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Compounding of electrically conductive two phase/per blends
ISABELL KINDGREN

Department of Chemical and Biological Engineering

Division Applied Chemistry and Polymer technology

Chalmers University of Technology

ABSTRACT

One major problem in the plastics industry todathes poor recyclability of most plastics and
especially composite products. In this study thecteical resistivity and mechanical

properties of blends with recycled cross linkedyptiylene (XLPE) or polyamide (PA) fibers

in polyethylene or ethyl butyl acrylate were invgated. The XLPE material was granulated
recycled high voltage XLPE cables from the cabtiusiry. In the case of polyamide, fibers
from the textile industry are utilized. Two type$ carbon black were used. Method
development for conductivity measurements and camgiog of the composites was also
looked into.

Maleic anhydride grafted polyethylene (MAPE), twandom ter-polymers of ethylene,
acrylic ester and maleic anhydride (PE-g-MA) anc aandom ter-polymer of ethylene,
methyl acrylate and glycidyl methacrylate (PE-g-GM#ere investigated for their ability to
compatibilize PA-fiber-PE-blends. The addition ohtpatibilizer did not in all cases improve
the mechanical properties. The MAPE containing grhdd the highest strain, followed by
the PE-g-GMA. The fibers curl up during compoundlititgus not adding to the mechanical
properties to their full potential.

The possibility of forced interface percolation lwipolyamide fibers having conductive
carbon suffused in the surface was assessed, Bunadi show significant increase of the
electrical conductivity compared to the non-conductibers. Limited control over fiber size,
size distribution and limited material quantity reatie comparison difficult.

Forced double percolation was investigated with KFE blends. The degree of cross
linking of the recycled material was important faosth mechanical properties and electrical
conductivity. Cross linked recycled PEX fillers ieased the ductility and the electrical
conductivity of HDPE-CB and LDPE-CB blends.

Keywords. Conductive polymer composite (CPC), Two Phasade Carbon Black,
Volume Resistivity, Percolation Threshold, RecygliMechanical Properties,
Compatibilizer.
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1. Introduction

One of the major problems in the plastics industiday is the poor recyclability of most

plastics and especially composite products. Highfopmance products are difficult to

formulate from recycled material, particularly whemnsidering the purity and compatibility
which is closely coupled to the mechanical perforcgaof the product. When using waste
material from the industry, improved control of tleentent can be achieved and high
performance polymer materials may be accomplished.

In this study, ethyl butyl acrylate (EBA), low déysolyethylene (LDPE), linear low density
polyethylene (LLDPE), high density polyethylene (PIB), cross linked polyethylene
(XLPE), poly amide 6 (PA6) and polyamide 6,6 (PA&&nds are examined with the intent
of finding cheap materials with adequate mecharandl electrical properties that are possible
to produce from recycled materials.

Polyethylene (PE) is common, cheap and relatividple. XLPE is available from process
scrap and recycled high voltage cables. Since XL®Eessentially polyethylene, the
compatibility should be good. Polar polymer frangcsuch as PA6 may be incorporated in a
PE matrix by means of a suitable compatibilizehelrs are geometrically suitable for
reinforcement and PAG6 fibers are readily availdbben the textile industry. Using fibers is
also advantageous because the tensile strengtreehdPA6 fibers is 10 times as high as
virgin polyamide [1]. Polyamide is also interestidge to the presence of reactive end and
backbone groups, giving opportunity for reactivenpatibilization [2].

Electrically conductive composites have many usesjuding antistatic applications,
electromagnetic shielding and self regulated hgafi8]. In order to create electrically
conductive composites, carbon black (CB) is ofteldeal. Carbon black often contains
oxygen containing species in the surface, makirgg diwface slightly polar. Since PAG6 is
more polar than PE, there may be some transpdBoih the melt from the polyethylene to
the PE-PAG interface, possibly generating interfaeeolation.

Compounding at lower temperature than the mel@mgperature of PA6 or using XLPE will

give rise to forced double percolation. The carbtatk may not enter the crystalline solid
phase of the PA6 and not the cross linked XLPE agtwthus allowing maintained electrical
conductivity with lower concentration of CB per ammb of final material. PA6,6 fibers with

conductive carbon suffused into the surface (~1 jame) available commercially. If such
fibers are melt mixed into the polyethylene mabetow the PA6,6 melting point, it may be
possible to achieve a fiber reinforced PE with pesdow percolation threshold by forced
localization of CB in the interface.



2. Theory

2.1 Recycling

Recycling of polymers and especially polymer bleadd composites is a complex issue. The
major problem is that the majority of recyclableeftmoplastic) materials are mixed, i.e. there
are several types of polymers and other producthensame feed. Sorting it thoroughly

would in many cases not be profitable.

When using scrap from the industry (as opposed amestic), improved control of the

composition may be achieved, thus allowing for kiglquality end products. Immiscible

blends may be desirable in the context of reinforeet and conductivity. In order to generate
sufficient mechanical properties compatibilizers sinube added. Given the right

compatibilizer, the blend may have properties sopé¢o the virgin polymers.

A two phase polymer blend may exhibit lower pertiotathreshold (low resistivity with low
filler concentration) through exclusion effectsgore rise to double percolation. Incorporating
a softer material into a hard but brittle matrix ynalso improve the ductility and thus
mechanical properties such as elongation and ingteastgth [4].

2.2 Percolation theory

The electrical properties of conductive polymer posites (CPCs) are very different from
those of homogeneous conductive materials suchuigs metals. In low enough loadings of
conductive filler, the resistivity (R) of the CPGImnot differ much from that of the pure
matrix. However, at some level of filler conceniwat the resistivity may drop several orders
of magnitude, i.e. the material percolates.

The theory of electric conductivity in electricaltpnductive composites has been evaluated,
among others, by Weber et al. [5]. Predictions alabectrical performance of a CPC have
proven to be very difficult and depend greatly apearimentally determined factors. One of
the major models used in this area is the peraoigheory. It originated in the field of fluid
dynamics and is used as a statistical model inrakwbfferent fields including material
science, disease- and fire spreading [6, 7].

Percolation theory compares the composite to mdattith edges or nodes which are either
open or closed with some probability P. If enouglides are open, an open path is created
throughout the whole lattice. This open path thatcieated may be interpreted as the
percolation threshold and is seen in the CPC asddem drop in resistivity with increased
filler concentration. Thus, when enough conducpeeticles introduced in the CPC are close
enough to each other to allow tunneling of eledrar connect, a conductive path is created.
This is schematically illustrated in Figure 1, tie teft.



Figure 1 - Illustration of percolation theory applied on disordered electrical networks, full volume on the left, reduced
volume on the right. Image created with inspiration from Grimmett [7]

One interesting approach is that of double permyaDouble percolation is the percolation
of two polymer phases and the percolation of cafilank combined. The distribution of the
polymer phases is crucial. The carbon black magcsekely go to one of the phases and if
that phase is continuous throughout the matrixptopercolation is achieved.

This may be compared to the addition of insolulllerfwhere no CB may penetrate. The
dilution of the material may be interpreted as dased resistivity per volume of material
without extra addition of CB [7]. The effective ammtration of CB increases. When the
volume where the CB may be distributed decreasesneeased number of conductive
pathways may be facilitated. This is illustratedrigure 1 on the right.

Double percolation strategy is a tool in the comhbgainst the problems with reduced
mechanical properties in high filler loadings. Tdneare however several key issues when
mixing two polymers into one composite, the adhedietween the two immiscible polymer
phases being the most central. It is imperativehtmose a suitable compatibilizer or by other
means ensure good adhesion between the phasesytwotistructing the conductive network.

2.3 Conductivity in polymer composites

A common filler used to increase electrical contlitst of polymer blends is carbon black.
There are many kinds of carbon black availablenenmarket today with different production
methods, surface area, aggregate shape, pH, pndepercolation threshold. The size and
shape of the aggregates of CB are crucial for dregpation threshold. The four main groups
of aggregate shapes are spheroidal, ellipsoidgedatiand branched, where the high structure
and high surface area CBs such as the branchedtyagenerally achieves the lowest
percolation threshold, but are also generally merpensive. Several other kinds of
conductive fillers are also used to facilitate aectdsity in an otherwise insulating matrix,
such as metal particles, carbon nanotubes andiaeiigraphite [8].



Filler concentration at the percolation threshaa cange from 1-62% wt in the same matrix
depending on the type of CB [8]. For spherical ipka$ the percolation threshold is 16%.
Generally the more filler is added, the lower thsistivity, while the mechanical properties
degenerate with higher filler concentration. In esrdo reduce the cost and improve
processing and mechanical properties, a low amodrfiller is desired. To facilitate a
combination of good electrical and mechanical gertnce the filler type and concentration
must be well chosen.

Selective localization of CB at the polyblend ifdee is very efficient, if achieved, to reduce
the percolation threshold. This scenario would tssfple if the carbon black was transported
by a favorable driving force towards one of the g@s but not entering that phase. The
transport rate in the media and the driving foragsthvbe sufficient at the same time as the
preferred phase is impenetrable or the transpt@tisamuch higher in that phase. It may also
be achieved by forcing CB to stay at the interfagephysical means, such as reported by
Gubbels et al [9], where two powdered polymer congmbs were dry mixed together with
CB and subsequently compression moulded. The dbeags in the compression moulding
are very low and the processing time is relativsfigrt. Thus the CB may not migrate from
the particle interface, giving rise to the extreynielw percolation threshold of 0,4%wt. The
mechanical properties were however poor [9].

