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Abstract Insulation polymers are not well characterized
for their mechanical properties particularly in terms of fati-
gue strains. This article aims to examine the durability and
strain fatigue lives of three commonly used cable insulation
polymers, viz., (1) polyvinyl chloride (PVC), (2) crosslinked
polyethylene (XLPE), and (3) polyphenylene ether (PPE)
under selected strain and temperature ranges. The tensile
properties of these materials were measured using an Instron
testing machine at constant and controlled loading rates.
Fatigue tests were performed at three selected temperatures,
—40, 25, and 65 °C, to characterize the temperature effects
on fatigue life. From the tensile test results, it was observed
that PVC and XLPE are ductile and exhibit significantly
more elongation prior to breaking, while PPE exhibits brittle
behavior. When the loading rate is increased, there is an
improvement in the tensile strength of PPE and elastic
modulus of PPE and PVC. The durability of XLPE under
strain fatigue testing was the largest, followed by PVC and
PPE. The strain fatigue lives of PVC and XLPE decreased
drastically at —40 °C and demonstrated a noted increase at
65 °C compared to fatigue lives at room temperature. This
trend was not observed in PPE where the strain fatigue life
showed improvement at both lower and higher temperatures.

Introduction

Cable insulation plastics are a unique set of polymers that
are not well understood for their strain fatigue lives [1].
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Wiring/cable harness is a system in which individual
bundles of cables/wires are bound together by clamps,
cable ties, sleeves, electrical tape, etc. This enables easy
installation and maintenance and also secures them against
the adverse effects of vibration, abrasion, and moisture.
Polyvinyl chloride (PVC), crosslinked polyethylene
(XLPE), and polyphenylene ether (PPE) are the principal
insulation materials used in the wire-harnessing industry
[2-12]. They constitute insulation and jacketing function-
ality for different types of cable and wire products.

PVC is a thermoplastic material widely used as insula-
tions for cable harnessing primarily because of its excellent
electrical and thermal insulation properties, durability,
flexibility, and ease of handling in installation [13, 14].
XLPE obtained by crosslinking PE has improved thermal
stability and mechanical properties. Its superior thermal
resistance and electrical properties render it the material of
choice for cables [5, 6]. PPE, an engineering thermoplastic,
has excellent properties such as high strength, high
dimensional stability, and low moisture uptake [15-22].
The high glass transition temperature, T, of PPE makes it
ideal for electrical and automotive equipment that is con-
tinuously exposed to high temperatures [23]. With the
addition of plasticizers, the T, can be reduced which helps
in increasing flexibility and processing at low temperatures
[24, 25].

Engineering thermoplastic materials can sustain large
deformation after necking during tensile testing. This has
been observed in the case of polyethylene (PE) [26-32],
polypropylene (PP) [30-32], rubber-toughened polystyrene
[33], polycarbonate (PC) [32, 34, 35], and its alloys [36].
This behavior of thermoplastic materials is advantageous to
the manufacturing process and mechanical performance
but presents a challenge when attempting to model such
behavior. The development of a strain fatigue model,
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which is attempted in this research, for large deformation
behavior of polymeric materials lags far behind that for
metallic materials [37].

True stress—true strain behavior is one of the most fun-
damental properties of a structural material. Extensive
research over the past two decades on polymers has shown
the importance of true stress—true strain curves in providing
useful information about the yielding behavior, the true
rate of strain hardening, and the stress-induced transfor-
mations of crystalline phases within the polymer [32, 38,
39]. Furthermore, true stress—true strain behavior can be
used in the development of constitutive relationships and
finite element models to accurately predict multi-axial
stress states in complex geometries.

The cables in the wire harnessing are periodically
exposed to external loading which includes torsion and
bending. Following these mechanical loads, the life is
limited due to the internal failures initiated by cyclic
deformation, fatigue and wear of internal conductors. For
this reason, better understanding of the static and dynamic
behaviors of polymers under given loading conditions is
desired [40]. The results are essential for comparing the
risks of mechanical failures occurring in insulation
polymers.

In this article, we present the true stress—true strain
relationships and the extremely useful strain fatigue lives
of three commonly used insulation plastics, namely, PVC,
XLPE, and PPE. Such results are presently lacking and
they will be reported herein as functions of selected fre-
quency and temperature ranges.

