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1. Statement of a question of Selection
of Lubricants for ethelene High-
Pressure Compressors.

Introduction

Maty investigations are known that apply to the
question of solving the problem of lubricants selection
for ethylene high-pressure compressors [1-8].

About 60 % of high-pressure polyethylene is used
for making products by the method of moulding and
pressurizaticn-containers for food industry, products
of domestic chemistry and childrens toys, 20 % - for
making special films, which are stable to thermo and
photooxidation, films of capacitors and cable isolation
with the heightened demands to the thermal aging and
dielectric properties.

One of the most important problems of the
making is selection the high quality oil for lubrication
gaskets of cylinders or shafts of ethylene compressor.
Delivering of fluid lubricant to the friction pair is
realized either by injection it into the gas (phase of the
suction- when using gaskets with the pistons rings) or
by feeding it through the openings of gaskets element
drilling (when glad gaskets are used) [2-9].

According to [9], in compressors at the
compression up to 22-40 MPa specific loadings of the
gasket's elements reaches 7-10 MPa. In ethylene
compressors gas compresses from 25 up to 1 10-120
MPa on the first degree and from 110-120 MPa up to
180-250 (and even to 350) MPa on the second degree.
There fore, gasket elements of compressors
experience during lubrication influence of the limit
specific loadings from the hydrodynamic to limit
regime and even to seizure. In ethylene compressors
friction pair are used:

- the plunger made from the nitrided steel 38
XMKDA or with coating of Wolfram carbide ; gasket
elements made from the bronze Bp OCH 7-13-1;

- the bush of the cylinder made from the carbide
of Wolfram (type BK-6), gasket rings made from the
special alloyed cast iron or made from the bronze Bp
00 10-1.

The demands to wear resistance of surfaces are:
intensity of wearing counterface from alloy BK-6 is
ought to be not higher than 0,02 rnkm/hour or 0,05
mm for 2500 hours of compressors work.

Pressure of pumping is 200-300 MPa,
temperature of gas at the end of process reaches
373K, average velocity of piston - up to 2,5 m/s.
Consumption of the oil for 1 t final product -
polyethylene for different compressors is from 0,7-0,9
to 4,7-6,5 kg.

Properties and nature of oils determine quality
indicators of polyethylene and reliability of work of
seal pistons and plungers of ethylene compressors.
For lubrication of friction pair of these compressors
mineral (naphthene - «white» oils), polybutene and
polyglycol oils are used [2; 3].

Materials

Specifications to oils are: transparence,
colourlessness, absence of sediment and mechanic
impurities, viscosity (not less than) ~ 450 cs at 293K,
200 cs at 323K, 50cs at 373K; flash temperature must
be higher than 293K from the maximal allowable
(373-383 K), but better not lower than 473K;
temperature of solidification - not higher than 273K;
acid number -not more than 0,4 mg KOH/g; alkali
number 0 mg KOH/g; content of moisture not more
than 0,1 %; ashes -0 %; point of turbidity of 1 %
solution -not more than 353K [15- 19].

According to manufacturers naphtene and
polyglycol oils for the most quantity indicators satisfy
these requirements. (Tabl. 1) [16-19].

Physic-and-chetnical properties and quantity of
oil which ingresses in polyethylene determine its
properties and use for cable isolation, products, which
contact with food etc [16- 19].

Methods of testing

Content of oil appreciably has an influence on
such quality indicators as resistance to thermal aging
and cracking and photooxidation processes, tangent of
angle of dielectrical loss, dielectrical penetrability,
breakdown electrical stress, sanitarian-hygienical
properties. Content of oil in polyethylene is estimated
by IR-spectroscopy (graduated by solution in CCl,),
tangent of angle of dielectric loss (frequency 10°, 10*,
10° hertz), dielectric penetrability (frequency 10°
hertz). And also indexes of flow of plastics (g in 10
min.), changes of bound of strength and flow during
tension, relative extension during breakage are found
[10-15].

STATE STANDARD 16337-77 (for
polyethylene) and STATE STANDARD 16336-77
(for compositions of polyethylene) determine
demands to physic-and-chemical properties of
polyethylene. Dielectrical properties of polyethylene
and its composition are determined by:

- tangent of angle of dielectrical loss- STATE
STANDARD 22372-77;

- clectrical strength at variable voltage
(frequency 50 hertz) - TATESTANDARD 64333-71;

- dielectrical penetrability (frequency 10°
hertz) - STATE STANDARD 22372-71;

- resistance to thermal aging -
STANDARD 16336-77.

Block-effect (sticking of films together) and
content of extraction substances which an; in initial
polyethylene and which educe from it during
secondary processing relate to quality indicators of
polyethylene too. Content of these substances is
estimated by excess of organic substance during
lubrication of ethylene compressors with mineral oil
and by using light mineral oils as solvents during
peroxidative initiation of polymerization of ethylene.

Feasibility study of supplying of lubrication of
seal elements relates not only to quality of
polyethylene but to time wasted of compressor's
equipment for repair (up to 2-7 days a year), which
for high productivity producers (synthesis of

STATE
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polyethylene) turns as substantial economical losses.
More over it is necessary to add that after every seal
replacement necessity (100-300 hours) of feeding
through lubricators excess of oil (for runningin of
friction pair) comes into existence. Polyethylene made
in this period contents of substantial quantity of oil
that is not up to the requirements (for cable isolation)
[10-19].

Results and discussion

Aim of work: consists in scientific search of
lubricants for lubrication seal elements of ethylenes
high-pressure compressors, which are compatible
with polyethylene. Tasks:

1. Studying of viscous-and-thermal properties
of naphtene and polyglycol oils and selecting
characteristics that the most complete characterize
these properties.

2. Studying of antifriction properties of
naphtene and polyglycol oils and finding indices,

which the most complete characterize, these
properties.
3. Studying of oils compatibility with

polyethylene on the grounds of changes of physic-
mechanical, rheological and dielectric properties of
composition [4-7].

Solubility of fuel oil in ethylene

Initial gas during production of polyethylene is
dry polyethylene (99,0-99,9 %), the rest- impurities
(propylene, ethane, methane, hydrogen, nitrogen and
others non-aggressive gases). Content of (-, is strictly
controlled; even signs of it provoke polymerization of
ethylene before reactor.

When finding the solution of Ilubricating of

of solubility displaces in side of higher pressure [10-
12]. By mounting to high lubricating ability it is
possible to bring down temperature in contact zone
where maximum solubility of oil in ethylene is seen.

Besides that, according to [2; 10; 12; 13] in
general case increasing of molecular mass of oils
leads to increasing of pressure intervaf where
minimum of solubility is seen. Increasing of the
molecular mass for the one homological row of
hydrocarbons leads to decreasing of its solubility in
ethylene. Hence, it is necessary to aspire to use oils
with enough large molecular mass and viscosity.

It is known that isomers have better solubility in
gases than substances with normal structure and
mutual solubility of fuels and gases increases with
approaching of theirs physic and chemical properties.
Thus oils with ethylene or others hydrocarbon chains
have better solubility in ethylene.

Maximum solubility of oil in ethylene (at
temperature up to 323-373 K and pressure up to 200-
300 MPa) is sufficiently substantial and is, depending
on nature of oil, from 300 to 3000 g/mm” of ethylene
(recalculation on normal physic conditions), which is
from 0,25 to 2,5 kg on 11 of compressed ethylene [10;
12; 14].

Increased mutual solubility of gas and oil
(vaseline, naphtene, polybutene) will decrease
operational properties of oils and lead to little term of
capacity for work of seals.

Proceed from this information for lubricating of
ethylene compressors it is necessary to use oils with
big molecular mass and normal structure only then
effect of raising antifriction properties because of

ethylene compressors it is important to take to  increasing of viscosity will be reached.
account that temperature raising of gas leads to
increasing of oils solubility in ethylene, but minimum
Table 1
Characteristic of properties of naphtene and polyglicol oils (information of producers)
Index Rieslla-33 |  NKM-40 NKM-70 | Laprol2502- | Orites-270
2-70 DS
Density,kg/m’
at293 K 884 873 884
at303 K 878 867 878 1078 1080
Coefficient of refraction
of light (293 K) 1,4820 1,4794 1,4800 - -
Viscosity kinematic, cs
at293 K 126 80,2 180 417 462
at303 K 42,4 39,3 70,4 182 186
at373 K 8,8 9,8 12,8 54 46,8
Acid number,
mg KOH/g 0,007 0,006 0,006 0,019 0,016
Temperature of
solidification, K 255 255 260 - =270
Temperature, K
in closer crucible 475 470 478 489 493
in open crucible 494 488 498 523 523
Content of water, % 0 0 0 0,1 0,1
Coqtent of .mec(flamc 0 0 0 0 0
impurities, %

Limitation of lubricating and expenditure of oils

One of ways of finding solutions of economy of
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fuel-lubricating substances and lowering quantity of
oil which ingresses in ethylene is limitation of
expenditure of oil during friction and wear of
adjoining surfaces. Industrial experiment on finding
optimum expenditure of oils Orites-270 DS, Risella-
33 and Laprol-2502 was realized on ethylene
compressors of plants of firms ICI with auto-clave
and «Polymir» with tubular reactor [1; 2]. These
plants were differing by construction and productivity
of ethylene compressors: productivity of plant
«Polymir» four times higher than productivity of ICI
plant.

Change of oil Risella-33 to polyglycol oil Laprol-
2502 and lowering its supply from 4,8 to 0,8 kg/hour
on II cascade compressors (plant of ICI firm) lead to
decreasing (two time) of term of capacity for work of
seal elements from bronze, content of oil in
polyethylene was about 0,05% and polyethylene by
resistance to thermal aging, influence of oxygen,
sanitarian-hygienical, dielectrical and antiblocking
properties was close to STATE STANDARD 16337-
77. In that case when content of polyglycol oil Orites-
270 DS in polyethylene was 0,02-0,04 % commodity
polyethylene was up to the requirements of STATE
STANDARD and world standards [1].

When feeding of polyglzcol oils Orites-270 DS
and Laprol-2502 on compressors of II cascade (plant
«Polimir») was lowered from 41,5 to 14 kg/hour
accordingly content of oil in polyethylene increased
three-four times and was 0,09-0,15 % and 0,06-0,08
% accordingly for Orites-27- DS and 0,10-0,12 % for
oil Laprol-2502 k but this did not solve problem of
obtain polyethylene for cable isolation (content of
polyglicol oils in polyethylem; up to 0,02-0,04 %)/
Productivity of plant increased by 2,6 times and term
of capacity for work of seal element form bronze
decreased by piston rings of I degree compressors
(before experiment 6 months) and 6-8 months by
stuffing-box seals of II degree compressors (before
experiment 12 months) [1-6].

Thus use of naphtene oils leads to lowering of
coefficient of ecthylene compressors and use of
polyglicol oil - quality indexes of polyethylene.

Trends in finding solution of lubricating of
ethylene compressors are:

- decreasing of quantity of polyglicol oil which
ingresses into polyethylene;

- increasing of viscosity and loading ability and
improvement of viscous-and-thermal characteristics
of naphtene and polyglicol oils;

- replacement of seal elements riiade from bronze
on high-quality durable polymeric materials (type of
graphelon) [1,5-18].

In spite of constructive works on lowering of
contaminations of oils in ethylene and accordingly
lowering its content in polyethylene, work on creation
of new synthetic lubricants and lubricating
compositions which could provide increasing of
reliability and term of service of seals of II cascade
compressors and which do not have negative

influence on properties of polyethylene, especially for
cable isolation is still actual.

Proceeded from this information, for lubrication
of ethylene compressors is necessary to use oils with
big molecular mass and normal structure, only then
effect of raising of antifriction properties because of
viscosity increasing could be reached.

Using of oils in industries

In industry producers use naphtene oils which are
made practically by one technology and which have
similar physic-mechanic properties and which are
different by trademark of firms-producers: Risella-33
(Shell, ELF Aquitaine- France), Vitorex-334, Esso-
Christo, 5350 (Mitsui, Japan), KPL-201 (British.
Petroleum, Great Britain, Austrian branch- Technol,
and Holland branch), NKM-40 (NPZ, Russia) etc
(Tabl. 2). To synthetic oils show preference all key
compressors  firms:  «Burckadt»  (Switzeland),
«Esslingen» (Germany), «Hitachi» (Japan), «Dresser-
Clark» (USA), «Nuovo-Pignone» (Italy), «Ingersoll-
Rand», «Technocompressormash» of concern
«Ukrrosmets 1» (Ukraine), fabrics named after Frunse
(Ukraine) and «Borets» (Russia) etc [5-6].

However, naphtene oils when ingressing into
polyethylene do not lower quality indexes of
polyethylene have shortcomings:

- substantial solubility of ethylene in oil and as a
result substantial lowering of viscosity and others
hydrodynamic properties force to feed for lubrication
substantial quantity of oil;

- substantial solubility of oil in ethylene which
leads to substantial ingress of oil into ethylene and as
a result increasing of extracting substances and
"smoking" of mass during processing of polyethylene
into products and to scale formation on piston's
surfaces;

- low loading ability which force to limit of
ethylene plants little and medium productivity (term
of seal service 1000-4000 hours).

With the object of viscosity increasing naphtene
oils have lowmoleeular polyisobutylene and
polybutene Polyvis (firm Cosden Petroleum Co.) with
the molecular mass from 400 to 1500 [15-19].
Producers use as well highmolecular polyisobutylene
[1; 2], methyl ether of methacrylic or acrylic acids
[14], polyvynilbutyl ether [15]. Polyisobutylenes are
more stable and do not polymerize under action of
heat and pressure. Here wide diapason of viscosity
change opens.

For increase of viscosity into naphtene oils
Shella-Onclina-33 and Vitorex-334 0,7-0,8 % wax O-
Vax is given.

However, feeding into mineral oils thickens in big
quantity as a rule changes course of curve of viscosity
dependence from pressure, which acquires more steep
character at low temperatures. This can lead to
corking of feeding lines of lubricants to cylinder seals
and deteriorate lubricating conditions of friction
surfaces. For removal this effects in practice use
additional heating of oil in tanks and feeding lines of
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lubricators, and some times high-pressure pipes.

For lubricating of ethylene compressors
producers use as well pure polybutene oils Oritex L
100 (firm ELF Aquitaine), polybutene oil (firm Witco
and Houfix 200), white oil BP Olex WM2631,
thicken by complex additive: for increase of viscosity-
polyisobutylene, inhibitor of oxidation - 0,1 %
solution of phenol compound, for increasing of
antiwear properties - 0,1 % ether compound.

Firm Burkhadt for high productivity compressors
uses pure polybutene oils Polybutene-8, Polybutene-
12 (Chevron), Indopol L100 (Amoco-Fina firm) or
their mixtures with naphtene oils (lubricant Sonne
bom-1200-Witco Chemical Sonnebom firm- analogue
Orites L66) [2].

Firms Ingersoll-Rand (USA), Dresser-Clark
(USA), Burkhadt (Switzerland), Nuovo-Pignone
(ltaly), Esslingen (Deutschland), Hitachi (Japan)

(when pressure of ethylene is up to 350 MPa) use
thickening oils CL 1000 PH LA 3, CL 1200 PH LA 3,
CL 1500 PH LA 3 (Witco firm, USA, Holland's
branch).

At positive compatibility of naphtene, polybutene
and thickening white oils with polyethylene theirs
maximum limiting content in polyethylene -0,1 %
normalizes.

Increasing of individual capacity of plants for
synthesis of polyethylene lead to transition to
synthetic :i oils. For large technological lines was
required equipment, which guarantee high coefficient
of using working times. One of the essential factors
directed to this increasing was using synthetic
lubricants with high antiwear and antiseizure
properties.

These oils are:

- lowmoleeular Orites-88 (ELF, France);

- highmolecular Orites-27Q. DS (ELF, France)
with ratio of ethylene and propylene oxides 72,8:27,2
(analogue of this oil Laprol 2502-2-70);

- BreoxCL 1300, BreoxCL 1400, BreoxCL 660
without additive and with additive Breox PC 1314,
Breox PC 1315, Breox PC 1316 (British Petroleum
Co.);

- Syntheso D 201, Syntheso D 201 N (with
additive), Syntheso D 202 (Bochaco, Kiliiber,
Duetschland); lowviscous Ucon 75 H1400, Ucon PE-
159 and highviscous Ucon PE-320, Ucon PE-350
(Union Carbide, USA);

- EXD 62/152H, EHD62/152 H with ratio of
ethylene and propylene oxides 48:52 (Mobiol-Oil,
USA);

- highviscous Polyol LG-56.

Polyglycol oils in comparing with naphtene have
advantages:

- low solubility in ethylene and at saturation by
ethylene viscosity, antiseizure and antiwear properties
do not change;

- have high adhesion and adsorption properties to
surfaces of metals, moisten theirs surfaces well, form
on them durable bounding layers, which determines

theirs high antiseizure and antiwear properties;

- change viscosity not much (when pressure
increases); when pressure is high change viscosity not
thus much that canal for feeding of oil in cylinders
and pipes become corked;

- have high viscosity and declivity viscous-and
thermal characteristic.

More over, according to firm Esslingen term of
work of seal elements during lubrication with
polyglycol oils 3-5 times bigger and increases from
1000-4000 hours for naphtene and polybutene oils to
5000-15000 for polyglycol oils, According to firm
ELF expenditure for It of polyethylene during
transition from lubricating with naphtene oils to
lubricating with polyglycol Orites 270 DS decreased
from 3-4 to.) keft.

At the same time from 0,02 to 0,15 % of oil
ingress into polyethylene, which decreases durability
of polyethylene to thermal aging and photooxidation
processes,  sanitarian-hygienical  indexes  and
electroisolation properties.

Investigation of antifriction properties of
naphtene and polyglycol oils during little loading with
lubrication of pair bronze-WK-6 (WK-11) and
graphelon-20-WK-6 (WK-11) [11-19].

Wearing of bronze (firm «Rranz»), Beryllium
bronze Bp BHT-2,5-1-68, Tina-Stannum bronze Bp
OC 12,2, Tina-phosphorous bronze Bp OO-10-land
composition material on the base of aromatic
polyamide phenilon C-2+20 % of graphite fiber from
hydrocellulose (viscose) graphelon-20  was
investigated on three-pin-disk friction machine.

Samples were made in shape of three fingers with
diameter 6 mm and height 15 mm (last sphere 6,35
mm). Counterfaces were made by method of pressing
and annealing of metal-ceramic bronze (wolfram
group BK-6 and BK-11) as inserts with d, = 45,0 mm,
d, = 25,0 mm and thickness 15 mm (HB 8200-8400
MPa; Ra, - 0,04 - 0,06 mkm). Normal loading on one
specimen JV) = 67 N, velocity of sliding 1,3 m/s, time
of investigation 4 hours (friction track 16,14 km),
temperature 591 + 275 K. Lubricant - polyglycols
Laprol 2502-2-70, Laprol 2002 and naphtene oil
Risella-33 [11-19].

Intensity of wearing was calculated by diameter

of wear spot (wear capacity):
J=to———
N, Smm“N—m (l)
where V — average volume of wear capacity on
one sample [mm°]; N - normal loading on one sample;
S - wear track [m].

Results of the wear intensity J = (0,21-2,4)-10°
mm’ /N-m (Tabl. 3) were calculated by diameters of
wear spot d,, = 0,754-1,461mm by which it is possible
to estimate the limit of specific loading at the end of
friction: 150-40 mPa.

As we can see from the Tabl.3, during little
loadings (TV = 67 N) and relatively high sliding
velocity (& = 1,3 m/s) for pair «bronze - BK-11» and
«bronze - BK-6» preferences of polyglycol (statistic
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polymer of propylene and ethylene oxides Laprol-
2502-2-70 and linear polypropyleneglycol Laprol
2002) oils to naphtene oil Risella-33 are not seen and
on the contrary, for pair «graphelon-20-BK-H» and
«graphelon-20-BK-6 polyglycols are more effective
than naphtene oil.

Except samples of bronze (firm «Kranzy) and bp

O® 10-1, for which intensity of wearing in friction on
BK-11 during lubrication with polyglycols 1,09-1,55
time larger than on BK-6, for the rest of samples
made frombronz.3 (bp OC 12-2andBpBbIT 2,5-1 -68)
wearing on BK-6 1,02-1,48time bigger than onBK-11.

In general: wearing of samples made from bronze
during lubrication with polyglycol oils 1,31-5,86 time

Table 2
Trademarks and producgrs of oils for ethylene compressors
Type Trademark Firm Country
Mineral Risella-33 (Shell-Ondina33) ELF Aquitaine France
(naphtene) Risella-17 Mitsui Japan
Vitprex-334 Mitsui Japan
Esso-Christo 5350 Mitsui Japan
type Risella-33 Codex H23 Codex Great Britain
KPL-201 British Petroleum (austr. (austr. branch)
branch) (TECHNOOL)
Sonnebom-1200 Witco Chemical Sonnebom USA
NKM-40 Moscow Russia
NKM-70 Moscow Russia
NKM-40 Jaroslav Russia
NKM-200 Jaroslav Russia
Polybutene Orites-270 MS ELF Aquitaine France
(Orites-L 100) Amoco-Fina Finland
Polybuthene-8 Amoco-Fina Finland
Chevron (Polybuthene-12) Amoco-Fina Finland
IndopolL-100 Amoco-Fina Finland
Houfix-200 Amoco-Fina Finland
Polybutene for sucevnimide Amoco-Fina Finland
additives M=860
Polybutene Tredkat-99 Amoco-Fina Finland
M=460
Mixture of polybutene Orites-125 MS ELF Aquitaine France
and naphtene oils Orites-L 100 Witco Chemical USA
CL 1000 PHLA3 Sonnebom (holland's branch)
CL1200PHLA3
CL1500FHLA3
Witco CL-1000
Witco CL-1200
Witco CL-1500
Polyglycol Orites-125 DS ELF Aquitaine France
Orites- 88 DS ELF Aquitaine France
Orites-270 DS ELF Aquitaine France
Orites-210 DS «Dolymersyntes» Russia
Laprol 202 (Volodymyr) Russia
Laprol 602 (Volodymyr) Russia
Laprol 1002 (Volodymyr) Russia
Laprol 2002 (Volodymyr) Russia
Laprol 3002 (Volodymyr) Russia
Laprol 503 (Volodymyr) Russia
Laprol 3003 (Volodymyr) Russia
Laprol 3503-B 6 «Polymersynte» Russia
Laprol 5003-2-B 10 (Volodymyr) Russia
Laprol 5003-2-B12 (Volodymyr) Russia
Laprol 6500-2-B 18 (Volodymyr) Russia
Laprol 1601-4/2-50 Kliiber Duetschland
Laprol 1502-2-70 Kliiber Duetschland
Laprol 2502-2-70 Union Carbide USA (austr. brc.nch)
Laprol 4002-2-70 IPChl Baku Azerbaijan
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Continuation of Table 2

Trademarks and producgrs of oils for ethylene compressors

BreoxCL 1300
BreoxCL 1314
BreoxCL 1400
Breox PC 13150
Breox PC 1316
SynthesoD201 N
Ucon PE-150
Ucon PE-350
Poly-oolephine,
thickened
with 4 % of polymer
SKEP

Type Trademark Firm Country
Ucon 50 HB 660 Mobil-oil USA
Poly-a-olephine Mobil-oil USA
Polyglycol EHD-62/152H Mobil-oil USA
Polyol LG 56 Mobil-oil USA
Polyglycol with additives Breox CL 660 British Petroleum Great Britain

Great Britain
Great Britain
Great Britain

British Petroleum
British Petroleum
British Petroleum

Kliiber Deutschland USA
Union Carbide (austr. branch)
Union Carbide

IPChl Baku Azerbaijan
IPChl Baku

during friction on BK-11 and 1,11-4,84 time
during friction on BK-6 bigger than with naphtene oil.

For the future it is necessary to estimate the
antiwear and antiseizure properties of oils by the
results of investigations on the four-ball-friction
machine [5-10] in the contact of working bodies of
which the specific loadings 1350-7500 MPa can be
reached.

Conclusions

Analysis of results shows that for lubrication of
ethylene compressors is necessary to use oils with big

molecular mass and normal structure, only then effect
of raising of antifriction properties because of
viscosity increasing could be reached.

Were tested properties of antifriction properties of
naphtene and polyglycol oils during little loading with
lubrication of pair bronze-WK-6 (WK-11) and
graphelon-20-WK-6 (WK-11)

In general: wearing of samples made from bronze
during lubrication with polyglycol oils 1,31-5,86 time
during friction on BK-11 and 1,11-4,84 time during
friction on BK-6 bigger than with naphtene oil.

Table 3

Antifriction properties of naphtene and polyglycol oils during investigation of pair samples (bronze,
graphelom-20) counterface (metaiceramic material) during low loading

Lubricant Sample Wear intensity of the sample J,
(0*) mm*/(N-m)
counterface

BK-11 BK-6
Risella-33 Bronze (firm «Kranzy) 1,48 1,17
Laprol 2502-2-70 Bronze (firm «Kranzy) 2,40 2,05
Laprol 2002 Bronze (firm «Kranzy) 2,02 1,30
Risella-33 Bronze bp O® 10-1 0,33 0,53
Laprol 2502-2-70 Bronze bp O® 10-1 0,83 0,76
Laprol 2002 Bronze bp O® 10-1 0,76 0,70
Risella-33 Bronze bp OC 12-2 0,32 0,53
Laprol 2502-2-70 Bronze bp OC 12-2 0,47 0,68
Laprol 2002 Bronze bp OC 12-2 0,42 0,62
Risella-33 Bronze bp BHT 2,5-1-68 0,21 0,32
Laprol 2502-2-70 Bronze bp BHT 2,5-1-68 1,05 1,55
Laprol 2002 Bronze bp BHT 2,5-1-68 1,23 1,26
Risella-33 Graphelon-20 1,50 1,56
Laprol 2502-2-70 Graphelon-20 1,24 1,17
Laprol 2002 Graphelon-20 0,95 0,77

10




Bicnuk IIpukapnarcbkoro HarioHanbHOro yHiBepcurety iMeHi Bacuns Credanuka. Cepia Ximist. Bumyck XXI (2017)

REFERENCES
1. A.M.Zavoyko, Y.Y.Novykov, H.A.Syrenko H.A. y dr., Khymycheskoe y neftyanoe mashynostroenye. 1, 19
(1984).
A.M.Zavoyko, Y.Y.Novykov , H.A.Syrenko, A.H.Platonov, NYYESKhYM. 1, 3 (1987).
H.A.Syrenko, R.V.Hrynevych, Y.Y.Novykov, Vsesoyuzn. nauch.-tekhn. konf. «Trybonyka y
antyfryktsyonnoe materyalovedenye» (NPY, Novocherkassk,1980).
G.0.Syrenko. Nauk.zb. «Byuleten Vseukr. nauk, ta prof. tov-va im. M.Mixnovskogo». 9, 1 (1998).
0.Gavryshov, A.M.Zavoyko. / Visnyk Prykarp. un-tu im. Vasylya Stefanyka. 3, 142 (2003).
A.A.Tarzymanov, A.V.Maryashev, Truder Kazanskoho khym.-tekhnoloh. yn-ta., 90 (73), 3, (1976).
Y.R.Krychevskyy, Fazovne ravnovesyya v rastvorakh pry vysokykh davlennyakh (Hoskhymyzdat, Moskva,
1952), s.5.
8. T.P.Zhuze Szhateie hazer kak rastvorytely (Nauka, Moskva, 1974).
9. H.A.Syrenko, A.S.Smyrnov, Voprossl teoryy trenyya, yznosa y smazky, 215, 38, (1969).
10. R.A.Shahykhmetov, Yssledovanye vyazkosty, plotnosty masel y vlyyanye rastvorennoho haza na velychynu
vyazkosty pry davlenyyakh do 100-200 MPa // Avtoref. kand. dys. (Kazan, 1981).
11.L.V.Sukhareva, B.Yu.Kalynyn, A.V.Polyakov, Y.N.Andreeva, Plast. masssl. 3, 58, (1979).
12. N.A.Korneeva, Plast. masssl. 3, 55 (1979).
13. L.V.Sukhareva, B.Yu.Kalynyn, A.N.Karasev, Plast. masssl. 7, 56, (1979).
14. H.A.Hladkovskyy, Plast, masskr. 8, 46 (1979).
15. Y.Y.Novykov, M.Y.Frenkel', Y.S.Danylo, Plast. masser. 8, 51 (1979).
16. G.A.Syrenko, Tehnika. 2, 179, (1985).
17. N.A.Sirenko, O.V.Kuzyshyn, A.M. Zavoiko, Problems of tribology. 4, 150 (2003).
18. H.O. Sirenko, I.V. Sulyma, N.V.Shmaltser. Physics and Chemistry of Solidstate. 18(3), 365 (2017).
19. H.O. Sirenko, M.I.Martynyuk, V.P. Svidersky, I.V. Sulyma and ect. Physics and Chemistry of Solidstate, 18
(4), 460 (2017).

