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Abstract
The bisphenol A epoxy resin (E51) and biscyanatophenylpropane (BCE) were used as polymer matrix, Al2O3 (self-made with 
sol–gel method) as modified agent to prepare Al2O3/E51-BCE composites, and the thermal stability and dielectric proper-
ties of the composites were studied. FT-IR and transmission electron microscope (TEM) of Al2O3 showed that Al2O3 was 
short fiber-shaped crystal with hydroxyl groups on its surface. Scanning electron microscope (SEM) and energy-dispersive 
spectrum (EDS) analysis of Al2O3/E51-BCE composites indicated a strong interaction between Al2O3 and E51-BCE matrix 
resin, and the surface of the two phases was fuzzy. Al2O3 dispersed uniformly in the E51-BCE matrix as the dispersed phase. 
The interface among phases was blurred and showed a mutual penetrating phenomenon. Furthermore, the cross section of 
cracks was rough and the directions changed. This is a typical ductile fracture morphology. The highest value of the break-
down strength and volume resistivity of the Al2O3/E51-BCE composites were 15.1 kV/mm and 1.53 × 1015 Ω m, which was 
13.5% and 86 times higher than that of the E51-BCE matrix, respectively, when the content of Al2O3 was 3 wt%. And the 
dielectric constant and dielectric loss tangent of the composite materials were 3.73 and 0.0029 at the electric field frequency 
of 100 Hz. Thermogravimetric curves displayed that the introduction of Al2O3 slightly decreased the thermal decomposition 
temperature during the range of 0 ~ 5 wt% Al2O3, but the thermal decomposition temperature of Al2O3/E51-BCE composites 
was all over 400 °C; the composite materials still had high heat resistance. Overall, this study facilitates the applications of 
Al2O3/E51-BCE composites in a broad range of fields.

1  Introduction

Cyanate ester resin (CE) is one of the most important ther-
mosetting resins, due to its many outstanding properties, 
including low water absorptivity, high heat resistance and 
glass transition temperature, low dielectric constant and 
dielectric loss [1–3]. CE is currently used in electronics 
packaging, aerospace structural components, adhesives and 
missile materials [4, 5]. CE monomer contains two or more 
cyanate groups with high activity; they can form triazine 
ring structure by the action of heat or catalyst. However, the 
triazine rings are highly symmetrical molecular structure, 
which makes the CE materials easy crystallizing and brittle, 
limiting the application of CE in dielectric materials field 
[6–9]. To overcome the drawbacks of CE in toughness, the 
epoxy resin (EP) has become an ideal toughening modifi-
cation material to CE for its flexible molecular structure, 
high reaction activity and similar processability with CE 
[10, 11]. However, the EP has limited improvement effect 
of CE on dielectric properties and thermal stability [12, 13]. 
In view of this, the nano-Al2O3 -is chosen as the inorganic 
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reinforcement to modify the blending resin of CE and EP, 
because the large surface area and small size effect of nano-
Al2O3 have significant impact on the electrical properties, 
heat resistance and mechanical properties of the resin mate-
rials [14–16].

At present, there are few reports on the dielectric proper-
ties of cyanate resin systems modified by nano-Al2O3. In 
this paper, nano-Al2O3 prepared by sol–gel method was 
used as a reinforcement, and a copolymer of CE and epoxy 
resin as the matrix resin to prepare a composite material 
with high dielectric properties and thermal stability. And 
then the composites were characterized and analyzed the 
effects of nano-Al2O3 on the electric breakdown behavior 
and dielectric properties of the composites. This paper will 
provide reference for the preparation of high-performance 
insulating materials and broadens the application fields of 
cyanate ester resin.

