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1. Introduction

This project has been carried out by DRAKA-NKT in co-operation with NKT
Cables for The Danish Environmental Board in the period 1992-1995.

1.1 Scope

The scope of the project has been a further investigation into the possibilities of
substituting PV C with Halogen Free Flame Retarded materials based on the
results obtained in the previous project: Alternative to PVC in cables and
connected building ingtdlations.

Specid attention has been paid to minimizing those barriers towards increasing
the use of the PV C-free materials, which were identified in the previous project
i.e. primarily the processing difficulties encountered with these materias as well
as their inferior long term properties in differing aggressive environments.

1.2 Follow-up Group

The project has been followed by a group with the following composition:

Jacob Brgnnum, Miljestyrelsen

Erling Bgje, Arhus Kommunale Vaaker

Jargen Bille Hansen, DSB Elektrotjenesten

Tom Nisted, Dansk Brandteknisk Institut

Svend Bank Andreasen, Telecom A/S

Flemming Hummelshgj Petersen, Kgbenhavns Belysningsvassen

1.3 Project Progress

A large number of Halogen Free Flame Retarded compounds were selected for
athorough investigation of critical properties including long term propertiesin
different environments.

At the same time the necessary computer software and knowledge have been
established to simulate the relevant extrusion processes.

Based on the obtained results from the ageing tests three compounds were
selected for further testing i.e. characterization of rheological properties, process
simulation and later on test runsin the factory. The produced cables were then
tested for mechanical properties and fire performance characteristics.
Preliminary tests were made on small optical cables produced on small extruders
in order to minimize the materia consumption. Experience obtained with these



small cables during the simulation and the production processes were then later
on used in alarger scale production of power cables.

Conclusions concerning the suitability of the established process conditions for
the two cable types have been drawn. The possibilities of subgtituting PV C with
Halogen Free Flame Retarded materias are considered.



2. Summary

During an earlier project concerning the possibilities of substituting PVC
compounds in cables it was concluded that it is technicaly possible to subgtitute
a significant amount of the current consumption of PV C for cables by Halogen
Free Flame Retarded (HFFR) materials.

It was aso concluded that there are important barriers towards the increased
use of these types of compounds. These barriers are partly due to economical
and partly technical reasons but the above mentioned project also stressed the
fact that important material properties were not yet satisfactory to justify
widespread use of the HFFR materias with the exception of indoor use without
the influence of agressive environmental factors. Furthermore the processing
properties of these compounds were considered problematic.

The scope of this project has been to pave the way for increasing the
subgtitution of PV C compounds by optimizing HFFR materias for cables. This
was done by carrying out amaterial test programme aming to identify the
best possible candidates of HFFR compounds for cables and at the same time
optimizing the extrusion process with the goa to increase the cable
production line speed with these high viscosity materials.

The material test programme included 16 HFFR compounds and PVC
compound which were all subjected to accelerated ageing in different
environments at different temperatures in order to assess their use as candidates
for the subgtitution of PVC compounds.

The outcome of the test programme was that compounds do exist which can
substitute PV C compounds in severa cable applications e.g. in buried cables at
high humidity, cables in contact with oil a moderate temperatures, under the
influence of sunlight etc. It aso became evident that for gpplications in harsh
environments special compounds which may have other limitations (e.g. flame
retardancy properties) must be selected or developed, asisthe case for PVC
compounds.

It turned out that the HFFR compounds with the best overall properties were not
among the easiest to process. This emphasizes the need for improving the
processing equipment for HFFR materiasi.e. design of screw and crosshead
for extruder lines.

During the programme it was decided to use computer ssmulation as the method
for optimizing the extrusion process. The result of the smulations was a new
extruder screw design. Further the die geometry was adjusted which turned out
to give significant process improvements compared to traditiona machinery.



With the new production set up, optical test cables were produced with the
compounds which had the best overall properties found during the material test
programme.

The produced optica cable had good mechanica properties and aso the flame
retardancy behaviour was satisfactory.

Only the highly filled and due to that the HFFR compounds of the high viscosity
type were able to fulfil the requirements for mechanica properties when used in
power cable constructions.

The attempt to scale up the screw design which were used succesfully during
the production of optical cables on an extruder with an internal diameter of 63
mm to an extruder with an interna diameter of 150 mm and the length 18 times
the diameter was definetely not succesful.

Further asingle flight screw for a 120 mm diameter extruder was tested within
the programme without succes.

With both screw designs the developed heat due to friction increased the mass
temperature of the tested compound and caused thermal break-down of the
HFFR compound within the extruders.

Screw designs for HFFR compounds have now become commercialy available
for extruders in the range of 100 - 150 mm diameter.
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3. Background

The project is a continuation of an earlier project: Alternative to PVC in cables
and connected building ingtdlations, carried out from 1990 to 1995.

The main conclusions drawn during this project were the following:

1

Halogen Free Flame Retarded cables will be more expensive
than PV C based cables due to

a) higher materia price

b) lower production speed due to much higher melt viscosity
c) the compounds do not alow too high process temperatures

Outdoor use cannot yet be recommended

a) for aerial cables because of too low resistance to UV light
b) for cables buried in the ground in humid environments due to
too high sengitivity to water.

Permanent contact with oilsis not advisable.

Indoor use offers no technical problems.

The Halogen Free Flame Retarded materials (HFFR) are
superior to PVC in case of afire. Lower toxicity, corrosivity and

smoke formation can be expected.

Cables with the requirement of flexibility cannot fulfil the
requirement given in relevant specifications.

During the present project it is the intention to enlighten the above mentioned
points further. The project has been divided in two smultaneously running parts:

1

A project for improving the processing of the materias
and

A material test programme for selecting the materials with the
best overdl property profile.
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4. Material Properties

Cable materias are normally characterized by an excellent long term stability
which together with good mechanical properties secure along cable service life
regardless whether or not the end use will be indoor or outdoor under the
influence of UV light, water or other environmental factors. PVC hasalong and
well established successful history as a cable material. It is necessary to specify
and document corresponding requirements for other materials before they can
be recommended for the use in cables.

The HFFR materials are far from being as well evaluated. Standards aready
exist with requirements for the short term properties supplemented with very
mild ageing tests which in no way qualify materials for practical outdoor use.
Thus we have found it necessary to set up atest programme which really gives
information about the long term properties.

Part of the test programme originates from the results obtained during the
previous project, but it has been changed at some critical points e.g. an oil ageing
test at 50°C has been added. In this way we get a better impression of the
possibilities of using the materials in contact with oil and vasdine.

We have chosen to perform dry ageing at high temperature to make sure that
the basic resistance to thermal ageing/oxidation is acceptable.

Ageing test in water at pH 4 and pH 7 have been carried out in order to smulate
the environment for cables buried in the ground. The experience from the
previous project in fact was that degradation in wet ground conditions seemed to
happen faster than in the laboratory water so new tests smulating the burial of
cables under different soil conditions, or even better actua test on cables buried
in the ground are needed. It has not been possible during this project to put cable
samples in the ground. However, we needed to carry out the ageing test in
water.

This time we have neglected the salt water test which turned out to be less
severe than the test in tap water at pH 7.

The ozone test is traditionally carried out for rubber compounds and polymers
with unsaturated groups which are sensitive to ozone but this test is specified for
HFFR sheathed cables also.

Stress crack resistance is also a traditiona test carried out due to stress cracking
problems in polyethylenes many years ago. When new and comparatively
unknown materials are introduced thistest is still considered essential.

Testing under the influence of UV light is necessary in order to make sure that
cable sheathings can resist the climatic condition when the cables are stored or
used outdoor and do not degrade too fast.



For the evaluation of the influence of ageing on the materials the change in
mechanical properties are used as parameters for characterisation. Important
information can aso be obtained from measuring the weight change of test
samples after ageing in the different media.

4.1 Test Plan

The 15 originaly selected compounds have been tested according to the
following sceme:

Long Term Properties

Dry ageing in heat ovens at 100 and 120°C.

Ageing in water a pH 4 at 20, 50, 65, 80 and 95°C.

Ageing in water at pH 7 at 20, 50, 65, 80 and 95°C.

Ageingin ASTM no. 2 ail at 20, 50, 80 and 100°C.

Ageing in cable vaseline at 20, 50 and 80°C for selected compounds.

Ozon test according to Cenelec HD 22.2 S2. Test period prolonged compared to
the standard.

Environmenta stress corrosion test according to ASTM 1693 in Antarox CO-
630 solution, 10%.

Ageing in QUV Test chamber using the following cycle: 20 hours UV light
followed by a4 hour water condensation period.

Burning Properties

Measurement of Limiting Oxygen Index (LOI) according to ASTM 2863 and
modified LOI, the latter giving better correspondence with actua fire tests.

Smoke corrosivity test according to IEC 754-2.

Flame propagation test according to IEC 332-1 and |EC 332-3-C (“small” and
“big” IEC fire test). These tests are performed only on cable samples produced
in part 2 i.e. with the especially selected compounds.

Smoke density according to |IEC 1034.
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4.2 Selection of Materials

During the previoudy mentioned project four materids, designated 54003, 80465,
80476 and 80260 were evaluated.

The one with the highest flame retardancy, 54003, turned out to have an
extremely low resistance towards ageing in water, the flame retardance
properties of 80465 were too low for use in an optical cable construction with
flammable core to pass the IEC 332-3-C fire test, 80476 which had very good
long term ageing properties was too difficult to extrude on existing machinery
and 80260 was not stable enough towards UV radiation.

These results suggested that a larger number of compounds had to be examined
in order to secure that the compounds which were best suited for the application
were included in the programme. It was of course also of interest to evaluate
the results of the ongoing development work carried out by the material
suppliers.

After asurvey of the available raw materials, 16 compounds were selected. In
the following they will be referred to by the numbers from 1 to 16.

No. 1-3. Thefirst three materias are not commercialy available compounds.
They are test compounds produced by NKT Cablesi.e. with known composition
and included in the test programme due to that reason, so conclusions taking the
composition into account can be drawn from the results obtained with these
materials.

The remaining compounds are al commercialy available and only very limited
information of the actual formulations are available to us for these compounds.

No. 4. Selected because it fulfills VDE 0207 HM 4 specification and has a
reasonable price.

No. 5. Based on polypropylene and is therefore expected to have a very good
performance in wet environments.

No. 6. This was selected because of promising data sheet values, price and the
possibility to crosdink the compounds chemicaly. Crosdinked materia should
have better resistance towards agressive media

No. 7. Interesting product with claimed good processing properties combined
with high content of flame retardant filler and good UV dability.

No. 8. Black compound, should therefore be well suited for outdoor use (UV
stability).

No. 9. An easy processing compound with alow degree of flame retardancy
and very low price.
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No. 10. This compound was selected due to stated good resistance towards
water and high temperatures.

No. 11. A widely used compound with a good combination of properties.

No. 12. This materia was the only non black compound with a high UV
stabilisation. Further, it had good merits with regard to acid resistance which
gives good possibility for use in wet areas also.

