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Abstract: This research explains the melt spinning of bicomponentdjbsonsisting of a
conductive polypropylene (PRpreand a piezoelectric sheath (polyvinylidene fluoride).
Previouslyanalyzed piezoelectric capabilities of polyvinylidene fluoride (PVDF) are to be
exploited insensorfilaments. The PP compound contains a 10%vtarbon nanotubes

(CNTs) and 2 wt% sodium stearatéNaSt) The sodium stearate is added to lower the
viscosity of the melt.The compound onstitutes the fibecorethat isconductivedue to a

percolaton CNT network. TheP VDF s hpmeaceléctics effect is based on the
formationofanalt r ans conf or mat i o n-wibding df thesfibes. Thea u s e d
core and sheathmaterials as well as the bicomponent filse are charactezed through

different analytical methods. These include wagle Xxray diffraction (WAXD) to

analyyecr uci al parameters for t heThddstrileutiooob ment o
CNTs in the polymer matrix, which affects the conductivity of the core, was investigated

by transmission electron microscopyEM). Thermalcharacteration is carried out by
conventional differential scanning calorimetry (DSC). Optical microscopy sedi to
determine the fiom 6 di amet er regularity (core and s
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determined by rheometry. Eventuallgn LCR testeris usedt o det er mi ne t he
specific resistance

Keywords: poly(vinylidene fluoride); fibe phase transition; bicomponent filament;
poly(propylene); carbon nanotubes

1. Introduction
1.1.Poly(vinylidene fluoridefPVDF)

Poly(vinylidene fluoride) (PVDF) is a fluoropolymer consisting of the monomer unit C.
Furthermore, it is a polymorphisemicrystalline polymer showing at least four crystal phases at
different processing conditior}$,2]. It has an excellent chemical stability and a large dipole moment
of 9.8 x 10%* cm, perpendicular to the polymer chdi®,4]. This results in piezo pyro, and
ferroelectric characteristics due to a pol ar ¢
all-trans conformation in orthorhombic unit cells. It can be formed from thepnoi ar U phas
mo s t stabl e U ph angstallzafion at tesnperfatures nbelom €160t and can be

transformed into the b phase by appli €a2iadsn o]
well as the application of high electric fields of about 18 MV&in Polarizationin high electric fields
wi || furthermore increase the piezoelectric e

the dipole moments in the unit cell are uniformly aligned due tgdherization processThis resuls
in a netpolarzation, leading to a uniform allgme n t of t he.Theleffectisa c¢hargki p o |
separation due to mechanical strgis6]. This polarizationis a measure of degree of piezoelectricity.
Thepolarizationdecreases again when heating the material.

PVDF films are already commercially available saré used as actuators and sers in various
casegb5,7,8].

1.2. Poly(propylene)PP)

Poly(propylene) (PP) is a polyolefin that consists of the monomer unit propyieleviidely used
for melt spinning. tl is capable of building different tacticities. The tacticity has an influence on the
probability of crystallzation and only the isotactic configuration with the highest likeliness to
crystallize is suited for melt spinninfg].

1.3.Conductive NanocompositasPolymers

In genera) there exist different approaches how to enhance polymes fibesuch a way that they
are electrically conducting. The filecan be coated with a metal.d., silver), to generate bleeder
resistances ofmut less than f0q. Another option is to use so called intrinsically conducting
polymers (ICPs), which need to be doped with electron donors to be able to conduct electricity. Their
disadvantage is that they have a low solubility and no meltability. éjehey would have to be
dispersed in a matrix polymer firgtO]. The third approach is to use additives, which are incorporated
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into the polymersuch as conducting nanomaterial. In this case,rggatzed by adding multwalled

carbon nanotubes (MWCNJ to the polymer. MWCNTSs consist of wrapped layers of graphene that
consi st of carbon at oms. The i ncorporation of
mechanical and electrical properties. In general, CNTs are very good conductors due taphdg gr
surface structure. Furthermore, the elastic modulus tiseinegion of 1 GP411]. Nano additives are
used to systematically manipul ate a materi al 0:¢
haveanimpct on a pol y @8.rC8Es areusuallg of thé dinvenstory of €1100 nm

and the tube surface consists of pentagonally and hexagonally arranged carbdaZitbdhsDue to

its graphite surface structure it has a very low resistivity. When a certain concentration within a
polymer is reached it can generate elevated conductivity values. The transition for this effect happens
when the percolation threshold is exceeddzhve which the CNTs are close enough to each other to
form conductive paths. For PP, this value is around & \#5]. The insertion of CNTs will eventually

lead to an inreased viscosity of a materfall,13,15].

