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An effective way to control the radical reaction and its
mechanism in EPDM under y-ray irradiation

Yiyang Zhou'?, Qiuyue Meng'?, Ming Chen'?, Chenxi Wang'?, Tao Jiang®?, Jingsong Zhou'?, Ping Wang?, Lei Xia®, Yezi You®,

Haibing Wei'? and Yunsheng Ding'*®

The effects of a compound that contains a xanthate group named DIP on the radical reactions and structural evolution of the
ethylene propylene diene monomer (EPDM) were investigated. It was found that the structural evolution and long-term stability of
the EPDM can be realized by controlling the radical reaction in the matrixes of EPDM during y-ray irradiation. The results show that
the DIP can prevent EPDM deterioration, when the y-ray irradiation dose reaches 450 kGy, the retention rate of the elongation at
break and tensile strength of the EPDM samples containing 1 wt% DIP could remain about 90% and 160%, while those of additive-
free EPDM are only about 33% and 70%. On the other hand, the thermal stability of the EPDM samples decreases markedly with the
dose increasing under y-ray irradiation. However, the thermal decomposition temperature of the EPDM samples containing DIP
remains basically unchanged after irradiation, and DIP can also improve the oxidation resistance of the EPDM. Electron spin
resonance studies reveal that DIP can effectively control the radical reactions inside the EPDM during y-ray irradiation. Rheology
results show that the structural evolution of the EPDM can be well controlled under y-ray irradiation owing to the presence of DIP in
the EPDM matrixes. Density functional theory calculations indicate that the reversible radical reactions inside EPDM/DIP systems are
crucial in realizing the long-term stability and controllable structural evolution of the EPDM under y-ray irradiation.
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INTRODUCTION

Expanding access to energy while at the same time drastically
reducing the emissions of greenhouse gases that cause global
warming and climate change is among the central challenges that
humankind is confronted by in the 21 century. If no urgent
action is taken to mitigate the greenhouse gas emissions, some
parts of the world will be almost unlivable for humans by the end
of this century'=3. Nuclear technologies could help the world to
move away from hydrocarbon fossil fuels and speed up the
transition to cleaner sources of power; in particular, nuclear power
is considered to be a key technology to realize a clean-energy
future*. However, since the Fukushima nuclear accident, the
international community has put forward new and stricter
requirements for the safety of nuclear power plants. Polymer-
based materials are widely used in important systems of nuclear
power plants, such as their low-voltage cable systems, and play a
crucial role in the safe operation of nuclear facilities. However,
when these materials are exposed to high-energy irradiation in
the nuclear power plants, such as y-ray irradiation, crosslinking
and chain scission simultaneously occur inside the polymers
owing to the formation of radicals caused by high-energy
irradiation. This may lead to performance degradation of the
materials and a huge risk associated with the operation of nuclear
power plants®~2. It is thus necessary to control the radical reactions
inside the polymer materials used in nuclear power plants, which
might improve the operational safety of nuclear power plants and
provide a firm foundation for the sustainable development of
human societies.

To improve the service life of polymer-based materials, the
radicals inside the polymer matrixes should be effectively

annihilated; traditional antioxidants, such as hindered phenolic
compounds, are considered to be the most efficient approach for
delaying the aging process of polymer materials as they can
scavenge the O- or C-centered free radicals formed in polymer
materials. Thus, the addition of antioxidants might improve the
stability of polymers®~'6. Although traditional antioxidants have
been effectively used in scavenging the radicals and improving
the service life of polymer materials, they would be consumed
while annihilating free radicals. Indeed, Gardette et al. have
reported that antioxidants are rapidly consumed under y-ray
irradiation”. Thus, it is important to establish a new method to
realize the long-term regulation of the radical reactions and the
controllable structural evolution of the polymer materials, but thus
far this has remained challenging.

