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Resistance evaluation of electrical insulating polymer materials used in flexible cables
to operational impact

The article presents the test results of polymer material properties taking into account the possibility of their
application for flexible cables insulation. The main types of cable constructions and their operation featutes
are considered. Existing test determination methods of insulation resistance to thermal, mechanical, electrical
and environmental conditions are analyzed. Requirements for laboratory equipment and test conditions, are
given. Evaluation criteria of test results are noted. Experimental evaluation was carried out for change degreé
in the properties of the main types of electrical insulation materials used currently during ghie flexiblepcable
production: polyvinyl chloride compound (PVC), rubber, ethylene propylene rubber (ERR)«thermoplastic
elastomer (TPE), fluoropolymer. Tests were carried out under the influence of high_and low temperatures,
aggressive environments, ozone, mechanical loads. The main processes that determine the changes'in electro-
physical, physical and mechanical properties of the studied materials are described®Resistance of EPR, TPE
and fluoropolymer insulation to a wide range of temperatures, mechanical loads, di¢selduel and transformer
oil are shown. An increased resistance of EPR to ozone was also noted. Rubbet and PYC compound did not
pass the tests under the influence of low and high temperatures, showed "poor!' resisance to aggressive envi-
ronments, but passed the mechanical stress tests. Recommendations or‘tests and application of polymer insu-
lation taking into account the specifics of flexible cables working arépresented.

Keywords: flexible cables, insulation, sheath, polyvinyl chloride compound, thermoplastic elastomer, fluoro-
polymer, ethylene propylene rubber, ozone resistance,il resistance, mechanical strength, tests.

Introduction

Development of power industry, improvementyof electrical devices for generation, transmission, distri-
bution and consumption of electrical energy, determinesgthe growing need for cables and wires. Electrical
cables improvement is connected with incredge of carrying capacity, application of new polymer materials
for electric insulation, having considerable technological and operational advantages. At the same time, im-
proving the cable products quality is one,of the;main tasks due to their mass production, versatility of appli-
cation and very high material consumption{l ].

The flexible cables are onegof'the main cable types. These cables are used for installation of various
electronic units and devices; automation, control and management systems; connection to power grids of
mobile mechanisms intendéd for wofk in open and underground mines; control of conveyor and lifting
equipment, laying of securitygnd ffire alarm systems, etc.

Flexible cables are| madeémwith conductors of copper or tinned copper wires. Pure tin or tin-lead alloy is
used as tinning matetial ®Depending on the conditions of the cable application, the conductors can be strand-
ed in a core aroundya central element of rubber or reinforcing aramid fibers. Some cables types are produced
with parallel daying conductors. The main typical designs are flexible cables with twisted insulated conduc-
tors u'the core;qwith’ outer jacket (Figure 1 (a)), individual shields over core (Figure 1 (b)), overall shield
(Figure 14(¢)),individual shields over core and common shield (Figure 1 (d)) [2].

As can be seen from Figure 1, the insulation and sheath are the common element that protects the design
of flexiblejeables from external influences. Reliability and service life are determined by the ability of the
polymer material to maintain its integrity and mechanical properties during operation [3].

Rubbers, ethylene propylene rubber, polyvinyl chloride compound (PVC), thermoplastic elastomers
(TPE), cross-linked polyethylene (XLPE), and fluoropolymers are used for insulation and sheath of flexible
cables [4].

Rubbers have high electrical resistance and moisture resistance. One of the main advantages is elastici-
ty, but most rubbers have low ozone resistance [5].

Ethylene propylene rubber is suitable for use in cables with operating voltages up to 35 kV. The chemi-
cal stability of the material, including in relation to ozone and UV radiation, allows to guarantee operation in
harsh conditions of industrial plant, subway tunnels, construction site and mining facilities. An important
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advantage of cables insulated with ethylene propylene rubber is the extended operating temperature range
with a lower permissible temperature of — 60 °C + 90°C [6, 7].

a) 1 — core; 2 — insulation; 3 — cable sheath.

shield; 6,8 — gro
wire insulation; @0

; 7,9 — grounding
sheath.

