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1. Introduction

Highly heat conductive modifications of polymer mi-
cro- and nanocomposites are increasingly used in engi-

neering practice. This determines the relevance of the 
study of their most important thermophysical proper-
ties – the coefficient of heat conductivity and specific heat 
capacity.
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The object of this study is the 
thermophysical properties of polymer 
micro- and nanocomposites, as well as 
the dependence of their heat conduc-
tivity with structural characteristics 
when using different types of fillers. 
A set of experimental studies of heat 
conductivity and specific heat capaci-
ty of polymer micro- and nanocompos-
ite materials for polyamide 6 and car-
bon nanotubes, copper and aluminum 
as matrix and fillers was carried out. 
When obtaining composites, a meth-
od was used that is based on the mix-
ing of components in the polymer melt. 
The content of fillers varied from 0.3 
to 10 %, and the temperature of com-
posite materials – from 305 to 500 K.

Experimental dependences of heat 
conductivity coefficients of the studied 
composites on the content of the filler 
were derived. It was established that 
according to the value of these coef-
ficients in order of their reduction, 
these composite materials are ranked 
as follows: composites with fillers with 
carbon nanotubes, copper, and alumi-
num. It was found that only one per-
colation threshold is observed, when 
using a polyamide 6 matrix.

The regularities of changes in 
the specific heat capacity of the com-
posites under consideration on their 
temperature when varying within the 
above limits of the filler content were 
investigated. 

The analysis of the influence of 
the content of fillers on the degree of 
crystallinity of the polymer matrix of 
the investigated composite materials 
was carried out. It is shown that with 
an increase in the content of fillers, 
the degree of crystallinity decreases. 
The relationship between the thermal-
ly conductive properties of the com-
posites under consideration and the 
specified degree of crystallinity has 
been established. Higher values of 
heat conductivity of composites corre-
spond to lower values of the degree of 
crystallinity.

The reported results can be wide-
ly used in the development of highly 
heat conductive composites for vari-
ous engineering applications
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The creation of this modification of polymer composites 
is associated with the use of various fillers with high heat 
conductivity. In this regard, it is interesting to obtain de-
tailed information on the thermophysical properties of such 
composites in a wide range of changes in the content of the 
fillers used.

Also important are the studies aimed at establishing a 
connection between the properties of composites and their 
structure. In particular, it is a relevant task to find such a 
relation between the thermally conductive properties of com-
posites and the degree of crystallinity of their polymer matrix.

2. Literature review and problem statement

Various aspects of the study of the most important 
thermophysical properties of polymer micro- and nanocom-
posites – their heat conductivity and specific heat capacity 
are reported in many works [1–12]. As for the thermally con-
ductive properties of composite materials, special attention 
is paid to their study. Thus, [1] provides an overview of the 
main results of studies of conductive composite materials 
performed recently. Paper [2] reports data on the theoretical 
analysis of the thermally conductive properties of polymer 
composites based on epoxy resin filled with carbon nano-
tubes. There, in particular, the results of studying the depen-
dence of the heat conductivity of these materials on the geo-
metric characteristics of nanotubes, temperature, degree of 
solidification of the polymer matrix, etc., are considered. The 
cited work is mainly of a methodological nature and is aimed 
at devising a theoretical approach to determining the heat 
conductivity of polymer nanocomposite materials. In it, the 
thermally conductive properties of only one nanocomposite 
were subject to study. In the future, the proposed approach 
can be used to study a wide range of highly heat conductive 
micro- and nanocomposites. 

Paper [3] considers the possibilities of increasing the 
heat conductivity coefficient of flexible polymer nanocom-
posites, in the production of which the electrospinning meth-
od is used to combine boron nitride nanosheets with carbon 
nanotubes (CNTs). The work is focused on the construction 
of effective thermal interface networks from advanced com-
posite materials for modern electronic devices. However, 
the composite film obtained during the research showed a 
relatively low planar heat conductivity – 6.3 W/(m·K). This 
requires the creation of new flexible highly heat conductive 
polymer composites based on various matrices and fillers. 

