet ready for scale-up to mass production while melt mixing techniques are
already in use in the composites industry.
Melt processing is considered to be the most viable option for fabricating polymer composites
based on thermoplastics matrixes given its low cost and flexibility towards large scale production
for industrial applications [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 transferred from the polymer
melt onto the primary CNT agglomerates cause 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 melt-mixed polymer/CNT composites is by optical light
microscope in transmission mode, where the areas not transmitting light denotes remaining CNTs
agglomerates.
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Some authors suggest that not necessarily a good dispersion is a requirement for achieving high
electrical properties. There are reports suggesting that not well dispersed but well distributed CNT
secondary agglomerates (clusters) can result in better electrical properties of CNT/polymer
composites than nicely dispersed CNTs [114, 121, 122]. It is expected that by melt-mixing is able
to generate such adequate distribution of the CNTs for achieving a proper transfer of the electrical
properties of the CNTs to the polymer matrix [120]. Therefore, due to the high relevance for
industrial applications and the already available technology, melt-mixing is the most affordable
method towards large scale fabrication of polymer nanocomposites and will be described in more
detail in the next chapter.
2.3.2.1.
Melt-mixing
A schematic representation of the melt-mixing process using a twin-screw extruder is presented in
Figure 2.9 where the four main steps of melt-mixing are shown. These are: melting of polymer
granules or powders, mixing of polymer melt with carbon nanoparticles, homogenizing (dispersion
and distribution) and cooling to solidify the composite.

Figure 2.9. Schematic representation of a twin screw extruder for melt-mixing CNTs with thermoplastic
polymers taken from [119] licensed under CC BY-NC-SA 3.0.

The melt-mixing process usually starts from powdery or granular polymers and powdery carbon
particles which are fed into the hopper immediately after the polymer is heated until it is converted
into a molten polymer. 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. Some compounders have
the possibility to re-feed the mixture in a so-called feed-back mixing, giving the CNTs higher
chances to disperse or distribute into the molten polymer. In principle, also side feeding of
nanofillers by adding them in a later section of the extruder after the polymer is molten is possible
and described in some references to result in better properties [123].
During the melt-mixing process, the molten polymer has to wet the nanotubes which are attracted
together forming agglomerates caused by van der Waals forces between the nanotubes. The
polymer chains have to wet the nanotubes and to infiltrate into the primary agglomerates, whereby
packing density and entanglement state of the nanotubes may be different due to the production
and modification processes [124, 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 possible. As a result of good infiltration, the
nanotube agglomerate strength is reduced. During mixing, the number and size of agglomerates
can be efficiently reduced by an appropriate application of shear [126]. 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 from agglomerate surfaces are discussed and a model for the contribution of both processes
to the dispersion was developed by Kasaliwal et al. based on studying the agglomerate size kinetics
[127].
Furthermore, there is a relationship between the shear stresses, CNT length, dispersion state and
electrical resistivity. It has been reported that there is a significant reduction in the CNT length as
a result of melt compounding. For the example of poly(caprolactone)(PCL)/MWCNT composites
the length of the as-received MWCNTs (x10 = 510 nm, x50 = 1340 nm, x90 = 3315 nm) reduced
significantly after composite processing in a small-scale compounder for 2 min at 400 rpm (x10 =
140 nm, x50 = 425 nm, x90 = 885 nm) [128]. Other authors have determined the breakage of
MWCNTs in a polystyrene matrix and found a decrease in length from 20 to 5 m with increasing
mixing energy input [126]. In melt processed PC/MWCNT composites Chen et al. found that the
depending on mixing conditions the MWCNT length can be significantly reduced from 50 µm to
as small as 400 nm [129]. They attributed the CNT shortening to violent rubbing forces and strong
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shearing forces applied during the mixing. A direct consequence of the CNT shortening is
weakening the positive effects that the nanotubes can have as mechanical reinforce or for
improving the electrical conductivity of composites.
Furthermore, higher mixing energy resulting in shorter nanotubes may result in a better dispersion
of MWCNTs. Krause et al. found for PA6 modified with MWCNTs that with increasing mixing
energy input in small-scale melt-mixing remaining agglomerates are less in number and smaller,
leading to better dispersion [130]. Moreover, the cumulative area ratio of the remaining MWCNT
agglomerates in PCL reduced from 3.4% to 0.4% when the composites were processed at 25 rpm
and 100 rpm, respectively [128]. Additionally, some authors found that the CNT agglomerate size
decreases with increasing shear rate in a twin-screw extruder and assumed that at high shear rates
in addition nanotube damage could occur [131].
In addition, the resistivity of polymer/MWCNT composites has been reported to be largely
influenced by the energy input. For instance, it was shown for PC filled with MWCNTs that the
melt-mixing conditions as well as the post mixing processing directly influence the final properties
of the composite, including its electrical resistivity [124, 132]. The surface resistivity of PCL
composites with 0.5 wt% of MWCNTs reduced with the energy input up to a certain value
(corresponding to 200 rpm) and then increased when using high energy input (≥ 300 rpm) [128].
The electrical volume resistivity of PA6/MWCNT composites with 5 wt% was found to be lower
at low energy input (lower mixing time and lower rotation speed) and then increased considerably
with further input of mixing energy [130]. This effect was attributed to MWCNT breaking during
mixing and encapsulation of MWCNTs by the polyamide chains, although the dispersability was
higher at higher input of mixing energy [130]. These results indicate that nanotube shortening, and
consequently, reduction of the nanotube aspect ratio, have to be taken into account. Therefore,
mixing time and rotation speed should be selected in a suitable window to avoid significant CNT
shortening; given that at lower aspect 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
and distribution of the CNTs. 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 the melt using a screw profile
containing mainly mixing elements is highly convenient to disperse and distribute MWCNTs in a
poly(lactic acid) (PLA) matrix [133]. Although, in their work the temperature profile showed to
have less influence on the CNT dispersion, an increasing temperature profile resulted in slightly
better nanotube dispersions. The authors also pointed out that residence time of the polymer inside
the barrel has to be limited as otherwise degradation of this polymer cannot be avoided. However,
not only the mixing conditions can influence the dispersion of the CNTs inside the polymer matrix,
the design of the screw configuration may also affect the dispersion of the CNTs. According to
Villmow et al. [134] a proper design of the screw can promote suitable CNT 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 extended distributive screw. It is however worth mentioning that even though the
current commercial methods to melt-mix polymer are suitable for large-scale production, for
research and experimentation small-scale mixers are more adequate to laboratory conditions
aiming for a posterior up-scaling process.
In summary, the quality of the CNT network structure inside the polymer plays an important role
on the physical properties of the nanocomposite such as the tensile properties and electrical
resistivity. Attempts are made to visualize the network structure directly. For instance, Natarajan
et al. reported the possibility to obtain quantitative information on the CNT network structure by
using energy-ﬁltered electron tomography [135]. Similarly, Loos et al. report that information
about the CNT network structure can be obtained by the combination of imaging techniques such
as atomic force microscope, TEM and SEM contrast imaging [136]. In addition, according to Du
et al. it is also possible to obtain knowledge about the CNT network structure indirectly by the
changes in the rheology and electrical conductivity of the composite [137].
2.3.3. Effect of carbon nanofillers on mechanical properties of polymers
Depending on the physical properties of the carbon nanofillers and the added amount, the
incorporation of such particles can have a favorable effect on the mechanical properties of
polymers, mostly investigated in tensile or impact tests. For instance, in the case of CNTs due to
their excellent mechanical properties as mentioned in 2.2.4 it has been proven that their addition
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enhances the tensile properties of polymers [138]. Figure 2.10 shows a diagram of typical stressstrain curves behavior after the addition of carbon nanoparticles such as CNTs to thermoplastic
polymers.

Figure 2.10. Typical stress-strain diagram of thermoplastic polymer added with carbon nanotubes.

There are some general trends regarding the effects of adding particles such as carbon nanotubes
on polymer composites mechanical properties, some of them are illustrated in Figure 2.10. An
increase in the stiffness (elastic modulus) and tensile strength (maximum stress) measured from
stress-strain evaluations. There 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
elongation at break and also different fracture behavior and impact toughness after the particles
are added. Still, the final properties of the composites will depend on the properties of the filler
added and also on its state of dispersion and the efficiency of the interfacial adhesion.
Furthermore, the addition of enough carbon particles will promote the formation of a particle
network inside the polymer. This particle network affects as well the mechanical properties of the
composite [139]. Once the particle network is formed a negative effect is usually seen in the
composites stress-strain 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 significantly [139].
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Moreover, the fracture properties of the reinforced polymer composites changes depending on the
amount of particles added. In their work, Gorga et al. found that there is a maximum in the
nonessential work of fracture at 0.5 wt% of MWCNT in polypropylene (PP) where an enhanced
toughness was seen followed by a sharp decline after the addition of 1.5 wt% of MWCNTs
indicating a ductile-semiductile transition [140]. They attributed this behavior to a worse
dispersion of the MWCNTs and cluster formation of the particles inside the polymer. Furthermore,
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 on the processing
conditions of the CNT polymer mixture [141]. A low amount of well dispersed CNTs can enhance
the fracture toughness of polymers attributed to nanotube pull-out, rupture, de-bonding, bridging
and plastic void growth [141, 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 concentration [142].
Tjong [143] reported for MWCNT/polyamide (PA) 6 composites with the addition of 2 wt%
MWCNTs increases in the elastic modulus to values of 3 times the neat polymer [143]. Quian et
al. achieved reinforcement in a polystyrene (PS) matrix of 42% the elastic modulus and 25% the
tensile strength with the addition of only 1 wt% MWCNTs [144].
In a biopolymer based on chitosan, Wang et al. found that the addition of only 0.2 wt% of
MWCNTs increased ~23% the tensile strength [145]. Furthermore, the addition of 0.8 wt%
MWCNT almost doubled the tensile strength of the unfilled polymer while at 2 wt% MWCNT no
more increase in the mechanical properties is observed [145].
Furthermore, according to Schaefer and Justice the extent in modulus increase strongly depends
on the quality of the nanofiller dispersion [146]. Generally, a good dispersion is difficult to achieve
and large-scale disorder is observed in different systems; the enhancement of elastic properties is
limited and lie much below values calculated from theoretical predictions [139]. In addition, as
mentioned before aggressive dispersion strategies applied 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 with CNTs.
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According to Huang et al., the addition of CB to PP causes a decrease of neat PP’s tensile strength
[147]. Moreover, the addition of less than 10% CB volume fraction (vol.%) into ethylene–vinyl
acetate (EVA) copolymer has no significant effect on EVA’s mechanical properties while the
addition of more CB vol.% originates a decrease in its tensile strength [148].
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 styrene-butadiene rubber) concerning the elastic modulus
is only ~4% per wt% of added CB and a major reinforcement effect is only conceivable at high
loadings above 10-15 wt% [149, 150].
In general, CBs are considered to be particles that increase toughness rather than strength when
used to fabricate polymer/CB composites [151]. Added to that is the fact that spherical particles
are mainly symmetric structures with aspect ratio (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 nanoparticles in order
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 from 3.29 GPa to 3.50 GPa while with the same
amount of CB the elastic modulus suffers no effect [152]. 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 same wt% [152].
Mechanical reinforcement of polymers when using 2-dimensional (2D) particles such as GNPs as
fillers has been also reported. By adding 4 wt% GNP to polyacrylonitrile (PAN) Mack et al. found
that the elastic modulus of PAN’s electrospun nanofilaments can be doubled [153]. Fang et al.
found an increase of 57.2% in the elastic modulus of PS after the addition of 0.9 wt% of
functionalized GNPs [154]. Also with functionalized GNPs, Ramanathan et al. found an increase
in PMMA’s elastic modulus of ~80% when adding 1 wt% of filler [155]. On the other hand,
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Nguyen et al. also found an increase in the elastic modulus of thermoplastic polyurethane (TPU)
adding 4 parts of functionalized GNPs per 100 parts of TPU. At the same time they found that the
tensile strength of all the composites is always lower than the one of non-modified TPU [156].
From these reports found in literature, it can be seen that the addition of carbon nanofillers such
as MWCNT can act as reinforcement for tensile mechanical properties such as the elastic modulus
and the tensile strength, however preferable at lower loadings to avoid the drawback coming from
remaining agglomerates.
2.3.4. Electrical resistivity in composites with carbon nanofillers
Percolation theory describes the behavior of connected clusters or particles within a medium. It
says that there is a critical point (percolation threshold) on which the probability of forming an
“open path” (or connecting path) increases depending on the shape and distribution of the
connecting elements within the medium. In the same way, polymers that are intrinsically electrical
insulators can achieve electrical conduction by means of the addition of enough amounts of
conductive filler to form a connected network (percolated network). When the amount of added
filler is high enough to form a trough-going pathway, this causes a significant decrease in the
electrical resistivity of the polymer. This decrease in electrical resistivity is typically an abrupt
change of several orders of magnitude. This phenomenon is known as electrical percolation and
the filler concentration where this abrupt change occurs is known as the electrical percolation
threshold [5]. This behavior can be easily depicted with a power-law-like function as shown in the
transition phase from zone I to II in Figure 2.11 [114].
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Figure 2.11. Typical power-law percolation curve of a polymer composite
filled with an electrically conductive filler as reported in [157].

In the zone I of Figure 2.11 the 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 can be 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
less significant change on the composite’s electrical resistivity. At this point adding more filler the
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 threshold the 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 relatively low amounts when using large aspect ratio particles [158]. This is due to that
the probability to form a conductive path increases if the conductive particles are very long
compared to their wide. The influence of the aspect ratio of conductive carbon particles in the
electrical percolation threshold is illustrated in Figure 2.12 where the percolation threshold
dependency on the particle aspect ratio can be seen. The curve presented in Figure 2.12 is based
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on Monte Carlo simulations with “soft-core” cylinders that were allowed to penetrate each other
with three contact patterns: end to end, end to surface and surface to surface.
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Figure 2.12. Dependency of the percolation threshold on carbon particles aspect ratio
based on a model reported in [158].

Figure 2.12 shows that a significantly lower percolation threshold can be predicted for particles
with high aspect ratio than with low aspect ratio. Thus, given that fiber-like particles like CNTs
have high aspect ratios, they possess greater potential to electrically reinforce polymers than other
electrically conductive particles with lower aspect ratio. Typical aspect ratios of commercial CNT
can range between 100 and 1000, for that reason percolation thresholds between 0.5 and 0.05 vol%
can be expected [139]. Nevertheless, according to literature this low percolation threshold values
are not always achieved [114]. Among the reasons for the difference between predictions and the
found experimentally is the CNT shortening, an incomplete dispersion or unfavorable distribution
state of the 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% for different matrixes and processing
conditions.
In a study made by Ha et al. on different thermoplastic polymers filled with MWCNTs (such as
PC, PA6, PA12, PP, polyethylene (PE), PCL), it was found that the electrical percolation threshold
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varies depending on the polymer viscosity and molecular weight. The highest electrical percolation
was found at MWCNT 5 wt% for PA12 and the lowest slightly below 1 wt% for PCL. The
electrical resistivity at 7 wt% was found to be between 1011 *cm (PA6) and 101 *cm (PCL)
[159]. This electrical resistivity of PCL/MWCNT 7 wt% is very low and significantly different
compared to PCL at the same MWCNT, which shows that the matrix greatly influence the
electrical resistivity of the composite.
Moreover, CNTs are not the only rod-like carbon nanoparticle used to reinforce polymer.
Chekanov et al. reported that the addition of 5-6 wt% of carbon nanofibers to an insulating epoxy
resin resulted in electrical conduction in the resin [160]. Conversely, an electrical percolation
threshold as low as 0.002 vol% using CNTs has been also reported by Sandler at al. for epoxy
based resins [5]. Furthermore, according to Bauhofer and Kovacs, it is possible to achieve
electrical percolation at very low wt% of CNTs in the range of 0.1-1 wt% depending primarily on
the dispersion method, the initial MWCNT length and the polymer matrix [114]. Regarding the
latter (polymer matrix), Logakis et al. found that the crystallinity of the polymer 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 PC [161]. The state of nanotube dispersion can also affect the electrical resistivity of the
composite and the evolution of this can be assessed by varying the processing conditions such as
the mixing speed and the mixing time. In melt-mixed PC/MWCNT composites, Pegel et al.
improved the dispersion state of MWCNTs in PC by sing higher mixing speed and mixing times
[139]. Interestingly, they found that good dispersion not necessarily benefits the reduction of
electrical

resistivity

of

polymer/CNT

composites.

Similarly,

on

solvent

casted

polysulfone/MWCNT films Aguilar et al. found that at the same particle amount composites with
better dispersion had up to 4 orders of magnitude higher electrical resistivity than composites with
poorer dispersion [122]. Additionally 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 electrical resistivity above 10 orders of magnitude larger when the MWCNTs are
homogeneously distributed [139]. 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 resistivity considerably. This is due to that contrary to
distanced agglomerates secondary agglomerates significantly promote the formation of nanotube
networks.
Furthermore, higher electrical resistivities and higher electrical percolation threshold have been
reported when using other conductive particles such as CB compared to MWNCTs 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 order 103 *cm, the addition 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 distribution [162]. Correspondingly, Nanda and Tripathy
found that nearly 40 phr of CB were needed to achieve electrical percolation in a commercial
chlorosulfonated polyethylene rubber whereby electrical percolation was influenced by the
agglomeration of the filler particles [163]. Similarly, according to Voet, the amount of particles
needed to achieve electrical percolation in CB filled polymer can vary from 10 to up to ~60 parts
per hundred of polymer where a minimum electrical resistivity in the order of ~10 *cm can be
achieved depending on the temperature at which the composite was melt-processed. Thereby an
increase in resistivity was seen upon increased processing temperature [164].
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 matrixes. Morphological investigation 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 GNPs [165]. 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, electrical percolation can be achieved while having a
homogenous dispersion of the GNP particles [166]. Another approach was taken by Du et al., who
reported that adding 4 wt% of GNPs during in-situ polymerization of poly(4,4oxybis(benzene)disulﬁde) achieved electrical percolation. At 10 wt% GNP loading and values of
cm were attained [167]. Furthermore, according to Sengupta et al. a combination of
composite preparation methods such as solvent mixing and in-situ polymerization is helpful to
achieve electrical percolation at low weight concentrations of GNPs [56]. Additionally, CNP
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functionalization can improve the electrical properties of the nanocomposites. For instance,
Nguyen et al. achieved electrical percolation by adding ~2 wt% of functionalized GNPs in a
thermoplastic polyurethane where at this wt% an increase of electrical conductivity by seven
orders of magnitude was attained [156].
Interestingly, Stankovich et al. found that electrical percolation was attained in PS with the
addition of ~0.1 vol% of GNPs and that a resistivity of ~1cm 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 conditions [168]. This shows the possibility to have
similar electrical resistivity at the same amount of filler when using different types of CNPs.
Kotsilkova et al. found that adding 20 wt% of nanosized carbon particles (1-3 nm particles of 67
wt% disordered graphite, 33 wt% diamond) to acrylic, polyurethane, and epoxy matrices resulted
in a minimum resistivity of 0.11 *cm, which is a much larger particle amount when compared
to the GNPs for achieving a similar electrical resistivity [169].
Moreover, many studies report differences in 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 rod-like (such as the CNTs) conductive particles percolate at one-half the
amount (in volume) of disk-like (like GNPs) particles [170]. Another phenomenon influencing the
resistivity of CPCs is the tunneling effect, describing that a 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 direct contact resistance between CNTs and the
tunneling resistances, the latter being increased as the distance between CNTs increase (the CNT
tunneling distance has reported to be ~1.8 nm [10, 171]. Consequently, changes in the CNT
network inside the polymer that cause CNT-CNT separation above the tunneling distance will
increase the resistivity of the CPC.
Overall, when comparing the amounts of CNTs needed to achieve electrical percolation these ones
are much lower compared to other common carbon fillers. Therefore, polymer/CNT composites
have several advantages over other composites, like low percolation threshold, particle-particle
correlation (orientation 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, short inter-particle
spacing and comparable size scales between the rigid nanoparticle inclusion, distance between
particles, and the relaxation volume of the polymer matrix [114]. However, it should be kept in
mind that as mentioned processing conditions can influence the electrical resistivity of the
composites as the CNT dispersion, distribution and CNT shortening modify the network structure.
Furthermore, particles like graphite and CB have the advantage of being relatively abundant and
therefore cheaper than other carbon nanoparticles. Nevertheless, as confirmed by the literature the
amounts needed to achieve electric percolation in polymer composites made with graphite, GNPs
and their derivatives are either high or functionalization is needed to get low electrical percolation
thresholds. Additionally, given the high surface area of GNPs and CNTs it is expected that they
are difficult to disperse when added to polymer matrixes, which is the main task to fabricate
suitable polymer/carbon nanoparticle composites. On the other side, greater benefits and at a much
lower weight fractions are achieved with CNTs than with other carbon nanofillers. Similarly to
reinforcement of polymers’ mechanical properties, MWCNTs seems to provide higher electrical
conductivity at lower wt%s than other carbon nanofillers including graphite, CB and GNPs.
Additionally, the fiber-like structure of the MWCNTs can provide polymers of high sensitivity to
physical stimulus such as tensile strain. Therefore, MWCNTs could be a good first choice when
fabricating conductive polymer composites with enhanced mechanical and electrical properties to
be used as sensing material.
Figure 2.13 shows the types of materials with relation to their electrical resistivity. Polymer
composites for sensing applications require an electrical resistivity preferably in the semiconductor
zone (10-8-10-2 *cm), where the composite can be considered to be a conductive polymer
composite (CPC).
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Figure 2.13. Classification of materials depending on their electrical resistivity [172].

2.3.5. Polymer nanocomposites with mixed fillers system
An approach to increase the physical properties of polymer based nanocomposites is the use of the
combination of different fillers to fabricate mixed filler system nanocomposites. In literature the
use of combined electrically conductive and non-conductive fillers has been reported to improve
specific properties of polymers depending on the selected fillers to produce the composites. For
instance, by adding a mixture of silica and CB to rubber properties like damping and wear
resistance were improved on the polymer [173]. Moreover, the effect of mixed fillers on physical
polymer properties is considered to be almost purely additive, where the properties of each filler
is transferred to the polymer without hindering each other revealing a synergic effect [174]. This
synergic 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 polymer [175].
Furthermore, the mixture of two conductive carbon fillers is of great interest in situations where
the desired electrical properties are not achieved with the use of single filler or when the amount
needed of a single filler to achieve the desired resistivity/conductivity values are too high for
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composite fabrication. In addition, looking at the use of mixed filler systems from a price
perspective, Pötschke et al. found that the use of CB plus MWCNTs to fabricate composites may
have an advantage in terms of material usage costs [111]. They reported that at a given conductivity
value, e.g. 10-4 S/cm, choosing a composite with 0.875 wt% CB with 0.875 wt% MWCNTs is
cheaper when compared to a composite with 1.25 wt% of only MWCNTs. 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 for commercial highly conductive CB types and
MWCNTs.
There are specific synergic effects coming from the use of two different conductive carbon fillers
that enhances the properties of polymer. The degree of dispersion can be affected by the addition
of mixed fillers to a polymer. Bokobza et al. found better state of dispersion in styrene-butadiene
rubber when using a mixture of MWCNTs and CB than when using only MWCNTs [176]. This
improvement in the dispersion state is mainly due to higher shear stresses during melt
compounding as a result of the combined filler. The electrical properties 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
formation 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 addition of two carbon fillers. In PA12 based melt-mixed composites Socher et al. found a
combined electrical percolation effect after the addition of CB and MWCNTs. Here, the electrical
percolation threshold of the mixed filler system at a CB:MWCNT weight ratio of 1:1 was above
the composite with only CNTs but far below of the composite with only CB [178]. However, they
also found that starting at 2 wt% loading the mixed ﬁller system with a MWCNT:CB ratio of 1:1
has higher electrical conductivity values than with pure MWCNTs. One of the reasons for the
improved properties is the finding, that the dispersion of CNTs was increased by the presence of
the second filler, such leading to the reduced percolation threshold.
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According to a model developed by Sun et al., it is possible to determine whether a positive
combined effect (synergy) occurs in electrical conductivity of composites when using mixtures of
CB and MWCNTs [179]. Such effects were confirmed through the experimental work by Ma et
al., where a significant decrease in the electrical resistivity of almost 6 orders of magnitude (from
~1013 to ~107 cm) was found by adding only 0.2 wt% of CB particles in an epoxy
nanocomposite containing 0.2% CNTs [180].
Similarly, Hilarius et al. found that the electric percolation of hot pressed plates of PC/MWCNT,
PC with mixed filler system of CB and MWCNTs (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 electrical
percolation between PC/MWCNT and the mixed filler [181]. Thus, half of the (expensive) CNT
amount can be replaced by (cheaper) CB without losing conductivity properties. On the other hand,
besides CB other conductive fillers have been added with CNTs to improve the electrical
properties of polymers. Krause and Pötschke found in PP composites filled with carbon fibers,
CNTs and GNPs that the value of electrical resistivity of the composite with the three-component
hybrid filler system was mainly influenced by the amount of CNTs [182].
There is another effect coming from the use of mixed fillers to fabricate polymer composites that
is the possible improvement of the sensing properties. In that matter, it has been reported that
higher strain sensitivity can be achieved in poly(vinylidene fluoride) (PVDF) composites at lower
filler content when using the mixed filler system of CB with MWCNTs [183]. Therefore, the use
of mixed filler nanocomposites can be a good route towards the fabrication of CPCs, and hence
higher sensing properties of polymer nanocomposites. Nevertheless, more studies are needed to
fully understand the effect of mixed fillers in sensing properties of nanocomposites.

2.4. Polymer nanocomposites as sensing materials
2.4.1. Overview
Typically the response of a CPC against environmental changes gets higher as its filler amount is
closer to its percolation threshold, as illustrated in Figure 2.14. Thereby the ratio of the response
to the magnitude of the input quantity is defined as sensitivity. Consequently, the maximum
sensitivity is reached slightly above the electrical percolation threshold. In this filler concentration
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range (blue region in Figure 2.14), any slight external stimulus significantly modifies the internal
percolated network causing a large change (in most cases increase) in the composite’s electrical
resistance. On the contrary, as the filler amount increases and the distance to the percolation
threshold gets larger the sensitivity upon external stimulus decreases.
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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 poorly connected particles and the conductive pathways are
scarce. Therefore, a slight external stimulus will cause an important rupture in the connecting paths
that can be perceived as a significant increase in the electrical resistance of the composite.
Contrarily, farther from the percolation threshold the network is formed by densely interconnected
particles. As a result, the external stimulus has to be large to cause a significant interruption of the
conductive pathways. Consequently, the change in the electrical resistance and hence the
sensitivity for composites far the electrical percolation will be much minor compared to the
composites near the percolation threshold.
In literature, great efforts to apply CNT/polymer composites in several different sensing areas are
reported. For example, Lee et al. reported the use of metallic SWCNT and MWCNT/polymer
composites as pressure sensors [184]. Kang et al. [15] implemented a strain sensor based on a
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SWCNT/polymer composite capable of detecting damage on bulk structures. Also chemical
sensors based on CNT/polymer composites were developed for the detection of volatile agents or
chloromethanes [185, 186]. There are reported attempts even for detecting biological substances
as glucose, or the presence of compounds related to diseases [14, 16]. In the field of fluid sensors,
Lee et al. developed a gas sensor capable of detecting the presence of hexane or ethanol vapors
after a few minutes of exposition [187]. Pötschke et. al. and Rentenberger et al. developed liquid
sensors capable of detecting different solvents such as acetone, ethyl acetate and n-hexane, using
MWCNT/polymer composites [22, 23].
Depending on its sensing principle most sensing CPCs could be considered as transducers. A
transducer is an electronic device that converts one form of energy to another, where the “device”
can be in this case a CPC. According to this definition, a CPC that changes its resistance upon an
external stimulus (e.g. mechanical stretching) is a transducer that is able to transduce a physical
stimulus into variations of an electrical signal (e.g. electrical resistance). Once the CPC is fully
characterized, it can be coupled or contacted to a signal processor that transforms the electrical
signal coming from the CPC into a numerical value, plotted into a graphic or analyzed by a pattern
recognition algorithm. For instance, He et al. fabricated a CPC material based on high density
PE/MWCNT that is capable of sensing changes in temperature by decreasing its resistivity rapidly
with increased heat [188]. Böger 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 shear stress, stepped and dynamic tensile forces where delamination and structural
damage upon stretching was successfully detected by the composite [189]. Similarly, Nofar et al.
reported that an epoxy resin/MWCNT composite is able to predict structural failure in-situ before
it happens [190]. Moreover, Wichmann et al. developed a bending strain sensor consisting of an
epoxy/MWCNT composite able to detect the direction of bending deflection by the positive or
negative electric resistance change [191].
This kind of CPCs could be integrated afterwards to an electronic circuit 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 and feasibility of this technology is very
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conceivable, more research is needed to fully develop and convert all these proposes and scientific
knowledge into a marketable technological reality.
2.4.2. The function of conductive filler networks in polymer based sensors
For a straightforward implementation of polymer composite as sensors, electrical conduction of
the composite is required. For polymer composites filled with electrically conductive fillers this
means that a percolated network has to be formed. How this network is affected by outer stimuli,
like strain, pressure, temperature, vapors or liquids will influence directly the sensing behavior of
the composite, given that the filler-filler interaction plays the most important role in the
performance of the sensor. In the case of polymer/CNT composite, they are capable of detecting
changes of environmental conditions by quantifying the change in its electrical resistance upon
exposition to an environmental change that modifies the conductive CNT network.
Figure 2.14 shows a representative ideal 2D percolated network based on 1-dimensional rod-like
filler being affected after an external stimulus has been applied. As Figure 2.14 shows, the stimulus
modifies the percolated network original state and this is physically exhibited in the composite as
changes in its electric resistance (R). Such changes in R can be measured time-dependent to
correlate it with the stimulus that the composite has been exposed to [10].
The nature of the stimuli will determine how the network will react upon its application. For
instance, the application of shearing forces will deform the composite resulting in an alteration of
the percolated network as depicted in Figure 2.15. Thereby, connections between neighboring
conductive filler particles are broken leading to a less perfectly developed conductive pathway in
the composites and resistance increase. At higher shear stresses, cracks in a nanocomposite could
be formed that origin a sudden change in the composite’s conducting ability since the percolated
network would be partially interrupted. This effect has been already reported to be used for the
manufacture of structural defect sensors, and it is known as structural health monitoring [15].
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Figure 2.15. 2D representation of the percolated network being affected by an external stimulus.
In this case, deformation caused by shearing forces action on the composite.

On the other hand, exposure to higher temperature on a nanocomposite based on a thermoplastic
will cause thermal 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
resistance [188]. On this basis, many different sensors can be manufactured to be “sensitive” to
various stimuli.
A property of interest when fabricating nanocomposite based sensors is its sensitivity. The
sensitivity of a composite sensor is directly related to how the filler arrangement inside the polymer
is affected by an external stimulus. This implies that if the percolated network is greatly modified
upon low/small exposure to a stimulus and resulting resistance changes are high, the sensor is
highly sensitive to that stimulus. The sensitivity can be quantified by measuring the relative change
in the electrical resistance upon stimulus exposition and depending on the phenomenon under
study it can be estimated with a mathematical function where the sensitivity depends on the
electrical resistance. Furthermore, if the arrangement of filler can be intentionally and
systematically modified (e.g. addition of more filler, functionalizations, etc.) then the sensitivity
of the composite can be tailored.
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2.4.3. Piezoresistivity, strain sensing and strain sensitivity
Piezoresistivity is a phenomenon occurring in (mainly conductive) materials in which an electrical
response is produced as a consequence of a mechanical stimulus (mostly pressure or strain).
Depending on the electrical energy input required for working, a sensor can be active where an
electric energy input is required or passive where no electric energy input is required.
Piezoresistive devices are mostly considered as passive sensors because they do not need an
electric energy input to ‘sense’ a mechanical stimulus.
A specific type of piezoresistive device that can be fabricated based on CPCs and in particular on
carbon nanofilled polymer composites is the mechanical strain sensor. Its sensing principle relies
on the modification of the percolated network upon mechanically stressing or stretching the
composite. Figure 2.16 shows the principle of a nanocomposite working as strain sensor.

Figure 2.16. Piezoresistive principle of changes in the conductive network structure in nanocomposite
based strain sensors.

Mechanical deformation is applied to the composite causing an impact on the structure of the
percolated network (here shown as a 1-dimensional linkage for explanatory purposes) which in
turn changes the electrical resistance of the composite. As illustrated in Figure 2.16, the percolated
network is extended by the mechanical deformation and the contact distance between neighboring
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conductive particles is increased or interrupted (red circles in Figure 2.16). By that, also the
distance between neighbored CNTs increases and may surpass the tunneling distance [192]. This
phenomenon was already reported for polymer/CNT sensors subjected to unidirectional elongation
[193].
According to Hu et al. the increase of distances between rod-like particles is an important factor
affecting the electrical resistance change in polymer/CNT strain sensors [192]. At low deformation
(within the linear viscoelastic range) this process is reversible. In most cases, the plastic regime of
a thermoplastic composite should not have been reached upon mechanical load. This is desirable
for applications in which the developed sensor material is intended to be used repeatedly [113],
e.g. cyclic sensing.
In general, while doing a piezoresistive test the changes in electrical resistance are measured with
time and afterwards correlated to the applied mechanical deformation. Once the characteristic
electrical response of the composite is known upon mechanical deformation, it can be correlated
to a defined strain. In order to transduce from the electrical response to mechanical deformation a
transforming function is needed. A linear case, where the change in electrical resistance is directly
proportional to the mechanical strain, can be denoted by the following equation,

𝑆𝐺𝐹 ∗ 𝜀 =

∆𝑅
𝑅0

(2.1)

Hereby, SGF is the strain gage factor,  is the mechanical strain, R0 is the electric resistance previous
to load application and ΔR = (Rmeasured − R0).
As eq. (2.1) indicates, the SGF is the coefficient that correlates the strain and the resistance changes
and it can be used to estimate the strain from a measured resistance. However, eq. (2.1) is only
applicable for cases or deformation ranges where the deformation upon applied load is linear.
Elastomers for example have a non-linear behavior. For these cases the resulting curve can be
fitted to a polynomial function from which the strain can be obtained [194]. Moreover, different
gage factors can be obtained depending on the deformation behavior of a composite upon loading.
For instance, Ku et al. found that two gage factors can be adjusted to fit a nonlinear piezoresistive
behavior, where each follows the strain in the elastic and plastic zone, respectively [195].
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For thermoplastic polymers subjected to a tensile load, the deformation regime with linear
behavior, i.e. the elastic regime where the elongation is still reversible, is limited to relatively low
mechanical strains. The SGF can be obtained in the elastic regime of thermoplastics composites as
the slope from the strain vs. change in electrical resistance curve of a piezoresistivity test as
depicted in Figure 2.17.

Figure 2.17. Typical ΔR/R0 vs. curve obtained from a tensile piezoresistive test of a thermoplastic CPC.

Certainly, this also means that a composite’s SGF obtained from this method will be valid only in
the elastic regime. From Figure 2.17 it can be inferred that for a piezoresistive CPC the SGF
magnitude is the quantitative measure of its strain sensitivity, where a higher slope and resulting
higher SGF indicate higher sensitivity. In a real implementation site, by using an electronic device
programmed to convert the incoming electrical signal measured in-situ and applying the known
SGF for an already characterized CPC, the strain can be obtained in real-time. For instance, it has
been proven that a polymer film based on polysulfone/MWCNT with SGF of 0.5-0.8 has an
effective strain sensing performance to follow the strain in an aluminum beam when
simultaneously evaluated with a commercial metallic strain gauge, which typically have a SGF of
~2 [196, 197].
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Zhang et al. reported for a CNT/polycarbonate composite a SGF of ~7 which is 3.5 times higher
than commercial metallic strain gauges [198]. This shows that there is potential for strain sensing
CPCs to perform better than the already existing commercial metal based strain sensors. However,
there is great potential to develop even better strain sensing polymer composites if other
alternatives are used such as the fabrication of strain sensing composite fibers.

2.4.4. Liquid sensing and the role of the filler network in the sensitivity
CNT filled conductive polymer composites are also capable of sensing the presence of fluids such
as gases and solvents [9, 10, 199]. The detection or sensing of organic solvents in CNT/polymer
composites is based on the ability of the polymer to swell when exposed to a solvent. The
polymer’s swelling results in a partial disruption of CNT contacts or increase in the distances
between neighbored CNTs up to values above the tunneling or hopping distance. This causes a
resistance increase in the composite because of the reduction of the tunneling current. Therefore,
a proper selection of solvents and polymer is needed to achieve a high solvent sensitivity due to a
pronounced swelling effect, however without dissolution of the matrix. Figure 2.18 shows the
sensing working principle of a material based on this phenomenon on the example of a
polymer/CNT composite.
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Figure 2.18. Changes in the conductive network structure in carbon nanotubes filled composites by
swelling of the polymer matrix.

As depicted in Figure 2.18, the CNT-CNT distance increases as the swelling of the polymer matrix
increases causing a rise in the electrical resistance of the composite which can be measured in-situ
during evaluation. Similar 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 CB for sensing the presence of solvents were first studied in the early 2000.
Polymers like poly (ether glycol) and poly (ether amine) containing CB have been evaluated during
the immersion of the composites into organic solvents and the changes in the electrical resistance
over time were quantified to study the interactions between the solvent and the composite [200].
By using TPU, Segal et al. successfully detected the presence of methanol, ethanol and 1-propanol
with the addition of 4 phr CB to TPU [24]. However, the response upon immersion was very slow
requiring minutes to show a significant change in the electrical resistance and cyclic tests were
unsuccessful. Contrariwise, in a blend composite of PP/PA6/CB (75/25/3) Srivastava et al. found
that cyclic liquid sensing tests were possible for benzene and n-heptane [25]. Nevertheless, the
relative resistance is not fully recovered after the first immersion. Frackowiak et al. immersed
PP/CB and PS/CB composites in benzene, toluene, xylene and ethylbenzene finding that higher
sensitivity was found in composites near the electrical percolation threshold [26].
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These works proved that polymer/CB composites are effective but poorly efficient. One main
reason for that low efficiency is that the authors did not consider the solvent-polymer interactions.
However, for liquid sensing applications, the degree of interaction between a desired solvent to be
sensed and polymer has to be taken into consideration. A more efficient route is by selecting
polymer and solvents depending on the solubility. In this direction, Narkis et al. found in a high
impact polystyrene (HIPS)/EVA copolymer blend filled with CB upon immersion in various
solvents (benzene, methanol, methyl methacrylate and n-heptane), that the Hildebrand solubility
parameters of polymer and solvent do not have a very significant impact on the magnitude of the
composite’s sensitivity to the tested solvents [201].
On the other hand, the Hansen solubility parameters could be a better tool to select solvent-polymer
combinations with higher interaction. Contrary to Hildebrand’s solubility parameter, the Hansen
solubility parameters take into account the energy from dispersion (D) and intermolecular (P)
forces and from hydrogen bonds (H) together with the interaction radius (Ri) of the polymer (the
units of solubility parameters are MPa0.5, equivalent to J/cm3) [27].
The Hansen solubility parameters (HSP) were developed by Charles M. Hansen in 1967 as an
attempt to predict the solubility of polymers in solvents. Currently, they are widely used in the
paint and coatings industry. The principle is based on the idea that “like dissolves like”, meaning
that if a solvent has HSP similar to that of a polymer a larger interaction between them is expected.
The HSP can be considered as the coordinates of a point in the so-called Hansen space.
Figure 2.19 shows the typical Hansen space constructed with the HSP. The “good” solvents can
be seen inside the sphere while the “bad” solvents are outside it. According this theory, good
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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Figure 2.19. Hansen solubility sphere with “good” and “poor” solvent-polymer interactions marked as
blue circles and red triangles, respectively.

