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Abstract
In order to achieve the purpose of simultaneously improving the mechanical properties and dielectric properties of biscyanato-
phenylpropane (BCE), a copolymer of bisphenol A epoxy resin (E51) and (BCE) was used as the matrix resin (E51-BCE), 
and  Al2O3 with sol–gel method and the organically montmorillonite (OMMT) were used as the reinforcements to prepare 
the  Al2O3/OMMT/E51-BCE composites. The structure of  Al2O3 was identified to be γ-Al2O3 by X-ray diffraction (XRD) 
and transmission electron microscope (TEM), and MMT was organically modified by intercalation agent octadecyl trimethyl 
ammonium chloride (OTAC) to obtain OMMT and characterized by Fourier-transform infrared spectrometer (FT-IR), ther-
mogravimetric analysis (TGA) and scanning electron microscope (SEM). The results showed that the interlayer spacing of 
OMMT (2.14 nm) was bigger than that of MMT (1.44 nm), with an increase of about 48.6%. The results indicated that both 
 Al2O3 and OMMT can improve the dielectric properties and mechanical properties of the composite materials. The  Al2O3/
OMMT/E51-BCE composites are found to have the best performance; the bending strength, bending modulus and impact 
strength were 187.34 MPa, 3.59 GPa and 35.12 kJ  m−2, respectively, when the content of  Al2O3 and OMMT are all 2 wt%. 
And the dielectric constant, dielectric loss tangent, breakdown strength and volume resistivity of the composites reached peak 
values of 3.4, 0.005, 19.53 kV mm−1 and 8.9 × 1014 Ω m, respectively. The overall performance of the composite fulfilled 
the basic requirements of electrical and insulating materials and could expand application of BCE material in many areas.

1 Introduction

In recent years, cyanate ester resin (CE) has become an 
excellent material for radomes, high-quality circuit board 
substrates and structural materials for its low dielectric 
constant, low dielectric loss, high heat resistance and high 
strength [1, 2]. And, it is usually modified with inorganic 
nanomaterials or other resin materials, in order to further 
improve the dielectric and mechanical properties of CE 
[3–5].

The epoxy resin (EP) is an ideal copolymerization modi-
fication material to CE, as its long aliphatic chain segments 
can enhance the toughness of CE in a way of reducing the 
regularity of the CE molecular structures [6]. And, the 
nano-Al2O3 is a kind of modifying material, due to its sta-
ble covalent bond structure and good dielectric property 
[7, 8], while its high surface activity and absorptivity can 
form a strong interfacial interaction with the matrix resin 
[9–11]. According to previous studies, two-dimensional 
(2D) layered montmorillonite (MMT) has better toughen-
ing and reinforcing effect on resin materials compared with 
the zero-dimensional (0D) nanoparticles [12–14]. However, 

 * Yufei Chen 
 chenyufei@hrbust.edu.cn

 Zhiguo Li 
 lizhiguo9503@gmail.com

 Yulong Liu 
 375976129@qq.com

 Chengjun Teng 
 810025406@qq.com

 Simin Chen 
 1518130025@qq.com

 Weiwei Cui 
 cuiww@hrbust.edu.cn

1 School of Materials Science and Engineering, Harbin 
University of Science and Technology, Harbin 150040, 
China

2 Key Laboratory of Engineering Dielectrics and Its 
Application, Ministry of Education, Harbin University 
of Science and Technology, Harbin 150080, China

3 Harbin Xiangfang District Center for Disease Control 
and Prevention, Harbin 150030, China

http://orcid.org/0000-0001-6648-4923
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03389-5&domain=pdf


8537Journal of Materials Science: Materials in Electronics (2020) 31:8536–8545 

1 3

the unmodified MMT layers contain many metal cations, 
which make the MMT exhibit strong hydrophilicity and poor 
compatibility with matrix resin. Although organic modifica-
tion of MMT can improve the compatibility with the matrix 
resin by replacing the metal cations between the MMT layers 
with organic molecules to obtain composite materials with 
excellent mechanical properties, still, the organic MMT is 
not conducive to reducing the dielectric constant of the com-
posite [15–17]. A new solution is needed.

