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The hydrophilic surface of fumed nanosilica was modiﬁed to a hydrophobic surface by treating it with a trimethyl silane coupling
agent, and epoxy nanocomposites were prepared by mixing the modiﬁed nanosilica (0 phr, 1 phr, 3 phr, 5 phr, and 7 phr) in an
epoxy matrix, where the unit phr means the parts per one hundred grams of epoxy base resin. To apply the nanocomposites to
heavy electrical equipment, the eﬀects of the modiﬁed nanosilica on the long-term treeing phenomena and the partial discharge
(PD) resistance were studied under high voltage alternating current (HVAC) conditions. The bonding of trimethyl silane on the
nanosilica surface was conﬁrmed by the appearance of new peaks for the CH2 and CH3 groups in Fourier-transform infrared
spectroscopy analysis. To observe the even dispersion of the modiﬁed nanosilica particles in the epoxy matrix, a transmission
electron microscope was employed, and it was found that 1 phr of the modiﬁed nanosilica was uniformly dispersed; however, as
the nanosilica content was increased, its aggregation became somewhat severe. The longest HVAC treeing breakdown time was
found in an epoxy nanocomposite with 1 phr of alkyl-modiﬁed nanosilica, and the time was 17,412 min, which was 143.9 times
longer than the 121 min required for a neat epoxy system. In a nanocomposite with 5 phr of modiﬁed nanosilica, PD resistance
was found to be 12.5 times higher than that of the neat epoxy system.

1. Introduction
Epoxy resins are well known as materials used in heavy electrical equipment, because they have excellent electrical insulating properties together with good mechanical and thermal
properties [7, 10, 11]. Epoxy resins are generally used in the
form of microcomposites or nanocomposites. Representative
microsized and nanosized ﬁllers include silica, alumina, clay,
and mica, which can be used independently or in combination depending on the application of the composites [12–
14]. These ﬁllers in an epoxy matrix retard the treeing initiation process and block the propagation process eﬀectively,
and as such, well-dispersed ﬁllers can suﬃciently improve
the treeing breakdown strength [7]. In general, 50-65 wt%
of microsized ﬁllers are incorporated into epoxy resins in
microcomposites, and 3-5 wt% of nanosized ﬁllers are mixed
into epoxy resins in nanocomposites [7, 15, 16]. However, in
order to achieve a good electrical insulation property, the surface of the hydrophilic ﬁllers should be modiﬁed to have

hydrophobic characteristics, because the epoxy matrix has
hydrophobic characteristics. Surface modiﬁcation of a ﬁller
is generally obtained by using coupling agents in order to
both increase the aﬃnity between the epoxy matrix and the
inorganic ﬁller and disperse the ﬁller uniformly in the matrix
[17, 18]. The molecular structure of a coupling agent has an
inorganic reactive group on one side and an organic reactive
group on the other side. The former reacts with the microsized or nanosized inorganic ﬁller, while the latter bonds to
the epoxy group or curing agent in the epoxy matrix. Therefore, the inorganic ﬁller can easily be dispersed in the epoxy
matrix without aggregation. Partial discharge (PD) resistance
must also be studied in order to develop a new polymeric
insulation material. When PD is applied to the insulating
materials for high voltage equipment, it results in the formation of electrical treeing and in the degradation of the insulators [19, 20].
To make silica nanoparticles which are able to retard the
treeing initiation and block the treeing propagation, for this
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Figure 1: Chemical structure of reagents.

paper, the surface of hydrophilic nanosilica was modiﬁed
with a trimethyl silane coupling agent and the surfacemodiﬁed nanosilica was mixed with an epoxy matrix, and
the electrical treeing and partial discharge characteristics
were studied.