However, for electrical applications,;pao |l y mer 6 s mechani cal propert
henceone tries to add as low of an amount of CNTs as possible. Nevertheless, the CNTs have to form
a network in order to be conductive within the polymer. Previously, different polymers with CNTs
were used as core materials in bicomponentgib€ores consisting of PP as a base polymer yielded
the best results. Impacts of CNTs on the behavior of polymers are various. CNT addition may result on
better regulation of the melting proces®., a sharpDSC peak in heat capacity at the melting
temperature. The variable dimensions of CNTs have an impact on this behavior &s adition,
the formation of phases in a polymer is influenced by CNTs. Furthermore, CNTs represent seed
crystals resulting ira heterogeneousystallization All of these seeds are occupied first, before the
normal crystallization process follows, shown by two peaks in a D8@ktdown process. As
mentioned before, the addition of CNTs will result in an increased viscositglias

1.4.Melt Spinningand Bicomponent FibeExtrusion

The production of synthetic fibe can berealized by thermoplastic extrusion, solution based
extrusion or electro spinning. Melt spinning is only possible for those polymers that do not degrade
when melted. Melt spun PVDF leads to fis¢hathave characteristics in the same order of magnitude
as other thermoplastic synthetic fibee.g., polyamide or polyester filamenté&mong other things,
these concern filament diameter, titoe tensile strentty. Tominimize compatibility problems between
two polymerssuch as surface incompatibiéis when extruded, it is important to adjtie viscosities
to each othef9,16].

Conductive multicomponent filbe with piezoelectric capabilities were investigated example
in [17], showing the spinnability of filler contents up to 10% (carbon black, malied CNTSs).
Furthermore the successful spinning of bicomponent fibewith piezoelectric propertiglsas been
achieved by different researchers. Lund aag$tidm mainly concentrated on experiments incorporating
carbon black into the PP cord8]. Lund et al. also manufactured bicomponent fibewith a
polyethylene core and carbon black filling that gained fiegleak signal strengths ¢ mV under
lateralcompression19].
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Bicomponent fibe extrusion means the combinatjcend hence coextrusipof two chemically
and/or physically different polymers into one fib&he arrangement of polymers can be of different
geometry. In this case, as mentioned befarespinneret is used that will produce a core/sheath
bicomponent fibe The spinneretés cross section is des:s
cente are at the same pointe,t he b or e s dcatedan concentris ciralf8.

In orderto get the highest regularity forthefidtes cor e and sheath di amet
end in the same plane as fuboatslighthif9hner et 6s sur f a

In analogy with single component spinning, the bicomponent igoled toa set of godets and to a
winder. Differential rotation velocities of godet sets lead to the drawing of the filaments, resulting in
the formation of a rdPavl¥entdally pontactee (inneMeteetrsde: cdrd, duter
electrode: conductiveladdng around sheathgf. Figure 1and used to measure electrical signals
when deformed.

Figure 1. Schematic depiction of a melt spun bicomponent rfilbgth conductive
poly(propylene)carbon nanotubeP@/CNT) core,poly(vinylidene fluoride)(PVDF) sheath
and a conductive surface.

Conductive Surface PVDF Sheath

Conductive, Nanomodified
Polymer Core

1.5.SodiumStearate

Sodium stearate is a n@eizing compound with both hydrophilic and hydrophobic components. It
decreases a plastic mel t phenceviscosdy. Its @dmpasibiitg with at e r
polymerdepends on the polarity of bgth0,21].

