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ABSTRACT: Elemental and X-ray fluorescence analyses
were performed to determine the chemical compositions of
insulator and jacket poly(vinyl chloride) (PVC) samples. In
addition, differential scanning calorimetry (DSC) measure-
ment was performed to determine their glass-transition tem-
peratures (Tg) and melting points. The effect of additives on
the two investigated samples, as well as on a pure PVC
sample, was studied using Doppler-broadening energy
spectra coupled with the slow positron beam technique.
Significant variation in the S parameter as a function of
positron implantation energy and depth from the surface to

the bulk was observed in all samples. The S parameter
increased at a very low positron energy (� 1 keV), saturated
to about 6 keV, and then decreased up to 27 keV. The S
parameter (�S) changed to the extent of the change in the
breadth of the distribution of free-volume defects, which
was larger in the jacket PVC sample, which had more addi-
tives, than in the insulator PVC sample. © 2006 Wiley Period-
icals, Inc. J Appl Polym Sci 100: 3789–3793, 2006
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INTRODUCTION

Poly(vinyl chloride) (PVC) is commonly used in cable
manufacturing in the production of either cable insu-
lators or cable jackets because of its high strength and
good insulation resistance.1 The chlorine in PVC
makes it a halogenated fire retardant polymer and
more resistant to outside influences.2 Recently, some
additives have been added to PVC to minimize fire
damage in electrical equipment.3 Many physical and
fire characteristics of electric power cables made of
PVC have been examined.4,5 A simulation of fire
growth and propagation through PVC, which is used
as an insulator and jacket fire retardant in power
reactor cables, was performed.6

Positron annihilation spectroscopy (PAS) is a special
nanoprobe that has been developed to directly deter-
mine the local free properties of polymeric materials.
In addition, PAS is capable of determining the holes
and free volume in a polymer without significantly
interference by the bulk. It has been proven to be a
direct and nondestructive probe for polymeric mor-
phology studies.7 Positron annihilation lifetime spec-
troscopy can be used to measure the electrical and
thermal properties of the fire retardant PVC, as well as
the role of free volume as a function of temperature.6,8

During the last 10 years there has been a steady
growth in the application of slow positron annihila-
tion spectroscopy to the study of free volume in poly-
mers.9,10 In the present work, Doppler broadening of
energy spectra (DBES) coupled with a slow positron
beam were used to examine the defect profiles near
the surface as well as in the bulk of two materials, PVC
used as the insulator and as jacket cables, compared
with those of a pure PVC sample. In addition, the
concept of correlating physical defects such as free
volume, holes, interfaces, and surfaces with the mo-
lecular structure and chemical defects of PVC materi-
als was studied.

When a positron with well-defined energy is in-
jected from a vacuum into a polymer, it either reflects
back to the surface or penetrates the polymer. The
fraction of positrons penetrating the polymer sub-
strates increases rapidly as a function of positron en-
ergy. The mean implantation depth of the positron as
a result of inelastic interactions with polymer mole-
cules is expressed by the formula11

Z�E�� � �40 � 103/��E�
1.6 (1)

where z is expressed in nanometers, � is the density in
kilograms per cubic meter, and E� is the incident
energy in kiloelectronvolts. For example, in PVC sam-
ples with a density of 1.4 � 103 kg/m3 at an energy
E�� 1 keV, the positron penetrated 29 nm from the
surface.

After losing their kinetic energy, the positrons pen-
etrating from the vacuum may either directly annihi-
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late surrounding electrons into two �-rays or combine
with an electron to form a positronium (Ps) atom.7 Ps
formation is particularly important in polymeric and
molecular materials. Ps atoms can be formed on most
surfaces. There are two states of Ps: the singlet spin
state, called para-positronium (p-Ps), and the triplet
spin state, called ortho-positronium (o-Ps). The prob-
ability of the formation of these two states is 1:3. When
p-Ps is localized in a defect with a dimension (�x), the
momentum (�p) has a dispersion according to the
Heisenberg uncertainty principle:

�x�p � h/4� (2)