¢) 1 — core; 2 — insulatiox inner sheath; 4 d) 1 — core; 2 — inner conductive shield; 3 —
— shield; 5 — outer ¢ablesheath. insulation; 4 — outer conductive shield; 5 — metal

shield; 6 — grounding wire; 7 — grounding wire
insulation; 8 — overall shield, 9 — cable sheath.

Figure 1. The main designs of flexible cables

olorless, transparent plastic, thermoplastic polymer of vinyl chloride. It is characterized by
; stance to alkalis, acids and solvents, moisture resistance, sufficient flexibility, relative re-
sistance toigolar radiation. However, it should be noted that the aging of cable made of PVC is much faster.
Permissible operating temperature of 70 ® C. With further increase in temperature heating begins to release
harmful hydrogen halogen chloride, which is dangerous to humans [8].

Thermoplastic elastomers combine the high elastic properties of rubbers and the ability to melt above
the yield point and be processed by extrusion. The advantages of TPE in comparison with rubbers are as fol-
lows: reduction of material intensity due to lower density, increase in productivity and reduction of labor and
energy costs during processing. The disadvantage as compared to rubbers in terms of application in cables
and wires is an inherent ability of any thermoplastic material to melt at high temperatures. They have a high-
er cost: their formulation cannot be "diluted" with more fillers. In addition, TPEs have insufficient chemical
resistance and heat resistance [9].
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Polyethylene has a high chemical resistance to acids, alkalis and various chemical liquids. However, at
high temperatures PE swells or even dissolves in toluene, benzene, carbon tetrachloride. PE at room tem-
perature is resistant to nitric acid, but at +50 °C is completely destroyed after two days of exposure to this
acid. The mechanical characteristics of PE are related to its molecular weight, degree of branching and crys-
tallinity [10, 11].

Fluorine-containing polymers are characterized by high heat resistance, high electrical insulation prop-
erties, chemical and corrosion resistance. In addition, they have good weather ability and high frost re-
sistance, low friction coefficient, low water absorption and gas permeability, high electrical strength. They
have temperature operation in the range from — 269 °C to + 260 ° C. Fluoropolymers are insoluble or poorly
soluble in many organic solvents, resistant to acids, alkalis, oil products. The disadvantages are high cost,
difficulties in processing in the cable industry [12].

Depending on the purpose and operating conditions, flexible cables must be resistant to a wide'tange of
operating temperatures, mineral oils and diesel fuels, electrical voltages, mechanical loadstand other factors
(Figure 2) [13-15].

Factors affecting flexible cables

—  Mechanicalloads |[| ~ TOMPeAWIE |l Extemal influsnéing Electrical loads
factors
Multifold bends High temperature ||| Apgressive
emyironments
|| Bends with twisti : i3t
ing Low temperature i WSolar radiation
|| Crushing load 1 Ozone
L Tensile forces | Fugh humidity
|| Twisting

Figure 2. Factors affecting flexible cables

Thus, the,reliability of electrical equipment is generally determined by the quality and reliability of ca-
ble designhAt anether point, polymer insulation is an element determining the flexible cables reliability dur-
ing Qperation:

Theére are/several methods to assess the performance flexible cables properties according to criteria:

— megehanical loads (multifold bends, bends with axial torsion, crushing loads, tensile force);

— electrical loads;

— external factors (high, low temperatures).

Determining the methods in formativeness, taking into account the significance for each flexible cables
types, will simplify the task of selecting electrical insulation materials and reduce the time spent on the stage
of preliminary tests.

Overview of flexible cables test methods

A generalized analysis of the test methods for the resistance of flexible cables to the operational effects
is given in Table 1.
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Test methods for flexible cables

Table 1

Type of test

Test method

Evaluation criterion (result)

Multifold bending
resistance [16]

Cable samples are fixed in the clamping device and bent
around the cylinder at an angle of £n/2 with a load creating a
pressing force. Sample length, load weight, number of bending
cycles and rollers diameter should be specified in the technical
documentation for cables.

High voltage test, no cracks
on the insulation and sheath
surface, the number of wire
breaks and metal shields
should not exceed 30 %.