In this paper, a copolymer of CE and EP was used as 
the matrix resin, and been modified by  Al2O3 prepared by 
the sol-gel method and the organically MMT (OMMT). The 
structure of  Al2O3, OMMT and the composites was charac-
terized by FT-IR, XRD, SEM and TEM, and the mechanical 
and dielectric properties of the composites were studied. 
These results provided certain value to further expand the 
application of BCE resin matrix composite.

2  Experimental

2.1  Materials

Biscyanatophenylpropane (BCE, purity > 99.5%) was pur-
chased from Yangzhou Technical Material Co., Ltd. Bisphe-
nol A epoxy resin (E51, epoxy value of 0.51) was an indus-
trial product and provided by Nantong Xingchen Synthetic 

Material Co., Ltd. Aluminum isopropoxide was from Tianjin 
Fuchen Chemical reagent factory, chemically pure. Isopro-
panol was from Dongguan Spartan Reagent Co., Ltd, ana-
lytical pure. Na-montmorillonite (MMT) was obtained from 
Henan Yongshun Purification Materials Co., Ltd. Octadecyl 
trimethyl ammonium chloride (OTAC) was purchased from 
Shanghai Shengxuan Biology Chemical Co., Ltd, analyti-
cal reagent. The chemical structures of BCE and OTAC are 
shown in Fig. 1.

2.2  Preparation of  Al2O3 with sol–gel method

Aluminum isopropoxide (20 g), isopropanol (100 mL) and 
deionized water (40 mL) were mixed and stirred in a water 
bath at 80 ℃ for 2 h to sufficiently hydrolyze aluminum 
isopropoxide. The isopropanol and deionized water were 
removed by reduced pressure distillation, and the solid 
was dried at 120 ℃ and calcined at 700 ℃ for 3 h to obtain 
 Al2O3. The preparation process is shown in Fig. 2.

2.3  Modification of MMT

5 g MMT was added into a three-necked flask containing 
distilled water and heated and stirred at 80 ℃ for 2 h. In the 
meantime, weigh some OTAC and dissolve it with 30 mL 
ethanol, and then drip the solution into the above three-
necked bottle and continue stirring for 5 h. After cooling the 
blend to room temperature, suction filtration was repeated 
using distilled water, and  Cl− in the filtrate was detected with 
0.1 mol  L−1  AgNO3 solution to ensure that the wet solid did 
not contain NaCl. The obtained wet solid was dried at 80 
℃ for 24 h and passed through a 200-mesh sieve to obtain 
OMMT. The preparation process is shown in Fig. 3.

2.4  Synthesis of E51‑BCE

The mass ratio of E51 to BCE was set to 2:8. E51 was 
preheated to 80 °C and BCE was added into E51. Then Fig. 1  Chemical structures of BCE and OTAC 

Fig. 2  The preparation process of  Al2O3 with sol–gel method
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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 the modified cyanate 
material (E51-BCE).

2.5  Preparation of  Al2O3/OMMT/E51‑BCE composite 
materials

Al2O3 and OMMT were added into E51 and ultrasonically 
dispersed for 1 h at 80 °C, and BCE was added into the 
above system to prepare  Al2O3/OMMT/E51-BCE compos-
ites, according to 180 °C/4 h + 200 °C/2 h procedure. The 
preparation process is presented in Fig. 4, and the samples 
are numbered as shown in Table 1.

2.6  Measurements

The Fourier-transform infrared spectrometer (FT-IR, EQUI-
NOX-55, Bruker, Germany) is used to track the chemical 
reactions in the process of curing and study the chemical 

structure of the materials, and the range of spectrometer is 
400–4000 cm−1.