It is well known that thiocarbonylthio compounds are effective
in controlling the radical reactions, and they are widely used in
several circumstances that require the ability to control the radical
reactions, such as radical polymerization'®2'. Thiocarbonylthio
compounds can react with free radicals and then regenerate via
reversible-addition-fragmentation chain transfer, so that they can
maintain the ability to control radicals during the radical
polymerization process; more importantly, polymers with con-
trolled architectures can be obtained owing to the well-controlled
radical reactions in the polymerization process®>~>*. The above
characteristics endow thiocarbonylthio compounds with a great
potential in realizing the long-term stability and controllable
structural evolution of the ethylene propylene diene monomer
(EPDM) under y-ray irradiation. However, most of the thiocarbo-
nylthio compounds are expensive and sensitive to oxygen, which
might limit their use in the stabilization of polymer materials

'School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei 230009, China. 2Anhui Key Laboratory of Advanced Functional Materials and Devices, Hefei
230009, China. 3School of Resources and Environmental Engineering, Hefei University of Technology, Hefei 230009, China. *School of Materials and Chemical Engineering, Anhui
Jianzhu University, Hefei 230601, China. °CAS Key Laboratory of Soft Matter Chemistry, Department of Polymer Science and Engineering, University of Science and Technology of

China, Hefei 230026, China. ®email: dingys@hfut.edu.cn

Published in partnership with CSCP and USTB

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00334-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00334-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00334-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00334-9&domain=pdf
https://doi.org/10.1038/s41529-023-00334-9
mailto:dingys@hfut.edu.cn
www.nature.com/npjmatdeg

npj

Y. Zhou et al.

100 100
(a) EPDM (b) EPDM/0.5DIP
~ 80} ~ 80}
X —— 0kGy X — UiGy
~ 60F 75kGy — 60F —— 7§kGy
% 40} — 150kGy 2 40} Sokay
S —— 225kGy S 220ty
20} —— 300kGy 20} 200Gy
—— 450kGy — 430kGy
ot of
100 200 300 400 500 600 100 200 300 400 500 600
Temperature/°C Temperature/°C
100
(¢) EPDM/1DIP
~ 80}
© —— 0kGy
- 60F —— 75kGy
” —— 150kGy
8 401 2rskey
= —— 300kGy
20}
—— 450kGy
OF
100 200 300 400 500 600
Temperature/°C

Fig. 1

under y-ray irradiation®>=28, It has been reported that xanthates
(Z=0-alkyl) possess a high oxidation resistance and are
unexpensive; they are thus promising candidates for use as
thiocarbonylthio compounds?®>°, Hence, xanthates have a strong
potential in realizing the stabilization and structural conversion of
polymers and revealing the effect of well-controlled radical
reactions on the structural evolution of polymers under y-ray
irradiation.

In this work, we present a compound that contains a xanthate
group named DIP, which has the ability to control the radical
reactions and the conversion of radicals inside polymer matrixes.
The EPDM was selected as the polymer matrix as it is often used in
the electric cables of nuclear power plants3'-34. We introduced DIP
into the EPDM matrixes, and the effects of DIP on the radical
reactions and structural conversion of the EPDM were investi-
gated. We hypothesize that if DIP can be used to control the
radical reactions in the EPDM, the introduction of compounds
containing groups that are able to control the radical reactions will
constitute a new strategy to control the radical reactions inside
polymers and prolong their service life in harsh environments.

RESULTS

Thermogravimetric analysis (TGA) measurements

To examine whether DIP can stabilize the EPDM, the thermal
degradation behavior of the blends and the additive-free EPDM
was studied using TGA since the thermal decomposition behavior
of polymers depends strongly on their microstructure>=3’, The
results are shown in Fig. 1, and the relevant data are presented in
Table 1. After y-ray irradiation, significant changes in the thermal
degradation behavior are observed in the EPDM for different
irradiation doses, and the thermal stability of the EPDM decreases
considerably after irradiation. Although a crosslinked network is
formed inside the EPDM during y-ray irradiation, the poor
controllability of the radical reactions induced by y-ray irradiation
also causes the EPDM chain to easily undergo chain scission or
other reactions, such as free-radical branching reactions, which
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TGA curves of the EPDM and EPDM/DIP blends at different y-irradiation doses. a EPDM, b EPDM/0.5DIP blend, ¢ EPDM/1DIP blend.

Table 1. TG data of the samples with different blend compositions

subjected to different y-irradiation doses.