In this study, forced double percolation by phyksiteeans is investigated. The CB cannot
enter the XLPE due to the cross linking and it cdremter the PA-fibers due to the fact that it
is not molten during compounding. Forced interfad@uble percolation may be achieved by
using carbon treated fibers.

2.4 Compounding of polymer composites

The distribution of the filler and thus the conduity of the material largely depend on the
production method. A quick and easy way to composimall amounts of many different
composites is the batch wise internal kneading mike/o counter rotating kneaders rotate
within a chamber and a fixed volume of polymer aulitive is inserted. The polymer is
molten and sheared within the chamber to distrilaute disperse the filler. After a desired
time period, the material is removed from the chamb

The other method used in this study is the contisuwin screw extruder. The screw needs to
be designed to fit the polymer blend of interestidbent sectors of the screw such as feeding,
compression and mixing zones are combined in aicestder to achieve good mixing [10].



2.5 Compatibilizers

In order to facilitate good adhesion between imihlsc polymers in a composite, a
compatibilizer needs to be introduced. The choiéecampatibilizer is crucial to the
mechanical performance.

A strong interaction or chemical bonds to the Ndugr in the nylon chain may be achieved
with glycidyl methacrylate (GMA) or maleic anhydeidMA) [2, 11]. The compatibilization

of PE-PA6 blends has been readily studied by E.Gl#oi et al [2]. Ethylene-glycidyl
methacrylate copolymer (PE-g-GMA) is used in thedgtfor in situ formation of copolymer

in an interfacial reaction. Promising mechanicalits were presented and reaction between
the compatibilizer and the PA6 was concluded toehaken place. The study by Jiang et al
[11] investigates the reactive compatibilizationLddPE/PA6 blends with maleic anhydride
grafted polyethylenes (PE-g-MA). The reactivitytbé maleic anhydride towards the PAG is
concluded to be sufficient. In this study, both #6&5MA and PE-g-MA compatibilizers are
investigated.

Another conclusion made by Jiang et al [11] is thatsolubility of the compatibilizer in PE
should not be too great. This would readily disttéothe compatibilizer in the PE-matrix and
the concentration of compatibilizer at the polyllenterface would be low. To achieve good
compatibilization between PA and LDPE it is thusfprred to have good reactivity towards
the amide and an intermediate solubility of the ftgch polymer. For this purpose,
compatiblizers with different polymer grafts, onkplatic and three more or less polar
copolymers are used.

10



3. Materials and Method

3.1 Materials

The Ethylene- Butyl Acrylate (EBA) used was LOTRYI BA 07, from Arkema, France,
random copolymer, butyl acrylate content 16-19% MEI (2,16 kg / 190 °C) 6,5 — 8,9
g/10min, density 930 kg/fmelting point 89 °C. All material information wabtained from

the supplier. Generic structure is shown in Figure

—(CH3z- CH;-)m—(CH- CIH'}n—{CHz'CHz'}k—
c=0
0
CHy-C -CH,
CH,

Figure 2 - Generic structure of EBA, image created with information from supplier [12]

The Linear Low Density Polyethylene (LLDPE) was Asp6835 A, from Dow Chemical
Company, Belgium, MFI (2,16 kg / 190 °C) 17 g/1pmmnelting point 129 °C, density 950
kg/m®. All material information was obtained from thepplier.

The Polybutylene terephtalate (PBT) was Ultrafornk2320 006, from BASF, MFI
(2.16kg/190°C) 4,1 g/10min, density 1400 ki/wll material information was obtained from
the supplier.

The low density polyethylene (LDPE) was suppliedBuoyealis AB, MFI (2,16 kg / 190 °C) 2
g/10 min. The material information was obtainedfrihe supplier.

High density polyethylene (HDPE), grade MG9601 frBorealis, MFI (2,16 kg / 190 °C) 8
g/10 min, density 964 kg/fn This material is designed for injection moulding rigid
products with high impact strength and good flowparties. All material information was
obtained from the supplier.

Polyamide 6 (PAG6) fibers for flocking, 75 um diaewtcut in 2 mm length were utilized,
generic formula available in Figure 3. A portiontbé fibers were washed in ethanol in order
to remove processing additives.

Bl
|_l| 1

H

Figure 3 - Polyamide 6 generic formula
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Another kind of fibers, Resistat® F1, MERGE J022, was obtained from Shakesp
Conductive Fibers. These fibers were polyamide @86,6) monofilaments which h:
electrically conductive carbon suffused into thefaee, coating thickness is approximatel
micron. The cross section is rd and has a diameter of i@n and the resistivity is 2.1 x °
Q/cm. All material data except for diameter werevided by the supplier. Fibers were «
manually to 120 mm length. Generic formula of PA6,6 is availablFigure4.

] H
HE MNMF\H
H

Figure 4 - Polyamide 6,6 generic formula

A compatibilizer, Maleic anhydride grafted polyelgnye (PIl-g-MA), called MAPE, was
obtained from SigmaAldrich, CAS 900-26-2, 1,700-4,500 cP4C °C)(lit.), maleic
anhydride ~3%wt. Generic formula available Figure 5.

m

0Ny =0

Figure 5 - MAPE generic formula

Three compatibilizers which are commercial gradesnf Arkema were also used in tl
study. Two grades, Lotader® 3210 and Lotader® 3E0based orandom te-polymers of
ethylene, acrylic ester and maleic anhyc. TheLotader® AX8900 is aandom ter-polymer
of ethylene, methyl acrylate and glycidyl methaatgl The glycidyl methacrylate (GM/
contains an epoxy group. The grades 3210 and 34%@ kimilar reactive specie as
MAPE; a maleic anhydride group (MA). Generic foramiland a table of summariz
properties are available Figure6 and Table 1.

=(CHy CHy)m = (CHy= CHe)o = (CHy- CHy-)ic— (CH- CH-), -

c=0 0=C C=0 |
| o —{CHa'CHa')rr—(CHz'CH')n—(CHz'CHz'}k—(CHz'(I:'}p
0 |
1 C=0 CO-0-CH;-CH-CH,
CH;3-C-CH;4 | NS
! 0-CH;
CHs3

Figure 6 - The generic structure for the two main kinds of Lotader, 3210 and 3410 (with MA) to the left and AX8900 (with
GMA) to the right. Images created from information from supplier [13].
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Table 1 - Properties of the different grades of Lotader

Grade name Lotader 3210 Lotader 3410 Lotader AX8900
Random ter-polymer Random ter-polymer NERTIT - BEDITE
, . of ethylene, methyl
. of ethylene, acrylic  of ethylene, acrylic
Composition : , acryl-ate and
ester and maleic ester and maleic Ivcidv
anhydride anhydride, glycidy
methacrylate
Reactive speci¢ Maleic anhydride Maleic anhydride Glycidyl meth-
content 3,1% wt 3,1% wt acrylate 8% wt
Butyl Acrylate Butyl Acrylate Methyl Acrylate
Co-monomer cong 6% wi 17% wt 24% wt
Processing From 270 °C From 270 °C i
temperature 320-330°C 320-330°C
Melt index, , . ,
2,16 kg @ 190°C 5 g/10min 5 g/10min 6 g/10min
Density 0,94 g/cm 0,94 g/cm 0,94 g/cm
Melting point 107 °C 89 °C 65 °C

Several batches of cable production waste were mstds study. All recycled material was
obtained from high voltage cables (HVC). All re@albatches may contain small traces of
copper, aluminum and various thermoplastics from dhable recycling process. The known
material characteristics are summarized in Table 2.

Table 2 - PEX HVC waste material from the cable industry

. - Main Material Grain size
Material name Origin o :
composition (maximum)
SWEOS Cable scrap Peroxide cross liked e
polyethylene
SWE12 Cable scrap Peroxide cross liked 0.6mm
polyethylene
(50%) Cable
manufacturing scrap Peroxide cross liked
SWE14 and (50%) end-of-ust polyethylene g
cables
S5 Lumps from cable Peroxide containing 0.6mm
production polyethylene

The carbon black grade called CB1 was KetjenblaCk@®0JD from AKZO NOBEL, the
Netherlands, with aggregate size 10-50 nm, appdretht density 100-120 kgfin BET

surface area 1250 gy, pore volume 480-510 ém00 g, and pH 8-10. All material
characteristic data were provided by the supplier.

13



A second carbon black grade, called CB2, was En286d° from Timcal, Switzerland, bulk
density 200 kg/my particle size 45 pm, BET surface area 62gnand pH 10. All material
characteristic data were provided by the supplier.

3.2 Compounding

The carbon black and polyamide fibers were dried wvacuum oven at 80 °C for 16 hours
before use. All materials were otherwise used esived, if nothing else stated.

The polymer blends in this study were compoundechbit mixing in a kneading mixer with
a chamber volume of 30 éniBrabender AEV 651) or a twin screw extruder (Gape ZSK
26K, 10.6, 2009) with 10 heating zones.

The materials compounded in the kneading mixer wweoeluced according to temperatures

and settings in Appendix I, Table 1 and the matepaoduced with the twin screw extruder
were produced according to conditions in Appendiable 2.

14



3.3 Materials produced

The composition of all the materials produced is #tudy is available in Appendix | Table 3,
and the mixing methods are given in Appendix I, [€dband Table 2.