The X-ray diffraction (XRD, X’Pert Pro, Panalytical, 
Netherlands) is used to detect the crystal structure of  Al2O3, 
OMMT and the composites. The X-ray source is the Cu target 
with a generator voltage of 40 kV and a tube current of 40 mA. 
The wavelength of the X-ray is 0.15406 nm. Before the test, 

Fig. 3  The preparation process of OMMT

Fig. 4  The preparation process of the  Al2O3/OMMT/E51-BCE composite materials

Table 1  The component and number of samples

No Component Component mass ratio/
wt%

OMMT Al2O3

A E51-BCE 0 0
B Al2O3/E51-BCE 0 3
C OMMT/E51-BCE 2 0
D1 Al2O3/OMMT/E51-BCE 2 1
D2 Al2O3/OMMT/E51-BCE 2 2
D3 Al2O3/OMMT/E51-BCE 2 3
D4 Al2O3/OMMT/E51-BCE 2 4
D5 Al2O3/OMMT/E51-BCE 2 5
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the mixture of  Al2O3 and OMMT is ultrasonically dispersed in 
ethanol for 1 h, and sieved with a 200-mesh sieve after being 
dried.

Thermogravimetric analysis (TGA), which not only can 
investigate the state of a material and the process of decom-
position but also can provide useful information about the ther-
mal stability of material, is recorded on a Pekin-Elmer 6 series 
thermal analysis system (USA), and samples are heated from 
200 to 900 ℃ at the heating rate of 20 ℃  min−1 in a nitrogen 
atmosphere and the weight of sample was about 10–15 mg.

Micromorphology of  Al2O3 and OMMT was characterized 
by transmission electron microscope (TEM, JEM-2100, JEOL, 
Japan). The mixture of  Al2O3 and OMMT is ultrasonically 
dispersed in ethanol for 1 h before being tested.

The fracture micromorphology of the composites is 
observed using a scanning electron microscope (SEM, ZEISS, 
Germany) to clarify the dispersion of  Al2O3 and OMMT in the 
matrix resin. The composites are deposited on a sample holder 
with adhesive carbon foil and sputtered with gold before being 
examined.

The dielectric constant (ε) and dielectric loss (tanδ) of the 
composite materials are measured with a broad band dielec-
tric spectroscopy (Novocontrol Alpha-a, Germany) in the fre-
quency range of 100 Hz–00 kHz at room temperature accord-
ing to GB/T 1409-2006.

The volume resistivity of the composites is tested with a 
ZC-36 high resistance meter (Shanghai Precision Instruments 
Co., Ltd) at room temperature.

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

The impact strength of the composite materials is measured 
by Charpy Impact Tester (TCJ-4, Jinan Huaxing Laboratory 
Equipment, China) according to the native standard of GB/T 
2567-2008. The length, width and thickness of the sample are 
(80 ± 0.5) mm, (10 ± 0.1) mm and (4 ± 0.1) mm, respectively. 
For each sample, five measurements are made at least, and the 
average value is taken.

The bending strength and bending modulus of the sam-
ples are determined by electronic testing machine (CSS-4430, 
Shanghai Technical Instrument, China) according to the native 
standard of GB/T 2918–1998. The length, width and thickness 
of the sample are (80 ± 0.5) mm, (10 ± 0.1) mm and (4 ± 0.1) 
mm, respectively, and the span is 60 mm at a speed of 2 mm/
min.

3  Results and discussions

3.1  Micro‑structures of  Al2O3 and OMMT

FT-IR, XRD, TGA and TEM are usually used to analyze 
the micro-structures and morphology of the material. In 
Fig. 5, the FT-IR spectrum of  Al2O3 shows characteris-
tic peak of hydroxyl group at 3465 cm−1 [18], and the 
2θ angle of γ-Al2O3 appears at 19.44°, 32.12°, 37.59°, 
39.47° and 45.84° in the XRD spectrum of  Al2O3 (Fig. 6, 
in which the curves have been smoothed to make the dif-
fraction peaks clearer) [19, 20]. Furthermore, the shape 
of  Al2O3 is confirmed to be a short fibrous crystal with 

Fig. 5  FT-IR spectra of  Al2O3, MMT and OMMT

Fig. 6  XRD spectrum of  Al2O3



8540 Journal of Materials Science: Materials in Electronics (2020) 31:8536–8545

1 3

nanoscale size via its TEM image (Fig. 9a). The hydroxyl 
groups on the surface of γ-Al2O3 help to improve its com-
patibility with the matrix resin [21–23], which contributes 
to form strong two-phase interfacial and is beneficial to 
material properties.

