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The need for better materials has driven us to composites,
obtained by combining two or more materials with different
physical and chemical properties. The first composite (wattle
and daub) was discovered about 6,000 years ago and the
first polymer-based composite (Bakelite) was patented in
1907. In polymer-based composites, one or more materials
labelled as fillers are dispersed within a polymeric matrix
(homopolymer, copolymer, block copolymer, or polymer
blend). While it is possible to speculate in more detail
about the terminology of polymer-based nanocomposites,
the general perception is that a nanosized filler is required.
The nanorevolution opened the door to the fabrication of
submicron confined particles. Typically, such particles known
as “nanoparticles” have at least one dimension less than
100 nm. Two main techniques, namely, bottom-up and topdown, are competing for the fabrication of nanoparticles. In
the bottom-up approach atoms and molecules are organized
as nanoparticles while the top-down approach starts for
micron or larger particles and reduces their dimensions. Typical bottom-up paths are represented by chemical synthesis,
sputtering, electrodeposition, and chemical vapor deposition
while among the top-down techniques it is possible to include
the energetic mechanical milling and sonication.
The possibility to obtain particles confined at nanometer
scale ignited an intense worldwide theoretical and experimental research aiming at synthesizing new nanoparticles

and at better understanding their properties. The reasons
behind this effort derive from the amazing new or enhanced
features of nanoparticles, triggered by the transition from
the “classical” behavior to the “quantum behavior.” The
submicron confinement of matter (of quantum nature) is
responsible for important changes such as the shift of electronic energy levels towards higher energies as the size of
the confinement is decreased, as observed in quantum wells,
where the energy levels 𝐸 for an electron in an infinite
one-dimensional well of width 𝐿 are 𝐸𝑛 = ℎ2 𝑛2 /(8𝑚𝐿2 ),
where 𝑚 is the mass of the electron and 𝑛 the quantum
number associated with the energy level. Another example
is the dependence of the energy gap 𝐸𝐺 of semiconducting nanoparticles on their radius 𝐸𝐺(𝑅) = 𝐸𝐺(∞) +
ℏ2 𝜋2 /(2𝑅2 )(1/𝑚𝑒 + 1/𝑚ℎ ), where 𝐸𝐺(∞) is the gap energy
for an infinite particle, 𝑚𝑒 is the electron mass, 𝑚ℎ is the
hole’s mass, ℏ is Planck’s constant, 𝑅 is the radius of the
nanoparticle, and 𝐸𝐺(𝑅) is the gap energy of a particle of
radius 𝑅.
Surface dominating effects may have important contributions to the physical properties of nanoparticles. However,
some surface dominating effects have not a quantum nature
being a consequence of the fact that the number of atoms
located on the surface of nanoparticles is no more negligible
compared to the number of atoms located within the core of
the nanoparticles, as it was for micron scale or larger particles.
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Polymer-based nanocomposites are materials obtained
by dispersing such nanoparticles within various polymeric
matrices such as homopolymers, copolymers, block copolymers, and polymer blends. This includes matrices with a
wide variety of physical and chemical properties starting
from structural capabilities to high elastic features, from
hydrophobicity to hydrophilicity, and from electrical insulating features (polyethylene) to semiconductors or conductors
(doped polyaniline, polyacetylenes). An amazing feature of
these polymeric matrices is that they are porous, leaving
the confined nanoparticle relatively exposed. This has been
already speculated in various applications such as polymer
deposited catalysts.
The overall physical and chemical properties of polymerbased nanocomposites are controlled by the properties of
the nanoparticles, the features of the polymeric matrix, and
the interactions between nanoparticles and the polymeric
matrices. In polymer-based nanocomposites the huge surface
area of the nanoparticles results in a large fraction of polymer
being confined within the polymer-nanoparticles interface
and eventually in a gradual transition of the physical and
chemical properties from “bulk” matrix-controlled features
to interphase or “surface” dominated characteristics. A good
dispersion of the nanoparticles is mandatory to observe
such transition. Typically, the enhanced thermal stability of
polymer-based nanocomposites and the shifts of the main
phase transitions occurring within the polymeric matrix
as a result of the loading with nanoparticles are the main
consequences of a thick polymer-nanoparticle interface.
All these competing factors resulted in a huge number
of polymer-based nanocomposites with diverse applications,
amazing physical and chemical features, and almost infinite
possibilities. This issue focuses on various aspects of polymerbased nanocomposites, starting from synthesis and characterization up to applications. Owing to the structure of the
polymeric matrix, many emerging applications are expected
in the area of biology and medicine. The issue provides
a relevant snapshot of the actual status of polymer-based
nanocomposites starting from fabrication issues up to final
(potential) applications.
Mircea Chipara
Alan K. T. Lau
Mahmood Aliofkhazraei
Angel Romo-Uribe
Ehsan Bafekrpour
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Paclitaxel loaded silk fibroin/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) nanoparticles with a mean particle size of about
651 nm were fabricated successfully by the SEDS process. Fourier transform infrared (FTIR) spectroscopy analysis indicated that
the PTX was encapsulated by SF/PLLA-PEG-PLLA nanoparticles. X-ray powder diffraction (XRPD) analysis supported the results
of FTIR analysis and also suggested that the crystalline state of PTX was decreased obviously. Furthermore, the UV-Vis/HPLC
analysis showed that drug load (DL) and encapsulation efficiency (EE) were 18.1% and 90.2%, respectively. The in vitro drug release
experiment suggested that the PTX-SF/PLLA-PEG-PLLA nanoparticles exhibited a sustained release and only 16.1% and 24.5% of
paclitaxel were released at pH 7.4 and 6.0, respectively, in one week. The PTX-SF/PLLA-PEG-PLLA nanoparticles drug delivery
system with pH-dependent release property has potential application in the field of tumor therapy.

1. Introduction
Paclitaxel (PTX), a mitotic inhibitor used in cancer chemotherapy, has exhibited its potency against many kinds of
cancers, including advanced ovarian, lung, and breast cancers
[1, 2]. The anticancer mechanism of PTX involves binding to
microtubules, forming dysfunctional microtubules, and thus
resulting in cell death [3]. However, its poor solubility in
water drastically limits its clinical application in its natural
form. To enhance drug solubility, paclitaxel is commercially
formulated at 6 mg/mL in a vehicle composed of 1 : 1 blend
of Cremophor EL and ethanol to make Taxol. Unfortunately, Cremophor EL is toxic and can cause severe sideeffects, including hypersensitivity reactions, nephrotoxicity,
and neurotoxicity [4, 5]. Also, the anticancer drug cannot
be selectively accumulated into tumors tissues. The nonspecific distribution will reduce bioavailability and therapeutic
efficiency of the anticancer drug because the drug spreads

randomly during systemic circulation and effects cells
(healthy or tumor cells) indiscriminately [6].
In order to improve the therapeutic efficacy of PTX and
reduce side-effects, many researchers have developed alternative drug delivery systems, including parenteral emulsions,
liposomes, and nanoparticles [7–10]. Among them, polymer
nanoparticle drug delivery systems have attracted much
attention owing to high bioavailability and sustained drug
release characteristics [11, 12]. Besides, it enables many different routes of drug administration, including injection, transdermal absorption, and oral application and inhalation. In
particular, nanoparticles can extravasate into the tumor tissue
via the leaky vessels surrounding tumors and then preferentially accumulate in solid tumors due to the enhanced
permeation and retention (EPR) effect [13].
Suitable polymer should not only be biodegradable in
response to biological condition but also exhibit excellent
biocompatibility in human body. Biodegradable polymer can
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be divided into natural and synthetic biodegradable polymer.
Natural biodegradable polymer such as silk fibroin (SF) has
been widely used in biomedical fields owing to its unique
properties, including good biocompatibility, biodegradability, and low inflammatory response [14–16]. Recently, SF
nanoparticles have been utilized to load anticancer drug PTX
[17, 18]. However, natural polymer suffers from the high
natural variability and the difficulties in processing.
Synthetic biodegradable polymers such as poly(L,Llactide) and its copolymers with polyethylene glycol (PEG)
with precise chemical composition can overcome the disadvantages of silk fibroin above and are more easily designed
for specific application, such as controlled rates of dissolution,
permeability, degradation, and erosion [19–22]. Therefore, it
has been commonly used as drug carrier in biomedical fields.
However, the main disadvantage of these synthetic polymers
is undesirable biological responses to cells owing to high
crystallinity, strong hydrophobicity, and lack of bioactive
functions [23].
The combination of a synthetic polymer with natural
polymer especially silk fibroin can overcome their disadvantages and is an effective strategy to fabricate novel nanoparticles as carrier for PTX with the desired physical and chemical
properties, mechanical strength, and biological responses.
Most importantly, silk fibroin has many bioactive groups,
which can provide sites for conjugating with tumor-specific
ligands to achieve tumor-targeted drug delivery.
In our previous study, natural silk fibroin (SF) has
been used to modify synthetic poly(l-lactide)-poly(ethylene
glycol)-poly(l-lactide) (PLLA-PEG-PLLA) to obtain SF/
PLLA-PEG-PLLA composite nanoparticles prepared via
solution-enhanced dispersion by supercritical CO2 (SEDS)
[23]. In the SEDS process, the supercritical CO2 (scCO2 ) acts
as antisolvent. In addition, the high velocity of the scCO2
breaks up the polymer solution into very small droplets and
enhances mass transfer between the scCO2 and the droplets,
instantaneously, resulting in phase separation and supersaturation of the polymer solution, thus leading to nucleation
and precipitation of the polymer particle [24–26]. The incorporation of silk fibroin into the PLLA-PEG-PLLA nanoparticles improved biocompatibility and provided chemical modification. Moreover, the SF/PLLA-PEG-PLLA nanoparticles
could be internalized by cells effectively [23]. Therefore, using
the silk fibroin/PLLA-PEG-PLLA nanoparticles to load drugs
and form a nanoparticle drug delivery system may be a
potential application in the field of biomedical engineering.
In this study, the SEDS process was used to prepare
a PTX loaded SF/PLLA-PEG-PLLA (PTX-SF/PLLA-PEGPLLA) nanoparticles delivery system. The surface morphology, physical and chemical properties, drug load, encapsulation efficiency, and in vitro drug release properties of PTXSF/PLLA-PEG-PLLA nanoparticles were measured.

2. Materials and Methods
2.1. Materials. Paclitaxel (PTX) was purchased from the
Jiangsu Nanjing Zelang Medicine Technology Co., Ltd.
(China). CO2 with a purity of 99.9% was supplied by the Hong
Kong Specialty Gases Co., Ltd. (Hong Kong). The solvent,
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Dichloromethane (DCM), was purchased from the Advanced
Technology & Industrial Co., Ltd. (Hong Kong). PLLAPEG-PLLA triblock polymer (MW 100 kDa, PEG 10%) was
purchased from Department of Medical Polymer Shandong
Institute (Jinan, China). All other compounds were of analytical purity.
2.2. Methods
2.2.1. Preparation of SF/PLLA-PEG-PLLA Nanoparticles and
PTX Loaded SF/PLLA-PEG-PLLA Nanoparticles by the SEDS
Process. The SF/PLLA-PEG-PLLA composite nanoparticles
can be prepared by the SEDS process given in [23]. For
the preparation of PTX loaded SF/PLLA-PEG-PLLA (PTXSF/PLLA-PEG-PLLA) composite nanoparticles, the method
was described as follows. Briefly, PTX and PLLA-PEGPLLA were dissolved in dichloromethane (DCM) solution
together. Then water insoluble silk fibroin nanoparticles
were dispersed into DCM solution to form suspension (for
weight, PTX : silk fibroin nanoparticles : PLLA-PEG-PLLA =
5 : 4 : 16), and the final solution concentration of PTX-SF/
PLLA-PEG-PLLA was 0.5% (w/v). Figure 1 shows a schematic
diagram of the SEDS apparatus for preparation of the PTXSF/PLLA-PEG-PLLA nanoparticles, which consists of three
major components: a CO2 supply system, a particle suspension delivery system and a high pressure vessel. In the particle
suspension delivery system, an “injector” was made from a
stainless steel cylinder and a piston with an O-ring seal. Using
a SEDS process, when the desired pressure and temperature
were stabilized, the suspension was injected through a stainless steel coaxial nozzle into the high-pressure vessel. The
pressure, temperature, the flow rates of supercritical CO2 ,
and the flow rates of suspension were kept at 10 MPa, 35∘ C;
25 NL⋅h−1 , and 0.5 mL⋅min−1 , respectively.
2.2.2. Surface Morphology and Particle Size Distribution. The
surface morphology of samples was visualized by a field emission scanning electron microscopy (FE-SEM, JEOL, JSM6490, Japan). Before analysis, samples were attached onto a
carbon paint and then placed on an aluminum sample holder.
The samples were made conductive by sputtering a thin
layer of gold onto their surface. The particle size (PS) and
particle size distribution (PSD) of PTX-SF/PLLA-PEG-PLLA
nanoparticles dispersed in ethanol by sonication were measured by a laser diffraction particle size analyzer with a liquid
module (LS 13320, Beckman Coulter, USA).
2.2.3. FTIR Analysis. The samples were combination with
potassium bromide. Then the mixtures of the samples and
potassium bromide were pressed into a transparent tablet.
The FTIR spectra for the samples were recorded on an FTIR
Perkin Elmer 1720 (Perkin Elmer, USA) in the transmission
mode with the wave number ranging from 4,000 to 400 cm−1 .
2.2.4. XRPD Analysis. Powder X-ray diffraction (XRPD) was
performed by an X-ray diffractometer with a Cu K𝛼 (𝜆 =
1.5405 Å) radiation (D8 Advance, Bruker AXS, Germany).
The measurement was carried out in a 2𝜃 range of 5∼45∘ with
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Figure 1: The schematic diagram of the SEDS apparatus for preparation of silk fibroin/PLLA-PE-PLLA composite nanoparticles.

0.02∘ step size and 10∘ min−1 scan speed with a 2D detector at
40 kV and 40 mA.
2.2.5. Drug Load (DL) and Encapsulation Efficiency (EE). The
contents of PTX were analyzed by UV-Vis/HPLC (Waters
1100) system with the following conditions: stationary phase:
reverse-phase column (4.6 mm × Aligent Eclipse XDB-C18,
4.6 mm × 250 mm internal diameter, pore size 5 𝜇m); mobile
phase: mixture of acetonitrile and water (50 : 50 v/v); elution
flow rate: 1 mL/min; detection wavelength: 227 nm. All the
solvent and distilled water used for aqueous solutions and
buffer should be filtered via a 0.22 𝜇m membrane filter before
use. The content of PTX in the samples was measured based
on the peak area at the retention time. A calibration curve of
standard PTX dissolving in mixture of acetonitrile and water
(50 : 50 v/v) was utilized to calculate the content of PTX in the
samples. All the samples were conducted in triplicate.
The actual content of paclitaxel (PTX) in PTX-SF/PLLAPEG-PLLA nanoparticles can be determined by dissolving
PTX-SF/PLLA-PEG-PLLA nanoparticles (3.0 mg accurately
weighed) in 1 mL of DCM, and then 3 mL of an acetonitrile/water (50 : 50 v/v) mixture was added. After being completely mixed, the solution was filtered and then a nitrogen
stream was introduced to volatilize DCM under stirring at
room temperature until a clear solution was obtained. The
clear solution was put into a vial for UV-Vis/HPLC assay
according to calibration curve. The theoretical drug content,
the actual drug load, and encapsulation efficiency were calculated by (1), (2), and (3), respectively. Each experiment was
carried out in independent triplicate:
Theoretical drug load =

𝑊1
× 100%,
𝑊2

(1)

Actual drug load =

𝑊3
× 100%,
𝑊2

(2)

Encapsulation efficiency =

𝑊3
× 100%.
𝑊1

(3)

𝑊1 is the weight of theoretical PTX in the PTX-SF/PLLAPEG-PLLA nanoparticles; 𝑊2 is the gross weight of the PTXSF/PLLA-PEG-PLLA nanoparticles; 𝑊3 is the weight of the
actual PTX encapsulated in the PTX-SF/PLLA-PEG-PLLA
nanoparticles.
2.2.6. In Vitro Drug Release. Approximately 2 mg of PTXSF/PLLA-PEG-PLLA nanoparticles was put into the pretreated dialysis bag, and then the bag was placed into a bottle
with 100 mL of PBS (pH 7.4) and incubated in a water-bath
shaker at 37∘ C and 60 rpm. Ten milliliters of solution was
periodically removed and replaced by fresh PBS (pH 7.4). The
released drug was analyzed by UV-Vis/HPLC assay. As a control, an in vitro drug release experiment using free drug (of
equivalent weight to that in the drug-loaded nanoparticles)
was performed in similar conditions. The in vitro drug release
curves were drawn based on the cumulative release percentage of PTX (%, w/w) in PBS solution over long periods of
time.

3. Results and Discussion
3.1. Surface Morphology and Structure of PTX-SF/PLLA-PEGPLLA Nanoparticles. Figures 2(a) and 2(b) show the FE-SEM
photographs of SF/PLLA-PEG-PLLA and PTX-SF/PLLAPEG-PLLA nanoparticles obtained by the SEDS process,
respectively. The particle size distribution of the PTXSF/PLLA-PEG-PLLA nanoparticles is shown in Figure 3.
According to our previous study, the SF/PLLA-PEG-PLLA
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(a)

(b)

Figure 2: FE-SEM photographs of SF/PLLA-PEG-PLLA nanoparticles (a) and PTX-SF/PLLA-PEG-PLLA nanoparticles (b) obtained by the
SEDS process.
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Figure 4: FTIR spectra of PTX, SF/PLLA-PEG-PLLA nanoparticles,
physical mixture of PTX and SF/PLLA-PEG-PLLA nanoparticles,
and PTX-SF/PLLA-PEG-PLLA nanoparticles.

Figure 3: Particle size distribution of PTX-SF/PLLA-PEG-PLLA
obtained by the SEDS process.

nanoparticles exhibit a composite structure with mean particle size of 634 nm and silk fibroin wrapped with PLLAPEG-PLLA triblock polymer [23]. According to Figures 2(b)
and 3, the PTX-SF/PLLA-PEG-PLLA nanoparticles possess
a spherical shape with a mean particle size of about 651 nm
and particle size distribution is 0.635. It suggested that the
SEDS process is an effective method to prepare SF/PLLAPEG-PLLA and PTX-SF/PLLA-PEG-PLLA nanoparticles.

the C=O stretching in PLLA-PEG-PLLA. The characteristic
peak of amide II at 1520 cm−1 is assigned to the 𝛽-sheet of
silk fibroin. The major characteristic absorption peak of C–C
stretching is shown for crystalline PTX at 709 cm−1 . After
the SEDS process, the main peaks (709 cm−1 ) appear at the
same position compared with the physical mixtures, which
suggests that the resulting products contain PTX. The presence of the peak at 1024 cm−1 further demonstrates that PTX
has been encapsulated by SF/PLLA-PEG-PLLA nanoparticles
successfully.

3.2. FTIR Analysis. Figure 4 shows FTIR spectra of free
PTX, physical mixtures of SF and PLLA-PEG-PLLA
(SF+PLLA-PEG-PLLA), SF/PLLA-PEG-PLLA, and PTXSF/PLLA-PEG-PLLA prepared by the SEDS process. The
characteristic absorption peaks at 1759 cm−1 are attributed to

3.3. XRPD Analysis. To investigate the physical state of the
drug-loaded polymer nanoparticles prepared by the SEDS
process, XRPD analysis was performed on the drug-loaded
polymer nanoparticles. Figure 5 shows XRPD patterns of
free PTX, physical mixtures of SF and PLLA-PEG-PLLA
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Figure 5: XRPD patterns of free PTX, SF/PLLA-PEG-PLLA, and
PTX-SF/PLLA-PEG-PLLA prepared by the SEDS process.

Figure 6: In vitro release profile of PTX from PTX-SF/PLLA-PEGPLLA nanoparticles in PBS buffer (pH 6.0 and 7.4).

(SF+PLLA-PEG-PLLA), SF/PLLA-PEG-PLLA, and PTXSF/PLLA-PEG-PLLA prepared by the SEDS process. Original
paclitaxel exhibited the main characteristic XRPD peaks at 2𝜃
= 5.6∘ , 9.1∘ , 10.1∘ , 12.7∘ , 15.6, and 25.3∘ . After the SEDS process,
nearly all the main characteristic peaks of crystalline PTX
became weak, especially peaks at 2𝜃 = 10.1∘ and 15.6. In the
physical mixtures, the weak characteristic peaks of crystalline
PTX at 10.1∘ can still be observed in the XRD patterns. This
indicated that the SEDS process reduces the crystallinity of
PTX obviously.

demanded to explore the actual reason. As nearly all the drug
is loaded on the SF/PLLA-PEG-PLLA nanoparticles, it would
be commercially attractive.

3.4. Drug Load (DL) and Encapsulation Efficiency (EE). DL
and EE are two kinds of important parameters to determine
the drug loading properties of nanoparticles. In the present
study, the theoretical weight ratio of drug to polymer was
selected as 1 : 4 (i.e., theoretical DL of 20%). The results of
HPLC assay indicate the DL and EE are 18.1% and 90.2%,
respectively. Many researchers have studied preparation of
PTX loaded polymer nanoparticles by supercritical antisolvent process. Kang et al. prepared PTX-PLLA microparticles
and found the theoretical DL and DL and EE of PTX-PLLA
microparticles were 20%, 14.33%, and 62.68%, respectively
[27]. Lee et al. also obtain PTX-PLLA particles. The results
indicated that when the theoretical DL ranges from 3% to
10%, DD and EE are 1.98∼7.87% and 59.3%∼78.7%, respectively [28]. Li et al. studied the effect of process parameters on
coprecipitation of PTX and PLLA by supercritical antisolvent
process and found that DL was influenced by different process
parameters such as solvent, the concentration of solute, and
flow rate of solution [29]. Besides, Ouyang et al. fabricated
the PTX-PLA-PEG-PLA microparticles by similar technique.
When theoretical DL is 20%, DL ranges from 5.1% to 7.1%
for different PEG contents, and EE ranges from 25.5% to
35.5% [30]. The different DL and EE may result from the
different precipitation kinetics of the drug and polymer in the
supercritical antisolvent process [27, 30]. Further studies are

3.5. In Vitro Drug Release. In terms of the unique microenvironment surrounding tumor cells, in which the average
extracellular pH value in tumors is between 6.0 and 7.0,
however, the extracellular pH value in normal tissues is about
7.4.
The in vitro release profile of PTX from nanoparticles was
studied in different pH conditions (pH 6.0 and 7.4). Figure 6
shows the in vitro release profile of PTX from PTX loaded
SF/PLLA-PEG-PLLA (PTX-SF/PLLA-PEG-PLLA) nanoparticles in PBS buffer (pH 6.0 and 7.4). As shown in Figure 5,
the drug release in PBS buffer (pH 7.4) was slower than that
in PBS buffer (pH 6.0). And 16.1% and 24.5% of paclitaxel
were released at pH 7.4 and 6.0, respectively, in one week.
Therefore, there was no burst effect and PTX can be released
in a controlled way from SF/PLLA-PEG-PLLA nanoparticles.
Furthermore, nanoencapsulation of PTX by SF/PLLA-PEGPLLA nanoparticles could improve the solubility of PTX.
The faster release of PTX from the PTX-SF/PLLA-PEGPLLA nanoparticles at lower pH conditions results from two
possible reasons. One is that lower pH may cause faster
degradation of SF/PLLA-PEG-PLLA polymer. The other is
that the amino group of the drug could be protonated at lower
pH condition. This pH-dependent release property may be
beneficial for tumor treatment [31, 32]. It is likely that
the release of PTX from SF/PLLA-PEG-PLLA nanoparticles
within healthy physiological pH levels (pH 7.4) is slow, sustained, and relatively suppressed during systemic circulation.
When SF/PLLA-PEG-PLLA nanoparticles were delivered
into the location of solid tumor, an enhanced release of
PTX from nanoparticles could be triggered by the mildly
acidic tumor microenvironment (pH 6.0) to ensure that the
intracellular drug concentration reaches the therapeutic dose.
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Therefore, pH-dependent release property may decrease the
side-effect of PTX to healthy cells owing to relatively low PTX
concentration and enhance the therapeutic efficiency against
tumor cells.

