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The geometric dimensions of the copper shell formed by chemical deposition on a spherical
polyethylene granule were calculated. It is shown that the main factor determining the thickness of
the formed copper layer is the initial size of the polyethylene granule. The processes of destruction
of the copper shell formed on the polyethylene granule during thermal expansion of the polymer
are considered. The values of the limit temperatures in which the copper shell still retains its
integrity depending on its thickness are calculated.
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Introduction

Polymers and metals are used in various
applications due to their insulating and electrically
conductive properties. The creation of metal-filled
polymer composites is promising and interesting
because it allows you to combine components with
diametrically opposite properties in the same
material. In this case, with the right combination of
components during the production of composite
material, you can get a new material. This composite
material will combine the positive properties of the
components, which will allow you to use it to create
new high-tech products and introduce them into new
applications.

There is a large number of metal-filled
polymer composites, which differ by the polymer
matrix and the metal filler. The polymer matrix can
be done of thermosetting resins [1-3] and
thermoplastic polymers [4, 5]. Metal fillers in the
vast majority of studies are copper, aluminum, tin,
nickel, although not limited to them [3, 6-9]. The
properties of metal-filled polymer composites
depend not only on the type of matrix and filler used.
The shape of the metal filler and the method of
obtaining the composite also have a significant effect
on the properties [6, 10]. The main task is to ensure
uniform distribution of the metal filler in the polymer
matrix, as well as the formation or direct contact
between the filler particles or the formation of
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structures in which a different conduction
mechanism is possible [3, 11]. Thus, the process of
obtaining metal-filled polymer composites with the
required properties is not limited to the choice of
polymer matrix and metal filler. It is necessary to
take into account other factors that affect the
properties of the final composite and that must be
taken into account while developing technology for
such materials.

We are developing a technology for producing
metal-filled composites, which includes the
activation of a polymer surface, its metallization, and
the processing of metallized polymer raw materials
into products. Thus, this technology consists of three
stages. The first stage includes obtaining an activated
polymer raw material. Activation of the polymer
surface occurs as a result of the joint processing of
polymer granules and finely dispersed activator
metal in a ball mill [12]. This treatment is
responsible for fixing the activator metal on the
surface of the polymer granules, which is
necessary for the second stage of the process -
metallization. Metallization of activated polymer
granules occurs in chemical precipitation
solutions, which main component is copper
sulfate. The use of such solutions provides fast and
high-quality metallization of the surface with the
production of polymer granules uniformly coated
with a metal layer [13]. The final stage is the
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processing of metallized polymer raw materials to
obtain metal-filled products.

Materials and methods of research
Calculation of the characteristics of the copper
sheath obtained on a polyethylene granule

The obtaining processes of the metal-filled
composites as a result of the processing of metallized
polymer granules also require an understanding of
mechanisms that occur in the material during their
processing by various methods. In particular, the
properties of the resulting composites will be
significantly affected by the geometric characteristics
of the metal filler, which depend on the features of
the destruction of the metal shell on polymer
granules. The mechanism of destruction of the metal
shell obtained on the polymer granule will depend on
its thickness, as well as the method of processing.

Determination of the properties of the
metallized raw material obtained by the developed
technology and understanding the mechanisms
occurred during the destruction of the metal shell
during its processing, the geometric dimensions of
the metal filler were calculated depending on the size
of the polymer granule. The thickness of the
obtained metal layer on the polymer granule was
calculated for a spherical particle, which is uniformly
covered with a metal layer (Fig. 1).

Fig. 1. Metallized spherical polymer pellet

The calculation algorithm was as follows:

1) the given diameter of the polymer particle
was used to calculate its volume and mass (1, 2);

2) in accordance with the obtained value of the
mass of the polymer particle and the specified value
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of the metal content, the mass of the metal, its
volume, and the diameter of the metallized particle
were calculated (2, 3).

Polymer particle volume:

_4 3
3 P 1)
where r is the radius of the polymer particle.
The mass of the polymer particle and the
volume of the metal from the dependence:

m
v )

where p is the density, V is the volume, and m is the
mass of the polymer and metal.

The diameter of the metallized particle is
calculated using the value of the metal volume that
makes up the shell:

~dipefre-r7)

where r is the radius of the inner sphere (given radius
of the polymer particle), R is the radius of the outer
sphere (the radius of the metal shell);

where:
D:2x3‘/ﬂ+r3. (3)
4p

The difference between the calculated value of
the diameter of the metallized particle and the
specified value of the diameter of the polymer
particle is the thickness of the metal layer on the
metallized particle.

