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The issue of electronic heat dissipation has received much attention in recent times and has become 
one of the key factors in electronic components such as circuit boards. Therefore, designing of materials 
with good thermal conductivity is vital. In this work, a thermally conductive SBP/PU composite 
was prepared wherein the spherical h-BN@PMMA (SBP) composite powders were dispersed in the 
polyurethane (PU) matrix. The thermal conductivity of SBP was found to be significantly higher than 
that of the pure h-BN/PU composite at the same h-BN filler loading. The SBP/PU composite can reach 
a high thermal conductivity of 7.3 Wm−1 K−1 which is twice as high as that of pure h-BN/PU composite 
without surface treatment in the same condition. This enhancement in the property can be attributed 
to the uniform dispersion of SBP in the PU polymer matrix that leads to a three-dimensional continuous 
heat conduction thereby improving the heat diffusion of the entire composite. Hence, we provide a 
valuable method for preparing a 3-dimensional heat flow path in polyurethane composite, leading to a 
high thermal conductivity with a small amount of filler.

In recent times, the electronic industries are incessantly focusing on the three major development trends: high 
performance, miniaturization, and integration in the electronic products. The issue of electronic heat dissipation 
has received much attention since the excessive heat generated by the electronic device increases the temperature 
of the component leading to thermal fatigue, which in turn influences the reliability and reduces the service 
life of the electronic device1. Therefore, it requires the heating element with low thermal resistance and applies 
the high-efficiency heat sink in the heat dissipation path of the electronic components. Moreover, the package 
joint of the interface between each material and the heat sink is also an important key for thermal management 
technologies.

Polymer-based composites blended with different fillers possessing high thermal conductivity can be the 
potential materials that are capable of satisfying the above requirements. The composite material consisting of two 
or more different materials with characteristics of individual constituent materials, for example, lighter weight, 
better electrical insulation, and good heat resistance, good material strength, and good processability2,3. To date, 
many studies have pointed out that metals and carbon-based fillers such as graphene can be used as additives to 
improve the thermal conductivity of polymer-based composites4,5. Zhang et al. studied the thermal transport 
in supported graphene on a h-BN substrate, and observed impressive thermal conductivity by stress controlled 
graphene6. Lu et al. prepared a three-dimensional hybrid hierarchical structure with carbon nanotube interca-
lated graphene sheets by thermal annealing of carbon nanotube/graphene oxide films. The hybrid films demon-
strated ultra-high in-plane thermal conductivity because CNT forms a bridge, connecting the graphene sheets 
to improve the phonon propagation and avoid the corrugation of graphene layers during thermal treatment7. 
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Although these classes of composite materials display excellent thermal properties as the thermal interface mate-
rials in electronic packaging, they possess high electrical conductivity, resulting in current leakage and electrical 
short-circuit. These problems limit the practical application of composite material in the electronic packaging 
that requires electrical insulation and therefore, ceramic particles are commonly used as thermally conductive 
fillers8. Among the ceramic additives, hexagonal boron nitride (h-BN) is one of the most suitable candidates for it 
is comparable to graphite in terms of structure and physical properties, and possesses high thermal conductivity, 
high-temperature resistance, low reactivity, electrical insulation, and excellent oxidation resistance. Comparing 
with other fillers, it has various advantages such as lighter weight and low cost9–11. The thermal conductivity of 
the composite material is mainly affected by the dispersion of the filler in the polymer matrix and the interfacial 
thermal resistance between the filler and the polymer matrix12. Many studies have focused on the surface modi-
fication of the filler and combined with different mechanical blending methods to increase the dispersion of the 
filler in the polymer matrix and enhance the thermal conductivity of h-BN. However, these methods cannot effi-
ciently increase the thermal conductivity since the surface functionalization process is complicated. Furthermore, 
higher concentrations of fillers are required to form thermally conductive channels, resulting in increased costs of 
fillers and may reduce the mechanical properties of the composite. Therefore, it remains a challenge in achieving 
high thermal conductivity of the composite with low filler loading13,14. The h-BN has a layered structure; thus, it 
exhibits a higher thermal conductivity when the long axis of the h-BN composite is parallel to the heat transfer 
direction, while shows lower when the long axis of the h-BN composite is perpendicular to the heat transfer direc-
tion. This phenomenon is due to the heat transfer mechanism of phonon modes, and many studies demonstrate 
that the arrangement of h-BN additives in the polymer matrix and thermal properties are closely related15–17. 
Thus, forming a continuous three-dimensional heat conduction network along the heat transfer direction and 
combining with the tightly stacked h-BN structure uniformly dispersed in the polymer matrix will be the one of 
the most favorable strategies to achieve high thermal conductivity18,19.