No. 13. Claimed properties close to those of compound no. 14, but with lower
filler content and better processing properties.

No. 14. This materia isidentical to materia 80476 from project 1, which showed
very good long term properties and low price level. It isincluded again and dealt
with especialy in the processing part.

No. 15. Included due to the very good resistance towards water.

No. 16. A subgtitute for 54003 in project 1. Highly flame retarded but expensive.
It isincluded as it may be the only candidate in a cable construction that can
pass the IEC 332-3-C test as a cable jacket around a flammable core.

No. 17. Two crosslinkable materials have also been selected for testing in oil.
One of those is material no. 6 but crosslinked, and the other is a material
especially developed for use at high temperature but good chemical resistance is
also expected.

18. As areference a standard cable PV C compound has partly been included in
the test programme.

Fig.1 Light Duty Optical Cable

Ti ght buffered fibre
Aram d yarn
HFFR materi al

N\

4.3 Test Results

4.3.1 Experimental

The compound test samples were extruded on a Brabender Extrusiograph (lab.
measuring extruder). Approximately 1mm thick bands were extruded through a
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dit die a the temperature recommended for the compound by the suppliers.
Afterwards standard tensile dump-bells were punched from the bands.

All of the compounds, except materia no. 5, were succesfully extruded with a
smooth surface and homogeneous appearance. No. 5, however, turned out to
cause two problems. Firstly a very unpleasant smell from the hot compound and
secondly the band looked rough with brown dots in the surface.

The samples were then aged in the different media and tested at predetermined
intervals. As a standard the tensile strength (TS) and the elongation at break
(EB) were measured and a so the weight change of the samples after different
immersion times in the individua media was measured.

The ozone and stress cracking tests were completed as previoudly described
(section 4.1).

Based on the results obtained from the ageing tests each material was given a
mark between 1 and 6 for each test environment in order to smplify the ranking
of the compounds which will be carried out, see table 4.

4.3.2 Dry Ageing Tests

The results of the dry ageing tests are shown in gppendix 1.1 to 1.6 for the
whole range of HFFR compounds. As afailure criteria the elongation at break
value below 100 % or tensile strength vaue below 10 MPawere used. The
resistance to dry ageing of al the compounds was excellent.

Only in one case, material no. 1 at 120°C after 40 weeks ageing, was alow
value found, i.e. elongation at break was 92%, just below the limit. Because of
the lack of observed failuresit is not possible to extrapolate the life times at low
temperature from the accelerated heat oven tests. We can just note that the
retained mechanical properties after 40 weeks ageing at more than 100°C are
very good.

In typical specifications 10 days at 100 or 110°C is considered satisfactory. Dry
ageing tests of two standard PV C cable compounds show that the 100% EB is
typically reached after approximately 100-200 days at 110°C, see appendix 1.6.
Two materials, nos. 9 and 13, were only tested at 100°C because their melting
point was lower than 120°C.

The results confirm the conclusion of project 1, i.e. the thermal stability of dl the
compounds is good enough to secure the cable reliability for applications with no
contact to harsh chemicalsi.e. normal indoor use. For indoor use the expected
lifetime of HFFR materials even seems longer than that of standard PVC
compounds, depending on the thermal load.
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Fig 2. Material 6. Dry ageing
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Fig. 2. Typica ageing plot

4.3.3 Wet Ageing Tests

High priority has been given to the tests in water because it is considered
necessary to find materials with a good chance of along service life in wet soil.
Ageing has been carried out in water at pH 7 and pH 4 at 20, 50, 65, 80, and
95°C. Ageing times from O to 40 weeks. The degradation was evaluated by
measuring the tensile strength as well as the weight change.

4.3.3.1 Water pH 7

All the results from the water ageing at pH 7 are shown in appendices 2.1 to
2.17. Contradictory to the dry ageing this test series shows remarkable
differences in resistance to water, pH 7.

Already at 20°C failures are observed. After 8 weeks materia no. 7 has
virtualy no elongation at break left and after 28 weeks the same is the case for
material no. 10, which among other things was selected due to its claimed good
water performance. Materia no. 16 failed after approximately 15 weeks. These
compounds cannot be used under wet conditions.

At 50 °C the compounds nos. 1 and 8 show unacceptable resistance towards
the water. Material no. 8 would have been a nice choice for genera outside use
but the water resistance is inadequate. A common feature for the four
mentioned materiasisthat the filler is Mg(OH),, which aso during project 1
seemed to be connected to inadequate water performance.
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At 65°C dso materia no. 4 fails with low EB after 4-8 weeks.

Materia no. 15 has reached its limit at 80°C and at this temperature nos. 6 and
11 are dso margindl.

Compounds nos. 3 and 12 cannot resist water at 95°C but the remaining
materials nos. 2, 5, 9, 13, 14 and standard PV C still have acceptable mechanical
properties after 40 weeks ageing at 95°C in water at pH 7.

The water absorption measurements are also shown in gppendix 2. Attempts to
correlate the amount of absorbed water with the decrease in mechanical
properties were not successfull. We have cases where the elongation at break is
low for a sample with a small amount of absorbed water and aso the opposite
i.e. asignificant weight increase resulting in no mechanical degradation has been
seen.

As an example of the water ageing fig 3 and 4 show the degradation of
materials nos. 7 and 14 in water at pH 7 at 20 and 95°C, respectively. Fast
degradation is observed at 20°C for no. 7 while no. 14 is still shows very good
value after 40 weeks at 95°C. Note that thisis revealed by the elongation at
break (fig 4) but not the tensile strength results (fig 3).

Fig 3. Tensile strength in water pH7
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Fig 4. Elongation at break in water pH7
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4.3.3.2 Water pH 4

An identical test programme has been carried out in water with a buffered pH
value of 4. The results are shown in appendices 3.1 to 3.15.

The compounds can be divided into two groups with regard to “behaviour” in
water at pH 4.

For the firgt group no difference is seen between the two pH values. This group
includes the following compounds nos. 2, 3, 4, 5, 6, 7, 9, 13 and 14. In the other
group three materias behave very differently in the two media, nos. 1, 8 and 10
are very stable in pH 4 and very unstable in pH 7 water. The remaining nos. 11,
12 and 15 are alittle more stable in pH 4 than in water at pH 7.

The reason that for some materials water at pH 4 is amore “healthy
environment” than water at pH 7 can be linked to the actua pH, but since the
acidity seems to be an advantage we find it more likely that the ionic strength or
osmoticity is an important factor. A concentration of solutes e.g. as found in the
pH 4 solution simply lowers the activity of the water molecules and thus the
resistance of the compound isimproved. Again the effect seems to be present
for the compounds that contain Mg(OH), in particular.

Fig 5 shows the behaviour of compound no. 8 in the two different media at 50
and 80°C, respectively.
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Fig 5. Material 8 in water
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Concluding the water tests it can be stated that just like for PV C compoundsit is
possible to find HFFR compounds that can survive 40 weeks in water at 95°C
and different pH values. These materials can be used as sheathing compounds
for cables in wet areas with a good possibility of along service life.

4.3.4 Oil Ageing Tests

The oil ageing tests were performed in a sSimilar manner to the water ageing
tests with ASTM ail no. 2 replacing the water. The maximum test time was
again 40 weeks, and the strength as well as the oil absorption/extraction values
were measured. The results are shown in appendices 4.1 to 4.19.

At 20°C, dl the compounds show very good mechanica properties. Materias
nos. 1, 5, 7, 8, 13, 14 and 15 have survived 40 weeks with property changes
below 20%. The remaining materials have changes between 20 and 40% except
no. 11 which has an EB bedow haf of the origind vaue but still well above
100%. All the materias had oil absorptions around 5-10% by weight after 40
weeks, except no. 15 which absorbed only 2% by weight. Strangely enough
material no. 15 had been chosen due to its acclaimed water resistance but in oil
it showed an exceptionally low absorption.

Already this low temperature test suggests that al the materials are acceptable
for non-permanent oil contact applications and some even for long time in
contact with a moderately agressive test ail.

At 50°C, the oil absorption level is increased but now it varies very much from
one compound to the other, the lowest being 10% (material no. 15) and the
highest absorption 54%. The tensile properties retained are still acceptable for
most compounds, the standard PV C compound included. After 40 weeks al EB
values are above 100%. Some have become rather week, however, especially
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nos. 11 and 16 with approx. 25% of their original tensile strength left. Materia
no. 15 still shows exceptiona values after ageing at 50°C.

The 80°C test lasted only one week because of failure of the equipment.
However, the duration was long enough to show that some materials smply
dissolve in ASTM no. 2 oil when they get close to their crystalline melting point.
Some compounds retain margina strength. These are nos. 5 (because it is
polypropylene based), 10, 14 and 15, which nearly behave like a cross linked
material retaining avery high tensile strength.

The test at 100°C gave smilar results showing that nos. 5, 10 and 15 are ill
behaving like polymer materials even after 28 weeks exposure.

If we compare with standard cable PV C compounds we typically see that after
one week at 95°C their EB drops near to O while the strength is doubled. Both
these observations are due to loss of plasticizer but show that the best HFFR
materials clearly match the standard PV C with respect to oil resistance.

Specid oil resistant PV C compounds exist which give much better results as the
plasticizer is non-migrating. These types are more expensive and often stiffer
than standard PV C compound and consequently only used when redlly required.

Concluding the results of the oil tests we may say that both standard HFFR and
PV C materials have a reasonable resistance towards immersion in ASTM test
oil no. 2. In both types of compounds especialy developed compounds exist that
will preform for alonger time with permanent oil contact.

4.3.4.1 Effect of CrossLinking on Oil Resistance

Some of the HFFR compounds have a polymer composition which makes
chemical cross linking possible. By crosslinking it is possible to form a 3-
dimensional molecular network which is normally assumed to give better
mechanical and thermal properties as well as chemical resistance than in
corresponding thermoplastic material. The disadvantage from an environmental
point of view isthat recycling of cross linked materias is not possible.

Asthe cross linking process of the compounds chosen in this project is of the
socalled silane cross linking type, the processing itsdlf is also more problematic
because it involves the addition of a catalyst masterbatch (granules or liquid)
before extrusion, and a treatment in hot water or steam afterwards in order to
obtain a proper cure stage.

Materia no. 6 was cross linked by this method as well as a 17th compound
especialy designed for silane cross linking. A hot set test made at 200°C
showed that for both compounds the cross linking reaction was succesfully
carried out.

The results from the ageing tests are shown in appendix 4.19.

The results obtained for no. 6 show that cross linking has an effect on the oil
resistance. Fig. 6 shows the degradation of cured and uncured samples of

21



material no. 6in ASTM QOil no. 2 at 65°C. The uncured sample loses nearly al
its tensile strength while the cured sample retains about 30% of the origina
strength.

Sample no. 17 (appendix. 4.19) shows an ail resistance as good as the best
thermoplastic materials above but not more than what had been accomplished by
carrying out the cross linking process.

