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ABSTRACT: Poly(vinyl chloride) (PVC) is widely used for covering electrical
cables, but a decrease in its physicochemical, thermal, and mechanical properties
has been observed over time. Poly(nitrile butadiene) rubber (NBR), due to its
certain properties, was chosen to be blended with PVC to improve its specific
properties, when used as insulation for electrical cables installed in nuclear power
plants. Thus, this work focuses on the effect of y radiation at doses ranging from
10 to 50 KGy on the physicochemical, thermal, morphological, and mechanical
properties of PVC, as well as on the improvement of its properties by the
incorporation of NBR in the PVC matrix as a blend. A series of PVC/NBR blends
containing 10, 20, 30, 40, and 50 wt % NBR was prepared and subjected to
thermal aging at 80 °C after adding appropriate additives. The results obtained
reveal that thermal aging at 80 °C and exposure of the PVC/NBR blend to y
radiation up to 50 KGy do not practically affect the properties of this material.
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1. INTRODUCTION

PVC stands for poly(vinyl chloride) and is today among the
most used thermoplastic polymers in the world for its superior
mechanical and physical properties. This polymer is mainly
synthesized by free radical polymerization of vinyl chloride, in
which about 80% of the production involves suspension
polymerization.'" On the production side, this polymer
occupies the third place after polyethylene and polypropylene.
According to the data reported by the Statista Research
Department, the global PVC production in 2018 was 44.3
million metric tons.” On the other hand, its thermal and
radiological stability is however inferior to that of other
common polymeric materials such as polyethylene and
polystyrene, for example.” Among the application of PVC,
this thermoplastic polymer is often used as the insulating
sheath on electrical cables due to its good electrical insulation,
ease of extrusion, and resistance to burn.”

The lifetime of an electrical cable is mainly related to that of
its sheath. Indeed, the sheath is, on the one hand, the element
in direct contact with the external environment, and as a result,
the sheath is the first victim of chemical and mechanical
aggressions. On the other hand, it is the first barrier to water
penetration. In fact, if water penetrates through the sheath, it
can corrode the aluminum screen and subsequently create
damp trees in the electrical insulation, causing breakdown of
the cable.”>® The constituent material of this outer sheath is
generally the PVC. During the use of such cables with the PVC
sheath, a decline in physicochemical and mechanical properties
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suggests that the aging of the cable would result from a
dehydrochlorination mechanism.””” On the other hand,
polyethylene (PE) with its excellent mechanical and electrical
properties is used on a large scale as insulating medium and
high-voltage cables, but its high-temperature behavior and its
thermoplastic character limit its use, especially with the
development of the new technology of 500 kV cables.'~"*
Recent studies have focused on the use of another material
obtained from ethylene vinyl acetate (EVA), used as a sheath,
which is better resistant to temperature with improved
mechanical, thermal, and electrical properties for cable
application; however, this cable is not resistant to weather
and y-radiation,”””"> since most polymers subjected to y
radiation undergo changes in their molecular structure by
chain scission and cross-linking, which entail the degradation
of the mechanical properties.'® In the literature, some work
related to the effect of y radiation on the dielectric properties
of PVC can be found.'”'® These studies reported that the
dielectric constant increased with increasing y radiation assay
and evidenced a change in dielectric properties under the effect
of y radiation and an increase in the crystallinity rate. Recently,
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Campil et al."” studied the possibility of using PVC in nuclear

applications, and Castaneda et al.” studied the thermal
stability of the latter under the effect of y radiation. The
polar chloro groups enhance the options in blending this
polymer with other polymers or compounds (plasticizers).”'

Nitrile butadiene rubber (NBR) belongs to the family of
unsaturated copolymers and is one of the most used elastomers
in the world. According to The International Institute of
Synthetic Rubber Producers (IISRP) Worldwide Rubber
Statistics (2022), the global rubber production decreases to
27.4 million metric tons before recovering in 2021 and 2022 to
reach a global production value of 29.6 million metric tons in
2022.%% This yellow- or orange-colored copolymer, depending
on its microstructure, is obtained mainly by copolymerization
of acrylonitrile (ACN) and 1, 3-butadiene (BD) through free
radical copolymerization in an aqueous emulsion.”® The NBR
material has excellent properties including high gas imperme-
ability, resistance to wear and tear, thermal resistance, low-
temperature flexibility, high resistance to petroleum products
such as gasoline, diesel oil, and other fuels over a wide range of
temperature, high strength, excellent resistance to abrasion,
water, alcohols, and heat.”* > Because of these desirable
properties, NBR find application in hoses, belting, cables, o-
rings, seals, latex applications, molded, extruded products,
adhesives, and sealants. Other uses of NBR include the use of
this copolymer as powder for an impact modifier for PVC.

An important factor in the properties of NBR is the ratio of
acrylonitrile groups to butadiene groups, referred to as the
ACN content.”” The lower the ACN content, the lower the
glass transition temperature; however, the higher the ACN
content, the better resistance the polymer will have to
nonpolar solvents, as mentioned above. Most applications
requiring both solvent resistance and low-temperature
flexibility require an ACN content of 33%.

Materials based on the NBR/PVC blend are widely used in
the industry.”® The main applications of the resulting materials
are conveyor belt coatings, cable jackets, pipe coatings, gaskets,
shoes, and cellular products.29 It should be noted that the NBR
in these blends acts as a permanent plasticizer of PVC in
applications such as wire and cable insulation, in which PVC
improves the chemical resistance, thermal aging, and abrasion
resistance of NBR.*>*' Adding NBR to PVC improves the
inferior properties of PVC. Indeed, NBR offers more elasticity
to PVC, increased resistance to compression, and good
flexibility at low temperatures. In addition, the elongation at
break of PVC increases with increasing the amount of NBR in
the resulted blend, while the tensile strength decreases in this
direction.”” Recently, Thoral et al.** investigated the photo-
and thermal aging of nitrile butadiene rubber (NBR)/
poly(vinyl chloride) (PVC) blends cured with sulfur and a
vulcanization agent to understand the formation of cracks
upon aging and to put in evidence correlations between the
different scales, from the chemical structure to functional
properties, and the results were that the radical chain oxidation
mechanism of the polymer leads to the formation of oxidation
products, such as carboxylic acids, and a decrease of
unsaturation.

To improve the thermal and radiological properties and the
durability of PVC, when used as an electrical cable sheath,
several studies were carried out.”*"*° Flexible PVC was loaded
with different levels of tantalum carbides (TaCs) and exposed
to two doses of y radiation.”* The resulting materials were
examined for the impact of these radiations in terms of their

cross-linking, thermal stability, and mechanical properties. The
protective properties of PVC loaded with different TaCs and
exposed to two doses of y radiation were the aim of the gel
characterizing the formation of a relatively stable interchain
and intrachain bridge (cross-linkage), after irradiation,
although thermal stability observed by TGA was maintained.
TaC particles were properly dispersed within the PVC
material; Paum et al.> studied the effects of thermal aging
on a low-voltage PVC cable subjected to a thermal cycle
ranging from —20 to +140 °C in a climate chamber at
controlled temperature. The results obtained revealed that the
thermal cycles of accelerated aging caused diffusion of the
plasticizer in the sheath and then its release into the
environment. These data also showed that thermal shock
produced microcracks in the cable sheath, thus accelerating the
removal of the plasticizer. NBR/PVC blends, depending on the
PVC and plasticizer content, provide elasticity, increased
compressive strength, and good flexibility at low temperatures.
The elongation at break increases with the percentage of NBR
in the blend, while the tensile strength, impact strength, and
swelling resistance increase with the PVC content in the NBR/
PVC system.”® Flexible PVC plasticized with conventional
plasticizers can lose the plasticizer under certain conditions and
become more rigid and brittle. In contact with fuel, NBR
reduces the plasticizer extraction. Soft PVC modified with
NBR loses less weight on contact with oils.”” On the other
hand, maintaining flexibility and a longer lifespan are ensured.