Rl

N e

polypropyleneglycol-products of  condensation

2. Characteristic of object of accordingly of ethyleneglycol and propyleneglycol
have today the practical interest as lubricants.

investigation.
I. Polyglycols:
Introduction ey
Properties and nature of oils determine quality 1.Pol :
. thyleneglycol:
indicators of polyethylene and reliability of work of oeiiyienegiyco
seal pistons and plungers of ethylene compressors. HO-[-CH,-CH,-O-],-H
For lubrication of friction pair of these compressors Average molecular mass 200-6000; n~4-136
mineral (naphthene - «white» oils), polybutene and PEG-200 (f), M=200; n<4-5 ’ '
polyglycol qils are used. PEG-400 (f): M= 4002 0~9
These oils are: PEG-600 (), M=600; n=13-14

- lowmolecular Orites-88 (ELF, France);

- highmolecular Ontes-270 DS (ELF, France)
with ratio of ethylene and propylene oxides 72,8:27,2
(analogue of this oil Laprol 2502-2-70);

- Breox CL 1300, Breox CL 1400, Breox CL
6601, Breox PC 1314, Breox PC 1315, Breox PC
1316 (British Petroleum Co.);

PEG-1500 (s), M=1500; n=34; T.=318-324K

PEG-2000 (s), M=2000; n~45-46; T..=326-333K

PEG-4000 (s), M=4000; n~90-91; T, =328-333K

PEG-6000 (s), M=6000; n~136; T, =330-334K

Quality indexes of polyethyleneglycols produced
by “Barva” are adduced in Tabl.1

- Syntheso D 201, Syntheso D 201 N(with 2.Linear polypropyleneglycols:
npncaAKOio), Syntheso D 202 (Bochaco, Kliiber,
Duetschland); (EH3 CH,

- lowviscous Ucon 75 H1400, Ucon PE-159 and
highviscous Ucon PE-320, Ucon PE-350 (Union
Carbide);

- EXD 62/152H, EHD62/152 H with ratio of
ethylene and propylene oxides 48:52 (Mobiol-Oil );

- highviscous Polyol LG-56.

|
H(O-CH-CH,),-O-(CH,-CH-O) H ©)

These are twobased homopolymers of propylene
oxide. Content of active final OH-groups is increasing
when molecular mass of olygomers decreases.
Trademarks of lubricants of this group are adduced in
Results and discussion Tabl.2
Laprol 2002 is homopolymer of propylene oxi
Polyalkylenglicols or polyglycols are the products (r?lrélgcula(io Srna;)s opoz}(f)rélg)’ © I[))rzr()ii;isno dzsf

of condensation of twoatom glycols. They are «Sumbhaitchimpromy, kinematic viscosity (298K~400
polyethers with long chains molecules of which cs) [1-5]

contain two OH-groups. Polyethyleneglycol and

11
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Table 1
Quality indexes of polyethyleneglycols
PEG-| PEG- | PEG- | PEG- | PEG-
2000| 1500 | 2000 | 4000 | 6000

- | 650151,9|26,01| 18,4
318 |321,5| 326 |327,5
6,80 | 6,05 | 5,65 | 5,3

Indexes
Alkali number,
mg KOH/g
Tcrysta K B
pH 5% of watery 6.60
solution
mass fraction of
ashes, %
mass fraction of
water, %

0,04 | 0,10 | 0,08 | 0,07 | 0,08

0,44 0,17 | 0,80 | 0,45 | 0,35

3.Statistic
ethylene oxides

copolymers of propylene and

HO—(-CHZ-CHZ-O-)X-(-CHZ-EH-O—)y-(CHz-CHz-O)X-H 3)
H,

Trademarks of lubricants of this
adduced [10-15]:

Laprol 1502-2-70 (M=1500, 70% of oxiethyl
groups).

Laprol 2502-2-70 (M=2500, 70% of oxiethyl
groups, kinematic viscosity at 303 K ~ 400-500 cs).

KSM (M=2500, 70% of oxiethyl groups).

Orites 125 DS (M=l 150, 72,8% of oxiethyl
groups).

group are

Orites 270 DS (M=2400, 72,8% of oxiethyl
groups).

EHD 62/152 H (M=?; 48% of oxiethyl groups).

Breox CL-660 (the same polyglycol, but with
additives).

Breox CL-1300 (the same polyglycol, but with
additives).

Breox CL-1400 (the same polyglycol, but with
additives).

Hydropol-200 (f)- is statistic copolymer of
ethylene and propylene oxides. M=7000-8000.

Trademarks of Iubricants of this group are
adduced in Tabl.3

4.Ramified polypropylene on the base of
glycerine:

General formula:

H3
CH,-O-(CH,-CH-O) H
fHs
CH-0-(CH,-CH-0) H
fH

CH,-0-(CH,-CH-O),H
Laprol 503:Average molecular mass M= 00,
OH%=1,54; pH=6,4; 103k=670 cp.; acid number, mg
KOH/g=0,12 [6-8].
To this group belong as well oils Laprol-3003,
6003, Polyol LG-56 (M=3000) [6-8].

Table 2
Trademarks of lubricants of linear polypropyleneglycols
Average molecular OH, % pH MN298K Acid number,
mass mg KOH/g

Laprol 202 200 16,75 5,25 58 0,08
Laprol 602 600 5,55 5,60 86 0,08
Laprol 1000
1002 3,13 6,30 156 0,03
Laprol 2000
2002 1,50 5,85 316 0,07

Table 3

Trademarks of lubricants of statistic copolymers of propylene and ethylene oxides

Average OH, % pH MN298K Acid number,
molecular mass mg KOH/g
Laprol 1502 1500 2,20 5,5 260 0,05
Laprol 2502 2500 1,37 6,6 504 0,03
T,K n.cp p, kg/m’ v, €S
Orites-270-DS 303 423 1080 390
323 181 1065 170

5.Blockcopolymers on the base of propylene and
ethylene oxides on the base of glycerine with the
placing of oxiethyl groups in the end of chain:

Laprol-3503-2-B 6 (M-3500, 6% of oxiethyl

groups);
Laprol 5003-2B-10 (M=5000, 10% of oxiethyl

groups);

12

Laprol 5003-2B-12 (M=5000, 12% of oxiethyl
groups);

Laprol 6503-2B-18 (M=6500, 18% of oxiethyl
groups);

Laprol 5003: Average molecular mass M=5000;
OH%=1,07; pH=6,45; M2sxk=830 cp.; acid number,
mg KOH/g=0,0;

Proxanol CL-3 (f). Blockcopolymer of propylene
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and ethylene oxides (M=3600). Proxanol-268 (s).
Blockcopolymer of propylene and ethylene oxides
(M=14000) [8-15].

s
CH,-0-(CH,-CH-0),-(CH,-CH,-0),-H

"
CH-O-(CH,-CH-0),-(CH,-CH,-0),-H

H3
CH,-0-(CH,-CH-0),-(CH,-CH,-0),H
6.Statistic copolymers of propylene

ethylene oxides on the base of glycerin

X>y

®)

and

Hs
CH,-O-(CH,-CH-0),-(CH,-CH,-0),-H
s
CH-O-(CH,-CH-0),-(CH,-CH,-0),-H y>X

H, (6)

CH,-0-(CH,-CH-0),-(CH,-CH,-O)-H

Laprol 3503-2-70 (analogue Syntheso D-201) -
statistic copolymer on the base of glycerin and
ethylene oxide (70% of ethylene oxide): OH%=1,54;
pH=6,4; n20sx=670 cp. [6-8];

Laprol 3503-2-B5 — on the base of glycerine, the
same molecular mass, but 65% of ethylene oxide and
oxiethyl links are placed in the and of the chain:
OH%=1,45; pH=6,3; M29sx=557 cp.;

Laprol 10003-2-70 -is statistic copolymer on the
base of glycerin and ethylene oxide (70% of ethylene
oxide): molecular mass 10000; OH%=0,47; pH=7,4;
1]2981(:6800 cp.;

Syntheso D-202 - statistic copolymer on the base
of glycerin and ethylene oxide: density p (293
K)~1080 kg/m’;

kinematic viscosity at 293 K~ 800 cs;

313 K~ 300 cs;
323 K~ 200 cs;
373 K~ 52 cs;

index of viscosity ~ 230; flash temperature
tg, >523K; temperature of solidification tg,. < 293K .

Syntheso D-201 (70% oxiethyl groups).

Indexes of quality of synthetic oils produced by
IPChl (Baku, Azerbaijan) adduced in Tabl.4. [15-20];

Lubricating properties of different groups of
polyglycols are adduced in Tabl.5, 6 [15-20].
Influences of final groups of polyglycol oils on the
indexes of quality are adduced in Tabl. 7. [20-24].

Table 4
Indexes of synthetic oils, produced by IPChl Baku
Index Indenter 1 Indenter 2 Indenter 3 Indenter 4
Viscosity, cSt:
at373 K 35,75 7,56 36,05 39,07
at 323 K 234,48 29,04 208,44 257,46
Index of viscosity: 115 135 131 120
Temperature, K:
flashing 579 495 527 513
solidification 269 251 255 250
Density at 293K, kg/m’ 869,6 841,0 848,1 871,8

Indenter 1 - poly-a-olefine oil; indenter 2 - copolymer of ethylene and propylene; indenter 3 - copolymer of
ethylene and propylene; indenter 4 - poly-a-olefine oil, thickened with polymer (SKEP)

Table 5
Lubricating properties of polyglycol oils
. Molecular Kinematic viscosity
oil mass 33K cs | at318K,cs | at353K,cs
9
200 25,8 19,8 4,3
Linear polypropyleneglycols 600 43,7 35,3 8,4
1000 77,7 - 15,3
2000 197,6 163,3 40,5
500 110,4 76,6 12,3
Ramified polypropyleneglycols on 3000 265,8 - 45,8
base of glycerin 3000* 2242 175,5 41,8
3503 330,1 - 76,7
3500%* 300,0 - 52,0
Blockopolymer of ethylene and
propylene oxides on the base of 5000 559,3 - 101,2
glycerin

13
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Continuation of Table 5

Statistic copolymers of propylene and 1500 132,3 . 31
ethylene oxides 2500 268.,9 230,0 60
2500%** - 237,3 59
* - Polyol LG-56, ** - Syntheso D201, *** - Orites-270 DS.
Table 6
Lubricating antifriction properties of polyglycol oils
Boundary Diameter of | Hydrodynamic
. Molecular . 14 2
Oil mass loading on | wear spot, mm | effect, 10", m
ball, N
200 238 0,62 0,528
Linear 600 242 0,53 0,589
polypropyleneglycols 1000 246 0,51 -
2000 262 0,49 2,16
Ramified polypropyleneglycols on the 500 226 0,58 1,67
base of glycerin 3000 320 0,52 -
3000%* 308 0,41 1,35
3503 - 0,71 -
3500%* - 0,57 -
Blockopolymer of ethylene and 5000 349 0,49 -
propylene oxides on the base of
glycerin
Statistic copolymers of propylene and 1500 361 0,73 -
ethylene oxides 2500 402 0,68 8,09
2500%** 447 0,64 6,96

* - Polyol LG-56, ** - Syntheso D201, *** - Orites-270 DS.

I1.Naphtene oils.

Properties of the naphtene oils are adduced in
Tabl.8 [15-20].

Dependence of dynamic and kinematic viscosities
and density of oil Risella-33 on temperature is
adduced below: T, K 303,323; n. cp 104,35,5; p,
kg/m® 873,861; v, cs 120, 41,2.

Demands to the naphtene oils for ethylene
compressor are adduced in Tabl.9 [15-20];.

II1.Polybutene oils.

ethers; they do not dissolve in the most of high

Polybutene oil — is linear polymer with average

transparence viscous light-yellow fluid: vs;=80-
200 cs; vigo 15-40cs; tg. (in opened crucible)=438; p

Polybutene — linear polymers with the molecular

mass 500-1500. Most of moleculeks of polybutene
contain only one final double bond with minimal
quantity of cross bonds. This polymer is stable.
Polybutene do not dry, do not become like paraffin or
sticky even after long-duration storing. Important
properties of polybutene are as well light colour,
absolute transparence and absence of smell.
Polybutenes are soluble in petroleum, in aliphatic and
aromatic hydrocarbon chloride, in lubricating oils,
polar solvents [1-5].

molecular mass from 400 to several thousands. This is
(293 K)=850-890 kg/m’[1-5].

Table 7
Indexes of olygoethers indenters for synthetic oils
Index Unit of measure| Indenter Nel Indenter Ne2 Indenter Ne3
Content of OH-groups % 1,48 0,48 1,05
Content of moisture % 0,10 0,042 0,10
Content of K" mg/kg 17,2 22,3 -
Acid number mg/g 0,117 0,365 0,02
pH 6,20 5,35 6,70
Dynamic viscosity
at 303K 405,8 290,8 456,1
at 323K cs 173,5 129,8 196,2
at373 K 42,7 33,1 48,4
Turbidity point of 1%
solution of polyether K >363 >363 >363
in water

14
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Indenter Nel: olygoether L-2502-2-70 with final OH-groups;
Indenter Ne2: olygoether L-2502-2-70 with final OH- and butoxygroups;
Indenter Ne3: olygoether 11601-4/2-50 with final OH-group.

Table 8
Properties of naphtene oils
Density
oil at 293K Kinematic viscosity Temperature Flash :;mp:(rature
(p1%9) at 310,8K(v), cs | of solidification (T, K ..
4 9
kg/m’
Risella-17 867 9,91 223 407
Risella-33 884 76,5 255 480
Vitorex-350 859 15,8 264 497
Esso-Christo 879-889 76,6-81,0 253 491
NKM-40 873 67,1 255 468
70,39 (323 K)
NKM-70 884,3 11,77 (373 K) 260 473
43,1 (323 K)
5350 880,8 8.37 (373 K) 249 471
68,0 (323 K)
KPL-201 - 11.8 (373 K) - 493
NMR-12 858,3 11,9 (323 K) 228 438
Table 9
Characteristic of naphtene oils for lubrication of ethylene high-pressure compressors
Requirements Naphtene compressors oils
Indexes TC 38-101 434-74
NKM-70 NKM-40 Risella-33
. < 884,3 873,0 884,2
Density (p3°%), kg/m® 880
Index of refraction (n2%3), <1480 1,4800 1,4794 1,4820
Specific
dispersion (F, C) i 7 8 8
Viscosity kinematic, cs
at 323K 36-41 70,39 37,09 40,96
at 373K 11,77 7,88 7,69
Viscosity index - 85 - -
Acid number,
mg KOH/g <0,01 0,006 0,006 0,007
Temperature, K
of solidfication <263 263 260 253
of flashing >463 478 468 475
in opened crucible
Colour with glass No2
on KH-51, mm >270 270 270 270
Test of content of organic . . . .
- " sustains sustains sustains sustains
1mpurities
Content of water - - - -
Content of mechanical impurities - - - -
Lowmolecular — polybutene  for  succynimide — cc=0,03 %w.; p(293K)=886 kg/m".
additives:

Molecular mass-860; Iodine number — 33,94 g of
iodine/100g of product; vio9 =287,6cs; ty.(in opened
crucible)=417; content of moisture -absen.; content of
mechanical impurities Cpeh.=0,06 %w; content of ions

15

O-Vax: p(293K) 1030kg/m’; colour-light-yellow;
point of dropfalling t4.=373K ; structure-solid; acid
number 10-15; alkali number 111-133 [5-15].

IV.Polyvynilbutylether (PVBE): viscous fluid
with light-yellow colour or colourless with specific
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smell, does not dry. Density 903-921 kg/m’ , index of  ethylene plants little and

refraction 1,450-1,457; does not dissolve in water; medium productivity (term of seal service 1000-
relative viscosity of 1% solution in toluol 0,63-0,68; 4000 hours).

molecular mass 2500-5500; chemical formula[16-24]. More over, according to firm Esslingen term of

work of seal elements during lubrication with

CH3'?H'['CHz'?H']n'CHz'?H'R polyglicol oils 3-5 time bigger and increases from

CH, CH, CH, (7N 1000-4000 hours fo naphtene and polybutene oils to

5000-15000 for polyglicol oil, According to firm ELF
expenditure for 11 of polyethylene during transition to

Conclusions lubricating from naphtene oils to polyglicol Orites
Polyglicol oils in comparing with naphtene have 270 DS decreased from 3-4 to 1 kg/t.

advantages: At the same time from 0,02 to 0,15% of oil ingress
- low solubility in ethylene and npn saturation by into polyethylene, which decreases durability of
ethylene viscosity, antiseizure and antiwear  polyethylene to thermal aging and photooxidation

properties do not change; processes and electroisolation roperties.

- low loading ability which force to limit of
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3. Investigation of Viscous-and- Vi or vy, @)
Thermal Properties of Lubricants for instance: for oils with low viscosity and
medium viscosity
Introduction TCY, = 2ot ?)
It is known, that viscous-and-thermal L
characteristic of oils, which are used in high-pressure for oils with high viscosity
compressors, is one of the important operating TCW, = =——%%.1,25; 4)

properties of lubricant [1-6]. This determines by such in this work was used coefficient

basic reasons:

r _ Yap0~¥get 1.

e For oils of one chemical group antiwear and ey = Vgqo and C=1; ®)
gntiseizure character!stics_ in_crease when  viscosity e interval coefficient of viscosity
increases. And also viscosity increases when pressure AT = Ja¥n ©)
increases. For naphtene oils when pressure increases L o
from 0,1 to 100 MPa, viscosity increases by 10-20 in this work was used coefficient
times. ¥y 0—¥ 0

e When temperature increases viscosity AT = 2L 7

tag0—fzgn’

parameters a and s of curve [gv =a + B Ig
t,where S — tangent of obtuse angle of incline of
straight

e line lg v =9 (Ig t), to the axis of abscissas;
in the work were used more convenient dependences
of viscosity on inverse

e parametersaand fofcurvelgv =a + Slg
t,where g — tangent of obtuse angle of incline of
straight line Ig v = ¢ (Ig t), to the axis of abscissas; in
the work were used more convenient dependences of
viscosity on inverse temperature for finding the acute

decreases, pressure influence on viscosity becomes
less noticeable.

e Thus, value of viscosity change when
pressure changes depends on composition, structure
of molecule and temperature.

I. Experimental

Testing of viscosity-and-thermal characteristic
were carried out on the viscosimeter BIIXK-4 using
standard methods.

Viscous-and-thermal properties of machines,
naphtene, polybutene, polyglycol and others oils for

ethylene high-pressure compressors were evaluated angle: "
by: lg'l’i = aj + EJE {Q‘ F f (8)
o indexes of dynamic m, and kinematic v, e
viscosities in the diapason of the temperature 20-100° where b; = @5{, i=123; ©)
C with the viscosimeter BIIDXK-4 (Tabl. 1); A Lo.m » £ Vi d
e  thermal coefficients — correlations of thermgl pCr:)I:)eerrlt?st wgre ?ﬁzeszsr:pent ot viscous-and-
V|scoslt|es e:/t! t; and t,: 1. b, for t, —30°C. t, = 90°C :
C = 2. b, t; = 30°C, t, = 60°C;
i @) 3. bs t; = 60°C, t, = 90°C ;
where ¥ 11~ kinematic viscosity at 45°C (Cy) or at 4. mean ar_'Fhmet'CaI
50°C (Cy); B === (10)
Yo - kinematic viscosity at 90°C (C;) or at 5 n drati
100°C (Cy); - Mean quadratic
N 1 -
by =[5 Zlesbi (11)
Yo *for polybutenes C; = vyse [vi500); 6. mean quadratic deviation from the mean

e thermal coefficient of viscosity
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ra—
arithmetical 5,,_, = ﬂ'ﬁz?ﬂ{ﬁg— 5 (12)

Oils with less value of indexes C;, TCV and AT
havegood viscous-and-thermal properties.
Declivity of viscous-and-thermal characteristic of
oil was found by the tangent of acute angle of incline

of straight line Ign = f (Jg E] to the axis of abscissas:
less value of coefficient b, less changes viscosity from
temperature. This parameter was used as substitution
to less definable index of viscosity.

Results of calculations of coefficients C,, TCV,, AT

Table 1
Comparable viscous-and-thermal characteristics of oils and lubricating compositions
Ol additive Kinematic viscosity at t°C, cs
' 20 30 40 45 50 60 90 100
Risella-33 126 68,5 49 42,4 27,7 10,4 8,8
Risella-17 18,9 13,9 12,3 10,5 7,8 4,1 4,02
Vitorex 334 132 78,9 49,7 42,9 26,3 11,3 9,13
Esso-CHiristo 121 68,9 53,8 47,9 28,2 10,6 10,3
5350 131 69,2 42,5 39,3 29,0 11,9 8,7
Vaseline oil 78 50,4 44,6 34,9 23,8 9,9 7,74
NKM-40 80,2 56,6 47,8 39,3 26,8 10,6 9,79
NKM-70 148,4 83,2 65,07 52,72 36,26 15,9 12,82
Polybutene for 16321 | 7422 | 5830 | 3683 | 1961 | 374 288
succynimide additives
Polybutene Tredkat-99 1799 1475 1074 759 464 146 53,7
Lowmolecular 61404 | 13842 | 12851 | 7277 | 1968 | 172 93,6
polybutene
Risella-33+ - 34 630 300 220 182 | 108 | 365 | 302
Polybutene for
succynimide | -5 826 405 275 233 | 139 | 429 | 348
additives
KPL 201 420 258,2 115 89 68 42,8 154 11,8
Witco CL 1000 824 378 194 143 104 61,86 23 20,6
Witco CL 1200 880 430 225 184 120 71 26 23
Witco CL 1500 1190 612 300,4 215 158 90 29,5 25
Orites 210 DS 650 462 280 237 186 135 59 46,8
Polyol LG 56 362 224 175 143 98 41,8 36,9
Orites (regen.) 443 226 177,2 130 60,3 49,7
Syntheso D201 800 461 300 245 200 140 62 52
Syntheso D201N 865 615 310 262,4 210 1442 62,2 50
Syntheso D202 890 634,9 307 264,7 208 138,9 57,9 46
Breox CL 1300 409,9 250 205,4 171 125,8 63,2 52,8
Breox 1400 485 272 221,7 181 127,6 58,2 47,4
KSM 443 232 176,4 138 61 50,86
Laprol 202 44,1 25,8 19,8 16,5 10,7 4,3 3,9
Laprol 602 63,6 43,7 35,3 21,7 19,6 8,4 7,77
Laprol 2002 298 198 163 135 93,1 40,5 38,9
Laprol 503 209 110 76,6 59,6 36,6 12,3 10
Laprol 3003 295 176 143 119 86,2 41,8 35,1
Laprol 2502 417 269 230 182 137 60 53,96
Laprol 3503-2-70 574.,6 338 275 228 162 76,7 64,47
Laprol 3503-2-Bb5 374 230,5 190 159 115 58,9 49,29
PVBE+Risella, %
100 - 12227 5799 4239 3021 1970 720
50 50 970 483 360,5 304 197 68,7
- 100 126 68,5 49 42,4 27 10,4 8,8

and by, by, bs, b, by, S.1 for naphtene, polyglycol and
polybutene oils and glycerin are adduced in Tabl.2.

Coefficients C;, TCV,, AT are conditional and are

used for estimation and comparison of viscous-and-
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thermal properties of one level viscosity oils, for

coefficients by, by, b, b, by, S, this estimations can

be used for more wide diapason of viscosity.

Results of calculations of coefficients C;, TCV,,
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AT and by, by, bs, b, b, S,.i for naphtene, polyglycol
and polybutene oils and glycerin are adduced in
Tabl.2. Coefficients C;, TCV,, AT are conditional and
are used for estimation and comparison of viscous-
and-thermal properties of one level viscosity oils, for

coefficients by, by, bs, b, by, S, this estimations can
be used for more wide diapason of viscosity.

II. Result and discussion

1. Analysis of results, which are adduced in
Tabl. 1 and Tabl. 2 shows, that for naphtene oils
Vitorex-334, Esso-Christo, 5350, Risella-33, NKM-
40 with similar viscosity kinematic viscosity equals at
90°C 10,4-11,3 cs and at 45°C 47,8-53,8 cs
coefficient C, varies from 4,4 to 5,08; TCV, — from
2,6 to 4,57; AT — from 1,16 to 2,0 ¢s/°C; b; — from
1,838 to 2,245; b, — from 1,581 to 2,322; by — from

1,997 to 2,903; b, — from 1,899 to 2,243; b, from
1,921 to 2,247, S,; from 0,1219 to 0,5270.
Decreasing of viscosity of oil Risella (comp. Risella-
33 and Risella-17) from 10,4 to 4,2 cs (at ~60%) at
90°C and from 49,1 to 12,3 cs ( at ~75%) at 45°C
leads to decreasing of coefficients: C; from 4,72 to
2,93 (at~62%); TCV, — from 3,32 to 1,89 (at~43%);
AT — from 1,86 to 0,25 cs/°C (at~87%); b; — from
2,245 to 1,379 (at~35%); b, — from 1,861 to 1,274

(at~32%); by — from 2,903 to 1,555 (at~46%); b -

from 2,336 to 1,403 (at~40%); bg,- from 2,376 to
1,407 (at~41%); S,.; from 0,5270 to 0,1420 (at~70%).

Decreasing of viscosity of oil NKM (comp.
NKM-70 and NKM-40) at ~33% at 90°C and at ~43%
at 45°C leads to decreasing of coefficients: C; at
~15%; TCV, at ~31%; AT at ~62%; b, at~20%; b, at

~22%; by at ~18%; B— from 2,369 to 1,899 (at~20%);

bg- from 2,3899 to 1,9210 (at~20%); S,.; from 0,3848
t0 0,3520 (at~8,5%).

For the statistic copolymer of propylene and
ethylene oxides of oils KSM, Orites-210 DS and
Laprol-2502-2-70  with  similar viscosity these
coefficients change little.

For polybutene and mineral oils coefficients C,
TCV,, AT vary in wide bounds, coefficients b, b;, b;
are comparable with naphtene and polyglycol oils.

Thus we can introduce mean sum of each
coefficient for generalized assessment of viscous-and-
thermal characteristic of oils (Tabl. 2).

By this estimation we have a row of oils by
viscous-and-thermal properties

19

»
>

a) by C; polybutene > glycerin > mineral > naphtene
> polyglycol;

b) by TCV, glycerin > polybutene> naphtene >
mineral > polyglycol;

¢) by AT polybutene > polyglycol> glycerin > mineral
> naphtene;

»
>

d) by b; glycerin > polybutene > mineral > naphtene >
polyglycol;

»
>

e) by b, glycerin > polybutene > naphtene > mineral >
polyglycol;

»
>

f) by by glycerin > polybutene > mineral > naphtene >
polyglycol;
g) by average of sum of C;, TCV,, AT

polybutene > glycerin > mineral > polyglycol >
naphtene.

Assessment of viscous-and-thermal properties of
oils by mean sum of coefficients by, b,, b; (that is by

band b,), which takes account of declivity of
dependence v = f(T) at different temperature sections
(parts) gives another row of oils by viscous-and-
thermal properties (in order of high estimation):

\/

a) by b glycerin > polybutene > mineral> naphtene >
polyglycol;

\/

b) by by glycerin > polybutene > mineral > naphtene
> polyglycol;

\/

¢) by S, polybutene > mineral > polyglycol>
naphtene > glycerin;

d) by mean sum of coefficients &, bg, S,

»
>

glycerin > polybutene > mineral > naphtene >
polyglycol.

Dependences of
viscosity from temperature and pressure which are
represented in Fig. 1- Fig. 3 [4; 7], confirm
preferences of polyglycol oils. In Fig. 1 dependence
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of dynamic viscosity # (cp) for initial naphtene (1) i 4 accordingly) from temperature is represente.
and glycol (3) oils and these oils in saturation state (2)
Table 2
Viscous-and-thermal characteristics of naphtene and polyglycol oils [7] and polibutene [8] for
lubrication of ethylene high-pressure compressors

Oils Viscous-and-thermal coefficients
C, TCV, AT b, b, bs
Naphtene:
Risella-33 4,72 3,32 1,86 2,245 1,861 2,903
Risella-17 2,93 1,89 0,25 1,279 1,274 1,555
NKM-70 5,23 3,74 3,07 2,303 2,022 1,783
NKM-40 4,47 2,60 1,16 1,838 1,581 2,278
Esso-Christo 5,08 3,19 1,83 2,215 2,099 2,414
Vitorex-334 4,40 4,57 2,00 2,233 2,322 2,081
5350 4,41 4,11 1,99 2,187 2,176 1,997
Polybutene:
Polybutene for succynimide additives
(M=860) 20,27 8,18 265,8 | 3,443 3,065 4,070
Polybutene Tredkat-99(M=460) 20,0 3,56 27,55 | 2,283 1,956 2,844
Risella-33+50% of polybutene 7,02 5,64 13,05 | 2,693 2,572 2,900
(M=860) 4,87 5,05 1,99 2,214 2,468 1,781
Risella-334+30% of polybutene
(M=860)
Polyglycol:
KSM 3,80 2,77 6,37 1,804 1,681 2,014
Orites-210 DS 4,02 2,60 3,72 1,873 1,574 2,384
Laprol-2502-2-70 3,83 2,61 5,95 1,765 1,610 2,030
Glicerin 8,27 6,61 6,25 2,931 2,783 3,190
Mineral:
Compresorna 12(M) 5,67 3,68 3,55 2,255 2,004 2,702
Vaseline 4,47 2,86 1,13 1,872 1,715 2,140
Indusrtrial-20 3,53 2,57 0,83 1,686 1,607 1,821
Aviacijna MS-20 6,44 3,75 14,9 2,448 2,009 3,197
Oils Viscous-and-thermal coefficients
E E Sn-l
Naphtene:
Risella-33 2.336 2,376 0,5270
Risella-17 1.403 1,407 0,1420
NKM-70 2.369 2,3899 0,3848
NKM-40 1,899 1,921 0,352
Esso-Christo 2,243 2,247 0,1593
Vitorex-334 2.212 2,214 0,1219
5350 2,12 2,122 0,1067
Polybutene:
Polybutene for succynimide additives (M=860) 3,526 3,549 0,5076
Polybutene Tredkat-99(M=460) 2,361 2,389 0,5447
Risella-33+50% of polybutene (M=860) 2,722 2,725 0,1659
Risella-334+30% of polybutene (M=860) 2,154 2,1729 0,3474
Polyglycol:
KSM 1,833 1,838 0,1684
Orites-210 DS 1,944 1,972 0,4096
Laprol-2502-2-70 1,802 1,809 0,2124
Glicerin 2,968 2,973 0,2060
Mineral:
Compresorna 12(M) 2,320 2,338 0,3536
Vaseline 1,909 1,917 0,2149
Indusrtrial-20 1,705 1,707 0,1082
Aviacijna MS-20 2,551 2,598 0,6007
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Fig. 1. Dependence of dynamic viscosity of initial oil
(1,3) and of oil in saturation state by ethylene (2,4) on
the temperature:

1,2-naphtene oil SAE-40 (Risella-33);

3,4-polyglycol oil Orites 125 DS (Orites 88 DS)
[4; 7]

In fig. 2 and fig.3 relation of dynamic viscosity
from pressure of naphtene oil Codex H23, polyglycol
Orites 88DS (modern Orites 125 DS), Ucon 75H
1400, Orites 210 DS (modern Orites 270DS) and
polybutene Orites L66 (modern Orites 125 MS) and
Orites L100 (modern Orites 270 MS) oils (t= 50°

80°C) are shown.
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Fig. 2. Relation of viscosity of oils from pressure (at
t=50°C):

1 — naphtene oil Codex H23; 2 — polyglycol oil
Orites 125 DS (Orites 88DS); 3 — polyglycol oil Ucon
75H 1400; 4 — polyglycol oil Orites 270 DS (Orites
210 DS); 5 — polybutene oil Orites 125MS (Orites L
66); 6 — polybutene Orites 270 MS (Orites L 100) [4;
7]
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Polybutenes have enough high temperatures of
flashing (tq)[8], which increase when molecular mass
increases (M):

M 660 700 780 940 1410 1520

t,°C 280 325 360 >500 >500 >500
1, cp
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Fig. 3. Relation of dynamic viscosity of
polyglycol oil with pressure at 50°C (1,3) and 80°C
(2,4):

1,2 — Orites 125 DS (Orites 88 DS); 3, 4 — Orites
270 DS (Orites 210 DS) [4; 7]

In Fig. 3 dependences of dynamic viscosity on
pressure for polyglycol oils Orites 125 DS (Orites 88
DS) and Orites 270 DS (Orites 210 DS) at t=50 i 80
°C are represented.

