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The ability of antithermal aging of LDPE/TiO2 nanocomposites was investigated through SEM, FTIR,DSC, and dielectric properties
in this paper.The results of SEM images showed that the thermal aging had a significant influence on the structure of Pure-LDPE and
LDPE/TiO2 samples. The measurement of FTIR showed that the content of hydroxyl and carboxyl increased with thermal aging,
but the time of emerging aging characteristic peaks for the LDPE/TiO2 samples was delayed. The DSC measurement indicated
that filling TiO2 nanoparticles changed the crystallization behavior of LDPE, played a role of heterogeneous nucleation during
the process of recrystallization, and improved the crystallinity of LDPE/TiO2. Similarly, the aged LDPE/TiO2 samples had lower
permittivity and dissipation factor compared to the aged Pure-LDPE samples. All the results had indicated the LDPE/TiO2 samples
had the significant ability of antithermal aging, especially the LDPE/TiO2-0.5 samples with good dispersion of nanoparticles. A new
model was proposed to illustrate the antithermal aging behaviors of LDPE/TiO2 samples, which shows that the TiO2 nanoparticles
play a role of “crosslinking points” between LDPEmolecular chains, increasing the density of crystal structure and reducing oxygen
diffusion into materials to break molecular structure.

1. Introduction

Polyethylene has been widely used as the insulation material
of high voltage cables because of its outstanding physical,
chemical, and electrical properties. In addition, the mechan-
ical and electrical properties of polyethylene such as tensile
strength, resistivity, permittivity and dielectric loss, break-
down strength, and space charge behaviors can be enhanced
by adding inorganic nanoparticles due to its small size
and surface effect; the polyethylene/inorganic nanoparticles
nanocomposites are regarded as a promising candidate for
high voltage direct current cables in the future [1–3].

The excellent properties of nanocomposites depend on
the performance of nanoparticles such as type, particle size,
filling concentration, and surface treatment, which have
an important influence on the recrystallization process of
nanocomposites. Crystallization behavior of nanocomposites
play a crucial role in morphologies and the resulting prop-
erties to some extent, and the crystallization is regarded as

a naturally self-assembly process [4, 5]. In the process, the
filler particles and other impurities in the nanocomposites
are rejected from the crystal phase and incorporated into
the amorphous region [6]. Recently, Zheng et al. investigated
the structure and morphology of the polyamide-6/ZnO
nanocomposites and reported that theZnOnanoparticles can
induce the crystallization of the 𝛾-crystalline form PA-6 from
themelt and during the annealing of the amorphous solid [7].

Recently, titanium dioxide (TiO2) being regarded as
a filler embedded in polymer matrix has been reported
frequently, because of its stability and optical and electronic
properties [8–12]. Titanium dioxide has two common crystal
forms: anatase phase and rutile phase; anatase can be con-
verted into rutile under high temperature, usually greater
than 900∘C, but the process is irreversible. Nanoanatase is
usually used as photocatalyst because of its wide and direct
band gap of 3.2 eV, while nanorutile is widely doped in
Epoxy resin, polypropylene, and other polymers to improve
the ability of antiaging due to its strong ability to absorb

Hindawi
Journal of Nanomaterials
Volume 2017, Article ID 5048382, 11 pages
https://doi.org/10.1155/2017/5048382

https://doi.org/10.1155/2017/5048382


2 Journal of Nanomaterials

ultraviolet light [13]. Nelson and Fothergill researched the
permittivity and dielectric loss of Epoxy/Micro-TiO2 and
Epoxy/Nano-TiO2 nanocomposites. It is reported that the
permittivity of Epoxy/Micro-TiO2 is larger compared to
the Epoxy/Nano-TiO2 and polymer matrix, while the per-
mittivity of Epoxy/Nano-TiO2 is smaller compared to the
polymer matrix and Epoxy/Micro-TiO2 [10]. Tomara et
al. also pointed that the dielectric response of the TiO2
nanocomposites compared to that of the TiO2 microcom-
posites reveals that the former exhibit significantly higher
energy storage efficiency even at lower TiO2 concentration
than the microcomposites [11]. The dielectric properties of
LDPE/TiO2 nanocomposites were researched by Zazoum
et al., and it was considered that the improved dielectric
properties could be related to the good dispersion of the TiO2
nanoparticles due to the modification of surface [12].

