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Abstract: The results of experimental studies of the thermophysical properties of high-heat-conducting polymer micro- and nanocomposite 

materials based on various polymer matrices (polyethylene, polypropylene, polycarbonate and polymethylmethacrylate) and fillers (carbon 

nanotubes, aluminum and copper microparticles) are presented. The data on study of the heat conductivity coefficient, specific heat, and heat 

of crystallization of the composites in question are analyzed in a wide range of changes in the mass fraction of fillers from 0.2 to 10%. 
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1. Introduction 

The prospects of using polymer micro- and nanocomposite 

materials are associated with a complex of their unique physical 

and technological characteristics [1-5]. One of the important 

directions of application of these materials is the use of their high-

heat-conducting modifications. This circumstance makes it 

necessary to study the various thermophysical properties of high-

heat-conducting polymer micro- and nanocomposites, such as the 

heat conductivity coefficient, the specific heat, the heat of 

crystallization, etc. It is necessary to obtain detailed information 

on these properties, which includes their concentration, 

temperature and other dependencies. 

The creation of high-heat-conducting polymeric micro- and 

nanocomposite materials is based, as is well known, on the use of 

fillers with high values of the heat conductivity coefficients [6-7]. 

In this connection, it is of interest to consider the efficiency of 

using these fillers from various materials to produce the required 

high-heat-conducting modifications of polymer composites. 

According to the available research data, the thermophysical 

properties of polymer micro- and nanocomposite materials 

substantially depend also on the type of polymer matrix [8]. This 

one determines the importance of using these properties for 

composites based on different polymer matrices. 

The present article is devoted to experimental studies of the 

thermophysical properties of high-heat-conductivity polymer 

micro- and nanocomposite materials using various fillers and 

polymer matrices (partially crystalline and amorphous) under 

conditions of their different combinations. 

 

2. Prerequisites and means for solving the problem 

In the scope of this paper, the task is to create polymer micro- 

and nanocomposites with relatively high values of their heat 

conductivity coefficients λ exceeding 20 W/(m·K). The possibility 

of developing such composites based on partially crystalline - 

polyethylene (PE), polypropylene (PP) and polycarbonate (PC), 

and amorphous - polymethylmethacrylate (PMMA), polymeric 

matrices using as filler carbon nanotubes (CNTs) and 

microparticles of aluminum or copper is considered. The carbon 

nanotubes used in the studies were fabricated using the CVD 

method (chemical vapor deposition). The content of mineral 

impurities in these CNTs was ~ 0.1%. The specific surface area of 

the CNT, determined by the adsorption of N2, was 190 m2/g. The 

outer diameter of the CNT, found using the method of small-angle 

X-ray scattering, was 20 nm, the length was (1 ... 5) μm, the wall 

thickness was ~ 5 nm [9]. The manufacturer of carbon tubes is 

OOO “Spetsmash”. 

Aluminum and copper microparticles used as fillers were 

obtained from aluminum or copper sawdust by grinding them in a 

ball mill to form particles (0.5 ... 1) μm in size.  

In order to develop high-heat-conducting polymer composites, 

a complex of experimental studies of their thermophysical 

properties was performed with a variation of the mass fraction of 

the filler from 0.2 to 10%. Samples of composites for the study 

were prepared by the method of hot pressing of the composition 

obtained by mixing its components in the powder state in a 

magnetic stirrer. The of heat conductivity coefficient of polymer 

composites was determined using a modified IT-λ-400 device [9]. 

To find the specific mass heat capacity of the composites, a 

differential scanning calorimetry method at the Perkin-Elmer 

DSC-2 installation with the modified IFA Gmb Ulm software was 

used. 

Determination of the specific heat of crystallization qcr of the 

investigated composites was based on the use of experimentally 

obtained exotherms of crystallization during cooling of 

composites from a melt with a given constant velocity Vt 
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where T - is the absolute temperature; ТN, ТК - temperature of the 

beginning and the end of crystallization;  QП , max
ПQ - the current 

and maximum values of the heat flux per unit mass. 

 