By employing these parameters it is possible to predict the degree of solvent-polymer interaction.
This approach has been already successfully employed to estimate in advance if a composite will
sense the presence of a certain solvent [23].
Furthermore, as shown before polymer/CNT composites have lower electrical percolation
threshold than polymer/CB composites. Thus, CNT/polymer composites could act as liquid sensor
and organic solvent sensor already at lower filler concentrations. Therefore, more recently also
polymer/CNT composites were evaluated as materials for liquid sensing.
Polymer swelling upon immersion in (good) solvents is likely to happen due to the diffusion
process of the solvent into the polymer changing its volume. When the solvent diffuse into the
polymer matrix, polymer swelling will occur and CNT-CNT distances will increase [17, 202].
Unlike deformation upon stretching where the shape of the composite is changed but its volume
remains as before stretching, during swelling the composite will have a size increase in all its
dimensions. This volumetric increase affects significantly the arrangement of the CNTs (as
depicted in Figure 2.18) which originates the sensitivity of the CPC liquid sensor. This implies
that the selected polymer first has to be swellable in the presence of the desired solvent to be
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detected by the composite sensor. Therefore, a proper selection of the polymer is crucial for the
efficacy of any liquid sensing CPC. Additionally, 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 higher.
Some efforts have been done already pointing in the direction of fabricating CPCs with CNTs for
liquid sensing applications. Qi et al. fabricated a liquid sensing based on a biopolymer/CNT
composite fiber [203]. In their work, they dip coated cellulose fibers with different amounts of
MWCNTs achieving a fast response to water and to aqueous electrolyte solutions. Moreover,
Villmow et al. effectively detected the presence of tetrahydrofuran, acetone and ethyl acetate using
a MWCNT/polycarbonate composite with a very fast response within the first seconds of exposure
[202]. Studying the CNT wt% influence in the detection of n-hexane, ethanol and methanol using
MWCNT/polypropylene/PCL blend composites, Pötschke et al. found that the sensing capabilities
decrease with increasing amount of CNTs [23]. Furthermore, Villmow et al. reported that
polymer/MWCNTs fiber can be woven into textiles showing the great potential and versatility for
developing smart structures based on polymer/CNT composites [202].
Although, liquid sensing capabilities of polymer/CNT composites have been studied, there are still
critical issues that have to be solved in order to improve the sensitivity. Therefore, more
investigation is needed for getting this kind of materials into industrial applications.

2.5. Polymer fiber fabrication technology
2.5.1. Overview
Great efforts have been done to achieve 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 as
compared to bulk materials such as hot-pressed, injection molded and cross-linked CPCs. In
addition, fibers can be woven together with other fibers for smart textile fabrication. Fibers can
also be fabricated as a single very long and fine fiber with several kilometers of length. Thanks 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. Furthermore, fibers based on CPCs can be regarded as very versatile as their
properties can be adjusted next to the choice of the conductive fillers, amount of filler, filler
combinations and their geometries as well as fiber diameters and stretching ratios. Nevertheless,
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 products such as 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 polymer fibers in the macro and
micro scale, among them air-gap spinning, shaped-fiber spinning, electrospinning, wet-spinning,
melt-spinning, dry- and dry-jet-spinning and conjugate fiber spinning. Although, given their
versatility and the relative simple spinning plant installation, the most commonly used spinning
processes are dry-spinning, wet-spinning and melt-spinning.
In dry-spinning the polymer is first dissolved into a solvent and then extruded. As the fibers come
out the spinneret the solvent is evaporated off the fiber, usually with hot air. In most cases the
solvent-polymer mixture is then collected and re-used. Dry-spinning is required for polymers with
a melt temperature equal to or close to their thermal degradation temperature; therefore they
require dissolving in a solvent in order to avoid degradation when processed into fibers [204]. Dryspinning is generally recommended for temperature sensitive polymers and depending on the
spinning capacity of the polymer, it can have fast production 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 to be converted into fibers requires dissolving into a
non-evaporable solvent to be spun. It is known as ‘wet’-spinning because the fibers are spun
directly into a liquid bath after leaving the spinneret. The liquid in the bath draws out the solvent,
leaving behind only the polymer. The rate at which this occurs is crucial. If it occurs too fast the
bath liquid can create micro-voids in the fiber which later could be weak points. Unlike dryspinning where the solvent can be evaporated, wet-spinning is based on precipitation, given that
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the drawn dissolved polymer is bathed into a non-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 a larger drag force on the resulting filaments than those
extruded in dry-spinning to cool in air [204]. Consequently, the draw speed is lower than for melt
and dry-spinning. Once the solvent is removed, 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 to dry-spinning, this method is
recommended for temperature sensitive polymers. However, it has much lower production speed
than melt or dry-spinning due to the viscous drag. In addition, as well as in dry-spinning the solvent
recovery is very expensive.
On the other hand, melt-spinning is 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 of melt-spinning
in the late 1950s was a very important breakthrough from many efforts on fiber processing and
since 1980s enabled to melt spin at high take-up speeds. In melt-spinning, the bulk polymer (e.g.
pellets or granulates) is melted and the melt is then extruded through a 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 is schematically shown in Figure 2.20. Although,
commercial spinnerets have many holes, for simplicity Figure 2.20 shows the schematics of a
single-hole-spinneret similar to the ones used to fabricate monofilament fibers. During the meltspinning 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 that no particles pass through
the spinneret so that the molten polymer does not form droplets, which would originate 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 during the melt-spinning process.

As illustrated in Figure 2.20, a molten polymer, which was in the shear flow field inside the
spinneret capillary hole, relaxes its stress upon exiting the spinneret hole, thus giving rise to
disorientation of polymer chains in the short distance from the spinneret. Shortly after leaving the
spinneret the melt swells due to the die swell phenomenon, also known as Barus effect. The Barus
effect is generated from the polymer chain reordering, given that the molten polymer stream is
first compressed by entrance into the die and afterwards the remaining polymer’s physical
entanglements causes an increase in the stream’s volume after exiting the die to roughly form a
spherical shape that maximizes entropy [205]. Afterwards, the molten thread is then stretched by
the force exerted from the take-up 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 semi-crystalline phase and finally solidifies. A molten polymer
thread may undergo phase transformation into semi-crystalline phase even at a temperature above
the equilibrium melting point of the polymer when the take-up speed exceeds a certain critical
value, this phenomenon is known as flow-induced (or stress-induced) crystallization [206, 207].
Furthermore, crystallization may also occur in polymers where the bulk material is considered to
be mainly amorphous or only moderately crystalline (e. g. bisphenol-A polycarbonate) [208, 209].
The filaments coming from the spinneret can be as well brought together and/or twisted together
to form a thread. Additionally, spinnerets can be custom-made with as many holes as desired, from
1 to make monofilaments up to 80,000 as used to fabricate multifilament yarns. The spinnerets’
diameters can also have a wide range, from a few dozens of micrometers to millimeters.
The melt-spinning method has many benefits over the other spinning techniques. It is very costeffective and it is in fact the least expensive of the spinning methods. Since the process does not
involve solvents no washing or solvent removing 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 melting. The winding speed can be as high as 8000 m/min which
can give higher productivity than with 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 viscosity [204, 207].
Commercial largely manufactured fibers such as polyamides (PA), polyesters, polypropylene (PP)
and polyethylene (PE) fibers are generally fabricated by melt-spinning. An important requirement
for a polymer to be melt-spun is that it should not be degraded when softened by heat. Hence, a
polymer that is degradable or close to degradation at the desired spinning temperature is certainly
not suitable for melt-spinning. In occasions, the problem of thermal degradation can be avoided
by adding a heat stabilizer 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 meltspinning process has two main advantages over others spinning processes, which are relative high
throughput and high take-up 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 an optimum 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 melt-spinning process is one of the most promising techniques used for
fabricating composites, including polymer/carbon nanotube composites.
2.5.3. Melt-spun fibers from polymer nanocomposites
Since the development of the different spinning processes it is known that polymer chains can
align in the direction of the fiber axis. This can be used in order to produce fibers with remarkable
stiffness and strength [210]. Therefore, it can be expected that melt-spun polymer fibers based on
CPCs could have an additional reinforcement effect coming from the alignment of filler in the
fiber axis induced by the orientation of the polymer chains upon drawing.
Based on their different aspect ratios, the addition of larger amount of graphite, GNPs or CB as
compared to CNTs is needed to achieve low resistivity in composites. However, the fiber
fabrication by melt-spinning is more difficult at higher loadings, so that the low loadings possible
with CNTs are advantageous. CNTs can be also considered as ideal fillers for polymer fiber
reinforcement given their outstanding mechanical properties, very low electrical resistivity and
also, because of its fiber-like 1-dimensional geometry with very high aspect ratio [211]. In
addition, it has been already demonstrated that short filler fibers align themselves in laminar flows
of extrusion-like processes (such as inside a barrel-spinneret configuration), specially for high
aspect ratio fiber-like structures [212]. Therefore, CNTs have greater advantage over 2D and 3D
particles to be oriented or aligned in the fiber axis during an extrusion process due to their fiberlike structure. Additionally, given the CNT’s high electrical conductivity it is more easily possible
to achieve conductive melt-spun polymer fibers. However, the orientation/alignment of CNTs
when producing conductive fibers can be challenging in getting high conductivity along the fiber
axis, as the orientation and distancing of the fillers has shown to increase the electrical percolation
threshold and to reduce conductivity in fiber direction [18, 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 melt spinnability of
polymer/CNT composites is expected to be better than for composites with other carbon structures.
The standard spinneret diameter can be in similar size like a graphite particle or a CB typical
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agglomerate size, which may induce blocking problems during melt-spinning. Conversely, CNTs
have much smaller size and their rod-like structure facilitates that they pass in their length direction
through the spinneret holes. However, for all cases a very high state of dispersion has to be
achieved in order to prevent spinneret blockage.
Consequently, the composition range of the polymer/CNT composites and its spinning processing
conditions range suitable to produce defect free homogeneous fibers altogether known as the
“spinnability window”, is still under investigation 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 composite increases
with increasing CNT volume fraction. An approach for reducing the composite’s viscosity by
blending the polymer matrix with a lower viscous partner was proposed by Rentenberger et al.
[22]. They showed that blending a PCL/MWCNT composite 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 on a two component polymer composite (PP/PA/MWCNTs), electrical conductivity
can be improved for selected blend compositions [214]. In the same direction, Soroudi et al. added
MWCNTs to a blend of polyaniline (PANI)/PP to produce melt-spun fibers [215]. In their work,
they found that the homogeneity of the PANI/PP/CNT fibers’ structure (seen on SEM images)
increases when compared to the unfilled fiber (i.e. without CNTs).
Concerning mechanical properties, it has been found as expected that adding CNTs increases the
mechanical properties of the composite fiber. An increase 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 matrix [216]. Dondero and Gorga showed for
melt-spun 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 MWCNTs [217].
In contrast, Yoo et al. found in melt-spun Polyethylene terephthalate (PET) fibers that the addition
of 2 wt% of MWCNTs led to inferior mechanical properties compared to neat PET even when the
MWCNTs appeared to be well dispersed into the polymer [218]. They attributed this behavior to
disturbances in crystallization and to molecular orientation of PET caused by the highly
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constrained state of the MWCNTs incorporated into the fiber. On the contrary, Mazinani et al.
found in melt-spun PET/MWCNT fibers an increase of ~12% in the tensile modulus with the
addition of MWCNTs 2 wt% [219]. Pötschke et al. found that the addition of 2 wt% of MWCNTs
to PC for fiber fabrication increased the elastic modulus of the PC/MWCNT fibers by ~22% when
the take-up was 50 m/min and only by ~5% when the take-up was 800 m/min as compared to the
respective neat PC fibers fabricated at 50 m/min and 800 m/min [18]. They attributed this
difference on the increase in the elastic modulus at different take-up speed to the higher orientation
of the polymer chains and the CNTs that occurs at higher take-up speed. This shows that
mechanical reinforcement in melt-spun polymer/CNT fibers can be achieved. Nevertheless, these
contradictory results show the need of more studies on the mechanical properties of melt-spun
polymer/CNT fibers.
Another specific condition, resulting from the melt-spinning process of CNT/polymer composites
is the orientation of the carbon nanotubes in the fiber direction. In context with enhancement of
mechanical properties this may be an advantage. It is known that alignment of carbon nanotubes
results in increased mechanical properties in the fiber/alignment direction. As reported by Pötschke
et al., highly oriented MWCNTs can be achieved from the melt-spinning process resulting in a
highly anisotropic composite material [18]. They also found that there is an increase in the CNT
alignment with increasing take-up velocity. However, increased take-up velocity may result in
eventual fiber breakage. Thus, there is a compromise between the alignment of the CNTs and the
spinnability of the composite fiber.
It is known that increased matrix crystallinity enhances mechanical properties of composites like
tensile strength. As described before crystallization may be induced or enhanced during the meltspinning process. Sulong et al. found that the addition of MWCNTs to melt-spun PE accelerates
the nucleation and crystal growth of the polymer fiber [220]. 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 advantageous effect of
adding CNT to melt-spun 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 when regarding the
spinnability window (effective melt-spinning processing conditions window) of polymer/CNT
fibers. There is interplay between spinnability, CNT content and take-up velocity resulting in a
spinnability processing condition range. For instance, Pötschke al. reported that for PLA/MWCNT
fibers the addition of 5 wt% MWCNTs lead to fiber breakage at all the take-up speeds attempted
in the study, while for fibers with 3 wt% MWCNTs it was possible to use take-up speeds ranging
from 20 m/min to 100 m/min [13]. However, it was observed that with increasing filler content the
improved filler-filler interaction leads to a significant reduction of flow properties of the melt,
which results in unstable spinnability when high take-up speeds were employed. They found also
that with filler contents above 3 wt% at higher take-up velocities above 20 m/min it is not possible
to fabricate fibers under stable processing conditions since the reduced drawability of the melt
resulted in fiber breakage. This in turn 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 themselves were
originated as a result from the melt-spinning process.
Another approach to manufacture melt-spun fibers is the fabrication of bi-component fibers. These
kinds of fibers consist of two concentric polymers melt-spun by the use of a special two concentric
holes die. Bi-component fibers could help to improve the spinnability of composites, as reported
by Shi et al. [221]. They found that due to the mutual interaction between two polymer melts along
the spinline, the processability of both components (poly(butylene terephthalate)/poly(butylene
adipate-co-terephthalate)) in a bi-component spinning process was improved compared with both
of the corresponding single component spun fibers. Similar findings were reported by Hada et al.
for a bi-component fiber of syndiotactic-polystyrene/atactic-polystyrene [222]. In their work, they
improved the spinnability and structure to the respective single component fibers. On the contrary,
Cho et al. found in PE/PET bi-component fibers a reduced spinnability due to instability at the
interface as result of the different orientation-induced crystallization behavior of PE and PET [19].
Moreover, fabricating carbon-filled based conductive polymer bi-component fibers brings the
possibility to select which component is the conductive or isolating component. Strååt et al.
fabricated bi-component fibers where the core is a CPC filled with CB or MWCNTs and the sheath
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is an isolating neat polymer (PE, PP and PA 6) [20]. They found that when using MWCNTs, the
fibers were 3 times more conductive than when using CB at the same weight concentrations (from
1 to 6 wt%) and that the spinnability of the bi-component fibers was reduced by increasing the
filler content (1 to 7 wt%) regardless of which filler was employed. Also on melt-spun bicomponent fibers with an isolating sheath based on ß-phase PVDF, Lund and Hagström found that
the addition of 7 – 10 CB wt% to a PP core can produce conductive fibers that can be used as wires
or electrodes [223, 224]. However, they report the need of 8.5 wt% of CB to the PP core in order
to make fibers with a suitable electrical conductivity to be used as wires which in turns reduced
the spinnability of the bi-component 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 possibilities such as the detection of
chemical interaction or atmosphere changes sensing at the sheath component, and also gives the
possibility of a reducing the total amount of filler needed to have electrically conductive fiber,
since the filler could be constricted to a smaller volume in the outer layer (concept of segregated
filler localization). In this scenario, it can be expected that the sensing behavior of the fibers is
improved when exposed to stimuli affecting mainly the surface of the fibers (e.g. sensing the
presence of fluids). In that direction, Fan et al. fabricated TPU melt-spun multifilament fibers that
were covered with CNT by immersing the fibers in a solution of MWCNT dispersed in CHCl3.
The TPU-CNT fibers were able to sense the presence of different solvent vapor such as ethanol,
acetone and toluene after just some seconds of vapor exposition [40].
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Figure 2.21. Schematic of a bi-component fiber where the sheath is a CPC.

From all this it can be elucidated that polymer/CNT based melt-spun fibers have great potential to
work as sensors; however there is still no conclusive evidence on the 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 use melt-spun fibers as sensor materials they have to be electrically conductive. This
condition can be achieved in fibers filled with CNTs at much lower filler contents as compared to
the use of other particles such as CB. Additionally, this also implies that the spinnability may be
already modified at lower filler contents when using CNTs. Moreover, as stated before the
conductivity decreases with increased alignment, shifting the percolation threshold to larger filler
content values. Additionally, it has been found that increasing the take-up velocity when
fabricating PLA/MWCNT fibers cause an increase in the CNTs alignment inside the polymer,
which in turns improved the liquid sensing sensitivity of PLA/MWCNT composite fibers [13].
Therefore, the sensing properties of the polymer fiber are closely connected to the filler content
and the spinning conditions.
Melt-spinning has already proven to be a reliable technique to draw polymer/CNT composites onto
fibers [13, 18, 213, 225, 226]. The recent achievements in melt-spun polymer/CNT fiber
fabrication offer the possibility of polymer fiber-based sensor development. However, given the
novelty of this kind of materials the published works on the sensing properties of melt-spun
polymer/CNT fibers are very rare. Following, some of the most relevant studies in this direction
either with CNT or other filler will be summarized.
Regarding the use of fibers as strain sensing materials, not many reports have been published.
Mattmann et al. fabricated melt-spun monofilaments made from styrene–ethylene/butylene–
styrene (SEBS)/CB that were able to measure successfully the in-situ deformation of a textile
[227]. However, filler loading as high as 50 wt% of CB was required to obtain suitable conductivity
values in the SEBS/CB filaments for an accurate sensing. These filaments however, were not
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fabricated using a standard melt-spinning method, they were produced using a capillary rheometer
and they had diameter in the range of 300–315 μm, possibly due to the size of the CB particles.
Interestingly, Melnykowycz et al. also investigated SEBS/CB melt-spun monofilaments as
mechanical strain sensor finding that the composite filaments perform better as strain sensor than
a commercial filament Merlin® based on carbon impregnated rubber [228]. Surprisingly, they
found that the SGF of these fibers can be as high as 19. However, the addition of 50 wt% of CB
was needed and due to this high amount of filler the monofilaments ended up having diameters
ranging from 300 μm up to 2 mm, which for instance are too large to be woven into textiles.
The use of melt-spun polymer/CNT fibers (with diameters ranging from 760 µm to 850 µm) as
sensor materials was reported by Bilotti et al., exhibiting that these kind of fibers can have a good
performance as mechanical strain sensors [229]. In their work, TPU/MWCNT 3 wt% melt-spun
fibers show that strain sensing under static and dynamic loading conditions is possible. In addition,
their TPU/MWCNT fibers were subjected up to15 loading-unloading cycles between 0 and 10%
of strain, achieving a change in electrical resistance of 7% at 10% of strain. This shows that a
single melt-spun polymer/CNT fiber could be employed as strain sensor many times. Nevertheless,
the electrical resistance did not return to its original resistance. After the first load was removed,
the maximum change remained at 7% for all the 15 cycles. Additionally, the sensing signal of the
fiber is not monotonic with the strain as the fiber resistance first increases with increasing strain
and after a certain strain value, it decreases with increasing strain. This effect is possible due to
the elastomeric nature of the polymer employed to produce these fibers. In this work, no strain
gage or sensitivity was reported; however from their data it can be assumed to be lower than 1.
Also with MWCNTs but with polyvinyl alcohol (PVA), fibers were fabricated by wet-spinning by
Denis-Lutard et al [230]. They found that wet-spun MWCNT/PVA fibers exhibited a high strain
sensitivity, here the electrical response was non-linear in the whole strain range evaluated (0-48%).
Similarly to Bilotti’s work, they found a non-monotonic behavior, yet in the case of Denis-Lutard
work this was only found for high wt% (>10%). However, high strain sensitivity can be assumed
since the R/R0 is ~6%, ~60 and ~82 for 2%, 10% and 20% of strain respectively. This exemplifies
that polymer/MWCNT fibers can be good candidates for strain sensing applications.
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Concerning liquid sensing, the use of carbon particle filled polymer fibers has been also reported.
However, liquid sensing properties of melt-spun polymer/CNT fibers seem to be less investigated
than strain sensing. Pötschke et al. added different amount of MWCNTs in melt-spun PLA fibers
finding that the sensitivity is strongly depending on the filler content. Lower MWCNTs amount
leads to a higher liquid sensitivity against ethanol [13]. Additionally, they found that the ethanol
temperature has a great influence on the fibers’ liquid sensing behavior where higher temperatures
resulted in higher changes in the electrical resistance. By using melt-spun multifilaments based on
a blend of two biodegradable thermoplastic polymer (PCL+PLA) added with 4 wt% of MWCNTs,
Rentenberger et al. have developed a liquid sensor capable of detecting solvents like acetone and
ethyl acetate [22]. In their work they expose the fibers to several immersion/drying cycles showing
that the PCL/PLA/MWCNT fibers have a very fast response and recovery (drying upon exposition
to the solvent was removed). However, an increase in the maximum R/R0 was seen after each
cycle and the resistance does not 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, Rentenberger et al. described a prototype in which PLA/MWCNT fibers were woven
together with glass fiber to form a smart textile which can be used as leakage detector in building
constructions and industrial plants [17, 22]. With this prototype they were able to detect the
application of small drops of ethyl acetate and acetone on the surface of the textile. This
development suggests that is possible make the transfer of laboratory sensor materials towards
industrial applications.
For polymer/CB composites as liquid sensing materials only few investigations have been
published and none on them report the use of CB filled polymer fibers for its use as liquid sensors.
In contrast to polymer/MWCNT composites high amounts of CB need to be added in order to
obtain appropriate liquid sensing properties. CB amounts in the range of 4-20 wt% have been
reported as the minimum needed to have stable liquid sensing response, which can difficult the
melt-spinning process [24-26, 200].
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Based on that summary of already existing work, it can be concluded that melt-spun polymer/CNT
composites are a very promising way to fabricate liquid sensing materials. Having carbon
nanoparticle filled melt-spun polymer fibers with sensing capabilities opens a door to many
potential applications and also enables 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 hand, there are still many approaches that have not yet studied and therefore are
selected as topics for this work. For instance, polymer fibers with mixed filler systems of CNT and
CB have not yet been evaluated as sensing materials. Thus, it would be interesting to see if synergic
effects occur in the liquid sensing behavior by the use of such filler system. Additionally, a bicomponent polymer/CNT fiber sensor is a very interesting approach that has not been studied yet.
However, physical properties such as mechanical properties and electrical resistivity as well as the
strain and liquid sensing behavior of melt-spun polymer/carbon particle composite fibers are not
completely understood and therefore further research is needed. In 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 detailed.
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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 fabrication has to be
swellable in the presence of the solvents to be detected. As explained before in section 2.4.3, a
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 Hansen Solubility Parameters (HSP) of both, polymer and
solvent. When the HSPs of both elements are known, a way to quantify the affinity of a polymer
and a predefined solvent is by calculating the Relative Energy Difference (RED). The RED
correlates the interaction radius of the polymer and the distance in the Hansen space between the
polymer and the solvent as following,
𝑅𝐸𝐷 =

𝑅𝑎
𝑅𝑖

(3.1)

where Ri (in MPa0.5) is the interaction radius of the polymer molecules and Ra (in MPa0.5) is the
distance between the polymer and the solvent in the Hansen space. Ri represents the degree of
interaction and strength between the polymer molecules and Ra indicates the distance between the
HSP of the polymer and the solvent in the Hansen tridimensional space (see section 2.4.3).
Estimation of Ra is possible by employing equation 3.2,
𝑅𝑎 2 = 4(𝛿𝐷1 − 𝛿𝐷2 )2 + (𝛿𝑃1 − 𝛿𝑃2 )2 + (𝛿𝐻1 − 𝛿𝐻2 )2

(3.2)

where D, P and H represent the energy from dispersion forces (D), dipolar intermolecular force
(P) and hydrogen bonds (H) between molecules; subscripts 1 and 2 are designated to the polymer
and the solvent respectively. For the estimation of the RED, the values of D, P, H and Ri were
taken from literature or datasheets when available.
Accordingly, a RED magnitude well above 1 indicates that the solvent will neither swell nor
dissolve the polymer, a RED magnitude near or equal to 1 indicates that the solvent could only
partially dissolve the polymer or that probably the polymer would just slightly swell and a RED
magnitude below 1 indicates that exposure of the polymer into the solvent will swell and/or
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dissolve the polymer. This in turns means that as closer the RED magnitude is to zero the polymersolvent interaction will result in complete polymer dissolution. Thus, it is possible to know
beforehand which polymers are potential candidates to work as liquid sensor based on the RED
magnitude. However, knowing the RED magnitude leads only to a qualification of the degree of
polymers-solvent interaction and its accuracy on the swelling magnitude has to be validated prior
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 which extent a polymer swells in the presence
of diverse solvents with known HSPs 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 affinity between
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 estimated RED
numbers and afterwards choose a proper polymer with high affinity towards several solvents.
The distance between the HSP of the polymer and the solvent in the Hansen space (Ra) and the
RED numbers of a total of 24 solvents plus water and 8 spinnable polymers were estimated using
equations 3.2 and 3.1, respectively. The 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, HSPs were taken from
[27, 231]; all parameters units are in MPa0.5.
Solvents
1,2 Dichlorobenzene
1,4 Dioxane
1-Butanol
1-Hexanol
1-Methyl-2-Pyrrolidone
2-Propanol (Isopropanol)
Acetone
Aniline

D

P

H

19.2
17.5
16
15.9
18
15.8
15.5
19.4

6.3
1.8
5.7
5.8
12.3
6.1
10.4
5.1

3.3
9.0
15.8
12.5
7.2
16.4
7.0
10.2
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Chloroform
Dichloromethane
Diethylether
Dimethylsulfoxid
Ethanol
Ethylacetate
Ethyleneglycol
Methanol
Methyl Ethyl Ketone
Methyl metachrylate
N,N-Dimethylformamid
N-Hexane
N-Methyl-2-pyrrolidon
Tetrahydrofuran
Toluene
Xylene
Water

17.8
18.2
14.5
18.4
15.8
15.8
17.0
14.7
16
15.8
17.4
14.9
18
16.8
18
17.8
15.6

3.1
6.3
2.9
16.4
8.8
5.3
11.0
12.3
9.0
6.5
13.7
0
12.3
5.7
1.4
1.0
16.0

5.7
6.1
4.6
10.2
19.4
7.2
26
22.3
5.1
5.4
11.3
0
7.2
8.0
2.0
3.1
42.3

Table 3.2. General purpose grade polymers evaluated as potential matrix for sensor material
fabrication and their HSPs taken from [27, 232, 233]; all parameters units are in MPa0.5.
Polymer
Polyamide (PA) 6,6
PA 6
Polyethylene Terephthalate (PET)
Polycarbonate (PC)
Polystyrene (PS)
Polyethylene (PE)
Polypropylene (PP)
PA 12

D

P

H

17.2
17.0
18.2
19.6
21.3
16.8
17.7
18.5

9.9
3.4
6.4
8.8
5.8
3.3
2.9
8.1

16.5
10.6
6.6
5.7
4.3
3.8
1.2
9.1

Ri
4.4
5.1
5.0
10.2
12.7
6.6
6.2
6.3

First, given their highly REDs PA 66, PA 6 and PET were selected for first swelling measurements.
In order to ensure that the polymer experiences high wetting by the solvent, disk-like compression
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 polymer, the pellets were pre-heated for 4-5 min and
then pressed at 100 kN between two flat metal plates covered with polytetrafluoroethylene. The
compression molding temperature was selected above the polymer’s melting temperature (PET
@290°C, PA66 @290°C and PA6 @240°C) and pressing time was 1.5-2 min, followed by 1-2
min cooling in a mini-chiller. All samples were dried at 120°C for 24 h in a vacuum oven before
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testing and stored before the measurements in the oven to insure that no humidity absorption
modifies the polymers’ swelling.
Afterwards, given their contrasting RED numbers, PA 6 (Novamid® 2.7; DSM, The Netherlands),
PA 66 (Ultramid® A27; BASF, Germany), PET (RT20; Invista, USA) and polycarbonate (PC)
(Makrolon® 2205; Bayer MaterialScience AG, Germany) were selected to carry out swelling
measurements in order to know the validity of the calculated RED values. The samples as pellets
were fully immersed into a Petri dish filled with the solvent (~20 ml) under evaluation and the
Petri dish was covered with glass to prevent solvent evaporation during testing at room
temperature. The previously weighted sample was immersed into the solvent for a defined time (5,
15, 30 and 60 min.), and during this time the sample was under observation for any possible
change. After the desired time, the sample was taken out, cleaned carefully with tissue paper and
weighted again. The volume change after immersion was calculated by employing the following
equation,

𝑉𝐶 (%) =

𝜌𝑜 𝑚𝑓
(
𝜌𝑠 𝑚𝑖

− 1) ∙ 100%

(3.3)

where o and s are the densities of the polymer and the solvent, respectively, and mi and mf are
the weights before and after immersion, respectively. The densities of the solvents and polymers
were taken as reported by the suppliers. The densities of PA 6, PA 66, PET and PC were taken as
1.14, 1.13, 1.45 and 1.19 g/cm³, respectively and they are in agreement with the typical density
values reported for these polymers.
3.1.2. Carbon based materials
Two carbon nanoparticles (CNPs) were selected for composite and fiber fabrication. Given their
high electrical conductivity and high tensile modulus, commercially available CCVD grown
multiwall carbon nanotubes (MWCNTs) (NanocylTM NC7000; Nanocyl S.A., Belgium) as powder
were used as reinforcement material for fabricating nanocomposites and fibers. The MWCNTs
employed have an average diameter of 9.5 nm, and average length of 1.5 µm and a powder volume
resistivity of 10-4 cm as reported by the supplier [234].
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For producing a mixed filled system, carbon black (CB) (Printex XE 2-B; Orion Engineered
Carbons, Germany) was selected as second filler due to its good electrical conductivity and low
price compared to the MWCNTs. The CB employed is a highly structured carbon black type has
a primary particle size of 30 nm and a powder volume resistivity of ~10-2 cm (measured as
described in [235]) [236]. Additionally, given the CB’s lower aspect ratio when compared to
MWCNTs, it is expected that the addition of CB (instead of increasing the amount of only
MWCNTs to achieve electrical conductivity) will lead to lower melt viscosity than when using
high amounts of MWCNTs.

3.2. Fabrication of the polymer nanocomposites and fibers
3.2.1. Melt-mixing
For fabricating the nanocomposites, PC (Makrolon® 2205) and the selected filler(s) were meltmixed in a DSM microcompounder (DSM Xplore, The Netherlands) with 15 ccm capacity at
280°C for 5 minutes using a screw speed of 250 rpm. Melt-mixing conditions were selected
according to previous work done with the same polymer [237]. 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 Figure 3.1.

PC
MW

CB

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 concentration (wt%) was fixed at 6%, including the
mixed filler system. The MWCNT content was varied from 0.25 to 6 wt%. The CB wt% was varied
from 1 to 6% and the mixed filled system was done with an even wt% ratio (1:1) of CB and
MWCNT to reach up to a combined weight of 1-6 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 bi-component fibers
The fibers were fabricated following a two-step process. First, the selected filler and PC were meltmixed as described in section 3.2.1. Afterwards, the previously dried pelletized nanocomposite
was melt-spun by employing a piston type spinning device constructed at IPF Dresden.
In the case of single component fibers, a single piston barrel (see Figure 3.2) with a spinneret die
hole diameter of 0.6 mm was employed. As melt temperature 280°C was used and the pellets were
preheated in the barrel at this temperature for 5 min before spinning. Different throughputs (0.471.17 cm³/min) and take-up velocities (20-800 m/min) were used and selected according to the
homogeneity obtained on the fibers [13].
By varying the throughput and take-up velocity different draw dawn ratios were obtained. The
draw dawn ratio (DDR) can be defined as [207],
𝐷𝐷𝑅 = 𝑣𝐿 /𝑣0

(3.4)

(where vL = velocity of the fiber at the winder and v0 = mean extrusion velocity at the die).
According to the law of conservation of mass (the continuity equation), the throughput can be
expressed as,
𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 = (𝜋/4𝐷0 2 ) ∗ 𝑣0

(3.5)

(where D0 = diameter of the die hole)
Thus, the DDR can be calculated using the following equation,
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𝐷𝐷𝑅 = (𝑡𝑎𝑘𝑒 − 𝑢𝑝 𝑠𝑝𝑒𝑒𝑑/𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡) ∗ 𝐴0

(3.6)

(where A0 = cross sectional area of the die).
Drive train

Piston
Heater barrel

Melt
Single hole die
Fiber
Winder

Figure 3.2. Schema of the single fiber piston type spinning device, constructed at IPF Dresden.

In the case of bi-component fiber fabrication, a double piston type spinning device was used. The
device consists of two independent barrels where the core polymer (neat PC) and the sheath
polymer (nanocomposite) are melted at each barrel. Subsequently, the melt of the sheath and core
polymers are driven to a common chamber where a die 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 die (sheath) was 1.2 mm. The working principle of the
double piston type spinning device is depicted in Figure 3.3.
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Pistons
Heater
barrels

Melt of Sheath Polymer

Melt of Core Polymer

Core
Melt Sheath
Polymer

Sheath
Bi-component
Fiber

Melt Core
Polymer
Concentric
holes die

Winder
Figure 3.3. Schema of the double piston type spinning device. In the up-right corner, the working
principle of the concentric holes die is depicted.
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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 on melt-mixed nanocomposites. Similarly, the electrical
resistivity of the melt-mixed nanocomposites was measured before melt-spinning in order to be
able of quantifying the difference in the electrical resistivity of the melt-mixed and melt-spun
samples.
3.3.2. Filler dispersion analysis prior spinning
The state of dispersion of the filler in the PC matrix before melt-spinning was investigated on the
melt-mixed composite material using light microscopy. Photographs at a 10X magnification were
taken in transmission mode using a BH2 microscope combined with a DP71 camera (Olympus
Deutschland GmbH, Germany) of the melt-mixed carbon nanofilled PC extruded strands.
Resolution of the photographs was 2040 x 1536 pixels and the total observable area was ~0.6mm².
Thin cuts of 10 µm thickness were prepared using a glass knife perpendicular to the direction of
extrusion. For each of the images, the agglomerate area ratio was calculated by the following
equation,
𝐴𝐴 =

𝐴𝑔
𝐴𝑇

∗ 100%

(3.7)

where AA is the ratio of the cumulative area of the projected MWCNT agglomerates (Ag) to the
total area of the micrograph (AT) and was estimated with the aid of the digital image processing
software ImageJ version 1.43u on Analyze Particles mode. A minimum of 10 thin cuts per sample
was used for this dispersion analysis.
3.3.3. Electrical resistivity measurements on melt-mixed samples
Electrical resistivity of melt-mixed nanocomposites was measured on compression molded
samples. The pelletized extruded strands from melt-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 resistivity was measured using a
Keithley electrometer 6517A combined with a Keithley 8009 test fixture for resistances higher
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than 107  on disc shaped samples (triangles in Fig. 4). For resistances lower than 107  strips
with the dimensions 30x3x0.5 mm3 were measured using a four-point probe combined with the
electrometer DMM 2000 (Keithley®) [32].
3.3.4. Melt viscosity measurements
With the aim of seeing 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 oscillatory rheometer (Rheometric Scientific Inc., USA) on 25 mm parallel plates
under nitrogen atmosphere at 280°C. Frequency sweeps were performed between 0.1 and 100 rad
per second at strains within the 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 arrangement in the polymer fibers
In order to observe the arrangement of the CNPs in the fibers as well as the morphology of the
single and bi-component fibers upon CNP addition, scanning electron microscope (SEM) images
were taken using a Ultra 55 Plus (Carl Zeiss SMT) microscope. Samples of ~70 nm thick were cut
under nitrogen at -40°C using an ultratome in order to observe the morphology of the fibers on the
cross section and within the fiber axis. Additionally, observations were done directly at the surface
of the fibers. In order to observe if there is filler alignment in the fibers, SEM images in charge
contrast imaging (CCI) mode were taken. For that purpose, the surface of single component and
BICO fibers was observed for 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 Libra120 (Carl Zeiss GmbH). The acceleration voltage was 120
kV and ~70 nm cuts were done using an ultratome.
3.4.2. Electrical resistivity measurements
In order to have a first approach on the electrical resistivity () of 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 to the un-drawn fibers and the compression molded
samples. Based on these results, a second set of fibers with more suitable electrical properties and
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good spinnability was fabricated at much lower DDRs and used for further characterizations; these
DDR were 4.83, 6.02, 8.08 and 12.03. Electrical resistivity measurements of the fibers were carried
out on PC/MWNCT with diameters ranging from ~15 µm (DDR = 480) to ~250 µm (DDR = 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 fibers. After the suitable DDR range is obtained
on PC/MWCNT fibers, the subsequent electrical resistivity measurements of single component
fibers with MWCNTs and/or CB were performed only on these DDRs.
3.4.3. Tensile tests
Tensile tests of the previously dried (2 hours at 80°C) fibers were carried out at 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,
respectively, wereby the free sample length was 35 mm. The offset yield stress (off) at 0.8% strain
(i.e. the stress at a strain offset of 0.8% in the stress-strain curve) was obtained to evaluate the
effect of the addition of MWCNTs on the plastic yielding of the fibers.

3.4.4. Strain sensing evaluation
Piezoresistivity tests were carried by measuring the actual (time dependent) resistance R in situ
during tensile tests until sample break. From that the change in electrical resistance R= RmeasuredR0 was calculated and related to the initial resistance R0. R/R0 as relative resistance change (Rrel)
is shown in the plots. For the piezoresistive tests, the same test conditions as for the mechanical
characterization were employed. The changes in electrical resistance were measured using a
Keithley DMM 2001 electrometer using software developed at IPF Dresden for data acquisition
with a sampling rate of 1s until sample break. The fibers were contacted using electrically
conducting silver paint and connected to the measuring instrument with copper wires, as illustrated
in Figure 3.4.
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5 mm

Silver paint
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Figure 3.4. Piezoresistive measuring tests on the fibers. a) Sample’s schematic, b) set-up.

For quantifying the strain sensitivity of the fibers, the strain gage factor (SGF) was estimated as the
slope in the range from 0 to 1.5% strain from the characteristic R/R0 vs. strain curves.
In addition, with the purpose of evaluating the reproducibility and reliability of the fibers’ sensing
ability; cyclic loading-unloading tests were performed 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 in the selected 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 resistance (R) was measured in situ using a Keithley
Sourcemeter 2400 with computer communication. Similarly as for strain sensing, from the
continuously over time recorded resistance values taken at every 2 seconds the relative resistance
change (Rrel =R/R0 with R= Rmeasured-R0) was determined. A vertically adjustable selfconstructed carriage was used to regulate and control the test-fixture height during
immersion/drying and to reduce any external stimuli, as depicted in Figure 3.5. The total fiber
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length employed was 3 cm and the immersed fiber length was 1 cm. Silver paint was used in the
clamping zones to reduce contact resistance. Temperature was controlled by using an oil bath and
a thermostat.
Additionally, immersion/drying cycles were performed in 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 to 5 cycles per sample were performed.

