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ABSTRACT

To achieve adaptation to the heat dissipation effect of electronic devices in the

5G era and improvement of the anisotropic thermal conductivity of the insu-

lating polymer, three-dimensional (3D) PU@BNNS-OH network structure was

constructed via layer-by-layer assembly with polyurethane (PU) foam as the

robust skeleton of three-dimensional structure, and hydroxylated boron nitride

nanosheet (BNNS-OH) as thermal conductive filler. Then PU@BNNS-OH was

composited with polyvinyl alcohol (PVA) via microwave-assisted curing

method to get the final thermal conductivity composites (PVA/PU@BNNS-OH).

The result showed that the interconnected thermal conductivity network was

significantly effective in improving the anisotropic thermal conductivity of the

composite with high-temperature endurance and moderate mechanical prop-

erty. When the BNNS-OH coating is 10 wt%, the optimal thermal conductivity

of the composite is 4.68 W� m�1� K�1 and the thermal conductivity enhancement

efficiency is 45.50, which is significantly higher than others reported in the

literature. Both the finite element analysis and thermal infrared analysis indi-

cated that the thermal conductivity of the composites was significantly

improved and paved the way for its potential application. The present micro-

wave-assisted synthesis strategy is fast and energy-saving and can be widely

used for synthesizing different insulated polymer-based thermal interface

materials.
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1 Introduction

With the thinning, multi-functionality, and high

power of advanced microelectronic devices devel-

opment, a large amount of heat accumulation causes

serious problems, especially in the era of 5G com-

munication ages [1–3]. Effective heat dissipation has

become an urgent necessity in many areas, such as

electrical insulation, packaging materials, plastic,

aerospace, and other related fields [4–6]. The ideal

thermal conductive material should have good pro-

cessing properties, low coefficient of thermal expan-

sion, and good mechanical properties. Recently,

polymer materials have received widespread atten-

tion due to their superior performance to meet cur-

rent thermal management needs. However, the low

intrinsic thermal conductivity of most polymers has

limited their wide application [7, 8]. Recently, there

has been a lot of research to add thermally conduc-

tive filler to the polymer to increase the thermal

conductivity of the polymer [9–11]. The filler with

high thermal conductivity is a crucial factor to

enhance the thermal conductivity of polymers. Many

types of fillers, such as Ag [6], Carbon nanotubes [12],

Al2O3 [13], SiC [14], nano diamond [15, 16], graphe-

ne/graphene oxide [17, 18], and TiO2 [19], have been

investigated. Among them, two-dimensional layered

materials such as BN [6, 20, 21] have received

extensive attention due to their high thermal con-

ductivity, electrically insulating, and easy operation.

In addition to different types of fillers, there are still

several issues worth considering as to prepare the

polymer-based composite thermal conductivity

materials.

Filler loading in the polymer is a key factor

affecting thermal conductivity and mechanical

properties of the composite. Since the thermal con-

ductivity cannot be increased at the expense of the

processing properties and mechanical properties of

the composite, a suitable ratio of filler to polymer

should be considered. The distribution and orienta-

tion of the filler in the polymer also has a great impact

on the thermal conductivity. A vertically aligned

array of thermally conductive networks is ideal to be

built into the polymer. In order to improve the dis-

tribution and orientation of the filler in the polymer,

hot pressing [22, 23], electro-spinning [24, 25], mag-

netic alignment [26, 27], vacuum-assisted infiltration

[28], and flow-induced orientation [29] are utilized.

However, most methods can only improve the ther-

mal conductivity of a two-dimensional material in a

certain direction, and it is hard to simultaneously

increase the thermal conductivity of the composite on

the in-plane and through-plane. Construction of 3D

thermal network is a promising way to solve this

problem [11]. Wong et al. synthesized interconnected

and vertically aligned graphene network working as

effective thermally conductive fillers, with ultralow

loading of graphene but extradordinary thermal

conductivity of the composite [30]. Further work was

focused on constructing 3D BN nanosheets as ther-

mal transfer network and then infiltrated with epoxy

matrix as useful thermal interface materials [31].

