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ABSTRACT 

High thermal conductivity with electrically insulating 

substrates and thermal interface materials are in a great demand 

for high density and high power electronic packaging 

applications. The choice of ceramic-polymer hybrid films 

provide many advantage in electrical and thermal behaviour 

due its intrinsic nature of high thermal conductivity and high 

breakdown voltage, environmental and thermal stability. This 

work present the preparation hybrid films with mechanically 

exfoliated h-BN ceramic sheets and PVA polymer, and the 

effect of exfoliation, solid loading, particle sizes, compression 

pressures on the composite films were investigated. And the 

results are compared with the theoretical models like 

Arithmetic and Wiener equations that frequently used in the 

two phase mixture composites. 

 

INTRODUCTION 
The demand for high thermal conductivity substrates with 

insulating materials are increasing with the emerging markets 

in power electronic packages for EV/HEV, in application 

processor chips so called AP for mobile applications such as 

smart phones and tablet PCs, and in high power LED packages. 

High thermally conductive as well as electrically insulating 

dielectric films on rigid substrate can be fabricated by using 

conventional DBC (direct bonded copper) or DBA(direct 

bonded aluminium) process that uses a thin (about 0.2mm) 

sintered alumina (Al2O3) or aluminium nitride (AlN) substrate 

bonded with copper or aluminium heat spreader by poster heat 

process. Recently authors demonstrated a room temperature 

direct deposition of AlN thin film on aluminium heat spread 

(heat sink) and fabricated an LED array module, which resulted 

in great enhancement in the heat transfer properties so that the 

thermal resistance of the module was decreased almost a half of 

the conventionally fabricated FR-4 based PCB [1]. More 

recently we have succeeded in the fabrication of ceramic/metal 

hybrid films that uses AlN and aluminium (Al) metal particles 

with high thermal conductivity and electrical insulation by 

using the same aerosol deposition method (ADM). These 

techniques have great potential to fabricate a chip on board 

(CoB) or a chip on heat sink (CoH) type highly efficient heat 

transfer package modules [2].  

On the other hand, ceramic/polymer hybrids (or composites) 

that can be used as insulating dielectric films or thermal 

interface materials (TIM) such as thermal pads, pastes, films  

etc. are also draws a great attention to  both rigid and flexible 

electronics application. There were several works on 

polymer/ceramic hybrid films using highly thermal conductive 

ceramics such as AlN, boron nitride (BN), and alumina 

powders mixed with PVA, PMMA and epoxy materials [3-13]. 

Among them BN ceramics is one of the most attractive 

candidate filler materials as the BN have excellent electrical, 

environmental and thermal properties. Moreover, h-BN powder 

exhibits an un-isothermal property due to its platelet 

morphology of powders.  

In this paper, we present BN/polymer composite films 

prepared by using mechanical exfoliation of h-BN particles and 

PVA. The effects of an exfoliation, BN particle size, and 

uniaxial compression on the microstructure and thermal 

conductivity of the composite film are investigated. Also, 

theoretically calculated thermal conductivities of the films are 

compared with those of measured samples. 

NOMENCLATURE 
 

c                                  proportion of component 1 

1-c                               proportion of component 2 

 

Special characters 

α                                      Constant of Wiener model (dispersion model α=0.5) 

λ               [W/m·K]      Overall thermal conductivity 

λ 1            [W/m·K]      Thermal conductivity of component 1 (=0.2) 

λ 2            [Wm·K]       Thermal conductivity of component 2 (=33) 

 

EXPERIMENTAL 
An experimental procedure of the preparation of mechanical 

exfoliation of h-BN particles are represented in Figure 1 (a) and 

in the previous works [7-9, 14]. As a result an as-received h-BN 

particles with particles sizing 5um (D50) in diameter and 

5~10nm in thickness was thinned into 0.5~3nm with similar 

diameters.  

The h-BN/PVA hybrid films are prepared in three steps: i) 

preparation of BN/solvent mixture slurry, ii) dissolving PVA 

powders in a de-ionized water, and mechanical stirring 
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followed by sonication to homogenized the h-BN/PVA 

mixtures as presented in Fig. 1 (b). Then the mixtures are 

casted on petri dish or releasing agent coated PET film and 

dried for 48 hours at 50C.  

The microstructures of fabricated films are examined by 

FE-SEM. The compression temperature of the h-BN/PVA films 

was determined by measuring glass transition temperature (Tg) 

using differential scanning calorimeter (DSC). The 

compression was done at 90C for 30 minutes under 100MPa 

using uniaxial press with heating module. 

 

 

 
(a) 

 

 
(b) 

Figure 1 Experimental procedure of (a) mechanical 

exfoliation process and (b) fabrication of h-BN/PVA 

composites 

 

The evaluation of thermal conductivities are measured in a 

two manners, a transvers mode (z-direction, i.e. thickness 

direction) thermal conductivity that is mostly used method and 

an in-plane mode (x-y direction of the film) thermal 

conductivity as illustrated in Fig. 2, as a single h-BN particle 

has an un-isothermal conducting behaver due to platelet like 

morphology.  