Experimental work
Materials

The polymers used in this study are PVC, XLPE, and PPE
in the form of pellets. The average specific gravities at
room temperatures for PVC, XLPE, and PPE are 1.28,
1.42, and 1.04 g/cm3, respectively, in accordance with
ASTM Standard D-792. Therefore, PPE has the lowest
specific gravity among the three, to be followed by PVC
and XLPE.

Specimen preparation

Prior to molding, all the pellets were dried at 60 °C under
vacuum for 24 h. The dried pellets of PVC and PPE were
injection molded into ASTM 638D standard dogbone
specimens using a Vandorn 55 injection-molding machine.
The temperatures in the barrel and mold were maintained
at 160 °C (320 °F) and 26.7 °C (80 °F), respectively, for
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PVC and 288 °C (550 °F) and 76.7 °C (170 °F) for PPE.
XLPE could not be injection molded because of the rapid
crosslinking, which generated too high a viscosity during
plasticating. Compression molding of XLPE was carried
out using compression molding press by Carver Inc. Both
top and bottom mold temperatures were maintained at
129 °C (265 °F) and a pressure of 4000 psi was applied for
20 min to produce rectangular sheets of 3.5 mm thickness.
These sheets were cut into standard dogbone specimens
using a specially designed press and punch die cutter in our
laboratory.

Thermogravimetric analysis

TGA was conducted to assess the thermal degradations of
PVC, XLPE, and PPE. The TGA 2050 from TA Instru-
ments was used. Change in the weight of the polymers as a
function of temperature is determined using this method.
Nitrogen was used for purging with flow rates of 10 and
90 mL/min, respectively. The temperatures ranged from 25
to 600 °C at a ramping rate of 30 °C/min. The sample
weight was maintained in the range of 2-5 mg. The ther-
mal stability results are summarized in Table 1.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was employed to
measure the viscoelastic properties of the studied mate-
rials. DMA was also used for the determination of glass
transition temperatures. Rectangular strips were cut with
20 mm in length and 10 mm in width from the tensile
specimens. The thickness of the PVC and XLPE samples
was 3.06 mm while the PPE sample was cut from a
1-mm-thick slab because PPE was significantly stiffer
than PVC and XLPE. A Perkin Elmer DMA was used at a
frequency of 10 Hz in the tensile mode. Storage modulus
(E'), loss modulus (E"), and loss tangent delta (tan J)
were measured between —60 and 100 °C at a ramping
rate of 4 °C/min and a sampling interval of 0.05 s.
Nitrogen flow was set at a pressure of 40 psi and circu-
lated in the furnace during the experiments. Liquid N,
was supplied for cooling.

Table 1 Summary of thermal stability results of PVC, XLPE, and
PPE

Material Thermal Mass loss
degradation at 500 °C (%)
temperature (°C)

PVC 267.6 83

XLPE 298.0 60

PPE 402.0 77
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Tensile tests

In order to determine the true stress—true strain relation-
ships, we seek to measure full-field displacements and
strains in all three dimensions with the help of two
mechanical contact extensometers. Volumetric strain data
obtained provide valuable insight into the mechanisms of
deformation.

Uniaxial tensile tests were conducted using a quasi-static
Instron 5582 with a load cell of 10 kN at 25 °C. A set of
specimens of each material were loaded at selected loading
rates from 5 to 60 mm/min to examine the variation of
mechanical properties with loading rate. Two mechanical
contact extensometers were mounted at the center of
specimen to measure strains induced in the sample in both
longitudinal and transverse directions. The photograph of
the setup is shown in Fig. 1. With these high-precision
extensometers it is possible to determine elastic modulus
and Poisson’s ratio at different loading rates. The true stress,
g, of each sample was obtained from [41]

o= P/[WeTo(1 - 2,)’] (1)

where P is the applied load, W, and T, are the original
width and thickness, respectively. The true strain g, is
directly obtained from the transverse extensometer.