1.6.Aim of the Study

A combination of core and sheath material is sought, so that one yields a good piezoelectric
capability in the sheath combined withstill satisfacory conductivity in the core. Eventually, the
resulting fibes shall meet the requirements of a sensor fibkee results shown will primarily explain
the spinnability and the bicomponent fised mec hani c al and physical
differert analytical methods. These methods include widgle Xray diffraction (WAXD), differential
scanning calorimetry (DSC), rheology, transmission electron micros@oy optical bright field
microscopy. In total, several combinations of core and sheatérialatvere tested with respect to
spinnability, yielding one combination giving the most promising results for further investigation. To
make sure that the produced fibean be used for sensor applications, thesesfivdl be tested for
their piezoeletic and conductive properties.
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2. Materials and Methods

The material defined first will undergo several processing stages until a synthetic bicomponent fibe
is eventually formed. An overview of these steps and detailed information of the process parameters
are provided.

2.1.Material

The material used as a sheath is the PVDF homopolymer SOLEF 1008 by Solvay Solexis. The main
attributes of this polymer are &ny low viscosity and a MFI of 0.8 g/min at 280 In our study, tfs
sheath is chosen to stabd and strengthen thigber because of a difficult to handle core component.
The melting and crystallization point of the raw material is specified as@74nd 140C
respectivelyj20].

The core base polymer is an isotactic polypropylene master bateh20R8/ Nanocyl, that already
includes 20 weo of NC7000 MWCNTSs.

2.2.Compounding

To compound the core material, the tweicrew extruder Lal@Compounder KETSE20/40
manufactured by Brabender GmbH & Co. KG, Duisburg is used. With its compact measure, it is a
laboratory apparatus basing on two-rotating screws with a maximum power of 11 kW and
maximum revolutions per minute of 1200 rpm. The modular design efvselements allows for
matching different applications. The screws in use are the standard configuratiorbbgd@raAfter
the compounding process, the strand is fed into a water quench for cooling. A granulator by Reduction
Engineering GmbH ScheerPefletg, Stuttgart eventually cuts the strand into pellets. The PP CNT
master batch is died out with PP Moplen HP561, a pure polypropylene manufactured by
LynodellBasell, until a 10 wt% CNT is reached. Parameters applied for compounding are
temperatures of; = 160 € and Tg = 190 €. The temperature gradient of 30 € is distributed over 8
independent heating zones, where heating zone 1 is where the granulate is inserted, and heating zone
is directly in front of the nozzle. The twin screws are set to raaafeb0 rpm. Furthermore, a 2 &
sodium stearate is added.

2.3.Fiber Production
2.3.1 Bicomponent Melt Spinning

The processing of thermoplastic polymers ffilb@r is commonly usingnelt spinning In Figure 2,
the path from granulate to a wound filger is shown. The PP used for the core is compounded with
CNTs and sodium stearateftwe. The polymer granulate is being transported into an extruder for
sheath and core respectively. The extruderperatures can be set between O € and 350 €
depending on the machine in uséhe granulates are melted in the extruders. Each melt is transported
through heated pipes, equi pped with static mi
Veore = 0.3 cni/revolution for the core material anW¥shean = 0.6 cni/revolution for the sheath,
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respectively. Both pumps are set to the same speed of 10 rpm. Setting the pump speeds at a certai
well-defined rate, the extrusion velocities &mchmaterialfio can be adjusted according to

(1)

depending on the madlew ratesQ;, t he mat e rn;iaadlthe dotaldcapiiasyi ated. dise
polymers are pumped into the spin pack, where a metal screen filter is attached to for filtering reasons
Additionally, the filtering reduces the probability of having CNT agglomerations in the core material.
After passing through the filtration seghe melts flow into the capillary of the monofilament
spinneret, manufactured by Foé@rRolymertechnik, Alfteimpekoven. The capillary diameters are
Jcore = 0.2 mm andishean= 0.6 mm,with a gap with diameters 0.2 mm (inner) and 0.35 rasulting

in capillary areasof Acore = 0.031 mm and Ashean= 0.187 mn. At the end of the capillary, the melt

exits and forms diber. The temperature of the extrusion equipmantd thus the melis the major
process parameter determining the viscosity and sheafrthg polymersSpinnability of thefibers for

a core without NaSt was tested, but no stable spinning process was possible.