R

Immersion

Drying

Figure 3.5. Measuring set-up schematic to perform liquid sensing tests on the fibers.
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4.1. Polymer selection for liquid sensing
4.1.1. Introduction
Liquid sensitivity in polymer composites is directly related to the ability of a polymer to swell in
the presence of a particular solvent. Hence, to ensure good sensitivity upon specific solvents a
suitable polymer has to be selected before fabricating polymer/carbon nanoparticle composites.
The selected polymer has to be preferably highly swellable in the presence of the solvent attempted
to be sensed. Following this concept, 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 extreme case. Another one is to select a polymer swellable by a great variety of
solvents. The first case would result in a highly selective sensor, while the second one results in a
broader window of detection. Thinking in a scenario where the detection of all possible hazardous
to life chemicals is needed, a liquid sensor with a larger solvent detection window is much more
desirable. Hence, a polymer swellable by several solvents will be pursued.
Knowing to which extent a polymer swells in the presence of a solvent can be of great help in
order to choose a proper polymer for liquid sensing applications. In that direction, using the HSP
is an effective way to numerically identify which solvents are more likely to swell a given polymer.
However, it is as well convenient to first make sure that enough swelling is achieved in the polymer
composite to cause a modification in the percolated network and to increase the particle-particle
distance inside the polymer prior composite fabrication thus leading to a measurable electrical
resistance change.

4.1.2. Hansen solubility parameters of polymers and solvents
The RED values of several polymer/solvents combinations were calculated using the HSP listed
in Tables 3.1 and 3.2 as inputs for equations 3.1 and 3.2. Only spinnable polymer types were
considered since they could later be used in 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 high (well above 1) or too low (very close to cero) were initially
discarded as they are not desirable for liquid sensing applications since a solvent with such RED
to a polymer values will cause no effect or will dissolve the polymer.
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Table 4.1 shows the RED values of 24 solvents plus water and 8 spinnable polymer types.
Table 4.1. RED values estimation for 8 polymers and 25 liquids.

Solvents
1,2 Diclorobenzene
1,4 Dioxane
1-Butanol
1-Hexanol
1-Methyl-2-Pyrrolidone
2-Propanol (Isopropanol)
Acetone
Aniline
Butyl Acetate
Chloroform
Dichloromethane (DCM)
Diethylether
Dimethylsulfoxid
Ethanol
Ethyl acetate
Ethylenglycol
Methanol
Methyl Ethyl Ketone (MEK)
Methyl methacrylate
N,N Dimethylformamid (DMF)
N-Hexane
Tetrahydrofurane (THF)
Toluene
Xylene
Water

PA 12 PA 66
0.99
3.24
1.05
2.51
1.38
1.11
1.05
1.43
0.75
2.21
1.48
1.07
1.07
2.30
0.58
2.66
1.19
2.79
0.99
2.91
0.56
2.54
1.67
3.37
1.33
2.13
1.85
0.95
1.01
2.44
2.76
2.18
2.51
1.82
1.03
2.66
1.07
2.71
1.02
1.47
2.25
4.50
0.68
2.16
1.56
3.84
1.49
3.67
5.49
6.07

PA 6
1.77
0.49
1.18
0.74
1.91
1.34
1.65
1.00
0.97
1.01
1.15
1.53
2.61
2.08
0.90
3.37
3.02
1.59
1.28
2.03
2.33
0.69
1.78
1.58
6.71

RED estimation
PET
PC
0.77
0.35
1.07
0.86
2.04
1.25
1.50
1.03
1.19
0.49
2.18
1.31
1.35
0.83
0.90
0.57
1.10
0.90
0.70
0.66
0.10
0.37
1.69
1.16
2.13
0.90
2.78
1.54
0.99
0.83
4.02
2.07
3.63
1.92
1.07
0.71
0.99
0.78
1.77
0.85
2.26
1.38
0.64
0.67
1.36
0.87
1.30
0.88
7.47
3.74

PS
0.34
0.77
1.23
1.07
0.76
1.29
1.01
0.56
0.90
0.60
0.51
1.10
1.06
1.49
0.90
1.88
1.83
0.87
0.87
1.03
1.16
0.77
0.65
0.67
3.23

PE
0.86
0.85
1.87
1.40
1.50
1.98
1.24
1.28
0.49
0.42
0.71
0.71
2.26
2.52
0.67
3.56
3.18
0.92
0.62
1.95
0.96
0.73
0.54
0.47
6.15

PP
0.81
1.27
2.46
1.97
1.80
2.58
1.69
1.59
1.03
0.73
0.98
1.17
2.63
3.15
1.21
4.21
3.85
1.29
1.08
2.39
1.04
1.22
0.29
0.43
6.99

With the help of the RED calculation it is possible to foresee which polymers are more suitable
for their use as liquid sensor. For instance, polymers with many RED magnitudes to solvents which
are close to zero are not desirable as they might be easily dissolved by many solvents. On the other
hand, polymers/solvents combinations with many RED magnitudes well above 1 are also not
desirable since it is expected that they exhibit poor interaction with solvents which is not suitable
for liquid detectors. Additionally, since Ri is determined experimentally it is possible that solvents
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with RED values above yet close to 1 might also have a swelling effect on the polymers and
therefore solvents with RED slightly above 1 should be considered as swelling candidates.
From the RED estimations shown in Table 4.1, it can be observed that PA12, PA6, PET and PP
have very few RED values to the selected solvents below 1.00, just for 6, 6, 7 and 5 solvents
respectively, while RED values close to one (from 1.01 to 1.19) are for 8, 2, 4 and 3 solvents.
Moreover, PA 66 seems to have very poor interaction with all of the selected solvents as it has
only one RED value below 1 and just 2 RED values close to 1.00. In contrast, PC, PS and PE
apparently have better interaction with the selected solvents. RED values below 1.00 of PC, PS
and PE can be found for 16, 13 and 13 solvents respectively, while only 2 and 6 RED values close
to the unit appear for PC and PS, respectively. PE did not show any RED value close to 1 for the
25 selected liquids. In addition, for PET, PS and PP only one solvent leads to RED values close to
zero (≤ 0.35), while for PC this number is 2. For PE and the polyamides no solvents result in RED
values near to zero.
Based on these calculations, it can be expected that among the spinnable polymers considered in
this study, composites based on the polymer types PC, 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 and PS are the ones that have most potential since from the 24 solvents assessed they have high
affinity with 18 and 19, respectively. However, PS has the drawback of being highly flammable,
it is classified according to DIN 4102 as “easily ignited”. In consequence, its use is often forbidden
in any exposed installations, in building construction 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
sensor matrix material.
In order to verify if these estimations are reliable, swelling tests were carried out on specific
polymers with high and low theoretical solvent interaction; this means, polymers which show
many and few RED values to solvents close or below 1. As polymer with poor solvent interaction
PA 66 was selected, while PC was selected as the best candidate polymer due to its high interaction
with many solvents. PET and PA 6 were also tested for validation of the theoretical findings as
they account for intermediate solvent interaction limited to specific solvents.
______________________________________________________________________________
87

4. Results and discussion
______________________________________________________________________________

4.1.3. Selectivity and swelling measurements
As first step to evaluate the swelling capabilities of the polymer depending on their RED to
different solvents, PA 66, PA 6 and PET disks were used for first swelling measurements. The
polymer disks fabricated as detailed in 3.1.1.1 were immersed inside a Petri 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 was taken 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 immersion of PA 6, PA 66 and PET into 17 solvents only PET showed an amount of swelling
larger than 4%. Figure 4.2 shows the volume change (VC, 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 not have any effect are shown along with their respective
RED. Depending on the density of the solvent, a variation in the weight of ~1 mg (which is the
instrument’s precision limit) could give an erroneous change in VC of ~0.45%, therefore values
below ~0.45% were neglected as swelling. A dotted line fixed at a VC = 0.45% in Figure 4.2 was
set in order to discard any changes below this line.
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Acetone (RED = 1.35)
Ethyl Acetate (RED = 0.99)
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Chloroform (RED = 0.70)
THF (RED = 0.64)
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Figure 4.2. Volume change of PET for different solvents at different times.

Surprisingly, only 3 solvents were able to 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 theoretically was
supposed to swell PET did not show any effect on the PET disks after 60 min of exposure at the
testing conditions. Similarly to aniline, to ethyl acetate PET has a RED close to 1 and did not show
any swelling. This indicates that solvents with RED very close to 1 do not have an effect on the
polymer’s swelling. Therefore, solvents with RED values to polymers of around 1 could be
discarded as detectable by a liquid sensor based 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 same time of
immersion. For chloroform and THF the maximum VC achieved after 60 min of immersion was
6.12 % and 3.83 %, respectively. There is a nearly linear increase with immersion time for
chloroform and THF, however DCM showed a faster increase in VC starting at an immersion time
of 20 min. The solvent which reached the highest swelling in the PET samples was DCM,
achieving ~19 % in VC after 60 min of immersion, which fits to the predictions from the HSP since
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its RED with PET is 0.10. The solvent with the lowest swelling among the three able to swell PET
was THF, which has a RED to PET = 0.64. In the case of DCM, after the swelling test ended the
solvent was left to fully evaporate and residues of the polymer in the Petri dish were found as
shown in Figure 4.3. This shows clearly that solvents with RED very close to zero dissolve the
polymer as the HSP theory predicts. However, despite there were polymer residues left in the Petri
dish, the swelling on the compressed disk was high enough to be still measured. In this case, total
dissolution will occur only after exposition time higher than 1 hour.

Figure 4.3. Polymer residues in the Petri dish after 60 min swelling and
after the solvent evaporated.

On the other hand, PA 6 and PA 66 disks did not show any swelling even after 60 min of immersion
into the different solvents. Therefore, given that PET did show a good correlation between the
amount of swelling and its RED values to different solvents, and PA 6 and PA 66 did not show
any swelling, some phenomenon are expected to occur preventing the solvent to diffuse through
the polymer sample. It cannot be excluded that the compression molding process of the sample has
an effect on the swelling capacity of the polymers, for example by forming a skin layer with
properties slightly different from the matrix.
In addition, during 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 gain after immersion 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 of PA 6, PA 66, PET and PC taken 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.

0.35 cm

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

2 granules of each of the four polymers were tested in 24 solvents and the swelling measurements
represented by VC in dependence on swelling time are shown in Figure 4.5. In the case of PET,
PA 6 and PA 66 all solvents that caused swelling are shown, while for PC only 8 solvents that
caused swelling are presented. Since the samples were smaller than the disk-shaped 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% in VC. A dotted line was fixed at VC =
1.25% in Figure 4.2, all values of VC below the dotted line were discarded. Additionally, given
that PA 6, PA 66 and PET exhibited low swelling after 60 min, the evaluation time was
quadruplicated for these three polymers. Only PET had a slight increase in its swelling after 240
min, while PA 6 and PA 66 did not have any further swelling after 240 min of direct contact with
the tested solvents.
As expected, Figure 4.5 shows that 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 by a slower
increase rate in the subsequent time. The swelling behavior exhibited by the polymers is similar to
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a power law function, which follows the diffusion kinetics, described e.g. for PC by Villmow et
al. [202].
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Figure 4.5. Volume change of polymers after swelling in different solvents 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% for PA 6 in 1-butanol
(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 from disk-shaped samples were
found. However, swelling in more solvents than with the disk-shaped samples was achieved which
is in accordance to the RED numbers estimated for PET/solvent combinations. However, some of
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these solvents such as 1-methyl-2-pyrrolidone (RED = 1.19) only achieved ~2% of swelling in the
PET pellets.
In the case of PC, the affinity between 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 in
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 ethyl acetate (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) and 1-butanol (RED = 1.25) showed a very low swelling effect in PC.
This also confirms that solvent/polymer 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) exposure resulted in irreversible physical
changes (see Figure 4.6), while solvents with RED values close to 1 (e.g. toluene with RED =
0.87) occasioned show swelling with no such severe physical changes.

Unexposed

15 min.

30 min.

60 min.

Figure 4.6. PC granules after exposure into high affinity solvents.

Moreover, for the majority of the solvents able to swell PA 66 a plateau was reached after 15 min
of exposure where the VC is slightly below 6%, while for PA 6 such plateau was reached at 30
min. For PET a plateau was seen after 15 min of immersion in all the solvents swelling PET with
the exception of DCM and chloroform that kept swelling PET after 1 hour of immersion.
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Nevertheless, prolonged PET exposure to DCM resulted in almost full PET dissolution, which
matches the results obtained from the disk-shaped samples (Figure 4.3). In the case of PC, a plateau
was reached after 15 min of exposition to dimethyl sulfoxide and acetone where the VC was ~11%
and ~24%, respectively. Furthermore, for all polymer the solvents with RED values lower than
0.50 such as DCM (PET’s RED = 0.10, PC’s RED = 0.37), 1,2 dichlorobenzene (PC’s RED =
0.35) and 1-methyl-2-pyrrolidone (PC’s RED = 0.49) resulted in total polymer dissolution in less
than 1 h. However, in this work was not evaluated if there is a correlation between how low the
RED values are and the dissolution degree of the polymer after long exposition times. Nevertheless,
with only a few exceptions the behaviors found with these tests were in good agreement with their
RED values in terms of swelling and 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
practically no effect on the polymers. Therefore, these results suggest that it is possible to select a
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 had ~6% of swelling effect in PA
66 even when its RED is 2.51 which is well above 1. However, unlike the disk-shaped 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 and/or processing 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 the swelling evaluations it can also be stated that PET is highly selective since it presented
high amount of swelling by only very few solvents. In comparison PA 6 and PA 66 have very
reduced interaction with solvents given that it was poorly swellable, and on the contrary to the 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 potential for its use as detector of a great variety of
solvents.
Moreover, these results also suggest that solvents with RED values to polymers of 0.70 ≤ RED ≤
0.90 are more likely to be detected fast and successfully by polymer based liquid sensors; which
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in turns exclude again PS as a good candidate for sensing since it has less amount solvent within
that range of RED than PC. Consequently, solvents with 0.70 ≤ RED ≤ 0.90 should be primarily
considered when evaluating the liquid sensing ability of polymer fibers. These results found from
the swelling tests also imply that when PC is employed for liquid sensing evaluations, the
exposition times to the solvent should be around or lower than 5 min 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 their volume change. From the
low amount of swelling measured on the polymer disks, the hot pressed samples shown to be
unsuitable to perform swelling evaluations. Therefore, in addition the as-received polymer
granules were used for further swelling evaluations. As predicted by the RED estimations, from
the tested polymers PC had the largest swelling (>20% at 15 min. of exposure) while the
polyamides were the lesser swollen (<7%). There was a close correlation between the high affinity
solvents and the polymers’ swelling and/or dissolving. Solvents with RED values close to zero
tend to dissolve the polymers while solvents with RED well above 1 did not have any effect on the
polymer’s volume. In addition, some solvents with RED slightly above 1 showed a swelling effect
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 were some 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 to 0.90 should be
preferred for further sensing evaluation. Furthermore, the exposition time has to be taken into
account when performing liquid sensing tests since long expositions times will have a destructive
irreversible change in the PC physical structure.
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4.2. Determination of the spinnability window of the fibers
4.2.1. Introduction
An important task when fabricating melt-spun polymer fibers is the determination of the
processing condition range that produces defect free homogeneous fibers. Once these processing
conditions are well-defined they can be referred as the spinnability window of a polymer fiber. In
the case of polymer fibers made from carbon particle filled (CPF) polymer composites, the amount
of particles added is also relevant to determine the spinnability window since it is expected that
the processability changes with the particle content. In this work, the spinnability window of PC
fibers was determined experimentally by adjusting the following processing parameters:
throughput, take-up velocity and filler weight concentration. Temperature was not taken as a
parameter. This is based on preliminary observations where an increase in processing temperature
in PC well above 280°C led to high fiber breakage while much lower temperature led to high
increase of the pressure inside the barrel that resulted in droplet formation at the end of the die and
also in highly unstable spinning. Therefore, the temperature was fixed to the melt temperature
recommended by the supplier (280°C).
4.2.2. Single filament fibers’ spinnability
Fibers of PC/MWCNT were fabricated as described in section 3.2.2. Take-up velocity and
throughput were varied in order to have diverse DDRs resulting in different fiber diameters. Two
die diameters (D0) were used for single component PC/MWCNT fiber fabrication, namely 0.30
and 0.60 mm. In this work the polymer will be considered to have poor spinnability when any of
the following occurs: the polymer filament suffers breakage upon drawing, there is droplet
formation at the exit of the die, or the fiber has a highly inhomogeneous shape.
By using the die diameter of 0.30 mm and different throughputs it was possible to obtain neat PC
fibers with take-up speed up to 850 m/min, which was the highest take-up speed attempted for PC.
It is assumed that even higher take-up velocities are possible to be employed without reducing the
spinnability of neat PC by adjusting the throughput accordingly. In addition, similar findings were
achieved for neat PC when using a die with larger diameter (0.60 mm) with the only difference of
lower pressure inside the heating barrel as compared to the smaller diameter die. The maximum
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DDR attempted and successfully achieved for neat PC was 511. Therefore, it can be concluded
that the neat PC used in this work has good spinnability.
However, by using a die diameter of 0.30 mm as from the addition of 1 wt% of MWCNTs it was
no longer possible to use take-up velocities higher than 400 m/min at none of the throughputs
attempted. Further increase of take-up velocity led to fiber breakage due to a decrease in the
drawability of the molten polymer. This behavior was more noticeable when increasing the amount
of MWCNTs. As the amount of filler was increased, the maximum take-up velocity on which the
composite could be melt-spun was greatly reduced and in some cases the composite was not
spinnable at all.
Subsequently, the die’s diameter was increased from 0.30 to 0.60 mm which significantly
improved the spinnability of the PC/MWCNT single component fibers. This modification also
reduced the pressure inside the barrel making the molten composite more able to be spun. The
increase on D0 made it possible to fabricate fibers with 1 wt% of MWCNT concentration up to
twice the take-up velocity (i.e. 800 m/min) than with the smaller diameter die. The throughputs at
which the fibers were able to be melt-spun at this wt% were 0.23-2.34 cm³/min. Furthermore, the
highest DDR achieved for MWCNT/PC 1 wt% fiber was 481 which is close to the maximum DDR
achieved for neat PC. Thus, D0 = 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 take-up speed possible was 400 m/min and the throughput window was
narrowed to 0.47-1.17 cm³/min which corresponds to a maximum DDR of 241. Similarl effects
happened after the addition of 3 MWCNT wt%, the processing window was reduced. The
maximum take-up speed achievable 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 take-up speed 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. The take-up
velocities found in this work for a MWCNT content of ≥ 2 wt% are worse as compared to those
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reported on other MWCNT based composites. In Pötschke et al. work, PC/MWCNT 2 wt% fibers
were able to be melt-spun up to 800 m/min (DDR = 126) [18]. Rentenberger et al. [22] were able
to fabricate melt-spun fibers up to a take-up speeds of 80 m/min of by blending PCL with PLA to
make PCL + 4% MWCNT/PLA = 50/50 wt% as 80 multifilament fibers. For PP/MWCNT fibers
Sulong et al. were able to use a winder speed of 70 rpm (no area of the winder was given for a
conversion to m/min), however the MWCNT content of their fibers was of only 0.5 MWCNT wt%
[220]. It is worth mentioning that in the two aforementioned works the throughput was not
reported to be adjusted as it is in this work.
After adding 5 and 6 wt% of MWCNT to PC, the fibers’ processing window was further narrowed
until reaching a single take-up possibility for 6 wt% where the fibers were still fairly homogenous;
this was at 20 m/min. Nevertheless, the take up-speeds at MWCNT contents above 3 wt% achieved
in this work are higher than those found by Pötschke et al. for single component fibers melt-spun
PLA/MWCNT [13]. In their work, Pötshcke et al. fabricated PLA/MWCNT fibers with MWCNT
contents from 0.5 up to 5 wt% for a range of take-up speeds of 20-100 m/min. According to their
work, the PLA/MWCNT fibers were easily spinnable at this take-up speed range up to 3 wt% of
MWCNT. In this work higher take-up speed were possible at this wt%. Nevertheless, in Pötschke
et al. work drawing was no longer possible at 5 MWCNT wt% even at the lowest take-up speed
possible which for this work drawing was possible up to 6 wt% for the lowest take-up speed (20
m/min).
Furthermore, for amounts of MWCNTs higher than 3 wt% it was observed that by increasing the
throughput (≥ 0.47 cm3/min) it was possible to melt-spin more homogenous fibers at low take-up
velocities (≤ 50 m/min). However, while for neat PC it was possible to fabricate fibers with a takeup velocity as high as 800 m/min, for 6 wt% (the highest MWCNT wt% achieved) it was only
possible to make fibers with a maximum take-up velocity of 50 m/min when using a throughput
of 0.70 cm3/min. Nevertheless, the fibers with 6 wt% of MWCNTs obtained at a take-up velocity
of 50 m/min were inhomogeneous and had many defects on the surface. These inhomogeneous
fibers are characterized by having highly uneven diameter and shape 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 = 4.83. Likewise, 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 and take-up speed = 20 m/min
(i.e. at DDR = 4.83). In this work the DDR = 4.83 was the only DDR at which all the weight
concentrations employed (1-6 wt%) could be melt-spun homogeneously. This DDR was also the
lowest DDR achievable for PC/MWCNT fibers.
Similar to this work, for a MWCNT content of 3 wt% on PET/MWCNT fibers Mazinani et al.
achieved a DDR maximum of 470 [219]. Nevertheless, according to their work PET composites
with MWCNT contents above 3 wt% were not spinnable, while in this work fibers with twice that
wt% were successfully melt-spun. Also with PET, Yoo et al. successfully melt-spun
PET/MWCNT fibers, however, these fibers were fabricated at only 22 m/min and had a very low
MWCNT content of 0.1 wt% [218]. On the other hand, different alternatives to fabricate
homogeneous composite MWCNT/polymer fibers with high amount of MWCNTs like using
polymer blends have also been reported. Homogeneous melt-spun fibers were obtained by
Hooshmand et al. in PP/PA/MWCNT fibers with MWCNT 5 wt% when using very low DDRs of
2 and 3 [214]. In literature, the maximum amount of MWCNT to be added to melt-spun
polymer/MWCNT fiber was reported by Soroudi et al. also using a polymer blend [215]. Contrary
to the results of this work, they were able to add up to 7.5 wt% of MWCNT to PP at a DDR = 4.
They achieved these high amounts by blending PANI and PP to fabricate PANI/PP/MWCNT meltspun fibers. However, the drawability of their fibers was consistently reduced as the take-up speed
increases. Similar behavior was reported by Pötschke et al. where take-up speeds higher than 20
m/min led to fiber breakage in PLA/MWCNT fibers with MWCNT loadings of 5 wt% [13].
Furthermore, a trend can be perceived concerning the reduction of drawability depending on
MWCNT weight concentration. This was experimentally perceived in this work as an increase in
the pressure inside the heating barrel. Such pressure increase could be mainly due to an increase
in the melt viscosity upon CNT addition which reduces the flow rate of the molten polymer
composite making it more difficult to be pushed out through the die. Moreover, an increase in melt
viscosity of the composite coming from the MWCNT addition can also make the polymer chains
themselves lesser able to be drawn. In addition to the increased viscosity, another reason for the
reduced spinnability upon increased MWCNT content is the presence or MWCNT agglomerates
remaining from the melt-mixing process (as it will be discussed in section 4.3.). The presence of
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MWCNT agglomerates in the fibers generates defects that cause fiber breakage upon stretching
due to stress concentration around the defects. Hence, the presence of remaining agglomerates may
increase the brittleness of the molten polymer composite upon drawing and thereby reducing 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. From preliminary studies using the same
spinning equipment it is known that for PC fibers more stable spinning is achieved when the
pressure inside the barrel is in the range of 0-30 bar, whereas high instability 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, nevertheless within this pressure range the instability increases as the
pressure increases. The melt-spinning conditions of selected fibers are 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.
Throughput
Take-up
DDR
Diameter
(cm³/min)
speed (m/min)
(-)
(mm)
0.23
20
24.6
90
Neat PC
0.23
200
245.9
NM
0.23
400
491
NM
0.47
20
12.03
163
0.47
200
120
50
0.47
800
481
NM
0.7
20
8.08
204
0.7
200
80.8
31
0.7
400
161
NM
0.94
20
6.02
205
0.94
50
15.0
153
0.94
200
60.2
NM
1.17
20
4.83
250
0.47
20
12.03
151
PC/MWNCT 1 wt%
0.47
800
481
NM
0.7
20
8.08
200
0.94
20
6.02
227
1.17
20
4.83
260
0.47
20
12.03
167
PC/MWCNT 2wt%
Material

Melt pressure
(bar)
11
11
11
14
14
14
16
16
16
19
19
19
21
13
13
16
20
25
15
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PC/MWCNT 3 wt%

PC/MWCNT 4 wt%

PC/MWCNT 5 wt%
PC/MWCNT 6 wt%

0.47
0.7
0.7
0.94
1.17
0.47
0.47
0.7
0.94
1.17
0.47
0.47
0.7
0.94
1.17
0.94
1.17
1.17

400
20
50
20
20
20
200
20
20
20
20
50
20
20
20
20
20
20

241
8.08
20.2
6.02
4.83
12.03
120
8.08
6.02
4.83
12.03
30.1
8.08
6.02
4.83
6.02
4.83
4.83

NM
209
102
234
263
171
NM
201
238
265
165
99
200
238
267
247
257
306

15
20
20
22
26
17
17
21
25
33
19
19
22
32
37
40
51
52

NM, not measured.
The diameter of the fibers was calculated by employing the known relationship between the linear
mass density of fibers () and the diameter as follows,
Diameter = √(4 × 10−6 )/(π𝑑 )

(4.1)

where d is the volumetric mass density of the polycarbonate and was taken as 1.19 gr/cm³ as
reported by the supplier,  have units of dtex (mass in grams per 10,000 meters of a single
filament/fiber) and was obtained by measuring the mass and length of each tested fiber.
As visible from table 4.2, the 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 the addition of the MWCNTs. 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 above 30 bar the
spinnability of the molten composite started to be unstable, while no spinning was possible for
melt pressures above 52 bar. This is due to that higher pressures imply that it is more difficult for
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the molten polymer to flow easily while exiting the die. 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 the amount of complex viscosity and storage modulus for PC/MWCNT
composites at the mixing and spinning processing temperature (280°C). It should be noted that
since the dispersion process is finished after melt-mixing and the state of dispersion is not changed
significantly in the low standing time before melt-spinning, the viscosity of the melt-mixed
composite and the viscosity of the melt inside the spinning barrel are expected to be nearly the
same.
As seen from Figure 4.7, the amount of complex melt viscosity increases 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 one of 1 wt% MWCNT. After the addition of 3 wt%
MWCNT and the subsequent weight concentrations, a smaller increase in the viscosity is seen.

|Complex Viscosity| (Pa•s)

106

a)

105

PC neat
PC/MWCNT 1 wt%
PC/MWCNT 2 wt%
PC/MWCNT 3 wt%
PC/MWCNT 4 wt%
PC/MWCNT 5 wt%

104

103

102

0.1

1
10
Angular frequency (rad/s)

100
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Storage modulus (Pa)

105

b)

104
103

PC neat
PC/MWCNT 1 wt%
PC/MWCNT 2 wt%
PC/MWCNT 3 wt%
PC/MWCNT 4 wt%
PC/MWCNT 5 wt%

102
101
100

0.1

1
10
Angular frequency (rad/s)

100

Figure 4.7. Amount of complex melt viscosity (a) and storage modulus (b) @ 280°C as function of the
angular frequency of PC/MWCNT melt-mixed composites at different MWCNT weight concentrations.

Likewise, the storage modulus shows a significant increase when adding 1 and 2 wt% of
MWCNTs. After the addition of MWCNT 3 wt% the storage modulus shows only a small increase
and similarly for 4, 5 and 6 wt%. According to the spinnability obtained at weight concentrations
> 2 wt% the slight increase seen in the melt’s properties, points out that the slight increase seen in
the amount of complex viscosity and the storage modulus for those wt% is enough to cause a
negative effect on the drawability of the fibers. The large increase seen in storage modulus show
that there is an increase in the melt’s rigidity which hinders the capability of the melt to be drawn.
These results are in full accordance with the constant reduction in drawability seen for PC fibers
after increasing the MWCNT content.
Contrary to the findings of this work, Pötschke et al. [18] were able to make PC/MWCNT fibers
with 2 wt% of CNTs at a throughput of 0.45 cm³/min with a take-up speed up to 800 m/min which
is twice the maximum take-up speed achieved at the same wt% at any throughput attempted in this
work. This difference in the maximum take-up speed is possible due to the difference in the melt
viscosities achieved by both work’s composites. As a different PC matrix and a different kind of
MWCNTs was used, and possibly also the state of nanotube dispersion was different, the amount
of complex melt viscosity of this PC/MWCNT 2 wt% composite is ~2*104 Pa*s (at 0.1 rad/s). In
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comparison, as visible from Figure 4.7, the viscosity at 2 wt% MWCNTs in this work was above
105 at 0.1 rad/s.
Furthermore, it was found that the addition of more than 2 wt% of MWCNTs led to the formation
of protuberances on the fibers. These protuberances were more visible for MWCNT contents equal
and above 3 wt%, and more frequently visible as the DDRs get higher. Figure 4.8 shows
microscope images of three fibers with MWCNT contents of 5 wt%, 4 wt% and 3 wt% fabricated
at two different throughputs and a PC neat fiber, all spun at a take-up speed of 20 m/min.

c)

a)

b)

Protuberances

200 µm

d)

250 µm
Figure 4.8. Fibers fabricated at a take-up speed of 20 m/min.
a) PC/MWCNT 5 wt% produced at 0.94 cm³/min, b) PC/MWCNT 4 wt% at 0.47 cm³/min,
c) PC/MWCNT 3 wt% produced at 0.47 cm³/min, and d) PC 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 a take-up of 20 m/min
fibers apparently homogenous were obtained for high MWCNT contents only when fabricated at
a higher throughput of 0.94 cm³/min (DDR = 6.02), leading to larger fiber diameters.
In Figure 4.8b some protuberances can be seen when a throughput of 0.47 cm³/min (DDR = 12.03)
was employed to fabricate the fibers. This might be due to remaining agglomerates from the melt
mixing process (as it will be discussed later in section 4.3). Similarly, in Figure 4.8c a large
protuberance can be seen in the fiber with a MWCNT content lower that the shown in Figure 4.8b.
Moreover, given that the fiber shown in Figure 4.8a is apparently homogeneous and yet has a
higher amount of MWCNTs than the fibers in Figure 4.8b and 4.8c, it is very likely that there are
still remaining agglomerates inside the fiber in Figure 4.8a. Nevertheless, contrary to the fibers
shown in Figures 4.8b and 4.8c the protuberances are not visible in Figure 4.8a. This outcome is
most likely to be due to the higher diameter of the filament fabricated at a higher throughput
allowing the agglomerates to be concealed within a larger volume.
Overall, it was observed that depending on the throughput used the most homogenous fibers with
amounts of MWCNT higher than 3 wt% were obtained at a take-up velocity of 20-30 m/min. In
addition, 20 m/min was the only take-up velocity at which properly homogenous fibers were
obtained for all the wt%s here evaluated. Therefore, it can be established that for PC/MWCNT
single component fibers the spinnability window stands as follows: throughputs of 0.47-1.17
cm³/min at a take-up velocity of 20 m/min for a MWCNT contents between 1 up to 6 wt%.
Consequently, the fibers employed for further studies were fabricated under these processing
conditions where their combination delivers different DDRs. For further discussions involving
single component fibers only the DDR will be referred hereafter.
4.2.3. Bi-component fibers’ spinnability and single component fibers with CB
Thinking in polymer fibers usable for both, strain and liquid sensing applications, strain sensing
fibers have the single condition that they have to be electrically conductive. Similarly, as detailed
in section 2.5.2, in bi-component polymer fibers for liquid sensing applications it is necessary that
the shell (sheath) component is electrically conductive. For that reason, a conducting sheath was
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pursued in order to have a fiber sensor able to work as strain sensor as well as liquid sensor.
Therefore, the kind of bi-component (BICO) fiber as described in section 3.2.2was fabricated. For
avoiding any additional processing drawback coming from potential immiscibility of core and
sheath component, the same polymer was chosen as the composite’s matrix for both (i.e. neat PC).
For fabricating the PC+MWCNT/PC (sheath/core) BICO fibers, additionally to the throughput,
the take-up velocity and the die diameter (as in the single component fibers), another parameter
that can be adjusted is the difference in the dies’ diameters. By having independent inner/outer
dies as the ones used in this work it is possible to adjust the core and sheath diameters. The innerdie’s diameter (Øi) used for the core ranged between 0.30 mm and 0.80 mm, while the outer-die’s
diameter (Øo) employed for the sheath was 0.60-1.4 mm. All the possible die combinations were
tested in order to obtain the most homogenous fibers. The throughput of the sheath (𝑉𝑆̇ ) and
throughput of the core (𝑉𝐶̇ ) were also possible to adjusted independently. The 𝑉𝑆̇ and 𝑉𝑆̇ were varied
from 0.20 cm³/min to 1.50 cm³/min which were the minimum and maximum achievable values to
avoid damage to the spinning equipment. As with single component fibers, the take-up velocities
were adjusted according to the drawability of the fibers. Similar to the single component fibers,
several combinations of the parameters were tested and tuned accordingly 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 variety of throughputs ranging from 0.40 to 1.00 cm³/min (or up to 1.50 cm³/cm if the
outer die with the largest diameter was used). The range of effective take-up velocities was much
narrower than in the case of single component fibers at the same amount of MWCNTs. The
PC+MWCNT 1 wt%/PC fibers could be only fabricated at take-up velocities in the range from 20
to 50 m/min. For BICO fibers with 2 wt% MWCNT the processability window was slightly
reduced being the take-up velocity narrowed to 20 – 40 m/min, while the effective throughputs
remained similar to the PC+MWCNT 1 wt%/PC fibers.
Contrary to the single component fibers, adjusting the melt temperature was attempted in order to
reduce the melt viscosity and thus obtain BICO fibers containing higher MWCNT contents than 2
wt% in the sheath component with better drawability. After varying all the BICO spinning
parameters the maximum MWCNT weight concentration that could be melt-spun was 3 wt%,
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which represents half the amount of that achieved for single component fibers. This can be due to
the high 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 area (area of sheath at the die exit = area of
the outer die – area of the inner die – thickness of the inner die walls). Figure 4.9 shows light
microscope images of un-drawn rods and melt-spun BICO fibers at different wt%s of 10 m slices
cut at the cross-section of the fibers and along the fiber axis.

a)

b)

c)

d)

Protuberance

Unbonded core
Figure 4.9. Transmission light microscope images thin slides of PC+MWCNT/PC BICO fibers.
a) PC+MWCNT 3 wt%/PC with 𝑉𝑆̇ = 1 cm³/min, 𝑉𝐶̇ = 0.50 cm³/min un-drawn.
b) PC+MWCNT 2 wt%/PC with 𝑉𝑆̇ = 1.2 cm³/min, 𝑉𝐶̇ = 0.40 cm³/min drawn at 20 m/min.
c) PC+MWCNT 1 wt%/PC with 𝑉𝑆̇ = 𝑉𝐶̇ = 1.5 cm³/min drawn at 20 m/min.
d) PC+MWCNT 3 wt%/PC with 𝑉𝑆̇ = 𝑉𝐶̇ = 1.5 cm³/min drawn at 20 m/min cut at 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
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at the die exit. Nevertheless, Figure 4.9c shows that both components can also have a fairly-defined
circular cross section. Moreover, Figure 4.9b shows that some fibers had core inclusions into the
sheath at the sheath/core interphase that goes from the core through the sheath of the BICO fiber.
These inclusions are more likely to happen at the die exit before drawing or shortly after leaving
the dies; given that these are the only positions were both components are in contact and still in a
molten state prior cooling. Furthermore, a protuberance is also visible in Figure 4.9d. This kind of
protuberances were found in most of the fibers containing amounts of MWCNTs higher than 2
wt% like the one seen in Figure 4.8 for PC/MWCNT fibers. Additionally, it can be observed in
Figure 4.9b and Figure 4.9c that the core is partially un-bonded to the sheath. Though, as seen
from Figure 4.8d the core/sheath un-bonding does not occur along the whole fiber. Given that the
core and the sheath matrix are the same polymer, it is unlike that immiscibility to be a dominant
factor affecting the un-bonding of sheath and core.
Moreover, the un-bonded sections (Figures 4.9b and 4.9c) do not have a circular geometry that
suggests air bubble formation. The un-bonding can be due to a combination of factors affecting
the molten polymer upon exiting the die explained as follows. From Figure 4.7 it is visible that the
viscosity difference between the MWCNT-filled core and the neat PC sheath is very high, this
cause that both components have different drawabilities. Additionally, given the different melt
properties the neat PC and the PC/MWCNT composites are likely to have different shrinking
capabilities upon cooling. Furthermore, it is also possible that the sheath/core un-bond originates
from the Barus effect (described in chapter 2, fiber technology section). According to Newman
and Trementozzi, the polymer’s Barus effect is modified after adding particles to any polymer
[238]. The change in the Barus effect can be even more significant 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 nonisothermal extensional flow 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 applied stress. Therefore,
the core un-bonding can be the results of the combined influence of the different sheath/core
viscosities and shrinking capabilities upon cooling, the Barus effect and the stress distribution of
the molten bi-component thread.
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It is worth noticing that the sheath/core un-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 observed [205]. Therefore, the
sheath/core un-bonding could be prevented by using lower 𝑉𝑆̇ and 𝑉𝐶̇ than those attempted here.
Nevertheless, as mentioned before, high throughputs are required to achieve homogeneous carbon
particle-filled PC fibers suitable for sensing and consequently using very low 𝑉𝑆̇ and 𝑉𝐶̇ was not
attempted in this work. Still, independently on how the spinning parameters were varied, for
PC+MWCNT/PC BICO fibers the maximum wt% possible to be melt-spun was 3 wt% and and
the processing window was very narrowed (take-up speed of 20-40 m/min, 𝑉𝑆̇ & 𝑉𝐶̇ of 0.4- 1.5
cm³/min). However, this weight concentration is not high enough to fabricate BICO fibers for
sensing applications (as it will be discussed in section 4.4.4).
Given that suitable BICO fibers for sensing applications were not achieved by using carbon
nanotubes in the sheath component another approach was taken. As reported by Wang et al., the
use of mixed filler systems can improve 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 MWCNTs for not increasing the production costs of the BICO fiber
sensor; considering a potential scale-up this can have a significant impact on the final product’s
cost. In addition, the chosen particle should have lower surface area so that the melt viscosity
increase is not as pronounced as with e MWCNTs. As noted in chapter 2, a kind of particle that
fulfills all these requirements is carbon black. However, one potential drawback to keep in mind
when using CB for making polymer fibers, is the possible need of high amount of filler to achieve
suitable electrical conductivity for sensing applications and a possible different processability
given the larger particle size of CB compared to the MWCNTs. Moreover, it has been reported
that an even weight ratio of CB and MWCNTs can have a positive effect on the electrical properties
of polymers [178]. In addition, the use of a mixture of CB and MWCNTs in 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 filler [183]. Consequently, it is possible
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that the use of CB and MWCNTs 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 the MWCNTs, PC/CB
composites were t melt-mixed and then spun to single component PC/CB fibers with different
amounts of CB wt% to know the feasibility to melt-spun such kind of fibers before fabricating
fibers with a mixture of CB and MWCNTs. The mixing conditions used to fabricate PC/MWCNT
fibers was employed to fabricate the PC/CB composites, while the already known spinnability
window was used as guidance and tuned accordingly to make the PC/CB fibers.
CB loading from 1 to 9 wt% were added to PC in order to make the PC/CB fibers. As with fibers
containing high amounts of MWCNTs, at CB loadings above 8 wt% fiber breakage occurred due
to stress concentration upon drawing even at the lowest take-up speed possible. Nevertheless, at
low take-up speeds (< 30 m/min) it was possible to use higher weight concentrations (up to 8 wt%)
and higher throughputs (>1.40 cm³/min) than the maxima possible for PC/MWCNT fibers.
However, PC/CB fibers with CB content above 6 wt% showed significantly decreased
homogeneity and increased spinning instability. The homogeneity of the PC/CB fibers was better
than that one obtained for PC/MWCNT fibers for filler amounts ≤ 6 wt%. Additionally, at low CB
content (< 4 wt%) the drawability of the PC/CB fibers at take-up speeds above 30 m/min was
better than for the PC/MWCNT fibers at the same take-up speeds. As with the PC/MWCNT fibers,
better homogeneity in the fibers was observed in PC/CB fiber when a take-up speed of 20 m/min
was used. Overall, the PC/CB fibers have shown to be more spinnable than the PC/MWCNT fibers.
This can be due to that MWCNT agglomerates are more difficult to disentangle during meltmixing than CB agglomerates which can be observed by performing dispersion analysis (refer to
section 4.3.). Higher CB weight concentrations could be added for fabricating PC/CB fibers
compared to MWCNTs. However, after the addition of 8 wt% of CB (which was the maximum
CB content to be melt-spun), the PC/CB fibers were still not in an electrical resistivity range
suitable for sensing applications (as it will be discussed in section 4.4.). Knowing that PC/CB
fibers with better homogeneity could be fabricated at higher loadings than with MWCNT, PC
fibers filled with a mixture of CB and MWCNT were fabricated following a similar processing
window to that previously successfully obtained for PC/MWCNT and PC/CB fibers.
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Subsequently, a mixture of CB and MWCNT (hereafter known as “CB+MW”) in the ratio
CB:MWCNT=1:1 was added to PC by using the same processing conditions as with PC/CB and
PC/WMCNT composites in order to fabricate PC/CB+MW fibers. For simplicity, when referring
to the amount of fillers only the sum of both fillers will be named (e.g. CB 3 wt% + MWCNT 3
wt% = CB+MW 6 wt%). 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/CB more homogenous fibers were obtained at the
take-up speed of 20 m/min, the winder velocity was set to this speed and only the throughput was
varied. CB loadings from 1 to 4 wt% were employed to produce PC/CB+MW fibers. The meltspinning conditions of the PC/CB+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.

