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Abstract: The paper analyzes the prospects of using a heat-accumulating material consisting of
metallized polyethylene granules. X-ray diffraction analysis has been used to study the influence
of the number of heating and cooling cycles of the heat-accumulating material on the change in the
degree of crystallinity of polyethylene. It was shown that the proposed heat-accumulating material
showed a low resistance and a significant decrease in the degree of crystallinity of polyethylene
under the experimental conditions. The crystal structure of polyethylene did not change during cyclic
heating and cooling. Grounded on the obtained experimental results, it was determined that a high
degree of polyethylene crystallinity is being kept for 200-300 heating-cooling cycles.
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1. Introduction

The shortage of traditional energy sources as well as restrictions on their use in order
to protect the environment have already become the present-day reality. This necessitates
an increase in the share of renewable energy sources in the general energy balance of
many countries. Renewable energy sources can offer actual practical solutions to solve
a number of problems. However, they have a number of significant disadvantages. One
such drawback is the impossibility of coordinating energy consumption and production
schedules, which prevents their rapid implementation in the energy supply structure. This
makes it necessary to look for additional technological and arrangement solutions that
allow using the renewable energy sources effectively.

Technologies for thermal energy accumulation and storage using phase transition
materials make it possible to effectively distribute heat consumption over time, which
is necessary to solve the main problem of renewable energy (solar, wind), namely the
discrepancy between the demand and supply of available energy. In addition to renewable
energy, such technologies can also be used in other industries, such as energy efficient
construction, waste heat recovery systems, heat pumps and temperature management of
lithium-ion batteries [1-3]. Systems using phase transition materials will store and release
heat energy as a result of the phase transition of melting and crystallization of the material
with a high latent heat capacity.

There are a number of known materials that can be used to accumulate heat during a
phase transition. It was proposed to use sugar alcohols as a phase transition material [4,5].
In [5], the cyclic stability of alcohols was assessed and it was shown that the heat of the
phase transition decreased during successive cycles of melting and crystallization, and it
also depended on the degree of overheating of the alcohol above the melting point. It is
also proposed to use multicomponent systems that have an increased thermal conductivity
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and heat capacity compared to individual substances. Moreover, such multicomponent
systems can be obtained not only via simple mixing [6]. Better results can be achieved using,
for example, surface polymerization methods [7]. An example of obtaining such phase
transition material based on poly(methyl methacrylate)/expanded graphite/n-octanoic
acid is given in [8]. From our point of view, the use of highly crystalline polymers, in
particular polyethylene, as phase transition materials is promising [9]. A considerable
interest in highly crystalline polymers as a basis for creating heat storage systems is also due
to the possibility of using secondary raw materials, which will enhance the positive impact
of such heat storage systems on the environmental aspects of their implementation. Highly
crystalline polyethylene terephthalate and polypropylene can be pointed out among the
recycled polymers, which, together with polyethylene, polyvinyl chloride, and polystyrene
derivatives, make up the bulk of polymers used in everyday life and subsequently pollute
the environment [10-13].

As we can see, the vast majority of materials used for heat storage have low thermal
conductivity, which significantly limits the implementation and development of tech-
nologies based on them [14-16]. Numerous studies are being conducted to improve the
efficiency of using phase transition materials in heat storage systems. The main attention
is focused on the design features of heat exchange surfaces, as well as on increasing the
thermal conductivity of the phase transition material. In [17], two approaches are simultane-
ously used: adding longitudinal fins to heat transfer surfaces and using Al O3 nanoparticles
to increase the efficiency of heat transfer. It is shown that the proposed solutions improve
the thermophysical properties of the phase transition material and reduce its melting time.
The influence of the number of fins and the thickness and nature of the heat transfer surface
material on the melting process was studied and modeled for a composite phase transition
material consisting of polyethylene wax with expanded graphite particles [18]. Based on
the results obtained, the authors state that an increase in the number and thickness of
fins allows reducing the time of melting and crystallization. The use of materials with
high thermal conductivity, low density, and low specific heat capacity for fins provides a
higher heat storage capacity and a reduced melting time. The effect of fin geometry on the
solid-liquid phase transition when using heat pipes for heat transfer enhancement was also
studied [19]. Similar studies using fins and metal foam to improve heat transfer efficiency
were also conducted in subsequent works [20-24].