Sample Irradiation dose/kGy Tonset /°C Tmax /°C

EPDM 0 436.2 452.2
75 4194 446.9
150 424.1 449.6
225 433.6 4471
300 427.7 456.2
450 4241 449.8

EPDM/0. 5DIP 0 435.5 4524
75 434.0 451.6
150 432.8 451.3
225 428.4 452.4
300 430.9 449.0
450 4319 451.0

EPDM/1DIP 0 435.8 452.2
75 434.1 450.5
150 434.5 4514
225 436.9 460.2
300 432.6 450.5
450 428.9 449.1

seriously damage the overall EPDM microstructure; thus, the
thermal stability of the unmodified EPDM decreases significantly
after irradiation. It should be pointed out that the continued
uncontrolled reactions between the radicals inside the EPDM as
the irradiation dose increases also cause unexpected changes to
the EPDM microstructure. Thus, it is found that the thermal
decomposition behavior of the EPDM is dose dependent. Different
from the EPDM, the change in the thermal stability of the EPDM/
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DIP blends is negligible during y-ray irradiation. This is because
DIP can effectively control the radical reactions induced by y-ray
irradiation; hence, the uncontrolled structural evolution of the
EPDM is significantly inhibited, resulting in the high thermal
stability of the EPDM under y-ray irradiation.

Attenuated total reflection Fourier transform infrared (ATR FT-
IR) measurements

ATR FT-IR spectroscopy was employed to evaluate the effect of
DIP on preventing the oxidation of the EPDM induced by the free-
radical reactions, as shown in the spectrum in Fig. 2. It can be seen
for the additive-free EPDM that the poor controllability of the
radical reactions in the matrixes causes the EPDM chain radicals to
easily react with other radicals or oxygen, which leads to the rapid
generation of oxidation products inside the EPDM. The peak at
around 1712 cm™! that can be clearly observed in the ATR FT-IR
spectrum as the irradiation dose reaches 225 kGy is a powerful
proof of the occurrence of reactions between the radicals and
oxygen383°_ For the EPDM/DIP blends, the peaks of the oxidation
products cannot easily be detected in the ATR FT-IR spectrum until
the irradiation dose reaches 450 kGy. This indicates that DIP can
control the free-radical reactions in the EPDM matrixes effectively;
thus, the random free-radical reactions between the EPDM chain
radicals and other radicals or oxygen inside the EPDM matrixes are
clearly hindered, resulting in the stability of the structure and
properties of the EPDM under y-ray irradiation.

Mechanical measurements and gel content measurements

The mechanical properties and the retention of the mechanical
properties after y-ray irradiation are important to evaluate the
irradiation resistance properties of polymer materials. The varia-
tion in the gel content and mechanical properties of the EPDM
and EPDM/DIP blends at different irradiation doses is shown in Fig.
3. It can be readily seen that the gel content of all samples
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increases as the absorbed dose increases, which indicates the
formation of crosslinked structures induced by y-ray irradiation.
The introduction of DIP can significantly reduce the crosslinking
degree of the EPDM: When the irradiation dose is 75 kGy, the gel
content of the EPDM is 18.9%, while the gel contents of the EPDM/
0.5DIP and EPDM/1DIP blends are only 7.7% and 6.7%,
respectively. As the irradiation dose increases, the gel contents
of the EPDM/DIP systems are still lower than that of the EPDM. In
particular, when the DIP content reaches 1 wt%, the gel content of
the samples is much lower than that of the additive-free EPDM
until the irradiation dose reaches 450 kGy; this is because the
crosslinking reaction can be inhibited by DIP inside the EPDM
matrixes.

For the additive-free EPDM, the best comprehensive mechanical
properties are obtained when the irradiation dose is 150 kGy
owing to the formation of a crosslinked network. As the irradiation
dose increases further, even if the crosslinking degree of the
EPDM also increases, the performance of the EPDM is significantly
reduced. The reason for this phenomenon might be that the
formation of an irregular network in the EPDM owing to the
uncontrollable radical reactions under a high irradiation dose,
which contains a number of weakened zones, can lead to crack
initiation and a significant degradation of the mechanical proper-
ties of the EPDM?. Interestingly, when the irradiation dose
reaches 300 kGy, although the crosslinking degrees of the EPDM/
0.5DIP and EPDM/1DIP blends are much lower than that of the
EPDM, the well-controlled radical reactions inside the EPDM can
lead to the formation of a regular and compact structure, which
significantly enhances the mechanical properties of the EPDM/
1DIP blend. Thus, the EPDM/1DIP samples can maintain an
excellent performance when the irradiation dose reaches 300 kGy.
The reason for the above phenomenon is that DIP can control the
radicals and regenerate via reversible chain transfer; thus, the
microstructural damage caused to the EPDM is effectively
inhibited under y-ray irradiation. Additionally, a good control of
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Fig. 2 ATR FT-IR spectra of the EPDM and EPDM/DIP blends at different y-irradiation doses. a EPDM, b EPDM/0.5DIP blend, ¢ EPDM/

