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1. Introduction

Replacing conventional metals and alloys with polymeric 
micro and nanocomposites is one of the current trends in 

technology. Important uses of polymeric composites include 
the application of their highly heat-conducting modifica-
tions. The latter can be widely used to fabricate such typical 
parts of elements of energy installations as heat exchange 
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This paper reports the 
experimental study carried out to 
establish the dependence of the thermal 
conductivity of polypropylene-based 
nanocomposites filled with carbon 
nanotubes on the main parameter 
of the temperature regime of their 
manufacturing ‒ the level of overheating 
a polymer melt relative to its melting 
point. The study has been conducted 
for nanocomposites that were 
manufactured by applying a method 
based on the mixing of components in 
the polymer melt applying a special 
disk extruder. During the composite 
manufacturing process, the level of melt 
overheating varied from 10 to 75 K, 
with the mass share of filler ranging 
from 0.3 to 10.0 %.

It is shown that increasing the 
overheating of a polymer melt causes 
an increase in the thermal conductivity 
of the composites. However, when the 
overheating has reached a certain 
value, its further growth does not 
increase the thermal conductivity 
of nanocomposites. Based on the 
established pattern, the rational 
level of this overheating has been 
determined. That resolves the tasks of 
manufacturing highly heat-conducting 
nanocomposites and implementing 
appropriate energy-saving technology. 
Data have been acquired on the effects 
of the impact of the amount of polymer 
melt overheating on the values of the 
first and second percolation thresholds 
for the examined nanocomposites. It is 
established that the value of the first 
percolation threshold is more sensitive 
to the specified amount of overheating.

The dependences of the density of 
the examined composites on the level 
of polymer melt overheating have been 
derived. The correlation between a 
given dependence and the nature of a 
corresponding change in the thermal 
conductivity of the composites has been 
established. 

Applying the proposed highly 
heat-conducting nanocomposites is 
promising for micro and nanoelectro 
nics, energy, etc.
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could provide micro and nanocomposites with significantly 
higher thermal conductive properties. At the same time, for 
polyethylene filled with CNTs, this effect is more significant 
than in the case of using aluminum microparticles as a filler. 
The specificity of manufacturing the foam from polyvinyl 
formaldehyde, filled with multi-layer carbon nanotubes, is 
considered in [7]. The values for the thermal conductivity 
coefficients of these materials at different values of their 
temperature were determined. It is noted that a given 
method for manufacturing polymeric composite materials is 
simple and scalable. Study [8] addresses the evaluation of the 
thermal-physical properties of epoxy nanocomposites manu-
factured using a method of in situ polymerization and rein-
forced with nanodiamonds, as well as the epitaxial nitride of 
boron. In [9], the method of mixing in solutions with further 
processing by compounding in a melt is used as a method for 
preparing nanocomposites. The cited study focuses on the 
thermal and tribological properties of “polymer/graphene” 
composites. In paper [10], an electrospinning method is 
used in the manufacture of flexible highly heat-conducting 
nanocomposites in order to connect the sheets made of boron 
nitride with the oriented CNTs. It is noted that a significant 
improvement in the thermal conductivity of composites is 
due to the reduction of interphase thermal resistance be-
tween neighboring nanotubes.

The above studies [6‒10] consider the thermal conduc-
tive properties of composites manufactured by using known 
methods. When applying new methods, the task arises at 
the stage of their scientific and technical justification to 
establish the dependence of these properties on the regime 
parameters of devices for implementing those methods.

Thus, the available body of research into the ther-
mal-physical properties of polymeric micro and nanocom-
posites does not cover new methods for obtaining them. In 
particular, it is important to establish the patterns of influ-
ence of the regime parameters of new technologies for man-
ufacturing composites on their thermal-physical properties 
and to choose rational values for these parameters.

It also follows from our review that when obtaining highly 
heat-conducting modifications of polymeric composites, spe-
cial attention is paid to the use of various carbon nanostruc-
tures as fillers, and primarily carbon nanotubes, as fillers.

