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 The conductivity characteristics of polymers and polymer composites have become more 

significant recently. Good heat dissipation is required in many applications, such as circuit boards 

and heat exchangers, so it is essential to develop the thermal conductivity characteristics of the 

materials. The micro-fillers have been replaced with nano or hybrid fillers to increase the low 

thermal conductivity of the polymer. Hexagonal boron nitride (h-BN) and multi-walled carbon 

nanotubes (MW-CNT), both of which have good conductivity properties, are two popular filling 

materials. The presence of hydroxyl and amino active groups at the corners of the hexagonal 

structure of BN improves the thermal conductivity properties of the polymer composite. In 

addition, it shows high thermal conductivity behavior in polymer composite structures with BN 

and MW-CNT. It is essential to demonstrate the effects of the volume fraction of additives on the 

thermal properties of composites with various approaches. In this study, the thermal conductivity 

behaviors of h-BN/high-density polyethylene and h-BN/MW-CNT/high-density polyethylene 

composites are demonstrated using the theoretical Bruggeman model, which is based on the 

assumption that there are constant infinitesimal changes in the material so that there is an 

interaction between particles. The coefficient of determination (R²) between the thermal 

conductivity values of the composites and the predictions of the Bruggeman theoretical model is 

greater than 0.98. This way, the synergetic effect of h-BN and MW-CNT/h-BN additives on 

thermal conductivity has been theoretically proven.        
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1. Introduction 

Due to their electrical insulation, corrosion resistance, 

lightweight, simple and low energy requirement 

manufacturing, and low cost, polymer composite, a 

material that is frequently used in electronic packages, has 

drawn growing interest. In addition, effective heat 

dissipation has emerged as a critical issue for the everyday 

operation of electronics due to the rapid growth of 

electronic devices toward downsizing, portability, and 

integration. Improvements are being made to polymer 

composites' thermal conductivity to better manage and 

control heat dissipation in electronic devices. One of the 

most popular methods is adding materials with high 

conductivity filling material into the polymer structure. 

However, it has also been demonstrated that adding these 

materials in various sizes as filler material contributes to 

increased heat conductivity. First, filling materials used in 

micron sizes were left to nano and hybrid additive 

materials [1, 2]. The thermal conductivity of polymer 

composites is related to the polymer, fillers, and their 

interactions. Here, it can change with the morphology, 

size, shape, and orientation of the fillers in the polymer 

structure and the formation of the interface or interphase 

with the polymer. Many parameters should be considered 

in the design of polymer composites with thermal 

conductivity. Selecting suitable polymers and fillers alone 

is not enough. The morphology and interaction of 

polymers and fillers must also be considered [3].  

Metals with high thermal conductivity (copper, silver, 

zinc) [4] or metal oxides (alumina) [5, 6] and carbon-based 

[7] fillers increase the thermal conductivity of polymer 

composites. Among these, it has been demonstrated that 

good mechanical properties are obtained in addition to 

excellent thermal conductivity, especially in additive 

materials such as MW-CNT, fullerene, graphene, and 

boron nitride [8]. These carbon-based filler materials 

rapidly transfer electrons and phonons in their direction 

with little scattering. For this reason, the thermal 

conductivity of the produced composites is presented in 

two ways: in-plane and through-plane. When investigated 
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depending on the volume fraction, very different results 

have been revealed in polymer composites in both 

directions. Zhang et al. presented an easy method for 

producing polymer composites and used the PVA/h-BN 

additive. They compared the through-plane and in-plane 

thermal conductivities of the composites they made had 

and reported that the in-plane thermal conductivity was 

higher than the through-plane [9]. Gou et al. produced 25% 

by volume randomly dispersed h-BN nanosheets/ Poly-

vinylidene fluoride-co-hexafluoropropylene (P(VDF-

HFP)) nanocomposites and compared them with P(VDF-

HFP) and the in-plane thermal conductivity of h-BN 

nanosheets/P(VDF-HFP) at 25% by volume-oriented 

increased by 249% and 3057%, respectively [10]. Sun et 

al. produced h-BN nanolayer-based epoxy 

nanocomposites. They emphasized that the thermal 

interface resistance is an essential factor preventing 

thermal conductivity along the plane and that the 

composites they produced have high xy/in-plane thermal 

conductivity and low thermal conductivity in z/plane [11]. 