Figure 2. Bicomponent melt spinning plant. The Polymer granules are melted separately
(21 3) and combined to a core/sheathucture in the spinneret (4).
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Eventually, thefibers are cooled down with a laminar air stream over a distance of 1500 mm,
blowing perpendicularly to thigber axis.

In Tablel, the parameters used for spinningfthers are shown, including spinnipymp settings,
extrusion temperatures and laminar air settings. Eventually, a pair of duo godets takes up the melt. The
adjustment of the godets caudes first stretching of theibers. The ratio between the extrusion
velocity for each core and sheath; and the winding velocitywying is defined as the melt draw
ratio MDR;:
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The winding velocity is set as low as possible to gain a best possible homogeneity for the core
diameter. This is to result in a good conductivity.

Table 1. Process parameters for bicomponent melt spinning

Spin Pump Temperatures Air Flow
Nsheath [1/m|n] Ncore [1/mm] TE,sheath [C] TE,core [C] TO [C] Tair [C] Vair [m/S]
10 10 260 240 245 230 0.50

The ratio between the extrusion velocities (extrusion velocity r&MR) for sheath and core is
independent of the winder velocity, and is defined as

96 2 00
’ 0 f ©)

All parameters for ta melt drawing are shown in Talfle

Table 2. Drawingparameters for bicomponent melt spinning

Winder Extrusion Velocities MDR MDR EVR
Viwinder [m/S] I:fiber [CN] VE,sheath [m/S] VE|core [m/S] o sheath
255.7 22.5 0.536 1.592 477.05 160.62 0.337

2.3.2.Draw Winding

Draw winding is used for a continuous drawing of fileers by godets, rotating at different
velocities, which define the draw ratio. The draw unit Xplore is manufactured by DSM, Geleen,
Netherlands. The machine consists of an unwinder, two godets, agheati in between these two
godetsand a winderThe basic principle ishown in Figure 3The drawing ratio is applied in between
the two godets as thiber is heated simultaneously. The temperature of the heating unit can be
regulated between 0 € an800 €. With the unit shown, a draw ratio of up to 10.0 can bezedl

Figure 3. Drawing process as applied by DSM Xplore.

Unwinder Winder

Heating Element \

2

Godet 1 Godet 2

For the experiments, a maximum draw ratio of 4.1 is possible. In total, five different draw ratios are
applied additional to no draw ratio at all for comparison of the impact on thefibeal At higher
values than 4.1, thigber would break. The tempdrae is kept constant at 140 €, the speed of godet
two is adjusted to constant 1000 cm/min. The draw winding parameters can be taken feo8 Tab
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Table 3. Parameters for applying different draw ratios

Parameter Value  [unit]
Godet 2 Velocity 1000 cm/min
Heating Unit Temperature 140 C
1.00
1.10
. 1.85 .
Draw Ratio 5 60 I
3.35

4.10

A stable bicomponerfiber extrusion process could be reatl. The producediber consists of a
PVDF 1008 sheath and a compounded polypropylene core. The core contain$ol6f WINTs and
2 wt % of sodium stearate. The maximum draw ratio eventually applied without ripperg is 4.1.
Limitations arise due to a constantly rising gg@re inside of the spinneret. The time frafoe
continuous spinnings 30 min.

The optimal ratio betweeAcyre and AsheainiS approximately 1:2This is can be achievedy the
appropriate choice dflcore aNdNshearn according tdVeore aNd Vsheatn The &trusion velocities should be
equal, but as a result of the above,EMRis 0.337.

2.4.Characterization

The mat eri al 6s Vi scosity i s tested wi t h a
GottfertWerkstoftPrifmaschinen GmbH, BucherGermany. The rheometry measurement shows if
spinning can be easily carried out, since the spinnability depends on the viscosity at sheartmates
10° L/s.

All of the rheometry measurements are carried out at 250 €. Two different capillaries are used
both with a diameter of 0.5 mm, butth different lengtls,l; =5 mm and, =20 mm.