Fig 6. Cured and uncured material 6 in
ASTM Qil no. 2
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The theoretical advantages of cross linked materials have been verified by the
experiment with compound no. 6, but no real advantage has been achieved in
comparison with the best compounds from the group tested. Consequently, it
was chosen not to continue the evaluation of cross linked materias in this
project.

4.3.5 Ageing in Cable Vaseline

In order to make communication cables water tight they are often filled with
cable vaseline (petro jellies). These consist of natural hydrocarbon oils thickened
with microcrystalline wax and in project 1 “Alternative to PVC in cables and
connected building installations’ the materials tested were non compatible with
vaseline except for material 80476 (no. 14 in this project). The test temperatures
were 20 and 80°C then, this time we also have carried out measurements at
50°C.

Only four materials were tested in vaseline. These being the most interesting
compounds based upon an overall evauation of the properties, i.e. materials nos.
6, 9, 11 and 14. The results (see appendix 5.1 to 5.4.) do not differ very much
from those which were observed in the oil ageing tests. Good stability at 20 and



50°C and degradation after short time at 80°C except for no. 14 which after 40
weeks at 80°C has retained above 10 MPain TS and 86% in EB.

Thusit seemsthat it is safeto use no. 14 in jely filled cables and probably aso
nos. 6 and 11 based upon the good results obtained at 50°C. No. 9 should
probably be avoided for this use because of arather high absorption (11% at 20
and 28 at 50°C).

Fig . 7 shows the decrease in tensile strength for compound no. 11 as a function
of time and temperature.

Fig 7. Material 11 in Cable Vaseline
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4.3.6 Ozone Resistance

Ozone is present in amospheric air in smal amounts and in certain environments
in larger amounts. Ozone is a very reactive gas, especially towards double bonds
in some polymers causing chain breakdown.

Standards exist which specify the requirement of a certain ozone resistance for
vulcanized cable compounds and aso for the HFFR materias even if the
polymer used are without double bonds.

Stressed samples of the compounds are placed in an atmosphere with 200 ppm
ozone for 14 days (norma requirement is 40 hours) and later on inspected for
any sign of cracks. One of the samples, material no. 7, had small surface
cracks but none of the others showed any sign of complete damage.
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4.3.7 Stress Cracking Test

The tendency of the materials to environmental stress cracking has been tested
according to the "Bell Test”, ASTM 1693. Stressed samples are placed in
contact with a 10% Antarox CO-630 solution at 50°C and examined for the
formation of cracks.

None of the samples showed any sign of stress cracking.

4.3.8 UV Ageing Test

Accelerated UV ageing and weathering was performed with the selected
materials. The QUV Tester used was equipped with UV 340 lamps with a
spectral distribution very close to that of sunlight. The test cycle used was 20
hours UV light at a black panel temperature of 60°C followed by a4 hour water
condensation period at a black panel temperature of 50°C. Based on experience
with different plastic materials an acceleration factor of about 50 is assumed
(compared to Northern European Climate).

Preliminary test

The test samples were extruded bands of materials nos. 1-15 without addition of
colour masterbatch. The ageing was again measured by the decrease in tensile
strength. The first samples were examined after 4 weeks exposure and the last
ones after 43 weeks. The results are given in appendix 6.

Large differences between the individual compounds were observed. Nos. 6, 10
and 14 were below 100% in EB aready after 4 weeks, followed by nos. 1, 7 and
11 (5-10 weeks). The next group of compounds were nos. 2, 3, 4 and 15 which
failed to fulfil the criteria between 10 and 28 weeks while nos. 5, 9 and 13 lasted
more than 28 weeks before the 100% EB/10MPa TS criteria was passed. The
two remaining materials nos. 8 and 12 were both OK after 43 weeks ageing
corresponding to something like 40 years of outside service if the assumed
acceleration factor is correct.

These two materials are good candidates for permanent outdoor use. They are
aso the only two which were UV stabilized by the supplier, no. 8 being black
and no. 12 containing a stabilization package which made colouration of the
compound difficult due the compound’ sinitia colour.

Evaluation of addition of stabilizers

In order to investigate the effect of UV stabilizing additives we have selected
material no. 14 for further examination. This materia exhibits the best overal
property profile except the stability against UV irradiation which is very bad thus
offering a good opportunity for testing the additives.

Materia no. 14 was tested during UV irradiation in 5 formulations
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1. Without additives.

2. With an addition of 2% blue colour masterbatch.

3. With 2% blue and 1% HALS (Hindered Amine Light Stabilizer).
4. Same as 3 + 0.5% UV absorber.

5. With 2% blue and 1% of another HAL S type.

Theresults are given in fig. 8.

The results are very clear. The unstabilized version of the compound is, asin the
preliminary test, degraded after 5 weeks (EB 21%) while al the others are OK
even after 38 weeks corresponding to nearly 40 years. So it seemsthat just the
addition of colour pigment is enough to obtain good stability against UV
irradiation.

Experiences from other areas indicate that such long term extrapolations are
aways dangerous and therefore it is advisable ways to add a UV stabilizing
additive for permanent outdoor gpplications. It is aso doubtful whether or not al
pigments offer the same protective effect as the blue pigment tested. We
assume that the observations made for material no. 14 are general, but of course
it will be necessary to carry out atest against UV irradiation with the actual
compound to be used.

Fig 8. Material 14 in 5 formulations.

UV ageing.
450
400
S 3507
X~ ——1
S 300 T
= )
2 250 T
© —A—3
S 200 T
= —x—4
© 150 T
=3 —%—5
S 100 T
Ll
50 T
0

0 10 20 30 40

Time [weeks]

Tests on standard PV C compounds in a grey colouration show that EB 100% is
passed after 7-12 weeks. But it is known that a cable sheath based on such a
PV C compound will typically last 20 years before getting brittle. Based on the
QUV tests we would expect UV -stabilized HFFR types to be at |least as good
as standard PV C which has been in use for outdoor use for many years.
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4.3.9 Burning Properties

The Limiting Oxygen Index (LOI) has been determind for al the compounds as
well asthe “modified” LOI value using a proprietary method which gives better
correspondence with actua fire tests behaviour than the traditional LOI
measurement. The higher the LOI value, the smaller is the tendency to support a
flamein afire Stuation.

Also the corrosivity of the smoke has been tested according to |EC 754-2, which
requires a pH value higher than 4.3 and a conductivity lower than 100uS/cmin
the wash water from the smoke test.

Results from the fire tests in table 1.

TABLE 1
FIRE PROPERTIES
Compound LOI % LOI mod. pH Conductivity,
ASTM2863 % IEC 754-2 | us/em |IEC 754-2

1 35 27 - -
2 33 - - -
3 A 28 - -
4 35 28 54 18
5 43 29 7.7 2500
6 40 32 5.7 20
7 48 26 54 26
8 36 26 - -
9 40 27 - -
10 27 23 4.1 25
11 a7 30 5.4 26
12 31 24 55 30
13 35 22 - -
14 38 29 5.7 16
15 30 25 5.6 36
16 49 A 4.3* 40*

PVC - - fal fal

* Datafrom supplier’ s data sheet.

From the results above it is obvious that the fire retardancy judged by the LOI
value varies alot from one compound to the other. Using the modified LOI for
ignitability, however, we see minor differences, but still we can see different
levels of ignitability. Material no. 16 is clearly the bet (i.e. the most difficult to
ignite). Then we have an intermediate group and at last a group with very low
fire retardancy consigting of nos. 10, 12, 13 and 15.
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The corrosivity tests show that al the HFFR materials tested, except no. 5,
easily pass the two requirements. Material no. 5 is probably retarded with
ammonia polyphosphates explaining why the smoke conductivity is so high.

4.3.10 Processing Properties

Initial measurements of the melt viscosity have been carried out on a measuring
extruder, see chapter 5.3. Based upon these measurements the individual
compounds can be classified with regard to processability.

4.4 Discussion of Results

In table 2 we have tried to give an overall view of the test results mentioned
previoudy. For the long term tests we have found it convenient to characterize
the ability to withstand the influence of given environment conditions by a
number between 1 and 6. 1 representing a totally unsuited materia for the actual
end use and 6 the best choice for permanent use under those environmental
conditions. In this way we have an easy method for selecting the best material
for agiven end use. For the more detailed evauation and the possible life time
predictions, it is necessary as the next step to consider the degradation graphs
given in the appendices.

Below the methods for characterizing the properties by marks are described.

Ageing in heat oven

6 isgiven if no changesin properties are observed after 40 weeks at 120 and
100°C, respectively.

If the tensile strength (TS) is still above 10 MPa and the elongation at break
(EB) still better than 100% a mark of 5 is given.

Because of the good results it was unnecessary to use marks below 5.

Ageing in water

6: TS above 10 MPa and EB above 100% after 40 weeks at 95°C.
5: Same requirement after 40 weeks at 80°C.

4. Same requirement after 40 weeks at 65°C.

3: Same requirement after 40 weeks at 50°C

2: Same requirement after 40 weeks at 20°C

1: Failure before 40 weeks at 20°C.

Ageing in ASTM oail no. 2

An evauation is given for each of the temperatures tested.

6: No changein TS and EB after 40 weeks

5: Changes below 20% compared to original values.

4: Changes between 20 and 40%.

3: Changes above 40%.

2: Materia strongly degraded but still coherent and measurable.
1. Materia disintegrated and not measurable in atensile test.
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Ageing in the QUV apparature.

6: No changesin TS, EB and surface glosss after 40 weeksin QUV Tester.
5: Changes below 20% and surface gloss intact after 28 weeks.

4. EB above 100% after 28 weeks but surface degraded.

3: EB below 100% within 10-28 weeks.

2: EB below 100% within 5-10 weeks

1. EB below 100% before 5 weeks.

Concerning processability the compounds are classified according to viscosity
level measured at 100 s* at processing temperature.

6: Viscosity below 500 Pas

5: Viscosity from 500 to 1000 Pas
4: Viscosity from 1000 to 1500 Pas
3: Viscosity from 1500 to 2000 Pas
2: Viscosity from 2000 to 2500 Pas
1: Viscosity above 2500 Pes.

The results from the fire and smoke tests in table 1 are simply given as “ pass’
or “fail” according to the relevant standard test procedure.

As stated in table 2 and in the preceeding paragraphs there are great variations
between the individual compounds. Some have extremely good propertiesin one
respect and very poor properties in another. We have a compound with
excdlent stability to oil a high temperature, one with excellent UV stability and
several with excellent resistance to water. None of the compounds are optimal
in every respect but neither is PVC. It isin fact possible to find a compound
with as good overall properties as PVC and, naturdly, improved fire
performance.