Hu et al. reported that they obtained the highest through-

plane thermal conductivity in the composite with 9.5% 

filler loading in the fluorinated h-BN nanolayers/graphene 

oxide elastomer composites they produced. Liu et al. 

simultaneously improved both in-plane and out-of-plane 

thermal conductivity in h-BN/polyimide composite films. 

They reported that the in-plane and out-of-plane thermal 

conductivity of the composite film with a filler content of 

30% increased by 1233% and 150% compared to pure 

polyimide [12]. Zhang et al. achieved flexibility and high 

thermal conductivity in the through-plane direction in 

producing h-BN/polyethylene composites. They 

emphasized that they obtained mechanical properties and 

high thermal conductivity [13]. Hu et al. characterized 

oriented h-BN/Silicone rubber composites as the ideal 

thematic interface material. They stated that they managed 

to increase the thermal conductivity value of 7.62 W/mK 

while maintaining the flexibility of the composites they 

produced [14]. Su et al. produced composites with high 

thermal conductivity and good electrical insulation using 

multi-layer graphene and h-BN fillers with cycloaliphatic 

epoxy resin. Adding hybrid filler material to composite 

production has achieved high through-plane thermal 

conductivity [15]. Sun et al. calculate the effective thermal 

conductivity for in-plane and through-plane thermal 

conductivity for h-BN polymer composites modeled with 

the new anisotropic equation. The heat transfer is 

demonstrated by simulating the finite element method 

[16].  

The process of gaining thermal conductivity 

characteristics and experimentally designing the desired 

high thermal conductivity composites, and researching the 

results is time-consuming and costly. However, since the 

phenomena that will occur at polymer composites' 

interfaces and/or interphases cannot be fully demonstrated, 

the existing mechanism is investigated with theoretical and 

empirical models, numerical analyses, and simulations in 

the experimental study process [17]. Among the frequently 

preferred favorite models, the Russell model estimates the 

thermal conductivity of the composite structure by 

building a model on which the filling material is 

distributed in the matrix in the form of uniform cubes and 

in a regular manner. However, the Maxwell model [18] is 

particularly successful in predicting the thermal 

conductivity of composites with low-volume fractions. 

This model is because the model defined the filling 

material as spherical particles. Although the filling 

material could be in different geometries (shape factor 𝑛), 

it was the Hamilton-Crosser [19] who made improvements 

to the model. On the other hand, Nielsen's model [20] 

included more complex factors while creating the model 

structure with factors related to particle size and shape. For 

example, using the Einstein coefficient, he also included 

the factor related to the shape and orientation of the 

particles in the model structure. Agari [21], on the other 

hand, introduced two basic models, parallel and serial, in 

1987 and predicted that existing models would be between 

these two basic models. While the parallel model 

determines the upper limit, the serial model determines the 

lower limit. Then, based on the hypothesis that the 

particles have a homogeneous distribution in the polymer, 

Agari added the C1 constant, which is related to the 

crystallinity and crystalline size of the polymer, and the C2 

factor, in which the thermal conduction for the additive 

material is transmitted in the form of a network chain to 

the model. Among these models, Bruggeman's theoretical 

model [22] built a robust theoretical model based on the 

hypothesis that there is a mutual interaction between 

particles thanks to infinitesimal changes. Although it has a 

more complex structure than other models, unlike most 

theoretical models, it has high predictive power without 

including any factor or parameter in the model. 

This study includes a mathematical prediction of 

thermal conductivity behavior of filled polymer 

composites. In this context, thermal conductivity 

behaviors of composites containing h-BN and MW-CNT 

fillers were investigated based on theoretical models. As a 

result, the Bruggeman model successfully predicted the 

thermal conductivity behavior of thermoplastic 

composites produced by selecting an interface 

compatibilizing agent between high-density polyethylene 

and filler materials in composite production. 