Comparing of naphtene oils by viscosity shows
that oils with low viscosity have more acute viscous-

and-thermal characteristic than oils with high
viscosity. (Fig.4).
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Fig.4. Viscous-and-thermal characteristic of
naphtene oil:

1 — Risella -33 + 50% of polybutene “Tredkat-
99”; 2 — Risella 33 +30% of polybutene for
succynimide additives; 3 — NKM-70; 4 — Risella 33; 5
— X (Japan); 6 — Vitorex-334; 7 — NKM-40; 8 — 5350;
9 —Risella-17.

Viscous-and-thermal

characteristic of
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polyglycols: Laprol-202; Laprol-602; Laprol-1002;
Laprol-2002; Laprol-503; Laprol-3003; Polyol LG-
56;  Laprol-5003;  Laprol-1503;  Laprol-2502;
Syntheso-D 201; Orites-270 DS (regenerative);
Syntheso-D 201 N; Laprol-3503-2-70; Laprol-3503-
2-65 are represented in the Fig. 5.
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Fig. 5. Viscous-and-thermal characteristic of
polyglycols:

1 — Laprol-202; 2 — Laprol-602; 3 — Laprol-1002;

4 — Laprol-2002; 5 — Laprol-503; 6 — Laprol-
3003;

7 — Polyol LG-56; 8 —Laprol-5003; 9 — Laprol-
1503;

10 — Laprol-2502; 11 — Syntheso-D 201; 12 —
Orites-270 DS (regenerative);

13 — Syntheso-D 201 N; 14 — Laprol-3503-2-70;
15 — Laprol-3503-2-B5.

This information is adduced in Tabl. 1 and
coefficients of viscous-and- thermal characteristic are
calculated.

Viscous-and-thermal characteristic of statistic
copolymer of propylene and ethylene oxides of oils
KSM, Orites-210 DS and Laprol-2502-2-70 with
similar viscosity is represented in Fig.6.
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Fig. 6. Viscous-and-thermal characteristic of
synthetic oils:
1 — Orites -210 DS; 2 — KSM; 3 — Laprol 2502-2-
70; 4 — Glycerin; 5 — Esso-Christo

Conclusions

1. Studying of viscous-and-thermal properties of
naphtene and polyglycol oils and choosing characteristics that
the most complete characterize these properties.

2. For the first time, an estimation of the viscous-and-
thermal properties of lubricating oils and compositions on
their basis was made for the lubrication of surfaces of solids
of dynamic contact of friction units designed for high and
high-pressure ethylene compressors, according to a complex
criterion:

o theratio of viscosity of oils for two temperatures;

o relative temperature coefficient of viscosity;

e interval temperature coefficient of viscosity;

o three coefficients of an adequate equation of
approximation of the logarithm of viscosity dependence on
the logarithm of temperature for three temperature intervals:
on 30° to 90°C, on 30° to 60°C, on 60° to 90°C.

3. The comprehensive assessment of the viscosity and
temperature properties of these lubricating oils and
compositions of lubricating oils behind the root-mean-square
and arithmetic mean of these coefficients and the root-mean-
square deviations from the arithmetic mean of these
coefficients was represented. which made it possible to
compile 11 rows of the efficiency of the lubricating oils.
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4. Investigation of antifriction
properties of naphtene and polyglycol
oils during little and high loading of
solid lubricant pair

Introduction

Analysis of literature shows that 3 types of
lubricants: naphtene, polybutene and polyglycol oils
are used for lubrication of ethylene compressors.

Naphtene oil which ingresses into polyethylene
do not lower quality indexes of polyethylene but have
shortcomings:

e substantial solubility of ethylene in oil and as
a result substantial lowering of viscosity and others
hydrodynamic properties forces to feed for lubrication
substantial quantity of oil:

e substantial solubility of oil in ethylene which
leads to substantial dl ingress into ethylene and as a
result increasing of extracting substances and
«smoking» of mass during processing of polyethylene
into products and to scale formation on piston’s
surfaces;

e low loading ability which forces to limit by
ethylene plants of little and medium productivity.

For large technological lines was required
equipment, which guarantee high coefficient of using
working times. One of the essential factors directed to
this was using synthetic lubricants with high antiwear
and antiseizure properties.

Use of naphtene and polybutene oils for
lubrication of friction pair of the ethylene high-
pressure compressors substantially decreases using
coefficient of compressors equipment, but use of
polyglycol oils decreases properties of polyethylene —
dielectrical and sanitarian-hygienical indexes and
resistance to atmospheric and electromagnetic
influences.

Alloying of compressors lubricants with viscous,
antiseizure or others additives substantially decreases
temperature of flashing and decreases dielectrical
properties of polyethylene.

The ways of finding effective compressors oils
are alloying of oils with high- temperature or viscous
additives, which are similar to accordingly naphtene
and polyglycol oils and also synthesis of new
polyglycols.

Practical significance of turned out results
consists of exposed appropriateness, which let
substantially choose oil for lubrication of ethylene
high-pressure compressors and define ways for

«Cosden Petroleum Corporationy.
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— Translation No. P-121,
subsequent investigations. New criterions of
assessment of viscous-and-thermal and antiwear
properties which are brought in let use them for
assessments of others lubrication materials.

I. Experimental

Wearing of bronze (firm «Kranzy»), Beryllium
bronze bp BHT-2,5-1-68, Tina- Stannum bronze bp
OC 12,2, Tina-phosphorous bronze bp 00-10-land
composition material on the base of aromatic
polyamide phenilon C-2+20% of graphite fiber from
hydrocellulose, (viscose)  graphelon-20  was
investigated on three-pin-disk friction machine.
Specimens pins were made in shape of three fingers
with diameter 6 mm and height 15 mm (last sphere
6,35 mm). Counterfaces were made by method of
pressing and annealing of metal-ceramic bronze
(wolfram group BK-6 and BK-11) as inserts with
d.=45,0 mm, d;=25,0 mm and thickness 15 mm (HB
8200-8400 MPa; Ra=0,04-0,06 mkm). Normal
loading on one specimen Ni=67 N, velocity of sliding
1,3 m/s, time of investigation 4 hours (friction track
16,14 km), temperature 318+2°C. Lubricant
polyglycols Laprol 2502-2-70, Laprol 2002 and
naphtene oil Risella-33.

Intensiveness of wearing was calculated by
diameter of wear spot (wear capacity):

NS|\N-m|
' (1
where V; — average volume of wear capacity on
one sample [mm’];

N; — normal loading on one sample [N];

S — wear track [m].

Results of investigation are represented in Tabl.
1. The result of wear intensity J = (0.21-2.4)-10®
mm’/(H-m) are calculated by diameter wear spots d; =
0,754-1,461 mm, according to which it is possible to
estimate approximately the limits of lubricating film
specific loads.

As we can see from the Tabl. 1, during little
loadings (N;=67N) and relatively high sliding velocity
(9 = 1,3m/s) for pair «bronze — BK-11» and «bronze —
VK-6» preferences of polyglycol (statistic polymer of
propylene and ethylene oxides Laprol-2502-2-70 and
linear polypropyleneglycol Laprol 2002) oils to
naphtene oil Risella-33 are not seen and on the
contrary, for pair «graphelon-20-BK-l1 1» and
«graphelon-20-BK-6» polyglycols are more effective
than naphtene oil.

Except specimens of bronze (firm «Kranzy») and
Bp O® 10-1, for which intensiveness of wearing in

J=



Bicnuk IIpukapnarcbkoro HarioHanbHOro yHiBepcurety iMeHi Bacuns Credanuka. Cepia Ximist. Bumyck XXI (2017)

friction on BK-11 during lubrication with polyglycols
1,09-1,55 time larger than on BK-6, for the rest of
specimens from bronze (bp OC 12-2 and bp BHT 2,5-
1-68) wearing on BK-6 1,02-1,48 time bigger than on
BK-11.

In general: wearing of specimens from bronze
during lubrication with polyglycol oils 1,31-5,86 time
in friction on BK-11 and 1,11-4,84 time in friction on
BK-6 bigger than with naphtene oil.

It is necessary to give an estimation of the
antiwearing and antiscratching properties on the
results of tests on a four-ball friction machine. The
specific loads of 1850-7500 MPa can be achieved in
contact of working bodies of a four-ball friction
machine.

4.2. Four-ball friction machine

Comparable characteristic of loading capacity and
antiwear properties of lubricants on four-ball friction

Table 1

Antifriction properties of naphtene an polyglycol oils during investigation of pair

specimens (bronze, graphelon-20) — counterface (metalceramic material) during low loading
Wear intensiveness}of specimen J, (x 107)
Lubricant Specimen mm’/(N-m)
counterface
BK-11 BK-6
Risella-33 Bronze (firm «Kranzy) 1,48 1,17
Laprol 2502-2-70 -//- 2,40 2,05
Laprol 2002 -//- 2,02 1,30
Risella-33 Bronze bp OO 10-1 0,33 0,53
Laprol 2502-2-70 -//- 0,83 0,76
Laprol 2002 -//- 0,76 0,70
Risella-33 Bronze bp OC 12-2 0,32 0,53
Laprol 2502-2-70 -//- 0,47 0,68
Laprol 2002 -//- 0,42 0,62
Risella-33 ironze bp BHT 2,5-1-68 0,21 0,32
Laprol 2502-2-70 -//- 1,05 1,55
Laprol 2002 -//- 1,23 1,26
Risella-33 Graphelon-20 1,50 1,56
Laprol 2502-2-70 -//- 1,24 1,17
Laprol 2002 -//- 0,95 0,77
3) friction coefficient:
machine in high-load contact conditions lets F. £ 1.1 il 20f,
choose the most effective one. f= P Y PSS - = s
Tests were carried out on four-ball friction N, 3aN; 5, N 4, sina N dyNigar
machine [15-18], Machine parameters and wear cosa 2 cosa
indexes were found: 3

1) relative sliding velocity”™

o
=220 _ 6 5767, n,

2
where d, — ball’s diameter (d,=12.7mm);

o — angular rotation velocity of upper ball;

o — angle in the base of pyramid from the balls
(between tetrahedron height and edge -rib of
tetrahedron), which (when diameter of balls d,=12,7
mm) equals 35°20";

n — rotation velocity of upper ball, n=1470
rot./min., (£24,5s") during wear testing; n=1140
rot./min. (f=19 ¢ ) during testing of loading capacity;
linear velocity 0,09 i 0,07 m/c accordingly;

f—rotation frequency.

2) loading on one ball in theoretical point of
contact:

N N
""" 3cosa  3-0,8158

=0,4086N ~ 041N ,
3)

where N — axial loading on three balls.

24

C))
where F— friction force;
[ — distance from the rotation axis to the contact
point of lever with tensiometer (/ =83 mm);
f; — force, that bends tensilebeam:

| 2:83- f,
12,7-0,7089N
5)

4) static initial specific loading Py, which stands
lubrication layer at the end of friction:

o .

b

=18,4382

p _ N, _404IN _0523N
o] md?, d:
4

(6)
where dy — diameter of elastic deformation area
by Hertz, which is calculated by Hertz’s formula:
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di:078723[0,41Ndb/2
2 E
dy =1,744; O205d,N. ) 24,0205 12TN _ o 43643/ [,
E 210000 )

where E — modulus of ball’s elasticity (for steel IIIX-
15 E=2,1-10° N/mm?);

N —normal loading on 3 balls [N];

5) specific loading, which is at the end of friction:

P__Ni_¢QMN_QﬂBN
E= 33 a1492 2 2
mdl  314d; d?
4
®)
where d,, — wear spot diameter.
6) overfall of specific loading, which stands
lubrication layer at the beginning of sliding:
Ap =P —P, =0,5223N(—+~—7).
dy d,
)
7) load capacity coefficient of oil:
Py _dr k. = (i;d’—’)
'p, d] ’ dy
o . 1w (10)
8) hydrodynamic effects, which characterize

conditions of boundary friction were calculated by
formulas:
e  at the beginning of testing

nud;  vpud: 2
S = Sy, = Lot = TP
hH h(N) N,- N,. [m ])
(11)
e atthe end of testing
77l)d2 V,OUCI'3 2
S =S = * = ¥ [m
h h(k) N. N. [ ]:

R ! i (12)

where p — density of oil [kg/m’]

1 — dynamic viscosity of oil [N-s/m*];

v — kinematic viscosity of oil [m?/s]

v — sliding velocity [m/c];

dy, dy — diameter by Hertz and diameter of wear
spot;

N; — normal loading on one ball Ha [N],

9) generalized wear index (by testing results on
seizure loading or long-duration wearing:

n

Z dwi

i=1
n

_ Z(dwi —dm)

n

J, [mm];

(13)

[mm];
(14)

‘]2

25

n

Z (dwi - dHi )2

i=1

[mm];
(15)

J; =

J, = \/?i
e (16)

where dw;, di; were chosen from N=200 N to
N=N,,. (seizure) by 100 N + d,, at N, (seizure).
Dimension generalized wear index is known as

well [33]:
GWI=lw= [N],

n

d, - dyi ’
d [dimensionless],
'Hi

S8+ S8,

n

(17)

3V

S8, =2 N dyld, SS.=S"N.d,, /d,
J=1 v=1

(up to N<3100 N), (N>3100N); n=20
Artificial approach of this index structure is
present.
10) during analysis of antiwear properties of oils
conditional antiwear index was used [3]:

=

where N, — critical seizure loading [N];

d,, — average diameter of wear during long-
duration testing;

then we can calculate generalized index of
antiwear properties of oils:

N
_ KW[ N }
mm
(19)

cr
(higher value of I,, higher assessment of antiwear

(18)

S |

w

!

properties of oils), where (dimensionless) —index of
wear loading;

Ny — loading, in which testing of long-duration
wearing was done.

Conditional character of this index is seen.

Statistic information of three series of wear
testing for these lubricants was accumulated for the
assessment of the experiment error: naphtene oils
Risella-33 (3 series), Risella-17, NKM-40, NKM-70,
5350, Vitorex-334, Esso-Christo; polyglycol oils
Orites-370 DS (3 series), Laprol-2002, Syntheso- D
201 and compositions of oils Risella+5% of Orites-
270 DS, EBPE, Laprol-2502-2-70+20% of EBPE,
Laprol 2502-2-70 +20% of EBF, Laprol 2002+20% of
EBF, Laprol -2002+20% of EBPE (Tabl. 2). In first
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and third series number of recurring tests was 5, and
in second series-3. 20 lubricants were tested
(individual and compositions). For each series
average diameter of wear spot, dispersions, mean-
square deviations, coefficients of variation and
Cochran’s criterion were calculated. For three series
coefficient of variation varied from 2,58 to 12,46.
Table values of Cohran’s and Student’s criterions
were taken by [32].

For the first series of tests calculated Cochran’s
criterion was Gc¢=0,3880, which is less than from the
table Gr{N=5; n=5; a=0,01}=0,5875 and Gt {N=5;
n=5; a=0,05}=0,5065 for significance level a=0,01
and 0=0,05 accordingly. This confirms the zero
hypothesis about row homogeneity (5) of dispersions.
Error of experiment for the first series:

N=s
z S,? ,O 0027962
il =,/ = =0,02365 mm.

N
Proxy interval for average value:

1 {2 =005,7=(N-n)-1}5,
JN-n

= 40,0097 mm.

i , 2,06-0,02365
=4 T
- N

For the second series:

Geac=0,3773, which is less than from the table G
{N=6; n=3; a=0,01} =0,6321 and Gt {N=6; n=3;
0=0,05}=0,5391. This confirms homogeneity of
dispersions row (6). Error of experiment for the

second series:
e f0’007§6815 —0,03432 mm.

Proxy interval for average value:
=005,/ = (Nn)-1=14}-, _ 211003432

N Jis

For the third series:

Geale =0,2356, which is less than from the table
G1{N=9; n=5; 0=0,01}=0,3934 and Gr{N=9; n=5;
0=0,05}=0,3344. This confirms homogeneity of
dispersions row (9). Error of experiment for the third

series:
L [0.033207 _ 4 5608 mm.
9

Proxy interval for average value:

=+

Ad=+

= 10,0171 mm.

4o =005,/ = (Nm)-1= 448, _, 20000608 _ 56183 mm.
A=tH—""F——""" " Ju

N0

Joining up of first and third series of tests has lead
to such statistic assessments:

Geac=0,2173, which is less than from the table
Gr{N=14; n=5; 0=0,01} =0,29624 and Gp{N=14;
n=5; 0=0,05}=0,25114. This confirms homogeneity
of dispersions row (14). Error of experiment:

26

= 1/ 0’0316;)032 =0,0507mm.

Proxy interval for average value:

Ades {2=005f =(Nn)-1=69}S,, _ 4 200507
N V70

Results of recurring tests of oils Risella-33,
Risella-33, Orites-270 DS, Laprol-2002, Syntheso-D
201, Risella-17, NKM-40, NKM-70, 5350, Vitorex-
334, Orites-270 DS (n=5) and oils EBPE, Risella-
33+5% of Orites-270 DS, Laprol-2502 +20% of
EBPE, Laprol-2502 +20% of EBF, Laprol-2002+20%
of EBF, Laprol-2002 +20% of EBPE are represented
in tabl. 2.

Results of calculation show that dispersion of this
row is homogeneous (0=0,05). Proxy intervals for
average value: £0.0097; £0,0177; £0,0164; £0,0113.

Results of calculation are recalled. Error of
experiment does not have big value.

4.3. Antifriction properties

Loading capacity and antiwear properties were
tested on four-ball friction machine (FBFM) [15; 16;
17; 18; 19]: balls from the steel IIIX-15(HRC 52-54)
with diameter 12,7 mm, loading time 1 min., rotation
number of upper ball 1140 (during testings of
polyethyleneglycols rotation number of upper ball
1470 per minute) and 4 hours and rotation number
1470 per minute during tests on loading capacity and
antiwear properties accordingly (in last test axial
loading N=200 N; N;=82 N).

Results of tests on FBFM on loading capacity
(seizure loading on one ball N;) and antiwear
properties (average diameter of wear spot d;) are
adduced in Tabl. 3-5 and shown in Fig. 1-11.

As we can see from the Tabl. 3-5, by loading
capacity oils are placed in a row (by seizure loading
on one ball): polyglycols ( N;=333 N) > mineral (N;
=245,9 N) > polybutene (N; =225,4 N) > naphtene (N;
=206,1 N), and by antiwear properties by diameter of
wear spot during long- duration tests:

polybutene (d=0,549 mm) > polyglycols(0,651
mm) > naphtene (d;=0,695 mm)” mineral (d;=0,740
mm).

This row is similar to the rows of hydrodynamic
effects at the beginning (Syy) and at the end (Spy,) of
tests:

by Suu: polybutene
naphtene;

by Shw: polybutene
naphtene.

That is, more «soft» conditions of boundary
friction leas to smaller values of wear when loading
conditions of tests are relatively small. That is why
index dy, when N;—min in 4 hours is not enough
informative relatively with assessment of antiwear
properties of oils.

More information give results when Ni—rnin in
30 hours of tests (fig. 1), or realization of long-

=10,0121mm.

>

>

mineral >

polyglycol

>

>

mineral >

polyglycol
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duration tests (4 hours) in boundary of loadings from
N=80 N to N;=362 N (tabl. 6).

In this case we have a row by antiwear properties:
polyglycols > polybutene compositions > naphtene.

It is known, that increasing of moisture in
polyglycol oils decreases antiwear properties of oils
and quality indexes of polyethylene.

Addition to naphtene (compare Risella-33 and
Risella-33+50% of PVBE) [5], poly-a-olefin
(compare this oil and it with addition of 4% of SKEP)
and polyglycol (compare Syntheso D-201 and
Syntheso D-201 N) oils antiseizure, antiwear and
viscous additives leads to substantial decreasing of
flashing temperature.

Testing of mixtures of polyglycol oil and glycerin
shows, that antiwear properties of such mixtures
substantially become worse when content of glycerin
is more than 3% in polyglycol oil (tabl. 7). Input of

viscous polybutene additives to naphtene oils up to
5% decreases wear of steel, and input of more than
5% — not substantially influences on wear.

Testing of wear from loading during long-
duration tests (Tabl. 6), which determine temporary
resistance of lubricant to thermomechanical
influences shows the advantages of Risella-33 over
naphtene oil NKM-40 and advantages of polyglycol
oil Laprol over Orites. Input of viscous additives into
naphtene oil also decreases wear during long-duration
testing, but critical loadings do not change much
(Tabl.6 i 7).

From, the synthetic oils Orites 210 DS has the
highest antiwear properties (Fig. 6).

As it seen from the Fig9, ramified
polypropyleneglycols on the base of glycerin give
substantial increasing of loading capacity when
molecular mass of oligomer increases.

Table 2
Statistic findings of wear tests on FBFM
Diameter of wear spot, mm (recurring tests)
Lubricant 1 | 2 3 | 4 E
First series (Ni=82 N; t=4 hours; n=1 140 rot. /min.)

Risella-33 0,475 0,499 0,449 0,474 0,477

Risella-33 0,463 0,486 0,472 0,489 0,492

Orites-270 DS 0,624 0,700 0,640 0,648 0,690

Laprol-2002 0,439 0,453 0,477 0,458 0,454

Syntheso-D 201 0,540 0,534 0,571 0,616 0,568

Sum

Second series (N;=82 N; 1=4 hours; n=1140 rot. /min.)

EBPE 0,544 0,515 0,551 - _

Risella-33+5%

of Orites- 270ds 0,486 0,499 0,426 - _

Laprol-2502 +

20% of EBPE 0,480 0,440 0,460 _ _

Laprol-2502

+20% of EBF 0,418 0,377 0,421 _ _

Laprol-2002

+20% of EBF 0,495 0,576 0,480 _ _

Laprol-2002

+20% of EBPE 0,480 0,464 0,538 - _

Sum

Third series (Ni=82 N; x=4 hours; n=1470 rot. /min.)

Risella-17 0,992 0,784 1,010 0,930 0,926

Risella-33 0,652 0,780 0,788 0,750 0,754

NKM-40 0,710 0, 580 0,683 0,656 0,662

NKM-70 0,445 0,457 0,477 0,428 0,488

5350 0,491 0,643 0,585 0,474 0,548

Vitorex-334 0,568 0,505 0,601 0,560 0,520

Esso-Christo 0,738 0,728 0,637 0,694 0.636
Orites-270 DS i

1 series 0,662 0,734 0,513 0,636 0,644

2 series 0,544 0,760 0,640 0,646 0,650

Sum

27
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Continuation of tabl.2

Average Mean-square
. diameter Dispersion, . Vary
Lubricant o 2 deviation, .
of wear (-107) mm 2 coefficient, %
(-10) mm
spot, mm
| First series (Ni=82 N; t=4 hours; n=1140 rot. /min.)
Risella-33 0,4748 3,142 1,773 3,73
Risella-33 0,4804 1,533 1,238 2,58
Orites-270 DS 0,6604 10,848 3,294 4,99
Laprol-2002 0,4562 1,867 1,366 3,00
Syntheso-D 201 0,5658 10,572 3,251 5,75
Sum 27,962
| Second series (N;=82 N; 1=4 hours; n=1140 rot. /min.)
EBPE 0,5367 3,645 1,909 3,56
Risella-33+5%
of Orites- 270ds 0,4703 15,163 3,894 8,28
Laprol-2502 +
20% of EBPE 0,4600 4,000 2,000 4,35
Laprol-2502
+20% of EBF 0,4053 6,044 2,458 6,07
Laprol-2002
+20% of EBF 0,5170 26,67 5,164 9,99
Laprol-2002
+20% of EBPE 0,4940 15,16 3,894 7,88
Sum 70,682
| Third series (Ni=82 N; x=4 hours; n=1470 rot. /min.)
Risella-17 0,9284 78,25 8,846 9,53
Risella-33 0,7448 29,57 5,440 7,30
NKM-40 0,6582 21,00 4,580 6,96
NKM-70 0,4590 5,80 2,410 5,24
5350 0,5482 46,00 6,780 12,37
Vitorex-334 0,5508 14,25 3,770 6,84
Esso-Christo
Orites-270 DS 0,6966 15,50 3,940 5,65
1 series 0,6378 63,25 7,950 12,46
2 series 0,6480 58,45 7,650 11,79
Sum 332,07
Table 3
Antifriction and viscous-and-thermal properties of mineral oils
0il Temperature of flashing, °C 5:;;;35 Antlwiizgggf;tﬁfz?zfﬁg tests
v, MM2/s 2 Shh,
K ol KUY SR et T
(45°C)
Vitorex-334 206 - 11,3 | 238 49,7 6,04
Esso-Christo 212 - 10,6 | 213 53,8 6,74
5350 202 - 11,9 | 205 52,5 6,58
Risella-33 202 221 10,4 | 199 49,1 6,17
Risella-17 - - 4,15 164 12,3 1,51
NKM-40 195 - 10,7 | 201 47,8 5,92
NKM-70 205 - 15,9 | 203 83,2 10,45
NKM-200 - - 10,6 | 226 80,0 10,03
Compressorna
12(M) - - 11,5% | 278 109,8 13,99
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Continuation of tabl. 3

Industrial 20

- - 92 | 242 32,6 -
Industrial 45 - - 12,1, | 269 60,2 -
Aviacijna
MC-20 - - 28,2 | 281 198 25,00
MGD-14M on the base of
diesel oil F-14 210 i 13,6% | 349 i i
N-50 - - - 213 - -
ChR-200 - - - 205 45,1** -
BMT-15 - - - 175 - -
Vaseline : . 10,0 | 201 44,6 5,55
medical

ol Antiwear propeties during ess Density. ke’
-4
ds, mm Sr*r‘:; ((Légc)) 45°C 90°C
Vitorex-334 0,60 0,99 842 819
Esso-Christo 0,69 1,69 869 845
5350 0,55 0,83 869 845
Risella-33 0,85 2,88 871 848
Risella-17 0,93 0,93 852 826
NKM-40 0,66 1,30 859 833
NKM-70 0,46 0,77 871 848
NKm-200 0,82 421 869 835
Compressorna 12(M) 0,92 8,29 883 861
Industrial 20 1,07 - - -
Industrial 45 0,85 - - -852
Aviacijna
MC-20 0,57 3,52 875 -
MGD-14M on
the base of 0,54 - - -
diesel oil F-14
N-50 0,60 - - -
ChR-200 0,50 - - -
BMT-15 0,96 - - -
Vaseline 0,65 1,16 863 838
medical
e Hydropol-200 (11);
In Fig. 12 dependence of seizure loading on one e  Proxanol CL-3 (12).
ball on molecular mass of polyglycols is represented: d'm’ -
e linear polypropyleneglycols (1);
o ramified polypropyleneglycols on the base of {
glycerin (2); 1501 J__f-"‘/' )
e statistics copolymers of propylene and —
ethylene oxides (70%) Laprol (3); [:"lﬁ %

e statistics copolymers of propylene and ;;:"'— 1’
ethylene oxides (%) Orites (4); 1,00

e Dblockcopolymers of ethylene oxide (6-18%) —t b
and propylene oxide on the base of glycerin (5);

e  statistics copolymers of propylene oxides and
ethylene oxides (70%) on the base of glycerin (6); 0,%0°

e polyethyleneglycol PEG-400 (7); |

e copolymer of propylene oxides (30%), i
ethylene oxides (67%) 1 glycerin residua (3%) 0 ' |

(molecule with star jointing of bonds; number of 10 15 il 25 T,

opened oxygen groups is minimum (8);
e  Syntheso D202 (9);
e Syntheso D201 N (10);
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Fig. 1. Dependence of mean diameter of wear
spot for steel balls (steel ILIX-15) on
the time of testing on FBFM in oils :
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1 — kompressorna 12(M); 2 — vaseline oil; 3 —
naphtene Risella-33; 4 — mixture of Risella-33+PVBE
(30:70); 5 — the same (50:50); 6 — PVBE.

d

28
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Fig.2. Dependence of mean diameter of wear spot of
steel balls (steel IIIX-15) during tests on FBFM on
concentration (c,) of mineral oil in PVBE:
1 — Risella-33; 2 — industrial 45; 3 — vaseline
medical. Testing conditions: n=1470 rot./min., N=200
(N=82 N), £=24,5 s™', ==4hours., d=12,7 mm.

NH
/
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w0 > '
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300 f
A 24—
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Fig. 3. Dependence of boundary loading on one ball
from steel 11IX-15 during tests on FBFM on
concentration of PVBE in naphtene oil Risella-33
(number of upper ball rotations: 1-835; 2-1470).
Testing conditions: 7=I min., d.=12,7 mm
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As we can see from the Fig.12, when molecular
mass increases loading capacity of polyglycols
increases linearly, more over for each class of
polyglycols there is different inclination of straight
line to the abscissa axis. By increasing of the
inclination angle there is a row of polyglycols: (1)
<(6) <(2) <(3.4) <(5).

By the prognosis of N; when M=10000 there is a row
of polyglycols:

(1) <(6) <(2) <(5) <(3);N;, N: 345 <418 <542 <675
<695. With information of testing (fig.1-11) on
seizure loading (1=60s) by relations dy=f(N) and
dw=y(N) we can estimate antiwear properties with
formulas (4.12), (4.13), (4.14), (4.15). Calculations
are represented in Tabl. 8. As we can see from the
tabl. 8, values of criterions of antiwear properties of
oils (=60 s; step-by-step loading) are different from
the ones when =4 hours and N=const=200 N, that is
why Ji-J4 can be reliable assessments of antiwear
properties.

This is confirmed by correlations of criterions of such
pairs of oils: Risella-33/5350, Syntheso D201 N /
Syntheso D 201, Laprol 2502/ Laprol 1502, Risella-
33+50% PVBE / Risella-33 (100%), Risella-33+50%
PVBE / PVBE (100%) (tabl.9), that is why new
criterions show another side of antiwear properties of
oils in comparing to known ones which are obtained
at low loadings and long-duration tests.