Multifold bendig
resistance trough a
roll system [17]

Tests are carried out on samples with a length of at least 3.5 m,
with the application of current load to the cable at rated alter-
nating voltage with frequency of 50 Hz specified in the norma-
tive document. Cable samples are fixed on a device consisting
of a carriage with exchangeable rollers, a mechanism providing
end-to-end motion, a tensioning device or a set of weights and
clamps limiting the sample movement. Number of bending
cycles, rollers diameter shall be specified in the specifications
for cables.

No current interruption, no
short circuit between con-
ductors, no short ciruit be-
tween sample and stand roll-
ers.

Bending resistance
with twisting [18]

Tests are carried out on samples with a length of at least 3.5 m.
Samples of cables are fixed on a device consisting of a clamp
with end-to-end motion, a mechanism ensuring rotation of the
clamp. The test specimen is clamped at one end of the clamp
and a load is hung at the other end. The test cycle consists of!
the clamp rotating in full turn, the specimen must be,bentialong
a given radius at all points alternately contacting@xith the
clamp as it rotates.

Overvoltage test, visual in-
spection.

Crushing resistance
[19]

The test consists in compressing the samplé between the dies.
The dies form, the pressure value on‘the sample, the’'mutual
arrangement of dies and the sample between them must be
specified in the regulatory documentation for the cables.

No short circuit between
conductors or between con-
ductors and shield.

Resistance to high
temperature impact
[20]

Tests are carried out on three cablésamples coiled in coils with
an inner diameter not exceeding threefmmimum allowable
bending radius during operation. Time and temperature of tests
should be specified inghe normative document on cables.

No cracks on the insulation
and sheath surface, insula-
tion resistance must meet the
requirements of regulatory
and technical documenta-
tion.

Resistance to low
temperature impact
[21]

Dependinglen thesnominal cross section of conductors, the test
procedure i8'differentsFor cables with an outer diameter of up
to 12.5amythe'samples are kept for at least

4 h and weund on a metal rod. The diameter of the rod, the
wihding8 number are chosen depending on the outside cable
diameter. For cable products with a diameter of more than 12.5
mm, thelSamples are kept in a cold chamber for at least 4 h.
After, exposure, the sample must be subjected to three bending
cycles around the rollers in opposite directions at an angle of at
least 90°. The bending cycle shall include right (left) bending,
straightening, left (right) bending and straightening. Rollers
diameter, test temperature shall be specified in the regulatory
documentation for cables.

Over-voltage test, no cracks
on the insulation and sheath
surface.

Resistance to tem-
perature changes
[22]

The tests are carried out by three consecutive cycles on three
samples coiled in coils. Coil diameter, cycles number and test
temperature shall be specified in the specifications of the ca-
bles.

Overvoltage test, no cracks
on the insulation and sheath
surface.

Resistance to solar
radiation [23]

Tests are carried out on three cable samples with a length of at
least 1 m. Samples are placed in the chamber, turn on the ra-
diation source, and then set the temperature in the chamber (in
the shade) 55+2 °C. Exposure time is 5 days.

No cracks on the insulation
and sheath surface.

Ozone resistance
[24]

The samples are placed in a test chamber with an ozone con-
centration of at least 0.0015 % and withstood for at least
180 min. The samples are bent at ambient temperature around

No cracks on the insulation
and sheathing surface.
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Type of test

Test method

Evaluation criterion (result)

a brass, aluminum or wooden rod. The bent samples together
with the rod are kept in the air at ambient temperature without

any additional treatment for 30-45 min before starting the tests.

The samples are then kept in a desiccator for at least 16 h at
(2345) °C. Both ends are fixed in the clamping device, stretch
it by (33+£2) % and leave in this device.

Oil resistance [25]

Tests are carried out in the environment of industrial oil [-40A
or I-50A according to GOST 20799 or diesel fuel. Exposure
time and heating temperature of oil (diesel fuel) must be speci-
fied in technical conditions for specific cable brands.

The deviation of tensile
strength and elongation at
break before and after expo-
sure does not exceed

40 %.