4. Conclusions
PTX-SF/PLLA-PEG-PLLA nanoparticles with mean particle
size of 651 nm were prepared by the SEDS process successfully. FTIR and XRPD analysis indicated PTX was encapsulated by SF/PLLA-PEG-PLLA nanoparticles. Furthermore,
the PTX became more amorphous after the SEDS process.
The PTX-SF/PLLA-PEG-PLLA nanoparticles exhibited a
controlled drug release. In particular the drug release rate in
PBS solution could be accelerated with decrease of pH value
from 7.4 to 6.0. This pH-dependent release property may
decrease the side-effect of PTX to healthy cells and enhance
the therapeutic efficiency against tumor cells due to the acidic
tumor microenvironment. In terms of these characteristics, PTX-SF/PLLA-PEG-PLLA nanoparticles have potential
application in the field of tumor therapy.
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The dynamic mechanical behavior and energy absorption characteristics of nano-enhanced functionally graded composites,
consisting of 3 layers of vertically aligned carbon nanotube (VACNT) forests grown on woven fiber-glass (FG) layer and embedded
within 10 layers of woven FG, with polyester (PE) and polyurethane (PU) resin systems (FG/PE/VACNT and FG/PU/VACNT) are
investigated and compared with the baseline materials, FG/PE and FG/PU (i.e., without VACNT). A Dynamic Mechanical Analyzer
(DMA) was used for obtaining the mechanical properties. It was found that FG/PE/VACNT exhibited a significantly lower flexural
stiffness at ambient temperature along with higher damping loss factor over the investigated temperature range compared to the
baseline material FG/PE. For FG/PU/VACNT, a significant increase in flexural stiffness at ambient temperature along with a lower
damping loss factor was observed with respect to the baseline material FG/PU. A Split Hopkinson Pressure Bar (SHPB) was used to
evaluate the energy absorption and strength of specimens under high strain-rate compression loading. It was found that the specific
energy absorption increased with VACNT layers embedded in both FG/PE and FG/PU. The compressive strength also increased
with the addition of VACNT forest layers in FG/PU; however, it did not show an improvement for FG/PE.

1. Introduction
Development of novel, light-weight, high-strength, and hightemperature resistant materials has been the focus of
increased research for many applications [1] such as aerospace
and automobile structures, where the material experiences
severe thermal gradients and requires high flexural rigidity
and high vibration damping. Due to the increasing demand
of required conflicting properties, the newly developed functionally graded materials (FGM) have been a broad research
area on account of their tailored properties [2, 3]. Investigation of carbon nanotubes’ (CNT) role in CNT-polymer
composites and their dynamic behavior can also help to
develop such FGM [4]. CNT can enhance the mechanical

properties of FGM, due to their unique material properties,
such as high stiffness, strength, and toughness [5, 6]. These
nano-enhanced FGM are being considered for blast/ballistic
protective structures and other armor applications.
Zeng et al. [7] studied the mechanical properties of
VACNT based sandwich composites using DMA. It was
observed that VACNT based sandwich composites showed
higher flexural rigidity and damping compared to samples
consisting of carbon fiber fabric stacks without VACNT. In
previous research [8] conducted at the Blast and Impact
Dynamics laboratory, University of Mississippi, the dynamic
mechanical behavior and high strain-rate response of a
FGM system consisting of VACNT grown on a silicon (Si)
wafer substrate have been investigated. It was found that
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Figure 1: Schematic of the FG/PE/VACNT and FG/PU/VACNT samples with 10 layers of woven fiber-glass + 3 layers of embedded VACNT
[9].

VACNT forests grown on Si wafer substrate exhibited significantly higher flexural stiffness, damping, and specific energy
absorption.
In the current study, dynamic mechanical behavior and
energy absorption characteristics of a VACNT-enhanced
FGM system are investigated. VACNT forests were grown on
the woven FG fabric layers with two different thermoset resin
systems, PE and PU, and embedded within the specimens.
Two different experimental techniques, DMA and SHPB,
were used for evaluating their dynamic properties.

2. Materials and Methods
2.1. Specimen Preparation. 10-layer woven FG fabrics with
PE resin (E15-8082) and 10-layer woven FG fabrics with PU
resin (3475 Urethane Casting) were prepared as baseline composites (FG/PE and FG/PU) by the autoclave process.
Carbon nanotubes were grown on 12 by 12 sheet of
desized glass fabric. Three sheets of the fabric were arranged
on each of three racks in a steel chamber (∼18 × 18 × 9 )
which was heated to about 650∘ C. A solution of 4% by wt.
ferrocene in m-xylene was prepared to implement the floating catalyst fabrication of CNTs and fed through three inlet
manifolds, each of which was externally heated to about
350∘ C to vaporize the solution. Nitrogen and hydrogen, at a
flow rate of 2000 and 300 cubic cm/min, respectively, carried
the vapor into the reaction chamber containing the glass
fabrics. The fabrics were processed for 60 min. The temperature in the reaction chamber, however, fluctuated (±50∘ C)
significantly around 600∘ C during the CNT growth process.
A total ferrocene/catalyst solution of about 300–400 mL was
used. FG/PE/VACNT and FG/PU/VACNT specimens having

3 layers of VACNT grown/embedded within 10 layers of
woven FG along with two different resin systems (PE and
PU) were fabricated, by hand lay-up and compression. A
schematic of FG/PE/VACNT and FG/PU/VACNT is shown
in Figure 1. The composites were then cut into individual
samples, as required for DMA (60 mm long × 10 mm wide ×
6 mm thick rectangular beams) and SHPB (6 mm × 6 mm ×
6 mm square specimens) tests. More details of the specimen
preparation and fabrication are given in [9].
2.2. DMA Technique. Dynamic mechanical behavior of FG/
PE, FG/PU, FG/PE/VACNT, and FG/PU/VACNT specimens
was investigated using a TA Instruments Model Q800
DMA [10]. Rectangular beam specimens, with 60 mm in
length, 10 mm in width, and 6 mm in thickness, provided by
ERDC-CERL (U.S. Army Engineer Research and Development Center-Construction Engineering Research Laboratory
(ERDC-CERL), Champaign, IL 61821, USA) were used for
this study. Mechanical properties such as storage modulus
(flexural stiffness), loss modulus (energy dissipation), tan 𝛿
(inherent damping), and glass transition temperature (𝑇𝑔 )
were obtained in the three-point oscillatory bending mode.
Roller pins on each side (with a span of 50 mm) were used
to support the specimens and force applied in the middle
of the span. All the specimens were subjected to 1 Hz single
frequency with 10 𝜇m midspan displacement amplitude. For
these experiments, only the heating temperature ramp (from
ambient 30∘ C to 200∘ C) was implemented, with the temperature elevated in 2∘ C/min steps up to the final temperature.
Poisson’s ratio of 0.3 is input as a constant parameter for all
samples.
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Figure 2: DMA response of 10-layer woven fiber-glass with PE resin (FG/PE) and 10-layer woven fiber-glass with PE resin along with
embedded 3 layers of VACNT (FG/PE/VACNT): (a) storage modulus, (b) storage modulus at RT, (c) damping loss factor, (d) damping loss
factor at 𝑇𝑔 , (e) loss modulus, (f) loss modulus at RT, (g) loss modulus at 𝑇𝑔 , and (h) average bulk density of specimens (three each).
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Figure 3: DMA response of 10-layer woven fiber-glass with PU resin (FG/PU) and 10-layer woven fiber-glass with PU resin along with
embedded 3 layers of VACNT (FG/PU/VACNT): (a) storage modulus, (b) storage modulus at RT, (c) damping loss factor, (d) damping loss
factor at 𝑇𝑔 , (e) loss modulus, (f) loss modulus at RT, (g) loss modulus at 𝑇𝑔 , and (h) average bulk density of specimens (three each).

2.3. SHPB Technique. The high strain-rate compressive tests
were conducted on FG/PE, FG/PU, FG/PE/VACNT, and
FG/PU/VACNT specimens using a modified SHPB in the
Blast and Impact Dynamics Lab at the University of Mississippi, MS. Aluminum bars of 19.02 mm diameter were used
as striker, incident, and transmission bars. Square specimens
were cut precisely (6 mm × 6 mm × 6 mm) and tested
with compression SHPB apparatus to evaluate the dynamic
mechanical properties such as compressive strength, specific
energy absorption, and rate of specific energy. Polyurea pulse
shaper was used to minimize the wave dispersion and achieve
the required stress equilibrium [11]. Glycerin was also used for

holding specimens in-between incident and transmission bar
ends to minimize the interfacial friction.

3. Results and Discussion
3.1. DMA Results. The DMA experiments were conducted on
FG/PE, FG/PU, FG/PE/VACNT, and FG/PU/VACNT samples (three samples each) to compare and investigate effects
of the embedded VACNT layers on specimens’ dynamic
mechanical behavior. The output data graphs, the storage
modulus (flexural stiffness), the loss modulus (energy dissipation), and the damping loss factor (tan 𝛿, ratio of dissipated
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Figure 4: SHPB compression test response of FG/PE and FG/PE/VACNT composites evaluated over strain rate of 700 to 800/s: (a) stressstrain curve of FG/PE and FG/PE/VACNT, (b) compressive strength, (c) average specific energy absorption, and (d) rate of specific energy
absorption.

energy to stored energy) for FG/PE and FG/PE/VACNT specimens are presented in Figure 2. As can be seen, at room temperature (RT) FG/PE/VACNT samples exhibited 40% drop
in storage modulus compared to the baseline FG/PE samples.
The tan 𝛿 of FG/PE/VACNT specimens over the test temperature range from 32∘ C to 200∘ C (or frequency, by the timetemperature correspondence principle for viscoelastic materials) appeared to be consistently higher (by about 60%), but
it was found to be similar as baseline FG/PE at 𝑇𝑔 (120∘ C). The
loss modulus of FG/PE/VACNT was higher at RT compared
to the baseline FG/PE, but it was much lower at 𝑇𝑔 (120∘ C).
The average bulk density of FG/PE/VACNT was slightly lower
than the FG/PE specimens. Glass transition temperature was
almost the same for both composites (120∘ C).
In Figure 3, the dynamic mechanical behavior of FG/PU/
VACNT and FG/PU specimens is compared. It was found

that the storage modulus of FG/PU/VACNT increased (from
about 18 GPa to 31 GPa at RT) in comparison with the baseline FG/PU samples. Additionally, FG/PU/VACNT exhibited
higher loss modulus at both RT and 𝑇𝑔 . The average bulk
density and 𝑇𝑔 also increased. However, a significant drop
in inherent damping (tan 𝛿) was observed at 𝑇𝑔 with the
addition of VACNT layers (FG/PU/VACNT).
In contrast to previous investigation of VACNT grown on
silicon wafer substrate [8], the addition of VACNT layers did
not show an increase in damping loss factor (tan 𝛿) in FG/
PE/VACNT and FG/PU/VACNT samples. However, a significant drop in damping has been observed in FG/PU/VACNT
samples. The hand lay-up with subsequent pressurization
of the green samples may be the major factor in reduction of damping. Increased binding of the polymers with
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Figure 5: SHPB compression test response of FG/PU and FG/PU/VACNT composites evaluated over strain rate of 700 to 800/s: (a) stressstrain curve of FG/PU and FG/PU/VACNT, (b) compressive strength, (c) average specific energy absorption, and (d) rate of specific energy
absorption.

the VACNT surface under pressure may also be contributing
to the reduced damping.
3.2. SHPB Results. The compression SHPB apparatus was
used to evaluate the energy absorption characteristics of FG/
PE, FG/PU, FG/PE/VACNT, and FG/PU/VACNT specimens.
A typical SHPB compression response for FG/PE and FG/PE/
VACNT specimens at strain rate of 700 to 800/s is shown
in Figure 4. FG/PE/VACNT displayed higher specific energy
absorption and rate of specific energy compared to the baseline FG/PE. However, compressive strength in FG/PE/
VACNT was marginally lower than baseline FG/PE.
SHPB compression tests were also performed on baseline
FG/PU and FG/PU/VACNT specimens at strain rate of 600
to 800/s. Figure 5 shows typical stress-strain curves of FG/PU
and FG/PU/VACNT and compares them in terms of average
compressive strength, specific energy absorption, and rate

of specific energy. FG/PU/VACNT exhibited higher specific
energy absorption and rate of specific energy with respect
to the baseline FG/PU. It was also found that the average
compressive strength of FG/PU/VACNT increased about
30% with respect to FG/PU (from 214 MPa to 270 MPa).

4. Conclusions
Dynamic mechanical behavior and energy absorption characteristics of 10-layer woven fiber-glass fabric with two different resin systems (PE and PU) have been investigated
as the baseline; and effects of embedding VACNT layers
within these baseline composites were studied. From DMA
response, FG/PE/VACNT exhibited a significantly lower
flexural stiffness at ambient temperature along with higher
damping loss factor over the investigated temperature range
with respect to baseline FG/PE. However damping loss
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factor was found to be similar as the baseline FG/PE at
𝑇𝑔 . FG/PU/VACNT showed a significantly higher flexural
stiffness at ambient temperature along with lower damping
loss factor over the investigated temperature range compared
to the baseline FG/PU. The loss modulus at RT increased with
the addition of VACNT forest layers in both baseline composites (FG/PE and FG/PU), but only FG/PU/VACNT showed
an increased loss modulus at 𝑇𝑔 . From SHPB response,
FG/PE/VACNT and FG/PU/VACNT showed improved specific energy absorption and rate of specific energy absorption
compared to the baseline materials FG/PE and FG/PU. The
compressive strength of FG/PU/VACNT increased by about
30% with the addition of VACNT forest layers.
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Poly(ethylene terephthalate) nanocomposites with low loading (0.1–0.5 wt%) of graphene oxide (GO) have been prepared by using
in situ polymerization method. TEM study of nanocomposites morphology has shown uniform distribution of highly exfoliated
graphene oxide nanoplatelets in PET matrix. Investigations of oxygen permeability of amorphous films of nanocomposites showed
that the nanocomposites had better oxygen barrier properties than the neat PET. The improvement of oxygen permeability for
PET nanocomposite films over the neat PET is approximately factors of 2–3.3. DSC study on the nonisothermal crystallization
behaviors proves that GO acts as a nucleating agent to accelerate the crystallization of PET matrix. The evolution of the lamellar
nanostructure of nanocomposite and neat PET was monitored by SAXS during nonisothermal crystallization from the melt. It was
found that unfilled PET and nanocomposite with the highest concentration of GO (0.5 wt%) showed almost similar values of the
long period (𝐿 = 11.4 nm for neat PET and 𝐿 = 11.5 nm for PET/0.5GO).

1. Introduction
Since the discovery in 2004 by Novoselov et al. [1], graphene
has initiated a growing interest in using it as a filler to polymer
materials. Graphene is a one-atom-thick, two-dimensional
sheet composed of sp2 carbon atoms arranged in a plane
structure [2], owning high intrinsic mobility (2⋅105 cm2 /Vs)
[3, 4], excellent thermal conductivity (2000–5000 W/m⋅K),
extraordinary thermal stability [5–7], remarkable structural
flexibility [8, 9] and large surface area [10], with mechanical
strength (with Young modulus of 1 TPa and ultimate strength
of 130 GPa [9]) approximately 100 times greater than steel,
which makes graphene the strongest material ever measured.
Because of such superior properties, graphene has attracted
much attention for a wide range of applications, including
nanocomposites [11–13], sensors [14, 15], field effect transistors [16], transparent conductive films [17], and many more.
Graphene is not naturally abundant due to its instability and

tendency to form three-dimensional structures (agglomeration). It can be synthesized by a variety of methods, such as
chemical vapor deposition (CVD) [18, 19] arc discharge [20],
epitaxial growth on SiC [21–23], chemical conversion [24],
reduction of CO [25], unzipping carbon nanotubes [26, 27],
and separation/exfoliation of graphite or graphite derivatives
(such as graphite oxide (GO) and graphite fluoride) [28]. In
addition, fast and low cost production of graphene and fewlayer graphene (FLG) with high yield, where the synthesis
consisted of mechanical ablation of pencil lead on a harsh
glass surface with simultaneous ultrasonication followed by
a purification to remove the inorganic binder present in the
pencil lead was demonstrated by Janowska et al. [29]. Among
those methods, it has been proven that the reduction of
exfoliated graphene oxide (GO) is a reliable strategy owing
to its cost-effective and massive scalability. Generally, GO
is obtained by oxidation of the natural flake graphite in the
presence of strong oxidants such as potassium permanganate
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mixed with concentrated sulfuric acid, followed by sonication
[30, 31]. After oxidation, abundant functional groups (e.g.,
hydroxyl, carboxyl, epoxy, and ketone) were introduced onto
the graphitic layers, and simultaneously part of sp2 -carbons
were converted into sp3 ones [32]. It is generally considered
that the epoxy and carbonyl groups are attached above and
below basal planes, while the carboxyl groups are located at
the edges [33, 34].
Incorporation of nanofillers into a polymer matrix gives
rise to a new class of materials known as polymer nanocomposites, which have greater potential for many applications.
Significant improvement in properties of the composites
depends mainly on the size and shape of particles nanofiller
[35], surface area, degree of surface development, surface
energy, and the spatial distribution of the polymer matrix
of nanoparticles. It is assumed that the degree of exfoliation
plays the critical role in determining the nanocomposites
properties. The more homogeneous dispersions of the layered
nanofillers (expanded graphite or others graphene derivatives) are, the greater improvements in properties can be
obtained. Properties of polymer nanocomposites depend
significantly not only on the degree of granularity and
uniform dispersion of nanoparticles, but also on the type of
polymer matrix and the nature of the nanofiller. In the case of
the thermoplastic matrix (such as poly(ethylene terephthalate) (PET) and poly(trimethylene terephthalate) (PTT)),
nanofiller may also affect the crystallization rate and degree of
crystallinity and the nature of the crystalline phase [36]. Crystallinity is an important field of interest in polymer science
and engineering as the crystallinity affects physical properties such as modulus, tensile strength, toughness, hardness,
and gas permeability.
Poly(ethylene terephthalate) (PET) is widely used in
a range of high barrier applications because of its good
mechanical properties and low cost. PET bottles are widely
used in fruit juices, drinks, medicines, and food packaging.
However, PET material has the poor barrier properties
compared with glass and metal containers. Recently, packing
industry has been very interested in improvement of barrier
properties of PET for additional applications, due to the
observed trend to a progressive change towards the use
of containers of plastic material. The improvement of PET
permeability to oxygen and even carbon dioxide can broad
its application to packing materials which are more sensitive
to them. Enhanced barrier properties of PET properties
can be achieved with the graphene nanoplatelets (GNPs)
due to their unique morphology and size. Also graphene
oxide possesses an excellent gas barrier without any chemical
reduction [37]. Prevoius studies reported that GO layers and
poly(ethylenimine) (PEI) layers deposited on a PET film surface PET decreased the oxygen transmittance rate (OTR) and
light transmittance, and the electric conductivity increased
[38]. Kim et al. [37] reported that the oxygen permeability
of the poly(vinyl alcohol) (PVA)/reduced graphene oxide
(RGO) (0.3 wt%) composite coated film was 17 times lower
than that of the pure poly(ethylene terephthalate) (PET) film.
Both the diffusivity and the solubility are reduced by dispersing RGO into PVA.
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Graphene and graphene oxide and their uses in barrier
polymers are broadly disused in literature [37–41]. The platelet size, stacking orientation, and degree of graphene exfoliation in the polymer matrix are governing factors in determining the gas transport [39].
In our earlier work it was established that by using in
situ polymerization method it is possible to obtain nanocomposites with highly exfoliated graphene sheets in PET matrix
with electrical percolation threshold at 0.05 wt% loading of
expanded graphite [42].
In the present study, up to 0.5 wt% of GO was introduced
in PET matrix. The effect of GO presence in PET matrix
on oxygen barrier properties and nonisothermal crystallization behavior of the obtained PET nanocomposites were
investigated. The last studies are of great practical importance
because the production of PET the production of PET products, including fiber spinning, extrusion, and injection molding, is largely controlled trough nonisothermal crystallization
processes. In fact, the interaction between the polymer and
the functionalized groups on the surface of graphene sheets
can alter the thermal properties of the nanocomposites.

2. Experimental
2.1. Materials. Poly(ethylene terephthalate) (PET) has been
synthesized by using the following chemicals: dimethyl
terephthalate (DMT) (Sigma-Aldrich); ethanediol (ED)
(Sigma-Aldrich), zinc acetate (ester exchange catalyst)
Zn(CH3 COO)2 (Sigma-Aldrich); antimony trioxide–polycondensation catalyst: Sb2 O3 (Sigma-Aldrich); thermal stabilizer Irganox 1010 (Ciba-Geigy, Switzerland).
Graphene oxide (GO) with average particle size of 5 𝜇m
was provided by Polymer Institute of Slovak Academy of Sciences, where the natural graphite was converted to expanded
graphite through chemical oxidation in the presence of concentrated H2 SO4 and HNO3 acids reported in [43]. C1s XPS
spectra of GO are as follows: sp2 -C: 60.00%; sp3 -C: 12.92%;
C–O: 9.22%; C=O: 6.42%; COO: 2.95%; 𝜋–𝜋: 8.49%. O1s XPS
spectra of GO are as follows: C=O: 37.45%, C–O: 52.49%,
Na–O: 5.86%, and SiO2 : 4.20%. Before adding nanofillers to
the reaction mixture, they were combined with ethanediol in
order to split agglomerates and to improve further exfoliation.
2.2. Preparation of PET/GO Nanocomposite. PET/GO nanocomposites were prepared by in situ polymerization in the
steel reactor (Autoclave Engineers, USA) with capacity of
1000 cm3 . The process was conducted in two stages and
followed the same procedure as described in our previous
publications [42, 44, 45]. Before polymerization, the desired
amount of GO was dispersed in ca. 250–300 mL of ED by
using for 15 min intensive mixing with high-speed stirrer
(Ultra-Turax T25) and then through ultrasonication for
15 min using sonicator (Homogenizer HD 2200, Sonoplus,
with frequency of 20 kHz and 75% of power 200 W). Additionally, to improve the dispersion/exfoliation of GO in ED an
ultrapower lower sonic bath (BANDELIN, Sonorex digitec,
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with frequency of 35 kHz and power 140 W) was applied for
20 hours.
2.3. Characterization Techniques. The inherent viscosity [𝜂]
of the polymers was determined at 30∘ C using an Ubbelohde
viscometer (with capillary 𝐼𝑐 , 𝐾 = 0.03294), as described
elsewhere [42, 45–47]. The polymer solution had a concentration of 0.5 g/dL in mixture phenol/1,1,2,2-tetrachloroethane
(60/40 by weight). The polymer nanocomposite solution
was filtered through 0.2 𝜇m pore size polytetrafluoroethylene
(PTFE) filter (Whatman; membrane type TE 35) to ensure
that the intrinsic viscosity is not affected by present GO. After
filtration, the polymer was precipitated and redissolved. The
values of average viscosity molar mass of PET homopolymer
was calculated according to the Mark–Houwink equation
[𝜂] = 3.72 × 10−4 ⋅ 𝑀0.73 [48].
The melt volume rate (MVR) was measured using a melt
indexer (CEAST, Italy) as melt flow in cm3 per 10 min, at temperature of 280∘ C and at orifice diameter 1.050 mm and under
2.160 kg load, according to ISO 1133 specification.
The structure of nanocomposites was observed by transmission electron microscopy (TEM) analysis, which was carried out by a JEOL JEM-1200 Electron Microscope using an
acceleration voltage of 80 kV. The TEM samples were thinly
sliced (∼100 nm) using Reichert Ultracut R ultramicrotome.
The thin slice obtained was collected onto a 300 mesh copper
grid.
Oxygen permeability was measured using a Mocon-OxTran 2/10 instrument. Oxygen permeability was performed
using 5 cm2 samples of investigated polymer films in accordance with ASTM D3985-05 and ISO 15105-2 Standards. All
film samples were additionally conditioned for 3 h in the test
chamber of OX-Tran apparatus in test parameters (23∘ C and
0% humidity rate RH). The measurement was automatically terminated when apparatus obtained stable subsequent
results. Samples were dried in vacuum at 80∘ C for 24 h,
compression-moulded, and quenched into amorphous films.
The temperature of the press was 255∘ C and pressure of 15 bar.
Films with comparable thinness (330 𝜇m) were prepared.
XRD diffraction patterns were recorded using a PANalytical X’Pert PRO diffractometer powered by a Philips
PW3040/60 X-ray generator and fitted with an X’Celerator
detector. The X-ray source (CuKa radiation, wavelength 𝜆 =
1.5418 Å) was generated using an applied voltage of 40 kV
and a filament current of 35 mA. The data were collected and
recorded in the 2𝜃 range 4–40 with a step of 0.02.
The nonisothermal crystallization behaviours of samples
were investigated using a differential scanning calorimetry
(DSC, TA Instruments Q-1000). The samples were heated
from room temperature to 270∘ C at heating rate 10∘ C/min
and maintained for 3 min in the DSC cell to destroy any nuclei
that might act as seed crystals. The samples were then cooled
to 20∘ C at constant rate of 3, 5, and 10∘ C/min, respectively.
All the DSC measurements were carried out in nitrogen
atmosphere, and the weight of each sample was about 10 mg.
The enthalpy of crystallization (Δ𝐻𝑐 ) was determined from
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the areas of the crystallization peaks. The degree of crystallinity (𝑥𝑐 , mass fraction) of the samples was calculated
using the equation
𝑥𝑐 =

Δ𝐻𝑐
,
Δ𝐻0 (1 − 𝑤)

(1)

where Δ𝐻0 (140 J/g) [44] is the enthalpy of melting for 100%
crystalline PET, Δ𝐻𝑐 is the enthalpy of crystallization of the
sample, and 𝑤 is the content of GO.
Small angle X-ray scattering (SAXS) measurements were
performed at beam line A2 at HASYLAB (DESY, Hamburg).
The wavelength of the X-ray beam was 𝜆 = 0.15 nm. Scattering
patterns were collected by a two-dimensional MAR-CCD-165
detector placed at a distance of 2443 mm from the sample. The
scattering-vectors were calibrated using a dray rat-tail tendon
protein. The specimens (∼25 mg) were mounted in Mettler
hot stage and encased between aluminium-foil windows and
were heated and cooled at heating rates of 5∘ C/min over a
temperature range of 25–275∘ C. During cooling from the
melt, data was collected with time scanning 60 and accumulation time 20 s. For SAXS data analysis, a computer
program SAXSDAT [49] was used. Subsequently the linear
correlation function CF(𝑥) (2) Fourier-transformed from the
corresponding one-dimensional SAXS data 𝐼(𝑠) measured is
calculated in this work following procedures described in
[49]:
CF (𝑥) =

1 ∞
∫ 𝐼 (𝑠) 𝑠2 cos (2𝜋𝑠𝑥) 𝑑𝑠.
𝑄 0

(2)

The parameter 𝑄 in (2) is a measure of the scattering power
of the system:
∞

2

𝑄 = ∫ 𝐼 (𝑠) 𝑠2 𝑑𝑠 = 𝐾𝛼𝑠 (𝜌𝑐 − 𝜌𝑎 ) 𝜑𝐿 (1 − 𝜑𝐿 ) ,
0

(3)

where 𝜌𝑐 is the electron density of the lamellar crystals, 𝜌𝑎 is
the electron density of the amorphous material between adjacent lamellae, 𝛼𝑠 is the volume fraction of the lamellar crystals
in the irradiated sample volume, and 𝐾 is the a constant
depending on the experimental conditions. From the correlation function, we estimate long period 𝐿 (the first maximum)
and the linear crystallinity 𝜑𝐿 using the equation [49–51]
𝜑𝐿 (1 − 𝜑𝐿 ) =

𝑃
,
𝐿

(4)

where 𝑃 is the position of the first intercept of the correlation
function with the 𝑥-axis. The thickness of the crystalline
(𝑙𝑐 ) and amorphous (𝑙𝑎 ) layers in the stacks was calculated
according to
𝑙𝑙 = 𝜑𝐿 𝐿,
𝑙𝑎 = (1 − 𝜑𝐿 ) 𝐿.