M 30 17 =y
e 4 ‘;‘)
20 Y
| 34 /
S~d. por:
101 :
a8
a6 7\.{
» s T
= A
?,‘}(Q
0,2“ § 1 LI 0 % OO O I I
az @4 06 g8 W 20
N «tPH
L i NN NS SN |
[47.:4 164 246 388 0 LY./
N[‘xmﬁ
| i F N OO U008 WO WO 0 SO WO O T O |
185 833 287 234 37

P‘r;"ﬂxﬁjﬁ

Fig. 4. Relations of wear spot (d) with the axial
loading (N), loading on one ball in the theoretical
point of contact (N;) and average initial pressure in the
contact point (P.) for fluids:1 — NKM-40; 2 — 5350; 3
— Esso-Christo;4 — NKM-70; 5 — Risella-33; 6 —
Vitorex-334;7 — Risella-1.
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Table 4

Antifriction and viscous-and-thermal properties of naphtene and polybutene and others oils and

compositions on their base

Temperature of . . Antiwear properties during
flashing, °C Loading capacity | o4 hours., N=82 N
oil closed opened v, mm?/s N. N v, mm?/s 1 OS??)’ .
crucible crucible at45°C. N at45°C. o
(45°C)
Risella-33+50% of
PVBE 85 166 68,7 217 304 -
Risella-33+of
peroxide FGK i i i 262 i i
KPL-201 220 - 15,4 185 89,0 -
Witco CL-1000 230 >240 23,0 190 143 -
Witco CL-1200 250 >250 26,0 195 184 -
Witco CL-15 00 250 >250 29,5 220 215 -
Polybutene-200 - - - 267 - -
Polybutene for . . 374 320 5839 73541
succynimide additives
Polybutene Tredkat-99 - - 146 201 1074 131,24
Lowmolecular - - 1723 320 13842 1837,2
polyethylene
PVBE - 170 720,6 385 3850 516,56
Glycerin - - 15,6 275 129 -
234,5%*
Poly-a-olefin 306 - 35,8%* 287 * 28 45%#*
Poly-a-olefin + 4% sk 257,5%* sk
of polymer SKEP 240 - 39,1 277 x 3139
KPL (additive) - - 220 - -
SKTN-A(additive) 180 - - 267 - -
Peroxide ®XKK - - - 287 - -

Continuation of tabl. 4

Antiwear properties during tests . 3
oil vt hours, N-82 N Density, kg/m
d;, mm Shw, (10 m” (45°C) 45°C 90°C

Risella- 33+50% of PVBE 0,63 - - -
Risella-33+of peroxide FGK 0,93 - - -
KPL-201 0,87 - - -
Witco CL-1000 0,45 - - -
Witco CL-1200 0,46 - - -
Witco CL-1500 0,46 - -
Polybutene-200 0,70 - - -
Polybutene for succynimide additives 0,45 50,98 873 850
Polybutene 821
Tredkat-99 0,45 9,10 847
Lowmolecular 0,47 145,11 920 i
polyethylene
PVBE 0,56 69,01 930 -
Glycerin 0,64 - - -
Poly-a-olefin 0,61 4,91 *** 869,6* -
Poly-a-olefin + 4% of polymer SKEP 0,61 5 42%** 871,8%* -
KPL (additive) 0,71 - - -
SKTN-A(additive) 0,88 - - -
Peroxide ®XKK 1,04 - - -
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Antifriction and viscous-and-thermal properties of polyglycol oils

Table 5

T%rgslfirs;noecof 5:;;10135 Antiwear properties during tests t=4 hours, Ni-82 N|
oil closed opeped v, mgnz/s N, N v, mgnz/s (,15‘.*1‘?)’ m | d, (Egv_ﬂ)
crucible|crucible| (45°C) (45°C) (45°C) mm | (45 °C)
PEG-200 - - - 246 - - 1,0 -
PEG-400 - - - 328 - - 0,81 -
Laprol 202 - - 4,3 238 20,0 2,88 0,62 0,52
Laprol 602 - - 8,4 242 34,5 4,98 0,53 0,56
Laprol 1002 - - 15,3 246 61,0 8,81 0,51 0,89
Laprol 2002 234 - 40,5 262 157,0 22,67 0,47 1,79
Laprol 1502- 2-70 - - 31,0 361 105,0 9,93 0,76 3,32
Laprol 2502- 2-70 216 250 60,0 402 230 33,19 0,66 7,26
KSM 218 250 61,0 398 232 - 0,77
Orites — 125 DS - - - 395 - - 0,72 -
Orites-270 DS 220 250 59,0 447 237 34,2 0,64 6,82
Breox CL 660 - - - 287 - - 0,80 -
Breox CL 1300 214 285 63,2 328 205,4 31,44 0,63 5,98
Breox CL 1400 247 58,2 369 221,7 34,06 0,66 7,45
Laprol 503 - - 12,3 226 75,0 10,83 0,58 1,61
Laprol 3003 - - 45,8 308 195 28,15. 0,52 3,01
Polyol LG-56 - - 41,8 320 168 24,24 0,41 1,27
Laprol 3503- 2-b6 - - 58,9 254 190 27,42.4- | 0,44 1,78
Laprol 5003- 2-510 - - 101,2 373 325 46,90 m49 4,20
Proxanol CL-3 - - - 340 - - 0,83 -
Laprol 3503- 2-70 - - 76,7 287 : 275 0,71 | 10,81
Laprol 10003- 2-70 - - 82,0 418 ~800%** 123,78** | 0,74 |38,16**
Shyntheso D 201 242 | >250 62,0 287 245 35,38 0,57 5,30
Shyntheso D 201N 106 120 95,5 369 334,7 45,70 0,56 6,45
Shyntheso D 202 238 270 57,9 451 264,7 48,30 0,67 | 9,32
Hydropol-200 - - - 440 - - 0,78 -
Laprol 2503-2-70* - - - 369 - - 0,67 -
* star structure; ** at 40°C
Table 6

Influence of axial loading (N) on wear during long-duration tests (n=1140 rot./min., =4 hours, f=19 s™)

Diameter of wear spot, mm

il
© 198 N 294 N 392N 491N 589 H 687N | 785N (883 N
Orites-210 DS 0,64 0,76 0,72 0,67 0,71 0,72 1,55 2,8
Laprol-2502-2-70 0,68 0,76 0,76 0,67 0,78 1,26 | 1,37 1,6
NKM-70 0;52 0.57 0,61 2,8
NKM-40 0,65 0,61 1,28 1,36
Risella-33 0,63 0,50 0,53; 0,53* 0,65 0,9%*
Risella-33+polybutene for
succynimide additives: 0,45 0,52 0,56; 0,61%* 0.91
5% 0,51 0,53 1,6; 0,83* 0’94 1,7%*
15% 0,61 0,6 0,60;0,57* ’
30%
Risella-33+50% of 0,49 0,65 0.82 088 0,83;
polybutene 2,1

*436 N (N=180 N); ** 540 N (N=220 N)
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Table 7
Antiwear properties of mixtures (f=19 s”, 7=4hours, N=200 N, n=1470 rot./min.)
Basic oil Additive 5 Diameter of wear spot, mm
name %
0 0,85
Polybutene for 5 0,48
Risella-33 succynimide additives 15 0,48
30 0,48
100 0,45
5 0,46
Risella-33 Lowmolecular 15 0,48
polyethylene 30 0,46
100 0,47,
Risella-33 Polybutene for succynimide additives + 5 0,49
lowmolecular polyethylene
Risella-33 Polybutene 50 0,59
0 0,46
NKM-70 Polybutene for 5 0,50
succynimide additives 15 0,50
30 0,47
0 0,64
1 0,60
Orites-210 DS Glycerin 5 0,74
10 0,79
100 0,64
dymn 30
20
4t
e d
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Fig. 7. Relation of wear spot (d) with the axial loading (N), loading on one ball in the theoretical point of contact
(N;) and average initial pressure in the contact point (P.) for fluids: 1 — lowmolecular polyethylene (fluid); 2 —
polyphenilether ®4E; 3 — polybutene for succynimide additives; 4 — polybutene Tredcat-99”; 5 — Risella-33+
50% of polybutene; 6 — Risella-33+30% of lowmolecular polyethylene; 7 — Risella-33+30% of polybutene for

succyimide additives
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Fig. 8. Relation of wear spot (d) with the axial loading (N) for linear polypropyleneglycols and statistic
copolymers of ethylene and propylene oxides:1 — Laprol 202; 2 — Laprol 602; 3 — Laprol 1002; 4 — Laprol 2002;
5 — Laprol 1502-2-70; 6 — Laprol 2502-2-70; 7 — Orites 210 DS.

Criterions of assessment of oils antiwear properties

Table 8

. 7=60s; step-by-step loading =4 hours; N=200=const
Oil =
J,, mm J,, mm J;, mm 1, d;, mm 1,
Laprol 2002 0,4425 0,1407 0,1429 0,5122 0,47 0,9915
Laprol 1500 0,4076 0,0848 0,0853 0,2646 0,76 2,2203
Laprol 2500 0,4306 0,0987 0,0997 0,2981 0,66 1,7966
Orites 270 DS 0,4302 0,0897 0,0901 0,2675 0,64 0,7119
Syntheso D 201 0,3870 0,0835 0,0840 0,2768 0,61 0,5847
Syntheso D 201 N 0,4281 0,1049 0,1053 0,3284 0,56 0,3729
Hydropol-200 0,6990 0,3587 0,3629 1,0492 0,78 2,3051
Proxanol CL-3 0,3769 0,0550 0,0563 0,1943 0,83 2,5169
Risella-33 0,4680 0,1820 0,1882 0,6907 0,85 2,6017
5350 0,3278 0,0470 0,0471 0,1730 0,55 1,3305
PVBE (100%) 0,4816 0,1503 0,1728 0,4674 0,56 1,373
Risella-33+
50% of PVBE 0,4910 0,2010 0,2230 0,7147 0,63 1,669
d,mm 3,0 7 L\ dmm 3,0 \ \ L J
2,0 4 / \; ,’ L— 20 s
1 irT ’ 4
- \Nf }7\3, o 2~ 5
/] i >
o T 10 :’
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05 jM s |
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Fig. 9. Relation of wear spot (d) with the axial
loading (N) for ramified polypropylene on the base of
glycerin:1 — Laprol 503; 2 — Laprol 3003; 3 — Laprol
3503-2-70; 4 — Laprol 3503-2-65; 5 — Laprol 5003; 6

— Laprol 10003-2-70.
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Fig. 10. Relation of wear spot (d) with the

axial loading (N) for ramified polypropyleneglycols:

1 — Polyol LG-56; 2 — Laprol 3003;
3 — Syntheso D 201 N; 4 — Laprol 3503-2-70.
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Conclusions

1. The properties of high-pressure PE
(trademark 10803-020) when lubricating with
naphtene and polyglypol oils were tested.

3. Use of naphtene and polybutene oils for
lubrication of friction pair of the ethylene high-
pressure compressors substantially deteriorates using
coefficient of compressors equipment, but use of
polyglycol oils deteriorates properties of polyethylene
- dielectrical and sanitarian- hygienical indexes and
resistance to atmospheric and electromagnetic
influences.

4. Alloying of compressors lubricants with
viscous, antiseizure or others additives substantially

decreases temperature of flashing and deteriorates
dielectrical properties of polyethylene.

5.For the first time dependence of seizure
loading during testing on FBFM on the molecular
mass of different polyglycols and bounding
conditions for high viscous fluids (by extrapolation)
are found
6.Into procedure of generalization assessment of
antiwear properties of lubrication oils of the base of
results of investigations antiseizure indexes
dimensionless index of wear- mean-square relative
deviation of diameter of spot of wear from the spot by
Hertz has been brought in.

Table 9

Comparable characteristic of antiwear properties of oils based on the criterions d,,, J;-J4

0il 7=60s; step-by-step loading =4 hours; N=200=const

Iy 10 Iy 1y I3 13 Jy 19 d;/dy’ YR

Risella-33/5350 1,428 3,872 3,996 3,992 1,545 1,955

Syntheso D201 N/ Syntheso D 201| 1,106 1,256 1,254 1,1867 0,918 0,866

Laprol 2502 /Laprol 1502 1,056 1,164 1,169 1,127 0,868 0,809
Risella-33+50% PVBE /

Risella-33 (100%) 1,049 1,104 1,185 1,035 0,741 0,642

Risella-33+50%
PVBE/PVBE(100%) 1,020 1,337 1,291 1,529 1,125 1,216
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Fig. 11. Relations of wear spot (d) with loading (N) on one ball in theoretical point of contact of polyglycol
oils:1 — Syntheso D-201 N; 2 — Syntheso D 201
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Fig. 12. Relation of loading capacity with molecular mass of polyglycols during testing on four-ball friction
machine:1 — linear polypropylene; 2 — ramified polypropyleneglycols on the base of glycerin ; 3- statistic copolymer of
propylene oxide and ethylene oxide (70%) Laprol; 4 — statistic copolymer of propylene oxide and ethylene oxide (%) Orites;
5 — blockcopolymer of propylene oxide and ethylene oxide (6-8%) on the base of glycerin; 6 — statistic copolymer of
propylene oxide and ethylene oxide (70%) on the base of glycerin; 7 — polyethyleneglycol PEG-400; 8 — copolymer of
propylene oxide (30%), ethylene oxide (67%) and glycerin residua with the star structure of molecule; 9 — Syntheso-
202;Syntheso-201 N; 11 — Hydropol- 200; 12 — Proxanol CL-3.
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5. Compatibility of oils with And also indexes of flow of plastics (g for 10
Ivethvlen mm.), changes of  bound of  strength
polyethylene and flow during tension, relative extension during

breakage ought to be found.
About 60% of hich Ivethvl . Demands to physic-and-chemical properties of
. o of ugh-pressure polyethy CRCIS USCB  holyethylene are determined by STATE STANDARD
for makingproducts by method of moulding and  |4337.77 (for  polyethylene) and STATE
pressurization-containers for food industry, products  gTANDARD 16336-77 (for
of domestic chemistry and children’s toys, 20%- for
making special films, which are stable to thermo- and ;| {44 composition are determined by [11-14]:
photooxidation, films of capacitors and cableisolation e tangent of angle of diclectrical loss — STATE
with the heightened demands to the thermal aging and STANDARD 22372-77:
dielectricproperties [14]. ;
One of the most important problems of the
making is choosing the highlubrication gaskets of the
cylinders or shafts of ethylene compressor. Delivering
fluid lubricant to the friction pair is realized either by
injection it intothe gas (phase of the suction- when use . .
gaskets with the pistons rings) or byfeeding it through o resistance to thermal aging - STATE

the openings of drilling of gasket’s element (when use STA}SD‘?(R%]&%'? Z{ h ¢ fil d
gladgaskets) [1; 3]. ock-effect (sticking together of films) an

content of extraction substances which are in initial
polyethylene and which educe from it during
gasket’s clements reaches 7-10 MPa. In secondary processing relate to quality indicators of

ethylenecompressors gas compresses from 25 up to pol.yethylene too. Content of .these substances. is
110-120 MPa (on the first degree) and from 110-120 estimated by excess of organic substance during

MPa up to 180-250 (and even to 350) MPa (on the lubrication of ethylene compressors with mineral oil
second degree). There fore, gasket elements of and by using light mineral oils as solvents during

compressors experience during lubrication influence peroxidative initiation of polymerization of ethylene

of the limit specific loadings from the hydrodynamic [12-14]. . . .
to limit regime and even to seizure [2;14]. Feasibility study of supplying of lubrication of

In ethylene compressors friction pair are used: seal clements relates. not only fo quality ?f
e piunger made from the nitrided steel 38 polyethylene but to time wasted of compressor’s

XMIOA or with coating of Wolfram carbide ; gasket equipment for repair (up to 2-7 days for a year),
clements from the bronze Bp OCH 7-13-1; ’ which for high productivity producers (synthesis of
e bush of the cylinder from the’ carbide of polyethylene) turns as substantial economical losses.

Wolfram (type BK-6), gasket rings fromthe special rl\gogcgr\r]:;it Lsezsscsiisar(yl 8%_%%% tl}llzztu?i:)eroefvefre };;ie;ﬂ
alloyed cast iron or from the bronze bp O®> 10-1. p y &

Introduction

compositions  of
polyethylene). Dielectrical properties of polyethylene

e clectrical strength at variable voltage
(frequency 50 hertz) — STATE STANDARD 64333-
71,

e dielectrical penetrability (frequency 10°
hertz) - STATE STANDARD 22372-71;

According to [1], in compressors at the
compression up to 22-40 MPaspecific loadings of the

37



Bicnuk IIpukapnarcbkoro HarioHanbHOro yHiBepcurety iMeHi Bacuns Credanuka. Cepia Ximist. Bumyck XXI (2017)

through lubricators excess of oil (for running-in of
friction pair) comes into existence. Polyethylene made
in this period contents of substantial quantity of oil
that is not up to the requirements (for cable isolation)
[6-7].

Table 1

Characteristic of properties of naphtene and
polyglicol oils (information of producers)

Riesllaj NK NKM_Laprol Orites-

2502- | 270
33 |M-40 70 270 | DS

Index

Density,
kg/m’
at293 K 884 | 873 | 884
at303 K 878 | 867 | 878

1078 |1080

Coefficient
of refraction
of light (293

K)

1,4820] 1,4794 1,4800 - -

Viscosity
kinematic,
cs
at293 K 126 | 80,2 | 180 | 417 | 462
at 303K 424 | 393 | 70,4 | 182 | 186
at373 K 8,8 9,8 | 12,8 54 | 46,8

Acid
number, mg
KOH/g

0,007 0,006| 0,006| 0,019 | 0,016

Temperature
of solidifica- | 255 255 260 -
tion, K

<270

Tempera-
ture, K 475 470 478 489 | 493
in closer 494 488 498 523 523
crucible
in open
crucible

Content of
water, %

Content of

mechanic

impurities,
%

Materials

The demands to wear resistance of surfaces are:
intensity of wearing counterface from alloy BK-6 is

ought to be not higher than 0,02 mkm/hour or
0,05 mm for 2500 hours of compressor’s work.

Pressure of pumping 1is 200-300 MPa,
temperature of gas at the end of process reaches 373
K, average velocity of piston — up to 2,5 m/s.
Consumption of the oil for 1 t final product —
polyethylene for different compressors is from 0,7-0,9
to 4,7-6,5 kg.

Properties and nature of oils determine quality
indicators of polyethylene and reliability of work of
seal pistons and plungers of ethylene’s compressors.
For lubrication of friction pair of these compressors
mineral (naphthene - «white» oils), polybutene and

polyglycol oils are used [3; 4],

Specifications to oils are: transparence,
colourlessness, absence of sediment and mechanic
impurities, viscosity (not less than) approximately 450
cs at 303 K, 200 cs at 323 K, 50 cs at 373 K;
temperature of flash must be higher than 293 R from
the maximal allowable (373-383 K), but better not
lower than 473 K; temperature of solidification — not
higher than 273 K; acid number -not more than 0,4
mg KOH/g; alkali number 0 mg KOH/g; content of
moisture not more than 0,1%; ashes -0%; point of
turbidity of 1% solution -not more than 353K [9].

According to manufacturers naphtene and
polyglycol oils for the most quantity indicators satisfy
these requirements (Tablel).

Physic-and-ehemical properties and quantity of
oil which ingresses in polyethylene determine its
properties and use for cable isolation, products, which
contact with food etc [8].

Methods of testing
Content of oil appreciably has an influence on

such quality indicators as resistance (durability) to
thermal aging and cracking and photooxidation
processes,tangent of angle of dielectrical loss,
dielectrical penetrability, breakdown electrical stress,
sanitarian-hygienical properties. Content of oil in
polyethylene is estimated by IR-spectroscopy

(graduate by solution in CCly), tangent of angle of

dielectric loss (frequency 10°, 10*, 10° hertz),

dielectric penetrability (frequency 10° hertz) [5-7].

Were tested properties of high-pressure polyethylene

(trademarkl0803-020), which was made in autoclave

reactor with lubrication of compressors by naphtene

oil Risella-33, and its artificial mixtures with 0,10 and

0,15% of oils: polyglycol Orites-210 DS and

Syntheso-201 N, polyvynilbutylether (PVBE) and

mixture 70% PVBE+30% Risella-33 without or with

addition of thermostabilizer and 0,1-0,5% inhibitors

of chain oxidation process — ionol, monox, diafen.
Artificial mixtures were got on laboratory

mixer «Venbery» with mixing during 5-7 min.

(t=393-403 K). After were made tablets, which were

rolled (T=433+5 K) and fiictioned 1:1,2 during 2-16

hours.

Were found indexes [6-9]:

o tangent of angle of dielectric losses tg o
(frequency 10° Hz) by STATE STANDARD
22372-77;

o clectrical strength U, during variable voltage with
frequency 50 Hz by STATE STANDARD 6433.3-
71,

e dielectric penetrability e(frequency 10° Hz) by
STATE STANDARD 22372-77;

e density p, boundary flow o, limit strength 6z and
relative elongationduring breakage y by STATE
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STANDARD 16337-77; tg8<3-10";
¢ index of solution flow (ISF). e dielectric penetrability e(frequency 10° Hz) not
More over were taken into account methods of more than £<2,3;
finding sanitarian-hygienical, dielectric, physics-and- o clectrical strength when thickness of specimens is
mechanics properties and resistance to thermooxidative aging 1 and i variable voltage with
[10; 13; 14], Polyethylene for cable isolation by STATE frequency 50 Hz not less than U, >40 KB/MM
STANDARD 16336-79 has to have such indexes: [6-10].

o tangent of angle of dielectric losses tg o
(frequency 10° Hz) not more than

Table 2
Physics-mechanics and dielectric properties of polyethylene (trademark 10803-020), synthesized during
ingress of naphtene oil Risella-33, with addition of 0,15% of different oils and thermooxidants (recipe 01

and 02)
Time of
. Oils thermal 3 IFS, 4 OB, or, o
Recipe additives aging, p, ke/m 2/10 min. tg5,10 MPa MPa 1%
hours
: : 0 918,5 2,05 1,0 12,65 | 991 | 630
. Synheso 0 9192 | 2,16 211 | 1275 | 1030 | 613
0,2 Sg’ztgfsg ) 0 919,5 2,07 1,95 | 13,54 | 10,89 | 595
0,2 Sg’ztgfsg ) 6 - 11,6 10,95 | 932 | 10,89 | 555
0,2 Sg’ztgfsg ) 8 - - 16,8 8,50 | 990 | 430
0,1 Sg’ztgfsg ) 0 920 2,15 1,95 | 12,96 | 103 | 598
0,1 Sg’zt(})‘fsg ) 6 - 2,21 1,99 | 12,85 | 102 | 574
0,1 Sg’ztgfsg ) 8 - 2,26 428 | 11,67 | 100 | 563
: PVBE 0 918,3 2,15 1,68 | 12,56 | 104 | 583
0.2 PVBE 0 918,5 2,22 1,65 | 13,54 | 11,09 | 608
0.2 PVBE 6 : 2,41 1,71 | 13,44 | 10,79 | 56l
0.2 PVBE 8 : 2,51 2,5 1334 | 10,59 | 560
0.1 PVBE 0 918,5 2,20 LIS | 12,75 | 10,79 | 593
0.1 PVBE 6 : 2,22 1,52 | 12,16 | 1020 | 565
0.1 PVBE 8 - 2,30 1,85 | 11,28 | 942 | 577
0,
: NN 0 9183 | 2,06 198 | 1256 | 971 | 600
0,
0.2 P];/ilsgjl; ?;)3/" 0 918,3 2,37 2,10 | 13,63 | 11,09 | 612
0,
0.2 Plyi]:j; ?;)3/" 6 ] 2.39 219 | 1226 | 10,04 | 555
0,
0.2 Plyi]:j; ?;)3/" 8 ] 2.44 272 | 1148 | 991 | 550
0,
01 | PYBREe 0 0183 | 222 105 | 1354 | 1040 | 603
0,
01 | PYBREe 6 : 2,32 136 | 1285 | 1020 | 600
0,
01 | PYBREe 8 : 235 144 | 1236 | 991 | 593

39



Bicnuk IIpukapnarcbkoro HarioHanbHOro yHiBepcurety iMeHi Bacuns Credanuka. Cepia Ximist. Bumyck XXI (2017)

Table 3

Viscous-mechanical properties of polyethylene (trademark 10803-020) during addition of different
quantity of lubricants

Polyethylene

Concentration

ISF

Resistance to

- -4
trademark Oil of oil g/10 min 29,10 cracking, hours
M 10803-020 - - 2,05 1,0 2,5
M 10803-020 Syntheso D-201 N 0,15 2,16 2,11 2,5
M 10803-020 Syntheso D-201 N 0,10 2,11 1,82 2,5
M 10803-020 PVBE 0,15 2,15 1,68 2,5
M 10803-020 PVBE 0,10 2,23 1,04 2,5
PVBE
M 10803-020 (70%)+ Risella-33 0,15 2,06 1,98 2,5
(30%)
PVBE
M 10803-020 (70%)+ Risella-33 0,10 2,35 1,09 2,5
(30%)
Polyethylene oil Mechanical properties Density, km/m’
trademark 61, MPa 65, MPa v,%
M 10803-020 - 12,65 9,91 630 918,5
M 10803-020 Syntheso D-201 N 12,75 10,3 613 919,2
M 10803-020 Syntheso D-201 N 13,04 10,69 608 919,3
M 10803-020 PVBE 12,56 10,4 583 918,3
M 10803-020 PVBE 12,94 10,49 600 918,7
M 10803-020 PVBE
(70%)+ Risella-33 12,56 99,971 600 918,3
(30%)
M 10803-020 PVBE
(70%)+ Risella-33 12,26 10,11 555 918,1
(30%)
Table 4
Properties of ethylene compositions (recipe 0,1 and 0,2) with different content of oils inside
. . Concentration of Them al IFS, g/10 Tgd, Resistance to
Recipe Oil . aging, . 4 .
oil hours min. 10 cracking, hours
Syntheso D- init. 2,07 1,95
0.2 201 N 0,15 5,5 11,6 10,95 2,5
init. 2,19 2,59
0,2 Sy“;gfsﬁl D- 0,10 6 donotsust. | 9,32 2,5
8 do not sust. 16,9
init. 2,15 1,95
0,1 Sy“;gfslfl D- 0,15 6 221 1,99 2,5
8 2,26 4,28
init. 2,21 1,88
0,1 Sy“;gfslfl D- 0,10 6 2,18 1,79 2,5
8 2,22 1,96
init. 2,18 1,15
0,2 PVBE 0,10 6 2,22 2,19 2,5
8 2,30 2,30
init. 2,22 1,65
0,2 PVBE 0,15 6 2,41 1,71 2,5
8 2,51 2,5
init. 2,20 1,48
0,1 PVBE 0,10 6 2,17 1,54 2,5
8 2,09 2,19
init. 2,20 1,15
0,1 PVBE 0,15 6 2,22 1,52 2,5
8 2,30 1,85
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Continuation Table 4
PVBE i, 237 2.10
(30%)+ 6 2.30 2.19
0.2 Risella-33 0.15 g 2.44 272 2,5
(70%)
PVBE i, 231 1.50
(30%)+ 6 2.35 1.53
0.2 Risella-33 0,10 g 238 1.54 2.5
(70%)
PVBE i, 215 1.09
(T0%)+ 6 2.5 111
0.1 Risella-33 0,10 g 225 1.35 2.5
(30%)
PVBE i, 222 1.0
(T0%)+ 6 232 1.36
0.1 Risella-33 0.15 g 235 1.44 2,5
(30%)
Continuation Table 4
Rec o Concentration of Mechanical properties Densit%/,
ceipe ' oil o1, MPa o1, MPa o1, MPa km/m
Syntheso D- 13.54 10.89 595
0.2 201 0.15 9.32 10.89 555 91,5
12.76 10.39 595
0.2 Sy“tgf)slo D- 0.10 12,36 11,18 594 920,0
10.40 11.48 436
12.96 10.30 508
0.1 Sy“tgf)slo D- 0,15 12,85 10,20 574 920,0
11.67 10,00 563
12.46 10.69 610
0.1 Sy“tgf)slo D- 0,10 12,07 10,69 449 919,5
11.38 10.59 448
13.74 11.08 597
02 PVBE 0.10 12,46 9.32 555 918.7
1226 9.52 560
13.54 11,09 608
02 PVBE 0.15 13.44 10.79 561 918.5
13.34 10.59 560
12.85 10.89 525
0.1 PVBE 0.10 12,95 10.40 585 918.7
13.54 10.49 588
12.75 10.79 593
0.1 PVBE 0.15 12,16 10.20 565 918.5
11.28 9.42 577
PVBE
(30%)+ 13,63 11,09 612
0.2 Risella-33 0.15 1226 10.40 555 918.3
(70%) 11.48 9.91 550
PVBE
(30%)+ 12,36 10,11 570
0.2 Risella-33 0,10 12,46 9.91 563 918,3
(70%) 12,75 9.91 580
PVBE
(70%)+ 13,34 10,69 585
0.1 Risella-33 0,10 12,95 9.91 577 918,5
(30%) 1226 9.91 505
PVBE
(T0%)+ 13,54 10,40 603
0.1 Risella-33 0.15 12.85 10.20 600 918,3
(30%) 12,36 9.91 593
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Results and discussion

Results of laboratory tests are adduced in
Table 2. As we can see from Table 2, resistance to
thermal aging for ethylene composition determines by
oil’s nature, its content in polymer and activity and
content of thermostabilizer — antioxidants. For recipe
with content 0,05% of oil Orites-210DS and 0,1-0,2%
stabilizer nonox WSP resistance to thermal aging is 8
hours, that is up to the requirements of STATE
STANDARD 16336-77, for ethylene composition
with content 0,05% of polyvynilbutylether oil is more
than 14 hours.

As is seen from the tabl. 2, addition of 0,15%
of poly glycol Syntheso — D201 N with additive to
initial and with thermoadditives (by recipe 01 and 02)
of polyethylene leads to substantial changes of
physics-and-chemical and dielectric properties. For
recipe 02 of thermal aging during 8 hours leads to
decreasing: tgd from 1,95 to 16:10™, op from 13,54 to
8,5 MPa, or from 10,89 to 9,9 MPa, y from 595 to
437%, and for recipe 01 these changes smaller: tgd
from 1,95 to 4,28:10™, o5 from 12,96 to 11,67 MPa,
ot from 10,3 to 10,0 MPa, y from 598 to 563%.

Addition of 0,15% of initial
polyvynilbutylether or with mixtures of Risella-33 to
initial and with thermoadditions polyethylene leads to
small changers its properties (these changes are
smaller for recipe 01 than for recipe 02) for indexes:
tgd from 1,05-2,1-10* to 1,44-2,72:10*, op from
12,75-13,63 MPa to 11,28-13,34 MPa, ot from 10,4-
11,09 MPa to 9,42-10,59 MPa, y from 593-612% to
550-593%. In table 3 are adduced properties of
polyethylene (trademark 10803-020) during in put to
it of 0,1 and 0,15% (weight) of tested oils. As is seen
from the Table 3, physics-and-mechanical properties
of polyethylene stay up to requirements of STATE
STANDARD 16337-77.