Thus, it can be concluded that the main research on the development of heat storage
systems using phase transition materials is focused on increasing the efficiency of heat
transfer surfaces and is aimed, to a lesser extent, at developing new phase transition
materials. The main attention of researchers in this area is focused on modifying the
existing materials to improve their thermophysical properties and, as a rule, involves the
use of nanosized fillers [25-27].

We have proposed a different approach to increase the thermal conductivity of the
phase transition material: 1. to use granules of a highly crystalline organic polymer as a
phase transition material, and 2. To form a continuous metal (copper) coating on the surface
of polymer granules. Such a solution, in our opinion, will make it possible to avoid the
complex design of heat transfer surfaces, which will result in their reduced metal capacity,
weight, and cost. The use of high-tonnage industrial crystalline polymer (polyethylene) as
a phase transition material may also be promising [9,28].

Another advantage of using polyethylene is its high degree of crystallinity, which can
reach 95%. Polyethylene is a polymer that crystallizes with the formation of an orthorhom-
bic unit cell consisting of parallel methylene groups that are entirely in trans conformations.
The dimensions of polyethylene unit cell: a = 7.406 A; b = 4.939 A; c = 2.547 A [29].

It should be kept in mind that if we are talking about crystalline polymers, we must
understand that they are only partially crystalline in structure and consist of crystalline
and amorphous regions. The crystalline regions in such polymers are characterized by an
ordered arrangement of macromolecules, while amorphous regions consist of randomly
distributed macromolecules. This structural feature of crystalline polymers significantly
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complicates their study, in particular, by X-ray diffraction analysis. The obtained X-ray
diffraction results include peaks from the crystalline regions and halos from the amorphous
phase, which are superimposed. In addition, the diffraction curves of crystalline polymers
depend on the ratio between the crystalline and amorphous phases in the bulk of the solid
polymer. Thus, wide-angle X-ray diffraction can be used to study the crystal structure of
a polymer. The position of peaks of the crystalline phase as well as their height, width,
and shape provide information about the unit cell parameters, crystallite size, degree of
crystallinity, and other characteristics [30].

Wide-angle X-ray diffraction can be used to study both the structure of crystalline
polymers and the changes in this structure under the influence of various external factors.
The main task is to choose the best optimization method, which will allow decomposing
the obtained experimental curve into crystalline peaks and an amorphous component.

The analysis of the wide-angle X-ray diffraction curves of crystalline polymers in-
volves the correct decomposition of these curves into crystalline peaks and amorphous
components. Such reliable and unambiguous decomposition is a critical step for calculating
the crystallinity of polymers [30,31].

This article is devoted to the study of changes in the crystallinity of the initial met-
allized polyethylene as a result of repeated cyclic heating and cooling. The main goal
of this research was to study the crystallization behavior of the polyethylene matrix. To
characterize the change in crystal structure, X-ray diffraction was used and the change in
crystallinity and crystal size was discussed.

2. Materials and Methods

Liten PL-10 (Unipetrol) granulated polyethylene was used in the research. The gran-
ules of the initial polyethylene were metallized using a developed technology, which
included the activation of the surface of the granules as a result of their processing in a
ball mill with finely dispersed zinc [32]. Such processing allows obtaining a catalytically
active surface of the granules, which is used in the next stage of chemical metallization.
The process of activating polyethylene granules was carried out in a laboratory mill with
a volume of 4 L with ceramic cylindrical grinding bodies, at a rotation speed of 125 rpm.
The following components were loaded into the mill: polymer—300 g, finely dispersed
zinc—30 g, and grinding bodies—1.5 kg; the duration of processing was 1 h. The presence
of zinc particles on the surface of the polyethylene granules ensures the start of the copper
ion reduction in a stabilized electroless copper plating solution. The further reduction of
copper ions by formaldehyde is an autocatalytic process and occurs on the formed copper
surface. This ensures the formation of a copper coating on the surface of the polyethylene
granule, the thickness of which can be adjusted by the parameters of the metallization
process (concentration of the components of electroless copper plating solution, dura-
tion of metallization, the number of repeated metallizations) [33-35]. The composition of
the electroless copper plating solution is as follows (mmol/L): CuSO4-5H,0—60, EDTA-
Nay (C19H14N»NapOg-2H,0)—67, NaOH—375, stabilized formalin—365. The necessary
content of copper on polyethylene granules was provided by repeated metallization.