3.4 Compression moulding

Plaques were compression moulded in three diffetait presses. One hot press with
controlled cooling was built in-house (press 1)eBecond hot press used was (J. Wickert &
Sohne) without cooling (press 2). The third hotsgrevas (Collin) P300M (press 3) with
controlled cooling. Compression moulding conditians available in Table 3.

Table 3 - Compression moulding settings, starting and holding temperature were the compounding temperature regarding
each material according to Appendix |, table 1 and 2.

Press Holding time Press type Coolingrate Cooling Plaque
pressure  thickness

Press 1 1 min HOSIIT 15°C/min Unknown 1 mm
mould

Press 2 1 min Frame Unknown None 1 mm

Press 3 3 min Frame 15°C/min 200 bar 2 mm

3.5 Preparation of samples for conductivity measurements

Strings were prepared by extrusion with a capilldrgometer Rheoscope 1000 (CEAST,
6742/000), 10 mm/min extrusion speed. The tempezatim both compression moulding and
extrusion were the same as the compounding temperfr each compound, see Appendix |
Table 1, 2 and 3.

Two different dies were used for the extrusion, an#h an opening of 1 mm in diameter,
length 10 mm. The other die had a 2 mm diameteniogeand a length of 8 mm. The strings
were cut with a razor into suitable lengths, 2008 inm. The plaques were cut with scissors
into pieces 3 — 10 mm width and 20 — 100 mm len8tlver paint Dottie Electroconductives
(Fujikura Kasei Co Ltd) was used to reduce contagistance.

15



3.6 Conductivity measurements

The resistivity of the samples was measured with &w four point probes. The four point
probe (4p) measurements were conducted with a gwecimultimeter (Fluke 8846A) by
connecting the samples according to Figure 7. Tethod is automatic and the equipment
applies a voltage over the sample enough to genaratirrent of 0,01 mA, and measures the
resistance.

-(s)

Figure 7 - For point probe conductivity measurement

In the case of the two point probe (2p) methodpwaeay supply (Oltronix) applied a voltage

(U) over the samples. The voltage (varied betweemd X000 V) was measured by a

multimeter (Fluke IIl true rms). The currenf) (was measured by a precision multimeter
(Fluke 8846A). The volume resistivity)(was calculated according to Eq.1

UA
= — Eq. 1 - Volume Resistivity
IL

WherelL is the measured sample length (cA)s the area of the cross section of the sample
(cn?), U is the measured voltage (M),is the current (A) ang is the volume resistivity
(Ohmcm). The conductivity of the samplés/cm) may be calculated according to Eq.2.

Eq. 2 - Conductivity

DI

3.7 Mechanical properties

A cutting die according to 1SO527-2 5A was usegtoduce dumb bells. A tensile testing
equipment (Hounsfield H5KT 0112) with a 1kN loadl,c&as used to determine max stress
(%) and strain (MPa).
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3.8 TGA and DSC

Materials were investigated with a thermo grawitiaéil analyzer (TGA) (TGA/DSC1, Mettler
Toledo, STAR System), and a differential scanning calorime®6C) (DSC1 Mettler
Toledo, STAR System). The TGA method used was according toeTdbhnd the DSC
method according to Table 5.

Table 4 - TGA method

Stage Stage 1 Stage 2 Stage 3 Stage 4
Temperature 50-600°C 600°C 600-900°C 900-50°C
interval
Time 27.5 min 40 min 15 min 45min
Heating rate 20 °/min fixed 20 °/min - 20 °/min
Media N, 50 ml/min Air 50 ml/min Air 50 ml/min Air 50 ml/min

Table 5 - DSC method

Stage Stagel Stage 2 Stage 3
Temperature 30-260 °C 260-30 °C 30-260° C
interval
Heating rate 10 °C/min -5 °C/min 10 °C/min
Media N, 80 ml/min N, 80 ml/min N, 80 ml/min
3.9 SEM - EDX

A scanning electron microscope (SEM) from Jeol (J8B10 LV) was used to obtain images
of composite microstructure. Samples were cryofract in liquid nitrogen prior to imaging.
Energy-dispersive X-ray spectroscopy (EDX) was usddentify contaminants.

3.10 Extraction

Extraction was performed in boiling decahydronalgma (decalin) for 7+1 h in order to
remove all non-cross linked polyethylene. Extrattiexperiments were conducted in
accordance with ASTM D 2765:2001, with the excemidhat the antioxidant level was
0,05%, and extraction was performed for one extoar hwith new solvent without
antioxidant. This is in accordance with an intermathod at Borealis AB Stenungsund. All
powder samples were sifted in a 355 um sieve bebiaraction.
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4. Results and discussion

4.1. Contact resistance

Contact resistance is a problem that often aridesnwneasuring the resistive properties of
materials, particularly in conductive polymer corapes. It generally manifests itself so that
the measured volume resistivity (VR) of a matehlanges with the applied voltage;

generally a reduction in resistivity with increagivoltage.

The results of four different approaches to thisbgm can be found in Figure 8. It is clear
that sanding the materiaicreasesthe contact resistance. It is also evident thatgusilver
paint and four-point probes gives the lowest (amdtraccurate) resistivity values.

100000000 A
o A 4
10000000 A
A
[ ]
1000000
A Silver painted, sanded 2mm
strand
100000
@ Silver painted, sanded 2mm
§ 10000 X strand 4p
Silver painted, not sanded
1000 2mm strand
K X Silver painted, not sanded
100 2mm strand 4p
@ Not painted, not sanded
10 2mm strand
1 T T T 1

0,00 20,00 40,00 60,00 80,00 100,00 120,00
Volt

Figure 8 - The influence of sanding and silver paint on the contact resistance in samples of EBA 1 which contained 5% wt CB,
2mm strands, VR measured with two and four point (4p) probes, measurement with four point probes was not possible for
the not painted, not sanded specimen since it was outside the equipment range

As seen in Figure 8, the volume resistance in seameples changed with increased voltage
which indicated that the contact resistance wasidenable. All samples were made from the
same batch (EBA 1) using the same preparation rdeth@hout any treatment of the sample

specimen, the contact resistance was very highdogs). A known method to reduce the

contact resistance is to apply silver paint. Thaswonfirmed to give a significant effect and

reduced the contact resistance (green X 2p, gteeds).
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Careful sanding of the sample was carried out oleoto remove a possible layer of non
conducting material in the surface. However, thedsgay did not reduce the contact resistance
(blue triangles 2p, and diamond 4p). The volumestiegy of the both sanded and silver
painted strand was in the same region as the twatrsample.

It is possible that the silver paint did not wee teanded surface, leaving air in pockets
between the strand and the silver paint whicHustilated schematically in Figure 9.

Figure 9 — Schematic cross section of the silver paint wetting of sanded (left) and non sanded (right) strands.

4.2 Influence on VR from compounding and sample preparation
method

It is well known that the processing propertieshef material determine the conductivity to a
large extent [10]. The compoundirgnditionsduring mixing of the composite are crucial to
its performance. Increased temperature will rediheeviscosity of a polymer, which will
facilitate distribution of i.e. CB in a compositdowever, the agglomerates of CB patrticles
needs sufficient shear to break up, hence lowepéeature and thus higher viscosity would
improve the dispersion.

It has been shown by G. Kasaliwal et al. [14] tilateasing the shear stress by increasing
screw speed and reducing the temperature can hmeakgglomerates and reduce VR of

CPCs. The same study has shown differences irtivgislepending on sample preparation

as large as 14 orders of magnitude [14].

4.2.1 Test specimen preparation method

A minor trial was conducted to estimate the extnthe difference between different test
specimen preparation techniques. Four methods ineestigated, strings extruded through
two different dies and compression moulded plagui#s slow and fast cooling. In Figure 10
it can be observed how the different preparatichrigues influence the volume resistivity of
EBAL.
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Figure 10 - Test specimen preparation method dependence on the volume resistivity of EBA 1 (5% wt CB1), average from
two samples, two point probes were used to measure VR

The variation between the different sample preparatechniques was considerable.
However, contact resistance problems remainedhagdsistivity tended to decrease with
increased voltage.

The plaque with slow cooling and the string extdiderough the smaller die generated the
highest values of resistivity. The method that gatesl the lowest VR and which also from a
lab perspective was the fastest and easiest t@epas plaques with fast cooling. The VR
of the 2 mm strand was somewhere in-between. Therityaof the EBA samples were
thereafter produced with plaques with fast cooling.

This conclusion was however not valid for the otlmeaterials tested, especially when

considering the LLDPE and PBT samples. Figure listiates the differences in VR
depending on sample preparation.
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Figure 11 - Volume resistivity dependence on test specimen preparation method on the of EBA1 (EBA 5% wt CB1), PE15
(LLDPE 5% wt CB1) and PBT 1 (PBT 5% wt CB1), average of two samples, VR measured between 1-80V, four preparation
techniques were tested for EBA and LLDPE and three techniques for PBT

In the case of LLDPE, strands obtained from thellsdi@ had the highest VR, similar to the

case with EBA. However, the lowest resistivity v&alas achieved with plaques produced
using slow cooling, contrary to the behavior of EBAe LLDPE plaque produced with fast

cooling performs at the same level as the strawtiggch were also cooled fast. The 1 mm
strands naturally cooled faster than the 2 mm diaalso generating higher VR.