TABLE 2

Resistance to 1 2| 3| 4| 5| 6| 7| 8 9 | 10| 11| 12| 13 | 14 | 15 | 16 | PVC | 54003 | 80465 | 80476 | 80260
Dryageing,120°C | 5 | 5| 5| 5| 5| 5| 5| 5| -|5|5|5]| -|5]5]|5]| <5 3 5 5 5
Dry ageing, 100°C 5 5| 5| 5| 5| 5| 5|5 5|1 55| 5| 55| 5|5 5 - - - -

Water, pH 4 6 6| 4| 3| 6| 4| 1|6 6| 5| 4| 6| 6| 6|6 - 1 - - -

Water pH 7 2 6 | 5| 3| 6|5 1] 2 6 1 (45| 5| 6| 6| 4|1 6 1 5 5 4
ASTM Qil, 20°C 5 (45 4 (45| 5| 4| 5| 5 4|1 4| 3| 4| 5 [56| 6 | 4 6 4 5 5 4
ASTM Qil, 50°C - 3|1 3| 3| 4| 3|45 5 (34(34(23| 3| 4| 4 |56|23| 34 - - - -
ASTM Qil, 80°C 2 2 | 2 1| 3 1 11| 2 1| 3| 2] 2 1| 3] 5 - - 2 3 4 2
ASTM Qil, 100°C 2 2 1 1| 3 1 1 1 1 (23| 1 1 1 1] 3 - 1 - - -

Ozone pass | pass| pass | pass| pass| pass | fals | pass | pass| pass| pass| pass| pass | pass | pass | pass|pass | pass |pass | pass |pass
Stress cracking pass | pass| pass| pass| pass| pass | pass | pass | pass| pass| pass| pass| pass | pass | pass | pass | pass | pass |pass | pass |pass
UV light* 23| 3| 3| 3| 4 1|12 |56 4| 1| 2| 5| 4] 1] 3 - 2-3 1 1 1 1
LOI mod. 27| - | 28| 28| 29| R | 26| 26 | 27| 23| 30| 24| 22 | 29 |25 | 34| 24 37 29 31 33
Smoke Corrosivity | pass | pass| pass| pass| fals | pass | pass | pass | pass| pass| pass| pass| pass | pass | pass|pass|pass | pass [pass | pass |pass

Processability - - - 123 5|23| 5| 5 6| 4| 4| 4| 4| 1| 3 - 6 2-3 3 1 2

* The UV results (except for nos. 8 and 12) are for uncoloured and unstabilized compounds. See results for stabilized versions in section 4.3.8.
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Appendix 10.1
4.5 Sdlection of Compoundsfor Further Studies

Based upon the results from the material test programme 3 compounds with overall acceptable genera
properties have been selected for further study of the processing properties and for the production of
different test cables and finally fire testing.

The selection process follows a stepwise exclusion method as follows:

1. Thefirst requirement is that the compound must be commercialy available. Hereby we can exclude
materials nos. 1, 2 and 3 which are all development products.

2. The next general requirement is that the fire retarding properties must be sufficiently high. Our best criteria
before making real fire tests is the determination of modified LOI value. Vaues below 26 we characterize as
low, 27-32 medium, and values >33 as highly fire retardant materials. Setting the limit to 26% minimum we
can exclude the compounds nos. 10, 12, 13 and 15. Still remaining are nos. 4, 5, 6, 7, 8, 9, 11 and 14.

3. Another basic requirement is that the combustion smoke must fulfil the corrosivity specificationsin IEC
754-2. Compound no. 5 which maybe has the best overall properties, clearly exceeds these requirements and
must be excluded. In fact it turned out later on in the project that this compound is still to be considered as a
developmenta product due to the inhomogeneities described in 4.3.1.

4. Of the remaining 7 materials nos. 4, 7 and 8 showed rather bad resistance to water at different
temperatures. This made the application for buried cables very doubtful and thus these compounds are
excluded.

5. The leve of fire retardancy of compound no. 9 is significantly lower than for nos. 6, 11 and 14. For this
reason we chose nos. 6, 11 and 14 in spite of the good overall properties of compound no. 9.

6. We have 3 compounds |eft. As stated in table 2 the UV stability of these compounds are unacceptable.
For this reason UV tests with coloured and stabilized versions of compound no. 14 have been carried out and
the results ook that good that permanent outdoor use seems redlistic (fig. 8). We believe that this result will
aso bevalid for the other HFFR compounds.

Compound no. 14 is superior to the other two regarding contact to water, vasdline and oil. Expecting
extrusion difficulties with no. 14 we have found it necessary to include also nos. 6 and 11 for further studies.
These two, especialy no. 11, should be more easily processable.

The price leve for the three materiasis at the lower end which is aso animportant parameter.

In the following parts of the report the processability of the HFFR compounds are treated with specia focus
on the three selected compounds.
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5. Processability

5.1 Background

The HFFR compounds are more difficult to process than conventional polymer materias like plasticized
PVC, PE etc. Thisis due to two main reasons. Firstly the HFFR compounds contain high loadings (up to
approx. 65%) of inorganic fillers in order to achieve good flame retarding properties. This means that only a
limited part of the compound is polymeric and for this reason the melt viscosity gets very high. Consequently,
large shear forces are developed and high frictional energy is created in the extruder during processing giving
rise to undesired temperature rises in the compound. The higher the extrusion speed, the higher the heat build
up during the extrusion process.

If the temperature gets too high the fillers (hydroxides) liberate water (crystal water). This has three main
effects:

1. Development of bubblesin the product and the surface gets rough.
2. The flame retarding effect of thefillersis reduced.
3. The mechanical properties cannot fulfil the requirements.

Thusit is important to keep the temperature as low as possible during processing. For this reason the polymer
part of the compounds has been selected with as low crystalline melting points as possible with due respect to
other essential features like mechanical and thermal deformation properties, compatibility with filler, chemical
stability etc.

Other problems are obtaining a good mixing with colour masterbatch and often aso the build-up of large
deposits at the die opening.

The main chalenge is to find ways to increase the line speed of the extrusion processesto “PVC” like levd,
maintaining good qudity of the extrudate and without overheating the compound.

5.2 Strategy

The challenge can be dealt with in different ways. One is to select the materias with the best processing
propertiesi.e. the lowest melt viscosity. The lowest viscosity is, however, frequently related to the lowest
flame retardancy due to low filler concentration.

Another way isto try to optimize the machinery (extruder screw, distributor and di€) in such away that
temperature is kept low also at high line speeds.

Normally, the best way forward will be a combination of the two, selecting as “friendly” a compound as
possible, still with adequate flame resistance (and other properties, see section 4) and aso optimize the
processing equipment which normally consists of standard parts. These parts have typically been optimized
for genera purpose materias like PV C and PE which very seldom present processing problems of the type
mentioned.

Due to the many variables involved in the extrusion process it is extremely difficult to foresee the effect of a
given adjustment i.e. will the effect of increased temperature settings on the extruder be a higher or alower
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melt temperature? The obvious answer is “higher” but in fact it depends on alot of things like the relative
amounts of frictional and conductive heating, the temperature dependence of melt viscosity etc.

Due to the high complexity of the problem we have chosen a new solution method i.e. computer smulation of
the extruder process making it possible to perform test runs on a computer for a short time instead of the time
and money consuming tria and error testing in the factory.

After having selected the final compounds based on the material test programme the idea is to perform
computer simulations with these materials in order to design an optimal extruder screw, distributor and die
system for a 63 mm conventiona extruder.

Comparative test runs are then to be made with new and conventional equipment.

5.3 Initial Rheological Characterization

Before any attempts to perform computer smulations it is necessary to determine the rheological properties
of the individual compounds.

Theinitial rheological characterization of the compounds was made on a Brabender Extrusiograph measuring
extruder. For every compound the recommended processing temperature was chosen for the measurement.
The molten compound was extruded through a die of well defined geometry, readings of output and
corresponding pressure drop were made and converted to shear viscosity vs. shear rate flow curves.

From the curves the viscosity values have been taken at a shear rate of 100s™. The results are shown in table
3.

The measurements only give arough comparative classification of the processability since the measurements
were made at one temperature only and at a rather low and limited shear rate range.

Closer rheological studies were made with the three selected compounds nos. 6, 11 and 14. The smulations
for these are described in chapter 5.6.
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Table 3.

Compound no. Viscosity (Pas) at 100s* | Measured at (°C)
1 - -
2 - -
3 - -
4 2000 150
5 600 188
6 2100 150
7 700 197
8 700 194
9 400 194
10 1100 220
1 1400 165
12 1400 162
13 1100 150
14 3000 150
15 1600 200

5.4 Introduction to Computer Smulation

Three commercially available software packages for the smulation of the extrusion process have been
evaluated and tested at the supplier’ s work stations. The one giving the best data agreement with the values
measured on the Brabender Extrusiograph was chosen. It was the package from Polydynamics Inc., Canada
and Compuplast, Czech Republic consisting of the Polycad programme for general 2-dimensiona flow
analysis, the Extrucad programme for smulating the extrusion process, and two accessory programmes for
viscosity data processing and storage, Viscofit and Polybank.

A computer simulation using these programmes proceeds as follows:

1. Measurement of viscosity datai.e. Rabinowitch corrected shear viscosity and elongational viscosity as a
function of shear rate and temperature.

2. Fitting the data to viscosity model (Newtonian, Power Law, Carreau etc.) using Viscofit.

3. Polycad simulation of flow in the die and the distributor, primarily to find the pressure necessary for agiven
extruder output. This smulation is based on the iterative solution of balance equations for heat, mass and
momentum and apart from the flow propertiesit is necessary to know melt density, heat capacity and thermal
conductivity. Further the geometry of the die and the distributor, temperature settings and melt temperature
must be given.

4. Extrucad smulation of the extrusion process using the above mentioned exit pressure, screw RPM,
temperature settings and extruder geometry as input parameters. Also the properties of the solid compound
must be given i.e. the crystaline meting point, the heat capacity, the bulk and the mass density, the heat of
melting and also friction coefficients of granules against the metal surfaces of the extruder.

The result of the simulation includes all relevant pressures, temperatures, stresses, rates, degree of melting,
and heat and mass flows as a function of position in the extruder.

5. Normally the extruder output at the selected screw RPM and the assumed output through the die will not
be in agreement. This must be accounted for by adjusting the RPM until the agreement of flow is achieved.
Also adjustment of the input melt temperature in the die must agree with the exit temperature of the extruder.
After afew adjustments of the data and new simulations the agreement will normally be reached.
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6. The data are then evaluated and for the actual compounds the most important item was to make sure that
the compound was not overheated and that the extruder motor was not overloaded.

5.5 Mixing Tests

5.5.1 Background

The norma method for colouration and UV stabilization of polymer compounds is mixing with concentrates,
masterbatches. In order to get a good distribution of pigment or stabilizer the viscosity of the masterbatchesis
normally very low. For the very viscous compounds involved in this project this gave problems as a very
highly viscous melt does not mix well with a nearly liquid one (viscosity mismatch). Also in the cross linking
of HFFR compounds where an optimum mixing is essentiad this point is relevant. One way of solving this
without having to use especialy developed concentrates is to use mixing elements in the extruder screw for
improving the distributive mixing of colour in the HFFR compound. In the following section atrial series of
such elements is described.