The existing researches on the polyethylene/TiO2 nano-
composites show that the improved properties of nanocom-
posites had been gradually recognized and interpreted
through many theoretical models. However, these excellent
properties are only for unaged nanocomposites, and the
properties of aged nanocomposites have not been fully
understood. In addition, researches had indicated that the
maximum operating temperature of cable insulation can
reach 90∘C, and the good dielectric properties of insulation
material may bring some unwanted drawbacks to its perfor-
mance under high temperature condition [14, 15]. Therefore,
it is necessary to further research the thermal aging behaviors
of polyethylene/TiO2 nanocomposites.

In this paper, the rutile TiO2 nanoparticles were selected
as filler embedded in LDPE matrix with different mass
fractions (0.5 wt%, 1 wt%, 3wt%, and 5wt%).The Pure-LDPE
and LDPE/TiO2 film samples with the thickness of about
150 um were aged in a vacuum oven at 90∘C and taken out
regularly (14D, 35D, 56D, and 77D) for the measurement of
SEM, FTIR, DSC, and dielectric properties.

2. Experiments

2.1. Sample Preparation. Raw material is LDPE particles
produced by borealis, with density 0.910∼0.925mg/cm3, melt
index 2.1∼2.2 g/10min, and melting point 112∘C. Rutile TiO2
nanoparticles were selected as filler, with diameter 20∼25 nm,
which were added to LDPE matrix with different mass
concentrations (0.5 wt%, 1 wt%, 3 wt%, and 5wt%). Sample
preparation method is as follows: LDPE/TiO2 mixture was
prepared by melting blend in an opened type mixer at 180∘C;
LDPE/TiO2 film samples with the thickness of about 150 𝜇m
were prepared by a flat vulcanizing machine, maintained
10min at 160∘C and 10MPa; the film samples were placed
in a vacuum oven for 48 h at 80∘C, in order to eliminate
the residual stress and the low molecular byproducts during
sample preparation process [16]. The film samples with
different mass concentrations are as shown in Figure 1. Lastly,
the Pure-LDPE and LDPE/TiO2 film samples were aged in
a constant temperature aging oven at 90∘C (aging belongs
to thermal-oxidative aging because of some oxygen remains
in the aging oven), which were taken out regularly (14D,
35D, 56D, and 77D) for measurement of microstructure and

Table 1: Abbreviations of different samples.

Filling mass
fraction

Aging days
0 days ⋅ ⋅ ⋅ 77 days

0wt% Pure-LDPE-0D ⋅ ⋅ ⋅ Pure-LDPE-77D
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

5wt% LDPE/TiO2-5-0D ⋅ ⋅ ⋅ LDPE/TiO2-5-77D

electrical properties. Each sample has an abbreviation in the
following section, as shown in Table 1.

2.2. SEM Results. Scanning electron microscope (SEM, JSM-
6490LVmade in Japan) was used to observe TiO2 nanoparti-
cle dispersion and micromorphology of samples before and
after thermal aging. The samples were treated with gold
plating before testing, because LDPE belongs to nonmetallic
material.