Furtherthermal analysis is carried out usidifferential scanning calorimetry (DS@r measuring
heat flow differences during the process of heatengd subsequentooling down. Due to this,
conclusions can be drawn if a reaction is either endothermic or exothermic. In addition, DSC reveals
information to identify the crystal phase involved in the observed transitions. The experiments were
carried out with a MettleiToledo DSC 1equipped with a FRS5 sensor having 56 thermocouples.
Conventional DSC was carried out with a heating rate of 2 K/min in the temperature range from
170€C to 250 €, leaving the sample for 5 min at each temperature.

Wide-Angle X-Ray Diffraction (WAXD) is used to examine the crystal structure and preferred
crystallite orientation of the produced and procedseels. The experiments are carried out with a
single crystal diffractometer STOE IPDS diquipped with an inge plate for digital readout and two
independent goniometer circles. The diffractometer uses-& Mo-ra§ tube, for which a voltage of
50 kV and a current of 25 mA are selected. The detector distance is chosen at 200 mm from the
sample. The collimator witd is 500 pm.

A special specimen holder fdibers allows reproducible results and the examination of the
orientation distribution of crystals of the different phases. The exact position fitfehsample in the
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X-ray beam is controlled by a CCD cameapasitioned inside the diffractometer. The first goniometer
circle, allowing rotations about thibers axis, can be chosen arbitrarily because of the rotation
symmetry of the sample. The second goniometer circle is used to tfibéndrom a perpendicalr
incident of the radiation. A continuous rotation between 10°and 20°is chosen for recording the

diffraction intensity of the (002) | ane in the U -plhamse,i mndhd hke |
diffraction intensities are necessary to be determinexdar to calculate the ratio betweteU a n d
b phase.

Intensity distribution from air scattering and signal noise are recorded in the same configuration, but
with an empty specimen holder, and subtracted from the measured data. A software tool, dleelope
ITA, for processing the image plate data is capable of calculating intensity profiles in both directions
2d and t he diZor anhittarl eahgesarnnrgd «specti vely 2d with a
range. Further evaluation of the integratedfipgs and peak fitting is done with the Software
OriginPro from Origin Lab Corporation, USAZ]. Uncertainties of the fitted values are calculated
from the covariance matrix. Due to the fact that intensity values are determined by a counting process
with a number of counts N, the errors of these values are calculated by detem%ing

Imaging techniques that are used, ane the one hand bright field microsco@nd on the other
hand transmission electron microscopy (TEM). Optical bright field microsisopgrried out with the
microscope DDM4000 M by Leica Microsystems CMS GmbH, Wetzlar, Germany. The software used
to process the microscope data is calibrated in aughy, that it is true to scale. The magnification
can be chosen between 1-208d and 506fold. Hence, the data is agaéd to gain knowledge about
thefiber diameter. For preparation, thibers are cutarefullywith a sharp razor in order not to deform
it. Optical bright field microscopy is used to compare the values of calculatedeasilired core and
sheath diameters to understand the impact of the draw ratio. A comparison of calculated and measure
values is carried out.

The TEM measurements are carried out with the -héglolution apparatus Tecnai F20 by FEI,
Hillsboro, USA. The magfication can be selected in a range betweenft@Dand 500,00G0ld. This
is equivalent to resolving atomic scales of about 0.2 nm. In analogy with optical microscopy, in TEM
one uses the electronsd wave c haenamgnitudes lessThane s e
visible photons. The samples have to be prepared in amltratome, Leica EM UC6. For TEM, the
samples have to be cut in thin slices. The preparations formitratome cutting include embedding
the fibers in epoxy, before evamlly slices of about 100 nm are civentually, the impact of
different draw ratios on thébers 6 s peci f i ¢ yzedsby ssing aniLCR tester, moslel a n
LCR-819 by RS Components Ltd., Corby, England. The maximum measurable resistivityNg)100
Measurements are carried out with alternating current at frequencies 0.1 kHz, 0.5 kHz, 1 kHz, 5 kHz,
10 kHz, 50 kHzand 100 kHz. Five pieces of 50 mm length are cut from &behof different draw
winding ratios, cutting théibers slightly skewedn order to maximize the contactable core surface.