(5)

The relationship between volume fraction of crystallinity and
linear crystallinity is expressed as 𝑥V = 𝛼𝑠 𝜑𝐿 , where 𝛼𝑠 is
the fraction of the total volume of the sample occupied by
stacks of lamellae [51]. Using the densities of the crystalline
(𝑑𝑐 = 1.445 g/cm3 ) and amorphous (𝑑𝑎 = 1.331 g/cm3 ) phases
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Table 1: Physical properties of neat PET and PET/GO nanocomposites.
Sample

[𝜂]
dL/g

𝑀V × 104
g/mol

MVR
cm3 /10 min

PET
PET/0.1GO
PET/0.3GO
PET/0.5GO

0.536
0.532
0.529
0.499

2.124
2.100
2.090
1.927

72.8 ± 1.9
72.5 ± 1.8
71.9 ± 2.5
72.8 ± 1.4

[𝜂]: intrinsic viscosity; 𝑀V : average viscosity molecular weight; MVR: melt
volume rate at 280∘ C.

for PET [52], the volume fraction crystallinity (𝑥V = 𝜑𝐿 ) was
transformed into mass fraction of crystallinity 𝑥𝑐,𝑚 according
to Swam equation [53]:
𝑥𝑐,𝑚 = [1 +

𝑑𝑎 1 − 𝑥V −1
(
)] .
𝑑𝑐
𝑥V

(6)

3. Results and Discussion
3.1. Characterization of the PET/GO Nanocomposites. PET
nanocomposites with low loading of graphene oxide (GO)
were synthesized by in situ polymerization of monomers in
the presence of GO sheets. Ultrasonication graphite oxide in
monomer (ED) before synthesis and then polymerization was
found to be an effective way to obtain PET nanocomposites
with highly exfoliated GO into while maintaining a very high
aspect. Additionally, for comparison purposes, unmodified
PET was synthesized and characterized in the same manner
as the nanocomposite. The characteristics of the obtained
nanocomposites are presented in Table 1. The intrinsic viscosity of neat PET was 0.536 dL/g.
The presence of the GO in the polymerization mixture
affected the reaction, leading to the slightly decrease of
intrinsic viscosity. As shown in Table 1, the intrinsic viscosity
decreased with the addition of GO to 0.499. The PET matrix
in synthesized nanocomposites have high molecular weight,
which is ranged between 21 000 and 19 200 g/mol and is close
to the value for neat PET. The comparable value of melt volume rate for neat PET and PET/GO nanocomposites was due
to the polymer-functionalized graphene sheets interactions.
The dispersion and exfoliation of functionalized graphene
sheets (GO) in PET matrix were investigated using TEM analysis and representative images for composite with loading of
0.3 and 0.5 wt% are shown in Figure 1.
TEM images of the PET/GO nanocomposites demonstrate that the highly exfoliated graphene oxide nanoplatelets
were rather uniformly dispersed in PET matrix. The presence
of more or less transparent and graphene nanoplatelets
conforms with high degree of exfoliation, although predominance of folded multilayer graphene and some small aggregates on the nanoscopic scale was observed. This was due to
the extremely high specific area of GO and the strong particlematrix interactions that take place. The fact that the graphene
oxide flakes remain well-exfoliated and highly dispersed
within PET matrix suggests these composites to potentially
display gas barrier property improvement.

Table 2: Oxygen permeability of PET/GO nanocomposite films.
Sample
PET
PET/0.1GO
PET/0.3GO
PET/0.5GO
a

GO
wt %
—
0.1
0.3
0.5

Thickness
𝜇m
320
326
322
320

O2 transmission ratea
cm3 /m2 24 h
48.6 ± 3.7
23.7 ± 2.3
18.6 ± 1.6
14.6 ± 2.1

Measured at 23∘ C and 0% relative humidity.

3.2. Oxygen Permeability of PET/GO Nanocomposites. Graphene nanoplatelets are believed to increase gas barrier properties in nanocomposites. The tortuous path being created by
the graphene particles in PET nanocomposites can retards the
diffusion of the gas molecules through the PET matrix region.
The influence of functionalized graphene (GO) content on
the barrier performance to oxygen was studied by investigating oxygen transmission rate of PET/GO nanocomposites.
Gas barrier properties of PET films can be influenced
by sample crystallinity and thickness [54]. In order to avoid
crystallinity effect on oxygen barrier properties of PET/GO
nanocomposites the amorphous films with comparable thickness were prepared.
Figure 2 shows X-ray diffraction patterns of GO, neat PET,
and PET/GO composite films. The X-ray patterns for PET
and PET/GO nanocomposite films have a broad amorphous
halo confirming that prepared films were amorphous. The
X-ray diffraction patterns for GO give peaks at 2𝜃 = 12.5∘
and 2𝜃 = 26.3∘ . The first peak corresponds to an interlayer
spacing of 0.71 nm (002) indicating the presence of oxygen
functional group. The second peak corresponds to (002)
plane of graphite with interlayer spacing of 0.34 nm. The
presence of any GO peaks in the XRD spectra of PET/GO
nanocomposites can suggests that GO was well exfoliated and
homogenous dispersed in the PET matrix. On the other hand,
GO content in PET matrix can be too low to observe these
peaks on X-ray diffraction spectra of PET/GO nanocomposite films.
The oxygen barrier properties through neat PET and
PET/GO composite films with comparable thickness are
listed in Table 2. The obtained results of oxygen transmission
rate (OTR) for amorphous PET films are comparable with
literature data [54]. As expected, the permeability of O2
through the PET/GO nanocomposite films was found considerably reduced at low loading of GO. The improvement of
O2 permeability for PET nanocomposite films over the neat
PET is approximately factors of 2–3.3.
Based on many studies of gas barrier properties of polymer-layered silicate nanocomposites, it was established that
enhancements in gas barrier properties depend on factors
such as the relative orientation of the nanofiller sheets in
the polymer matrix and the state of aggregation and dispersion in polymer matrix, that is, intercalated, exfoliated, or
mixed morphology [55]. For PET nanocomposites containing graphene nanoplatelets the mechanism of gas barrier
properties enhancement can be influenced by many factors similar to polymer-layered silicate nanocomposites, for
which the level of exfoliation of silicate layers is a critical
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1: TEM images of PET/GO nanocomposite with 0.3 wt% (a-b) and 0.5 wt% (c–f) of GO. Image magnification: (a) 150 k, (b) 200 k, (c)
50 k, (d) 150 k, (e) 120 k, and (f) 100 k.
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Figure 2: XRD diffractograms for GO, neat PET, and PET/GO
nanocomposite films.

factor in determining the maximum performance of polymer
silicate nanocomposites for barrier applications [56].

3.3. Effect of GO on Crystallization of PET Nanocomposites.
The effect of graphene oxide nanoplatelets on the nonisothermal crystallization of PET was investigated using DSC.
Figure 3 shows the DSC cooling curves obtained at different
cooling rates. Additionally, temperature-resolved SAXS studies of morphological changes in melt-crystallized PET and
PET/GO composite with the highest concentration of GO
(0.5 wt%) were carried out.
The values of the nonisothermal crystallization onset
temperatures (𝑇𝑐,on ), crystallization peak temperatures (𝑇𝑐 ),
and the crystallization enthalpies of all the samples under
different cooling rates (3, 5, and 10∘ C/min) are presented in
Table 3. For all samples, the crystallization onset temperature
and crystallization peak temperature decrease as the cooling
rate increases. Compared with neat PET, it is observed that
at given cooling rate, the onset and peak crystallization
temperatures of the PET/GO nanocomposites was increased
due to the presence of GO. It can be also seen that the
width of crystallization peak for nanocomposites was less
than for neat PET. The value of (𝑇𝑐,on − 𝑇𝑐 ) reflects the overall
crystallization rate of the sample; the lower value of the
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Figure 3: DSC thermograms of neat PET (a) and PET/GO nanocomposites with 0.1 (b), 0.3 (c), and 0.5 (d) wt% of GO at different cooling
rates.

Table 3: DSC data obtained from the cooling runs for PET/GO nanocomposites.
Sample

PET

PET/0.1GO

PET/0.3GO

PET/0.5GO

Scan rate
∘
C/min
3
5
10
3
5
10
3
5
10
3
5
10

𝑇𝑐,on
∘
C
222
211
200
225
219
212
231
225
218
231
225
218

𝑇𝑐
C
215
196
180
219
212
203
225
217
208
225
218
209
∘

𝑇𝑐,on − 𝑇𝑐
∘
C
7
15
20
6
7
9
6
8
10
6
7
9

𝑇𝑐,on , 𝑇𝑐 : onset and peak crystallization temperature, Δ𝐻𝑐 : enthalpy of crystallization, and 𝑥𝑐 : mass fraction of crystallinity.

Δ𝐻𝑐
J/g
52.9
47.7
42.7
51.4
47.8
43.2
63.2
56.2
51.5
63.6
57.9
52.5

𝑥𝑐
0.378
0.341
0.305
0.367
0.342
0.309
0.453
0.403
0.369
0.456
0.416
0.377
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Figure 4: The evolution of the Lorentz corrected SAXS patterns (after background correction) during crystallization of (a) neat PET and (b)
PET/0.5GO nanocomposite.

PET

PET/0.5GO

0.003

0.001
Cooling
𝛾(x) (a.u.)

𝛾(x) (a.u.)

0.002

0.000

0.001

Cooling

0.000
−0.001

−0.001

0

5

10

15
20
x (nm−1 )

25

30

35

(a)

−0.002

0

5

10

15
20
x (nm)

25

30

35

(b)

Figure 5: One-dimensional correlation function for neat PET (a) and PET/0.5GO nanocomposite (b) during cooling at 5∘ C/min form the
melt.

(𝑇𝑐,on − 𝑇𝑐 ) for nanocomposites especially at higher cooling
rates (Table 3) indicates the higher overall crystallization rate.
Moreover, the nonisothermally crystallized PET composites
with 0.3 and 0.5 wt% of GO have higher degree of crystallinity
than neat PET. These can indicate the efficiency of graphene
oxide nanoplatelets at low loading as nucleation agents for
crystallization of PET.
Effect of the presence of GO in PET matrix on the
evolution of the lamellar nanostructure was monitored by
SAXS during nonisothermal crystallization from the melt.
The correlation function 𝛾(𝑥) has been applied to follow the
changes of the nanostructure of PET/GO composite and neat
PET during crystallization from the melt. Figure 4 displays
the evolution of SAXS patterns for neat PET and nanocomposite (PET/0.5GO) during cooling. According to procedure
reported in [49–51] analysis of the 𝛾(𝑥) (Figure 5) allows to
determine: 𝐿, 𝑙𝑐 , 𝑙𝑎 , and crystallinity within the lamellar stacks
(𝜑𝐿 ).

Figure 6 summarizes the results of the nanostructure
studies during melt crystallization of neat PET and nanocomposite with loading of 0.5 wt% of GO. These data indicate that
the average values of lamellar thickness accompanied by the
decrease of the amorphous layer 𝑙𝑎 decreases with decreasing
temperature and consistent with previous data for other
crystalline polymers and their nanocomposites [57–59]. The
observed in the higher-temperature region sharp decrease of
the average value of 𝑙𝑎 could be connected with the sequential
formation of either new crystal lamellae or lamellar stacks or
both in the interlamellar amorphous regions [58, 59].
Finally, unfilled PET and nanocomposite showed almost
the similar values of the long period (𝐿 = 11.4 nm for neat
PET and 𝐿 = 11.5 nm for PET/0.5GO, Table 4). Nanocomposite has comparable thickness of crystalline lamellae
(Table 4) as neat PET. Slightly higher value of 𝑙𝑐 for nanocomposite in comparison to unfilled PET was observed.
The obtained volume and mass fraction crystallinity for
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Table 4: Parameters of nanostructure determined from correlation
function for neat PET and PET/0.5GO nanocomposite.
Sample
𝐿 [nm]
PET
11.40
PET/0.5GO 11.51

𝑙𝑐 [nm]
4.412
4.627

𝑙𝑎 [nm]
6.988
6.883

𝐸 [nm]
2.103
1.969

𝜑𝐿
0.387
0.402

𝑥𝑐,𝑚
0.406
0.422

𝐿: long period; 𝑙𝑐 : thickness of crystalline lamellae; 𝑙𝑎 : thickness of amorphous layer; 𝐸: thickness of transition layer; 𝜑𝑐 : volume fraction of crystallinity; 𝑥𝑐,𝑚 : mass fraction of crystallinity determined from (6).

30
25

L, lc , la (nm)

20

in packing industry. For example oxygen sensitive materials
can be stored in PET containers and their life time can
be elongated. DSC study of nonisothermal crystallization
of nanocomposites have shown that the graphene oxide
nanosheets displayed a nucleating effect on the PET crystallization due to the increase in the onset and peak crystallization temperature of nanocomposites compared to neat PET.
The degree of crystallinity of the nanocomposites containing
of 0.3 and 0.5 wt% of GO are higher than for the neat PET.
Analysis of nanostructure parameters obtained from SAXS
measurements for PET/0.5GO composite and neat PET have
shown that nonisothermally crystallized composite and neat
PET have comparable values of long period.
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nanocomposite (0.402 and 0.422) are slightly higher than for
neat PET (0.387 and 0.406).
The observed difference between values of mass fraction
crystallinity determined by DSC (Table 3) and SAXS (Table 4)
can be explained by different sample size, differences in
thermal history, and the different selectivity of the method.
Such differences can be excluded only by the simultaneous
measurements with different techniques at the same sample
volume, which reflect an identical thermophysical history.

4. Conclusions
The obtained PET nanocomposites with low loading of
GO prepared by in situ polymerization show uniform dispersion of highly exfoliated graphene oxide nanosheets in
PET matrix. Study of the oxygen transmission rate through
nanocomposite and neat PET films has shown that the high
aspect ratio and exfoliated structure of GO in PET matrix
improved their oxygen barrier properties. The improvement
of oxygen permeability for PET nanocomposite films at 0.3–
0.5 wt% loading of GO over the neat PET is approximately
factors of 2–3.3. These improvements of oxygen barrier properties of PET are important from the application point of view
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functionalized graphene sheets,” Current Organic Chemistry,
vol. 15, no. 8, pp. 1133–1150, 2011.
[44] S. Paszkiewicz, A. Szymczyk, Z. Špitalský, M. Soccio, J.
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Using the method of Stochastic Gradient Boosting, ten SMO-SVR are constructed into a strong prediction model (SGBS model)
that is efficient in predicting the breakdown field strength. Adopting the method of in situ polymerization, thirty-two samples
of nanocomposite films with different percentage compositions, components, and thicknesses are prepared. Then, the breakdown
field strength is tested by using voltage test equipment. From the test results, the correlation coefficient (CC), the mean absolute
error (MAE), the root mean squared error (RMSE), the relative absolute error (RAE), and the root relative squared error (RRSE)
are 0.9664, 14.2598, 19.684, 22.26%, and 25.01% with SGBS model. The result indicates that the predicted values fit well with the
measured ones. Comparisons between models such as linear regression, BP, GRNN, SVR, and SMO-SVR have also been made
under the same conditions. They show that CC of the SGBS model is higher than those of other models. Nevertheless, the MAE,
RMSE, RAE, and RRSE of the SGBS model are lower than those of other models. This demonstrates that the SGBS model is better
than other models in predicting the breakdown field strength of polyimide nanocomposite films.

1. Introduction
As one of material products that have been developed for a
long time, polyimide film (PI film) has been mainly applied
in high and new technology industries such as aerospace,
machinery, electrical and electronics engineering, optical
communication, LCD, automobile, precision instrument, gas
separation, and microelectronics [1]. With the development
of nanotechnology, nanoparticles of different sizes, percentage compositions, and components have been mixed with PI
by more and more researchers to produce high-quality polyimide nanocomposite films [2, 3].
Breakdown field strength is an important characteristic
parameter to characterize polyimide nanocomposite films. It
can be calculated by (breakdown voltage)/(film thickness).
Many researchers have already made studies and analysis on
the breakdown field strength of nanocomposite films [4–6].

There are many factors that can impact the breakdown field
strength, including the type of nanoparticle, dielectric constant, electric conductivity, coefficient of thermal conductivity, composition, nanoparticles’ size and specific area, and
composite film thickness. In order to establish the knowledge
base for the material property regarding breakdown field
strength of polyimide nanocomposite films, large quantities
of experiments have to be prepared and measure related
characteristics. Nevertheless, it is also well known that getting
properties data is very costly in terms of time and materials. It
is for this reason that developing a fast and efficiency method
to predict the breakdown field strength of polyimide nanocomposite films is very much in demand.
Intelligent computing and neuronal network have been
widely applied in performance prediction, identification, and
optimization of nanocomposite films. Yang et al. used a generalized regression neural network (GRNN) to predict
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the friction coefficient of Cr1−𝑥 Al𝑥 C film [7]. Cho et al.
optimized the characteristics of ITO/Al/ITO multilayer films
by advantages of neural network and genetic algorithm [8].
Bahramian made use of an artificial neural network to predict
the growth rate of TiO2 nanostructured film [9]. Ensemble
learning has now become a new hotspot of intelligent computing [10–13]. By using ensemble, several weak classifiers
can be constructed into a strong classifier. Some common
methods of ensemble learning include boosting, bagging,
and stacking. Boosting [14] keeps upgrading weights during
data extraction and revises the weights of data set that have
been classified wrong. In the end, several weak classifiers
are obtained and can be constructed into a strong classifier.
Bagging [15] is used the reiterative training to get several
classifiers based on a training set. Stacking [16] contains two
layers. In the first layer, different algorithms are employed to
generate several weak classifiers. At the same time, a new data
set with the same size of the original data set is also generated.
Then, the new data set together with a new algorithm can be
used to construct the classifier of the second layer.
The purpose of this paper is to develop a Stochastic Gradient Boosting + SMO-SVR model (SGBS model) to predict the
breakdown field strength of polyimide nanocomposite films.
In what follows, film preparation and prediction model are
introduced first. The experimental details for sputtering systems and materials are described next. Then, the experimental results are described and the establishment of SGBS model
with 10-fold cross validation results is carried out. Comparison experiments between linear regression, BP neural
network (BP), general regression neural network (GRNN),
SVR (support vector regression), and SMO-SVR models are
conducted.

2. Nanocomposite Film Preparation and
Prediction Model
2.1. Preparation of Nanocomposite Films. The method of in
situ polymerization is used to prepare the polyimide matrix
inorganic nanocomposite film. Experimental materials include 4,4 -diaminodiphenyl ether (ODA), pyromellitic dianhydride (PMDA), dimethylacetamide (DMAc), Al2 O3 , rutile
TiO2 , BaTiO3 , SiO2 , and ethanol. The detailed purchase
information of the above experimental materials is shown
in Table 1. Firstly, put PMDA into the solution of ODA in
DMAc to produce an amount of polyamide acid of certain
viscosity. Secondly, add in different nanoparticles. Finally, let
the mixture go through paving membrane heat treatment and
imidization transform.
To verify our SGBS model, we have designed and prepared in this paper nanoparticle samples with different types,
sizes, ratios, and thicknesses. The SEM image of surface
appearance of pure PI is given in Figure 1(a). The surface of
film is smooth and its tightness is well. Figure 1(b) shows the
SEM image of surface appearance of PI/BaTiO3 composite
film doped with content of 60 wt%. There are large amounts
of BaTiO3 nanoparticles exposing on the surface of film with
the size from 100 nm to 300 nm. Comparing with the other
films, the surface appearance of film has been changed to be
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Table 1: The detailed purchase information of experimental materials.
Material
4,4 -Diaminodiphenyl
ether
Pyromellitic dianhydride
Dimethylacetamide
Al2 O3
Rutile TiO2
BaTiO3
SiO2
Ethanol

Companies
Sinopharm Chemical Reagent Co., Ltd.
Sinopharm Chemical Reagent Co., Ltd.
Tianjin Fuyu Fine Chemical Co., Ltd.
Beijing DK Nano Technology Co., Ltd.
Beijing DK Nano Technology Co., Ltd.
Beijing DK Nano Technology Co., Ltd.
Beijing DK Nano Technology Co., Ltd.
Tianjin Fuyu Fine Chemical Co., Ltd.

rough due to the dopant of BaTiO3 nanoparticles. Its density
has also been decreased. Figure 1(c) shows the SEM image
of surface appearance of PI/TiO2 composite film doped with
content of 5 wt%. TiO2 can absorb ultraviolet ray to change
the color of film into brown. The surface appearance of film
is smooth compared with pure PI film. Figure 1(d) shows the
SEM image of surface appearance of PI/Al2 O3 composite film
doped with content of 20 wt%. There are some nanoparticles appearing in the surface of film, uniformly, where the
diameter of nanoparticles is observed to be 70 nm and some
particles are not cluster. In conclusion, the prepared hybrid
PI particles are evenly distributed.
2.2. Standard SMO-SVR Model. SVM (support vector
machine) [17] is one of the most typical machine learning
methods in field of statistical learning theory. It has a very
good learning ability in a small sampling space. Compared
with BP, GRNN, and other neural networks, it has advantages
such as structural risk minimization, global optimization
solution, high dimensional space, and being linearly separable. It has been widely used for recognitions and regressions.
The core of support vector regression (SVR) is to find out
a hyperplane, namely, to a minimized linear function with
inequality constraints, giving a training sample
𝑆 = (𝑥1 , 𝑦1 ) , . . . , (𝑥𝑛 , 𝑦𝑛 ) ,

(1)

where 𝑥 means input and 𝑦 means output. The training
sample needs to be turned into a linearly separable problem
when it is a linear inseparability. Generally, the sample space
can be mapped from a low-dimensional space into a high
dimensional space by using a kernel function. The nonlinear
regression function (estimation) is
𝑓 (𝑥) = 𝜔𝜑 (𝑥) + 𝑏,

(2)

where 𝑏 is a threshold, 𝜔 is a weight, and 𝜑(𝑥) is the nonlinear
mapping function. The loss function is shown as follows:


𝑐 (𝑥, 𝑦, 𝑓) = 𝑦 − 𝑓 (𝑥)𝜀 .