2. Experimental Work
2.1. Materials. Diglycidyl ether of bisphenol A (DGEBA) type
epoxy resin whose trade name was YD 128 (Kukdo Chem.
Co., Korea) was used. The epoxide equivalent weight
(EEW) was 184 g/eq~190 g/eq, and the viscosity was
11,500 cps~13,500 cps at 25°C. The curing agent was 3- or
4-methyl-1,2,3,6-tetrahydrophthalic anhydride (Me-THPA),
with the trade name of HN-2200 (Hitachi Chem. Co.). This
curing agent is widely used in the ﬁeld of electrical insulating
materials. Benzyl-dimethyl amine (BDMA) as a tertiary
amine was used as an accelerator (Kukdo Chem. Co. Korea).
1,1,1,3,3,3-Hexamethyl disilazane (HMDS, ACROS
Organics, Fisher Scientiﬁc Inc.) was used to modify the
hydrophilic surface of a fumed nanosilica (trade name:
AEROSIL®300, EVONIK Industries AG) to be hydrophobic.
The speciﬁc surface area of the fumed nanosilica was
270 m2/g-300 m2/g, and the average particle size was 12 nm.
Surface-modiﬁed nanosilica was dried at 110°C for 24 h in a
vacuum oven before use. The chemical structures of all materials are shown in Figure 1.
2.2. Surface Modiﬁcation of Nanosilica. To modify the surface
of fumed nanosilica with the alkyl group, it was treated with
HMDS. Untreated fumed nanosilica (10 g) was dispersed in
HMDS (18 g)/ethyl alcohol (160 g) solution. Ultrasonic
energy (26.4 kHz, 800 W) was applied to the solution at room
temperature for 1 h to remove the air layer on the fumed
nanosilica surface and to wet the surface with HMDS solution simultaneously. Distilled water (290 g)/hydrochloric
acid (13.3 g) solution was added to the mixture and maintained at 70°C for 5 h under the same ultrasonic condition.

In this step, one HMDS molecule decomposed, producing
two trimethylsilanols (Si-OH), and the produced silanols
then reacted with the silanol group of the nanosilica surface
producing alkyl (trimethyl group)-modiﬁed nanosilica. After
the completion of the reaction, the alkyl-modiﬁed nanosilica
is washed 5 times with ethanol/distilled water (40/60 wt%)
mixture, dried at 110°C for 24 h in a vacuum oven, and stored
in a desiccator.
2.3. Preparation of Epoxy Nanocomposite. Epoxy/nanosilica
nanocomposites were prepared through the following procedure. Epoxy base resin (DGEBA, 100 g) and alkyl-modiﬁed
nanosilica (0 g, 1 g, 3 g, 5 g, or 7 g) were well mixed at
300 rpm for 60 min using a high-speed agitator, and then, a
750 W probe-type ultrasonic processor (VC 505, Sonics &
Materials Inc.) was applied to the DGEBA/nanosilica mixture at a frequency of 20 kHz for 60 min. Finally, the DGEBA/nanosilica mixture, Me-THPA (80 g), and BDMA
(0.9 g) were poured into a planetary mixer and mixed for
30 min at 30°C under vacuum conditions. The ﬁnal mixture
was poured into a mold and cured under the following curing
conditions in terms of temperature and time: 80° C × 4 h +
100° C × 3 h + 120° C × 5 h + 140° C × 5 h. In each step, temperature was raised at a rate of 1°C/min, and after curing
reaction, it was slowly cooled at a rate of -1°C/min until room
temperature was reached to avoid internal stress.
2.4. Long-Term HVAC Test. To prepare a specimen for a high
voltage alternating current (HVAC) treeing test, epoxy/nanosilica mixture was poured into a mold having a cavity of
20 × 7 mm2 and a height of 20 mm, in which a needle electrode was arranged beforehand to make the distance between
the tip of needle electrode and the plate electrode 3.8 mm, as
shown in Figure 2. A needle-type steel electrode was obtained
from Ogura Jewelry Co., Japan. Its diameter and length were
1 mm and 60 mm, respectively, while its tip angle was 30° and
its curvature radius was 5 μm. The epoxy mixture was cured
according to the programmed curing conditions described in
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Figure 2: Arrangement of needle-plate electrodes for treeing test.
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Figure 3: Arrangement of rod-ground electrodes for PD test.
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Section 2.3. Finally, the bottom of the specimen was coated
with a conductive silver paste.
To carry out a long-term HVAC breakdown test, the
specimen was dipped into a 30°C insulating oil bath for 2 h,
and then, a 15 kV (1 kHz) AC electric ﬁeld was applied to
the specimen. AC voltage was increased from 0 kV to 15 kV
at a rate of 0.5 kV/s, after which it was maintained at 15 kV
until breakdown occurred. Treeing shape was monitored by
a stereo microscope system (S645T, EZscope) coupled with
a digital camera (TOUPCAM, LCMOS05100KPA). Tree
images were collected every 1 min. HVAC was generated by
the AC Endurance Voltage Tester (Haefely, Germany).
2.5. Partial Discharge Resistance Test. As illustrated in
Figure 3 for the PD resistance test, a 50 mm2 specimen that
was 1 mm thick was positioned on the ground electrode,
and then, the rod electrode was placed on the specimen surface without any gap. The two electrodes were made of copper. If 5 kV AC with a frequency of 720 Hz was applied to the
specimen for 96 h, PD occurred in the air gap portion due to
the radius of curvature of the rod electrode. To measure the
erosion morphology and the erosion depth due to the PD, a
laser surface proﬁler (Dektak 150, Bruker Co.) was used.
The measuring range was 14 × 14 mm2, and the resolution
was 0.389 μm.
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Figure 4: FT-IR spectra for (a) unmodiﬁed and (b) alkyl-modiﬁed
nanosilicas.

