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Abstract: The oxidation of natural rubber (NR) leads to a
decrease in mechanical properties, even resulting in failure
of NR products. Many studies focusing on this single factor
have failed to fully elucidate the impact of tropical island
environment on NR properties. Based on this concern, the
synergistic effect of thermal oxygen and ultraviolet (UV)
aging on NR was systematically studied. The results revealed
that thermal oxygenation can promoteUVaging,which leads
to the appearance of surface cracks and deepening of
color. With the extension of aging time, the mechanical
properties of NR correspondingly decreased. Besides, to
deeply understand the mechanism of the synergistic effect
of thermal oxygen and UV aging on NR, we selected squa-
lene to simulate and analyze the molecular structure
changes in NR. Based on these results, a possible syner-
gistic effect of thermal oxygen and UV aging mechanisms
on NR could be proposed.

Keywords: natural rubber, structure, thermal oxygen aging,
UV aging, mechanical properties

1 Introduction

Natural rubber (NR) has received great attention in var-
ious industries (1–4) owing to its unique elasticity, high tear
strength, and excellent flexibility (5,6). The comprehensive
performance of NR as a general elastomer material is better
than that of synthetic rubber (7,8). The non-rubber compo-
nents in NR, mainly proteins and phospholipids, are

believed to be the reason why it has better comprehen-
sive performance than synthetic rubber (9,10). So, NR
and NR nanocomposites are more widely used in engi-
neering materials (11). Engineering materials often face
more stringent external environments, e.g., tropical island
environment, including heat (12), oxygen (13), and ultra-
violet (UV) radiation (14). However, NR has unstable double
bonds, which are prone to degrade (15). NR may encounter
declined physical properties and even shortened ser-
vice life.

The study of thermal oxygen aging of NR has always
been a hot spot in the industry. When NR is exposed to
the thermal oxidative environment, polysulfide bonds are
dissociated by heating to form monosulfide and disulfide
bonds (16–18). In the process of thermal oxygenation, NR
oxidized and degraded to produce carbon radicals R·,
which combine with oxygen to form ROO·. The hydrogen
atoms on the NR chain are trapped and converted into a
more active ROO·, resulting in R· (19). The degradation
of NR produces oxygen-containing functional groups,
which eventually lead to chain fracture (20). Oxidation
and chain breakage of bonds have negative effects on NR
performance. However, the application of heating alone
is not representative of the tropical island environment,
including UV irradiation, which promotes oxidation pro-
cesses and leads to the aging of NR (21). UV irradiation
can attack double bonds to produce unstable peroxy radi-
cals in the presence of oxygen (22). UV irradiation of NR
eventually induces various oxidation products such as
ketones, aldehydes, and organic acids (15,23). Both heat
and UV irradiation can degrade the properties of NR, but
their effects on NR aging are different (24). A more com-
plicated aging behavior is observed when heat and UV
radiation are combined. However, the existing research
mainly focuses on a single aging factor, which cannot
provide the most accurate service life prediction for the
actual use of NR. The service life of rubber products that
are designed according to a single aging factor cannot
fully represent the actual service life, which inevitably
leads to premature failure of the products (25,26). Based
on this, Li et al. (27) observed the silicone rubber degra-
dation process in two test conditions prepared according
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to real proton exchange membrane fuel cell operational
conditions and analyzed the degradation mechanisms.
The relation between time and concentration can be con-
structed to predict the lifetime of the material according
to the time-temperature superposition principle. Li et al.
(28) proposed a novel accelerated aging test method
based on the dominant damage mechanism of rubber
material caused by temperature cycle treatments. Based
on this method, the long-term aging test results of rubber
samples under high- and low-temperature cycle condi-
tions can be predicted. Yang et al. (29) applied three
different approaches to investigate the fatigue life of the
styrene-butadiene rubber vulcanizates and established a
fatigue life prediction model based on strain amplitude as
the damage parameter. Understanding the thermal oxygen
and UV aging synergistic mechanisms on NR, herein, is
rather significant for the NR industry.

In this work, combining thermal oxygen with UV aging
was performed on a dumbbell NR sample in the UV aging
chamber for different aging times. The changes of molecular
structure of NR before and after aging were studied by
Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy. The aging degree is expressed by comparing
the macroscopic mechanical properties of NR under different
aging conditions. Besides, to deeply understand the
mechanism of the synergistic effect of thermal oxygen
and UV aging, we selected squalene to simulate and ana-
lyze the molecular structure changes in NR. The current
study aims to investigate the synergistic effect of thermal
oxygen and UV aging on NR. This study of aging can pro-
vide theoretical guidance on understanding the anti-aging
properties of rubber products (30), as well as a data basis
for product life prediction (31) and a safety guarantee for
the safe use of products.