2 � Experimental

2.1 � Materials

Biscyanatophenylpropane (BCE) purchased from Yangzhou 
Technical Material Co., Ltd. Bisphenol A epoxy resin (E51, 
epoxy value of 0.51) was industrial products and provided by 
Nantong Xingchen Synthetic Material Co., Ltd. Aluminum 
isopropoxide was purchased from Tianjin Fuchen Chemical 
reagent factory, chemically pure. Isopropanol was purchased 
from Dongguan Spartan Reagent Co., Ltd, analytical pure.

2.2 � Preparation of Al2O3

Aluminum isopropoxide, isopropanol and deionized water 
were stirred in a water bath to sufficiently hydrolyze alu-
minum isopropoxide at 80 °C for 2 h. The isopropanol and 
deionized water were removed in reduced pressure distil-
lation, and the solid was dried at 120 °C and calcined at 

700 °C for 3 h to obtain Al2O3. The preparation process was 
shown in figure below (Fig. 1).

2.3 � Synthesis of E51‑BCE matrix resin

The mass ratio of E51 to BCE was set to 2:8. BCE resin 
was added to E51 resin preheated to 90 °C. Then the mixed 
system was heated to 120 °C and kept for 1 h. After that, 
the mixed system was poured into a mold which had been 
preheated to 140 °C and cured at 180 °C/4 h + 200 °C/2 h to 
obtain a modified cyanate material (E51-BCE).

2.4 � Preparation of Al2O3/E51‑BCE composites

Al2O3 was added into E51 and ultrasonically dispersed 
for 1  h at 80  °C; BCE was added into above system 
to prepare Al2O3/E51-BCE composites, according to 
180 °C/4 h + 200 °C/2 h procedure. The content of Al2O3 in 
composites was 1 wt%, 3 wt% and 5 wt%, respectively. The 
process was shown in figure below (Fig. 2).

2.5 � Measurements

The Fourier-transform spectrometer (FT-IR, EQUINOX-55, 
Germany) is used to determine the absorption peak of the 
substance and analyze the presence of the group in the 
range of 400 ~ 4000 cm−1, and five scans are tested for each 
sample.

Thermogravimetric analysis (TGA), which not only could 
investigate the status of a material and the process of decom-
position but also can provide useful information about the 
thermal stability of material, is recorded on a PekinElmer 
6 series thermal analysis system (USA), samples are heated 
from 200 °C to 800 °C at the heating rate of 20 °C·min−1 
in a nitrogen atmosphere, and the weight of sample is about 
10–15 mg.

The status of aggregation and morphology of Al2O3 
are tested by JEM-2100 transmission electron microscopy 

Fig. 1   The preparation process of Al2O3 with sol–gel method
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(TEM, Japan); the test temperature is 18 °C and voltage is 
120 kV.

The fracture micro-morphology of the composite mate-
rials and the breakdown holes are observed using a Sigma 
500 scanning electron microscope (SEM, ZEISS, Germany). 
The samples are deposited on a sample holder with adhesive 
carbon foil and sputtered with gold before being examined. 
And the Jupiter 5000 radiation shielded X-ray tube (Oxford 
Instruments) was used as the X-ray source for energy-dis-
persive spectrum (EDS).

The dielectric constant (ε) and dielectric loss (tanδ) of 
the composite materials are measured with Agilent-4294A 
precise impedance analyzer (Japan) in the frequency range 
of 100 Hz ~ 100 kHz at room temperature according to GB/T 
1409-2006.

The volume resistivity of the composites is tested with 
a ZC-36 high resistance meter (Shanghai Precision Instru-
ments Co., Ltd), and the tests are carried on at room 
temperature.

The breakdown strength of the composites is measured 
with a CS2674C dielectric strength tester (Nanjing) in sili-
cone oil and at room temperature, according to GB/T 1408-
89. The rate of voltage is 1 kV/s.