This difference in behavior compared to EBA is patticularly strange when considering the
mechanism of conduction and its dependence on @dhle microstructure. Extrusion rate,

die pressure and thus die swell, moulding pressuriling pressure and cooling rate are
factors that influence the microstructure. A lovpercolation threshold may be obtained in
semi crystalline polymers due to the fact that talysegions reject CB patrticles, enriching the
amorphous phase [15]. Cooling rate is particulariportant in deciding the size, shape and
degree of crystallinity which significantly affedise conductivity of a CPC. If the cooling is

too fast, crystallites do not have time to forngrgasing the amorphous part of the matrix.

Since LLDPE is much more crystalline than EBA, tleling rate becomes a more important
parameter for LLDPE. EBA does not require slow oapkince it is largely amorphous due
to its structure and cannot form many crystallitlédse plaques with slow cooling were chosen
for subsequent trials with LDPE.

The difference between the highest and lowest VREBMA is almost four orders of
magnitude, while the PE results are spread withim 1t is obvious that all materials are not

21



equally sensitive to the preparation method. The ®RPBT cannot be said to differ
significantly depending on the preparation method.

4.2 .2 Percolation thresholds

The variation in sensitivity towards specimen prapan method may also be an effect of
how close the compounds are to their percolatioestiold. The closer the material is to its
percolation threshold, the larger the effect on ¥#®&en from small changes in microstructure.

Also, the speed of crystallization will affect tmesults, where a material with a faster
crystallization process will depend less on theiogaspeed and vice versa.

In Figure 12 EBA and LLDPE with different concetitnas of CB1 were compounded in the
Brabender kneader and VR was measured.

100 000 000 * *

10 000 000

1000 000

100 000

éE’ 10000 ¢ EBA

1000 X LLDPE

100

10 %
1

0 1 2 3 4 5 6 7 8 9 10 11
CB %wt
Figure 12 - Volume resistivity of EBA and LLDPE compounded in Brabender kneader with different CB1 concentrations
(materials EBA1&5-8 and PE13-16, see Tabl), average data from two samples, two point probe measurements at 20V

The data was not extensive enough to establisheaptercolation threshold for either of the
materials. However, when the data at 5% wt was idensd, the EBA had one order of
magnitude higher VR than PE and both samples henilas VR at 3% wit.

This could indicate that EBA has a higher percofatinreshold than the LLDPE. Thus the
EBA1 samples in the specimen preparation study hese been closer to its percolation
threshold than the LLDPE, generating more varied réBRults depending on the specimen
preparation.
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4.2.3 Brabender kneader compounding settings

In order to study the influence of mixing on thelwoe resistivity of the final product,
batches of PE and EBA were compounded using diffeserew speeds and temperatures.
Compounding procedures corresponding to Mix2 angdM(see Appendix I, table 1) were
used. The results in Figure 13 are all measureplaoues moulded with fast cooling and all
samples contained 5% wt of CB1.
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B Average p (Qcm)
10 I I
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EBA 5% CB1 EBA 5%CB1 LLDPE 5%CB1 LLDPE 5%CB
@110°C50rpm @90°C65rpm  170°C50rpm  @140°C 70rpm

Qcm

Figure 13 — Influence of mixing procedure on volume resistivity on materials EBA 1, EBA 9, PE 15 and PE 17, compounding
temperature and screw speed noted on each sample, CB level held constant

There was no significant difference between the Rio grades, while the EBA showed a
higher resistance after compounding at lower teatpez and higher shear. Due to issues
with the machine max torque, higher screw speeds nat investigated.

It is possible that the CB agglomerates were noumd to any finer particles because the
difference in screw speed was not large enoughevthé EBA wets the CB more efficiently

at higher temperature and thus facilitates distidiouof the CB.

The LLDPE results may be interpreted similarly, the material may have been further from
its percolation threshold than EBA, thus not sh@nany large differences in VR.
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4.2.4 Twin screw extrusion and. Brabender kneading

As well as the settings, the compounding method wafilect the CB distribution and

dispersion, hence also the resistivity of the CBICIh Figure 14 the difference in VR of the
material between the twin screw extruder and thab8nder internal kneading mixer is
illustrated. LLDPE and CB1 were mixed in differarhounts with the twin screw extruder
and the kneader.
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Figure 14 — Resistivity vs. CB concentration for LLDPE materials (PE 1 and PE 9-16) compounded with twin screw extruder or
Brabender kneader, CB content determined with TGA for materials produced with twin screw extruder (PE 1 and PE 9-12),
VR measured with two point probes, average VR between 1-100V

A percolation threshold of ~3,5-4,5% wt CB is irattied with the kneader, but for the twin
screw extruder, not low enough amount of CB wasddd order to determine the threshold.

In general, the agreement of the two methods wad.gbhis would indicate equal mixing in
both methods, but there could be major differemeesicrostructure. Materials with the same
composition produced under different conditions mggnerate similar VR, but vary
significantly in microstructure.

Efficient break up of CB agglomerates, that undeéghhshear, high viscosity (low
temperature) of the polymer may create a percolagddork of small and well distributed
small agglomerates. But an erosion process achigyebod polymer wetting and infiltration
of the agglomerates, such as under low viscosigh(temperatures) of the melt may generate
a percolated network consisting of well dispersdl garticles and small amounts of larger
agglomerates [14].
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Thus one compounding method could be breaking upoagerates, but not wetting and
distributing individual CB patrticles efficiently dnvice versa in the other method. These
hypotheses emphasize the dependence on tempem@tdrethe correlation to polymer
viscosity. The materials produced with the Braberdeader were compounded at 180 °C
and the twin screw extruder was set at 205 °C. Tthesmere temperature difference could
have facilitated the variation in percolation threlsl.

4.2.5 Twin screw extruder temperature profile

Different temperature settings in the twin screwirgder were also investigated. Lower

temperature increases the viscosity of the melttans the shear. By varying the temperature
in different zones of the extruder, increased sledow temp zones and increased wetting
and erosion in high temperature zones could be swdlio achieve increased dispersion and
distribution of CB particles and agglomerates. LIEDBnhd CB1 were used for these trials.

Figure 15 shows the results.
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Figure 15 - LLDPE and 5% wt CB1 (materials PE1-8) compounded in a twin screw extruder with different temperature
settings. The first heating zone (feed zone) was set to 165 in all trials. The heating zones 2-10, were set to a fixed
temperture along the extruder called PE#(temp zone 2-10 linear), or the heating zones were divided in two segments where
the heating zones 2-5 were set to one temperature and the heating zones 6-10 with a different temperature, called PE#
(temp zone 2-5 —temp zone 6-10) Method name

There was no clear trend in the linear conformatidrhe resistivity did not depend directly
on temperature, but rather an intermediate temyeraf 185 has the lowest resistivity in this

group.
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The M2 configuration, with high temp in the firgtur zones and lower temp in the front (die
end) of the extruder gave the lowest resistivityisl plausible that the lower temperature
increased the viscosity of the melt and generatexctased shear in a favorable position on the
screw e.g. where a mixing zone was located, theibtéing better CB distribution.

Or, if the higher temperature closer to the feedezof the extruder reduced the viscosity in
the first mixing zones, wetting and eroding CB et from the agglomerates and the
decreased temperature in the front increased guosity and broke remaining agglomerates,
thus a combined effect of eroding and breakingggl@nmerates was achieved.

4.3 Fiber filled blends

The dispersion of filler in conductive polymer biisnwas studied by Sumita et al [16].
Interfacial tension between the polymer phaseseigewed to be one of the main factors
determining the distribution of CB in the two phasdymer blend.

However, the transport mechanisms and rate of gidfu needs to be considered. These
aspects depend mainly on the size and shape o€Bjethe affinity between filler and
polymer and the viscosity of the polymers. If tlidymers are of similar viscosity, the surface
free energy will be the main determining featureéhaf CB distribution. If there is a difference
in surface energy between the two polymers ang vithin a certain interval, then the CB
will accumulate in the interface [16].

4.3.1 EBA — PAG6 filled blends

In order to investigate the possibility of intent@cdouble percolation, a mixture of two
different polymers was prepared below the meltiagppof one of the phases. EBA was used
as a matrix material and compounded above its mgelpoint, while fibers of PA6 were
incorporated below their melting point.

Batches with different amounts of PA6 fibers werepared, where the concentration of CB
was kept at 5% wt in the EBA phase. It was assutiadno CB could enter the PAG6 fibers.
All CB should therefore be in the EBA phase, othae interface between EBA-PAG.

Because CB patrticles contain polar groups on thiase; and the PA6 is more polar than the
EBA, the carbon black should prefer to go to thteriiace between the PAG6 fibers and the
EBA matrix. The low viscosity of EBA at high tempgéures should also facilitate the
transport of CB within the melt. Figure 16 shows thsults from conductivity measurements
of EBA - CB1 - PA6 composites.
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Figure 16 - EBA, PA6 and CB1 compounded at 110°C, (material EBA1-4). Various amounts of PA6 were added and the
amount of CB1 was kept at 5% wt in the EBA phase

No reduction of the VR from the PAG fiber filler waoted, but rather a slight increase with
increased fiber content. Recalculating to makeargHte reduced volume of EBA phase due
to filler addition did not change the results sigmaintly and will not be further discussed.

It is apparent from the VR data that no, or indigantly little carbon black was transported
from the EBA matrix to the interface. If it had, emcreased amount of fiber would have lower
VR than the composites with less fiber.