2 Experimental

2.1 Materials

NR was provided by China Hainan Rubber Industry Group
Co., Ltd. Zinc oxide analytical purity of the reagent (AR),
sulfur (AR), analytical purity of the reagent (AR), stearic
acid (AR), and 2-mercaptobenzothiazole (AR)were obtained
from Shanghai Aladdin Bio-Chem Technology Co., Ltd.

2.2 Samples preparation

About 100 phr NR were mixed via a two-roll mill, and
then 3 phr sulfur, 5 phr ZnO, 0.5 phr stearic acid, and

0.7 phr 2-mercaptobenzothiazole were added to the NR
on the two-roll mill at room temperature. After complete
mixing, the compounds were compressed at 145°C, and the
optimum curing time was determined by a vulcameter.

2.3 Aging process

UV aging tests were carried out in the HDUVA-340 UV
aging chamber. UV-A radiation (315–400 nm) accounts
for approximately 95% of the UV radiation reaching the
Earth’s surface (32). The UV source consisted of a UV-A-340
lamp, which produced peek emission at 340nm and UV-A
irradiationwith a UV intensity of 1.35W‧m−2. The NR samples
were exposed to UV radiation for 24, 48, 72, 96, and 120 h
at 40°C. Thermal oxygen aging tests were carried out in
the HDUVA-340 UV aging chamber. The NR samples were
exposed to 80°C for 24, 48, 72, 96, and 120 h. Synergistic
effect of thermal oxygen and UV aging tests were carried
out in the HDUVA-340 UV aging chamber. The NR samples
were exposed to 80°C for 24, 48, 72, 96, and 120 h. Syner-
gistic effect of thermal oxygen and UV aging tests were
carried out in the HDUVA-340 UV aging chamber. The NR
samples were exposed to UV radiation for 24, 48, 72, 96, and
120 h at 80°C.

2.4 Characterizations

2.4.1 Scanning electron microscopy (SEM)

To compare the surface change before and after aging,micro-
topography imaging of specimens was performed using the
S-4800 SEM at 1,000× magnifications with an applied vol-
tage of 5 kV. Since NR is the insulating material, samples
with different aging times were coated with a gold layer.

2.4.2 FTIR spectrometer

FTIR spectra were recorded on a Nicolet iS50 + Nicolet con-
tinuum FTIR spectrometer at room temperature. The wave-
number range was from 4,000 to 400 cm−1 with 16 scans.
FTIR spectra could be used to obtain detailed information
about the functional groups on the NR before and after aging.

2.4.3 Raman spectroscopy

Raman spectra were recorded on the inVia Qontor Raman
spectrometer at room temperature. Raman spectra of the
unaging NR samples were illuminated with a He–Ne laser
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source, selecting the red line at 785 nm. Raman spectra of
the aging NR samples were illuminated with a He–Cd
laser source selecting the UV at 325 nm. The Raman shift
range was selected between 100 and 3,000 cm−1 with
three accumulations and each acquisition time of 10 s.

2.4.4 Cross-linking density

Vulcanized NR samples of about 0.2 g (m1)were soaked in
toluene at room temperature for 7 days, and the solvent
was then rapidly removed from the swollen sample sur-
face by filter paper. The swollen samples were weighed
(m2). Cross-linking density calculated according to the
classical Flory–Rehner equation (33):
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where φr is the volume fraction of polymer in the swollen net-
work, V0 is the molar volume of the solvent (106.2mL‧mol−1

for toluene), χr is the Flory–Huggins polymer–solvent inter-
action term (0.393 for NR/toluene), n is the average number
of movable chain segments per unit volume (mol‧mL−1), Mc

is the average mass of network chains, ρ is the density of
NR (0.913 g‧mL−1 for NR), and ρs is the density of toluene
(0.866 g‧mL−1).

2.4.5 1H nuclear magnetic resonance (NMR)
spectroscopy

The 500 µL squalene and 500 µL CDCl3 were mixed into a
5 mm test tube for NMR. NMR spectra were acquired on

Avance 400 MHz Bruker NMR spectrometer. 1H NMR
spectra were acquired by 16 accumulations and each
acquisition time of 4 s.