FT-IR spectra of MMT and OMMT in Fig. 5 indicate the 
difference between MMT and OMMT; OMMT appears as 
new peaks at 2922 cm−1, 2851 cm−1 and 1469 cm−1, and 
they belong to the stretching vibration of N–H, the symmet-
ric stretching vibration and the bending vibration of C–H in 
–CH3 [24, 25], respectively, which indicates that the OTAC 
molecule interacts with MMT and is inserted into the inter-
layer of MMT molecular. Additionally, Fig. 7 shows XRD 
spectra of MMT and OMMT. It can be seen from the figure 
that the 001 crystal faces of MMT and OMMT appear as 
diffraction peaks at 6.09° and 4.12°, respectively. The dis-
tance of crystal face can be calculated using the following 
Braggs law:

 where n = 1, λ = 0.15406 nm, d (nm) is the distance of 
crystal face, and θ (°) is the angle of deviation. MMT and 
OMMT are the layered structures (Fig. 9b) and the crys-
tal face distance is calculated to be 1.44 nm and 2.14 nm, 
respectively, indicating that the intercalator OTAC has 
been inserted into the interlayer of MMT and increases the 
crystal face distance of MMT by 48.61%. Furthermore, the 
content of OTAC in OMMT can be determined by TGA, 
and the results are presented in Fig. 8. The MMT has a 
residual weight of 94.33 wt% at 900 ℃, and the mass loss 
includes the interlayer-bound water and low heat resistance 
structures. The mass loss of OMMT mainly occurs in the 

(1)2d sin � = n�, range of 220–445 ℃, which is mainly caused by the ther-
mal decomposition of OTAC molecules between OMMT 
layers. In areas where the temperature is below 220 ℃, the 
mass loss of OMMT, which corresponds to the loss of bound 
water between layers, is extremely small, which indicates 
that OMMT has weak hydrophilicity. When the tempera-
ture is higher than 445 ℃, the mass loss of OMMT is no 
longer obvious. This is because the decomposition of OTAC 
causes the OMMT sheet to collapse, and the thermal vibra-
tion of the OTAC molecules is restricted, so the rate of ther-
mal decomposition decreases [26]. The residual weight of 
OMMT is 68.88 wt% at 900 ℃. The mass loss of OMMT 
includes the intercalator OTAC, the interlayer-bound water 
and the low heat resistance structure of MMT itself. The 
mass loss of OMMT at 900 ℃ is corrected by using MMT 
as the control group, and the content of OTAC in OMMT is 
calculated to be about 25.45 wt%.

It can also be seen from XRD spectrum of  Al2O3/
OMMT mixture in Fig. 7c that the diffraction peak of 
OMMT shifted to 3.73°, and the crystal face distance of 
OMMT is 2.37 nm, which means the crystal face distance 
of OMMT is further increased by 10.75% compared with 
pure OMMT. However, according to the TEM images 
of  Al2O3, OMMT and their blend, as shown in Fig. 9, it 
is theoretically impossible for  Al2O3to be inserted into 
OMMT layers for the diameter of  Al2O3 (about 5 nm) is 
larger than the crystal face distance of OMMT (2.14 nm). 
The reason could be that the absorption of  Al2O3 changes 
the charge distribution of OMMT layers, which weakens 
the electrostatic absorption between the layers.