Here we have found a simple, fast and effective method to prepare a compact and continuous h-BN heat 
conduction network in the polymer matrix. Firstly, spheroidized h-BN and Polymethyl methacrylate (PMMA) 
composite were prepared by mechanical mixing and spray drying process20,21. Then, the spherical composite 
powder was uniformly filled in the PU to prepare a thermally conductive composite material. The purpose of 
our study is to improve the thermal conductivity of h-BN/polyurethane (PU) composite by spheroidizing h-BN 
composite powders while taking into account heat transfer directionality and continuity. Through direct FE-SEM 
observation, dispersion analysis and interphase behavior investigation of spheroidized h-BN and spheroidized 
h-BN/polyurethane (PU) composites were measured and executed. Our results indicate that spheroidized SBP/
PU composite show a uniform dispersion of the filler in the polymer matrix and an ordered thermal network with 
a high thermal conductivity of 7.3 Wm−1 K−1 containing 40 wt% filler loading. The composite material prepared 
by this method possesses high thermal conductivity and also overcomes the poor dispersion of h-BN in the poly-
mer matrix along with the stringent requirement of orientation for heat transfer in h-BN. This method is facile to 
execute, and it can also decrease the amount of h-BN additives used and in turn, greatly reduce the material cost.

Results and Discussion
The prepared SBP was dispersed in the PU matrix to form the high thermally conductive composite wherein the 
FTIR was utilized in understanding the formation of the composite (30 wt% of filler loading) with the prelimi-
nary identification of their chemical structures. Figure 1(a) shows the FTIR spectrum of h-BN powder, PMMA, 
and h-BN@PMMA (SBP). The pure h-BN exhibits two characteristic peaks at the wavenumber of 1370 cm−1 
and 810 cm−1, indicating B-N in-plane stretching mode and B-N-B out-of-plane bending mode, respectively22. 
From the spectrum of pure PMMA, there are three characteristic peaks that can be observed at wavenumber 
of 1141 cm−1, 1727 cm−1 and 3000 cm−1. These peaks correspond to C-O-C single bond stretching mode, car-
bonyl group (C=O) and C-H bond stretching mode23. The FTIR spectrum of SBP is dominated mainly by the 

Figure 1.  FTIR spectrum of (a) pure h-BN, PMMA and SBP powders and (b) pure PU, h-BN/PU and SBP/PU 
composites with 30 wt% filler loading, respectively.
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characteristic BN peak at 1370 cm−1, however, also contains the carbonyl peak at 1727 cm−1 observed in the pure 
PMMA, suggesting that h-BN was successfully coated on PMMA thus forming h-BN@PMMA (SBP) composite 
powder.

Figure 1(b) displays the characteristic peak of pure PU, h-BN/PU, and SBP/PU composites. In the pure PU 
spectrum, a peak located at 2917 cm−1 corresponds to the aliphatic (-CH-) asymmetric stretching mode, and a 
strong peak at around 1730 cm−1 correlates to the carbonyl absorption (C=O) stretching mode. The aromatic 
C-C stretching vibrations can be observed in the region around 1600 cm−1, and the peaks at 1530 cm−1 and 
1230 cm−1 correspond to urea and urethane C-N stretching and N-H bending absorption13,24, respectively. The 
characteristic peak of h-BN can be found in h-BN/PU and SBP/PU spectrum, however, the intensity gets weaker 
due to the overlapping of PU and the additives peaks, which is also reported by other groups25,26.

Above results suggest that the inorganic fillers are not chemically linked with PU polymer and therefore the 
FTIR spectrum of h-BN/PU composite does not reveal the presence of new bonds. In addition, it was found that 
a strong characteristic peak appears at 801 cm−1 in the SBP/PU composite FTIR spectrum and this is due to the 
hydrogen interaction between the N-H group of PU and PMMA oxygen atoms23,27. Hence, the SBP composite 
is not only physically attached to the PU polymer but also attached to the PU matrix by chemical interactions 
during the manufacturing process.