5.5.2 Mixing Experiment

On the Brabender Extrusiograph a 19 mm screw was designed in such away that that the last 3L/D of the
25L/D screw could be exchanged. Three elements were tested, first the normal metering zone without mixing
elements and then two types of mixing e ement.

Two of the compounds were tested, one with arather low viscosity, 80465 and one with a higher viscosity,
compound no. 6.

The results were very clear. The normal screw gave a poor mixing with distinct concentric rings of colour in
the extruded round rod whereas the mixing units of both types gave better results with rings that were
scarcely noticeable under microscope at 100x magnification of athin section in transmitted light,

see appendix 7. No significant difference between the two tested compounds was seen.

5.6 Computer Simulation in Practice

5.6.1 Rheology - Testing and Modelling

For the computer smulations the rheologica characterization was made on a Rosand Precision Capillary
Rheometer on the compounds nos. 6, 11 and 14. Measurements were made a two temperatures (160-180°C)
and arange of shear rates between 20 and 20000s™.

For the shear viscosity the Carreau model was chosen in order to take the lower Newtonian flow region
(which is neglected by the Power Law) into account in the simulations. The elongationa viscosity was
modelled by the Power Law. For al three materias the flow properties are given by the following equations:

Shear viscosity as a function of temperature and shear rate g X

K e e-b(T-T,)

heT, g9 = @

e 4] (1+ (C' e b(T-T;) - g)a)(l—n)/a
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Elongationa viscosity as as function of elongationa rate e:

h(=E (%" ©

K, b, C, a n, E and n, are constants determined by the Viscofit programme for each of the compounds. T; is
an arbitrary reference temperature.



Table4
Compound 6 11 14
K 40000Pas 99999Pas 30000Pas
b 0.005°C* 0.014°C* 0.001°C*
C 0.0972 s 0.8091 s 0.1066 s
a 0.6 0.650 2.0
n 0.073 0.209 0.135
E 168802Pas” 797683Pas’ 87855Pas’
Ne 04120 0.2920 0.5690
T, 160°C 160°C 160°C
Thermal 0.50W/m/°C 0.50W/m/°C 0.50W/m/°C
conductivity, k
Heat capacity 1850 Jkg/°C 1950 Jkg/°C 1750 Jkg/°C
Mélt density 1300 kg/nt’ 1300 kg/nr’ 1300 kg/nt’
Mélting point 130°C 120°C 125°C
Heat cap.(solid) 1900 Jkg/°C 1850 Jkg/°C 1670 Jkg/°C
Heat of meting 3400 Jkg 6100 Jkg 15000 Jkg
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The determined values of the constants are given in table 4 together with the other necessary properties.

5.6.2 Process Simulation

The extrusion tests were carried out on a 63 mm extruder with an L/D ratio of 22. It was originally equipped
with standard PE and PV C screws and a head with distributor and die optimized for standard materials like
PE and PVC. From the very start it was evident that optimization of the processing of the selected HFFR
materials meant changes in the extruder geometry.

First the die was considered. Simulations showed that with a conventional die a given output of material no.

14 could be obtained if the pressure at the die entrance was approx. 70 MPa. After afew attempts of
adjusting the die geometry a die with the same hole geometry was constructed that could transport the same
amount of compound at a pressure of 24 MPa. At the same time the maximum temperatures were decreased
due to the changes which were primarily opening of flow channedl giving lower shear heating. The same
procedure was followed for the distributor resulting in a pressure drop of 4 MPafor this part and atotal of 28
MPa at the exit of the extruder.

Thisfinal pressure was used in the simulations of the extrusion process. Simulations were made with alot of
screw designs and finally (after approximately 100 simulations) the design of a new screw was decided. This
screw gave an acceptably low melt temperature, total melting already at 14D from the entrance to the
extruder and a torque manageable for the extruder at the desired output rate which was 2-3 times higher than
what could be obtained with the normal screws.

5.6.3 Test Runson Extruder

These smulations formed the basis for the construction of a new screw, called the “Extrucad” screw in the

following. Among other features defined through the smulation the new screw contains a mixing zone with a
length of 3D at the end of the screw.

Comparative test runs were then carried out with five materials and the three available screws in order to see
the results of the simulation procedure in practice. The results are shown on the graphs in appendix 8 and 9.
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The five compounds tested were, gpart from nos. 6, 11 and 14, two easily processed types, i.e. 80465 and a
new material with low viscosity designated material X.

The graphs show the output vs screw RPM, Specific Energy Consumption vs output, and torque vs output for
the 5 materials with standard screw, PV C screw and Extrucad screw.

5.6.4 Results and Commentsto the Tests

Output vsscrew RPM

The results are presented in appendices 8.1 to 8.2. The genera trend is that for al the materials the output is
highest for the Extrucad screw, about 2-3 times higher than with the traditiona screws. Some measuring
points are marked with a“B”. This indicates that water bubbles have been created due to overheating of the
material.

For the low viscosity compound X, the improved output levels off at high rpm due to increased pressure back
flow which is not observed with the high viscosity compounds.

For compound nos. 6 and 14 the increase in maximum output is approx. 200% and for no. 11 the
improvement is alittle lower as this compound in fact gives a better output on the older screws. For no. 14 it
was necessary to adjust the temperature settings downwards to avoid formation of water bubbles.

On the graphs for compounds nos. 6 and 11, points calculated by the simulation programme have been
included. For no. 6 the agreement is excellent. For compound no. 11 the agreement is only fair for smulation
using the norma viscosity input. For this compound the elongational viscosity determined by the fitting
program (E in table 4) is extremely high and may be due to an error. If we neglect the contribution of
elongational viscosity the agreement is much better (curve marked sm.-el.visc.).

Specific Energy Consumption (SEC) vs Output

The results are presented in appendices 9.1 to 9.2. In the test runs the SEC was cal culated from power
consumption and in the smulations the shear stress at the barrel wall calculated by the Extrucad programme
was used.

Also for the SEC there is a genera trend showing that the specific energy needed to process the compundsis
significantly lower with the Extrucad screw than with the standard screw and the PV C screw, typically 2-3
times lower.

Again there is alittle different behaviour with compound X for which SEC increases dramatically at high
output. The reason is the same as mentioned above, the high pressure flow more or less equals the drag flow
and increased rpm does not increase the output very much. The energy consumption increases but not the
output. For the other four compounds the observation of low SEC is consistent also at high output rates.

On the graph for 80465, which was one of the materials tested in project 1, we have indicated an SEC
measurement from then, obtained on a 30 mm extruder equipped with barrier screw. The SEC was about 3
times higher than on the 63 mm extruder and concerning this point the Extrucad screw was clearly the best
of the 3 screws.

In the graphs for nos. 6, 11 and 14 smulated vaues of SEC are included showing very good agreement with
the real values measured in practice.

A comparison with the measured SEC of a PV C compound using the PV C screw shows that the HFFR
processing with the new screw isin fact requiring less energy than the PV C on conventional machinery at
high output and an equal amount at low output, seefig. 9.
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The torques involved in the processes were calculated for the materials nos. 6, 11 and 14 with the Extrucad
screw. The results are shown in fig. 10 in comparison with PV C processed with a PV C screw. Obvioudy
the HFFR compounds, and especially no. 14, requires a high torque compared to PVC. In fact for compound

no. 14 it was the maximum torque, 2200 Nm that was the rate limiting factor, see fig 10.

Evaluation of the computer simulation method

All the computer simulations performed which could be compared to real measurements have given good
agreement with these, typically within 10-20% which is the best one could hope for. Selected typical results

for compound nos. 6, 11 and 14 comparing simulated and rea values are presented in table 5.
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Tableb.

Comparison of simulated and real values for HFFR extrusion

Mat. | Screw RPM | Output | Output | Power | Power | Max T | Max T
meas. | dm. meas. | Im. | meas. am.

Standard | 20 36.6 | 31.1 | 5053 | 4355 | 168 163

6
6 PvC 20 40.8 | 364 | 4405 | 4273 | 166 164
6 | Extrucad 80 85.7 | 4016 | 3912 | 160 168

11 PVC 79.2 | 67.8 | 9588 | 9979 177 178

20

11 | Standard| 30 4 448 | 7482 | 6750 | 166 170
40
20

11 | Extrucad 79.2 | 832 | 4146 | 3795 165 169

14 | Standard | 10 186 | 159 | 2429 | 2309 169 160

14 PvC 10 204 | 176 | 2591 | 2194 | 164 160

14 | Extrucad| 10 354 | 344 | 2040 | 1619 | 162 163

5.6.5 Conclusion on Processing Tests

The computer smulation method has turned out to give very good agreement between ssimulated and real

va ues obtained on the 63 mm extruder.

A new extruder screw and die system has been designed and produced based on the computer simulation. It
has given excellent results in the test runsi.e. the output has increased and the specific energy consumption
and maximum melt temperatures have decreased compared to normal screws.

Introduction of the new screw in the extruder will increase the productivity at least with a factor 2.

5.7 Production of Test Cables

5.7.1 Optical Test Cables

Singlefibre cable

Using production parameters defined during the simulation, the single fibre optical cables (fig. 11) were
produced at a speed of 120 m/min. The visua appearance of the cables was OK, but compound no. 14 had a
little roughness in the surface as opposed to nos. 6 and 11 which were both very smooth.

The cables were coloured with an orange masterbatch, PE based, and the degree of mixing was tested under
microscope and found OK.

The cables were produced with cold cooling water. Thisis not according to recommendations and in order to
be sure that the mechanical properties were OK, tensile tests with samples of cable sheath were carried out.

Diameter: 3.0 mm

Fibre

Polyester elastomer
Aramid Yarn

LSZH Jacket

Fig. 11 Single fibre cable.

All samples had an elongation at break above 150% thereby fulfilling normal specifications for this property.

10
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The three cable samples were tested according to IEC 332-1-C and IEC 332-3-C and they al passed the
tests with a good safety margin.

Light Duty Cables

The larger optical light duty cables consist of a flammable core containing 12 fibres with a tight polyester
jacket (fig. 1). Earlier IEC 332-3-C tests with 80465 as sheathing material were unsuccessful and to qudify
as a standard sheathing material for optical cables the pass of thistest is considered necessary.

The cables were produced using roughly the same conditions as before but of course alarger die. The
extrusion speed was 50-60 m/min and again the quality of the extrudates was good.

The elongation at break again OK.

The IEC 332-3-C was again passed by al three materials, no. 11 with alarge margin but nos. 6 and 14 with a
narrow margin only. Addition of, say, 4% masterbatch containing flammable material might mean that the test
will not be passed by a coloured sample.

The smoke density test according to IEC 1034 was passed by all 3 samples.

5.7.1.1 Discussion of Results

The test cables were produced without problems at an increased line speed compared to normal. The visual
appearance of the cables was OK. Experiences with production of long lengths are not yet available so
possible problems with die build-up etc. may occur.

The mechanical properties of the extruded sheaths were OK and so the burning properties.

The improvements compared to the results of project 1 are in our opinion primarily due to the modified screw
and die design, but also improvements in the processability of the compounds may play an important role. For
the test cables, however, we concentrated on compounds that were not the easiest to process.

