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Abstract. Small physical voids will reduce the dielectric strength of epoxy resin and seriously threaten electronic
devices’ reliability. Self-healing is a practical approach to maintain the electrical and mechanical characteristics of epoxy
resin. In this research, epoxy resins incorporated with various concentrations of microcapsules were prepared. The
microcapsules were treated using a silane coupling agent (KH550) to enhance dispersion. Moreover, the self-healing
performance of the epoxy resin incorporated with microcapsules was analysed by FTIR, SEM, AC breakdown strength,
tensile strength, dielectric properties and thermal-stimulated current (TSC). The SEM results indicate that the microcapsules/epoxy resin composite has improved self-healing performance compared to pure epoxy resin. DC volume and
surface resistivity of epoxy resins altered obviously after incorporation of microcapsules. Furthermore, the AC breakdown
strength of epoxy resin doped with 5 wt% microcapsules was found relatively higher than that of pure epoxy resin. The
tensile strength of the epoxy with 5 wt% microcapsules increased initially and then decreased gradually with increasing
microcapsule content up to 15 wt%. The dielectric constant and dielectric loss of the epoxy resin/microcapsules
composites are slightly higher than that of the pure epoxy resin when the content of the microcapsule is 5%, however, with
the increase in microcapsule concentration, the dielectric constant and dielectric loss increase due to the weak interaction
zone between microcapsules and epoxy resin. The distribution of trap energy and trap density obtained by TSC
measurements revealed that 5 wt% have deeper traps and the highest trap energy levels.
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Introduction

Epoxy resin has been widely used in dielectric insulating
materials due to its excellent dielectric properties and
stable chemical mechanical strength [1,2]. However, in
manufacturing and in other factors, such as thermal,
mechanical and electrical, the material will gradually
deteriorate. The degradation can cause physical damage
to materials, such as voids and micro-cracks [3–5].
Moreover, micro-cracks can change the electric field,
cause partial discharges and reduce the material’s
dielectric strength [6–8]. Also, the current technology is
not considerably mature to heal scratched parts. Therefore, physical damage will have a considerable influence
on the reliability of the power supply system [9,10]. If the
dielectric material can heal itself, it can also prevent the
voids from decay with time. Self-healing synergistically
maintains the material’s electrical and mechanical properties, thereby significantly reducing minor physical
damage to the power system [11].
Most research on self-healing materials is related to
materials’ coatings and mechanical properties, but few