(3)
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(a)

(b)

(c)

(d)

Figure 1: SEM image of the nanocomposite film. (a) The SEM image of pure PI film; (b) the SEM image of surface appearance of PI/BaTiO3
composite film doped with content of 60 wt%; (c) the SEM image of surface appearance of PI/TiO2 composite film doped with content of
5 wt%; (d) the SEM image of surface appearance of PI/Al2 O3 composite film doped with content of 20 wt%.

By importing a Lagrange multiplier, the minimization of the
objective function can be expressed as
𝑛
1
‖𝜔‖2 + 𝐶∑ (𝜉𝑖 + 𝜉𝑖 )
2
𝑖=1

min

subject to 𝑦𝑖 − 𝜔𝜑 (𝑥𝑖 ) − 𝑏 ≤ 𝜀 + 𝜉𝑖
𝜔𝜑 (𝑥𝑖 ) + 𝑏 − 𝑦𝑖 ≤

(4)

𝜀 + 𝜉𝑖

𝜉𝑖 , 𝜉𝑖 ≥ 0, 𝑖 = 1, 2, . . . , 𝑛.
Transform (4) into a dual problem, and we get
1 𝑛
max [− ∑ (𝑎𝑖∗ − 𝑎𝑖 ) (𝑎𝑗∗ − 𝑎𝑖 ) 𝐾 (𝑥𝑖 , 𝑥𝑗 )
2
[ 𝑖,𝑗
𝑛

(5)

𝑛

− 𝜀∑ (𝑎𝑖∗ + 𝑎𝑖 ) + ∑𝑦𝑖 (𝑎𝑖 − 𝑎𝑖∗ )] ,
𝑖=1
𝑖=1
]
where 𝐶 is a penalty factor and 𝑎𝑖∗ and 𝑎𝑖 are Lagrangians;
then the regression function is
𝑁

𝑓 (𝑥) = ∑ (𝑎𝑖 − 𝑎𝑖∗ ) 𝐾 (𝑥𝑖 , 𝑥𝑗 ) + 𝑏,
𝑖=1

(6)

where 𝑁 is the number of support vectors in (6) [18]. In this
paper, a normalized polynomial kernel has been taken as the
kernel function.
John Platt, from Microsoft Research, proposed the SMO
(sequential minimal optimization) algorithm in order to
shorten the training time of support vector regression in 1998
[19]. SMO can optimize the 𝛼 value of two samples at one
time. Through the loop iteration with a given times 𝑀, the
𝛼 value of all samples can be optimized, as shown in Figure 2.
For the data in Table 2, the method of 10-fold cross validation
is used to make the model training on the standard SVR
and SMO-SVR. The time of modeling SVR and SMO-SVR is
0.26 s and 0.03 s, respectively. SMO can promote the training
efficiency of support vector regression while reducing the
training time of the model.
2.3. Promoting the Model by Stochastic Gradient Boosting.
Boosting [20], as one of the most important ensemble learning methods, is to obtain a predictive function by construction and ensemble of a series of predictive functions. The core
idea of gradient boosting, proposed by Friedman [21], is to
construct an ensemble learning machine by calculating a loss
function and letting the function descend along its gradient.
In other words, it is to calculate the loss function of previous
model, so as to build a new model along the descending gradient direction of the loss function. Eventually, a regression
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Table 2: Data of breakdown field strengths of nanocomposite films.
Input

Output
Breakdown
Specific area
Thickness Thermal
Electrical
Ratio of
Size of
Samples
field strength of
Type of
Dielectric
of
of films conductivity resistivity nanoparticles nanoparticles
nanoparticles constant
nanoparticles the hybrid PI
(𝜇m)
(W/cm⋅k)
(Ω⋅m)
(wt%)
(nm)
(kV/mm)
(m2 /g)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

BaTiO3
BaTiO3
BaTiO3
BaTiO3
BaTiO3
BaTiO3
BaTiO3
BaTiO3
Rutile TiO2
Rutile TiO2
Rutile TiO2
Rutile TiO2
Rutile TiO2
Rutile TiO2
SiO2
SiO2
SiO2
SiO2
SiO2
𝛼Al2 O3
𝛼Al2 O3
𝛼Al2 O3
𝛼Al2 O3
𝛼Al2 O3
𝛼Al2 O3
Al2 O3
Al2 O3
Al2 O3
SiO2
SiO2
SiO2
SiO2

1400
1400
1400
1400
1400
1400
1400
1400
100
100
100
100
100
100
1.56
1.56
1.56
1.56
1.56
10
10
10
10
10
10
8
8
8
1.56
1.56
1.56
1.56

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
30
30
30
30
30
30
30
30
30
30
30
30
30

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.40
0.63
0.63
0.63
0.63
0.63
160
160
160
160
160
4.10
4.10
4.10
4.10
4.10
4.10
29.31
29.31
29.31
160
160
160
160

1 × 105
1 × 105
1 × 105
1 × 105
1 × 105
1 × 105
1 × 105
1 × 105
9 × 107
9 × 107
9 × 107
9 × 107
9 × 107
9 × 107
1 × 1016
1 × 1016
1 × 1016
1 × 1016
1 × 1016
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1014
1 × 1016
1 × 1016
1 × 1016
1 × 1016

model can be generated through 𝑁 times of iterations. In
this paper, we use the Stochastic Gradient Boosting to turn
ten SMO-SVR models into a strong predictive model (SGBS
model). The algorithmic steps of the SGBS model are shown
as follows:
(1) {𝑋, 𝑌} is a data sample of breakdown field strengths of
different nanocomposite thin films, in which 𝑋 = (𝑥1 ,
𝑥2 , . . . , 𝑥𝑛 ) is input and 𝑌 = (𝑦1 , 𝑦2 , . . . , 𝑦𝑛 ) is output.
The loss function is 𝐿(𝑦𝑖 , 𝐹(𝑥𝑖 )), 𝑖 ∈ {1, 2, . . . , 𝑛}, and
the prediction model of SMO-SVR is ℎ(𝑋).

10
15
20
25
30
50
60
70
0
1
3
4
5
7
5
10
15
20
25
4
8
12
16
20
24
15
20
25
10
15
20
25

100
100
100
100
100
100
100
100
35
35
35
35
35
35
40
40
40
40
40
30
30
30
30
30
30
13
13
13
7
7
7
7

12
12
12
12
12
12
12
12
70
70
70
70
70
70
300
300
300
300
300
25
25
25
25
25
25
100
100
100
350
350
350
350

157
137
125
119
105
72
54
41
230
240
210
177
170
160
313
307
327
252
240
275
263
234
212
235
203
190
189
178
307
327
252
240

(2) Initialize the model
𝑁

𝐹0 (𝑥) = arg min∑𝐿 (𝑦𝑖 , 𝛽) .
𝛽

(7)

𝑖=1

(3) Calculate the upper limit (𝑀) of iterations by cross
validation.
(4) Calculate the gradient direction
𝑦̃𝑖 = − [

𝜕𝐿 (𝑦𝑖 , 𝐹 (𝑥𝑖 ))
]
𝜕𝐹 (𝑥𝑖 )
𝐹(𝑥)=𝐹

𝑚−1 (𝑥)

,

𝑖 = 1, . . . , 𝑁.

(8)
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high insulation strength (which can be up to 16 kV/mm) as
the medium, with the rate of voltage rise of 500 V/s. Test
the breakdown field strength of the nanocomposite films prepared in Section 2.1. Select 20 samples as a group for testing
each hybrid PI, and take the mean value of the 10 middle
breakdown field strengths as the breakdown field strength of
the group. Then, calculate the standard deviation. After the
experiment we get the data of breakdown field strengths as
shown in Table 2. The input 𝑋 includes type (𝑋1), doping
ratio (𝑋2), electrical resistivity (𝑋3), dielectric constant (𝑋4),
thermal conductivity (𝑋5), size (𝑋6), and specific area (𝑋7)
of nanoparticles and thickness of the film (𝑋8). The output 𝑌
is the breakdown field strength of the hybrid PI.

Start

Initialize the sample value = 0

Loop iteration samples
No

If the current sample needs to
optimize
Yes
No

Random search 𝛼 value of
another sample

Optimize 𝛼 value of two
samples

If iteration > M

Yes
End

Figure 2: Flowchart of the SMO optimization algorithm.

(5) Fit the SMO-SVR by using least squares to obtain the
fitting model ℎ(𝑥𝑖 , 𝛼𝑚 ).
(6) Figure out new step length based on the loss function
𝑁

𝛽𝑚 = arg min∑𝐿 (𝑦𝑖 , 𝐹𝑚−1 (𝑥𝑖 )) + 𝛽ℎ (𝑥𝑖 , 𝛼𝑚 ) .

(9)

𝑖=1

(7) Generate a new model
𝐹𝑚 (𝑥) = 𝐹𝑚−1 (𝑥) + 𝛽𝑚 ℎ (𝑥, 𝛼𝑚 ) .

(10)

(8) Stochastically extract 𝑓% of the training sample to fit
the SMO-SVR during every time of iteration; then we
can get the SGBS model after 𝑀 times of iterations:
𝑀

𝐹 (𝑥) = ∑ 𝛽𝑚 ℎ (𝑥, 𝛼𝑚 ) .

3.2. Evaluation Indicators of the Prediction Performance.
There are many indicators for evaluating the prediction performance, such as MAPE (mean absolute percentage error),
MAE (mean absolute error), RMSE (root mean squared
error), CC (correlation coefficient), RAE (relative absolute
error), and RRSE (root relative squared error). In this paper,
CC, MSE, RMSE, RSE, and RRSE are taken as evaluation indicators.
CC (correlation coefficient) represents the relevancy of
the linear regression relationship between 𝑓𝑖 (independent
variable) and 𝑦𝑖 (response variable) of the model. It is a coefficient of a simple linear correlation between 𝑦𝑖 and its estimated values. CC is larger than zero and ranges from 0 to 1. A
larger CC means a more relevant linear regression relationship.
MSE (mean absolute error) is to judge the different degree
between predicted values and real ones. It is inversely proportional to prediction accuracy. A smaller MSE means a better
effect the predictor can be with. It can be expressed as

MAE =

𝑛
1 𝑛 
 1  
∑ 𝑓𝑖 − 𝑦𝑖  = ∑ 𝑒𝑖  ,
𝑛 𝑖=1
𝑛 𝑖=1

(12)

where 𝑓𝑖 represents predicted values and 𝑦𝑖 represents real
values.
RMSE (root mean squared error) is the square root of the
ratio of the quadratic sum of deviations between predicted
values and real values to the times (𝑛) of predictions. It is sensitive to maximum or minimal errors of a group of predicted
values and therefore can well reflect prediction accuracy.
RMSE is inversely proportional to the prediction accuracy.
The smaller the RMSE is, the more accurate the predictor can
be. It can be expressed as follows:

(11)

𝑚=1

3. Experiment and Result Analysis
3.1. Construction of the Experimental Sample. Test the breakdown field strength by using a withstanding voltage tester
(type: CS2674C). Voltage range is 0–50 kV; test error is ±5%;
leakage current measurement range is 0.5–20 mA; measurement error is ±5%. Take polymethylphenylsiloxane fluid with

RMSE = √

2

∑𝑛𝑖=1 (𝑓𝑖 − 𝑦𝑖 )
.
𝑛

(13)

RSE (relative absolute error) is the different degree between the absolute deviation obtained from the prediction
model and the absolute deviation obtained by directly speculating the training sample. It is inversely proportional to
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Figure 3: The impacts of variation of penalty factor (𝐶) on prediction performance. (a) The correlation coefficient with different penalty
factors (𝐶); (b) the mean absolute error with different penalty factors (𝐶); (c) the mean absolute error with different penalty factors (𝐶); (d)
the root mean squared error with different penalty factors (𝐶); (e) the root relative squared error with different penalty factor (𝐶).
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Figure 4: Impact of 𝑆 on prediction performance. (a) Correlation coefficient relative to shrinkage rate (𝑆) of training samples; (b) mean
absolute error relative to shrinkage rate (𝑆) of training samples; (c) root mean squared error relative to shrinkage rate (𝑆) of training samples;
(d) relative absolute error relative to shrinkage rate (𝑆) of training samples; (e) root relative squared error relative to shrinkage rate (𝑆) of
training samples.
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Table 3: Comparison on prediction performances of three kernel
functions.
Normalized Polynomial
RBF
polynomial
0.9236
0.8901
Correlation coefficient
0.9603
23.5927
29.6448
Mean absolute error
16.8162
29.2044
34.7791
Root mean squared error
21.2266
36.8351% 46.2842%
Relative absolute error
26.255%
37.1173% 44.2024%
Root relative squared error 26.9779%
Indicators

prediction accuracy. The smaller the RSE is, the higher the
prediction accuracy can be:
RSE =



∑𝑛𝑖=1 𝑓𝑖 − 𝑦𝑖 

.
∑𝑛𝑖=1 𝑓𝑖 − 𝑦𝑖 

(14)

RRSE (root relative squared error) can be calculated as
follows:
RRSE =


2
∑𝑛𝑖=1 𝑓𝑖 − 𝑦𝑖 

2 .
∑𝑛𝑖=1 𝑓𝑖 − 𝑦𝑖 

(15)

RRSE is also inversely proportional to prediction accuracy. The smaller the RRSE is, the higher the prediction accuracy can be [22].
3.3. Experimental Results and Analysis. To verify the SGBS
prediction model, the type, dielectric constant, electrical
resistivity, thermal conductivity, size and specific area of
nanoparticles, and the thickness of films in Table 2 are taken
as the input 𝑋, and the breakdown field strength of hybrid
PI is taken as the output 𝑌. In this paper, we use Macbook
Pro (CPU: Intel I7-2640 M; memory: 16G) as the hardware
for experiments and use Matlab 2012a to program prediction
model.
Experiment 1. Use the method of 10-fold cross validation
to fit the data in Table 2. Main parameters of the SGBS
model include kernel function, 𝐶 and 𝑆, of which 𝐶 is the
penalty factor of SMO-SVR and 𝑆 is the extracting ratio
when training the sample. First of all, normalize the sample
data. Three kernel functions—normalized polynomial kernel,
polynomial kernel, and RBF kernel—are employed to test the
sample. The results are listed in Table 3. From the table we
know that the normalized polynomial kernel has the highest
correlation coefficient but lowest mean absolute error, root
mean squared error, relative absolute error, and root relative
squared error. Therefore, we choose it as the kernel function
for the SGBS model.
For optimization function, the penalty factor of outliers
is selected by experience as well as by experiments. Figure 3
shows the comparison on prediction performances of SGBS
model when 𝐶 varies from 1 to 1.8. Figure 3(a) demonstrates
that the correlation coefficient reaches its peak values when
𝐶 = 1.6, 1.7, and 1.8, which are chosen as the value of 𝐶, for

correlation coefficient is proportional to prediction accuracy.
By analyzing Figures 3(b) and 3(d) we know that the mean
absolute error and relative absolute error reach their minimal
values when 𝐶 = 1.7, only larger than the values when 𝐶 =
1.6 and 1.8. Therefore, they reach optimal performance when
𝐶 = 1.7, for mean absolute error and relative absolute error
are inversely proportional to prediction accuracy.
By analyzing Figures 3(c) and 3(d) we know that the
smallest root mean squared error and root relative squared
error appear at 𝐶 = 1.6, followed by 𝐶 = 1.7 and 𝐶 = 1.8.
Based on the above analysis, this paper takes 𝐶 = 1.7 as the
optimum value.
𝑆 is the specify shrinkage rate in Stochastic Gradient
Boosting, namely, the proportion of the stochastically extracted training sample. Figure 4 shows the impact of variation
of 𝑆 on prediction performance when 𝐶 = 1.7. When 𝑆 = 1,
correlation coefficient reaches its peak value, and the prediction attains the best performance as shown in Figure 4(a). By
analyzing Figures 4(b)–4(e) we know that when 𝑆 = 1, mean
absolute error, root mean squared error, relative absolute
error, and root relative squared error reach their minimal
values, signifying the best prediction performance.
According to the above analysis we know that when 𝐶 =
1.7 and 𝑆 = 1 are taken as the optimum values of the SGBS
model, the prediction performance is the best. Figure 5 shows
the degree of fitting between predicted values and real ones.
Figure 6 shows the absolute error ratio of prediction. The
tables and figures demonstrate that the error ratios of sample
8 (70 wt%, 100 nm, BaTiO3 ), sample 17 (15 wt%, 40 nm, SiO2 ),
and sample 30 (15 wt%, 7 nm, SiO2 ) are all larger than 15%,
indicating an ordinary fitting, while the error ratios of other
samples are less than 15%, indicating a better fitting. For all the
six multicomponent TiO2 film samples with the thickness of
35 𝜇m, the prediction errors are not larger than 15%. For the
eight BaTiO3 film samples, there is one sample of which the
prediction errors are larger than 15%. For all the nine multicomponent Al2 O3 film samples, the prediction errors are not
larger than 15%, while for the nine multicomponent SiO2 film
samples, there are also two samples of which the prediction
errors are larger than 15 wt%. In this model, the prediction
performance of the multicomponent Al2 O3 and rutile TiO2
with different thicknesses is better than that of the BaTiO3
and SiO2 film samples. For the thirty-two nanocomposite
films with different components, mixtures, and thicknesses,
there are twenty-nine film samples of which the prediction
errors are lower than 15%, proving that the model is of
practical value in actual engineering works.
Experiment 2. In order to further verify the SGBS model, it
needs to be compared to other models, namely, the linear
regression, BP neural network, GRNN neural network, SVR
(support vector regression), and SMO-SVR, under the same
conditions. Comparison results of the prediction performance of these models are shown in Table 4. The correlation
coefficient of SGBS model is 0.962, larger than that of the
models of linear regression [23], BP neural network [24],
GRNN neural network [7], SMO-SVR [25], and SVR [26],
proving that the linear regression relationship of the SGBS
model is better than that of the other five models. In the SGBS
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Table 4: Comparisons of models’ prediction performance.

Indicators
CC
RMSE
RRSE

SGBS
0.962
20.866
26.520%

Linear regression
0.9438
25.235
32.072%

BP
0.960
21.350
27.135%

GRNN
0.957
21.932
27.874%

SVR
0.459
79.662
101.246%

SMO-SVR
0.917
30.401
38.639%

Table 5: The comparison of the predicted and tested values of breakdown field strength.
MAE
7.0334

RMSE
7.0334

Sample

375
350
325
300
275
250
225
200
175
150
125
100
75
50
25
0

Predicted value (kV/mm)
225.9667

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Measured/predicted values (kV/mm)

Measured value [27] (kV/mm)
233

Sample
Measured value
Predicted value

Figure 5: Comparison between real values and predicted values of
the SGBS mode.

RAE (%)
24.5976

RRSE (%)
24.5976

Error ratio (%)
3.0185

32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

5

10
15
20
Rate of error (%)

25

Figure 6: Analysis on sample errors.

model, the root mean squared error and root mean squared
error are 20.8668 and 26.520%, respectively, lower than those
of the other models, certifying its better prediction performance.
Experiment 3. In order to validate the generosity of the
model, the actual measurement results conducted by Shi et
al. in [27] are chosen to do the prediction. In this preference,
the particle size is 30 𝜇m, and the doping ratio is 2 wt%
with PI/nano-Al2 O3 composite films. The thickness of film is
30 𝜇m. Its breakdown field strength is 233 kV/mm. Adopting
the samples in Table 2 as the training set of SGBS model.
For the parameters of the model, 𝐶 = 1.7, 𝑆 = 1. Using
the 2 wt%-PI/nano-Al2 O3 composite films in [27] as testing
sample, the results could be obtained as shown in Table 5. For
the test result of breakdown field strength that is 233 kV/mm,
its prediction value is 225.9667 kV/mm by SGBS model. The
error ratio is 3.0185%. The MAE, RMSE, RAE, and RRSE
are 7.0334, 7.0334, 24.5976, and 24.5976. The prediction and
actual data are in good agreement. This method could predict
the PI/nano-Al2 O3 composite films effectively.

4. Conclusions
This paper presents an ensemble learning method for predicting breakdown field strength of polyimide nanocomposite
films. By using the method of Stochastic Gradient Boosting,
ten SMO-SVR prediction models are constructed into a
strong prediction model (SGBS model) that is efficient in predicting the breakdown field strength. Through analyzing the
experiment data we obtain following conclusions:
(1) In prediction of thirty-two nanocomposite films of
different components, particles, and thicknesses (25–
30 𝜇m) by using the method of 10-fold cross validation, there are twenty-nine samples of which the prediction errors are lower than 15%, proving that the
SGBS model is efficient in predicting the breakdown
field strength of polyimide nanocomposite films.
(2) Comparisons show that the SGBS model has a larger
correlation coefficient than that of linear regression,
BP, GRNN, SVR, and SMO-SVR models but smaller
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root mean squared error and root relative squared
error. Hence, prediction performance of the SGBS
model is better than that of the other five models.
(3) The SGBS model shows a better prediction on Al2 O3
and rutile TiO2 films than on BaTiO3 and SiO2 films.

Next, some other ensemble learning methods will be
employed to predict the corona resistance, dielectric constant,
dielectric constant, and thermal properties of polyimide
nanocomposite films.
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Carbon nanofibers (CNFs) gained much interest in the last few years due to their promising electrical, chemical, and mechanical
characteristics. This paper investigates a new nanocomposite composed of carbon nanofibers hosted by PVA and both are integrated
in one electrospun nanofibers web. This technique shows a simple and cheap way to offer a host for CNFs using traditional
deposition techniques. The results show that electrical conductivity of the formed nanofibers has been improved up to 1.63 ×
10−4 S/cm for CNFs of weight 2%. The peak temperature of mass loss through TGA measurements has been reduced by 2.3%. SEM
images show the homogeneity of the formed PVA and carbon nanofibers in one web, with stretched CNFs after the electrospinning
process. The formed nanocomposite can be used in wide variety of applications including nanoelectronics and gas adsorption.

1. Introduction
Carbon fibers are of great technological and industrial
interest because of their promising characteristics such as
high strength to weight ratio, excellent chemical resistance,
and superior electrical and thermal conductivity [1, 2].
They have been used to develop high performance fiberreinforced composites, which are highly desirable in automotive, aerospace, and sport industries. Carbon nanofibers
(CNFs) have high specific surface area, which resulted from
pore-creating surface modification, which makes them suitable for gas adsorption and water treatment applications
[3, 4]. Despite the extended research in carbon composites
nanofibers, the present work introduces a new nanocomposite to generate carbon nanofibers embedded into polyvinyl
alcohol (PVA) electrospun nanofibers. This novel research
aims to offer a cheap and biodegradable host for already

synthesized carbon nanofibers instead of the deposition techniques such as sputtering or physical vapor deposition, which
can impact the carbon nanofibers structure. The formed
nanofibers should be highly conductive based on the superior
conductivity of carbon nanofibers. The formed nanocomposites can be helpful in electronic devices, batteries, and super
capacitors [5]. Electrospinning technique is selected as the
fabrication method for the proposed nanocomposite because
of the simplicity of operation, the feasibility to embed CNFs
in the resulting PVA nanofibers, and the potential for scaleup to manufacture large volumes [6, 7]. In this process, high
electric field strength is applied between a metallic needle and
a metallic target. The strength of the electric field forces the
polymer droplet at the needle tip to stretch and to deposit into
fibers at the surface of the target [8–11]. The resulting webs can
be feasible for many applications as in nanoagriculture, tissue
engineering, and biomedical applications [12–16].
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sections were mounted on the SEM aluminum holder and
fixed on a glass slide. SEM images of the webs’ thickness,
required for conductivity measurement, and the nanofibers
are captured by ESEM and the thickness of the web has been
measured. FTIR spectrum of the electrospun nanocomposite is measured by Infrared Spectrophotometer FTIR 760
(Thermo Nicolet).
Thermogravimetric analyses (TGA) of the electrospun
composites have been done to observe the influence of
carbon nanofibers on the degradation process of PVA. The
electrospun nanofibers have been placed in an aluminum
pan and heated from room temperature to 600∘ C at nitrogen
atmosphere with the heating rate of 10∘ C/min. Differential
Scanning Calorimetry (DSC) has been used to analyze the
degree of crystallization using Perkin Elmer DSC 7.