Work [4] establishes the dependence of the heat conduc-
tivity of nanocomposites based on polypropylene filled with 
CNT on the main parameter of the temperature regime of 
their production – the level of overheating of the polymer 
melt relative to its melting point. Here, it is important to 
conclude that it is possible to control the thermally conduc-
tive properties of composites by changing the parameters of 
the technological mode of their production. The study, how-
ever, is limited to considering one type of matrix and filler. 

Paper [5] analyzes the features of the influence on the 
thermally conductive properties of epoxy resins of the 
reinforcing material nanofibers when they are filled with 
various types of carbon nanostructures. The cited paper is 
an example of the study of the thermally conductive proper-
ties of epoxy composites with a relatively wide variation of 
nanofillers (CNTs, graphite flakes, graphene nanoplatelets, 
and carbon black). 

Work [6] reports the results of a comparison of the heat 
conductivity coefficients of polymer micro- and nanocom-
posites based on polyethylene, obtained by various methods. 
The cited work, like most of those discussed above, is char-
acterized by a limited range of polymer composites under 
study. There, only two types of composite materials based 
on polyethylene were subject to research. And although 
papers on the thermally conductive properties of polymer 
micro- and nanocomposites are very numerous, and they 
address many topical issues of nanoscience and nanotech-
nology, for example [1–6], further development of these 
studies is necessary. In particular, it is required to obtain 
detailed information about these properties for highly heat 
conductive polymer composite materials that have prospects 
for widespread use in various engineering applications. In 
addition, it is important to study the characteristics of such 
materials when using a wide range of micro- and nanofillers 
and polymer matrices.

As for the studies of the specific heat capacity of poly-
mer micro- and nanocomposites, they are significantly less 
numerous than the corresponding studies of their thermally 
conductive properties. In addition, these studies are often of 
an auxiliary nature or are accompanied by the study of other 
physical characteristics of the composites in question. 

Thus, in [7], along with the specific heat capacity of 
polymer composites, the temperature dependences of their 
yield strength, modulus of elasticity, density, etc. are subject 
to study. 

In [8], the results of studies into the heat capacity of 
polymer composites play a service role in the investigation 
of their thermal stability. Work [9] mainly focused on the 
development of a new method designed to separate the 
components of various amorphous fractions of polymer 
nanocomposites. There, the results of studies of the heat 
capacity of composites serve the purpose of substantiating 
this method. 

Paper [10] reports the results of experimental studies to 
explore the effect of the dispersion of the filler on the heat ca-
pacity of nanocomposites “low-density polyethylene – regen-
erated clay”. These results are used to analyze the thermal 
characteristics of composites related to their morphology. 

Nevertheless, in some studies, for example, [11], the 
study of the specific heat capacity of polymer composites 
covers various aspects relating to the establishment of its 
temperature, concentration, and technological dependenc-
es. In the cited work, a series of experimental studies are 
carried out to establish the regularities of the complex ef-
fect on the specific heat of polymer nanocomposites of such 
factors as the temperature regime of their production, the 
value of the mass fraction of filler, and temperature of the 
composite material.

The results of studying the temperature dependence of 
the heat capacity of polymeric micro- and nanocomposites 
are used to determine the degree of crystallinity of their ma-
trix. For example, in [12], for various methods of obtaining 
composites, the degree of crystallinity of a polymer matrix 
made of polypropylene was assessed when it was filled with 
CNTs or aluminum microparticles. However, attention is 
not paid to such an important issue as the establishment 
of a relationship between the degree of crystallinity of the 
polymer matrix and the thermally conductive properties of 
composite materials.

Thus, our review reveals that the available papers do not 
exhaust the need for a comprehensive study of the thermo-
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physical properties of high-thermally conductive micro- and 
nanocomposites. It is important to further investigate these 
properties toward expanding the range of composite mate-
rials both in terms of polymer matrices and fillers. It is of 
interest to conduct experiments to establish the dependence 
of the thermophysical properties of composite materials on a 
set of determining parameters. In particular, studies of the 
relationship between the structural characteristics and heat 
conductivity of polymer micro- and nanocomposite materi-
als are promising.