1DIP blend.
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EPDM and EPDM/DIP blends, b tensile strength of the EPDM and EPDM/DIP blends, c elongation at break of the EPDM and EPDM/DIP blends
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the structural evolution of the EPDM is realized owing to the well-
controlled radical reactions in the EPDM/DIP systems. The fact that
DIP can be used to achieve the long-term control of the radical
reactions inside the EPDM owing to the reversible chain transfer
reactions can be further proved according to the difference in the
gel content between the EPDM/DIP and EPDM/antioxidant
samples (Fig. S2).

To verify our hypothesis that DIP possesses the ability to control
the radical reactions inside the EPDM, room-temperature ESR
measurements were performed to detect the active radicals of the
EPDM before and after y-ray irradiation. The ESR signals can be
readily seen in Fig. 4, and the weak signals at g =1.9976 for all
samples at different irradiation doses might correspond to
radiation-induced defects. For the EPDM, wide peaks are clearly
observed in the ESR curve when the irradiation dose reaches 75
kGy, suggesting the generation of irradiation-induced radicals. As
the irradiation dose increases to 225 kGy, the intensity of the free-
radical signals in the ESR curve of the EPDM decreases slightly,
suggesting that the concentration of radicals is reduced mainly
due to the recombination reactions between radicals, although
new radicals are also formed with increasing irradiation dose.
When the irradiation dose reaches 450 kGy, the peaks in the ESR
curve of the EPDM become weak; this is because most of the
radicals combine with each other to vyield nonradical
products*! =44,

Different from the unmodified EPDM, the intensity of the free-
radical signals in the ESR curve of the EPDM/1DIP system is very
weak at each dose, indicating that DIP has an excellent ability to
control the free radicals inside the EPDM during y-ray irradiation.
Taking consideration of the DIP structure, the S-S bond in DIP
might break under y-ray irradiation, and a covalent bond between
DIP and the EPDM would form via the reaction between the DIP
radicals and the EPDM macroradicals, which is beneficial for

npj Materials Degradation (2023) 17

scavenging the EPDM macroradicals at a low irradiation dose.
Additionally, when the irradiation dose increases, the xanthate
groups in the EPDM chain can react with the radicals and control
them; thus, uncontrollable radical-induced chain reactions are
significantly inhibited, and the radical concentration in the EPDM
is significantly reduced. Moreover, DIP can regenerate via
reversible chain transfer; hence, the introduction of DIP into the
EPDM can result in a very low concentration of radicals inside the
EPDM during y-ray irradiation.

Stress relaxation measurements

To investigate whether the introduction of DIP can lead to the
formation of controlled architectures and improve the stability of
the EPDM microstructure during irradiation, the stress relaxation
behavior of the samples was investigated since y-ray irradiation
can significantly change the chain structure of the EPDM, which in
turn would have a strong impact on the relaxation behavior of the
EPDM chain. Figure 5 shows the stress relaxation curve of the
irradiated EPDM samples. In this experiment, a temperature of
180 °C was chosen because high temperatures confer a high
mobility to the network chains and thus speed up the stress
decay; moreover, high temperatures can accelerate chemical
reactions, e.g., oxidative chain scission and crosslinking; thus, the
effects of DIP on the structural stabilization of the EPDM might be
more clearly observed at high temperatures*>*. As can be seen in
the figure, the stress relaxation rate of the additive-free EPDM first
decreases because of the formation of the crosslinked network in
the matrixes; however, as the irradiation dose exceeds 150 kGy,
the stress relaxation rate increases, and the relaxation time is
reduced. Although the gel content results revealed that the
crosslinking degree of the additive-free EPDM increases mono-
tonically with increasing irradiation dose, the excessive crosslinked
network formed in the EPDM matrixes when the irradiation dose
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Fig. 4 ESR curves of the EPDM and EPDM/1DIP blend at different y-irradiation doses. a ESR curves of the EPDM at the indicated irradiation
doses, b ESR curves of the EPDM/1DIP blend at the indicated irradiation dose; ¢ ESR curves of the EPDM and EPDM/1DIP blend at an
irradiation dose of 75 kGy; d ESR curves of the EPDM and EPDM/1DIP blend at an irradiation dose of 225 kGy; e ESR curves of the EPDM and