The SEM images of Pure-LDPE and LDPE/TiO2 samples
are shown in Figure 2. The “white dots” marked by green
small circles in Figure 2(b) represent TiO2 nanoparticles with
different sizes. It can be seen that TiO2 nanoparticles are
evenly distributed in LDPEmatrix. Furthermore, many retic-
ular structures could be clearly observed in the LDPE/TiO2-
0.5 samples, and the microstructure of LDPE was changed
due to the small size effect of nanoparticles. In addition,
thermal aging had a significant effect on the structure of
samples, causing the structure to become loose and rough.
It can be explained by the FTIR and DSC measurements in
the following parts, and macromolecular chains were broken
and crystalline state was changed to amorphous area during
thermal-oxidative aging, decreasing the crystallinity of LDPE
[17]. There were no obvious gully structures in LDPE/TiO2-
0.5 samples aged 77 days, indicating that the LDPE/TiO2
samples had stronger ability of antithermal aging than Pure-
LDPE samples.

2.3. FITR Results. Attenuated total reflection infrared spec-
trometer (ATR-FTIR, Nicolet 6700 made in America) was
used to analyze the effect of thermal-oxidative aging on
the chemical structure of samples. The reflective crystal is
ZnSe, the incident angle is 45∘, the scanning frequency is 24
times, the wavenumber range is from 400 cm−1 to 4000 cm−1,
and the resolution is 4 cm−1. In addition, one computer was
connected to the spectrometer in order to receive and analyze
date.

FTIR spectra of aged and unaged samples are shown
in Figure 3, and functional groups corresponding to the
wavenumber are shown inTable 2. It is generally accepted that
a large number of polar groups such as carboxyl, carbonyl,
and hydroxyl will be generated in aged LDPE material, and
the content of those groups can represent the degree of aging
[18].

Samples aged for 35 days and Pure-LDPE samples exhib-
ited stronger C=O double bond FTIR signal compared to
that of LDPE/TiO2 in Figure 3(b). Furthermore, content
of C=O in aged LDPE/TiO2 samples increased with filling
concentration, because the oxygen is easier to diffuse into
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(a) LDPE/TiO2-0.5 (b) LDPE/TiO2-1

(c) LDPE/TiO2-3 (d) LDPE/TiO2-5

Figure 1: LDPE/TiO2 samples with different mass fractions.

low crystallinity samples, and it has confirmed that the
crystallinity of LDPE/TiO2 samples decreased with filling
concentration. Figure 3(d) shows that the C=C double bond
gradually transformed to be C=O double bond during the
process of aging, which indicated sample was destroyed due
to the synergistic action of heat and oxygen. The samples
LDPE/TiO2-0.5 had the best antiaging ability, however, which
began showing aging characteristics until thermal aging of
77 days. The content of hydroxyl first decreased and then
increased with the process of aging as shown in Figure 3(c),
and the possible reason was that the moisture in the air
is easily attached to the surface of unaged samples because
of some static electricity produced during the preparation
process. The content of hydroxyl first decreased because the
moisture was dried at initial of aging and then increased
because of the severe thermal oxygen aging.

2.4. DSC Results. The SETARAM-DSC 141 differential scan-
ning calorimetry (DSC) was used tomeasure the crystallinity
of different samples, the test temperature range is within

50∘C∼160∘C, the heating rate is about 10∘C/min, and the
nitrogen flow rate is about 150ml/min.

The thermal flow melting curves of LDPE and
LDPE/TiO2-0.5 samples whose age is of different days
are shown in Figure 4, which can be used to calculate
the crystallinity of material, as shown in formula (1). The
calculation results are shown in Table 3

𝑋𝐶 =
Δ𝐻𝑚
𝐻𝑁
× 100%, (1)

where 𝑋𝐶 refers to crystallinity of polyethylene; Δ𝐻𝑚 refers
to the melting heat and its value is the area surrounded by
melting peak and baseline; 𝐻𝑁 refers to the melting heat
when the crystallinity of polyethylene reached 100%, and its
value is about 293.6 J/g.

