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The dependence of the hardness of polystyrene-metal composite materials on the homogeneity of the distribution
of particles of a component over the volume of a composite material is investigated. Improvements are made to
thermoplastic-automata, which make it possible to improve the quality of composites production. The methods of
IR-radiometric diagnostics of the component mixing efficiency are improved. The speeds of the mixer blades are
experimentally determined depending on the size and number of particles of the metal components. Radiation
protective characteristics were obtained for composite materials by numerical methods. Analyzed the attenuation of
the absorbed dose of ionizing radiation, depending on the energy of gamma-rays.
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INTRODUCTION

Much attention is paid to the issues of creating and
improvement of radiation-protective materials [1-3].
The reason for this is a change in the approach to
radiation safety at nuclear facilities, the radiochemical
industry, and medicine. More hard requirements for
protection against the radiation effects of biological
objects  (personnel, population), equipment and
installations, the environment. The question of
processing and utilization of equipment — sources of
ionizing radiation is very acute. The issue of processing
and disposal of spent nuclear fuel and nuclear waste has
not been resolved [4]. All of it pulls out high
requirements to radiation-protective materials [5].

The use of traditional protective materials is not
always efficient and cost-effective. Therefore, it is
necessary to solve the issue of modifying old radiation
protective materials and development of new. One of
the promising areas is the development of various
composite materials. To do this, it is necessary to solve
the problems of developing and creating composite
materials, to study of their radiation-protective
properties, behavior under irradiation, to the change of
structure as a result of influence of ionizing radiation.

PURPOSE OF WORK

Research of the hardness characteristics of radiation-
protective composite materials depending on the
composition of components and manufacturing quality.
Study of the criticality of the effect on the strength of
composite materials of the heterogeneity of the
distribution of metal components. Development of
methods for IR radiometric control of the composites
production process. The study of these questions will
determine the admittances on the quality of making.

THE MAIN PART

The problem of radiation protection includes the
solution of issues of protection against the main types of

ionization radiation. These are neutron streams, alpha-
and beta-particles, gamma- and X-rays. To protect
against neutrons, you must use light elements B, H, N.
X-ray and gamma-radiation is well absorbed by
elements with large atomic masses (Pb, W, etc.).

Thus, the use of one material does not allow for the
creation of universal protection. The problem can be
solved by creating composite materials. When they are
created, materials with different properties are
compiled, which makes it possible to obtain a composite
with the required characteristics. In our case, the
composite material consisted of a connective base and
fillers. The creation of radiation-protective composite
materials was based on the use of highly dispersed
fillers with high radiation-protective properties.

The use of powder materials makes it possible to
obtain a composite with a high degree of homogeneity.
Depending on the characteristics of the components, the
characteristics of the composite material also change.
For the basis of the composite material, polystyrene
PSM-115 (GOST 20282-86) was taken. For
polystyrene, methods of manufacturing various products
have been developed. Polystyrene is convenient for
machining. And the most important quality -
polystyrene is the most resistant to the effects of
ionizing radiation as compared to other plastics. Under
the action of ionizing radiation, sewing together of
polymer chains is possible.

An important component of composite material is
powdered aluminum. Conducted research with
aluminum powders of different types. Aluminum AlMg,
(1ISO 209-1) was used. Also used powder aluminum
ASD-6 (TU 1791-007-49421776-2011) [6]. Aluminum
has almost no effect on the increase in radiation-
protective properties. The presence of aluminum
powder creates a matrix that significantly strengthens
the base. This is because powdered aluminum has a high
surface chemical activity. During the interaction, a
maximum bond is reached between the individual
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particles of the aluminum powder and polystyrene. A
size of separate grain of aluminum could be 10...20;
30...40; 60...90 um.

For radiation protection, powder tungsten PV-2 (TU
14-22-143-2000) was used. The sizes of separate grains
of tungsten are 20...40; 50...60; 120...150; 180...210;
230...280 pm.

It is possible to use powder-like steel of A57036
(ST3Sp) (GOST 977-75). The size of separate grains is
230 or 380 um. Radiation-protective characteristics are
significantly lower than at tungsten. The cost of steel
powder is considerably cheaper than cost of powder of
tungsten. For making of steel powder used wastes of
lathe production [7].

CONDUCTING EXPERIMENTS
AND DISCUSSION OF RESULTS

Improvement of equipment. The manufacture of
radiation-protective composite materials was carried out
on standard equipment. Used thermoplastic machines
Kuasy 100-25, Windsor SP 80. An important feature of
this equipment is the ability to manufacture reinforced
products from polymers. These thermoplastic machines
work according to the same scheme: heating
polystyrene to the melting temperature, further
extrusion of the desired products into a press (Fig. 1).

