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Abstract: Polymer-based composites with high thermal conductivity and dielectric breakdown
strength have gained increasing attention due to their significant application potential in both power
electronic devices and power equipment. In this study, we successfully prepared novel sandwich
AlN/epoxy composites with various layer thicknesses, showing simultaneously and remarkably
enhanced dielectric breakdown strength and thermal conductivity. The most optimized sandwich
composite, with an outer layer thickness of 120 µm and an inner layer thickness of 60 µm (abbreviated
as 120-60) exhibits a high through-plane thermal conductivity of 0.754 W/(m·K) (4.1 times of epoxy)
and has a dielectric breakdown strength of 69.7 kV/mm, 8.1% higher compared to that of epoxy.
The sandwich composites also have higher in-plane thermal conductivity (1.88 W/(m·K) for 120-60)
based on the novel parallel models. The sandwich composites with desirable thermal and electrical
properties are very promising for application in power electronic devices and power equipment.

Keywords: sandwich epoxy-based composites; aluminium nitride; dielectric properties; thermal
conductivity

1. Introduction

Along with their rapid development within the electronic and electrical industry,
high dielectric breakdown strength materials have attracted increasing attention due
to their potential application in high-voltage equipment and power electronic devices
with high power density (e.g., insulated gate bipolar transistor) [1–4]. Recently, polymer-
based composites with high dielectric breakdown strength have been the focus of a large
number of studies, due to their flexibility, low cost and processability [5–9]. Moreover,
it is worth noting that these devices and equipment tend to be manufactured with high
miniaturization and integration to improve performance, which leads to an increased threat
from the high heat dissipation and electric field strength [10–12]. High thermal conductivity
and dielectric breakdown strength polymer composites are, therefore, highly needed as
dielectric materials for energy storage, power electronic devices, and power equipment
to enhance heat conduction and the tolerance on electric field [13,14]. Epoxy resin is a
material that is frequently used in electronic and electrical engineering applications, and
has outstanding dielectric insulating properties, resistance to thermal and chemical stability,
and a high glass transition temperature [15–17]. However, the low thermal conductivity of
neat epoxy resin cannot meet the requirements of power electronics and equipment [18,19].
In order to enhance thermal conductivity, inorganic ceramic particles with high thermal

Nanomaterials 2021, 11, 1898. https://doi.org/10.3390/nano11081898 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://doi.org/10.3390/nano11081898
https://doi.org/10.3390/nano11081898
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11081898
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11081898?type=check_update&version=1


Nanomaterials 2021, 11, 1898 2 of 10

conductivity can be incorporated into the polymer matrix [20–23]. In general, metals and
carbon materials have high thermal conductivity [24–26]. However, the dilemma with
employing these fillers is that the incremental gains in thermal conductivity are generally
obtained at the cost of a substantial reduction in the dielectric breakdown strength of the
polymer matrix, for which reason their applications in high-voltage equipment have been
limited. It is, therefore, essential that novel materials are developed to achieve high thermal
conductivity and acceptable dielectric breakdown strength.

Inorganic particles with high intrinsic thermal conductivity and a large band gap, such
as Al2O3, BN and AlN, are usually used as fillers of polymer-based composites to enhance
thermal conductivity and dielectric properties [27–31]. AlN is a good filler candidate due
to its high thermal conductivity (320 W/(m·K)) and wide band gap (6.2 eV) [32]. To a
large extent, the use of micro-sized fillers to improve the thermal conductivity of the epoxy
matrix is appropriate due to the greater number of interfaces and phonon scattering of
nanofillers [33,34]. However, it is more difficult for micro-sized fillers to form a compact
and compatible interface due to their relatively low surface energy and specific surface
area. The imperfect interfaces between filler and polymer lead to a strong decrease in
the dielectric breakdown strength of polymer-based composites [8,35]. One method for
resolving this issue is to graft organic groups onto the fillers [36–38], which can improve
the interface interaction between the fillers and the polymer matrix, and simultaneously
enhance dielectric breakdown strength and thermal conductivity. However, the thermal
conductivity is enhanced by only a small amount, as the complex grafting process is
difficult to control. In addition, interface defects lead to a significant reduction in dielec-
tric breakdown strength. Therefore, achieving high thermal conductivity and dielectric
breakdown strength in polymer composites remains a challenge. Another solution to im-
prove the thermal conductivity and dielectric properties is to design a sandwich-structured
polymer composite. In our previous work, we investigated the thermal conductivity and
dielectric properties of epoxy-based composites with a sandwiched structure and an Al2O3
filler [6]. The results showed that the sandwiched composites have a higher dielectric
breakdown strength and thermal conductivity due to electric field redistribution and the
barrier effect, as a result of a changes in the initial breakdown conditions. However, the
thermal conductivity of the composites remains relatively low due to the low thermal
conductivity of the inner layer, which has a low content of Al2O3 filler.