3. Results and Discussion
To conﬁrm the surface modiﬁcation of nanosilica, FT-IR
analyses were carried out for (a) unmodiﬁed and (b) alkylmodiﬁed nanosilicas, and the spectra are shown in Figure 4.
IR characteristic peaks for unmodiﬁed nanosilica are shown
at 732 cm-1 and 1,092 cm-1 owing to Si-O-Si bond and a
broad peak at 3,406 cm-1 owing to Si-OH bond. The IR spectrum for trimethyl (alkyl)-modiﬁed nanosilica shows new
peaks at 786 cm-1, 912 cm-1, 1,465 cm-1, 2,943 cm-1, and
2,966 cm-1 for CH2 and CH3 bonds. These results mean that
the alkyl group is bonded to the surface of the fumed nanosilica [21]. Although not shown here, it was found through
thermogravimetric analysis that the weight of the alkyl group
on the nanosilica surface was 3.95 wt%.
To compare the dispersion morphologies of the unmodiﬁed or alkyl-modiﬁed nanosilica particles in epoxy nanocomposites, TEM observations were carried out, and the
TEM images shown in Figure 5 were obtained. Figure 5(a)
is for unmodiﬁed nanosilica particles (1 phr), where the unit
phr means the parts per one hundred grams of epoxy base

4

International Journal of Polymer Science

80 nm

80 nm
(a)

80 nm

(b)

80 nm
(c)

(d)

Figure 5: TEM images for nanosilica particles dispersed in epoxy nanocomposite. (a) Unmodiﬁed nanosilica content is 1 phr, and alkylmodiﬁed nanosilica contents are (b) 1 phr, (c) 3 phr, and (d) 7 phr.

resin, and Figures 5(b)–5(d) are for alkyl-modiﬁed nanosilica
particles. Alkyl-modiﬁed nanosilica contents are (b) 1 phr,
(c) 3 phr, and (d) 7 phr, respectively. As shown in
Figure 5(a), the unmodiﬁed nanosilica particles are not
evenly dispersed in the epoxy resin, instead of forming large
aggregations because their surfaces having Si-OH groups are
incompatible with the hydrophobic epoxy resin. However, as
shown in Figure 5(b), the modiﬁed nanosilica particles are
somewhat uniformly dispersed in the epoxy nanocomposite,
which is because the hydrophilic surface of the unmodiﬁed
fumed nanosilica has been changed to an epoxy-friendly
hydrophobic surface thanks to the alkyl group coating. These
well-dispersed nanoparticles are expected to retard treeing
initiation, to block treeing propagation, and to resist PD voltage. However, as the alkyl-modiﬁed nanosilica content
increases, their aggregation becomes more severe. This is
because the nanosilica surface area is too high compared to
the epoxy weight, making the wettability of the nanosilica
poor.
Figure 6 shows Weibull statistical analyses (Weibull++7.0
program of ReliaSoft (HBM Prenscia Inc.)) for HVAC electrical treeing breakdown time of epoxy nanocomposites with
various contents of alkyl-modiﬁed nanosilicas. Three parameters—shape, scale, and B10 parameters—are obtained
from each Weibull plot for each epoxy nanocomposite. The
shape parameter is obtained from each slope, which means

the data distribution. The scale parameter represents the
treeing breakdown time at which there is a 63.2% cumulative
probability of breakdown, which is similar in concept to the
mean value of the arithmetic mean. The B10 parameter represents the treeing breakdown time at which there is a 10%
cumulative probability of breakdown (90% would not break
down) under the applied HVAC (15 kV, 1 kHz). When
HVAC is applied to the needle tip, the electrical ﬁeld generated at the needle tip can be calculated using Mason’s equation as follows [22, 23]:
Etip =