Hence, the constructing of 3D network can fulfill the

low loading of filler with high thermal conductivity,

yet its scalable application was still hampered by its

complicated synthesis methology, such as ice-tem-

plating, chemical vapor deposition, which was

always time-consuming and complex processing.

Recently, the utilization of functionalized com-

mercial sponge, due to its low density, porous

structure, tractable property, has been considered as

ideal substrates in the field of oil–water separation

[32], flexible electrode [33], etc., has aroused great

interest. As interconnected thermal transfer substrate,

functionalized sponge has made a breakthrough in

the field of thermal interface materials. Wu et al. used

3D melamine sponge as substrate and supported BN

as thermal conductivity filler. The obtained 3D

materials were further encapsulated with epoxy to

achieve enhanced thermal conductivity at low load-

ing of filler with the method of layer-by-layer

assembly [34]. To achieve efficient contact between

substrate and filler, and filler and polymer, more

favorable combination method needs investigation.

In the present work, we used PU foam as a three-

dimensional network, and BNNSs were tightly

grown on the PU foam substrate by layer-by-layer

assembly. Then, a dense layer of PVA film was clo-

sely coated on the surface of PU@BNNS-OH by a

microwave-assisted curing method to avoid the poor

interface contact. The results showed that the three-

dimensional thermal transfer network was beneficial

to the thermal conductivity of the composite. The

optimal BN loading amount was determined via

measuring the thermal conductivity. Meanwhile,

finite element analysis (FEA) and thermal infrared

analysis were carried out to test the heat dissipation
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performance using the composite as a heat sink for

electronic devices.

2 Experimental

2.1 Materials

Hexagonal boron nitride powder (99.9%, 100 nm)

and Polyethyleneimine (PEI, 99%, MW = 10,000)

were purchased from Aladdin Reagent (Shanghai)

Co., Ltd. Isopropanol (AR), PVA (99%, 1750 ± 50)

and Lithium chloride (LiCl�2H2O, 99.9%) were pur-

chased from Sinopharm Chemical Reagent Co., Ltd.

Polyurethane foam was purchased from Ligu Inter-

national Trading (Shanghai) Co., Ltd.

2.2 Exfoliation and hydroxylation of BN

0.25 g of commercial BN powder was dissolved in

50 mL isopropanol solution, and ultrasonically exfo-

liated for 1 h to obtain BN/isopropanol mixed solu-

tion. After exfoliating, BN block was removed by

centrifugation, and a uniform and stable BN disper-

sion was obtained. The BN dispersion was placed in a

Teflon reactor for hydrothermal treatment under

160 �C for 8 h to obtain hydroxylated boron nitride

nanosheets (BNNS-OH). In order to increase the yield

of BNNSs, a small amount of LiCl�2H2O was added

into the Teflon reactor [35]. After hydrothermal syn-

thesis, the mixture was washed and centrifugated at

8000 r/min for 5 min and 2000 r/min for 10 min,

respectively to get final powder.

2.3 Preparation of PU@BNNS–OH foam

The PU foam (6 cm 9 1.5 cm 9 0.5 cm) was cleaned

and soaked in the PEI (1 mg mL-1) aqueous solution

for activation, then washed 2–3 times with deionized

water, and then immersed in the BNNSs solution.

BNNSs were tightly coated on the PU foam skeleton

due to the electrostatic interaction between the acti-

vated PU foam and BNNS-OH. This step was repe-

ated iteratively, and the PU/BNNS-OH foam was

prepared by layer-by-layer (L-B-L) assembly deposi-

tion cycle. We repeated deposition 30 times in this

experiment.