In this study, AlN particles were used as fillers and layer thickness in the sandwiched
composites was altered layer-by-layer via the solution casting and hot-press techniques. By
controlling layer thickness, the thermal conductivity and dielectric breakdown strength
could be regulated. In the sandwich-structured composites, the outer epoxy-based layers
with micro-AlN showed an obvious increase in thermal conductivity. Meanwhile, the
central layer with nano-AlN incorporated into epoxy matrix maintained a high dielectric
breakdown strength. The effect of the outer and inner layer thickness on the dielectric
properties and thermal conductivity of the laminated composites was also investigated,
based on the electric field adjustment among the different layers and the barrier effect
in the sandwich-structured composites. To our knowledge, sandwiched epoxy-based
composites prepared by hot-press layer-by-layer have not yet been studied. The current
study was expected to obtained a epoxy-based composite with significantly enhancing
thermal conductivity and maintaining an acceptable dielectric breakdown strength through
the design of sandwich-structured composites using the hot-press technique.

2. Experimental Methods
2.1. Materials

Nano-AlN with a diameter of 40 nm (defined as ANNP) and micro-AlN particles
with an average size of 5 µm (defined as ANMP) were employed as inorganic fillers.
Bisphenol-epoxy resin (DGEBA, E-828, HEXION) was purchased from Haoyun chemical
Co. Ltd., Guangzhou, China. Methyl tetrahydrophthalic anhydride (MTHPA) and N,
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N-dimethylbenzylamine (BDMA) were supplied by Aladdin Reagent Co. Ltd., Shanghai,
China, and were employed as a curing agent and accelerator, respectively.

2.2. Preparation of AlN/Epoxy Composites

For the fabrication of AlN/epoxy composites, a certain amount of AlN particles and
epoxy monomers were added to a ball milling jar with zirconia balls for ultrahigh speed
mixing and ball milling at 1000 rpm for 10 min and 2000 rpm for 20 min, via the planetary
centrifugal mixer (Thinky, Laguna Hills, CA, USA). The zirconia balls were then removed
from the slurry with the epoxy and fillers. The hardener MTHPA and accelerator BDMA
were added into the slurry. The mixed solution was then dispersed by planetary centrifugal
mixer at 1000 rpm for 5 min. The resultant suspension was moved to a vacuum oven for
degassing at 60 ◦C for 30 min. The suspension was then poured into the middle of a tailored
stainless steel spring sheet with a 10 cm square hole, with polyethylene terephthalate films
used as a substrate on the top and bottom. A hot press of 20 MPa at 100 ◦C for 120 min
was applied. Subsequently, the samples were moved to an oven and heated at 150 ◦C for
600 min for the post-curing process. The thickness of the composites was dependent on the
thickness of the stainless steel spring sheet.

2.3. Preparation of the Sandwiched Epoxy-Based Composites

Laminated-structured epoxy-based composites were prepared layer-by-layer via the
aforementioned hot-pressing method, as illustrated in Figure 1. The thickness of the films
could be controlled by using stainless steel-spring sheets with different thicknesses. First,
the ANMP/epoxy composite suspension was poured and formed into a film using the hot-
press technique to create the first layer of the sandwich-structured composites. This first
layer was subsequently dried at 100 °C for 30 min to form a stable shape. It is worth noting
that the first layer should not be completely cured, so that it is able to be etched by the next
solution layer. The epoxy-based composite solution with 1.0 vol.% ANNP was poured onto
the first layer of dried ANMP/epoxy to create the middle layer. Similarly, the third layer
of epoxy-based composite was fabricated by pouring ANMP/epoxy suspension onto the
middle layer. The final sandwich composite was obtained after heating at 100 ◦C for 120 min
by hot-press and post-curing at 150 ◦C for 600 min in the oven. The composites were peeled
off to be free-standing, and were stored in a dry box for subsequent measurement. The
sandwich composite with a 120 µm thick outer layer and 60 µm thick middle layer is
defined as “120-60”, and all other samples named in the same way.

Nanomaterials 2021, 11, x FOR PEER REVIEW 3 of 11 
 

 

2. Experimental Methods 
2.1. Materials 

Nano-AlN with a diameter of 40 nm (defined as ANNP) and micro-AlN particles 
with an average size of 5 μm (defined as ANMP) were employed as inorganic fillers. Bi-
sphenol-epoxy resin (DGEBA, E-828, HEXION) was purchased from Haoyun chemical 
Co. Ltd., Guangzhou, China.. Methyl tetrahydrophthalic anhydride (MTHPA) and N, N-
dimethylbenzylamine (BDMA) were supplied by Aladdin Reagent Co. Ltd., Shanghai, 
China, and were employed as a curing agent and accelerator, respectively. 

2.2. Preparation of AlN/Epoxy Composites 
For the fabrication of AlN/epoxy composites, a certain amount of AlN particles and 

epoxy monomers were added to a ball milling jar with zirconia balls for ultrahigh speed 
mixing and ball milling at 1000 rpm for 10 min and 2000 rpm for 20 min, via the planetary 
centrifugal mixer (Thinky USA Inc., Laguna Hills, CA, USA). The zirconia balls were then 
removed from the slurry with the epoxy and fillers. The hardener MTHPA and accelerator 
BDMA were added into the slurry. The mixed solution was then dispersed by planetary 
centrifugal mixer at 1000 rpm for 5 min. The resultant suspension was moved to a vacuum 
oven for degassing at 60 °C for 30 min. The suspension was then poured into the middle 
of a tailored stainless steel spring sheet with a 10 cm square hole, with polyethylene ter-
ephthalate PET films used as a substrate on the top and bottom. A hot press of 20 MPa at 
100 °C for 120 min was applied. Subsequently, the samples were moved to an oven and 
heated at 150 °C for 600 min for the post-curing process. The thickness of the composites 
was dependent on the thickness of the stainless steel spring sheet. 