In the manufacture of a composite, it is necessary to
obtain the maximum homogeneity of the distribution of
its components over the volume standard.
Technologically, the operation of these thermoplastic
apparatuses is well known and perfected. However, in
our case it is necessary to obtain a complex
composition, which consists of three components. The
two components are fine metal powder. Each
component has its own heat capacity and thermal
conductivity. Under standard conditions, this is a
difficult task. Work was carried out to improve the
thermoplastic apparatus [8, 9].

Fig. 1. Photograph of thermoplastic Windsor SP 80 with
structural modifications

The block diagram of the improved thermoplastic
apparatus is shown in Fig. 2.

The device of the thermoplastic apparatus was
complemented the a pre-heating system of the bunker
(20). An important addition was the mixing system. It
consisted of two independent devices. The blades (21)
with the drive (22) produced mixing of the components
in the bunker. The drive (24) and the rotator allowed the
entire bunker to be rotated in the opposite direction
from the blades rotation. Experimentally obtained
rotational speeds of the blades for various composites.

Fig. 2. Of principle chart of castable machine for
casting under constraint: 1 — material cylinder;

2 — heating elements; 3 — screw (auger); 4 — cooling
channels; 5 — material hopper; 6 — hydraulic engine;
7 — gearbox; 8 — hydraulic cylinder injection unit;

9 — manometer; 10, 17 — fixed plates; 11 — guide
columns; 12 — injection mold; 13 — movable plate;
14 — wheel-lever mechanism; 15 — hydro-cylinder of the
clamping unit; 16 — nuts; 18 — emphasis; 19 — nozzle;
20 — bunker heaters; 21 — blades for mixing the mixture;
22 — mixer drive; 23 — IR control camera;

24 —drive and rotary device for the entire bunker

The speeds of rotation of the blades when mixing
composites (PS-W-AL) (turnovers / minute)

C080403 | Al (20 um) | Al (40 um) | Al (60 pm)
W(30 um) 35 31 27
W(60 um) 32 28 24

W
(150 um) 29 25 21

W
(180 pm) 22 19 17

The composite of C080403 was used. The process of
his making is most simple. A composite has enough
high radiation-protective and considerable strength
descriptions. He contains components of tungsten,
polystyrene, aluminum. By weight composition:
tungsten (W) —74.7%, aluminum (Al) —13.95%,
polystyrene (PS) — 11.35%. On by volume composition
the compo of C080403 has by volume parts: PS — 8,
W — 4, Al - 3 from a general volume 15 parts.

IR-radiometric diagnostics of homogeneity of
heating. A significant influence on the homogeneity of
the composite material has the efficiency of heating the
mixture. The various components of the composite have
different heat capacity and thermal conductivity. Their
heating rate is different. Lumps are formed. Regions
with uneven temperature distribution appear. The
evenness of heating indicates that polystyrene and the
components of the metal components are heated
equally. Heating of all components of mixture at its
interfusion, allows to get the homogeneous distributing
of these components on all volume of mixture. Control
of the temperature field on the surface of the mixture is
necessary. For the performance of this objective it was
suggested to apply a thermal-imaging technique. The
production used cameras Lend Ti-814, Fluke-10, Fluke-
25 [11]. Thermogram of the mixture surface, at the
initial stage, are shown in Fig. 3 (composite C080403).
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Fig. 3. Photograph of the thermogram of surface of
mixture (a) and graphs of change of temperatures
along a section 1 (b)

On the thermogram we observe areas with different
colors and different intensities. This allows you to
identify areas with deviations of the temperature field.
All these areas indicate the presence of uneven heating
of individual sections. Among them there can be both
lumps of aluminum, tungsten and lumps of polystyrene.
In the graphs of Fig. 3,0 we observe a change in the
temperature field in a wide range (up to 20 °C). Upon
further heating and stirring, the polystyrene melt occurs.
Polystyrene uniformly fills the entire space between the
particles of the metal component. Temperature
equalization occurs in the entire volume of the mixture.
In the ideal case, the thermogram of the surface of the
mixture has the form (Fig. 4).
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Fig. 4. Photograph of the thermogram of the surface of
the mixture (a) and graphs of temperature changes
along section 1 (b)

On the graph of temperature changes, their interval
is only 0.2 °C (the temperature is homogeneous).