The S parameter from DBES spectra is a direct mea-
sure of the quantity of momentum dispersion. Al-
though o-Ps has a longer lifetime in molecular sub-
strates, neither its three-photon nor its two-photon
pickoff annihilation contribute much to the current S
parameter of DBES.9 Therefore, only the p-Ps part of
Ps annihilation contributes to the S parameter of the
DBES spectra. In addition, in a system with defects,
the S parameter is a qualitative measurement of the
free-volume defect size and concentration. The value
of the S parameter also depends on the momentum of
the valance electrons that annihilate the positron. On
the other hand, the S parameter is also directly af-
fected by Ps and positron diffusion behavior near the
surface. Although both positrons and Ps atoms are
known to localize in any defects, such as holes and
free volume, a certain fraction may diffuse back to the
surface and escape to the vacuum. Complete interpre-
tation of the S parameter versus E� depends on the
behavior and physical properties, mainly free-volume

defects, of both the positrons and the Ps atoms of a
polymer.

EXPERIMENTAL

Two materials, insulator PVC and jacket PVC, were
obtained from the Egyptian Electrical Cable Company
(EECC; Cairo, Egypt). Some physical and mechanical
properties of the two samples were tested in the EECC
laboratory according to the American Society for Test-
ing and Materials (ASTM) standards and are listed in
Table I.

X-ray fluorescence analysis of the two materials was
performed using DX4/RF/USR-type detector with an
STD resolution of 157.9. Organic elemental analysis of
the materials using a Schoniger flask was performed at
the National Center for Radiation Research and Tech-
nology, Atomic Energy Authority (Cairo, Egypt). The
results showing the weight percents of the different
elements of the samples are listed in Table II. In addi-
tion, the Tg and melting point values of the investi-
gated samples were measured using a Shimd Zu-50,
DSC-50 (made in Japan) in the temperature range of
0°C–400°C and are listed in Table I.

For the DBES experiments, a slow positron beam at
University of Missouri, Kansas City (UMKC; Kansas
City, MO), was used. The vacuum in the sample cham-
ber was approximately 10�6 and 10�8 torr at high and
low temperatures, respectively. The DBES spectra
were recorded at room temperature (23°C) as a func-
tion of positron energy from 0 to 27 keV. The slow
positrons were generated with a 15 mCi of 22Na, mod-
erated by the use of tungsten (W) foils, and electro-

TABLE I
Physical and Mechanical Properies of Insulator PVC and Jacket PVC Samples

Property Insulator PVC Jacket PVC

Color Natural Black
Density 1.4 � 103 kg/m3 1.4 � 103 kg/cm3

Tensile strength 15 N/mm2 15 N/mm2

Elongation 200% 200%
Hardness (Shore A) 75–80 75–80
Volume resistivity (at 20°C) 1.5 � 103 	cm 1.5 � 103c 	cm
Dielectric rigidity (at 20°C) 15 KV/mm 15 KV/mm
Glass-transition temperature (Tg) 85°C 92°C
Melting point 271°C 273°C

TABLE II
Chemical Composition of Insulator PVC and Jacket PVC Samples

Sample
Chlorine

(%)
Calcium

(%)
Lead
(%)

Antimony
(%)

Carbon Black
(%)

Insulator PVC 1.85 1.16 4.57 0.00 0.00
Jacket PVC 1.84 0.71 13.89 2.45 42.5

3790 MOSTAFA



magnetically transported to polymer samples. The
DBES spectra were recorded using an HPGe detector
(EG & G Ortec; with 35% efficiency and energy reso-
lution of 1.5 keV at the 511-keV peak) at a counting
rate of approximately 1500 cps. The total number of
counts for each DBES spectrum was 0.3–1.0 million.