3. Results and Discussions
Figure 1: Schematic illustration of the setup of the electrospinning
device.

2. Experimental Work
2.1. Materials. Carbon nanofibers from Sigma Aldrich, composed of graphitized (iron-free) conical platelets, have been
used. In addition, polyvinyl alcohol (PVA) is used as the
host material of electrospun nanofibers, with 88% degree
of hydrolysis from Dupont, Taipei, Taiwan. Based on the
authors’ experimental work, PVA is dissolved in deionized water at concentrations 13 wt% for best electrospun
nanofibers. In more detail, the chosen concentration is
found to be optimal for producing electrospun mats with
minimal visual defects such as pinholes or wet fleeces. Carbon
nanofibers with different weight ratios (1 and 2 wt%) are
added to the PVA solution and stirred at room temperature
for two hours to form a homogeneous gel.
2.2. Electrospinning. The electrospinning setup, as shown in
Figure 1, consists of a 10 mL plastic syringe with 18-gauge
metallic needle, a single polarity, and variable high voltage (0–
25 kV) power supply that is connected to the metallic target
where the nanofibers can be formed. The distance between
the needle tip and the target is held constant at 15 cm. The flow
rate of the polymer solution, containing PVA/CNFs, supplied
to the syringe is fixed at 0.7 mL/hr. The samples are collected
on a flat metallic surface covered with aluminum foil. Each
deposition of electrospun fibers is run for a total of 30 minutes
with the result that a nonwoven fiber web coats the target.
2.3. Characterization Methods. The mean diameter of the
electrospun nanofibers is measured by FEI Quanta 200
Environmental Scanning Electron Microscope (ESEM); 5 ×
5 mm sections of nanofiber web were mounted on SEM
holder. The conductivity of the electrospun nanofibers has
been measured through 4-point probe station, in which
Keithley 2400 voltameter measures the 𝐼-𝑉 characteristics of
the formed nanocomposite. Therefore, circular nanofiber mat

Figures 2(a) and 2(b) show SEM images of both the pure
electrospun PVA nanofibers and carbon nanofibers, respectively. It can be shown that the average diameter of the PVA
electrospun nanofibers is 225 nm, while the average diameter
of the carbon nanofibers is 130 nm.
Figures 3(a) and 3(b) show PVA nanofibers mixed with
carbon nanofibers by 1 and 2%, respectively. SEM graphs
in Figure 3 show that the produced nanofibers are homogeneous and there was no observable separation between PVA
nanofibers and carbon nanofibers. The nanofiber diameters
of the produced PVA/CNFs composite are approximately
of the same ranges of the individual nanofibers shown in
Figure 2. Furthermore, carbon nanofibers are hypothesized
to be stretched in the formed nanocomposite from our
observation of Figure 3(b) compared to CNFs original state as
shown in Figure 2(b). That may be explained due to the high
electric potential in the electrospinning experiment, which
helps the carbon nanofibers to be stretched.
Figure 4 shows FTIR analysis of the formed nanocomposite of CNFs hosted by PVA electrospun nanofibers. It can be
observed that the formed peaks belong to the PVA only with
no more bonds formed with CNFs. The observed pattern is
the same compared to pure PVA nanofibers and PVA with
CNFs at different weight ratios of CNFs [17].
The electrical conductivity has been increased with
increasing the carbon nanofibers in the PVA nanofibers.
The electrical conductivity has been increased from 1.01 ×
10−5 S/m (for pure PVA) to 2.91 × 10−5 S/m and 16.36 ×
10−5 S/m (for PVA nanofibers with 1 wt% and 2 wt% carbon
fibers’ content, resp.). The increase of the electrical conductivity of PVA/carbon fiber mat is due to the high conductivity
of carbon nanofibers [18].
Figure 5 shows the TGA analysis show of pure PVA and
PVA doped with CNFs. The degradation of PVA which occurs
at lower temperatures by addition of carbon fibers could
be observed. The onset of the weight loss temperature was
reduced from 300∘ C to 279∘ C (for PVA nanofibers and 2 wt%
carbon fibers’ content, resp.). The peak of first derivative of
weight loss in Figure 6 is moved from 325∘ C to 318∘ C. The
shifting of both the onset of weight loss and the first derivative
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(a)

(b)

Figure 2: SEM images of (a) PVA nanofibers and (b) CNFs.

(a)

(b)

Figure 3: SEM images of electrospun nanofibers composed of PVA with (a) 1% wt CNFs and (b) 2% wt CNFs.
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Figure 4: FTIR of the electrospun PVA nanofibers (a) and PVA nanofibers contain CNFs (b).
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matrix, which reduce the required surfaces for nucleation and
crystallization [20].

4. Conclusions
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This paper investigates a new nanocomposite composed of
both PVA and carbon nanofibers integrated in one electrospun nanofibers web. This technique shows a simple and
cheap way to offer a host for CNFs without affecting them
using traditional deposition techniques. Our results show
that thermal and electrical conductivities of the formed
nanofibers have been improved with increasing of the carbon
nanofibers content. SEM images show the homogeneity
of the formed PVA and carbon nanofibers in one web,
with stretched CNFs after the electrospinning process. TGA
results show that the degradation of PVA nanofibers is
favored by addition of carbon nanofibers due to increase
of thermal conductivity. DSC results show that addition
of carbon nanofibers within PVA nanofibers increases the
degree of crystallization of PVA around 31%. The formed
nanocomposite can be used in wide variety of applications
including nanoelectronics and nanomedicine.
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weight loss is due to accelerating of thermal degradation of
PVA due to distributing of thermal energy within PVA matrix
through thermal conductivity of carbon fibers [19].
Regarding the DSC analysis of the corresponding electrospun fibers, the melting point of PVA is shifted arbitrary
from 178, 186.5, and 190∘ C for PVA and PVA with 1% and
2% CNFs, respectively. The shift of the melting point is
attributed to the assistance of carbon nanofibers in increasing
the degree of crystallization as they act as nucleating agents in
the polymer [20]. By addition of 1 wt% of CNFs, the enthalpy
is increased approximately 31% (from 59.3 J/g to 77.6 J/g).
Further addition of CNFs results in reduction to 51.4 J/g.
The first increase in the enthalpy (which is related to the
crystallinity percentage) can be attributed to the increase
of crystallization process as carbon nanofibers enhance the
nucleation and crystallization of PVA. Further additions of
CNFs cause reduction in crystallinity percentage, which may
be due to agglomeration of carbon nanofibers inside the PVA
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the electrospinning process with selection of the optimum
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contributed critically in the explanation of the resulted data
especially the FTIR spectroscopy analysis. Abdullah Ashraf
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Laboratory Unit (CLU) in Qatar University. All authors read
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Łukaszewski, “Comparison of biodegradation of poly(ethylene
glycol)s and poly(propylene glycol)s,” Chemosphere, vol. 64, no.
5, pp. 803–809, 2006.
[15] J. Tao, Effects of molecular weight and solution concentration
on electrospinning of PVA [M.S. thesis], Worcester Polytechnic
Institut, 2003.
[16] S. Matsumura, H. Kurita, and H. Shimokobe, “Anaerobic
biodegradability of polyvinyl alcohol,” Biotechnology Letters,
vol. 15, no. 7, pp. 749–754, 1993.
[17] I. Hassounah, N. Shehata, A. Hudson, B. Orler, and K. Meehan,
“Characteristics and 3D formation of PVA and PEO electrospun
nanofibers with embedded urea,” Journal of Applied Polymer
Science, vol. 131, no. 3, Article ID 39840, 2014.
[18] L. Zhang, A. Aboagye, A. Kelkar, C. Lai, and H. Fong, “A review:
carbon nanofibers from electrospun polyacrylonitrile and their
applications,” Journal of Materials Science, vol. 49, no. 2, pp. 463–
480, 2014.

5
[19] N. Diouri and M. Baitoul, “Effect of carbon nanotubes dispersion on morphology, internal structure and thermal stability of
electrospun poly(vinyl alcohol)/carbon nanotubes nanofibers,”
Optical and Quantum Electronics, vol. 46, no. 1, pp. 259–269,
2014.
[20] M. A. AlMaadeed, R. Kahraman, P. Noorunnisa Khanam, and
N. Madi, “Date palm wood flour/glass fibre reinforced hybrid
composites of recycled polypropylene: mechanical and thermal
properties,” Materials and Design, vol. 42, pp. 289–294, 2012.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 340981, 7 pages
http://dx.doi.org/10.1155/2015/340981

Research Article
Development of a Composite Electrospun Polyethylene
Terephthalate-Polyglycolic Acid Material: Potential Use as
a Drug-Eluting Vascular Graft
Christoph S. Nabzdyk,1 Maggie Chun,1 Saif G. Pathan,2 David W. Nelson,2 Jin-Oh You,3,4
Matthew D. Phaneuf,2 Frank W. LoGerfo,1 and Leena Pradhan-Nabzdyk1
1

Division of Vascular and Endovascular Surgery, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston,
MA 02215, USA
2
BioSurfaces, Inc., Ashland, MA 01721, USA
3
Harvard School of Engineering and Applied Sciences, Cambridge, MA 02138, USA
4
Department of Engineering Chemistry, Chungbuk National University, Cheongju, Chungbuk 28644, Republic of Korea
Correspondence should be addressed to Leena Pradhan-Nabzdyk; lpradhan@bidmc.harvard.edu
Received 15 April 2015; Revised 24 July 2015; Accepted 3 August 2015
Academic Editor: Mircea Chipara
Copyright © 2015 Christoph S. Nabzdyk et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Intimal hyperplasia (IH), an excessive wound healing response of an injured vessel wall after bypass grafting, typically leads to
prosthetic bypass graft failure. In an approach to ameliorate IH, nondegradable poly(ethylene terephthalate) or PET, which has been
used in prosthetic vascular grafts for over 60 years, and biodegradable poly(glycolic acid) or PGA were electrospun using different
techniques to generate a material that may serve as permanent scaffold and as a drug/biologic delivery device. PET and PGA
polymers were electrospun from either a single-blended solution (ePET/ePGA-s) or two separate polymer solutions (ePET/ePGAd). ePET/ePGA-d material revealed two distinct fibers and was significantly stronger than the single fiber ePET/ePGA-s material.
After 21 days of incubation in PBS, ePET-PGA-s showed fiber strand breaks likely due to the degradation of the PGA within
the ePET-ePGA-s fiber, while the ePET/ePGA-d material showed intact ePET fibers even after ePGA fiber degradation. The
ePET/ePGA- material was able to release red fluorescent dye for at least 14 days. Attachment of human aortic smooth muscle
cells (AoSMCs) was similar to both materials. ePET/ePGA-d materials maybe a step towards bypass graft materials that can be
custom-designed to promote cellular attachment while serving as a drug delivery platform for IH prevention.

1. Introduction
Prosthetic bypass graft failure is most frequently a result
of intimal hyperplasia (IH) at the distal anastomosis [1].
IH is the result of an excessive wound healing response
of an injured vessel wall after bypass grafting or angioplasty. Hallmarks of IH are endothelial activation followed
by the ad luminal migration of synthetic smooth muscle
cells that secrete significant amounts of extracellular matrix.
This eventually leads to a hemodynamically relevant luminal
narrowing of the conduit. Poly(ethylene terephthalate) or
PET has been used for arterial bypass grafts for over 60 years
in woven or knitted constructs, both of which require sealants

to prevent blood seepage through the graft wall. None of these
structural variants have provided a scaffold that mimicked
extracellular matrix (ECM), a major component of a blood
native vessel onto which cells can grow.
Electrospinning is a versatile technology that can yield
nanofiber materials. Interestingly, the materials’ ultrastructure resembles that of ECM [2]. Electrospinning can be
used for controlled fiber modification and nanocomposite
substrate integration [3, 4]. The materials’ ultrastructure characteristically consists of crisscrossing nano- to micrometer
thick fibrils, resembling extracellular matrix. This ultrastructure not only results in a large surface area, which could be
utilized for drug delivery, but also allows cellular trafficking.

2
Aside from optimizing prosthetic bypass grafts, researchers
have attempted to prevent IH formation via drug release from
the prosthetic graft surface [5].
Microarray analysis of developing canine IH lesions
identified various target genes that were dysregulated for up
to four weeks after bypass graft implantation [6]. RNAi interference may become a promising technology that may help
modulate expression of genes contributing to IH and other
cardiovascular diseases [7–9]. As cellular signaling networks
are highly redundant, it may be necessary to modulate/silence
multiple genes in either a synchronous or metachronous
fashion. In a previous study from our group, short-term RNAi
release from dip-coated electrospun PET grafts was shown
to significantly silence target gene-expression of infiltrating
human aortic smooth muscle cells [2]. siRNA dip-coating of
ePET did not interfere with cell adhesion, infiltration, or cell
viability [2].
The next logical step was to introduce a degradable
component into the ePET material using electrospinning
technology that could act as reservoir for siRNA or other
therapeutic compounds with the goal to prolong siRNA
release from within the material. Poly(glycolic acid) or PGA,
a biocompatible ester that degrades predictably by ester
hydrolysis, appears to be a good candidate biomaterial to
provide localized drug delivery. The final construct must meet
the following requirements: (1) degradable component has
to completely degrade over a predictable period of time, (2)
composite material has to retain its backbone structure of
robust ePET, (3) introduction of a degradable component
should not interfere with cell attachment, and (4) therapeutic
compound should be preferentially stored in the degradable
component and not in the nondegradable ePET.
The goal of this study is to design and evaluate a composite electrospun material that consists of a nondegradable
ePET backbone and interspersed degradable polyglycolic
acid (PGA) fibers for biodegradation, simulated drug release,
and cell attachment.

2. Methods
2.1. Electrospinning of ePET/ePGA Materials. Electrospinning of ePET, ePGA, single solution ePET/ePGA (ePET/
ePGA-s), and dual solution ePET/ePGA (ePET/ePGA-d) was
done using a computer-automated electrospinning apparatus.
PET (10% w : v) and/or PGA (10% w : v) polymer chips were
dissolved in hexafluoroisopropanol (HFIP) and mixed for
a minimum of 48 hours on an inversion mixer at 45 rpm.
The PET, PGA, PET/PGA-s (blended), and PET/PGA-d
(electrospun at the same time from different solutions) were
each electrospun using a steady rate of 3 mL solution/hour
at +20 kV for 60 minutes. The resulting electrospun materials were collected onto a Teflon-coated mandrel (30 cm
diameter). In another set of experiments, DyLight 549 was
added to the PGA and PET solutions, respectively, prior
to electrospinning. The electrospun materials were dried
for 48 hours at 40∘ C at 99.9% vacuum. All materials were
sterilized via ethylene oxide at 25∘ C for 12 hours under
humidified conditions in an Anprolene Sterilizer. Expanded
polytetrafluoroethylene (PTFE), one of the more commonly
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used materials for prosthetic vascular grafts, served as a
clinical reference material for the surface morphology and
cell culture studies.
2.2. Evaluation of Tensile Strength of ePET, ePGA, ePET/
PGA-s, and ePET-PGA-d Materials. Sheets of ePET, ePGA,
ePET/ePGA-s, and ePET/ePGA-d were cut into rectangular
strips (20 mm × 5 mm; 𝑛 = 5 segments/test group/test condition), with thickness measured using an Ames Thickness
Gauge. Strength testing was carried out using a 𝑄-Test Tensile
Strength apparatus (MTS Systems, Cary, NC) with a 25 lb
load cell and clamps set at a gap distance of 5 mm. The clamp
traverse speed was set at a 200 mm/min strain rate until break.
2.3. Degradation and DyLight 549 Release Studies. 5 × 5 mm2
segments of ePET, ePET/ePGA-s, and ePET/ePGA-d materials were placed in sterile phosphate buffered saline (PBS)
and incubated at 37∘ C on an orbital shaker for up to 21 days.
Samples were rinsed, air-dried, and evaluated using scanning
electron microscopy (SEM) or confocal imaging, respectively,
using standard techniques.
2.4. Quantification of AoSMC Attachment to PTFE Electrospun Material. Primary human aortic smooth muscle cells
(AoSMCs) (Lonza, Walkersville, MD) (passages 4–8) were
cultured as described previously [10]. 5 × 5 mm2 segments of
each material were cut and placed into 96-well tissue culture
plates. AoSMCs (40,000 cells/well) were seeded on top of
PTFE, ePET, ePET/ePGA-s, and ePET/ePGA-d materials and
allowed to attach. After 3 hours, segments were removed,
rinsed, and placed in a new well. alamarBlueⓇ assay was then
used to assess cell attachment [2, 10]. AoSMC attachment to
the tissue culture well alone served as the positive attachment
control and Alamar blue within an empty well served as a
negative control.
2.5. Statistical Analysis. One-way analysis of variance
(ANOVA) with Bonferroni post hoc correction was applied.
A 𝑝 value < 0.05 was considered significant.

3. Results
3.1. Fiber Morphology. While the PTFE graft material consisted of predominantly parallel-aligned fibers with little
interfiber space arranged between thick nodes (Figure 1(a)),
the ePET material consisted of a fiber mesh with variable
interfiber spaces with relatively reduced fiber diameter distribution (Figure 1(b)). ePGA, ePET/ePGA-s, and ePET/PGA-d
fibers also showed distinct fiber strand architecture (Figures
1(c)–1(f); left panel).
3.2. Polymer Degradation Using SEM. Degradation studies
of the ePGA material alone over a 21-day period revealed
initial fiber swelling and gradual degradation (Figures 1(c)
and 1(d); middle and right panel). Degradation of ePETPGA-s material resulted in strand breaks between 14 and
21 days (Figure 1(e); middle and right panel) whereas
the ePET/ePGA-d material showed that only ePGA fibers
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Figure 1: Evaluation of surface morphology of control and electrospun materials via SEM: representative SEM pictures of PTFE and ePET (a
and b). SEM analysis of ePGA fiber degradation as a single or a composite material with PET. ePGA fibers gradually degrade over 14–21 days
in PBS (c and d). In contrast, after ePGA degradation the ePET/ePGA-s (e) or ePET/ePGA-d materials (f) still have a fibrous composition due
to the nondegrading ePET fibers. Note the strand breaks in the ePET/ePGA-s group (presumably due to PGA degradation) while no strand
breaks occurred in the ePET/ePGA-d group.
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Figure 2: Evaluation of tensile strength of the electrospun materials: electrospun materials were evaluated for tensile strength. ePET is the
strongest material, while ePGA is the weakest. ePET/ePGA-d had significantly higher strength as compared to ePET/ePGA-s.

degrade over time, leaving an intact ePET fiber network
behind (Figure 1(f); middle and right panel) that closely
resembles the network of single strand ePET fibers seen in
Figure 1(b). ePET/ePGA-d thus has the potential of retaining
all of its strength meanwhile allowing more porous architecture for cells to infiltrate and heal the graft as the electrospun
PGA component degrades and releases the active siRNA.
3.3. Tensile Strength. ePET materials had significantly more
strength (2.57 ± 0.34 N) as compared to ePET/PGA-d (2.16 ±
0.10 N) and ePET/PGA-s (0.42 ± 0.07 N) materials, respectively (𝑝 ≤ 0.0001) (Figure 2). Maintaining the ePGA as a
separate fiber allowed the ePET/PGA-d material to retain a
majority of its strength as compared to ePET/PGA-s, which
was significantly weaker. ePGA material alone (0.25 ± 0.08 N)
was the weakest of all of the materials evaluated. We also
observed that, compared to ePET/PGA-d, ePET had a slightly
higher (19%) strength.
3.4. Identification of ePGA Fiber Location via Using Fluorescent Labeling. A clear separation between fluorescently
labeled ePGA and nonlabeled ePET strands can be seen
in the ePET/ePGA-d materials indicating no cross-reaction
between the two individual polymers (Figure 3(a)). The
electrospinning procedure allowed for adjustable fiber ratio
within the length of the ePET/ePGA-d polymer (Figure 3(b)).
3.5. DyLight 549 Release from ePGA. Confocal imaging
showed that DyLight 549 was released from ePGA of the
ePET/PGA-d polymer over 14 days (Figure 4). This DyLight
549 release profile correlated well with the observed degradation rate of the ePGA fibers.
3.6. Cell Attachment. AoSMC attachment to both ePET and
ePET/ePGA-d polymers was significantly higher as compared to PTFE (Figure 5). AoSMC attachment to all of the

electrospun materials was higher than that of culture plate.
The introduction of ePGA fibers in both of the composite
polymers did not appear to alter the attachment to the ePET
backbone fiber mesh.

4. Discussion
Electrospinning can be used to generate various materials
from different polymers [3, 4]. In this study, coelectrospinning resulted in a composite material of a nondegradable
and a degradable polymer without polymer cross-reaction.
Coelectrospinning of the PET with PGA results in the least
reduction of tensile strength as compared to a single solution
electrospin. This strength data validates that blending the
solutions results in comingling of fibers that may ultimately
reduce overall device strength.
More importantly, a compound can be incorporated and
released upon ePGA degradation as indicated by DyLight
release. The molecular weight of the DyLight molecule is
similar to that of bioactive agents such as antiproliferative
drugs and siRNA. Even after PGA degradation, there were
no strand breaks observed in ePET/ePGA-d materials after 21
days in solution, which is reassuring in regard to the tensile
strength of the polymer. Given that ePET/ePGA-d polymer
contains a nondegradable and load-bearing component in
the form of ePET, mechanical failure of the proposed graft is
not a concern, especially when compared to fully degradable
bypass grafts [3, 11, 12].
AoSMC attachment was not affected when ePGA was
introduced into the composite polymer. This is an important
finding, as an ideal graft design should promote initial
cell attachment and growth. Further, the electrospinning
protocols allowed for fiber density variation within the
coelectrospun polymer, which could be used to generate
therapeutic compound gradients within the graft.
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Figure 3: Spatial fiber distribution in coelectrospun ePET/ePGA-d polymer using DyLight labeling and adjustable fiber ratio within the
graft material: confocal microscopy images of fluorescently labeled coelectrospun ePET/ePGA-d polymer reveal sharp fiber and compound
separation (a). Blue fluorescent filter highlights ePET fibers within the coelectrospun ePET/ePGA-d polymer. Red fluorescent filter highlights
DyLight 549 containing ePGA fibers within the ePET/ePGA-d material. Representative images of three separate areas within the length of
coelectrospun material with varying fiber ratio (b). (Top row) Only DyLight 549 containing ePGA fibers are present. (Middle row) A few blue
ePET fibers are intertwined with the ePGA fibers. (Bottom row) A roughly equal fiber frequency of ePET and ePGA is present.
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Figure 4: DyLight release from ePGA fibers of ePET/ePGA-d polymer: confocal imaging of ePET/ePGA-d polymer with ePGA fibers
containing DyLight 549 (a). Degradation study shows steady release of DyLight 549 from the ePGA fibers of ePET/ePGA polymer for at
least 14 days (b).
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Figure 5: AoSMC attachment to electrospun materials: confocal imaging (a) and Alamar blue assay evaluating AoSMC attachment to
composite electrospun polymers (b). AoSMC attachment was greatest in the electrospun materials as compared to the attachment on the
PTFE and tissue culture plate, respectively. There was no significant difference in AoSMC binding between the electrospun materials.

This data provides first evidence that coelectrospinning of
ePET/ePGA may be a viable option for sustained local drug
delivery from within a prosthetic arterial bypass graft. This
technology will be combined in future experiments with our
previously published approach for short-term siRNA release
from electrospun PET materials [2]. Additional studies
will extensively analyze drug/siRNA loading and delivering
capacities, biocompatibility, and tensile strength in vitro and
in vivo to evaluate the material’s properties as drug delivering
vascular prostheses. Introduction of other polymers such as
poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone
(PCL) with slower degradation rates than PGA may aid in
providing sequential and even more sustained drug/siRNA
release from the material [3, 11, 12] while possibly adding a
stronger polymer to the cospin. These polymer moderations
could act synergistically to comprehensively modulate the
tissue response to material implantation. This approach may
become a platform technology for various biomaterial modifications and applications for implantable surgical devices
and possibly arterial bypass grafts.
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A facile preparation of novel salt responsive spherical polymer brushes (SPB) consisting of a carbon spheres core and a shell
of sodium polystyrene sulfonate (PSSNa) was described. The SPB were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA).
The radius 𝑅 of carbon spheres and hydrodynamic radius 𝑅ℎ of SPB were ca. 370 nm and 785 nm, respectively. The brushes had 𝑀𝑤
of 393600 g/mol with polydispersity 𝑀𝑤 /𝑀𝑛 of 1.58. Furthermore, the dependence of PSSNa brushes on ionic strength and pH was
investigated.