3 � Results and discussions

3.1 � Microstructure of Al2O3 and Al2O3/E51‑BCE 
composites

3.1.1 � FT‑IR spectra of Al2O3 and Al2O3/E51‑BCE composites

Figure 3 presents the FT-IR spectra of Al2O3 and Al2O3/
E51-BCE composites. From Fig. 3, it can be seen that 

Al2O3 exhibits the infrared absorption peaks at 3465 and 
1647 cm−1, which are the characteristic peaks of hydroxyl 
groups and hydrogen bonding via inter- or intra-nano-
particles surface interaction, respectively [17–19]. These 
two infrared absorption peaks disappear after the Al2O3 
is mixed with the E51-BCE matrix resin (in the curve of 
Al2O3/E51-BCE), this could be an evidence to prove that 
the interaction between the Al2O3 particles is weakened 
and chemical bonding or chemical absorption is formed 
between the Al2O3 and the matrix resin via the hydroxyl 
groups. The chemical bonding or chemical absorption 
will produce a strong interface interaction and contribute 
to improving the properties of composite materials [20].

Fig. 2   The preparation process of Al2O3/E51-BCE composites
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Fig. 3   FT-IR spectra of Al2O3 and Al2O3/E51-BCE composites
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3.1.2 � TEM images of Al2O3

It can be seen from Fig. 4  that the Al2O3 is a short fiber-
shaped crystal with a dimension of about 50 nm in length 
and 5 nm in diameter; nano-sized Al2O3 could be benefi-
cial to improve the dielectric properties of the composite 
materials, due to its small size effect, interfacial effect and 
chemical bonding with the matrix resin. These factors will 
influence the properties of the composite materials in fol-
lowing ways: (1) a large interface area is formed between 
Al2O3 and the matrix resin due to the high specific surface 
area of the nanoparticles, which creates a large interaction 
zone [21, 22]; (2) the reduction in size causes the internal 
electric field to reduce and the space charge to change [23, 
24]; (3) the hydroxyl groups on the surface of Al2O3 contrib-
ute to improving the compatibility of Al2O3 with the matrix 
resin [19].

3.1.3 � SEM analysis of Al2O3/E51‑BCE composites

SEM is usually used to indicate the fracture morphology of 
the composites and the dispersity of inorganic component 
in the polymer matrix. The fracture morphologies of Al2O3/
E51-BCE composites are studied by using SEM, as shown 
in Fig. 5, and the EDS of the fracture surface is shown in 
Fig. 6. For the E51-BCE material (Fig. 5a), it can be seen 
that the fracture surface is basically regular and smooth; 
the broken cracks present a single-directional development, 
which basically conforms with the brittle fracture character-
istics [25, 26]. This is because the internal structure of the 

E51-BCE matrix resin is still regular and there is no obstruc-
tion when the material is subjected to external forces; the 
cracks expand in one direction to make the cracks progress 
smoothly along the stress direction [27]. In Fig. 5b–d, the 
fracture surface morphology of the composites has emerged 
the difference with Fig. 5a due to the presence of Al2O3 
component, and irregular cracks have appeared. The frac-
ture surface of the composites exhibits short and disorderly 
cracks when the content of Al2O3 reaches 3 wt%, as shown 
in Fig. 5c. Al2O3 evenly disperses in the matrix resin, and 
the strong interaction makes the crack directions of com-
posite materials change and present arborization when the 
composite is subjected to external forces, making the frac-
ture behavior exhibit ductile fracture [28, 29]. Many micro-
cracks have formed and absorb the fracture energy, and the 
shear zones are induced by Al2O3 particles when the interac-
tion between the two phases is stronger. However, due to the 
enhanced interaction between the Al2O3 particles (read mark 
in Fig. 6), agglomeration phenomenon of Al2O3 component 
occurs and the diameter of Al2O3 is relatively bigger when 
its content is more than 3 wt%, which can be confirmed in 
Fig. 6. The agglomeration of Al2O3 makes the interfacial 
interaction diminish, and its negative effect on the material 
performances can be confirmed in the following content.