The aim of this work concerns the preparation and the study
of the physicochemical, mechanical, thermal, and morpho-
logical properties of the miscible blend”® involving PVC and
NBR at different compositions and exposed to thermal aging at
80 °C after the addition of the appropriate additives and being
subjected to y radiation; the choice of NBR was based on its
specific properties.38'39

The dioctyl phthalate (DOP) plasticizer was chosen for its
resistance to heat and radiation as approved by Ikhuoria et al.*’
In 2011, Ca/Zn stearate was incorporated to provide a heat
and weather-resistant coating for low- and medium-voltage
electrical cables and communication cables by improving their
physicochemical, mechanical, morphological, and y radiation-
resistant properties as well as their implementation.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. 2.1.1. Materials. PVC
powder SHENTECH SE 1200 was purchased from American
company Inc. (Texas). Nitrile butadiene rubber (NBR) paste
(6240) containing 34% acrylonitrile was supplied from LG
CHEM (Seoul, South Korea). Dioctyl phthalate (DOP) was
provided by SGP (Rades, Tunisia), and chalk (OMYACARB
2XT-KA) was purchased from OMYA (Izmir, Turkey). Zn/Ca
stearate (REAPAK B-CV/3037) was obtained from IACN
(Milan, Italy), and carbon black (BK 30) was provided from
Wilson.

2.1.2. Preparation. The preparation of the samples was
carried out in accordance with the international standard IEC
60811-1-1 (1985). Two devices were necessary for the
preparation of these samples: a LESCUYER ML 150-type
cylinder mixer (France) and a FONTINE brand press
(Holland). In the first step, the PVC samples were prepared
according to the IEC 60227 standard in the first apparatus,
using DOP, Zn/Ca stearate, chalk, and carbon black. In the
second step, the PVC thus prepared is blended with NBR at
different compositions in a two-roller mixer heated to 140 °C
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Table 1. Preparation Conditions of NBR/PVC Blends

blend NBR/PVC-10 NBR/PVC-20
NBR (wt %) 10 20
PVC (wt %) 90 80

NMR/PVC-30 NBR/PVC-40 NBR/PVC-50
30 40 50
70 60 N

and rotating at a speed of 20 rpm for about S min, and the
preparation conditions are gathered in Table 1. In order to
obtain samples in the form of thin plates of uniform thickness,
when the blend reached a complete homogeneity, the latter
was then placed between two metal plates under a table press
under the action of a load of 300 kN maintained at 170 °C for
2 min. The samples obtained with a thickness of 2.0 + 0.1 mm
are then removed from the press system and left to cool on a
metal plate at room temperature (~25 °C). Note that these
samples are then left to rest for at least 16 h before being cut
into test pieces intended for characterization.

2.1.3. y Radiation Source. The radiation source used in this
work is the y 60 Co type. The pilot irradiator used is composed
of three COP 4 cylindrical sources of 60 Co manufactured by
ORIS (France). These sources are arranged vertically in a
stainless-steel source holder. The initial activity on 10.08.2002,
the date of installation of the source, was 13.32.1014 Bq or
35990 Ci.

2.2. Characterization. 2.2.1. Determination of the
Density. The density of the film samples was measured using
a graduated balance, which allows the specimens to be
successively weighed in air and then in water. This test is
carried out according to the NF T 51-561 (1990) standards.

2.2.2. Determination of the Mass Loss. The tests of the
mass loss of the film samples are carried out at 80 °C during 7
days on dumbbell samples according to the ISO 227:2011
standard.

2.2.3. Determination of the Water Uptake. The water
uptake measurements allowed the evaluation of a possible
variation in mass when the polymer material is in contact with
water or exposed to humidity. The absorption is then
determined by immersing a known mass of the copolymer
sample in water maintained at room temperature (~25 °C).*!

2.2.4. Determination of the Mechanical Properties in
Traction. The tensile tests have been carried out using a
ZWICK/ROELL-type tensile machine trademark (Germany,
Ulm). This machine is controlled by computer software PC/
Test Xpert V10.11. The test consists of subjection of the
sample to tension at a constant controlled speed (300 mm-
min~! in our case) up to rupture. The test was performed
according to ISO 527-1/-2 and CEI 811.1 (1993). The result
was taken from the arithmetic average obtained on five
specimens.

2.2.5. Determination of Hardness. The determination of
the Shore D hardness was carried out using a BAREISS brand
Shore D durometer (Germany, Upper Swabia). The hardness
value was read directly on the durometer dial S s after
application of the weight, in accordance with ISO 868 (1991).
The Shore D hardness result is averaged over S tests.

2.2.6. Determination of Breakdown Voltage. In this part,
the specimen underwent a transformer test voltage powered by
a low-voltage sinusoidal source and increased from zero at a
uniform rate to breakdown in accordance with the interna-
tional standard IEC 60243-1 (2013). High-voltage direct
current (HVDC) is applied to the electrodes and increased
with voltage rates of 2 kV-s™" until breakdown occurs at the
electrode and dielectric barrier.

2.2.7. Morphology. The morphology of the film samples
was characterized by an optical microscope of the type
OXION EUROMEX (Germany, Munich).

2.2.8. Thermogravimetric Analysis. The thermogravimetric
analysis was performed on a TGA 2 Star system from Mettler
Toledo (USA, Ohio). Samples were packed in aluminum pans
and then scanned from 25 to 600 °C with a heating rate of 10

°C-min~%

3. RESULTS AND DISCUSSION

3.1. Density. As shown from the profile of the curve
indicating the variation of the density of the PVC/NBR blend
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Figure 1. Variation of the density of PVC/NBR vs the NBR content
in the blend.
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Figure 2. Variation of the water uptake of the PVC/NBR blend vs the
NBR content.

vs the NBR content in Figure 1, the average density of the
prepared material decreased when the NBR content in the
PVC/NBR blend increased from 10 to 50 wt %. In addition,
these values also reveal that the average value of the density of
NBR was found to be greater than that of the PVC. The free
volume created in the interfacial adhesion between both the
polymers PVC and NBR decreased linearly when the elastomer
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Figure 3. Change in the mass loss as a function of the NBR content.
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Figure 4. Variation of the hardness versus NBR content in the PVC/
NMR blend.
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Figure S. Variation of the breakdown voltage as a function of NBR
incorporated in the PVC matrix.

increased in the blend, suggesting the absence or presence of a
low concentration of defects and a good interfacial adhesion
between both principal polymer matrixes, in agreement with
those reported by several authors.”*~**

3.2. Water Uptake. The change in the water uptake of the
PVC/NBR blend as a function of the NBR content is shown in
Figure 2. The curve profile obtained reveals that the water
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Figure 6. Comparison of the tensile strength as a function of NBR in
the blend before and after aging.
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Figure 7. Comparison of elongation at break of the PVC/NBR blend
vs the NBR content before and after aging at 80 °C.
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Figure 8. Comparison of Young’s modulus of the PVC/NBR blend vs
NBR content before and after aging.

uptake of the PVC/NBR blend with different compositions is
higher than that of the pure PVC, suggesting the presence of
microcavities in the prepared materials. These results also
indicate that the water uptake rate increases as a function of
the NBR content in the blend. This means that the free volume
occupied by water molecules is relatively higher, indicating that
microvoids increase with the NBR content in the blend. These
results also indirectly confirm the density results (Section 3.1).