5.7.2 Test Production of Power Cable Jacket

Due to the results obtained when testing the new screw design in a 63 mm extruder, it was decided to
continue the project in order to scale up the screw design to a 150 mm, 18 L/D extruder.

Extruders with interna diameter in the range 120 to 1810 mm and length between 18 L/D to 24 L/D are
typically used in the production of PV C cable sheating for 500 volts to 1000 volts with 3 to 7 cores with a
conductor cross section from 1.5 mm? to 16 mnt.

According to information given by commercial producers of Halogen Free Flame Retarded compounds,
shorter extruders (18 L/D) are preferred for the production of cable jacket.

Asinput data used for the computer simulation programme during the design of the new 150 mm 18 L/D
screw, the required output for two different 750 volts cables were used, i.e. 3 x 1.5 mm? and 5 x 6 mm? with
the god of reach in the required output for maximum line speed in the range of 55 to 65 rpm on the screw,
with 80 rpm being the maximum.

Further the design of the used extruder head and used tooling was taken into account during the computer
smulation.

The previously measured flow data and compound characteristics for compound no. 11 were used during the
computer smulation.
5.7.2.1 Extrusion Test Results

Compound no. 11
11
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The temperature profile recommended by the compound supplier was used in the first extrusion trial.

Without the extruder head the required output for maximum line speed was reached at 15 rpm at the screw.
At 60 rpm an output of approximately 2250 kg/hour was reached, which is far too high - four times higher
than required.

After mounting the extruder head it was impossible to increase the screw rpm higher than 4 - 5. Thiswas
due to overload of the extruder. The max. amper consumption for this extruder motor is 350 Amp.
With screw rpm between 4 and 5 the output is approx. 150 kg/hour.

The mass temperature of the compound was already in the second zone of the extruder above 190° C
causing therma breakdown of the compound.

Attempts to correct/reduce the mass temperature by atering the temperature settings of the extruder and
screw were not successful.

5.7.2.2 Discussion of Results

It is our opinion at least three factors contributed to the failure of the attempt to scale up the screw design
from the successful trials on a 63 mm extruder to a 150 mm interna diameter extruder:

1) A limitation in the computer software to deal with screw dimensions above approx. 115 mm may have
been the prime reason for the lack of success.

2) Further lack of cooling efficiency of the extruder barrel.

3) Too narrow flow channels in the head caused a too high back-pressure
build-up.

It is arequirement for future screw design experiments to reduce the compound output per screw rpm, in
order to reduce the build-up of frictiona heat and back pressure in the extruders when extruding HFFR
compounds with fillers of the same type as used in compound no. 11.

5.7.2.3 Second Extrusion Trial

Due to the discouraging results of the testing of the computer designed screw described in 5.7.2.1 an older
120 mm 20 L/D single flight screw was re-designed to fit to a 120 mm 24 L/D extruder, i.e. prolonged with a
new tip with asmall increase of the screw core diameter (4 mm).

To use asingle flight screw is very often recommended for the extrusion of Halogen Free Flame Retarded
compounds by commercia producers, especialy for compounds based upon the same type of filler as
compound no. 11.

The temperature setting on the extruder line was in accordance with the recommendation given by the
compound manufacturer. During the trial we increased the temperature 10° C in order to reduce the friction
heat developed in the feeding zone of the extruder. This was done in an attempt to reduce the ampere
consumption of the extruder motor asit was very close to the maximum limit for the extruder motor, and this
was due to a very high compound mass temperature.

When the mass temperature of the extruded compound exceeds approx.
175 - 180° C crysta water will begin to evaporate. The generated steam will cause formation of bubblesin
the compound causing a rough surface and a dramatic reduction of the mechanical properties.
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When the screw revolution exceeded 10 rpm equal to an output of 80 kg/h the measured compound mass
temperature was found to be 172° C and amper econsumption 290.
A tendency to formation of air bubbles was seen.

The maximum screw revolution for this extruder is 60 rpm and the maximum ampere consumption of the
motor is 317 ampere.

When increasing the screw revolution to 20 rpm the compound mass temperature increased to approx. 200 -
205° C and severe formation of air bubbles was seen.

Attempts to reduce the temperature increase in the compound caused by friction heat by adjusting the
temperature setting on the different parts of the extruder were not succesful.

When producing cables with PV C-compounds the output required at normal extrusion line speed for this

extruder line will be approx. 500 kg/h (corrected for differences in density between PV C- and HFFR-
compounds).

5.7.2.4 Discussion of Results of the Second Extrusion Trial

With the single flight screw we achieved an output of approx. 80 kg/h of compound no. 11 without too severe
formation of air-bubbles caused by evaporation of “crystal water” due to atoo high and uncontrollable
increase of compound mass temperature (heat generated by friction).

Further it was only possible to remove the screw from the extruder at the end of the trial using force.

Unfortunately the achieved output is only 15 % of the output when producing cables with standard PV C-
compounds.

In order to be able to optimize the screw design for alarger diameter extruder (the design of flow cannelsin
the extruder head has aso to be re-considered) for cable production with Halogen Free Flame Retarded

compound based upon the same type of filler as compound no. 11, a number of further design - and
production tests have to be carried out.

6. Environmental Evaluation of the
Sdaected Materias

13
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In order to make sure that the HFFR materials present no unexpected hazards to workers, users and to the
environment, an environmental evaluation of the selected materials has been carried out by Jargen Larsen
from the Danish Technologica Institute.

The report as awholeis included as appendix 10.

6.1 The Summary of the Environmental Evaluation

The report describes the accumulated results of atoxicologica and eco-toxicologica evauation of the chemi-
cal ingredients in each material. The results from the evaluation of the different compounds are presented in
both a specific matrix where the focus is on the material and in arelative matrix where the compounds are
compared to PVC.

The results from the 3 eco-profile reports emphasized that no significant differences exist between the 3
selected HFFR compounds, neither from atoxicological nor eco-toxicologica point of view. In this summary
report, the presentation of the 3 HFFR compounds is therefore treated as one.

The specific matrix shows that the problematic elements ("the fingerprints’) of the selected HFFR
compounds are primarily in the production phase. The process takes place at an elevated temperature and
pressure and there is thus arisk of run-away reaction with a danger of fires and explosions.

The breakdown products, when processing the material, comprise a number of acids, ketones and adehydes
with a potentid for airway irritation in humans. The coupling agents might be of some concern in the work
environment during compounding and manufacturing of products.

From a environmenta point of view, carbon oxides, sulphur oxides, nitrogen oxides, and hydrocarbons are the
important air emissions. Waste water from the polymerization will have a high BOD value and should
therefore be treated before discharge to the recipient.

The energy consumption in the production of the selected HFFR compounds will differ according to the
particular materia but will in al circumstances be larger than for NKT's PVC no. 5313.

The materid isonly of minor concern in normal use.

When deposited on landfill, HFFR compounds are very dowly degraded, if degraded at al. HFFR compounds
do not give rise to any serious problems in waste incineration.

From a health and environmental point of view, the problematic eements ("the fingerprints') in the life cycle
of NKT's PVC no. 5313 are primarily in the production process (including the compounding and processing)
and waste management. However, PVC may aso constitute a problem during use in connection with
unintentional fires.

Emissions of VCM (vinyl chloride monomer), EDC (ethylene dichloride) and dioxines are the most important
substances to control in the production (during production of raw materials and polymerization), due to their
potentia large emissions and their health effects. From an environmental point of view, it is furthermore
important to control releases of al chlorinated substances, including dioxines.

The plasticizers might perhaps be of some concern in the work environment during compounding and
manufacturing of products.

The materia isonly of minor concern in normal use. PV C does not burn by itself and has a comparatively
high sdlf ignition temperature. However, if other materials support a fire PVC will burn under the formation
of e.g. carbon oxides and hydrochloric acid fumes and the soot formed at the fire may contain traces of
dioxines, the amount depends on the fire conditions.

14
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It is questioned for the time being whether it is feasible to recycle PV C containing lead from old cables
because it keegps lead in circulation in society instead of phasing it out.

When deposited on landfill, PVC is very dowly degraded, if degraded at al.
PV C plasticizer may leach out of the product and could be a source to emissions to soil and water.

By the incineration of PV C, hydrochloric acid is formed. Because of the environmental effects of the acidic
fumes the stack gasses are normally neutraized by the use of large amounts of lime. Dioxines may occur,
however, the amount depends on the fire conditions.

The residues from the cleaning of stack fumes from incineration of cable waste contain metals and traces of
dioxines.

Even through the energy consumption during production of raw materias of the HFFR are larger than for the
PVC materia, the HFFR compounds must be considered as an environmentdly friendly aternative to PV C.
This judgement is primarily based on the fact that no potential for exposure and effects of carcinogenic
substances during production and lower amounts of acidic fumes and dioxines are formed by waste disposal.
Furthermore, there is no need for addition of plagticizers like e.g. phthalates often used in products made of
PV C. The materid is only of minor concern in norma use, however, PVC may constitute a problem during
use in connection with unintertional fires. If other materials support a fire PVC will burn under the formation
of e.g. carbon oxides and hydrochloric acid fumes. The soot formed at the fire may contain traces of
dioxines, dependent on the fire conditions.

15
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7. Status for Halogen Free Materials for Cables

The barriers towards the increased use of HFFR materials in cables have been reduced but not yet
eliminated. For environmental and safety reasons the customers are increasingly asking for halogen free
cables. Thisleads the suppliers of these materials to develop more and more competitive compounds, price
wise and quality wise.

In this project it has been demonstreted that compounds exist which fulfil requirements for nearly al
properties, except the flexibility requirement for flexible cords where improvements are still needed.

The universal material with optimum properties in every respect has not yet been devel oped. But ways have
been found to improve water resistance, oil resistance, UV resistance and processability to acceptable levels.

Thefina step will be to combine the advantages into one single compound, but this will probably take some
yearsto develop if possible at all.

The project has shown that significant improvementsin processing can be obtained during the production of
optical cable by adjusting the design of the screw and other extruder tools.

DRAKA-NKT isthe first within the danish cable industry who has a standard range of optical data cables

based upon halogen free materials. In the autumn of 1995 NKT Cables presented a range of power cables
based upon HFFR materials.

16
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8. Conclusion

Sixteen HFFR materials have been tested for short and long term properties.
Significant improvements compared to previoudy tested materias have been observed.

Some materias have been found with extremely good properties in one respect and very poor in another and
some with acceptable but not extremely good propertiesin all respects.

The tests aso show that the best materials have properties which are comparable with those of PV C with
regard to dry and wet ageing, oil resistance, and UV resistance. This means that if they are tested and
selected properly the HFFR materials can be used in environments that were not considered previoudly such
asin buried cables, with oil contact at moderate temperatures and exposed to sunlight (if stabilized properly).

Tests of two cross linked compounds showed no significant advantage.

The processing properties of some of the tested materials were very good but unfortunately these easy
processing types had serious drawbacks in other respects like burning properties which are of great
importance.