2.3. Preparation of the Sandwiched Epoxy-Based Composites 
Laminated-structured epoxy-based composites were prepared layer-by-layer via the 

aforementioned hot-pressing method, as illustrated in Figure 1. The thickness of the films 
could be controlled by using stainless steel-spring sheets with different thicknesses. First, 
the ANMP/epoxy composite suspension was poured and formed into a film using the hot-
press technique to create the first layer of the sandwich-structured composites. This first 
layer was subsequently dried at 100  for 30 min to form a stable shape. It is worth noting ℃

that the first layer should not be completely cured, so that it is able to be etched by the 
next solution layer. The epoxy-based composite solution with 1.0 vol.% ANNP was 
poured onto the first layer of dried ANMP/epoxy to create the middle layer. Similarly, the 
third layer of epoxy-based composite was fabricated by pouring ANMP/epoxy suspen-
sion onto the middle layer. The final sandwich composite was obtained after heating at 
100 °C for 120 min by hot-press and post-curing at 150 °C for 600 min in the oven. The 
composites were peeled off to be free-standing, and were stored in a dry box for subse-
quent measurement. The sandwich composite with a 120 μm thick outer layer and 60 μm 
thick middle layer is defined referred to as “120-60”, and all other samples named in the 
same way. 

 

Figure 1. Schematic of the preparation process of sandwich-structural epoxy-based composites.

2.4. Characterizations

The phase structure of the materials was examined using X-ray diffraction (Bruker D2
PHASER (Karlsruhe, Germany). The surface morphology of the epoxy composites were
studied using SEM (FEI QUANTA F250 Hillsboro, TX, USA. Laser flash apparatus (LFA467,
Selb, Germany) was performed to test the thermal conductivity of samples. Dielectric
properties of samples were measured by broadband dielectric analyzer (CONCEPT 80,



Nanomaterials 2021, 11, 1898 4 of 10

Novocontrol Technology Company, Montabaur, Germany). Dielectric breakdown strength
was studied using two sphere electrode systems. A layer of gold was sputtered on the
surface of samples by an auto spraying equipment for the dielectric test. Differential
scanning calorimetry (DSC, 200 F3) was carried out at the heating rate of 10 ◦C/min under
a nitrogen atmosphere.

3. Results and Discussions
3.1. Surface Morphology and Structure Analysis

In general, micro-sized fillers in polymer composites are beneficial for heat flux con-
duction due to lower amounts of photon scattering than that of nanofillers. Unfortunately,
the dielectric breakdown strength of the epoxy composites with micro-fillers shows an
obvious decrease in comparison with that of neat epoxy. In our previous work, multi-layer
structured polymer composites were shown to concurrently enhance thermal conductivity
and dielectric breakdown strength [6]. However, thermal conductivity was still low due to
the intrinsic thermal conductivity of alumina and some defects between the micro-fillers
and the epoxy matrix. In this work, AlN particles with high thermal conductivity were
selected, and the layer-by-layer hot-pressing method was adopted to fabricate sandwich
composites. The ANNP was used as a filler in the middle layer to ensure high dielectric
breakdown strength, while the ANMP was mixed into the outer layers for thermal trans-
port performance. The cross-section SEM image of the epoxy-based composite exhibits a
clear multilayered structure, as shown in Figure 2a,d. The total thickness of the multi-layer
composite is approximately 300 µm, with various layer thicknesses within the inner layer
and outer layer, showing a distinguishing interface in the sandwich-structured composite.
The perfect interfaces between adjoining layers are visible, and there are no obvious defects
due to the compatible materials and etched surfaces. In other words, the surface of the only
dried layer is easily etched by the solution of the next layer.
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In the Figure 2b,c, the surface morphology of the epoxy composites indicated that
the ANMP and ANNP were uniformly incorporated into the epoxy matrix, which was
mainly attributed to the strong shear force applied during the high-speed ball mill mixing.
Multilayered epoxy-based composites with different layer thicknesses were prepared,
with 130-40 and 90-120, as shown in Figure 2e,f. All of these results demonstrate that
the sandwich composites filled with ANNP and ANMP fillers can be fabricated by the
layer-by-layer hot-press technique. It is also worth noting that ANMP particles with an
average size of 5 µm could also form compatible and compact interfaces with the epoxy
matrix by using the ball milling treatment.