3. The aim and objectives of the study

The aim of this work is to establish patterns of influence 
exerted on the thermal conductive properties of polymeric 
nanocomposites by the temperature mode of their manufac-
turing when using a method based on the mixing of compo-
nents in the polymer melt involving a special disk extruder. 
This would make it possible to choose a rational regime that 
corresponds to the manufacturing of nanocomposites whose 
thermal conductivity is close to maximal at the predefined 
concentration of a filler.

To achieve the set aim, the following tasks have been solved:
‒ to perform a set of experimental studies to establish 

the dependence of the thermal conductivity of the resulting 
composites on the level of overheating the polymer melt ∆T 
relative its melting temperature and to determine, based on 
this, the rational values for the specified overheating; 

‒ to identify patterns of the effect of the overheating 
magnitude ∆T on the density of polymeric composites over a 
wide temperature range.

surfaces, in micro-and nanoelectronics ‒ to divert heat from 
thermally-loaded elements of equipment, etc.

The thermal conductive properties of polymeric com-
posites are known to depend significantly on the methods of 
their manufacturing.

When using a certain method, the specified properties 
are largely determined by the conditions of its implementa-
tion, in particular, the mode parameters of the appropriate 
equipment. As regards the class of methods for manufactur-
ing polymeric composites, based on the mixing of compo-
nents in the polymer melt, one of the important parameters 
that significantly influence the thermal conductive proper-
ties of polymeric composites is the level of melt overheating 
compared to the melting rate of the polymer. That makes it 
relevant to investigate the dependence of the thermal-phys-
ical properties of polymeric composite materials on a given 
parameter. At the same time, the task of finding a rational 
level of this overheating, which corresponds to highly 
heat-conducting polymeric composites is important, as well 
as the implementation of the appropriate energy-saving 
technology.

2. Literature review and problem statement

Many studies aimed to explore the thermal-physi-
cal properties of polymeric micro-nanocomposites [1‒5]. 
Thus, [1] considers the possibilities of improving the thermal 
conductive properties of epoxy resins by applying nanofibers 
filled with different types of carbon nanostructures as a rein-
forcement material. Specifically, carbon nanotubes (CNTs), 
graphite plates, graphene nanoplates, and carbon soot were 
used as fillers. Work [2] addresses the thermal conductive 
characteristics of the “epoxy resin/multi-layered carbon 
nanotubes” composite during the modification of the latter 
in order to reduce the electrically conductive properties of 
the resulting material. Paper [3] gives an overview of the 
latest developments in the study of conductive polymeric 
composites. It provides an in-depth analysis of the data 
concerning the composites of conductive polymers with car-
bon materials, metal oxides, transient metals, etc. Study [4] 
describes experimental advances and theoretical progress 
in the field of heat transfer in polymers and their nanocom-
posites. Work [5] reports a theoretical study of the thermal 
properties of the “carbon nanotubes/epoxy resin” composites 
based on atomic modeling. In particular, it is shown that the 
effective thermal conductivity of the examined composites 
increases with an increase in the length of nanotubes and 
their volume share, with an increase in the degree of hard-
ening of the epoxy resin and the temperature of the system.

However, there are almost no studies in the above 
papers [1‒5] on the effects exerted by the manufacturing 
methods of polymeric composites on their thermal-physical 
performance. The results from studying these characteristics 
in the context of their dependence on manufacturing meth-
ods are reported in several works [6‒10]. Paper [6] describes 
a comparative analysis of the thermal conductive properties 
of polymeric micro and nanocomposites based on polyeth-
ylene, obtained using methods that involve the mixing of 
components in a dry form or melt of the polymer matrix. The 
concentration dependences of thermal conductivity coeffi-
cients for polyethylene filled with CNTs or aluminum micro-
particles are given. It has been shown that the use of a meth-
od based on the mixing of components in the polymer melt 
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4. The study materials and methods

In the current work, in order to obtain polymeric nano-
composites, we used a method based on the mixing of compo-
nents in the polymer melt by applying a special disk extrud-
er [11]. The polymers’ physical properties were determined 
using standard and improved procedures.