For the high viscosity types that were more difficult to process significant process improvements (line speed)
have been achieved during the production of optical cables by adjusting screw and die geometry. The
improvements have been verified by the production of test cables with excellent properties.

The adjustments were based on computer simulation of the extrusion process with HFFR materials
thoroughly characterized by rheological measurements. The agreement between values from the computer
smulation and values measured on the cable production extruder was acceptable.

The positive effect of mixing elements in the extruder screw has been demonstrated.

The results of the project is or will be implemented in the production of optical cables.

Concerning the prossibilities of increasing the line speed during the production of installation- and power
cables further development work have to be carried out.

Improvement of the design of the extruder screws and head toolings have to be accomplished or lower
production speed than for cables based upon PV C compound have to be accepted. Which will require capital
intensive investments in new production lines if the same production output shal be achieved.

As aresult of the environmenta evauation, the HFFR compounds must be considered as an environmental
friendly aternative to PVC.
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Material 12. Dry ageing.
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Material 6. Ageing in water pH7
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Material 8. Ageing in water pH7
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Material 10. Ageing in water pH7
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Material 12. Ageing in water pH7
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Appendix 3: Ageing in water pH4
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Material 2. Ageing in water pH4
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Material 6. Ageing in water pH4
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Appendix 4: Ageing in oil (ASTM no. 2)
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Material 4. Ageing in oil (ASTM no. 2)
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Appendix 5: Ageing in Vaselin
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Material 9. Ageing in Vaselin
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Appendix 6: UV ageing

Elongation at break [%)]

Material 1 to 5. UV ageing

Time [weeks]

—+— Material 1
—#— Material 2
—&— Material 3
—>— Material 4
—¥— Material 5

Elongation at break [%)]

1200

1000

800

600

400

200

Material 6 to 10. UV ageing

—+— Material 6
—&— Material 7
—a&— Material 8
—>— Material 9

—¥— Material 10

Time [weeks]

Elongation at break [%]

600

Material 11 to 15. UV ageing

500

400

300

200

—+— Material 11
—i— Material 12
—— Material 13
—>X— Material 14

—¥— Material 15

Time [weeks]

Appendix 10.54



Appendix 10.55

Appendix 7:

7.1 Mixing obtained with screw design 1

7.2 Mixing obtained with screw design 2



Appendix 8: Output vs. RPM
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Appendix 9
SEC vs output
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SEC vs output
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1. Introduction

This report is a study of the environmental and
health aspects related to different plastics used
as materials for cable production.

DRAKA/NKT has during the last couple of
years performed extensive investigations of
selected HFFR compounds on the market. Since
the aim of thiswork is to improve the
environment by substituting PV C used for cable
production with HFFR compounds the Danish
Technologica Ingtitute, Department of Environ-
mental Technology, has performed a
toxicological (health aspects) and eco-
toxicological assessment (effects on the external
environment) of the 3 finadly selected HFFR
compounds

- Compound no. 11
- Compound no. 6
- Compound no. 14

and made a comparison of the selected
compounds to the NKT's PV C compound no.
5313 presently used for cable production.

In the evaluation of the materias, an eco-profile
has been made for each material. The am of
these eco-profilesis to provide clear and
transparent information on the potentia impacts
of the material on hedlth /environment and to
identify if any problematic elements ("the
fingerprint”) of that particular material are
present.

During the preparation of an eco-profile report, it
is absolutely necessary to know the exact
composition of the product. All firms involved
have provided the exact composition details of
their products to the consultants which makes it
possible to prepare four eco-profile reports, one
for each of the products (the 3 selected HFFR
compounds and the NKT's PVC). As the exact
composition details of these products are highly
confidentia it is not possible to publish the infor-
mation in this report. Therefore, the report only
includes a short summary of the main
conclusions and not the exact information about
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e.g. the consumption of energy and raw
materials for the production of the different
materials (the information can only be found in
the eco-profile reports prepared for each
material). Thus, the present report is only a part
of alarger reporting complex on “integrated
environmental and occupational assessment of
selected plastics used in connection with cable
production.
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2. Summary of the
report

The report describes the accumulated results of
atoxicologica and eco-toxicologica evauation
of the chemical ingredients in each material.

The results from the evauation of the different
compounds are presented in both a specific
matrix where the focus is on the materid and in
arelative matrix where the compounds are
compared to PVC.

The results from the 3 eco-profile reports
emphasized that no significant differences exist
between the 3 selected HFFR compounds,
neither from a toxicoogica nor eco-toxicological
point of view. In this summary report, the
presentation of the 3 HFFR compoundsis
therefore treated as one.

The specific matrix shows that the problematic
elements ("the fingerprints") of the selected
LSOH compounds are primarily in the
production phase. The process takes place at an
elevated temperature and pressure and there is
thus arisk of run-away reaction with a danger
of fires and explosions.

The breakdown products, when processing the
material, comprise a number of acids, ketones
and aldehydes with a potertial for airway
irritation in humans. The coupling agents might
be of some concern in the work environment
during compounding and manufacturing of
products.

From a environmentd point of view, carbon
oxides, sulphur oxides, nitrogen oxides, and
hydrocarbons are the important air emissions.
Waste water from the polymerization will have a
high BOD value and should therefore be treated
before discharge to the recipient.

The energy consumption in the production of the
selected HFFR compounds will differ according
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to the particular materia but will in al circum-
stances be larger than for NKT's PV C no. 5313.

The materid is only of minor concern in normal
use.

When deposited on landfill, HFFR compounds
are very dowly degraded, if degraded at all.
HFFR compounds do not give rise to any serious
problems in waste incineration.

From a health and environmenta point of view,
the problematic elements (“the fingerprints’) in
the life cycle of NKT's PVC no. 5313 are
primarily in the production process (including the
compounding and processing) and waste
management. However, PV C may a so congtit-
ute a problem during use in connection with
unintentiond fires.

Emissions of VCM (vinyl chloride monomer),
EDC (ethylene dichloride) and dioxines are the
most important substances to control in the
production (during production of raw materias
and polymerization), due to their potentid large
emissions and their health effects. From an
environmental point of view, it is furthermore
important to control releases of dl chlorinated
substances, including dioxines.

The plasticizers might perhaps be of some
concern in the work environment during
compounding and manufacturing of products.

The materid is only of minor concern in normal
use. PV C does not burn by itself and has a
comparatively high sdlf ignition temperature.
However, if other materials support afire PVC
will burn under the formation of e.g. carbon oxi-
des and hydrochloric acid fumes and the soot
formed at the fire may contain traces of
dioxines, the amount depends on the fire con-
ditions.

It is questioned for the time being whether it is
feasible to recycle PV C containing lead from old
cables because it kegps lead in circulation in
society instead of phasing it out.

When deposited on landfill, PVC is very dowly
degraded, if degraded at all. PV C plasticizer
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may leach out of the product and could be a
source to emissions to soil and water.

By the incineration of PVC, hydrochloric acid is
formed. Because of the environmental effects of
the acidic fumes the stack gasses are normally
neutralized by the use of large amounts of lime.
Dioxines may occur, however, the amount
depends on the fire conditions.

The residues from the cleaning of stack fumes
from incineration of cable waste contain metals
and traces of dioxines.

Even through the energy consumption during
production of raw materias of the HFFR are
larger than for the PVC materia, the HFFR
compounds must be considered as an environ-
mentdly friendly dternativeto PVC. This
judgement is primarily based on the fact that no
potential for exposure and effects of car-
cinogenic substances during production and
lower amounts of acidic fumes and dioxines are
formed by waste disposal. Furthermore, there is
no need for addition of plasticizers like e.g.
phthal ates often used in products made of PVC.
The materid is only of minor concern in normal
use, however, PVC may congtitute a problem
during use in connection with unintertiona fires.
If other materials support afire PVC will burn
under the formation of e.g. carbon oxides and
hydrochloric acid fumes. The soot formed at the
fire may contain traces of dioxines, dependent
on the fire conditions.
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3. Method

3.1 Eco-profiles

For each of the selected compounds, an eco-
profile has been made. An eco-profile describes
the health and environmentd impacts of the
material through production of raw materid,
production, use and waste management. The
aim of these eco-profilesis to give information
on the potentia impacts of the materia on hedth
and environment. Thus, an eco-profileis able to
identify if there are any problematic e ements ("
the fingerprint™) of each single materidl.

The chapters in each eco-profile report follow
the phases in the life cycle of the materid:
production of raw materials and polymerization,
compounding and processing, use, and waste
management.

It should be mentioned explicitly that during
production of raw materias and polymerization,
the focus has been made on the polymer while
the different additives (including the consumption
of energy during production of raw materias for
thefiller) are evaluated during compounding and
processing. The evaluation of additives is based
on screening for potential hedth and environ-
mental effects (hazard assessment).

Eco-profiles take into account material and
energy inputs and outputs in the form of
emissionsto land, air, and water. They do not
pretend to be afull-scale life cycle assessment
methodology but a screening of the potertial
impact of a particular material on health and
environment and can provide the raw data on
which LCA studies on products can be based.

3.1.1 Description of the elements used to
assess the health and environ-
mental impacts of the selected
compounds.

The eco-profile reports describe the compounds

through of the following phases
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production of raw materials and
polymerization,

compounding and processing,
use, and

waste management

For each of the phases a number of
environmental elements are discussed:

consumption of raw materials, energy and
the related emissions

waste and recycling

screening for potential health effects
screening for potential environmental
effects

accidents

The procedure and terminology of these reports
have been kept as close as possible to the
international development, particularly EU-
classification of substances and the work related
to SETAC (Society of Environmental Toxicology
and Chemistry).

3.2 Presentation of theresults

The present report is therefore a summary of a
larger reporting complex. Four eco-profile
reports, one for each of the 3 selected HFFR
compounds and one for NKT's PVC no. 5313
have been made.

The results of this assessment are displayed in
both a specific matrix, where the focus is on the
material, and in arelative matrix where the
compounds are compared to PVC no. 5313
(stabilized with calcium-zinc stabilizers and
without the use of chlorinated paraffins). In the
specific matrix, each element is graded following
athree-step scale

- problematic
- potentially of some concern, and
- no or only minor concern.

In the relative matrix, the 3 selected compounds
are compared in each element using a scaling
from much worse than PV C to much better than
PVC.
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4. Assessment of the
selected compounds

4.1 Summary/remarks of the assessment
of NKT'sPVC

In 1993, NKT started to market cables stabilized
with calcium-zinc stabilizersinstead of lead and
without the use of chlorinated paraffins. This
evaluation is based on this "new" PVC materia
no. 5313. The results of this assessment are
displayed in a specific matrix, as can be seenin
the table below.

From a health and environmenta point of view,
the problematic elements (“the fingerprints’) in
the life cycle of PVC are primarily in the pro-
duction process (including the compounding and
processing) and waste management. However,
PVC may aso congtitute a problem during usein
connection with unintentional fires.