Material

Table 4.3. PC/CB+MW fibers melt-spinning conditions and diameters.
Throughput
Take-up
DDR (-) Diameter
Melt pressure

PC/CB+MW 1 wt%

PC/CB+MW 2wt%

PC/CB+MW 3 wt%

PC/CB+MW 4 wt%

(cm³/min)

speed (m/min)

(mm)

(bar)

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

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

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

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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PC/CB+MW 5 wt%

PC/CB+MW 6 wt%

1.17

20

4.83

265

29

1.40

20

4.04

287

35

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

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

47

1.40

20

4.04

330

NM

NM, not measured.
From Table 4.3 it can be seen that as with the PC/MWCNT fibers, the diameter of the PC/CB+MW
increases with increased throughput and increased filler amount. Additionally, a wider range of
processing conditions were suitable for fabricating PC/CB+MW fibers at wt% > 3 compared to
the PC/MWCNT fibers. In general, the spinnability of PC/CB+MW fibers was found to be slightly
better than for PC/MWCNT fibers. By increasing the throughput up to 1.40 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 4-5 wt% presented a reduced drawability if the throughput was
above 1.40 cm³/min. Furthermore, in the same way as with the PC/MWCNT fibers the maximum
amount possible to be melt-spun for PC/CB+MW was 6 wt%. The maximum throughput achieved
for PC/CB+MW fibers at all the wt%s employed was 1.40 cm3/min which is higher than the
maximum achieved for PC/MWCNT and lower 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% were achieved which contribute to a better melt
processability of the 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 proven that 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 fibers protuberances
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were seen on the surface of the fibers, especially as the wt% was 3 wt% or higher. However, fewer
amounts of protuberances 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 observe the differences in the surface quality of the fabricated fibers, SEM images were
taken on single component fibers with the two different fillers employed. Figure 4.10 shows SEM
images of PC/MWCNT, PC/CB and PC/CB+MW at 3 wt% of filler content fabricated at a DDR
= 4.83.

a)

b)
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c)

Figure 4.10. SEM images of single component fibers at DDR = 4.83 filled with:
a) MWCNT 3wt%, b) CB 3 wt% and c) CB+MW 3 wt%.

From Figure 4.10 it can be seen that larger bulges are present on the surface of the fiber with
MWCNTs and CB than with CB+MW. This can be due to not fully disentangled primary
agglomerates during melt-mixing the composite. However, the size of the protuberances in Figure
4.10b is smaller than the seen for fibers with MWCNTs. This can be due to better dispersability of
the CB than for MWCNTs, which will be discussed in section 4.3. Moreover, among the three
kinds of fibers fewer protuberances are seen at the surface of the fibers with CB+MW, probably
due to the reduced difficulty of dispersing half the amount of each of the fillers. Additionally, the
observable roughness on the fibers’ surface was more noticeable for fibers with CB+MW and less
evident for fibers with MWCNTs and CB. 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
entangled CB or MWCNT particles. It should be kept in mind that any bulge or protuberance can
be considered as defect that may cause fiber breakage during handling or subsequent testing.
Given the promising spinning results of PC/CB+MW composites, they were employed as sheath
component in order to attain BICO fibers suitable for sensing applications. As with the
PC/CB+MW single component fibers, a ratio of CB:MWCNT = 1:1 was used. Consequently, the
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BICO fibers consisted of a PC+CB+MW sheath while neat PC was used as core to have
PC+CB+MW/PC BICO fibers. Similarly to the PC/CB+MW fibers only the total weight
concentration of the fillers added to the BICO fibers is named when referring to the filler amount.
Similarly as for PC+MWCNT/PC fibers, the throughputs of VS and VC as well as the inner and
outer die diameters were adjusted independently. The take-up velocities were also adjusted
accordingly to have the most homogeneous fibers possible. BICO fibers with total filler weight
concentration up to 3 wt% were difficult to be melt-spun; 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.

100 µm
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Figure 4.11. SEM image of a PC+CB+MW 3 wt%/PC BICO fiber at 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% single component fiber. However, smaller protuberances
were seen on the single component fibers than in the BICO fiber at the same CB+MW wt%. This
is likely to happen due to that the constrained volume of the sheath forces the remaining
agglomerates to be near the surface. Furthermore, fewer defects were observable in the surface of
BICO fibers with CB+MW than with MWCNTs. In addition, the fiber diameters seemed to be
fairly homogenous along the fiber.
BICO fibers with 1 and 2 wt% CB+MW showed good spinnability, similar to the spinnability of
single component fibers at this CB+MW weight concentration. However, BICO fibers with 3 wt%
CB+MW were only attainable at a narrow range of high throughputs (𝑉𝑆̇ = 1-1.5 cm³/min; 𝑉𝐶̇ =
0.5-1.5 cm³/min) and slow take-up velocities (20-50 m/min). Furthermore, the diameter was not
homogenous for 𝑉𝐶̇ below 1 cm³/min and take-up speeds above 30 m/min. In addition, BICO fibers
with electrical resistivity suitable for sensing applications were not reached at this wt%s (see
section 4.4.4). As from the addition of CB+MW 4 wt% the spinnability window of the BICO fibers
was once more greatly reduced to 𝑉𝑆̇ and 𝑉𝐶̇ values above 1 cm³/min and take-up speeds of 20-40
m/min. However, at this combined wt% of CB and MWCNT the BICO fibers show 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 also to the dispersion state of the
filler, which at high particle loadings is expected to be worse. This inherently supposes a
compromise between the spinnability of the BICO fibers and the suitability of these fibers to work
as sensors. For PC+CB+MW 4 wt%/PC fibers, independently of the die diameters employed the
effective throughputs (𝑉𝑆̇ and 𝑉𝐶̇ ) were always at 1-1.50 cm³/min while the effective take-up
velocity was between 20-40 m/min. However, the only spinning conditions at which the BICO
fibers show fair homogeneity along the fiber length were at throughput = 1.20-1.50 cm³/min, at a
take-up speeds = 20-30 m/min, with Øi = 0.30-0.40 mm and Øo = 1-1.40 mm. By fine tuning these
parameters the spinnability can be further improved to obtain the optimal conditions to fabricate
CB+MW filled BICO fibers suitable for sensing.
Furthermore, the morphology of the fibers should be also taken into account. Figure 4.12 shows
light microscope images of the thin cross section and the longitudinal section (along the fiber axis)
of a BICO fiber made from PC+CB+MW 4 wt%/PC fabricated at a take-up speed of 20 m/min
and 𝑉𝐶̇ = 𝑉𝑆̇ = 1.50 cm3/min.
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a)
Round
cavities

b)
51 µm
218 µm

65 µm
Un-bonded core

Figure 4.12. Light microscope images of PC+CB+MW 4 wt%/PC BICO fibers (𝑉𝐶̇ = 𝑉𝑆̇ = 1.50 cm3/min).
a) Cross section, b) section in the direction of the fiber axis.

From Figure 4.12a it is visible that the cross-sectional 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 MWCNTs protuberances are not clearly visible along the fiber axis (Figure 4.12b). It is
worth to mention that the missing section of the fiber at the top-right in Figure 4.12a comes from
the sample cutting and is not related to fiber defects.
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It is also visible from Figure 4.12, that the core is not completely bonded to the sheath similarly to
BICO fibers with only MWCNTs. Nevertheless, in contrast with the PC+MWCNT/PC fibers the
un-bonded segments seen in the cross section (Figure 4.12a) are present along the whole core’s
perimeter and these un-bonded sections have a more circular geometry that connects the sheath
and core at two points of the round shape cavities. These round cavities could be formed from air
bubbles trapped during the BICO fiber formation at the die exit. Additionally, it is also likely that
as with the BICO fiber containing only MWCNT, the combined influence of the different
sheath/core viscosities, the Barus effect, and the stress distribution of the molten bi-component
thread also affect the sheath-core bonding of the PC+CB+MW/PC BICO fibers. 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 orientation-induced crystallization behavior of the sheath and
core polymer (PE and PET respectively) [19]. In this work, sheath and core were both PC; however
the addition of the carbon particles changes the PC behavior possibly creating instabilities at the
sheath/chore interface that can lead to un-bonded sheath and core.
Regarding the diameters of sheath and core, it can be seen from Figure 4.12b that the fiber’s sheath
diameter (taking into account the core) is not entirely regular. This can be mainly due to that the
sheath and the core are not concentric, which is clearly visible in Figure 4.12a. As a result from
this, there are thinner and thicker sections in the sheath along the BICO fibers.
After the addition of 5 wt% CB+MW, the drawability of the BICO fibers was again further
reduced. These PC+CB+MW/PC fibers were able to be melt-spun only at 𝑉𝑆̇ = 𝑉𝐶̇ = 1.50 cm³/min
and at a take-up = 20-30 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) thick sections were followed by very long (>15 cm) thin sections and therefore the fibers were
highly brittle and had very uneven surface. Similarly, the spinnability of BICO fibers with 6 wt%
CB+MW was very low. After varying the processing conditions very few fibers were achieved at
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 fibers with 5 wt% CB+MW.
In literature only a few reports were found describing successful achievement of BICO fibers with
carbon fillers. Lund and Hagström fabricated melt-spun BICO fibers based on a polymer/CB
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composite [223]. In their work they used PVDF as sheath component and PP with 8.5 wt% of CB
as core component and similarly to our findings they reported that the BICO fibers were only
spinnable in very narrow range of DDRs (from 20 to 25). In PVDF/PP+8 wt% CB BICO fibers
DDRs higher than 25 led to fiber breakage while DDRs lower than 20 led to highly inhomogeneous
fibers. Also with CB in the core, Lund et al. fabricated PVDF/PP+CB BICO multifilament yarns
with 8.5 wt% of CB [239]. Contrary to our findings, they observed that more stable spinning was
achieved when VS was up to 4 times higher than VC. In other work, Hagström fabricated BICO
fibers similar to the BICO fibers done in this work where the sheath and core were fabricated using
the same polymer matrix PP while CB was used as filler in the core component [224]. Similar to
the findings in this work, Hagström achieved stable BICO fiber by melt-spinning when setting 𝑉𝑆̇
= 𝑉𝐶̇ . In Hagström’s work the maximal CB content possible to spin fibers was 8 wt% whereby
spinning instabilities were seen already at 1 wt% CB.
To the best of our knowledge there is only one report of the use of polymer/MWCNTs for
fabricating BICO fibers which was done by Strååt et al. [20]. However, similarly to Lund and
Hangstöm, Strååt et al. employed the carbon filler in the core component made of PE/MWCNT
composite achieving a maximum loading of 10 wt% MWCNTs, whereas PA 6 was the sheath
component. Contrary to the BICO fibers done in this work, Strååt et al. found better BICO
spinnability when 𝑉𝑆̇ was 2.6 times higher than 𝑉𝐶̇ , which is similar to 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 instability of the BICO
fiber by constraining the carbon particle filled core within the neat polymer sheath. However, this
is not possible when the nanocomposite is in the sheath as it was done in this work. Thus, since
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 the core and the neat polymer in the sheath would not be useful
to fulfill this work’s goals.
As established before, PC+MWCNT/PC BICO fibers could not be fabricated at MWCNT contents
above 3 wt%. On the contrary, PC+CB+MW 4 wt%/PC was successfully spinnable. Even when
BICO fibers with CB+MW 5 and 6 wt% had poor spinnability they were capable of being meltspun. 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 the amount of complex melt viscosity and the storage modulus @
280°C of PC composites at different amounts of CB+MW. PC/MWCNT 4 wt% was included as
reference since at this wt% the BICO fibers containing only MWCNTs were no longer spinnable.
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Figure 4.13. Amount of complex melt viscosity (a) and storage modulus (b) @ 280°C as function of the
angular frequency of melt-mixed composites of PC/CB+MW at different filler weight concentrations and
of PC/MWCNT 4 wt%.

As visible from Figure 4.13, similarly as for PC/MWCNT composites (Figure 4.7) the amount of
complex melt 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 higher compared to PC/CB+MW 1 wt% and is significantly
increased when 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 modulus of the composite increases
significantly and further increases at CB+MW 2 wt%. This point out a significant increase on the
rigidity of the molten polymer at these wt%s. Furthermore, slight increase in the storage modulus
is observed when adding larger CB+MW amounts. Additionally, it can be seen that the storage
modulus of 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 the storage modulus of 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 fibers. Moreover, as known by the BICO spinning tests the PC/MWCNT 4 wt%
composite and PC/CB+MW composites with more than 4 wt% were not spinnable as BICO fiber,
whereas PC/CB+MW 4 wt% was successfully melt-spun. This suggests that the slight difference
in the melt viscosity and storage modulus between PC/CB+MW 4wt% and PC/MWCNT 4wt%
might be enough to modify significantly the spinnability of the BICO fibers. Additionally, it is
possible that the spinnability limit for CPF BICO fibers is reached at a storage modulus close to
that attained by the PC/MWCNT 4 wt% composite. These results suggest that the melt viscosity
and storage modulus of composites containing carbon nanoparticles can significantly influence the
capability of such composites to be melt-spun.
In conclusion, the spinnability window of BICO fibers with CB+MW consisted of the processing
conditions as follows: equal throughputs of 𝑉𝑆̇ = 𝑉𝐶̇ of 1-1.50 cm³/min, take-up speed = 20 m/min,
with Øi = 0.30 mm and Øo = 1.40 mm for CM+MW wt% ≤ 5 %. In comparison, as stated before
for fibers with MWCNT, the spinnability window consisted of take-up speeds of 20-40 m/min, 𝑉𝑆̇
& 𝑉𝐶̇ between 0.4 and 1.5 cm³/min for MWCNT contents≤ 3 wt%, 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 amounts of MWCNTs and/or CB were
successfully fabricated. Improved spinnability was achieved with a die diameter of 0.60 mm
instead of 0.30 mm. The addition of only 1 wt% MWCNT to PC already caused a reduction in the
spinnability window of the PC/MWCNT fibers. Increasing the amount of MWCNTs led to a large
reduction in the spinnability and to inhomogeneous diameters of the fibers, especially at low
throughputs making necessary the fine tuning of the spinning parameters. Composites with higher
amounts of MWCNT than 6 wt% could not be melt-spun appropriately and were considered to be
not spinnable. The increase in the filler amount led to the appearance of protuberances on the
fibers’ surface that were more visible in fibers containing > 2 wt% of either MWCNTs or CB+MW.
The addition of the carbon particles led to a significant increase of many orders of magnitude in
the amount of the complex melt viscosity of the composites. The composites with the highest melt
viscosity were also the ones with the poorest spinnability. In contrast to the PC/MWCNT fibers,
the PC/CB fibers showed better spinnability at high (> 3 wt%) filler concentrations. This behavior
can be attributed to the very high melt viscosity of the PC/MWCNT composites, which is expected
to be much lower for PC/CB composites given the characteristic surface areas of CB and
MWCNTs. It was found for all the fibers containing either MWCNT, CB or a mixture of both that
the use of high throughputs and low take-up velocities always led to an increased spinnability.
Finally, the single component fibers chosen for further evaluations were fabricated at a fixed takeup speed of 20 m/min were the variation of the throughput leads to different DDRs.
Regarding BICO fiber fabrication, all the spinning parameters adjustable were tuned to achieve
MWCNT containing BICO fibers suitable for sensing applications. However, BICO fibers with
only MWCNTs were only achieved at ≤ 3 wt% loading. Given that the CB has lower electrical
conductivity than the MWCNTs, 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 mixture of CB and MWCNT (CB+MW) at a CB:MWCNT ratio of 1:1 was attempted.
Contrary to the BICO fibers with MWCNTs, BICO fibers with CB+MW could be melt-spun up to
6 wt%. However, the homogeneity of the fibers was very poor and all the fibers with ≥ 5% wt
loading were highly brittle and therefore considered to be not suitable for sensing applications.
After varying the throughputs of sheath (𝑉𝑆̇ ) and core (𝑉𝐶̇ ), improved spinnability was found in
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BICO fibers when 𝑉𝑆̇ and 𝑉𝐶̇ were equal. The core was observed to be partially un-bonded to the
sheath along the fiber possibly due to the core-sheath viscosity differences and to a combined
influence of the Barus effect and the stress distribution during flow. Additionally, air bubbles were
partially 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, when correlating the spinnability
of the BICO fibers and the melt viscosity of the sheath composite a possible spinnability limit for
carbon filled BICO fibers is reached at a melt viscosity between the one observed for PC/MWCNT
4 wt% and PC/CB+MW 4 wt% composites. This suggests that the melt viscosity is a significant
factor affecting the spinnability of composites containing carbon nanoparticles.
After all the spinning evaluations performed in this work, the optimal spinnability window for
single component fibers was: throughputs = 0.47-1.17 cm³/min with take-up speed = 20 m/min at
a total filler content ≤ 6 wt%. BICO fibers were successfully achieved up to 3 wt% MWCNT and
6 wt% CB+MW. However, the best processing conditions to fabricate BICO fibers suitable for
sensing were found when the sheath was PC+CB+MW 4 wt% spun with 𝑉𝑆̇ = 𝑉𝐶̇ of 1.50 cm³/min
at a take-up 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 and fibers
4.3.1. Introduction
The fabrication of polymer carbon nanocomposites always involves the dispersion of carbon
particle agglomerates (the morphology in which such fillers are provided) inside the desired
polymer matrix prior to composite shaping. During the melt-mixing 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 between the
carbon particles within the agglomerates. Though, without proper dispersion the properties of the
polymer will not be enhanced and on the contrary, they might be even reduced. In the case of
nanocomposite fiber fabrication, a good dispersion during melt-mixing has to be achieved prior to
spinning since large agglomerates could difficult the melt-spinning process or even obstruct the
spinneret (die) making the fiber fabrication unfeasible. In order to analyze the dispersion state of
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the carbon nanoparticles in the PC matrix, different microscopic techniques were employed on
melt-mixed samples prior to spinning and on melt-spun fibers. Dispersion characterizations were
done following the methodology described in section 3.3.2 and 3.4.1 for composites prior and after
spinning, respectively.
4.3.2. State of filler dispersion on melt-mixed samples
The state of dispersion of the melt-mixed composites was analyzed prior spinning using
transmission light microscopy on thin cuts as shown in Figure 4.14 for PC/MWCNT composites
with MWCNT contents of 1-6 wt%. In order to quantify the quality of dispersion in the
MWCNT/PC composites, the cumulative agglomerate area ratio (AA) was determined as detailed
in section 3.3.1. Composites with MWCNT amounts up to 3 wt% had similar dispersion state; to
simplify Figure 4.14 the PC/MWCNT 3 wt% composite is not shown.
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MWCNT 1 wt%

𝑨𝑨 = 𝟎. 𝟐𝟒 ± 𝟎. 𝟎𝟖%

MWCNT 3.5 wt%

𝑨𝑨 = 𝟎. 𝟕𝟑% ± 𝟎. 𝟏𝟔%

MWCNT 2 wt%

𝑨𝑨 = 𝟎. 𝟑𝟎 ± 𝟎. 𝟎𝟖%

MWCNT 4 wt%

𝑨𝑨 = 𝟏. 𝟑𝟐% ± 𝟎. 𝟐𝟗%

MWCNT 5 wt%

MWCNT 6 wt%

𝑨𝑨 = 𝟐. 𝟒𝟒% ± 𝟎. 𝟓𝟕%

𝑨𝑨 = 𝟑. 𝟐𝟖% ± 𝟎. 𝟒𝟗%

Figure 4.14. Transmission light microscopy images of PC/MWCNT composites after melt-mixing for
three different MWCNT weight concentrations with their calculated respective values of the agglomerate
area ratio (AA).
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Composites with 1 wt% of MWCNT presented an AA of 0.24% that is not significantly increased
when adding 2 wt% or 3 wt%. These low values represent good dispersion for composites with
MWCNT. They are in good accordance with results presented by Socher et al. who found an AC
of 0.20% for the same PC at the same processing conditions, where the only difference was the
MWCNT provider (Baytubes® from Bayer MaterialsScience AG, Leverkusen, Germany) [237].
Socher et al. also found among 5 different polymer types (PA 12, polybutylene terephtalate, PC,
polyetheretherketone and low density PE) with three different grades each (low, medium and high
melt viscosity), the PC with 1 wt% MWCNT showed to be the composite with the fifth best
dispersion from all the 15 different compositions (only surpassed by PEEK and high viscosity PBT
that had AA < 0.1% at that same wt%) [237]. Additionally, according to this study lower viscosity
matrices resulted in lower electrical percolation threshold which is a desirable characteristic for
this work. It is then worth mentioning that among the three different PC grades investigated by
Socher et al., the PC used in this work is the one with the lowest melt viscosity that also showed
the lowest electrical percolation threshold.
As visible in Figure 4.14 starting from 3.5 wt% MWCNT the agglomerates become larger having
an AA of 0.73%. After the addition of 4 wt% the AA increased up to ~4 times compared to 2 wt%
reaching a value of 1.32%. The AA is considerably larger for composites with 5 wt% and 6 wt%
of MWCNTs getting as high as 2.44% and 3.28%, respectively. Moreover, for composites with 13 wt% MWCNT no large agglomerates were seen. Thereby 1 wt% MWCNT have an excellent
dispersion state since no agglomerates at all are visible. The composite with 2 wt% MWCNT
presented only small agglomerates that were very well distributed within the composite. Large
agglomerates started to appear from MWCNT content of 3.5% and they become larger as the wt%
of MWCNT increases. Similarly, the number of agglomerates increases with the MWCNT amount.
Additionally, it was possible to observe that for composites with > 3 wt% MWCNTs the large
agglomerates were not well distributed within the PC matrix as some of them are clustered in a
small area while other areas are without any agglomerates.
Remaining agglomerates may reduce the spinnability of the fibers by causing breakage during the
spinning process. Therefore, it is very likely that the spinnability seen for PC/MWCNT composites
with > 3% wt% filler was negatively influenced by these large remaining agglomerates. As
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discussed in section 4.2, PC/MWCNT fibers were much better spinnable at low MWCNT contents
while MWCNT contents above 3 wt% led to a high number of fiber breakage. Likewise, unstable
spinning as a result of the high pressure inside the heating barrel was seen for composites with
high MWCNT contents. Interestingly, reduced spinnability was more evident at the same
compositions on which the remaining agglomerates become significantly large (i.e. wt% > 3%).
In addition, the protuberances seen in the melt-spun fibers can be a consequence of the
agglomerates like those ones visible in Figure 4.14. This is due to the fact that the melt-spinning
shaping step does not contribute to further nanotube dispersion and therefore such agglomerates
are also existent in the melt-spun fibers as seen in the previous section. This point out that meltspinning composites with high MWCNT amounts could become more difficult as a consequence
of the existence of remaining agglomerates. As reported in literature, the size and amount of
remaining agglomerates in polymer/MWCNT composites is strongly dependent on the meltmixing conditions [240]. For example, Kasaliwal et al. reported that increasing the residence time
during small-scale melt-mixing results in a decrease in size and number of agglomerates [127].
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 more pronounced MWCNT shortening which reduces the
electrical conductivity of the composites [130]. In a study done on the influence of twin-screw
extrusion conditions on the dispersion of MWCNTs in PLA, Villmow et al. found that the
agglomerate number and size decreases significantly by increasing the rotation speed up to 500
rpm [133]. Therefore, given that sensing applications require electrically conductive composites
and the dispersion state achieved was high enough to obtain melt spun PC composite fibers, the
mixing conditions like mixing time and the rotation speed were no further modified.
As an alternate approach, PC/CB and PC/CB+MW composites were as well fabricated by meltmixing (as detailed in section 4.2). Similarly to the PC/MWCNT composites, prior to spinning the
state of dispersion of the PC/CB and PC/CB+MW composites was studied using transmission light
microscopy as seen in Figure 4.15 for composites with different CB+MW and CB contents.
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CB+MW 1 wt%

CB+MW 5 wt%

𝑨𝑨 = 𝟎. 𝟔𝟕 ± 𝟎. 𝟏𝟗%

𝑨𝑨 = 𝟑. 𝟐𝟒 ± 𝟎. 𝟑𝟗%

CB+MW 3 wt%

CB+MW 6 wt%

𝑨𝑨 = 𝟏. 𝟒𝟖% ± 𝟎. 𝟐𝟐%

𝑨𝑨 = 𝟒. 𝟒𝟖% ± 𝟎. 𝟔𝟗%

CB 3 wt%

𝑨𝑨 = 𝟏. 𝟐𝟐% ± 𝟎. 𝟑𝟎%

CB 6 wt%

𝑨𝑨 = 𝟐. 𝟐𝟖% ± 𝟎. 𝟐𝟏%

Figure 4.15. Transmission light microscopy images of PC/CB+MW composites for 4 different wt% and
PC/CB composites at 2 wt% with their corresponding AC values.
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The composites with 1 wt% CB+MW showed an AA of 0.67% which can be considered as good
dispersion. The CB+MW 2 wt% composites (not shown in Fig. 4.15) showed a not very significant
increased AA (1.05 %) compared to CB+MW 1 wt. However, after the addition of 3 wt% and 4
wt% CB+MW (4 wt% not show in Figure 4.15) the AA increased significantly compared to
CB+MW 1 wt% reaching 1.48% and 1.95%, respectively. Moreover, the AA found for
PC/CB+MW 3 wt% and PC/CB 3 wt% composites is very similar. However, some large
agglomerates can be seen for 3 wt% CB+MW which are not present in the composite with 3 wt%
CB. Similar to PC/CB+MW 3 wt%, some big remaining agglomerates were present for
PC/CB+MW 4%. A large increase in the remaining agglomerate area fraction can be observed
after the addition of 5 wt% CB+MW where the AA was 3.24%, which is ~5 times larger than for 1
wt% CB+MW and at the same time similar to the AC of PC/MWCNT 6 wt% composite.
Furthermore, the AC of 6 wt% CB+MW was 4.48% which is larger than the AC found for
PC/MWCNT 6 wt% composites. In addition, the AC = 2.28% of the PC/CB 6 wt% composites is
much lower than the one of CB+MW 6 wt%. Also 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 of 3 wt% CB+MW some big remaining agglomerates are visible which become larger
as the CB+MW content increases as the seen for CB+MW 6 wt%. For direct comparison of the
dispersion in MWCNT and CB+MW composites Table 4.4 shows the AA found for melt-mixed
composites with MWCNT and CB+MW added with 1-6 wt%.
Table 4.4. Cumulative agglomerate area ratio AA of PC/MWCNT and PC/CB+MW composites.
AA (%)
wt%
1
2
3
4
5
6

MWCNT CB+MW
0.24
0.67
0.30
1.05
0.44
1.48
1.32
1.95
2.44
3.24
3.28
4.48

CB
1.22
1.72
2.02
2.28

As visible from Table 4.4, composites with CB+MW had larger AA compared to MWCNT
composites for all the weight concentrations evaluated. Moreover, AA monotonically increases for
CB+MW composites while for 1-3 wt% MWCNT AA remains similar until reaching 4 wt%. On
the other hand, from Figures 4.14 and 4.15 it can be seen that there are no large agglomerates
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present in composites with only CB. For instance, at 3 wt% of filler composites with CB had a
maximum particle size of ~23 µm, whereas at the same wt% composites with MWCNT and
CB+MW had maximum particle sizes of ~78 and ~136 µm respectively. Moreover, by comparing
the images from MWCNT 6 wt%, CB+MW 6 wt% and CB 6 wt% it is visible that the composite
with MWCNT has large agglomerates while the composites with only CB show small size
agglomerates. The largest particle found in PC/CB composites was of ~35 µm for composites
with 6 wt% of CB, while at the same wt% the maximum particle size of PC/MWCNT composites
was ~210 µm. The maximum particle size of PC/CB+MW at 6 wt% of filler was ~155 µm, which
is lower than for MWCNT but much larger than for PC/CB composites at the same wt%. This
suggests that the agglomerates seen for CB+MW contents ≥ 3 wt% result from entangled
MWCNTs rather than from CB agglomerates. In general, MWCNT composites presented larger
agglomerates than those seen for composites with CB+MW and CB. This outcome might be
explained by the strong interaction (coming from van der Waals forces) that the MWCNTs have,
which makes it very difficult to break its agglomerates down to smaller particles. Nevertheless, as
seen in Table 4.4 and Figures 4.14 and 4.15 the dispersion of CB+MW composites is apparently
poorer than for composites with only MWNCT and the MWCNT composites show larger
agglomerates. This is in accordance with a study by Ke et al. for MWCNTs, CB and mixed fillers
in a PVDF matrix. Here, the AA in CB containing composites was larger than that of MWCNTs
[183]. Contrary to MWCNTs, CB particles have weaker interaction between them making big
agglomerates easier to brake down to a smaller size. As a result, there are many small agglomerates
in the composites with CB instead of few but big agglomerates as with the MWCNT composites.
Moreover, the small agglomerates seen for composites with CB are well distributed as visible from
Figure 4.15. This is in agreement with findings by Pötschke et al. on PC based composites with
MWCNTs, CB and mixed filler systems. They also found that there is a good distribution of small
CB agglomerates [111].
The largest agglomerate size among all the compositions evaluated of ~210 µm was seen for
PC/MWCNT 6 wt%. For PC/CB+MW 6 wt% none of the big agglomerates was larger than 160
µm, whereas for PC/MWCNT 3 wt% having the same MWCNT content as PC/CB+MW 6 wt%
presented remaining agglomerates smaller than 80 µm. On PC/CB 6 wt% composites, the large
agglomerates size was in average 35 µm. This suggests that the addition of CB to the PC/MWCNT
______________________________________________________________________________
131

4. Results and discussion
______________________________________________________________________________
composites has no positive impact on the maximum agglomerate size of its corresponding mixed
filler composite. In contrast with these findings, Socher et al. observed a positive effect from the
addition of CB on the MWCNT agglomerate size inside a PA 12 matrix [178]. They attributed this
behavior to higher shear forces during compounding resulting from slightly higher torque values
in the microcompounder when using the mixed filler system as compared to samples with only
MWCNTs, as well as to an increase of internal friction coming from the addition of the second
filler. The difference between the dispersion behavior reported by Socher et al. and in this work
might be due to the use of a PA12 matrix with an excess of acid end groups.
Nevertheless, better spinnability was found for CB+MW than for MWCNTs as observed in section
4.2, even when the PC/CB+MW composites had larger AA and but smaller agglomerate sizes than
PC/MWCNT composites. This suggests that smaller maximum agglomerate size rather than lower
dispersion index (AA) is significant for the spinnability of mixed filler composites. Furthermore,
the PC/CB composites showed the best spinnability among all the three composite types.
Consequently, it can be confirmed and established that for better spinnability particle agglomerates
which are easier to disentangle are more relevant than the geometry of the particles. Thus, CB
addition to PC is recommended over MWNCT filling when aiming a more stable spinning process.
4.3.3. Fiber morphology and filler arrangement in the polymer fibers
Scanning electron microscope (SEM) images were taken as described in 3.4.1 in order to observe
the morphology of the carbon particle filled fibers and the filler arrangement at the microscale.
Given that more significant effects in the melt-spinning behavior were seen in fibers with particle
content above or equal to 3 wt%, fibers with total content at or above this wt% were selected for
observations. It is worth mentioning that optical light microscope images were attempted on many
fibers. However, the magnification needed to focus on the fibers resulted on UNCLEAR images
and therefore no valuable information on the carbon particle arrangement could be taken from the
light microscope images, except for a few BICO fibers with mixed fillers (as shown in Figure
4.19).
Figure 4.16 shows SEM images of a PC/MWCNT fiber with 4 wt% of MWCNT content fabricated
with the lowest DDR fabricated in this work (DDR = 4.83). In order to observe the internal
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morphology of the fibers transversally and longitudinally, cuts were done at the fiber axis and at
the cross section.

a)

Fiber direction

b)

Fiber wall

c)

d)

Figure 4.16. SEM images of a PC/MWCNT 4 wt% fiber (DDR = 4.83) taken from cuts at two directions.
a), b) fiber direction, c), d) cross section; insert in c) from TEM imaging.

In Figure 4.16a a relatively smooth cut surface in the transversal direction at this scale can be
observed. However, at higher magnification as seen in Figure 4.16b some small agglomerates in
the fiber direction can be seen that are randomly distributed. Moreover, the images taken in the
fiber´s cross section (Figures 4.16c and 4.16d) show that small agglomerates (white dots) are fairly
well distributed within the fiber. Additionally, at the nanoscale (insert in Figure 4.16c) it is visible
that there are as well some clusters of small agglomerates alongside with well dispersed nanotubes
and regions without MWCNTs. This is in good correlation with the dispersion of the melt-mixed
composites at the macroscale prior to melt-spinning. Moreover, some small voids can be seen in
both fiber directions. Such voids probably originate from air entering during the melting and
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spinning process, since these voids were not observed for the melt-mixed composites before meltspinning. Such bubbles were also seen for neat PC fibers as shown in Figure 4.8d.
In order to investigate if there is any difference in the internal morphology of the fibers
transversally and longitudinally when using the mixed filler system of CB and MWCNTs, SEM
images were taken in the fiber direction and in the cross section of a PC/CB+MW 4 wt% fiber
fabricated at a DDR = 4.83, as shown in Figure 4.17.

a)

Fiber
wall

b)

Fiber direction

c)

d)

Voids
CB

MWCNT

Figure 4.17. SEM images of a PC/CB+MW 4 wt% fiber (DDR = 4.83) taken from cuts at two directions.
a), b) fiber direction, c), d) cross section.

From Figure 4.17 some defects can be detected in both fiber directions, characterized by small
voids within the fiber. For both axis evaluated, several voids with the same diameter in average
(about 250 nm) and evenly distributed can be seen. As in the PC/MWCNT fibers, these holes can
be air bubbles introduced during the spinning process. Interestingly, for the PC/CB+MW 4 wt%
these voids were more frequently visible at the cross section, while at the fiber direction fewer
______________________________________________________________________________
134

4.3.3. Fiber morphology and filler arrangement in the polymer fibers
______________________________________________________________________________
voids were noted. Additionally, some small filler agglomerates can be seen in both fiber directions,
these agglomerates are smaller in size than those observed in PC/MWCNT fibers which is in
agreement with the results on the melt-mixed composites.
In order to see if there is a difference in the filler arrangement and fiber morphology at the
longitudinal and transversal directions of the fibers upon drawing, SEM images were taken on a
PC/CB+MW 4 wt% fiber for three DDRs (1, 4.83 and 8.08) for cuts along the fiber axis and at the
cross section as shown in Figure 4.18.
The visible agglomerates in Figure 4.18 are well distributed along the fiber directions as well as in
the cross sections of the fibers. No big agglomerates of either CB or MWCNT are visible from the
images taken. Nevertheless, as discussed previously melt-mixed composites at this wt% presented
some remaining big agglomerates. It is possible that the remaining big agglomerates got distanced
from each other or stretched out due to the high elongational forces during the spinning process or
by being widely separated during the drawing process, as it was implied by TEM studies on
elongated PC-CNT films in [241].
In general, larger size voids were visible more frequently at the cross section than along the fiber
axis. However, from the SEM images no significant differences in the fiber morphology or the
filler arrangement can be found between the different DDRs either in the fiber direction or in the
cross section of the fiber.
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Fiber Direction

Cross section
DDR = 1

DDR = 4.82

DDR = 8.08

Figure 4.18. SEM images of a PC/CB+MW 4 wt% fiber for 3 different DDRs.
From top to bottom: DDR= 1, 4.83, 8.08. Left side: cut in the fiber direction (arrow indicates the fiber
axis); right side: cut through the cross section.

With the purpose of characterizing the state of dispersion of the fillers in the BICO fibers, high
contrast transmission light microscope images were taken of the PC+CB+MW 4%/PC BICO fiber
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produced at DDR = 4.83 in the fiber direction and trough the cross section of the fiber as shown
in Figure 4.19.

a)

b)

Figure 4.19. Light microscopy images of thin sections of thePC+CB+MW 4%/PC BICO fiber produced
at DDR = 4.83.
a) Cut along the fiber axis; b) Cut through the cross section of the fiber.