EPDM/1DIP blend at an irradiation dose of 450 kGy.
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Fig. 5 Stress relaxation curves of the EPDM and EPDM blends at different y-irradiation doses measured in air at 180 °C. a EPDM, b EPDM/

0.5DIP blend, ¢ EPDM/1DIP blend.

exceeds 300 kGy causes the EPDM to relax more rapidly.
Furthermore, the broken chains due to y-ray irradiation and the
uncontrolled radical reactions inside the crosslinked network can
also accelerate the stress relaxation of the EPDM**%’, For the
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EPDM/DIP system, the stress relaxation time increases mono-
tonically with increasing irradiation dose, suggesting that the
crosslinked network in the EPDM/DIP blend is stable and is not
significantly damaged by y-ray irradiation.
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Fig. 6 Stress relaxation curves of the samples with different blend
180 °C. a 0 kGy, b 75 kGy, € 150 kGy, d 225 kGy, e 300 kGy, f 450 kGy.

In order to further confirm the protective effect of DIP on the
EPDM microstructures, the stress relaxation curves of samples with
different blend compositions at specific irradiation doses are
presented in Fig. 6. The stress due to deformation can be easily
released at high temperatures for the unirradiated EPDM and the
EPDM/DIP blends because of the lack of crosslinking. When the
irradiation dose reaches 75 kGy, the stress relaxation time
increases for all samples owing to the formation of a crosslinked
network. The irradiated EPDM/DIP systems exhibit shorter
relaxation times than the irradiated additive-free EPDM; this is
because DIP can effectively control the radical reactions inside
EPDM during irradiation. Thus, the radicals cannot easily react with
each other, and the crosslinking degree of the irradiated EPDM/
DIP samples is lower than that of the irradiated additive-free
EPDM. Furthermore, the EPDM chains in the EPDM/DIP systems
can easily move and/or rearrange themselves; thus, the stress of
the matrixes is reduced at a higher speed.

Upon further increasing the test time and irradiation dose, the
additive-free EPDM is found to still possess a longer relaxation
time than the EPDM/DIP systems. However, as the irradiation dose
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compositions at different y-irradiation doses measured in air at

exceeds 225 kGy, the relaxation of the additive-free EPDM
becomes faster, whereas the relaxation time of the EPDM/DIP
systems increases monotonically with increasing irradiation dose,
and the relaxation of the EPDM/DIP systems becomes slower than
that of the additive-free EPDM under a high irradiation dose. As
mentioned before, this phenomenon occurs because excessive
crosslinking occurs in the EPDM matrixes when the irradiation
dose exceeds 300 kGy, which causes the EPDM to relax more
rapidly. Additionally, the broken chains due to y-ray irradiation
and the uncontrolled radical reactions inside the crosslinked
network can also accelerate the stress relaxation of the EPDM.
However, for the EPDM/DIP system, DIP has a considerable
capacity to control the radicals inside the EPDM; thus, uncon-
trolled crosslinking and chain scission of the EPDM chains are
inhibited, resulting in the formation of a compact network and the
improvement of the structural stability of the EPDM under a high
irradiation dose, which leads to a restriction of the EPDM chain
mobility in the EPDM/DIP system. According to the comparative
mechanical study between the EPDM/DIP and EPDM/antioxidant
samples, the mechanical properties of the samples containing
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Fig. 7 G’ of the samples with different blend compositions at different y-irradiation doses measured in air at 180 °C. a 0 kGy, b 75 kGy,

¢ 150 kGy, d 225 kGy, e 300 kGy, f 450 kGy.

antioxidants are much worse than those of the samples contain-
ing DIP under a high irradiation dose (Fig. S3), although the
samples containing phenolic antioxidants also possessed a stable
crosslink network under high irradiation dose (Figs. S4 and S5).
This suggests that the crosslinked network in the EPDM/
antioxidant samples might not be well architectured compared
with that of the EPDM/1DIP sample; thus, the capacity of DIP to
control the radical reactions in the EPDM/1DIP blend is further
proved.