The combination of the very highly branched Ketjack CB and the slightly polar and
branched EBA probably obstructs the transport diaa black. The driving force for the CB
to transport in the melt towards the PA6 surface alao be insufficient. Data on interfacial
energies of this CB, PA6 and EBA have not beendoamd its measurement and calculation
is not included in this scope, but it is one of thest important parameters of the carbon black
distribution in a CPC [16]. This could be furthawestigated in future studies.
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4.3.2 LDPE - blends

Compatibilizers

The general feature sought after in the compatinilin a CPC is the ability to atta
dissimilar phases in the matrix to each other. Tha&g/ be achieved with strong interacti
entanglement or chemical reaction. LD PA6 blends have been studied h different
compatibilizers.

Compatibilizer concentration

The concentration of the compatibilizer in the cosife should be enough to successf
incorporate the fibers in the matrix but not sohhég to disturb the matrix polymer phase
reducing its strength. Figude/ shows the strain at break (%) of LDPR6 with increasing
compatibilizer concentration.
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Figure 17 — LDPE with 5% wt washed PA®6 fibers (materials LDPEc1-c4 and LDPEcOR1) with different amounts of MAPE.

At 0,5% wt the strain is increased, ¢ wt a slight decrease is noted, an increase5% wt
and further decrease at 5#&. There is a slight trend of decreased strair & increase
concentration of compatibilizer. However, theser@ases and decreases are relatively <
and not statistically verified. Standard deviatisrrelatively high and a clear conclusion
the correct amount of compatibilizer for furtherastigations is not straightforwat
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The MAPE, Lotader 3210 and 3410 all contain ~3%A&t, and the AX8900 contains 8% wt
GMA. The Lotader grades and MAPE are comparabletarms of reactive specie
concentration. The reactivity of the GMA comparedtihhe MA is unknown under these
conditions. The GMA concentration per %wt is aiggher than the MA containing samples.

Li. Z et al [17] investigated different loadings cdmpatibilizer. All samples contained less
than 20% wt, but results showed that more than ¥@%vas required to show significant
macromolecular chain entanglement. However, higidiltgs may present other problems
resulting in poor mechanical performance, and th® May be increased. Other weaker
interactions than macromolecular chain entanglencendd be sufficient, allowing lower
compatibilizer concentration.

Limited material amounts in combination with insci#nt information on the behavior of the
different compatiblizers pointed to a concentratievel high enough to see the effects, but
low enough not to compromise the matrix. For furthevestigation of compatibilizers, a
concentration of 1% wt was selected.

Fiber washing

In fiber spinning and processing, different procasis are often used to ease the production.
These additives may or may not influence the coibilit of the polymers. In order to
remove possible process oils, simple washing wittareol was performed. Results from
mechanical testing of LDPE and PAG fibers with anithout washing is available in Table 6.

Table 6 - Influence of fiber wash on mechanical properties on LDPE-PA6 blends, 5% wt PA6 fiber

Material name Fiber wash Max Strain (%) Max stress (Mpa)
LDPEcOR1 yes 81 8,5
LDPEcOR2 no 110 8,4

The effect on washing of the fibers is apparentigduction of stress/strain. Above mentioned
concentration study was conducted on washed fiBdirether testing was made on unwashed
fibers.
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4.3.3 Mechanical and electrical properties of coipdized LDPE-PAG6 blends

Results from mechanical testing of LDPE - CB1 - Pé@nposites with MA and GMA
containing compatibilizers are shown in Figure &8d both mechanical and electrical
properties are summarized in Table 7.
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Figure 18 - Mechanical properties of LDPE and composites LDPAO-5, where MAPE 3210, 3410 and AX8900 refers to the
different compatiblizers present in the sample, all compounds were produced at 150°C except for one produced at 220°C.
Maximum values of stress and strain from 2 samples are presented for each compound. Virgin LDPE has a max strain of
490%

Table 7 - Mechanical and resistivity data of LDPE - fiber blends with and without different compatiblizers, average values
from three samples, resistivity values measured with four point probes, (VR for LDPE was not measured but is significantly
higher than any of the composites)

Material Comp CB Fiber Max strain Slllrl::s Res.
* o, o, )
(%wt) (%wt) (%) (Mpa) (Q cm)
LDPE - - - 490 13 -
LD1 - 10% CB1 - 11 13 7,2
LDPA O - 5% CB1 5% PA6 48 11 93
LDPA 1 MAPE 5% CB1 5% PA6 66 11 140
LDPA 2 3210 5% CB1 5% PAG6 45 12 49
LDPA 3 3410 5% CB1 5% PA6 48 11 85
LDPA 4 AX8900 5% CB1 5% PA6 63 11 91
° (! (]
(é)DZF;?) SC) AX8900 5% CB1 5% PA6 51 12 45
LDRF 1 MAPE 5% CB1 5% Resistat 27 12 56
o)
LDRF 2 MAPE 5% CB1 7'5.36 21 11 51
Resistat
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General trends

The max stress was not significantly affected by @frthe additives. None of the composites
have a max strain in line with the virgin LDPE.

In general, the addition of fibers and CB redudsa rhax strain and resistivity compared to
virgin LDPE. The volume resistivity of all compatibed blends are on the same level, thus
the overall effect on VR from the compatibilizesssmall. Small differences in max strain of
the fiber containing blends may be observed. Trerstiepended on the compatibilizer type,
fiber content and fiber type.

The lowest value of resistivity was obtained with1, but the CB content was a significantly
higher than in any of the fiber containing blendsl ahe max stress was the lowest of them
all.

MAPE —(MA) - LDPA 1

The highest max strain was obtained with LDPAMadis significantly higher than the strain
of LDPAO (without compatibilizer). This indicate®mpatibilization of PA6 in LDPE with
MAPE.

However, LDPAL also had a slightly higher resisyivthan the other compatibilized blends.
The aliphatic graft on the MAPE could have bet®ukility in LDPE than the grafts of the

other compatiblizers, thus migrating more towaits matrix during the compounding. The
MAPE may there have encapsulated CB, hinderingarax CB particles from agglomerates
or it may have built up a shielding layer on the @gglomerates, protecting them from
rupture, resulting in slightly higher VR.

Lotader AX8900 — (GMA) - LDPA 4&5

Promising results on mechanical properties of HDFEA1l composites with PE-g-GMA
have been described in literature. Grafting reastibetween PA and PE-g-GMA were
confirmed, and an optimum compounding temperattig30 °C was reported [2].

In this work an LDPE-PA6 composite with EMA-g-GMA was studied, and it was
compounded at lower temperatures. The LDPA4 withdaimilar max strain as LDPAL, and

both have higher max strain than LDPAO. These tesnay be viewed as a minor success in
compatibilization.

An increased temperature would possibly increase rdaction speed of the GMA-PA6
grafting and improve the mechanical properties, dv@v, max strain was reduced when
compounding at higher temperature, LDPA5. Whentéhegperature was increased, the fibers
may have fragmented in smaller parts or dropletsthVdoor compatibilization and an
increased number of particles, the composite mag lh@come more fragile. More possible
points of break initiation would result in loweoebation before break.
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It is possible that both compounding temperaturegevoo low for sufficient grafting reaction

to take place between the GMA and the PA6. Thetfattthe PA6 is compounded below its
melting temperature may also significantly decreasereactivity between PA6 amide groups
and GMA. But studies by Abraham T.N et al [18, @ff]icate good mechanical performance
without melting of the PA6. High mechanical perfemee and good recycling properties of
HDPE - PA6 composites with MA compatibilizers ipoeted. The reprocessing of the HDPE
- PA6 blends was performed above and below theimyghioint of nylon and both generated
improved mechanical properties as compared torviff)PE [18, 19].

But the compatibilizer used in the study by Abrah@mN et al was an MA compatibilizer,

which is different from the GMA compounded at higimp in this study. Conclusions on the
grafting reaction may not be drawn from these dataorder to determine actual grafting
reaction between the PA6 and GMA in this studythfeir investigation is needed.

The compatibilizer graft used in the above mentibsieidy could have been more suitable for
their matrix polymer than achieved in this studyheTpolymer grafted with the GMA in
AX8900 (EMA) contains high amounts of methyl actglé24% wt), and is thus very polar. It
may thus have had unfavorable or insufficient eatéons with the LDPE matrix.

The VR of LDPAA4 is very close to LDPAO, indicatitftat the influence on the CB dispersion
was low. Migration towards the matrix is less like&ompared to MAPE, when considering
the high polarity of the PE graft in AX8900. Sinte matrix is non polar LDPE, the driving
force towards migration towards the matrix is low.

The resistivity was reduced when using an elevaedperature, LDPA5. The elevated
temperature was not above the melting temperaturBA6 and thus CB would still not enter
the PAG6 phases, keeping the volume exclusion effdat further reduction in resistivity may
be due to decreased viscosity in the melt, fatiigaincreased CB dispersion during mixing.

Lotader 3210&3410 — MA - LDPA 2&3

The materials produced with Lotader grades 3210 341D (LDPA2&3) have the lowest
elongation. Both contain EBA copolymer grafts ahd polar comonomer (butyl acrylate)
content of 3210 is 6% wt and of 3410 is 17% wt.

Both compatiblizers contain the same amount of RAactive compatibilizers based on MA
were studied by Li. Z et al [17] who claim that tbempatibilizer efficiently enhanced the
compatibility between HDPE and PAG6. Jiang et al] [ddncluded that the solubility of the

compatibilizer in PE should not be too great. TheifPthe PE-g-MA Lotader grades contains
polar copolymers which could be sufficiently in4giolle in LDPE matrix.