3.2. Thermal Conductivity and Dielectric Breakdown Strength

The through-plane thermal conductivity (TPTC) of the sandwich composites with
various layer thicknesses at different test temperatures is shown in Figure 3a. The TPTC of
the sandwich composites gradually increases with the increment of thickness of the outer
layer. For instance, the TPTC of 120-60 reaches up to 0.754 W/((m·K)), which is 4.1 times
higher compared to that of the epoxy. A higher value of 0.904 W/((m·K)) is obtained
when the thickness of the outer layer is 130 µm. Dielectric breakdown strength is of great
importance to power electronic devices and power equipment in practical applications.
The dielectric breakdown strength values were analyzed by Weibull distribution. In the
sandwich composites, 1.0 vol.% loading of ANNP was embedded into the inner layer,
as the composite exhibits the highest dielectric breakdown strength in Table S1. The
35.6 vol.% of inorganic fillers in the outer layers of epoxy composites were chosen due
to the simultaneous consideration of the thermal conductivity, dielectric constant and
dielectric breakdown strength. Based on our previous study [6], the epoxy composites
with 35.6 vol.% (corresponding to 60 wt.%) in outer layers showed enhancements in both
thermal conductivity and dielectric breakdown strength compared to other filler loadings
in the outer layers. When the filler loading of the epoxy composites is less than 35.6 vol.%,
thermal conductivity is relatively low. However, the epoxy composites with more than
35.6 vol.% fillers become increasingly viscous, and the dielectric breakdown strength
becomes significantly degraded. The composites with less than 35.6 vol.% fillers showed
the desirable networks, viscosity, dielectric constant and electric field distribution, giving
rise to the optimized parameters of thermal conductivity and dielectric breakdown strength.
Figure 3b shows the weibull distribution of characteristic dielectric breakdown strength
values. The dielectric breakdown strength of the sandwich composites first increases and
then decreases with each increment of thickness in the outer layers. The 120-80 composite
has an optimal dielectric breakdown strength value of 69.1 kV/mm, an increase of 8.1%
in comparison with pure epoxy. For ease of comparison, the comprehensive contrast
between thermal conductivity and dielectric breakdown strength is shown in Figure 3c.
The dielectric breakdown strength of the 1.0 vol.% ANNP/epoxy composite is 66.5 kV/mm.
However, its thermal conductivity is only 0.20 W/(m·K). It is evident that the dielectric
breakdown strength and TPTC of the sandwich composites are higher and can be adjusted
by layer thickness. For instance, the TPTC and dielectric breakdown strength of 120-60 are
0.754 W/(m·K) and 69.7 kV/mm, respectively. More notably, the TPTC of 130-60 reaches
0.904 W/(m·K), and its dielectric breakdown strength is still close to that of pure epoxy.

Electric field strength has a close correlation with the dielectric constant in terms
of double-layer dielectric capacitors based on the series model, i.e., Em·εm = En·εn, and
the principle also works in sandwich dielectric materials. Therefore, the electric field
distribution of sandwich composites could be regulated by altering the dielectric constant
of layer thicknesses. Based on the correlation between electric field strength, voltage, and
thickness, the electric field strength of the sandwich composites is given by Equations (1)
and (2),

Em = V/(2dm + dnεm/εn) (1)

En = V/(dn + 2dmεn/εm) (2)



Nanomaterials 2021, 11, 1898 6 of 10

where V is the applied voltage; dn and dm is the thickness, εn and εm represents permittivity,
En and Em represents electric field strength, the subscript m and n represent outer layer
and inner layer, respectively.
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Based on the equations mentioned above, the ANNP/epoxy in inner layer would
suffer a higher electric field strength due to the lower permittivity, when the layer thick-
nesses are the same. In other words, the outer layers suffered a lower electric field strength,
leading to an incomplete breakdown of the sandwich composites. Moreover, the charges
that gathered in the interfaces, as illustrated in Figure 3d, could be released in the incom-
plete breakdown channels, which is favorable for reducing dielectric stress and avoiding
a complete breakdown. Another reason for this is that the dielectric breakdown strength
values of samples increased with decreasing thicknesses, as shown in Figure S1. That is
also why 120-60 showed the highest dielectric breakdown strength instead of 90-120. It
means that the dielectric breakdown strength should be determined by layer thickness and
the redistribution of electric field strength. When the total thicknesses of the sandwich
composite were fixed, the variation in thickness of the inner layer and outer layer could
alter the dielectric constant in each layer, determining the distribution of the electric field.
Therefore, dielectric breakdown strength could be enhanced at the optimum layer thick-
ness. In addition, the thermal transport process in the in-plane direction of the sandwich
composite was revealed in Figure 3d. The thermal transport performance of sandwich
composites should be higher because the heat flow can be more effectively conducted in
the ANMP/epoxy outer layers.

In order to further analyze the thermal conductivity of laminated composites, a
modified series model and a modified parallel model are presented.
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Modified series model:
1

Kc
=

Φ1

K1
+

Φ2

K2
+

Φ3

K3
(3)

Modified parallel model:

Kc = Φ1K1 + Φ2K2 + Φ3K3 (4)

Φ1 + Φ2 + Φ3 = 1 (5)

where Kc stands for thermal conductivity of sandwich composites, K1, K2 and K3 represent
thermal conductivity of upper, inner and under layer, respectively. Φ1, Φ2 and Φ3 are the
filler volume fraction of upper, inner and under layer, respectively.