3. The aim and objectives of the study

The purpose of this work is to establish the regularities 
of changes in the heat conductivity and heat capacity of 
polymeric micro- and nanocomposites based on polyamide 6 
on the content of fillers and analyze the relationship between 
the heat conductivity of composites and the degree of crys-
tallinity of their polymer matrix. The results obtained could 
be widely used in the development of highly heat conductive 
polymer composite materials.

To accomplish the aim, the following tasks have 
been set:

– to perform a set of experimental studies to establish 
the dependence of heat conductivity and heat capacity of 
the resulting composites on the mass fraction of fillers;

– based on the results of experimental studies of 
temperature dependences of the heat capacity of the ma-
terials under consideration, to identify the relationship 
between the thermally conductive properties of compos-
ites and the degree of crystallinity of their matrix.

4. The study materials and methods

Polymer micro- and nanocomposite materials based 
on polyamide 6 were subject to consideration when it 
was filled with CNT or microparticles of copper or alu-
minum. These composites were obtained using a method 
based on mixing the components in the polymer melt by 
applying a special disc extruder [4].

The thermophysical properties of the studied com-
posite materials were determined on the basis of stan-
dard methodological approaches. To determine their 
heat conductivity, an improved device IT-λ-400 (Mol-
dova) was used, and the method of differential scan-
ning calorimetry at the DSC-2 unit (Germany) with 
modified software was used to determine their heat 
conductivity.

During the studies, the mass fraction of fillers, ω, 
ranged from 0.3 to 10 %. This range of variation in ω 
corresponds to the presence of a significant dependence 
of the heat conductivity of composites on the content of 
fillers. A detailed description of the methods for obtain-
ing fillers, their sizes, and manufacturers are given in [6]. 
The main characteristics of the used fillers are as follows. 
The method of obtaining CNTs is chemical vapor depo-
sition. The outer diameter of CNT is 20 nm, the length 
is 1.5 µm, and the wall thickness is 5 nm. The method of 
obtaining microparticles is grinding in a ball mill to form 
particles with a size of 0.5...1.0 µm.

The degree of polyamide 6 crystallinity χ in the re-
sulting composite materials was determined on the basis 

of experimental dependences of the heat capacity of compos-
ites on temperature according to the formula from [12]

100 %,m

mc

Н
H

∆
χ = ⋅

∆
    (1)

where ΔHm, ΔHmc is the melting enthalpy of the composite 
and the fully crystalline polymer. 

5. Results of studying the thermophysical properties of 
polymer micro- and nanocomposites and the degree of 

crystallinity of the polymer matrix

5. 1. Results of determining heat conductivity and 
specific heat capacity of polymer micro- and nanocom-
posites

Fig. 1 illustrates the results of experimental studies to 
determine the heat conductivity of the composites in ques-
tion as a function of the mass fraction of fillers (CNTs and 
microparticles of copper or aluminum).

Fig.	1.	Dependence	on	the	mass	fraction	of	fillers	ω	of	the	coefficient	
of	heat	conductivity	λ	of	micro-	and	nanocomposite	materials	based	

on	polyamide	6	filled	with	different	fillers:		
1	–	carbon	nanotubes;	2	–	microparticles	Cu;	3	–	microparticles	Al;	

a	–	linear	ordinate	scale;	b	–	logarithmic
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Table 1 gives the experimental temperature dependences 
of the specific heat capacity of the studied composites for 
different values of the mass fraction of fillers ω.