The compatibilizer with a higher BA content genesat material with slightly higher max

strain. But both more polar AX8900 and less polakPME both produce composites with
higher max strain. MAPE contains the same readpexie (MA) as 3210 and 3410, but is
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aliphatic and AX8900 contains GMA but is more polar in the same polarity region as
3410. Thus it is not just the polarity of the gridwfat reduces the max strain.

Literature indicates MA to be reactive towards Pl materials produced with MAPE have
higher strain than the reference, and thus MA abably suitable for the compatibilization of
PA6. Uncertainties in the efficiency of GMA-PA6 {mg reaction at the chosen
compounding temperatures prevent thorough concaigasiothe comparison of GMA vs. MA.

The grafted BA may have insufficient or unfavoralviteractions with the LDPE matrix. In
combination with SEM pictures taken and furthettitgs of e.g. impact strength, a better
picture of the mechanical performance of theseddenay be achieved.

The VR of both LDPA2&3 were lower than LDPA1&4, atitat of LDPA2 was one of the
lowest. This could indicate that the interactiothathe matrix was weak, thus not migrating
in the matrix and influencing the CB distributidhthe least interaction with the matrix was
obtained with these compatibilizers, the reactivafythe MA comes into question. It is
possible that moisture in the sample bags or irP#é during compounding or contaminants
have consumed the MA and thus not leaving enougkedot with the PAG. If it was during
compounding, the MAPE grade should also be affected

Resistat fibers

A PAG,6 fiber with CB suffused in the surface, Réa fiber, was also investigated. Two
compounds containing these conductive fibers weodyred and MAPE was used in both
formulations. The resistat fibers reduced the Vigared to LDPAL, but no extreme effect
is noted. The VR reduction may be a slight effectrf the carbon suffused in the surface of
the resistat fibers, but more probably, it is afeafof the difference in fiber geometry and
size distribution.

VR decreased with higher fiber content, but thig/raiso be a volume exclusion effect since
LDRF1&2 were compounded below the melting tempeeatnf the fibers. The max strain

was also reduced, indicating poor compatibilizatidrthe fibers, or another effect from the
geometry. If better control of fiber size and sidistribution could be achieved, further
investigations could generate interesting resulgyher fiber content with a suitable

compatibilizer may produce materials with good nazubal properties and super low
percolation threshold.

Many of the articles have discussed the compatdiiibn of HDPE [17, 18, 19], whereas this
study focuses on LDPE. The difference between HRRE LDPE should not influence the
reactivity of the MA or GMA towards the PAG, buthlar the matrix interactions.

Optical microscopy

The reinforcing property of the fiber geometry veliminished by the fact that the PA6 fibers
curled up during compounding, thus not providingsgth to the composite, but rather acted
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like a soft spring or gave no eft at all. This is evident from the optical microghaof one of
the LDPEPAG6 composites iFigure 19.
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Figure 19 - Optical micrograph of PEC4, compression moulded plaque, showing curled PA6-fibres embedded in the matrix.

All fibers have curled up and voids appear to lesent in the material. It is possible that v
the bad compatibilization of the fiber, voids areated uring stress. The voids could also
the result of water vapor escaping from the fibérie PA6 was not completely dried out.
material similar to foam is thus formed, with fiseinside the voids. This is illustrat
schematically in Figure 20.

Figure 20 — Cross section of a fiber composite with poor compatibilization, black fields representing the matrix polymer,
grey areas represent the fibers and white areas are voids, without stretching (above) and without stretching (below)
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SEM imaging

In order to further investigate the effect of tleenpatiblizers, SEM images of two LDPE-PAG6
composites with two different compatiblizers weldained. A SEM image of PEc4 is shown
in Figure 21. A close-up of the left right corngrobservable in Figure 22.

BEC 15kV WD11mm SS41 94Pa x37 500pm
Swerea IVF 14 Feb 2012

Figure 21 - SEM image of a cryofractured surface of LDPEc4 (with MAPE) from a plague compression moulded with slow
cooling, image obtained at 15kV, 94Pa, x37 magnification

Large voids without fibers present are apparenthan SEM image. These are believed to
originate from water present in the material framufficient drying of the materials, or air

pockets created during compression moulding. Howdkie MAPE used in this sample may
have been acting well as a compatibilizer when iigwhe close-up in Figure 22.

SS41 100Pa x300 S50pym - ——
14 Feb 2012

Figure 22 — Close up of the bottom left corner of Figure 21, SEM image of a cryofractured surface of LDPEc4 (with MAPE)
from a plaque compression moulded with slow cooling, showing one of the PAG6 fibers protruding from the cryofractured
surface, image obtained at 15kV, 100Pa, x300 magnification
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There was no void in the area where the fiber eagefigpm the matrix. The void between the
protruding part of the fiber and the matrix coulavl been created by the cryofracturing.
There were also some residues on the protrudingr fithat could be remnants of
compatibilizer or matrix stuck to the fiber. Tlgsnot evident in the LDPEc34 sample shown
in Figure 23.

BEC 15kV WD10mm SS65 100Pa x35 500um  ‘e—
Swerea IVF 14 Feb 2012

Figure 23 - SEM image of a cryofractured surface of LDPEc34 (with Lotader 3410) from a plague compression moulded with
slow cooling, image obtained at 15kV, 100Pa, x35 magnification

No large voids are present in this sample, butra¢\m®ight spots indicate impurities. These
impurities are concentrated at the fiber surfageslose-up of the upper left corner is shown
in Figure 24.

BEC 15kV WD10mr' S$865 100Pa x230 100pm e e

Swerea IVF \ 14 Feb 2012
Figure 24 - Close up of the bottom left corner of Figure 21, SEM image of a cryofractured surface of LDPEc34 (with Lotader
3410) from a plaque compression moulded with slow cooling, showing two of the PA6 fibers protruding from the
cryofractured surface, image obtained at 15kV, 100Pa, x230 magnification
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Voids between the fiber and the matrix are appareme fibers have delaminated from the
matrix and no clear signs of residues other thancttntaminants could be observed on the
fiber surface.

An EDX investigation of the bright spots showedhhigvels of iron and aluminum oxides,
which could have originated from contaminants ie tompounding unit. But since the
contaminants are not present in the LDPEc4 sampiehwvas produced with ethanol washed
fibers, the contaminants could have been on thedirom the manufacturer, or ended up on
the fibers during handling. If that was the caserercontaminants distributed in the rest of
the composite would have been expected.

However, the oxides are polar and the matrix is Tibtis the interfacial energy between them
and the matrix may be higher than that of the ox@ied the PAG6 fibers. The matrix may also
have rejected the contaminants, forcing them tosvardg/ void in the material. Thus a driving
force towards the PA6 surface or delamination voidy have been created and consequently
the oxides accumulated there.

LDPEc34 and LDPEc4 were not compounded at the s#ates and others have used the
equipment in-between. Thus contaminants that wexre tinere before could have been
introduced in the kneading mixer, and the fiber Wag could have had nothing to do with
this. New compounds were produced after thoroughnihg of the compounding unit, but
SEM imaging has not been performed. This coulchberesting in future studies.

The compatibilizing effect from the Lotader 3410 ymlaave been incapacitated by side
reactions with oxides instead of PA6. This wouldesely reduce the max strain of the
material, but also the oxides themselves may acbrasak initiators. Further studies to
investigate the extent of contaminants in the oteamples would provide valuable
information on the cause of mechanical behavior.

The compound compatibilized with Lotader 3410 dlad low strain at break compared to the
MAPE containing material. If the differences areeda voids, contaminants or differences in
compatibilizer efficiency is not completely undexstd, but indications of achieved
compatibilization are evident from SEM image andchamical data of PEc4. Reduced
mechanical properties and lots of contaminantshogvn in PEc3410.
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4.4 PEX filled blends

Several composites with cable production scrap emdl of use cable scrap from the high
voltage cable industry were produced and evaluatigll respect to their mechanical and
electrical performance. LDPE and HDPE were usethasix polymers and CB1 and CB2
were used as conductive fillers.

4.4.1 DSC of PEX filled blends

Figure 25 shows the DSC investigation of the remyd?EX materials. Evidence of un-reacted
peroxide could be observed.

"exo

wg~-1
Sample: DSC SWEDS (2), AAB 120207, 12,4800 mg
Sample: DSC SWE12 (2), AAB 120207, 13,1100 mg
Sample: DSC SWE14 (2), DWS 120207, 4,6700 mg

Sample: DSC SWE14 (1), DWS 120207, 6,5800 mg
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Figure 25 - DSC of PEX materials, (SWEO5 red, SWE12 black, SWE14 green and blue), heating rate 10°/min cooling rate

5°/min

All samples show an endotherm at ~100 °C, arouBdrbn. This is associated with melting

of the crystalline phases of the polymer. The esathat ~23 min occurs in all samples and is
believed to be related to instabilities in the eguent during switch over from heating to
cooling possibly in combination with degradatiortioé sample.

In samples SWE 12 and SWEDS5, a high exotherm amif8tes is believed to be related to a
cross linking reaction due to un-reacted peroxigsent in the sample. This exotherm is not
present in the SWE14 sample.