In Figure 4, the experimental and predicted values of the thermal conductivity of
laminated composites were compared. Thermal conductivity values of the sandwich
composites were calculated by combining Equations (3) and (5). K1, K2 and K3 were
obtained from the experimental data of the epoxy composites, summarized in Table S2. Φ1,
Φ2 and Φ3 were proportional to the thickness of each layer in the sandwich composites,
and are also summarized in Table S2. In this study, the thicknesses of the outer layers in
the sandwich composites are equal; thus, the Φ1 and Φ3 are also equal. The SEM images
have indicated that the sandwich composite with a perfect interface between adjacent
layers could be considered as a whole, where contact thermal resistance could be neglected.
Therefore, the TPTC of the sandwich composite is equivalent to that of the three layers in
series. Similarly, the in-plane thermal conductivity (IPTC) of the composite is equivalent to
that of the three layers in parallel. It is worth noting that the predicted thermal conductivity
along the in-plane direction is much higher than that along the through-plane direction.
For example, the predicted IPTC of 120-60 is 1.88 W/((m·K)), 2.5 times higher than the
TPTC. This could be attributed to heat flow having to cross through the inner layer with
low thermal conductivity for TPTC. However, for IPTC, heat flux could transfer directly
along the outer layers, significantly enhancing thermal conduction efficiency.
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Figure 4. The experimental and theoretical thermal conductivity in a sandwich composite.

3.3. Dielectric Constant and Dielectric Loss

The dielectric constant and dielectric loss are also important parameters for practical
application in power electronic devices and power equipment. The dielectric behavior of
sandwich composites with different layer thicknesses was studied, as showed in Figure 5.
As can be seen from Figure 5a, the permittivity of sandwich structured composites gradually
increases with each increment of layer thickness in the outer layers. For instance, the
dielectric constant varies from 5.1 for 90-120 to 6.0 for 130-40 at 10−1 Hz. Based on previous
reports, charges may be stored at the interfaces between the hetero layers within the
sandwich composite [39–41]. Figure 5b shows the dependence of the dielectric constant
and dielectric loss on layer thickness in all sandwich composites. It can be seen that
the dielectric loss in all samples remains relatively low, and has no dramatic variation



Nanomaterials 2021, 11, 1898 8 of 10

between the various layer thicknesses. This could be attributed to two reasons. First is
that dielectric loss in the outer layer ANMP/epoxy composites depend on the interfaces
and compatibility between the fillers and the epoxy matrix. The composites prepared
with the ball-milling method show relatively lower dielectric loss, due to more compact
interfaces and better compatibility. The more compact interfaces and better compatibility
suppresses the mobility of charge carriers and polymer molecular swing, reducing interface
relaxation loss. Secondly, the inner layer of the sandwich-structured composite can hinder
the effective conduction of charges between two electrodes, giving rise to decrease of
electrical conduction in the composite. This is due to the ANNP fillers incorporated
into the inner layer of the sandwich composites having a small effect, resulting in lower
electrical conductivity and a stronger interface interaction. In this case, the interface loss
and electrical conduction loss were significantly reduced, and thus the dielectric loss
was visibly improved. Moreover, dielectric losses for sandwich composites have a slight
dependence on the thickness of inner and outer layers. Dielectric losses slightly increase
with increasing outer layer thickness, implying that charges can be effectively hindered
even though the inner layer is thin, which is advantageous in the design of materials with
low dielectric loss.
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4. Conclusions

In summary, we reported on the preparation of laminated composites by incorporating
ANNP in the inner layers and ANMP in the outer layers using layer-by-layer solution
pouring and the hot-pressing technique. The sandwich composites show many improved
properties. For instance, the dielectric breakdown strength of 120-80 is up to 65.3 kV/mm,
increased by 26% compared to that of traditional composites. Meanwhile, the laminated
composites still have high TPTC and extremely low dielectric loss. More interestingly, the
thermal conductivity of laminated composites could be predicted by a series model and
parallel model. The predicted IPTC of 120-80 is up to 0.902 W/((m·K)), higher than TPTC.
The sandwich epoxy composites are very promising for application in power electronic
devices and power equipment.
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fraction of inner layer and outer layers in sandwich composites.

Author Contributions: Z.W. and G.W. conceived idea; X.W., S.W., J.H. and T.Z. conducted experi-
ments and data analysis; Z.W. and G.W. did literature research and drafted the manuscript; Z.W.,
G.W. and J.W. made review and final editing. All authors have read and agreed to the published
version of the manuscript.

https://www.mdpi.com/article/10.3390/nano11081898/s1
https://www.mdpi.com/article/10.3390/nano11081898/s1


Nanomaterials 2021, 11, 1898 9 of 10

Funding: This research was funded by the Qingchuang Talents Induction Program of Shandong
Higher Education Institution, Natural Science Foundation of Shandong Province (No. ZR2019YQ24),
The Science Foundation of Shaanxi Provincial Department of Education (No. 17JS076), Xi’an Key Lab-
oratory of Clean Energy (No. 2019219914SYS014CG036). The APC was funded by No. ZR2019YQ24.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank this work was financially supported by the Qingchuang
Talents Induction Program of Shandong Higher Education Institution, Natural Science Foundation of
Shandong Province (No. ZR2019YQ24), The Science Foundation of Shaanxi Provincial Department
of Education (No. 17JS076), Xi’an Key Laboratory of Clean Energy (No. 2019219914SYS014CG036).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dang, Z.M.; Zheng, M.S.; Hu, P.H.; Zha, J.W. Dielectric polymer materials for electrical energy storage and dielectric physics: A

guide. J. Adv. Phys. 2015, 4, 302–313. [CrossRef]
2. Su, J.G.; Du, B.X.; Jin, L.; Li, Z.L. Electrical tree degradation in high-voltage cable insulation: Progress and challenges. High Volt.