involve dielectric materials [12,13]. Therefore, it is of
great significance to study the self-healing composite
microcapsules of epoxy resin. It can improve the insulation performance of dielectric materials and enhance
the reliability of the power system. Moreover, the selfhealing mechanism helps to restore the material’s original mechanical properties (i.e., rupture toughness,
modulus, etc.). If the insulating material can do self-healing,
then, the further deterioration of faults can be prevented
timely. So, material’s mechanical and electrical performances can be reinstated, significantly reducing minor
physical damage to the power system. In recent years, selfhealing technology is divided into external and internal
categories [14]. The healing properties of the intrinsic
materials are mainly recognized by reversible chemical
reactions or macromolecular diffusion.
Moreover, some limitations exist in the inherent
method, such as high requirements for material properties
and a noticeable reduction of application scope. The
exterior materials have better weather resistance, a more
comprehensive application range and better dielectric
properties than intrinsic materials [15]. Also, the
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microcapsules have better stability, improved healing
property, and resist damage to epoxy resin structure.
To observe the maintenance requirements of dielectric
materials, many researchers choose microcapsules as
appropriate substrates. For the epoxy resin incorporated
with microcapsules still, electrical properties have not yet
been considered, and its healing performance is still
lacking an efficient mechanism [16].
Li et al [17] studied the design of a self-healing superhydrophilic Triton X-100/epoxy (TXE) composite coating
using a one-step casting method. It was seen that due to the
low glass transition temperature (Tg) of the TXE composite
coating and the migration of free Triton X-100 small
molecules, the physical damage could be completely cured,
and the composite coating can obtain its superhydrophilic
properties through the heating process.
Kessler et al [18] incorporated microcapsules and
catalysts into epoxy resin composites. It was observed
that during the preparation process of 16-layer laminates,
the four middle layers are added with microcapsules and
a healing agent. The double cantilever fracture toughness
test (DCB) showed that the fracture’s toughness is
reduced, different from the result measured by adding
pure epoxy resin. SEM detected the fracture surface
morphology; it was found that the thickness of the middle
four layers increased significantly due to microcapsules’
addition.
However, at present, the research on self-healing
dielectric materials is not enough. Through simulation
analysis, the stress distribution of microencapsulation on
the epoxy resin was considered. The results show that the
epoxy resin/microcapsules composite’s internal stress can
destroy the microcapsule and complete the healing
behaviour. However, it cannot improve the self-healing
performance of dielectric materials that are being used in
practical applications. In the experimental study, microcapsules’ ability to reduce the electrical tree formation
under DC voltage stress was studied [19]. The results
show that microcapsules can delay the formation of the
electrical tree. However, the healing efficiency is not
improved. Also, the migration of superparamagnetic
nanoparticles reduces the formation of electrical trees in
polymers [20].
In this paper, epoxy resin incorporated with different
concentrations of microcapsules was prepared. The
microcapsule was treated with a silane coupling agent
(KH550) to improve its dispersibility. The microencapsulated epoxy resin’s self-healing properties were analysed using FTIR, SEM, dielectric properties, TSC and
tensile strength. This study’s primary purpose is to find
the self-healing ability of dielectric materials to physical
damage and fundamentally extend the service life of
insulating materials. Simultaneously, this study’s experimental analysis can lay a foundation for the improvement of self-healing dielectric materials.
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Experimental
Sample preparation

Microcapsules were prepared by the in situ polymerization
method. The prepolymer of urea–formaldehyde resin in
alkaline conditions was synthesized and dispersed in prepolymer solution with core material. Then, the cross-linked
microcapsule structure was obtained by adjusting pH under
acidic conditions. The detailed procedure is mentioned in
further sections.
2.2

Preparation of urea–formaldehyde resin prepolymer

37% formaldehyde solution was prepared and then, a tiny
amount of urea was dissolved in a beaker using magnetic
stirring, and the PH value was adjusted to the range of
8.5–9.5. Then, the transparent and viscous urea–formaldehyde prepolymer was obtained by stirring at 70 °C for 1 h.

2.3

Synthesis of microcapsules

Dicyclopentadiene (DCPD) as core material, the curing
agent resorcinol and ammonium chloride as PH adjuster
were added to the aqueous solution in the ratio of 1:2:3.
Subsequently, the solution was dispersed for 20 min at
600 rpm. Urea–formaldehyde resin prepolymer was incorporated into the mixture solution, and the dilute
hydrochloric acid was used to keep the initial pH value up
to 3.5. Also, two drops of n-octanol was added then, the
temperature was raised slowly up to 60°C. The solution was
kept for 2 to 3 h to complete the reaction. The required
solution was then washed, filtered and dried to obtain the
microcapsule particles.
The surface treatment of the microcapsules was carried
out with a silane coupling agent (KH550). The mass ratio of
KH550 to microcapsule was 1:18 during the treatment.
Firstly, the KH550 aqueous solution was synthesized, and
then, the microcapsules with various concentrations were
incorporated and stirred for 2–3 h.
2.4

Incorporation of microcapsules in epoxy resin

The diglycidyl ether of bisphenol epoxy resin (DGEBA),
methyl tetrahydrophthalic anhydride (MTHPA), and accelerator dimethylaminomethyl phenol (DMP-30) were taken
at a weight ratio of 100:80:1 mixed under mechanical agitation at 60°C. The epoxy resin incorporated by microcapsules was cured at 90°C for 2 h in the chamber and then,
further cured at 110°C for 2 h, and the samples were cooled
to room temperature. All the samples were washed with
ethanol and distilled water and dried in a vacuum at 40°C.
The epoxy resin incorporated with different microcapsule
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concentrations used in this research was 0, 5, 10 and
15 wt%, respectively. Artificial scratch on the surface of a
self-healing coating was made with a blade. The test was
performed after an hour of scratching.
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shell material was observed near 1623 cm-1 [21]. The
results show that the microcapsules have been effectively
incorporated in epoxy resin.