2V
Mason’ s equation ,
r · ln ð1 + 4x/rÞ

ð1Þ

where Etip is the electrical ﬁeld generated at the needle electrode tip, V is applied voltage (15 kV), r is needle tip radius
(5 μm), and x (3.8 mm) is the distance between the needle
electrode tip and plate electrode. Therefore, Etip is
748.1 kV/mm.
All the Weibull parameters are listed in Table 1. The longest HVAC treeing breakdown time—that is to say, the longest scale parameter—is found in epoxy nanocomposite
with 1 phr of alkyl-modiﬁed nanosilica, and the time is
17,412 min (12 days), which is 143.9 times longer than
121 min (2 h) for neat epoxy resin. After 1 phr of nanosilica
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Figure 6: HVAC electrical treeing breakdown time for epoxy nanocomposites with diﬀerent alkyl-modiﬁed nanosilica contents.
Table 1: Weibull parameters of HVAC treeing breakdown time for
epoxy nanocomposites.
Alkyl-modiﬁed
nanosilica content
0 phr
1 phr
3 phr
5 phr
7 phr

Shape
parameter

Scale
parameter
(min)

B10
parameter
(min)

5.0
24.6
2.2
2.5
4.9

121
17,412
13,038
6,551
102

77
16,403
4,624
2,647
65

content, the scale parameter decreases as alkyl-modiﬁed
nanosilica content increases. When 7 phr of alkyl-modiﬁed
nanosilica is dispersed in epoxy nanocomposite, the scale
parameter value becomes smaller than that of the neat epoxy
resin. These results mean that evenly dispersed nanosilicas
retard treeing initiation and block treeing propagation eﬀectively; however, when nanosilica is added in excess, the beneﬁcial eﬀects decrease due to the aggregation of nanosilica, as
shown in Figures 5(c) and 5(d).
Electrical treeing morphologies can also explain the eﬀect
of alkyl-modiﬁed nanosilica particles on the treeing propagation. In the neat epoxy system, the injected electrons from the
needle tip initiate and propagate electrical treeing rapidly
without any blocking, forming typical branch-type treeing
as shown in Figure 7(a). On the other hand, when 1 phr of

alkyl-modiﬁed nanosilica is well dispersed in the epoxy
matrix, it is very diﬃcult for injected electrons to initiate
and propagate treeing, since they are blocked by the nanosilica particles. For this reason, the injected electrons ﬁnd new
paths, and as this process is repeated, a bush-type electrical
treeing morphology is obtained, as shown in Figure 7(b).
However, as 5 phr of modiﬁed nanosilica is introduced to
the epoxy matrix, the blocking eﬀect on the treeing growth
rate is lowered because the modiﬁed silica nanoparticles
aggregate. These results mean that the more the nanosilica
is dispersed, the greater the treeing blocking eﬀect.
Figure 8 shows the images of surface erosion morphology
by PD for epoxy nanocomposites with various contents of
alkyl-modiﬁed nanosilica: (a) 0 phr, (b) 1 phr, (c) 3 phr, and
(d) 5 phr. In this electrode system shown in Figure 3, partial
discharge occurs only near the small annular air gap at the
edge of the rod electrode, so degradation does not proceed
directly under the rod electrode. Thus, as shown in each
image, there is a circular uneroded area. After 96 h (5 days)
PD exposure, the tip edge of the electrode is discolored to
black. This occurs because the epoxy molecules that are
decomposed due to PD are volatilized, deposited on the electrode surface, and then carbonized by continuous discharge
energy. The erosion morphologies of neat epoxy and epoxy
nanocomposites have completely diﬀerent patterns. The
morphology of the neat epoxy system in Figure 8(a) shows
severe and uneven erosions with deep and long channels at
the surface of the specimen. On the other hand, in

6

International Journal of Polymer Science

(a)

(b)

(c)

Figure 7: Treeing morphology in the propagation state for epoxy nanocomposites with diﬀerent alkyl-modiﬁed nanosilica contents: (a) 0 phr,
(b) 1 phr, and (c) 5 phr.

nanocomposites, the erosion does not progress deeply, but
rather along the surface without a channel.
The surface topography for each erosion area in Figure 8
is scanned by using a surface proﬁler, and the erosion proﬁle
for each nanocomposite is shown in Figure 9. Alkyl-modiﬁed
nanosilica contents are (a) 0 phr, (b) 1 phr, (c) 3 phr, and (d)
5 phr. In general, discharge energy emitted in the air transfers
to the surface of the epoxy insulator until reaching a certain
distance, but the strength gradually decreases, and therefore,
the degree of degradation gradually decreases with the distance from the electrode’s edge. As the PD energy continues,
epoxy surface erosion proceeds, and ﬁnally, the surface is
destroyed by dielectric breakdown or treeing growth [24,
25]. In the neat epoxy system, the maximum erosion depth
is 378 μm, and the erosion width is 295 μm. In the nanocomposite with 1 phr of alkyl-modiﬁed nanosilica, the maximum
erosion depth and the erosion width are 152 μm and 893 μm,