1. Introduction
Spherical polymer brushes (SPB) are formed by grafting
charged polymers densely to the surface of spheres so that
polymer chains can stretch away in brush-like conformation
[1]. Recently, SPB have attracted wide attention in the field
of polymer science due to entirely new properties that come
from the strong electrostatic interaction between densely
grafted charged chains. This strong electrostatic interaction
will lead to a significant stretching of the chains as long as
the surrounding medium is a good solvent for the attached
polymer chains. However, the swelling of polyelectrolyte
brushes may be sensitive to some parameters of the medium
such as pH value, ionic strength, and temperature, which
make it a wide range of potential applications in catalysis [2,
3], drug delivery [4], protein separation [5], papermaking [6],
and printed electronics [7]. Printed electronics technology
is based on the principle of printed electronics manufacturing technology [8]. The application in the field of printed
electronics [7, 9] for SPB is mainly because that the brushlike conformation [1] of SPB can serve as the nanoreactors
for conductive nanoparticles [10]. Undoubtedly, the synthesis
process and property of SPB are crucial to its application.

For one thing, carbon materials with the intrinsic characteristics of light weight, high thermal resistance, and high
strength are widely used in sensing [11], super capacitors [12],
and catalysis [13], so SPB with carbon spheres (CS) have
become an interesting research object for many researchers.
Jin et al. [14] grafted polymers (PMMA, PS, and PGMA) onto
the surface of CS by a surface-initiated ATRP process, and the
wetting ability and dispersibility of crude CS were improved.
Wang et al. [15] modified polystyrene-based activated CS to
improve their adsorption properties of dibenzothiophene.
Zhang et al. [16] synthesized SPB by grafting poly(diallyl
dimethyl ammonium chloride) (p-DMDAAC) on the surface
of CS for potential applications in papermaking. Compared to
SPB with SiO2 cores we have prepared [17], SPB with CS cores
have potential applications in printing electronics because of
excellent electrical conductivity of carbon materials.
For another thing, as the nanoreactors of conductive
nanoparticles, SPB should have high molecular weight of
brushes and controllable swelling behavior. Therefore, salt
responsive SPB consisting of a CS core and a shell of
sodium polystyrene sulfonate (PSSNa) brushes by surfaceinitiated polymerization (a technique of “grafting from”) were
synthesized in this paper. In comparison with the molecular
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Scheme 1: Schematic representations of synthesis process of SPB. Number 2 refers to double-ended form grafted on hetero-CS.

weight of brushes by the method of conventional free radical
polymerization in our previous work [18], a relatively higher
maximum thickness of polymer chains was obtained by
this technique and is easily controlled concerning layer
thickness, graft density, charge density, and swelling behavior
[19]. CS was prepared by hydrothermal method. Compared
with other methods such as pyrolysis of hydrocarbons [14],
chemical vapor deposition [20], and laser ablation [21], this
technique has easy operation, low cost, and low pollution.
The synthesis of SPB included two steps (Scheme 1). Azo
initiator was firstly initiated to the surface of CS; surfaceinitiated polymerization of sodium 4-vinylbenzenesulfonate
monomer was then conducted.

2. Materials and Methods
2.1. Materials. 4,4 -Azobis(4-cyanovaleric acid) and sodium
4-vinylbenzenesulfonate (NaSS) were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China) in analytical grade
and used as received. PCl5 was obtained from Shanghai
Tingxin Chemical Factory (Shanghai, China). Dichloromethane, toluene, methanol, ethanol, triethylamine, dimethyl
sulfoxide (DMSO), and D-(+)-glucose (C6 H12 O6 ⋅H2 O)

were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Toluene was refluxed over sodium and
dichloromethane was distilled over calcium hydride (CaH2 )
prior to use. All other chemicals were of analytical grade and
used without any further treatment.
2.2. Synthesis of Carbon Spheres. 6 g of glucose was dissolved
in 50 mL deionized water and the solution was sealed in a
Teflon-lined stainless steel autoclave and heated at 180∘ C for
6 h. The products were filtered off, washed three times with
ethanol and deionized water, respectively, and freeze-dried by
freezing at −30∘ C for 24 h.
2.3. Synthesis of 4,4 -Azobis(4-cyanopentanoyl chloride). 5.6 g
of 4,4 -azobis(4-cyanovaleric acid) (20 mmol) was suspended
in 40 mL dry dichloromethane. The white suspension was
cooled to 0∘ C in an ice bath. About 8.32 g of PCl5 (40 mmol)
in 100 mL dry dichloromethane was added dropwise to the
reaction mixture. Then the reaction mixture was allowed to
warm up to room temperature and stirred overnight. After
several hours, the solution became clear and was concentrated to about 20 mL. A white solid can be obtained by
adding 300 mL cold n-hexane to the concentrated solution.
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The solid was then filtered and dried overnight under vacuum. FTIR (KBr): 2994, 2944, 2240, and 1790 cm−1 ; 1 H NMR
(CDCl3 , ppm): 2.9–3.2 (m, 4H, CH2 CO), 2.4–2.7 (m, 4H,
CH2 C), and 1.7 (s, 6H, CH3 ).
2.4. Immobilization of Azo Initiator on Carbon Spheres Surface. 1.0 g of CS was dispersed in 30 mL dry toluene followed by addition of 3.17 g of 4,4 -azobis(4-cyanopentanoyl
chloride) and 3 mL triethylamine. The mixture was stirred at
room temperature for 24 h. The products were centrifuged
and washed three times with toluene and methanol, respectively, before being dried overnight in a vacuum oven.
2.5. Synthesis of Anionic Spherical Polyelectrolyte Brushes.
1.65 g of sodium 4-vinylbenzenesulfonate monomer and
above azo initiator-immobilized CS were added to 20 mL
DMSO. Polymerization was carried out at 60∘ C for 6 h under
nitrogen atmosphere. The products were then purified and
dried in vacuum at 60∘ C for 12 h.
2.6. Characterization. Scanning electron microscopy (SEM)
[Quanta 200] and transmission electron microscopy (TEM)
[JEM-2100] were used to observe the morphologies of samples. The chemical compositions of samples were analyzed
by energy dispersive X-ray spectrometer (EDX) [Quanta
200]. A qualitative structure analysis of SPB was shown from
Fourier transform infrared spectroscopy (FTIR) [Nicolet
AVATAR 360]. The 1 H NMR was measured on a MERCURYVX300 spectrometer (Variant, USA). UV-visible spectrum
was recorded in the region of 200–800 nm using UV-3100
spectrometer (Shimadzu, Japan). Thermogravimetric analysis (TGA) was conducted on a SETSYS-1750 at the heating
rate of 10∘ C/min from 25 to 750∘ C under a nitrogen flow. The
average initial sample mass was ca. 5.0 mg. The weight of all
grafted PSSNa brushes (𝑚) could be defined by
𝑚 = 𝑚0 ×

𝑤0 % − 𝑤1 %
,
𝑤% − 𝑤1 %

(1)

where 𝑚0 is the weight of SPB used for TGA, 𝑤0 % is weight
loss of SPB during the temperature from 200 to 800∘ C, 𝑤1 %
is mass loss of CS in the same temperature, and 𝑤% stands for
mass loss of PSSNa brushes.
Gel permeation chromatography (GPC) measurement
was carried out on Spectra SERIES P100 to obtain the
molecular weight and its distribution in PSSNa brushes. The
surface grafting density could be defined as moles of polymer
graft per gram [mole/g] or per square [mole/m2 ] of the
matrix. Considering the surface area of carbon particles, the
calculation of surface grafting density could also be achieved
by chains per square nanometer surface. When the average
molecular weight (𝑀𝑤 ) and the weight of all grafted PSSNa
brushes (𝑚) are provided, the surface grafting density 𝜎 can
be calculated using
𝑚
.
𝜎=
(2)
4𝜋𝑟𝑐 2 × 𝑀𝑤
The hydrodynamic radius 𝑅ℎ of SPB and thickness 𝐿 of
brushes were measured by dynamic light scattering (DLS)
using zeta potential/particle sizer (Nicomp 380, USA).

3. Results and Discussion
3.1. Morphology. The morphologies of CS and SPB are
displayed in Figure 1. The CS shows a smooth surface
(Figure 1(a)) and the radius 𝑅 of CS is ca. 370 nm from DLS
result. Unlike the morphologies of CS, an overlayer can be
observed in the SEM (Figure 1(b)) and TEM images of SPB
(Figures 1(e) and 1(f)), indicating the successful preparation
of SPB [14]. The hydrodynamic radius 𝑅ℎ of SPB is ca. 785 nm
determined by DLS. The EDX analysis in Figure 1(c) represents the chemical composition of azo initiator-immobilized
CS. The signals corresponding to nitrogen and chlorine
appear on the spectrum, suggesting that the azo initiator has
been immobilized on CS surface.
3.2. FTIR Analyses. Figure 2 shows the FTIR spectra of carbon spheres, azo initiator-immobilized carbon spheres, and
SPB. For CS, main peaks at 1705 and 1616 cm−1 are assigned to
C=O and C=C vibrations, respectively. Besides, the bands in
the region of 1000−1500 cm−1 (Figure 2(a)), corresponding to
the C–OH stretching and –OH bending vibrations, indicate
the existence of large numbers of residual hydroxy groups
[22]. The absorptions of initiator-immobilized CS at 2240
and 1826 cm−1 are attributed to –CN stretching vibrations
and C=O stretching vibration (Figure 2(b)), respectively. It
demonstrates that azo initiator has been attached on the
surface of CS, which is also supported by the EDX analysis. In
the spectra of SPB (Figure 2(c)), asymmetric SO3 stretching
bands at 1177 and 1129 cm−1 as well as symmetric SO3 stretching bands at 1043 and 1009 cm−1 can be clearly observed,
implying the existence of grafted PSSNa chains [23]. It is
noteworthy that C=O stretching vibration of CS at 1705 cm−1
can still be seen in Figure 2(c). All these observations confirm
the successful polymerization of SPB by the above method.
3.3. UV-Vis Absorption Spectra Analyses. The UV-vis absorption spectra of carbon spheres, SPB, and PSSNa are presented
in Figure 3. No absorption occurs in the UV-vis absorption
spectrum of carbon spheres (Figure 3(a)). This is because
amorphous carbon in the carbon spheres is synthesized
by hydrothermal method [24]. However, two characteristic
absorptions of PSSNa at 221 and 256 nm can be observed
in Figure 4(b), belonging to 𝜋 → 𝜋∗ electron transition
from the benzene ring in PSSNa [25]. In the spectrum of SPB
(Figure 3(c)), two absorptions of benzene ring from PSSNa
are still present, suggesting that the PSSNa chains have been
successfully grafted to surface of carbon spheres.
3.4. Thermal Analyses. In order to calculate the weight of
grafted PSSNa brushes on the surface of modified CS cores,
the thermal gravimetric analysis of samples in a nitrogen
atmosphere at 60% RH is illustrated (Figure 4). The weight
loss below 200∘ C is probably caused by the loss of absorbed
water for all the samples. The weight loss of CS between
200 and 800∘ C is about 42.7% (Figure 4(a)). And the stage
from 200∘ C to 400∘ C mainly implies the loss of CS [17].
For pure PSSNa (Figure 4(c)), a 30.5% weight loss occurs at
200−800∘ C. The mass loss from 400∘ C to 450∘ C is mainly
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the decomposition of PSSNa [26]. The main thermal decomposition starting at 425∘ C is attributed to the degradation of
the polymer backbone.
As shown in Figure 4(b), the weight loss of SPB within the
temperature range of 200 to 800∘ C is approximately 33.2%. A
9% weight loss occurs during the period from 450∘ C to 500∘ C.
Compared with PSSNa, SPB exhibit higher thermal stability
and the major degradation begins at 497∘ C. More energy is
required, which suggests that the polymer has been bonded
to azo initiator-immobilized carbon spheres. The weight of all
grafted PSSNa brushes could be calculated from (1).
3.5. Molecular Weight of the Brushes. According to the previous work on similar systems, the molecular weight and its
distribution of the brushes are about the same as those of the
free polymers [27, 28]. Thus, the free polymers in the solution
are collected and purified for GPC determination. Taking
0.1 M NaCl (aq) as mobile phase, PEG is used as the internal
standard at room temperature. The free polymers have 𝑀𝑤 of
393600 g/mol with polydispersity 𝑀𝑤 /𝑀𝑛 of 1.58. The surface
grafting density is 8.38 × 10−9 𝜇mol/nm2 according to (2).

3.6. Dependence of Brushes Thickness 𝐿 on the Ionic Strength
and pH. The influence of the ionic strength on the swelling
behavior of the SPB is investigated by DLS. Figure 5 represents the dependence of zeta potential and brushes thickness
𝐿 on ionic strength. Here the thickness 𝐿 can be obtained
from the hydrodynamic radius 𝑅ℎ and the core radius 𝑅 of
the carbon spheres through 𝐿 = 𝑅ℎ − 𝑅 [17]. As illustrated in
Figure 5, SPB are electrically charged in solution at low salt
concentration and a stable dispersion of particles is obtained.
Then an increase of salt concentration results in a decrease
of absolute value of zeta potential (Figure 5(a)), as well as
a decrease of 𝐿 for both kinds of counterions (Figure 5(b));
moreover, divalent counterions lead to an even more drastic
shrinking of brushes. As an increase of salt concentration,
dispersions of SPB are no longer stable. The reason for this
phenomenon is that the swelling of SPB is dominated by
electrostatic repulsive force among the chains, and raising
ionic strength by adding large amounts of salt, however, will
screen electrostatic interaction and lead to the shrinking of
brush layers. Similar results have been obtained in previous
theoretical studies [29] and experimental studies [27, 30].
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The zeta potential and thickness 𝐿 of SPB in solution with
different pH are shown in Figure 6. SPB are always electrical
when the pH value of solution changes from 3 to 11 and the
variation of zeta potential in the solution with different pH is
small. It is also found that change of pH value has little effect
on the thickness of brushes and SPB can be stably dispersed
in the solution with different pH. The reason for this is that
PSSNa is strong polyelectrolyte and can be completely ionized
in solution; thus the change of pH of solution will not have an
impact on the ionization [31].

long polymer chains, and a narrow molecular weight distribution. The shrinking of brushes is sensitive to ionic strength
for both monovalent and divalent counterions; moreover,
divalent counterions lead to a more drastic shrinking. The
change of pH of solution will not have an impact on the
shrinking of brushes.
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4. Conclusions
The SPB consisting of a carbon spheres core and a shell of
PSSNa have been prepared successfully using a technique of
“grafting from.” Different characterization methods demonstrate that synthesized SPB have well-defined morphology,
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This study investigated electrical treeing and its associated phase-resolved partial discharge (PD) activities in room-temperature,
vulcanized silicone rubber/organomontmorillonite nanocomposite sample materials over a range of temperatures in order to assess
the effect of temperature on different filler concentrations under AC voltage. The samples were prepared with three levels of
nanofiller content: 0% by weight (wt), 1% by wt, and 3% by wt. The electrical treeing and PD activities of these samples were
investigated at temperatures of 20∘ C, 40∘ C, and 60∘ C. The results show that the characteristics of the electrical tree changed
with increasing temperature. The tree inception times decreased at 20∘ C due to space charge dynamics, and the tree growth time
increased at 40∘ C due to the increase in the number of cross-link network structures caused by the vulcanization process. At 60∘ C,
more enhanced and reinforced properties of the silicone rubber-based nanocomposite samples occurred. This led to an increase in
electrical tree inception time and electrical tree growth time. However, the PD characteristics, particularly the mean phase angle
of occurrence of the positive and negative discharge distributions, were insensitive to variations in temperature. This reflects an
enhanced stability in the nanocomposite electrical properties compared with the base polymer.

1. Introduction
Polymeric materials are gaining prominence among utilities as their preferred insulating materials for underground
power cables largely due to their high dielectric strength (in
MV/cm), very low dielectric losses, high tensile strength,
and resistance to electrical degradation [1]. Power cables
are subjected to high and continuous voltage as well as
mechanical and thermal stresses that induce and accelerate
the cable ageing and insulation breakdown. Electrical treeing
is one such breakdown phenomenon that occurs in insulation
cables, and many researchers have presented studies done
on electrical treeing phenomena in insulation cables [2–7].
Treeing occurs inside the dielectric when partial discharges
are initiated and progresses under electrical stress through

paths that are tree-like. To curb the growth of the electrical
tree, many researchers have used microcomposite materials
as fillers to enhance the electrical and mechanical strength of
the polymer. However, the increasing demand for power and
further research has led to the discovery and use of nanocomposite polymers with the addition of nanofillers due to their
excellent performance [8–10]. One such nanocomposite that
is currently receiving attention as a nanofiller in HV cable
insulation is organomontmorillonite (oMMT). Results from
the use of oMMT as a nanofiller in ethylene-vinyl acetate,
low-density polyethylene, polyethylene (PE), and epoxy resin
have shown improvement in the electrical performance of
these insulating materials, such as increases in tree inception
voltage, tree initiation time, and time to breakdown and
slower tree propagation [11–14].
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In power cables, silicone rubber (SiR) is one of the most
widely used insulating materials for cable stress cones, jointing, and insulation materials [15–18]. Recently, some electrical treeing studies that investigated the electrical performance
of SiR filled with oMMT nanofiller as an insulating material
have reported promising results [19–23]. Furthermore, most
of the power cables in service operate at temperatures in the
range of 50∘ C to 60∘ C [24, 25]. However, studies carried out
on SiR/oMMT nanocomposites were limited to those on the
effect of filler content on the performance of the insulation at
ambient temperature. And thus electrical treeing associated
with partial discharge studies on the effect of temperature
on SiR/oMMT nanocomposites are lacking. In view of the
foregoing, this work presents an investigation on the effect
of temperature on electrical treeing and partial discharge
characteristics of silicone rubber-based nanocomposite insulation. Findings from this study indicated that temperature
and filler concentrations have effect on electrical treeing and
partial discharge characteristics of polymeric insulation.

2. Nanoclay
Nanoclay belongs to the family of phyllosilicates, which
are also known as layered silicates. Nanoclay is classified
into four typical groups: smectite, kaolin, chlorite, and illite.
Montmorillonite belongs to the smectite group. The layered
silicate crystal lattice consists of a two-dimensional, sheetlike structure, where the central octahedral of the alumina
sheet or magnesia is placed between two silica tetrahedron
sheets. The oxygen ions of the octahedral sheet are shared
by both the octahedral sheet and the tetrahedral sheet, while
the gallery or interlayer region is formed by Van der Waals
forces that hold the layers together. Isomorphic substitution
within the layers will generate negative charges, which will
be counterbalanced by alkali and alkaline earth cations inside
the galleries [27]. The thickness of the layers is of the order of
1 nm. Thus, the clay layers are truly nanoparticulate. Based on
information in the literature [27], the original layer silicates
can only be dispersed in hydrophilic polymers, such as
polyvinyl alcohol and polyethylene oxide. Thus, the normally
or naturally hydrophilic layer silicates should be modified to
become organophilic so that they can be more compatible
with other polymer matrices. As a result, the exfoliation and
intercalation of various polymers can be achieved.
Various modification methods are being used in the
production of organically modified nanoclay. Early methods
used amino acids [28]; however, primary, secondary, tertiary,
or quaternary alkyl-ammonium cations were subsequently
and widely used because they can be changed easily with the
ions located between the layers. Alkyl-ammonium cations
can provide sufficient functional groups that can react with
the polymer matrix, thereby starting monomer polymerisation and enhancing the strength of the interface. The alkylammonium cations also expand the clay galleries (interlayer
spacing) due to reduced surface energy, and consequently the
polymer chains can penetrate the clay gallery space or be
intercalated into the galleries [29].
There are three possible structures of polymer/layered
silicate, and this depends on the types of the layered silicate,
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organic modifier, polymer matrix, and method of polymer
nanocomposites preparation. The nanocomposite is said to
be agglomerated when the polymer matrix is not able to
expand and unable to cover the distances between the
interlayer galleries and also unable to expel tactoids from
the polymer to form microcomposites. The exfoliated or
delaminated polymer nanocomposite is achieved when the
individual silicate layers are uniformly dispersed in a continuous polymer matrix by an average distance. The intercalated
structure is achieved when a single extended polymer chain
is intercalated between the silicate layers, which results in a
well-ordered multilayer [29].
A modified version of the montmorillonite nanoclay type
is oMMT or organoclay. The modification of the montmorillonite nanoclay to an organoclay alters it, organically
making the oMMT more organophilic and compatible with
hydrophobic materials, such as silicone rubber, epoxy resin,
and PE. Organoclays are reported to have charge carrier
trapping properties (electronegative), provide an improved
balance of stiffness and toughness, possess flame retardant
properties that offer a reduction in relative heat release, and
reduce dripping by forming char. They are also cheaper
than other nanomaterials because they are produced in
existing full-scale production facilities and because their
basic materials come from readily available natural sources
[13, 30].

3. Experimental Technique
3.1. Sample Preparation. The silicone rubber (SiR) used in
this study was Sylgard 184 silicone elastomer which comes
together with dimethyl, methylhydrogen siloxane as a hardener. Meanwhile, the oMMT used in this study was Nanomer
1.30P supplied by Nanocor Inc., USA. A detailed description
on the materials, method used to prepare the organomontmorillonite by adding octadecylamine and concentrated
hydrochloric acid, and also leaf-like sample preparation can
be found in [17, 28] and [29], respectively.
3.2. Dispersion and Characterization Study. Dispersion of the
nanoparticles inside the investigated materials was observed
under a Carl Zeiss Supra 35 Field Emission Scanning Electron Microscope (FESEM), which is an ultrahigh-resolution
microscope. Prior to FESEM observation, each fractured
surface of nanocomposite sample was sputter-coated with a
thin layer of platinum using a Bio-Rad sputter coater under
vacuum pressure for one minute at 20 mA and 1.6 kV to
provide electrical conductivity. The nanocomposite samples
were then examined at 10 kV of acceleration voltage. In
addition, the dispersion of nanofiller inside the silicone
rubber material was also observed by 200 kV high-resolution
transmission electron microscope (HRTEM). The sample was
sliced into excellent quality ultrathin 200 nm thick slices by
using a Leica EM FC7 cryoultramicrotome.
A Fourier transform infrared spectrometer (FTIR) was
used to identify the functional groups on the surface and
in the bulk of the used filler and in the polymer-based
nanocomposite samples. These functional groups help to
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Figure 1: FESEM images of fractured surfaces for silicone rubber-based nanocomposites: (a) 1 wt% and (b) 3 wt%.

(a)

(b)

Figure 2: TEM micrographs of silicone rubber-based nanocomposites: (a) 1 wt% and (b) 3 wt%.

clarify the interaction between the nanofiller and the polymer
(silicone rubber) at the interface of the nanocomposites. A
Perkin Elmer FTIR spectrometer was used to obtain the
IR spectra. The polymer specimens were analysed at 1 cm−1
resolution, and 16 scans were averaged in the transmittance
mode at wavelengths in the range of 370–4000 cm−1 . The
nanofillers were pressed with potassium bromide (KBr) at
a pressure of 6 bars to form a thin film disc for FTIR
measurements. The thin film disc was then placed in a
sample cap of diffuse reflectance fitment. Before the FTIR
preparation, the oMMT nanofiller and the sample of silicone
rubber-based nanocomposites were dried at 105∘ C for more
than 48 hours to ensure removal of all moisture for the FTIR
analysis. The spectra were analysed via the software provided
with the instrument.
3.3. Experimental Procedure. The electrical treeing-PD test
rig consists of a step-up transformer, fibre optic transmitter
and receiver, high voltage supply, Peltier cooled Charged
Couple Device (CCD) camera with back illumination, light
emitting diode (LED), digital storage oscilloscope, temperature controller with cartridge heater, specimen holder, glass
test cell, RLC load circuit, and personal computer. A detailed
description of the test rig and experimental procedure using
the test rig can be found in [29–31].