Table	1

Temperature	dependence	of	specific	heat	capacity	ср of	
polymer	composites	based	on	polyamide	6	filled	with	CNT,	
copper	and	aluminum	microparticles	for	different	values	of	

the	mass	fraction	of	filler	ω

Filler content, %
Temperature, K

450 460 470 480 490 500

CNT filler

0.3 1.96 2.06 2.38 4.37 9.20 1.86

2.0 2.00 2.10 2.43 4.46 9.38 1.90

3.0 2.02 2.12 2.50 4.50 9.66 1.96

10.0 2.16 2.27 2.62 4.81 10.12 2.05

Copper filler

0.3 2.07 2.17 2.54 4.74 10.11 1.96

2.0 2.11 2.21 2.59 4.83 10.31 2.00

3.0 2.21 2.31 2.63 4.97 10.59 2.08

10.0 2.28 2.39 2.80 5.21 11.12 2.16

Aluminum filler

0.3 2.08 2.18 2.55 4.77 10.16 1.97

2.0 2.12 2.22 2.60 4.87 10.36 2.01

3.0 2.14 2.26 2.69 4.93 10.63 2.08

10.0 2.29 2.40 2.81 5.25 11.18 2.17

The test temperature range includes the melting point of 
the polymer matrix in the composite material (490 K). 

5. 2. Results of studying the interconnection of the 
degree of crystallinity of the polymer matrix and the heat 
conductivity of polymer micro- and nanocomposites

Fig. 2 shows the results of calculations according to for-
mula (1) of the degree of crystallinity of polyamide 6 in the 
studied range of changes in the mass fraction of fillers.

Table 2 gives the coefficients of the equation describing 
the relationship between the degree of crystallinity of the 
polymer matrix of the studied composites and their coeffi-
cient of heat conductivity

.a bλ = − χ      (2)

Table	2

Values	of	parameters	a	and	b	depending	on	(2)	for	different	
fillers	and	different	zones	of	change	in	their	mass	fraction	ω	

in	polymeric	micro-	and	nanocomposites

Change zone number ω Parameter
Filler

CNT Cu Al

2
a 951.65 1241.5 923.02

b 23.03 27.90 20.54

3
a 193.3 218.9 435.0

b 3.930 4.338 9.477

Here, zone 2 corresponds to the range of change ω: 
2<ω≤3.0 % and zone 3 corresponds to 3.0<ω≤10.0 %.

6. Discussion of results of studying the thermophysical 
properties of polymer micro- and nanocomposites based 

on polyamide 6

According to the data obtained, for the considered com-
posite materials there is a tendency to increase their coeffi-
cient of thermal conductivity with an increase in the mass 
fraction ω of the filler (Fig. 1). Particularly noteworthy is 
the fact that with relatively small values of ω, different for 
different composites, there is a very sharp increase in their 
coefficient of thermal conductivity. This increase corre-
sponds to a mass fraction of ω of 1.77 % when filling polyam-
ide 6 with carbon nanotubes, 2.19 % with Cu microparticles, 
and 2.67 % with Al microparticles.

The presence of heat conductivity coefficient jumps on 
concentration dependences λ=f(ω), the so-called percolation 
thresholds, is explained within the framework of percolation 
theory. In general, on the curves λ=f(ω) there are two jumps 
in the heat conductivity coefficient of the composite material. 
The first jump (the first percolation threshold) is associated 
with the formation of continuous percolation clusters from 
filler particles, which play the role of thermally conductive 
channels. The second jump (the second percolation thresh-
old) observed at higher values of ω is due to the formation of 
a percolation mesh from aggregates of filler particles, which 
leads to a further sharp increase in the thermally conductive 
properties of composites.

In this situation, only one percolation threshold is clearly 
expressed. This indicates the practical absence of the stage of 
formation of percolation clusters. That is, under the analyzed 
conditions, we are talking about the fact that from the filler par-
ticles evenly distributed in the polymer matrix with an increase 
in their mass fraction, a percolation grid is formed, bypassing 
the intermediate stage of the formation of percolation clusters.

As evidenced by the data obtained (Fig. 1, b), the lower 
the thermally conductive properties of the filler, the greater 
the value of the percolation threshold and, accordingly, the 
lower the rate of increase in the heat conductivity coefficient 
of the composite with an increase in the mass fraction of the 
filler. Indeed, according to the level of thermally conductive 
properties, the considered fillers are ranked in descending or-
der as follows – CNT, Cu, and Al. The longitudinal heat con-
ductivity of single nanotubes at room temperature is within 
2800...6000 W/(m·K) [13]. The heat conductivity of Cu and 
Al is 384 W/(m·K) and 209 W/(m·K), respectively [14].