The crystallinity of SWES and 14 is also obsernvedécrease from the first heating stage (O -
23 min) to the second heating stage (69 - 90 runther adding to the cross linking theory.
At 50-60 minutes, the SWE14 show an endothermta@l formation of crystals, which is
absent in the SWES5 and 12 indicating a reactiortdieen place in these samples, reducing
the formation of crystals. The endotherm relatech&dting at ~75 minutes is much smaller in
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SWEDb5 and 12 compared to SWE14, since fewer crystateelt have been formed in these
samples.

The exotherm present in SWES and 12 in the lashib@ites is related to further degradation
of the sample.

4.4 .2 Extraction of PEX and PEX filled blends

Extraction in decalin in order to determine gelteon was conducted. The sample SWE12XL
was pretreated in an oven at 180 °C for 60 minutesder to allow the residual peroxide to
react. However this did not change the cross ligklagree, compared to the untreated batch
of the same sample, SWE12.

From the DSC measurements it may be concludedthleatross linking reaction occurred
very slowly or not at all, at temperatures loweartt200 °C. Table 8. shows the results from
the extractions.

Table 8 - Not extractable fractions from extraction of PEX compounds

SWE 12XL SWE12 SWES SWE14 S5 LDPX 1 PS1

)
vowt Not 79% 79% 76% 56% 5% 44% 0%
extracted

STD dev 0,001 0001  0,0004 0,01 0,002 0,001 0.d5

S5 was obtained from pulverized cable productiostevdumps. This sample showed very
little insoluble material and is not consideredb® cross linked. Trials with compression
moulding showed that the material cross links iffisiently heated, thus the sample did
contain peroxide.

The sample PS1 contained 20% wt of S5, and a smghtive result was interpreted as 0%
wt insolubles combined with an error in measuremiohe of the peroxide was thus reacted
during compounding at that compounding temperature.

SWE 14 contained 56% wt extractables, but is camsdl fully cross linked when the DSC
results are taken into consideration. No evidenceimereacted peroxide could be found.
There were some thermoplastic fractions in thighnatonfirmed by compression moulding
trials.

SWE 12 was considered fully cross linked, but ti&Dresults (see Figure 25) show evidence
of residual peroxide. Peroxide may have been pteseexcess. It is possible that cross
linking of the matrix may have taken place durimgnpounding and sample preparation of
LDPX1, due to the presence of the residual peroxide
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The LDPX1 contained 50% wt of SWE12 and the nomaexable part of SWE 12 is 79% wit,
thus the theoretical amount of non extractabldsDRX1 is 40% wt. The fact that 44% wt of
the material is not extractable is possible torpret as additional cross linking to have taken
place from residual peroxide in SWE12.

This may also be a result of CB migrating into teeftened XLPE grains during
compounding. The CB may subsequently have studle thard enough not to be extracted.
The weight of the extracted sample is thus incretdseCB embedded in the PEX patrticles,
appearing to increase the degree of cross linking.

4.4.3 Conductivity of PEX filled blends

When a non melting phase such as the XLPE is intred in the composite, the carbon black
is forced to stay in the thermoplastic matrix dgrcompounding. This may be interpreted as
a volume reduction of the continuous LDPE-CB phdades is illustrated schematically in
Figure 26.

Figure 26 - CB distribution of a CPC with an impenetrable filler represented by the gray fields, CB is represented by black
dots and the matrix polymer is white, to the left (a) is the matrix polymer with X% CB, in the middle (b) matrix polymer with
X% CB and 50% filler, to the right (c) is an equivalent distribution of CB assuming no interaction between the filler and the
CB

Figure 26 (a) shows a sample of a matrix polymesaahe fixed concentration of CB. If

impenetrable filler such as PEX is introduced amel ¢oncentration of CB is kept fixed (b),

the matrix will have a higher CB content, and tledume is reduced (c). Recalculating the
results from the samples containing SWE12 using3Bgould provide results which are more
comparable between materials with and withoutrfille

p(VZ) = p(Vl) * Wf Eqg. 3 — VR adjusted for volume exclusion effects

Wherep(V2)is the recalculated volume resistivitggm), p(V1)is the measured sample
volume resistivity Qcm) andwf is the weight fraction of impregnable filler imet composite
(Yowt).
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4.4.4 LDPE - PEX blends
LDPE compounds produced with different amounts &pumks of CB and XLPE were
compounded. The results from electrical and medahtesting are shown in Table 9.

Table 9- Mechanical and VR data of LDPE composites including VR data where reduced volume has been taken into account
(Comp. Resist.)

. Max . Comp.
Material CcB ) Max Resist. .
Filler (%wt) . stress Resist.
name (%wt) strain (%) (Q cm)
(MPa) (Q cm)
LDPE - - 491 13 - -
LD 1 10% CB1 - 11 13 7 -
LDPX 1 5% CB1 50% SWE12 314 14 24 12
LDPX 2 5% CB1 25% SWE12 347 14 44 33
LDPX 3 7% CB1 25% SWE12 - - 16 12
PS1 5% CB1 25% S5 300 14 2400 -

When comparing the mechanical properties in Tablit® or no effect on the max stress
was seen with any of the additives. All compos#ieswed a reduced max strain compared to
virgin LDPE. A strong reduction in max strain issebved in LD 1, which was also noted
during sample preparation where this compound wexy Yrittle. All SWE12 containing
composites have similar max strain.

The LDPX1 should have similar VR results compared.D 1, since the SWE12 addition
may be viewed as a volume reduction of the matyi6@%, if the polymers are assumed to
have similar density. Thus 5% wt total CB contenLDPX1 was 10% wt CB in the matrix.
The VR values were as assumed, very similar anglitjet deviation could be because of the
SWE12 was not fully cross linked and some CB maxehgenetrated the SWE12 phases of
LDPX1, thus increasing the VR slightly.

The difference between the samples with 25% wt50%d wt XLPE is comparatively small.
Thus the loading of PEX may be increased withognicantly lowering the max strain and
simultaneously reduce VR. The LDPX3 has an equal NMlHPX1, but no data has been
obtained on mechanical properties. This indicales the amount of PEX may be high in
combination with low CB content without increasiviB.

It was evident that the sample containing the Shickv was not cross linked, had a
significantly higher volume resistivity than allettother samples. This suggested that the
carbon black had entered the thermoplastic phdsg88 and thus the composite was diluted
and fewer conductive pathways were created. Thestmai was the lowest in the group with
PEX additives, which may indicate poor compatipilibetween the LDPE and the
thermoplastic polymer mix of S5.
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4.4.5 HDPE-PEX blends

HDPE compounds produced with and different amoanis types of CB and XLPE from
recycled cable batches were compounded. The rdsniftselectrical and mechanical testing
are shown in Table 10.

Table 10 - Mechanical properties and VR of HDPE composites with two different types of CB, with and without PEX, average
of 3 samples, Comp. Resist. refers to VR values where calculations using eq.3 have been made to compensate for volume
exclusion effects from the PEX

. Max i Comp.
Material CB . Max Resist. R
Filler (%wt) . stress Resist.
name (%wt) strain (%) (Q cm)
(MPa) (Q cm)
HDPE - - 7,7 31 - -
HD 1 10% CB1 - 1,1 25 3,9 -
HDPX 1 5% CB1 50% SWE12 37 19 39 20
HDPX 2 5% CB2 50% SWE12 22 19 3720 1859
HDPX 3 10% CB2 50% SWE12 6,8 17 562 281

Compared to the virgin HDPE, all samples show aiced max stress. An increased max
strain is seen in all samples with an addition WE32. The VR is very low for the HD 1, but
the max strain is the lowest. The high concentmatibCB1 made the material very brittle, the
sample crumbled easily which also made sample pagpa difficult. With the addition of
SWE12 and 5% wt CB1, the max strain increased fegnily compared to both virgin
HDPE and HD 1.

The VR of HDPX 1 increased by only 80%, when cormgaito the HD 1. This would
indicate that with the addition of recycled PEXpnach more ductile material with the same
level of VR could be achieved with a reduced amaiif@B.

The composites containing CB2 have similar maxssties the ones with CB1, but the max
strain is less and the VR is significantly increhs€éhe HDPX 2 has higher VR but also
higher max stress and strain compared to HDPX 3.

The size and shape of the CB agglomerates is ttiactae conductivity. The CB2 is not as
branched as CB1, and the agglomerates are bighges. the concentration of CB2 needs to be
significantly higher to obtain the same level adistance. The concentration of CB2 was not
high enough to reduce the VR significantly and btogh to generate high stress and strain.
Thus increasing the CB2 content is not advantageous

The compounding technique could perhaps be optinibPata from the producer of CB2
indicate that increased mixing time increases thlanae resistivity of the produced material.
This is especially pronounced at mixing times o¥eninutes [20]. In this study, 12 minutes
mixing time was used, which may not be suitabletifiics CB. Alternatively, a different CB

with higher resistance to over mixing could be @mofor further investigation.
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5. Conclusions

This study has shown that it is possible to in@dhs conductivity and improve mechanical
properties of CB-PE blends by adding PEX particles.