2.4 Preparation of PVA/PU@BNNSs
composite

We used a microwave reactor (XH-MC-1, 300 W) to

deposit a dense film on the surface of the foam at a

power of 300 W and a heating time of 120 s. Since the

wave absorption performance of the PU foam is sig-

nificantly better than that of the polymer, the PU/

BNNS-OH foam after absorbing microwave was

evenly heated, causing the adsorbed PVA solution to

rapidly solidify on both the inner and outer surface of

porous 3D materials. Hence, a dense layer of PVA

film will be formed on the surface of the PU foam,

and the PU@BNNS-OH can be actively combined

with the PVA to obtain the closely integrated com-

posite. Compared with the vacuum-assisted filtration

method and the vacuum-assisted drying method, the

microwave-assisted method can greatly shorten the

synthesis time and obtain a tight and evenly dis-

tributed surface. According to the mass ratio of

BNNS-OH to PVA, we labeled the prepared materials

as PVA/PU@BNNS-OH-X wt%. Detailed synthesis

procedure was illustrated in Fig. 1.

2.5 Characterization

The morphology of the BNNSs, PU foam, PU/BNNSs

foam, and PVA/PU@BNNSs composite were char-

acterized by scanning electron microscopy (SEM)

(JEOL, JSM-7800F, Japan). A D8 advance X-Ray

Fig. 1 Preparation process of PU@BNNS-OH foam and PVA/

PU@BNNS-OH composite

27526 J Mater Sci: Mater Electron (2021) 32:27524–27533



Diffractometer (XRD) (Bruker, Germany) was used to

measure the XRD patterns. Thermogravimetric anal-

ysis was carried out at a heating rate of 10 �C min�1

under N2 atmosphere using a comprehensive thermal

analyzer (Netzsch STA449F3). Thermal conductivity

of the samples was directly measured by thermal

conductivity measuring instrument (Sweden, Hot

Disk, TPS 2500S) using the Transient Plane Source

Method (TPS). The composite was cut into 1 9 6 cm

strips, and the stress–strain curve of the material was

obtained using a universal material testing machine

(TH-8201S) at a temperature of 18 �C and a humidity

of 56.2%. The thermal radiation effect of the com-

posite on the surface of the LED lamp was observed

by a thermal infrared imager (Thermovision A40).

3 Results and discussion

3.1 Functional grouping and hydrogen
bonding

Improving the interfacial contact between the filler

and the polymer substrate helps to reduce the inter-

facial thermal resistance. Therefore, we used iso-

propyl alcohol to realize BNNS surface hydroxylation

and prepared BNNS-OH by hydrothermal stripping.

The hydroxylated BNNS facilitate intact contact with

PVA via the hydrogen bonding of surface functional

group.

Figure 2a shows the XRD pattern of commercial h-

BN powder and BNNS-OH. The characteristic

diffraction peak at 26.76�, 50.10�, 59.56�, and 75.9� can
be readily indexed to (002), (100), (004), and (110)

planes of h-BN (JCPDS 34-0421), respectively [36].

The peak position of BNNSs after hydrothermal

stripping is almost identical to that of the original

commercial h-BN powder, indicating that the

hexagonal lattice is not damaged during the stripping

process. Taking the (002) peak as a reference, the

relative intensity of the (100), (004) and (110)

diffraction peaks of BNNS is significantly lower than

that of the h-BN powder. This may be due to the

enhanced exposure of the (002) plane, since several

layers of BNNS tend to be stripped along the (002)

plane [8]. Therefore, there is sufficient evidence to

prove that the preparation of BNNS-OH is successful.

Besides, PU@BNNS-OH foam is rich with a large

amount of hydroxyl groups, and PVA is full of plenty

of hydroxyl groups, so hydrogen bonds are easily

formed between them. Therefore, when PVA and

PU@BNNS-OH are cured under microwave irradia-

tion, they would be tightly joined by hydrogen

bonding as shown in Fig. 2b [37].