And the values of the corresponding percolation thresh-
olds increase from polymers filled with CNTs to polymers 
filled with Cu and further Al.

Fig.	2.	Dependence	of	the	degree	of	crystallinity	of	polyamide	
6	on	the	mass	fraction	of	the	filler	ω	(%)	for	composites	

filled	with	different	fillers:	1	–	microparticles	Al;		
2	–	microparticles	Cu;	3	–	carbon	nanotubes
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As for the nature of the concentration dependence 
λ=f(ω), it is qualitatively similar when using all the fillers 
under consideration. Namely, after reaching the percolation 
threshold, a very sharp increase in the λ of composites is 
replaced by a significantly smaller increase in their thermal 
conductive properties with an increase in the mass fraction 
of the filler. This change in the behavior of the heat conduc-
tivity coefficient of composites corresponds to the value of 
the mass fraction of the filler equal to about 3 % when using 
all of the fillers in question.

From the data in Fig. 1, b it follows that the values of the 
coefficient of heat conductivity of composites are highest 
when filling polyamide 6 with carbon nanotubes, less high – 
with microparticles Cu, and lowest – with microparticles Al. 

At the same time, the values of λ for the composites in the 
case of the use of these three fillers can differ very significantly. 
Thus, at ω=10 %, the coefficient of heat conductivity of com-
posites is 50.2 W/(m·K), 39.7 W/(m·K), and 29.4 W/(m·K), 
respectively, for polyamide 6 filled with CNT, Cu, Al.

Our experimental studies of the temperature dependence 
of the specific heat capacity cp of composites indicate that 
this dependence has a pronounced extreme character (Ta-
ble 1). At the same time, the maximum cp corresponds to 
the melting point Tm of the composite material. This tem-
perature, according to the data obtained in the considered 
physical situations, is almost equal to the melting point of 
the polymer matrix. The described nature of the dependence 
cp=f(ω) is observed with all the considered values of ω.

Table 1 demonstrates that the cp value of the composite 
materials increases slightly with the increase in the mass 
fraction of the filler ω. In the studied temperature range at 
a fixed value of ω, the highest values of heat capacity occur 
when filling the polymer matrix Al, somewhat smaller – Cu, 
and smallest – CNT. 

The results of our studies of the dependence of the heat 
capacity of composites on temperature served as the basis 
for determining the degree of crystallinity of the polymer 
matrix χ of the studied composites. Fig. 2 shows that with 
an increase in the mass fraction of the filler ω, the degree 
of crystallinity χ of the polymer decreases. Moreover, this 
decrease is the most significant when filling polyamide 6 
with CNTs, less significant for Cu, and smallest for Al. The 
described regularity is due to the fact that with an increase 
in the mass fraction of the filler, the degree of branching of 
percolation meshes increases, which are steric obstacles to 
the formation of crystal structures in the polymer matrix. 
And since the efficiency of the formation of percolation 
structures is higher when filling the polymer with CNT 
than Cu and Al, the decrease in the degree of crystallinity 
of the matrix with an increase in ω occurs more sharply for 
composites filled with CNTs.

As for the features of the dependence χ=f (ω), here we 
can distinguish three zones that differ in the intensity of 
decreasing the degree of crystallinity with an increase in ω. 
The first zone, corresponding to low values of ω (ω is less 
than about 2 %), is characterized by a very sharp decrease in 
the degree of crystallinity. That is, the presence of a relative-
ly small number of filler particles that have not formed into 
pronounced percolation structures leads to a sharp decrease 
in the degree of crystallinity χ.

In the second zone, corresponding to the range of change 
in the mass fraction of the filler from about 2 % to 3 %, the 
change in the degree of crystallinity χ with an increase in ω 
occurs less intensively. And then in the third zone (ω>3 %), 

the intensity of the decrease χ with an increase in ω decreas-
es. This seems to be due to the fact that increasing the degree 
of branching of the percolation grid has less and less effect 
on the formation of crystal structures in the third of the 
considered zones.