As expected from the observations in section 4.3.2, agglomerates remaining from melt-mixing are
clearly visible also after melt-spinning. Moreover, a large agglomerate that creates a protuberance
(indicated by the blue circle) can be observed at the BICO fiber surface. However, many other
small agglomerates not visible at the surface can be seen within the sheath’s area as shown in
Figure 4.19b (indicated by blue circles). These observations confirm that the big agglomerates
remaining after melt-mixing are directly responsible for the appearance of protuberances and that
smaller agglomerates are randomly allocated within the fiber’s area, in this case the sheath.
With the aim of knowing if there is a change in the MWCNT orientation upon drawing, SEM
images in charge contrast imaging (CCI) mode were taken on cuts along the fiber direction. Figure
4.20 shows SEM-CCI images of single component and BICO fibers made of PC/MWCNT,
PC/CB+MW, PC+MWCNT/PC and PC+CB+MW/PC, all at a DDR = 4.83 and with a total amount
of filler of 3 wt%. For the BICO fibers the cuts were made along the sheath component at the
BICO fiber direction.
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MWCNT

CB+MW

a)

CB

b)
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BICO
MWCNT

BICO
CB+MW

c)

d)

Figure 4.20. SEM-CCI images of single component and BICO fibers made of PC/MWCNT (a),
PC/CB+MW (b), PC+MWCNT/PC (c) and PC+CB+MW/PC (d) @ DDR = 4.83 with total amount of
filler of 3 wt%. The images were taken along the fiber axis (the arrow illustrates the fiber direction).
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The MWCNTs can be clearly observed as white appearing objects in the SEM-CCI images shown
in Figure 4.20. In the case of the fiber with only MWCNTs, the 3.0 wt% MWCNTs appear to be
densely packed and clustered in some regions while other regions without visible MWCNT are
also existent. However, it is worth mentioning that SEM in CCI mode is a tool that permits to see
particles that contribute to the formation of a conductive network. Therefore, there may be more
particles in the composite that are not visible because they may be not connected.
In the case of the fiber with CB+MW, the 1.5 wt% MWCNTs are less packed and more spread
while some non-dispersed CB agglomerate particles (white round particles, indicated by blue
arrows in Fig. 4.20b) appear to be randomly distributed within the fiber. For the BIKO fiber with
only MWCNTs, the MWCNTs seem to be clustered in smaller and denser packages and are more
aligned in fiber direction as compared to the single component fiber with MWCNTs. Similarly as
with the BICO fiber with MWCNTs, the BICO fiber with CB+MW show clustered MWCNTs in
small dense packages where some CB particles appear to be randomly distributed. Alignment
again seems to be more pronounced than in the single component fiber.
The MWCNT used in this work are reported to have a mean nanotube length ~1.5 µm long,
however the length is known to be shortened after melt-mixing processes [130]. [128] Therefore,
it is expected that the MWCNTs have mean length lower than 1.5 µm. Hence, many of the
MWCNTs visible in Figure 4.20 might be shown in its total length even if they seem to be shorter
than 1.5 µm. Consequently, many complete CNTs are visible Figure 4.20 that appear to be highly
oriented in the fiber direction.
Moreover, the MWCNT orientation occurs for all the kinds of fiber even when having both of the
fillers employed when fabricating the fibers. However, the BICO fibers show to have a more
significant orientation where no many MWCNTs are perceived to be in other directions than in
the fiber axis. It is possible that the segregated filler localization effect has a higher impact on the
MWCNT orientation in BICO fibers than in the single component fibers. This may happen taking
into account that the area of the sheath die is ~90% of the total die area used for fabricating the
BICO fibers and that after drawing the sheath area containing the MWCNTS is reduced to the
~50% (see for example BICO fiber shown in Figure 4.12) of the total area of the BICO fiber. There
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is also the fact that inside the BICO die the MWCNTs are forced to pass through a more constricted
area than in the single component fibers in order to form the sheath component which is
constrained by the core’s external die perimeter. On the contrary, in the single component fibers
the MWCNTs are located within the fiber without the internal core constrains. Nanotube
orientation in melt-spun BICO fibers with MWCNT in the PP core and PVDF in the sheath was
also reported by Glauß et al. [242]. They found orientation of the MWCNT in the core for BICO
fibers produced at 3 times the throughput of the sheath for a DDR as low as 4.10.
From the SEM-CCI of the BICO fiber with CB+MW shown in Figure 4.20d, no disturbance can
be seen in the MWCNT orientation coming from the addition of CB. Nevertheless, from the two
figures showing BICO fibers the one with the more remarkable orientation seems to be the BICO
fiber with only MWCNTs which also has twice the MWCNT concentration. This behavior is
possible due to that the CB particles, aggregates, clusters and agglomerates are not influenced by
drawing because of their spherical shape. This in turns could imply that there might be also no
effect on the CB particles from the drawing process.
Moreover, it is important to highlight that the orientation seen on the fibers occurs already at the
lowest DDR fabricated (4.83). Therefore, any additional drawing is expected to have further
impact in the MWCNT orientation. Additionally to orientation, as the fiber is being drawn
increased distancing between the MWCNTs occurs. Consequently, the MWCNT-MWCNT
distance is expected to be increased upon larger drawing, which at the same time will influence
the fibers’ physical properties such as electrical resistivity.
4.3.4. Summary
The filler dispersion and arrangement within the melt-mixed composites and fibers was observed.
Good dispersion was successfully achieved for all the composites with low wt% (1-3 wt%)
independently of the filler used. However, for composites with higher filler amounts than 3 wt%
there were still primary agglomerates remaining after melt-mixing that may have influenced the
spinnability of the fibers. The maximum AA at 6 wt% (the highest wt% evaluated) were 3.28%,
4.48% and 2.28% for PC/MWCNT, PC/CB+MW and PC/CB, respectively. In general, the
composites which show the worst dispersion state were the PC/CB+MW composites, while the
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best dispersion was seen for the PC/CB composites. However, the largest remaining big
agglomerates seen for the PC/MWCNTs reached up to a size of ~200 m, whereas the agglomerate
size for PC/CB composites was not larger than 75 m. High filler content PC/MWCNT composites
were characterized by having few big MWCNT agglomerates next to areas without agglomerates,
while composites containing CB were characterized by having many small agglomerates (plus
some few big agglomerates in the case of CB+MW). By correlating the spinnability of the
composites with its filler dispersion state, small sized agglomerates decrease the spinnability to a
lower extent than a high agglomerate area ratio (AC).
In the case of the melt-spun fibers, some small agglomerates were visible at the microscale.
Additionally, some clustered MWCNTs were observed at the nanoscale which follows the state of
dispersion seen at the macroscale. No significant difference in the fiber morphology and filler
distributions within the fibers was observed either transversally or longitudinally to the fiber as an
effect from drawing. However, the introduction of several voids after the fiber spinning was
observed. Some big agglomerates can be seen near the BICO fiber’s surface which are responsible
for the appearance of protuberances on the fibers. In addition, many small agglomerates distributed
within the sheath were also observed. Well oriented carbon nanotubes were observed for single
and bi-component fibers already at the lowest DDR evaluated (4.83). Interestingly, MWCNT
orientation was more significant for BICO fibers than for single component fibers.
Furthermore, it is expected that the state of filler dispersion of the composites as well as the
MWCNT orientation observed on the fibers will influence the final mechanical, electrical and
sensing properties of the melt-spun carbon particle filled fibers.
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4.4. Electrical resistivity of composites and fibers
4.4.1. Introduction
Polymer fibers intended to work as sensors require that the fibers are electrically conductive and
show electrical resistivity below a certain limit. Moreover, it is known that isolating polymer
become electrically conductive after the addition of amounts of conductive nanofillers higher than
the filler percolation concentration. Additionally, it also known that the processing conditions at
which the polymer composites are fabricated influence their electrical resistivity. Furthermore, it
is likely that the polymer composites show variations in their electrical resistivity due to different
shaping processes even at the same amount of carbon particles. To know how much the electrical
resistivity of nanocomposite based fibers is affected by different spinning conditions is of great
interest for the future application of CPF polymer fibers. Hence, the electrical resistivity was
measured prior (on compression molded plates) and after fiber fabrication (on the fibers) to
quantify the difference between the melt-mixed composite and the melt-spun fibers. Subsequently,
the electrical resistivity of samples based on four different fiber compositions, fabricated at
different spinning conditions, and different amount of filler, as well as their feasibility to work as
sensor was evaluated. These fibers were the following: PC/MWCNT and PC/CB+MW as single
component fibers and PC+CB+MW/PC and PC+MWCNT/PC as BICO fibers.
4.4.2. Influence of the sample shaping on the electrical resistivity of PC/MWCNT
composites
Composites made of PC and MWCNT were melt-mixed and melt-spun as described in sections
3.2.1 and 3.2.2, respectively. The electrical resistivity of the composites was measured on
compression molded samples following the methodology explained in section 3.3.3. When the
electrical resistances of the compression molded composites was higher than 107 i.e. still
electrically insulating) it was measured on disc shaped samples, otherwise it was measured on
strips cut from compression molded discs.
The MWCNT amount in PC was increased in steps of 0.25 wt% in order to obtain electrically
conductive PC/MWCNT composites. The measurements performed on melt-mixed PC/MWCNT
samples showed at a MWCNT content of 1 wt% an electrical resistivity of 102 ·cm was reached,
which is already in the electrically conductive range [172]. Therefore, this wt% was selected in a
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first set of fibers (Set 1) in order to compare the electrical resistivity of the melt-mixed composites
with the melt-spun fibers. The electrical resistivity of 60 mm long melt-spun fibers was measured
as described in section 3.4.2. The Set 1 of fibers was produced in a wide range of DDRs from 30
to 480 and in addition an extrudate was taken directly from the spinning device without any
winding (“un-drawn”, DDR = 1).
Figure 4.21 shows the electrical resistivity of PC/MWNCT measured on disc shaped samples
(open circle), strips (closed circle) and fibers (squares) as a function of the MWCNT amount. For
an easier following on the electrical resistivity () change in orders of magnitude, the Log () is
displayed as the “y” axis of the plot.

Figure 4.21. Electrical resistivity of PC/MWCNT composites as a function of the MWCNT concentration
for discs, strips and melt spun filaments with different DDRs.

Figure 4.21 shows that for compression molded samples a decrease in  was found already after
the addition of 0.25 wt% of MWCNT to PC. However, the of the PC/MWCNT composite
remains in the isolation range. This implies that the MWCNT network is still not in a fully
percolated state (region marked with “I”). After the addition of 0.5 wt% MWCNTs, the  decreases
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by 13 orders of magnitude compared to neat PC and 7 orders of magnitude compared to
PC/MWCNT 0.25%. Therefore, it can be stated that electrical percolation (region marked with
“II”) occurs for MWCNT contents between 0.25 wt% and 0.5 wt%. Consequently, the electric
percolation threshold (c) of the melt-mixed and compression molded samples is within this
MWCNT content range. Furthermore, as visible from Figure 4.21 for MWCNT contents above 0.5
wt% there is a zone (marked with “III”) where the addition of more filler does not significantly
decrease the electrical resistivity of the composite. Typically, a plateau in the electrical resistivity
curve is reached when the addition of more filler does not achieve a further decrease in the
composite’s electrical resistivity. For the compression molded PC/MWCNT composites the
plateau is predictable to be reached at a MWCNT content of 1.25 wt% since there is no further
decrease in from this wt% to 1.5 wt%.
On the other hand, as visible from the Figure 4.21 the melt-spun fibers (here shown for 1 wt%
MWCNTs) have significantly higher  values than the compression molded composites at the
same wt%. Additionally, it can be seen that the electrical resistivity of the fibers varies depending
on their DDR. Interestingly, the un-drawn filament taken directly from the spinning device without
any winding has already of 1.5 orders of magnitude higher than the compression molded sample
at the same wt%. This suggests that the shaping process of the composite material significantly
influences the morphology of the conducting MWCNT network. As a result, the resistivity and the
electrical percolation of the MWCNTs in fibers and compression molded samples are significantly
different.
Moreover, the difference in  of melt-spun fibers at DDR = 30 and at DDR = 480 is of only 2
orders of magnitude while the difference in  of fibers at DDR = 30 and DDR = 1 is of
approximately 6 orders of magnitude. Additionally, at a DDR of 30 the  of the fibers is already
higher than 109  cm and therefore not suitable for strain sensing applications. Hence, the effect
of shaping the composites on has to be taken into account when fabricating sensing composites.
4.4.3. Electrical resistivity of single component fibers
In order to evaluate the effect of melt-spinning on the electrical resistivity of single component
fibers, in Set 2 PC/MWCNT fibers melt-spun under very different spinning conditions (as studied
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before) were used. The throughput and the take-up speed were varied with the aim of having
different DDRs. Different amounts of MWCNT up to 3 wt% were added to the PC and electrical
resistivity of the fibers was measured as described in 3.4.2.
After varying all parameters, a total of ~80 different PC/MWCNT fiber variations and un-drawn
rods were fabricated. Figure 4.22 shows the electrical resistivity () of the neat polymer extruded
composite rods and composite fibers for MWCNT of 1-3 wt% as a function of the DDR. For an
easier following on the change in  the Log () is displayed as the “y” axis of the plot.

12
11
10
9
Log ()
( in cm)

8
7
6

Neat PC
PC/MWCNT 1 wt%
PC/MWCNT 2 wt%
PC/MWCNT 3 wt%

5
4
3
2
1
0

20

40

60

80 100
DDR (-)

120

140

160

480

Figure 4.22. Electrical resistivity of PC/MWCNT melt-spun fibers as a function of the DDR.

MWCNT weight concentrations above 3 wt% were not included in Figure 4.22 since as discussed
in section 4.2.2 the spinnability window of high MWCNT content PC fibers was very narrow.
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As expected for an isolating material as the neat PC, the electrical resistivity remained similar for
the drawn fibers and the un-drawn PC. On the other hand, for all the evaluated MWCNT filled
fibers a strong trend of increased electrical resistivity at increased DDR was found whereby the
DDR during fiber production was increased either by increasing take-up speed and/or decreasing
throughput). For instance, the difference in the  of fibers with 2 wt% f MWCNTs fabricated at
DDR ~5 and ~20 is of ~4 orders of magnitude. For the lowest DDR evaluated (which was 4.83,
achieved by using a throughput of 1.17cm³/min and a take-up velocity of 20 m/min) in
PC/MWCNT 3 wt% an increase of ~6 orders of magnitude in electrical resistivity was achieved
when increasing the DDR from 4.83 to 162. This clearly shows that the DDR has a very significant
influence on the electrical resistivity of melt-spun PC/MWCNT fibers. The  of the composite
fibers investigated here is lower than the reported by Pötschke et al. for PC/MWCNT fibers [18].
In their work, fibers with 2 wt% of MWCNT fabricated at their lowest drawing (DDR = 7.8) have
an electrical resistivity still in the insulating range, while in this work fibers with the same amount
of filler and similar drawing (DDR = 8.08) presented a in the range of 109  cm.
Overall, fibers with MWCNT contents lower than 3 wt% fabricated at a DDR equal or higher than
30 are electrical insulators and tend to have similar  values as the neat PC at DDR above 30.
Although, for all the MWCNT filled fibers, after increasing the DDR beyond 30 no significant
change in the electrical resistivity of the fibers was observed. On the contrary, when going from
the un-drawn state to a DDR of ~5 a very significant change in the  of the MWCNT filled fibers
was observed, varying from 3 to 7 orders of magnitude depending on the weight concentration
added. Similarly, for PC/MWCNT 2 wt% at a DDR of ~12 the valueis close to that of the
unfilled PC.
Moreover, the un-drawn filaments with the MWCNT amount as low as 1 wt% shows a low
electrical resistivity of ~104 cm. However, for this composite the  at DDR ~5 is almost as high
as the neat PC (~1011 cm). This behavior suggests that there is MWCNT-MWCNT distancing
inside the polymer matrix during drawing. Furthermore, from the microscope observations
discussed in section 4.3.3, it is now known that the MWCNT orient themselves along the fiber
direction already at a DDR = 4.83. In addition, in the same way it is expected that further drawing
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increases the distances between the MWNCTs, which in turns decreases the probability that the
MWCNTs contact each other and form conducting paths through the fiber. Correspondingly, for
all the composite fibers fabricated, even a slight increase in the take-up velocity led to significantly
higher . For all the MWCNT filled fibers the significant increase in  is already evident for the
lowest take-up velocity, which was 20 m/min. This phenomenon leads to higher  in the
MWCNT/PC composite fibers until reaching a DDR where further increase in drawing does not
cause further increase in the fibers’ electrical resistivity, as visible in Figure 4.22 for DDRs > 30.
Therefore, high amounts of MWCNTs are needed to obtain electrically conductive fibers.
However, as seen from Figure 4.22 a significant increase in  only occurs in PC/MWCNT (1-3
wt%) fibers fabricated at DDRs lower than 15, since higher DDR led to a great increase in until
reaching the electrical isolating range independently on the MWCNT content.
Since the aim of this work is to fabricate sensing fibers, achieving fibers with a suitable electrical
conductivity is the primary task before performing sensing evaluations. Additionally, it has to be
taken into account that when studying the sensing performance of the PC/MWNCT fibers, a certain
low resistivity value has to be present in the sample before sensing evaluations. For instance, in
the case of strain sensing evaluations an increase in resistance is expected during stretching.
However, if the electrical resistance before stretching is below a certain limit, it can get above the
measurable resistance limit already at a very small applied strain. Similarly, when evaluating the
liquid sensing abilities of the fibers, if the initial electrical resistance before swelling is too high,
it will get above most electrometers measuring capabilities shortly after liquid exposure.
Therefore, given that it would be desirable that the changes in electrical resistance of the fibers can
be followed by most of the standard electrometers, a resistivity limit should be established. In this
work this limit was set at ~48 kcm. By taking into account the dimensions of the tested fiber
samples, this value of  corresponds to an electrical resistance of 10-100 Mwhich is the
measuring range of most commercial electrometers. Using that limit the expected increases in
electrical resistance can be easily correctly followed.

Subsequently, in accordance with the electric resistivity measurements performed on the MWCNT
filled PC fibers, using lower DDRs than 15 and adding higher MWCNT contents than 3 wt% is
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the most effective way to obtain fibers with low . Consequently, a third set of fibers (Set 3) with
MWCNT contents up to to 6 wt% (the maximum amount spinnable as established in 4.2) and
DDRs up to 12.03 were fabricated in order to identify with more precision the DDRs at which the
is suitable for sensing evaluations. Figure 4.23 shows the Log( of PC/MWCNT fibers for
different DDRs as a function of the MWCNT content. Fibers with MWCNT content of 1-6 wt%
were fabricated at four DDRs, these were 12.03, 8.08, 6.02 and 4.83. The resistivity limit is marked
as a dotted line; fibers with  below it are considered suitable for sensing evaluations.
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Figure 4.23. Electrical resistivity of MWCNT/PC fibers at different DDRs as a function of MWCNT
content.

From Figure 4.23 it can be seen that the composite resistivity is not low enough to be suitable for
sensing for t MWCNT contents below 3 wt%, independently on the DDR employed to fabricate
the fibers.
After the addition of 3 wt% MWCNT the suitability limit is reached at low DDRs, however for
DDRs higher than 4.83 the fibers are again above the sensing suitability limit. Therefore, at this
wt% only the fibers fabricated at a DDR = 4.83 were considered to be suitable for sensing studies.
Moreover, the  was greatly decreased for all the composite fibers made with MWCNT contents
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higher than 3 wt% suggesting that for the melt-spun PC/MWCNT fibers electrical percolation is
reached at ~3 wt%. This weight concentration coincides also with the wt% at which the
spinnability decreased significantly, suggesting that there is a possible relation between the
electrical percolation of the fillers in the melt-spun fibers and their spinnability. The negative effect
in the spinnability upon the addition of a wt% near the percolation threshold can be correlated to
the high increase in the composite’s viscosity due to an effective MWCNT network formation
through the polymer. In addition, this means that there is a compromise between spinnability and
electrical resistivity of the fibers, where higher electrical resistivity on the fibers results in lower
spinnability.
Figure 4.23 illustrates that there is a great difference between the of the fibers fabricated at DDRs
of 12.03 and 4.83For instance, the of fibers with 2 wt% MWCNTs is 4 orders of magnitude
lower for DDR = 4.83 than for DDR = 12.03. After increasing the amount of MWCNTs, the
difference in when varying the DDR from 4.83 to 12.03 decreases, though the difference in
decreases as the MWCNT amount is increased. For example, at a MWCNT content of 4 wt%
the  varies only ~1 order of magnitude from DDR of 12.03 to 4.83 and the four DDRs evaluated
have  within the sensing suitability range, in contrast to the 4 orders of magnitude difference in
of fibers with 2 wt% MWCNTs at the same DDRs. This also indicates that drawing has a more
significant effect on the electrical resistivity at low MWCNT content s. This is mainly due to the
poorly interconnected nanotubes inside the fibers at low MWCNT content, in contrast to the denser
packed network in fibers with high MWCNT content.
As discussed in section 4.2, fibers with 6 wt% of MWCNTs at higher DDRs than 4.83 could not
be fabricated, as fiber breakage occurred preventing the generation of continuous fibers. Moreover,
fibers with 5 wt% MWCNT at DDRs of 8.08 and 12.03 showed to have suitable electrical
resistivity for sensing applications. However, the usability of these fibers is restricted by the fact
that they showed breakage while handling. Therefore, even when PC/MWCNT 5 wt% fiber with
DDRs of 8.08 and 12.03 had electrical resistivity values suitable for sensing they were discarded
as candidates for sensing evaluations, leaving fibers produced at DDRs of 4.83 and 6.02 as the
only suitable fibers for sensing evaluations at this wt%.
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Furthermore, Figure 4.23 shows that the electrical percolation has a dependency on the DDR, as
different MWCNT network structures are formed depending on the DDR. Fibers with 2 wt% seem
to percolate if the DDR employed is below 8.08, while at DDR = 120.3 the fiber is still in the
insulating range. Similar behavior was found by Johannsen et al. (for poly(hydroxy ether of
bisphenol A) fibers with MWCNTs), however they found an electrical percolation threshold
between 8 wt% and 12 wt% for a DDR = 1.3 while at DDR > 5.2 the electrical percolation was
about 12 wt% [243].
The main effect influencing the reduction of the  in the melt-spun fibers is the already confirmed
MWCNT orientation that occurs along the fiber direction of the melt-spun fibers. This orientation
increases with DDR and causes increased CNT-CNT distancing. Similar behavior was observed
by Pötschke et al. in TEM images of PC/MWCNT fibers at different take-up velocities where the
composite used to fabricate PC/MWCNT spun fibers was first conductive and then insulating after
drawing [18]. In the other hand, the MWCNT orientation goes along with the polymer chain
alignment, known to occur during stretching/drawing processes [210]. As a result, the alignment
of the polymer chains surrounding the MWCNTs forces them to be aligned as well in the drawing
direction.
It is worth to mention that even when the  was relatively low for MWCNT/PC fibers with high
content of MWCNTs (> 3 wt%), the lowest electrical resistance measured in the samples was in
the order of M. For instance, depending on their DDRs fibers with 3.5 wt% and 4 wt% have an
electrical resistance in the order of 10-102 M This resistance values correspond to a  between
~105 cm and ~103 cm which is high if compared to the  in the order of ~10 cm from
injection and compression molded bulk composites mixed as well by melt-mixing with similar
MWCNT contents [127, 237]. Furthermore, the lower electrical resistance corresponded to the
lowest DDRs achieved which were 4.83 and 6.02 for fibers with 5 wt% and 6 wt%, which their
electrical resistance of 1-20 M corresponding to a of ~102 cm that is still high compared to
melt-mixed compression molded bulk composites that at this MWCNT wt% usually have of ~1
cm [114]
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After the evaluation of the electrical resistivity of the PC/MWCNT fibers, the fibers considered to
be suitable for sensing applications were the PC fibers with MWCNT contents above 3 wt% for
all the DDRs of the “Set 3”, plus the PC/MWCNT 3 wt% fiber at DDR = 4.83. PC/MWCNT 5
wt% and 6 wt% fibers with DDR ≥ 8.08 were not considered to be suitable for sensing since they
were either not spinnable or not homogenous enough to perform sensing evaluations with them.
In a next step PC/CB+MW fibers were evaluated following the already adjusted parameters from
the PC/MWCNT fibers. It was interesting to observe the differences in the sensing suitability of
PC/MWCNT and PC/CB+MW fibers, as well as the spinning conditions under which the
PC/CB+MW are suitable for sensing evaluations. Given their spherical geometry, CB particles
tend to have aspect ratios around 1, while the fiber-like MWCNT’s aspect ratio can be of 2 orders
of magnitude. This difference is expected to have a direct impact in the electrical properties of the
composite fibers.
For the fibers with total filler contents of 1-6 wt% fabricated at DDRs of 12.03, 8.08, 6.02 and
4.83 and un-drawn rods Figure 4.24 shows the Log( of PC/CB+MW compared to PC/MWCNT
fibers. The resistivity limit for sensing is marked again as a dotted horizontal line where the fibers
with  below this line are considered to be suitable for sensing evaluations. For comparison, the
PC/CB fibers fabricated at the same conditions as the PC/CB+MW and PC/MWCNT fibers are
also included in Figure 4.24.
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Figure 4.24. Electrical resistivity of PC fibers filled with MWCNT, CB+MW and CB at different DDRs as
a function of the filler weight concentration.
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From Figure 4.24 it can be seen that independently of the DDRs the PC/MWCNT fibers percolate
at lower wt% than the PC/CB+MW fibers, while the PC/CB fibers percolate only above the
addition of 6 wt% and the  of PC/CB 6 wt% fibers is not low enough for sensing applications.
On PC bulk composites filled with MWCNTs, CB and mixtures of both, Hilarius et al. found that
the electrical percolation of the fillers in compression molded plates

of PC/MWCNT,

PC/CB+MW (weight ratio 1:1) and PC/ CB was ~1 wt%, ~2 wt% and 5 wt%, respectively [181].
This shows that independently on the filler type, the electrical percolation threshold is evidently
lower for bulk composites than for fibers.
Furthermore, none of the PC/CB fibers prepared in this work were suitable to perform sensing
evaluations. In addition, according to their  higher CB amounts would be needed in order to
achieve PC/CB fibers capable as sensor material. However, as discussed in section 4.2.2, PC/CB
fibers with CB amount higher than 6 wt% had significantly reduced spinnability. Nevertheless, by
employing only CB, solely the un-drawn rod at 6 wt% is slightly below the maximum  suitable
for sensing. According to Hilarius et al., PC filled with 3 wt% of only CB can have  up to ~6
orders of magnitude higher resistivity than the PC composite filled with 3 wt% of the mixed filler
system of CB+MW [181].
In the case of PC/CB+MW, a significant decrease in  is seen after the addition of 3 wt% CB+MW
However, the at this CB+MW content is still not low enough for sensing applications with the
exception of the lowest DDR (4.83). Moreover, from their it can be stated that fibers with 3 wt%
MWNCT have already a fully percolated network. Though, the resistivity of PC/CB+MW fibers
shows a more significant decrease after the addition of 4 wt% CB+MW. At this wt% it can be
stated that the percolated network has been completely formed. These results suggest the formation
of a co-supporting network in the mixed filler system. Similar behavior was reported for bulk
composites with MWCNT and CB+MW in PC and in other polymers such as PA12, where the
buildup of combined nanofiller networks was then assumed to be general for most carbon particles
within a polymer matrix [111, 178, 181].
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Figure 4.24 also shows a clear trend, namely that PC fibers with MWCNT contents near and above
electrical percolation tend to have lower  than the fibers with CB+MW and CB at all wt%s
independently of the DDRs employed. For example, at 2 wt% and 3wt% great differences in the
electrical resistivity for all 3 kinds of fibers can be observed. At the highest DDR a jump in  of
~5 and ~6 orders of magnitude can be seen in PC/MWNCT 3 wt% and 4 wt% fibers compared to
the neat PC fibers, while for PC/CB+MW fibers the jump is of ~2 and ~5 orders of magnitude at
the same wt%s. This behavior may be due to the lower of carbon nanotubes when compared to
CB and to the geometry of both kinds of particles. In addition, one should consider that in the
CB+MW mixtures only half amount of MWCNTs is present as compared to composites with
MWCNTs only. Moreover, even when fibers with 2% of MWCNT are not yet suitable for sensing
evaluations, PC/MWCNT fibers at this wt% have clearly formed a percolated network with the
single exception of DDR = 12.03. In contrast, for fibers with CB+MW the percolated network is
formed starting at 3 wt% addition independent of the DDR. In addition, at 3 wt% the PC/CB fibers
are not still suitable for sensing evaluations since independently on the used DDR the electric
resistivity of these kind fibers remains outside of the suitable for sensing range. For the un-drawn
rods increasing the amount of filler did not showed a significant effect on their . However, at 1
wt% the PC/MWCNT is already in the sensing range while the PC/CB+MW rod is still ~2 orders
of magnitude above the sensing suitability range. Furthermore, adding up to 5 wt% of CB in the
PC fibers has no significant effect on the electrical resistivity of PC/CB fibers. They are still
electrical insulators indicating that at this wt% the CBs remains in an un-percolated state. For
PC/CB fibers a significant decrease in the electrical resistivity is visible only after the addition of
6 wt% CB.
From these observations it can be stated that PC/CB+MW fibers and PC/MWCNT fibers can be
suitable for sensing evaluations when their filler weight concentrations are ≥ 4 wt% (plus 3 wt%
at DDR = 4.83 for PC/MWCNT).
In order to observe more easily the effect of drawing on the electrical resistivity and in the
disruption of the electric percolation upon drawing at all the wt%s here evaluated, the Log() as a
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function of the DDR starting from the undrawn rods (DDR = 1) for all wt% employed for
fabricating PC/MWCNT, PC/CB+MW and PC/CB fibers is shown in Figure 4.25.
Similarly to the previous observations, an increase in the DDR led to an increase of the electrical
resistivity. Moreover, from Figure 4.25 it can be clearly seen that as observed before for
PC/MWCNT fibers the effect of drawing on the electrical resistance in PC/CB+MW fibers is
significantly higher at lower wt% than at higher wt%. For instance, at 1 wt% the percolated
network visible on the un-drawn rods is already interrupted for the lowest DDR (4.83) for both
kinds of fibers containing MWCNTs given that their  returns to the value of  for the neat PC.
Interestingly, at 2 wt% filler the percolated network in PC/CB+MW fibers was interrupted already
at DDR = 4.83, while for PC/MWCNT the percolated network started disrupting at DDR = 8.08
at the same wt%. Although, for 3 wt% a partial disruption of the percolation network is seen in
PC/CB+MW fibers after applying a DDR of 8.08, whereas for PC/MWCNT at this wt% no
disruption of the percolated network can be seen even after a DDR of 12.03.
Interestingly, as visible in Figure 4.25 the behavior of the resistivity curves for the mixed filler
system fibers is much closer to that of the fibers with only MWCNT than to the ones with only
CB, which also applies for the percolation behavior found for the fibers.

______________________________________________________________________________
156

4.4.3. Electrical resistivity of single component fibers
______________________________________________________________________________

Log() ( in  cm)

11
10
9
8
7
6
5
4
3
2
1

 suitable for sensing

 suitable for sensing

PC/MWCNT 1 wt%
PC/CB+MW 1 wt%
PC/CB 1 wt%

Log () ( in  cm)

11
10
9
8
7
6
5
4
3
2
1

PC/MWCNT 2 wt%
PC/CB+MW 2 wt%
PC/CB 2 wt%

PC/MWCNT 4 wt%
PC/CB+MW 4 wt%
PC/CB 4 wt%

 suitable for sensing
PC/MWCNT 3 wt%
PC/CB+MW 3 wt%
PC/CB 3 wt%

11
10
9
8
7
6
5
4
3
2
1

 suitable for sensing

Log () ( in  cm)

PC/MWCNT 6 wt%
PC/CB+MW 6 wt%
PC/CB 6 wt%
PC/MWCNT 5 wt%
PC/CB+MW 5 wt%
PC/CB 5 wt%

DDR (-)

3
.0
12

8.
08

4.
83
6.
02

3
.0

 suitable for sensing

1.
00

DDR (-)

12

8.
08

4.
83
6.
02

1.
00

 suitable for sensing

Figure 4.25. Electrical resistivity of PC fibers filled with MWCNT, CB+MW and CB for different
wt% as a function of the draw dawn ratio.
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Similar finding was reported earlier for the percolation thresholds of PC/MWCNT and
PC/CB+MW bulk composites, where it was assumed that the mixed filler system’s percolation is
dominated by the filler with the lowest threshold (i.e. the MWCNTs) [181]. Therefore, the results
found in this work suggest that the MWCNTs are as well dominant in the mixed filler system
network formation in the carbon particle filled PC fibers upon drawing.
Moreover, increasing the DDR increases significantly the  of the PC/MWCNT and PC/CB+MW
fibers monotonically for wt%s ≥ 3 wt%, while for wt ≤ 2 wt% increasing the DDR causes total
disruption of the percolated network already at the lowest DDR. For instance, for PC/CB+MW
fibers up to 2 wt%, passing from the un-drawn state (DDR = 1) to the lowest DDR employed (DDR
= 4.83) causes total disruption of the already percolated network since according to its 
percolation was clearly present in the un-drawn state. In the other hand, for PC/MWCNT and
PC/CB+MW fibers with filler amount ≥ 6 wt% no total disruption of the percolated network is
visible up to DDR =12.03.
This behavior can be explained by the difference in the particle network density in fibers with low
and high carbon particle content, where the particle network structure is being affected by the
drawing process. As discussed in section 4.3.3, the MWCNTs are oriented in the fiber direction
already at DDR = 4.83 and further drawing can cause an increase in CNT-CNT distancing which
interrupts the CNT connection. The same phenomenon applies for a co-supported mixed filler
network system as the one in PC/CB+MW composite fibers. Moreover, low filler content means
fewer particles that in turns are less connected to each other. At this state even a small particleparticle separation to the not so densely connected network will cause a significant modification
of the percolated network. Contrarily, at high filler content the carbon particles form a dense
network that requires greater distancing from each particle to significantly influence the CNT-CB
connection. Therefore, the drawing amount required to totally disrupt the densely formed
percolated network becomes larger as the particle wt% increases and vice versa. In that sense,
drawing will always generate an increase in the  of PC/CB+MW and PC/MWCNT fibers which
as visible in Figure 4.25 becomes larger as the DDR increases. This phenomenon can be illustrated
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with the help of Figure 4.26 where a schematic shows a co-supporting CB+MW network with low
and high CB+MWC content inside the fibers is being modified upon drawing.

Figure 4.26. Schematic of filler arrangement and changes upon fiber drawing in PC fibers with low and
high CB+MW content.

As the schematics shows, at low CB+MW content the initially well interconnected carbon particles
are significantly distanced from each other after drawing causing a complete network disruption.
Contrarily, at high CB+MW content, even when network modification occurs upon drawing, the
denser packed and more interconnected CB+MW particles promotes that some pathways remain
connected after drawing. This also suggests that fibers with high particle loadings can remain
electrically conductive and therefore suitable for sensing after drawing. The critical DDR below
which the fibers are suitable for sensing increases with the carbon particle amount added to the
polymer. However, as observed in section 4.2 the spinnability of the fibers is greatly reduced after
increasing the amount of carbon particles added to the polymer.
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Moreover, it is as well visible in Figure 4.25 that for filler loadings ≥ 4 wt% even when the increase
in DDR is too low to cause percolation disruption, it can be high enough to rise the  above the
sensing limit. For instance, PC/MWCNT 3 wt% fibers up to a DDR = 12.03 are electrically
percolated but at the same time they are not suitable for sensing evaluations. Only at DDR=4.83
the  still within the sensing range. In the case of fibers with 6 wt% CB+MW fabricated at DDRs
≤ 8.08 have  within the sensing range while at DDR = 12.03 the  increases to near the sensing
limit. Nevertheless, the  of the fibers with 6 wt% PC/CB+MW at DDR = 12.03 might be still high
enough for sensing measurements since no large changes in the resistance are expected in this
densely packed network. Furthermore, in the case of PC/CB only the un-drawn rod at 6 wt% can
be regarded as electrically conductive, the percolated CB network it is however partially disrupted
already at DDR = 4.83.
Interestingly, the  of the PC/MWCNT 3 wt% and the PC/CB+MW 3 wt% at the un drawn state
rod is within the sensing range and subsequently above sensing range for both at DDR = 6.02.
Furthermore, at this same wt% at DDR = 12.03 the of fibers with CB+MW are close to the
insulating range while for fibers with MWCNT it remains in the same range (105  cm) as for
DDR = 6.02. This may be due to the difference in the  of both kind of particles but also to their
different particle geometry [5-7]. Given the geometry and aspect ratio difference between CB and
MWCNTs, there is a significant difference in the behavior of the electrical resistance of their
composite fibers. The MWCNTs have an advantage over the CB for obtaining conductive fibers
with sensing possibilities at lower wt% and larger DDR. While on the other hand, the CB particles
have the advantage of being less affected by the drawing process since they do not align. However,
as discussed in section 4.2.2 due to the significantly increased melt viscosity upon MWCNT
addition coming from the MWCNT’s high surface area, the spinnability of the PC/MWCNT fibers
is greatly reduced compared to PC/CB fibers. This gives CB an advantage over MWCNT for
improving the melt-spinnability of carbon particle filled polymer fibers.
Hence, the selection of the conductive carbon particles has to be assessed depending on the
ultimate application of the melt-spun conductive fibers. In this work, the main aim is to produce
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sensing fibers is, thus the fabrication of CPF sensing PC fibers should be pursued by adding
MWCNT or CB+MW over only CB.
In summary, the PC/CB+MW fibers that were considered to be suitable for sensing were fibers
with filler contents > 3 wt% melt-spun at DDRs ≤ 8.08, while none of the PC/CB fibers could be
employed as sensing material. Additionally, a higher number of PC/CB+MW fiber compositions
were suitable for sensing evaluations than for PC/MWCNT fibers, even if in general the resistivity
of the PC/CB+MW is comparatively higher. This is due to the better spinnability that PC/CB+MW
fibers as compared to high MWCNT content fibers. Finally, 8 PC/MWCNT fiber variations were
suitable for sensing evaluations as well as 10 PC fibers with CB+MW. Therefore, by correlating
the findings on the resistivity of all the three kinds of fibers with their spinnability and dispersion
state, the PC/CB+MW fibers appear to be a more suitable choice for scaling up given their better
processability and sensing suitability. However, their sensing performance remains to be
evaluated.