A piece of removable tape is wrapped around the centre, leaving the edge blarflbelfhare
sputtered with gold and the tape is subsequently removed agaifib@iseare contacted in the LCR
tester andhe alternating current was applifidhefiberc o r eexific resistivities were calculated via

Ty 0 4
o @
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3. Results and Discussion
3.1.Rheometry

Rheometry measurements have excluded certain polymers and their mixfpreseing tests due
to some of the materials tested hardening withintherhe t er 6 s nozzl e.

Each of the shear rates given for sheath and core are determined due to the necessary proce:
parameters for the material tested, and hence the viscosity is gekdsigure 4a shows the results for
the sheath material PVDF 1008. The viscosity decreases dispropolji@satbeshear raténcreases.
The materialdbehavioris shear thinning. At shear rates relevant for melt spinmogp 10,000L/s, the
viscosity B low enough d = 10 Pas). Figure 4b shows the behavior of the core material. The
modification with CNTs results in the disappearing of shear thinrasgwould be expected for
unmodified polypropylene. In the case of CNT modified PP, the viscosity dmogarlly with
increasing shear rates. Both measurements are carried out at 250 €. A comparison between the
10 wt% CNT plus 2 wt% sodium stearate PP and the standard PP without any modification shows,
that equal viscosities are reached for shear ratd8,808L/s for the formerand 50,930/s for the
latter, that is only a 4% drop in applicable shear rates resulting in the same viscosity.

Figure 4. Shearingbehaviorfor both the sheath material PVDF 1008 @nd the core
material PP/CNT/NaShbj.
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3.2. Differential ScanningCalorimetry (DSQ

In Figure 5, the results of DSC analyses for the sheath and the core compound are depicted. Bott
components are necessarily required for the spinning of the resulting conducting biconfipenent
An analysis othe diagram provides that PVDF 1008 melts in a range of temperatcaeldis € to
175 € and the core melts in a region ¢a. 140€C to 170 €. Due to overlapping regions in which
both polymers melt, there is only a limited possibility to evaluate the results concerning fusion
enthalpy offibers made of these polymeisence, crystallinity is determined viardy diffraction.

Figure 5. Differential scanning calorimetryDSC) results, independently measured for the
sheath material and core compound.

PVDF 1008
0
=
=
g
d PP/CNT/NaSt
80 100 120 140 160 180 200

Temperature T [°C]

In Figure 6, the differential scanning calorimetry measurements of bicompfimemst with draw
ratios of 1.0 and 4.1 are presented. Appidyefor a draw ratio of 1.0 there exists a baseline shift. This
is caused by the low heat conductivity of PV@E W/m A)KDue to this effect, the PVDF sheath has
an increased insulating effect, and therefore there is a time delay during the melting process for the
core. Additionally, the polymer melts in a broader temperature region. These effects cause the
aforementioned I=eline shift.

The fiber with a draw ratio of 4.1 has a significantly thinner sheath. Due to the reduction of the
thickness of the sheatthe baseline aligns with the original one and the insulation effect decreases.
However, due to this shift, quantitagivanalyses are almost impossible. The problematic nature of the
similar melting temperaturésas it can be expected by evaluating Figufec@n be obtained easily by
taking a look at the DSC diagram of both materials. In the diagram both areas of thelsniateria
sheath and core are overlapping and so formerly distinct peaks cannot be separated from each othe
and therefore even qualitative conclusions cannot be drawn.
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Figure 6. DSC results for undrawn and draviers at draw ratios 1.0 and 4.1 respesiy.

Draw Ratio 4.1

20
= /
=)
% Melt Point Core
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80 100 120 180 200
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Nevertheless, evaluating the height of the queak allows to state that the melting enthalpy of the
corebds materi al combination is increasing. Thi
less orientation in crystal phase of twre after the spinning process. Increasing the stretching factor,
the amount of orientation appreciates in value and therefore the peak is higher.