 

2. Materials and Methods  

2.1 Materials and Methods  

For the current study, the thermal conductivity data of 

polymer composites were obtained from the reference paper 
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[23]. The volume fraction and thermal conductivity of the 

composites are given in Table 1. In experimental studies, 10-

30% filling material by volume was added to high-density 

polyethylene composites. While h-BN is chosen as the 

primary filling material, it is seen that the synergy between 

h-BN and MW-CNT increases thermal conductivity by 

adding 3% MW-CNT for another group of composites. 

 

2.2. Methods 

2.2.1 Classical Theoretical Models 

Many models based on macroscopic properties have 

been presented to predict the thermal behavior of materials 

with heterogeneous structures, such as filled polymer 

composites. Existing models are divided into theoretical 

and empirical models. Some famous theoretical models are 

given in Table 2 [24]. 

In the model equations in Table 2, the thermal 

conductivity of λ, λ1, and λ2 composites are the thermal 

conductivity of a matrix (continuous phase) and filler 

(dispersive phase), respectively. v (%) is the volume fraction 

of particles. The Russell and Maxwell-Eucken models 

designed for low volume ratios are given in Equation 1 and 

2, respectively. In addition, the Hamilton Crosser model 

(Eq.3) is represented by the shape factor n. All the theoretical 

models in Table 2 except the Bruggeman model (see Eq. 4) 

satisfy the λ equation. In the simplified version of the 

Bruggeman model, (1-v) is located to the equation's left. 

Here, a simplified version of the current model has been 

made and reduced to its current form.  

 

Table 1. Experimental data [23] 
 

 Volume fractions (%) 

Fillers 
CNT - - - 3 3 3 - 

h-BN 10 20 30 7 17 27 - 

Matrix HDPE 90 80 70 90 80 70 100 

Thermal 

conductivity 

(W/mK) 

 0.61  0.881  1.199  0.711  1.088   1.54   0.415 

 

 

Table 2. Some theoretical models 
 

Models Equations 

Russell 

𝜆 = 𝜆1

𝑣
2

3 +
𝜆1 

𝜆2
(1 − 𝑣

2

3)

𝑣
2

3 − 𝑣 +
𝜆1 

𝜆2
(1 − 𝑣

2

3)
 

                                                   

(1)  

Maxwell-

Eucken 
𝜆 = 𝜆1

2𝜆1 + 𝜆2 + 2𝑣(𝜆2 − 𝜆1)

2𝜆1 + 𝜆2 − 𝑣(𝜆2 − 𝜆1)
 

(2) 

Hamilton-

Crosser  

𝜆

= 𝜆1 [
𝜆2 + (𝑛 − 1)𝜆1 + (𝑛 − 1)𝑣(𝜆2 − 𝜆1)

𝜆2 + (𝑛 − 1)𝜆1 − 𝑣(𝜆2 − 𝜆1)
] 

(3)                                                                

Bruggeman 
1 − 𝑣 =

𝜆2 − 𝜆

𝜆2 − 𝜆1
(
𝜆1

𝜆
)1/3 

(4)                                                              

 

However, the equation of the current model is in a rather 

lengthy form (in Appendix). When Appendix is examined, it 

is seen that there are 3 different solutions belonging to the 

Bruggeman model.  

The first solution includes λ, λ1, λ2, and v in the Bruggeman 

model structure. At the same time, the imaginary number 

represented by 𝑖 is also included in the other solutions. The 

current model has a very complex structure, which shows 

that it offers a strong structure among theoretical models. In 

addition, unlike models such as Hamilton-Crosser, Nielsen, 

and Agari, it is a model created in basic form without 

including various factors and parameters in its structure. 