Obtaining images of coppered polyethylene granules was carried out using a Vision
Lynx EVO504 microscope (Vision Engineering Ltd., Woking, UK). SEM images and energy
dispersive studies of the surface of copper granules were performed applying a Zeiss
EVO-40XVP microscope (ZEISS, Jena, Germany).

The obtained copper-coated polyethylene granules were used as a heat-accumulating
material, in which the presence of copper having a high thermal conductivity will provide
better heat supply and removal in the bulk material. Another advantage of using copper-
coated granules is obtaining a material in which copper is evenly distributed throughout
the entire bulk of the material. Moreover, no additional processing procedures (mixing)
are required for such uniform distribution of copper in the bulk of the heat-accumulating
material. The formation of the heat-accumulating material structure will occur during
the first melting of the material, accompanied by the destruction of the metal shell and
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the formation of individual copper particles of different sizes. Due to the high viscosity
of polymer melts and the absence of convective flows of the substance, sedimentation of
copper particles will occur very slowly. This will ensure the formation of the structure
with a large number of thermally conductive copper particles, which are separated by the
polymer material. For the research, heat-accumulating material was used in the form of
a square plate 2 mm thick with a lateral length of 10 mm, obtained by preliminary hot
pressing of metallized polyethylene granules (copper content—10 wt.%).

In order to study the effect of the cyclical use of the heat-accumulating material on
the crystal structure of the heat-accumulating material, an experiment was developed that
involved heating and cooling of the heat-accumulating material. The material was heated
on a solid metal plate heated to 280 °C, followed by the air convection cooling. The duration
of heating was 10 min and the duration of cooling was 15 min, which ensured heating of the
heat-accumulating material above 270 °C and cooling to 25-30 °C. The heat-accumulating
material was placed between two quartz glasses, between which the metal height limiters
were also placed, which were used to prevent a decrease in the thickness of the sample
during melting of the material. The experimental setup and experimental conditions are
shown schematically in Figure 1.

4 3

T SR

| SERR
20°C
heating cooling

Figure 1. Schematic representation of the experimental setup and experimental conditions: 1—heater
(solid metal plate), 2—quartz glass, 3—height limiters, 4—heat-accumulating material.

The heat-accumulating material was studied at the initial stage and after a certain
number of heating and cooling cycles by the X-ray diffraction analysis. The diffraction
curves were recorded under static conditions using the desktop powder X-ray diffractome-
ter AERIS Research (Malvern PANalytical, Malvern, UK), equipped with an X-ray tube (Cu
Ko radiation, A = 1.54 A), operating at a voltage of 40 kV and a PIXcel1D detector (Malvern
Panalytical Ltd, Malvern, UK). WAXD curves were recorded in the range of 10-100° with
the step of 0.02°.

3. Results and Discussion

The use of the proposed method of obtaining coppered polyethylene allowed the
formation of a continuous layer of copper on the surface of the granules which was
confirmed by the results of optical and scanning electron microscopy (Figure 2).

The results of the energy-dispersion analysis show that the surface of the granule was
covered with a layer of copper (Figure 2c, Table 1).

Table 1. Elemental composition of the surface of polyethylene coppered granule.

Element Mass% Atomic%
CulL 100.00 100.00
Sum 100.00

The degree of crystallinity of polymer materials can be estimated using the Nara and
Komiya method [36], which involves dividing the diffraction pattern into two parts by a
smooth curve connecting the base lines of the peaks (Figure 3). The area above the curve
is taken as the crystalline part, and the lower area between the curve and the main line is



Appl. Sci. 2024, 14, 4183

50f13

taken as the amorphous part. The degree of crystallinity in this case is calculated as the
ratio of the upper area to the total area described by the diffraction curve.

Xc =Ac/(Ac + Ap) 1)

where X¢c, Ac i Ay—are the degree of crystallinity, the area of the crystalline and amorphous
regions on the diffraction curve, respectively.