PERFORM A HARDNESS MEASUREMENT

Method of measuring hardness. An important
parameter that characterizes the properties of composite
radiation-protective materials is their strength. On the
basis of the known strength of composite materials, the
operation time in an aggressive environment, the
conditions for their use are determined. The shape and
optimal dimensions of the radiation protective layer are

found. The strength of the material is a common
characteristic. Its definition is directly proportional to
hardness. The concept of hardness for polystyrene-metal
composite materials differs from the concept of
hardness for solids. The concept of hardness for
polystyrene-metal composites includes such parameters:
a) resilience of composite material residual deformation;
b) firmness to pressure in the process of exploitation;
C) resistance to penetration deep into the volume. There
is a direct relationship between hardness and other
characteristics of materials. Therefore, it is necessary to
determine the hardness in the study of polystyrene-
metal composites.

For finding of hardness of the reinforced polymers
or composition materials with the use of polymers there
is a row of methods. We are interested in those that are
based on the ability of materials to resist the
introduction of another body into them. Most often use
the methods of Shore (A, D), Barkol, Rockwell (P). In
the case of the Shore method and the Barcol method, the
depth of penetration into the material of the probe
indenter is measured. For materials of different hardness
probes of various types are used. In our case, these
methods are not entirely effective. This is due to the
presence of grains of metal with a size of about 200 um
in the composite, which will lead to insufficiently
accurate results. The method of Rockwell (P) gives
maximal exactness of measurings. The minimum
number of measurements is performed. The calculation
of hardness is executed by the formula:

HR =130—-(H —h)/0.002, (1)
h — is the depth of penetration of the indenter (ball)
under preload; H — is the depth of penetration of the
indenter (ball) under the main load. The disadvantage of
this method is the conventionality of units of hardness.
These units are not tied to physical values. Translation
to physical quantities only for certain materials and on
the nonlinear spreadsheet. For the measurements used
the device NOVOTEST-TP. His analogues are devices
of TK-2, TSH-500, HR-1500.

Preparation of Samples. Samples were made for
implementation of practical tests. Samples had a
different degree of distributing of metallic components
on volume [8, 9]. On a Fig. 5 the type of typical sample.

Fig. 5. Original appearance of sample composite
material



Its dimensions are 40x70x15 mm. The choice of
such a shape and size depends on the possibility of
using these samples in devices to determine the
hardness. Composite material C080403 investigated.

Heterogeneities of the two types appear in the
manufacture of samples. The first type is heterogeneity,
in which the components are arranged in separate
lumps, there are gaps, cavities, bubbles. And the second
type is heterogeneity, in which the uneven distribution
of components on the volume of the composite.

Samples with heterogeneity of not more than 30%
and heterogeneity of not more than 50% were
considered. A photograph of an enlarged image of a
sample with a 30% heterogeneity is shown in Fig. 6.

Fig. 6. Photograph of a cut of composite material
C080403 with heterogeneity that do not reach 30%:
1 —tungsten; 2 — aluminum; 3 — polystyrene;

4 — heterogeneities filled with polystyrene

Hardness measurement. We studied four samples
with different sizes of grains of components. Samples
were selected with heterogeneity of the distribution of
components by volume. In the case of polystyrene-metal
composites, fabrication uniformity is controlled by
changing the shade of grey color. For each sample,
hardness measurements were performed at the points
where the inhomogeneities in the distribution of the
components were observed.
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Fig. 7. A graphs of the hardness of composite materials
depending on the homogeneity of the distribution of
components on volume of the samples

In the graphs of Fig.7 shows the hardness of
composites C080403 and C080106, depending on the
homogeneity of the distribution of components. These
materials are specifically studied together. They have
the same volume of polystyrene. The total volume of the
metal component is the same. Composites differ in the
amount of tungsten and aluminum. Volumes of tungsten

and aluminum are close (C080403). The volume of
aluminum is six times the volume of tungsten
(C080106). This is important. Measurements were
performed for composites with different sizes of grains
of components.

At point 1, hardness values are given for composite
materials close to the ideal case. At point 2, the hardness
values are given for areas with an insignificant degree
of inhomogeneity of the distribution of components (no
more than 10%). At point 3 — heterogeneity reaches
30%. In these areas there is a significant decrease in
hardness (strength). Point 4 — heterogeneity can reach
50%. Point 5 — heterogeneity above 50%. We look after
the fall-off of hardness. This is especially evident for
composites with small sizes of grains of components. It
can be seen from the graphs that the strength of
composite  materials strongly depends on the
homogeneity of the distribution of the component
material over the sample volume. With the increase of
heterogeneity diminishes hardness. This is due to the
deterioration of the reinforcement of the radiation-
protective composite.