Many polymers increase in volume during tensile
extension. Volumetric strain is important to measure
because it is a key macroscopic indicator of microscopic
processes. Small-scale internal fracture processes such as
crazing (glassy polymers) or crystal fragmentation (semi-
crystalline polymers) are manifested by volumetric strain
[29]. Unlike metals, the Poisson’s ratio for polymeric
materials decreases from an initial value of 0.4 to about
0.2-0.3 with an increase in uniaxial deformation [42].

The volumetric strain [41], also known as dilatational
strain [43], is obtained by

AV/V = (14 &) (1 + &)1 (2)

Fig. 1 a Photograph showing
transverse and longitudinal (@) ©
extensometers are mounted on
the centre of the specimen to
measure the strains in the
transverse and longitudinal
directions. b The specimen
breaks

Transverse Extensometer

Table 2 Values of the slopes of volumetric strain versus longitudinal
strain for PVC, XLPE, and PPE

Loading rate pPvC XLPE PPE
(mm/min)
1.64 1.64 1.76
0 1.60 1.59 1.47
5 1.63 1.58 1.58
0 1.60 1.40 1.32
25 1.57 1.60 1.40
0 1.65 1.58 1.85
0 1.53 1.55 1.76
50 - 1.64 1.38
60 - 1.55 1.65

where ¢, denotes the strain in the loading direction and ¢,
denotes the strain in the lateral direction. Table 2 shows the
values of the slopes of the volumetric strain versus longi-
tudinal strain curves with varying loading rates.

A set of tensile tests were conducted separately to
examine the tensile strength, breaking strain and their
variation with loading rates for each material. These tests
are done without extensometers and the results are tabu-
lated in Tables 3 and 4.

Fatigue tests

Fatigue tests were performed under displacement control
on the tensile specimens using a fully automated, closed
loop, servo-hydraulic mechanical testing machine (Instron
model 8500) at a frequency of 5 Hz for PVC and XLPE,
and 2 Hz for PPE. The different frequencies chosen are
necessary to generate useful data within a reasonable time
frame, i.e., 1-2 days for each sample. Fatigue data for a
minimum of three specimens of each material were
obtained at —40, 25, and 65 °C. The experiments were
conducted considering the limitations of the servo-
hydraulic machine in use. The maximum frequency that the

s

) 3 L 4

Longitudinal Extensometer
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Table 3 Average tensile strength and breaking strain values for PVC,
XLPE, and PPE strained at a loading rate of 20 mm/min

Table S Summary of the different strain values applied on PVC
during fatigue testing

Material Tensile strength (MPa) Breaking strain (%)
pvC 12.9 230
XLPE 10.9 224
PPE 43.8 62

Table 4 Tensile strength values at different loading rates PVC,
XLPE, and PPE

Loading rate (mm/min) PVC (MPa) XLPE (MPa) PPE (MPa)
5 - 10.7 424
10 12.7 10.1 43.7
15 13.3 10.1 44.6
20 12.8 10.9 44.8
25 12.2 9.9 45.3
30 13.0 9.6 45.3
40 12.8 10.0 46.0
50 - 9.9 46.6
60 - 10.2 46.5

Fig. 2 The temperature box and experimental setup for fatigue tests.
a Sample mounted between the grips prior to fatigue straining. b The
specimen is pre-strained before applying cyclic displacements

machine can run is 5 Hz and a maximum cyclic displace-
ment of 2.54 mm can be applied.

The experimental setup for this project required a spe-
cific design for the testing apparatus, since the testing of
the samples had to be conducted at both low and high
temperatures. A threaded rod is machined to form D-
shaped holders to ensure a tight grip on the specimen and a
full tensile loading of the specimen. Moreover, a compact
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Min. Mean Max. Displacement N
strain strain strain (mm) (Cycles)
(%) (%) (%)
At —40 °C
3.8 6.3 9.0 2.0 990
14 33 5.2 1.5 5,500
0.4 1.6 2.8 1.5 27,000
At 25 °C
111.2 115.6 120.0 5.6 4,400
77.0 82.5 88.0 5.6 32,000
79.0 82.5 86.0 35 80,000
80.0 82.5 85.0 2.8 300,000
At 65 °C
381 387 393 4.58 12,000
384 387 390 3.08 450,000
260 265 270 4.58 950,000

Table 6 Summary of the different strain values applied on XLPE
during fatigue testing