(a)
i o
EHT =10.00 kV Signal A = SE1 Date :6 Oct 2021 Mag= 500KX EHT =10.00 kV Signal A = SE1
WD =17.0mm Photo No. = 2026 Time :17:39:39 : WD =17.0mm Photo No. = 2027
ST 2 K. v - - e — == =N __
(0)

1 2 3 4 5

x 300 pm

' Electronic image 1

Figure 2. Optical microscopy of initial and PE coppered granules (a), SEM image of the metallized
granule surface (b), and its energy-dispersion analysis (c).
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Figure 3. Calculation of the relative degree of crystallinity of polymers (the red line shows the division
of the diffraction curve into amorphous and crystalline regions).

WAXSFIT software 1.0 was used to determine the degree of crystallinity of polyethy-
lene in this research [31,37,38]. It allows for unambiguous analyzing of diffraction curves,
performing calculations, and determining the structural parameters of crystals. The pro-
gram decomposes the diffraction curve into separate reflections from crystal lattice planes
(crystalline peaks), amorphous components, and background radiation. Based on this de-
composition, the degree of polymer crystallinity, crystallite sizes, and interplanar distances
can be determined.

The diffraction curves were normalized in all cases during their processing with WAXS-
FIT. The database built into the program was used to determine the starting parameters for
polyethylene. The modeling of the profile of crystalline peaks and amorphous components
was performed using the Pearson VII and Gauss + Cauchy functions, respectively. The
Rosenbrock method was used to prepare the initial optimization parameters. A single
objective (minimization of the sum of squared deviations between the theoretical and
experimental curves) and multi-objective (maximization of the field under amorphous
components) optimizations were sequentially used. For the final optimal matching of the
theoretical and experimental curves, a Hybrid system was used.

The result of the diffraction curve analysis is the determination of parameters of
crystalline peaks and amorphous components, including the position of crystalline peaks,
the position of amorphous components, the height and width of the peaks, as well as the
degree of crystallinity, crystallite sizes and interplanar distances. Based on the positions of
individual crystalline peaks determined during the decomposition of the diffraction curve
into its components using Bragg’s law, interplanar distances are calculated:

d = A/(2sind) ()

where 0 is half of the diffraction angle of the peak position.
The crystallite sizes are determined using the full width at half maximum of the
crystalline peak by the Scherrer equation:

L =A/(B sind) (3)

where {3 is the FWHM of the peak (FWHM is determined as a result of decomposition of
the diffraction curve into components).

At the first stage of the X-ray diffraction study, a diffraction pattern of initial polyethy-
lene granules and the pressed plate, which was heated and cooled according to the de-
scribed regime, was obtained (Figure 4, Table 2).
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Figure 4. Diffraction pattern of initial polyethylene granules and the pressed plate that underwent
one heating and cooling cycle.
Table 2. Results of calculations of parameters of crystalline peaks and amorphous phase of polyethylene.
.. . . . Size Distance
Sample Degree of Crystallinity Position Height Width L d
21.1 3232 0.9 101.7 42
Initial PE granules 0.479 23.4 101.1 1.0 89.2 3.8
19.9 % 65.8 54 - -
20.9 549.1 0.5 173.7 42
Plate made of initial PE granules 0.547 23.3 141.6 0.7 133.0 3.8
20.1* 75.3 41 - -

*—amorphous phase.

The obtained diffraction pattern is typical for polyethylene and includes three reflec-
tions: the amorphous peak at a diffraction angle of about 20° and two crystalline peaks
(about 21° and 23.35°). As noted earlier, polyethylene crystallizes with the formation of an
orthorhombic crystal structure with lattice dimensions a = 7.406 A;b=4939 A; c=2547 A,
the direction C coincides with the direction of the macromolecule. The presence of crys-
talline peaks is caused by X-ray diffraction from the (110) and (200) planes. The first peak
is superimposed on a wide area of intensity, which is caused by the amorphous part of
polyethylene and which corresponds to the predominant arrangement of polyethylene
macromolecules in the amorphous state.

If we compare the position of the maximum peaks in the diffraction pattern for
polyethylene granules and the plate, it remains virtually the same, but the intensity of the
peaks increases for the plate that has undergone one heating/cooling cycle.