Figure 2(a) shows the XRD pattern of the pure h-BN and SBP composite powders. The main peaks seen at 
2θ = 27.11°, 41.95°, 50.50° and 55.35° can be assigned to the (002), (100), (102) and (004) planes respectively. 
From the diffraction data, it is clear that the above-mentioned peaks correspond to the typical hexagonal crystal 
h-BN structure, and no other hetero-phase can be detected (JCPDS Card no. 85–1068)16,28. From the main dif-
fraction peaks of (002) and (004) plane as shown in Fig. 2(a), the diffraction peaks intensity of SBP composite 
powders is weaker than pure h-BN. This can be attributed to the exfoliation in the starting slurry of SBP compos-
ite powder due to mechanical mixing. Also, from the inset of Fig. 2(a), it reveals that the (002) diffraction peak of 
the SBP composite powder is slightly shifted towards the lower angle compared to that of pure h-BN. The shifting 
of the (002) diffraction peak could also be due to the exfoliation of h-BN sheets during the mechanical mixing 
process as verified by many several research works29–31. The pure PU demonstrates a broad diffraction peak at 
20° as shown in the XRD pattern Fig. 2(b), and this is due to the amorphous structure of the polymer32. It was 
observed that both peaks of the h-BN/PU and SBP/PU composite have the same trend and no other obvious dif-
fraction peaks were detected in both. These results imply that the crystal structure of h-BN particles is not affected 
by the processing method.

The degree of the orientation (δ) of BN sheets in the polymer matrix is one of the essential factors affecting the 
thermal conductivity, and it can be characterized by XRD analysis. The degree of orientation (δ) was calculated to 
realize the through-plane orientation degree of h-BN/PU composites and SBP/PU composites15,33,34. The Eq. (1) 
can be described as follows:

δ =
+

×
I

I I
100%

(1)
(100)

(100) (002)

where the I(100) and I(002) are the intensity of the (100) and (002) plane of h-BN, respectively. The (100) plane cor-
relates to the vertically aligned h-BN sheets whereas the (002) plane represents the horizontal ones. As seen in the 
Fig. 2(b), the peaks located at 26.76° and 41.67° are the characteristic peaks of (002) and (100) planes. The δ value 
of SBP/PU composites and h-BN/PU composites are 38.9% and 59.7%, respectively with the δ value of SBP/PU 
composite 1.5 times lower than h-BN/PU composite indicating that the degree of orientation of h-BN in SBP/PU 
composite is higher than the h-BN/PU composite. It is worth to mention that it is challenging to prepare vertically 
aligned BN composite via traditional method15,35. However, through the process provided by this work, more 

Figure 2.  XRD patterns of (a) pure h-BN and SBP composite powders and the inset shows the scan curves of 
the pure h-BN and SBP (002) peak in the θ-2θ scan ranging from 2θ = 24 to 30°. (b) h-BN/PU and SBP/PU 
composites with 30 wt% filler loading, respectively.
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vertically arranged h-BN structures can be created, which is beneficial to the powder dispersion in the composite 
material and to form the effective continuous heat conduction chains to provide more heat conduction paths.

The surface morphology of the pure h-BN powder, PMMA powder and SBP composite was observed by field 
emission scanning electron microscopy (FE-SEM). Figure 3(a) shows the image of the pure h-BN powder. It can 
be seen that most of the h-BNs are stacked together and have a plate-like shape with average particle size of 1 μm. 
The PMMA (average particle size = 4 μm) powder has the spherical shape with the smooth surface as shown 
in Fig. 3(b), and this smooth surface is an important factor for the preparation of uniform and homogeneous 

Figure 3.  FE-SEM images of (a) pure h-BN, (b) PMMA, and (c) SBP composites, (d) cracked surface of (c) SBP 
spherical composite, (e) pure PU, (f) h-BN/PU, (g) SBP/PU composites with 20 wt% filler loading, and (h) rapid 
rupture surface of (g).
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coating. Figure 3(c) displays the surface morphology of SBP composite powder after spray drying. It can be 
observed that the composite powder has a rough surface which is due to the decoration of h-BN on the surface. 
Most of the composite powders have a spherical structure with good fluidity, and their particle sizes range from 
10 and 40 μm. To further distinguish the difference inside the composite powder, the powders were compressed 
between two parallel slides, and the results are shown in Fig. 3(d). It can be noted that the PMMA particles have 
relatively larger sizes and are located inside the particles, and the small-sized h-BN particles mainly form the shell 
of the composite powder. Moreover, the surface of the spherical composite powder possesses higher packing 
density which follows the same trend as reported in other studies. According to Brownian motion, small parti-
cles tend to move outward and form an outer shell, while large particles remain inside and form the core of the 
composite powder36–38.