3.2
2.5

3.1

SEM analysis

Experimental techniques

FTIR (Alpha, Bruker) was used to analyse the chemical
modification that resulted after the alteration. Surface and
cross-sectional morphologies were examined using SEM
(Mera 3 Tescan Compact). A fully automatic Alpha-A
dielectric analyzer from Novocontrol has been used to
measure the dielectric permittivity and dielectric loss. For
volume and surface resistivity, the sample was placed in
KEITHLEY 8009 resistance box, and 800 V DC voltage
generated by a KEITHLEY 6517B electrometer/high
resistance meter was applied to the sample. The current is
measured by using HB-321, and the data acquisition card
reads the corresponding values. To improve the accuracy of
the measurement results, each sample is tested five times,
and the average value of resistivity was obtained.
A finger-shaped electrode system having a diameter of
25 mm was used to perform the AC breakdown. For the AC
breakdown experiment, an AC voltage over a boosted rate
of about 0.5 kV s-1 was used to high voltage electrode
unless the breakdown occurred. Novo control TSC was used
to measure samples and data recorded by Novo control
software. The specific test steps of the heat stimulation
current are as follows: firstly, all samples were polarized for
30 min at 700 V mm-1 and at the temperature 90°C and
cooled with N2 gas. Then, samples were depolarized at a
rate of 3°C min-1 under linear heating from 40 to 190°C,
and the depolarization current was measured using an
electrometer (Keithley 6517B).

3.
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Result and discussion
FTIR

Figure 1a illustrates the FTIR spectra of polyurea
formaldehyde (PUF), microcapsules and DCPD synthesized
in a similar environment as used for preparing microcapsules. The absorption peaks at 3060 and 1630 cm-1 belong
to the =CH group, which endorses the intrinsic content of
DCPD. The existence of –OH group absorption peak at
3500 cm-1 confirmed the formation of a PUF shell.
It can be seen from figure 1b that the vibration peaks of
the C–O–C bond were evident at 829 and 911 cm-1. There
are apparent C–H vibration bands at 2928 and 2967 cm-1
for CH2 and CH3. Stretching bands of C–C and C=C aromatic benzene rings in epoxy resin were obvious at 1507
and 1454 cm-1 [16]. N–H and O–H stretching bands were
also seen in the range of 3611 and 3206 cm-1 for pure PUF
shells. The C=O stretching of NH–C=O=O bond in PUF

SEM is used to analyse the surface morphology of the selfhealing properties of microcapsules–epoxy resin composites. Figure 2a shows cracks on the surface of a self-healing
coating. These pictures were taken after an hour of
scratching. From figure 2b, it was observed that the
microcapsules’ surface is rough, but not porous. The
microcapsules’ rough surface is an essential factor for
providing an excellent interface interaction between the
microcapsules and the coating matrix. Moreover, surface
roughness also inhibits the secondary emission of electron
which results in increased dielectric strength.
Figure 3a shows surface morphology of the microcapsules. The results showed that the composite has a spherical
appearance. Figure 3b indicates the fracture surface morphology of epoxy resin incorporated with microcapsules.
The results show that the silane coupling agent plays an
essential role in improving the interfacial bonding between
microcapsules and epoxy resin matrix.