Min. Mean Max. Displacement N
strain strain strain (mm) (Cycles)
(%) (%) (%)
At —40 °C
10.0 16.5 23.0 5.1 650
9.3 13.2 17.1 3.0 7,600
8.80 11.9 15 2.3 22,000
At 25 °C
216 220 224 5.1 25,000
172 176 180 5.1 550,000
52 56 60 5.1 1,010,000
At 65 °C
1160 1180 1200 5.1 6,500
1020 1032 1044 3.1 198,000
952 960 970 2.0 750,000

sealed test chamber is used to control the test temperature
and a compact grip design is required to fit within the
limited space. Figure 2 shows a picture of a fully assem-
bled grip setup, with sample, ready for testing. Specimens
are fixed in the grips and allowed to cool (or heat) for
30 min ensuring a constant and uniform temperature dis-
tribution. Cooling is done by pumping a controlled stream
of vaporized liquid nitrogen and heating is done by a
heated fan on the back of the chamber.

With the exception of PPE, both PVC and XLPE have
high breaking strain values. The specimens are therefore
pre-strained before applying a constant amplitude cyclic
displacement to enable failure within reasonable time
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Table 7 Summary of the different strain values applied on PPE
during fatigue testing

Min. Mean Max. Displacement N
strain strain strain (mm) (Cycles)
(%) (%) (%)
At —40 °C
6.2 12.6 19.0 5.1 40
1.2 5.1 9.0 3.1 5,800
0.7 3.6 6.5 2.3 25,000
At 25 °C
0.5 4.7 8.9 6.9 220
0.1 2.3 4.5 33 8,200
0.2 1.6 3.0 23 22,000
0.1 1.3 2.5 1.9 70,000
At 65 °C
0.7 34 6.1 3.6 6,700
1.0 24 3.8 1.8 42,000
0.8 1.9 3.0 1.5 125,000

frame. The amount of pre-strain applied is equal to the
mean strain. The mean strains shown in Tables 5, 6, and 7
indicate the amount of pre-strains applied to the samples.
Frequency, displacement, waveform, maximum, minimum,
and mean displacements are recorded.

Results and discussions
Thermogravimetric analysis

Thermogravimetric analysis (TGA) is done to check that
processing did not induce severe thermal degradation in the
material. It assesses mass loss as temperature increases.
Figure 3 shows the comparison of TGA before and after
processing for PVC, XLPE, and PPE, respectively. The
degradation temperature is taken as temperature at 5%
mass loss. Hence, the degradation temperatures for PVC,
XLPE, and PPE are found to be 267.6, 298.0, and
402.0 °C, respectively, which implies that PPE possesses
higher thermal stability, to be followed by XLPE and PVC.
As indicated in Table 1, at a temperature of 500 °C, mass
losses of 83, 60, and 77% were observed for PVC, XLPE,
and PPE, respectively. It follows that the major mass loss
of 64% is observed at 260-350 °C in the case of PVC and a
mass loss of 76% in the temperature range of 400-500 °C
in the case of PPE. Mass loss is observed in the case of
XLPE in two steps: 18% in the temperature range from 250
to 370 °C and 44% in the range 370-500 °C. Finally,
comparison of TGA results of pellets with samples
obtained through processing indicates that there is a min-
imal molecular degradation arising from the processing
conditions in the three cases.

Glass transition temperatures

Figures 4 and 5 illustrate the variation of tan ¢ and storage
modulus as a function of temperature for PVC, XLPE, and
PPE. The glass transition temperature (T,) values of PVC,
XLPE, and PPE are around 60, 4, and 180 °C, respectively,
as shown by the tan ¢ peak at that temperature in Fig. 4.
The glass transition temperature varies widely with the
addition of plasticizers, blending, processing conditions
and it is difficult to compare with literature values for pure
polymers. From Fig. 5, we can infer that PPE exhibits
superior storage modulus.