The obtained SBP composite powder was further utilized to produce the SBP/PU composite by the solution 
mixing method. Figure 3(e–h) displays the cross-sectional images of the samples and the dispersion and structure 
distribution between h-BN, SBP powder and PU can also be observed in these figures. Figure 3(e,f) demon-
strate the cross-section morphology of the pure PU and the h-BN/PU composite, respectively. From Fig. 3(e), 
the cross-section view of the pure PU is smooth and without any defects. The cross-section view of the h-BN/
PU composite can be seen in Fig. 3(f), the surface is very rough and the dispersion of h-BN in the PU polymer 
is irregular. It can be due to the orientation of the filler cannot be controlled by the disperser stirring process, 
thereby forming the filler agglomeration. On the other hand, Fig. 3(g) shows the composite prepared from SBP 
spherical composite powder. After stirring in the same manner, a uniform dispersion and tight connection with 
the PU polymer is formed (marked in red), and this increases the number of heat conduction path that assists 
in accelerating the phonon to transmit in the direction of the heat flow39. Particle dispersion and the conducting 
path of each composite are represented using the schematic diagram shown in the inset of Fig. 3(g). Figure 3(h) 
is the cross-section view of the sample that underwent the rapid rupture after immersing in the liquid nitrogen. 
This finding proves that the spherical PMMA microspheres inside the SBP composite powder encapsulated by 
the h-BN shell, allows the heat flow to transfer directly through the shell structure of h-BN and form a tight and 
continuous heat flow path (mark in red). As a result, the construction of a continuous filler network with high 
thermal conductivity can be expected40–42.

Figure 4(a) shows the thermal conductivity of PU composites with different filler loadings of SBP and h-BN 
prepared by using the disperser under the same conditions. The results indicate that the thermal conductivity of 
all the composites increases with increasing the content of the filler. However, the trend of thermal conductivity 
of all samples is nonlinear. The threshold for percolation can be found to exhibit between 10 wt% and 20 wt% of 
the filler loadings because the polymer matrix would be interposed between the adjacent fillers under low filler 
loading and it cannot fully contact with each other, therefore, the phonon can be scattered which further increases 
the interface thermal resistance, leading to poor heat conduction25. On the other hand, with increase in the filler 
loading, the trend of thermal conductivity shows a sharp rise at 20 wt%. The increasing number of fillers con-
tact with the adjacent ones, forming a densely packed structure that facilitates phonon transfer in a continuous 
thermal network43,44. Further, with the filler loading increased from 30 wt% to 40 wt%, the increasing trend of 
the thermal conductivity of the SBP/PU composite gradually slows down. This finding means that the adjacent 
spherical SBP fillers in SBP/PU composites are in direct contact with each other and the number of contacts has 
almost reached the saturation at 40 wt% of the filler loading25. For industrial application, it is worth to figure out 
the real content of h-BN in the SBP composite. Therefore, we compared SBP/PU and h-BN/PU composites with 
the same h-BN content by calculating the ratio of h-BN loading in the SBP/PU composite as shown in the inset of 
Fig. 4(a). The highest thermal conductivity of 7.302 W m−1 K−1 was observed in the PU composites with SBP filler 
of 40%, but the actual content of h-BN in SBP/PU was 30%. Despite the lower loading of the h-BN filler in the 
SBP/PU composite, the significant improvement in the thermal conductivity of SBP/PU can still be seen. These 

Figure 4.  (a) Thermal conductivity of h-BN/PU and SBP/PU composites versus filler loading (wt%), and the 
inset shows the thermal conductivity of h-BN/PU and SBP/PU composites versus different h-BN content (wt%). 
(b) Photographs of the pure PU, h-BN/PU, and SBP/PU composite. (c) Infrared thermal images of pure PU, h-
BN/PU and SBP/PU composites with 30 wt% filler concentration.
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results indicate that the SBP can tightly stack the h-BN powder in the PU matrix, forming the continuous thermal 
network structures and effectively improving the interfacial interaction.

Figure 4(b) presents the photographs of the pure PU, h-BN/PU, and SBP/PU composites. The pure PU exhibits 
high transparency, while the h-BN/PU and SBP/PU composites are in white. To directly demonstrate the heat 
transfer capability of h-BN/PU and SBP/PU composite materials, the samples were heated through an electric hot 
plate, and the temperature response was recorded by the infrared thermography. Before the measurement, all the 
samples were maintained in the same condition in order to avoid surface roughness, thickness, and geometry of 
the samples to cause the heat loss. Figure 4(c) shows the infrared thermal images of pure PU, 30 wt% h-BN/PU 
and 30 wt% SBP/PU composites. The surface temperature changes with the increase in the heating time and the 
color of the sample gradually changes from blue to red. The results indicate that the addition of fillers brings the 
significant difference in the PU by enhancing its thermal conductivity. In addition, SBP/PU composites prepared 
by the spray drying process exhibit better heat transfer capability than h-BN/PU composites under the same time 
conditions. It can thus be confirmed that our method can effectively disperse the filler and construct the thermal 
network to improve the thermal conductivity of the composites.