The insulator and jacket PVC samples, as well as the
pure PVC sample, were measured by DBES. The DBES
spectra obtained were characterized by an S parameter
defined as the ratio of the integrated count between E1
� 509.45 keV and E2 � 512.59 keV (the central part) to
the total count after the background was properly
subtracted and is expressed as follows9:

S �

�
E1

E2

N�Ei�

�
Ei�0




N�Ei�

(3)

Because the S parameter represents the relative
value of the low momentum part of positron–electron
annihilation radiation, it is sensitive to the change in
positron and positronium states because of changes to
its microstructure. When the positrons and Ps atoms
were localized in a hole or in free volume with a finite
size, the observed S parameter was a measure of the
momentum broadening according to the uncertainty
principle: a larger hole results in a larger S parameter.9

In addition, the change in the S parameter, �S, for
both the insulator and the jacket PVC samples is cal-
culated as follows:

�S � S0 � Sn (4)

where S0 is the S parameter of the pure PVC sample
and Sn is the S parameter of the insulator and jacket
PVC samples.

RESULTS AND DISCUSSION

From the organic elemental and X-ray fluorescence
analyses (Table II), it is clear that the chlorine (Cl)
concentrations of the insulator and jacket PVC sam-
ples were 1.85%, and 1.84%, respectively. Chlorine at
these concentrations may be present as an additive or
as a constitutive part of the polymer itself; this makes
PVC a halogenated fire retardant polymer and more
resistant to outside influence. That is because the chlo-
rine atoms increase the attraction between chains of
the polymer because of CACl dipolar,8 leading to a
polymer of good mechanical and physical properties,
as shown in Table I. Also, calcium (Ca) was added to
both samples as filler, which gave the polymer a
smooth surface.12 A stabilizer such as lead (Pb) was
added to PVC as an acid scavenger to prevent corro-

sion of the metal conductor and further degradation of
the polymer.3

In addition, the combination of antimony (Sb) with
the jacket PVC sample is an important synergist that
made the PVC more fire retardant.3 On the other hand,
the addition of carbon black (CB) to the jacket PVC
introduced an additional physical and chemical
crosslinking, serving as an obstacle to segmental mo-
tion. It is used for reinforcement to give UV resistance
as it absorbs UV radiation and inhibits decomposition
of the polymer by sunlight.8 These two additives, in
addition to the higher percentage of Pb (13.89%) ad-
ditive in the jacket PVC, made its Tg and melting point
shift higher than those of the insulator PVC, as listed
in Table I. Accordingly, the Tg and melting point of
both insulator and jacket PVC were higher than those
of pure PVC, reported previously as Tg � 80°C and
185°C, respectively.13

The DBES experiment was performed on insulator
and jacket PVC samples as well as on a pure PVC
sample as a function of positron incident energy from
0 to 27 keV. Figures 1 and 2 show the S parameter
results versus positron incident energy and mean
depth of penetration for the three samples. The S
parameter of the polymers depended on the fraction
of positron stopped, the Ps formed in the holes, and
the hole size.14 More Ps produces a larger S parameter.
A decrease in free volume may reduce formation of Ps
and hence reduce the S parameter. As shown in Fig-
ures 1 and 2, the jacket PVC sample had the highest S
parameter. This illustrates that the highest concentra-
tion of free-volume hole size was in the jacket PVC
sample. On the other hand, the distribution of free-
volume defects was broader in the jacket PVC sample,
which had more additives than the insulator PVC
sample.

It was found for the S parameter of the three sam-
ples as a function of positron incident energy (E�)

Figure 1 S parameter value versus positron incident en-
ergy for PVC samples.
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that: (1) at very low energy, the S parameter increased,
reaching its maximum at approximately 1 keV (� 27
nm); (2) after E� � 1 keV, the S parameter remained
nearly constant up to about 6 keV (� 0.481 �m); (3) the
S parameter then decreased, reaching a pure PVC
value below 18 keV (� 2.8 �m); (4) the S parameter
remained nearly constant below 18 keV in both pure
and insulator PVCs, although it tended to increase in
the jacket PVC sample.