2.4.6 Mechanical properties measurements

The mechanical property was performed on dumbbell-
shaped samples (75 mm × 4mm × 1 mm and a test length
of 20mm) by a Gotech AI-3000 universal testing machine.
The measurement was performed at room temperature
with a speed of 500mm‧min−1. In this study, three speci-
mens of each sample were measured for the tensile tests to
evaluate the aging degree of NR.

3 Results and discussion

3.1 Synergistic effect of thermal oxygen and
UV aging on the surface of NR

As shown in Figure 1, the initial NR surface was smooth.
Some mild cracks appeared on the surface of NR, and the
color of the NR surface slightly deepened after 48 h of UV
aging. Nevertheless, the surface of NR remained smooth,
and the color of the NR surface has not been changed
after thermal oxygen aging. Some cracks occurred on
the NRsurface and the color of the NR surfaceobviously
deepened after 24 hsynergistic effect of thermal oxygen
andUV aging. As time went by, the cracks became more
obvious, and the color of the NR surface became darker.
Under UV irradiation, when the temperature increased
from 40°C to 80°C, the cracks appeared earlier, and the
cracks became more obvious. The SEM images are shown
in Figure 2. The surfaces of the NR became porous and

Figure 1: Surface morphology changes of NR under different aging conditions.
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rough after 48 h of thermal oxygen aging. This phenom-
enon was mainly attributed to small molecules escaping
from the NR surface and generating some degraded small
molecules. But no cracks appeared. Therefore, UV irra-
diation is the main cause of cracks of NR.

Meanwhile, these obtained results demonstrated that
the synergistic effect of thermal oxygen and UV on the NR
aging process was a continuous destruction process from
the surface to the interior. UV irradiation caused cracks
and color deepening on the surface of NR. In addition, the
temperature played an important role in the synergistic
effect of thermal oxygen and UV aging process.

3.2 Synergistic effect of thermal oxygen and
UV aging on mechanical properties of NR

The mechanical properties of NR at different aging con-
ditions were further investigated. The tensile strength
and elongation at the break of samples show a downward
trend with increasing aging time (Figure 3). Before aging,
the tensile strength and elongation at break were 20.97MPa
and 825.30%. After 120 h of UV aging, the retention of ten-
sile strength and retention of elongation at the break for NR
decreased to 53.48% (11.21MPa) and 93.22% (769.33%).
After 120 h of thermal oxygen aging, the retention of tensile

strength and retention of elongation at the break for NR
decreased to 57.09% (11.97MPa) and 77.18% (636.93%).
After 120 h, the synergistic effect of thermal oxygen and
UV aging, the retention of tensile strength, and the retention
of elongation at the break for NR decreased to 32.45%
(6.80MPa) and 65.68% (542.03%). As shown in Figure 3,
the tensile strength retention rate and the elongation at
break retention rate of aging NR decreased with aging
time, which demonstrated that the mechanical properties
can decrease with aging time. Figure 3 shows that the elon-
gation at break is very sensitive to thermal oxygen aging,
and the tensile strength is very sensitive to UV aging. In
addition, it was found that the retention of tensile strength
and retention of elongation at break of NR after the syner-
gistic effect of thermal oxygen and UV aging was slightly
lower than the other two kinds of aging NR, suggesting that
the thermal oxygen and UV irradiation intensity of the NR
aging process have the function of mutual promotion.

3.3 Synergistic effect of thermal oxygen and
UV aging on the molecular structure
of NR

In order to monitor the change of NR functional groups
after UV irradiation, attenuated total reflection Fourier