Analysis of results in Table 4, shows that
physics-and-mechanical properties of compositions
are up to requirements of STATE STANDARD
16337-77. Oil PVBE and its mixtures with oil Risella-

33 provide quality of compositions of recipe 0,1 and
0,2 up to requirements of STATE STANDARD
16337-77, ( and to index “resistance to thermal
aging”. Oil Syntheso D-201 makes worse properties
of polyethylene compositions of recipe 0,1 and 0,2,
especially its resistance to thermooxidative aging
[14].

Conclusions

Were tested properties of high-pressure
polyethylene (trademarkl 0803-
020), which was made in autoclave reactor with
lubrication of compressors by
naphtene oil Risella-33, and its artificial mixtures
with.

It is shown resistance to thermal aging for
ethylene composition determines by oil’s nature, its
content in polymer and activity and content of
thermostabilizer — antioxidants. As is seen, addition of
0,15% of poly glycol Syntheso — D201 N with
additive to initial and with thermoadditives (by recipe
01 and 02) of polyethylene leads to substantial
changes of physics-and-chemical and dielectric
properties.

Analysis of results shows that physics-and-
mechanical properties of polyethylene (trademark
10803-020) during in put to it of 0,1 and 0,15%
(weight) of tested oils and of compositions are up to
requirements of STATE STANDARD 16337-77. Oil
PVBE and its mixtures with oil Risella-33 provide
quality of compositions of recipe 0,1 and 0,2 up to
requirements of to index “resistance to thermal
aging”. Oil Syntheso D-201 makes worse properties
of polyethylene compositions of recipe 0,1 and 0,2,
especially its resistance to thermooxidative aging.
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Oc00,1MBOCTIi HAHOCHCTEM HA OCHOBI XaJIbKOT€HITHUX
HANIBNPOBIAHMKIB 3 NIPUPOIHUMHU HAHOCTPYKTYPOBAHUMH
MaTpHUUSIMH

1 . o . o . . . . .
Jveiecokuti nayionanonuil ynigepcumem imeni leana @panxa, gyn. [pacomanosa, 50, 79005 Jlveis, Yrpaina

2 . . % . . M . o .
Hayionanvna axademis cyxonymuux giticok imeni cemomana Ilempa Caeatidaunozo, eyn. I'epoie Maiioany, 32, 79012 Jlveis,

Ykpaina

'V crarTi HaBe/IGHO Pe3yJIbTATH JOCHIDKEHb HAHOCHCTEM Ha OCHOBI IIOBEPXOHb XaJIbKOTCHITHUX HAMiBIPOBITHUKIB
(ceneniniB inmito (InsSes, InSe) Ta ix inTepranariB (Ag,InsSe;, NixInSe) 3 npupoHUMI HAHOCTPYKTYPOBAHIMHI MaTpH-
sV BrBueHo Tomorpagiro, aToMHy, €IEKTPOHHO-CHEPIETHYHY CTPYKTYPY. BCTaHOBIEHO MexaHi3Mu (hOopMyBaHH
HU3BKOPO3MIPHUX MipaminanbHix iHmieBux crpykryp Ha IIC (100) IngSe;. HocnimkeHo ocobimBocTi (hopMyBaHHS
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Beryn

HaniBripoBinaukoBi mapysari kpuctanu (1K) Ha
OCHOBI XaJIbKOTEHIIHUX CIOJYK HaJIe)KaTh O KBa3i-
JBOBUMIPHHX MaTepialliB, 0COOJIMBOCTI €ICKTPOHHUX
BJIACTUBOCTECH SKHUX BU3HAYAIOTHCA 1X KPUCTAJIYHOIO
OYIOBOIO, 30KpeMa, CJICKTPOHHUMHU B3a€EMOIISIMH B
OKpPEMOMY IIapi-MaKeTi SK KBa3iHE3AJICKHIH CTPYK-
TYPHI{ OJMHHUIII.

Hamnienposinuukosi 1K cenenigy inmiro IngSes
3aBASKH CBOIM HETPHUBIQIBHHM CTPYKTYPHHUM 1
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aHiI30TPOITHUM BJIACTHBOCTSIM, SK  CBiI4aTh
pe3yNnbTaTh JOCHiPKEeHb OaratbMa METOAaMHU II0/I0
CTpYKTypH Ta Tonorpadii iXx NOBEpXOHb CKOJIIOBAHHS
(IIC), wmaroTh  CTPYKTYpHY  CTaOUIBHICTB 1
HU3BKOpO3MipHi 1D 1 2D nmpuponHi HaHOCTPYKTYpH.
Bkazane poOWTh IX MEPCIIEKTUBHUM MaTepiajioM IJist
BHUKOPUCTAHHSA SIK MaTpHIIL/Ia0JIOHIB IS
(opMyBaHHs TOBEPXHEBHX HH3bKOPO3MIPHUX HAaHO-
TeTepOCUCTEM, TPOBIHUX KBAHTOBHX HAHOTOYOK,
HAHOJAPOTIB, HAHOMHYpiB. [ 1LOrO HEOOXimHI SIK
MOAAJbII  JOCHI/DKEHHS CTPYKTYpHU  TOBEPXOHB
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CeJIeHIIiB 1H/iI0 Ta TX 0COOMMBHX BJIACTUBOCTEH, TaK i
IepIn KPOKH IIOAO0 ampodaiiii METOMIB OTpUMAaHHS
HU3BKOPO3MIpHHUX HaHOrerepocucreM Ha ix T1C.
Hu3bkopo3MipHI  KBaHTOBI CTPYKTYpH TPEACTaB-
JSIIOTH TIPAKTUYHY IIHHICTh JUTS peajizamii y mpuiajgax
HaHOENIEKTPOHIKK. BOHM pO3MIIYIOTECS 1 peaizyroThest
Ha TIEBHUX MAKIAAKAX YH HAHOCTPYKTYPOBAHUX
MaTpHIX, K e Moo y Bunaaky 11C IngSe; (100),
InSe (0001) 1 MarOTh KOHTAaKTH 3 IHIIUMH CTPYKTYPaMH i
(DYHKILIOHATBHUMH €JIeMEHTaMH — TOOTO pa3oM 3 iHIIMMHU

YTBOPIOIOTh ~ HAHOCHCTEMM, K  MNPHKIAN, L€ —
In/InsSe3(100), Ag/InySez(100), Ni/InSe(0001).
Peanizaris HAHOCHCTEM In/InySe;(100),

Ag/InsSe;(100), Ni/InSe(0001) moknuBa sik METOIOM
HamwieHHs iHAif0 Ha [IC(100) IngSe;, Tak 1 ckosmro-
BaHHIM i1 Sifu TIOMIEPEIHBO IHTEPKAIHOBAHOIO CPiO-
noM abo HikeseM ceneHiny ingiro. [Tpu npomy mera-
JIYHI HAHOCTPYKTYpH, sKi (OPMYIOTBCS Yy MpOIEci
iHTepkatroBanns B 00’ emi IIIK Ag,In,Se; ado Ni,InSe
y MIKIIAPOBUX MIUIMHAX, “BuxoasaTh” Ha [1C.
HesBakarouu Ha 3HaYHY KiJIbKICTh POOIT, IIPHUCBSI-
YEeHMX  BHBYECHHIO  BIIACTUBOCTEH  IHTEpKaJaTIB
(Ni,InSe, Ag,In,sSe;), B mitepaTypi HeMae HaHHUX MIO-
o Kpucranorpadii, Tormorpadii, aTOMHOI Ta enek-
TPOHHO-EHEPTeTUYHOI CTPYKTYPH MOBEPXOHb CKOJIIO-
BaHHS 1HTEPKAJIATIB, L0 € BAXKIMBUM JUIS OJIEP KaHHS
HaHorerepocucreM Ha ix IIC. AKTyanbHICTH TaKux
JIOCITI/PKEHb 3yMOBJIEHA MTOTPE0OI0 Ofep)KaHHS HaIliB-
MPOBITHUKOBUX KPHUCTANIiB 3 METAJIEBUMHU ‘‘BKIIIO-
YeHHAMHU SAK B 00’€Mi, Tak 1 Ha MOBEPXHi, 3 METOIO
CTBOpEHHSI Ha IiX OCHOBI HOBHUX (POTONETEKTOPIB,
MAarHiTHUX CEHCOPIB Y MPHUCTPOIB CIIIHTPOHIKH.

Meta poboTH moJSITa€E Yy  OTPUMAHHI,
JIOCNI/DKEHHI ~ Ta  BCTQHOBJIIEHHI  OCOOJIMBOCTEH
HAHOCHCTEM In/InySe;(100), Ag/InySe;(100),

Ni/InSe(0001) Ha OCHOBi XaJBbKOTEHITHUX HAMiBIIPO-
BIJIHUKIB 3 MPHUPOTHUMH HAHOCTPYKTYPOBAaHHMH Ma-
tpuismu (IngSe;, InSe).

I. Meroam nocaigxeHHs

Momnokpuctanu Tenypuny raiito (GaTe) Ta cene-
HIJIB 1HIIFO IHTEPKaJhOBAaHUX HiKeJaeM (IHTepKaJaTH
Ni,InSe) O6ymu Buporieni merogom bpimkmena-CTok-
Oaprepa. MoHokpuctanu yucroro IngSe; Ta cre-
IiaTbHO 1HTEPKAIHOBAHOI'O CPIOJIOM CENEHIAY 1HIIO
Ag,In,Se; — Kiponynoca—Hoxpanbscbkoro. [is ekcre-
puMeHTanbHuX gociimkens [1C kpucraniB BUKOpHC-
TaHi Taki Meroau: AU(PaKiis NOBUIEHUX €JIEKTPOHIB
(AITE) Ha BimOWBaHHS, CKaHylO4Ya TYHEJIbHa MIKpO-
ckomiss (CTM) — mocimipkeHHST aTOMHOI, MIKpo- 1
HAHOCTPYKTYPH TOBEPXOHb, ()OPMYyBaHHS KIIacTepiB
Ta HOBUX (a3; OrKe-elIeKTPOHHA CIHEKTPOCKOIIis
(OEC) — nnst - nmocnifpkeHHST  €JIeMEHTHO-(a30Boro
CKJIaJly Ta MOSBU HOBHX EJIEKTPOHHHX B3a€MOJIH Ha
MOBEPXHSX; CKaHylO4Ya TyHEJIbHAa CIEKTPOCKOIIis
(CTC) — st mocmipkeHHsI TYCTHHU CTaHiB Ta €JIeK-
TPOHHO-eHepreTuyHoi cTpykrypu I1C.

Hanorerepocucremu Ni/InSe(0001) Ta
Ag/InsSe;(100) oTpumany METOIOM CKOIIOBAaHHS Ti0-
PUIHMX IHTEpKaJaTHUX ImapyBaTux cucremu NicInSe
[1-2] Ta AgnsSe; B31OBXK MIKIIAPOBUX MILJIHH.
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Hanorerepocucremy  In/IngSe;(100) OTpUMAITU
nuiaxoM HamwieHHs iHfio Ha [1C (100) IngSes.

II. Pe3ysabraTu T2 iX 00roBopeHHs

Ocoo/mBocti HaHocucremu Ni/InSe(0001)
i MIKPO- T2 HAHOCTPYKTYPA MILKILIAPOBUX
MOBEPXOHBb CKOJIIOBAHHSI TeJIypUAY ralito

Otpumano HasorerepocucteMy Ni/InSe  (0001)
METOJIOM CKOJTFOBAHHS TOPHIHOI IHTEpPKAIATHOI ITapyBa-
Toi cucteMd NiJnSe B3J0BX MDKIIAPOBHX IIUIMH Ta
BCTaHOBJICHO, IO HIKEJTb, SIKMI MiCTHTBCS Y MIXKIIIAPOBHX
nimHax inrepkanatie NigInSe (x=0; 0,5; 0,75; 1,0; 2,0
aT.%) 1, BimoBiqHO, Ha MbkIiaposux I1C (0001) inTepka-
natiB NiJnSe He B3aeMomi€ 31 ceJIeHOM, iHIIEM, HeMae
B3aeMOIil 3 KucHeM 1 ByrerieM [ 1-2]. Hikenb, skuit Mic-
TUTBCS Y MDKIIAPOBHMX INUMHAX iHTepkasariB NidnSe
SIBIIE COOO0, TIEPEBAKHO, APIOHOMMCIICPCHY (ha3zy MeTa-
JieBuX KiactepiB [1-9]. Po3paxoBaHa MakCMMAJIBHA KOH-
nentpars Hikemro Ha I1C (0001) inrepkasnatie NiInSe y
KiTbKOCTI 710 7,67 at.%, siKy croctepirarots mpu 0,75 at.%
HIKEITIO Y BUXiZTHOMY cIuiasi [ 1-2].

BcraHoBiieHa CTpyKTypHa 1 TemIiepaTtypHa CTaOuTb-
Hicte Mibkmmaposux [IC (0001) inrepkanariB Ni,InSe Ta
MATBEpHKCHA MOXKIIMBICTh BHKOPUCTAHHS TiOpHIHOL
cTpykTypu (iHTepkanatHoi cuctemu NiInSe) y npunan-
HHX 3aCTOCYBaHHSX, 30KpeMa, y MarHiTOeJIEeKTPOHIIl Ta
criiHTpoHimi [ 1-9].

BcraHoBieHo, 3a pe3yabTaTaMH KOMILIEKCHOTO
nocnimpkenns meronamu CTM/CTC i AIIE IIC xpu-
craniB GaTe, icHyBaHHS NIBOX DI3HHX CTPYKTYp Ha
I[IC GaTe: rekcaroHampHOI y MakpoMmacmrTadi i
MOHOKITIHHOI, 5IKa € BUIAJKOBUM YHHOM PO3MO/IiJICHA
Ha 1oBepxHi y HaHoMaciuTaoi [10-12]. BiamosigHo no
orpuMmanux pe3ynbrariB [10-12], BcTaHOBJIEHO, IO
noBepxusi GaTe He € TUIOCKOIO 1 XapaKTepH3YEThCs
HasBHICTIO JI00pe PO3BUHEHOT CXOMHYACTOI CTPYKTY-
pH, sIKa OTPUMYETHCS BHACTIZOK CKOJIOBAHHS
Kpuctany. BusiBieHa MOXJIMBICTh JIOKAJIBHOI Y HAHO-
MaciTadi PEeKOHCTPYKIi 0a30BOi T'eKcaroHaJIBHOL
CTPYKTYpPH B MOHOKJIIHHY, 110 TIOB’sI3aHa 13 KIJIBKICTIO
TIOBEPXHEBUX A€(EKTIB, TAKUX SK AOBIJIHHO pO3Millie-
Hi CXOOWUHKH 3 BHCOTOIO, sKa JIOPIBHIOE TOB.IIHHI
omHoro nmakety Te-Ga-Ga-Te [10-12]. Le cBimunts, Mo
I[1C IIIK GaTe € nenpumaTHUMM SIK TIKIaIKA U Gop-
MYBaHHsI HAHOT'€TEPOCHCTEM Ha TX OCHOBI.

Tomorpagis Ta aroMHa CTPYKTypa
noBepxoHb ckoawBannsa (100) kpucra-
JiB In4Se3

Opepxani  CTM-tonorpamMu  BKa3yloTh  Ha
ICHYBaHHS TIepiOIUYHOI, rO(pOBAHOI CTPYKTYpHU Ha
I1C (100) InsSe; [13]. Onmeprxani, B3OOBX OCHOBHHX
HaNpsIMiB, TepiogWYHI Tpodimi CHiBNamarTh 3i
CTaJMMHU IIOBEPXHEBOI TPATKM B3IOBXK BIAMOBIIHUX
HanpsMKiB (c¢(x), b(y)), 1O BKazye Ha Te, IO MiCIs
ckomoBanHs moepxHsa (100) IngSe; He mepe-
OYIOBYETHCS 1 € MIKPOCTPYKTYPHO CTaOLIBHOO [13].
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3a kaptunamu JII1E, BCTaHOBIICHO, 1[0 CUMETPIis
oOepHEHOI TpaTKM 1 BiMHOIICHHS 3HAYEHb CTAJIUX
c*/b* NBOBUMIpHHX OOEpHEHHMX IPATOK (BiAMOBIIHO
BekTOopiB b/c mpsmux rparok) IIC (100) InsSe; ne
3aNIOKUTh BiJ Yacy ekcnosuuii mpu 295K  micns
CKOJTIOBaHHs1 y HajiBrucokomy Bakyymi (HBB), 1 Bka3ye Ha
Te, 0 y ILOMY pas3i IpaTka He mepedynoByeThes i [1C
(100) InySe; € cTpykTypHO cTabLTBHIMY [ 13-15].

Bcranoriena, 3a kaprunamu JI1E, anizorporris
miniiiHoro posmmwmpenns [1C (100) InySe; 3a HanpsiM-
KaMH BEKTOPIB CTAINX IPaTKH b Ta ¢: TeMrepaTypHHUi
KOe(ILlIEHT PO3LIMPEHHsSI 33 HAampsSMKOM BEKTOpa
CTajol IpaTku ¢ € OUIBLIMM, HDK TeMIepaTypHHA
Koe(iLliEHT PpO3LIMPEHHS 3a HAIpSIMKOM BEKTOpa
craznoi rpatku b. OnHOYACHO, BiJICYTHICTH 3MIHH CH-
merpii JI1E-kapTuH, oTpuMaHuX y HIMPOKOMY TEMIIE-
parypHoMy nmiama3zoni 77-295 K, 3acBimuye Tem-
nepatypHy cradinpHicTh [1C (100) IngSe; [13-16].

O0umcrneHo, BUXOJSTIN 3 OTPUMaHUX
EKCIIEpUMEHTAJIbHUX PEe3YJIbTATiB 3MiHM 1HTEHCHBHOCTI
JmudpakiiiiHo-iHTepdepeHIIHHNX peduIeKciB, v miana3oHi
Temrieparyp 3paska 77-295 K, temmeparypy /lebast Ta
¢daxrop [edas-Yomnepa mis [1IC (100) InySe; 1 Bcranos-
JICHO, 1[0 BOHA BINPI3HAETHCS BiJ TEMIICPATypHU IS
00’emy UHIK InsSe;, mo ™moxe Oyrn 00yMOBICHO
ICHYBaHHSM OCOOJIMBHX HETIHIMHUX 3THHHUX KOJMBaHb
Iapy-rakery, sk OKpeMoi cTpykTypHoi omuHumi IIK
InySe; Ta 3MiHM cuMeTpii B3aeMOIii aTOMIB Ha MOBEPXHI
TOPIBHSHO 3 00’ eMoM [ 14-15].

Bce BumienaBenene 3acimuye, 1mo I[IC (100)
opropom6iuHnx 11K InsSe; € npuaaTHuMu 11 BUKOpH-
CTaHHA SK MAaTPUIN/mA0IOHU 1T  (OpMyBaHHI
HaHOTETEPOCHCTEM Ha iX OCHOBI.

MetaJieBi HAHOCHCTEMH HA MOBEPXHAX

CKOJIOBAHHSI KPHCTAJIB  CeJIeHiAiB
inairo
HocnmipkeHo — Tomorpadito,  Mopdororito  Ta

€IIEKTPOHHO-eHepreTuuHy cTpykrypu Meronamu CTM Ta
CTC, BimnoBimHO, CpIOHMX 1 HANMWICHUX 1HIIEBHX
HaroctpykTyp Ha I1C (100) InsSe;. Takox BHBUaBcs ere-
MenTHO-(hazoBuii ckian IIC Ag,n,Se; meromom OEC.
[HmieBI HAHOCHCTEMH OTPUMYBAIM METONIOM HAIWJICHHS
igmiro Ha [1C (100) InySes, cpiOHI HAHOCTPYKTYpH Ta HAHO-
CHCTEMH YTBOPIOBAIM CKOJIOBAHHSIM i1 Sifu TIOTIEPEITHBO
iHTepraoBanoro cpiomom 1K AgIn,Ses, mpu 1pomy
METaJIliYHi HAHOCTPYKTYpH, sIKi (DOPMYFOTHCS Y TIpOLIEC] iH-
TepkamoBanaa B 00’emi 11IK Ag,In,Se; y MiKIapoBux
nimHax, “Buxonats” Ha I1C (100).

OTtpumano IHIIEBI reTepOHaHOCUCTEMU
In/InySe;(100) Ha wHanoctpyktypoBaniii TIC (100) HIK
InySe;. BeranosrneHo, 1m0 (hopMyBaHHS HU3KOPO3MIPHUX
mipaMilaTbHAX  1HIIEBHX CTPYKTYp BilIOyBaeThesl 3a
MmexaHisMoM  @onemepa—Bebepa ax 10 MOMEHTY
YTBOPEHHSI HAHOTOYKAMH IHIIO HEOIHOPITHOI IUTIBKH,
MOJAJIBIINK PICT SIKOI BiIOYBaeThCS 3a MeXaHI3MOM
Crtpancskoro—Kpacranosa [17]. Takoxk BCTaHOBIIEHO, 1110
HaHOTOUKH TiepeBakHO Gopmyrothes Ha T1C (100) IngSe;
3  HHU3BKOIO  CJICKTPOMpOBImHICTIO  (puc. la), a
KBa3iOMHOMIpHI  cTpykTypu —Ha moBepxHsax LK 3
BHCOKOIO TpoBifHicTIO (puc. 1 6). KoHtpons 06’emHOl
MPOBIJHOCTI  Kpuctany InsSe;, HaHOCTPYKTypoBaHa
I1C (100) sIKOrO CIYTye MiKIa KO0, € MEPIIHM KPOKOM
JI0 KepyBaHHS PO3MIPHICTIO 1HII€BUX HAHOCTPYKTYp Ha

Puc. 1. CTM-300paxxerrss HBB ckomis (100) (Hanpyra 3mimenss 1,6-1,7 B, TynenpHuit ctpym =100 mA) kpucTaniB

InySe; 3 HI3BKORO (20,01-0,05 (OM'CM)_I) (a) i BrCOKOIO (=10-10° (OM'CM)_I) (6) mposimHicTro micist 480 ¢ ocapkenns In.

Hassaicte Ha TIC (100) IngSe; caMoiHTepKaTIOFOYOL

HAJICTEXIOMETPUYHOI ~ JIOMINIKK  IHII0  pa3oM 3
HAaHOCTPYKTYPOBAHOIO OOpPO3HHCTOO MAaTpHULEI0
BU3HAYa€ JMHaMIKy TpaHcopmalii HAaHOOO €KTIB:

HAHOTOYKH —> HaHOIIHYPY —> CYIIUIbHI HAHOIUTIBKA Ha
IIC (100) InsSe;. EneprernuHo BHTIIHOIO (HOPMOFO
OCTpIBIIIB € MipaMi/H, SIKi CIIOCTEpIraid B HAIIOMY BU-
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niagky (puc. 2) i sxi, six cBimuars qani CTC (puc. 2 T, 1),
cpopMOBaHi 3 iHIFO.

Opi€eHTOBaHl 3apOKN BHUHUKAIOTH BIIOBIIHO [0
po3tarryBanss Ha [1C MOTEHITIATBHIUX SIM 1 aKTUBAIIHHIX
pamiB 3 iomiB iHgito In" (puc. 3 a) y AKUX 3 MiHIMyMOM
EHEpril PO3TAIIOBYIOTHECS aTOMHM iHIO In, IO Ocamky-
I0TBCSI, 1 BHACIIZIOK LIBOTrO CIIOCTEpIraiy Opi€HTaIlHHII
piCT HUBBKOPO3MIPHUX HAHOCTPYKTYP IHIIIO Ta iHII€BUX
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HAaHOCKCTEM Ha KpHcTaliuHuX mapax-nakerax [IC (100)  mxoyTBOpeHHs HOBOI KpuCTamiyHOI (ha3u iHmiro, mo ¢op-
InySe; (puc. 3 6). MYETBCSI Ha CKOJIaX B MPOLIECI HAIMJICHHST 1HJIIIO.

Kuacrepu iHmit0, sIKi HasIBHI Ha TIOYAaTKOBUX TTOBEPXHSIX OpieHTaliiiHuii ~ BIUIMB ~ MJKIAJKM HA  PiCT
(100) InsSes, 3 KoHUEHTpaIsIMH, IO 3aIeKaTh Bin yMoB  rerepoHanocucreM 0D Ta 1D iHfito BU3HAYa€THCS HE CTi-
BHPOLIYBaHHS KPUCTAITY 1 5IKI PO3MIIIICH]I B MEBHMX MICIFIX ~ JIBKA CHJIOBHMH, CKUIBKM CTPYKTYPHO-I'€OMETPUYHHMHU
CIPYKTYpH TOBepXHi [17, 18], BHCTYNaOTh 5K LGHTpH 3apo-  0codmBoCTAMH atomHo woperkux [1C (100) In,Se..

@ 56.8 Hu @

Z,[nm]

20 60 80 100 0 30 100 150

X[nm] X[mn]
0 B

Bias voltage, V Bias voltage, V
r pis
Puc. 2. CTM 300pakeHHs 30iIbIIeHOr0 (DparMeHTy ToBepXHi posmipom 147,5x165 uM” (a), 1O OTpUMAaHe MpH
Hanpy3i 3MimeHHs -1,2 B ta crpymi TyHemoBanHs 84 mA, Ta BianoiaHi Tomorpadiuni mpodini momnepek (6) Ta
B3ZIOBXK (B) 1HZIEBOI HAHOCTPYKTYpH THipaminaibHoi (opmu, otpumanoi HammneHHsM mpotsroM 25 c. CTC
JOCITiDKEHH s AiISHOK roBepxHi 1 Ta 2 po3mipoM 16x16 uM?, mo npecrasieni Tunosumu BAX I(V), sixi xapaktepHi
JUTsl HaliBOPOBiAHMKA (T) — IUIsHKA 1; 111 Metaity () — AiisHKa 2.

MDKILIAPOBa MOBEPXHS CKOLY

Puc. 3. MozenbHe 300paXkeHHS POCTY 1HIIEBMX HAHOPO3MIPHHX CTPYKTYp Ha KJacTepax iHAio, 110 IPUCYTHI Ha
I1C (100) In,Se,: a) ®parmentu Mikmaposux T1C (100) In,Se, BiANOBiAHO 10 CTPYKTYpH KpucTaiy (IIPOCKLUs Ha
wionwHy (001)), 3 SKOro BUIHO, SIKI aTOMH “‘BUXOZISATH” Ha TOBEPXHIO. TPUKYTHHKH Ha PUCYHKY BKa3yIOTh HAIpSM
CKOJIIOBAHHs Ta HOMep ckoity; 0) AkruBauiiinmii pict Ha IIC (100) In,Se, y Bunazxy cxoy 2.

Bneprie OTpHMaHi HaHorerepocucremu  Ag mapamu [19, 20]. 3a pesynsratamu CTM/CTC BcTa-
Ag/InySe5(100) meromom ckomosanuss y HBB, intep-  HoBiena BincytHicth pekoHcTpykuii [1C (100) crierians-
KajJarHol ImapyBatoi cucreMu AgdnsSe; B3momk  HO iHTepkaigboBanux cpionom IIK  AgnsSe;, sxi
MDKIIApPOBMX INUIMHW, 3 TIOYEPrOBUMH HAIBIPO-  IIOKAa3yIOTh J0OpY BIIMIOBIIHICTH NapameTpiB ITOBEpXHE-
BIJIHMKOBUMH IIapamu-Tiakeramu InySe; Ta MerageBUMH — BOi i 00’€MHOI IPATOK, Ta HEOJHOPITHUH PO3NOLT iHTEp-
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KTy y HaHoMaciradi (IpiOHOMUCIEPCHI KiacTepu
cpibna) na I1C (100) 1K Ag,n,Ses.

BcraHoRmeHo, 10 TS i3 HASBHICTIO JIOKATI30BAHUX
craniB Ha [1C (100) InySez, 3yMOBJIECHHX CAMOIHTEPKAIIITOM
IH/II1O, SIKI XapaKTepHi [UTsl CTIeLiajIbHO HeIHTEPKAIbOBAHNUX
KPUCTaJIiB, CIIOCTEPITAT CTAaHK, OOYMOBJICHI CpiOJoM,
BBEJICHUM Y MDKIIIAPOBY IIUIMHY B MPOIIECI 1HTSPKAIIAIL.
Kpim Toro, CTC-crieKTpy OTHO3HAYHO JIAt0Th TiJICTABU 3P0~
OMTH BHCHOBOK Mpo icHyBaHHs Ha [IC pi3HHMX JIOKIBHUX
JIISHOK, $IKi BUSIRIITIOTH 200 HAMIBIIPOBIIHUKOBI, a00 CyTO
MeTaJtiuHi BacTuBocTi [19, 20].

BucHoBkH

1. Orpumano Hanocuctemy Ni/InSe (0001) i
BCTAHOBJIEHO, 1[I0 HIKeNb, SKUA MICTUTBCA Y
MDKIIApoBKX INiTiHAX iHTepkamatiB NidnSe (x=0; 0,5;
0,75; 1,0; 2,0 ar.%) i, BiaMOBITHO, HA MDKIIAPOBHX
I1C (0001) mix yac CKOFOBAaHHS HE B3AEMOIIE 31 CEIICHOM,
iHITIEM, a TAaKOXX 3 KHCHEM 1 BymiiereM. MakcuMabHa
koHUeHTpaist Hikemo Ha [IC(0001) inTepkanariB
Ni,InSe, siky crioctrepiranu mpu 0,75 a1.% HiKelO y BU-
XiJIHOMY CIUIaBi, CTAHOBHTH 7,67 at.%.

2. BcraHoB/ieHa CTPYKTypHa i TemmepaTypHa
crabiiphicTs MbkmapoBux [1C (0001)  inTepkanaris
Ni,InSe. Hikenb, 1110 MiCTUTBCS y MIKIIAPOBHUX MIUTHHAX
inrepkaariB NigInSe i BianosimHo Ha ix IIC (0001),
sBisie  coOOr0, TepeBaXkKHO, JIpiOHomMcIiepcHy a3y
MeTaneBuX — KiactepiB. [liaTBep/rkeHa MOMKIIMBICTH
BUKOPHUCTaHHS TOpUIHOI iHTepKanaTHoi cuctemu NiInSe
Y MarHiTOEJIeKTPOHILIi.