3.3

DC volume/surface resistivity

DC volume/surface resistivity results of the microcapsules/
epoxy resin composites before and after self-healing are
illustrated in figure 4. From figure 4a, it can be observed
that epoxy resins’ volume/surface resistivity is altered
obviously after doping the microcapsule to the modification
in the structure of epoxy resin. Moreover, when the content
of microcapsules increases to 10 or 15 wt%, the interaction
zones between the microcapsules and epoxy resin will
overlap, forming a channel conducive to charge migrations.
In figure 4b, the volume/surface resistivity was reduced
after scratching for pure epoxy resin. However, epoxy resin
incorporated with microcapsules has higher volume/surface
resistivity. The DCPD as a healing agent could quickly
initiate the ring-opening shift polymerization reaction, thus,
filling the damage defects and reinstating the volume/surface resistivity to a certain extent.

3.4

AC breakdown strength

The breakdown strengths of epoxy resin incorporated with
microcapsule at various concentrations before and after
self-healing are shown in figure 5. It can be seen from
figure 5a that the AC breakdown increases initially at low
microcapsule content from 0 to 5 wt%. However, the
breakdown strength decreased to a certain extent when the
microcapsules concentration increased from 5 to 15 wt%.
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Figure 1. FTIR spectra of (a) PUF as shell material, DPCD as core material and microcapsule and (b) pure PUF shell material, PUF
epoxy microcapsule and epoxy resin.

Figure 2.

(a) SEM images before self-healing and (b) after self-healing of 5 wt% microcapsules/epoxy resin composites.

This change can be explained due to the following reasons.
The microcapsules with low content are evenly distributed
in the epoxy resin, which may decrease the impact of
contamination on the inside arrangement of the epoxy resin
matrix. In other words, at a lower concentration, the
microcapsule can reduce the mean free path of the carrier,
thus, enhancing the dielectric performance of the epoxy
resin [22]. Hence, the breakdown strength of the microcapsules/epoxy resin composite is not significantly reduced,
which may fulfill the standard stipulation of dielectric
materials. However, when the concentration is high, i.e., 10
and 15%, the original continuous structure of the epoxy

resin will be destroyed due to the interface defects and
impurities provided by the microcapsules. Furthermore,
a higher concentration of microcapsules results in nonuniform distribution of the internal electric field, thus,
decreasing the breakdown strength of the epoxy resin
matrix [23].
From figure 5b, it can be observed that after scratching,
physical defects will reduce the breakdown strength of pure
epoxy due to the introduction of physical defects that distort
the electric field, thereby reducing the dielectric strength.
However, compared with pure epoxy resin, epoxy resin
incorporated with microcapsules at 5 and 10 wt% has
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Figure 3. (a) Surface and (b) fracture morphologies of epoxy resin incorporated with microcapsules of 5 wt%.

Figure 4. Variation in DC volume/surface resistivity of the microcapsules/epoxy resin composites: (a) before self-healing and
(b) after self-healing.

higher dielectric strength. Microcapsules can significantly
heal the voids in the epoxy resin to restore the insulation
performance up to 80%.

3.5

Tensile strength

Tensile strength of epoxy resin incorporated with microcapsules at different concentrations before and after selfhealing was taken and shown in figure 6. It can be seen from
figure 6a that the tensile strength of the pure epoxy resin
was 58.02 MPa. Moreover, the tensile strength of epoxy
resin composite with 5 wt% microcapsules contents rises to
59.301 MPa and then, it reduces to 47.30 and 45 MPa,
respectively, with rising concentration of microcapsules,
i.e., 10 and 15 wt%. The decreasing tendency of tensile

strength is consistent with the prior study on the influence of
microcapsules on the tensile strength of self-healed epoxy
resin composite [24,25]. Li et al [26] experiment results
show that compared with pure epoxy resin, the increase in
the initial tensile strength of self-healing composite incorporated with epoxy and amino PMMA microcapsules may
increase toughness after adding thermoplastic PMMA shell.
The decreasing trend of tensile strength of epoxy resin
incorporated with microcapsules with increasing contents
can be clarified from two aspects. On one side, the microcapsules can treat the defects at the cross-section of the
composite. On the other hand, the interfacial zone between
the epoxy resin and microcapsule shell is weak, reducing
the performance under tensile load.
From figure 6b, it can be observed that after scratching,
physical defects will decrease the mechanical strength that
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Figure 5. AC breakdown strengths of epoxy resin incorporated with microcapsules at various concentrations: (a) before healing and
(b) after healing.