Figure 2: SEM images of NR with 48 h aging under different aging conditions: (a) pristine, (b) UV irradiation (exposed to 40°C and UV
irradiation with an intensity of 1.35 W‧m−2), (c) thermal oxygen (exposed to 80°C), (d) combine effect of thermal oxygen and UV irradiation
(exposed to 80°C and UV irradiation with intensity of 1.35 W‧m−2).
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transform infrared spectroscopy (ATR-FTIR) was used.
Figure 4a shows ATR-FTIR spectra of the NR before and
after UV aging. Before aging, the NR exhibited absorption
bands at 837 cm−1, which is assigned to C]C–H out-of-
plane deformation (34). The absorption bands at 1,375
and 1,452 cm−1 can be assigned to –CH3 and –CH2 defor-
mations, respectively. The absorption bands of –CH2 sym-
metric, –CH2 asymmetric, and –CH3 asymmetric stretching
can be observed at 2,850, 2,918, and 2,960 cm−1, respec-
tively (35,36). After UV aging, the characteristic absorption
bands at 837 cm−1 decreased in intensity, indicating that
the C]C of NRwas partially destroyed during the UV aging
process. In addition, some new peaks can be observed, and
the strong peaks at 1,645 and 1,707 cm−1 are assigned to C]O
stretching vibration, which means the formation of carbonyl
groups and aldehyde groups. The peak at 1,080 cm−1 is
assigned to C–O–C asymmetric stretching, which means the
formation of ether bonds due to the photo-oxidation at the
main NR chain. The peak at 3,300 cm−1 is assigned to O–H
asymmetric stretching (37). The photo-oxidation reaction led
to chain scission of NR and generated various oxidized

products (14), such as carbonyl groups, aldehyde groups,
ether bonds, and hydroxyl groups.

As shown in Figure 4b, after thermal oxygen aging,
the characteristic absorption bands at 837 cm−1 decreased
in intensity, indicating that the C]C of NR was partially
destroyed during the thermal oxygen aging process. Some
new peaks can be observed; the strong peak at 1,645 cm−1

is assigned to C]O stretching vibration, which means the
formation of carbonyl groups and aldehyde groups due to
the thermal oxidation destroyed the main NR chain. It
indicates that both thermal oxygen aging and photo-oxi-
dation aging attack the C]C of NR and generate carbonyl
groups, aldehyde groups, and hydroxyl groups.

By comparing Figure 4a and c, we observe that when
the UV aging temperature increases from 40°C to 80°C,
the intensity of functional groups corresponding to the
oxidation products increases. These proved that high
temperature can promote UV aging. Figure 4c shows
ATR-FTIR spectra of the NR before and after the combine
effect of thermal oxygen and UV aging. After the combine
effect of thermal oxygen and UV irradiation, the characteristic

Figure 3: (a) Tensile strength of NR under different aging conditions. (b) Elongation at break of NR under the different aging conditions.
(c) The tensile strength retention rate of NR under different aging conditions. (d) Elongation at break retention rate of NR under different
aging conditions.
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Figure 4: (a) FTIR spectra of NR at UV irradiation (exposed to 40°C and UV irradiation with an intensity of 1.35 W‧m−2). (b) FTIR spectra of NR
at thermal oxygen (exposed to 80°C). (c) FTIR spectra of NR at combine effect of thermal oxygen and UV irradiation (exposed to 80°C and UV
irradiation with intensity of 1.35 W‧m−2). (d) Raman spectra of NR at combine effect of thermal oxygen and UV irradiation.
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absorption bands at 837 cm−1 decreased in intensity, indi-
cating that the C]C of NR was partially destroyed. In addi-
tion, some new peaks can be observed; the strong peaks at
1,645 and 1,707 cm−1 are assigned to C]O stretching vibra-
tion, which means the formation of carbonyl groups and
aldehyde groups. The peak at 1,080 cm−1 is assigned to
C–O–C asymmetric stretching, which means the formation
of ether bonds due to the photo-oxidation at the main NR
chain. The peak at 3,300 cm−1 is assigned to O–H asymmetric
stretching. Figure 4d shows the Raman spectra of the NR
before and after the combine effect of thermal oxygen and
UV aging. The characteristic absorption bands at 1,665 cm−1 of
C]C stretching of cis-polyisoprene chain and 2,900 cm−1 of
C–H stretching decreased in intensity (38,39). After the com-
bine effect of thermal oxygen and UV irradiation, the charac-
teristic absorption bands at 1,665 cm−1 decreased in intensity,
indicating that the C]C of NR was partially destroyed during
the thermal oxygen andUVaging processes. The strong peaks
at 1,600 cm−1 can be observed, which means the formation of
C]C–C]C during the thermal oxygen and UV aging process
(40,41). According to these results, NR can be protected from

thermal oxygen andUVaging by theDiels–Alder diene synth-
esis reaction of conjugated double bonds.