3. BcranosieHo HasiBHicTe Ha IIC kpucranis
GaTe pisuux ¢a3: rexcaroHasbHOI y Makpomacmradi i
MOHOKIIIHHOI Ha JIOKaJbHOMY piBHI. EkcriepuMeHTasbHO
3’sicoBaHO, IO MoBepxHi Kpuctame GaTe 3a3HaroTh
PEKOHCTPYKIIii, TaK SIK MICJsI CKOJIOBAHHA BiIOYBA€ThCS
niepedyoBa i3 0a30BOi TeKCArOHAIBHOI CTPYKTYpH Y
MOHOKIIIHHY Ha HaHopiBHi, 1 Tomy IIC IIIK GaTe €
HETPUIATHAMHU SIK TTKITAIKA 11 (POPMYBaHHS 1HIEBUX
rerepoHaHocucreM In/GaTe 3 Bukopucranssm ix I[1C.

4. BcTaHoBjieHa aHi30Tpomisi TeMIIepATYPHOIO
posumpennst IIC (100) InySe; 32 HanpsiMKamMut BEKTOPIB
CcTayMX Ipatku b Ta c: TemmeparypHuil KoegiuieHT
PO3ILIMPEHHS 32 HAMPSIMKOM BEKTOpa CTajloi IPaTKU € €
OLTBIINM, HDK TeMIIepaTypHHH KOeDIIliEHT pO3IIMPEHHS
3a HaNpPsIMKOM BEKTOpa CTaioi IpaTku b, ane BomHOYAC,
Hemae 3Minu cumerpii JIIE-kaptuH, oTpuMaHux Yy
TeMriepaTypHomy mianasoni 77-295K. Ile moBoauts
temnepatypHy crabumbHicts  [IC (100) IngSe;.  Pospa-
XOBaHI 3HAYEHHs CTaJMX JBOBUMIPHOI IpaTKH, IO

nexuts y mionmdi  TIC  (100)  opTopomOiyHIX
HIK InySe;, otpumani 3a kapturamu JI1E, 36irarotecs 3
pe3yapTatamu, otpuMannmMu MetomaMu ACM i CTM Ta
nepeOyBaloTh Yy MEXaxX MOXHOKM BKa3aHHUX METOMUK,
33JIOBUTGHO 30Irarouuch 31 3HAYEHHSMHU OJEp)KaHUMH
MeTooM X-mudpakToMeTpii.

5. Po3paxoBano ¢akrop edasn—Yomnepa i
Temmnepatrypy [e6as pas IIC (100) InsSe; Ta
BCTaHOBJICHO, I1I0 BOHA BINPI3HSETHCS Bil TEMIIEpaTypH
Hebass s o6’emy HIK IngSe;, mo moxke Oyru
00YMOBJICHO HAsIBHICTIO OCOOJTMBUX HENIHIHHUX 3THHHUX
KONMBAHb IAPYy-TIAKETY, SIK OKPeMOl CTPYKTYpHOI
omuumin 1K InySe; Ta 3MiHM cuMeTpii B3aeMOIii aTOMIB
Ha TIOBEPXHI, TOPIBHSHO 3 00°€MOM. 3po0JIEHO BHCHOBOK,
0 HAHOCTPYKTYpOBaHi, OOpO3HHCTI I aHI30TPOIHI
I1C (100) InySe; npupaTHi 115 BUKOPUCTAHHS SIK MaTpu-
I1i/1I1a0IoHH TUTS onepKaHHT MOBEPXHEBUX
HHU3BKOPO3MIPHHX HAHOCHCTEM — HAHOTOYOK, HAHOJIPOTIB
Ta iHIIKX BIOPSIKOBAHUX HAHOCTPYKTYP.

6. Yniepiiie oTpUMAHO iH/Ti€BI reTepPOHAHOCUCTEMH
In/In,Se;(100) Ha HAHOCTPYKTYPOBaHIH
I1C (100) IIK InySe;. Bcranopieno, 1mo ¢opMyBaHHI
HU3bKOPO3MIPHHUX IMIpaMialTbHHX 1HAIEBUX HAHOCTPYKTYP
BiOyBaeThcs 3a MexaHismMoM PonpMepa—Bebepa ax 1o
MOMEHTY YTBOPCHHS HAHOTOYKAMH IHJIIIO HEOTHOPITHOI
TUTIBKH, TIOJAJIBILINI PICT SIKOT BIOYBA€ETHCS 38 MEXaHI3MOM
Crpancekoro-KpacranoBa. Takoxk BCTaHOBJIEHO, IO
HAHOTOUKHM TepeBakHO (opmyrothes Ha I1C (100) InySe; 3
HM3bKOIO  CJICKTPOIIPOBIMHICTIO, a  KBa3iOMHOMIpHI
crpykTypu — Ha nioBepxasx 111K 3 BUCOKOIO TIPOBIHICTEO.
Konutpoms 00’eMHOI  MpOBITHOCTI  KpucTaimy IngSe;,
HaHocTpykTypoBaHa [IC (100) sSKoro ciayrye miakiaaKoro,
€ TIEPIIMM KPOKOM JI0 KepyBaHHSI PO3MIPHICTIO IHTIEBUX

7. Bnepiue OTpUMAaHi HAHOCHCTEMHU
Ag/IngSe3(100) i BCcTaHOBICHA BIJACYTHICTH PEKOH-
crpykuii I1C (100) crienianbHO iHTEpPKaIbOBAHHUX CPIOIOM
HIK Ag,InsSe; Ta HeomHOPIIHMIA PO3TIONIN IHTEPKAIATY B
HaHoMacmTall (PiOHOMMCIIEPCHI KIacTepH cpibia) Ha
I1C (100) IIIK Ag,In,Se;.

8. Bctanosieni ocodummBocTi  (hopMyBaHHS
JOCTIKyBaHUX HAHOCHCTEM, SIKi TIOJSTalOTh y TOMY,
IO METOJIOM CKONMIOBaHHs iHTepKanatHux cucreMm LK
NiyInSe Ta AgJn,Se; OTPUMYIOTBCS HECYIIUIBHI,
HaHommcriepcHl (asu inTepkanaty Ha IIC. Jlume me-
TomoM HarmwieHHs iHmiro Ha IIC (100) HIK IngSes
BIQJIOCS OTPUMATH BIIOPSIKOBAHI TETEPOHAHOCHCTEMH
In/InySe;(100) Ha [1C — HAHOTOYKM Ta HAHOLITHYPH.
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PIBUKO-XIMIA TOHKUX MIIBOK

VIIK 519.24

10.B. Knaniuka

MexaHi3MH B3a€MOAII OKCUTE€HY 3 TOHKUMM IUIIBKAMH
XaJIbKOTI'eHiIiB MeTaJIiB (OrJIs)1)

Tpuxapnamcoruii nayionanshuii ynisepcumem imeni Bacuns Cmeghanuxa,
eyn. llleguenxa, 57, m. Isano-@panxiscok, 76018, Vkpaina, E-mail: fess@pu.ifua

IpuBeneHi pe3yabTaTi Ta BUKOHAHMI y3arajbHEHMH aHali3 AOCIIDKeHb XIMIYHOro 1 (ha30Boro ckiany,
a TaKoX EJISKTPUYHUX BJIACTHBOCTEH TOHKHMX HOJIKPHCTAIIUYHMX IUIBOK IUIIOMOYM CeJeHily, MiJJaHux
BIUIMBY aTMOC(EPHOr0 KHCHIO. 3alpOIIOHOBAHO MEXaHI3MH B3a€MOJii KHCHIO 13 MarepiajoM ILIiBOK.
IlpuBeseHi pe3ynbTaTu JOCHIIKEHb 3aJISKHOCTEH €IEeKTPUYHMX IapaMeTpiB IONIKPUCTATIYHMX ILIBOK
IUTIOMOYM XaJbKoreHi(iB pizHoi ToBmmHA (d=(20-250) HM) BiJl THUCKY KHCHIO (P0o,=10"* - 104 ITa). Busisneno
JIBa PI3HMX MEXaHI3MM aKLENTOPHOI B3a€MOJii KUCHIO i3 HOBEPXHEI0 TOHKHMX IUIBOK. 3aIpONOHOBaHO
KPHUCTAIOXIMIYHI MeXaHi3MH ajcopOuii KHCHIO, IO IOB’s3aHI 13 3aMilIeHHSM XaJbKOTEHY, a TaKoXK
BKOPIHEHHSIM Y TETPAIlOPOXNKHHMHH IIIJIbHOI YIAKOBKM aTOMIB IUIFOMOYMY KPHCTAIIYHOI I'PaTKd OCHOBHOI
Martpuui. JlociimKeHo TOBLIMHHI 3aJeKHOCTI e(peKTUBHUX 1 JIOKAJIbHUX 3HA4Y€Hb €ICKTPUYHUX NapameTpin
enitakciiiHux miiBok PbTe, Bupomenux i3 naposoi ¢a3u. IToka3aHo, 1110 OKMCHEHHsI IUTIBOK Ha MOBITPI BXKe
IpY KIMHATHHUX TeMIeparypax MpU3BOJUTH 10 3HAKOBOI iHBEPCii TUITY IIPOBIAHOCTI 3 n HA P.

KiouoBi cioBa: TOHKI IUIIBKM, XaNbKOTEHIIM CBHHIO, KHCEHb, aJCOpPOLis, KPHCTAIOXIMidHI
MEXaHi3MH, CTPYKTYpa, eJIeKTPHYHI BIaCTUBOCTI, HEOAHOPIAHOCT1, OKHCHEHHS.

Yu.V. Klanichka

Mechanisms of Interaction of Oxygen with Thin Films of Metal
Chalcogenides

Vasyl Stefanyk Precarpathian National University,
57, Shevchenko Str., Ivano-Frankivsk, 76018, Ukraine, E- mail: freik@pu.if-ua

The results of researches of chemical and phase composition are resulted, and also electric properties of
polycrystalline thin films of lead selenide, given influencing of atmospheric oxygen. The mechanisms of co-
operation of oxygen with material of films are offered. Dependence of electric parameters of polycrystalline
films of lead halkogenides from different thickness (d = (20-250) nm) at the pressure of oxygen (Poy=10"*"
10* Pa" are explored. Found out two different mechanisms of aktseptornoy co-operation of oxygen with the
surface of thin films. The Crystal Chemistry mechanisms adsorptions of oxygen, related to substituting for
halkogenides, and also taking root in tetraporozhnini of the dense packing of atoms of lead of crystalline grate
of basic matrix are offered. Investigational weight dependences effective and local values electric parameters
of epitaxy films PbTe, reared from a steam phase. It is rotined that oxidation films on air already at room
temperatures results in a sign inversion as conductivity from n to p.

Key words: thin films, lead of selenid, oxygen, structure, electrical properties.

Cmamms nocmynuna oo pedaxyii 20.09.2017; npuiinama 0o opyky 25.12.2017.

I. ITocTaHOBKA MPOGJIEMH A0CTiIKEHHA MIiKpO- i OMNTOENEKTPOHIIL: AETEKTOPH 1 JuKepena
BUIIPOMIHIOBaHHS B iH(Qpa4yepBOHIA  UISHII

1. ToHKI MUTIBKK IUTFOMOYM XaJbKOT€HIIB MalOTh ONTHYHOTO CIEKTPY, TEPMOEIEKTPHYHI MaTepianu [1-
3HAYHUHA CHEKTp MPaKTHYHOTO BHKOPUCTAHHSI B 5]. TlmroMOyM CeneHisl KpUCTAIIi3yeThCsl Y CTPYKTYPI
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turry NaCl (a= 0,6122 Hwm), xapakTepHoi 11t HOHHHX
kpuctaniB. lllupuna 3aboponeHoi 3oum 3a 300 K
cknagae ~ 0,29 eB. JIUISIHKM TOMOI€HHOCTI CITONYKH
JIBOCTOPOHHSI 1 CAra€ MaKCHMAlbHOI MPOTSDKHOCTI
(49,9-50,29) at. %Se 3a 1073 K. Take BiAXUICHHS BiJl
CTEXIOMETPUYHOI'0  CKJaJy BHU3HAYa€ MeEXaHi3M
MPOBITHOCTI ~ Marepiany 1, BIINOBIAHO, 3HAYHY
KOHIEHTpallio Hociis ctpymy (10'%-10*%)em™ [3].
@i3MKO-XIMIYHI ~ BJACTHBOCTI  KpUCTaNiB 1,
0COOJIMBO TOHKHUX IUTIBOK IUIIOMOYM CelleHiqy, a
TAKOX IapaMeTpH CTPYKTYp Ha iX OCHOBI CYTTEBO
3ajexathb BiJ XapakTepy BIUIMBY aTMOC(EpPHOro
kucHio. He muBiIsYMch Ha 3HAYHY KiJTBKIiCTh
nmyoOmikamid, Hanpukiaaza [6,7], 3a uiei Temu Oararo

npobiieM i€  3aJWINAIOTBCS  JUCKYCIHHMMHU 1
MOTPEeOYIOTH BUBYCHHS.
Y pobori 3pobieHo aHayli3  pe3yNbTaTiB

JociipkeHHsT BILMBY [20] KHUCHIO Ha KOMIUIEKC
(bi3UKO-XIMIYHHX BJIACTUBOCTEMN TOHKHX
TIOMIKPUCTAIIYHUX TUTIBOK, BUTPUMAaHUX Ha TOBITPI 1
BIJIMIAJICHUX Y BAaKyyMi.

2. ToHki TUIIBKM XaJbKOTEHIJ[IB METaNiB €
MEepCIIeKTUBHUMH ~ MaTepiajlaMd  JJIsl  CTBOPEHHS
aKTMBHMUX  €JIEMEHTIB  ONTOENEKTPOHIKH, IO
(YHKIIOHYIOTh B iH(ppavYepBOHIH AIISHII ONTUYHOTO
cnektpa [5]. Bucokumii piBeHb XapaKTEPUCTUK
NpwiIafiB, iX CTaOLIBHICTE 1 BiATBOPIOBAHICTH Yy
3HAYHIH Mipi 3aJIe)KaTh BiJ TBOX BaKJIMBHUX YNHHUKIB:
HaJiHHOCTI (I3UKO-XIMIUYHHUX MapaMeTpiB TEXHOJOTil
ofep)KaHHSA MaTepialy 13 Hamepea 3aJaHuMH
BJIACTHBOCTSIMH 1 3HaHHS (Pi3UKH MOBEPXHEBHX SIBUIIL
IPU  B3a€EMOJIi 13 OTOYYIOUHUM CEpPEIOBHUIIEM
atmochepuuM noBiTpsm [4,9,10].

Haii6inpi akTUBHUM aTMOC(EpHHM Ta3oM, IO
CYTTEBO BIUIMBAa€ Ha BJIACTUBOCTI ILTIBOK IUIIOMOYM
XaJIbKOTEHIIB € okcureH [4,9]. BcraHoBieHO, Mo
ancopOIiss  MOJIEKYJd  KHUCHIO  TNPHU3BOIUTH  JIO
YTBOPEHHS TO3UTUBHOTO 3apsily i3 IOBEPXHEBOIO
konuenuentpamiero (1,7 — 6,0)-10% cm™ i mosBoro
iHBepCifHOro mIapy Ha IDIiBKax n-tumy, abo
30arayeHoro Ha OCHOBHI HoCIi IIapy y IDIiBKax p-
tuy  mposigHocti  [11].  3ayBaxeno, 1m0, He
JUBJISTYUCH HA 3HAYHE YHCIIO POOIT, y JiTeparypi Iie
IO IHUX Tip BEIYThCS IUCKYCIl BiIOCHO MEXaHi3MiB
B3a€MOJi KHUCHIO 13 TIOBEpXHEI IUTBOK. Tak,
30KpeMa, JICTYIOUHH BIUIMB KHCHIO IJI THCKIB (10'7
- 10'4) ITa aBTopu [11] MOSICHIOIOTH MOJEITIOBAHHSAM
MOOUTBEHHX Je(eKTiB. 3TiqHO 1iel MOAel MIKBY3JIOBI
aToMH IUTIOMOyMYy, SIKi € JIOHOpamH, TU(YHAYIOTh
NIPU HASBHOCTI aTOMIB OKCHI'€HY i3 00’€MY ILTiBKH
(koedirientn mubysii 10* em?c) o i moBepxHi, 1e i
B3a€MOJIIOTH 13 KHCHEM.

Y pobori [13] cTBepmKyeThCS, IO KHCEHb
B3a€MOJIi€ TUIBKH i3 KaTioHaMH ILTiBKH. ABTOpu [12]
BKa3yIOTh SIK Ha IIPOLECH IPOHUKHEHHS KHCHIO Y
MaTepiaj IUTIBOK, TaK 1 Ha B3aeMHy IUQY3iI0 10HIB
MeTajy JI0 TIOBEPXHi.

JlocmikenHns  BaacTHBOCTed  IumiBok — PbTe,
BHpOLICHHX y BHCOKOMY Bakyymi ~ 2,7-10%TIa i
eKCIIOHOBAaHMX 3a THUCKOM KucHio Po,=1Ila,
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BKa3yIOTh, 1[0 3pa3KW MArOTh P-THIl HPOBIJHOCTI i3
KOHIeHTpai€eo aipok ~ 107 cm™, sKy moBssyoTs 3
YTBOPEHHSIM MOBEPXHEBUX aKLIENTOPHHUX cTaHiB. Lleit
mporiec € 3BOpoTHIM. KpiM TOro, KHCEHb IHTCHCHBHO
ancopOyeTbcss ~ MeXaMH  3€peH, CTBOPIOIOYH
moreHmiansHi  Oap’epu. Ileli MexaHI3M € MEHII
3BOPOTHIH, TaK SK aTOMH OKCHI'€HY TYT CHJIbHIIIE
ITOB’s13aHi, HI’K Ha ITOBEPXHI.

Y pobori [14] mnpoBeaeMO  KOMIUICKCHI
JIOCITIJPKEHHS BIUIUBY aTMOC(EPHOro KHCHIO Ha OIIip
IUTIBOK TUTIOMOYM XaJbKOreHifiB. BusBieHo ioro
aKIENTOpHY Jil0, 5Ka 3aJeKHUTh Bil TOBIIUHU
KOHJIeHcaTy. ExcriepuMeHTalbHI pe3ylbTaTH aBTOPH
TIOB’SI3YIOTh 13 3aXOIUICHHSIM OKCHI'€HOM BaJICHTHHX
ENIEKTPOHIB ILTIOMOYMY 1 YTBOPEHHSM OKCHIHHX
KOMILIEKCIB.

VY pobori [21] € yTOYHEHHST MEXaHI3MiB B3a€MOJIi1
KHCHIO 13 IUIIBKAMH IUTIOMOYM XaJbKOTCHITIB Ha
OCHOBI1 KPUCTAJIOXIMIYHUX ITiAXOIIB.

ToHKI TUIIBKM ILTIOMOYM XaJbKOTEHIMiB, OKpiM
BUKODHCTaHHS y Marepiajax Juisi  CTBOPEHHs
JIETEKTOpiB ~ Ta  JDKepeld  BUIPOMIHIOBAHHS B
iH(ppavepBOHOMY Jiana3oHi ONTUYHOTO CIIeKTpy [1], €
TIEPCIIEKTUBHUM SIK TEPMOEJIEKTPUYHUHA MaTepiaj B
cepenuiii minsHIi temmeparyp (500-700 K) [4].
BcranoBiieHO, 1110 X BIACTHBOCTI BU3HAYAIOTHCS SIK
TEXHOJIOTIYHUMY YMHHUKaMHU ITPOLIECY BHPOIIYBaHHS,
TaK 1 yMOBaMH iX HACTYIHOI eKcInTyaTamii [17].

Y poboti [22] BHBUEHO 3aKOHOMIPHOCTI 3MiHU
KiHETUYHUX I[apaMeTpiB 32 TOBIIUHOI IUIIBOK
TEeNypHUy CBUHIIO TiJI Ai€I0 aTMOC(EPHOr0 KUCHIO.

II.LBiimB  OKCcHUreHy Ha mnpouecu
Aerpaaamii ¢pizuko-ximiunux
BJIACTHUBOCTEH ILTIBOK IIIOMOYM
ceJIeHiay

2.1. ExkcniepMeHTaIbHA YaCTHHA

1.ToHKI IUIIBKY TUTFOMOYM CEJICHIZY OTPUMYBaJu
BUIIAPOBYBAaHHAM Yy BaKyyMi MOpPOIIKY i3 Harepen
CHHTE30BaHOI CHONYKH. B sKocTi  miaKIamok
BUKOPHCTOBYBAJIMCS CKJISIHI TUIACTUHKH, MONEPEIHBO
XiMiYHO ouuineHi. TemrnepaTypa BUTpUMYyBanacs Oiis
kiMHaTHOI. ToBmmHa mmmiBok csrama 50-100 HM.
YacTrHa IUTIBOK TMICNIsi OTPUMAaHHs BuUiiMaiacs i3
BaKyyMHOI KaMepH 1 BUTpHMYBaJacsi Ha IIOBITpi 3a
KiMHATHOI TEMIEPATypH J0 OJHOTO MiCSIIA.

Ximiunmii 1 QaszoBudi  ckmagm  IUTIBOK
KOHTPOJIIOBAJIM ~ METOJAMH  EJIEKTPOHHOI  O¥Ke-
CHeKTpockomii 1 X-MpoMeHeBOi U paKTOMeETpil.
[Mapamerpn e€JEKTPUYHUX BJIACTUBOCTEW  ILIIBOK
BUMIPIOBAIN Y BaKyyMi KOMIICHCAIIHHUM METOIOM.

2.2 . Pe3yJabTaTH Ta 00rOBOpPEeHHS

1. XimiuHuii i pazoBuii ckiaag miiBok

Bsaemonis miiBok PbSe i3 atMmocepHrM KHCHEM
MPU3BOJUTh JI0 ICTOTHOTO TEpPEepO3NOJiTy  SIK
MEepBHEBOTO CKJIaay MaTepiasy, Tak 1 IJIoro
KOMIUIEKCY HOoro (pi3MKo-XiMiYHHUX BIIACTHBOCTEH.

Ananiz cximagmy wMeromoM  Oske-eNeKTPOHHOI
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CHEKTPOCKOMii  BEIMKOI  KINBKOCTI  IUTIBOK 32
TOBIIMHOIO JIO3BOJIMB BCTAHOBHTH JIESIKI 3arajbHi
3akoHOMipHOCTI. Tak, 30kpeMa Ha MOBEpXHi BCIX
3paskiB (puc. 1) BUABJICHUH TOHKHI IIap TOBIIUHOIO
6,5-13,0 HM, CKJIaa SKOTO 3HAYHO BiIPi3HAETHCS Bif
CKJIaJly BUXIZHOI MaTpUIl 1 Mae JOMIIIKK KapOOHY Ta
okcureHy. B psai BumaakiB, s 1mwiiBok PbSe,
MOBepXHs1 30araueHa JgoMimkamu xmopy. Ilpu
CTpaBIIOBAaHHI  TOBEPXHI  IUTIBKM Ma€  MicCIe
OesrnepepBHE 3MEHIICHHs KOHIIEHTpalii KapOoHy Ta
OKCUTEHY,  30UIbIIEHHS KOHIEHTpAIlli OCHOBHHUX
komrtoHeHTiB Pb, Se (puc. 1, 6). Burpumka miiBok Ha
MOBITPI ~ OOYMOBJIIOE  3pOCTaHHS  KOHIIHTpAii
OKCUTEHY Ha TIOBEpPXHi ILTIBOK (pHC.2).

Pesynpratn  X-npoMeHEBOro aHaiily ILTBOK
PbSe, ekcronoBanmx Ha  moBiTpi  (pmc.3)
MiATBEPKYIOTh JIaHI 0Ke-CIIEKTPOCKOIIIi MO BILIHB
OKcHreHy Ha iX (asoBuii ckian. Tak, 30kpema, Ha
mudpakrorpamax, KpiM BiIOMBaHb BiZl OCHOBHOL
Matpuii  (puc. 3, a,0), BHSIBICHO JOJATKOBHI
MakcUMyM Oinst kyTiB 20 ~27° 1o BiaNoBigae
MibKonaHIA  Bigcrani d=0,331 am (puc. 3,0),
XapaKTepHOI JyIs TIIoMOyM okcuay Pb;Oy4 [7].

2. EjleKTpUYHi BJIACTUBOCTI MJIiBOK

ExcrioHyBaHHS TOHKHMX IUIIBOK Ha MOBITpI
00yMOBJIIO€ 301IbLICHHS IX OMopy Ha 2-3 HOpSAKH
BEIMYMHH TI0-BiJTHOLUICHHIO JI0 CBI)KOBHPOILIEHHX.
HacrynHuii Bigman Takux IUIIBOK y BakyyMi
MIPHU3BOMTE JO CKJIATHOI 3aJIKHOCTI MPOBITHOCTI Bij
Temnepatypu (puc.4, xpuBa la). 30kpema, Tmicis
TIOYaTKOBOTO 3MEHILIEHHS MTUTOMOT
€JIEKTPONPOBiTHOCTI, B iHTepBaii TemmepaTyp(300-
360) K mae wmicue 1ii 3pocraHHs B iHTepBaui
temrepatyp (360-420) K i3 HacTymHHM  pi3Kum
3meHmeHHsM (420-450) K.

dN(E)
dE M a
SCl1
Pb 0 Se
C
2
6
s sy ey o AP o
E,cB

Puc. 1. Oxe-cnektpu mwiiBok PbSe: a — BuxinHi;
0 — IpOTpaBJICHHI Ha MPOTs3i 2 XB.

Kpusa OXOJIOMKEHHS TUTiBKH PbSe,
€KCIIOHOBaHO1 Ha MOBITPi BiJITIOBiTa€
HAIBIIPOBIIHUKOBOMY  XapakTepy  3MiHH —

CJICKTPOMPOBIIHICT 3MEHINYETHCS 13 MOHMKCHHIM
TemriepaTypH (puc. 4, kpusa 10).

[Ipy npoMy MMOYaTKOBI 3HAYEHHS EIEKTPUUHOTO
OITOPiB TOHKMX IUTIBOK JI0 ITOYAaTKY HArPiBaHHS i MiCyIs
OXOJIOJDKEHHS CYTTEBO Biapi3HseThes. [loBTOpHMIA
LUK HarpiBaHHs “HarpiBaHHS-0XOJOKECHHS

MPU3BOJNTL JIO CYTTEBOrO 3MCHIICHHSA BiTHOCHOL
3MIiHU BEJIUUHHH CJICKTPUIHOTO Oopy (pHC. 5, KpuBa
1).

Ha rtemmeparypHux
€JIEKTPOMPOBIIHOCTI
HECKCIIOHOBAHUX HAa TMOBITpI IUTBOK IiJ dac
HArpiBaHHS CIIOCTEPITa€ThCS TUIBKH  ITOYaTKOBE
3MEHILIEHHS TPOBIAHOCTI TPH  HACTYMHOMY  ii
3poctaHHi (puc. 4, kpuBa 2a). KpuBa 0X0JNOMKCHHS
Ma€ YHCTO HAIBIPOBIAHUKOBUI xapakrep (puc. 4,
kpuBa 20).

3aJI€KHOCTIX  ITMTOMOIL
CBIYKOBHUPOIIIEHUX

~ N(E), ym. ox.
5+

0 1 1 i 1
10° 10* 10° 10° T

Puc. 2. 3anexHIiCTh IHTEHCUBHOCTI KHCHIO Y
mwiiBkax PbSe Bij yacy eKCIIOHYBaHHs Ha TOBITPI.

25 300
250

201

o
3

15

g
g, OmA(-1)AemA(-1)

o, OMA(-1)AcmA(-1)

100

300 330 360 390 420 450
T, K

Puc. 3. X-npomeHeBi nudpakTorpaMu BUXiTHOTO
mopoIiky (a) i wiiBok (6) PbSe, a Takox CKISTHUX
migkmanok(c) [7].

g« R

(b) PbSe fim
201

L (2000

HTEHCHBHICTL

65 5% 25 35 25 15 5
Bragg Angle 26 (deg)

80

0 66 £ 50 22 3 26 5 10

iHTEHCHBHICT.

26 (deq)

Puc. 4.3a1eXHICTh TUTOMOI €JIEKTPONPOBITHOCTI
€KCIIOHOBAaHUX Ha MOBITpi (kpuBi 1) i
cBikoBHpOIeHnX (KpuBi 2) miiBok p-PbSe Bin
TeMIIepaTypH Bianany y Bakyymi. la, 2a —
HarpiBaHHs; 10, 20 — OXOJIOKESHHS.
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100

o
L

ARIR

0,1

1 2 3 4
Uukn

Puc. 5. 3anexHicTh BETMYMHHU BiTHOCHOI 3MiHH
€JIEKTPUYHOTO OIOPY EKCIIOHOBAaHHX Ha IOBITPI
(xpuBa 1) i cBbKOBHpOIIEHHUX (KpUBa 2) MUIIBOK P-
PbSe Bix nopsiAKy IUKITIB «HATPiBaHHS-
oxonomxeHHs» 3a 330 K.

-1 1 3 5 7
Ig [Po,,MNa]

Puc. 6 3anexHicTh TUTOMOI €JICKTPOITPOBITHOCTI ()
tonkux wiiBok PbTe(1) i PbSe(2) Bix THCKY KHCHIO
(Po,) y mpoueci nuximoBanss 3a 300 K. Topmuna
wiiBok d = 20 HM.

Ig [P0, Ma]

0 50 100 150

d, HMm
Puc. 7 3anexHicTh NapIiiaIbHOrO TUCKY KHCHIO P*oz,
110 BIiZMOBiTa€ MiHIMAaIbHOMY 3HAUCHHIO €JIEKTPO-
MIPOBITHOCTI Gy (pHC.6) minst rutiBok PbTe(1) i
PbSe(2) Bix ToBumHM d.