3.3. Mass Loss. Polymers often contain residual organic
substances of low molecular weight during their preparation
such as traces of solvents, precipitants, and unreacted
monomers in addition to plasticizers. These substances can,
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Figure 9. Variation of the tensile strength of the PVC/NBR blend vs

the NBR content under the effect of y radiation.
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Figure 10. Variation of the tensile strength of the PVC/NBR system
vs the NBR content measured after radiation at different doses.
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Figure 11. Variation of the elongation at break of the PVC/NBR
blend vs NBR content under the effect of the y radiation.

under the effect of temperature, migrate more or less slowly
out of the polymer material. The loss of these substances by
migration can concern relatively large amounts and thus have a
significant impact on the properties of the material, in
particular mechanical and thermal properties. The migration
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Figure 12. Change in Young’s modulus of the PVC/NBR blend,
under the effect of y radiation, versus the NBR content.
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Figure 13. TGA thermograms of nonirradiated pure PVC and pure
NBR and their blend containing 20 wt % NBR exposed at 30 and 50
KGy irradiation doses.

speed of a plasticizer is inversely proportional to its vapor
pressure, which is itself linked to a certain extent to the
molecular weight at chain breakage at low NBR concen-
trations. Chain breaks greatly affect the mechanical properties
of the material.** The results plotted in Figure 3 indicate that
the mass loss varies slightly as the NBR content increased in
the PVC/NBR blend. The variation in mass loss is 3.5 wt % for
the blend containing between 10 and 50 wt % NBR content.
Furthermore, it can also be noted that the high mass loss (29
wt %) was observed at low NBR content (10 wt %).

3.4. Hardness. Figure 4 depicts the variation of the
hardness as a function of the NBR content. As can be seen
from the curve profile obtained, the hardness decreased quickly
from 56 to 30 for the PVC/NBR blend containing from 0 to
30 wt % NBR and then tends to stabilize for larger NBR
contents. This behavior indicates that the blend system quickly
loses its rigidity under the effect of the NBR incorporated in
the PVC matrix.

3.5. Breakdown Voltage. According to the results
presented in Figure 5, indicating the change in the voltage
breakdown versus the NBR content, the breakdown voltage of
PVC/NBR blends with different compositions is fairly
stabilized at an average value of 35 kV. This means that
electric current at this voltage value did not weaken these

https://doi.org/10.1021/acsomega.4c06241
ACS Omega 2024, 9, 41819-41829


https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
110 NBR copolymer.”* ™" The results reported by Zakrzewsky,"’
100~ Perera et al.,so and Pena et al.”! using NBR containing between
90 23 and 45% acrylonitrile in the PVC/NBR blend reveal that
= this system is considered miscible in a wide range of
S 807 compositions. This was proven on the basis of the appearance
< 70— of a single glass transition temperature of the blend on the
g thermogram, obtained by the differential scanning calorimetry
50 puc/nam 20% at kG (DSC? analy?is, and confirmed by the negative sign of t.he
—— PVC/NBR-20% at 30Kgy qury interaction parameter () between PVC and NBI;{gcgl;ams
40— pyC/NBR-20% at SO0KGy estimated by the inverse gas chromatography method.”””” On
30 the other hand, for the same NBR compositions, two different
— 1 ' T T T T T 1 phases have also been observed for the NBR/PVC blends by a
0 100 200T 30(: (02)0 0 %00 600 transmission electron microscope (TEM).>>™ The state of
110 cmpersre miscibility of this pair of polymers may depend on the
100 preparation method of the sample and the composition of the
. blend, and this can be rigorously explained by a phase diagram
£ a0l of this system. Note that the composition of a polymer blend
% can be estimated from the compositional dependence of the
S 707 glass transition.”®*” Indeed, an ultimate glass transition
L temperature can be observed between those of the two pure
501 —  pVC/NBR-50% at OKGy polymer components of the blend, concerning the miscibility
40~ pVC/NBR-50% at 30KGy of the system. This is due to the cooperative segmental
30— ——  PVC/NBR-50% at 50KGy movement of the component polymers.”® On the other hand,
- when the mixture is biphasic (immiscible), the DSC thermo-

T T T T ™ 1 L— L
0 100 200 300 400 500 600
Temperature (°C)

Figure 14. TGA thermograms of PVC/NBR containing (A) 20 wt %
NBR and (B) S0 wt % NBR nonirradiated and irradiated at 30 and S0
KGy.

blend systems by creating permanent changes, either molecular
or physical, thus indicating that these mixtures are qualified for
use as electrical insulators in accordance with IEC 60243
(2013).

3.6. Influence of Thermal Aging on Mechanical
Properties. 3.6.1. Tensile Strength. PVC/NBR blends
containing different NBR contents were subjected to tensile
tests before and after exposure to a temperature of 80 °C for 7
days. Figure 6 illustrates the appearance of the tensile strength
curve as a function of the rate of NBR incorporation into the
PVC matrix. It should be noted that the breaking properties
are widely used to evaluate the state of mechanical degradation
of a material and particularly that of the elongation at break,
which is very sensitive even to minute changes.*®

According to the data of Figure 6, aging of the PVC/NBR
blend at 80 °C did not have a great effect on the tensile
strength when the material contained between 0 and 40 wt %
NBR, where the tensile strength values obtained are above the
threshold of 12.5 MPa in accordance with the requirements of
the standard IEC 60811-501. This indicates a good interfacial
adhesion between the two different polymer matrices and also
a good conservation of the PVC/NBR elasticity under stress
after aging. However, for the blend with 50 wt % NBR content,
the tensile strengths before and after aging are found to be
lower than the accepted value. This indicates immiscibility
between the two polymers, leading to the reduction of the
tensile strength property of the blend. The partial miscibility of
such a blend was also proved by Komori et al.*” using the
dynamic mechanical analysis (DMA). According to the
literature, the miscibility of the PVC/NBR blend system is
controversial and depends on the acrylonitrile content in the

gram shows the appearance of two glass transition temper-
atures around those of the pure components.

3.6.2. Elongation at Break. The elongations at break of the
PVC/NBR material with different NBR contents are presented
in the form of histograms in Figure 7. These data reveal that
the elongation at break before and after aging increased as a
function of the NBR loading rate in the blend; a maximum of
40% is reached. This is attributed to the rubbery nature of
NBR inducing an increase in the elasticity rate of the PVC/
NBR blend by inserting polar bonds between the macro-
molecular chains.®® These data reveal that the elongation at
break before and after aging increases as a function of the NBR
content in the blend to reach a maximum of 750% when the
rubber content was 40 wt % (before aging) and 50 wt % (after
aging). This is attributed to the rubbery nature of NBR
inducing an increase in the elasticity rate of the PVC/NBR
material by inserting polar bonds between the macromolecular
chains of different natures.’’ In addition, the histogram also
indicates that the aging of the PVC/NBR material as a function
of the NBR content taken at 80 °C has practically no great
effect on the tensile strength for blends containing between 0
and 40 wt % NBR. However, when the blend material reached
50 wt % NBR, the elongation at break after aging is improved
compared to the nonaged blend system. Finally, note that the
elongation at break for blends containing between 10 and 50%
by weight of NBR is greater than 125%, according to the
standard IEC 60811-501 before aging and IEC 60811-401 after
aging.

3.6.3. Young’s Modulus. The evolution of Young’s modulus
of the PVC/NBR blend as a function of the NBR content
before and after aging is plotted in Figure 8. As shown by the
profile of the curve obtained, Young’s modulus of the blend
after aging decreases for NBR contents of 20, 30, and 50 wt %,
which means that these prepared materials gain flexibility. This
is because the samples undergo some degree of degradation. It
can be noted that this phenomenon is not observed in the
PVC/NBR blend containing 10 wt % NBR, thus confirming its
tensile behavior observed for this material.
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Figure 15. Optical images taken at 1000 x magnification of PVC (P,, P,, P;); NBR (P,, P, Ps); PVC/NBR-20% (P, Pg, Po); and PVC/NBR-50%

(Py P,y Pyy) nonirradiated and irradiated with 30 and SO KGy.