3.4 Synergistic effect of thermal oxygen and
UV aging on cross-link density of NR

The vulcanized NR forms a three-dimensional cross-linking
network between the rubber molecular chains, and the
cross-linking degree can be expressed by the cross-linking
density or the average molecular weight (Mc) between the
cross-linking points. As shown in Figure 5a, during the UV
aging process, theMc was decreased initially and increased
at a later stage. On the contrary, the cross-link density was
increased initially and decreased at a later stage. The cross-
link densities of NRwere 1.13 × 10−4 and 1.03 × 10−4mol‧mL−1

before and after initial 24 h UV aging, respectively, which
displayed an 8.85% difference. The chain-scission reaction
played the dominant role, bringing about the reduction of
cross-linking density. The UV irradiation process of NR frac-
tures molecular bonds and cross-linking bonds, bringing

Figure 5: Cross-link density and Mc of NR by different aging conditions: (a) UV irradiation (exposed to 40°C and UV radiation with an
intensity of 1.35 W‧m−2), (b) thermal oxygen (exposed to 80°C), (c) thermal oxygen and UV irradiation (exposed to 80°C and UV radiation
with an intensity of 1.35 W‧m−2).
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about the reduction of cross-linking density. The UV irradia-
tion process of NR fractures C–H and C]C bonds, which
produce carbon radicals R·. The UV irradiation process of
NR fractures cross-linking bonds, which produces free sulfur
content. The cross-link density of NR was 1.13 × 10−4mol‧
mL−1 after 120 h UV aging, which decreased by 8.85%. The
increase in cross-link density generally results from the cross-
linking reaction of free sulfur content and carbon radicals R·,
which leads to the post-curing process during the aging
period (42). These phenomena indicated that NR was in the
state of chain scission and cross-linking during UV aging,
and its cross-linking density ultimately tended to increase.
It means that the cross-linking reaction is dominant during
UV aging.

As shown in Figure 5b, during the thermal oxygen
aging process, the cross-link density was increased initi-
ally and decreased at a later stage. The cross-link densi-
ties of NR were 1.13 × 10−4 and 1.18 × 10−4 mol‧mL−1 before
and after the initial 48 h thermal oxygen aging, respec-
tively, which displayed a 4.42% difference. The cross-link
density of NR was 1.15 × 10−4 mol‧mL−1 after 120 h thermal
oxygen aging, which decreased by 2.54%. Thermal oxygen
aging in NR is known to be a stepwise process. The initial
increase is due to the degradation of unstable polysulfide
to mono- and disulfide. The decrease in the cross-link
density after 48 h is due to the further decomposition of
mono-, di-, and polysulfide (17).

The cross-link densities of NR before and after the
combine effect of thermal oxygen and UV irradiation
are shown in Figure 5a. As the aging time went by, the
cross-link density of NR did not remain at a stable level;
however, it showed an overall trend of increasing. The
cross-link density increased initially and decreased at a
later stage. The cross-link density of NR increased after
the initial 96 h combine effect of thermal oxygen and UV
irradiation. The cross-link densities of NR were 1.13 × 10−4

and 1.30 × 10−4 mol‧mL−1 before and after 96 h under the
combine effect of thermal oxygen and UV irradiation,
respectively, which increased 15.04%. The increase in
cross-link density generally results from the cross-linking
reaction of free sulfur content and carbon radicals R·,
which leads to post-curing process during the aging
period. In addition, it is due to the degradation of unstable
polysulfide to mono- and disulfide. Compared with UV
aging, the increase in temperature promoted the cross-
linking reaction of free sulfur content and carbon radicals
R·, resulting in an increase in the cross-linking density of
NR after the initial 96 h combine effect of thermal oxygen
and UV irradiation. The cross-link densities of NR were
1.30 × 10−4 and 1.26 × 10−4 mol‧mL−1 before and after
96 h under the combine effect of thermal oxygen and UV

irradiation, respectively,which decreased0.032%. Thedecrease
in the cross-link density after 96 h is due to the further
decomposition of mono-, di-, and polysulfide. The cross-
link density of NR after the combine effect of thermal
oxygen and UV irradiation decreased first may be due to
the promotion of temperature to UV aging. Therefore, the
cross-linking reaction tended to dominate this process.