Conclusion
In summary, the spherical h-BN composite powders (SBP) can be effectively utilized in optimizing the thermal 
conductivity of PU composites by simple mechanical mixing and spray drying processes. Compared to h-BN/PU 
composites prepared with the same h-BN loading, the SBP/PU composite possesses significantly higher thermal 
conductivity. The SBP/PU composite with 30 wt% of h-BN loading, it can reach a high thermal conductivity of 7.3 
Wm−1 K−1. Our method can improve the thermal conductivity of the h-BN/PU composite by two-fold with the 
same h-BN loading. The peak at 801 cm−1 seen in the FTIR spectrum confirms the chemical interaction between 
the SBP composite powder and the PU matrix. SBP composite powder effectively increases the orientation of 
h-BN in the PU matrix by the method provided in this work. SBP spherical composite powders also exhibit good 
dispersion and well-ordered continuous h-BN thermal conductive networks in the PU polymer matrix. We have 
successfully provided with the application strategy for developing the low filler-loaded high thermal conductivity 
polyurethane composite with 3-dimensional continuous network structure of h-BN.

Material and Methods
Materials.  The h-BN powders with particle size ranging from 1–2 μm were provided by National Nitride 
Technologies Co., Ltd. (Taichung, Taiwan). Polymethyl methacrylate (PMMA, MW = 22,000 g mol−1, Density: 
1.19 g cm−3, supplier data) powders with the particle size of 5 μm were purchased from Eternal Materials CO., 
Ltd. (Kaohsiung, Taiwan). Waterborne Polyurethane (PU, MW = 240,000 g mol−1, Density: 1.18 g cm−3, supplier 
data) was provided by Win-Z Technology Co., Ltd (Taichung, Taiwan). Toluene (C7H8) was provided by Aencore 
Chemical Co., Ltd (Australia). All chemicals used in the experiment are of analytical grade and without any fur-
ther purification.

Preparation of h-BN@PMMA (SBP) spherical composite.  Mechanical mixing and spray drying were 
used in this process. The h-BN powder was uniformly mixed with PMMA to form a slurry. Both the powders 
were added to DI water (10 L) in the ratio of 3:1 (2.8 kg). After agitation with the magnetic stirrer, the components 
were thoroughly mixed by the vertical ball mill to obtain the uniform h-BN/PMMA dispersion solution. The 
above-formed dispersion solution was added to the spray drying system (CNK SDDNO-3, IDTA Machinery Co., 
Ltd., Taipei, Taiwan). The following process parameters were described as below: the temperature in air and out 
of air was set at range of 200 to 220 °C and 80 to 120 °C, the temperature of chamber was set at the range of 90 to 
130 °C, press air was set at 1.5 kg/cm2, disc rotation speed was 30,000 rpm, and the feed rate was fixed at 3 kg/h. 
After the mixture was treated by the spray drying process, the spherical h-BN@PMMA composite (SBP) was 
obtained. The experimental procedure is shown in Fig. 5.

Composite preparation.  The PU composite was prepared by using solution mixing technology. Firstly, 
20 g of PU was dissolved in 34.6 ml of toluene, and different proportions of SBP were added into the PU solution. 
Then, the mixture was stirred by the disperser (T25 digital, IKA Works, Germany) for 30 mins to obtain the uni-
form polymer mixture. After mixing, the homogeneous mixture was poured into the TeflonTM wells and dried 
in a vacuum oven at 60 °C for 24 hours to remove the solvent. The SBP/PU composite material was then cut into 
the size of 1 × 1 cm2 after drying.

Figure 5.  Schematic diagram portraying the steps involved in preparation of spherical h-BN@PMMA 
composite powder (SBP).
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The purpose of this study was to evaluate the consistency and continuity of the filler, so the same mixing 
method was used to prepare different proportions of h-BN/PU composites for the control sets. The dried SBP/PU 
and h-BN/PU samples were all white films. 10 wt% 20 wt% 30 wt% and 40 wt% of filler in SBP/PU and h-BN/PU 
composite were prepared through adding different proportions of filler during the process.