Analyzing the diffraction patterns of the metallized polyethylene granules and the
plate that was obtained from them and underwent one cycle of heating and cooling (Figure 5,
Table 3), it can also be noted that changes in the position of the reflection peak maximums
of the crystal structure of polyethylene are insignificant. At that, the peaks responsible for
the crystal structure of copper (43°, 50°, 74°, 91°) appear on the diffraction pattern. The
intensity of the peaks from the crystal structure of polyethylene is different for metallized
granules and plates. The diffraction pattern of metallized granules is characterized by a
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lower intensity of peaks of the crystalline phase of polyethylene and by their greater width
(Table 3).

Cu®

f_H T — —~

> —— granules
g —— plate
E
J _/N\ A
—l‘r\'ﬁ-.._-"l—
10 20 30 40 50 60 70 80 90 100
20
Figure 5. Diffraction pattern of metallized polyethylene granules and the plate pressed from them
that underwent one heating and cooling cycle.
Table 3. Results of calculations of the parameters of crystalline peaks and the amorphous phase
of polyethylene.
. o . . Size Distance
Sample Degree of Crystallinity  Position = Height Width L d
214 191.2 12 73.0 4.2
Metallized PE granules 0.388 23.7 60.1 1.2 73.7 3.8
19.7 * 53.0 8.9 - -
21.1 386.4 0.5 187.5 4.2
Plate made of metallized PE granules 0.501 23.5 128.0 0.6 151.3 3.8
20.1* 54.0 5.3 - -

*—amorphous phase.

Obtaining the metallized polyethylene granules includes the stage of activation of
the polymer surface as a result of their processing in a ball mill with finely dispersed zinc.
The activation occurs due to the fixation of zinc particles on the surface of the granules
during rotation of the ball mill and the impact action created by the presence of the grinding
bodies in it. The result of the impact action on polyethylene granules is the accumulation
of internal stresses, accompanied by the destruction of crystallites. The broadening of the
peaks in the diffraction patterns of the polyethylene activated in a ball mill (metallized
granules) is caused by a decrease in the crystallite size and the accumulation of lattice
deformations [36]. Thus, the result of the stage of polyethylene granules activation is the
amorphization of the material, as indicated by a decrease in intensity and broadening of
the peaks, as well as the calculated crystallite sizes (Table 3). The shift in the position of the
peaks is insignificant, which may be due to the absence of changes in the structure of the
crystal lattice.
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The increase in the degree of crystallinity of the plates, in comparison with the (initial
and metallized) polyethylene granules from which they are obtained, can be explained
by their slower cooling, which results in the possibility of obtaining a larger number of
crystallization centers and a slower crystal growth rate. Granular polymers are produced
industrially by rapid cooling.

In order to determine the influence of cyclic stability of the developed heat-accumulating
material, X-ray diffraction analysis was performed every 100 cycles of heating and cooling.
To avoid the possible influence of peaks of the crystalline phase of copper on the calculation
of the degree of polyethylene crystallinity, the diffraction curve was limited to the range
from 14° to 28°. Figure 6 shows the graphical results of the analysis of the diffraction
pattern of the heat-accumulating material after 100 heating and cooling cycles.

1} 1é 15 2b 51 2& 25 2# 25 26 2} 25
Figure 6. Diffraction pattern of heat-accumulating material after 100 heating and cooling cycles:
1—experimental curve, 2—crystalline peaks, 3—amorphous phase.

The analysis of the results in Table 4 makes it possible to state that the degree of
crystallinity of the heat-accumulating material naturally decreases with an increase in the
number of heating and cooling cycles. The height of crystalline peaks and the crystallite
size also decrease. The peak positions do not shift significantly depending on the number of
heating and cooling cycles, which indicates the unchanged crystal structure of the material.

The most intense decrease in the degree of crystallinity is observed in the range of
100-400 heating and cooling cycles. The general decrease in the degree of crystallinity is
about 2.5 times and is quite significant. The experimental conditions included heating the
material to a temperature of about 270 °C, which is approximately 150 °C higher than the
melting point of polyethylene. Considering the low thermal stability of organic polymers,
heating to high temperatures will lead to thermal destruction of macromolecules, their
possible recombination, and cross-linking. The formation of a new structure characterized
by defects will complicate the close packing of macromolecules, which will cause a decrease
in the degree of crystallinity.

