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Abstract- Crosslinked polyethylene (XLPE) remains the material
of choice for modern high voltage extruded cables possessing
good thermal stability and excellent electrical properties.
However, increasing pressure to limit the environmental effects
of human activity and to promote recycling has forced
researchers to look to new materials to replace XLPE in the
medium to long term. Recently, a number of propylene based
systems have been developed through copolymerization with
novel catalyst systems which may offer novel alternatives to
polyethylene. Such systems offer higher operating temperatures
together with potentially desirable thermal, electrical and
mechanical properties. In this paper we report on a range of
propylene based materials and assess their suitability for cable
applications through the use of thermal, mechanical and
electrical testing. We supplement these tests with morphological
investigations.

I. INTRODUCTION

With increasing environmental awareness and the need to
reduce the environmental impact of human activity, comes
significant pressure to develop new materials for high voltage
applications, which are both environmentally friendly in
manufacture and use, and which are recyclable. The
conventional cross-linked polyethylene (XLPE) used in the
majority of modern high voltage underground cables [1] is not
easily recycled, and there is also some concern over the
environmental impact of the peroxide-based cross-linking
agents used in their manufacture.
In recent years, a wide range of novel propylene-based

systems have been developed through co-polymerisation and
through the use of new catalyst systems [2], which potentially
offer alternatives to traditional XLPE for cable applications.
Such systems typically exhibit a higher melting point than
polyethylene, making them capable of withstanding high
operating temperatures without the need for cross-linking.
In this paper we report on a range of polypropylene co-

polymers containing varying degrees of ethylene and butene
monomers, along with conventional syndiotactic and isotactic
polypropylene. We describe their thermal properties, their
morphology and their mechanical properties. These factors
are finally related to the electrical breakdown strength of each
material, as measured using an AC voltage ramp testing
protocol based on ASTM D149-87.

II. EXPERIMENTAL

In total, six propylene based systems were studied as shown
in Table I, all were commercially available materials catalyzed
with a symmetric Ziegler-Natta catalyst system and were
obtained from Sigma Aldrich Chem. Co. Ltd. Preparation of
-1.5 mm thickness plaques was undertaken using a hydraulic
press and an aluminum mold, strips 50 mm in length by 5 mm
width were then cut from the plaques for mechanical testing.
Preparation of nominally 70 ptm thickness samples for
electrical breakdown testing was performed using a Grasby
Specac 25.011 hydraulic press with constant thickness film
maker. All samples were pre-melted at 200 °C for at least 2
minutes, pressed and then allowed to relax for a period of 5
minutes prior to quenching in tap water at 25 °C.
Thermal analysis of -5 mg samples was undertaken using a

Perkin Elmer DSC 7 differential scanning calorimeter (DSC)
using a scan rate of 10 K/min. Samples for morphological
investigations were microtomed and then etched for a period
of 6 hours in a 1% solution of potassium permanganate
dissolved in an acid mixture composed of 2 parts water, 2
parts phosphoric acid and 5 parts sulphuric acid according to
the published techniques [3, 4]. They were then mounted onto
standard aluminum stubs and examined at 20 kV in a
Cambridge Instruments Stereoscan 360 scanning electron
microscope (SEM). Tensile testing was undertaken at room
temperature using an Instron 4301 tensometer at a fixed speed
of 5 mm/min and gauge length 25 mm. Dynamic mechanical
thermal analysis was performed at temperatures between -20
and 140 °C using a Rheometrics RSA II at a fixed frequency
of 100 rad/s and an applied strain of 0.2% using a dual
cantilever geometry (40 mm x 5 mm x 2 mm).
Electrical breakdown tests were performed between opposing

6.25 mm steel ball bearings immersed in a tank of silicone
fluid. An increasing 50 Hz AC voltage (rate 50 V/s) was

TABLE I
Materials used in this investigation

Designation Description Co-unit
sPP Syndiotactic polypropylene
PEO2 Propylene ethylene co-polymer 2% ethylene
PE12 Propylene ethylene co-polymer 12% ethylene
PE40 Propylene ethylene co-polymer -40% ethylene
PB 12 Propylene butene co-polymer 12% butene
iPP Isotactic polypropylene
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applied to the upper electrode until the sample failed. The
results from 20 tests per material were then analyzed using
Weibull statistics using a commercial package (Reliasoft
Weibull 7++).

III. RESULTS

A. Thermal analysis
Typical DSC melting scans are shown in Fig. 1. Isotactic

polypropylene has the highest melting point of -460,C and
the highest enthalpy ofa 0 J/g whereas syndiotactic
polypropylene melts at ~-125 0C and an enthalpy of ~-30 J/g.
For PE02, PE40 and PB 12, increasing co-unit concentration
lowers the melting points and enthalpies (crystallinity) of the
co-polymers as expected [5]. Unexpectedly, PE12 shows two
distinct melting transitions, the upper at -163 oC is close to
that of iPP and the lower at -125(C is close to that of high
density polyethylene [6]. This suggests that phase separation
of ethylene and propylene rich molecules is occurring in this
polymer. PE40 has a broad melting transition extending from

g0 to 150D C and an enthalpy of only 6 J/g. To contrast,
XLPE typically shows a melting transition near 105 0C [7]
therefore, with the possible exception of PE40, all the
materials melt at a higher temperature than XLPE which
would make them suitable for cable applications from the
point of view of their melting behavior.

B. Morphology
sPP, PE02 and PB 12 all show a characteristic non-spherulitic

morphology composed of fine lamellar crystals as shown in
Fig. 2a. By contrast, PE40 shows no evidence of lamellar
crystals at SEM resolution, as expected, due to its low
crystallinity. PE12 shows a distinctive two phase morphology
of -2 ~tm diameter ethylene rich inclusions in a propylene rich
matrix (Fig. 2b) but, considering its atypical DSC behavior
this result is not unexpected. Finally iPP shows some
evidence of -10 ~tm diameter spherulitic domains (Fig. 2c).
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60 80 100 120 140 160 180 of these propylene based materials together with a distinctive
Temperature (OC) absence of spherulitic development is similar to that observed

in extruded XLPE [8, 9].
Fig. 1. DSC melting curves of all six materials, curves displaced for clarity.

503

Authorized licensed use limited to: The University of Manchester. Downloaded on October 27, 2008 at 10:27 from IEEE Xplore.  Restrictions apply.