True stress and true strain relationships

The true stress—true strain curves for each of the stud-
ied materials were obtained by conducting tensile tests
at selected loading rates from 10 to 60 mm/min with
extensometers mounted as explained in the experimental
work. PVC and XLPE show considerable elongation at
break compared to PPE and the extensometers need to be
removed prior to complete failure of PVC and XLPE.
Figures 6, 7, and 8 show true stress—true strain relation-
ships of PVC, XLPE, and PPE. Due to the low ductility, the
extensometers can be clipped on PPE until failure. The
elastic modulus is measured from the initial deformation
region of true stress—true strain curve. The elastic modulus
variation with different crosshead speeds is shown in
Fig. 9. Clearly, PPE is significantly stiffer than PVC, fol-
lowed by XLPE. Figure 10 shows the representative
volumetric strain—longitudinal strain curves for each of the
materials. From the results in Table 2, it is clear that the
three materials show considerable amount of volumetric
expansion with the increase in longitudinal strain. This
suggests there should be a strong dilatational deformation
mechanism such as crazing, voiding, or crystal fragmen-
tation occurring during initial loading.

The Poisson’s ratios of PVC, XLPE, and PPE are
obtained from the slopes of transverse strain versus lon-
gitudinal strain curves and they are 0.2, 0.2, and 0.3,
respectively. These values are highly reproducible and they
are independent of the applied loading rates. The results
will be useful for our future modeling efforts in under-
standing the strain fatigue lives of these polymers.

Strain fatigue results

The purpose of the displacement controlled fatigue tests is
to produce fruitful information and insight into the influ-
ence of strain amplitude on fatigue lives of insulation
polymers. At a low level of applied strain amplitude, the
polymers can be cyclically loaded indefinitely within our
laboratory time constraints. Due to the limitations imposed
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Fig. 3 TGA curves of a PVC, b
XLPE, and ¢ PPE. Curve “1”
represents sample taken from
pellets before processing; curve
“2” represents sample taken
from molded specimen. The
comparison of the two TGA
curves shows that there is
minimal molecular degradation
caused by the processing
conditions F
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Fig. 4 The tan ¢ versus temperature in DMA tests for XLPE, PVC,
and PPE, respectively. Note that PPE (7, ~ 180 °C) requires a run at
a higher temperature due to its high glass transition temperature

by the test time required for testing, an arbitrary cut-off
value of 10° cycles was used to establish the endurance
limit. The tests in the cold temperature are limited to
around 25,000 cycles due to limited supply of liquid
nitrogen.

Figures 11, 12, and 13 show a semi-log plot (3 data
points each) of the maximum strain versus the number of
cycles to failure for all the three materials tested at three
different temperatures: —40, 25, and 65 °C. A power law
curve fitted through the data indicates the characteristic
trend of each sample. From the common trend we observe
that at a given temperature the fatigue life increases with a
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Temperature (°C)

60 80

Fig. 5 Curves that represent the storage moduli, E', as a function of
temperature for PVC, XLPE, and PPE. Generally, E' decreases as
temperature increases

decrease in maximum strain applied in the cases of all three
materials. From Tables 5, 6, and 7 we observe that at a
lower temperature the tested specimen accommodates
lower strains, while at a higher temperature the tested
specimen accommodates much higher strains compared to
room temperature in the cases of PVC and XLPE. This is
because when temperature is decreased most polymers go
through a “ductile-brittle transition” whereby relaxation is
constrained. As a result, mechanisms of deformation such
as shear yielding are restricted and the polymers become
brittle. At higher temperatures, the long chain molecules
are able to slither over one another. Shear yielding is
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Fig. 7 True stress—true strain curves for XLPE. Specimens were
loaded at different crosshead speeds with extensometers to measure
both the transverse and longitudinal strains. Curves for the specimens
tested at 5, 15, 25, and 50 mm/min crosshead speeds are shown in the
figure. The elastic moduli of these specimens were found to be 100,
104, 108, and 108 MPa, respectively

favored and the polymers become flexible. Interestingly,
for PPE at both lower and higher temperatures (—40 and
65 °C), the specimens show improvement in fatigue life
compared to room temperature. This by no means appears
to be an anomaly due to the intrinsically brittle nature of
PPE and the high 7, (180 °C) observed. As common in
reinforced brittle polymers, deformation mechanisms
become unique in extreme temperature ranges [44—47] and
in particular for PPE below its glass transition temperature.
This observation is well studied in the Friedrich’s micro-
structural efficiency concept [47]. In many instances,
intrinsically brittle polymers become more ductile at low