Figure 6. Tensile strength of epoxy resin incorporated with microcapsules at various concentrations: (a) before self-healing and
(b) after self-healing.

may be due to the distortion effect of a defective structure.
Structural damage will directly reduce the mechanical
strength of epoxy resin. Epoxy resin incorporated with
microcapsules at 5 and 10 wt% has shown improvement in
mechanical strength. Microcapsules can effectively repair
the voids in epoxy resin, improve its mechanical strength,
and thereby timely meeting the requirement of the insulating material for the scratch part.

3.6

Dielectric properties

Figure 7 shows the change of dielectric permittivity of
epoxy resin incorporated with microcapsules at different

concentrations. All experiments were performed at room
temperature (20 ± 5°C). It can be observed that the
dielectric constant of the epoxy resin/microcapsules is
slightly higher than that of the pure epoxy resin when the
content of the microcapsule is 5%; however, with the
increase in microcapsule concentration, the dielectric constant increases. This can be explained due to the following
reasons. The incorporation of microcapsules will lead to an
increased number of interfaces between microcapsules and
epoxy resin matrix. Due to the periodical alteration of the
alternating current electric field, there are many loose ends
in the molecular chain of epoxy resin. Moreover, it will be
helpful to improve the orientation polarization and mobility
of the molecular chain of epoxy resin. Therefore, at a higher
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dielectric loss at the high-frequency range is due to polar
groups’ conduction and relaxation loss.
Moreover, epoxy resin incorporated with microcapsules
can improve the volume resistivity of epoxy resin and
decreases the conductivity loss at low frequency. Therefore,
the decrease in the free volume of the epoxy resin matrix
may lead to the reduction in the dielectric loss at a lower
frequency. When the frequency of interchanging electric
field was more significant than the formation of interfacial
polarization between microcapsules and epoxy resin matrix,
it could not follow the change in electric field, which leads
to a large dielectric loss.

3.7
Figure 7. Dielectric permittivity of epoxy resin/microcapsules
composites at various concentrations.

Thermal Stimulated Current

TSC curve measured is shown in figure 9a and b are trap
energy levels calculated from TSC measurements using
MATLABÒ Software [27]. Using the equation illustrated
below, the maximum value of the trap density concerning
energy level is taken from the curve.
2

j ¼ ex =2d
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Figure 8. Dielectric loss of epoxy resin/microcapsules composites at various concentrations.

concentration of microcapsules, i.e., 10 and 15 wt%, the
dielectric constant will continue to increase.
Figure 8 shows the variation in dielectric loss of epoxy
resin/microcapsules composites at different concentrations.
The results indicate that the dielectric loss of pure epoxy
resin is lower at a higher frequency. In addition, compared
with other concentrations, epoxy resin/microcapsules at
5 wt% shows a lower dielectric loss. This occurrence can be
explained due to the following reasons. Epoxy resin is a
kind of polar polymer. Under the action of an external
electric field, its dipole orientation polarization is dominant.
There were a lot of interfaces between the epoxy resin
matrix and microcapsules.
Moreover, the interface polarization also affects the
dielectric loss of epoxy resin. At the low frequency,
dielectric loss range was lower due to the change in dipole
orientation with electric field change. Moreover, the rise in

where d is samples thickness, E corresponds to the energy
level of trap magnitude, N equal to energy level density of d
states, k the Boltzmann constant, T the temperature, v the
escape frequency of trapped electrons, Em is used to
characterize time dependency of energy distribution states.
A is a function of Em for estimated analytical solution A(Em)
identified in the current discharge theory [28].
 