3.7. Influence of y Radiation on the Mechanical
Properties. 3.7.1. Tensile of Strength. The change in the
tensile strength as a function of the NBR content in the PVC/
NBR blend taken at different y radiation doses is plotted in
Figure 9. As can be observed from the profile of the curves
obtained, at a given y radiation dose, the tensile strength of the
PVC/NBR blend increased with the NBR content to reach a
maximum when the NBR content is 30 wt % by weight in this
material and then decreased beyond. In addition, at this
composition, the tensile strength of the PVC/NBR system
regularly increased with the y radiation dose. This means that
radiation has an effect on the properties of the PVC/NBR
material. This may be due to the formation of radicals on the
PVC and NBR chains under the effect of y radiation, thus
causing radical cross-linking reactions but also chain breakages
caused by oxidation reactions. Indeed, according to Cota et
al,®" in their work, the decrease in tensile strength under y
radiation was closely linked to the cross-linking of the
polymers involved. However, certain researchers®”®> have
explained the degradation of these polymers under the effect of
y radiation, first by the oxidation in the air of the samples with
the formation of radicals. These authors linked the rate of
oxidation to the thickness of the film sample and showed that
the oxidation reactions will be complete for a thickness varied
between 0.5 and 2 mm. These results were confirmed by

Premnath et al,”* who adjusted the thickness of the sample so
that the oxidation was complete under the effect of y radiation.
These authors found that the thickness should not exceed 1.6
mm. However, in this present work, the thickness of the
prepared film samples is 2 mm; in this case, this means that the
degradation is justified by oxidation, which creates free radicals
followed by cross-linking.

The variation of the tensile strength of the PVC/NBR blend
with the y radiation dose was measured at different NBR
contents, and the data obtained are plotted in Figure 10. As
can be seen from the profile of the curves obtained, the tensile
strength of the blend containing an NBR content less than or
equal to 30% by weight goes through a maximum when the y
radiation was 30 KGy. For the blend containing 50% NBR, this
maximum shifts toward the higher dose (40 KGy). On the
other hand, when the NBR content in the prepared material is
40% by weight, the tensile strength reached a minimum at an
irradiation dose of 10 KGy. It should also be noted that for all
the compositions of the blend studied, the variation of the
tensile strength with the irradiation dose behaves practically in
the same way as that of pure PVC with only a shift of the
maximum toward the higher doses, except that of the blend
containing 40 wt % NBR, in which this property behaves
differently; it increases when that of other systems decreases
and vice versa.
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3.7.2. Elongation at Break. The change in the elongation at
break of the PVC/NBR blend versus the NBR content
measured at different KGy values is shown in Figure 11. These
results reveal that the elongation at break of the prepared
PVC/NBR material with different compositions subjected to
the y radiation dose varied between 10 and 50 KGy
significantly increased, reaching a threshold of 12.5 MPa.
This means that the elasticity of this new material has also
increased. As a result, the blend materials become flexible
through the breaking of the chains and the formation of double
bonds under the effect of radiation as suggested by the work
reported in the literature.”*®> These results confirm those
obtained previously (Section 3.6.3). Indeed, the microstructure
of the sequences of conjugated double bonds in a zigzag shape
(hybridization of sp” of the central carbon and valence angle of
120°) on parts of the main chains of the degraded PVC
provides an increase in the flexibility of the material and a
change in color varying from white to beige or brown
depending on the conjugated sequence number on the chains
that resulted after degradation.

3.7.3. Young’s Modulus. Figure 12 shows the variation of
Young’s modulus of the PVC/NBR blend as a function of the
NBR content. As can be seen from the profile of the curves
obtained, at a given y radiation dose, Young’s modulus of these
prepared materials decreased rapidly with the NBR content.
This result seems interesting because it indicates that these
systems acquire rigidity when exposed to a certain dose of y
radiation. To be more rigorous, it will be more interesting to
carry out other characterizations at the macromolecular scale
using FTIR analysis employed in the ATR mode and ATG
mode followed by SEM observation.

3.7.4. TGA Analysis. To complete this study, a thermogravi-
metric investigation on the thermal behavior of PVC/NBR
materials subjected to different doses of y radiation was also
carried out in this work, and the TGA thermograms obtained
for the blend containing 20% by weight of NBR, chosen as a
typical blend in this series, are gathered in Figure 13 with its
pure components. As shown from the profile of the thermal
curve of virgin PVC, the decomposition of this polymer passes
through two stages in which the first one begins at 200 °C and
generates the release of HCI molecules, which turn the litmus
paper from blue to red. The HCI molecules released are
yielded by the combination of two radicals, which are CI* and
H* intra- and interchains. During this stage, the formation of
double and single bonds, sometimes conjugated, was also
revealed and proven by the change in color from white to
yellow. The second stage starts at 400 °C and generates
fragments of aliphatic and aromatic compounds. Similar results
are also obtained by different authors and reported that the
PVC loses nearly 55% of its mass, which approximately
corresponds to the percentage of HCI initially contained in
PVC (57%).°°7° Thus, at least 10 wt % of the evaporated
mass of this polymer during the heat treatment corresponds to
other volatile products coming from the hydrocarbon skeleton
of PVC and additives. The thermogram of pure NBR reveals
only a single decomposition stage, which begins at 420 °C.
Thus, the NBR sample can be considered thermally stable up
to this temperature. Above this temperature, the volatilization
of the products generated through this decomposition reaction
becomes very rapid up to 520 °C. The thermogram of
nonirradiated pure NBR reveals only a single decomposition
stage, which begins at 420 °C. Thus, the nonirradiated NBR
sample can be considered thermally stable up to this

temperature. Above 420 °C, the volatilization of the products
generated by the thermal decomposition reaction of this
polymer becomes very fast up to 520 °C. During this period,
NBR loses approximately 70% of its initial mass. The volatile
fragments produced by chain scission are mainly cyclic and
aromatic compounds that are homogeneous or contain
nitrogen in their chemical structures. Above this temperature,
a significant amount of char (~30% by weight) is produced at
the end of the decomposition process. The two thermal curves
belonging to the PVC/NBR blends, subjected to the y
radiation doses of 20 and 50 KGy, reveal that these polymer
materials behave thermally like pure PVC by presenting two
stages of decomposition. The first stage starts around 220 °C
for both samples, where around 32% of its weight will be lost
during this stage when this blend was subjected to irradiation
of 50 KGy and 42% will be lost when this same material was
subjected to 20 KGy. The second stage begins at 410 °C,
where the compounds generated by the decomposition
reaction of the NBR will be mainly released.

Figure 14 shows the TGA thermograms of the PVC/NBR
blend containing 20 wt % (A) and SO wt % NBR (B)
nonirradiated and subjected to irradiation of 30 and 50 KGy.
As shown from the profile of the thermal curves obtained, in
this range of the y radiation dose, practically no change in the
shape of the PVC/NBR curves is observed. This means that
the PVC/NBR blends, in these two compositions, resist the y
radiation and that the incorporation of NBR in the PVC matrix
improves the thermal properties of this vinylic polymer. These
results are interesting since under these conditions, the PVC/
NBR material can be a candidate for its application in y
radiation environments as a covering for electrical cables in
nuclear power plants.