3.2 � Thermal stability of Al2O3/E51‑BCE composites

Figure 7 shows the thermogravimetric curves of the Al2O3/
E51-BCE composites, and the thermal decomposition temper-
ature (Td) is exhibited in Table 1, in which Td

5 and Td
10 indicate 

Fig. 4   TEM images of Al2O3. a 40000x, b 100000x
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Td at 5 wt% and 10 wt% mass loss fractions, respectively. It can 
be seen from Fig. 7; Table 1 that the Td of the composite mate-
rials decreases slightly, with the increase in Al2O3 content. 
This result does not conform to the general law of the resin 
matrix composites modified by inorganic nanoparticles. This 
may be because the heat resistance of the E51-BCE matrix 
resin mainly comes from the high cross-linking density and the 
stable triazine ring structure [30, 31], the molecular chains are 
restricted to thermally vibrate, and the decomposition of the 
molecular chains requires a large amount of energy [32, 33]. 
The introduction of Al2O3 may reduce the cross-linking den-
sity of the resin matrix, so is the restriction to thermal vibra-
tion of the molecular chains [34, 35]; it could also reduce the 
thermal decomposition activation energy of the matrix resin 
[36]. All these factors work together, making Td of the Al2O3/
E51-BCE composites lower than that of the E51-BCE matrix 
resin. As for the composite materials with 5 wt% Al2O3, the 
small size effect and interfacial effect of Al2O3 have failed due 
to its aggregation, and the effect of Al2O3 on the cross-linking 
density of the matrix resin weakens [37]. Still, Al2O3 particles 
have little effect on the heat resistance of composite materials 
and do not affect heat resistance grade of the composites.

3.3 � Dielectric properties of Al2O3/E51‑BCE 
composites

3.3.1 � Dielectric constant

Figure 8 displays the dielectric constant of Al2O3/E51-BCE 
composites in the frequency range of 102 Hz ~ 106 Hz. It can 
be seen that the dielectric constant of the composite materi-
als conforms to the general characteristics of the frequency 
dependence of the thermosetting resin material on the elec-
tric field. The dielectric constant of the composite materials 
slightly decreases with the increasing frequency when the 
frequency is less than 104 Hz, this is because the dipoles 
inside the composite materials can keep up with the change 
of electric field in the low-frequency region and the steer-
ing polarization is strong [38]. And, in the high frequency 
region (104 Hz to 106 Hz), the dipoles cannot be consist-
ent with the alternating electric field due to the influence of 
the internal viscous effect, caused by the high cross-linking 
density of the E51-BCE resin matrix [39, 40]. The dipoles 
keep in the status of relaxation, and the steering polariza-
tion is hard to establish; this makes the steering polarization 

Fig. 5   SEM images of Al2O3/E51-BCE composites: a1, a2 E51-BCE, b1, b2 1 wt% Al2O3/E51-BCE, c1, c2 3 wt% Al2O3/E51-BCE, d1, d2 
5 wt% Al2O3/E51-BCE
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reduce [41, 42]. And then, it can also be seen from Fig. 8 
that Al2O3 can effectively reduce the dielectric constant of 
the composite materials, and the higher the Al2O3 content, 
the lower the dielectric constant of the composites. The die-
lectric constant of the material is 3.73, when the content of 
Al2O3 is 5 wt%, and the alternating electric field frequency 
is 100 Hz. This may be because Al2O3 uniformly disperses 
in the matrix resin when the content of Al2O3 is appropriate, 
which forms a large number of interfaces between the matrix 
and the Al2O3 [43]. These interfaces restrict the movement 
of macromolecular chains and the lattice vibration of the 
E51-BCE matrix resin, so is the steering polarization of the 
Al2O3 in alternating electric field [25]. The negative effect 
of Al2O3 polarity on the decrease in dielectric constant of 

the composites is suppressed, and the dielectric constant of 
the composite materials reduces.