Resistance to high
air humidity [26]

Tests are carried out on three cable samples with a length of at
least 2 m. Cable samples are placed in the moisture chamber.
Temperature, humidity and holding time shall be specified in
the regulatory document for the cables.

No cracks on the insulation
and sheath susfacéyinsula-
tion reSistanceymust meet the
requirements of'tegulatory
and te€hnicalidocumenta-
tion.

Determination of
physical and me-
chanical character-
istics after expo-
sure to high and
low temperatures
[27], [28]

Measurement of physical and mechanical characteristics is
carried out on samples in the form of double-sided blades. The
number of samples should be at least 5 for each test point.

The changein relative elon-
gation and tensile strength
shouild be no more / no less
(%0), must comply with the
requirements of regulatory
and technical documenta-
tion.

Depending on the purpose of the flexible cables, some or other methods are used in various combina-
tions.

Methodical part

The representatives of the main groups of eleeteical’insulating polymer materials currently used for
manufacture of flexible cables were selectedgas the test object: rubber, EPR, PVC, polyolefin and urethane
TPE, photopolymer.

The choice of test method is determinedby standards recommendations, depending on the type of oper-
ational impact (Table 1).

Test conditions and equipment zequiréments are stipulated in the regulatory and technical documenta-
tion: rollers, cylinders for cable coilingutest and cable bending test through a roll system (error of measure-
ments £ 0.5 %), equipment f6ftestinggeables through a roll system (measurement error of £ 10 %), breaking
machines (measurement etrorgdf # 0.5 %), climatic chamber of heat/cold (measurement error of + 3 °C) mi-
crometer (measurement|erronof# 0,01 mm), microscope (measurement error of + 0,003 mm), high-voltage
tester (measurementyerrei.of + 3 %), ozone resistance tester for rubber and cables (measurement error of
+10 %).

Experimental part

Heatxreésistance tests

Heat resistance is the ability of materials to maintain performance properties at high temperatures.

Temperature is a common factor affecting all cables. Thermal heating of insulation occurs due to die-
lectric loss€s when electric current flows through conductors and exposure to external ambient temperature.
Long-term exposure to temperature leads to insulation aging and its gradual degradation with deterioration of
physical, mechanical and electrical properties of the material, which ultimately reduces the service life.

Samples of cables without mechanical damage, cracks, pollutions and defects according to [27, 28]
were selected for testing. Ageing time was 168 h. Test temperature was selected in accordance with the nor-
mative documents for flexible cables.

Evaluation criterion is the change in physical and mechanical characteristics not more than +20 %. Ag-
ing temperature and evaluation results are shown in Table 2 and Figure 3.
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Table 2
Aging temperature of polymeric materials
Insulation materi- Rubber EPR PVC TPE (polyolefin, Flouropolymers
als urethane)
Aging tempera-
ture, °C 80 135 100 100 280

Cold resistance tests
Implementation of programs for the Arctic region development determines the increased demand for
cable products that are resistant to low temperatures.

The cables cold resistance is determined by the choice of electrical insulating polymer materials. It is
the cable insulation fault that determines its breakdown at critically low temperatures. C d frost re-
sistance is the ability to maintain its performance properties at specified negative tempe t re-
sistance criteria may be different depending on the requirements related to the conditio lication.

There are limited reductions of deformability or limited increase of frost resistance, a

the operation efficiency and cable line reliability.

Three samples with a cable length of 1.5 m without mechanical damage, cr
were selected for testing according to [21]. Each sample was wound on a
a cold chamber. The test temperature was from -10 to -60 °C. The coi
cable product diameter.

s, pollutions and defects
1 4 hours of staying in
as selected based on the
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G .L/" ) M Tensile strength at break
> R -I’/

2 l”' ™ Relative elongation at break
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°C}

TPU

TFO

(100°C) o EPR

roorc] {135°C) PTFE
{280°¢)
’ Fi hysical and mechanical properties after thermal aging (test temperature indicated)
@ ion criterion is the absence of cracks on the samples surface (Table 3).
Table 3

Installation bend resistance test results
Temperature, Material
°C EPR PVC Polyolefin TPE Urethane TPE Rubber Fluoropolymer
-10 + + + + + +
-15 + + + + + +
-30 + + + + + +
-40 + - + + + +
-50 + - + + - +
-60 + - + + - +
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Determination of cable resistance to the low temperature impact was also determined indirectly [27, 28]
by determining the change in physical and mechanical characteristics (Table 4). The exposure time of the
samples in the cold chamber was 4 h. Test temperature was chosen in accordance with the technical guide for
flexible cables. Samples in the form of a double-sided blades were fixed in the tensile machine within the
cold chamber. After the set exposure time, the relative elongation at break 4/// was determined.