respectively. Comparing the erosion depth, the PD resistance
of the neat epoxy system is increased by 249% through the
incorporation of 1 phr of alkyl-modiﬁed nanosilica. In contrast, the erosion width of the 1 phr nanocomposite is 303%
wider than that of the neat epoxy system. These results mean
that because well-dispersed nanosilicas block partial discharge energy in the depth direction, depth erosion is suppressed, and therefore, erosion in the surface direction
occurs [26–28]. On the other hand, in the neat epoxy system
without nanosilica, the PD energy is mostly used for the erosion in the depth direction, so that deep erosion occurs at the
rod electrode’s edge region. However, as nanosilica content
increases, the depth of erosion is reduced. When 5 phr of
alkyl-modiﬁed nanosilica is incorporated into the epoxy
matrix, erosion hardly occurs at the edge of the rod electrode
where partial discharge occurs, and there is no erosion under
the rod electrode. This means that high content of the
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Figure 8: Surface erosion morphology by PD for epoxy nanocomposites with diﬀerent alkyl-modiﬁed nanosilica contents: (a) 0 phr, (b) 1 phr,
(c) 3 phr, and (d) 5 phr.
(d)

modiﬁed nanosilica not only suppresses erosion in the depth
direction but also suppresses erosion in the surface direction.
PD resistance of 5 phr of the nanocomposite is 1,251% higher
than that of neat epoxy. PD resistance is highest in 5 phr of
the nanocomposite, while treeing resistance is highest in
1 phr of the nanocomposite. This is because PD energy is
applied to a wide range of specimens, while treeing energy
is concentrated at the tip of the treeing. In other words, if
nanosilica content is too high, the epoxy cannot wet the surface of alkyl-modiﬁed nanosilica, so the concentrated treeing
energy easily penetrates among the aggregated nanosilicas.
On the other hand, it is considered that the penetration of
PD energy applied to a wide range is blocked eﬀectively.
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Figure 9: Surface proﬁles by PD for epoxy nanocomposites with
diﬀerent alkyl-modiﬁed nanosilica contents: (a) 0 phr, (b) 1 phr,
(c) 3 phr, and (d) 5 phr.

4. Conclusions
The hydrophilic surface of fumed nanosilica is modiﬁed to a
hydrophobic surface through treatment with a trimethyl
silane coupling agent, and the modiﬁed nanosilicas are incorporated into the epoxy matrix in order to prepare an epoxy
nanocomposite for electrical insulating material. The

8
bonding of trimethyl silane on the nanosilica surface is conﬁrmed by the appearance of new peaks for the CH2 and
CH3 groups through FT-IR analysis. TEM observations show
that 1 phr of the alkyl-modiﬁed nanosilicas is well-dispersed
in the epoxy nanocomposite; however, aggregation becomes
severe as the nanosilica content increases. The longest HVAC
treeing breakdown time is found in epoxy nanocomposite
with 1 phr of alkyl-modiﬁed nanosilica, and the time is
17,412 min (12 days). This value is 143.9 times longer than
the 121 min (2 h) HVAC treeing breakdown time of neat
epoxy resin. After 1 phr of nanosilica content, treeing breakdown time decreases as alkyl-modiﬁed nanosilica content
increases. These results mean that properly well-dispersed
nanosilicas retard treeing initiation and block treeing propagation eﬀectively, but as the nanosilica content increases, the
blocking eﬀect on the treeing growth rate is reduced by the
aggregation of the modiﬁed silica nanoparticles. The electrical treeing morphology for a neat epoxy system has a branch
type, while for epoxy nanocomposites, it has a bush type. As
is well known, the treeing breakdown time of the bush type is
much longer than that of the branch type due to the blocking
of alkyl-modiﬁed nanosilica particles. PD resistance increases
with the content of alkyl-modiﬁed nanosilica. The PD resistance of the neat epoxy system is increased by 249% and
1,251% through the incorporation of 1 phr and 5 phr of
alkyl-modiﬁed nanosilica, respectively. Treeing resistance is
highest in 1 phr nanocomposite, while PD resistance is highest in 5 phr of nanocomposite. As alkyl-modiﬁed nanosilica
content is too high, the concentrated treeing energy easily
penetrates among the aggregated nanosilicas, but PD energy
is eﬀectively blocked.
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