3.3.WideAngle XRay Diffraction(WAXD)

Intensity profiles from regior§a) in Figure 7 (draw ratio 2.6) ctain the intensity peaks of the
(002l attice planes frompeak Ur phaske abdphase (0
chosen exemplary becaygethis casealmost equal mass fractionsld&indb phase are available. For
each crystalline peal, Gaussian peak, with the intensity distribution

1 & 1(x- mz /7)’70

—€
Vp G e 2 sz 2 “)
is fitted, whereg is the mean andis the standard deviation

The intensity areas of the peaks are used to calculate the mass fafphade in the sample. It
might be calculated via

[(X) =

©)
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Figure 7. Wide-Angle X-Ray Diffraction(WAXD) regionsof interest that are aryaed for
determination ob ratio @), and orientation factor of crystalline and amorphous regions (

Figure 8 shows the (0020010 data for a draw ratio of 2.6, resulting lin= 51.08%6 +0.52%.
The according plots for all draw ratios are depicteBigure 9. Figure 18hows the differenb phase
mass fractions plotted against the according draw ratios, underlining the faetn theteasing draw
ratio and hence increasing mechanical stress at temperatures around 140 € leads to the formation of
b phase. The result of this analysis is that a maximum draw ratio of 4.1 is crucial for the production of
sensorfibers to have a highmough b-mass fraction. At this maximum draw ratio, tbephase is
completely transformed intophaseThe results are in accordance with previous research [5,19,20].

Figure 8. Gauwss fits to bicomponentfiber WAXD data. The angkzed intensity
distributiors are for the (00b)and (002)J.
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Figure9.Uand b phase i nt dimesdrawn atdiffesent drawbratiosi o n s
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Figure 10. Sheathb phase content at different draw ratios.
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For the orientation distribution deduced from regfbpin Figure 7, a Gaussian intensity profile is
assumed for the crystalline phases having well resolved peaks. For ttweysiatiine regions, a
second Gaussian profjland a constant intensity offsate chosen.

The total area of the profile and thdseft are assumed to be caused by theangstalline regions
and must be considered when calculating the orientation factor. The calculated pypfides used
for the calculation of the standard deviation of the azimuthal angl&izsin
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>
fﬁlnzj Icalc(/ )d/
<sinZ > =2— (6)
?Icalc(/)d/.

The obtained values can be used to calculate the orientation factor for crystalline and
non-crystalline phasej2]:

f=1- g<sin2‘j > @)

An orientation factor equal to 1 would mean a perfect alignment of the polymer chain in the same
direction. The increasing draw ratio also leads to an increased orientation factor for the crystalline
regions of thdiber. Values are given ifiable 4 For daw ratios 1.00 and 1.10, figphase has formed
yet , hence I1tos orientation factor cannot be
respect to th&phase.

Table 4. Values for orientation factors @fandb phase Standard deviation$; are given.

DR fy O, o fo Ut b
1.00 0.6805 0.0130 T T

1.10 0.6644 0.0153 ) T

1.85 0.9558 0.0045 0.9911 0.0004
2.60 0.9831 0.0008 0.9921 0.0002
3.35 0.9828 0.0008 0.9904 0.0003
4.10 T T 0.9937 0.0002

3.4.Bright Field Microscopy

Figure 11 showsptical bright field images for different draw ratios. With af@lsl magnification
one can see the different distribution of diameters and cir@ibkr shapes. The image indicates the
occurring irregularities concerning uniformity for the bicomporidsgrs, with an increasing regularity
for larger draw ratios.

Figure 11. Optical bright field microscopy images for different draw ratios. Tibers 6
cente is dark, the PVDF sheath is brighter.
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For core and sheath each, the calculation of theordiiimal diameters is done by calculating the
mass per unit length first via
, 0
a5 )
wherev,, is the speed of the winder afis the mass flow rate. Hence, the area for core and sheath at
given material density each is calculated by