Characterization.  The crystal structure of fillers and composite materials were characterized by X-ray dif-
fraction (EMPYREAN, Panalytical Co., Ltd, Netherland) using Cu Kα radiation (λ = 1.54 Å) in range of 2θ = 10° 
− 60° with step size and the scan speed of 0.05° and 2°/min, respectively. Fourier transform infrared spectrometer 
(JASCO FT/IR-4150, Japan) was used to analyze the chemical structure of thermally conductive PU composites 
and fillers and the spectrum wavenumber ranged from 400 to 4000 cm−1. Top view and cross-section view micro-
structures of the prepared BN particles and composites were observed using secondary electron (SEI) method 
through field emission scanning electron microscope (FE-SEM, JSM-7610F, JEOL, Japan). The thermal conduc-
tivity of the composite was measured using the stable state method by thermal impedance tester (LW9053, Long 
Win Science and Technology Co., Ltd., Taoyuan, Taiwan) according to the ASTM D-5470-01 standard20,45,46. 
Finally, Infrared thermography (IR-TCM HD, Jenoptik AG, Germany) was used to record the heat transfer sur-
face temperature of composite films.

References
	 1.	 Moorel, L. & Shi, L. Emerging challenges and materials for thermal management of electronics. Mater. Today 17, 163–174 (2014).
	 2.	 Qi, X. D. et al. Tailoring the hybrid network structure of boron nitride/carbon nanotube to achieve thermally conductive poly 

(vinylidene fluoride). composites. Compos. Commun. 13, 30–36 (2019).
	 3.	 Guerra, V., Wan, C. Y. & McNally, T. Thermal conductivity of 2D nano-structured boron nitride (BN) and its composites with 

polymers. Prog. Mater. Sci. 100, 170–186 (2019).
	 4.	 Huang, T. et al. Boron nitride@graphene oxide hybrids for epoxy composites with enhanced thermal conductivity. RSC Adv. 6, 

35847–35854 (2016).
	 5.	 Zhang, L. et al. Aluminum/graphene composites with enhanced heat-dissipation properties by in-situ reduction of graphene oxide 

on aluminum particles. J. Alloys Compd. 748, 854–860 (2018).
	 6.	 Zhang, Z. W., Hu, S. Q., Chen, J. & Li, B. W. Hexagonal boron nitride: a promising substrate for graphene with high heat dissipation. 

Nanotechnology 28, 225704 (2017).
	 7.	 Lu, H. F. et al. Enhanced thermal conductivity of free-standing 3D hierarchical carbon nanotube-graphene hybrid paper. Compos. 

Part A-Appl. S. 102, 1–8 (2017).
	 8.	 Sato, K. et al. Thermally conductive composite films of hexagonal boron nitride and polyimide with affinity-enhanced interfaces. J. 

Mater. Chem. 20, 2749–2752 (2010).
	 9.	 Ishida, H. & Rimdusit, S. Very high thermal conductivity obtained by boron nitride-filled polybenzoxazine. Thermochim. Acta. 320, 

177–186 (1998).
	10.	 Li, L. et al. Strong oxidation resistance of atomically thin boron nitride nanosheets. ACS Nano 8, 1457–1462 (2014).
	11.	 Weng, Q. H. et al. Functionalized hexagonal boron nitride nanomaterials: emerging properties and applications. Chem. Soc. Rev. 45, 

3989–4012 (2016).
	12.	 Song, Y. S. & Youn, J. R. Influence of dispersion states of carbon nanotubes on physical properties of epoxy nanocomposites. Carbon 

43, 1378–1385 (2005).
	13.	 Kim, K., Kim, M. & Kim, J. Enhancement of the thermal and mechanical properties of a surface‐modified boron 

nitride–polyurethane composite. Polym. Adv. Technol. 25, 791–798 (2014).
	14.	 Xiao, C. et al. Enhanced thermal conductivity of silicon carbide nanowires (SiCw)/epoxy resin composite with segregated structure. 

Compos. Part A-Appl. S. 116, 98–105 (2019).
	15.	 Kim, K. & Kim, J. Core-shell structured BN/PPS composite film for high thermal conductivity with low filler concentration. Compos. 