3. Results and discussion 

The characteristic results of experimental studies of the 

dependence of the heat conductivity λ of polymer composites on 

the mass fraction ω of the filler are shown in Fig. 1 and 2. Here 

Fig. 1 corresponds linear, and Fig. 2 - the logarithmic scale along 

the ordinate axis. As follows from the data presented in Fig. 2, for 

12 composite materials in question, there is a tendency to increase 

the values of λ with increasing content of fillers ω. The obtained 

dependences λ = f (ω) are characterized by the presence of the 

effects of a sharp change in the value of λ for certain values of the 

mass fraction ω of the filler. The two discontinuities in the heat 

conductivity coefficient on the curve λ = f (ω), which were 

discovered in the experiment, are explained within the percolation 

theory by the formation of continuous percolation structures of 

filler particles, which play the role of unique heat-conducting 

channels. And the first critical concentration of the filler, called 

the first percolation threshold, corresponds to the formation of 

percolation clusters, while the second critical concentration (the 

second percolation threshold) corresponds the formation of a 

percolation grid. The Table 1 shows the values of the percolation 

thresholds for the polymeric composites studied, determined from 

the experiments. As can be seen, when using all considered 

polymer matrices for CNT-based composites, both percolation 

thresholds are lower than those based on copper or aluminum 

microparticles. In this case, the differences in the values of the 

first percolation threshold for polymers filled with CNT and 

microparticles of aluminum or copper are relatively small. The 

only exception is the situation corresponding to the polymer 

matrix of polycarbonate filled with CNT and aluminum 

microparticles. 

The differences in the values of second percolation threshold 

when using CNT, aluminum or copper microparticles as a whole 

are noticeably higher in comparison with the first percolation 

threshold. 
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Fig. 1. Dependence of the heat conductivity coefficient λ of polymer 
composite materials on the mass fraction of the filler when using 

polyethylene (1), polypropylene (2), polycarbonate (3) and 

polymethylmethacrylate (4) as polymer matrices and for different types of 
filler: a) CNT; b) copper microparticles; c) aluminum microparticles 

 

Table 1. The values of percolation thresholds (%) for polymer micro- 
and nanocomposites studied  

 

Filler 

 

Matrices 

CNT Cu Al 

Percolation Threshold Number 

1 2 1 2 1 2 

PE 0.55 3.50 0.80 4.80 0.65 4.20 

PP 0.40 2.80 0.65 4.50 0.85 3.40 

PC 0.30 4.60 0.70 5.80 1.20 5.20 

PMMA 0.55 2.30 0.85 4.20 0.80 3.50 

 

Attention is also drawn to the lower values of the second 

percolation threshold when using fillers of aluminum 

microparticles, in comparison with microparticles of copper. 

From the data shown in Fig. 1, it follows that in the range of 

variation of the mass fraction of the filler ω, the use of CNTs 

makes it possible to obtain composite materials with heat 

conductivity coefficient values λ  ≥ 20 W/(m·K) for all polymer 

matrices in question except for PE. When using microparticles of 

aluminum as the filler, these values of λ are achieved only for 

composites based on PP and PC. As for the filler from copper 

microparticles, then, as the results of the performed studies show, 

in this case, composites with λ ≥ 20 W/(m·K) cannot be obtained 

for the polymer matrices in question. 

According to the data obtained under these conditions, the 

maximum values of the heat conductivity coefficients of the 

composites λmax are different from each other when different 

fillers are used. Thus, the value of λmax is 48.7 W/(m·K) when 

using CNTs and is only 29.4 and 11.7 W/(m·K) when the 

polymers are filled with aluminum and copper microparticles, 

respectively. The indicated maximum values of λ for these fillers 

are achieved using different matrices, namely PC for CNT, PP for 

aluminum microparticles and PMMA for copper microparticles 

(Fig. 1). 

It can be seen from Fig. 1 that when studying the heat 

conductivity coefficient of composites using different fillers for a 

particular polymer matrix, the value of λ for all polymers filled 

with CNTs significantly exceeds these values when they are filled 

with aluminum or copper microparticles in a range of ω values 

corresponding to λ ≥ 1 W/(m·K). Regarding the ratio of the values 

of the heat conductivity coefficients of composites when using 

fillers of aluminum or copper microparticles, then in the indicated 

region for matrices from PP and PC, the values of λ are 

appreciably higher when filling polymers with aluminum 

microparticles.  

 

 

Fig. 2. Dependence of the heat conductivity coefficient λ of polymer composite materials on the mass fraction of the filler when polyethylene (a), 
polypropylene (b), polycarbonate (c) and polymethylmethacrylate (d) are used as polymer matrices and for different types of filler: 1 - CNT; 2 - aluminum 

microparticles; 3 - copper microparticles 
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Fig. 3. Temperature dependence of the specific heat for polymer composite 

materials based on polypropylene filled with aluminum (1), copper (2) and 
CNT (3) microparticles with filler content ω = 10%, and for an unfilled 

polymer matrix (4). 

 

For matrices from PE, the above picture as a whole is 

preserved with very small differences in the values of λ for the 

two fillers under consideration. In the case of PMMA matrices, on 

the contrary, the values of λ of composites filled with copper 

microparticles are large. 

Knowledge of the temperature dependences of the specific 

heat of polymer composites is great interest for the practice of use 

of these composites. These dependencies contain information on 

the melting (softening) temperatures of composites, which 

determines the temperature intervals for possible operation of 

composites. In addition, they are necessary for solving nonlinear 

non-stationary problems of heat conductivity for equipment 

elements or instruments made of polymer micro- and 

nanocomposites. 