. a
o0 9
Hence, core anfiber diametes d. andds can be calculated via
Q ¢O04" (10
Q ¢O 0, 0Ogj" (11)

with valuesA; and As as calculated irfsection2.3.1. Table 5 shows the calculated and the measured
values for sheath and core diameters. The values underline the first impression of a highest regularity
of sheath and core diameters for increasing draw ratios, as the standard deviations are lowest for
drawratio of 4.1. Interesting to see is that the standard deviations have a peak for a draw ratio of 1.85,
decreasing again for higher draw ratios. This result can be explained by the occurrence of stress peak
in the already irregular parentéiber, resultig in a lengthening of thin regions due to a higher
probability of the orientation of polymer chains therein. Another explanation is the raising of CNT
agglomerations. Depending on a fluctuation of necessary forces to raise agglomerations, different draw
ratios will lead to different forces. Hence, the CNT agglomerations are probably raised over the whole
draw ratio range. For higher draw ratios, the standard deviations decrease for both sheath and cor
diameter, resulting in a more regufdrer. Furthermoe, the diameters themselves decrease due to the
drawing of thefibers. Though, the calculated values for the diameters show a systematic deviation
towards higher values than those measured. In Figure 12, the diameters arevestsmsthe draw

ratios appled to thefibers each for the core and the wholeer. The plot shows a decreasing slope for
increasing draw ratios.

Figure 12. Measured diameters from bright field imaging {ay core only andb) the
wholefiber, each at different draw ratios.
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Table 5. Calculated and measured values for sheath and core dianastensll as
statistically determined standard deviations

CDR Calculated Measured Calculated Measured
o O [um]  Qas[pm] % de Ao [um]  Oac[pm] %

1.00 211.7 190.9 17 8.9 122.2 106.2 10.5 9.9
1.10 201.8 163.9 26.2 16.0 116.5 91 16.3 17.9
1.85 155.6 134.5 30.6 22.8 89.9 73.4 17.4 23.7
2.60 131.3 118.5 13.6 115 75.8 63 7.1 11.3
3.35 115.7 110.2 14.4 13.1 66.8 63.7 10.2 16.0
4.10 104.5 98.2 7.6 7.7 60.4 55.1 5.6 10.2

3.5. Transmission Electron Microscopy

Figure 13 shows the comparison of TEM pictures for the draw ratios 1.00. EHhdFor the former
fiber, one can see that no regular distribution of the CNT network is the case. The top right image
shows at a higheesolution that no preferred orientation of the sig\l's occurs either.

Figure 13. TEM images showing the CNT percolation network at different resolutions and
draw ratios. Top: No Drawing applied. Bottom: Draw rakibQ
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A reason for the irregular CNdistribution might be due to the compound that consists of the
20 wt% CNT and PP master batch and the pure PP, resulting in insufficient mixing. On the other
hand, domains are built that might result in conductive paths. The images at the bottonheshow t
influence of the draw winding process. An orientation of the CNT network following a path from left
to right of the image is visible. However the CNTs are constrained to domains of higher
concentration, nevertheless these domains are stretched. fldra bight image shows single CNTs at
a hi gher resolution, wher e t he CNTs o orient ;
Furthermore, the gaps between the domains are populated with CNTs, which seem ripped out of the
agglomerations. Comparing tA€&M images at different resolutions for two different draw ratios, the
conclusion to be drawn is that an increased draw ratio has a large impact on the orientation of the
CNTs as well as the shape of the CNT domains. This process leads to the assufrgotiongroved
conductivity, yet to be tested.

3.6. Specific Resistivity

The results for testing the different specific resistivityiloérs different draw ratios were applied to
areshown in Figure 14. Obviously, with increasing draw ratio the specific resistivity increases. This is
the case except for the draw ratio 1.1. Explanations for both are on the one hand, that an increasing
draw ratio will lead to a decreased core diameatenimizing the effective conductive cross section.

The drop in specific resistivity for a draw ratio of 1.1 can be explained by the fact that the diameter has
not significantly been decreased yet, but the processing itself (temgezingpplying a temerature

of about 140 €) when drawing th&ber might have a positive influence onthberd6 s conduct i
according to the results in [18Tempering is not applied to the undrafizer, and hence this step is

the only other different treatment that texplain the discrepancy between fiter without drawing

and thefiber with a draw ratio of 1.1. The impact of frequency variation is that an increasing frequency
for f > 50 kHz will result in loweresistivities Except for thefiber with draw ratio 41, where the
resistivity increases above 50 kHz. Nevertheless, the standard deviations allow fidretheat
different frequencies but same draw ratios an agreement within 1

Figure 14. Behavior of fiber resistivity with increasing draw ratio for different
appliedfrequencies.