It can be seen from Table 3 that the crystallinity of
polyethylene was increased by filling TiO2 nanoparticles, and
it also indicated that the structure of LDPE/TiO2 samples
is more compact compared to Pure-LDPE samples. On
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Figure 2: SEM images of Pure-LDPE and LDPE/TiO2 samples.

the whole, the crystallinity of both LDPE and LDPE/TiO2-
0.5 samples was decreased with aging time, but the crys-
tallinity of LDPE/TiO2-0.5 samples remained at a higher
value compared to Pure-LDPE samples during thermal aging
process. It can be concluded that filling TiO2 nanoparti-
cles changed the crystallization behavior of polyethylene,
which played a role of heterogeneous nucleation during the
process of recrystallization, generating a large number of
small spherulites, leading to the increasing of crystallinity. In
addition, the crystallinity of samples with the age of 14 days
was higher compared to the unaged samples. It is because
of further completion of recrystallization process and low
thermal degradation at the start of aging, resulting in further
improvement of crystallinity of nanocomposites.

2.5. Dielectric Properties Measurement. The concept 80 test-
ing systemmanufactured byNovocontrol Companywas used
to measure the real permittivity 𝜀 and dielectric dissipation
tan 𝛿.The testing frequency range was from 10−1Hz to 106Hz
and the measurements were carried out at room temperature
(25 ± 1)∘C.

The laws of real permittivity with frequency for unaged
and aged samples are shown in Figure 5. It can be seen that
the real permittivity of all samples decreasedwith the increase
of frequency due to electron polarization and slight impurity
polarization can be fully established in the low frequency
range [19].

Unaged samples are shown in Figure 5(a), and the
LDPE/TiO2-0.5 samples had lower permittivity than Pure-
LDPE, while the other LDPE/TiO2 samples had higher

permittivity than Pure-LDPE. What is more, the permit-
tivity of LDPE/TiO2 nanocomposites first decreased and
then increased with the increase of filling concentration.
Figure 5(b) shows the samples aged 35 days, all LDPE/TiO2
samples had lower permittivity than Pure-LDPE samples,
and, in particular, the permittivity of LDPE/TiO2-0.5 samples
was significantly lower than others. It indicated that the
LDPE/TiO2-0.5 samples have ability of antithermal ageing,
which could be verified by the results of FTIR in Figure 3(b).
As can be seen in Figures 5(c) and 5(d), the samples aged
14 days had lower permittivity than unaged samples, and it
may be due to the improving of crystallinity, which has been
confirmed by the DSC measurement.

In addition, there existed a regular change between the
permittivity and aging time, and the slope of permittivity
curves increased with aging, which could characterize the
degree of thermal aging. And the permittivity exhibited
“jump increase” process, the change for Pure-LDPE samples
was from 14 days to 35 days, while the change occurred from
56 days to 77 days for LDPE/TiO2-0.5 samples. It could also
be proved that the LDPE/TiO2-0.5 samples have ability of
antithermal aging.

Figure 6 shows the law of dissipation factor with fre-
quency for unaged and aged samples. For unaged samples, the
dielectric loss was very low and a loss peak 𝛽 was distinctly
observed, which gradually shifted to lower frequency with
the increase of nanoparticles filling concentration. For the
aged samples, however, a new loss peak 𝛼was found between
101Hz and 102Hz, the height of which increased with aging.
In addition, the dielectric loss in both low frequency band
and high frequency band was increased significantly for aged
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Table 2: FTIR functional groups corresponding to the wavenumber.

Number Wavenumber/cm−1 Vibration type of bond
1 3650∼3200 –OH stretching vibration
2 2916∼2936/2843∼2863 C–H single bond stretching vibration
3 1740∼1690 C=O double bond stretching vibration
4 1695∼1540 C=C double bond stretching vibration
5 1445∼1485/722 –CH2– deformation vibration
6 600∼400 TiO2 spectrum absorption peak
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Figure 3: The FTIR spectra of aged and unaged samples.
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Table 3: Crystallinity of Pure-LDPE and LDPE/TiO2-0.5 samples aged different days.