3.8. Study of the Morphological Aspect. In order to
follow the evolution of the surface morphology of the two
irradiated PVC/NBR film samples containing 20 and 50% by
weight of NBR, optical microscopy photos were taken from the
surface of these specimens and compared to those of these
same materials nonirradiated as well as those of their pure
components. Figure 15 shows the optical photos of the surface
morphology of the NBR/PVC film containing 20 wt % NBR,
deliberately chosen to be presented in this article, taken before
and after the exposition to the irradiation at 30 and 50 KGy.
The optical images of pure nonirradiated and irradiated PVC
under 30 KGy show almost no apparent change in the surface
morphology of this material; a clear surface with nonregular
pits and microcracks is observed. This relief is probably due to
a weakening of the material during sample preparation when
the metal plates became detached from the press used for this
purpose. However, these defects which are distributed
randomly throughout the sample extend for a dose of S0
KGy. This indicates that certain properties of PVC weaken at
this bombardment dose, which means that this material has
undergone a phenomenon of degradation and a loss of mass.
Figure 15 (P,, P, and P¢) shows the surface morphology of
NBR film samples nonsubjected (P,) and subjected to y
radiation of 30 and 50 KGy (Ps and Pg). The photo of the
NBR film (P,) shows the presence of ridges and cracking
damages on the surface of this material. This relief disappears
under a y radiation dose of 30 KGy (Ps), leaving a relatively
smooth surface. However, at a dose of 50 KGy (Py), these
streaks reappear again. Figure 15 (P;, Pg, and P,) shows the
images of the surface morphology of the nonirradiated PVC/
NBR-20% film sample (P,) and subjected to y radiation of 30
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KGy (Pg) and SO KGy (P,). These photos show virtually no
significant change in the relief of the corresponding films when
subjected to both of these irradiation doses, except perhaps few
streaks as those on the top right side of the image (P,), which
are probably formed during the preparation of the specimen.
The same remarks are also valid for the PVC/NBR-50%
system when it is subjected to the same irradiations (P;; and
P,,). In general, regardless of the irradiation dose employed,
no notable change in the surface morphology of the two film
samples is observed. According to Wagas et al,” the
phenomenon of degradation of the PVC cable sheath when
exposed to accelerated thermal aging at a temperature of 100
°C for 4 days and then irradiated under n’s flux of 1.5 x 10"
n’s/cm?sec for 1 h revealed that the hydrogen and chlorine
ions were ejected toward the outside of the sample.

The molecular chains of PVC recombine to form, through
the phenomenon of dehydrochlorination, hydrogen chloride,
which induces porosity by creating pits and microcracks
produced by scission of the PVC chains. These facts result
from the synergistic effects of temperature and radiation aging.
These cracks were observed on the exterior surface of the cable
sheath in a time equivalent to 2 years, indicating that cables
covered with PVC insulation are not suitable for long-term
exposure (i.e., a few decades) in a thermoirradiation environ-
ment.

4. CONCLUSIONS

In this work, a series of PVC/NBR blends of different
compositions was prepared, and the physicochemical,
mechanical, thermal, and morphological properties of these
materials were successfully characterized before and after
thermal aging at 80 °C and subjected to y radiation. The
results obtained revealed that in the case of PVC, a reduction
in the stress at break and an increase in the elongation at break
were revealed. These facts correlate with the chemical stability
of this polymer. This degradation is less observed in the case of
the PVC/NBR-10% blend, which means that adding 10 wt %
NBR to PVC improves the properties of the PVC.
Furthermore, it has also been demonstrated that thermal
aging at 80 °C of this material and its exposure to y radiations
at doses up to 50 KGy do not affect the properties of the PVC/
NBR material. Finally, the results obtained have always
complied with the standard, indicating that this blend can be
applied in the field of low-voltage electrical cables working in
environments at temperatures less than or equal to 80 °C and
under y radiation with doses of up to 50 KGy.

B AUTHOR INFORMATION

Corresponding Author
Waseem Sharaf Saeed — Chemistry Department, College of
Science, King Saud University, Riyadh 11451, Saudi Arabia;
orcid.org/0000-0002-5254-5665; Email: wsaeed@
ksu.edu.sa

Authors

Nabila Boutouchent-Guerfi — Centre de Recherche en
Technologie des Semi-conducteurs pour 'Energétique
(CRTSE), Algiers 16038, Algeria

Sabrina Berkani — Centre de Recherche Nucléaire de Draria,
Algiers 16050, Algéria

Inas Al-Qadsy — Chemistry Department, Maulana Azad
College of Arts, Science and Commerce, Aurangabad 431001,
India

Nesrine Seddiki — Laboratory of Polymers Treatment and
Forming, F.S.I, M'Hamed Bougara University, Boumerdes
35000, Algeria

Taieb Aouak — Chemistry Department, College of Science,
King Saud University, Riyadh 11451, Saudi Arabia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c06241

Author Contributions

Data curation, S.B. and N.S; formal analysis, N.B.-G., S.B., and
N.S.; funding acquisition, T.A.; investigation, T.A.; method-
ology, N.B.-G., S.B.,, and N.S.; resources, N.B.-G. and S.B,;
supervision, N.S.; validation, N.B.-G. and LA.; writing—
original draft, N.B.-G. and N.S.; and writing—review and
editing, LA, W.S.S,, and T .A.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank the Nuclear Research Center
of Algeria (CRNA), Groupe Riadh El Feth, Electro industries
from Algeria, les cables électriques from Algeria (CABEL and
CATEL), and Cable Industries Company from Biskra Algeria
(ENI-CAB). The authors would like to thank Dr Amel DIB,
Saifit NEGGACHE, Ferhat BE-LABBAS, and Amina LOUCIF
for their cooperation to carry out this work. The authors
extend their appreciation to the Researchers Supporting
Project number (RSPD2024R767), King Saud University,
Riyadh, Saudi Arabia.

B REFERENCES

(1) Bal, S.; Tamus, A. S. A method for Assessing the Degradation of
PVC-Insulated Low-Voltage Distribution Cables Exposed to Short-
Term Cyclic Aging. Electronics 2024, 13, No. 1085.

(2) Jaganmohan, M. Polyvinyl chloride (PVC)—statistics & facts
Statista Research Department, 2024.

(3) Allayarov, S. R;; Confer, P. M.; Bogdanova, A. S.; Rudneva, N.
T.; Allayarova, Y. U,; Shaimukhametova, F. I; Demidov, V. S,
Mishchenko, V. D.; Klimanova, N. E.; Sashenkova, E. T.; Chekalina,
D. S; Aldoshin, M. S.; Dixon, A. D. Characteristics and radiolysis
behavior of polyvinylchloride under accelerated proton and y-
irradiation. Radiat. Phys. Chem. 2022, 201, No. 110436.

(4) Titow, W. PVC Technology; Elsevier Applied Sciences Publishers:
London, 1984.

(5) Nedjar, M.; Beroual, A.; Boubakeur, A. Influence of thermal
aging on the electrical properties of poly(vinyl chloride). J. Appl.
Polym. Sci. 2006, 102, 4728—4733.

(6) Chen, X,; Xu, Y.; Xiaolong, C.; Dodd, S. J.; Dissado, L. A. Effect
of tree channel conductivity on electrical tree shape and breakdown in
XLPE cable insulation samples. IEEE Trans. Dielectr. Electr. Insul.
2011, 18, 847—-860.

(7) Chatain, M. Matériaux composites: présentation générale Tech.
Ing., Plast. Compos. 2001, AMS000. 5001-AMS011.

(8) Cruz, P. P. R;; da Silva, L. C.; Fiuza, R. A,, Jr; Polli, H. Thermal
dehydrochlorination of pure PVC polymer: Part I—thermal
degradation kinetics by thermogravimetric analysis. J. Appl. Polym.
Sci. 2021, 138, No. 50598.