 

 
 

Figure 2 Illustration of transvers mode and in-plane mode 

thermal conductivities measurement scheme in h-BN/PVA 

composites film 

RESULTS AND DISCUSSION 
The transverse mode thermal conductivities of h-BN/PVA 

composites with and without exfoliation of h-Bn particles are 

plotted in Fig. 3 with the amount of h-BN loading. The result 

indicates an improvement in the thermal transport by using 

exfoliated h-BN powders in the composite film. The increase in 

the thermal conductivity is almost doubled when the h-BNs are 

loaded over 40 vol%.  The effect of h-BN particle size was also 

investigated using two mean particle sizes, D50 = 1.5um and 

5um. A noticeable increase at the composite films with 1.5um 

h-BN particles was observed in 20~40 vol% h-BN contents 

however a little difference was observed in low contents under 

20vol% and higher contents over 40 vol%. 

 

 
 

Figure 3 Effect of exfoliation in the h-BN/PVA composites  

 

 

 
 

Figure 4 Effect of particle sizes on the thermal conductivity of 

h-BN/PVA composites  

 

The previous other authors work [8] gave a lesson that the 

mechanical stretching enhanced the thermal conductivities of 

in-plane mode but did not demonstrated transverse mode values 

for the same sample, so we tried to apply an uniaxial 

compression on the film to get an improvement in thermal 

property and see how the transverse mode as well as the in-

plane mode thermal conductivities are changed with thermal 

compression in uniaxial direction. The thermal compression 

condition was adjusted based on the DSC result that the 

compression temperature was set at 90C which is above the Tg 

of PVA polymer, where the PVA is a rubbery state to aid a 

flexibility for h-BN particles rearrangement in the film. The 
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following FE-SEM photos provide the microstructural 

difference between the un-compressed and compressed h-

BN/PVA composite films in a cross-sectional view. Quite lots 

of h-BN platelet particles are settled in an insufficient 

alignment state to the in-plane direction at the un-compressed 

samples, while those in the compressed samples are well 

aligned with respect to the in-plane direction.  

 

        [Un-compressed]                        [Compressed] 

     
(a)                                         (f) 

     
(b)                                       (g) 

 
 (c)                                          (h) 

     
(d)                                            (i) 

    
(e)                                            (j) 

 

 Figure 4 Cross-sectional views of h-BN/PVA composite films 

observed by FE-SEM: (a) and (f) 10vol% BN; (b) and (g) 

20vol% BN; (c) and (h) 30 vol% BN; (d) and (i) 40 vol% BN; 

(e) and (j) 50 vol% BN 

     The transvers and in-plane mode thermal conductivities for 

un-compressed and compressed films are measured and the 

results are plotted in Fig. 5. Also, we calculated the theoretical 

values of the thermal conductivities by using arithmetic and 

Wiener model which is frequently used in a two phase 

composite system as described in the following equations: 

 

- Arithmetic model: 

 

 λ = cλ1 + (1-c)λ2                    -------------------------------- (1) 

where, c = proportion of component 1 

1-c = proportion of component 2 

λ1, λ2 = thermal conductivity of component 1, 2 

 

- Wiener model: 

 

         λ/λ2 = (1-c((1-λ1/λ2) / (1+α λ1/λ2))) / (1+αc((1-λ1/λ2)  

/ (1+α λ1/λ2)))         ------------------------------- (2) 

                where, α = 0.5 for dispersion model, λ1 < λ2 

 

    - Raw materials data: 

 

λ1 = 0.2 W/m·K (PVA)  

λ2 = 33 W/m·K (BN, directional average) 

 

 

 
                                            (a) 

 

 
(b) 

 

Figure 5 Effect of uniaxial compression on the transverse and 

in-plane mode thermal conductivities of BN/PVA composite 

films: (a) un-compressed and (b) compressed sample 

hh--BBNN 

hh--BBNN 
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     The in-plane mode thermal conductivities exhibited an 

almost 5 times in un-compressed and 10 times higher values 

in compressed films compared to the transvers mode thermal 

conductivities. The maximum in-plane thermal conductivity 

obtained at 50 vol% h-BN was reached to over 13 W/m·K.  

However, the transverse thermal conductivities of compressed 

films were decreased after thermal compression in uniaxial 

direction. The reason is explained in elsewhere [14] that is 

caused by an increased disconnectivity of h-BN platelet 

particles to the compressed direction due to h-BN particles re-

arrangement (alignment) to the in-plane direction. In case of 

compressed films, the in-plane mode thermal conductivities 

are pretty much close to the Wiener model calculated values. 

It was also found that the theoretically calculated thermal 

conductivities are far above the measured values that imply a 

further enhancement of thermal conductivity may accomplish 

if an additional treatments such as filler particle coating or 

modification of polymers are optimized. 

      

CONCLUSION  
 

Ceramic/polymer hybrid films containing mechanically 

exfoliated h-BN nanosheets and PVA polymer are fabricated, 

and the effect of exfoliation, solid loading, particle sizes, 

thermal compression with uniaxial press on the composite films 

were investigated. The application of exfoliated h-BN particles 

enhanced the thermal conductivity of the film, and the values 

increased in accordance to the loaded h-BN contents. The SEM 

microstructures of compressed films exhibited an improved 

alignment of h-BN platelet particles along with the in-plane 

direction of film, which helped the thermal conduction path 

through the h-BN particles longitudinal direction. However, the 

compressed samples resulted in decreased   transverse mode 

thermal conductivities. Though the measured thermal 

conductivities are quite different form the calculated ones via 

arithmetic and wiener model, the in-plane mode thermal 

conductivities are a little bit close to the Wiener model 

calculated values in the compressed films.  
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