Aging days Pure-LDPE LDPE/TiO2-0.5
Δ𝐻𝑚 𝑋𝐶 Δ𝐻𝑚 𝑋𝐶

0D 147.18 50.12 154.84 52.74
14D 136.73 51.56 152.14 54.82
35D 131.50 44.78 141.99 48.36
56D 129.89 44.23 137.87 46.96
77D 115.91 39.47 134.03 45.65
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Figure 4: Thermal flow curves of samples with different aging days.

samples, and the shapes of dissipation factor spectra were
changed from “single hump” to “W.” Actually, Figure 6 corre-
sponds to Figure 5, it also can illustrate that the LDPE/TiO2
samples have the ability of antithermal ageing.

3. Discussions
3.1. Thermal-Oxidative Aging Mechanism of LDPE and
LDPE/TiO2. LDPE will be oxidized under thermal and aero-
bic conditions, which is a chain free radical reaction and can
be divided into three stages, regarded as “chain initiation,”
“chain growth,” and “chain termination,” respectively [20].
The three stages are shown in formulas (2), (3), and (4),
respectively. Actually, the “chain initiation” is a slow process,
which is generally not easy to happen, because the oxygen
only contacts with the surface of material and cannot diffuse
intomaterial.Theperiod before “chain initiation” is described
as “induced oxidation period,” and it can reflect the antiaging
ability of material. However, the “chain growth” is a rapid
aging process described as “accelerated oxidation period,”
because the material structure becomes loose and the oxygen
is easy to diffuse into material. For the “chain termination”
stage, LDPE is fully degraded, the reactive groups react
with each other to form stable products, and the process of
automatic oxygen inhalation is basically balanced, which can
be described as “slow oxidation period.”

RH
Δ/O
→ ROOH → R∙ + ∙OOH (2)

R∙ +O2 → ROO∙

ROO∙ + RH → ROOH + R∙

ROOH → RO∙ + ∙OH

RO∙ + RH → ROH + R∙

(3)

R∙ + R∙ → R–R

R∙ + ROO∙ → ROOR

ROO∙ + ROO∙ → ROOR +O2

(4)

where R∙ refers to the alkyl radicals such as CH3
∙ or –CH2

∙

and Δ/O refers to the thermal and aerobic conditions.
It can be seen that lots of chemical defects such as

carboxyl, carbonyl, and hydroxyl will be generated in LDPE
material during thermal-oxidative aging, which can be con-
firmed by FTIR in Figure 3. At the same time, it can be
seen from Figure 3 that the “oxidation induction period” of
Pure-LDPE was 14 days, while that of LDPE/TiO2-0.5 was
56 days. The small size effect and surface effect of nanopar-
ticles changed the recrystallization process of LDPE/TiO2,
generatingmore small grains and lots of LDPE/TiO2 interface
regions, and consequently the crystallinity of LDPE/TiO2
is higher compared to Pure-LDPE [6]. So, the oxygen is
difficult to diffuse into material and hard to spread quickly
inside of material due to compact structure of LDPE/TiO2
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Figure 5: The law of real permittivity with frequency.

nanocomposites, thereby enhancing the ability of thermal-
oxidative aging.

3.2. Effect of Thermal Aging on Dielectric Behaviors. The
permittivity and dielectric loss can reflect the dielectric
relaxation process in dielectric, which is usually as an impor-
tant means to understand the structure and properties of
dielectric and reveal the aging process of dielectric.The poly-
mer/inorganic nanoparticles composite dielectrics consist of
three parts: polymer matrix, inorganic nanoparticles, and
interface region,which codetermines the dielectric properties
of nanocomposites.

