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Abstract: The temperature dependence of the heat capacity of polymer compositions based on polyethylene filled with
copper nanoparticles was studied. Based on the analysis of the data obtained, a conclusion is made about structural
rearrangements. A study of the thermal conductivity of the obtained polymer compositions with nanoscale fillers shows that
various components of the filler have a significant effect on the thermal conductivity of the compositions, which is due to the
ability of structure formation during their formation. Measurements of the temperature dependence of thermal conductivity and
heat capacity indicate the presence of visible structural rearrangements in polymer compositions with metal oxide fillers. There
are various methods in which constant temperature transitions of electrical conductivity, thermal conductivity and heat capacity
are detected. e. structural restructuring of defective states of polymer compositions. It was found that the transition temperature
depends on the degree of filling and crystallinity of the samples.
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a large, heterogeneous and defective structure is observed.
The degree of ordering of polymer compositions with metal
oxide fillers is reduced. Thus, the effect of metal oxides on
the structure of the polymer composition may be different
depending on the technology, i.e. temperature and time
modes of preparation of compositions [1, 2].

Change of properties depending on temperature is a very
important characteristic of polymeric materials. Knowledge
of temperature transitions is important, first of all, because it
allows you to set the temperature range in which the polymer
has sufficient mechanical strength and can be used for
practical purposes as a structural material [3, 4, 7-15]. The
basic concepts that characterize the thermal characteristics of
polymeric materials are heat resistant, temperature resistant
etc. The heat resistance of polymers is the temperature limit,
which persists the necessary strength of the polymer. It is

1. Introduction

It should be noted that the studies of thermophysical
properties while filling with different % of filler (Cu, CdS)
show that in the presence of Cu a smaller and homogeneous
spherulite structure is formed than in the initial PE, indicating
that Cu particles are effective nuclei of structure formation.
In the presence of CdS, an uneven, defective structure is
formed by needle-shaped spherulites [1].

When changing the temperature-time conditions of sample
formation, the nature of the influence of Cu on the polymer
structure remains, while the CdS oxides change. When the
melt temperature and holding time decrease, CdS particles
act as typical artificial structures, which results in the
formation of a uniformly small-scale LDPE structure [1, 2,
5]. With increasing temperature or duration, the formation of
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characterized by a temperature range in which the polymer in
the form of a product retains the necessary mechanical
strength and performance. Quantitative characteristic of heat
resistance is the temperature at which under constant load
deformation of the sample does not exceed a certain
threshold [1, 2, 11-15].

For solid polymers (glassy or crystalline), heat resistance
is the ability not to soften with increasing temperature, for
elastomers - the ability to maintain highly elastic properties
and strength with increasing temperature. The quantitative
characteristic is the coefficient of heat resistance, i.e. the ratio
of any mechanical property (tensile strength, elongation at
break, etc.) at elevated temperatures to the corresponding
values at normal temperature [1, 3, 5, 11-15].

There are a number of standardized methods to determine
the heat resistance, which differ in the shape and size of test
specimens, type of deformation, rate of temperature increase
etc. [1-4, 7-9, 11] So, when determining the heat resistance
according to Martens cantilevered sample subjected to
bending moment and record the temperature at which a
certain deformation is achieved. The heat resistance of the
Vic is determined by pressing the cylinder end into the
sample, while fixing the temperature at which the depth of
the indentation will be a certain value. The heat resistance
characteristics obtained in these methods fix the softening of
the polymer material only under certain accepted loading and
heating regimes [1, 2, 11-15]. Under operating conditions,
the heat resistance of polymers depends on both the applied
load and the duration of its exposure. In this case, for glassy
polymers, the heat resistance cannot exceed the glass
transition temperature, and for crystalline polymers, the
melting temperature.

Most of the experimental data on the specific heat of
polymers refers to the temperature range, the lower limit
of which corresponds to the temperature of liquid
hydrogen (~20 K), and the upper limit — the melting
temperature. This temperature range is sufficient to
calculate the basic thermodynamic parameters of polymers
(enthalpy, entropy), which are of great technical
importance, from the measured values of the specific heat
capacity. Meanwhile, to find out the mechanism of the
heat capacity of polymers, the most important
measurements carried out at lower temperatures. The
measurement of the heat capacity of polymers in the
temperature range from 1 to 20 K is of the greatest interest
for comparison of experimental data with theoretical
calculations, as well as for elucidation of those features of
polymers that distinguish them from low-molecular solids.
Attempts to extrapolate the specific heat capacity of
polymers measured at 20 K to the region of lower
temperatures, as a rule, do not lead to meaningful results.