4. Results and Discussion
4.1. Nanofiller Dispersion via FESEM. The FESEM and TEM
images are depicted in Figures 1 and 2, respectively. These
visual analyses were able to characterize and clarify the
dispersion, degree, and homogeneity of agglomeration of the
nanoparticles into the nanocompounds. Under a magnification of 500 times, several tactoids were visible and can be seen
in Figure 1(a) where the agglomerated nanoparticle sizes are
larger than 100 nm; the nanoparticle sizes in Figure 1(b) are
smaller and less than 100 nm.
4.2. Electrical Treeing, PD, and Effect of Temperature. All the
electrical trees were noted to have grown below an estimated
electrical tree inception voltage of 10 kVrms at 50 Hz. Images
of the light emitted from PD within the tree channels that
were recorded before voltage was removed at the end of each
experiment are shown in Figures 3 and 4. These composite
images of light emission are due to the partial discharge
activity (grey scale) superimposed on the back-illuminated
images (red/black) of the tree structure. These images show
the spatial extent of the PDs within the tree channel that
formed. All trees formed were found to have a branched
structure.
In the case of neat resin samples (0 wt% oMMT), the tree
inception time was found to have decreased with increase in
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Figure 3: Electrical treeing associated with the PD phase-resolved patterns of neat silicone rubber: (a) at 20∘ C, (b) at 40∘ C, and (c) at 60∘ C.

temperature from 19 seconds at 20∘ C to 5 seconds at 60∘ C. In
contrast, the tree growth time required for the tree to grow
approximately 95% of the pin-edge distance increased from
80 seconds at 20∘ C to approximately 29 minutes at 60∘ C. The
tree initiation process starts from injection and extraction of
space charges in which the charge carrier dynamics depend
significantly on temperature as these processes are mostly
thermally activated mechanisms [32]. Thus, the increase in

temperature enhances the dynamics of the space charge,
reducing the tree initiation time. In addition, the increase
in temperature gives rise to an increase in the number of
cross-link network structures caused by the vulcanization
process. This results in more trapping sites for charge carriers
where the charge carriers get trapped around the boundary
of the polymer chains, reducing the charge carrier mobility.
This slows down the growth of the electrical tree due to
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Figure 4: Electrical treeing associated with the PD phase-resolved patterns of silicone rubber-based nanocomposite (1 wt%): (a) at 20∘ C, (b)
at 40∘ C, and (c) at 60∘ C.

more time and energy required to detrap the charge carriers
for conduction. In addition, the increase in the number of
cross-link networks also creates a more rigid polymer with
an immobilized polymer chain. Consequently, more energy
and time are required to break the bond to create a void or
cavity, which eventually generates PD and causes the growth
of electrical treeing.

In the case of the 1 wt% oMMT nanocomposites, the
inception time first increased and then decreased with
increasing temperature. The registered tree inception times
were 20 seconds, 100 seconds, and 83 seconds at 20∘ C,
40∘ C, and 60∘ C, respectively. Nevertheless, the addition of
nanofiller enhanced the tree initiation time even though
the temperatures increased. As mentioned before, the space
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charge dynamics were enhanced by increasing the temperature. However, the effect of temperature on space charges
in silicone rubber-based nanocomposites was not obvious
since the addition of nanoparticles trapped the charge carriers
around or inside the particles. Thus, these trapped charge
carriers require high energy to move from one trap to another
trap or to get extracted from the polymer. This results in a
slower degradation rate and more time for tree initiation.
The tree growth times were significantly higher for the
1 wt% oMMT nanocomposite samples than for the neat
silicone rubber samples. The tree growth times were found
to increase from 10 minutes at 20∘ C to 46 minutes at 60∘ C
due to the promotion of more cross-link networks as trapping
sites. Moreover, the trapping sites were also enhanced due
to the inclusion of nanoparticles. Thus, the injected and
accumulated space charges were unable to drift or detrap
since most of the space charges were trapped at the polymer
chains and around or inside the nanoparticle. This resulted in
more energy and time being needed for space charges to cause
electrical tree propagation, thus prolonging the electrical
growth time.
The initiation of a tree is a sign of initial conduction
in the dielectric. Since conductivity is proportional to the
elementary charge, carrier density, and carrier mobility [33],
reduction of conductivity is presumably due to the capture
of mobile carriers at polymer/filler interfaces. In silicone
rubber-based nanocomposites material (3 wt%), the large
total interfacial areas contribute to increasing the trapping
probability of charge carriers. The increase of charge trap
areas/sites leads to a reduction in charge mobility, which in
turn reduces conduction. The trapping probability was also
enhanced due to the vulcanization process, which made the
nanocomposites more rigid; consequently, more energy and
time were required for polymer decomposition. However,
due to insufficient field energy, the trapped charge carriers
(electrons and holes) combine at the recombination centre
and emit the photon that is responsible for light emission.
Therefore, in the case of the 3 wt% oMMT nanocomposites,
no tree inception was observed; even after 4 hours of voltage
application, only weak light emission and sporadic PDs were
recorded.
By comparing the effect of the nanofiller at individual
temperatures, we can note and justify the advantages or benefits and reinforcement properties of adding the nanofiller.
At a low temperature of 20∘ C, the tree inception time of
silicone rubber nanocomposite (1 wt%) was almost similar to
the corresponding neat silicone rubber. This insensitive characteristic was due to the agglomeration in the nanocomposite
sample (1 wt%) as seen in the FESEM image in Figure 1(a).
In addition, the TEM micrograph in Figure 2(a) shows that
the clay silicate layers do not maintain their original parallel
layers with a scattered layered structure. Thus, agglomeration
nullifies the capability of electrical tree initiation resistance of
nanoparticles, resulting in insensitive parameters. However,
the increase in filler loading increased the growth time of
electrical treeing due to the trapping of charge carriers.
When the temperature was increased to 40∘ C, tree inception time and tree growth time increased with increases in
filler loading from 0 wt% to 3 wt%. These enhancements in
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electrical tree resistance result from the increase in the charge
carrier trapping density and also from the increase in crosslink network structures. These changes result in difficulty in
initiating an electrical tree since more field energy is needed
to enhance growth.
More enhanced and reinforced properties of silicone
rubber-based nanocomposites are noticed at a temperature
of 60∘ C. This postcure temperature promoted more cross-link
network structures, thereby contributing to the formation of a
more rigid polymer. This enhancement leads to an increase in
electrical tree inception time and electrical tree growth time
since nanofillers act as trapping sites and potential physical
barriers to the growth of an electrical tree in the direction of
the electric field.
The composite CCD images shown in Figures 3, 4, and 5
demonstrate that, for all samples in which trees grew, the PDs
occur throughout the main body of the tree structure. This
indicates that the tree channels were effectively electrically
nonconducting, such that a sufficient potential difference
could exist along the tree channels to initiate PDs within
them. In addition to the composite images captured, the
phase-resolved PD patterns were also recorded. Generally,
the PD pulses mainly occurred in the first and third quadrants
of the voltage waveform.
The results of the phase-resolved PD data are shown in
Table 1. In the case of neat SiR, the average PD magnitude
was found to increase with increase in temperature while the
average number of PDs per second was found to decrease
with increase in temperature. A significant shift in the average
phase of PD occurrence of both the positive and negative discharge distributions took place simultaneously. The average
phase of occurrence of the positive PDs increased from 37∘ at
20∘ C to 55∘ at 60∘ C. Similar dependence on temperature of the
PD phases was found for electrical tree growth in the flexible
epoxy resin. This phase shift is attributed to an increase in
the electrical conductivity of the epoxy resin with increasing
temperature, leading to decreased accumulation of the space
charge surrounding the tree structure.
However, the reverse situation has been reported for
an epoxy resin sample; that study showed PD numbers
increasing and PD magnitudes decreasing with increasing
temperature from 20∘ C to 70∘ C [34]. This dissimilarity
between epoxy resin and silicone rubber is probably due to
the increase in vulcanization/cross-link numbers in silicone
rubber matrices with increasing temperature; this has been
discussed thoroughly by Du et al. [15, 35].
In the case of the 1 wt% oMMT nanocomposite, the
average PD magnitude was found to decrease with increasing
temperature from 450 pC at 20∘ C to 257 pC at 60∘ C. However,
the other three PD physical parameters remained relatively
insensitive to the changes in temperature. The decrease in
PD magnitude when the temperature increased in silicone
rubber-based nanocomposites (1 wt%) is because the addition
of nanoparticles contributes to the trapping of space charges;
in this process, the electrons injected from the electrode
move towards the opposite electrode and are trapped at the
nanoparticle surfaces and inside the nanoparticles. When the
applied field is sufficiently high, it can cause ionization of the
nanoparticle within the polymer. Thus, an internal field will
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Table 1: Summary of partial discharge statistical parameters.

Type of sample

Neat SiR

SiR/1 wt % oMMT

SiR/3 wt % oMMT

PD characteristics
Discharge magnitude (pC)
Number of PDs (s−1 )
Phase of occurrence of positive PDs (∘ )
Phase of occurrence of negative PDs (∘ )
Dissipated power (mW)
Discharge magnitude (pC)
Number of PDs (s−1 )
Phase of occurrence of positive PDs (∘ )
Phase of occurrence of negative PDs (∘ )
Dissipated power (mW)
Discharge magnitude (pC)
Number of PDs (s−1 )
Phase of occurrence of positive PDs (∘ )
Phase of occurrence of negative PDs (∘ )
Dissipated power (𝜇W)

Min
83
687
34
215
0.87
31
249
33
209
0.22
2
1
17
154
0.34

be created to oppose the direction of the applied field, making
the net field inside the nanoparticle greater than the discharge
inception field and thereby extinguishing the discharge. This
reduces the PD magnitude. If the applied field is high enough
and exceeds the internal field, the discharge will occur again.
However, the particles tend to agglomerate, resulting in the
less interfacial area and leading to lesser charge carriers
getting trapped around the particle surfaces (localized states).
Due to repetition and a sufficiently high electric field, the
trap sites provided by microparticles for electron localizations
are not sufficient and so lead to electron drift (detrapping).
This causes charge movements (mobility) that give a higher
PD repetition rate. As a result, agglomeration nullifies the
capability of PD resistance of the nanoparticles.
The addition of 3 wt% oMMT nanoparticles in silicone
rubber caused electrical tree inhibition; no electrical trees
were observed during the time span of the experiment (4
hours at 10 kVrms, 50 Hz). Only localized light emission,
recognized as electroluminescence, was detected at the needle
tip when using the CCD camera. It appears that the SiR
matrices were reinforced by the addition of 3 wt% oMMT
nanofillers to an extent that prevented the formation of
an initial void with a sufficient dimension required for PD
generation and subsequent electrical tree initiation. The PD
magnitudes and PD numbers decreased with the increase
in temperature from 20∘ C to 60∘ C; the PD magnitudes
decreased from 22 pC to 4 pC. However, the phase of positive
PDs was found to be insensitive to temperature changes,
whereas the phase of negative PDs shifted to the lower values
with the increase in temperature.
Based on FESEM images in Figure 1(b), the nanofillers
were distributed uniformly with sizes less than 100 nm. The
micrograph in Figure 2(b) shows that the oMMT was in
the form of incompletely exfoliated mixed intercalation,
indicating that the silicate layers were uniformly separated
as the particles were quite long in length. The TEM image

20∘ C
Max
218
1244
41
220
1.40
641
1831
86
275
3.50
45
643
142
306
163

Ave.
160
952
37
218
1.24
450
495
44
223
1.91
22
181
80
280
35.7

Min
57
117
36
218
0.35
5
1
36
209
0.061
2
1
5
177
0.002

40∘ C
Max
387
7571
60
244
3.4
492
581
61
274
1.5
6
64
94
272
3.7

Ave.
280
199
44
226
0.54
294
338
47
217
0.94
4
27
46
226
1.13

Min
70
65
44
223
0.05
137
416
34
212
0.75
2
1
52
164
0.03

60∘ C
Max
610
649
93
247
0.997
478
831
44
225
2.00
11
25
133
265
0.98

Ave.
332
197
55
239
0.668
257
580
38
217
1.395
4
4
75
222
0.15

in Figure 2(b) shows that the nanocomposite material containing oMMT particles differed from the form shown in the
FESEM image of Figure 1(b). However, the oMMT particles
still maintained the parallel layered structures even though
the gap increased.
Thus, oMMT possesses the advantages of nanoparticles,
such as a large interfacial area (surface area) that allows large
charge carrier trapping, charge dissipation due to recombination, electron scattering, large interaction zones, and a
proximity effect [36]. These properties reduce the charge
mobility and energy needed for conduction, thereby reducing
PD magnitudes, PD numbers, and other PD parameters. The
charge carriers are unable to move (drift) due to insufficient
kinetic energy and remain at the electrode tip; most are
dissipated by electron-hole recombination, which releases
energy (photon) in the form of light.
Moreover, the small discharges detected in the nanocomposites material were probably swarming partial microdischarges (SPMD); this is related to the existence of microvoids
at the polymer/electrode interface due to imperfect bonding
between the tungsten needle and the silicone rubber. Tanaka
[37] reported that small PDs of less than 1 pC were detected
in a void prior to tree initiation. SPMD phenomena can be
found in [38–40]. Thus, the detection of PD prior to tree
initiation may have been caused by the microvoids at the
needle tip due to charge carrier recombination. The holes and
electrons were injected into the polymer during the positive
and negative half-cycle of the AC voltage and were trapped
in the recombination centres. Light is emitted when the
electron-hole recombination occurs at the luminescent centre
[41]. However, the electric field intensity was insufficient to
initiate electrical treeing due to low energy.
In polymer nanocomposites, the nanoparticles act as
charge carrier trap with high barrier potentials. These trapped
carriers need more energy to get extracted from one trap to
another trap. This would slow down the growth of electrical
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Figure 5: Electrical treeing associated with the PD phase-resolved patterns of silicone rubber-based nanocomposite (3 wt%): (a) at 20∘ C, (b)
at 40∘ C, and (c) at 60∘ C; arrows indicate weak light emissions.

treeing [42]. With the addition of 1 wt% oMMT nanofillers,
tree inception time and propagation time were distinctly
enhanced. However, PD magnitudes and PD numbers of
silicone rubber-based nanocomposite (1 wt%) became insensitive with the increase in temperature as evidenced by the PD
magnitudes being higher than neat silicone rubber at 20∘ C

and 40∘ C whereas the PD numbers of silicone rubber-based
nanocomposite (1 wt%) were greater than neat silicone rubber at 40∘ C and 60∘ C. We attribute the reason for the increase
in PD magnitudes and PD numbers to agglomeration of the
nanofiller in the silicone rubber matrix. The tactoids represent the weak points that could enhance PD repetition inside
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Figure 6: FTIR spectra. (a) oMMT nanofiller is denoted by the red line. (b) Neat silicone rubber is denoted by the blue line, silicone rubberbased nanocomposite (1 wt%) is denoted by the black line, and silicone rubber-based nanocomposite (3 wt%) is denoted by the red line.
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m

Table 2: Neat silicone rubber IR band characteristics (polydimethylsiloxane) [48].

CH3

n

CH3

CH3

Figure 7: Chemical structure of polydimethylsiloxane of silicone
rubber [26].

the polymer. This is depicted in Figure 1(a), which shows
agglomeration of filler particles sizes greater than 100 nm
occurring inside the silicone rubber-based nanocomposite
sample with 1 wt% oMMT nanofiller. However, agglomerated nanoparticles larger than 100 nm are considered to be
microparticles. Microparticles have also contributed to the
suppression of an electrical tree [43, 44] by acting as a
physical barrier to the growth of tree channels, resulting in
the tree forming more side branches when it collided with the
microparticles.

5. Chemical Bonding Study via FTIR
FTIR spectra could be used to show the nature of bonding or
chemical changes of neat silicone rubber and silicone rubberbased nanocomposite structures. FTIR spectra of oMMT
filler and silicone rubber-based nanocomposites (1 wt% and
3 wt%) are depicted in Figure 6. The chemical structure (ring
molecule) of silicone rubber is depicted in Figure 7 [26].
Silicone rubber consists of organic methyl groups (CH3 )
and a silicone-oxygen backbone. The methyl groups are
responsible for water repellence, surface hardness, and noncombustibility, whereas the vinyl groups (CH=CH2 ) help

Wavenumber (cm−1 )
3700–3200
2960–2762
1640
1440–1410
1270–1255
1200–1000
870–850
840–790
700

Bond
OH
CH in CH3
OH in H2 O
CH
Si–CH3
Si–O–Si
Si(CH3 )3
Si(CH3 )2
Si(CH3 )

to strengthen the rigidity of the molecular structure by
creating easier cross-linkage of the molecules [45, 46]. The
silicone rubber was vulcanized to give the required solid
shape. Vulcanization and cross-linking are terms that refer to
the formation of chemical bonds between polymeric chains
attained under high pressure and high temperature [26]. The
increase in the number of hydrocarbon vinyl groups (–CH2 )
is associated with the increase in the number of cross-links as
this group is part of the silicone cross-link domain [47, 48].
Moreover, the presence of cross-links reduces the swelling
(bending) capacity and inhibits the transfer of polymer chains
into solution [49]. Possible bonds in the neat silicone rubber
(polydimethylsiloxane, PDMS) are presented in Table 2.
Based on the FTIR spectra of the oMMT nanofiller in
Figure 6(a), peaks occur at 3631 cm−1 , 3427 cm−1 , 3246 cm−1 ,
2920 cm−1 , and 2850 cm−1 . The peak at 3631 cm−1 corresponds to broadening of the stretching vibration of hydroxyl
groups (–OH), whereas the peaks at 3427 cm−1 and
3246 cm−1 indicate the stretching vibration of the amine
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group (N–H) due to modification with octadecylamine.
The peaks at 2920 cm−1 and 2850 cm−1 correspond to –CH
stretching vibrations of the methyl group (–CH3 ). The
presence of the hydroxyl (–OH) group is likely to have
originated from the –OH bond existing inside the oMMT
nanofiller molecule and bonded to the nanoparticle/silicate
layers surfaces by hydrogen bonding.
Likewise, the addition of oMMT nanofillers in the
silicone rubber matrices increased the –OH functional
groups results in the spectra band between 3650 cm−1 and
3500 cm−1 , which indicates the free –OH stretching vibration
in Figure 6(b). By adding 1 wt% and 3 wt% oMMT nanofiller,
the –OH bands broadened significantly due to the abundance
of –OH groups. The hydroxyl groups on the surface of
the nanoparticles led to the formation of hydrogen bonds
between the hydroxyl groups (–OH) and the oxygen in the
siloxane, which is the backbone of silicone rubber (PDMS)
matrix.
This interpretation agrees with the studies done by Fragiadakis and Pissis [50] and Ramirez et al. [51] that dealt with
the hydrogen bonding between silica/PDMS filler/polymer
and the separation studies done by Singha and Thomas [52]
and Nelson et al. [53] that explained the influence of the
hydrogen bond due to the presence of the hydroxyl functional
groups at the surfaces of untreated ZnO and TiO2 added to
epoxy resin. These hydrogen bonds form the strong bond
and tightly bounded layers at the interfaces between the
nanoparticle and the silicone rubber matrix, as depicted in
Figure 8.
In addition, the thermal stability of silicone rubber
nanocomposites has also improved due to the ability to
resist dehydration at high temperature by the presence of a
high number of hydroxyl (–OH) groups at the nanoparticle
surfaces. Dehydration may result in weaker filler-polymer
matrix interfaces. The presence of a high number of hydroxyl
groups helps in hydration and removes the heat to lower
the temperature at the interface, improving the insulation
properties [51, 54].
The broad peak that appears at ∼1000–1200 cm−1 corresponds to Si–O–Si stretching, which may be due to

an increase in the oxidative cross-linking reaction resulting
from oxidation of the hydrocarbon groups on the polymer
main chain. This reaction would lead to cross-linking and
increase the network chain concentration, leading to a brittle
(hard) surface layer [55, 56]. In addition, the FTIR shows
an increase in the number of hydrocarbon methyl (CH3 )
groups with increasing filler concentration. The bands at
2975–2875 cm−1 correspond to the stretching vibration of the
hydrocarbon methyl group. The transmittance amplitude also
increased with the increase in filler content, which shows
an increase in the alkyl groups. Therefore, the increase in
filler concentration contributes to the increase in cross-link
numbers of silicone rubber.
Sylgard 184 silicone rubber has a thermal stability
between −45∘ C and 200∘ C [57]. This excellent thermal stability is attributable to the high dissociation energy of the
siloxane bond, Si–O–Si, which is highly stable at a value of
445 kJ/mol [58]. However, the influence of temperature on
the number of cross-links could be elucidated by referring to
the following formula [35]:
𝐸𝑚 =

3𝜒𝑅𝑇
,
𝑀𝑎V

(1)

where 𝐸𝑚 is the elastic modulus, 𝜒 is the density of silicone
rubber, 𝑅 is the gas constant, 𝑇 is temperature, and 𝑀𝑎V is the
average molecular weight per vulcanization point in silicone
rubber. The elastic modulus 𝐸 increases with the decrease in
average molecular weight 𝑀𝑎V . The decrease in 𝑀𝑎V results
in an increase in the vulcanization point in silicone rubber.
Thus, the increase in temperature 𝑇 increases the elastic
modulus 𝐸𝑚 and thereby increases the vulcanization point
density. The higher the elastic modulus, the stronger the
forces that are required for material deformation. Therefore,
the electrical tree becomes more difficult to propagate due
to the increase in the elastic modulus as a function of
temperature. The increase in 𝐸𝑚 increased the number of
molecular bonds due to the increase in vulcanization points
or number of cross-links that are required to be broken down
to form more coalesced cavities for electrical tree initiation
and propagation.
As a result, the resistance of the electrical tree and PD
caused by increasing vulcanization or cross-link numbers
is due to the influence of temperature. The existence of
the hydrogen bond between the nanoparticle surfaces and
silicone rubber matrices has led to the existence of better adhesion at the filler/polymer interface, which requires
higher dissociation energy to break the bonding for polymer
decomposition. However, in the case of silicone rubberbased nanocomposites (1 wt% and 3 wt%), the difference in
PD and electrical tree resistivity is due to a decrease in
interfiller distance, which implies a better shielding effect
of the nanoparticles by leaving very narrow regions of
the material (silicone rubber) exposed to the discharges.
The nanoparticles may form a physical barrier against the
discharges and lead to the enormous increase in the discharge
resistance performance. With an increase in temperature, the
best PD and electrical tree resistance/inhibition performance
was exhibited by the silicone rubber-based nanocomposite

Journal of Nanomaterials

11

(3 wt%) taking into account all inhibition factors as discussed
earlier.
[5]

6. Conclusions
The effect of temperature on electrical tree growth and
corresponding PD activity were investigated in silicone rubber with different levels of oMMT nanofiller content. The
presence of nanofiller reduced the temperature dependence
of the electrical properties of the silicone rubber matrix
such that the phase distribution of PD activities became
insensitive to changes in temperature. The introduction of
3 wt% oMMT nanofiller inhibited electrical tree initiation
over the temperature range with a 4-hour interval for each
experiment. Under high temperature, the vulcanization effect
played a role in introducing more cross-linking in the silicone
rubber chains. Therefore, under a high temperature up to
60∘ C, electrical treeing took more time to propagate at roomtemperature vulcanized silicone rubber. The presence of a
hydroxyl group at the surface of nanoparticles led to the
formation of hydrogen bonds between the hydroxyl and the
oxygen from the siloxane backbone of the silicone rubber
matrix. The hydrogen bond helped in strengthening the interaction between the nanoparticles and the polymer matrix
thus increased the physical bonding. This enhanced bonding
increased the insulation properties, thereby resisting PD and
electrical tree degradation. As a result, this study suggests
that oMMT nanoclay as a nanofiller could be employed in
insulating materials to improve their degradation due to
internal discharges.
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This paper prepares polyethylene/silica nanocomposites with concentrations of 3 wt% and 5 wt% by using silicon dioxide (SiO2 )
nanopowder (nanosilica) with particle sizes of 15 and 50 nm. Samples whose elongations are 3%, 6%, and 10% are prepared. Pulsed
electroacoustic technique is applied to evaluate the space charge distribution in samples. Test results show that homocharge near
electrodes is generated in the polyethylene/silica nanocomposites. Nanocomposites with a nanoparticle concentration of 3 wt% and
particle size of 15 nm suppress the accumulation of space charge effectively. The amount of space charge in the samples increases with
the increase in elongation. At an elongation of 10%, packet-like space charge is generated in polyethylene/silica nanocomposites
with the concentration of 5 wt% and particle sizes of 15 and 50 nm. The packet-like space charge in nanocomposites whose particle
size is 50 nm is more obvious than that in nanocomposites whose particle size is 15 nm. The experiment results are explained by
applying interface characteristics, dipole model, and induced dipole model.