PEX fillers improve the mechanical properties anel ¢lectrical conductivity of both HDPE
and LDPE blends. More ductile materials are aclidevith PEX-HDPE-CB composites, than
HDPE-CB composites. The degree of cross linkinghefrecycled material is important for
both mechanical properties and electrical condiigtivwhen adding cross linked recycled
PEX to the composite, less virgin polymer and IEBsneeds to be added to achieve the same
electrical conductivity and keep or increase maesst and strain. Cost reduction is thus
possible by using recycled PEX materials. Thus pbeamore ductile materials with low
resistivity may be produced from recycled cableteias

The mixing of polyamide fibers with PE-CB blends diot improve any properties
significantly. The addition of compatibilizers dmdt achieve significant improvements. The
lowest VR was achieved when using Lotader 321®morpounding at higher temperature
with AX8900.

The Resistat fibers did not significantly reduce ¥R. Limited control over fiber size and
size distribution made comparison difficult. Incsed fiber content should be studied.
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6. Future work

This study has shown that the compatibilizatiodP86 in LDPE is not straightforward. The

concentration and type of compatibilizer has narbtilly optimized and further testing on

this subject could be interesting. However, siteeftbers are not intact during compounding
(they curl up), another PA6 or PA6,6 geometry mayriore advantageous.

Testing of the compatiblizers in an EBA-PA6 compmsias not been tested in this study, but
may provide valuable insights and generate intexgshaterials.

Further studies with SEM-EDX to should be perforntedrder to investigate the extent and
cause of contaminants and determine the validitthef mechanical data. New compounds
were produced for conductivity measurements, buBBbB-EDX study was made on these.

In order to choose the optimal matrix-CB-filler coound the driving force of the CB for
migration towards the filler surface could be sa&ddi The interfacial energy of the
constituents is one of the most important pararaedérthe carbon black distribution in a
CPC. Determining these data for the system wouttvige a valuable decision basis in
selecting promising composite constituents.

Charpy/lImpact testing could provide further insightthe mechanical properties of the
composites and give further indications of whatrtegerials may be used for.

The compounding time may have been too long, damgatlie CB structure and possibly
encapsulating CB particles in non conductive mat@ptimizing compounding time and
temperature for each composite would generaterbddta for comparison. Also, a different
CB with similar price and structure to CB2 but bettesistance to over mixing could be used
instead of CB2 to compare the composites.

Testing an increased number of specimens and iatistt analysis could be conducted in
order to statistically verify all results.

Further extraction experiments and DSC investigaticould be performed to confirm cross
linking of samples containing residual peroxide gndfting reactions in the compatibilizer
study.
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Appendix I - Compounding settings and materials produced

Table 1- Mixing temperature and conditions in the Brabender kneading mixer

Method Temp (°C) rpm T(_)tal mixing Comment
name time (min)

. 2 min melting of EBA, add CB, mix 5
Mix 1 e 50 L2 minutes, additional additives, mix 5min
Mix 2 90 65 12 2 min meltlng' of EBA at.90 C, add CB,

mix for 10 min

, 2 min melting of LLDPE, add CB, mix %
Mix 3 = 50 L2 minutes, additional additives, mix 5min

. 2 min melting of LLDPE, add CB, mix %
Mix 4 140 70 12 minutes, additional additives, mix 5min

, 2 min melting of LDPE, add fiber/
Mix 5 = 2 L compatibilizer dry blend, mix 10 min

. 5 min melting LDPE/compatibilizer dry
Mix 6 150 50 10 blend, then add fiber and mix for 5 min

. 5 min melting LDPE/compatibilizer dry
Mix 7 180 50 L blend, then add fiber and mix for 5 min
Mix 8 150 50 12 Dry blend all comi[r)]onents, mix for 12
Mix 9 180 50 12 Dry blend all corr:ipr)]onents, mix for 12
Mix 10 290 50 12 Dry blend all comi[r)]onents, mix for 12
Mix 11 190 50 12 Dry blend all corr:ipr)]onents, mix for 12
Mix 12 260 100 10 2 min melting 01_‘ PBT, add CB, mix 8

minutes
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Table 2- Mixing temperature (starting with the feed zone) and settings in the twin screw extruder

Method Temp (°C) Screw rate Feed rate
name rpm Kg/h
M1 160 /195 /205 /205 /205 /205 /205 /205 / 2aB5 200 10
M2 160/195/205/205/205/205/ 195/ 195 /1965 200 10
M3 160/195/195/195/195/195/ 195/ 195/ 1995 200 10
M4 160/195/195/195/195/ 195/ 205/ 205 / 2AB5 200 10
M5 160/185/185/185/185/185/ 185/ 185/ A885 200 10
M6 160/185/185/185/185/185/185/ 185/ 1885 200 7,5
M7 160/185/185/185/185/185/ 185/ 185/ A885 200 15
M8 160/175/175/175/175/ 175/ 175/ 175/ LT85 200 10




Table 3 - Material composition, where PA6F contains polyamide 6 fibers and PA6WF contains ethanol washed PA6 fibers,

ReF is conductive polyamide 6,6 fibers called resistat, comp refers to compatibilizer, 3210 contains Lotader 3210, 3410

contains Lotader 3410 and AX89 contains Lotader AX8900.

Material Mix l\/Iog\tArlrx é/gvr\]/:j 0/_owt Yowt
Name Method Material filler Filler Comp.
EBA1 Mix1 95% EBA 5% CB1 - -
EBA 2 Mix1 76,2% EBA 3,8% CBl1 20 % PAGF -
EBA 3 Mix1 85,7% EBA 4,3% CB1 10 % PAGF -
EBA 4 Mix1 90,5% EBA  4,5% CB1 5 % PAGF -
EBAS Mix1 98,5% EBA  1,5% CB1 - -
EBA 6 Mix1 97% EBA 3% CB1 - -
EBA 7 Mix1 93,4% EBA  6,6% CB1 - -
EBA 8 Mix1 90% EBA 10% CB1 - -
EBA9 Mix2 95% EBA 5% CB1 - -

EBA 10 Mix1 95% EBA 5% CB1 - -
PBT 1 Mix12 95% PBT 5% CB1 - -

PE 1 M1 95% LLDPE 5% CB1 - -
PE 2 M2 95% LLDPE 5% CB1 - -
PE 3 M3 95% LLDPE 5% CB1 - -
PE 4 M4 95% LLDPE 5% CB1 - -
PE 5 M5 95% LLDPE 5% CB1 - -
PE 6 M6 95% LLDPE 5% CB1 - -
PE 7 M7 95% LLDPE 5% CB1 - -
PE 8 M8 95% LLDPE 5% CB1 - -
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Table 3 - continued

%%wt

Material Mix Matrix Yowt Cond. Yowt %wt Comp.
Name Method Material filler Filler
PE 9 M1 95,5% LLDPE 4,5% CB1 - -
PE 10 M1 94,5% LLDPE 5,5% CB1 - -
PE 11 M1 92% LLDPE 8% CB1 - -
PE 12 M1 90,5% LLDPE 9,5% CB1 - -
PE 13 Mix3 98,5% LLDPE 1,5% CB1 - -
PE 14 Mix3 97% LLDPE 3% CB1 - -
PE 15 Mix3 95% LLDPE 5% CB1 - -
PE 16 Mix3 90% LLDPE  10% CB1 - -
PE 17 Mix4 95% LLDPE 5% CB1 - -
LDPECOR1 Mix 5 95 % LDPE - 5% PAGWF -
LDPEc1 Mix 5 94,5 % LDPE - 5% PA6WF 0,5% MAPE
LDPEc2 Mix 5 92,5 % LDPE - 5% PAG6WF 2,5% MAPE
LDPEc3 Mix 5 90 % LDPE - 5% PA6WF 5% MAPE
LDPEc4 Mix 5 94 % LDPE - 5% PA6WF 1% MAPE
LDPECOR2 Mix 5 95 % LDPE - 5% PAGF -
LDPECc32 Mix 6 94 % LDPE - 5% PAGF 1% 3210
LDPEc34 Mix 6 94 % LDPE - 5% PAGF 1% 3410
LDPA O Mix 8 90% LDPE 5% CB1 5% PAGF -
LDPA 1 Mix 8 89% LDPE 5% CB1 5% PAGF 1% MAPE
LDPA 2 Mix 8 89% LDPE 5% CB1 5% PAGF 1% 3210
LDPA 3 Mix 8 89% LDPE 5% CB1 5% PAGF 1% 3410
LDPA 4 Mix 8 89% LDPE 5% CB1 5% PAGF 1% AX89
LDPA S5 Mix 10 89% LDPE 5% CB1 5% PAGF 1% AX89
LDRF 1 Mix 10 89% LDPE 5% CB1 5% ReF 1% MAPE
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Table 3 - continued

Material

Mix

%wt

%wt Cond.

%%wt

Name Method l\'/\l/lae':grii);l filler Filler Yowt Comp.

LDRF 2 Mix 10 86% LDPE 5% CB1 7,8% ReF 1% MAPE
LD 1 Mix 8 90% LDPE 10% CB1 - -
LDPX1 Mix 9 45% LDPE 5% CB1 50% SWE12 -
LDPX2 Mix 9 45% LDPE 5% CB1 50% SWE12 -
LDPX3 Mix 9 68% LDPE 7% CB1 25% SWE12 -
PS1 Mix 9 70% LDPE 5% CB1 25% S5 -
HD1 Mix 11 45% HDPE 10% CB1 - -
HDPX 1 Mix 11 45% HDPE 5% CB1 50% SWE12 -
HDPX 2 Mix 11 45% HDPE 5% CB2 50% SWE12 -
HDPX 3 Mix 11 40% HDPE 10% CB2 50% SWE12 -
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