This work aims to acquire relevant information about 
highly heat-conducting polymeric nanocomposites based on 
polypropylene, filled with carbon nanotubes, while the mass 
fraction of filler varies in a wide range. 

4. 1. A method for manufacturing polymeric nanocom-
posites

The structural diagram of the extruder involved in the 
implementation of the proposed method for manufacturing 
nanocomposites is shown in Fig. 1. The composite powder 
mixture 3 is placed in mold 1, which is heated by elec-
tric heater 2 to a temperature higher than the melting 
point of the polymer by the magnitude ∆T. The com-
ponents of the composite are mixed using a rotating 
metal piston 4. The latter is gradually immersed in 
the polymer melt during the mixing process. At the 
end of the mixing process, the composite is removed 
from the mold through hole 5.

Fig.	1.	The	structural	diagram	of	the	extruder:		
1	‒	mold;	2	‒	electric	heater;	3	‒	powder	composite;		

4	‒	rotating	piston;	5	‒	hole	at	the	bottom	of	the	mold

The process of obtaining polymeric nanocom-
posites is completed using a hot-pressing method in 
a special installation. In it, the composite is heated 
to a temperature exceeding 20 °С and is aged at this 
temperature for 15 to 20 minutes. Then the resulting 
samples are pressed; they are given the desired shape.

The characteristics of carbon nanotubes used as 
fillers are described in [6].

4. 2. Methods to study the properties of poly-
meric nanocomposites

During our research, the thermal conductivity 
coefficient and the density of polymeric nanocompos-
ites were to be experimentally determined. The ther-
mal conductivity coefficient of polymeric composites 
was determined using the modified IT- λ-400 device. 
A hydrostatic weighing method was applied to find 
the density of the examined materials.

The experimental study into the properties of the exam-
ined polymeric nanocomposites was carried out when the 

mass share of carbon nanotubes changed from 0.3 to 10 %. 
At the same time, in the process of obtaining the composites, 
the level of overheating the polymer melt ∆T relative to its 
melting temperature varied from 10 to 75 °С.

5. The results of studying the properties of polymeric 
nanocomposites filled with carbon nanotubes 

5. 1. The study results on determining the thermal 
conductivity coefficient of polymeric nanocomposites

Fig. 2 shows the results of our experimental study of the 
thermal conductivity coefficients of the examined compos-
ites depending on the level of overheating ∆T at different 
values of the mass share of CNTs. The experimental points 
in the figure indicate the margin of error in determining 
their values. 

Fig. 3 illustrates the values of the first and second thresh-
old of percolation at different values of the overheating ∆T.
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Fig.	2.	Dependence	of	the	thermal	conductivity	coefficient	λ	of	the	
polypropylene-based	nanocomposites	filled	with	carbon	nanotubes	

on	the	overheating	of	polymer	melt	∆T at	various	values	of	the	mass	
share	of	filler	ω:	a	–	1	–	ω=0.3	%;	2	–	1	%;	3	–	1.3	%;		

b	–		4	–	ω=2.0	%;	5	–	2.5	%;	6	–	3.0	%;		
7	–	5.0	%;	8	–	7.0	%;	9	–	10.0	%
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The percolation thresholds shown in Fig. 3 correspond 
to the values of the mass share of the filler at which there are 
sharp changes in the coefficient of the thermal conductivity 
of the composite.

5. 2. The study results on determining the density of 
polymeric nanocomposites

The density of the examined polymeric nanocom-
posites was investigated in a temperature interval of 
300‒450 K.

Fig. 4 shows the results of our experimental study to de-
termine a change in the density of the composites depending 
on the overheating of the polymer melt ∆T at the different 
levels of the temperature of these composites. The experi-
mental points in the figure indicate the margin of error in 
determining their values.

The dependences ρ=f(∆Т) shown in Fig. 4 cover the 
temperature range from an ambient temperature to the tem-
perature close to a polymer melting point.