Frequency sweep measurements

The plots of the storage modulus (G’) versus frequency are shown
in Fig. 7 for the EPDM and EPDM/DIP samples at different
irradiation doses. For the additive-free EPDM, G’ first increases and
then decreases when the irradiation dose exceeds 300 kGy.
Although the gel content results indicated that the crosslinking
degree of the EPDM increases monotonically with increasing
irradiation dose, the damage caused to the crosslinked network of
the EPDM by y-ray irradiation and the uncontrolled radical
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reactions leads to a decrease in G'. Different from the additive-
free EPDM, the G’ of the EPDM/DIP systems increases mono-
tonically with increasing irradiation dose; moreover, the EPDM/DIP
systems possess a higher G’ than the additive-free EPDM when the
irradiation dose exceeds 300 kGy, even though the crosslinking
degree of the EPDM/DIP systems is lower than that of the additive-
free EPDM according to the gel content results. This suggests that
stable crosslinked networks are formed in the EPDM/DIP systems,
which is consistent with the stress relaxation results.

Density functional theory (DFT) calculations

In the pre-equilibrium reaction, the EPDM macroradicals are
thought to attack the C=S bonds of DIP. Herein, two potential
addition pathways are proposed to investigate the mechanism of
the reaction. One is that the macroradicals of the EPDM may
attack the C=S bonds of DIP directly. Another is that after the
coupling reaction between the EPDM macroradicals and the DIP
radical generated from the dissociation of DIP, the EPDM chain
containing xanthate groups will be further attacked by other
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Fig. 8 Molecular structures. a EPDM and b DIP.
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Fig. 9 Reaction enthalpy of different bonds of EPDM. Different
colors stand for dissociation energies of considered bonds.

EPDM macroradicals to form intermediates, and finally the EPDM
macroradicals leave to realize the reversible-addition process.

Under y-ray irradiation, the EPDM can generate fragments
containing radicals that can attack the C=S bonds of DIP. Thus, we
consider the reaction between these fragments and DIP to
investigate the reaction mechanism. Ethylidene norbornene (ENB)
is neglected in the EDPM structure considering its low content in
the chain unit (about 0.5%). Figure 8 shows the bonds considered
in the EPDM structure (in mustard color) and the DIP structure. To
select the bonds that are easy to dissociate, the reaction enthalpy
was calculated to determine the bond dissociation energies.

To verify our hypothesis, DFT was used to calculate the addition
barrier of two proposed pathways via the Gaussian16 (G16)
software. The reaction enthalpy and the reaction barrier were
calculated using the UB3LYP method and the 6-31G(d) basis
set*®, Geometry optimizations and frequency analyses were
performed to confirm the transition states, and a negative
vibrational frequency was observed*®°. Figure 9 shows that the
reaction enthalphies of different bonds and the bonds between
carbon 4 (C4) and carbon 6 (C6) have the lowest reaction enthalpy
in EPDM structures (72.36 kcal/mol), which indicates that this site
is the easiest to decompose. A corresponding fragment containing
the free-radical EP- (labeled in Fig. 9) was used for further analysis.

According to Figs. 10 and 11, the addition barrier of the radical
to DIP (44.19 kcal/mol) is bigger than that of the radical to the
coupled structure of DIP and EP- (DIPEP, 13.45 kcal/mol), which
indicates that the second reaction pathway is the most favorable
one. The bond dissociation energies of the S-S and C-S bonds of
DIP also support this conclusion. As shown in Fig. 9, the S-S bond
(22.25 kcal/mol) can dissociate more easily than the C-S bond
(51.70 kcal/mol).