Evaluation criterion — the relative elongation must be at least 20 %.

Table 4
Elongation value after low temperature impact
Temperature, Material

°C EPR PVC Polyolefin TPE Urethane TPE Rubber

-10 345 % 150 % 230 % 304 % 240 %

-15 334 % 102 % 210 % 295 % 180 %

-30 320 % 60 % 198 % 288 % 90 %

-40 307 % - 156 % 270 % 40 %

-50 306 % - 121 % 260 %

-60 302 % - 120 % 251 %

Oil resistance test

Low-voltage cables are operated in conditions where the sheath and i 10fi are exposed to many fac-
tors simultaneously, including the aggressive environment impact. In and transportation, liquid
hydrocarbons exposure (diesel fuel (DF) and transformer oil (TQ)) i f the most important aging factors
for low-voltage cables. To a greater extent, the cable service 1ifeﬁ n the sheath ability to withstand

these fluids action.

The polymer materials oil resistance evaluation
tensile strength (o,) and change in relative elongation
former oil. The methodology recommended by |[.
every 50 hours a batch of samples was taken out,

opu A/l were determined. Aging time and evaluation
results are shown in Figure 4 and Figure 5.

36

W

0 100 200 300 400 00 600 700 300 200 1000
Aging time, h

Figure 4. The tensile strength at break (g;,) as a function of ageing time in diesel fuel and transformer oi, where 1 is
PTFE in DF; 2 is PVC in DF; 3 is EPR in DF; 4 is rubber in DF; 5 is TPU in DF; 6 is TPO in DF; 7 is PTFE in TO; 8 is
PVC in TO; 9 is EPR in TO; 10 is rubber in TO; 11 is TPU in TO; 12 is TPO in TO.
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Figure 5. The relative elongation at break (4//]) as a function of aginggime,in diesel and transformer oil, where 1 is

PTFE in DF; 2 is PVC in DF; 3 is EPR in DF; 4 is rubber in DF; 5 is TRW in'DE;6.is TPO in DF; 7 is PTFE in TO; 8 is
PVCin TO; 9 is EPR in TO;
in TO.

Ozone resistance tests
Ozone resistance is the ability of insulatin, i insulation to remain in an atmosphere with high

for rubber-insulated/sheathed cables used out
storm) will cause the crack insulation. B

bber-insulated/sheathed cables are flexible and designed to
be connected to moving electrical eq

king excavators, industrial robots, etc.), they are often sub-

the crack insulation at the point of bending, causing the insulation
to break and exposing the con

Rubber and EPR aging v

Table 5
Results of ozone resistance tests of EPR and rubber
s) EPR Rubber
Phys;ca‘ echanical char- op, MPa AL % op, MPa AL %
acteristics
Aging temperature (150 °C)
0 5,5 348
3 5,9 280 Sample break (after 45 minutes the samples
5 5,9 280 are completely destroyed)
8 5,9 280
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Mechanical load tests

As a rule, flexible cables break down not as a result of electrical loads, but because of dynamic effects.
Therefore, it is important to ensure equal strength of all design elements: core, insulation, shields and protec-
tive sheath under mechanical influences.

Tests are regulated by [17]. Tests are carried out on samples with a length of 5 m under current loading
applied to the cable. Number of bending cycles is 30000. Evaluation criterion: there should be no short cir-
cuit between the conductors, short circuit between the sample and the stand rollers. Tests results for mechan-
ical loads are shown in Table 6.