6. Discussion of results of studying the physical 
properties of polymeric nanocomposites filled with 

carbon nanotubes 

6. 1. Discussion of the study results on determining 
the thermal conductivity coefficient of polymeric nano-
composites

Our experimental data indicate that the thermal conduc-
tivity coefficient λ of the examined polymeric nanocompos-
ites may generally depend significantly on the level of poly-
mer melt overheating ∆T (Fig. 2). As one can see, for all the 
values of the mass share of filler ω, the thermal conductivity 
coefficient increases with an increase in∆T from 10 to 50 K. 
At the same time, in a given interval, the ∆T changes in the 
dependence λ=f(∆Т) have certain features at different ω 
values. First, the larger ω, the more significant the impact of 
the growth in ∆T on an increase in the composite’s thermal 
conductivity coefficient. Thus, at ω=2.0 %, the thermal con-
ductivity coefficient λ varies from 0.8 to 3.15 W/(m·K) with 

an increase in ∆T from 10 to 50 K. For ω=10.0 %, the 
corresponding changes are 8.62 and 58.72 W/(m·K). 
In addition, the nature of the dependence λ=f(∆Т) is 
slightly different at different ω values. Specifically, at 
0.3 %≤ω≤2.5 %, this dependence is close to linear. At 
3.0 %≤ω≤10.0 %, there is an uneven rate of increase in 
λ with an increase in the level of overheating ∆T. Note 
a very sharp increase in the thermal conductivity of 
the composite with an increase in ∆T from 40 to 50 K. 
And this increase is even more significant the greater 
the mass share of filler. As for the increase in the level 
of composite overheating ∆T from 50 K to 75 K, this 
increase in a given interval does not lead to a noticeable 
change in the composite λ.

The described pattern of the effect of overheating 
∆T on the thermal conductivity of the composites 
studied is associated with the following events. When 
∆T is increased due to the decrease in the viscosity of 
the polymer melt, CNTs are distributed more evenly 
in it. That leads to an increase in the efficiency of the 
formation of percolation structures from CNTs, and, 
as a result, to an increase in the thermal conductivity 
of nanocomposites. When ∆T is increased to a certain 
level (in a given case, to 50 K), the even distribution of 
the filler in the polymer melt is achieved, close to the 
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Fig.	3.	Values	of	the	mass	share	of	filler	ω	in	the	composite	based	on	polypropylene,	filled	with	CNTs,	at	different	levels	
of	the	overheating	of	a	polymer	melt	∆T:	a	‒	values	of	the	mass	share	of	filler	ω1	that	correspond	to	the	first	threshold	of	

percolation;	b	‒	values	of	the	mass	share	of	filler	ω2	that	correspond	to	the	second	threshold	of	percolation
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limit under these conditions, and, accordingly, the values λ 
of the composites close to maximally possible.

Improving the efficiency of the formation of percolation 
structures with growth in ∆T is associated with a decrease in 
the values of both the first and second thresholds of percola-
tion (Fig. 3). At the same time, in the interval of ∆T change 
under consideration, the reduction of the first threshold of 
percolation (about 5 times), when compared to the second 
threshold (less than 2 times), is more significant.

These results of our research make it possible to select 
the rational level of the polymer overheating ∆T, which 
resolves the task of manufacturing highly heat-conducting 
nanocomposites. 

In a general case, the choice of this rational ∆T level is 
determined by the following considerations:

‒ the overheating ∆T is limited on the top to the tempera-
ture of the polymer’s destruction; 

‒ the amount of overheating corresponds to manufactur-
ing a nanocomposite whose thermal conductivity is close to 
maximal at the predefined concentration of filler; 

‒ for the implementation of energy-saving technology, 
the overheating level ∆T is limited to the region of a signifi-
cant change in λ with the growth in ∆T.

Taking these considerations into account, the rational 
value of the overheating level ∆T for the examined nanocom-
posites is 50 K.

6. 2. Discussion of the study results on determining 
the density of polymeric composites

According to the data acquired, the pattern of change 
in the density of composites ρ, depending on the level of the 
polymer melt overheating ∆T, is correlated with the corre-
sponding dependence for their thermal conductivity coeffi-
cient (Fig. 2, 4). Specifically, the density ρ increases with an 
increase in the overheating ∆T to 50 K over the entire range 
of temperature change in the composite (300 K<T<450 K). 
With further growth of the level of overheating from 50 K to 
75 K, a change in the density of composites ρ is negligible.