Fig. 7  XRD spectra of MMT, OMMT and  Al2O3/OMMT

Fig. 8  TGA spectra of MMT and OMMT
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3.2  Micro‑structures of  Al2O3/OMMT/E51‑BCE 
composites

3.2.1  Crystallization characteristic of  Al2O3/OMMT/E51‑BCE 
composites

Figure 10 shows the XRD spectra of four kinds of com-
posites, and the crystallization parameters are exhibited 
in Table 2. In Fig. 10, the XRD diffraction peaks of the 
reinforcement disappeared. Because OMMT is peeled into 
a single-layer structure in E51-BCE matrix and no longer 
generated the diffraction effect, at the same time, the original 

crystal structure of  Al2O3 is destroyed due to the chemical 
bond or electrostatic absorption with the E51-BCE matrix 
resin. Also, comparing the XRD spectra of the sample B, 
C and D2 with the sample A, it is indicated that  Al2O3 or 
the mixture of  Al2O3 and OMMT has not changed the basic 
crystal structure of E51-BCE, while OMMT makes the dif-
fraction peak of sample A at 7.31° shift to the right about 
1.11°, which means the crystal face distance of the matrix 
resin becomes smaller. The crystallization parameters of 
E51-BCE and its composites have exhibited that  Al2O3, 
OMMT and their mixture all make the crystallinity and the 
crystallite size of E51-BCE decrease, and OMMT has the 
greatest impact. The decrease in crystallinity of the compos-
ites can contribute to improve the mechanical properties and 
dielectric properties of the composite materials [27].

3.2.2  Micromorphology of  Al2O3/OMMT/E51‑BCE 
composites

The fracture surface (SEM) images are exhibited in Fig. 11, 
including E51-BCE,  Al2O3/E51-BCE, OMMT/E51-BCE 
and  Al2O3/OMMT/E51-BCE composite. From Fig. 11a1, 
a2, the fracture surface of E51-BCE is basically typical 
brittle fracture, which are smooth and consistent fracture 
lines, indicating that energy is not obstructed during the 
transfer process [28], and the smooth “coastline” structure 
absorbed a part of fracture energy applied to the composite. 
In Fig. 11b1, b2, the fracture surface of  Al2O3/E51-BCE 
composites is covered with squamous cracks due to the 
introduction of  Al2O3; for the front of the cracks cannot 
break through the two-phase interaction between  Al2O3 and 
E51-BCE matrix resin, the cracks are forced to separate and 
change the developing direction. So, the toughness of the 
composite materials enhances. As for the OMMT/E51-BCE 
and the  Al2O3/OMMT/E51-BCE, shown in Fig. 11c1–d2, the 
fracture surface morphology of these two systems is much 
different from that of the  Al2O3/E51-BCE. This is because 
the OMMT is in the disorderly dispersed status and will be 
pulled out from the E51-BCE matrix resin to generate deep 
dimples in the fracture surface, in the process of fracture. 

Fig. 9  TEM images of  Al2O3, OMMT and  Al2O3/OMMT. a  Al2O3, b OMMT, c, d  Al2O3/OMMT

Fig. 10  XRD spectra of the E51-BCE and its related composites

Table 2  The crystallization 
parameters of sample 
(calculated by MDI Jade.)

No Crystallinity/% Crystallite 
size/nm

A 5.69 10.3
B 4.19 6.7
C 3.36 1.2
D2 4.13 3.5
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In the meantime, comparing OMMT/E51-BCE with  Al2O3/
OMMT/E51-BE, the introduction of  Al2O3 further refines 
the cracks and deepens the dimples, and the development 
direction of cracks cannot be seen any more. The smaller 
cracks and deeper dimples mean that more energy has been 
absorbed in the break process of the composite materials, 
so the OMMT/Al2O3/E51-BCE presents the best toughness.

3.3  Mechanical properties of  Al2O3/OMMT/E51‑BCE

The bending strength and bending modulus of  Al2O3/
OMMT/E51-BCE composites are presented in Fig. 12, and 
the impact strength is exhibited in Fig. 13. From two figures, 
both  Al2O3 and OMMT contribute significantly to improve 
the mechanical properties of the E51-BCE matrix resin, 
and the impact of OMMT (Sample C) is greater than  Al2O3 
(Sample B), which is consistent with the characteristic in 
the fracture morphology of the composite materials. The 
bending strength, bending modulus and impact strength of 
Sample B are improved by 24.4%, 22.1% and 55.1% com-
pared with the sample A, and those properties of sample C 
are improved by 31.1%, 50% and 108.6%, respectively. The 
main reasons maybe that, on the one hand, the OMMT lay-
ers form much more stronger two-phase interfacial interac-
tion with the E51-BCE matrix resin than the  Al2O3 particles 
could do [29, 30]; those interfaces absorb lots of mechanical 
energy when the composite materials are subjected to exter-
nal forces, which improve the strength and toughness of the 
composites; on the other hand, due to the lower crystallinity 