3. Anaji3 pe3yJbTaTiB J0C/HiI:KeHb BILIUBY
oKcHureHy Ha miiBku PbSe

CyTTeBe CIOCTEpEXKYBaHE 3POCTaHHS OINOPY
MOMIKPUCTAIIYHUX IUTIBOK PbSe, BUTpHMaHHX Ha

MOBITpi, IIO BIANOBiZa€ 3HAYHOMY 3MEHIICHHIO
MMUTOMOI ~ €JIEKTPONPOBIAHOCTI, MOXKHA MOSICHUTH
YTBOPEHHSIM  OKcuaHuX  da3  (puc. 30), ski

(hopMyIOThCS, HAHOLIBII HIMOBIPHO, HA MEXaX 3€pPEH
i CTBODIOIOTH 3HAYHI TMOTEHIlATbHI Oap’epu st
HociiB ctpymy. Ile 1 0OYMOBIIOE 3MEHIICHHS IX
PYXJIHMBOCTI 1, BIIIIOBIHO, BEJIIMYMHU IPOBIAHOCTI.
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CxagHuii XapakTep 3MiHM HpoBigHOCTI MmTiBok PbSe
npu HarpiBaHHi (puc. 4, kpuBa 2a) IOB'S3aHUH i3 i3
mporecaMu JecopOIlii KUCHIO Ta TMPOSBOM BJIACHOL
MIPOBIiTHOCTI.

s PbSe ceneHiny CBUHIIO aKIENTOPHUH BILTHB
KHCHIO MOXXE 3[IHICHIOBATUCH 332 HACTYTHUMH JBOMa
MexaHizMamu [8]:

a) 3aMillleHHs CelleHy KHCHEM 1 YTBOpPEHHs
BaKaHCil CBHHIIIO:
1 - (0] + .

b) S0 O Vn 0L +h" (1)

B

£

)

b

)

-2 : : : : .
0 50 200 250

100(1 HM1 50

Puc. 8. 3anexHicTh MIHIMAJILHOIO 3HAYEHHS [TUTOMOI
€JIEKTPOIPOBITHOCTI Gy, TIIBOK PbTe(1) 1 PbSe(2)
BiJ X TOBIIMHM d.

Aoloy1 4
0,999 -
0,998 -

0,997 -

0,996 -

0,995 T T T T d

0 50 100 150 200 250
d, Hm

Puc. 9. 3anexHicTh BiTHOCHOI 3MiHA TUTOMOT
eIIEKTPOIPOBIAHOCTI AG/Gy, 110 BiAnoBinae P o, mis
rtiBok PbTe(1), PbSe(2) Bix ix ToBumuu d.

0.4
0 PP o,
'
1
0,4 -
o
20,8
2

1,2 4
-1,6 T T T T 1
-4 -2 0 2 4 6

Ig [Po,, Na]

Puc. 10. 3ayexxHicTh BITHOCHOI 3MIHU ITATOMOL
enekTponposigHocTi Ac/cy mniBok PbTe(1) i PbSe(2)
BiJI THCKY KHCHIO Po,.
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0) BXOMKEHHS OKCHUTE€HY B MIXKBY3JIS 1 HOro
HoHi3aris:

1
502 <0 +h"- 2)
CroctepexyBaHe MOYaTKOBE 3MEHILIEHHS
nuroMoi  mpoBigHOCTI IUTiBoK  PbSe mim wac

HarpiBaHHs y BaKyyMi (puc. 4, xpuBa 2a)
00yMOBJICHE JCCOPOII€I0 KUCHIO 13 MOBEPXHI, SKHU
3aBXKIU TPHUCYTHIH SK Yy EKCIIOHOBAaHWMX Ha TOBITPI,
TaK 1 CBDXKO BHUPOIIECHUX KOHIeHcaTax (puc. 1). Piske
3MEHILIEHHS! MHUTOMOi  EJEeKTPONPOBITHOCTI  TPH
MiIBUIIEHAX TeMIlepaTypax BUTPHUMaHHX Ha IIOBITpi
mwiBok PbSe (puc.4 — kpuBa 2a) 0OyMOBJICHE
JIeCOpOIIIEI0  KHUCHIO 13 MIXK3EpEeHHHX MEX, sKa
BUMarae OUTBIIMX €HEepreTHYHHUX BUTpar. [Ipu 1pomy
JUTS TDTIBOK pP-PbSe, 3a paxyHOK 3MEHIIIEHHS KITBKOCTI
KACHIO Y IDIIBKaX, Ma€ Miclle 3Ha4yHe CIIaJIaHHs
KOHLIEHTpALl AipoK, SKe TMepeBaXkae IX 3pOCTaHHS 3a
PaxyHOK BJacHOI MpOBiAHOCTI. JI7s CBIXKOBUPOIICHUX
TUTIBOK LIEH ITpOIIeC HE € XapaKTEepHUM i TOMY OiibII
SIBHO TIPOSIBJISIETHCSI BJIACHA MPOBITHICTh Ha KPHBUX

HarpiBanHs (puc. 4, kpuBa 2a). Ciig Takox
3ayBa)KUTH, 10 BiIHOCHA 3MiHa ornopy
CBIYKOBHPOIIIEHUX IUIIBOK @i  4ac LIMKJIIB
“HarpiBaHHA-OXOJIO/KCHHS W 3HAYHO MEHIIA. HiX
€KCIIOHOBaHMX Ha MOBITpi (puc. 5, KpuBa 2).

III.BaacTuBocTi TA MeXaHi3Mu
B3a€EMOIIl OKCHUIeHY i3 TOHKHMMH

IUIiIBKAMH IJIIOMOYM XaJIbKOT€HiliB

3.1. EkcnepuMeHTAJIbHA YaCTHHA

Touxki IUIIBKH TUTFOMOyM XaJIbKOT€HI 1B
OTPUMYBAJIM BiIKPUTUM BUIIAPOBYBAHHIM Yy BaKyyMi
HABaXXOK CHHTE30BAHMX CIHOJIYK 3 HACTYIHHM

OCa/DKCHHSIM TIapH Ha CKIISIHHI MiJKIaiKd. ToBIIMHA
IUTIBOK BapitoBajacs y Mexax (20 - 250) Hm.
[IpoBigHICTh TUTIBOK BH3HAYAIACSA MOTSHIIIOMETPHYHO
3a PI3HUMHM 3HAYEHHAMHM THCKiB KucHIO P0o,=(10™ -
10*) Ia.
3.2. Pe3yabTaTé Ta 00rOBOpPEeHHS

1. PesyabTaTu gociaizkeHb

Pe3ynpraTi eKCIIEPUMEHTIB IIPEICTaBICHO Ha
puc. 6-10. I3 puc. 6-10 BugHO, 110, K JJIs IUTIBOK
PbTe, Tak 1 PbSe, gxi Mamu MOYATKOBHI N-TUII
TIPOBITHOCTI, IIPH MEPIIOMY LUK i IBUILIEHHS TUCKY
kucHi0 Po, Mae wmicue cTpiMKe 3MEHIIEHH IHTOMOL
EJICKTPOMPOBIHOCTI IO JOCATHEHHS MIiHIMAJILHOTO

3HAYCHHSA Gyp. Y IHTEPBaJi 3HAYCHb THUCKIB pg , SIKi
2

BIIIOBIAAIOTH Gmin peanizyeThes KOHBeEpCis
MIPOBITHOCTI y TUTIBKaX 3 N-TUIY Ha P-THIL.

[omasnple TiABWINCHHS THCKY KHCHIO Po, Bke
JUTs.  TUTIBOK N-TUIY OOYMOBJIOE 3pPOCTaHHA iX

mpoBigHOCTI (puc. 6). BcraHOBICHO, MO 3HAYCHHS
TUCKY KHCHIO PS , IO BIAIIOBiZIae KOHBEpCIi THITY
2

MPOBITHOCTI  3pOCTa€ i3 30UIBIICHHSIM TOBIIMHU
wiiBok (puc. 7). Ilpm 1pOMy Takox 3pocTae i
BEIMYMHA 1X THUTOMOI ENEKTPOMPOBIJHOCTI, IO
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BIJIMIOBIZIAE Gy, (puc. 8). 3ayBakuMo, IO HACTYITHE
NepeBaKyyMyBaHHs KHCHIO HE IPU3BOIUTH [0
CYTTEBUX 3MiH MPOBIIHOCTI IUTIBOK (pUC. 6 — 3BOPOTHI
kpuBi). KpiM TOro, BigHOCHAa 3MiHa ITUTOMO]
eNeKTpOnpoBiaHOCTI (AG/G)) MiJ BIUIMBOM KHUCHIO €
MaKCHUMaJBHOIO JUIS TOHKHMX IUTIBOK 1 CHagae i3
3pOCTaHHSM X TOBIIUHU (pHC. 9).

2. MogeJi B3aeMoii miiiBok i3 KuCHeM

e Aocopouiiina modens. IIpu KOHTaKTi CBIXXKO
BHPOIICHUX IUTIBOK 3 KHCHEM 1X IIOBEPXHS
3aMoBHIOEThCS MojiekynaMu O,, TOOTO MOYHMHAETHCS
mporiec ancopOrii. [TosBa agcopdoBanux mosekyn O,
Ha IIOBEPXHI NPU3BOJMTH 10 3MiHH BJIACTHBOCTEU
IUTIBOK — MHTOMOI eJIeKTpOonpoBiaHOCTI (puc. 6).
[Iporecu ancopOIlii, y BUIAAKY SKIO ITOBEPXHS
MICTUTh aJCOPOLIHI NEHTPU OJHOTO THITY, MOXKHA
omnucaTH y pamkax Teopii Jlenrmropa [15].

BigxwieHHS Bil JICHTMIOPIBCBKOTO IPOIECY
azcopOIii 0OYMOBJIEHI HEONHOPIMHICTIO  Pi3HHX
afcopOIiifHUX  LeHTpiB. Y  [bOMY  BHUMAJIKY

JIOBOJIUTHCSI MaTH CHPaBy 3 TaK 3BAaHOK) CTEIIEHEBOIO
i3oTepmoro Opeitamprixa [15]:

N =CP", 3)
ne N — mnoBepxHEBa KOHIIGHTpalis aacopOOBaHHX
MoJiekyn; P — 3oBHimHIH THCK Ta3y; C in — craii.
Pict xoHmeHTpauii ancopOOBaHMX MOJIEKYJ KHCHIO
Oyle MPU3BOAMTH 10 BIANOBIAHOI 3MIHM BiJJHOCHOT'O
3HAYEHHS ITUTOMOI eJIEKTPOIPOBIHOCTI:

Ac/c= C/P(';z “4)

AmHami3 pe3ynbTaTiB  EKCIIEPUMEHTIB  BKa3ye
(puc. 10), mo icHye He MeHIIe NBOX PI3HHUX IIEHTPIB
ancopOiii kucHio moBepxHsaMu MIiBok PbTe i PbSe.
L,
30KpeMa, MiITBEPIDKYE XapakTep i30TepM, sIKi MaloTh
YiTKO BUpaKEHi JBI MPSIMOJIIHIHHI AUISTHKHA Y CHCTEMI
xoopauHart: IgAc/c, =f(IgP, ) (puc. 10).

o Kpucmanoximiuna moodenv. AncopOoBaHi
MOJIEKYJHM MOXKHA O3HA4aTH SK “JOMIIIKK’, IIO
NPOHUKIM HAa TIOBEPXHIO IUIIBOK nedexru
KpHCTaniuHoi cTpykTypu. Ilpum mpomy ancopOoBawi
MOJIEKYJIH 1 KpHUCTaliyHa IpaTka YTBOPIOIOTh €JUHY
KBaHTOBOMEXaHIYHY CHUCTEMY, B SIKi €JIeKTpOHU

agcopOOBaHMX  MOJeEKyl  Oepyrb  y4acTb Yy
ENIEKTPOHHIH  MIJCHCTEMI  KPHCTAJIIYHOI  IpaTKu
TUTiBOK.

HaBeneni Buiie eKCIIepUMEHTANBHI — pe3yJbTaTH

(puc. 6) OAHO3HAYHO MIATBEPPKYIOTh AaKIENTOPHY
pOJb KUCHIO Yy IUTIBKaX ILTFOMOYM XaJbKOTCHIIIB.
MOXJIMBUMH  KPHCTaJOXIMIYHUMH  MeXaHi3MaMH
B3a€MOJIIi KHCHIO i3 TUTIBKAMH MOXYTb OyTH: SIK
3aMillleHHs] KUCHEM aHIMOHHMX BakaHCIiil y MaTepiami
N-TUMy, TaK 1 XaJbKOreHy Vy IUIBKax p-THUITY
(MexaHi3M A), ab0 * BKOPIHEHHSI KHUCHIO Y MIKBY3JIs
— TeTpaelpuyHi TOPOXHMHU IIUIBHOI YIIaKOBKH
aTOMIB ILTIOMOYMY OCHOBHOI MaTpHli (MexaHi3M B).
Kpucranoka3ziximMiuHi bopmynn
HECTEXIOMETPUYHOT0 ILTFOMOYM TeNypHAy 3TiJHO
[16] Oynytp MaTu BUrIAA BimnoBigHo misi n-PbTe
(magmumiok Pb):
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Vo Vie +Pb” — [Pb] V', [VXV™ 1. (Pb); , (5)
(= OTPBRTeL T [P0 V) TV N P PO P Vo Tl Tl Vi VG P
- [Pb;(—(wv(;/y I [TeT—aV:y V(;Zl—y) T (Pb;; ) +2o(1- 'Y)e/ - [be_ayV!ya-z»Vé«,s Ino[Tel, Vs T (Pb;.y ) +H[20+ OUYS]e/

i p-PbTe (mapmumoxk Te):
Vi Vie +Te’ = Vi [Te( ) V; " Tre(Te) ). (7
(1=B)[Pby, Ter, 1+ B{Vao[Telr, V" Tre (Te) )} = [Pbi Vi T [Ter s Tegi,, Vi Ire (e, ); — ®
= [Pb Vy T [Ter, Vi T (Tep, ) +2B(L=1)h™ —[Pb Vi, 5 Vs I [Ty, Vi, e (Teg, ), +[2B(1—7) ~B3]h°
e  Mexanizm A. Jleryrounii Kiacrep AJsl IbOrO MEXaHi3My 3aluIIeThCs TakK:
R %og VL0 420", ©)
TOJIi KpUCTaJIOKBa3iXimMiuHe piBHsHHS 1 n-PbTe:O Oyne matu Takuii BUTIIS!

(1-x)([Pb, V) VL 1 [Tel Vo' 1. (Pb2). + (20 + ayd)e’) + x(Vp, O, +2h°) —
b o o e ay b e

I-—ay Y ay(1-38) Y oyd

= [PB a1 Vart-aa-x0x Vasaton Jeo [ T€0 a1 0% Vation) Jre (P31 )i + (20 + oy@)(1 = x)e’ +2xh". (1o
PiBHsIHHS enekTpoHeHTpanbHOCTI 1 (10) Oyme MaTh Takuid BUTIISL:
q,n+9q,, [V 1+, [Ve]=q,p + . [Vic]+q,,. [PE], (1)
me p=2Ax, n=AQRa+ayd)(1-x), [Vy]=A(oy(1-8)(1-x)+x), [Vy,]1=Aayd(1-x),
[Viel= Aa(l—x),
[Pb"]=Aay(1-x), q,=q,, =q,=1, 4, =q,.. =, = 2. (12)
n, = A|2a+ayd) (1-x)-2x|. (13)

st p-PbTe:O BiamoBiaHo:
(=3[P}, Viro) Vi Tl Te Vi Tre (T3, ), + (2B(1—7) ~ BE") + X(Vis O, +2h°) -

= [PD{ gm0 Via-sxixrex Vs T [T€0-pp1-0 0% Virtion Jre (T€h, 15 )i + (2B(1=7) = BE)(1 = x)h” +2xh”. :
PiBHSHHS eNeKTpOHEHTpabHOCTI y BUnaaky (14):
q,n+q, [V 1+q, [V ]=9q,p +q,.[Vi], (15)
e n=0, p=A(B1-v)—B38)(1-x)+2x), [Vp 1= APB1-8)(1-x)+x),[ Vs, 1= ABS(1-x),
[Vie1=ABy(1-x),
4, =qy, =9,=1, Ay, =q. =2. 0y = A(2BA-7) - PO)(1-x)+2x).
Mexanism B. Jleryrounii KacTep Il IbOTO BUIAIKY:

R %og S VIVEO! 420" (16)

14)

Kpucranoksaziximiyne piBHsHHS i n-PbTe:O MaTume BT

(- X)([Pb:(—a~yv(ii/(l—8)vé"(8]Pb[TeT—aV(;.]Te (Pb;.y ) +(2a+ ocy8)e/ )+ X(V}i/bv;;oi// +2h") - (17)
T (PB2 ), (O, + (20 + ayd)(1—x)e’ +2xh”.

X I / X .o
g [Pb(l—ay)(l—x)Vay(l—B)(l—x)+xVay?}(l—x) ]Pb [Te(l—a)(l—x)V ay(1-x)

a(l-x)+x

PiBHSIHHS eneKTpOHEHTpanbHOCTI 11 (17) Oyme MaTh Takuid BUTIISL:

4.0+, [V T+a, [Vi]+d, [0/1=q,p +q,.[Vi]1+q,,.[Pb"], (18)
me p=2Ax, n=AQRa+ayd)(1-x), [Vy]=A(oy(1-8)(1-x)+x), [Vy,]1=Aayd(1-x),
[Viil=A(a(1-x)+x), [Pb"]=Aay(1-x), [0]]= Ax, q,=q,, =q,=1, 4, =G =Qp.. =4 =2. (19
n, = A |20+ ayd) (1-x) - 2x]
st p-PbTe:O BiamoBiaHo:
(L= X)Pb} Vi Vis Tl Tel 4, Vi T (T, ), + (2B(1— 1)~ B&)h") + x(VipVizO/ +2h7) —

(20)
- [sz(l—[i)(l—X)VB//(I—B)(I—X)+XVﬁ/zi(l—x) ]Pb[Te(l—ﬁy)(l—x)Vﬁy(l—x)ﬂ ]Te (Teﬁy(]—x) )i (OZ )i + (ZB(I -7 - BS)(I - X)h +2xh”".
PiBHSIHHS €JIEKTPOHEHTPANBHOCTI A1 BUMAaKy (20) Oyme MaTH TaKUil BUIIIS;
4.0+, [V l+a, [V 1+d,[0/1=q,p +q,.[Vi], (&2}
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ne n=0, p=A(2B1-7)-B3)(1-x)+2x), [Vp]=AB1-8)(1-x)+x),[V;, 1= ABS(1-x),
[Vi1=ABY(1-x)+x), [0]]1=Ax, q, =4y, =9, 7L qy, =, =4y, =2

n,; =A2B(1-y) —[38)(1 - x)+ 2x).

le(n,,, om) .
19

18

17

16

0 0,002 0,006

a)

0,010 0,014 O, ar. %

(22)
lg(n,,, o) |
19.4
19,0

18,6

18,2

0 0,01 0,02 0,03

6)

0,04 O, at. %

Puc 11. Po3paxoBaHi 3Ha4eHHS XOJUTIBCbKOI KOHIIEHTpAlii HOCITB 3apsiny (ny) BiJ BMICTY JIET'YIOUOi JOMIIIKH
(O) y xpucranax: a) n-PbTe:O mis pisHUX 3HaYCHD MOYATKOBOTO BiIXMUIICHHS Bia cTexioMeTpii Ha Oik Pb
(a, aT. %): 0,001 (1), 0,003 (2), 0,006 (3); 6) p-PbTe:O ms pisHUX 3HAYECHB OYATKOBOT'O BiIXUICHHS Bl

crexiomertpii Ha Oik Te (B, aT. %): 0,013 (1), 0,006 (2), 0,001 (3) w1t Mmexanizmy A (B).

Puc. 3. IlosiBa BUKIIIOYHO BUMYIIICHUX KOJIMBaHb ITiJl Yac Jii 30BHIIIHBOI CUIIM HA JIiHIIHY KOJIMBaJIbHY CHCTEMY
[45, 46]: B1acHi KoMUBaHHS cUCTEMH (KPHCKOBAHA JIiHIs); BAMYIICHI KOJIWBaHHS (CYLIbHA JIiHIf).

Pesynpratu PO3paxyHKy XOJLTIBCHKOT
KOHLIEHTpALil HOCIiB CTpyMY AJIsl pi3HUX MeXaHi3MiB
(A 1 B) B3aemopii KHCHIO i3 IUTIBKAMH N- i P-THITY
300paxxeH0 HO puc. 6,a MexaHism  (A) i
puc. 6, mexani3um (B) BiamosigHo.

IV. O0roBopeHHsi pe3y/bTaTiB.

TakuM YMHOM, TOBOPSIYHU TPO B3aEMOJII0 KHUCHIO
3 IUTIBKaMU IUTIOMOYM XaJIbKOTEHITiB MH MIPOIIOHYEMO
JIBa  KPHUCTAJIOXIMIYHI ~ MeXaHi3Mu:1)  3aMiIleHHs
KHCHEM aHIOHHHMX BY3JIiB; 2) BKOpDIHEHHS KHCHIO Y
MIXBY3JISl KPUCTAIIYHOT TPATKH OCHOBHOI CIIONYKH.

Jlis muX BOX MEXaHi3MIB KHUCEHb € e()eKTHBHUM
aKIIENTOPOM 1 OOYMOBITIOE 3MEHIIICHHS KOHI[CHTPAIIii
€JIEKTPOHIB, KOHBEPCIIO MPOBIAHOCTI 3 N- HA P-TUM 1
ITOJJAJTBIIIE 3POCTAHHS KOHIIEHTpAIIil JipOK VIS ILTiBOK
i3 TIOYaTKOBOIO  EJEKTPOHHOK  IPOBIAHICTIO
(puc. 11,a).

Takuii xapakTep 3MiHH €(pEKTHBHOI XOJUTIBCHKOI
KOHIIGHTpaIlii 13 30UIBIICHHSIM BMICTY KHCHIO
(puc. 11, a) MIOBHICTIO Y3TOJDKYEThCS i3
CIIOCTEPE)KYBAHOIO B €KCIICPUMEHTI 3MIHOIO MUTOMOL
€JIEKTPOIPOBITHOCTI 13 POCTOM THUCKY KHUCHIO Pgp
(puc. 6). Tak, 3MeHIIEHHS! KOHIIEHTpAllii eIeKTPOHIB
Ha TOYAaTKOBUX €Talax eKCIIOHYBaHHS IUIIBOK B
atmocepi kucHio (puc. 11, a) € TPUYMHOIO
3MCHIIICHHS ITMTOMOI eJIeKTPONpOoBiAHOCTI (puc. 6).
MiHIMYM MHUTOMOI €JIEKTPONPOBIAHOCTI G (pHC. 6)
BIJIMIOBiTa€ yMOBaM KOHBEpCii THITy MPOBITHOCTI
(puc. 11, a).

[Nomanpmmii picT MUTOMOI ENEKTPONPOBIAHOCTI
(puc. 6) moB’s3aHUN 13 30UIBIICHHSM KOHIIEHTpPALi
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mipok y mmiBkax p-tumy (puc. 11, a). Cuig
Bi[3HAYUTH, IO SKIIO HA [OYAaTKOBUX eTamax
B3aeMOIi 3 KHCHEM (iHTepBaJ MaJIuX 3HAY€Hb THUCKY
kucH0 Po, = (10" — 10)ITa) Gimbm  imoBipHO
peanizyeTbcsl MeXaHi3M A (KHUCEHb 3aiiMae aHHOHHI
BY3JIM), TO MPH 3HAYHHUX TUCKaX KucHIO (Po,; >10 I1a)
BiH 3aliMa€ MDKBY3JIOBI MO3MLII Yy KpHCTAJIIUHIN
I'paTIi TUTiBOK.

[Ipu oMy, peaizaliis BiI3HAYCHUX MEXaHI3MiB
B3a€MOAii KHUCHIO 3 IUIIBKaMH Oyzme  Ouibin
€(QEeKTUBHOIO [Tl TOHKOTO KOH/IEHCATY, TaK SIK Maibke
BeCh 00’€M IUTIBOK Oepe y4acTh y MpoIleci B3aEMOIIT 3
KHCHEM.

Tolt ¢axr, mo mnepeBaKkyyMyBaHHS KHCHIO He
MIPU3BOJUTE JI0 3MiH Y EJIEKTPOIPOBIIHOCTI ILTIBOK
(puc. 6, 3BOpOTHI KpHBi), IO MOB’SI3aHO 13 3HAYHHM
XIMIYHUM 3B’SI3KOM KHCHIO 13 MaTepiaJioM IUTIBOK, 1 €
XapaKTepHUM JUIsI XiMIi4HOT afgcopOii. s MaTepianry
i3 TOYaTKOBUM p-THIIOM TPOBIAHOCTI  KHCEHb
CIOPUYHMHSAE  TUIBKM  3pOCTaHHS  KOHIICHTpAii
OCHOBHUX HOCIiB — Jipok (puc. 11, 0).

IV. BniauB kucHI0O Ha mpogini eJeKTpUYHHX
napaMeTpiB MOHOKPUCTATIYHUX IIIBOK IUIIOMOYM
TeJypuay

4.1. ExcniepuMeHTAJIbHA YaTHHA

JlocmimKyBaHi MOHOKPUCTAJIUHI TOHKI ILTiBKH
PbTe Oynu oTpuMaHi TEpMiYHUM BHIIAPOBYBaHHSIM
Hamepes ~ CHHTE30BAHOrO  Marepialy  N-THIY
npoBigHoCTI. OcaKeHHs MPOBOMINCH Ha IIiAKIaIII
KCl (001) BupouryBanHsi IUTIBOK 3AIiHCHIOBAIN 3a
MOCTIHHOI TemmepaTypu miakmaaku T, = 520-570K
[4]. ToBmMHY IUTIBOK 3aJaBajld 4acoM OCaJKCHHS
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rapy, Ta BHUMIPIOBAJIX 32 JIONIOMOT'OI0 KalliOpOBaHOTO
KBapIoBoro pe3oHaropa. CTpyKTypa TOHKOI ILTiBKH
JIOCHIJPKYBaiacsi 3a JIONOMOTOK  X-IPOMEHEBOTO
IupakToMeTpa.

3pasku ans  BuMiptoBaHHA edekry Xomia i
€JICKTPOMPOBITHOCTI MaJTM YOTHPH XOJUTIBCHKHX 1 JIBa
CTpyMOBUX  30HAHM. Bumipm mpoBogmnu  Ha
MOCTIHHOMY CTPyMi Y HOCTIHHOMY MarHiTHOMY TOJI
0,8 Tn. Ilpu 11pbOMY BHUKJIIOYEHHS BIUIUBY HMOOIYHHX
rajJbBaHO- 1 TEPMOMArHITHUX e(eKTiB 3a0e3neuyBau
YCEPEMHCHHAM pE3YJIbTaTiB BHMIpIB 3a PI3HUMHU
HanpsiMaMu CcTpyMy 1 MarHiTHoro mnois. IToxuOka
BUMIpIB He nepeBuIyBaia 5%.

KoedirmieHT TepMo-€.p.C. BUMIPIOBAJIN BiTHOCHO
3pa3ka Mifli 3 HOXHOKOI0, sika He nepeBulyBana 3%.

Yei BUMIpIOBaHHS 3IIICHIOBAITUCH Ha
CBDKOIIPUTOTOBJIIEHHX ~ 3pa3kax 32  KIMHATHHX
TeMIIEpaTyp.

4.2. Pe3ynbTaTH qocigxeHb Ta 00roBOpeHHA

1. Pe3yabraTtn pociaigkeHb

3ane)KHOCTI TMHUTOMOI  €JIeKTPONpPOBIAHOCTI O,
cramoi Xomra Ry, XOMIIBCHKOI KOHICHTpamii n,
PYXJIUBOCTI HOCITB L 1 KoedilienTa TepMo-e.p.c. S Bix
TOBUIMHU OCA/DKEHHX IUTIBOK HaBEJEHO Ha puc. 12
[18]. I3 puc. 12 BumHO, W0 y IUTBKax Mae Micue
PO3MIpHHUI ePeKT I MOCTiIKYBAaHUX EICKTPUIHUX
mapameTpiB. Tak, 30kpema, 3a Majux TOBHIMH d
IUTIBOK ~ TIMTOMa  €IEKTPONPOBIAHICTE  3POCTaE,
0CO0JIMBO Pi3KO, SAKIIO TOBIIMHA TUTIBKH d < 100 HM
(puc. 12, a —kpusa 1).

PesysnpraTn BUMipioBasb S (puc. 12, B) noka3zany,
mo ToHki miiBka PbTe 3 d <125 HM € p- Tumy
nipoBigHocTi. [Topsia 3 MK 3HAYEHHSIMHU TOBIIUHY d,
BUHHKAa€ 3HAKOBA 1HBEPCIisl Y THITI OCHOBHUX HOCIiB. 3i
301IBIIEHHSM TOBIIMHM IUTIBKH, KOE(IilieHT TepMo-
€.p.C. CTae HACHYEHHM, JOCSTAlOYd BEJIWYUH, SIKi
ONM3bKI /10 3Ha4YeHb JUIsI MACUBHUX KpucTaiiB n-PbTe
0e3 IOMIIIOK.

PesynpraTn BuMiptoBanb Ry (puc. 12, a — xpuBa
2) WATBEPUKYIOTH  3HAKOBY  IHBEpCIIO  THITY
MPOBITHOCTI 3 P Ha N TPH 3POCTaHHSAM TOBIINHU
IUIIBKA. Y MeXax TOBIIMH IUmBKH d =~ 150—250 HM,
Ry 3anummaerbes MpakTHYHO HE3MIHHUM.

2.TeopeTu4yHa yacTHHA

BumipsiHi  edexTHBHI KIHETHYHI IapaMeTpH
(puc. 12) € TEBHUMHU IHTErPaJIbHUMH BEITHUHUHAMH 1
3aJIeKaTh Bil MPOQULII0 PO3MOAUTY KOHIICHTPAIliH
HOCITB 3apsiy Ta MUTOMOI €IEeKTPOIIPOBIHOCTI, TOOTO
JIOKAJIbHUX 3HAYEHb.

VY 3aranbHOMY BHIAAKY e(EeKTHBHI €JIeKTpHYHI
mapaMeTpd IUTIBOK TOB’s13aHI 3 BiJAMOBIIHUMH
JIACHAMU 3HAYCHHSIMH CIiBBiTHOIICHHSIMH [19]:

o(d)= J o(z)dz/d; (23)
fRH (z2) 6°(z) dz
R,(d)= i@ ; (24)
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?S(Z) o(z) dz
S(@) =t
d o(d)

u(d) =Ry (d) o(d). (26)
Tyr: o(z), Ru(z), S(z), w(z) — mificHi 3HAYEHHS
MTUTOMOI  €JEeKTPOIPOBiAHOCTI, KoedilieHTa XoJuia,
KoediIllieHTa TepMO-€.p.C. 1 XOJUTIBCHKOI PYXJIUBOCTI
HAa TOBIIUHI Z, a OTXE € (YHKIIIMH PO3IOALTY
BIJIMIOBITHUX TTAPaMETPIB 32 TOBIIUHOO ILTiBKH;

Z — KOOpAMHATa B HANpsIMKy HOpMali [0
NoBepxHi IWIiBKY (z = 0 BigmoBiae Mexi po3iny — -
TUTIBKA BiJIbHA [TOBEPXHS);

d — ToBIIMHA ILTiBKU.