Sci. Technol. 134, 209–216 (2016).
	16.	 Yuan, C. et al. Thermal conductivity of polymer-based composites with magnetic aligned hexagonal boron nitride platelets. ACS 

Appl. Mater. Interfaces 7, 13000–3006 (2015).
	17.	 Tanimoto, M., Yamagata, T., Miyata, K. & Ando, S. Anisotropic thermal diffusivity of hexagonal boron nitride-filled polyimide films: 

effects of filler particle size, aggregation, orientation, and polymer chain rigidity. ACS Appl. Mater. Interfaces 5, 4374–4382 (2013).
	18.	 Jiang, Y., Liu, Y., Min, P. & Sui, G. BN@PPS core-shell structure particles and their 3D segregated architecture composites with high 

thermal conductivities. Compos. Sci. Technol. 144, 63–69 (2017).
	19.	 Zeng, X. et al. Ice-templated assembly strategy to construct 3D boron nitride nanosheet networks in polymer composites for thermal 

conductivity improvement. Small 11, 6205–6213 (2015).
	20.	 Su, C. Y., Tang, H. Z., Chu, K. & Lin, C. K. Cosmetic properties of TiO2/mica-BN composite powder prepared by spray drying. 

Ceram. Int. 40, 6903–6911 (2014).
	21.	 Stunda-Zujeva, A., Irbe, Z. & Berzina-Cimdina, L. Controlling the morphology of ceramic and composite powders obtained via 

spray drying-a review. Ceram. Int. 43, 11543–11551 (2017).
	22.	 Cui, Z. et al. PMMA functionalized boron nitride sheets as nanofillers. Nanoscale 7, 10193–10197 (2015).
	23.	 Patrıcio, P. S. O. et al. Effect of blend composition on microstructure, morphology, and gas permeability in PU/PMMA blends. J. 

Membr. Sci. 271, 177–185 (2006).
	24.	 Palma-Ramírez, D. et al. Dispersion of upconverting nanostructures of CePO4 using rod and semi-spherical morphologies into 

transparent PMMA/PU IPNs by the sequential route. Polymer 142, 356–374 (2018).
	25.	 Hong, H. J. et al. Highly flexible and stretchable thermally conductive composite film by polyurethane supported 3D networks of 

boron nitride. Compos. Sci. Technol. 152, 94–100 (2017).
	26.	 Dumludag, F. et al. Effects of boron nitrite in thermoplastic polyurethane on thermal, electrical and free volume properties. Polym. 

Bull. 1–15 (2018).
	27.	 Archondouli, P. S. & Kalfoglou, N. K. Compatibilization and properties of PBT/PU polymeric alloys. Polymer 42, 3489 (2001).
	28.	 Jang, I., Shin, K. H. & Yang, I. Enhancement of thermal conductivity of BN/epoxy composite through surface modification with 

silane coupling agents. Colloids Surf. A 518, 64–72 (2017).
	29.	 Zhu, Z. et al. Enhanced thermal conductivity of polyurethane composites via engineering small/large sizes interconnected boron 

nitride nanosheets. Compos. Sci. Technol. 170, 93–100 (2019).
	30.	 Zhu, W. S. et al. Controlled gas exfoliation of boron nitride into few-layered nanosheets. Angew. Chem. Int. Ed. 55, 1–6 (2016).
	31.	 Du, M., Wu, Y. & Hao, X. A facile chemical exfoliation method to obtain large size boron nitride nanosheets. CrystEngComm 15, 

1782–1786 (2013).
	32.	 Amna, T. et al. Virgin olive oil blended polyurethane micro/nanofibers ornamented with copper oxide nanocrystals for biomedical 

applications. Int. J. Nanomed. 9, 891–898 (2014).

https://doi.org/10.1038/s41598-019-50985-5


8Scientific Reports |         (2019) 9:14397  | https://doi.org/10.1038/s41598-019-50985-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

	33.	 Lin, Z. et al. Magnetic alignment of hexagonal boron nitride platelets in polymer matrix: toward high performance anisotropic 
polymer composites for electronic encapsulation. ACS Appl. Mater. Interfaces 5, 7633–7640 (2013).

	34.	 Xue, Y. et al. Improvement in thermal conductivity of through-plane aligned boron nitride/silicone rubber composites. Mater. 
Design. 165, 107580 (2019).

	35.	 Wang, X. W. & Wu, P. Y. Preparation of Highly Thermally Conductive Polymer Composite at Low Filler Content via a Self-Assembly 
Process between Polystyrene Microspheres and Boron Nitride Nanosheets. ACS Appl. Mater. Interfaces 9, 19934–19944 (2017).