3.3.2 � Dielectric loss

The dependence of the dielectric loss of Al2O3/E51-BCE 
composites on electric field frequency and Al2O3 content is 
presented in Fig. 9. It can be clearly seen that the dielectric 
loss of the composite materials increases with the increasing 
frequency (102 Hz ~ 106 Hz), and the curves show a maxi-
mum slope in the range of 104 Hz ~ 105 Hz. Due to the effect 
of internal viscous and friction forces, the establishment of 
the dipole steering polarization will absorb lots of electric 
field energy and convert it into heat, resulting in the increase 

Fig. 6   SEM and EDS images of 3 wt% Al2O3/E51-BCE (a) and 5 wt% Al2O3/E51-BCE (b)
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in dielectric loss [44]. And, as the frequency of the elec-
tric field increases, the electric field energy consumed by 
dipole steering polarization also increases rapidly [45]. So, 
the dielectric loss increases with the increasing electric field 

frequency. However, same as the dependence of dielectric 
constant on the electric field frequency, if the frequency of 
the electric field is high enough (over 105 Hz), the dipoles 
inside the composite materials keeps in the process of relax-
ation for they have no enough time to establish the steering 
polarization. In this case, the electric field energy consumed 
in overcoming the internal viscous and friction forces is 
reduced, and this change is macroscopically represented as 
a decrease in the dielectric loss. [16, 46]. 

The dielectric loss tangent of the composite materials 
is between 0.002 and 0.009 in the frequency of 102 ~ 106 
Hz, and dielectric loss tangent of the composite materials is 
0.0029 when the content of Al2O3 is 5 wt% at 100 Hz. By 
observing Fig. 9, the introduction of Al2O3 makes the dielec-
tric loss tangent of the composites increase and the effect 
of Al2O3 on the dielectric loss of the composite materials 
mainly reflects in the high-frequency region. It is supposed 
that Al2O3 is electrostatically or chemically bonded to form a 
strong interfacial function with the matrix resin, which helps 
to reduce the dielectric constant of the material. However, 
Al2O3 itself has a high polarity; dielectric loss is generated 
by the steering polarization of Al2O3 due to the action of the 
alternating electric field. Since the rate of polarization of 
Al2O3 is higher than that of the matrix resin, both the Al2O3 
and the matrix resin can rapidly complete the polarization 
process in the low-frequency alternating electric field; in this 
case, the introduction of Al2O3 has no significant effect on 
the dielectric loss of the composites [47]. And in the high-
frequency region, the Al2O3 turns frequently with the alter-
nating electric field to make the dielectric loss much higher 
than that of the matrix resin [48]. Also, a strong interac-
tion and the frictional resistance between Al2O3 and matrix 
resin will be overcome, resulting in increasing conductance 
loss during the movement process of the trace amount of 

Fig. 7   TGA curves of Al2O3/E51-BCE composites

Table 1   Thermal decomposition temperature of Al2O3/E51-BCE 
composites

Component Al2O3 con-
tent/wt%

Td/ °C Td
5/ °C Td

10/ °C

E51-BCE 0 410.8 413.1 421.6
Al2O3/E51-BCE 1 408.5 406.9 415.2
Al2O3/E51-BCE 3 405.5 403.8 412.9
Al2O3/E51-BCE 5 406.8 405.9 413.3
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Fig. 8   Dielectric constant of Al2O3/E51-BCE composites
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conductive carriers inside the composites. Meantime, the 
higher the asymmetry of two-phase interface polarity, the 
higher the dielectric loss, due to the interfacial polarization 
function of the composite materials.