Table 6
Tests results for mechanical loads
Number of Material
cycles EPR PVC Polyolefin TPE Urethane TPE Rubber Fluoropolymer
30000 + + + + + +

Results and Discussion

1. The existing approach makes it possible to effectively assess the polymegiaSulation heat re-
sistance both at the stage of cable products manufacturing and during the ineoming inspection of materi-
als. After thermal aging all materials showed satisfactory resistance. Change'of physical and mechanical
characteristics was not more than 18 %. It is quite admissible, as acg€ording to normative and technical
guide of cables with similar electric insulating materials the change ofiproperties by more than + 20 % is
critical.

2. After low temperature exposing to materials (as PVC -30°Cjrubber -40°C, thermoplastic elastomers,
EPR and fluoropolymer -60°C) relative elongation change 4¥/ of'samples from EPR, TPE and fluoropolymer
is insignificant. At the same time insulation materialsifromgubber’and PVC also have not passed tests at
temperatures from -40 to -60°C in connection with "embrittlement" of materials.

3. Physical and mechanical properties changing after exposing to aggressive environments fully enough
indicates the ability of the material and the designas,a whole, to resist the action of hydrocarbon liquids.
Among the polymers considered, fluoropolymer is the most resistant. Fluoropolymer samples showed
"good" resistance to the action of both diesel fuel and transformer oil. The tensile strength changing at break
o, and relative elongation 4/// does not exéeed 0 %. Resistance of fluoroplastic to hydrocarbon liquids is
explained by high value of bondinggnergy "carbon-fluorine”, by specific structure of polymer macromole-
cules expressed in the fact thag, fluorine atoms completely "screen" the carbon skeleton of macromolecules
[30-31]. Samples made by rubben,andsethylene propylene rubber, thermoplastic elastomers showed "poor"
resistance to aggressive medias, The, ehange of physical and mechanical characteristics was about 37 %.
However, such values are admissible due to the fact that in normative and technical documentation the eval-
uation criterion isythe €hange oféphysical and mechanical characteristics by not more than 40 %. Samples
from PVC were notypassed, as the change in relative elongation was more than 50 %. These materials are
weakly polar. Thépolymers chemical nature affects the diffusion rate of physically aggressive environment
into them. Weak resistance of samples to penetration of hydrocarbon liquids means that there is a high affini-
ty betwéemythe pelymer molecules and the aggressive environment (diesel fuel, transformer oil), the measure
of which is the, change in free energy. The greater the decrease in free energy during mixing, the more hy-
drocarben liquid penetrates into the polymer. The dissolution intensity of polar liquids in polar materials sig-
nificantlyjexeeeds the dissolution intensity in non-polar materials [32].

4. The ozone effect on rubber in its destructive power is one of the most aggressive. Ozone aging of
rubber is expressed in the appearance of characteristic cracks on the surface and loss of the original physical
and mechanical characteristics and other properties. The resistance of ethylene propylene rubber is due to the
insignificant content of double bonds.

5. All polymer materials have successfully passed the test for mechanical tests. This approach
makes it possible to evaluate not only the properties of the materials, but also the reliability of the de-
sign as a whole.
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Conclusions

According to the test results, promising materials for insulation and sheath of flexible cables can be
identified:
- EPR, TPE and fluoropolymer for use in flexible cables operating at low and high temperatures, as well
as when exposed to hydrocarbon liquids;
- EPR as insulation and sheath of flexible cables operating under ozone exposure.
The success of the passed tests with all samples confirms the correctness of the preliminary selection.
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A. Jleonos, k. CodnaTeHko

HNxemai kadespaepre KOJIAHLIATHIH MOJTMMEPJIi 3JIEKTP OKIIAYIAFbILI
MaTepHaIAapAbIH IKCIVIVATAUMSIIBIK dcepJiepre TO3IMAiTIriH 0aranay