Initial data for calculation:

resin particle diameter, mm -1, 3, 5.

metal content, wt. % — 1, 5, 10;

polymer — polyethylene (p = 0.94 glcm®);

metal — copper (p = 8.96 g/cm®).

The calculation of the thickness of the copper
layer on a spherical polyethylene granule shows that
the thickness significantly depends on both the size
of the initial granule and the metal content (Table 1).
Such difference of the thickness of the copper
coating is explained by an increase of the specific
surface area of polymer particles during a decrease
of their diameter (with the decrease of the diameter
of a spherical polyethylene particle from 5 mm to
1 mm, the specific surface area increases from 1.3 to
6.7 m%/kg).
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Table 1
The calculated results of the thickness of the copper layer obtained on a spherical polyethylene granule
The diameter of the spherical Copper The thickness of the obtained Specific surface
granule content copper layer area (R/h > 10)
d-10% m wt. % h-10° m Sssa, M7/kg
1 0.17 2994
1 5 0.84 6.7 598
10 1.67 300
1 0.5 2988
3 251 2.2 598
10 5.01 300
1 0.84 2988
5 5 4.18 1.3 598
10 8.34 300

It is clear that such a significant difference of
the thickness of the copper layer will significantly
affect on properties of the obtained metal-filled
polymer composites. Also, the behavior of the
copper layer during the processing of such raw
materials will be different.

Research results and their discussion
The mechanism of destruction of the copper shell
obtained on a polyethylene granule

The main processes that occur during the
processing of polymers are melting and plastic
deformation of the material. In this case, depending
on the chosen processing method, the conditions of
plastic deformation will be different, and the
simplest option occurs during the thermoplastics
pressing. In this case, plastic deformation occurs
without significant shear rates and can be
represented by a change in the initial shape of a
sphere to the shape of a cube. In this case, regardless
of the chosen processing method, heating of the
material always takes place. The effect of
temperature on each material determines its thermal
expansion, which, given the different coefficients of
thermal expansion of metals and polymers, will have
a certain effect on the destruction of the metal shell.

To calculate the increase in the volume of a
spherical polyethylene particle when it is heated, we
use the formula:

V' =Vi(l+a, «Dt), (4)
where V is the initial volume of the polymer; ay is

the coefficient of volumetric expansion; At -
temperature rise.

Based on the assumption that the thermal
coefficient of linear expansion in the temperature
range below the temperature of phase transitions is
linear [14], it is possible to calculate the thermal
coefficient of volume expansion (ay = 3-a). This
made it possible to calculate the change in the
volume of a spherical polyethylene granule during its
heating (Fig. 2).
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Fig. 2. Change in the volume of a spherical polyethylene
granule and a copper shell during heating
(For polyethylene o, = 1.75-10* K%, for copper
o =17-10° K

The increase in the volume of a spherical
polyethylene particle in the considered temperature
range, as well as the coefficient of thermal expansion,
has a linear dependence. However, it is necessary to
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pay attention to the significant difference in the
volume change values for polyethylene and copper
sheath. Heating of polyethylene in a closed volume
of a copper sheath is accompanied by its thermal
expansion, which will cause an increase in stress in
the copper layer and, as a result, will lead to its
destruction. In this case, the destruction of the copper
sheath will be caused by a significant increase in
pressure that acts on the sheath.

To calculate the maximum pressure of a
substance in a closed volume when it is heated, you
can use the formula [15]:

a'L

a0 Pt

pPM =p + (5)
where P, is the initial pressure, Pa; o -
compressibility coefficient, Pa™.

Thermoplastic melts are a low compressible
medium, while the value of the compressibility
coefficient and thermal linear expansion for
polyethylenes of different grades are 10° Pa™ and
10~ K™, respectively. These coefficients are very
small. Thus, it can be assumed that the assumption of
the constancy of the properties of polyethylene and
the independence of the values of the coefficients
from pressure and temperature will introduce an
insignificant error into the calculations.

Formula (5) allows you to calculate the
maximum pressure that polyethylene will create in a
closed volume when it is heated, but it does not take
into account the thermal expansion of the copper
sheath. Simultaneous thermal expansion of the
copper sheath during the heating of the polymer will
lead to lower values of the maximum pressure acting
on the sheath. The value of the maximum pressure,
taking into account the thermal expansion of the
metal shell, can be calculated using the formula:

(M) — %aL a 9
P —PO+§;(P;PT—aP“$XDt (6)
PE Cu

here the coefficients for polyethylene and copper are
denoted respectively by indices PE and Cu.