	36.	 Wang, S. & Langrish, T. A review of process simulations and the use of additives in spray drying. Food Res. Int. 42, 13–25 (2009).
	37.	 Singh, A. & Van den Mooter, G. Spray drying formulation of amorphous solid dispersions. Adv. Drug Deliv. Rev. 100, 27–50 (2016).
	38.	 Jabłczyńska, K., Gac, J. M. & Sosnowski, T. R. Self-organization of colloidal particles during drying of a droplet: Modeling and 

experimental study. Adv. Powder Techol. 29, 3542–3551 (2018).
	39.	 Huang, L. et al. Core–shell SiO2@RGO hybrids for epoxy composites with low percolation threshold and enhanced thermo-

mechanical properties. J. Mater. Chem. A 2, 18246–18255 (2014).
	40.	 Xu, L. et al. A facile assembly of polyimide/graphene core–shell structured nanocomposites with both high electrical and thermal 

conductivities. Compos. part A-Appl. S. 84, 472–481 (2016).
	41.	 Eksik, O. et al. A novel approach to enhance the thermal conductivity of epoxy nanocomposites using graphene core–shell additives. 

Carbon 101, 239–244 (2016).
	42.	 Cao, J. et al. High thermal conductivity and high electrical resistivity of poly(vinylidene fluoride)/polystyrene blends by controlling 

the localization of hybrid fillers. Compos. Sci. Technol. 89, 142–148 (2013).
	43.	 Songfeng, E. et al. Large-scale fabrication of boron nitride nanotubes and their application in thermoplastic polyurethane based 

composite for improved thermal conductivity. Ceram. Int. 44, 22794–22799 (2018).
	44.	 Yu, C. et al. Hot-pressing induced alignment of boron nitride in polyurethane for composite films with thermal conductivity over 50 

Wm−1 K−1 Compos. Sci. Technol. 60, 199–207 (2018).
	45.	 American Society for Testing Materials. method D5470, https://www.astm.org/DATABASE.CART/HISTORICAL/D5470-12.htm 

(1999).
	46.	 Jou, W., Hsu, C. & Yeh, Y. The thermal and di-electric properties of a silicone-based thermal pad. Adv. Mater. Res. 295–297, 804–807 

(2011).

Acknowledgements
The authors acknowledge financial support by Additive Manufacturing Center for Mass Customization 
Production from The Featured Areas Research Center Program within the framework of the Higher Education 
Sprout Project by the Ministry of Education (MOE) in Taiwan. This work was also financially supported by the 
Ministry of Science and Technology (MOST) under project of MOST-106-3114-E-027-003. We also especially 
thank Dr. Po-Wei Chi for providing professional knowledge and technical guidance in this work.

Author Contributions
C.Y. and C.C. provided the idea and contributed to the design of the experiment of this work. C.H. and G.F. 
performed the experiments. K.H. and C.T. analyzed the data. K.H., C.T. and C.Y. wrote the manuscript and 
prepared the figures. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50985-5
https://www.astm.org/DATABASE.CART/HISTORICAL/D5470-12.htm
http://creativecommons.org/licenses/by/4.0/

	Development of Thermally Conductive Polyurethane Composite by Low Filler Loading of Spherical BN/PMMA Composite Powder

	Results and Discussion

	Conclusion

	Material and Methods

	Materials. 
	Preparation of h-BN@PMMA (SBP) spherical composite. 
	Composite preparation. 
	Characterization. 

	Acknowledgements

	Figure 1 FTIR spectrum of (a) pure h-BN, PMMA and SBP powders and (b) pure PU, h-BN/PU and SBP/PU composites with 30 wt% filler loading, respectively.
	Figure 2 XRD patterns of (a) pure h-BN and SBP composite powders and the inset shows the scan curves of the pure h-BN and SBP (002) peak in the θ-2θ scan ranging from 2θ = 24 to 30°.
	Figure 3 FE-SEM images of (a) pure h-BN, (b) PMMA, and (c) SBP composites, (d) cracked surface of (c) SBP spherical composite, (e) pure PU, (f) h-BN/PU, (g) SBP/PU composites with 20 wt% filler loading, and (h) rapid rupture surface of (g).
	Figure 4 (a) Thermal conductivity of h-BN/PU and SBP/PU composites versus filler loading (wt%), and the inset shows the thermal conductivity of h-BN/PU and SBP/PU composites versus different h-BN content (wt%).
	Figure 5 Schematic diagram portraying the steps involved in preparation of spherical h-BN@PMMA composite powder (SBP).