DISCUSSION

Based on the above results, Figs. 12 and 13 provide a schematic
illustration of the mechanisms through which DIP protects the
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EPDM. As can be seen in Fig. 12, for the additive-free EPDM, when
subjected to y-ray irradiation, the radicals are formed in the
matrixes, and then uncontrolled crosslinking and chain scission
occur, which leads to the uncontrolled evolution of the EPDM, and
an irregular structure is formed inside the EPDM matrixes.
Furthermore, the microstructure of the additive-free EPDM is also
easily broken by the y-ray irradiation because of the uncontrolled
radical reactions; thus, the mechanical properties and structural
stability of the additive-free EPDM are significantly degraded
under a high irradiation dose.

For the EPDM/DIP systems, when subjected to y-ray irradiation,
the S-S bond in DIP breaks, and a covalent bond between DIP and
the EPDM is formed via the reaction between the DIP radicals and
the EPDM macroradicals. Furthermore, the EPDM macroradicals
are scavenged. As the irradiation dose increases, the xanthate
groups inside the EPDM matrixes can start to control the radicals.
Thus, uncontrollable radical-induced chain reactions are signifi-
cantly inhibited, and the radical concentration in the EPDM is
considerably reduced. Moreover, the xanthate groups can
regenerate via reversible chain transfer, which enables the long-
term regulation of the radical reactions in the EPDM matrixes.
Hence, the introduction of DIP can result in a very low
concentration of radicals inside the EPDM during y-ray irradiation.
Due to the ability of DIP to control the radical reactions, the
structural evolution of the EPDM is well controlled. Thus, the
EPDM possesses excellent stability and mechanical properties
under high-dose y-ray irradiation.

Figure 13 illustrates a simplified reaction scheme for the
reactions occurring in the EPDM/DIP systems under y-ray
irradiation, which can correspond to the process of the reversible
control of radicals shown in Fig. 12.

In summary, we demonstrated that DIP can control the radical
reactions in the EPDM, which is beneficial for avoiding undesirable
structural evolution and realizing the long-term stability of the
EPDM under y-ray irradiation. When the irradiation dose reaches
450 kGy, the retention rate of the elongation at break of the
EPDM/1DIP system remains about 90%, and its tensile strength
increases to nearly 160%, while the retention rate of the
elongation at break and the tensile strength of the EPDM remain
only about 33% and 70%, respectively, after irradiating with the
same dose. On the other hand, the thermal stability of the EPDM
decreases considerably after irradiation and is found to be dose
dependent. However, the thermal decomposition temperature of
the EPDM containing DIP remains basically unchanged with
increasing irradiation dose, suggesting that DIP can substantially
improve the structural stability of the EPDM. Furthermore, the
oxidation resistance of the EPDM is also enhanced owing to the
addition of DIP. The ESR studies revealed that DIP can effectively
control the radical reactions inside the EPDM matrixes during y-ray
irradiation. The rheology results showed that the structural
evolution of the EPDM can be well controlled under y-ray
irradiation owing to the presence of DIP in the EPDM matrixes
even at a high irradiation dose, while the structural evolution of
the EPDM without DIP is random. The stress relaxation rate of the
EPDM/DIP systems at high temperature is much lower than that of
the unmodified EPDM at an irradiation dose of 450 kGy because of
the compact and stable crosslinked network in the EPDM/DIP
systems, although the crosslinking degree of the EPDM/DIP
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systems is much lower than that of the EPDM without DIP at the
mentioned dose. Taking into account the DIP structure, it is
proposed that when subjected to y-ray irradiation, the S-S bond in
DIP breaks, and covalent bonds between DIP and the EPDM are
formed via the reaction between the DIP radicals and the EPDM
macroradicals. Then, a relatively unstable activated intermediate
radical is formed after the reaction between the xanthates in the
EPDM chains and the EPDM macroradicals or chain radicals, and
dissociation of the intermediate radical leads to the regeneration
of the xanthate groups and the EPDM chain radicals. This enables
the realization of the long-term stability and controllable structural
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EP-DIPEP

Energy profiles and reaction process. The addition reaction of the second proposed pathway.