A complex of experimental studies of the temperature 

dependence of the specific heat for the above-mentioned polymer 

composites based on PE, PP, PC and PMMA filled with CNT and 

aluminum or copper microparticles has been performed. Here 

appropriate comparisons with unfilled polymers are made. 

According to the obtained data, for composites based on partially 

crystalline polymers, a certain decrease in the heat capacity is 

observed in comparison with the unfilled matrix. And this 

manifests itself, first of all, in the zone of the maximum of the 

curve cp = f (ω), which corresponds to the melting temperature of 

the composites. As shown by the analysis of research results, this 

decrease in the heat capacity values is greatest when polymers 

filled by CNT. The level of this decrease with respect to the 

maximum value of cp for the corresponding unfilled polymer is the 

largest for PP-based composites and is approximately 20%, 

significantly lower when using a PC matrix (14%) and the lowest 

for the PE matrix (7%). 

The decrease in the values of cp for polymers filled with 

aluminum or copper microparticles, compared with the situation 

of an unfilled matrix, is significantly lower than when used as a 

filler CNT. In the case of fillers made of aluminum or copper 

microparticles, the decrease data are close in magnitude. 

It is also noteworthy that for polymer PC and PE matrices the 

deviations of values cp for composites based on aluminum or 

copper microparticles is very small in relation to the maximum 

values cp, and for a matrix of PP these deviations are quite 

noticeable . 

The obtained experimental results of the dependences 

cp = f (T) also showed that the melting temperatures for all the 

considered polymer composites practically do not differ from 

these temperatures for the corresponding unfilled matrices. 

The study of the heat of crystallization qcr for the polymer 

composites under consideration and the corresponding unfilled 

matrices in a wide range of variation of their cooling velocity Vt 

from the melt (1 ... 20 K/min) and the mass fraction of the filler ω 

(0.2 ... 10%) are performed. The results of the conducted studies 

showed that the values of the heat of crystallization of composites 

decrease with increasing Vt and ω. In this case, the differences in 

the values of qcr for the composite and the corresponding unfilled 

matrix are greatest for composite materials based on polyethylene 

and substantially lower for composites based on polypropylene 

and polycarbonate. It is also established that for all polymer 

matrices, these differences depend on the filler used. They are 

maximum for CNTs, noticeably smaller for aluminum 

microparticles, and the smallest for copper microparticles 

(Table 2). 

 

 
Table 2. The values of the heat of crystallization, qcr (J/kg), for polymer micro- and nanocomposite materials based on polyethylene, polypropylene, 

polycarbonate filled with CNT, aluminum or copper microparticles with an filler content of ω = 4% for different cooling velocity Vt  of composites 

 

 

 

4. Conclusions 

A complex of experimental studies of the thermophysical 

properties of polymer micro- and nanocomposite materials 

obtained by hot pressing of the composition, which is formed as a 

result of mixing its components in the powder state in a magnetic 

stirrer are performed. The experiments were carried out for a wide 

class of composites based on various polymer matrices 

(polyethylene, polypropylene, polycarbonate and 

polymethylmethacrylate) when they were filled with CNTs or 

copper or aluminum microparticles in the range of 0.2-0.10% of 

the filler mass fraction. Wherein: 

1. Experimental concentration dependences of the heat 

conductivity coefficients of materials are obtained and their 

interpretation is given on the basis of percolation theory. The 

possibility of obtaining polymer composites with relatively high 

heat-conducting properties up to λ = 48.7 W/(m·K) is shown at a 

relatively low filler content (up to 10%). 

2. Experimental dependences of the specific heat of 

composites cp on temperature are constructed. It is shown, in 

particular, that for composites based on partially crystalline 

polymers, there is a some decrease in cp in comparison with an 

unfilled matrix, this decrease apparent mainly in the region of the 

maximum of the curve cp = f (T). 

3. The values of the specific heat of crystallization of qcr of 

polymer composite materials in a wide range of the change of 

their cooling velocity Vt (from 1.0 to 20 K/min) have been 

determined experimentally. It is shown that the heat of 

crystallization of composites decreases substantially with 

increasing velocity Vt  and mass fraction of fillers ω. 

 

 

Vt, 
К/min. 

Unfilled matrix 

Filler 

CNTs Copper Aluminum 

Matrices 

 PE PP PC PE PP PC PE PP PC PE PP PC 

1 1624 1073 529 972 1009 448 1430 1055 508 1286 1048 501 

2 782 528 262 444 468 217 684 513 247 625 507 242 

5 306 209 104 160 177 84 265 202 96 237 197 95 

10 146 103 52 77 83 41 131 99 48 119 96 47 

20 73 51 24 37 40 10 63 51 23 56 47 20 
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