3.3.3 � Breakdown strength and volume resistivity

Breakdown of insulating material generally generates ther-
mal breakdown and electrical breakdown at the breakdown 
point, and as the breakdown happens, the electric energy 
is converted into thermal energy and the composites are 
destroyed. Figure 10 exhibits the SEM images of breakdown 
holes of 3 wt% Al2O3/E51-BCE composites and E51-BCE 
matrix resin. In Fig. 10a, b, there is a ring-shaped ablation 
area around the breakdown hole and produce the partial 
discharge, which conforms to the general characteristic 
of corona discharge [49]. It can be considered that a little 
amount of water or air gaps on the surface of the compos-
ites is ionized in the strong electric field, and these ions 
accelerate in the direction of electric field and bombard the 

composites surface to make the electric energy convert into 
heat energy, so the polymer matrix is thermally decomposed 
and a corona ring formed [50, 51]. In Fig. 10c, d, compared 
with the E51-BCE matrix resin, the composites with Al2O3 
particles show more branches on the breakdown channel and 
secondary branches, indicating that incorporating Al2O3 can 
help to enhance the scattering of carriers. These branches 
consume lots of kinetic energy of the carriers and improve 
the properties of voltage resistance.

Figure 11 shows SEM images and the EDS of the com-
posite’s breakdown hole, in which the content of Al2O3 is 
3 wt%. The result of EDS indicates that the aluminum atom 
content on the branch surface is extremely low, which sug-
gests that the dispersiveness between two phases is very well 
and inorganic Al2O3 may disperse in matrix. This phenom-
enon will improve the performances of the composites.

The breakdown strength and volume resistivity of 
Al2O3/E51-BCE composites are exhibited in Table 2, and 
the composites show the peak value of 15.1 kV/mm and 
1.53 × 1015 Ω m when the content of Al2O3 is 3 wt%, which 

Fig. 10   SEM images of the breakdown holes: (a, b) the front of breakdown holes of 3 wt% Al2O3/E51-BCE, (c, d) the section of breakdown 
hole of 3 wt% Al2O3/E51-BCE and of E51-BCE
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is 13.5% and 86 times higher than that of the matrix resin, 
respectively. It can be seen that Al2O3 can significantly 
improve breakdown strength and the volume resistivity of 
materials. This is because Al2O3 can evenly disperse in the 
E51-BCE matrix resin when the content of Al2O3 is appo-
site, and lots of interfaces will be formed between Al2O3 
and the matrix, these interfaces increase trap density inside 
the composites and make the trap depth deeper. The carriers 
lose kinetic energy after they collide with Al2O3 particles 
during the process of motion [52, 53]; this effect reduces 
the mobility of carriers and improves the volume resistivity 
[34]. In the strong electric field, some freely movable car-
riers inside the medium start to accelerate and bombard the 
lattices nearby to generate more carriers; finally, a conduc-
tive channel is formed internally and the medium loses its 
insulation properties. Due to the strong interaction of the 
two phases and hydroxy groups, the incorporated Al2O3 can 
enhance the scattering of the carriers and make the compos-
ites hard to be broken down [54, 55]. Also, Al2O3 itself is 
difficult to generate freely shifting electrons for the covalent 
bond structure of Al—O is stable, the low concentration of 
electrons and electron holes will be beneficial to the insulat-
ing properties of the composites [56].

4 � Conclusions

In this paper, the Al2O3 prepared by sol–gel method is 
used as a reinforcement to modify E51-BCE matrix resin. 
The Al2O3 is short fiber-shaped crystal with hydroxyl 
groups on its surface, and it has good compatibility with 
the E51-BCE matrix resin. The thermal decomposition 
temperature (Td) of the Al2O3/E51-BCE composites is over 
400 °C in the range of 0 ~ 5 wt% Al2O3; the composite 
materials still have high heat resistance through the intro-
duction of Al2O3, slightly decreasing the Td of the matrix 
resin. The Al2O3 also contributes to improving the dielec-
tric properties of the E51-BCE matrix resin. The dielectric 
constant and dielectric loss tangent of the Al2O3/E51-BCE 
composites show peak values of 3.73 and 0.0029 at the 
electric field frequency of 100 Hz, when the content of 
Al2O3 is 5 wt%. And comparing with the E51-BCE matrix 
resin, the breakdown strength and volume resistivity of the 
composite materials with 3 wt% Al2O3 increase by 13.5% 
and 86 times, respectively.
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