Makanaza okmraynay peTiaae nKemai kabembaepai naiganany MyMKIHAITIH ecKepe OTBIPBIM, MOJIUMEpII Ma-
TepuaIap/blH KacueTTepiH  3epTrey HaTwkesepi GepinreH. Kabenmpik OyibIMAapAbIH KYPBUIBIMIAPbIHBIH
HETI3Ti TypJepi >koHe OJapABIHKYMBIC ICTeY epeKIIeNikTepl KapacTeIpblrrad. OKIIaynay sl KbBILy, MeXa-
HHKAJBIK, JJIEKTPJIK JK0HE ChIpTKBI Scep eTyli akTopiapra TOIIMIUITH TOKIpUOETiK aHBIKTayIbIH KOJ1a-
HBICTaFbI dAicTepiHe| Tajay JyprizinreH. 3epTXaHalbIK KaOIbIKKa KOMBLUIATHIH TalanTap KOHE ChIHAK JKaf-
nainapel cunartanrad, CelHAK HoTIDKeIepiH Oaranay KpuTepuiliepi aram eTinren. Kasipri yakeiTTa MKeMui
kalelpIep ‘OHAIPICiHIe KOATAHBIIATHIH AJISKTP OKIIAYJIarbllll MaTepUaIap/AblH HEri3ri TYpJiepiHiH KacueT-
TepiHiH 63repYAIOPeKECiH HKCIIEPUMEHTANIAEl TYpAe aHBIKTAay KYPTi3iigi: HOJMBHHIIXIOPUATI IUIACTUKAT
(IIBX-mmaceuxat)y pesenke, sTwieHnponwieni peserke (OI1P), repmomnactux (TIII), dropnommep. Coi-
HaKTdp JKOFaphl )KOHE TOMEH TeMIlepaTypalap/blH, arpeCCUBTI OpTAJapAbIH, O30HHBIH JKOHE MEXaHHKAJIBIK
MYKTEMeIEp/IiH  oCepiHeH KYPTi3inal. 3epTTeNeTiH MaTepuaIapAblH JIeKTPO(U3UKANBIK JKoHEe (U3HKa-
MEXAaHUKAMBIK KAaCHeTTepiHiH ©3repyiH aHbIKTaWThIH Heri3ri mpouectep cumarraiarad. OIIP, TOII xoue
(roprionuMepii OKiIayjiay TEMIEpaTypaHbIH KEH JMana3oHbIHA, MEXaHHUKAJbIK JKYKTEMENepre, IH3eNbIiK
OTBIHFA JXoHe TpaHchopMaTop MaiibiHa Te3iMai exeHi kepceTiareH. Conmaii-ak DIIP o30HFa TO3IMALTIriHIH
wofaprutaysl Oaiikanasl. PeseHke skoHe [IBX-macTHKaT TOMEH JKOHE JKOFApbl TEMIlepaTypa dCepiHeH Chl-
HAKTapfaH eTIe i, COHBIMEH KaTap arpecCcUBTI OpTallapFa «HaIapy KapchUIBIK KepceTTi, 6ipak, o3 Ke3eriHje,
MeXaHHKAaJBIK dcep Ke3iHe ChIHaKTapaaH oTTi. MkeMi kabenbIep/IiH epeKIIeTiKTepiH eCKepe OTHIPHII, M0-
JIMMepJIi OKIIayJay bl ChIHAY XKaHE KOJJaHy OOWBIHIIA YCHIHBICTAP XKACAFaH.

Kinm ce30ep: nxemai xabenb, okmmaynay, KaObk, [IBX miactukar, TepMosiacTomiact, GTopIoIuMep, ITH-
JICHIIPONMJICHA1 Pe3eHKe, 030HFa TO3IMALIIK, MaiiFa TO3IMIUIIK, MEXaHHKAIBIK OEPIKTIK, CBIHAKTAP.
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OHeHKa CTOMKOCTH MOJIMMEPHBIX 3JICKTPOU3OJAINMOHHBIX MAaTCPHAJTIOB,
NPUMEHAECMBIX B THOKHUX Kaﬁe.]'lﬂX, K IKCIIIIYyaTallHOHHBIM BOSHeﬁCTBHﬂM