4.4.4. Suitability of bi-component fibers for sensing applications
In order to evaluate the capability of bi-component melt-spun fibers to be used as sensing material,
the electric resistivity of BICO fibers was measured as described in 3.4.2. As detailed in section
4.2.3, not many compositions of CNP filled BICO fibers could be melt-spun, though the  was
measured for the BICO fibers with MWCNTs and with CB+MW that were shown to be fairly
spinnable. It is worth mentioning that as discussed in section 4.2.3, many parameters were varied
in order to obtain spinnable BICO fibers filled with CNPs able to work as sensor material and
therefore the effect of drawability and DDR was difficult to follow. Consequently, the electrical
resistivity together with spinnability study of the CNP filled BICO fibers were focused on
achieving fibers in the sensing suitability range.
Figure 4.27 shows the Log() of PC+MWCNT/PC BICO fibers for selected 𝑉𝑆̇ and 𝑉̇𝐶 at two
different MWCNT contents (2 and 3 wt%); the sensing suitability limit is shown as a dotted
horizontal line. All the fibers shown in Figure 4.27 were melt-spun at a take-up speed of 20 m/min
which was the lowest take-up speed possible and is as well within the spinnability window for all
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the single and bi-component fibers. For comparison, Figure 4.27 shows the resistivity of a single
component PC/MWCNT fiber (star symbol) with the optimal spinning parameters at the lowest
MWCNT amount possible to obtain fibers suitable for sensing, this is MWCNT 3 wt% at DDR =
4.83.
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Figure 4.27. Electrical resistivity of PC+MWCNT/PC BICO fibers for diverse 𝑉̇ 𝑆 and 𝑉̇ 𝐶 at different
MWCNT contents. For comparison PC/MWCNT single component fiber is added to the graph

It is visible from Figure 4.27 that, similar with the single component fibers, an increase in
occurswhen increasing the throughput. Additionally, contrary to increasing the sheath’s
throughput independently, increasing only the core’s throughput did not affect the electrical
resistivity of the PC+MWCNT/PC BICO fibers. Therefore, the selected difference between the 𝑉𝑆̇
and 𝑉̇𝐶 can be varied according only to the BICO fibers’ spinnability. Moreover, as discussed in
section 4.2.3 better spinnability is obtained when 𝑉𝑆̇ = 𝑉̇𝐶 . In addition, according to Lund and
Hagström after varying the sheath/core volume ratios no significant difference in the resistivity
between PVDF/PP+CB BICO yarns with different sheath/core throughputs was found [223]. Thus,
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equal sheath and core throughput should be preferred for obtaining BICO fibers with suitable
for sensing evaluations.
From Figure 4.27 it can be seen that all BICO fibers with 2 wt% MWCNT have resistivities above
the sensing range limit, except the undrawn filament. Thus, fibers with MWCNT amounts lower
than 2 wt% are as well not suitable for sensing applications. Moreover, BICO fibers with up to 3
wt% of MWCNT are still not yet suitable for sensing evaluations. As visible from Figure 4.27, the
 of single component fibers with MWCNT 3 wt% fabricated at DDR = 4.83 is ~1 order of
magnitude lower than the BICO fiber with MWCNT 3 wt% on its sheath, even when fabricated at
𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min which both are the highest throughputs possible for each kind of fiber.
Interestingly, when increasing the MWCNT amount from 2 wt% to 3 wt% there is no significant
impact in the  of the BICO fibers. For instance, the of the BICO fibers at 𝑉𝑆̇ = 𝑉̇𝐶 = 1 cm³/min
with 2 wt% and 3 wt% is nearly the same. This contrasts to the findings for the single component
fibers with MWCNTs where for instance from 2 wt% to 3 wt% an increase of ~2.5 and ~6 orders
of magnitude for DDR = 4.83 and DDR = 12.03, respectively was found. Nevertheless, drawing
the BICO fibers does have an impact on As visible from Figure 4.27, the un-drawn BICO rod
is already within sensing range at 2 wt% MWCNT where the is ~2 orders of magnitude lower
than the single component fiber made from PC/MWCNT 3 wt% at DDR = 4.83. However, the of
melt-spun PC+MWCNT/PC BICO fibers at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min is almost ~5 orders of
magnitude higher than the un-drawn BICO rod.
From these results it is clear that higher amounts than 3 wt% of MWCNT are needed to be added
to the fibers in order to achieve BICO fibers with within the suitable range for sensing. However,
as discussed in section 4.2.3 it was no possible to spun PC+MWCNT/PC BICO fibers with
MWCNT amounts > 3 wt%.
It is worth mentioning that all possible spinning parameter combinations were attempted in order
to achieve PC+MWCNT/PC BICO fibers with (<6x104  cm) low enough to work as sensor.
However, there was no success when employing MWCNTs as the conductive filler in the BICO
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fiber’s sheath. Consequently, given their improved spinnability (as discussed in section 4.2.3) a
mixed filler system of CB+MW was added to PC with the aim of obtaining PC+CB+MW/PC
BICO fibers with  values below the sensing limit. Though, the results from the electrical
resistivity measurements performed on single component fibers revealed that PC/MWCNT fibers
tend to have lower  (Figure 4.24 and 4.25) than the PC/CB+MW fibers at all wt% evaluated.
Therefore, the PC+CB+MW/PC BICO fibers fabricated starting from 3 wt% of CB+MW were
studied in order to select BICO fibers with  suitable for sensing. In addition, as described in 4.2.3
equal 𝑉𝑆̇ and 𝑉̇𝐶 were used to fabricate all the PC+CB+MW/PC BICO fibers. The take-up speed
was set on 20 m/min.
Figure 4.28 shows the Log() of PC+MWCNT/PC BICO fibers for selected 𝑉𝑆̇ and 𝑉̇𝐶 at three
different CB+MW amounts. As before, the sensing suitability limit is shown as a dotted horizontal
line. For comparison, Figure 4.28 also includes the  values of a single component fiber of
PC/MWCNT wt% at DDR = 4.83 (star symbol) and also the BICO fiber with 3 wt% MWCNTs in
the sheath produced at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min (open circle symbol).

8
CB+MW (processing):
3
3 wt% (VS=VC= 1 cm /min)

Log () ( in  cm)

7

3

3 wt% (VS=VC= 1.5 cm /min)

6

3

4 wt% (VS=VC= 1 cm /min)
3

4 wt% (VS=VC= 1.2 cm /min)

5

3

4 wt% (VS=VC= 1.5 cm /min)
3

5 wt% (VS=VC= 1 cm /min)

BICO
MWCNT

4
Single
3 component

3

5 wt% (VS=VC= 1.2 cm /min)
3

5 wt% (VS=VC= 1.5 cm /min)
MWCNT (processing):
3
3 wt% (VS=VC= 1.5 cm /min)
PC/MWCNT single component:
3 wt% (DDR = 4.83)

t%
w

t%

5

w

t%

5

w

t%

5

w

t%

4

4

w

t%
w

4

t%
w

t%

3

w
3

w

3

3

w

t%

1

t%

2

______________________________________________________________________________
164

4.4.4. Suitability of bi-component fibers for sensing applications
______________________________________________________________________________
Figure 4.28. Electrical resistivity of PC+CB+MW/PC BICO fibers for diverse 𝑉̇ 𝑆 and 𝑉̇ 𝐶 at different
filler content. For comparison PC+MWCNT/PC BICO fiber and PC/MWCNT single component fiber are
added to the graph.

As for the fibers evaluated before, Figure 4.28 shows that increasing the 𝑉𝑆̇ increases the  of the
PC+CB+MW/PC BICO fibers. For instance, the  of PC+CB+MW 4 wt%/PC BICO fiber at 𝑉𝑆̇ =
𝑉̇𝐶 = 1 cm³/min is ~106 while at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min the reduces by 1.5-2 orders of magnitude.
This is due to the increased volume of composite material coming from the die as a result of
increased throughput. Interestingly, as for the BICO fibers with only MWCNTs, increasing the
CB+MW amount in the sheath component did not increase the of the PC+CB+MW/PC BICO
fibers. For instance, the of the BICO fibers with 3 wt%, 4 wt% and 5 wt% of CB+MW at 𝑉𝑆̇ =
𝑉̇𝐶 = 1 cm³/min is nearly the same being of ~106 Ohm-cm for all the three BICO fibers. Even when
 of PC+CB+MW 3 wt%/PC BICO fiber at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min is higher than thatof the BICO
fibers with 4 wt% and 5 wt% of CB+MW, the difference among their resistivity values is of just
~0.5 orders of magnitude. This behavior was also found for the BICO fibers with only MWCNs,
where the of the BICO fibers with 2 wt% and 3 wt% at 𝑉𝑆̇ = 𝑉̇𝐶 = 1 cm³/min was nearly the same.
Therefore, increasing the filler amount in the sheath has a low impact on the of the BICO fibers.
These results are opposite to the findings for single composite fibers where increasing the CNP
amount significantly decreased the electrical resistivity of the fibers. This behavior can be
explained by the restriction of the network formation inside the sheath of the BICO fibers by the
core’s boundaries, which difficult the further formation of conductive pathways within the sheath
even upon increased CNP amount.
There were only two BICO fibers with  below the sensing suitability limit, these were
PC+CB+MW/PC at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.5 cm³/min with a CB+MW amounts of 4 wt% and 5 wt%. Their
respective is comparable to the one of the single component fiber of PC/MWCNT 3 wt% at DDR
= 4.83, which is the single component fiber suitable for sensing with the largest . However, these
two BICO fiber compositions are very close to the sensing limit where even the upper side of their
standard deviation can be seen in Figure 4.28 to be above the sensing limit. Nevertheless,
depending on the magnitude of the external stimuli they could still work as sensing fibers. A
possible drawback of these fibers might be a limited sensing range since a large increase in their
electric resistance could result in values beyond the measurable limits of standard electrometers.
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In other works it the use of carbon nanoparticles for the fabrication of melt-spun BICO fibers has
been also reported. Strååt et al. found that BICO fibers with sheath/core of PA6/PE+MWCNT 3
tw% have an electric resistivity in the order of 102  cm at a DDR = 195 which is a lower resistivity
that the found in this work [20]. Similarly, Lund et al. found for BICO fibers made of
PVDF/Ethylene-octene-copolymer+CB 4.5 wt% resistivity values in the order of 102  cm when
using a combined melt drawn ratio/solid state draw ratio of 30/4.5 [239]. However, these two
works fabricated their fibers in the form of yarns where the conductive component is the core. No
investigations could be found describing the use of mixed filler systems to fabricate BICO fibers
with a conductive sheath.
In conclusion, from all the BICO fibers evaluated either with only MWCNTs or with a mixture of
CB+MW, the only two BICO fibers considered to be suitable for sensing applications were the
fibers with 4 wt% and 5 wt% of CB+MW fabricated at 𝑉𝑆̇ = 𝑉𝐶̇ = 1.50 cm³/min and take-up speed
of 20 m/min.
4.4.5. Summary
The electrical resistivity () of PC composites and fibers with MWCNT, CB+MW and CB was
measured. It was observed that there is a great influence of the composite shape in its A
difference of 1.5 orders of magnitude in the  was seen when comparing the PC/MWCNT
compression molded disc samples with the PC/MWCNT un-drawn filaments. Furthermore, the
drawing process significantly increases the electrical resistivity of the fibers, for DDR = 1
thewas in the order of 104  cm while for DDR = 30 it was in the order of 109  cm.
Additionally, increasing the filler amount reduces the electrical resistivity until reaching a plateau
where no significant reduction is achieved by further particle addition. The suitability of the fibers
to work as sensors was defined by having electrical volume resistivity values below 48 kOhm-cm.
The resistivity values of the fibers were highly dependent on the DDR and the carbon nanoparticle
amount in the composites.
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For PC/MWCNT fibers the was found to be suitable for sensing for all the DDRs evaluated at 4
wt% of MWCNTs and at DDR = 4.83 for a MWCNT amount of 3 wt%. In PC/CB+MW only
composites with ≥ 4 wt% filler, depending on their DDR, were suitable for sensing. Nevertheless,
due to better processability of the PC/CB+MW fibers, more fiber combinations produced at a
broader processing condition range showed values within the sensing suitability range than for
PC/MWCNT fibers.
In general, when fabricated at the same conditions and total filler amount the PC/MWCNT fibers
have lower electrical resistivity than the PC/CB+MW fibers. In the case of PC/CB fibers, even at
the addition of 8 wt% of CB it was not possible to reach suitable  values even at the lowest DDR
achievable.
Finally, since higher filler contents result in poor spinnability and higher DDR reduces
significantly the electrical resistivity, the use of low DDRs (4-12) and carbon nanoparticle contents
between 3 wt% and 5 wt% are preferred for sensing fiber fabrication.
For BICO fibers only two fibers were found to be within the suitable range for sensing evaluations.
These were fibers with CB+MW amount in the sheath of 4 wt% and 5 wt% at 𝑉𝑆̇ and 𝑉̇𝐶 = 1.50
cm³/min.
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4.5. Mechanical properties
4.5.1. Introduction
It is known that the addition of CNPs to polymers has an influence on their mechanical properties.
Moreover, given that one of the aims of this work is to fabricate tensile strain sensing fibers, the
effect of the addition of CNPs such as MWCNTs and CB+MW on the mechanical properties of
the fibers was evaluated. The characterization of mechanical properties evaluation was focused on
tensile test with the values of elastic modulus (E), the maximum stress (max) and the elongation
at break (max). The tests were performed for fibers with DDRs from 4.83 to 12.03 and CNP
contents from 1 wt% to 6 wt%. Additionally, in the case of PC/MWCNT fibers the offset yield
stress (off) at 0.8% strain was obtained as described in 3.4.3 in order to evaluate the effect of the
addition of MWCNTs on the plastic yielding of the fibers.
4.5.2. Single filament fibers with MWCNTs
The characteristic stress-strain curves of the PC/ MWCNT fibers for the evaluated DDRs are
shown in Figure 4.29. For easier comparison the scales in the x and y axis are the same for all
graphs shown. Table 4.5 lists the tensile properties of PC/ MWCNT fibers for all the DDR
evaluated. It is evident from Figure 4.29 and Table 4.5 that the addition of MWCNTs has a
strengthening effect on the polymer fibers for all the DDRs evaluated. For DDR=4.83 and
DDR=6.02 an increase in the tensile strength (max) is visible starting from the addition of 2 wt%
of MWCNTs reaching a maximum of ~30% increase in fibers with 6 wt% for DDR=4.83. An
increase of ~20% is seen for PC/MWCNT 5 wt% at DDR=6.02; for DDR > 6.02 an increase in
max is already found at 1 wt% MWCNTs. However, starting from DDR=8.08 due to their reduced
spinnability PC/MWCNT fibers were only able to be tested up to 4 wt% of MWCNT. At this wt%
the increase in max was of ~8% at DDR=8.08, whereas for DDR=12.03 a reduction in max of ~6%
was observed. Moreover, independently of the DDR the max was not significantly affected for
MWCNT contents < 3 wt%.
Similarly, as seen from the magnitudes of the elastic modulus (E) independently of the DDR a
stiffening effect was achieved as from the addition of 1 wt% reaching an increase of E of ~50%
for PC/MWCNT 6 wt% fibers.
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Figure 4.29. Stress-strain curves of the PC/MWCNT fibers prepared at different DDRs;
average diameters (ø) of the fibers are also shown.

Table 4.5. Tensile properties of PC/MWCNT fibers prepared at DDRs of 4.83, 6.02, 8.08 and 12.03.

E
(GPa)
max
(MPa)
off
(MPa)
max
(%)

DDR = 4.83
MWCNT concentration (wt%)
2
3
4

0

1

5

6

2.21 ± 0.02

2.33 ± 0.08

2.56 ± 0.04

2.58 ± 0.05

2.72 ± 0.05

2.98 ± 0.14

3.33 ± 0.17

60.3 ± 0.5

60.0 ± 1.5

64.8 ± 0.8

66.3 ± 1.1

69.4 ± 1.5

67.8 ± 6.3

77.3 ± 6.3

47.0 ± 0.7

50.3 ± 0.8

53.4 ± 1.3

53.6 ± 1.8

53.4 ± 1.2

57.6 ± 3.0

59.1 ± 2.7

32.7 ± 11.0

24.1 ± 2.8

19.6 ± 4.3

28.7 ± 7.7

19.0 ± 2.7

6.88 ± 1.47

8.30 ± 0.84
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E
(GPa)
max
(MPa)
off
(MPa)
max
(%)

E
(GPa)
max
(MPa)
off
(MPa)
max
(%)

E
(GPa)
max
(MPa)
off
(MPa)
max
(%)

DDR = 6.02
MWCNT concentration (wt%)
2
3
4

0

1

5

6

2.20 ± 0.03

2.42 ± 0.07

2.60 ± 0.02

2.57 ± 0.06

2.69 ± 0.05

3.05 ± 0.19

N-S

60.4 ± 0.8

60.9 ± 1.3

65.9 ± 0.8

63.9 ± 2.2

64.5 ± 1.5

71.5 ± 3.8

N-S

48.6 ± 0.4

52.5 ± 0.8

52.8 ± 0.9

53.3 ± 1.0

53.7 ± 0.6

57.9 ± 0.7

N-S

35.3 ± 5.2

28.7 ± 6.6

36.7 ± 7.3

25.7 ± 3.1

12.0 ± 3.5

12.0 ± 3.2

N-S

DDR = 8.08
MWCNT concentration (wt%)
2
3
4

0

1

5

6

2.32 ± 0.03

2.47 ± 0.03

2.60 ± 0.04

2.73 ± 0.06

2.84 ± 0.10

N-S

N-S

59.3 ± 0.9

62.3 ± 0.9

63.5 ± 1.8

62.7 ± 1.6

63.7 ± 2.7

N-S

N-S

49.2 ± 1.3

32.6 ± 11.7

53.6 ± 0.5

56.3 ± 0.8

57.9 ± 1.1

N-S

N-S

84.6 ± 8.3

52.6 ± 1.1

36.8 ± 4.3

25.3 ± 3.2

8.40 ± 1.46

N-S

N-S

5

6

DDR = 12.03
MWCNT concentration (wt%)
2
3
4

0

1

2.35 ± 0.05

2.51 ± 0.04

2.68 ± 0.06

2.66 ± 0.07

3.09 ± 0.29

N-S

N-S

58.7 ± 0.8

61.5 ± 0.8

63.1 ± 0.9

61.0 ± 1.0

55.2 ± 3.5

N-S

N-S

49.2 ± 1.2

52.3 ± 0.7

54.4 ± 0.9

54.0 ± 1.4

58.3 ± 4.4

N-S

N-S

85.3 ± 4.9

71.4 ± 16.8

58.0 ± 22.1

16.2 ± 4.0

15.4 ± 5.1

N-S

N-S

N-S = not spinnable.
Interestingly, the stiffness increases consistently with the DDR at a fixed filler content. For
instance, at 4 wt% there is an increase in E of ~24% at DDR=4.83 while at DDR=12.03 the increase
is of ~32%. The stiffness increase in the PC fibers with the DDR can be explained by the fact that
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the polymer chains are oriented in the drawing direction as well as the nanotube align in that
(testing) direction. However, as visible from table 4.5, the stiffening effect is more significant with
increasing the MWCNT content than with increasing the DDR.
Furthermore, it is also seen in Figure 4.29 and Table 4.5 that the addition of MWCNTs
significantly reduces the strain at break (max) of the fibers which is known to be a typical behavior
for particle filled polymers. However, this effect is expected to be more significant systems
containing remaining agglomerates as these increases the stress concentrations which result in
earlier failure. This can be seen in Figure 4.29 (top left) and Table 4.5 for DDR=4.83, where the
max was reduced by ~35% (relative percentage change) already from the addition of 1 wt%
MWCNTs while at 6 wt% the reduction in max reaches ~75% (relative percentage change).
Understandably, this could mean a drawback when considering the use of these fibers as strain
sensing materials. However, it should be kept in mind that the amount of strain needed to be
measured depends on the final application. For instance, the max = 12.0% ± 3.35 of the
PC/MWCNT 4 wt% fiber at DDR = 6.02 (which its  is suitable for sensing) would be still high
enough to follow the strain of a concrete or an epoxy resin structure that suffer failure at
elongations In general, the ductility of the fibers (regarding the area under the stressstrain curve) was decreased with increasing MWCNT content as well as for lowering the DDRs.
The decrease in ductility with DDR was visible even for the neat PC fiber where for instance max
was reduced from ~80% (DDR=12.03) to < 40% (DDR=4.83). This reduction in max was more
pronounced after the addition of MWCNTs. Interestingly, when comparing the tensile properties
of the fibers with different DDRs at the same amount of MWCNTs, mechanical reinforcement was
more significant for fibers made with lower DDR.
As can be seen from Table 4.5, an increase in off of the fibers is visible for all MWCNT contents
evaluated. For instance, at a DDR=6.02 the off of the neat PC was of 48.6 MPa while at MWCNT
5 wt% was of 57.9 MPa indicating an increase in off of ~38%. As seen in Table 4.5 this trend of
increases in off was present for all the DDRs evaluated whereby a more significant increase was
observed at lower DDRs. Furthermore, an increase of ~25% was achieved as well for fibers with
DDR = 4.83 at 6 wt% MWCNTs. This implies that the addition of MWCNTs has an important
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effect on increasing the stress required to reach plastic deformation of the fibers. These results are
in accordance with Zetina-Hernández et al. who also found an effect on the polymer yielding after
the addition of 4-10 wt% of MWCNTs in compression molded polypropylene dog-bone samples
[245]. This phenomenon can be explained by the wrapping of polymer chains around the
MWCNTs. These polymer-MWCNT entanglements restrict the movement of the polymer chains
while they are subjected to tensile loading. Similarly, when the MWCNT amount increases, the
energy needed to overcome the physical interactions (mainly van der Waals forces) between a
larger amount of MWCNTs and polymer chains to reach the plastic deformation during tensile test
also increases. Likewise, the strain at break is also affected since after the addition of MWCNTs
the strain at which breakage occurs is significantly decreased as a result of the reduced mobility of
the polymer chains.
As described in section 4.2 reduced spinnability was found with increasing MWCNT amount
which also may be a consequence of the reduced mobility of the polymer chains upon addition of
MWCNTs. In addition, the higher number of remaining primary nanotube agglomerates seen after
melt-mixing at higher MWCNT loadings (Figure 4.14) may also contribute to breakage at lower
strains. The fiber breakage was more pronounced at larger DDRs where the size of the primary
agglomerates becomes more significant due to the reduced cross-section of the fibers. At a
MWCNT content of 6 wt%, the largest agglomerates seen in Figure 4.14 have similar size as the
fiber diameters of 164-260 m. Thus, this indicates that improving dispersion could be a major
need to get CPF fibers with better mechanical properties. Interestingly, the reduction in max was
more significant for fibers with a  above electrical percolation. This can be seen in Figure 4.30
where an abrupt reduction in max is seen near the region in where electric percolation occurs.
These findings are in accordance with studies by Pötschke et al. who found that the addition of
MWCNT into polylactid acid (PLA) fibers in amounts above percolation threshold leads to a
significant reduction of flow properties of the melt due to increased filler-filler interaction [13].
They also found that the addition of 5 wt% MWCNTs into PLA fibers resulted in inhomogeneous
fiber diameters which led to fiber breakage. Similar findings were reported by Pegel et al. in
compression molded samples of PC/MWCNT where a significant reduction in max is seen in
composites with an already formed percolated network [139]
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Figure 4.30. Strain at break in stress-strain tensile tests and electrical resistivity of PC/MWCNT fibers.

4.5.3. Single filament fibers with CB+MW and CB fibers
As for the PC/MWCNT fibers, the mechanical properties of PC/CB+MW fibers were also
investigated at the same total wt% and DDRs as the PC/MWCNT fibers. Figure 4.31 shows their
respective stress-strain curves, while Table 4.6 lists the tensile properties of PC/CB+MW fibers
for all the DDR evaluated.
Contrary to the PC/MWCNT fibers, the PC/CB+MW fibers did not show a significant increase in
the elastic modulus E. The E of the fibers was generally reduced for wt < 5% independently of
their DDR. Only at 6 wt% CB+MW an increase of 15% for DDR ≥ 6.02 was found, whereas at 1
wt% a reduction of up to 20% in E was seen for fibers with DDR = 4.83. This behavior can be due
to the more spherical shape of the CB particles, aggregates, clusters and agglomerates and to their
lower mechanical reinforcement effect compared to MWCNTs. Additionally, as visible from 4.3.3
the MWCNT orient themselves in fiber axis which is the same direction of tensile elongation
promoting an increase in the stiffness of the fibers. However, contrary to the PC/MWCNT fibers
it was possible to mechanically test fibers with wt > 4% with DDR > 6.02 due to their better
processability.
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Figure 4.31. Stress-strain curves of the PC/CB+MW fibers with weight concentrations from 1 wt% to 6
wt% prepared at different DDRs.

Table 4.6. Tensile properties of PC/CB+MW fibers prepared at DDRs of 4.83, 6.02, 8.08 and 12.03.

0
E
2.21 ± 0.02
(GPa)
max 60.3 ± 0.5
(MPa)
max
32.7 ± 11.0
(%)

1

DDR = 4.83
CB+MW concentration (wt%)
2
3
4

5

6

1.76 ± 0.02

1.89 ± 0.04

1.94 ± 0.05

2.24 ± 0.03

2.15 ± 0.04

2.12 ± 0.07

61.1 ± 0.8

62.3 ± 2.3

62.6 ± 1.4

55.9 ± 4.3

58.0 ± 5.7

76.3 ± 3.3

34.7 ± 3.9

35.4 ± 9.5

42.4 ± 8.0

6.48 ± 1.92

6.66 ± 2.57

7.49 ± 0.58
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0
E
2.20 ± 0.03
(GPa)
max 60.4 ± 0.8
(MPa)
max
35.3 ± 5.2
(%)

0
E
2.32 ± 0.03
(GPa)
max 59.3 ± 0.9
(MPa)
max
84.6 ± 8.3
(%)

0
E
2.35 ± 0.05
(GPa)
max 58.7 ± 0.8
(MPa)
max
85.3 ± 4.9
(%)

1

DDR = 6.02
CB+MW concentration (wt%)
2
3
4

5

6

1.84 ± 0.02

2.13 ± 0.05

2.07 ± 0.01

2.36 ± 0.04

2.16 ± 0.06

2.49 ± 0.19

63.7 ± 0.5

61.1 ± 0.5

66.6 ± 0.4

61.5 ± 2.3

55.1 ± 4.4

51.8 ± 4.0

37.3 ± 4.3

22.3 ± 11.4

46.3 ± 7.5

14.0 ± 3.8

5.42 ± 0.96

3.56 ± 0.37

5

6

1

DDR = 8.08
CB+MW concentration (wt%)
2
3
4

1.91 ± 0.02

1.91 ± 0.20

2.10 ± 0.04

2.35 ± 0.06

2.25 ± 0.06

2.72 ± 0.08

62.1 ± 1.4

61.5 ± 2.9

63.4 ± 0.8

59.2 ± 2.5

51.5 ± 8.9

73.8 ± 17.2

82.3 ± 10.3

63.4 ± 20.0

54.1 ± 5.7

10.4 ± 4.3

4.86 ± 1.30

6.33 ± 2.04

5

6

1

DDR = 12.03
CB+MW concentration (wt%)
2
3
4

2.04 ± 0.07

2.22 ± 0.03

2.25 ± 0.02

2.41 ± 0.03

2.45 ± 0.20

2.77 ± 0.17

64.8 ± 0.8

67.8 ± 1.3

67.6 ± 1.3

58.6 ± 1.0

59.2 ± 4.4

74.2 ± 7.5

85.2 ± 5.1

87.3 ± 15.4

70.5 ± 9.4

10.4 ± 1.6

4.72 ± 0.44

4.85 ± 0.89

In the case of max, PC/CB+MW fibers showed a strengthening effect when increasing the amount
of CB+MW. For instance, at 6 wt% CB+MW an increase in strength of ~25% for most of the
DDRs was found, which is similar to the increase in strength in PC/MWCNT fibers at the same
loading for DDR = 4.83. This indicates that the input of more stress is required to induce failure
on the fibers. This behavior can be due to the finding that the combination of higher amounts of
both fillers (for instance 3 wt% CB + 3 wt% MWCNT) promotes the transfer of mechanical
properties from the particles to the matrix independently of the particles’ different shape and
dimensions. On the contrary, if the amount of mixed particles is not high enough then there is a
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weakening effect. Additionally, as seen in section 4.3.2 the PC/CB+MW composites showed
worse dispersion than the PC/MWCNT composites and it is known that proper particle dispersion
is required for an effective transfer of mechanical properties of the filler onto the polymer
composite.
To compare the effect in the mechanical properties by adding only CB to the PC fibers to that by
adding only MWCNTs and with the mixed filler systems, PC/CB fibers with 3 wt% and 6 wt% at
DDRs from 4.83 to 12.03 were evaluated. The properties found from the tensile tests are shown in
Table 4.7.
As visible from Table 4.7, unlike the PC/MWCNT and the PC/CB+MW fibers no stiffening effect
can be seen for PC/CB fibers up to 6 wt%. On the contrary, a significant reduction in the elastic
modulus can be induced by the addition of CB.

Table 4.7. Tensile properties of PC/CB fibers prepared at DDRs of 4.83, 6.02, 8.08 and 12.03.

DDR = 4.83
CB wt
0
(%)
E
2.21 ± 0.02
(GPa)
max 60.3 ± 0.5
(MPa)
max
32.7 ± 11.0
(%)

DDR = 6.02

3

6

0

1.76 ± 0.03

1.82 ± 0.03

2.20 ± 0.03

2.03 ± 0.15 2.14 ± 0.02

60.6 ± 0.5

61.7 ± 1.0

60.4 ± 0.8

60.8 ± 0.8

53.5 ± 2.6

7.82 ± 0.69

35.3 ± 5.2

35.2 ± 22.2 3.21 ± 0.29

DDR = 8.08
CB wt
0
(%)
E
2.32 ± 0.03
(GPa)
max 59.3 ± 0.9
(MPa)
max
84.6 ± 8.3
(%)

3

6

49.4 ± 2.2

DDR = 12.83

3

6

0

3

6

1.85 ± 0.04

2.07 ± 0.11

2.35 ± 0.05 2.20 ± 0.16

2.44 ± 0.05

60.2 ± 0.5

61.7 ± 1.4

58.7 ± 0.8

59.4 ± 1.4

49.3 ± 1.9

84.4 ± 21.7

5.89 ± 0.35

85.3 ± 4.9

28.3 ± 10.1 3.42 ± 0.39

Moreover, the tensile strength was not greatly affected by the addition of CB to PC. Only at high
loading of 6 wt% for DDR = 6.02 and DDR = 12.03 a reduction of ~15% in max was observed. In
addition, from the three mechanical property values evaluated the strain at break was the property
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with the largest negative effect originating from the CB addition. For instance, PC/CB 6 wt% fiber
at DDR = 12.03 shows a relative decrease in its strain at break of ~95% as compared to the near
polymer fiber at the same DDR. This outcome is possibly due to the remaining CB agglomerates
after the mixing process. As seen in 4.3.2, PC/CB composites have a certain amount of small
agglomerates and these could generate a large sum of stress concentration causing the fiber to fail
at low strains.
For an easier direct comparison of the stiffening effect due to the addition of the different carbon
particles and their combinations in PC fibers, Figure 4.32 shows the change in percentage of E (i.e.
(Ecomposite-EPC)/EPC) for PC/MWCNT, PC/CB+MW and PC/CB fibers for all the DDRs and wt%s
evaluated. The gray dotted line represents the E of the neat PC fiber at each corresponding DDR.
As visible from Figure 4.32 the largest stiffening effect (highest relative change) is obtained when
adding MWCNTs only. This may be related to the high stiffness that the MWCNTs have. From
Figure 4.32 it can also be seen that the addition of only MWCNT always led to an increase in E
for all contents evaluated. An increase of stiffness up to ~50% of was seen for PC/MWCNT 6 wt%
at DDR = 4.83. Opposite to this outcome, the addition of only CB led to a clear reduction in the
elastic modulus. Furthermore, the E of the mixed filler system is initially reduced at 1 to 3 wt%
loadings and then reaches a similar stiffness as the neat polymer for fibers with 4 wt% of CB+MW
for most DDRs. An increase in E for the PC fibers with the mixed filler system was only seen for
fibers with CB+MW ≥ 4 wt%. However, independently of the DDR at this wt% the increase is not
significant (1-7%) while the maximum increase in E for the mixed filler system of ~18% was
found for 6 wt% at DDR ≥ 12.03. Therefore, it can be stated that the stiffening effect seen in
PC/CB+MW fibers comes primarily from the stiffer particle (MWCNTs).
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Figure 4.32. Relative change (Ecomposite-EPC)/EPC) in percentage of the Elastic modulus (E) vs. the content
of carbon particles in PC fibers.

4.5.4. Bi-component fibers
As discussed in section 4.2.3, only few BICO fibers were achieved and the most homogenous
fibers were obtained at very specific spinning conditions after the take-up speed was fixed to 20
m/min. These conditions were at equal core/sheath throughputs for MWCNT contents of 1-3 wt%
and CB+MW contents of 1-4 wt%. Due to some limitations in the clamp of the fiber testing
machine used, only BICO fibers produced with a fixed throughput of V̇S = V̇C = 1.00 cm³/min were
employed to perform the tensile tests. Figure 4.33 shows the stress-strain curves of BICO fiber,
the core remained the same (neat PC) while the sheath was varied at the previously mentioned
wt%. Additionally, Table 4.8 lists the tensile properties of the BICO fibers prepared with different
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MWCNT and mixed filler amounts; 0% denotes the BICO fiber with both sheath and core being
neat PC.
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Figure 4.33. Stress-strain curves of PC BICO fibers prepared at 𝑉𝑆̇ = 𝑉̇𝐶 = 1.00 cm³/min with MWCNT
and CB+MW contents in the sheath varied from 1 wt% to 4 wt%.

Table 4.8. Tensile properties of the PC BICO fibers prepared with different fillers and weight
concentrations.

BICO fibers fabricated at 𝑽̇𝑺 and 𝑽̇𝑪 = 1.00 cm³/min
wt (%)

0

1

2

3

4

Filler

-

MW

CBMW

MW

CBMW

MW

CBMW

MW

CBMW

E (GPa)

1.89

1.45

2.00

1.96

2.17

2.12

2.25

N-S

2.35

Stdev.

0.05

0.04

0.02

0.12

0.08

0.21

0.08

N-S

0.10

max
(MPa)
Stdev.

55.8

44.5

33.1

56.5

54.6

57.2

53.0

N-S

56.8

3.5

8.3

5.0

4.3

5.0

8.3

5.8

N-S

3.2

max (%)

38.5

28.1

7.93

29.3

8.76

29.4

8.97

N-S

9.35

Stdev.

17.2

4.5

0.81

6.4

2.03

5.8

4.18

N-S

1.25

MW, multiwall carbon nanotubes; CBMW, carbon black plus multiwall carbon nanotubes;
N-S, not spinnable.
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As found for the single component fibers, Figure 4.33 shows that the strain at break is greatly
reduced after the addition of the carbon nanoparticles. Among all the BICO fibers the fibers with
the lowest max were the ones with CB+MW. For instance, the BICO fiber with PC+CB+MW 4
wt% as the sheath showed max = 9.35% while the neat BICO PC fiber had a value of max = 38.45%
indicating a large relative percentage decrease in max of ~75%. On the other hand, the max of the
BICO fibers was not greatly influenced by the addition of only MWCNT or CB+MW mixtures.
For both filler cases only at 1 wt% a reduction in max was seen. Contrarily, for both filler cases a
stiffening effect was seen after the addition of 1 wt% CB+MW and 2 wt% MWCNTs.
Similarly to Figure 4.32, for an easier observation of the amount of change in mechanical
properties in BICO fibers due to the addition of MWCNTs and CB+MW to the sheath, the changes
in percentage of E, max, and max (similar equation as mentioned for E) were obtained and are
shown in Figure 4.34. The dotted gray line represents the BICO fiber with neat PC as sheath and
core. From Figure 4.34 a clear effect in E can be seen in both kinds of BICO fibers. Interestingly,
a larger stiffening effect in BICO fibers was seen by adding CB+MW to the sheath instead of
adding only MWCNTs, which is opposite to the findings for single component fibers.
This effect in E can be due to a different state of dispersion of the mixed filler systems given that
as seen in section 4.3.2, the CB+MW composites had smaller sized remaining agglomerates than
the MWCNT agglomerates. In the case of the BICO fibers, the dispersion of the particle
agglomerates becomes more important since the sheath volume is restricted by the core.
Conversely, the max suffered a greater reduction from the addition of CB+MW particles to the
sheath than when adding only MWCNTs. This could be related to the larger number of small
CB+MW agglomerates which sums up to a larger number of stress concentrations along the BICI
fiber length causing an early tensile failure on the BICO fibers. Surprisingly, for both cases of
fillers there is no further reduction in max by increasing the amount of filler which reaches a relative
reduction of ~30% for MWCNT and of ~80% for CB+MW.
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Figure 4.34. Relative change of E, max and max upon addition of MWCNT and CB+MW
to the sheath component in PC BICO fibers.

Furthermore, by comparing the stiffness of single component fibers and BICO fibers with the same
wt% as seen in Figures 4.33 and 4.34, a larger positive change in E can be seen for BICO fibers.
Nevertheless, as visible form Tables 4.6 and 4.8, the elastic modulus of the BICO fiber made from
PC in both layers is lower than the one of the single component neat PC.
4.5.5. Summary
Tensile tests were performed on single and bi-component (BICO) fibers with different amounts of
carbon nanoparticle (CNP) t ranging from 1 to 6 wt% for single component fibers and from 1 to 4
wt% for BICO fibers. The elastic modulus (E), the maximum stress (max) and the elongation at
break (max) were evaluated and compared.
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The maximum increase in E of 50% corresponding to an E = 3.33 GPa was found for PC/MWCNT
6 wt% at DDR = 4.83, for which also the maximum increase in max of ~28% corresponding to a
value of 77.3 MPa was found. In general, larger stiffening effect was observed when the fibers
were fabricated at the lowest DDR (4.83). For all the single component fibers filled with MWCNT,
CB+MW and CB a significant decrease in the elongation at break as compared to PC fibers was
seen. The highest relative percentage decrease in max of ~95% was found for PC/CB 6 wt% at
DDR = 12.03 corresponding to a total max of 3.46%.
Single component fibers showed a larger stiffening effect with MWCNT only than with CB+MW
or CB. Contrarily, BICO fibers had larger reinforcement (increase in E) when the sheath contained
CB+MW. For BICO fibers no significant influence on max was seen as from the addition of 2
wt% of CNP while no significant influence on max was seen for weight concentrations above 1%.
For single component and BICO fibers a large reduction in max occurred when filling PC with
carbon particles. However, even when the max was greatly reduced upon the addition of the CNPs,
the max obtained for the fiber with electrical resistivity within the sensing suitability limit is high
enough for many strain sensing and structural health monitoring applications.
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4.6. Strain sensing capabilities of the fibers
4.6.1. Introduction
Tensile strain sensing evaluations were carried out on fibers by doing piezoresistive tests which
consists of performing tensile tests while measuring the change in electrical resistance (R/R0) of
the fibers upon stretching. The methodology for performing these tests is detailed in section 3.4.4.
Single component fibers were selected to perform piezoresistive tests according to their sensing
suitability as discussed in 4.4.3. However, it is worth noticing that even when according to their
initial electrical resistivity the fibers are classified to be suitable for sensing evaluation, those with
high amount of filler and high DDR were not measurable due to inhomogeneities on the fibers.
Such inhomogeneities occurred along the piezoresistive sample length of ~10cm and caused the
fibers to break during sample preparation or resulted in unstable electrical signals. These fibers
were PC/MWCNT 5 wt% at DDR > 5.02 and PC/MWCNT 6 wt% at DDR > 4.83.
Moreover, as discussed in sections 4.2.2 single component fibers could not be produced at high
loadings due to reduced spinnability resulting from remaining MWCNT primary agglomerates.
Therefore, depending on their spinnability and the achieved resistivity values, the piezoresistivity
was only characterized for fibers with 3 wt% and higher. In the case of the highest DDR (12.03)
only one weight concentration (4 wt%) could be measured. In order to compare the strain sensing
capabilities at lower loadings, a composite with a MWCNT amount of 3.5 wt% was additionally
prepared at different DDRs and studied.

4.6.2. Strain sensitivity of PC/MWCNT fibers
The piezoresistive properties of PC/MWCNT fibers with initial valuessuitable for sensing are
presented in Figure 4.35. The electrical response of the samples during tensile tests is shown for
PC/MWCNT fibers produced at 4 different DDRs with MWCNT loadings ranging from 3 to 6
wt%. The tests were carried out until sample break.
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Figure 4.35. Electrical response (R/R0) of PC/MWCNT fibers prepared at different DDRs (sample set 2)
during tensile testing. Dotted lines in the plot of DDR=12.03 illustrates the strain limit of 1.5% used for
the calculation of SGF.