In the area of phase transitions (melting, crystallization), a
sharp change in the heat capacity of polymers is also
observed. These processes are usually studied by adiabatic
calorimetry (the accuracy of which as a result of the use of
electronic circuits is quite high) in a wide temperature range.
On temperature dependences of heat capacity of polymers

characteristic peaks which with increase in speed of heating
are shifted towards the raised temperatures (thus their height
increases) are shown. Such character of change of
thermophysical properties at transition of polyvinyl acetate
from a solid state in liquid is caused by the relaxation nature
of process of softening and is connected with thermal
prehistory of samples. Since the glass transition temperature
of PVA is 35°C, holding it at room temperature is equivalent
to a good annealing.

Measuring the heat capacity of polymers in a wide
temperature range provides information about the nature of
the thermal mobility of repeating elements of the
macromolecule chain and its change during phase (melting,
crystallization, polymorphic transformation of the crystal) or
physical (glass transition) transitions. In the low temperature
region, in which most precision measurements are made, the
experimental values of the heat capacity of polymers in the
solid state, like the heat capacity of other solids, are a
monotonically increasing function of temperature, reaching a
relative "saturation" at some characteristic, the so-called
Debye temperature, corresponding to the excitation of all
intramolecular ("skeletal") vibrational degrees of freedom of
the polymer chain. The absolute heat capacities of polymers
in this temperature range (near 300 K) change relatively little
in the homological series, but show a noticeable dependence
on the mass of repeating chain links, which can be
qualitatively taken into account by the following empirical
relations [1, 4, 5, 11-15].

Attempts to calculate the heat capacity of polymers on the
basis of the chemical structure of the repeating link have
been made repeatedly. The temperature dependence of the
heat capacity of polymers has a certain specificity. It is very
important that the heat capacity of amorphous and crystalline
polymers differ significantly. The heat capacity of amorphous
polymers is generally higher than that of partially crystalline
(especially strongly crystallized) polymers. It would be
interesting to find out how the heat capacity changes when
the degree of crystallinity of the same polymer changes.
However, only polyethylene such as a crystalline polymer
can be sufficiently studied for analysis.

The values (smoothed) of the specific heat capacity of
polymers as a function of temperature were borrowed
directly from the tables given in the original works, or
determined from large-scale graphs constructed from
experimental data. The average error of tabulated values of
specific heat does not exceed 0.5—1%.

However, the results of an experimental study of the heat
capacity of polymers at low temperatures [4] show that
even under this condition above 5 - 10 K, Debye's formula
does not even qualitatively describe the temperature
dependence of C,. This is due to the fact that Debye's
theory of heat capacity does not take into account the
anisotropy of the interatomic interaction forces occurring in
polymer chains. One of the first heat capacity theories that
could be applied to describe the thermal properties of
polymers was proposed in [5]. The most important
experimental techniques used to measure the heat capacity
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of polymers are adiabatic and dynamic calorimetry. The
relative error in determining the heat capacity using
precision adiabatic calorimeters is in the range of 0.1-0.5%.
However, the disadvantages of this method are the need to
use large (several tens of grams) sample masses, low (up to
1 deg/min) speed of stepwise temperature increase, long
intervals between temperature increases to achieve thermal
equilibrium, etc. For these reasons, adiabatic calorimeters
are not suitable for determining the heat capacity in the
temperature range of structural transformations of the
polymer (especially those occurring at high speed), and are
most often used for low-temperature absolute
measurements. These disadvantages are deprived of low-
inertia dynamic calorimeters, which use a wide (from 0.05
to 50 deg/min and above) range of rates of continuous
heating of polymer samples whose mass does not exceed
0.01—0.2 g [1]. The relative error of heat capacity
measurement using dynamic calorimeters is usually an
order of magnitude higher, but by careful calibration of the
device on standard substances it can be reduced to 0.5—
1%.[5]

It is known that in the field of thawing the molecular
mobility of individual elements of the dynamic structure of
polymer compositions, the change occurs on temperature
coefficient of the studied characteristics - heat capacity and
thermal conductivity, which is expressed as jumps on the
temperature dependence curve. The heat capacity and
thermal conductivity are to varying degrees sensitive to
thawing of the thermal motion of structural elements.

The most sensitive to changes in the intensity of molecular
motion is the heat capacity. In the studied temperature range
of 273-373° K, a linear increase in the temperature
dependence is observed for all of the obtained compositions
(Figure 1). In the range 100-450° K for polymer
compositions, A-shaped peaks are superimposed on the linear
dependence path. Note that the filling of the initial
compounds of polyethylene with various concentrations of
metal nanoparticles, leads to an increase in electrical
conductivity by = 5 orders of magnitude, and has a
significant effect on the absolute values of heat capacity. In
the temperature range 80 < T < 300°K , the dependence can
be represented by the equation:

Cp =a,T+b, )

The parameters "@" and "p" for all the studied polymers

are close in absolute values. The observed linearity C,(T)

in the temperature range 173 - 473° K, with the exception of
200 and 425° K, cannot be the result of random superposition
of optical and acoustic vibrational modes. Such behavior of

CP(T) is rather a consistent pattern associated with the

structural features of polymer compositions, specifically, the
presence of strong interaction along the polymer chain due to
internal chemical bonding and only a weak Van der Waals
interaction between adjacent chains, as well as the formation
of cluster compounds of metal oxide inclusions.