DIPEP + EP-

evolution of the EPDM due to abovementioned reversible chain
transfer reaction between the EPDM chain containing the
xanthate groups and the EPDM chain radicals under y-ray
irradiation. The DFT calculations are consistent with the proposed
mechanism.

This work demonstrates that introducing compounds contain-
ing groups that have the ability to control the radical reactions is a
new method to control the radical reactions inside the EPDM and
prolong the service life of the EPDM under y-ray irradiation. This
might provide a universal and effective strategy for other
polymers operating in harsh environments.
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METHODS

Materials preparation

The EPDM, NORDEL IP 3722P grade with 71% ethylene content,
0.5% ENB, Mooney viscosity, ML 1 + 4 at 125 °C (ASTM D1646) 18
and density of 0.87 g/mL, was purchased from Dow Chemical.
Isopropylxanthic disulfide (DIP, purity > 99%) was purchased from
Tianjin Xi'ensi Biochemical Technology Co., Ltd (Tianjin, China). DIP
was recrystallized twice from hexane before use, and the DIP
structure is shown in Fig. 14.

The additive-free EPDM and the EPDM/DIP blends were
prepared using an open two-roll mill at an operating temperature
of 100 °C; the total milling time was 10 min. Afterward, the EPDM
and the blends were hot-pressed into 1-mm-thick samples at
100 °C and 5 MPa under vacuum. The compositions of the samples
are listed in Table 2.

Irradiation conditions

The samples were irradiated in air at ambient conditions with a
%9Co y source at the University of Science and Technology of
China, Hefei, China, at an average dose rate of approximately 3
kGy/h. The total dose was in the range from 0 to 450 kGy.

Characterizations

The TGA tests of the unirradiated and irradiated EPDM samples
were performed in N, atmosphere in a temperature range from
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40°C to 600°C at a heating rate of 10°C/min using a TA Q500
instrument. The sample includes both the surface and the internal
part of the EPDM.

The surface chemical composition of the unirradiated and
irradiated EPDM samples was analyzed using a Nicolet iS5 FT-IR
spectrometer (Thermo Fisher Scientificc USA). The ATR FT-IR
spectra contain the averages of 32 scans recorded at a resolution
of 2cm™" in the range from 4000 to 500cm™".

The gel fraction of the unirradiated and irradiated EPDM
samples was measured by dissolving the samples in boiling
toluene for 24 h and subsequently by drying them in a vacuum
oven for several days. The gel fraction was calculated by dividing
the remaining mass by the original mass of the polymer.

A Series 3360 universal testing machine (Instron, MA, USA) was
used to evaluate the tensile properties of the nonirradiated and
irradiated EPDM samples according to the ASTM D standard. The
specimens were punched out of the compression-molded sheets
into a dumbbell shape. Dumbbell specimens with a length of
35 mm, a thickness of 1 mm, and a narrow section width of 2 mm
were used for the test at a crosshead speed of 200 mm/s. Five
identical measurements were conducted for each sample.

The room-temperature ESR spectra of the unirradiated and
irradiated EPDM samples were obtained using a JEOL JES-FA200
ESR spectrometer at a frequency of 9.086 GHz and in a magnetic
field range of 316.5-331.5 mT. The signal intensity was normalized
by the sample mass to compensate for possible mass-caused
errors.
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Fig. 14 Typical DIP structure. The compound that contains the
xanthate group.

Table 2. Components of the studied EPDM and EPDM/DIP blends.

Sample code EPDM (w/w %) DIP (w/w %)
EPDM 100.0 -
EPDM/0.5DIP 99.5 0.5
EPDM/1DIP 99.0 1.0

The stress relaxation dynamics of the unirradiated and
irradiated EPDM samples were measured under a strain of 3%
and at a temperature of 180°C using a rheometer (DHR-1, TA
Instruments, USA) and 8-mm parallel plates. The samples were
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kept at 180°C for 5 min for thermal equilibration before starting
the measurements.

in

The dynamic frequency sweep measurements were carried out

the linear viscoelastic region in a frequency range of

0.05-100rad/s, at a strain amplitude of 3% at 180°C using a
rheometer (DHR-1, TA Instruments, USA) and 8-mm parallel plates.
The samples were kept for 5 min at 180 °C for thermal equilibra-
tion before starting the measurements.
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