3.2 Morphology and structure

The morphology of the original PU foam and final

product was characterized by SEM. Figure 3a shows

the original PU foam that displays 3D interconnect

macroporous structure with a smooth surface. Fig-

ure 3b–d shows the morphology of different BNNS-

OH loading combining with PVA, and the foam-

supported 3D network still exists clearly. Figure 3b

shows the morphology of PVA/PU@BNNS-OH-3

wt%. BNNS-OH is scattered on the foam, and when

the BNNS-OH loading is 10 wt%, BNNS-OH is

Fig. 2 a XRD patterns of commercial BN powder and BNNS-OH. b Schematic diagram of intermolecular hydrogen bonding between

PVA and PU@BNNS-OH
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evenly distributed on the foam with the 3D inter-

connected network maintained throughout the PVA

matrix, forming heat transfer highway (Fig. 3c).

When BNNS-OH loading continues to increase to

15%, excess BNNS-OH will accumulate on the sur-

face of the foam, which will cause local heat con-

centrated and adversely affect the interface thermal

conductivity of composite as in Fig. 3d.

3.3 Thermal conductivity

The thermal conductivity of the prepared PVA/

PU@BNNS-OH was measured at room temperature.

Meanwhile, the thermal conductivity of the pure

PVA film was also measured as a comparison.

Figure 4 shows that the thermal conductivity of the

pure PVA film is 0.13 W� m�1� K�1. The thermal

conductivity of the composites gradually increases as

the BNNS-OH loading increased. When the BNNS-

OH loading is 10 wt%, the thermal conductivity is

4.68 W� m�1� K�1. To compare the previous research

about thermal conductivity of polymer/BN compos-

ites, the thermal conductivity enhancement efficiency

(g) is introduced, which is the enhancement of ther-

mal conductivity (DTCÞ divided by the amount of BN

loading (L), expressed as follows:

g ¼ DTC
L

¼ TC� TC0

L

where TC and TC0 represent the thermal conductiv-

ity of the prepared composite and the thermal con-

ductivity of the pure polymer substrate, respectively.

L represents the percentage of addition of BN.

After calculation, the maximum value of g is 45.5,

which is not result of composit with 15 wt% BN

loading but 10 wt% BN loading, suggesting excess

Fig. 3 SEM image of a PU

foam, b PVA/PU@BNNS-

OH-3wt%, c PVA/

PU@BNNS-OH-10wt%,

d PVA/PU@BNNS-OH-

15wt%

Fig. 4 Thermal conductivity of PVA/PU@BNNS-OH with

different BNNS-OH loading
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BNNS-OH buildup with 15 wt% loading leading to a

decrease in the g value. Here, we summarize previ-

ous studies using BN as a thermally conductive filler

and calculate their g values, as shown in Table 1.

Obviously, our g value is significantly higher than

the previous report with moderate BN loading. Fur-

thermore, we also prepared PVA/BNNS-OH com-

posites under the same loading conditions and

compared their thermal conductivity with that of

PVA/PU@BNNS-OH. From Figs. 4 and 5a, we can

clearly see that the composite containing the 3D

structure of the PU foam as support has a higher

thermal conductivity than the conventional PVA/

BNNS-OH composite, further demonstrating that the

3D structure of the PU foam is helpful for heat con-

duction. Therefore, we present a promising heat

transfer model. Figure 5b shows that when heat

propagates through the composite from left to right,

heat can be conducted from multiple directions due

to the presence of 3D structure, which greatly speeds

up the heat dissipation.

3.4 Mechanical properties and thermal
stability

The mechanical properties of composite materials are

critical to the application of thermal management. We

selected the PVA/PU@BNNS-OH film with the lar-

gest g value for the stress–strain test. Figure 6a

indicates that the tensile strength of PVA/

PU@BNNS-OH is up to 87.05 MPa, and the Young’s

modulus is up to 1200.69 MPa. Due to the presence of

PU@BNNS-OH, the mechanical properties of the

composite film are inevitably slightly lower than the

pure PVA film. Since the fillers enhance thermal

conductivity while damaging the mechanical prop-

erties of the composite, it is still a challenge to sig-

nificantly increase the thermal conductivity of the

composite under lower filler loading conditions to

Table 1 Previous studies using BN as a thermally conductive filler

Sample Filler loading (wt%) Polymer TC0 (W�m�1�K�1) Sample TC (W�m�1�K�1) g Ref

Epoxy/BNNS 16.9 0.18 3.13 17.46 [34]