2. Results and Discussion

Given the quasi-one-dimensional structure of polymer
chains and intermolecular interaction in close proximity of
the nearest neighbors, the low-temperature heat capacity of
polymer compositions can be described in terms of the
Stockmeyer-Hecht model [1]. In accordance with this model
in the temperature range of 100 - 200 °K:

C,, =a,T +a,T" 2)
At
h(4LY)1/2 h(165}’ )1/2
M— <= T <= M— (3)
b I<b

The proportionality coefficients a; in these equations are
determined by the interaction constants; Ly— force constant

interactions of the nearest links for adjacent chains, O - force

constants for deformation of the valence angles of the chain,
M - mass of the molecule.
To compare the results of the experiment with theory, it is

necessary to get C, from Cp. We use the well-known
thermodynamic relation [1, 2]:

C,-C, =TVB /K. (4)

where T is the temperature, J is the molar volume, B, is

the coefficient of volume expansion, and K ; is isothermal
compressibility, the values of which are equal to:

K, =10""M* H™; Br=2007"K™;
V =1,03200°M?; p=1162K M.

Since the difference usually grows with temperature, we
will make an estimate at T = 300° K. The maximum possible

difference for this temperature range is C . -C, =124

J/K. Obviously, such difference in the analysis of the results
can be neglected.

Cp(T)
300
200 4
2
3
//\ 4
100 w———‘—"m

173 273 373 473 T,K

Figure 1. The temperature dependence of the heat capacity of LDPE and the
LDPE + Cu composition, at: 1 - 100% LDPE, 2 - 0.03; 3-0.05; 4-0.2; 5 -
0.3 rpm Cu
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The illustratess C,(T) of LDPE and
compositions with Cu. It can be seen from the figure that

figure 1.

there is a peak on the Cp (T) curve in the temperature range

100 - 225° K, which almost degenerates with increasing filler
concentration. The decrease in the peak based on the degree
of filling can be explained by the fact that with an increase in
the degree of filling with oxides, the crystallinity of the
polymer composition increases by several times, which
increases the likelihood of interaction between molecular
chains and metal oxide particles. If we take into account that
the composite with oxide is more crystalline in comparison
with the polymer, it is natural to associate the peak shift to a
higher temperature region with the ordering of the structure
of the polymer composition.

A study of the thermal conductivity of the obtained
polymer compositions with nanoscale fillers shows that
various components of the filler have a significant effect on
the thermal conductivity of the compositions, which is due to
the ability of structure formation during their formation.

The figure 2 shows the dependence of the coefficient of
thermal conductivity on V; compositions based on
polyethylene. This shows that with an increase in the volume
fraction of the filler, the thermal conductivity of the
composition increases. If the most sensitive increase in
thermal conductivity for compositions with Cu is observed at
a volume of 0.1 + 0.3, then for compositions with CdS about
0.4-+0.5.

2 A
4
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Figure 2. Concentration dependence of PK thermal conductivity on the
basis of PE: 1, 2 - calculations according to (5), (6) formulas.

A comparison of theoretical calculations with experimental
data makes it possible to gain an idea of the structure
formation of the obtained polymer compositions. According
to Missner's theory for structures with cubic isolated
inclusions, the thermal conductivity coefficient has the form:

Xz ((1 — i+ =)+ 1) (5)

where v =12,/ %1, % X 1, X2 are the thermal conductivity of the
composition, filler, and binder, respectively.

The Eiken-Odelevsky formula on the basis of which lies
the model of an isotropic chaotic system with isomeric
particles, uniformly distributed throughout the volume, for

V,; <Ver

v 2/,
x=u|—p+(1-%") ©)
1-a-v)yv, "3

It can be seen from the figure that formula (6) is more
suitable for our samples.

3. Conclusion

Thus, measurements of the temperature dependence of
thermal conductivity and heat capacity revealed the presence
of reversible structural rearrangements in polymer
compositions with metal oxide fillers. Moreover, various
methods, within error limits, detect a constant transition
temperature of electrical conductivity, thermal conductivity
and heat capacity, which speaks in favor of the fact that the
basis of all the detected anomalies is a single mechanism, i.e.
structural restructuring of defective states of polymer
compositions. It was found that the transition temperature
depends on the degree of filling and crystallinity of the
samples.
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