1. Introduction
The accumulation of space charge in polymer insulation
makes a change of electric field. The electric field near the
inner and outer semiconductive shielding layers becomes
seriously distorted when a DC electric field on XLPE cables
is applied because of the accumulation of space charge; this
condition may cause accelerated aging [1, 2]. Mechanical and
electrical properties can be effectively improved through the
use of nanomodified materials. The present study shows that
the amount of space charge traps and the depths in polymer
insulation can be reduced by adding nanoparticles, which
may effectively minimize the accumulation of space charge
and uniform electric field in polymer insulation [3–6].
Cables are inevitably affected by mechanical stress during
manufacturing, transportation, installation, and operation.
Such stress may cause the insulation materials of cables having elongation [7, 8]. However, current research does not consider the elongation of insulation materials. Consequently,
additional research on the electrical properties of polymer
insulation during elongation should be conducted. With
regard to insulation materials with an accumulation of space

charge, there will be electrical trees by applying mechanical
stress without electrical stress [9]. Research indicates that
water tree in polymer insulation becomes serious when the
cables’ elongation is 6% under dynamic tensile stress at
different frequencies [10]. The mechanical stress caused by
the electric field is considered the reason for breakdown in
polymer insulation [11]. Studies have confirmed that electrical
and mechanical properties of polyethylene can be improved
effectively by adding nanosilica. Similarly, the conclusion that
the electrical properties of insulation may be affected by
mechanical stress has been confirmed. However, research on
the electrical properties of nanomodified materials during
elongation is lacking. As such, more research on this area
should be conducted.
In this study, polyethylene/silica nanocomposites with
particle sizes of 15 and 50 nm and concentrations of 3 wt% and
5 wt% were prepared. Pulsed electroacoustic (PEA) technique
was utilized to determine the characteristics of space charge
in samples whose elongation is 3% and 6%. The experiment
results were explained by applying interface characteristics,
dipole model, and induced dipole model.
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Figure 1: Schematic of the PEA device.

2. Test Method
2.1. Test Samples. Low density polyethylene (LDPE) materials produced by Lanzhou Petrochemical Company were
selected and utilized. The model number of LDPE is 2426 H,
the density is 0.910–0.925 mg/cm3 , melt flow index is 2.1–
2.2 g/10 min, and the melting point is 112∘ C. Nanometer
material was produced by Shanghai Jingchun Scientific Co.,
Ltd. Mechanical blending method [12, 13] was applied to
prepare the samples. The blending temperature is 120∘ C, and
the blending time is 30 min. The sizes of nanoparticles are
15 and 50 nm, and the concentrations are 3 wt% and 5 wt%.
The nanoparticles were dried in a vacuum dry oven for 24 h
at 100∘ C and constant pressure. After blending, the materials
were pressed into sheets in a flat vulcanizing machine at
a temperature of 120∘ C, time of 15 min, and pressure of
12 MPa. The films, which were almost 0.19 𝜇m, were cut into
a dumbbell by using dumbbell tools and stressed in a tensile
machine for 30 min. The samples were degassed in a vacuum
dry oven for 24 h at 80∘ C to eliminate residual stress.
2.2. PEA Technique. The space charge characteristics of polyethylene/silica nanocomposites were investigated with PEA
technique. The PEA device is shown Figure 1.
In the PEA device, the output of the high-voltage direct
current source ranges from 0 to 20 kV. The output of the pulse
source ranges from 0 to 0.2 kV, the pulse width is 5 ns, the
frequency is 500 Hz, and the thickness of the piezoelectric
sensor is 25 𝜇m. The upper electrode is a copper electrode,
and the lower electrode is an aluminum one. The PEA device
can communicate with computers by using a LeCory7200
digital oscilloscope to collect the measuring signals. The
resolution of PEA device is about 1.2 × 10−3 C/m3 .
2.3. Experimental Design. The samples were stressed by a
negative DC voltage for 60 min (electric field of 30 kV/mm).
The space charge distribution was recorded at applied voltage
times of 1, 10, 20, and 60 min. A short-circuit dissipation test
was then applied, and the distribution of space charge at 1, 5,
10, and 20 min was recorded.

3. Results
3.1. Accumulative Characteristics of Space Charge. The space
charge accumulation in an electric field of 30 kV/mm for
polyethylene/silica nanocomposites with different elongations is shown in Figure 2.
There are heterocharges near positive and negative electrodes in the LDPE, as shown in Figure 2(a). By adding
silica nanoparticles with a particle size of 15 nm and concentration of 3 wt%, the heterocharges near the positive and
negative electrodes almost disappeared, shown in Figure 2(e).
This result proves that polyethylene/silica nanocomposites
can suppress the accumulation of space charge. Obvious
homocharge accumulation near positive and negative electrodes was observed in the insulation material when the
silica nanoparticles’ size was 15 nm and the concentration was 5 wt%, shown in Figure 2(k). This result indicates that the addition of silica nanoparticles resulted in
homocharge accumulation near positive and negative polarities. Compared with the polyethylene/silica nanocomposites
whose particle size is 50 nm, homocharge accumulation
occurred when the concentration was only 3 wt%, shown in
Figure 2(i). Homocharge accumulation was more obvious in
the polyethylene/silica nanocomposites when the concentration was 5 wt%. We conclude that homocharge accumulation
occurs near positive and negative polarities in a DC electric
field when silica nanoparticles are added; an increase in
particle size enhances this homocharge accumulation. Therefore, appropriate silica nanoparticles whose particle size is
not extremely large should be selected in the production of
polyethylene/silica nanocomposites.
According to Figure 2, there are more space charges
near positive and negative electrodes for the nanocomposites whose elongation is 3% and 6% compared with the
nanocomposites without elongation. As shown in Figures
2(b) and 2(c), the homocharge accumulation near positive
and negative electrodes is the highest in the LDPE and the
larger the elongation is, the more obvious the space charge
accumulation is. For the polyethylene/silica nanocomposites
whose particle size is 50 nm, a packet-like space charge was
observed in the nanocomposites when the elongation is
6%.
To investigate the packet-like space charge in the nanocomposites, we prepared LDPE, polyethylene/silica nanocomposites with a particle size of 15 nm and concentration
of 5 wt%, and polyethylene/silica nanocomposites with a
particle size of 50 nm and concentration of 5 wt% at an
elongation of 10%. The space charge characteristics are shown
in Figure 3.
Comparison of the three images in Figure 3 shows that
homocharge accumulation is more obvious and more space
charges exist in the nanocomposites when the elongation is
10%. However, no packet-like space charge was observed in
the LDPE. When the particle size of the silica nanoparticles
is 15 nm and the concentration is 5 wt%, a packet-like space
charge is created in the polyethylene/silica nanocomposites at an elongation of 10%. For the polyethylene/silica
nanocomposites whose particle size is 50 nm and concentration is 5 wt%, a packet-like space charge was also created;
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Figure 2: Accumulative characteristics of space charge (con represents concentration and elo represents elongation).

the amount of space charge is more than that in the
nanocomposites whose particle size is 15 nm. In the nanocomposites with a packet-like space charge, less space charge
between the packet-like space charge and electrodes was
observed, which may be due to the mutual exclusion of
homocharge.
Analyzing Figure 3(c), the packet-like space charges may
fit Gaussian distributions. Calculating results shows that the
packet-like space charge fits Gaussian distribution well when
the time is 60 min, as shown in Figure 4.
The expressions of Figures 4(a) and 4(b) are shown as (1)
and (2), respectively:

𝑦 = 2.77 + (

2
140.06
× 𝑒−2×((𝑥−514.23)/22.68) )
22.68 × √𝜋/2

(1)

𝑦 = −6.57 + (

2
−78.83
× 𝑒−2×((𝑥−563.74)/20.24) ) , (2)
20.24 × √𝜋/2

where 𝑥 is position of space charge and 𝑦 is charge density.
According to the expressions, the widths of Gaussian
distributions are almost equal, which represent the widths
of packet-like space charge being very similar when time is
60 min.
3.2. Detrapping Characteristics of Space Charge. The dissipation characteristics of space charge are shown in Figure 4.
Studies have shown that the addition of silica nanoparticles can effectively suppress the space charge in nanocomposites and change some of the deep traps into shallow
traps. Analysis of Figures 5(a), 5(d), and 5(j) shows that less
space charge exists in the nanocomposites whose particle
size is 15 nm than in the LDPE when the charge detrapping
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Figure 3: Accumulative characteristics of space charge with elongation of 10%.

time is 1 min. Moreover, its charge detrapping rate is higher
than LDPE, and the remaining space charge is less. When
the charge detrapping time is 1 min, the amount of space
charge in the nanocomposites whose particle size is 15 nm
is less than the particle size of the silica nanoparticles
which is 50 nm, as shown in Figures 5(d), 5(g), 5(j), and
5(m).
Comparison of the three insulation materials with different elongations shows that the charge detrapping rate is
higher in the nanocomposites whose particle size is 15 nm
than in the LDPE; the detrapping of space charge achieved
stability within a short period of time. However, the charge
detrapping time is longer in the nanocomposites whose
particle size is 15 nm than others; these materials also required
more time to reach stability. For the three materials, the
amount of space charge is larger in the nanocomposites that
are in elongation when the charge detrapping time is 1 min.

With the increase in elongation, more space charges exist
in the nanocomposites. Analysis of the curve whose charge
detrapping time is 60 min shows that more deep traps are
generated with the increase in elongation. Packet-like space
charges are created in the polyethylene/silica nanocomposites
whose particle size is 50 nm with elongation of 6%. Moreover,
packet-like space charges exist in the polyethylene/silica
nanocomposites when the charge detrapping time is 60 min.
This result means that space charge accumulation is caused
by deep traps in this section.
Comparison of the space charge characterisitcs of the
three insulation materials in Figures 6 shows that the amount
of space charge and deep traps is larger in the nanocomposites. Packet-like space charges exist in the polyethylene/silica
nanocomposites whose particle size is 15 nm as a result
of deep traps. Packet-like space charges also exist in the
polyethylene/silica nanocomposites whose particle size is
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50 nm, which is more obvious than that in the nanocomposites whose particle size is 15 nm; the dissipation rate is high in
the packet-like space charges as a result of deep traps.

4. Discussion
4.1. Effect of Silica Nanoparticles on Space Charge in Polyethylene/Silica Nanocomposites. Space charge in the nanocomposites is mainly caused by two factors: characteristics of
materials and the additives. Given that polymer consists of
amorphous and crystalline regions, the interface characteristic between the crystalline and amorphous regions causes
a large amount of traps, which may cause the accumulation of electrons and holes. The accumulation of space
charge in the LDPE is mainly caused by the crystalline
interface and internal defects of materials [14]. As inorganic
nanoparticles are added to polymer, nanoparticles occupy
the free volume in the material or defect and consequently
reduce the amount of free volume and transform the deep
traps into shallow traps. The addition of nanoparticles also
creates a new interfacial layer between nanoparticles and
polymer matrix, which has a significant effect on the electrical
properties of nanocomposites. Several researchers believe
that the characteristics of this interface can explain the change
of properties of materials [15]. Therefore, more research on
the interface characteristics of nanocomposites should be
conducted.
An assumption is that nanoparticles are spherical and
arranged in a simple cubic lattice. Calculation based on
weight percent leads to the following expression [16]:
1/3
𝜌
𝑀
𝜋 𝜌 100
[1 −
(1 − 𝑛 )]} − 1⟩ 𝑑,
𝐷 = ⟨{ ( 𝑛 )
6 𝜌𝑚 𝑀
100
𝜌𝑚
(3)

where 𝜌𝑛 and 𝜌𝑚 are the specific gravity for the nanofiller
and polymer matrix, respectively. 𝑀 is the weight fraction of
nanofiller. 𝐷 is interfiller distance and 𝑑 is filler diameter.
The calculation expression of the surface area per unit
volume is
𝑆=

2
1
𝑑
𝜋𝑑2
(
)
=
𝜋
,
𝐷+𝑑 𝐷+𝑑
(𝐷 + 𝑑)3

(4)

where 𝑆 is total surface area in unit volume.
According to (1) and (2), the distance between two
nanoparticles is 158 nm, and the total surface area in unit
volume is 0.872 km2 /m3 when the nanoparticles’ size is
50 nm and the concentration is 5 wt%. Similarly, the distance
between two nanoparticles is 48 nm and total surface area in
unit volume is 2.8 km2 /m3 when the particle size is 15 nm and
the concentration is 5 wt%. We can see that the total surface
area in unit volume is very large for the nanocomposites.
The larger the particle size is, the larger the distance between
particles is and the larger the total surface area in unit volume
is.
Comparison of the space charge characteristics of LDPE
and nanocomposites shows that the nanocomposites whose
particle size is 15 nm and concentration is 3 wt% exhibit a
significant suppression of space charge accumulation in the
polyethylene/silica nanocomposites. This finding means the
amount of traps caused by interface layer between silica
nanoparticles and polymer matrix is smaller than the traps
reduced by silica nanoparticles. Homocharge accumulations
near positive and negative electrodes were observed in
the polyethylene/silica nanocomposites when the sizes of
the nanoparticles increase. More homocharges exist in the
nanocomposites whose particle size is 50 nm than in the
nanocomposites whose particle size is 15 nm. These phenomena can be explained by interface layer characteristics. When
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Figure 5: Detrapping characteristics of space charge (con represents concentration and elo represents elongation).

the particle size or concentration of nanoparticles is large,
the total surface area in unit volume and the interface layer
between nanoparticles and polymer matrix are also large.
Therefore, the amount of space charge traps caused by the
interface layer is also large, which makes the amount of
space charge in the nanocomposites whose particle size is
50 nm become larger than that in the nanocomposites whose
particle size is 15 nm.
A slightly obvious phenomenon was observed by analyzing the space charge characteristics of all nanocomposites, as
shown in Figures 2(d), 2(g), and 2(j). The total amount of
space charge accumulated near positive electrodes is larger
than the space charge accumulated near negative electrodes
in the nanocomposites. Triboelectricity can explain this
phenomenon. According to the research of Tanaka et al.
[16], triboelectricity exists in nanocomposites during the
preparation process. Nanocomposites are negatively charged,

which may repel electrons. Of course, the effect of triboelectricity on the mobility of space charge is small and insignificant.
4.2. Effect of Elongation on Space Charge in Polyethylene/Silica
Nanocomposites. No definite conclusions have been established regarding the status of nanoparticles in nanocomposites. The mode of action between nanoparticles and polymer
matrix, the status of space charge traps in nanocomposites,
and the inhibiting effect of nanoparticles on space charge
remain unclear. According to the research of Takada et al.
[17], many carbonyl (C=O) and hydroxyl (OH) defects exist
in polymer; this existence may generate dipoles in a DC
electric field which may cause dipole moments and electrical
potential distribution. Electrical potential distribution can
be regarded as space charge traps, and the value of the
electric potential can be viewed as the depth of space
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charge traps, to a certain extent. Takada et al. calculated
the electrical potential distribution caused by dipoles. Their
assumption was that the charge of carbonyl (C=O) and
hydroxyl (OH) defects is 𝑞 in polymer, and the distance
between two dipoles is 𝑙. The diploe moments can be
calculated by 𝑚 = 𝑞 ∗ 𝑙. The electrical potential distribution, 𝑉(𝑟, 𝜃, 𝜙), is provided by (3) in spherical coordinates.
Consider
𝑉 (𝑟, 𝜃, 𝜙) =

𝑚 cos 𝜙
sin 𝜃,
𝜀0 𝜀𝑟 4𝜋𝑟2

(5)

4.3. Packet-Like Space Charge. Small packet-like space
charges were observed near positive and negative polarities
in the polyethylene/silica nanocomposites whose particle
size is 15 nm and concentration is 5 wt% when elongation is
10%. More obvious packet-like space charges were observed
near positive and negative polarities in the polyethylene/
silica nanocomposites whose particle size is 50 nm. The
packet-like space charges are caused by deep traps in the
polyethylene/silica nanocomposites, as revealed by the
analysis of the dissipation characteristics. These phenomena
can be explained from two aspects.
For polyethylene/silica nanocomposites, the assumption
is that nanoparticles are spherical and the electric field is uniform. Hence, a certain amount of induction charges, which
can be induced dipoles, exists at the surface of nanoparticles.
Similarly, induced dipole moments and induction electromotive force exist. The surface charge density of dipole is
[17]
3𝜀𝑟1
) cos 𝜙 sin 𝜙 ,
2𝜀𝑟1 + 𝜀𝑟2

𝑉 (𝑟, 𝜙)
𝑎𝐸0
=

3𝜀𝑟1
1
]
[1 −
4𝜋
2𝜀𝑟1 + 𝜀𝑟2
+𝜋

where 𝑚 is dipole moment, 𝜀0 is absolute dielectric constant,
𝜀𝑟 is relative dielectric of polymer, and 𝜙 and 𝜃 represent
spherical coordinates.
According to the test results of this study, as shown
in Figure 2, the amount of space charge increases with the
increase in elongation in the LDPE and nanocomposites.
When the nanocomposites are in elongation, the distance
between carbonyl (C=O) and hydroxyl (OH) defects is
large. According to (3), the electrical potential distribution
increases with the increase in distance 𝑙. This result indicates
that the depth of space charge increases in nanocomposites. Therefore, the amount of space charge and deep traps
increases.
According to the space charge characteristics of LDPE, as
shown in Figure 3(a), the amount of space charge is larger
near the electrodes than in the interior, which is roughly a
trapezoidal decline. This result means that the surface of the
LDPE may be vulnerable to elongation and carbonyl (C=O)
and hydroxyl (OH) defects; the surface may has a larger
elongation than the interior.

𝜎𝑝 = 𝜀0 𝐸0 (1 −

The electrical potential distribution, 𝑉(𝑟, 𝜃, 𝜙), is provided by (4) in spherical coordinates [17]. Consider

(6)

where 𝜀0 is absolute dielectric constant, 𝜀𝑟1 is dielectric
constant of polymer, and 𝜀𝑟2 is dielectric constant of filler; 𝜙
represent spherical coordinates.

×∫

−𝜋

∫

+𝜋

0

sin2 𝜃 𝑑𝜃 cos 𝜙 𝑑𝜙

,
√1 + (𝑟/𝑎)2 − 2 (𝑟/𝑎) sin 𝜃 cos (𝜙 − 𝜙 )
(7)

where 𝜀0 is absolute dielectric constant, 𝜀𝑟1 is dielectric
constant of polymer and 𝜀𝑟2 is dielectric constant of filler,
𝑎 is radius of particles, 𝐸0 is external field, and 𝑟, 𝜃 𝜙 , 𝜙
represent spherical coordinates and more details are shown
in [17, Figure 6].
When an external field 𝐸0 is applied to the nanocomposites, we can assume that the surface charge induced by
𝐸0 is positive on silicon atom and it is negative on oxygen
atom. At the same time, because of the bond strength between
silicon atom and oxygen atom, as the nanocomposites with
elongation, the bond length of silicon atom and oxygen atom
changes slightly. Therefore, the nanoparticles in polymer
stressed by tensile force can also be supposed to be spherical
whose diameter is larger than nanoparticles in polymer
without tensile force. So (4) and (5) can also be appropriate. According to (5), relationships exist between electrical
potential distribution and diameter of nanoparticles. This
relationship means that when the diameter of nanoparticles is
large, the electrical potential distribution and the depth of the
space charge traps increase [17]. Therefore, stressed by tensile
force, the space charge traps caused by electrical potential
distribution change from shallow traps to deep traps. So it
explains why there are more space charges in nanocomposites
with elongations, which may induce packet-like space charge,
as shown in Figures 3(b) and 3(c).
For the nanocomposites whose particle size is 15 and
50 nm, the diameter of nanoparticles increases with the
increase in particle size. Therefore, according to (5), the electrical potential distribution of nanocomposites whose particle size is 50 nm is larger than nanocomposites whose particle
size is 15 nm, which indicates that very obvious packetlike space charges exist in polyethylene/silica nanocomposites comparing with the polyethylene/silica nanocomposites
whose particle size is 15 nm with small packet-like space
charges, as shown in Figures 3(b) and 3(c).
However, the induced dipole model cannot completely
explain the packet-like space charges. For the nanocomposites, no definite conclusion exists with regard to the types
of force between nanoparticles and polymer matrix, which
may be Van Edward force, covalent bond, molecular bond,
or others. Several researchers believe that the type of force
is a hydrogen bond in nanocomposites, which are prepared
by mechanical blending [16]. Other researchers believe that
the type of force is a covalent bond when vinylsilane is
utilized to modify the interface of silica nanoparticles [18].
Considering the interface layer between nanoparticles and
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Figure 6: Detrapping characteristics of space charge with elongation of 10%.

polymer matrix, the force between polymer molecules can be
regarded to be larger than the force between polymer matrix
and nanoparticles. Therefore, the elongation between polymer matrix and nanoparticles is larger than the elongation
between polymer molecules.
Owing to the interface layer characteristics, many shallow traps exist in the polyethylene/silica nanocomposites,
which are distributed in the interface layer. There is a large
increase in the interface layer when the nanocomposites are
in elongation because of the small force between nanoparticles and polymer. Therefore, the area of the interface
layer between nanoparticles and polymer matrix exhibits an
obvious increase, which may change the shallow traps into
deep traps and generate packet-like space charges.
According to the induced dipole model and interface
layer characteristics, space charge accumulation should exist
in all nanocomposites theoretically because the nanoparticles
are distributed in all nanocomposites. However, the test

results in this study show that packet-like space charges exist
in the interior of polyethylene/silica nanocomposites. This
phenomenon can be explained by the repulsion of similar
charges. The space charge near electrodes is forced to move
to the interior of polyethylene/silica nanocomposites, which
causes packet-like space charges.

5. Conclusions
This study investigated the space charge characteristics of
polyethylene/silica nanocomposites whose elongation is 3%
and 6%. The packet-like space charges in polyethylene/silica
nanocomposites whose elongation is 10% were also examined. The main conclusions are as follows.
Suppressing the space charge in polyethylene/silica nanocomposites whose particle size is 15 nm and concentration is
3 wt% is effective. Homocharges near positive and negative
electrodes are generated with the increase of particle size
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and concentration in the polyethylene/silica nanocomposites.
The interface layer characteristics between nanoparticles and
polymer matrix were used to explain these phenomena. The
effect of nanoparticles on space charge in polyethylene/silica
nanocomposites is mainly caused by interface layer characteristics between nanoparticles and polymer matrix. By using
(2), the total surface area in unit volume is 0.872 km2 /m3
in polyethylene/silica nanocomposites whose particle size is
50 nm; the total surface area in unit volume is 2.8 km2 /m3
in polyethylene/silica nanocomposites whose particle size is
15 nm. The difference is large. Therefore, the interface layer
characteristics are the main reason for the effect of space
charge characteristics in nanocomposites. The total surface
area in unit volume increases with the increase in particle size
and concentration.
With the increase in elongation, an obvious increase in
space charge accumulation occurred in the three nanocomposites. The homocharges accumulated near electrodes in
the LDPE and were reduced with the increase in depth
of samples. A dipole model was used to explain this phenomenon. The electrical potential distribution caused by
the dipole model, which consisted of carbonyl (C=O) and
hydroxyl (OH) defects, can be regarded as the space charge
traps in nanocomposites, to a certain extent. The bond
length of the carbonyl (C=O) and hydroxyl (OH) defects
may be larger when polyethylene/silica nanocomposites were
in elongation. According to (3), the elongation of carbonyl
(C=O) and hydroxyl (OH) defects caused the increase in
electrical potential distribution, which in turn increased the
amount of deep traps in polyethylene/silica nanocomposites
and the amount of space charge.
Packet-like space charges were observed in polyethylene/silica nanocomposites whose particle size is 15 and
50 nm when elongation is 10%. The packet-like space charges
are more obvious in the nanocomposites whose particle size is
50 nm. These phenomena can be explained from two aspects.
First, induction charge exists on the surface of nanoparticles
in the DC electric field; induced dipole and induction electromotive force are thus formed. The diameter of nanoparticles
increases when nanocomposites are in elongation. According
to (5), the amount of space charge and depth of charge
traps increase with the increase in diameter of nanoparticles;
this theory also explains why the amount of space charge
increases with the increase in particle size. Second, the
tensile force between nanoparticles and polymer matrix is
weaker than that between polymer molecules because of the
interface layer characteristics. Therefore, larger elongation
exists between nanoparticles and polymer matrix, which
may make the interface layer characteristics more obvious
and could result in the generation of more charge traps.
According to these theories, space charge is distributed in
all nanocomposites. Packet-like space charges are created in
polyethylene/silica nanocomposites because of the rejection
of homocharges.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

13

Acknowledgment
This research was supported by State Key Laboratory of
Power Transmission Equipment & System Security and New
Technology of China (2007DA10512713205).

References
[1] Y. Zhang, J. Lewiner, C. Alquié, and N. Hampton, “Evidence
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