Using formula (6), the maximum pressure in a
closed volume was calculated during the thermal
expansion of polyethylene (Table 2). The following
parameters were used in the calculations:

wpr = 17510% K% all) = 14.10° Pal;
acw = 1.7:10° K al?) = 7.3.10° Pal. Initial
conditions: Py = 0.1 MPa; t, = 20 °C.
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Table 2

The results of calculating the maximum pressure
acting on the copper shell obtained on a
spherical polyethylene granule

T,°C P(M), Pa T,°C P(M), Pa
20 0.10 60 5.01
25 0.71 65 5.62
30 1.33 70 6.23
35 1.94 75 6.85
40 2.55 80 7.46
45 3.17 85 8.07
50 378 90 8.69
55 4.39 95 9.30

The calculation results show that heating
polyethylene in a closed volume, which does not
allow its expansion, leads to an increase in pressure.
In this case, the pressure that acts on the walls of the
metal shell can lead to its destruction. It should be
noted that the calculations do not take into account
the initial geometric dimensions of the polymer
granule and heat transfer processes in it. The
obtained values show only the maximum pressure in
the set thermal regime.

The pressure that polyethylene creates during
thermal expansion in a closed volume will act on the
copper sheath. In this case, tensions arise in the
copper shell, the magnitude of which can be
determined using the calculation of spherical shells
according to the momentless theory [16]. The use of
this theory is based on the fact that a metal shell on a
spherical polymer granule can be considered as a
body of revolution with an insignificant wall
thickness (Fig. 3). In this case, it can be assumed
with high accuracy that only normal stresses
(tensions) are present in the shell walls, which are
uniformly distributed over the thickness of the shell
wall. Calculations based on such assumptions are
agreed with experimental data only in the case of
thin-walled shells. For such shells, the ratio of the
smallest radius of curvature at a given point to the

thickness of the shell wall exceeds 10 E%

>10°.

g
According to the accepted restrictions regarding the
size of the granules and the metal content, the copper
sheath obtained on spherical polyethylene granules

can in all cases be considered thin-walled (Table 1).
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Fig. 3. Scheme of stress state formation in a copper shell

The tension that are acted on the shell have the
properties of axial symmetry. The shell itself also
has central symmetry. The consequence of this is
01= 0, =0, and p; = p, = d/2, where d is the diameter
of the sphere. For this case, the Laplace formula
takes the form [16]:

S=s,=S,= Prd :
4xh

Since in this case under consideration there is
a plane tension state, the strength can be calculated
using the third strength hypothesis and the
assumption that there is no pressure between the
layers of the shell, i. e. o3=0. Principal tensions

matter in this case: o1 = o, 0» = o, 03 = 0 and in
accordance with the third hypothesis of strength, the
tension calculation is carried out as in the case of a
uniaxial tension state:
Pxd
S 4xh )
where P is the internal pressure acting on the shell; d
is the shell diameter; h is the shell wall thickness.

An analysis of the formula used to calculate
the tensions in the shell shows that the tension value
depends on the ratio of the shell diameter and its wall
thickness. Since this ratio is the same for granules of
different diameters with the same metal content
(Table 1), the calculation can only be made for
granules of the same size. Thus, the initial data for
calculating tensions in a spherical shell are pressure
and shell thickness. Based on the condition that the
metal layer on the polymer surface is formed at a
pressure of 0.1 MPa, the excess pressure that is
created during the thermal expansion of a

polyethylene granule is defined as P =0,1-P™
(Table 3).

Table 3

Calculation of tensions in a copper sheath obtained on a spherical polyethylene granule

The thickness of the copper layer, 10°, m
T,°C P, MPa 0.17 | 0.84 1.67
Stress in the shell, MPa

20 0.00 0.0 0.0 0.0
25 0.61 918.2 183.4 91.9
30 1.23 1836.4 366.8 183.7
35 1.84 2754.6 550.3 275.6
40 2.45 3672.8 733.7 367.5
45 3.07 4591.0 917.1 459.4
50 3.68 5509.2 1100.5 551.2
55 4.29 6427.4 1283.9 643.1
60 491 7345.6 1467.4 735.0
65 5.52 8263.8 1650.8 826.9
70 6.13 9182.0 1834.2 918.7
75 6.75 10100.2 2017.6 1010.6
80 7.36 11018.4 2201.0 1102.5
85 7.97 11936.6 2384.5 1194.4
90 8.59 12854.8 2567.9 1286.2
95 9.20 13773.0 2751.3 1378.1