Figure 4.35 shows that the electrical response (R/R0) increases upon increasing strain. For
instance, for fibers with 3.5 wt% MWCNTs and DDR = 4.83 the electrical response continues
increasing until the samples break at about ~5% of strain. For fibers with 4 and 5 wt% (except of
DDR = 8.08) the electrical response reaches a maximum and then decreases slightly until sample
break which occurs between 4 and 5 % strain depending on the DDR. This behavior is due to the
necking effect in the fibers during stretching. During necking the cross sectional area of the fiber
decreases differently in the necking zone than in the rest of the sample. This phenomenon affects
the percolated network arrangement in this zone promoting the rearrangement of the MWCNTs
that in turns causes a reduction in R/R0. Nevertheless, for fibers with 3.5 wt% of MWCNT and
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DDR = 6.02 the change in electrical resistance is as high as 80% at 5.5% of strain, which is
indicative of large sensitivity. The high R/R0 value corresponding to low strain implies that the
percolated network inside the fiber is very sensitive and greatly modified by already small amounts
of stretching. Furthermore, the difference in the strain sensitivity of fibers at DDR = 4.83 with 3
wt% and 3.5 wt% is significant, which indicates that the piezoresistivity of the fibers is highly
sensitive to even small changes in the particle amount.
There are several theories for the working mechanisms in piezoresistive nanocomposite strain
sensors containing CNTs. Among these, the most accepted are: (a) significant changes in the
conductive network structure formed by the CNTs [246], (b) changes in tunneling resistance
between neighboring CNTs due to distance change [193] and (c) piezoresistivity of the CNTs
themselves due to their deformation [50]. For our case the first two are the most relevant and likely
to happen. This can be concluded from our findings that the melt-spinning process promotes
MWCNT orientation along the fiber axis (see section 4.3.3) where increased DDR enlarges the
CNT-CNT distancing. According to models found in literature, the CNT piezoresistive sensitivity
has as a very small contribution (~5%) to the whole piezoresistive effect of the nanocomposites
[247]. It may be also assumed that the internal density and size of the CNT agglomerates have an
effect on the piezoresistive properties of the fibers, given that they are closely related to the
composite’s electrical conductivity/resistivity. However, based on a multiscale 3D deformable
CNT percolating network model Gong et al. found that the piezoresistivity of the CNT-polymer
composites is less sensitive to the internal density and size of CNT agglomerates than its electrical
conductivity [248]. Therefore, changes in the conductive network structure upon stretching could
be the dominant factor in the strain sensitivity of the PC/MWCNT fibers.
In order to quantify the strain sensitivity of the different MWCNT/PC fibers, the gage factor (SGF)
was calculated as described in 3.4.4 and is shown in Figure 4.36. According to Figure 4.36, fibers
with higher DDRs have higher SGF. Moreover, the strain sensitivity shows a large decrease as the
nanotube amount increases; while the fibers with the lowest DDR have significantly lower SGF
values which show a much smaller decrease with the nanotube amount. For instance, fibers with
3.5 wt% of MWCNT melt-spun at a DDR = 8.08 have a SGF three times larger (~16) than fibers
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with 4 wt% at the same DDR (~5). This indicates that the SGF is highly sensitive to the weight
concentration of the MWCNTs and also to the DDR employed to produce the fibers.
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Figure 4.36. Strain gage factors (SGF) of the PC/MWCNT fibers produced at different DDRs as function
of MWCNT concentration.

This sensitivity of SGF on the MWCNT amount and the DDR can be explained by considering the
MWCNT network structure within the fibers. The change in electrical resistance upon elongation
gets higher as the nanotube concentration is closer to the electrical percolation threshold
concentration. The change is much lower if the MWCNT amount is well above c. This is due to
the fact that a less dense but already existing conducting network inside the polymer is deformed
easily. Some of the nanotubes are more easily disconnected upon external stimuli and therefore the
change in electrical resistance is much larger as compared to composites with higher density of
conductive elements. In the latter, external stimuli do not have a considerable effect on the density
of conductive pathways and, thus, on the composite fiber’s electrical resistance. Similar behavior
was also found by Ke et al. who studied mechanical strain sensitivity on PVDF/MWCNT
compression molded composites and found higher sensitivity in conductive composites with lower
MWCNT amounts [183].
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When fabricating the fibers the drawing process as well modifies the percolating network structure
inside the polymer. As the DDR increases, the nanotube distancing along the fiber increases leading
to a less dense network with more interrupted pathways as compared to the un-drawn sample. Thus,
c increases with DDR as shown before. At a fixed CNT concentration, the c gets higher with
increased DDR and therefore the percolated network becomes greatly modified by small amount
of stretching in the fiber direction.
Consequently, it can be stated that there is a compromise between the strain sensitivity, the amount
of MWCNTs and the DDR. The compromise is that the resistivity has to be in a stable measurable
range (i.e. high enough MWCNT amount), and at the same time high resistive samples (i.e. larger
DDR) always result in larger sensitivity.
It is worth mentioning that even the lowest SGF found for PC/MWCNT in this work (~2.5 for 6 wt%
and DDR = 4.83) is above the SGF of conventional MSGs which generally is close to 2 [197].
4.6.3. Strain sensitivity of PC/CB+MWCNT fibers
Similarly to PC/MWCNT fibers, piezoresistive evaluation of PC/CB+MW fibers was carried out
on previously selected fibers according to their sensing suitability (see section 4.4.3.) However,
PC/CB+MW fibers at DDR = 12.03 for wt < 6% were discarded for piezoresistive evaluation since
they were too brittle. Figure 4.37 shows the piezoresistive response of PC/CB+MW fibers with
valuessuitable for sensing.
Figure 4.37 shows that higher changes in the electrical resistance are achieved for fibers with lower
filler amount. For instance, at DDR = 4.83 at a strain of 2% the R/R0 values of fibers with 4, 5
and 6 wt% are ~6.5%, ~5% and ~3%, respectively. This same trend is visible for DDR = 6.02 and
DDR = 8.08.
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Figure 4.37. Electrical response (R/R0) of PC/ CB+MW fibers prepared at different DDRs during
tensile testing.

In order to quantify the sensing strain sensing capability of the PC/CB+MW fibers, again the SGF
was determined following the methodology described in 3.4.4 and shown in Figure 4.38. As visible
from Figure 4.38, increased filler loading led to lower SGF which is in accordance to the findings
for PC/MWCNT fibers. For instance, PC/CB+MW 4 wt% at DDR = 8.08 had a SGF of ~3.5 while
the fiber PC/CB+MW 6 wt% at DDR = 8.08 showed a SGF of ~1.5. However, the value of SGF at
4 wt% loading and DDR = 8.08 is 2 times lower than that one found for PC/MWCNT at the same
conditions. Moreover, contrary to the PC/MWCNT fibers, at DDR = 4.83 the increase in filler
loading significantly modifies the magnitude of SGF.
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Figure 4.38. Strain gage factors (SGF) of the PC/CB+MW fibers prepared at different DDRs as function
of the CB+MW concentration.

The SGF’s found in this work are higher than the ones found in literature for dog-bone shaped
thermoset samples and compression molded or solution cast thermoplastic films [35, 38, 113]. Just
recently, a SGF = 78 upon low strain (0.25%) was reported by Sanli et al. for MWCNT/epoxy films
deposited on an epoxy beam [249]. For polymer fibers, similar SGF were only reported for filling
an (unspecified) thermoplastic elastomer with ~50 wt% of CB [227, 228], which is much higher
than the MWCNT or CB+MW contents used in this study. Torres et al. found an SGF of 8.31 in
melt-extruded 1 mm diameter filaments of conductive SBS/C-TPU (TPU with 15% of added
carbon) [250]. In other direction, Christ et al. used a 3D printing to obtain a highly elastic strain
sensors of MWCNT/TPU where SGF’s as high as 176 were achieved [251]. However, this kind of
technology cannot be used to produce textile yarns or textiles. Nevertheless a combination of 3D
printing with melt-spinning could be an alternative approach to obtain higher, flexible and wearable
sensor.
Interestingly, when comparing the change in SGF from increasing the DDR at fixed filler loading
(Figures 4.36 and 4.38) it seems that the drawing process has a lower effect than in PC/MWCNT
fibers. In order to compare the effect of drawing on the SGF of the single component PC fibers with
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MWCNT and CB+MW, the SGF of un-drawn rods (DDR = 1) was obtained and compared to the
SGF of the melt-spun fibers. Figure 4.39 shows the SGF with respect to the DDR of fibers with total
filler content of 4 wt% and 5 wt% for all the spinnable DDRs that were suitable for strain sensing
evaluations.
It can be seen from Figure 4.39 that the SGF of both kind of fibers with DDR = 1 have a very similar
SGF of ~ 2. Next, at DDR = 4.83 a slight increase in SGF is seen for both kind of fibers where a
value of ~4 and ~3 are reached for 4 and 5 wt% of filler respectively. However, further drawing
does not significantly influence the SGF magnitude of the PC/CB+MW fibers given that the SGF
remains almost the same. On the contrary, drawing has a large influence on the SGF of PC/MWCNT
fibers. For instance, the SGF of PC/MWCNT 4 wt% increases 7 times at DDR = 12.03 when
compared to the original SGF of the un-drawn rod. The same behavior is seen for PC/MWCNT 5
wt% given that the SGF increases 2 times the SGF at DDR = 8.08 when compared to the un-drawn
rod in contrast to the almost unaltered SGF when drawing the PC/CB+MW 5 wt% fiber up to DDR
= 8.08.
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Figure 4.39. Strain gage factor (SGF) of PC/MWCNT and PC/CB+MW fibers with 4 wt% and 5 wt% at
all the DDRs evaluated.

From Figures 4.36, 4.38 and 4.39, it can be observed that drawing has a higher effect in sensitivity
on fibers with only MWCNTs than on fiber with CB+MW. This may be due to the difference in
the shape (round-like vs. fiber-like) and aspect ratio (~1 vs. ~100) of CB and MWCNT particles
and their agglomerates. Contrary to the CB particles, the MWCNTs are more susceptible to be
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aligned while the CB particles are less affected by the drawing process. Therefore it is possible
that drawing along the fiber axis has a more significant effect on fibers with only MWCNTs than
on fibers with CB+MW. To illustrate this behavior, Figure 4.40 shows an illustration of the effect
of drawing on a polymer containing only MWCNTs and containing CB+MW; the dotted blue line
represents the fiber direction.

Figure 4.40. Illustration of the effect of drawing on the orientation of fillers in polymer fibers containing
MWCNTs and CB+MW.

As illustrated in Figure 4.40, due to their cylindrical shape the MWCNTs tend to orient /align in
the fiber length axis which greatly influences the strain sensitivity of the fiber upon applied tensile
stress in the fiber direction. Contrarily, the CB particle agglomerates do not get oriented/aligned
to such extent as fibers in the fiber direction. Therefore, fibers with only MWCNT are more
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sensitive to tensile strain than fibers with CB+MW. This can be seen in Figures 4.36 and 4.38 since
higher SGF were found in fibers with only MWCNTs than with CB+MW.
4.6.4. Strain sensitivity of bi-component fibers
The suitability of BICO fibers for sensing was tested as described in 3.4.4 by measuring their
piezoresistive performance. Only under two melt spinning conditions the BICO fibers were
suitable for sensing could be prepared as described in detail in section 4.2.3. However, while
preparing the samples to perform the piezoresistive tests it was found that some of the BICO fibers
with 5 wt% CB+MW content were highly breakable simply by handling thus making them not
feasible for the use as sensors. Consequently, the PC+CB+MW 5 wt%/PC BICO fibers were not
considered for further evaluation. Therefore, when referring to the sensing capabilities of BICO
fibers, hereafter the PC+CB+MW 4 wt%/PC BICO fiber fabricated at 𝑉𝑆̇ and 𝑉̇𝐶 = 1.50 cm³/min
and take-up = 20 m/min will be the single case composition of BICO fiber used for sensing
evaluations; for strain sensing as well as for liquid sensing. Figure 4.41 shows the piezoresistive
behavior of PC+CB+MW 4 wt%/PC BICO fiber fabricated at 𝑉𝑆̇ and 𝑉̇𝐶 = 1.50 cm³/min.
BICO fiber at VS = VC = 1.50 cm³/min
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Figure 4.41. Electrical response (R/R0) of a PC+CB+MW 4 wt%/PC BICO fiber during tensile test.

As visible from Figure 4.41, the BICO fiber shows a stable electric response until sample fracture.
As with the single component fibers, the SGF was obtained as the slope of the curve of relative
resistance change vs. strain in the strain range between 0 and 1.5%. Interestingly, the BICO fiber
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shows a SGF value which is lower than the SGF values of PC/MWCNT fibers but similar to those of
single component PC/CB+MW at the same wt%. This behavior can be due to more densely packed
particles within the BICO’s sheath component. Since the carbon particles in the sheath are
constrained by the core it is likely that stretching the BICO fiber does not significantly influence
the particle network which is necessary for having high strain sensitivity.
4.6.5. Strain sensing properties of single component fibers under cyclic tests
In order to study the behavior of the fibers upon cyclic straining, loading-unloading cycles were
performed as described in 3.4.4 and shown in Figure 4.42. For this evaluation two single
component fibers were used: PC/MWCNT 5 wt% at DDR = 6.02 and PC/CB+MW 5 wt% DDR =
6.02. These fibers were selected due to their highly steady electrical signal upon stretching, to their
ease of handling for piezoresistive sample preparation, and to their relatively high SGF (5 for the
PC/MWCNT and 3 for the PC/CB+MW).
Figure 4.42 shows that the electrical resistance (R) of both kinds of single component fibers is able
to follow the applied cyclic strain. The PC/MWCNT fiber shows a decrease in the minimal
electrical resistance with each cycle and results in lower values than before the loading in each
cycle. This can be due to a reacommodation of the polymer chains after releasing the load which
in turns modifies the way the MWCNTs are initially arranged inside the polymer. Similarly as
with the PC/MWCNT, the initial electrical resistance of the PC/CB+MW fiber changes after the
load release. Nevertheless, after about 4 cycles the maximum and minimum electrical resistances
remain similar. Though, contrary to the PC/MWCNT fiber the initial resistance of the PC/CB+MW
fiber is not reduced. This can be due to the less influence of stretching on the CB particle
agglomerates than on the MWCNTs. Therefore, PC/CB+MW fibers might be a better choice for
strain sensing applications on which a steady electrical signal is necessary when a cyclic or
periodic stimulus is applied. Moreover, when comparing the R/R0 of both kind of fibers shown
in Figure 4.42 it is noted that the CB+MW fibers had higher R/R0 reaching a value of ~3.2% at
the first cycle while for the PC/MWCNT was ~2.3%. Additionally, the R/R0 of PC/CB+MW
remains positive whereas for PC/MWCNT it reaches a negative value of ~0.5% at the 10th cycle.
This implies that PC/CB+MW fibers are more stable for cyclic strain sensing.
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Figure 4.42. Electrical response (resistance in Ohm) upon 10 loading-unloading cycles of PC/MWCNT
and PC/CB+MW fibers containing 5 wt% of total filler produced at DDR=6.02.

Surprisingly, even when according to the electrical resistivity measurements the BICO fiber
showed to be suitable for sensing, when tested in cyclic tests only unstable electrical signals could
be detected. Therefore, given the high difficulty to obtain these conductive BICO fibers and the
poor strain sensing properties compared to the PC/MWCNT fibers, it has to be concluded that
BICO fibers might not be suitable for such kind of applications.
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4.6.6. Summary
After all the strain sensing evaluations it can be established that the CPF polymer fibers, especially
the single component fibers, have good strain sensing capabilities. The strain sensitivity PC fibers
filled with carbon particles of MWCNT and CB+MW prepared with different filler amounts and
varied melt spinning parameters was determined. The highest sensitivity was found for
PC/MWCNT 3.5 wt% at DDR = 8.08 having a strain gage factor (SGF) value of ~17, while the
lowest was for PC/CB+MW 6 wt% at DDRs between 4.83 and 8.08 giving a SGF magnitude of
~1.3.
The SGF of PC/MWCNT fibers was found to be highly sensitive to the DDR employed as well as
to the amount of MWCNTs. Lower MWCNT amounts and higher DDR led to higher SGF. On the
other hand, for PC/CB+MW fibers the amount of CB+MW has a significant impact on the fibers’
sensitivity, while the influence of the DDR on the SGF of the fibers is very low. .
The SGF of the BICO fiber was comparable to that one of PC/CB+MW and is relatively low when
compared to the SGF of PC/MWCNT fibers. Given that the SGF of the most common commercially
available strain sensing gauges is ~2, the majority of the sensing fibers fabricated in this work
showed higher sensitivity than the commercial sensors and all had a steady electrical signal during
quasi static tensile evaluations.
It is worth mentioning that a strain sensor with high SGF insures high sensitivity and therefore is
more efficient in early detection of damages in different kinds of structures when used as structural
health monitor device. This can be easily verified by embedding a conductive fiber into a stiff and
brittle material and observing whether the electrical signal of the fiber is able to follow the
deformation of the material. An examination in that direction will be assessed in section 4.8.
From the cycling loading-unloading piezoresistive tests it was found that the PC/CB+MW fibers
perform better in such condition than the other kind of fibers. Contrarily, BICO fibers proved to
be unsuitable for cyclic tests at strains lower or equal to 1% since no steady signal could be
obtained during cyclic piezoresistive evaluations.
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4.7. Liquid sensing abilities of the fibers
4.7.1. Introduction
The liquid sensing properties of the PC fibers containing MWCNTs and CB were evaluated on
single component fiber as well as on BICO fibers. First, the efficacy of the use of RED values of
PC against different solvents is assessed. Then, the effect of the particle amount on the liquid
sensing abilities of the fibers is evaluated. Afterwards, the influence of drawing dawn the fibers
on liquid sensing is evaluated by fixing the particle amount and varying the DDR. Additionally,
the performance of three varieties of fibers (PC/MWCNT, PC/CB+MW and BICO) is assessed.
Finally, the performance of the fiber upon immersion/drying cycles is evaluated. After this study
it is discussed which fiber composition, processing conditions, and kind of fiber deliver the best
liquid sensing performance.
4.7.2. Liquid sensing abilities of single component fibers
The Rrel was calculated as described in section 3.4.5 and can be considered to be directly related
to the liquid sensitivity. The maximum Rrel values (within the time frame up to 800s) are used in
order to compare the sensitivity maximum (SM) of the fibers upon solvent exposure. Figure 4.43
shows the relative resistance change (Rrel) versus time of PC/MWCNT 6 wt% fibers immersed
into different high affinity solvents, selected in accordance to their RED to PC as listed in Table
4.1 and to their swelling behavior as discussed in section 4.1. The RED of the selected solvents
vary from 3.74 to 0.71. The RED as well as the SM are noted for each solvent in Figure 4.43.
As visible from Figure 4.43, there is a good correlation between the RED values and the liquid
sensitivity of the PC/MWCNT 6 wt% fibers. For instance, PC have a RED with MEK of 0.71
leading to a very high SM of 1040%, while diethyl ether having a RED to PC of 1.16 shows a
much lower value of SM of 120%.
It can be also seen from Figure 4.43 that the shape of the curves and the SMs for solvents with
similar REDs to PC, like ethyl acetate and acetone, as well as toluene and xylene, are considerably
different. Furthermore, all the solvents with low RED to PC result in a Rrel plateau after few
minutes of immersion. Additionally, the use of solvents with low RED to PC caused a practically
instant high increase in Rrel that keeps increasing rapidly until reaching the plateau zone.
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Figure 4.43. Relative resistance change (Rrel) of 6 wt% MWNT/PC fibers produced at
DDR = 4.83 during immersion in different solvents.
However, the time for reaching the plateau varies from solvent to solvent and it seems to be
independent on the RED. The reason for that is the different diffusion kinetics of each solvent. The
RED of polymer and solvents depends on the similarity of the HSPs of both parts (solvent and
polymer). However, the diffusion kinetics involves the occupation of empty spaces of molecules
and atoms by thermodynamical means. Therefore, given that each solvent has different molecular
size, but the polymer remains the same, each solvent will diffuse into the polymer differently and
independently on the RED.
This indicates that the HSPs are not the only factor playing a role in the swelling behavior of the
polymer composite. Villmow et al. reported that the solvent molecular size plays an important role
in the different diffusion kinetics of the solvents. Therefor they compared the HSPs and the solvent
molecular size relation with the response of u-shaped PC/MWCNT composite films immersed in
different high solvents with high and moderate affinity with PC [252]. They found that the
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solvent’s molecular size influences the diffusion kinetics, where increasing molecule size led to
decelerated diffusion kinetics.
Therefore, the response speed and the shape of the Rrel vs time curve are not directly correlated to
the RED magnitude but to the solvent’s molecular size that in turns affects the diffusion kinetics.
Additionally, as reported by Villmow et al. the chemical structure of the solvents plays a role in
the diffusion process. Non-planar cyclic structures reduce the ability of solvents to diffuse into the
polymer matrix of the composite [252]. This explains the difference seen in Figure 4.43 for
solvents with different shapes of the Rrel curves and largely different SM but similar RED, such as
xylene (RED = 0.88, SM = 375%) that has non-planar cyclic structure and ethyl acetate (RED =
0.83, SM = 985%) that has a more linear planar structure.
Thus, the shape of the time dependence of the Rrel was found to be different for the different
solvents as shown in Figure 4.43. Nevertheless, as visible in Figure 4.42 low RED values resulted
in high Rrel and SMs while low RED resulted in low Rrel and SMs. Additionally, water which has
a RED = 3.74 showed a very low SM (<10%) that can be negligible when compared to others like
that obtained for ethyl acetate (SM = 985%). Furthermore, acetone that has a relatively low RED
with PC of 0.83 resulted in a SM of 915%, while toluene and xylene presented a SM of 595% and
375%, respectively. On the other hand, diethyl ether that has a RED with PC of 1.16 shows a SM
of 120% which is very low when compared to the SM obtained for lower RED solvents. Moreover,
it is possible that the low response obtained for water is rather due to other external factors such
as the temperature change from room temperature to the ~22°C of the solvent than to actual
swelling induced by water molecules diffusion. Interestingly, the differences in the SM and the
shape of the Rrel vs time curves for each solvent shows the potential of the sensing fibers of being
capable to distinguish between different solvents.
For seeing more clearly the relation between the SMs and the RED values, Figure 4.44 show the
SM obtained for the solvents shown in Figure 4.43 versus their corresponding RED with PC.
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Figure 4.44. Sensitivity maximum (SM) values achieved in PC/MWCNT 6 wt% fibers upon
immersion in different solvents vs. the relative energy difference (RED) of PC with the
corresponding solvent.
As visible from Figure 4.44, there is a good correlation between the RED values and the SM
obtained for their corresponding solvents. Decreased RED led to higher SMs, where RED valued
closer to 0 resulted in very high SM. RED values much greater than 1 led to negligible SM.
Interestingly, the RED of 1.16 corresponding to diethyl ether resulted in a SM of 120%. As
explained before, this behavior can be related to the influence of other factors such as the solvent’s
molecular size and its chemical structure.
It is worth mentioning that, depending on the solvent employed, some samples broke immediately
after taking the fiber out to dry on air. Additionally, some fibers broke while still performing the
sensing tests. For instance, immersing the fibers in high affinity solvents like MEK (RED = 0.71),
ethyl acetate (RED = 0.83) and acetone (RED = 0.83) caused breakage during the tests after
exposure times above 800s. As it was discussed in section 4.1 (see Figure 4.6), immersion in high
affinity solvents such as acetone resulted in irreversible physical changes in the bulk material.
Therefore, it can be expected that in the case of the fibers these significant physical changes upon
high affinity solvents results on fiber breakage during the test.

______________________________________________________________________________
199

4. Results and discussion
______________________________________________________________________________
In order to evaluate the effect of the liquid sensing behavior on the filler amount, different amounts
of MWCNTs were used in the PC fibers and their Rrel was measured upon immersion into different
high affinity solvents. As detailed in section 4.4.3, the amount of MWCNTs able to be added to
fabricate fibers reduced upon increased DDR. Therefore, for having a broad range of MWCNT
concentrations (from 3 wt% to 6 wt%), the DDR = 4.83 (the lowest DDR possible for PC/MWCNT
fibers) was selected for performing liquid sensing evaluations. This DDR was also selected since
as according to 4.4.3 is the only DDR for PC/MWCNT at which the  of 3 wt% is within the
sensing suitability range. Figure 4.45 shows the Rrel of PC/MWCNT at DDR = 4.83 for different
wt% upon immersion in MEK and acetone. The SM values for each curve are shown as well.
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Figure 4.45. Relative resistance change of PC/MWCNT fibers with different MWCNT contents produced
at a drawing ratio of 4.83 during immersion in acetone and methyl ethyl ketone (MEK).

As visible from Figure 4.45 for both solvents the lowest SMs were found for the fibers with 3 wt%
MWCNTs, while the ones with the largest SMs were the fibers with MWCNT 6 wt%.
Surprisingly, this is contrary to the found by Pötschke et al. where melt-spun PLA/MWCNT fibers
immersed in ethanol showed the opposite behavior [13]. The behavior found in this work might
be due to changes in the diffusibility of the solvent molecules when passing through the fiber
composite internal structure. Specifically, the increase in the liquid sensitivity upon increased
MWCNT amount might be attributable to the differences in MWCNT and polymer chains
alignment. As shown in section 4.3.3 (Figure 4.20), the MWCNTs in fibers with total filler amount
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of 3 wt% were clearly aligned in the fiber direction. Furthermore, the addition of more MWCNTs
results in larger remaining agglomerates as seen in section 4.3.2 (Figure 4.14). Additionally, a
reduction in the particles alignment occurs upon entangled particles compared to better dispersed
particles since single particles are more easily aligned than large agglomerates. Consequently, at
larger wt% the alignment of the fibers is lesser than in lower wt% and therefore the ability of the
polymer chains to align in the drawing direction is obstructed by the presence of many large
remaining agglomerates. This in turns makes easier for the solvent molecules to reach and modify
the percolated network inside the fiber resulting in higher resistance changes for fibers with higher
MWCNT wt%. A more detailed discussion on the effect of polymer chains alignment on the Rrel
of the fibers will be assessed later in the analysis of liquids sensing behavior upon different DDRs.
In addition, it is important to mention that some of the fibers broke after 800s of solvent exposure,
while all the fibers broke after withdrawing the fibers from the solvent not allowing to study the
behavior of Rrel upon drying. On the other hand, it was noted that by using butyl acetate (RED =
90) high SMs were achieved without causing significant physical damage to the fibers as compared
to the solvents with lower RED with PC. Therefore, butyl acetate was generally preferred over
other solvents to evaluate the sensing behavior of the fibers.
Furthermore, the liquid sensing behavior of PC fibers with CB+MW was as well evaluated and
compared to the liquid sensing properties of PC/MWCNT fibers as shown in Figure 4.46. PC fibers
with different amounts of CB+MW and MWCNTs prepared at DDR = 4.83 were immersed in
butyl acetate for approximately 20 min and then left to dry until reaching a stable electrical
response signal. PC/CB+MW 3 wt% fibers with DDR = 4.83 were not suitable for sensing due to
their high electrical resistivity that is above the sensing range.
However, as discussed in section 4.2 fibers with CB+MW have a broader spinnability window
allowing the attainment of PC/CB+MW fibers with a DDR = 4.04 on which at 3 wt% CB+MW
the electrical resistance of the liquid sensing sample was low enough to be followed during the
liquid sensing test. Therefore, in order to be able of evaluating the effect on the liquid sensing
capabilities from the addition of 3 wt% to 6 wt% of CB+MW in PC fibers, a set of PC/CB+MW
fibers fabricated at DDR = 4.04 was tested upon immersion in butyl acetate. Thus, in Figure 4.46
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also the Rrel of PC/CB+MW at 4.04 for filler contents between 3 wt% and 6 wt% upon immersion
in butyl acetate is added.
As seen earlier for PC/MWCNT fibers exposed to acetone and MEK, Figure 4.46 shows that larger
Rrel and SM were found for fibers containing higher amount of total filler when immersed in butyl
acetate. This was independently on the fact, that MWCNT or CB+MW were added as fillers.
Therefore, it is highly likely that the same phenomenon assumed in PC/MWCNT fibers occurs in
the fibers with the mixed filler system. However, as visible from Figure 4.46, PC/CB+MW fibers
have larger sensitivity and SM than the PC/MWCNT fibers. For instance, PC/MWCNT fibers with
4 wt% at DDR = 4.83 have a SM = 1150% while for PC/CB+MW 4 wt% at DDR = 4.83 the SM
is 1350%. Similarly, for PC/MWCNT 5 wt% at DDR = 4.83 the SM is 1405% while at the same
conditions and wt% the PC/CB+MW fiber has SM = 2070%. Interestingly, among all the fibers
evaluated at all the tested conditions the most sensitive fiber was PC/CB+MW 6 wt% at DDR =
4.04, reaching a very high SM of 3170%. The reason for PC/CB+MW fibers to have higher liquid
sensitivity than PC/MWCNT fibers might be due to the different initial resistances of both systems.
PC/CB+MW fibers have higher initial values (compare Fig. 4.24) which is due to the geometrical
differences between CB and MWCNT. MWCNT have a large aspect ratio (~103) while the aspect
ratio of CB is close to 1. This results in the formation of a less conductive network with lower
effective connection within MWCNTs and CB compared to MWCNTs only. The way how these
differences influence how the percolated network is formed and affected upon solvent infiltration
is discussed later.
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Figure 4.46. Relative resistance change (Rrel) of fibers with different MWCNT and CB+MW content
produced at draw dawn ratios of 4.04 and 4.83 during 20 min of immersion in butyl acetate.

Moreover, due to the high initial electrical resistance of the PC/CB+MW 3 wt% sample fibers at
DDR = 4.04, the test could not be finished. During the immersion the resistance of the sample
went over the measuring limit of the electrometer. This issue occurs even if the SM is relatively
low compared to the other PC/CB+MW fibers at DDR = 4.04. It is worth mentioning that the  of
PC/CB+MW 3 wt% at DDR = 4.04 was slightly above the sensing suitability limit. In order to
avoid this specific issue, the sensing suitability limit as described in 4.4.3 and 4.4.4 had been
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introduced. Nevertheless, it is worth to mention that before the resistance of this sample exceeds
the measuring limit it had reached already a SM value above 600%.
Beside the filler content, another interesting characteristic to evaluate on the composite fibers is
the effect of drawing on their liquid sensitivity. Therefore, in order to study the effect of drawing
on the liquid sensing properties of the CNF PC fibers, fibers with DDRs from 1 to 12.03 containing
high enough filler loadings to ensure suitable electrical resistivity (within the sensing range) were
selected to perform sensing evaluations. However, as detailed in section 4.4.3 not all the fiber
compositions were spinnable or had resistance values within sensing range at these spinning
conditions.
Figure 4.47 shows the Rrel against the immersion time of PC/MWCNT 4 wt% fibers for DDRs
from 1 to 12.03 (top left), PC/MWCNT 5 wt% for DDRs from 1 to 6.02 (top right), PC/CB+MW
4 wt% for DDR from 1 to 8.08 (center) next to an enlarged view of DDRs from 4.04 to 8.08, and
PC/CB+MW 5 wt% for DDRs from 1 to 12.03 (bottom) next to an enlarged view of DDRs from
4.04 to 12.03. As before, DDR = 1 represents the un-drawn rod coming from the spin die. All the
fibers were immersed in butyl acetate for 20 mins.
Figure 4.47 show a decrease in SM when increasing the DDR, especially when passing from DDR
= 1 to 4.04 or 4.83, where a significant decrease in SM can be seen for all the fiber compositions
evaluated. For instance, the SM of the PC/MWCNT fibers with 4 wt% and 5 wt% at DDR = 1 is
1890% and 4390%, respectively, while at DDR = 6.02 it is 780% and 940% respectively. In the
case of PC/MWCNT 4 wt% fibers, the SM increases from 240% at DDR = 12.03 until SM =
1890% for the un-drawn rod. Similarly, for the PC/CB+MW 4 wt% the SM increases from 445%
at DDR = 8.08 until 9950% for the un-drawn filament. Is it worth mentioning that the measured
SM = 445% for PC/CB+MW 4 wt% fibers was the maximum value measurable for this
composition. Due to its high initial electrical resistivity, at long exposure times the resistance of
the sample gets above the measurement limit. Moreover, for PC/CB+MW 5 wt% fibers a large
difference can be seen in the sensitivity at DDR = 12.03 (SM = 590%) and the und-drawn filament
(SM = 19730%).
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Figure 4.47. Relative resistance change (Rrel) of fibers with 4 and 5 wt% of MWCNT and fibers with
4 and 5 wt% CB+MW produced at different draw down ratios after 20 min of immersion in butyl acetate.
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Similar behavior was seen by Pötschke et al. for PLA/MWCNT 3 wt% fibers where after 600 s of
immersion in ethanol the fiber with larger drawing (increased take-up speed up to 50 m/min) had
a maximum Rrel of 8% while smaller amount of drawing (take-up = 20 m/min) showed a Rrel ~26%
compared to the un-drawn filaments with a Rrel of ~46% [13].
Therefore, it can be confirmed that the liquid sensing properties of the CNF PC fibers are strongly
dependent on the amount of drawing. Independently of the kind of filler (single or mixed) and the
filler amount a clear trend can be seen where increased DDR leads to reduced liquid sensitivity.
Additionally, it is worth to point out that in many cases the use of fibers with high DDR (≥ 8.08)
resulted in sample breaking during the tests at immersion times larger than 400s, possible due to
the smaller diameter (100-150 µm) of these fibers. Furthermore, according to Villmow et al. for
compressed molded samples of PC/MWCNT at the same filler wt% with different thickness it was
observed an effect on Rrel depending on the thickness of the sample where thinner samples had a
faster response [202]. This effect might have correlation with fiber breakage at smaller diameter
since faster Rrel implies faster solvent diffusion which in smaller diameter fibers could cause a fast
morphology shape change that cause fiber failure. In addition, as detailed in section 4.2.2, the
homogeneity of the fibers is reduced upon increased DDR which also may contribute to easier
breakage during the liquid sensing evaluations. Therefore, for CPF PC fibers the use of low DDR
should be preferred for the implementation of such fibers in liquid sensing applications.
Furthermore, from these results it can be seen that there is a significant effect on the liquid
sensitivity of the composites when passing from the un-drawn state to a DDR as low as 4.04.
Moreover, as shown in Figure 4.46 the un-drawn filaments have a faster response to solvent
exposure than the drawn fibers. The explanation for that behavior might come from the polymer
chain alignment. It is known that polymer chains align themselves along the fiber axis during the
fiber drawing process [210]. Moreover, as the DDR increases the polymer chains alignment along
the fiber axis also increases resulting in a highly anisotropic fiber structure. Consequently, a
reduction in the diffusibility of the solvent molecules (in this case butyl acetate) into the highly
anisotropic fiber structure occurs. This in turns decreases the ability of the polymer to swell which
is the basic principle for the modification of the percolated network, leading to a reduction of the
liquid sensitivity in the drawn fibers.
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Moreover, given the large difference observed in SM and Rrel between the un-drawn filaments and
the melt-spun fibers and the finding that MWCNT alignment was clearly observed already for
DDR as low as 4.83, it can be concluded that the alignment of the polymer chains and the
MWCNTs as well as the distancing of the carbon particles significantly influences the liquid
sensing capabilities of the fibers.
It can also be seen in Figure 4.47 that the Rrel recovery during the drying process is very fast and
nearly complete for all cases. In most cases of drawn fibers the final resistance gets slightly lower
than the initial resulting in negative Rrel values, whereas un-drawn filaments show low positive
values after drying. This is assessed in more detail in section 4.7.4. No complete recovery behavior
was observed as well by Pötschke et al. in PLA/MWCNT 3 wt% un-drawn filaments immersed in
ethanol. They attributed it to an increase in PLA crystallinity as a result of solvent immersion that
leads to a polymer chain reorganization that hinders the ability of the solvent molecules to leave
the polymer upon drying [13]. However, in our case PC is amorphous and this phenomenon cannot
explain the results.
Interestingly, when comparing the liquid sensing behavior upon increased DDR with the strain
sensing behavior an opposite trend is found. As already shown before (section 4.6), drawing
improves the strain sensitivity of the fibers, whereas as seen in Figure 4.47 increased drawing
reduces the liquid sensitivity of the fibers. The opposite trend seen in both sensing behaviors can
assigned to the difference in the way the percolated network is affected during stretching and
swelling. During strain sensing evaluations, as a result of mechanical stretching the tested sample
decreases its cross section while at the same time increases its length. Evidently, the sample length
increase occurs in the same direction in which the particle network is oriented/aligned by the fiber
drawing process. This causes that drawing enlarges the distances between the carbon particles
along the fiber axis, resulting in a looser network with higher initial resistances. Such networks
are more susceptible during stretching and have a positive impact in the strain sensitivity. On the
other hand, unlike h mechanical stretching, during the solvent swelling process the sample’s
dimensions increase in all directions and not only in the fiber direction. Additionally, the solvent
diffusion process is hindered by the fibers’ anisotropic structure (that increases as the DDR
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increases), which in turns reduces the capability of the solvent molecules to modify the percolated
network. Hence, drawing has a significant negative impact on the fiber’s liquid sensitivity.
Therefore, the effect of drawing on the strain and liquid sensing behaviors will tend to be different
in carbon particle filled fibers. It is worth mentioning that such a direct comparison of the strain
and liquid sensing properties of fibers has not been reported before in other published works.
When comparing the liquid sensitivity of the fibers found in this work to values reported in other
works, it results that the liquid sensing capabilities of the PC/MWCNT and PC/CB+MW have
higher sensitivity. For instance, Pötschke et al. reported for PLA/2 wt% MWCNT a SM = 85% for
un-drawn extruded rods when immersed for 600s in ethanol [13]. Villmow et al. reported for
PC/MWCNT 1.5 wt% a Rrel of ~1,000% after 1000s of immersion in many solvents such as
acetone [252]. In this study, 0.5 mm thick U-shaped compression molded samples prepared by
dilution of a 15 wt% MWCNT masterbatch were measured. In other work by Pötschke et al.
investigated discs of a blend made of PCL-3 wt%/MWCNT/PP = 50/50 which reached a Rrel of
~3500% when immersed in chloroform for 30s, a solvent known to dissolve PCL [23]. On
HIPS/EVA/CB (85/15/4 phr) un-drawn rods Narkis et al. found a /0 of 180 when exposed 15
min. to benzene [253]. The only work which found Rrel similar to the ones in this study was the
reported by Qi et al. [203]. They found an Rrel of up to ~8,000% in cellulose/MWCNT fibers
immersed in water for 12s. Nevertheless, these fibers were not fabricated by melt mixing carbon
particles with a polymer. Instead they dip coated natural cellulose fibers with MWCNT dispersed
in a surfactant aqueous solution to evaluate the ability of the MWCNT coated fiber as water sensor.
Also in this case water is a well-known solvent for cellulose. However, as mentioned in their
manuscript, it is hard to know the exact amount of CNTs on the surface of the cellulose fiber given
that they repeat the dip-coating process without strict control of the amount added at each dip
coated layer. Nevertheless, it is worth pointing out that the un-drawn rods made of PC/CB+MW 4
wt% and 5 wt% showed higher liquid sensitivity than the cellulose/MWCNT fibers reported in the
work of Qi et al. [203]. In summary, the liquid sensing behavior found for the fibers evaluated
reaches sensitivity values that are higher than those reported for similar approaches.
Moreover, for an easier direct comparison of the liquid sensing behavior of PC/MWCNT and
PC/CB+MW fibers, Figure 4.48 shows the Rrel over time of PC/MWCNT and PC/CB+MW fibers
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at the same wt% and the same DDR immersed in the same solvents; up: fibers with 4 wt% at DDR
= 4.83 immersed in butyl acetate, bottom left: fibers with 5 wt% at DDR = 4.83 immersed in butyl
acetate and bottom right: fibers with 5 wt% at DDR = 12.03 immersed in ethyl acetate.
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Figure 4.48. Relative resistance change (Rrel) of fibers with MWCNT and CB+MW content of 4 wt% and
5 wt% produced at draw dawn ratios of 4.83 and 12.03 during immersion in butyl acetate
and ethyl acetate.