Attention is drawn to the fact that similar zones can also 
be distinguished on curves λ=f(ω). Although, unlike the 
descending dependence χ=f(ω), the dependence λ=f(ω) is 
ascending. Of particular interest is the comparison of these 
dependences in the second and third of these zones. Here, 
in both cases, there is a noticeable drop in the intensity of 
change in the studied values (λ and χ) during the transition 
from the second zone to the third one. The relationship be-
tween the heat conductivity coefficient λ of the composite 
and the degree of crystallinity of the polymer matrix χ in this 
composite in the second and third zones can be expressed by 
ratio (2). Table 2 gives the values of the coefficients of equa-
tion (2) for the two considered zones of change ω when CNT, 
Cu, and Al are used as a filler.

The existence of a relationship between the values λ and 
χ for the composites under consideration is probably due to 
the fact that the value of both these quantities is largely de-
termined by the regularities of the formation of percolation 
structures from filler particles.

The results of our studies represent a certain contri-
bution to solving the problem of obtaining comprehensive 
information on the thermophysical properties of highly heat 
conductive polymer micro- and nanocomposite materials.

The thermophysical properties of highly heat conductive 
composites based on only one polymer matrix and several 
highly heat conductive micro- and nanofillers are investigat-
ed in the current work.

Further studies into the thermophysical properties of 
highly heat conductive polymer composites can be aimed at 
expanding the range of both polymer matrices and fillers. 
In addition, it is interesting to advance research on the es-
tablishment of the relationship between the thermophysical 
properties and the structure of polymer composites.

7. Conclusions

1. For polymer micro- and nanocomposites based on 
polyamide 6 filled with CNTs or particles of copper or alumi-
num, a set of experimental studies into their thermophysical 
properties – the coefficient of heat conductivity and specific 
heat capacity – was performed. The dependences of the heat 
conductivity of the polymer composites under consideration 
on the mass fraction of the filler in the range of its change from 
0.3 % to 10 % were derived. It is shown that the coefficients 
of heat conductivity of composites when filling the polymer 
matrix with CNT can significantly exceed the correspond-
ing values when it is filled with copper and aluminum. The 
possibility of obtaining polymer composites with heat con-
ductivity coefficients of 50.2 has been established; 39.7 and 
29.4 W/(m·K) when CNTs, copper and aluminum are used as 
fillers, respectively, with a content of 10 percent. The fact of 
presence of only one percolation threshold for the considered 
composites was discovered. It is shown that smaller values of 
the percolation threshold correspond to large values of the 
thermally conductive properties of the filler.

For the designed polymer composite materials, experi-
mental studies of the dependence of their specific heat capac-
ity on the temperature in a wide range of changes in the mass 
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fraction of the filler were carried out. It is established that 
the highest values of heat capacity occur when filling the 
polymer matrix with aluminum, somewhat smaller – when 
it is filled with copper and the smallest – with carbon nano-
tubes. It is shown that in the entire considered temperature 
range there is an increase in the heat capacity of composite 
materials with an increase in the mass fraction of fillers.

2. Based on the results of experimental studies into the 
specific heat capacity of composites, data on the degree of 
crystallinity χ of their polymer matrix were obtained. It was 
found that the decrease in the degree of crystallinity χ with an 
increase in the mass fraction of the filler is the most significant 
when using CNT as a filler, the least significant – copper, 
and the least – aluminum. It is noted that the nature of the 
dependence χ=f(ω) is due to the fact that with an increase 
in the mass fraction of the filler, the degree of branching of 
percolation meshes increases, which are steric obstacles to the 
formation of crystal structures in the polymer matrix. It is 
shown that there is a certain correlation between the degree 
of crystallinity χ of the considered micro- and nanocomposites 
and their coefficient of heat conductivity λ. The presence of 

this dependence is explained by the fact that the values of χ 
and λ are largely determined by the patterns of formation of 
percolation structures from filler particles.
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