The results show that an increase in
temperature leads to a significant increase in tensions

in the shell. In this case, the thickness of the shell has
a significant influence on the stress value in the shell.
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Literature data [17], as well as our
microscopic studies of copper coatings obtained by
the developed method [18, 19], shows that such
coatings have a microcrystalline structure. The
microcrystalline structure of the copper coating
obtained by chemical deposition affects the fact that
such coatings have higher values of ultimate strength
compared to the strength of technical copper and its
value reaches 400 MPa [17, 20]. For technical
copper, this indicator has a value of 225 MPa [21].

Based on the obtained tension results (Table 3),
the destruction of the copper shell, depending on its
thickness, will begin at a temperature of 22.2 °C for a
shell with a thickness of 0.17-10° m, 31 °C for a
shell with a thickness of 0.84-10° m and 41.7 °C for
a shell with a thickness of 1.67-10° m. These
conclusions do not take into account the fact that
with an increase in temperature, the tensile strength
of copper decreases. Although the temperatures at
which the destruction of the copper sheath begins are
low, there will be no significant decrease in strength
in the range of such temperatures. The plastic
deformation of copper with a microcrystalline
structure is within 2-3 % [20]. This value of the
plastic deformation of the copper shell makes it
possible to predict its destruction at a temperature of
60-80 °C, regardless of the thickness of the shell

(Fig. 2).

Conclusions

It is clear that the considered assumptions of
the destruction of the metal shell on the polymer
granule are far from real conditions. Granules of
industrial polymers have an irregular shape and,
accordingly, the shape of the metal shell obtained on
the surface will be far from spherical. Such shells
will fail according to other mechanisms, and in this
case, the presence of stress concentration zones will
be the decisive factor. However, the considered
factors of destruction of the metal shell are
interesting from the point of view of determining the
main factors that have an impact on the process of
destruction of the metal shell. Such information is
necessary to understand the processes that occur
during the production of metal-filled composites by
processing metallized polymer raw materials and the
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possibility of influencing the properties of the final
product.
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A. M. Kyuepenko, 10. I. lora“, M. 1. Ky3nenosa“, B. C. Mopapcbkuii
Hamionansauit yHiBepcutet “JIpBiBChKa MOMITEXHIKA”,
kadepa XiMITHOT TEXHOJIOTIT IepepOoOKH TTACTMAC,

2 kaeapa TCIUIOCHEPTETHKHY, TCIJIOBUX Ta ATOMHHUX CICKTPHUYHUX CTAHIIIN

AHAJII3 ITPOIIECIB, 11O BIIBYBAIOTBHCS 1T YAC PYHYBAHHSA
MIJTHOI OBOJIOHKH HA MOJIIETUJIEHOBIN I'PAHYJII

BukoHaHO po3paxyHOK reOMeTpPHMYHHUX PO3MipiB MigHOI 000/10HKH, c()OPMOBAHOI METOAOM XiMi4YHOIO
oca/ukeHHs1 Ha cpepuyHiii mosiernneHosiii rpany.i. Iloka3aHo, 110 OCHOBHMM YMHHHUKOM, SIKMii BU3Ha4Yae
TOBIIMHY c()OPMOBAHOI0 IIApPy Mili, € MOYaTKOBHMIi po3Mip rpanyam mnoJieruieHy. Po3rasinyro mpouecu
PYliHyBaHHS c()OPMOBAHOI HA MOJIieTHJIEHOBIN IpaHyJii MiHOI 00010HKM MiJ Yac TENJ0BOI0 PO3LWIMPEHHS
noJiiMepy. Po3paxoBaHo 3HAaYeHHSl TPAHMYHMX TeMIIepaTyp, 3a SIKUX MigHa o0oji0HKa 1ie 30epirae

HITiCHICTD 32J1€5KHO Bij il TOBIMHH.

KiirouoBi c/jioBa: MeTal0HANOBHeHI MOJiMepHI KOMIO3UTH; MeTajdi3auisi; MeTajleBe MNOKPHUTTS;

000/I0HKA;, MOJIieTHJIeH, MiJb.
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