2020, 5, 353–364. [CrossRef]
3. Li, S.T.; Yu, S.H.; Feng, Y. Progress in and prospects for electrical insulating materials. High Volt. 2016, 1, 122–129. [CrossRef]
4. Chen, S.Y.; Meng, G.D.; Kong, B.; Xiao, B.; Wang, Z.D.; Jing, Z.; Gao, Y.S.; Wu, G.L.; Wang, H.; Cheng, Y.H. Asymmetric alicyclic

amine-polyether amine molecular chain structure for improved energy storage density of high-temperature crosslinked polymer
capacitor. Chem. Eng. J. 2020, 387, 123662. [CrossRef]

5. Daniel, Q.T. The search for enhanced dielectric strength of polymer-based dielectrics: A focused review on polymer nanocompos-
ites. J. Appl. Polym. Sci. 2020, 137, 49379.

6. Wang, Z.D.; Cheng, Y.H.; Wang, H.K.; Yang, M.M.; Shao, Y.Y.; Chen, X.; Tanaka, T. Sandwiched epoxy-alumina composites with
synergistically enhanced thermal conductivity and breakdown strength. J. Mater. Sci. 2017, 52, 4299–4308. [CrossRef]

7. Duan, X.H.; Siew, W.H.; Given, M.; Liggat, J.; He, J.L. Effect of different surface treatment agents on the physical chemistry and
electrical properties of polyethylene nano-alumina nanocomposites. High Volt. 2020, 5, 397–402. [CrossRef]

8. Wang, Z.B.; Iizuka, T.; Kozako, M.; Ohki, Y.; Tanaka, T. Development of epoxy/BN composites with high thermal conductivity
and sufficient dielectric breakdown strength part I—Sample preparations and thermal conductivity. IEEE. Trans. Dielectr. Electr.
Insul. 2011, 18, 1963–1972. [CrossRef]

9. Wang, Z.D.; Yang, M.M.; Cheng, Y.H.; Liu, J.Y.; Xiao, B.; Chen, S.Y.; Huang, J.L.; Xie, Q.; Wu, G.L.; Wu, H.J. Dielectric properties and
thermal conductivity of epoxy composites using quantum-sized silver decorated core/shell structured alumina/polydopamine.
Compos. Part A Appl. S. 2019, 118, 302–311. [CrossRef]

10. Saito, T.; Yoshitaka, N.; Fumihiko, M.; Akira, M.; Yuta, T.; Eiji, M.; Yoshikazu, T. Novel IGBT module design, material and
reliability technology for 175 ◦C continuous operation. In Proceedings of the 2014 IEEE Energy Conversion Congress and
Exposition (ECCE), Pittsburgh, PA, USA, 14–18 September 2014; pp. 4367–4372.

11. Huang, X.Y.; Zhi, C.Y.; Jiang, P.K.; Golberg, D.; Bando, Y.; Tanaka, T. Polyhedral oligosilsesquioxane-modified boron nitride
nanotube based epoxy nanocomposites: An ideal dielectric material with high thermal conductivity. Adv. Funct. Mater. 2013, 23,
1824–1831. [CrossRef]

12. Zhi, C.Y.; Bando, Y.; Tang, C.C.; Kuwahara, H.; Golberg, D. Large-scale fabrication of boron nitride nanosheets and their utilization
in polymeric composites with improved thermal and mechanical properties. Adv. Mater. 2009, 21, 2889–2893. [CrossRef]

13. Lokanathan, M.; Acharya, P.V.; Ouroua, A.; Strank, S.M.; Hebner, R.E.; Bahadur, V. Review of Nanocomposite Dielectric Materials
With High Thermal Conductivity. Proc. IEEE 2021, 109, 1364–1397. [CrossRef]

14. Zhang, L.; Deng, H.; Fu, Q. Recent progress on thermal conductive and electrical insulating polymer composites. Compos.
Commun. 2018, 8, 74–82. [CrossRef]

15. Bansal, R.K.; Sahoo, J.C. Thermal and dielectric properties of epoxy resins. Angew. Makromol. Chem. 1979, 79, 125–132. [CrossRef]
16. Wang, Z.D.; Cheng, Y.H.; Yang, M.M.; Huang, J.L.; Cao, D.X.; Chen, S.Y.; Xie, Q.; Lou, W.X.; Wu, H.J. Dielectric properties and

thermal conductivity of epoxy composites using core/shell structured Si/SiO2/polydopamine. Compos. Part B: Eng. 2018, 140,
83–90. [CrossRef]