Although the insulator and jacket PVC samples con-
tained some additives, the increase in the S parameter
versus E� near the surface can be attributed to the exis-
tence of a thin polymer layer, because their variation was
similar to that on the surface of a pure PVC sample. The
S-parameter data near the surface below 400 eV for pure
PVC coincide nicely with the insulator and jacket PVC
data. This is strong evidence that the surface of PVC is a
thin polymer layer. The same behavior was observed in
a series of polymer coating systems in a previous study.9

Following 400 eV of incident energy, the effect of the
additives could begin to be seen from a depth of approx-
imately 6 nm, where the increase in the S parameter of
the jacket PVC sample, which contained a larger fraction
of sub-nanometer free-volume defects was greater than
that in the insulator PVC sample. The largest increase in
the S parameter between 400 and 1 keV occurred 6–27
nm from the surface in all samples because of the larger
fraction of positrons stopped and Ps formed in the poly-
mer, leading to an increase in free-volume defects.11

At a positron energy of more than 1 keV, the S
parameter remained constant in each sample up to 6
keV at a depth ranging from 27 nm to 0.481 �m,
indicating that each sample had a constant number of
free-volume defects in that depth range. The decrease
in the S parameter in all samples from 6 to 18 keV in
the depth range of 0.481–2.793 �m indicated a slightly
lower number of free-volume defects than that in the

bulk (�18 keV). It was observed that at E� � 18 keV,
the S parameters of the insulator and jacket PVC sam-
ples reached the value of pure PVC, indicating that the
three samples had the same concentrations of free-
volume defects at this depth (2.79 �m).

As the positron penetrated further into the bulk,
increased Ps formation also was expected, which
mainly contributed to the S parameter from p-Ps an-
nihilation in the polymers. This behavior was obvious
in the jacket PVC sample, as the S parameter started to
increase at an energy of more than 18 keV, reflecting
its much higher quantity of free-volume defects be-
cause its concentration of additives was higher than
that in the insulator and pure PVC samples. The re-
sults indicated that the S parameter in the bulk of the
jacket PVC sample (0.484 at 27 keV) was higher than
that in both the insulator PVC (0.479 at 27 keV) and the
pure PVC (0.477 at 27 keV) samples. In contrast, for all
samples, the value of the S parameter in bulk was
lower that that on the surface because when the
positron energy increased, the number of free
positrons escaping from the surface decreased.9

From the data on the PVC samples, it can be con-
cluded that: (1) there was approximately 6 nm of
polymer skin from the surface of the PVC samples; (2)
inside the polymer skin there was an intermediate
transition layer, where the additives started to dis-
perse with the polymers; and (3) inside the transition
layer was the bulk layer of the PVC samples (all
shown in Figs. 1 and 2, where solid vertical lines
represent the two boundaries separating the three lay-
ers of the PVC samples).

To quantitatively interpret the results, the change in
the S parameter (�S) of the pure PVC sample com-
pared to that of both the insulator and the jacket PVC
samples was calculated according to eq. (4). Figures 3
and 4 also show the plots of �S versus positron energy

Figure 2 S parameter value versus mean depth of positron
penetration for PVC samples.

Figure 3 Differences in the S parameter value versus
positron incident energy between the pure PVC sample and
both the jacket and the insulator PVC samples.
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at three depths: surface, near surface, and bulk. The �S
parameter describes the change in the free volume of
a polymeric material.14 In Figures 3 and 4, it can be
observed that for the two samples, the �S value was
small on the surface, increased below 1 keV, and sat-
urated from 1 to 6 keV. As the positron penetrated the
bulk, the values of �S for the two samples became
coincident at E� � 18 keV and a depth of 2.8 �m. After
this, the �S of the insulator PVC saturated, whereas
that of the jacket PVC increased significantly. It is
obvious that the �S was affected by the additives, with
the �S in the jacket PVC, doped with more fillers and
stabilizers, higher than that in the insulator PVC in the
positron energy and depth ranges studied. Additive
molecules went between the tightly packed chains of
PVC and dispersed in the polymer matrix, resulting in
the formation of new bonds between the polymer
chains. This changed the free volume of the polymer,
leading to an increase in the �S that was larger for the
jacket PVC than for the insulator PVC. On the other
hand, there was a correlation between crosslinking
and �S at different depths, as observed previously.14

This indicates that the change in the crosslinking den-
sity introduced by CB aggregates in the jacket PVC
meant a change in the free volume. This led to a bigger
increase in the �S of the jacket PVC than in that of the
insulator PVC.