and smaller crystallite size (Table 2), the molecular struc-
ture of OMMT/E51-BCE is in a more disordered state, and 
the disorder of molecular structure can help to improve the 
toughness of the composites [31]. Additionally, sample 
D2 (2 wt%  Al2O3, 2% OMMT) shows excellent mechani-
cal properties; the bending strength, bending modulus and 
impact strength are 187.34 MPa, 3.59 GPa and 35.12 k 
 m−2, which are 35.2%, 72.6% and 124.6% higher than those 
of sample A, respectively, and also obviously higher than 
those of sample B and sample C too. It is suppose that the 

Fig. 11  SEM images of the sample. a1, a2 Sample A (E51-BCE matric resin), b1, b2 Sample B  (Al2O3/E51-BCE), c1, c2 Sample C (OMMT/
E51-BCE), d1, d2 Sample D2  (Al2O3/OMMT/E51-BCE)

Fig. 12  Bending strength and bending modulus of  Al2O3/OMMT/
E51-BCE composites
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introduction of  Al2O3 increases the number of phase inter-
faces when the  Al2O3 content is appropriate [32]; the effect 
of those phase interfaces are enough to increase the mechan-
ical properties of the composite, although the crystallinity 
of  Al2O3/OMMT/E51-BCE is higher than that of OMMT/
E51-BCE. However, when the  Al2O3 content is over 2wt%, 
the total content of inorganic nanoparticles in the compos-
ite material will be too high, and agglomeration phenom-
enon happens between the inorganic nanoparticles, which 
is not beneficial to improve the mechanical properties of 
the composites.

3.4  Dielectric properties  Al2O3/OMMT/E51‑BCE 
composites

3.4.1  Dielectric constant and dielectric loss

Figures 14 and 15 present the dielectric constant and die-
lectric loss of  Al2O3/OMMT/E51-BCE composites. The 
dielectric constant and dielectric loss of sample D2 are 3.4 
and 0.005 at 100 Hz, respectively. The results indicate that 
both dielectric constant and dielectric loss of  Al2O3/E51-
BCE composite are lower than those of the OMMT/E51-
BCE material. The reason is that the interfacial polarization 
inside the OMMT/E51-BCE is stronger, due to the formation 
of more interfaces between the OMMT and the matrix resin, 
which causes the dielectric constant and the dielectric loss 
of the OMMT/E51-BCE to increase [33]. And, the dielectric 
constant of the composite materials gradually decreases with 
the increase of frequency, and the frequency dependence of 
dielectric constant conforms to the general characteristics 
of resin materials. Also, the dielectric constant of  Al2O3/
OMMT/E51-BCE composites exhibits dependence on the 
 Al2O3 content, and sample D2 shows the minimum. When 

the  Al2O3 content exceeds 2 wt%, the dielectric constant 
of the  Al2O3/OMMT/E51-BCE composites is higher than 
that of the matrix resin, because the excessive  Al2O3 creates 
interfacial polarization with both the E51-BCE matrix resin 
and the OMMT component. This indicates that the appro-
priateness of the inorganic component content is important 
to the properties of the composite materials.