Consumption of Work External
energy and environment environment
resources
Production of raw 0 + +
materials & polymeri-
zdtion
Compounding and 0 + +
processing
Use 0 0 0
Waste ? 0 +++
management®

+++  problematic

+

0
?

potentially some concern
no or only minor concern

no information

Note
(1) By combustion in fires, PV C may form HCl and dibenzo-p-dioxins.
(2) After having used the cable product, which has an expected lifetime of at least 20 years.
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Specific assessment of NKT's PVC no 5313

Production of raw

material & polymerization

Emissions of VCM (vinyl chloride monomer),
EDC (ethylene dichloride)

and dioxines are the most important substances
to control in the production of VCM and PVC,
due to their potentid large emissons and their
hedth effects. Dioxines are very acute toxic
(Ahlborg et d., 1988) while VCM and EDC
are classfied astoxic and carcinogenic (EU
and IARC, 1987). Hydrogen chlorideisa
corrosve colourless gaswhich is dassfied as
corrosive and it isvery irritating for mucous
membranes. From an environmentd point of
view, it is further important to control releases
of dl chlorinated substances, including
dioxines. The degradation of dioxinesin sail is
minimal, the substance must be considered as
having a high bicaccumulation potentid and
being highly toxic (Christiansen et d. 1990).
The average consumption of energy for the
production of 1 kg of PVC is about 67 MJ
over dl the polymerization processes
(Bounstad, 1994).

Compounding and processing In the compounding process, raw PVC is

mixed with a number of additives. The
additives used with NKT's PVC being fillers,
plasticizers, and heat Sabilizers.

The effects of VCM and hydrogen chloride
described under production of raw materids
and polymerization are dso vdid for this phase.
However, the exposureis, in this phase,
consderableless.

In the work environment, the filler may cause
some irritation and may be hazardous as dust
but it is not acute toxic. In the externa
environment, the filler may cause some
temporary damageto loca plant during
production. However, it isnot classfied as
dangerous to the environment.
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Compared with most other normally used
dabilizers, the gabilizers used in this meterid
are fairly non-toxic in the work environment.

It is aso reported to be relative harmless in the
terrestrid environment but one of them may
cause acute toxicity in the aguatic environment
(Merian E., 1991, Friberg L. et al. 1986,
Seiler H. & Sigel H., 1988).

From atoxicological and eco-toxicologica
point of view, the effects of these substances
are less problemetic than lead which has been
used, previoudy.

The pladticizers might perhaps be of some
concern in the work environ-ment during
compounding and manufacturing of products.
The plasticizers might be carcinogenic to
humans and might have a xenoestrogenic
effectsMdller, S. et d., 1995). The plasticizer
does not seem to be acute toxic to aguatic or-
ganisms. However, it may exhibit chronic
toxicity and may cause long-term adverse
effectsin the aguatic environment. Dueto low
biodegradability at low temperatures and in
unacclimated systems, the plagticizer may
accumulate in sediments and soilsin aress
where temperatures are relatively low.

The materid isonly of minor concern in normd
use. Thefiller and gabilizer are locked into the
PV C matrix but plasticizer loss may occur.
However, the plagticizer which is released to
the environment is not expected to cause acute
toxic effects in neither the aquatic nor the ter-
restria environment but since anaerobic
degradation is very dow accumulation may
occur in low-oxygenated areas in the environ-
ment.

PV C does not burn by itself and has a
comparatively high sdif ignition temperature.
However, if other materias support afire PVC
will burn under the formation of e.g. carbon
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Appendix 10.72

oxides and hydrochloric acid fumes. The
hydrochloric acid is very irritative to the
respiratory system and corrosive to buildings,
especidly dectronic equipment. The soot
formed a the fire may contain traces of
dioxines, dependent on the fire conditions.

When deposited on landfill, PVC is degraded
very dowy, if a dl. PV C pladticizer may leach
out of the product (Mame, 1994) and this
could be a source to emissons to soil and
water.

Largdly, dl PVC production waste from cable
production can be recycled. For thetime
being, it is questioned whether it isfeasbleto
recycle PVC from old cables. Thereason is

partly problems with sorting, partly poor
materia quality in the often very old cables.

By the incineration of PV C, hydrochloric acid
isformed. Because of the environmenta effects
of the acidic fumes the stack gasses are
normally neutrdized by the use of large
amounts of lime (Hjamar, Thomassen,
Hgimark, 1990 and Rasmussen, 1995).
However, NKT has forwarded a patent
goplication for a precess which will solvethis
gtugion.

The residues from the cleaning of stack fumes
from incineration of cable waste contain metas
and traces of dioxines. It is necessary to
deposit those hazardous residues under con-
trolled conditions and with constant collection
and treatment of the leachate.

In Denmark, recycling plants with an gpproved
method to treat old cable waste do exist.
However, it is expected that incineration of
cable insulation with copper, to acertain
extent, takes place in open firesin order to
recycle the copper. It is not possible to
estimate to what extent thisis done.
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4.2 Summary/remarks of the assessment
of the HFFR compounds

The problemeatic eements (“the fingerprints’) in
the life cycle of the HFFR compoundsiis pri-
marily the production process. This process
takes place at an elevated temperature and
pressure and there is thus arisk of run-away
reaction with a danger of fires and explosions.

The energy consumption in the production of
the HFFR compounds will differ according to
the qudlity of the compounds but will in dll
crcumstances be significantly larger than for
PV C compound.
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Consumption of Work Externd
energy and environment environment
resources
Production of raw + + +
materids & polymeri-
zation
Compounding and 0 ? 0
processing
Use 0 0 0
Waste ? 0 +1
management
+++  problematic
+ potentially some concern
0 no or only minor concern
? not sufficient information, but may be of some concern
Note
@ It is assumed that HFFR compounds can be recycled, however, the possibility of recycling
HFFR has not yet been demonstrated.
Tableno 2

Soecific assessment of HFFR compounds

Production of raw material  The hedlth effects related to the processing of
the selected HFFR

& polymerization compounds are often connected to groups of
ingredients instead of single compounds. The
production processes are to a great extent
closed processes. Emissons of aerosolsfrom a
number of acids, ketones and adehydes are
the most important substances to control, these
have a potentid for airway irritation. In the
case of long-term exposure there may be arisk
of more chronic effects like adecreasein lung
function. Work environment effectsin the
HFFR processng industry is primary
respiratory tract effects.

From an environmentd point of view, carbon
oxides, sulphur oxides, nitrogen oxides and
hydrocarbons are important air emissons.
Waste water from the polymerization will
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contain some oil emulsions, hydrocarbons,
dissolved organic materids and resdues from
various process chemicas. These emissions
have ahigh BOD (Biologicad Oxygen Demand)
vaue and the waste water should be trested
before discharge to the recipient.

Compounding and processing In processes involving heeting, thermic

Use

Waste management

degradation might occur. The hedth and
environmental effects would be the same as
described during production of raw materia
and polymerization. No serious toxic effects
during norma compounding and processing of
HFFR compounds are expected. However,
the coupling agents might perhaps be of some
concern in the work environment during con
pounding and manufacturing of products.

The materid is only of minor concern in normal
use. Thefiller and gtabilizer are locked into the
polymer matrix and no environmentd effects
are expected. The raw materids are rdatively
harmlessin the externa environrment. A
potential exposure to materias and degradation
products is supposed to be so dight that the
effects are negligible.

The polymer in these compounds may actsasa
fire promoter, however, some of the additives
are used as synergistic flame-retardants. If
other materias support afire the HFFR
compounds will burn under the formation of
e.g. carbon oxides and polycyclic aromatic
hydrocarbons. The inorganic additives will be
found in the ashes but is not expected to have
any toxic effects.

The exposure to and the effects on the work
environment in relation to waste disposd are
not known but they are supposed to be
negligible. It is questioned for the time being
whether it isfeasble to recycle HFFR
compounds from old cables. Thereason is

partly problems with sorting, partly poor mate-
rid qudity.
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When deposited on landfill HFFR compounds
are very dowly degraded, if degraded at all.

HFFR compounds do not give rise to any
serious problemsin wagte incineration. The
total combustion of HFFR compounds mainly
yields carbon dioxide, water, carbon
monoxide, soot, polycyclic aromatic
hydrocarbons (PAH), and ashes containing
inorganic materials with ardetive low toxicity.
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5. Concluson/com-
parison

The discusson of the subgtitution of PVCin
cables involves anumber of relevant issues
such as an evauation of the effects of
chlorinated substances, including dioxines. Not
least in recent years, the focus has aso been on
the additivesin PVC. The toxicologicd and
eco-toxicological concern gpplies, in particular,
to lead stabilizing agents, phthaate plagticizers
and chloroparaffins. These have dl been used
in cables, however, in 1993, NKT darted to
market cables stahilized with cacium-zinc
stabilizersingtead of lead and without the use
of chlorinated paraffins. This evaluation and
comparison of possible aternatives (the 3
selected HFFR compounds) is based on the
"new" NKT PVC compound no. 5313.

The energy consumption is estimated as being
sgnificantly larger for HFFR than for PVC.
However, the HFFR compounds must be con-
Sdered as an environrmentdly friendly dterna-
tiveto PVC. Thisjudgement is primarily based
on the fact that no carcinogenic substances are
released during production. Furthermore, there
is no need for addition of plagticizerslike eg.
phthalates normaly used in compounds made
of PVC in connection with cable production.

The potentid risk for accidents might be fewer
in the production of HFFR due to the use of
chlorinein the PV C production and the pos-
ghility of the formation of corrosve com-
pounds in fires. However, because of the high
temperature and pressure in the process
production of HFFR, it is considered to have
the same potentiad for impact as the production
of PVC.

Furthermore, PVC may condtitute a problem
during use in connection with unintertiond fires.
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If other materids support afire PVC will burn
under the formation of e.g. carbon oxides and
hydrochloric acid fumes. The hydrochloric acid
isvay irritative to the respiratory system and
corrosive to buildings, especialy dectronic
equipment. The soot formed at the fire may
contain traces of dioxines, dependent on the
fire conditions.

HFFR compounds also result in fewer
problemsin the waste disposal than PV C due
to the lower content of problematic additives
and the lower chlorine content. Thus, lower
amounts of acidic fumes and dioxines are
formed by waste incineration.

Thus, the production of HFFR resultsin the
same or in fewer problemsin the work en-
vironment and externd environment than
NKT's PV C through the entire life cycle.
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Consumption of Work Externd
energy and environment environment
resources
Production of raw - + +
materids & polymeri-
zation
Compounding and - 0 +
processing
Use 0 0 0
Waste ? 0 +++ 2
management
+++  potentially much lessimpact than PVC
+ potentialy less impact than PVC
0 approximately the same impact asPVC

- potentially greater impact than PVC
potentially much greater impact than PVC

Note

@ By combustion in fires, PV C may form HCl and dibenzo-p-dioxins.

2 This evaluation is based on the possibility of recycling HFFR, however, it has not yet
been demonstrated.

Tableno 3
Rel ative assessment of HFFR compounds in relation to PVC
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