PDMS/BNNS ? GO foam 33.8 0.18 2.11 5.71 [38]

Epoxy resin/BNNS 40 0.4 6.00 14.00 [39]

BN nanoplatelet/PVA 10 0.13 0.34 2.10 [40]

Epoxy/BNNS 16.4 0.18 2.8 15.97 [41]

PVA/PU@BNNS-OH 10 0.13 4.68 45.5 This work

Fig. 5 a Thermal conductivity of PVA/BNNS-OH composites without PU foam supported. b Proposed model of PVA/PU@BNNS-OH

for thermal conduction
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reduce damage to the mechanical properties of the

composite.

Good high-temperature resistance is essential for

thermal conductive materials application. Figure 6b

shows that PVA/PU@BNNS-OH maintains small

weight loss till 325 �C. The heat endurance of the

composite is slightly higher than that of pure PVA

due to the existence of PU@BNNS-OH, facilitating its

application under harsh conditions.

3.5 Heat transfer test

The radiator model of Finite element analysis (FEA)

was applied to explore the good heat dissipation

performance using the composite as a heat sink for

electronic devices. Figure 7 shows a radiator with

four fins distributed in the vertical direction. The base

is a heat source with a power of 3 W LED chip. Fig-

ure 7a is a heat transfer diagram of a composite with

a thermal conductivity of 4.68 W� m�1� K�1. Figure 7b

is a heat transfer diagram without the addition of a

thermally conductive composite. It can be seen from

the finite element analysis that the overall

Fig. 6 a Stress–strain curves of pure PVA and PVA/PU@BNNS-OH-10wt%. b TGA curves of pure PVA and PVA/PU@BNNS-OH-

10wt%

Fig. 7 a Heat transfer simulation of LED chip with thermal composite. b Heat transfer simulation of LED chip without thermal composite
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temperature of Fig. 7a is lower, about 72–74 �C, while

the temperature of Fig. 7b is distributed at 72–82 �C.
Obviously, it can be seen that the heat dissipation

effect of Fig. 7a is better due to the presence of the

heat conductive material. This also pays the way for

further application of the composite.

In order to further demonstrate the practical

application of the composite, we placed PVA/

PU@BNNS-OH and PVA/PU on the LED lamp at the

same time, and used the thermal infrared analyzer to

detect the temperature change of the composite sur-

face at different time interval (0–60 s). Obviously, the

sample without BNNS-OH showed a higher centered

temperature with more distinguished bright zone as

shown in Fig. 8a–g, while the PVA/PU@BNNS-OH

exhibited better heat radiation with faint light, as

shown in Fig. 8i–o.

4 Conclusion

In summary, we use PU foam as the skeleton of the

three-dimensional thermal network, and form 3D

thermal conductive filler by loading BNNS-OH, and

then prepare PVA/PU@BNNS-OH composite by

microwave-assisted method. Due to the existence of

the three-dimensional network, the thermal conduc-

tivity of the material is greatly improved. The thermal

conductivity is 4.68 W� m�1� K�1 with 10wt% BNNS-

OH loading, and thermal conductivity enhancement

efficiency (g) is 45.5. In addition, the tensile strength

of PVA/PU@BNNS-OH is up to 87.05 MPa, the

Young’s modulus is up to 1200.69 MPa, and the

degradation temperature is up to 325 �C, suggesting
excellent mechanical properties and high-tempera-

ture resistance. Finite element analysis and thermal

infrared imaging both indicate the heat dissipation

effect of the ternary composite is better than binary

composite under same condition. Hence, PVA/

PU@BNNS-OH has potential application in high

performance thermal management devices during

the 5G era due to these brilliant properties.
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