True Strain (%)

Fig. 8 True stress—true strain curves for PPE. Specimens were loaded
at different crosshead speeds with extensometers to measure both the
transverse and longitudinal strains and tested until failure. Curves for
the specimens tested at 10, 30, 40, and 60 mm/min crosshead speeds
are shown in the figure. The elastic moduli of these specimens were
found to be 1.45, 1.56, 1.57, and 1.64 GPa, respectively
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Fig. 9 The effect of loading rate on the elastic modulus of PVC,
XLPE, and PPE. PPE and PVC demonstrate a steady rise in elastic
modulus as the loading rate increases while no observable increase is
found in XLPE

temperatures as the craze resistance, which is thermally
sensitive, decreases in comparison to the level at room
temperature. As a result, conditions for crazing become
favorable and the fatigue resistance of the polymer is
thereby enhanced by craze formation and coalescence. The
examination of the fatigue failure mechanisms is beyond
the scope of the present study.

Conclusions
Three commonly used insulation polymers, viz., PVC,

XLPE, and PPE, were studied for their mechanical prop-
erties and strain fatigue lives. PVC and XLPE are ductile

@ Springer



372

J Mater Sci (2009) 44:365-373

100 ——r—T—T T T T T T T T T T T T T T T
[|[——— Pvc ]
Lo eeecccnces XLPE P 4
- A -
80_ PPE s .
—_ L F 4
& [ Pl ]
£ t P ]
£ eor P ]
»n [ PR 4
L2 L pas 4
S .t
T o o 4
£ 40 - s ]
3 s ]
o I e i
> L L
L G ]
20 |- -
ol v vt v 1l
0 10 20 30 40 50 60

Longitudinal Strain (%)

Fig. 10 Representative volume strain versus longitudinal strain
curves for PVC, XLPE, and PPE. All three materials show dilatational
deformation mechanisms as noted from the steep rise of the volume
strain

500 — — —

ke

[ T~ ]

~—

I ~— -
400 |- .~ ° ]

L ‘\\\\\ 4

[ A 25°c| T —=__ i
300~ m -40°C

[ | ® es°c b
200 -

Max. Strain (%)

100

|

|
!
I
!
!
.
!
|
!
|
'
!
|
|
|
|
i
|
|
i
i

103 104 10° 108

Cycles to Failure,N,

Fig. 11 Maximum fatigue strain versus the number of cycles to
failure for PVC in the controlled temperature ranges

1600 T

1400

1200

I
J
[ )
$
Loy ITTTTTTT

-~
-
-
-~
-

7 1000
800

600

Max. Strain ( %

400

200

|I||||I||||I||||I|||’

=]

Q [T T T T T

A

-

10° 104 108 108

Cycles to Failure,N,

Fig. 12 Maximum fatigue strain versus the number of cycles to
failure for XLPE in the controlled temperature ranges

@ Springer

35— T

30 A 25°C
B -40°C
® 65°C

25

20

15

Max. Strain ( % )

10

L B L B BRI B A R
| N T T I T

102 108 104 10°
Cycles to Failure,N,

o

-
e

Fig. 13 Maximum fatigue strain versus the number of cycles to
failure for PPE in the controlled temperature ranges

and exhibit significantly more elongation prior to breaking,
while PPE exhibits brittle behavior. When the loading rate
is increased, there is an improvement in the tensile strength
of PPE and elastic modulus of PPE and PVC. The maxi-
mum strain versus number of cycles to failure was plotted
for each of the studied materials. The durability of XLPE
under strain fatigue testing was the largest, followed by
PVC and PPE. The strain fatigue lives of PVC and XLPE
decreased drastically at —40 °C and demonstrated a noted
increase at 65 °C compared to fatigue lives at room tem-
perature. Such an observation is consistent with the widely
observed ductile-brittle transitions in polymers undergoing
shear deformation. This trend was not observed in PPE
where the strain fatigue life showed improvement at both
lower and higher temperatures. It is conjectured that the
intrinsically brittle PPE exhibited a lower craze resistance
at —40 °C in comparison to that at room temperature.
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