Such a decrease in the crystallinity of polyethylene will naturally affect the efficiency
change of the heat-accumulating material usage. To estimate the amount of heat that could
be accumulated in the material, it is necessary to calculate the content of the amorphous
and crystalline polymer phases.



Appl. Sci. 2024, 14, 4183 10 of 13

Table 4. The results of parameter calculations of the crystalline peaks and the amorphous phase
of the heat-accumulating material obtained from metallized polyethylene granules as well as the
amount of heat accumulated in 1 kg of polyethylene.

o Coaling Cotlee Coytiimty | Position  Height  wiam  Spe Diegnee o QrF
211 386.4 0.5 187.5 42

1 0.501 235 128.0 0.6 151.3 3.8 996.2
20.1* 54.0 53 - -
21.2 476.6 0.5 196.6 42

100 0.494 235 117.0 0.6 124.4 3.8 990.5
20.0* 65.2 48 - -
20.9 399.4 0.5 178.0 43

200 0.459 232 1125 0.7 133.8 3.8 962.1
19.9 * 75.1 47 ] -
21.2 336.3 0.5 179.6 42

300 0.405 23.6 61.8 0.7 1322 3.8 9183
20.1% 724 5.6 - -
211 187.2 0.6 156.6 42

400 0.284 235 50.8 0.8 1183 3.8 820.0
20.0* 70.7 5.7 ] -
21.0 182.4 0.6 160.3 42

500 0.268 234 38.0 0.8 108.7 3.8 807.0
19.8 * 73.6 6.0 - -
21.0 175.2 0.5 165.2 42

600 0.248 234 47.0 0.7 1245 3.8 790.8
19.8 * 73.9 6.5 - -
21.0 172.8 0.6 161.6 42

700 0.224 234 40.1 0.8 113.7 3.8 7713
19.8 * 71.1 6,2 ] -
21.0 164.3 0.6 162.7 42

800 0.209 23.3 36.0 0.8 117.7 3.8 759.1
19.8 * 754 6.9 - -
21.0 1537 0.5 163.7 42

900 0.196 23.3 447 0.7 1222 3.8 748.6
19.7 * 72.6 6.8 - -
20.9 145.4 0.6 159.7 42

1000 0.192 233 50.2 0.8 107.7 3.8 7453
193 * 62.8 6.7 ] -

*—amorphous phase.

For a material that does not undergo phase transitions during heating, the amount of
stored energy can be calculated following the formula:

Q=Cp-AT 4)



Appl. Sci. 2024, 14, 4183

11 0f 13

References

where Cp is the specific heat capacity of polyethylene (we will take the average value of
the heat capacity in the solid and molten state), and AT is the difference between the initial
and final heating temperatures (25 and 270 °C, respectively).

The crystalline phase of polyethylene during heating undergoes phase changes and
the amount of stored energy will be calculated by the formula:

Qc = Cp° (tme — to) AH + CpL (tg — tme) )

where AH is the enthalpy of phase transition of polyethylene (218 kJ/kg), Cp® and
Cpl—heat capacity of polyethylene in solid and liquid states (2.3 and 2.512 k] /(kg-K)
respectively), tp—initial heating temperature, tm—melting temperature of polyethylene
(127 °C), ty—final heating temperature.

To calculate the total amount of heat which polyethylene can accumulate during its
heating, it is necessary to take into account the share of heat that will accumulate in the
material as a result of the phase transition:

Qre =Q +(Qc - Sc) (6)

The results of the calculation are shown in Table 4. It can be argued that the amount of
heat which the material can accumulate depends on the crystallinity degree and decreases
with it.

4. Conclusions

Thus, it can be stated that the heat-accumulating material obtained from the metallized
polyethylene granules at the initial stage of operation is characterized by a high degree
of crystallinity, which is promising in terms of the possibility of accumulating thermal
energy due to the latent heat of phase transition. During the process of cyclic heating
and cooling, the degree of crystallinity decreases with high intensity, which is caused by
extreme heating temperatures for polyethylene. The results obtained show that the crystal
structure of polyethylene does not change during cyclic heating and cooling. The proposed
heat-accumulating material has prospects for practical use. However, it is necessary to limit
the maximum heating temperature of the material for continuous operation.
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