2d
J ðT Þ
r0 ðEm ÞN ðEm Þ ¼
:
ð2Þ
el2
Að Em Þ
As the temperature increases, E shift from the lower band
level towards the deeper band level. Hence, the trap position
above Em becomes the electron vacancy, and the trap presiding at lower energy levels Em still exists at the initial
value T. Moreover, Em can be considered as a reference to
demarcation energy. If traps are filled, then, r0 will be equal
to 1, so, equations (1) and (2) can be directly utilized to
achieve the distribution of trap energy and trap density
acquired by TSC data.
TSC measurement in figure 9 shows that the enhancement in trap density of the epoxy resin/microcapsules
composites is due to increase in concentration of microcapsule content. In addition, it can be seen from table 1 that
5 wt% samples have deeper traps and maximum trap energy
levels. This can be clarified due to the following reasons.
The interaction zone between epoxy resin matrix and
microcapsules is considered a significant aspect affecting
carrier movements and electrical performance of epoxy
resin/microcapsules composites.
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Figure 9.
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TSC measurement and trap energy distribution using TSC data of epoxy resin/microcapsules at various concentrations.
Table 1. Trap energy, Epeak (eV) calculated from TSC measurement
of epoxy resin/microcapsules composites.
Microcapsules concentration (wt%)
0
5
10
15

Figure 10.

Trap energy, Epeak (eV)
1.26
1.32
1.30
1.29

Model of epoxy resin/microcapsules composites based on self-healing concept.

The induced deep traps in the interaction region will
delay the carrier migration and decrease the trap density at
low concentrations. In addition, the increase in the microcapsules concentration may result in the overlap of

interaction region, and the conductive path formed by the
overlap of the interaction region may lead to the decrease in
the trapping of charges and thus, enhance the trap
density.
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3.8 Structure model to determine healing efficiency
of epoxy resin/microcapsules composites
The epoxy resin/microcapsules composite structure model
before and after self-healing is proposed to investigate selfhealing performance, as shown in figure 10. Microcapsule was
added into epoxy resin as a healing agent. Once cracks are
generated through the capsule, the monomer, as the primary
material, releases along the cracks and establishes intense
contact with the dispersed catalyst to introduce polymerization
and enhance the self-healing efficiency of the epoxy resin.
4.

Conclusion

In this paper, effects of microcapsule doping on the surface
and cross-sectional morphology, AC breakdown strength,
dielectric properties, tensile strength and TSC of microcapsules/epoxy resin composites were analysed. The following conclusions are drawn:
(1) The SEM results show that the microcapsules/epoxy
resin composite has enhanced self-healing performance.
In addition, surface morphology confirmed that the
silane coupling agent has an important influence in
improving the interfacial bonding between microcapsules and epoxy resin matrix.
(2) Volume/surface resistivity of epoxy resins altered
obviously after doping of microcapsules due to modification in the structure of epoxy resin caused by doping
of microcapsules.
(3) AC breakdown of epoxy resin incorporated with 5 wt%
microcapsules, was found relatively higher than that of
pure epoxy resin. The microcapsules with low content are
evenly distributed in the epoxy resin, which can decrease
the impact of contaminations on the inner structure of the
epoxy resin matrix. However, when the concentration is
high, i.e., 10 and 15%, the original continuous structure of
the epoxy resin will be destroyed due to the interface
defects and impurities introduced by the microcapsules,
thus, decrease the breakdown strength.
(4) The tensile strength of the epoxy resin/microcapsules
with 5 wt% content increased initially and then, reduced
gradually with increasing microcapsule content up to
15 wt%. The decreasing trend of tensile strength at
higher concentrations is due to the weak interfacial zone
between the epoxy resin and microcapsule shell, which
reduces performance under tensile load.
(5) The dielectric constant and dielectric loss of the epoxy resin/
microcapsules are slightly higher than that of the pure epoxy
resin when the content of the microcapsule is 5%, however,
with the increase in microcapsule concentration, the dielectric constant and dielectric loss increase due to the weak
interaction zone between microcapsules and epoxy resin.
(6) The trap energy and trap density distribution measured
by a TSC show that 5 wt% of the trap is more profound,
and the trap energy level is the highest.
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