(9) Yang, S.; Wang, Y.; Man, P. Kinetic Analysis of Thermal
Decomposition of Polyvinyl Chloride at Various Oxygen Concen-
trations. Fire 2023, 6, No. 404.

(10) Sato, T.; Muraki, K.; Sato, N.; Sekii, Y. Recent Technical Trends
of 500 kV XLPE Cable. In Third International Conference on Power
Cables and Accessories; 1993.

https://doi.org/10.1021/acsomega.4c06241
ACS Omega 2024, 9, 41819-41829


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Waseem+Sharaf+Saeed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5254-5665
https://orcid.org/0000-0002-5254-5665
mailto:wsaeed@ksu.edu.sa
mailto:wsaeed@ksu.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nabila+Boutouchent-Guerfi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+Berkani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inas+Al-Qadsy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nesrine+Seddiki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taieb+Aouak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06241?ref=pdf
https://doi.org/10.3390/electronics13061085
https://doi.org/10.3390/electronics13061085
https://doi.org/10.3390/electronics13061085
https://doi.org/10.1016/j.radphyschem.2022.110436
https://doi.org/10.1016/j.radphyschem.2022.110436
https://doi.org/10.1016/j.radphyschem.2022.110436
https://doi.org/10.1002/app.24874
https://doi.org/10.1002/app.24874
https://doi.org/10.1109/TDEI.2011.5931074
https://doi.org/10.1109/TDEI.2011.5931074
https://doi.org/10.1109/TDEI.2011.5931074
https://doi.org/10.1002/app.50598
https://doi.org/10.1002/app.50598
https://doi.org/10.1002/app.50598
https://doi.org/10.3390/fire6100404
https://doi.org/10.3390/fire6100404
https://doi.org/10.3390/fire6100404
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(11) Gross, L. H,; Furno, J. S.; Reidand, C. G.; Mendelsohn, A. In
Conference Record of the IEEE International Symposium on
Electrical Insulation; 1998.

(12) Celina, M.; Linde, E.; Brunson, D.; Quintana, A.; Giron, N.
Overview of accelerated aging and kinetics for combined radiation-
thermal environments. Polym. Degrad. Stab. 2019, 166, 353—378.

(13) Boutouchent-Guerfi, N.; Benaboura, A.; Drouiche, N. Thermal
resistance and tensile properties studies on PVC-C/EVA submitted to
60Co y-ray up to SO KGy and thermal ageing at 80 °C. Polym. Bull.
2018, 1, 409—422.

(14) Boutouchent-Guerfi, N.; Benaboura, A.; Dib, A. Degradation
Studies on PVC Plasticized Submitted to Gamma Radiation up to S0
KGy. In SMSD 2017: Proceedings of the Third International
Symposium on Materials and Sustainable Development; 2018.

(15) Yagoubi, N.; Baillet, A.; Pellerin, F.; Ferrier, D. Physico-
chemical behaviour of f irradiated plastic materials currently used as
packaging and medical products. Nucl. Instrum. Methods Phys. Res.,
Sect. B 1995, 105, 340—344.

(16) Jassim, T. A.; Saeed, A. A. Effect of Gamma Irradiation on the
Physical Properties of PVA Polymer. IOP Conf. Ser.: Mater. Sci. Eng.
2020, 928, No. 072137.

(17) Paun, C; Gavrila, D. E.; Pintea, J.; Paltanea, V. M.; Stoica, V.;
Paltanea, G.; Nemoianu, I. V.; Ionescu, O.; Mihalache, I;
Brancoveanu, O. Studies About Gamma-Ray Irradiation of PVC
Plates Used in Electric Cable Insulation. Sci. Bul. Elect. Eng. Fac. 2023,
23, 40.

(18) Ravi, H. R; Sreepad, H. R; Sajan, C. P. Modification of
dielectric and structural properties of PVC by gamma irradiation. Res.
Rev. 2012, 3, 89—92.

(19) Campi, F.; Casagrande, M.; Franzonic, G.; Minelli, C.; Porta,
A.; Ramella, G. A study of the behavior of bi-oriented PVC exposed to
ionizing radiation and its possible use in nuclear applications. Radiat.
Phys. Chem. 2014, 99, 86—91.

(20) Castanieda-Facio, A.; Benavides, R.; Martinez-Pardo, M. E.
Thermal stability of PVC formulations gamma irradiated at different
dose rates. Radiat. Phys. Chem. 2014, 97, 75—80.

(21) Abreu, M. R. C.; Fonseca, A. C.; Rocha, N. M. P.; Guthrie, J.
T.; Serra, A. C.; Coelho, J. F. J. Poly(vinyl chloride): current status
and future perspectives via reversible deactivation radical polymer-
ization methods. Prog. Polym. Sci. 2018, 87, 34—69.

(22) Worldwide Long Term New Rubber Consumption Forecast by
Elastomer Type, IISRP Worldwide Rubber Statistics Published by Statista
Research Department, Jul 1, 2024.

(23) Grimm, D. C. Method for the production of nitrile rubber.
USS5708132A, 1988.

(24) Greene, J. P. Automotive Plastics and Composites Material and
Processing; William Andrew, 2021.

(25) Chakraborty, S.; Bandyopadhyay, S.; Ameta, R,;
Mukhopadhyay, R.; Deuri, A. S. Application of FTIR in character-
ization of acrylonitrile— butadiene rubber (nitrile rubber). Polym. Test.
2007, 26, 38—41.

(26) Ismail, H,; Galpaya, D.; Ahmad, Z. Comparison of properties of
polypropylene (PP)/virgin acrylonitrile butadiene rubber (NBRv)
and polypropylene (PP)/ recycled acrylonitrile butadiene rubber
(NBRr) blends. Polym.-Plast. Technol. Eng. 2009, 48, 440—445.

(27) Paun, C; Gavrila, D. E.; Paltanea, V. M.; Stoica, V.; Paltanea,
G.; Nemoianu, I. V.; Ionescu, O.; Pistritu, F. Study on the Behavior of
Low-Voltage Cable Insulation Subjected to Thermal Cycle Treat-
ment. Sci. Bull. Elec. Eng. Fac. 2023, 23, 34—39.

(28) Thoral, C; Soulagnet, G.; Bussiere, P.-O.; Therias, S. Impact of
photo- and thermooxidative ageing of NBR/PVC blends on the
formation of cracks. Polym. Degrad. Stab. 2024, 220, No. 110633.

(29) Huang, J. C. Analysis of the thermodynamic compatibility of
poly(vinyl chloride) and nitrile rubbers from inverse gas chromatog-
raphy. J. Appl. Polym. Sci. 2003, 89, 1242—1249.

(30) Ishiaku, U. S.; Lim, F. S.; Ishak, Z. A. M.; Mohd, 1. Z. A.
Mechanical properties and thermooxidative aging of a ternary blend,
PVC/ENR/NBR, compared with the binary blends of PVC. Polym.-
Plast. Technol. Eng. 1999, 38, 939—954.

(31) Liu, Z.; Zhu, X.; Wu, L.; Li, Y. Effects of interfacial adhesion on
the rubber toughening of poly(vinyl chloride): Part 1. Impact tests.
Polymer 2001, 42, 737—746.

(32) Al-Mosawi, A. L; Al-Maamori, M. H.; Marossy, K; Yasser, H.;
Abdulsada, A. S. Mechanical Properties of acrylonitrile-Butadiene
Rubber (NBR)/Poly(vinyl chloride) Resin Binary Blend Subject
Areas. Open Access Library ] 2019, 6, 1-7, DOIL: 10.4236/
0alib.1105956.

(33) Wagqas, H;; Naz, S.; Khan, T. A;; Ahmed, M. b.; Khan, F. Case
Study of PVC Cables Exposed in Accelerated Thermal and Radiation
Environment. Defect Diffus. Forum 2022, 418, 161—168.