Dependence of hardness was got from the sizes of
grains of metallic components. Hardness is increased
with diminishing of sizes of grains of metallic
components. Composite material (C080403) with
minimum of grains sizes (dark blue curve 1, a marker is
a rhombus) has maximal hardness. In this composite the
following sizes of grains: Al — 20 pm, W — 30 um. The
composite (C080403) with the maximum sizes of grains
(purple curve 4, the marker is a rotated cross) has
minimal hardness. In this composite, the size of the
grains: Al — 60 pm, W — 150 pm.

From graphs which are presented on a Fig. 7,
another conformity to law follows. There are numeral
differences depending on the type of composite
material. Curves 5, 6 are higher, than curves 1-4.
Curves 5, 6 correspond to hardness of composite
material (C080106). Curves 1-4 correspond to the
hardness of the composite material (C080403). The
composite (C080106) has six parts by volume of
aluminum, and the composite (C080403) has three parts
by volume. For composites of the group (C080106), we
observe the same regularities in the change in hardness
as for composites of the group (C080403).

The value of hardness decreases with increasing
non-uniformity of the distribution of metal components
by volume of the composite material. The value of
hardness decreases with increasing grains of metal
components. A few features were found out on the basis
of analysis of curves 1-6.

Increasing the grains of tungsten has a smaller effect
on reducing the hardness value than increasing the
grains of aluminum. This is due to the fact that the
various metal components of the composite material
have a different bond with polystyrene. Tungsten
powder is significantly weaker bonded to polystyrene
than aluminum powder.

The basic strengthening of the matrix of the
composite material occurs due to the connection of
polystyrene with aluminum. However, the main task is
the creation of radiation-protective matrix composite
materials. Therefore, it is necessary to determine the



necessary hardness and radiation characteristics of
composite materials for each specific case. In this case,
it is necessary to observe a certain balance between the
hardness of the composite material and its radiation-
protective properties.

Calculation of radiation-protective character-
ristics. Effective use of polymer-metal composite
materials is impossible without knowledge of their
radiation-protective properties. Measurement of these
characteristics is a difficult task [11]. To determine the
radiation protective properties, we use the results of
calculations. Currently developed and widely used
several packages for the calculation of protective
properties. In our work, the package Geant4 v 4.9.6p03
[12] was used.

We obtain the results of radiation protection. In
these calculations, the effect of ionizing radiation on a
biological phantom was considered. The basic
parameter of efficiency of defence is the relative
weakening of ionizing radiation dose.

This parameter is calculated on a mathematical
formula:

D
=1-—. 2
’] Dair ( )

In expression (2), the parameter D,, — is the
calculated dose, in the absence of protection. Parameter
D - is the calculated dose when protected. The
parameter n — is the degree of relative attenuation of the
absorbed dose of gamma-radiation by a layer of
protection made of a composite material. Graphs of
relative attenuation of the absorbed dose were obtained

(Fig. 8).
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Fig. 8. Dependence of the relative weakening of the
eaten up dose on the energy of gamma-quanta

In the calculations, we used the approximation of an
ideal composite material. By ideality we mean the
homogeneity of the distribution of components by
volume and the absence of cavities. The weakening of
the dose of the composite material (C080403) is
indicated by a purple curve (the marker is square). The
dose attenuation by composite material (C080106) is
indicated by a blue curve (a marker is a triangle). The
weakening by the composite (C080106) is significantly
weaker than the weakening by the composite
(C080403). Thus, the half-attenuation for C080106 is
already achieved at gamma-quanta energies of 300 keV.
Whereas the half attenuation for the composite
(C080403) is achieved only at energies of 600 keV. The
use of C080403 is more effective than C080106.

Although in terms of its strength characteristics,
C080106 is 9% higher than C080403.

The study of the hardness (strength) of a composite
material, depending on the degree of heterogeneity of
the distribution of components across its volume, allows
solving several problems. One of them is a decline of
requirements on quality of making. This requirement
immediately allows you to make cheaper the cost of
composite materials, increase the profitability of their
production and increase production speed.

CONCLUSIONS

1. In the work, the characteristics of the hardness of
polystyrene-metal composite materials are investigated
at various degrees of homogeneity of the distribution of
components on volume sample.

2. The constructional refinements of industrial
thermoplastic automata, which allow the production of
composite materials of polystyrene and metal, are
shown.

3. For several types of composite materials
experimentally selected modes of operation of
additional devices.

This allows to increase the uniformity of the
distribution of the composite components in its volume.

4. The technology of thermographic quality control
of mixing the components of the composite material has
been refined.

5. From the got graphs of the temperature field and
thermograms, the characteristic features of display of
violations of the homogeneity of raw materials for the
production of composite materials are determined.