3.5 Synergistic effect of thermal oxygen and
UV on NR aging degradation mechanism

To have a deeper understanding of the mechanism of the
synergistic effect of thermal oxygen and UV aging on NR,
we selected squalene, a small molecule with a similar
structure to NR, to analyze the molecular structure changes
of NR and simulate the synergistic effect of thermal oxygen
and UV aging process of NR. Figure 6a shows the FTIR
spectra of the squalene before and after the combine effect
of thermal oxygen and UV aging. Before aging, the squalene
exhibited absorption bands at 837 cm−1, which is assigned
to C]C–H out-of-plane deformation. The absorption bands
at 1,375 and 1,452 cm−1 can be assigned to –CH3 and –CH2

deformations, respectively. The absorption bands of –CH2

symmetric, –CH2 asymmetric, and –CH3 asymmetric stretching
can be observed at 2,850, 2,918, and 2,960 cm−1, respectively.
The typical characteristic peak C–H of C]C–H at 837 cm−1

and typical characteristic peak C]C at 1,660 cm−1 for squa-
lene gradually disappeared with increasing aging time
(Figure 6a). Besides, some new peaks appeared at 1,730 and
1,073 cm−1, respectively, indicating that the double bonds in
squalene were destroyed by heat and UV radiation along
with the formation of C]O and C–O–C (43,44). Further-
more, the aging products of squalene after the synergistic
effect of thermal oxygen and UV aging were confirmed by
1H NMR analysis (Figure 6b). This suggests that the occur-
rence of photochemical reactions may involve the genera-
tion of allylic radicals (45). The 1H NMR of squalene after
synergistic effect of thermal oxygen and UV aging indicated
that the generation of non-allylic CH2/CH3 signals at 1.2 ppm
(46). This is compelling evidence that double bonds are lost
in this photochemically driven process.

The macroscopic and microscopic properties of NR
materials are decreased by the synergistic effect of thermal
oxygen and UV aging, and complex bond breaking, cross-
linking, and oxidation reactions occur on the surface of
materials. For NR, the reaction as shown in Figure 6c may
occur when it suffers from the combine effect of thermal
oxygen and UV irradiation. The heating and UV irradiation
processes of NR fracture the C–H bonds of methylene and
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Figure 6: FTIR (a) and 1H NMR (b) spectra of squalene before and after reacting with combine effect of thermal oxygen and UV irradiation.
(c) Schematic diagram of the potential mechanism for the synergistic effect of thermal oxygen and UV on NR aging. (d) A schematic diagram
of the changes of cross-linking network structure for NR after aging.
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produce carbon radicals R·, which combine with oxygen to
produce aldehyde groups. The further oxidation of NR
forms oxygen-containing functional groups such as car-
boxyl groups and hydroxyl groups, which eventually lead
to chain fracture. The heating and UV irradiation process of
NR fractures the C]C bonds. The further oxidation of NR
forms oxygen-containing functional groups such as car-
bonyl groups and carboxyl groups, which eventually lead
to chain fracture. The C–H bonds of methylene and C]C
bonds in the NR are oxidized, which increases O–H bonds
and C]O bonds in the molecule, while the content of C–H
and C]C bonds decrease. In addition, the bond energies of
C–H of –CH3, C–H of –CH2, and C]C are 351.6, 335.7, and
271.63 kJ‧mol−1, respectively, which are all less than the
energy of the UV-A ultraviolet photon that is 352 kJ‧mol−1

(47). Thus, C–H and C]C bonds in NR molecules fracture
to a certain extent, resulting in material deterioration. We
come up with the potential aging process, which is shown
in Figure 6d. The heating process of NR fractures the C–H
bonds and C]C bonds, causing chain breakage that pro-
duces various oxidation products. Compared with thermal
oxygen aging, the surface of NR appeared cracked; the color
of the NR surface obviously deepened and broke more
bonds after the synergistic effect of thermal oxygen and
UV aging.

4 Conclusion

In this study, the synergistic effect of thermal oxygen and
UV aging on NR was studied. The results show that the
surface morphology, molecular structure, and mechan-
ical properties of NR changed dramatically during the
combine effect of thermal oxygen and UV irradiation. It
is worth noting that thermal can promote UV aging,
which leads to the appearance of surface cracks and dee-
pening of color. The synergistic effect of thermal oxygen
and UV aging of NR is a process from the surface to the
inside. During this period, the size of cracks gradually
increased with the aging time. With the extension of
aging time, the mechanical properties of NR, such as
tensile strength and elongation at break, were corre-
spondingly reduced since the molecular chain network
structures and cross-linking points of NR were destroyed.
The simulated aging process of NR by squalene proved
that heat and UV can destroy C]C and C–H in the mole-
cular chain of olefins and form alkyl aldehydes, ketones,
aliphatic esters, and ether compounds. Based on these
results, a synergistic mechanism of thermal oxygen and
UV aging on NR was proposed.
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