At present, it was confirmed in literatures that the per-
mittivity of nanocomposites is larger than that of polymer
matrix due to the large permittivity of nanoparticles and
existing Maxwell-Wagner interfacial polarization [21]. It also

can be verified by the proposed theoretical model such as
Maxwell-Garnett model used to calculate the permittivity
of nanocomposites [22]. The measured permittivity value of
LDPE/TiO2 is equal to 2.37 when the filling mass fraction is
0.5%; however, the calculated value is 2.52.This phenomenon
cannot be explained by the traditional polarization theory.
Tanaka et al. have proposed that the interfacial region intro-
duced by filling nanoparticles has important effect on the
permittivity of nanocomposites [23]. Strong interaction exists
between polymer molecules and nanoparticles in interfacial
region, causing that the structure of the material becomes
more compact, which not only limits themovement ofmolec-
ular chain but also forces the molecular chain into ordered
arrays in amorphous region. The strong interaction can be
described as “anchoring effect,” as shown in Figure 7. There-
fore, extremely low polarizability leads the LDPE/TiO2-0.5
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samples to have lower permittivity than Pure-LDPE samples.
However, the dispersion of nanoparticles becomes worse
with the increase of filling concentration, the particle size
of nanoclusters reaches micron level, Maxwell-Wagner inter-
facial polarization begins to show a dominant position,
and the nanoparticle polarization cannot be ignored, and
consequently the permittivity of LDPE/TiO2 with high filling
concentrations is larger than that of Pure-LDPE.

𝜀𝑓 =
(2𝑚 + 1) 𝜀1 + 2 (1 − 𝑚) 𝜀0
(1 − 𝑚) 𝜀1 + (2 + 𝑚) 𝜀0

𝜀0, (5)

where 𝜀𝑓, 𝜀0, and 𝜀1 refer to the permittivity of nanocompos-
ites, the permittivity of polymer matrix (𝜀0 = 2.4, LDPE), and
the permittivity of nanoparticles (𝜀1 = 48, TiO2), respectively,
and𝑚 refers to the volume fraction of nanoparticles.

In addition, the FTIR results had confirmed that large
number of polar groups such as carboxyl, carbonyl, and
hydroxylwould be generated during thermal-oxidative aging,
and thus the impurity polarization was the main reason for
the increasing of permittivity for aged samples. The aged
LDPE/TiO2 samples, however, had lower permittivity than
the Pure-LDPE aged samples also due to their compact struc-
ture, which can reduce oxygen immersing into materials.

In Figure 6, the height of loss peak 𝛼 increased with
aging process, which is a typical Debye relaxation process.
It is known that free radical, terminal group, and fracture of
polymer can all create charge traps [24]. The carriers such as
the injected electron or some charged small chain segments
which usually exist in amorphous area and the interface
between crystalline and amorphous area may easily fall into
the trap and become the trapped charge [25].The carries have

enough time to achieve a high energy to escape from the
shallow traps in low frequency band. The carrier motion is
in a capturing, releasing, migrating and recapturing process,
forming conductive current [26]. In high frequency band,
however, the detrapping process of carriers becomes difficult
and easy to form interface charges, generatingMaxwell-Wagner
interfacial polarization loss. Therefore, it can be considered
that the dielectric loss is almost contributed by conduction
loss in low frequency band, while that is almost contributed
by interfacial polarization loss in high frequency band.

For aged samples, many impurities generated during
thermal aging process are ionized to be charged ions, increas-
ing the conduction loss. In addition, the structure of aged
samples becomes loose and a large number of structural
defects are generated, increasing trap level and trap density of
samples. It aggravates the accumulation of interfacial charge
and increases the interfacial loss. Accordingly, the dielectric
loss in both low frequency band and high frequency band
was increased significantly for aged samples. In particular,
the aged LDPE/TiO2 samples had lower dielectric loss than
the Pure-LDPE aged samples, and the possible reason was
that the LDPE/TiO2 samples hadmore compact structure and
the oxygen could not easily diffuse into materials to destroy
macromolecular chains.