(34) Nunez-Briones, A.; Benavides, R; Martinez-Pardo, M. E.;
Carrasco-Abrego, H.; Kotzian-Pereira-Benavides, C.; Espejo-
Villalobos, D.; Garcia-Cerda, L. A. Effect of gamma dose rate in the
crosslinking of PVC composites used for radiation protection in
radiology. Radiat. Phys. Chem. 2022, 191, No. 109866.

(35) Paun, C; Gavrila, D. E.; Paltanea, V. M.; Stoica, V.; Paltanea,
G. V,; Nemoianu, I. V.; Ionescu, O. N.; Pistritu, F. Study on the
behavior of low-voltage cable insulation subjected to thermal cycle
treatment. Sci. Bull. Elect. Eng. Facul. 2023, 23 (1), 34-39,
DOI: 10.2478/sbeef-2023-0006.

(36) Vijayan, K;; Muniyadi, M.; Munusamy, Y. Impact Modified
Polyvinyl Chloride Based Thermoplastic Elastomers: Effect of Nitrile
Butadiene Rubber and Graphene Oxide Loading. J. Eng. Sci. 2021, 17,
S1-74.

(37) Czogala, J.; Pankalla, E.; Turczyn, R. Recent Attempts in the
Design of Efficient PVC Plasticizers with Reduced Migration.
Materials 2021, 14, 844.

(38) George, K. E.; Joseph, R; Francis, D. J. Studies on NBR/PVC
blends. J. Appl. Polym. Sci. 1986, 32, 2867—2873.

(39) Kwang-Jea, K. Bifunctional silane (TESPD) effects on
improved mechanical properties of silica containing nitrile-butadiene
rubber/poly(vinyl chloride) compound. J. Appl. Polym. Sci. 2012, 24,
2937-2944.

(40) Ikhuoria, E. U,; Ogundele, K. T.; Osinkolu, G. A. Effect of beta
irradiation on plasticized poly (vinyl chloride). Afr. J. Pure Appl. Chem.
2011, 5, 333—338.

(41) Labrosse, M. Plastiques, essais normalisés. Tech. Ing, Plast.
Compos. 1996, 3521, 1-8.

(42) Belhaneche-Bensemra, N.; Irinislimane, R.; Kabdi, S. A;
Chouiref, C. C.; Guerfi, N.Valorisation of regenerated LDPE by
blending with other thermoplastic polymers. In Landfills: Waste
Management, Regional Practices and Environmental Impact; Nova
Publishers, 2012; pp 271—298.

(43) Guerfi, N.; Belhaneche-Bensemra, N. Preparation, character-
ization and valorization of regenerated low density polyethylene/
polypropylene blends. Environ. Eng. Manage. J. 2014, 13, 2609—2613.

(44) Monteiro, E. E; Thaumaturgo, C. Surface phenomena and
polymer miscibility of PVC/EVA blends. Compos. Sci. Technol. 1997,
57, 1159—-1168.

(45) Verdu, J. Vieillissement des plastiques. AFNOR Technique.
Eyrolles 1984.

(46) Paloniemi, P.; Lindstrom, P. Theory of equalization of thermal
ageing processes of electrical insulating materials in thermal
endurance teste III. tests results on an enamelled wire, a polyester
glass laminate and an epoxy casting resin. IEEE Trans. Electr. Insul.
1981, EI-16, 18—30.

(47) Komori, Y.; Taniguchi, A,; Shibata, H; Goto, S.; Saito, H.
Partial miscibility and concentration distribution of two-phase blends
of crosslinked NBR and PVC. Polymers 2023, 15, No. 1383.

(48) Komori, Y.; Taniguchi, A,; Shibata, H; Goto, S.; Saito, H.
Phase-Separated Structure of NBR/PVC Blends with Different
Acrylonitrile Contents Investigated Using STEM—EDS Mapping
Analysis. Polymers 2023, 15 (16), No. 3343.

(49) Zakrzewski, G. Investigation of the compatibility of
butadiene—Acrylonitrile copolymers with poly (vinyl chloride).
Polymer 1973, 14, 347—351.

(50) Perera, M. S.; Ishiaku, U.; Ishak, Z. M. Characterisation of
PVC/NBR and PVC/ENRSO binary blends and PVC/ENRS0/NBR

https://doi.org/10.1021/acsomega.4c06241
ACS Omega 2024, 9, 41819-41829


https://doi.org/10.1016/j.polymdegradstab.2019.06.007
https://doi.org/10.1016/j.polymdegradstab.2019.06.007
https://doi.org/10.1016/0168-583X(95)00638-9
https://doi.org/10.1016/0168-583X(95)00638-9
https://doi.org/10.1016/0168-583X(95)00638-9
https://doi.org/10.1088/1757-899X/928/7/072137
https://doi.org/10.1088/1757-899X/928/7/072137
https://doi.org/10.2478/sbeef-2023-0007
https://doi.org/10.2478/sbeef-2023-0007
https://doi.org/10.1016/j.radphyschem.2014.02.018
https://doi.org/10.1016/j.radphyschem.2014.02.018
https://doi.org/10.1016/j.radphyschem.2013.11.004
https://doi.org/10.1016/j.radphyschem.2013.11.004
https://doi.org/10.1016/j.progpolymsci.2018.06.007
https://doi.org/10.1016/j.progpolymsci.2018.06.007
https://doi.org/10.1016/j.progpolymsci.2018.06.007
https://doi.org/10.1016/j.polymertesting.2006.08.004
https://doi.org/10.1016/j.polymertesting.2006.08.004
https://doi.org/10.1080/03602550902725449
https://doi.org/10.1080/03602550902725449
https://doi.org/10.1080/03602550902725449
https://doi.org/10.1080/03602550902725449
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.1016/j.polymdegradstab.2023.110633
https://doi.org/10.1016/j.polymdegradstab.2023.110633
https://doi.org/10.1016/j.polymdegradstab.2023.110633
https://doi.org/10.1002/app.12218
https://doi.org/10.1002/app.12218
https://doi.org/10.1002/app.12218
https://doi.org/10.1080/03602559909351623
https://doi.org/10.1080/03602559909351623
https://doi.org/10.1016/s0032-3861(00)00375-x
https://doi.org/10.1016/s0032-3861(00)00375-x
https://doi.org/10.4236/oalib.1105956
https://doi.org/10.4236/oalib.1105956
https://doi.org/10.4236/oalib.1105956
https://doi.org/10.4236/oalib.1105956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4236/oalib.1105956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4028/p-5eim21
https://doi.org/10.4028/p-5eim21
https://doi.org/10.4028/p-5eim21
https://doi.org/10.1016/j.radphyschem.2021.109866
https://doi.org/10.1016/j.radphyschem.2021.109866
https://doi.org/10.1016/j.radphyschem.2021.109866
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.2478/sbeef-2023-0006
https://doi.org/10.2478/sbeef-2023-0006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21315/jes2021.17.1.4
https://doi.org/10.21315/jes2021.17.1.4
https://doi.org/10.21315/jes2021.17.1.4
https://doi.org/10.3390/ma14040844
https://doi.org/10.3390/ma14040844
https://doi.org/10.1002/app.1986.070320102
https://doi.org/10.1002/app.1986.070320102
https://doi.org/10.30638/eemj.2014.291
https://doi.org/10.30638/eemj.2014.291
https://doi.org/10.30638/eemj.2014.291
https://doi.org/10.1016/S0266-3538(97)00001-8
https://doi.org/10.1016/S0266-3538(97)00001-8
https://doi.org/10.1109/TEI.1981.298390
https://doi.org/10.1109/TEI.1981.298390
https://doi.org/10.1109/TEI.1981.298390
https://doi.org/10.1109/TEI.1981.298390
https://doi.org/10.3390/polym15061383
https://doi.org/10.3390/polym15061383
https://doi.org/10.3390/polym15163343
https://doi.org/10.3390/polym15163343
https://doi.org/10.3390/polym15163343
https://doi.org/10.1016/0032-3861(73)90018-9
https://doi.org/10.1016/0032-3861(73)90018-9
https://doi.org/10.1016/S0014-3057(00)00085-9
https://doi.org/10.1016/S0014-3057(00)00085-9
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

ternary blends by DMA and solid state NMR. Eur. Polym. ]. 2001, 37,
167—-178.