17. Chen, S.Y.; Cheng, Y.H.; Xie, Q.; Xiao, B.; Wang, Z.D.; Liu, J.Y.; Wu, G.L. Enhanced breakdown strength of aligned-sodium-
titanate-nanowire/epoxy nanocomposites and their anisotropic dielectric properties. Compos. Part A Appl. Sci. 2019, 120, 84–94.
[CrossRef]

18. Wan, Y.-J.; Li, G.; Yao, Y.-M.; Zeng, X.-L.; Zhu, P.-L.; Sun, R. Recent advances in polymer-based electronic packaging materials.
Compos. Commun. 2020, 19, 154–167. [CrossRef]

19. Xiao, M.; Du, B.X. Review of high thermal conductivity polymer dielectrics for electrical insulation. High Volt. 2016, 1, 34–42.
[CrossRef]

20. Ruan, K.P.; Yan, H.; Zhang, S.J.; Shi, X.T.; Guo, Y.Q.; Gu, J.W. In-situ fabrication of hetero-structured fillers to significantly enhance
thermal conductivities of silicone rubber composite films. Compos. Sci. Technol. 2021, 210, 108799. [CrossRef]

http://doi.org/10.1166/jap.2015.1203
http://doi.org/10.1049/hve.2020.0009
http://doi.org/10.1049/hve.2016.0034
http://doi.org/10.1016/j.cej.2019.123662
http://doi.org/10.1007/s10853-016-0511-6
http://doi.org/10.1049/hve.2020.0081
http://doi.org/10.1109/TDEI.2011.6118634
http://doi.org/10.1016/j.compositesa.2018.12.022
http://doi.org/10.1002/adfm.201201824
http://doi.org/10.1002/adma.200900323
http://doi.org/10.1109/JPROC.2021.3085836
http://doi.org/10.1016/j.coco.2017.11.004
http://doi.org/10.1002/apmc.1979.050790110
http://doi.org/10.1016/j.compositesb.2017.12.004
http://doi.org/10.1016/j.compositesa.2019.02.024
http://doi.org/10.1016/j.coco.2020.03.011
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1016/j.compscitech.2021.108799


Nanomaterials 2021, 11, 1898 10 of 10

21. Wang, Z.D.; Paul, P.; Mohammed, J.M. Dispersion of high-quality boron nitride nanosheets in polyethylene for nanocomposites
of superior thermal transport properties. Nanoscale Adv. 2020, 2, 2507–2513. [CrossRef]

22. Huang, X.Y.; Jiang, P.K.; Tanaka, T. A review of dielectric polymer composites with high thermal conductivity. IEEE Electr. Insul.
M. 2011, 27, 8–16. [CrossRef]

23. Guo, Y.Q.; Ruan, K.Q.; Shi, X.T. Yang, X.T.; Gu, J.W. Factors affecting thermal conductivities of the polymers and polymer
composites: A review. Compos. Sci. Technol. 2020, 193, 108134. [CrossRef]

24. Zhou, W.Y.; Zhang, F.; Yuan, M.X.; Li, B.; Peng, J.D.; Lv, Y.G.; Cai, H.W.; Liu, X.R.; Chen, Q.G.; Dang, Z.M. Improved dielectric
properties and thermal conductivity of PVDF composites filled with core-shell structured Cu@CuO particles. J. Mater. Sci. Mater.
Electron. 2019, 30, 18350–18361. [CrossRef]

25. Zhou, W.Y.; Li, T.; Yuan, M.Y.; Li, B.; Zhong, S.L.; Li, Z.; Liu, X.R.; Zhou, J.J.; Wang, Y.; Cai, H.W.; et al. Decoupling of inter-particle
polarization and intra-particle polarization in core-shell structured nanocomposites towards improved dielectric performance.
Energy Storage Mater. 2021, 42, 1–11. [CrossRef]

26. Ghosh, S.; Calizo, I.; Teweldebrhan, D.; Pokatilov, E.P.; Nika, D.L.; Balandin, A.A.; Bao, W.; Miao, F.; Lau, C.N. Extremely high
thermal conductivity of graphene: Prospects for thermal management applications in nanoelectronic circuits. Appl. Phys. Lett.
2008, 92, 151911. [CrossRef]

27. Asutosh, P. A study on thermal conductivity of epoxy/Al2O3 composites. Phys. Rev. A 2013, 59, 2864–2874.
28. Shi, X.T.; Zhang, R.H.; Ruan, K.P.; Ma, T.B.; Guo, Y.Q.; Gu, J.W. Improvement of thermal conductivities and simulation model

for glass fabrics reinforced epoxy laminated composites via introducing hetero-structured BNN-30@BNNS fillers. J. Mater. Sci.
Technol. 2021, 82, 239–249. [CrossRef]

29. Wang, Z.D.; Mohammed, J.M.; Amankumar, K.P.; Paul, P.; Kathleen, W.; Wang, P.; Sun, Y.P. Boron nitride nanosheets from
different preparations and correlations with their materials properties. Ind. Eng. Chem. Res. 2019, 58, 18644–18653. [CrossRef]

30. Wang, Z.D.; Meng, G.D.; Wang, L.L.; Tian, L.L.; Chen, S.Y.; Wu, G.L.; Kong, B.; Cheng, Y.H. Simultaneously enhanced dielectric
properties and through-plane thermal conductivity of epoxy composites with alumina and boron nitride nanosheets. Sci. Rep.
2021, 11, 1–11.