3.3. A New Model Proposed for Thermal-Oxidative Aging
Process. A new model was proposed for thermal-oxidative
aging process of cable insulation material based on the above
experimental results in order to analyze the aging process of
LDPE from a microscopic perspective. The model is shown
in Figure 8.
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LDPE is a semicrystalline material composed of crys-
talline and amorphous regions. Thermal aging is essentially
the oxidation reaction in thermal field. A thermal stress 𝜎
will be generated whose direction is perpendicular to crystal
due to uneven temperature distribution in thermal field
[27]. The thermal stress will cause the Van Edward bond
fracture, macromolecular chain fracture, and the increase
of free volume under the condition of thermal-oxidative
aging, forming large number of micropores and low density
areas. Oxygen is easier to diffuse into LDPE with serious
thermal aging, accelerating the destruction of molecular
chain. With the further serious aging, the crystalline region
is destroyed and gradually changed to amorphous region,
and the micropores and low density areas become larger and
larger until the insulation of LDPE is completely ineffective.

For the LDPE/TiO2 samples, however, the TiO2 nanopar-
ticles play the role of “crosslinking point” between LDPE
molecular chains, strengthening the interaction between
the LDPE molecular chains. The structure of LDPE/TiO2
nanocomposites becomes more compact, which can reduce
oxygen immersing into materials to break molecular struc-
ture. The LDPE/TiO2 samples had high macromolecu-
lar chain regularity and crystallinity; therefore, the aged
LDPE/TiO2 samples had lower permittivity and dielectric
dissipation than Pure-LDPE aged samples. It is concluded
that the LDPE/TiO2 nanocomposites have a certain ability to
delay aging under the condition of thermal-oxidative aging.

4. Conclusion

The work presented in this paper concerns with the
microstructure, FTIR, and dielectric behaviors of Pure-LDPE
and LDPE/TiO2 nanocomposite. Several significant findings
were concluded as follows.

(1) The results of SEM images showed that the
microstructure of LDPE was changed and many reticular
structures were generated due to filling TiO2 nanoparticles.
In addition, thermal aging had a significant effect on the
structure of samples, causing the structure to become loose
and rough, but no obvious gully structure was found in
aged LDPE/TiO2 samples. The DSC measurement indicated
that filling TiO2 nanoparticles changed the crystallization
behavior of LDPE, played a role of heterogeneous nucleation
during the process of recrystallization, and improved the
crystallinity of LDPE/TiO2. The FTIR spectra showed that
the C=C double bond gradually transformed to be C=O
double bond and the content of hydroxyl increased with the
process of aging, indicating the LDPE was destroyed due to
the synergistic action of heat and oxygen. Similarly, the FTIR
spectra confirmed that the LDPE/TiO2 nanocomposites with
low filling concentration have ability of antithermal ageing.

(2) In the dielectric spectra of unaged and aged sam-
ples, the permittivity of LDPE/TiO2 nanocomposites first
decreased and then increased with the increase of filling
concentration. There exists a strong relationship between
thermal aging and increasing rate of permittivity in low
frequency range, and the slope of permittivity curves could
characterize the degree of thermal aging. In addition, the
shape of dissipation factor spectra was changed from “single

hump” to “W” and a new loss peak 𝛼 was found between
101Hz and 102Hzwith the process of thermal aging. Both the
unaged and aged LDPE/TiO2-0.5 samples had the lowest per-
mittivity and dissipation factor because of good dispersion
of the nanoparticles, and it indicated that the LDPE/TiO2-
0.5 samples had excellent dielectric properties and significant
ability of antithermal aging.

(3) A new model for thermal-oxidative aging process
was proposed to illustrate the development of microscopic
defects. It was suggested that oxygen may diffuse into LDPE
materials to destroy the molecular structure during the
process of thermal aging, the crystalline region was gradually
changed to amorphous region, and the micropores and low
density areas became larger and larger with the further
serious aging. However, the TiO2 nanoparticles played the
role of “crosslinking points” between LDPEmolecular chains,
strengthening the interaction between the LDPE molecular
chains, and the compact structure of LDPE/TiO2 samples
could reduce oxygen immersing into LDPEmaterials. There-
fore, the LDPE/TiO2 samples had a certain ability to delay
thermal-oxidative aging.
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