(51) Pena, J.; Hidalgo, M.; Mijangos, C. Plastification of poly (vinyl
chloride) by polymer blending. J. Appl. Polym. Sci. 2000, 75, 1303—
1312.

(52) Sen, A,; Mukherjee, G. Studies on the thermodynamic
compatibility of blends of poly (vinyl chloride) and nitrile rubber.
Polymer 1993, 34, 2386—2391.

(53) Li, J.-X.; Chan, C.-M. Effect of the size of the dispersed NBR
phase in PVC/NBR blends on the stability of PVC to electron
irradiation. Polymer 2001, 42, 6833—6839.

(54) Kwak, S.-Y.; Nakajima, N. Monitoring of homogenization and
analysis of nanoscale structure in a butadiene— acrylonitrile
copolymer/poly (vinyl chloride) blend. Macromolecules 1996, 29,
5446—5452.

(55) Kader, M.; Kim, W.; Kaang, S.; Nah, C. Morphology and
dynamic mechanical properties of natural rubber/nitrile rubber blends
containing trans-polyoctylene rubber as a compatibilizer. Polym. Int.
2008, 54, 120—129.

(56) Samsudin, S. A.; Kelly, C. A,; Kukureka, S. N.; Jenkins, M. J.
Development of partial miscibility in polycarbonate/polypropylene
blends via annealing. J. Polym. Eng. 2017, 37, 707—714.

(57) Wang, Q; Zhang, X,; Liu, S.; Gui, H,; Lai, J,; Liu, Y;; Gao, J;
Huang, F; Song, Z.; Tan, B,; Qiao, J. Ultrafine full-vulcanized
powdered rubbers/PVC compounds with higher toughness and
higher heat resistance. Polymer 2008, 46, 10614—10617.

(58) Takamatsu, K.; Suzuki, S.; Nishimura, Y.; Saito, H. Reduction
of birefringence by dynamic asymmetry in miscible blends of
dissimilar polycarbonates. Polymer 2021, 222, No. 123632.

(59) El-Sayed, E.-S. F; Elnaggar, M. Y.; Hassan, M. M. Thermo-
mechanical Properties of Polyvinyll Chloride/vulcanized Nitrile
Butadiene Rubber Blends Cured by Gamma Irradiation. Egypt. J.
Radiat. Sci. Appl. 2018, 31, 1-11, DOI: 10.21608/
ejrsa.2018.1815.1023.

(60) Cota, S. S.; Vasconcelos, Vd.; Senne, M., Jr; Carvalho, L.;
Rezende, D.; Correa, R. Changes in mechanical properties due to
gamma irradiation of high-density polyethylene (HDPE). Braz. J.
Chem. Eng. 2007, 24, 259—265.

(61) Ravi, H.; Sreepad, H.; Sajan, C. Modification of dielectric and
structural properties of PVC by gamma irradiation. Res. Rev. Polym.
2012, 3, 89—92.

(62) Wiindrich, K. A review of radiation resistance for plastic and
elastomeric materials. Radiat. Phys. Chem. 1984, 24, 503—510.

(63) Premnath, V.; Bellare, A.;; Merrill, E.; Jasty, M.; Harris, W.
Molecular rearrangements in ultra high molecular weight polyethylene
after irradiation and long-term storage in air. Polymer 1999, 40, 2215—
2229.

(64) Chaudhary, D. S.; Prasad, R.; Gupta, R. K.; Bhattacharya, S. N.
Morphological influence on mechanical characterization of ethylene-
vinyl acetate copolymer—clay nanocomposites. Polym. Eng. Sci. 2008,
4S5, 889—897.

(65) Byun, Y. J.; Hong, S.; Kim, K.; Jeon, D.; Kim, J.; Whiteside, W.;
Park, H. J. Physical and chemical properties of y-irradiated EVOH
film. Radiat. Phys. Chem. 2007, 76, 974—981.

(66) Ito, M.; Nagai, K. Analysis of degradation mechanism of
plasticized PVC under artificial aging conditions. Polym. Degrad. Stab.
2007, 92, 260—270.

(67) Zheng, X.-G; Tang, L.-H.; Zhang, N.; Gao, Q.-H.; Zhang, C.-
F; Zhu, Z.-B. Dehydrochlorination of PVC materials at high
temperature. Energy Fuels 2003, 17, 896—900.

(68) Karayildirim, T.; Yanik, J.; Yuksel, M.; Saglam, M.; Vasile, C.;
Bockhorn, H. The effect of some fillers on PVC degradation. J. Anal.
Appl. Pyrolysis 2006, 75, 112—119.

41829

https://doi.org/10.1021/acsomega.4c06241
ACS Omega 2024, 9, 41819-41829


https://doi.org/10.1016/S0014-3057(00)00085-9
https://doi.org/10.1002/(SICI)1097-4628(20000307)75:10<1303::AID-APP12>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4628(20000307)75:10<1303::AID-APP12>3.0.CO;2-4
https://doi.org/10.1016/0032-3861(93)90825-U
https://doi.org/10.1016/0032-3861(93)90825-U
https://doi.org/10.1016/S0032-3861(01)00179-3
https://doi.org/10.1016/S0032-3861(01)00179-3
https://doi.org/10.1016/S0032-3861(01)00179-3
https://doi.org/10.1021/ma951865d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma951865d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma951865d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pi.1655
https://doi.org/10.1002/pi.1655
https://doi.org/10.1002/pi.1655
https://doi.org/10.1515/polyeng-2016-0254
https://doi.org/10.1515/polyeng-2016-0254
https://doi.org/10.1016/j.polymer.2005.08.074
https://doi.org/10.1016/j.polymer.2005.08.074
https://doi.org/10.1016/j.polymer.2005.08.074
https://doi.org/10.1016/j.polymer.2021.123632
https://doi.org/10.1016/j.polymer.2021.123632
https://doi.org/10.1016/j.polymer.2021.123632
https://doi.org/10.21608/ejrsa.2018.1815.1023
https://doi.org/10.21608/ejrsa.2018.1815.1023
https://doi.org/10.21608/ejrsa.2018.1815.1023
https://doi.org/10.21608/ejrsa.2018.1815.1023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21608/ejrsa.2018.1815.1023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1590/S0104-66322007000200010
https://doi.org/10.1590/S0104-66322007000200010
https://doi.org/10.1016/0146-5724(84)90185-7
https://doi.org/10.1016/0146-5724(84)90185-7
https://doi.org/10.1016/S0032-3861(98)00438-8
https://doi.org/10.1016/S0032-3861(98)00438-8
https://doi.org/10.1002/pen.20349
https://doi.org/10.1002/pen.20349
https://doi.org/10.1016/j.radphyschem.2006.09.005
https://doi.org/10.1016/j.radphyschem.2006.09.005
https://doi.org/10.1016/j.polymdegradstab.2006.11.003
https://doi.org/10.1016/j.polymdegradstab.2006.11.003
https://doi.org/10.1021/ef020131g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef020131g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jaap.2005.04.012
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06241?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