 

3. Results and Discussion 

The thermal conductivity behaviors of H-BN/high-density 

polyethylene and h-BN/MW-CNT/high-density 

polyethylene composites were modeled with the theoretical 

Bruggeman model. It is essential to reduce agglomeration 

and provide the desired formation of the network structure in 

the production of composites in high-density polyethylene 

thermoplastic matrix with fillers such as BN and MW-CNT. 

For this, it is advantageous to add modifying maleic 

anhydride grafted high-density polyethylene, which is a 

famous compatibilizer agent in composite production [23]. 

In addition, the results of the measurements in the in-plane 

direction of the thermal conductivity of the composites are 

included in the study. 

Figure 1 shows the model estimates of the thermal 

conductivity coefficient of the theoretical Bruggeman model 

for h-BN/high-density polyethylene composites. In addition, 

the average deviation values of the model are shown for each 

volume fraction in Table 3. 

Figure 1. Bruggeman theoretical model prediction for h-BN/ high-

density polyethylene composites 

Table 3 The average deviation of the model estimate for h-BN/ 
high-density polyethylene composites 
 

Volume fraction Model 

0.0 0.134 

0.1 0.236 

0.2 5.082 

0.3 2.229   
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Figure 2. Bruggeman theoretical model prediction for h-BN/ MW-

CNT/high-density polyethylene composites 

Table 4 Average deviation of the model estimate for h-BN/MW-
CNT/high-density polyethylene composites 

Volume fraction Model 

0.0 0.134 

0.1 2.136 

0.2 3.082 

0.3 0.229 

 

The thermal conductivity of polyethylene composites 

increased together with the use of h-BN and MW-CNT 

fillers, which is attributed to the synergetic effect between 

the additives. The model estimates of the thermal 

conductivity coefficient of the theoretical Bruggeman model 

for h-BN/ MW-CNT/high-density polyethylene composites 

are shown in Figure 2.  In addition, the mean deviation value 

of the model is presented in Table 4, including the data for 

all composites.  

The Bruggeman model predicted the thermal conductivity 

behavior of h-BN/polyethylene and h-BN/MW-

CNT/polyethylene composites with an accuracy of 97.8% 

and 99.4%, respectively. The average deviation values 

between the experimental data and the model predictions 

were calculated according to the volume fraction of each 

composite. The average deviation in filler ratios with 0, 10, 

20, and 30 volume fractions are calculated as 0.134, 0.236, 

5.082, and 2.229 for h-BN/polyethylene composites, and 

0.134, 2.136, 3.082 for h-BN/MW-CNT/polyethylene 

composites. Model estimates gave better results for h-BN 

and h-BN/MW-CNT/polyethylene composites, especially at 

0% and 30 volume fractions. 

Figures 1 and 2 show a significant increase in thermal 

conductivity coefficient with additional MW-CNT in 20% 

and 30% by volume h-BN filled composites. This situation 

was interpreted as the synergistic effect between h-BN and 

MW-CNT. According to the experimental data, the thermal 

conductivity coefficients of the composites have a positive 

correlation. Additionally, the estimates of existing 

theoretical and empirical models have slopes that increase 

with increasing additive ratios. 

3. Conclusion 

In this study, the thermal conductivity of both h-BN and h-

BN/MW-CNT filled composites was estimated using the 

Bruggeman theoretical model, and the strong prediction 

capability of the model was demonstrated. The Bruggeman 

theoretical model predicts the thermal conductivity of high-

density polyethylene composites over R2>0.97. The current 

model, which very well predicts the thermal conductivity of 

h-BN filled composites, perfectly predicts the thermal 

conductivity coefficients of h-BN/MW-CNT filled 

composites. However, since the phenomena that will occur 

at the interfaces and/or interphases of polymer composites 

cannot be fully revealed, it becomes essential to investigate 

the existing mechanism with theoretical and empirical 

models, numerical analyzes, and simulations in the 

experimental study process. Considering the long duration of 

the experimental process and the costs in the investigation of 

the thermal conductivity of composites, a numerical 

investigation utilizing theoretical models can give an idea 

about the existing mechanism. 
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