As visible from Figure 4.48 for fibers with 4 wt% and 5 wt% at DDR = 4.83 immersed in butyl
acetate, the PC/CB+MW fibers show a larger sensitivity and faster response time than the
PC/MWCNT fibers. The SM achieved for fibers with 4 wt% was 1350% and 1150% for
PC/CB+MW and PC/MWCNT, respectively. Furthermore, at 5 wt% the SM of the fibers with
CB+MW was 2070% while for fibers with only MWCNT 1400%. This result indicates that fibers
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fabricated with a mixture of MWCNT and CB could work better as liquid sensors than those
fabricated only with MWCNTs.
In addition, similar to PC/CB+MW 3 wt% fibers at DDR = 4.04 and PC/CB+MW 4 wt% at DDR
= 8.08 (see Figures 4.46 and 4.47) the resistance of PC/CB+MW 5 wt% fibers at DDR = 12.03
immersed in ethyl acetate increases above the electrometer range after a relative short time of
immersion. This is the result of the combination of two factors, one is the relatively high initial
resistance of the CB+MW sample and the other is the high affinity of PC with ethyl acetate (RED
= 0.83). The combination of these two factors induces a fast increase in Rrel which in turns becomes
too high to be measured with the used equipment. It should be pointed out that in the case of
PC/CB+MW 5 wt% fibers at DDR = 12.03 shown in Figure 4.48 the initial electrical resistivity
(~20 M) was not too close to the measuring limit (~220 M), however it increases quite fast to
values 10 times higher than its original R.
For visual representation of the reason that PC/CB+MW fibers have larger liquid sensitivity than
the PC/MWCNT fibers, Figure 4.49 illustrates the phenomenon occurring during swelling in these
two kinds of composites. Figure 4.49 shows that the MWCNTs are largely entangled however
thanks to their long fiber-like shape, during the solvent diffusion process the nanotubes can move
and rotate and many conducting pathways still remain. On the other hand, due to their low aspect
ratio the CB particles combined with the MWCNTs have less probability to form effective
conductive paths already in the initial state but also within the fiber’s expanded volume once the
solvent molecules diffused through the polymer. This phenomenon has a positive effect on the
liquid sensing abilities of the PC/CB+MW fibers since low volume changes will cause larger
CB+MW pathway interruptions resulting in higher Rrel and thus, higher sensitivity than when using
only MWCNT. Following this principle, it can be affirmed that low aspect ratio particles are more
advantageous to be used in the fabrication of liquid sensing composite polymers.
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Figure 4.49. Schematics of the particle network modification in PC/CB+MW and PC/MWCNT fibers
after their immersion in a high affinity solvent.

4.7.3. Liquid sensing abilities of bi-component fibers
Besides single-component fibers, bi-component fibers were fabricated as detailed in 3.2.2 in order
to test their ability to sense liquids. However, as mentioned before in the strain sensing evaluations
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(section 4.6.4), only one case of BICO fibers was found to be suitable for sensing evaluations. This
BICO fiber consists of a PC/CB+MW 4 wt% sheath and a neat PC core, fabricated at 𝑉𝐶̇ = 𝑉𝑆̇ =
1.50 cm3/min and a take-up speed of 20 m/min. Figure 4.50 shows the Rrel of BICO fiber tested
against three solvents with RED with PC between 0.80 and 0.90 which were acetone, butyl acetate
and ethyl acetate.
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Figure 4.50. Relative resistance change (Rrel) of BICO fibers during immersion in
acetone, butyl acetate and ethyl acetate.

As visible from Figure 4.50, the BICO fibers shows a very high sensitivity having a SM = 2780%.
Moreover, in the case of acetone the BICO fiber tend to break early during the test while upon
immersion in ethyl acetate the samples also broke but at longer exposure time. Nevertheless, after
an immersion time of ~800s in ethyl acetate the Rrel of the BICO fiber reaches a magnitude of
~2,780% proving that the BICO fibers are highly sensitive to solvent exposition.
Interestingly, for ethyl acetate and butyl acetate the existence of a fluctuating signal in the Rrel vs.
time curve can be seen. This can be related to the internal morphology of the BICO fiber as
discussed in 4.2.3. It was observed that the BICO fibers had regions where the sheath was unbonded to the core leaving voids between the sheath-core interphase. It is possible that after some
time of immersion the solvent diffuses across the sheath until reaching the gap between the sheath
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and core, this in turns affects the swelling behavior of the BICO fiber. Once the solvent molecules
fill the empty spaces between the sheath and core it starts to diffuse in a broader volume of both
components in all directions. Additionally, it is expected that the un-bonded regions in the BICO
fibers lead to irregularities in the electrical signal coming from a fluctuating diffusion process.
This could also explain the reason for the early sample cracking since the solvent diffuses into the
BICO fiber externally and at the same time internally and through the sheath.
Figure 4.51 shows a light microscopy image of a damaged section in a BICO fiber that failed
during liquid sensing evaluation.

Figure 4.51. BICO fiber after immersion in ethyl acetate showing the PC core exposed.

As it can be seen from Figure 4.51, the neat PC core gets fully exposed during the test after the
sheath was broken in this area. In addition, large sections of such broken sheath were observed in
all BICO fibers after solvent exposure. Moreover, these broken sections are very likely to be
located in the same zones where the un-bonded regions (see Figure 4.9) are present. This shows
that the BICO fibers get significantly damaged during the liquid sensing test up to ultimately
causing fiber breakage. Therefore, this drawback has to be taken into account when considering
BICO fibers as the fabricated in this work for its potential use as liquids sensor.
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For a direct comparison of the liquid sensing performance of single component fibers and BICO
fibers fabricated with the same amount of filler, Figure 4.52 shows the Rrel after ~1,000s of
immersion in butyl acetate for PC/MWCNT 4 wt% at DDR = 4.83, PC/CB+MW 4wt% at DDR =
4.83 and the BICO fiber.
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Figure 4.52. Relative resistance change (Rrel) of carbon particle filled single component and bicomponent PC fibers during immersion in butyl acetate.

Figure 4.52 shows that the BICO fiber has a larger sensitivity than both single component
variations. In addition, when compared to the single component the BICO fiber has a much faster
response and is also the fastest to achieve its SM. This performance of the BICO fiber can be due
to the fact that the carbon particles are segregated and restricted in the sheath which is in the
external layer of the BICO fibers and therefore closer to the surface where the solvent start its
diffusion through the polymer. Additionally, as it was reported by Villmow et al. there are two
basic phenomena occurring in CNP filled polymer composites. One is solvent diffusion into the
bulk material and the other is the wet-skin/dry-core morphology formation, where the resistivity
of the skin (in this case the CNP filled sheath) is significantly higher than that of the core [202].
This gives the BICO fibers an advantage on the liquid sensing response over the single component
fibers. It is worth mentioning that besides the findings in this work, there is no report yet on the
use of a mixture of CB+MW filled fibers or bi-component fibers for their use as liquid sensors.
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4.7.4. Response of the fibers upon immersion/drying cycles
In order to evaluate the effect of solvent exposure and drying processes on the Rrel of the CPF PC
fibers, single component PC/MWCNT and PC/CB+MW fibers immersed in acetone and buytl
acetate were evaluated in more detail. Figure 4.53 shows the Rrel upon immersion and drying of
PC/MWCNT and PC/CB+MW fibers with 6 wt% and 4 wt% of total filler with DDR = 4.83 at
different immersion times selected as short expositions time (~3 min.), extended expositions time
(~15min.) and long exposition time (~25 min.); the dotted horizontal line represents the initial Rrel
before immersion, and the dotted vertical line represents the start of the drying process.
From Figure 4.53 it can be seen that for all cases the PC/CB+MW fibers reaches higher Rrel after
the selected immersion times than the PC/MWCNT fibers. Moreover, the drying occurs in all cases
very fast and the drying time to reach the initial values is very similar for all fibers and solvents
tested. Interestingly, the Rrel does not completely return to its initial value after drying for none of
the tested fibers. Even for PC/CB+MW 6 wt% immersed in butyl acetate that seems to return to
its original value there is a negative Rrel of ~-15, while when immersed in acetone the Rrel after
drying is of ~-70%. Similar behavior is observed for the PC/MWCNT fibers where the Rrel after
drying is also negative. This implies that the R of the samples decreases to a lower value than the
initial R during the drying process. This behavior can be due to a re-acommodation of the polymer
chains, since they are displaced by the entrance of the solvent molecules that leave empty spaces
after the solvent evaporates. This in turns modifies the ordering and arrangement of the carbon
particles inside the polymer, modifying as well the structure of the dried percolated network.
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Figure 4.53. Relative resistance change (Rrel) of PC/MWCNT and PC/CB+MW fibers with 4 wt% and 6
wt% at DDR =4.83 upon different times of immersion and drying in acetone and butyl acetate.
In addition, it is possible that the polymer chains compact the CNP network due to polymer
shrinkage as a consequence of the solvent evaporation resulting in a lower R than the initial.
Interestingly, no correlation between the amount or kind of filler and the negative magnitude of
Rrel was found. However, it was present in most of the fibers evaluated under drying.
In order to the Rrel behavior of the fibers into multiple immersion/drying cycles, 3, 5 and 10
immersion/drying cycles were performed on the fibers. Figure 4.54 shows the Rrel over immersion
time of 3 immersion/drying cycles of PC/MWCNT 6wt% and PC/MWCNT 3 wt% at DDR = 4.83
in acetone; the vertical dotted black line represents the end of immersion, while the red one
represents the end of drying.
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Figure 4.54. Relative resistance change (Rrel) of PC/MWCNT fibers with 6 wt% and 3 wt%
MWCNTs at DDR =4.83 upon 3 immersion/drying cycles in acetone-air.
Figure 4.54 shows again that the Rrels do not return to their initial values and in the case of 3 wt%
MWCNTs Rrel gets more negative after each cycle. Moreover, for both samples the difference
between the maximum Rrel at immersion and the lowest Rrel after drying becomes smaller with
each cycle. As previously discussed, the reduction in Rrel observed after the first immersion cycle
can be assigned to a re-acommodation polymer chains modifying the percolated network
arrangement within the fiber. However, as seen in Figure 4.54 the Rrel of the PC/MWCNT 3 wt%
becomes negative after the first drying. Moreover, the modifications in the polymer chains and the
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MWCNT rearrangements might have a cumulative effect given that after each cycle the Rrel after
drying becomes more negative. These results suggest that cyclic liquid sensing is possible with
these kinds of polymer fibers. However, the change in the magnitude of Rrel after each cycle has
to be taken into account.
In order to compare the liquid sensing behavior of single component fibers with MWCNT and
CB+MW with that of the BICO fibers in butyl acetate, Figure 4.55 shows 5 immersion/drying
cycles of PC/MWCNT and PC/CB+MW single component fibers and the BICO fiber at 4 wt% of
total filler; the vertical dotted black line represents the end of immersion, while the red one
represents the end of drying.
From Figure 4.55 it can be seen that at 4 wt% the single component and the BICO fibers have Rrel
with a negative part after the first drying cycle. Moreover, the Rrel of the BICO fiber remains
negative after the first cycle. Similarly occurs for the PC/MWNCT after the second cycle.
Furthermore, in the first immersion it can be seen that the BICO fiber reaches higher Rrel (~30%)
than both single component fibers (10% and 5% for CB+MW and MWCNT respectively).
Additionally, the Rrel of the three kinds of fibers show a stable behavior after the first cycle.
Interestingly, at 4 w% there is no significant difference in Rrel of both single component fibers
while at 6 wt% the Rrel of the PC/CB+MW fiber increases significantly after each cycle compared
to the Rrel of the PC/MWCNT. The latter remains in a similar Rrel range (~30%) in the subsequent
cycles showing a stable shape for the 5 immersions. In contrast, the Rrel of the PC/CB+MW 6 wt%
fiber becomes larger after each immersion (from ~30% to ~230%) and more negative (from -5%
to -50%) after each drying suggesting that the re-accommodation effect in PC/CB+MW fibers has
a more significant impact on the percolated network structure than in the PC/MWCNT fibers.
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Figure 4.55. Relative resistance change (Rrel) of single component and bi-component fibers with 4 wt%
(a, b) and 6 wt% (c) of filler, upon 5 immersion/drying cycles in butyl acetate/air; immersion/drying time
= 20s/40s.b) cycles 2 to 5of a) using the R after the first cycle as R0.

It is worth mentioning that depending on the application, such as the leakage detection of a
hazardous liquid, it is not so relevant whether the relative resistance change is positive or negative
rather than if the sensor responds fast responsive and the change is high enough to be detected.
Interestingly, in the case of fibers with 4 wt% of filler (Figure 4.55a) when the initial resistance of
cycles 2 to 5 is taken as the R after the first cycle all the following cycles have a very stable signal.
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Therefore, it can be said that there is an “equilibrization” process where a preliminary cycle leads
to a stable positive sensing signal in subsequent cycles.
In order to see if there is a difference in the behavior of Rrel upon cyclic liquid sensing at longer
times, single component fibers of PC/MWCNT and PC/CB+MW with 4 wt% and 6 wt% of total
filler and BICO fiber were immersed in butyl acetate and dried on air and more cycles are observed.
Figure 4.56 shows the Rrel for these fibers upon 10 immersion/drying (180s/180s) cycles, while
Figure 4.57 shows 5 longer immersion/drying (900s/300s) cycles.
4 wt%
DDR = 4.83

4 wt%
DDR = 4.83

140

600

Rrel (%)

a)

400

PC/MWCNT
PC/CB+MW
BICO

120
100

Rrel (%)

PC/MWCNT
PC/CB+MW
BICO

800

b)

80
60
40

200

20

0

0
0

1000

2000

0

3000

1000

2000

3000

Time (s)

Time (s)

6 wt%
DDR = 4.83
PC/MWCNT
PC/CB+MW

800
600

Rrel (%)

c)

400
200
0
0

1000

2000
Time (s)

3000

Figure 4.56. Relative resistance change (Rrel) of single and bi-component fibers with 4 wt% (a, b) and
6 wt% (c) of filler, upon10 immersion/drying cycles in butyl acetate/air; immersion/drying time =
180s/180s; b) cycles 2 to 5of a) using the R after the first cycle as R0.
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At 4 wt% filler loading the BICO fibers have the highest Rrel in the first cycle, followed by the
PC/CB+MW and the PC/MWCNT fibers. Interestingly, as Figure 4.56 shows for 180s/180s cycles
with 4 wt% the Rrel of the BICO and the PC/MWCNT fibers remains negative starting from the
second cycle, while the Rrel of the PC/CB+MW fibers remains negative after the 4th cycle.
Conversely for such cycles with fibers containing 6 wt% filler, the Rrel of both single component
fibers is predominantly positive and both level off after the 5th cycle. The difference in the
behavior of Rrel observed in Figures 4.55 and 4.56 for fibers 4 wt% and 6 wt% might be due to the
known difference between their filler dispersion and their initial electrical resistivity. The carbon
fillers in fibers with lower filler amount might have the capability to rearrange themselves better
to form an improved conductive network already after the first cycle thanks to the free spaces left
by the swollen polymer in combination with the not largely entangled carbon particles (MWCNTs
and CB+MW). In contrast, the carbon nanotubes in fibers with higher filler amount are largely
entangled making them not much capable of rearranging themselves to form a significantly
improved particle network. Moreover, it can be seen in Figures 4.55 and 4.56 that for fibers with
6 wt% CB+MW an opposite behavior is seen compared to fibers with 6 wt% MWCNTs.
Interestingly, as with fibers with 4 wt% of filler in 20s/40s cycles an adjustment of the initial R
after the first cycle leads to a similar Rrel behavior in the subsequent cycles. This shows that
reproducible and stable positive sensing signal can be achieved for this fiber composition if they
are subjected to a preliminary equilibrization cycle.
The Rrel of the PC/CB+MW fibers increases after each cycle while the maximum Rrel of
PC/MWCNT reduces after each cycle and both stabilize at the 5th cycle. The reason for that
behavior is the difference in their network structure (see Figure 4.49) where the CB+MW network
has more freedom of motion making a cumulative increase in Rrel after each cycle possible until it
reaches an equilibrium state. Moreover, a similar trend of increased Rrel behavior was reported by
Rentenberget et al. on PCL+4 wt%/MWCNT PLA = (50/50 wt%) multifilament fibers were an
increase in Rrel is seen after each immersion that levels of after some cycles [22]. They attribute
this behavior to a rearrangement of the polymer chains after the re-immersion in the solvent.
In general, the BICO fibers show the highest Rrel at the first immersion into the solvent and it
stabilizes already in the firsts two cycles. The early stabilization of BICO fibers in their Rrel signal
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might be due to the fact that in the consequent cycles and at the tested times shown in Figures 4.54
and 4.55 no further network modification occurs near the fibers surface where in the case of the
BICO fiber all the carbon particles are allocated. Consequently, from these results BICO fibers
seem to be only suitable material for cyclic liquid sensing applications when the exposure time is
lower than 10 min. Furthermore, special attention has to be payed when using BICO fibers for
cyclic sensing since after the first cycle the Rrel tends to remain negative.
From Figure 4.57, showing longer immersion/drying cycles it is seen that the BICO fiber has a
very high Rrel in the first cycle and a very fast response to solvent exposition. However, the BICO
fibers tend to break or surpass the resistance measurement limit in the first cycles when the
exposure time is above 10 min.
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Figure 4.57. Relative resistance change (Rrel) of single component and bi-component fibers with 4 wt%
and 6 wt% of filler, upon 5 immersion/drying cycles in butyl acetate-air;
immersion/drying time= 900s/300s.

This is related to the defects in the sheath of the fiber as shown in Figure 4.51. Consequently, from
these results the BICO fibers seem to be only suitable for cyclic liquid sensing applications in such
cases where the exposure time is lower than 10 min. Furthermore, initial electric resistance
adjustment after the first cycle have to be considered when using BICO fibers for cyclic sensing,
since after the first cycle the Rrel tends to remain negative.
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Interestingly, as visible from Figure 4.57 at longer immersion/drying times the Rrel does not
become mostly negative after the first cycles as compared to the effects at shorter cycles seen in
Figures 4.55 and 4.56. This is especially observed for the PC/CB+MW fibers. This suggests that
depending on the Rrel achieved at the first cycle the subsequent cycles will cause R values lower
than the initial. Moreover, the Rrel of the PC/CB+MW fibers at 6 wt% loading remains mostly
positive starting at 3 immersion/drying cycles (see Figures 4.55 and 4.56), while the Rrel of the
PC/MWCNT becomes more negative in the subsequent cycles as the total immersion time
increases. This behavior can be due to the formation of a highly compacted MWCNT network as
a result of the rearrangement of clustered MWCNT remaining agglomerates during the shrinkage
process of the swollen polymer. On the other hand, the not so densely formed CB+MW network
is still affected by the solvent diffusion/evaporation process allowing significant changes in the
Rrel of the PC/CB+MW fibers. Thus, from the results obtained for PC/CB+MW, PC/MWCNT and
BICO fibers the fibers with the most promising potential for its use as liquid sensor are the
PC/CB+MW fibers.
4.7.5. Summary
The use of the Hansen Solubility Parameters to obtain the RED values between the polymers and
the solvents proved to be a helpful tool for choosing the proper polymer and determining its ability
to sense specific solvents. From the RED calculation and swelling evaluation with different
solvents and spinnable polymers, PC was selected for further evaluations since it has high affinity
with a wide range of solvents.
The liquid sensing behavior of single component fibers and a bi-component (BICO) fiber
composition was evaluated by immersing the fibers into specifically selected solvents depending
on the relative energy difference (RED) with PC.
High affinity solvents led to high relative change in the electrical resistance (Rrel) and high
sensitivity maximum values (SM). Surprisingly and in contrast to previous findings in literature,
fibers with higher filler loading led to higher liquid sensitivity. This can be due to changes in the
diffusibility of the solvent molecules when passing through the fiber composite originating from
differences in the polymer chains alignment in fibers with high and low particle content.
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Furthermore, the liquid sensing properties of the CNF PC fibers are strongly dependent on the
DDR employed to fabricate the fibers. Increased DDR led to reduced liquid sensitivity due to a
reduction in the diffusibility of the solvent molecules into the highly anisotropic fiber structure
decreasing the ability of the polymer to swell. Therefore, for all cases the un-drawn filaments had
higher sensitivity than the fibers, even at low DDRs.
From all the kind of fibers evaluated, the PC/CB+MW fibers performed better against all the
solvents evaluated. The composite fiber with the highest sensitivity was PC/CB+MW 6 wt% at
DDR = 4.04 reaching an SM above 3,000% when immersed for 20 min. in butyl acetate. The
higher sensitivity of the PC/CB+MW fibers over the PC/MWCNT fibers can be explained by the
geometrical differences of CB and MWCNTs and the different states of dispersion in the
corresponding composites. The low aspect ratio of the CB particles and clusters combined with
the long but entangled MWCNT makes PC/CB+MW fibers to show less probability to form
effective conductive paths along the fiber’s expanded volume once the solvent molecules diffuse
through the polymer.
BICO fibers proved to be very sensitive to liquids and showed higher SM than the PC/CB+MW
and PC/MWCNT based fibers at the same total filler amount. Nevertheless, the BICO fibers
showed to be highly brittle at long immersion times (> 10 min) where fiber breakage occurred and
core exposition was clearly visible.
A drawback found during the sensing evaluations, coming from the selection of a polymer with
very high affinity to many solvents, is that fiber breakage occurred often during testing or during
the drying process. In addition, given that very high Rrel were achieved, the initial resistance of the
sample had to be low enough to be able to measure significant changes in the electrical resistances
of the fibers for long times. Changes of 1-2 orders of magnitude are visible within the first seconds
of immersion that increase over 3 orders of magnitude at longer testing times confirming the high
sensitivity of the fibers evaluated here and the effectiveness of the RED values to select the proper
polymers-solvents.
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Cycling liquid sensing tests showed fast response upon immersion and drying for all kinds of fibers
evaluated. Interestingly, for many composites a negative Rrel was found after the first cycles. This
behavior is due to the re-acommodation of the polymer chains during the swelling/shrinkage
process that in turns modifies the ordering and arrangement of the carbon fillers inside the polymer
modifying the structure of the percolated network. However, if the initial resistance is readjusted
to the resistance after the first cycle subsequent cycles presented a reproducible and stable sensing
signal. Additionally, a difference in the Rrel behavior was seen for different immersion/drying
times. Depending on the Rrel achieved after the first cycle the subsequent cycles caused a R that
was partially much lower than the initial resistance values.
Overall, the liquid sensing behavior of the fibers suggests that the carbon particle filled PC fibers
here evaluated are suitable for liquid sensing. However, the choice of the composition should be
selected according to the needs of specific applications.
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4.8. Fibers as potential commercial sensing materials
4.8.1. Recommendations for the fabrication of PC/CNP based sensing fibers
After all the evaluations done on the different melt-spun fibers it is now possible to select types
with potential to be used as sensing material for both, strain and liquid sensing. For doing that, a
good approach is to select a specific fiber composition and processing conditions for subsequent
scale-up.
On the other hand, considering a potential scale-up of the selected material combination for large
production of the sensor fiber material, the less expensive combination in which can be easily and
stable produced would be the ideal choice. In this direction, low cost and good processability
would be the most relevant features as long as the sensor is able to work correctly under different
circumstances for multiple purposes. The kind of fiber that fulfils hat requirements is PC/CB+MW.
By using high amounts of CB+MW when fabricating PC/CB+MW fibers, similar resistivities like
in PC/MWCNT fibers were found at half the amount the MWCNTs (which is the most expensive
component). Except from the strain at break, the mechanical properties of the fibers are not largely
affected by the addition of CB+MW. If the application is restricted to small strains (< 10 %) any
of the investigated PC/CB+MW fibers would work efficiently. Furthermore, while the
PC/MWCNT fibers showed the highest strain sensing capabilities, the BICO fiber containing
MWCNTs in the sheath showed low strain sensitivity. Oppositely, the BICO fibers have high
sensitivity in liquid sensing, while the PC/MWCNT was the kind of fiber with the lowest liquid
sensitivity. On the other hand, the PC/CB+MW fibers exhibited high liquid sensing properties and
better strain sensing properties than the BICO fibers. Additionally, as found when investigating
the spinnability window of the fibers, the PC/CB+MW fibers possess favorable processability,
which is always a desirable feature for mass production. Therefore, multi-functional sensing fibers
were made of PC/CB+MW. Moreover, among the PC/CB+MW fibers the composition with the
most advantageous features (good spinnability, not negatively affected stiffness, stable
piezoresistivity and high liquid sensing) is PC/CB+MW 4 wt% at DDR = 4.83
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As a proof of concept, two scenarios were examined using the selected fibers. The first one is the
structural health monitoring of a relatively rigid structure and the second one is the detection of a
contamination agent in water.
4.8.2. Potential use of the fibers as multifunctional sensing materials
For the application of the PC/CB+MW 4 wt% (DDR=4.83) fiber as structural health monitor, the
fiber was embedded into a methacrylate resin based on 2-hydroxypropyl methacrylate. Such resin
is typically used for embedding samples for microscopic investigations. Figure 4.58 illustrates the
sample shape, dimensions and set-up for the testing, while Figure 5.59 shows the electrical
response of the fiber in the left side axis and on the right side axis are the applied stress and strain
to the embedding material.
14 mm
11 mm
8 mm

3 mm

1 mm

1 mm

R
Figure 4.58. Sample made from carbon nanoparticle filled fiber embedded inside a commercial
methacrylate resin for the evaluation of the sensing fiber as a structural health monitor.
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Figure 4.59. Electrical response (R/R0) of a PC/CB+MW 4 wt% fiber upon tensile loading (0.1%/s)
until fracture of the embedding methacrylate resin material.

Figure 4.59 shows that the electrical signal measured on the fiber is able to follow the mechanical
stretching of the resin up to material failure. This is near the optimal result, since at low strain
(>5%) the electrical resistance change is ~2 times higher than the strain. Before failure at ~8%
strain the electrical resistance change is almost 3 times higher than the strain. This shows that
changes in the mechanical strain can be perceived and followed by the sensor. Additionally,
sample cracking can be easily detected since the R is abruptly increased.
Figure 4.60 shows the set-up for the fiber examination as “real-time contamination detector”. In
order to examine the performance of the multi-functional fiber for detecting the presence of a
“contamination agent” (acetone) inside a vessel containing water, 5ml of acetone was poured into
two different water volumes, 100 ml and 25 ml; both fluids are miscible. The acetone drops were
applied 1 min after the start of the experiment. Figure 4.61 shows the relative resistance change of
the fiber before the acetone leakage up to removing the fiber from the container.
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Figure 4.60. Schematic of the set-up for the evaluation of a carbon nanoparticles filled fiber
for its use as a “water contamination” detector.

Figure 4.61 shows that the fiber is able to detect successfully the “contamination” short time after
its exposure. The signal of the fiber within the container with the larger water volume is much
lower than the signal in the smaller container and it takes longer time to respond. This is due to the
higher dilution of the acetone within the large water volume. However, the Rrel signal of the 5ml
of acetone in 100ml water is as high as 100%. Thus, the multifunctional sensing fiber was able to
perform two different sensing tasks successfully.
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Figure 4.61. Relative resistance change of a PC/CB+MW 4 wt% fiber immersed in water after the
release of 5ml of acetone (named as “solvent leakage”) in two different volume containers.
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It is worth mentioning that this kind of composite fibers have the potential to be a marketable
product that can be employed in different particular situation where reliable and fast strain and
liquid sensing responses are required. Thinking a step ahead, this kind of sensors could be also
marketed by vending the “tailored receipt” to a manufacturer company, by selling the sensing
fibers in rolls/bobbins accompanied with the proper sensing specifications, or ultimately as a
“stand-alone” product including a sensing displaying device. For fabricating several hundred
meters of melt-spun MWCNT/polymer fibers only a few grams of MWCNT are needed.
Table 4.9. Material costs needed for the fabrication of PC/CB+MW fibers compared to other electrically
conductive fillers.

Material

*Price per 100 gram

MWCNTs

50-500€

Super conductive CB

< 10€

General purpose PC

< 20¢

Carbon fiber

10-100€

Graphene Oxide (single layer)

5,000-50,000€

*Prices vary depending on the quality grade, quantity and provider [69, 71, 86, 104, 105, 254]
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5. Conclusions
In this work multifunctional polymer fibers with strain and liquid sensing capabilities were
successfully fabricated and characterized. The Hansen Solubility Parameters (HSPs) were used as
a tool for choosing a suitable polymer to employ as matrix for the sensing material before fiber
fabrication. The results found from swelling measurements proved that knowing the RED between
polymer and solvents from the HSP is a suitable approach to select a polymer aimed to work as
liquid sensor. In addition this allows knowing in advance which solvents will swell that polymer
and in which extent, as swelling is necessary for effective liquid sensing. PC was selected as the
polymer matrix for fabricating polymer fibers for sensing evaluations since it showed high affinity
with many commercial solvents as well as high and fast volume changes upon immersion.
According the swelling results, solvents with REDs ranging from 0.70 to 0.90 should be preferred
for sensing evaluation.
Single component polycarbonate fibers filled with different amounts of MWCNTs and/or CB were
successfully fabricated by small-scale melt spinning. Thereby, a number of processing conditions
was varied, such as the throughput and the take-up speed. Improved spinnability was achieved for
the die with larger diameter, higher throughput and for lower take-up speeds. Independently of the
kind of particles, the addition of the carbon particles to PC caused a significant reduction in the
spinnability of the PC based fibers. Increasing the amount of fillers led to a larger reduction in the
spinnability and to inhomogeneous diameters of the fibers, especially at low throughputs making
necessary the fine tuning of the spinning parameters. Composites that showed the highest melt
viscosity (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. For all the fibers containing MWCNT, CB or a mixture of them
the use high throughputs and low take-up velocities always led to increased spinnability.
Sheath/core bi-component fibers were also fabricated where the core was neat PC and the sheath
contained carbon particles aiming to produce conductive BICO fibers. The spinnability of the
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BICO fibers after the addition of the CNPs was very poor and it was very difficult to achieve
stable, conductive BICO fibers. A mixture of MWCNT:CB=1:1 finally was added to PC to
successfully fabricate electrically conductive BICO fibers. However, the homogeneity of the BICO
fibers was very poor and all the fibers with wt ≥ 5% were highly brittle and therefore considered
to be not suitable for sensing applications. After varying the throughputs of sheath (𝑉𝑆̇ ) and core
(𝑉𝐶̇ ), improved spinnability was found in BICO fibers when 𝑉𝑆̇ and 𝑉𝐶̇ were both 1.50 cm³/min.
Similarly as with the single component fibers, the increase in melt viscosity (in this case of the
sheath) led to poorer spinnability. After all the spinning evaluations performed in this work, the
optimal spinnability window for single component fibers was: throughputs = 0.47-1.17 cm³/min
with take-up speed = 20 m/min at a total filler content ≤ 6 wt%. BICO fibers were successfully
achieved up to MWCNT 3 wt% and CB+MW 5 wt%.
In melt-mixed composites good dispersion was successfully achieved for all the composites with
low wt% (1-3 wt%) independently of the filler used. However, for composites with filler amounts
higher than 3 wt% primary agglomerates remained after melt-mixing that may have negatively
influenced the spinnability of the fibers. In general, the composites with the highest cumulative
agglomerate area ratio (AA) were the PC/CB+MW composites, while the lowest ratio was observed
for the PC/CB composites. This is in accordance with the literature where MWCNTs are described
to be more difficult to disperse than CB. PC/MWCNT composites with high filler content were
characterized to have few big MWCNT agglomerates next to areas without agglomerates, while
composites containing CB had many small agglomerates (plus few big agglomerates in the case of
CB+MW). By correlating the spinnability of the composites with its filler dispersion state, small
sized agglomerates has less negative impact in the spinnability than a low AA. Big agglomerates
were seen near the BICO fiber’s surfaces which were responsible for the appearance of
protuberances on the fibers, while many small agglomerates distributed within the sheath were
also observed. In addition, well oriented/aligned carbon nanotubes were observed for single and
bi-component fibers already at the lowest DDR evaluated which was 4.83.
The electrical resistivity ( of PC composites and fibers with MWCNT, CB+MW and CB was
studied. It was observed that there is a great influence of the composite shape on the resistivity of
the corresponding samples. From PC/MWCNT compression molded samples to the PC/MWCNT
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un-drawn filaments a difference of 1.5 orders of magnitude in the  was measured. Furthermore,
the drawing process significantly increases the electrical resistivity of the fibers. For DDR = 1
thewas in the order of 104  cm while for DDR = 30 it was in the order of 109 cm.
Additionally, increasing the total filler amount employed reduces the electrical resistivity until
reaching a plateau where no significant reduction is achieved by further filler addition. It was found
that the suitability of the fibers to work as sensors is highly dependent on the DDR and the carbon
nanoparticle amount added to the composite. In general, when fabricated at the same conditions
and with the same filler content, the PC/MWCNT fibers tend to have lower electrical resistivity
than the PC/CB+MW fibers. The use of low DDRs (4-12) and carbon nanoparticle contents
between 3 wt% and 5 wt% are preferred for the fabrication of sensing fibers since higher loadings
leads to poor spinnability and higher DDRs reduces significantly the electrical resistivity.
Achieving electrically conductive BICO fibers was a really difficult task. Only two fibers could
be produced which were within the resistivity range suitable for sensing evaluations. These fibers
were obtained by using a MWCNT:CB=1:1 ratio.
The mechanical behavior of the fibers was investigated using tensile tests recording the stressstrain-curves. The maximum stiffening effect (increase in elastic modulus by 50%) was found
for PC/MWCNT 6 wt% at DDR = 4.83, for which also the maximum increase in max of ~28%
was found. The major decrease in max 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). Single component
fibers showed a larger stiffening effect for fibers with only MWCNTs. Contrarily, BICO fibers
had larger reinforcement in the elastic modulus when the sheath contained CB+MW. This can be
due to better dispersion of the mixed filler system within the sheath component than with the
MWCNTs. For BICO fibers no significant influence on max was seen as from the addition of 2
wt% of CNP while only a slight influence on max was seen for wt > 1%. Larger reduction was
seen in max after the addition of wt ≥ 2% of carbon particles for all the fibers. However, even when
the max was greatly reduced upon the addition of the CNPs, the max obtained for the fibers with
electrical resistivity within the sensing suitability limit is high enough for many sensing
applications including liquid sensing, strain sensing, and structural health monitoring.
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The strain gage factor SGF (as extracted from the in situ measurements 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 SGF. In the
other hand, for PC/CB+MW fibers the DDR had a very small influence on the SGF of the fibers.
The SGF of the BICO fiber were comparable to those of PC/CB+MW and they are low when
compared to the SGF of PC/MWCNT fibers. Given that the majority of commercially available
strain sensing gauges have SGF values of ~2, the majority of the sensing fibers fabricated showed
higher sensitivity that the commercial 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 SGF of ~1.3.
The cyclic loading-unloading 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 at strains lower or equal to 1%.
When investigating the liquid sensing properties of the fibers, the knowledge of RED values
between the polymers and the solvents are a helpful tool for choosing the proper polymer. It allows
predicting its ability to sense specific solvents since high affinity solvents result in high Rrel.
Surprisingly, fibers with lower DDR and higher wt% led to higher liquid sensitivity. This is mainly
due to changes in the diffusion kinetics upon polymer chains alignment within the fiber structure.
From all the kind of fiber evaluated, the PC/CB+MW fibers performed better against all the
solvents evaluated as compared to PC/MWCNT fibers. After the PC/CB+MW fibers, the BICO
fiber showed the best liquid sensing performance. A drawback found during the sensing
evaluations is that due to the selection of a matrix polymer with high affinity to many solvents, in
occasions fiber breakage occurred during testing. In addition, given that very high Rrel values are
achieved, the initial resistance of the sample should be low enough to be able to measure the
resistance for long times. Changes of 1-2 orders of magnitude are visible within the first seconds
of immersion reaching up to a maximum Rrel of ~3000 % which confirms the very high sensitivity
of the 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.
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After assessing the properties and results for the CNF PC fibers it was identified that fibers made
of PC/CB+MW 4 wt% at DDR = 4.83 is especially suitable for multi-functional sensing. This fiber
shows the most advantageous features to a potential material scale-up process. As a proof of
concept, two hypothetical real-situation scenarios were examined using the selected fiber. The first
one is the structural health monitoring of a relatively rigid structure and the second one is the
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 could occur in real
life situations.
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Outlook and future work
The findings in this work open new opportunities for further research in the field of polymer
composites and in the use of composite fibers as sensing materials.
Regarding the nanocomposite fabrication a more detailed analysis of the states of dispersion and
network characterization focusing also on the formation of CB and MWCNT agglomerates would
be interesting. So far no useful information can be taken from SEM and LM images about the way
how CB and MWCNTs interact to form the agglomerates seen in the images here shown.
Additionally, by traditional imaging methods no clear conclusion can be made on the structure of
the percolated networks, like its denseness or completeness. This could be assessed by alternative
methods such as simultaneous iterative reconstruction technique (SIRT). In SIRT 3D volume
images comprising 1-pixel thick 2D slices (XY planes) stacked along the direction of the electron
beam (Z) can be created from a Dual/Beam Focused-Ion-Beam/SEM tool to prepare lamellar
electron-transparent TEM samples that can be analyzed with special algorithms.
Moreover, given the poor dispersion in composites with higher filler loading, improving the
dispersion of the CB and the MWCNT particles remains as challenge for further research. One
possibility is the addition of a third kind of filler such as clay or an additive to aid the
disentanglement and dispersion of the carbon particles, especially carbon nanotubes. Additionally,
in order to reduce the amount of filler needed to create a percolated network in the fibers, a polymer
blend can be melt-spun to aid in the improvement of the CB+MW network formation of the fibers
at lower CB+MW contents thanks to the double percolation effect.
Furthermore, the SEM-CCI showed to be a suitable tool for visualizing the MWCNT orientation
in the fibers and therefore can be used in further studies to observe the alignment and orientation
of other conductive fiber-like fillers inside polymer fibers.
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Given the significantly reduced processability of the polymer composites after the addition of
MWCNTs, the use of a combination of conductive spherical (such as CB) and MWCNT particles
aids in the reduction of processing difficulties. Moreover, further studies on the synergetic effects
of the mixture of CB+MW should be pursued in order to have a better understanding of the
influence of adding a mixture of carbon fillers to polymers. Additionally, given the significantly
reduced spinnability of fibers with high amount of filler, a thoroughly study on the rheological
properties of the CB+MW mixture upon spinning could help to improve the spinnability of the
fibers.
During the sensing evaluations, an issue encounter while preparing the samples, was the brittleness
of the fiber upon intensive handling (transportation, electric terminal contacting, etc.) Therefore,
the use of a thermoplastic elastomer for fiber fabrication can be an interesting approach that would
help to obtain highly flexible fibers.
Bi-component fibers were successfully fabricated where the sheath was PC with carbon particles
and the core was neat PC. However, achieving BICO fibers with conductivities high enough for
performing sensing evaluations was very challenging. Additionally, it would be interesting to
fabricate BICO fibers with different immiscible polymers in core and shell to study the spinning
behavior upon addition of different conductive fillers to both components.
Moreover, the addition of another kind of not carbon based nanoparticles can be interesting since
it lead to the fabrication of fibers with completely different properties. For instance, the addition
of magnetic particles to polymer melt-spun fiber can result in the fabrication of magnetically
improved textiles. In the same direction, given the promising results found when evaluating the
fibers as sensing materials, it is of interest to evaluate if there is a difference in the sensing behavior
if different particles than carbon fillers are added to polymer fibers.
Adaptations to the spinning equipment used in this work can be done in the future to fabricate
melt-spun fibers with hollow core. This kind of fibers could bring more possibilities of the
applications of the polymer fibers. For instance, carbon particle filled polymer fibers with hollow
core can be used to measure in real-time the filling level of hazardous chemicals. In this scenario,
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the solvent induces a partial swelling of the fiber leading to a change in the electrical signal which
can be detected and correlated to the filling level when the fibers is immersed in a container.
Another approach can be the use of the hollow core as storage for special substances that can be
released gradually. This is a highly interesting approach for medical applications where the
manufacture of polymer based textiles can be useful for the fabrication of smart medical textiles.
In general, the use of sensing polymer fibers in textile fabrication is a promising technology for
the fabrication of smart textiles.
As proven at the end of this work, it is possible to use these kinds of composite fibers in real
applications such as structural health monitoring and real-time leakage detection. Therefore, it is
interesting to test the fibers in real situations for prolonged times of monitoring to know the
effectiveness of the fibers as a potential merchandisable product. Another approach to avoid
surface damage to the fibers when aimed to be used only as strain sensing material is embedding
the fibers in a thin film made from a flexible and soft material. This allows the use of the fiber as
sensor and at the same time protects the fiber from external damage. Finally, given the potential
of the carbon particle filled fibers, there are other sensing possibilities for this kind of fibers such
as temperature, vapours, optical sensors, etc.
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