B crarbe npuBeneHs! pe3ysbTaThl HCCISJOBAHUS CBOWCTB MOJINMEPHBIX MaTepHAaIOB C y4ETOM BO3MOXKHOCTH
NPUMEHEHHSI B KauecTBE M30JILMU I'MOKUX Kabeneil. PaccMOTpeHbl OCHOBHbBIC TUIIBI KOHCTPYKLHUH KaOenb-
HBIX U3/IeNHI U OCOOCHHOCTH MX JKCIUTyaTanuu. IIpoBefeH aHalMu3 CYIIECTBYIOIIMX METOIOB 3KCIICPHMEH-
TaJbHOTO ONPEACNICHHs CTOMKOCTH M30JIILIHN K TEIUIOBBIM, MCXaHHYECKUM, JJICKTPHYECKUM U BHELIHHM BO3-
neiicTByromuM ¢akropam. Omucansl TpeOoBaHMs K JTabopaTropHOMY 0OOPYZOBaHHIO U YCIOBHUSIM TIPOBEJE-
HUS MCTBITaHUH. OTMEUYeHBI KPUTEPUH OLIEHKH Pe3yJbTaToOB HCHBITaHHH. [IpoBeneHo sKcreprMeHTalIbHOEe
OIIpe/IeJICHNE CTEIICHN M3MEHEHHUS CBOMCTB OCHOBHBIX THIIOB JJICKTPOU30JIIIMOHHBIX MaTePHAJIOB, IIPHMEHSI+
eMBIX B HACTOsIIIEe BpeMs NPH NPOU3BOACTBE I'MOKMX Kalellei: MOJMBHHIIXJIOPHAHBIN Iactukat (ITBX-—
IUIACTHKAT), Pe3uHa, STHiIeHnponwienoBas pesuna (OI1P), tepmoanacromnact (TII1), propnonmnmep. embl-
TaHWs OBUTH MPOBEACHBI NPU BO3CHCTBHHU TOBBINICHHBIX M MOHMWKEHHBIX TEMIIEPaTyp, arpecenBHBIX cpe,
030Ha, MEXaHUYECKHX Harpy3oK. OIucaHbl OCHOBHbIC MPOIIECCHI, ONPEACISIONINE H3MCHEHHE K TPOPH3H-
YeCcKHX M (H3MKO-MEXaHHUECKUX CBOWCTB MCCIIEIOBAHHBIX MaTtepuaioB. [lokazano, uro OI1P, TOMwm ¢pTop-
MIOJIUMEPHas M30JIALMSA 00aaI0T CTOWKOCTBIO K BO3/ICHCTBHIO IIMPOKOTO HAaa3oHa TeMIEpaTyp, MEXaHu-
YECKHX Harpys3okK, yCTOWYMBBHI K BO3JCHCTBUIO TH3EJIBHOIO TOILIMBA M TpaHc(opMaTopHOTOaMacha: Taxxe
OTMeueHa NOBbIIIeHHas ycrodunBocTh DIIP k Bo3melicTBuio 030Ha. Pesuna u [IBX—aiifacTukar HE Tpouuin
UCIBITAHUS TIPU BO3ICHCTBHU IOHIDKEHHBIX M MOBBILICHHBIX TEMIEPaTyp, a TaKke MeKa3zall «ILUIOXYI0»
YCTOHYMBOCTD K BO3ACHCTBHUIO arpeCCUBHBIX CPell, HO, B CBOIO O4epe/ib, NMPOLLTHIMCTIBEraH)s TP MEXaHUYe-
CKMX Bo3zeHcTBHAX. ClenaHbl PeKOMEHIAMH 10 MCIBITAHMAM W HPUMEHEHHIO HOMMMEpHOH M30JIALUM C
ydeToM crenuduky paboTel THOKMX Kabeeil.

Knrouesvle crosa: rubkue Ka6CJII/I, HU30JIA10MA, 060.]'[0‘11(8., HOJII/IBI/IHPIJIXJIOPPII[HI)Iﬁ IJ1acTuKarT, TEpMO3J1acTo-
IiacT, q)TOpHOJII/IMep, STUJICHIIPONMUIJICHOBAsA PE3HUHA, 030HOCTOﬁKOCTB, MaCHOCTOfIKOCTL, MCXaHN4YCCKasa
NPOYHOCTD, UCIIBITAHUA.
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