It is noteworthy that the dependence of the density of 
composites ρ on the level of the polymer melt overheating 
∆T is less significant than a given dependence for the ther-
mal conductivity factor. For example, at ω=3.0 %, with an 
increase in ∆T from 10 to 50 K, the thermal conductivi-
ty coefficient of the composite in question increases by 
12.75 times, and the density of the material at 450 K is only 
by 1.08 times.

The increase in the density of nanocomposites with 
an increase in the level of the polymer overheating ∆T is 
associated with the above-described effect of increasing 
the degree of uniformity of the distribution of CNTs in 
the polypropylene matrix when the temperature of its melt 
increases. A given increase generates a large branching of 
the percolation structures made from CNTs. This, in turn, 
leads to increased electromagnetic interaction between 
CNTs and polypropylene. The latter determines the in-
crease in the density of the composite material.

Fig. 4 shows that the density of polymeric composite 
materials falls with the increase in their temperature at all 
values of the level of the polymer overheating ∆T. At the same 
time, there is a tendency to increase the intensity of this fall 
with the increase in the temperature of the composite. Thus, 
at ∆T=20 K, with the temperature of the polymeric compos-
ite material rising from 300 to 325 K, the resulting drop is 

9.36 kg/m3, and with an increase in temperature from 425 to 
450 K ‒ 72.67 kg/m3.

The work reported here concerns only the thermal 
conductivity and density of polymeric nanocomposites of 
a certain type. It describes a study into the dependence of 
these properties on only one regime parameter of their man-
ufacturing ‒ the level of polymer overheating relative to its 
melting point.

Further research into the physical properties of poly-
meric nanocomposites may involve studying their charac-
teristics such as specific heat capacity, heat crystallization, 
etc. At the same time, it is interesting to continue research 
aimed at establishing the dependence of the properties of 
composites on the various regime parameters related to man-
ufacturing them ‒ the time of mixing components, the speed 
of rotation of the extruder, etc.

7. Conclusions

1. We have performed a set of experimental studies 
to determine the dependence of the thermal conductivity 
coefficients of the nanocomposites based on polypro-
pylene, filled with CNTs, on the basic parameter for the 
temperature regime of manufacturing them ‒ the value of 
the polymer melt overheating relative to its melting tem-
perature. The composites studied were fabricated using a 
method based on the mixing of components in the polymer 
melt applying a special disk extruder. The experiment was 
conducted in a wide range of change in the level of poly-
mer melt overheating (from 10 to 75 K) at the different 
values of the mass share of CNTs (from 0.3 to 10.0 %). It 
has been shown that an increase in the level of the polymer 
overheating can lead to a significant (by about 7 times) 
increase in the thermal conductivity of composites. It has 
been established that the effect of the level of the poly-
mer melt overheating is even more significant the higher 
the mass share of filler. The interpretation of the derived 
dependence of the thermal conductivity of composites 
on the level of overheating of the polymer melt from the 
position of formation of percolation structures is given. 
We have established that the thermal conductivity of the 
composites has changed slightly in the range of change in 
the polymer melt overheating from 50 to 75 K at all stud-
ied values of the mass share of the filler. The rational level 
of polymer melt overheating has been determined, which 
resolves the task of manufacturing highly heat-conduct-
ing nanocomposites and implementing the appropriate 
energy-saving technology.

2. We have derived the experimental dependences of 
the density of the polymeric composites in question on the 
level of polymer melt overheating relative to its melting 
temperature for a wide range of change in the temperature 
of composites (300≤Т≤450 K). It is shown that the nature 
of change in the density of composites depending on the 
magnitude of the specified overheating is correlated with 
the corresponding dependence for the coefficient of thermal 
conductivity. The patterns of the effect of the value of the 
polymer melt overheating on the density of the resulting 
nanocomposites based on changes in the degree of branching 
of the emerging percolation structures of the filler and its 
electromagnetic interaction with the polymer matrix have 
been explained.
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