6. The results obtained on the basis of the analysis of
the work: a) with increasing in homogeneity of
composites decreases hardness; b) hardness increases
with decreasing particle size components of the mixture;
¢) aluminum particles play a crucial role in the
formation of the volume structure of the composite
material.
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N3YUYEHHUE NBMEHEHUMSA XAPAKTEPUCTUK PAJIMAIIMOHHO-3AIIUTHBIX
KOMITO3UIINOHHBIX MATEPUAJIOB B 3ABUCUMOCTH OT OJHOPOJHOCTH
PACIIPEJEJEHUA METAJIVIMYECKUX KOMITIOHEHT

E.M. Ilpoxopenko, B.B. /Tlumeunenko, A.A. 3axapuenko, M.A. Xaxncmypaoos, T.I'. Ilpoxopenxo

HccrnenoBaHa 3aBHCUMOCTh TBEPAOCTH IMOJUCTHPOI-METAIIMYECKMX KOMITO3HUIIMOHHBIX MAaTEpHaloB OT
OJTHOPOJTHOCTH paclpefesIeH!s] 4YacTUI[ KOMIIOHEHT 10 00beMy KOMIIO3MIMOHHOrO MaTepuaina. I[IpennoskeHs!
YCOBEpLICHCTBOBAHUS ~ TEPMOIUIACTABTOMATOB, KOTOPHIE IO3BOJISIIOT  IOBBICUTH  KAueCTBO  U3TOTOBJICHMS
komro3utoB. Jlopaboranel Mertonuku MK-paanoMerpuueckoil JuarHOCTHKM S(G(GEKTHBHOCTH IepeMelInBaHUs
KOMIOHEHT. OTBITHBIM ITyTeM OIpEJeNeHbl CKOPOCTH JIOMacTel CMECHTENs B 3aBHCHMOCTH OT pa3MepoB H
KOJIMYECTBA YACTULl METAIIIMYECKMX KOMIIOHEHT. {111 KOHKPETHBIX KOMIIO3ULMOHHBIX MAaTepHUajOB YHUCICHHBIMU
METOJaMH TOJY4eHBl PagUallMOHHO-3AIIUTHBIC XapaKTepUCTHKH. 1IpoaHann3upoBaHo OcialbJeHHE MOTJIONICHHON
J103b] HOHU3UPYIOLIETO U3JIy4CHHs B 3aBUCUMOCTHU OT 3HEPI'MH I'aMMa-KBaHTOB.

BUBUEHHS 3MIH XAPAKTEPUCTHK PAIIAIIIMHO-3AXUCHUX KOMITIO3UIIMHUX
MATEPIAJIIB Y 3AJIEZKHOCTI BIJI OJHOPITHOCTI PO3IIOALTY
METAJITYHUX KOMIIOHEHT

EM. IlIpoxopenxo, B.B. /lumeunenko, 0.0. 3axapuenko, M.A. Xaxncmypaoos, T.I. IIpoxopenko

JlocmipKeHO 3aJIeKHICTh TBEPAOCTI IMOJICTUPOJI-METAJIEBUX KOMIIO3MIIMHUX MarepialliB BiX OIHOPIAHOCTI
pO3MOJTy YacTOK KOMIIOHEHT 3a 00’€MOM KOMIIO3MILIHHOTO Marepiany. 3anporOHOBAHO YJOCKOHAJICHHS
TEPMOIUIACTABTOMATIB, SIKi JJO3BOJISIOTH MiJIBUIIUTH SIKICTh BUTOTOBJIEHHS KOMIIO3UTIB. JloonpanboBaHi METOANKH
[Y-pamiomeTpryHOi AiarHOCTHKH €(EKTUBHOCTI IEpeMIlIyBaHHS KOMIOHEHT. J[OCHiZHMM NUISXOM BHU3HAYEHO
IIBUJIKOCTI JOmaTel 3MillyBada, B 3aJI€KHOCTI BiJl pO3MipiB i KITBKOCTI YaCTHHOK METaJeBMX KOMITOHEHT. Jlyis
KOHKPETHUX KOMIIO3UIIIHUX MaTepiajiiB YHCeNbHUMH METOJaMH OTPHMaHi paziamiiHO-3aXHMCHI BIACTHUBOCTI.
[IpoanamnizoBaHo ociaOieHHS MOTJIMHEHOI J03W 10HI3yI0UOro BHIPOMIHIOBAHHS B 3aJISKHOCTI BiJ eHeprii ramma-
KBaHTIB.