31. Gu, J.W.; Zhang, Q.Y.; Dang, J.; Zhang, J.P.; Yang, Z.Y. Thermal conductivity and mechanical properties of aluminum nitride filled
linear low-density polyethylene composites. Polym. Eng. Sci. 2009, 49, 1030–1034. [CrossRef]

32. Virkar, A.V.; Cutler, R.A. Fabrication of high-thermal-conductivity polycrystalline aluminum nitride: Thermodynamic and kinetic
aspects of oxygen removal. High Therm. Conduct. Mater. 2006, 143–166. [CrossRef]

33. Amit, D.; Patrick, E.P.; Ravi, S.P. Size effects on the thermal conductivity of polymers laden with highly conductive particles.
Microscale Therm. Eng. 2001, 5, 177–189.

34. Wang, Z.B.; Iizuka, T.; Kozako, M.; Ohki, Y.; Tanaka, T. Development of epoxy/BN composites with high thermal conductivity
and sufficient dielectric breakdown strength part II-breakdown strength. IEEE. Trans. Dielectr. Electr. Insul. 2011, 18, 1973–1983.
[CrossRef]

35. Bian, W.C.; Yao, T.; Chen, M.; Zhang, C.; Shao, T.; Yang, Y. The synergistic effects of the micro-BN and nano-Al2O3 in micro-nano
composites on enhancing the thermal conductivity for insulating epoxy resin. Compos. Sci. Technol. 2018, 168, 420–428. [CrossRef]

36. Fang, L.J.; Wu, C.; Qian, R.; Xie, L.Y.; Yang, K.; Jiang, P.K. Nano–micro structure of functionalized boron nitride and aluminum
oxide for epoxy composites with enhanced thermal conductivity and breakdown strength. RSC Adv. 2014, 4, 21010–21017.
[CrossRef]

37. Yu, J.H.; Huang, X.Y.; Wang, L.C.; Peng, P.; Wu, C.; Wu, X.F.; Jiang, P.K. Preparation of hyperbranched aromatic polyamide grafted
nanoparticles for thermal properties reinforcement of epoxy composites. Polym. Chem. 2011, 2, 1380–1388. [CrossRef]

38. Yao, T.; Chen, K.; Shao, T.; Zhang, C.; Zhang, C.Y.; Yang, Y. Nano-BN encapsulated micro-AlN as fillers for epoxy composites
with high thermal conductivity and sufficient dielectric breakdown strength. IEEE. Trans. Dielectr. Electr. Insul. 2020, 27, 528–534.
[CrossRef]

39. Wang, Y.; Hou, Y.F.; Deng, Y. Effects of interfaces between adjacent layers on breakdown strength and energy density in
sandwich-structured polymer composites. Compos. Sci. Technol. 2017, 145, 71–77. [CrossRef]

40. Agoris, D.P.; Vitellas, I.C.; Gefle, O.S.; Lebedev, S.M.; Pokholkov, Y.P. The barrier effect in three-layer solid dielectrics in
quasi-uniform electric field. J. Phys. D Appl. Phys. 2001, 34, 3485. [CrossRef]

41. Fredin, L.A.; Li, Z.; Lanagan, M.T.; Ratner, M.A. Substantial recoverable energy storage in percolative metallic aluminum-
polypropylene nanocomposites. Adv. Funct. Mater. 2013, 23, 3560–3569. [CrossRef]

http://doi.org/10.1039/D0NA00190B
http://doi.org/10.1109/MEI.2011.5954064
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1007/s10854-019-02189-w
http://doi.org/10.1016/j.ensm.2021.07.014
http://doi.org/10.1063/1.2907977
http://doi.org/10.1016/j.jmst.2021.01.018
http://doi.org/10.1021/acs.iecr.9b03930
http://doi.org/10.1002/pen.21336
http://doi.org/10.1007/0-387-25100-6_5
http://doi.org/10.1109/TDEI.2011.6118635
http://doi.org/10.1016/j.compscitech.2018.10.002
http://doi.org/10.1039/C4RA01194E
http://doi.org/10.1039/c1py00096a
http://doi.org/10.1109/TDEI.2020.008606
http://doi.org/10.1016/j.compscitech.2017.04.003
http://doi.org/10.1088/0022-3727/34/24/310
http://doi.org/10.1002/adfm.201202469

	Introduction 
	Experimental Methods 
	Materials 
	Preparation of AlN/Epoxy Composites 
	Preparation of the Sandwiched Epoxy-Based Composites 
	Characterizations 

	Results and Discussions 
	Surface Morphology and Structure Analysis 
	Thermal Conductivity and Dielectric Breakdown Strength 
	Dielectric Constant and Dielectric Loss 

	Conclusions 
	References