Figure 15 indicates that the dielectric loss has significant 
dependence on the frequency and inorganic fillers. The die-
lectric loss is relatively stable, when the frequency is lower 
than  104 Hz, but the dielectric loss increases obviously as the 
frequency is higher than  104 Hz. Additionally, the dielectric 
loss of  Al2O3/OMMT/E51-BCE does not increase monotoni-
cally with the increase of  Al2O3 content, and the D2 shows 

Fig. 13  Impact strength of  Al2O3/OMMT/E51-BCE composites
Fig. 14  Dielectric constant of the  Al2O3/OMMT/E51-BCE compos-
ites

Fig. 15  Dielectric loss of the  Al2O3/OMMT/E51-BCE composites
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lower dielectric loss than that of the Sample D1, D3, D4 and 
D5. This is because that the dielectric loss of  Al2O3/OMMT/
E51-BCE composite materials is mainly influenced by the 
steering polarization of the matrix resin, thermionic polari-
zation inside the OMMT layer and interfacial polarization 
between two phases, and the appropriate content of  Al2O3 
may restrict the thermionic polarization and the interfacial 
polarization, due to the electrostatic adsorption character-
istics of  Al2O3. So, the dielectric loss of the composites 
decreases.

3.4.2  Breakdown strength and volume resistivity

The breakdown strength and volume resistivity of the  Al2O3/
OMMT/E51-BCE composites are exhibited in Table 3, and 
sample D2 is 19.53 kV  mm−1 and 8.9 × 1014 Ω m, increasing 
by 46.51% and 50 times, respectively, compared with sample 
A. In the meantime, OMMT component gives the composite 
materials (sample C) better breakdown strength, while  Al2O3 
contributes more to improve the volume resistivity of the 
composite materials (sample B). The reasons are mainly that 
the layered structure of OMMT helps to increase the scatter-
ing of accelerated electrons inside the composite in the high 
voltage electric field to improve the breakdown strength of 
the composite materials [34]. However, ionic bonds inside 
OMMT lead to the increase of the ionic conductance of the 
composite materials, so the volume resistivity decreases 
[35]; the effect is opposite to that of  Al2O3 with stable cova-
lent bond structure. As for the sample D2, moderate amount 
of  Al2O3 further enhances the electron scattering inside the 
composites to improve the breakdown strength of the  Al2O3/
OMMT/E51-BCE [36, 37] and counteract the negative effect 
of OMMT on volume resistivity, and also  Al2O3 itself has 
stable covalent bond and is hard to generate free electrons 
in the electric field; this helps to reduce the electronic con-
ductance inside the composite materials. However, exces-
sive  Al2O3 may cause the inorganic nanoparticles inside 

the composites to contact each other and form conducting 
bridges [38], so that the volume resistivity of the composite 
greatly decreases. In general, both OMMT and  Al2O3 can 
significantly improve insulating properties of the composite 
materials.

4  Conclusions

In this paper,  Al2O3 (sol–gel method) and the OMMT (modi-
fied by OTAC) were used as reinforcements, and E51-BCE 
as matrix resin to prepare  Al2O3/OMMT/E51-BCE com-
posite. The analyzing results of microstructure exhibited 
that the intercalation agent OTAC can effectively increase 
the crystal face distance of the MMT, and  Al2O3 is a short 
fibrous crystal and its presence can further increase the crys-
tal face distance of the OMMT, which made it easier for 
the matrix resin to enter the  Al2O3/OMMT layer. The good 
compatibility of  Al2O3/OMMT with E51-BCE matrix resin 
made small cracks and deep dimples on the fracture sur-
face of the  Al2O3/OMMT/E51-BCE composites when the 
composites were subjected to external forces, and contrib-
uted to improve both mechanical and dielectric properties 
of the composites. When both  Al2O3 and OMMT contents 
were 2wt%, the  Al2O3/OMMT/E51-BCE composites show 
the highest values of 187.34 MPa in bending strength, 3.59 
GPa in bending modulus, 35.12 kJ  m−2 in impact strength, 
19.53 kV  mm−1 in breakdown strength and 8.9 × 1014 Ω m in 
volume resistivity; the dielectric constant and dielectric loss 
tangent of the composite are 3.4 and 0.005, respectively, at 
the electric field frequency of 100 Hz. The  Al2O3/OMMT/
E51-BCE composites had both excellent mechanical and 
dielectric properties, which could meet the requirements in 
the insulating materials field.
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