CONCLUSIONS

Doppler-broadening energy spectra coupled with the
slow positron beam technique are capable of probing

free-volume defect profiles from the topmost layer
(6 nm) of a surface to the bulk layers (5.3 �m). The
observed parallel variation in the S parameter in the
pure, insulator, and jacket PVC samples was consis-
tent with the view that this variation results from the
change in the concentration of free-volume holes due
to additives. Variation in the S parameter as an indi-
cator of a PVC polymer skin layer and a transition
layer (2.8 �m) entering the bulk of the PVC was inter-
preted. The results indicated that at 27 keV the S
parameter in the bulk of the jacket PVC (which had
high additives) and the insulator PVC was 0.484 and
0.479, respectively, whereas it was 0.477, the lowest
value, in pure PVC. The higher level of additives
introduced into the jacket PVC had a significant effect
on the �S, especially in the bulk.

I express my deepest gratitude to Professor Y. C. Jean,
Chairman, Chemistry Department, University of Missouri–
Kansas City (Kansas City, MO), for the permission to con-
duct the DBES measurements in his laboratory. I thank
Professor M. Mohsen, head of the nuclear–solid-state labo-
ratory, Faculty of Science, Ain Shams University (Cairo,
Egypt) for her help and valuable discussions. Thanks also to
Dr. El Sayeda Salem from the Nuclear Regulation and Emer-
gencies Division of the Atomic Energy Authority.

References

1. Feature—Environmental Building News; March 2004. Available
at: http://www.hukseblux.com

2. Shashoua, Y. R. Ph.D. Thesis, Denmark, 2001.
3. Available at: http://www.FlameRetardingWire&CableCompounds.

htm, 2003.
4. Mizuno, K.; Hirukawa, H.; Nawaski, O.; Noguchi, H.; Suzuki,

O. Furukawa Rev 1999, 18, 111.
5. Robinson, J. E. Safe Cable Technology; Association of European

Producers of F. R. Olifinic Cable Compounds (FROCC), 2001.
6. Salem, E. S.; Salem, F. Ph.D. Thesis, Egypt, 2005.
7. Schrader, D. M.; Jean, Y. C., Eds. Positron and Positronium

Chemistry; Elsevier: Amsterdam, 1988.
8. Mostafa, N.; Mohsen, M.; Rashad, S.; Aiob, A.; Salem, E. S.

J Appl Polym Sci 2005, 96, 638.
9. Cao, H.; Zhang, R.; Sundar, C. S.; Yuan, J.; He, Y.; Sundreczki,

T. C.; Jean, Y. C. Macromolecules 1998, 31, 6627.
10. Escobar Galindo, R.; Van Veen, A.; Alba Garcia, A.; Schut, H.;

De Hosson, J. T. M. Mater Sci Forum 2001, 363–365, 499.
11. Zhang, R.; Cao, H.; Yuan, J. P.; Huang, C. M.; Zhang, Q.;

Sandreczki, T. C.; Nielsen, B.; Asoka-Kumar, P.; Suzuki, R.;
Ohdaira, T.; Jean, Y. C. Mater Sci Forum 1997, 255–257, 704.

12. Matheson, A. F.; Charge, R.; Corneliussen, T. Fire Saf J 1992, 19,
55.

13. Daniels, C. A. Polymers: Structure and Properties; Technomic
Publishing Company: Lancaster, PA, 1989.

14. Zhang, R.; Mallon, P. E.; Chen, H.; Huang, C. M.; Zhang, J.; Li,
Y.; Cao, H.; Peng, Q.; Richardson, J. R.; Huang, Y. Y.; Sandrec-
zki, T. C.; Jean, Y. C.; Suzuki, R.; Ohdaira, T.; Nielsen, B. Mater
Sci Forum 2001, 363–365, 505.

Figure 4 Differences in the S parameter versus mean depth
of positron penetration between the pure PVC sample and
both the jacket and the insulator PVC samples

POLY(VINYL CHLORIDE) INTERFACE STUDY WITH SLOW POSITRON BEAMS 3793