Enemenrtapni mapu dz I1uliBKM, SK BUIHO 3
¢dopmynu (24), BHOCATH BKJIaJ B IHTErpajibHe
3Ha4eHHs1 Ry, nporopuiliHuii ix xoedimienty Xomia i
MMUTOMIH €IeKTPOnpPOoBiAHOCTI (23), MpHU YOMY BKJIa]
MOXe OyTH NPOTHJISKHHM Yy 3aJIEKHOCTI Bill 3HAKY
Ry(z).  AmanoriyHo  mOBOAUTH  cebe  BKIIAA
eJIeMEHTapHUX MIapiB S(z) B iHTErpaibHe 3HAYCHHS
koegitieHTa Tepmo-e.p.c. (25).

Sxkmo d;+ Ad/2 TOBIIMHMA IUTIBOK, SIKi
BiJIPI3HSIOTHCS BHECKOM HACTYITHOTO €JIEMEHTaPHOrO
apy; z — KOOpJAWHATa ILOTO IIapy, TO Ha OCHOBI (23)
(26), BBakaw4W, IO JIOKAJbHI KIHETHYHI
rapameTpy elleMEHTapHUX MapiB ToBHIMHOIO Ad € B
HUX PIBHO3MIHHHMH IO Z, OTPHMAEMO:

25)

d
j o(z)dz = 5(d)d ; 27)
0
d, +A—d
2
[ o(2dz=0 (d ‘ +A—dJ-(d ‘ +A—dJ. (28)
) 2 2
[HTErpyrOUH B TOUKAX €JIEMEHTAPHOrO HIAPy
d +A—d id —A—d OTPUMAEMO:
2 Ty O '
oo oo Shele S S
_ (29
o(z) A (29)
JI71st XoJuTiBChKOr0 KoedillieHTa:
d
[Ry(z) o°(2) dz=R(d)c’(d)d; (30)
0

3. AHani3 Ta 00roBOpeHHs pe3yJabTATIB
3 puc. 13 6aurmo, 110 /7151 BUPOLIEHUX OMHUCAHIM

METOAOM TUTIBOK MaroTh Micre CYTTEBI
HEOJIHOPIMHOCTI  €NEKTPUYHUX  MapaMeTpiB 110
toBumHi. Tak, 30kpema, edektuBHi (puc. 12) i
gokanmpHI  (puc. 13)  3HAYCHHSA  CJICKTPUYHHUX

MmapaMeTpiB BUSBJIAIOTE HA TIIOBEPXHI MIISHKH 13
JIIPKOBOIO MPOBIAHICTIO.

XapaKTepHOK OCOOJIMBICTIO CITIBBIIHOIIECHL MiXK
e(peKTMBHUMH  Ta  JIOKAJbHUMHU  3HAUCHHIMU
CNICKTPUYHHUX TMApaMeTpiB IUTIBOK € Te, IO IIija-dac
peamizauii p-n-mepexoqy BOHHM BeAyTh cebe To-
pisHomy. EdekTuBHI 3Ha4YCHHS KOHIICHTpAIlii HOCITB
3apsy MalOTh MaKCUMaJlbHI 3HaYEHHS, a 1X JIOKaJIbHi
BENWYMHH — MiHiMaibHi (puc. 13, 6 — kpuBa 4). B roit
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K€ 4Yac sK 3MiHA XOJUIIBCBKHX PYXJIUBOCTEH
BiIOYBA€TBCSI Y  NPOTWICKHOMY  HaNpsIMKY:
eQeKkTUBHI 3HAa4YeHHs 3MeHHIylThcs (puc. 12, 6 —
KpuBa 3), a JIOKaJbHI — 3pocTaroTh (puc. 13, 6 — kpuBa
3).

[Hmoro  ocobnmBicTIO TPOQITIB  €IEKTPUIHUX
rnapaMmeTpiB IUTIBOK € Te, 10 B Mipy 3MEHIIEHHS
TOBIIMHHM JIOKAJBbHI 3HAYCHHS KOHIECHTpAIll IipoK
3poctaroTh (puc. 13, 6 — kpusa 4).

o, Om'em’” R, eM’Kx
2504
r 30
200 1 L 20
1504 F 10
100{ 0
F-10
50 T T T T
0 50 100 150 200 d, am
n, cm”
L 10]9
O
n-TUM - 10"
() 17
0 : : . —L 10
0 50 100 150 200 d, am
S
S, MmxB/K
200 1
100 -
0 .
-100 -
-200 T T :
0 50 100 150 200 d, am
B

Puc. 12. Po3mozin 3a TOBIIMHOIO €(heKTHBHUX
3Ha4YeHb EJIEKTPUYHHX MTapaMeTpiB [(a): o — kpuBa 1,
Ry — xpuBa 2; (6): p— xpuBa 3, n — kpusa 4; (8) — S)]

mwtiBok PbTe [18].

OTpuMaHi pe3yabTaTH MOXHA IHTEPIIPETYBaTH
HaCTyITHUM YUHOM. OCKIUIBKH TEIyp — 1€ KOMIIOHEHT,
SIKIH HaWIIBHJIIE BUIIAPOBYETHCS, TO MOXKHA Oyi0 0
criofiBaTuch, 1o IIiBku PbTe macuueni Pb, a omxke
MAalOTh BUILI KOHIEHTpAIli HOCITB 3apsiny n-tuimy. Lle
HAaBOAUTH HA IYMKY, IO HOCIT 3apsity p-THIY B
TOHKMX IUTiBKax PbTe BHHHMKAIOTH y pe3ysabraTi
OKHMCHEHHsSI TIOBEPXHI Ha TOBITpI 3a KIMHATHOL
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TEMIIEpaTypH.

VY Oyap-SKOMy BUNAIKy HEOAHOPIIHICTH IUTIBOK
BapTO  BPaxoByBaTW IiJ  4Yac  IHTepIpeTamii
€KCTIepUMEHTAIbHUX pe3yiIbTaTiB. Bnacuiok
HEO/IHOP1THOCTI MIPOBIHOCTI MaTepialy  3a
TOBIIMHOIO, BU3HAYCHI 3 BUMIPIOBaHb edekTy Xoia i
€JIEKTPOIPOBITHOCTI  KOHIIEHTpALisi 1 pPYyXJIHUBICTh
HOCIIB  CTpyMy € II€BHUMH  YyCEpEIHEHUMH
BEJIMYUHAMH, IO 3aJIKaTh BiJ MPOQiI0 PO3MOILTY.
Binbiie TOro, HaBiTHP THI TPOBIAHOCTI B JESIKUX
BUIIAKaX MOXE OYTH YCEpeIHEHOIO BETUYHHOI0.
Takuit crag Mae Micue, KOJIM B IUTBINI

CIOCTEPIraeThes p-n-mepexi.

G, Om'em’ R,, 10°cm’Kn

300
250 1
2001
150 4
100

501
-1

0 T ‘l T
0 50 100 150
a

200 d, um

u, 10° eM’/Be n, cm”

4
p-T! N-TUIT
§ 3
i 10"

3
4
UIT
50 100 150 200 d, um
0

40' L 1018
30+
; - 10"
204

1 L 16
104 10

0
0

S, MxB/K
200 A

100 4

-100 4

-200 r
0 50

100 150 200 d, am
B
Puc. 13. IIpodini po3noaisy 3a TOBIIUHOO
JIOKaJIbHUX 3HAYEHD CJICKTPHYHUX MapaMeTPiB IUTiBKH
PbTe: [(a): 6 — xpuBa 1, Ry — xpuBa 2; (0): 1 — kpuBa

3, n—xpuBa4; (B): —SJ.

Ha puc. 13, BpaxoByIOUM CKCIIEPUMEHTAJIbHI
pe3ynbTaty i orpuMani Bupasu (29) — (36), HaBeeHO
npodimi JIOKAJIbHUX ~ 3HAYCHb  KIHCTUYHHUX

Koe(iLiEHTIB T AOCITIDKYBaHHX ILTiBOK.
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BrutuB kucHI0 Ha podii eNeKTPUYHNX NapaMeTpiB MOHOKPUCTAIIIYHUX TUTIBOK BUHAYA€THCS 3a:

RH(d | +A2dj-(d | +A2dj~02(d | +A2dj—RH (d | Azdj(d | A;)c{d | Azdj
R, (2) o’ (2) = i . 31)
[MincraBuBimm c(z)y (31) omepxumo:
{RH@‘ A;‘Nd A;Jc(d Azdj_R(d Azdj(d Azdjc(d A;‘HA d
R,(2) = - ; (32)
et 28]
2 2 2 2
H(z)=Ry(2) o(2); (33)
1
(z) = R.)e’ (34)
AHAJIOTIYHO [T KoedillieHTa TepMO-epc :
?S(z) o(z) dz=S(d) o(d) d; (36)

BucHoBkn

1. IlpuBegeHo  pe3ynbTaTu JTOCTTIJDKSHHS
XIMIYHOTO 1 ()a30BOrO CKIIa1y, a TAKOXK EIEKTPUIHUX
BJIACTHBOCTEH BUTPUMAaHUX Ha MOBITpI
MOJTIKPUCTATIYHUX TUTIBOK p -PbSe (p - mpoBigHOCTI).

2. Tloka3zaHo, 110 MOBEPXHsS E€KCIIOHOBAaHUX Ha
noBiTpi 1wIiBok PbSe HacuueHa axIeNTOPHOIO
JIOMIIIKOI0O — KHUCHEM, SIKWH, KpiM TOro, YTBOPIOE
okcuz Pb;Oy.

3. BakyyMmHwuii Biinas BUTPHUMaHHX Ha IOBITpI
TLTiBOK p-PbSe 00yMOBITIOE CKITaiHUI XapakTep 3MiHH
MTUTOMOI EJIEKTPOITPOBIHOCTI 13 TEMIIEPaTypoIo, IO
TIOB’SI32HO 13 TpOLECaMy J1ecOpOLIii KHCHIO 1 IPOSBOM
BJIACHOT MPOBIAHOCTI.

4. TlpuBeneHO eKCIIEpUMEHTAJbHI pe3yJiIbTaTH
3aJIeKHOCTI MTUTOMOL €JIEKTPOIIPOBITHOCTI
nomikpucraniyanx 1wiiBok PbTe 1 PbSe pisnoi
toBumHY (d = (20 — 250) HM) Bix THCKY KHCHIO (P, =

6. aKIeNnTOpHY Iif0, sAKa Beme A0 KOHBEpCil
TUITY IIPOBIIHOCTI ISl ILUTIBOK N-THITY.

7. 3ampornoHOBaHO KpHCTAJIOXIMiYHI
MeXaHi3MH B3a€MOJIii KHCHIO i3 TOBEPXHEI0 ILTIBOK
IUTFOMOYM XaJIbKOT'CHIIIB.

8. TIlokazano, 110, SKIIO 3a MaJHUX THUCKIB
KuCHIO Py, (10* — 10)a momiHye MexaHi3m
3aMIIlICHHA KHCHEM aHIMOHHUX BY3JiB, TO 3a P, >
10 ITa — BkOpiHEHHSI KUCHIO y MI>KBY3JISl KDUCTaJIIYHOL
IPaTKH IUTiBOK.

9. JlocmimkeHO  pO3MOALT 332  TOBIIMHOIO
epEeKTUBHUX 1 JIOKAIbHUX 3HAa4YeHb EJIEKTPUUIHHX
napametpiB i mwiiBok PbTe, Bupomenunx i3 nmapoBoi
¢a3u Ha ckonax MmoHokpucrainis KCI.

Jis  TUTBOK 13 yCepeTHEHOI  ENEKTPOHHOIO
MPOBIJHICTIO HA IOBEPXHI BHUABJICHO IMap p-THITY.
IToka3zaHo, IO BiH BUHHUKA€ BHACIIIOK aKICIITOPHOL

(10% — 10%) TTa). il:M H:TszOC(bepHoro KACHIO BX€ 3a KIMHaTHHX
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JlocTikeHO 3aJIe)KHOCTI €JIEKTPHYHOr0 OIopy (€IeKTPOIpPOBIAHOCTI) TOHKHMX IUIBOK PbTe pisHoi
CTPYKTYPHOI JJOCKOHAJIOCTI (MOHOKPHCTaJl, MONIKPUCTalT) BiJl 1X TOBIIMHM Ta TeMIepaTypu. Y pamKax
HaOMDKEHHS CepelHbOr0 BIIBHOIO IPOOIry HOCIIB 3apsfy pO3paxOBaHO KIHETHUYHI HapaMeTpH IUIBOK.
BcranoBiieHo, WO Ui MOHOKPHCTANIYHMX IUIIBOK CEepelHs IOBXKHHA BUIBHOrO NpOOIry Ha IOPSJIOK
BEJIMYMHHU NIEPEBUIIYE ii 3HAUCHHS JUIS OJIIKPUCTAIY.
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Chemical and phase compositions, crystalline structure, electric properties of lead teluridude films,
annealed on air and vacuum has been investigated. It have been studied, that difficult character of properties
changing of PbTe films is related to the processes of exposing on atmospheric oxygen on air and desorption
of telurude and oxygen in a vacuum. Electric resistance dependences (electric conductivity) of thin-films
PbTe different structural perfection (monocrystal, polycrystal) on their thickness and temperature are
research. In the network approximation carrier middle free run the kinetic parameters of thin-films are count.
It is set that for monocrystal films middle length of free run on the order exceeds its value for polycrystal.
There were brought the results of analysis of magnetic resistance, thermo e.m.f. coefficient, carriers mobility
of monocrystalline and polycrystalline lead selenide films, deposited from steam phase on spalling of crystals
(111) BaF, and on strip of polyamide PM-1. It was obtain an influence of drift barrier in polycrystal PbSe
films on transport phenomena.
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1. IocTaHOBKA HpOﬁ JIeMHU Tenypy [5].He nuBisSUMCh Ha BiKE MTOCTATHHO TPHUBAJI
JOCTIDKCHHS, e 1 3apa3 HEMAa€ €IMHOTO VSIBJICHHS

BIHOCHO BHIY 1 3apsIOBOrO CTaHY BJIACHHX
TOYKOBHX Je(eKTiB [6]. BBaxkatoTh, 10 B 3aJICKHOCTI
BiJl TEXHOJIOTIYHUX YHMHHUKIB OICP)KaHHS 1 Biamairy

ToHKI TUTiBKH MIIOMOYM XaJIbKOT€HIIiB 3HAMIILIH
LIMPOKE 3aCTOCYBaHHS B iH(pauepBOHI TexHili Ta
tepmoenekTpuni  [1-4].  Hanpuknax, miromOym i . X
TenypHa XAPAKTEpU3YEThCS  BOCTOOHHbOf0 ~ MOKE ICHYBATH LIMOKHIl CIIEKTP 3aps7OBHX CTaHiB
IIIAHKOK TOMOTEHHOCTI, sika csrae 3a 1048 K pig  TOUKOBHX nedexTiB — Bix CICKTPOHCHTPATBHAX 110
49,994 110 50,013 ar. % Te [5]. e 0bymosmioe n-turr ~ ABOKPATHO 3apsULKEHNX [6]. TepMoo6po6Ka TUTIBOK B
MIPOBITHOCTI MPU IepeBakaHHI ILTFOMOYMY BiZHOCHO aTMOC(bepl KHCHIO 1 BaKyyMl CYTTEBO BIUIMBA€ Ha
CTEXiOMETPHUHOTO KAy, T P-THIT MpW Hammamky — SMIHA nedekTHOI miacucTeMu Ta Ha iX BIACTHUBOCTI
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[71.

Y poboti [8] mocmimKeHO MpolecH erpanarii
BJIACTHBOCTEH TOJIIKPUCTATIYHUX IUIIBOK IUIIOMOYM
TEeNypUy, SKi BiJIajeHi Ha IOBITPi Ta y BaKyyMi.

OOMexeHICTh PO3MIpiB TOHKHUX ILTIBOK B OJJHOMY
HampsiIMKy, i1x ToBmmHa (d), Ta  BennunHa
kpucTaniuaux 3epeH (D) oOyMOBIIOIOTH 3MEHIIECHHS
cepeqHbOl JIOBKMHU BUIBHOTO mpodiry (/y) HociiB
eNeKTpUYHOro  cTpyMy. OcTaHHE BIUIMBaE Ha
PO3MIpHY 1 TEMIIEpaTypHY 3aJICKHOCTI €JICKTPUIHOTO
oropy (p) [9-13]. Pozpizusitors 30BHinmHIN (3PE) Ta
BHyTpitmHiil (BPE) posmiphi edexrn [11]. Sxmo y
MepIIOMY BUIAAKY JIOMiHYE BIUIMB TOBIIWHU ILTiBKH,
TO y npyromy — nopsiz i3 3PE cyrreBy poip Bimirpae
PO3CIIOBaHHS HOCITB EJIEKTPHYHOTO CTPYMY Ha MeXax
kpucranitie. Teopis 3PE Bmepme Oyna po3podicHa
®ykcom (Fucks) (1938 p.) Tta 3ouarelimepom
(Sondheimer) (1950-1952 pp.) A1 MOHOKPHCTATIYHOT
IUTIBKM 3 BUKOPUCTAHHSM O3HAaueHHS KoeQilieHTa
JI3epKaibHOCTI [14]. 3a BHU3HAUCHHAM IICH HapameTp
JTIOPIBHIOE B1THOIIICHHIO KUTBKOCTI HOCIiB
ENEKTPUYHOTO CTPyMy (ENEKTPOHIB 1 HipoK), sKi
BIIOWIMCS BiJ TOBEPXHI IDIBKH, IO iX 3arajibHOI
KUIBKOCTI, SIKI TOTPAlMJIMd Ha TOBEPXHIO. Y TOMY
BUNAJKYy, KOJIM 3MIHIOETHCS BEIUYUHA IMITYJIbCY
Hocisi ctpymy (y wmoxeni Dykca-3onareiimepa —
BUIBHI  €JIGKTPOHM), MOBa Hzae 1mpo audy3He
BigOuBanHs (0 <p<1). Skmo X IMOYIbEC 3MIiHIOE
JIUIIE HAOpsSMOK, TO II€ BIJIOBilA€ A3EPKaIBLHOMY
BigOuBanHIo (p = 1). Masinac i lllankec (Mayadas and
Satzkes) (1970 p.) 3ampomoHyBaqud — MOCH
MPOBIAHOCTI JUISI TOJIKPUCTANIYHUX IUTIBOK, sIKa
npuiiMae 10 yBarMm [JOMIIIKOBE 1 TI'paTKOBe
PpO3CitOBaHHs, IIOBEpPXHEBE PpO3CitoBaHHS i
po3citoBaHHS Ha Mexkax 3epeH [15, 17]. Tak sik Bupa3
UTsE po3MipHOro e(ekTy y Iiid Mopaedi IOCTaTHBO
YCKJIaTHEHUH 1 Ba)KKO 3BIpSETHCS 3 €KCHEPHUMEHTOM
Teiinep (Tellier) (1977 p.) ycmimHO 3anporOHYBaB
MOJIeTh e()eKTHBHOI'O CEPETHBOr0 BUIBHOTO MPOOITY,
ska momiOHa 10 ommcy dDykca-3oHarefimMepa i nmae
MOJKJIMBICTh €KCIIEpUMEHTaNIbHOI repeBipku [18]. o
CTOCYETBCSI TOHKMX IUTIBOK  XaJbKOTEHIJIB, TO
PO3MipHi eeKTH BHBYAIOTHCS y psmi poOiT [19-22].
OpHak 3ajMIIaloThCS 11032 YBArow JOCIIJHKEHHS
CTOCOBHO BIUIUBY CTPYKTYPHOT'O CTaHy IUTIBOK Ha iX
KiHETHUYHI TapaMeTpH.

Y poboti [23] 3pobieHa crpoba cucTeMaTh3arii
pPEe3yABTATIB JOCHIHKEHb BIUIMBY TOBIIWHH ILIiBOK
PbTe pi3HOi CTpYKTYpHOI JOCKOHAJIOCTI Ha iX
€JIEKTPOIPOBITHICTh Ta CEPEHIO JOBKUHY BiJIBHOTO
po0iry HOCITB 3apsiy.

HasiBHiCTH y HamiBNPOBIAHUKOBHX  IUTIBKaX
MaKpOHEOHOPIAHOCTEH, MOB’SI3aHUX 3 MPHUCYTHICTIO
MIXKOJIOKOBHX MEX, MOXE ICTOTHO BIUIMBATH Ha
MEXaHI3MH TIEPEHECEHHsl 3apsAy B EJNEKTPUYHHX 1
MarHiTHUX nomsax [24, 25]. Taka mnoBeniHka
TUTIBKOBHX CTPYKTYp OOyMOBJIEHAa ICHYBaHHSIM Ha
Mexax OJIOKIB JIOKaTi30BaHUX CTaHIB, SHEPris SKHX
UT  TUTFOMOYM  XallbKOTEHIMIB ONHM3bKa N0 MEXi
BIJIMIOBITHOT JTO3BOJICHOT 30HM (30HHU MPOBITHOCTI IS

N-TUIY 1 BJICHTHOIO - JuIst p-THmy). L{i ctaHu MOXyTh
3axXOIUTIOBATH HOCIT 3apsiay, SIKi MepeMillyroThCs i
Ji€I0 30BHIIIHIX MOMiB. TakMM YHHOM, BHMHHKAE
npetidoBuii Oap’ep, BHUCOTa SKOIO Y BHUPOKCHUX
HAITIBIIPOBIIHMKAX 3aJIEKUTh BiJl IOJOKEHHS PIiBHIB
XiMiYHOTO TOTeHIiany [26, 27].

HasiBHicTs 3HauHOrO npelidoBoro Oap’epy B
MOMIKPUCTAIIYHUX ~ IUTIBKAX  I[IOBHHHA  CIIPUSTH
3MEHILIEHHIO €JIeKTPONPOBITHOCTI, 3pOCTAHHIO TEPMO-
e.p.c. 1 3MiHM 3HaKy KoeQillieHTa IOIepedHOro
epexry HepHcra-ETrinrcrayzena. Brmms 6ap’epis
MOBUHEH IIO3HAYaTHCS TaKOXX Ha MeXaHi3Max
poscissHHS ~ HOCiiB  3apsagy  [28].  Binmiueni
0cOONMMBOCTI  Oap’€pHUX  CTPYKTYp  YCIIIIHO
BHUKOPHCTOBYIOTh y HAMIBIPOBITHUKOBOMY
npwiano0yayBaHHi, M0 pPOOUTh JaHE 3aBIAHHS
0COOJIMBO aKTyaJIbHUM.

Tonki mwiiBku PbSe BUriAHO Bigpi3HSAIOTHCS TUM,
110 HE3HAYHa aHi30Tpomist noBepxHi depMi He CUITBHO
BIUIMBAE HAa CHEPreTHMYHMH CTaH KOHJEHCATY,
00yYMOBJICHHUH OJIOUHOIO CTPYKTYPOIO.

Crnix  TakoX 3a3HAYUTH, WI0 HA BEIHYHHY
MIX3EepeHHHX Oap'epiB CyTTEBO BIUIMBAE TaKOX
atMoc(epHHI  KHCEHb, SKHH € e(QEeKTHBHUM
akmentopoM [29]. 'V pobGori [30] mpuBeneHi
pe3yNnbTaTh JOCTiDKEeHHs Oap’epHUX edekTiB Ta
TPAHCIIOPTHI TPIIECH B IUTIBKaX IUTIOMOYM CEJIeHiTy.

II. Jderpampaumis muaiBok PbTe mnpu
BiZnaJi Ha moBiTpi i Bakyymi
2.1. ExcniepuMeHTAJIbHA YaCTHHA

[TniBku IUTFOMOYM TEeIYypULY CBHHIIIO
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OTPUMYBAJI BUIIAPOBYBAHHSM y BaKyyMi IOPOIIKY i3
Hamepes cuHTe30BaHOi cmonyku [8]. B skocti
MIiKIa0K BUKOPHCTOBYBAJHCS CKIISIHI TUIACTUHKH,
MoNepeHh0  XIMIYHO  oummieHi.  TemmepaTypa
OCa/DKCHHSI ~ BUTpUMYyBayacst  Oinst  KIMHATHOI.
TommHa mIiBoK csraia 50-100 Hv. YacTuHa MITiBOK,
TiCIIsl OTpUMaHHS, BUMMasacs i3 BaKyyMHOI KaMmepH i
miggaBanacs  BiAmany ~Ha  MOBITPL.Y  BakyyMmi
MIPOBO/IMBCS BiNNall SIK EKCIIOHOBAHUX Ha IIOBITPI
IUTIBOK, TaK 1 CBIYKOBUPOIICHHX.

Ximiunuii 1 pa3oBuil CKITa M TUTIBOK KOHTPOJIIOBATUCS
MeToaMH eJeKTpoHHoi Oxke-crnekrpockomii 1 X-
IIPOMEHEBO1 IdpaxTomerpii. Enexrpuyni
BJIACTUBOCTI IUTIBOK BUMIPIOBAJIHM KOMIICHCAIIHHUM
METOJIOM.

2.1 . Ximiunmii i ¢pa3oBuii ckyiaam miiBok

Bzaemopis rtiBok PbTe i3 armocdepHuM KrcHeM
MPU3BOJUTh JI0 ICTOTHOTO  MEpPEepo3NOJily  SIK
€IEMEHTHOT0 CKJIaJy Marepianxy, TaKk 1 LUIOro
KOMIUIEKCY Horo (i3MKO-XiMiYHHX BJIaCTHBOCTEU
(puc. 1 — puc. 5).

Ananiz cximagmy MeromoM — Oske-eNeKTPOHHOI
criekTpockomii 3HauHOI KijmbkocTi miiBok PbTe mo
TOBIIMHI JJO3BOJIMB BCTAHOBUTH JEsKi 3arajibHi
3akoHOMipHOCTi. Tak, 30kpeMa, Ha TOBEPXHI BCIX
3paskiB (puc. 1) BUSBICHUI TOHKUI IIap TOBLIMHOIO
6,5-13,0 HMm, ckian SKOro 3HaA4YHO BiAPI3HAETHCS BiX
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CKJIay BUXITHOI MaTpPHIl 1 Ma€ JOMIIIKH KUCHIO. Y
psani BUMaakiB, moBepxHs IuiBok PbTe 30araueHa
moMimkamu xyopy (puc. 1). Ilpu crpaBmroBaHHI
ITOBEPXHI IUTIBKH Ma€ Miclie Oe3repepBHe 3MCHIIICHHS
KOHIICHTpAIlii KHCHIO Ta 301JIbIICHHS KOHIICHTpPAIIi
OCHOBHHMX KOMIIOHEHTIB - Pb i Te (puc. 1, 0).
ButpuMka IUTiBOK Ha MOBITpi, Y THM Ouiblie ix
BiJnaji, oOyMOBJIIOE€ 3pOCTaHHSI KOHIEHTpALii KUCHIO
Ha NoBepXxHi iBoK (puc. 2, 3). Ile miaTBepmxye Toi
¢axT, mo aacopOIisl KHUCHIO MEPEeBaKHO MPOXOJUTh

Ha MOBEPXHI.
dN(E)
ae ¢} o

Te Te

d

E., eB
Puc. 1. Oxe-criektpu mwiiBok PbTe: a - BuxinHi,

0 - nmpoTpaBjcHHI 2 XB.
N(E), Bin.oz.

0 T T T i
10° 10°* 10° 10*
Puc. 2. 3anexHicTh iIHTEHCUBHOCTI MKy Oy ISt
wiiBok PbTe Bijg excrio3uliii B KUCHI.

1,
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Puc. 3. 3aexHicTh BiIHOCHUX 3HAYCHb aMILTITY.
Oxe-criektpiB Pb, Te i O miiBok PbTe Bin
TeMIepaTypH 130XpOHHOI'0 BiAnany B atmMmocdepi
KHUCHIO.
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TepMmooOpoOka cyTTeBO He crpuse audysil
KHCHIO y  CcepemuHy  IUTiBKU. ITigBuIenus
TEeMIIepaTypy BiAnasy NPU3BOOUTH JO IiJBHIICHHS
niky kucHio Ha Oxe-cnekrpax (puc. 3). Ilpu npomy,
SIKIO IHTCHCUBHICTh TMiKy Pb B  Oke-criekTpax
3pocTae, TO TEIAypy Maibke He 3MIiHIOEThCS
(puc. 3).lle MOXXHa MOSICHUTH THM, IIO NPU BiAmai
O, B3aemopie nepeBaxHO i3 Pb, KoHIEHTpallisl SKOro
Ha TIOBEPXHI 3pocTae uepe3 audys3ito i3 TIHOHMHU
IUIiBOK. Pe3ynbrar aHamizy IUTIBOK MeTOAOM X-
IIPOMEHEBOL (oTOCNEeKTPOHHOI CHEKTPOCKOITT
BKa3ylOTb Ha Te, 10 cnekrp Pbys 3cyBaerbcs y
IUISHKY ~ BEIMKUX ~ €HEpriif, sKWi  BiAIOBiiaEe
yrBopeHHI0 okcuay PbO. Kpim Toro y crektpi Tesq
3°SIBIAETHCA MK, MOB's3anwui i3 TeO, [4].

TakuM YHMHOM, B3Aa€MOII0 KHUCHIO 13 IUTIBKAMU
PbTe moxna posminutn Ha nABi craxii. Ha meprmiit
cTanuii KUCEeHb aJcopOyeThCS Ha IOBEPXHI IUTIBOK
NepeBayXKHO Ha 3epHax. EnexTpoHu i3 30H abo 3
JIOMIIIIKOBHX PiBHIB 3aXOILTIOETHCS XIMaICOPOOBaHUM
KACHEM 1 Ha IIOBEPXHI YTBOPIOETHCS HEraTHBHHN
3apsIDKEHUH map, a y IMPHUIIOBEPXHEBOMY Iapi —
IUITHKa 13 TO3WTHBHUM 3apsioM. Jlpyra cramis
HACTYIA€ TPHU JCSIKIH KPUTHYHIN KUTBKOCTI KHUCHIO,
sIKa CIIPUYMHIOE PO3pHB XiMi4HUX 3B’si3kiB Pb-Te i
nepeOyJ0By IOBEPXHi, aHAJOr4yHO 10 (Hha3oBOro
nepexony. Ilpu mpomMy XemocopOuis KHCHIO Pi3KO
3pOCTaE, IO BeJe 10 YTBOPCHHS OKCHIIB IUTIOMOYMY 1
TENnypy.

1.1 . EaexTpu4Hi BJ1aCcTHBOCTI IUTIBOK

ExcrioHyBaHHS TOHKHMX IUIIBOK Ha MOBITpI
00yMOBJIIO€ 301IbLICHHS IX OMopy Ha 2-3 HOPSAKH
BEIMYMHH IO-BiHOUICHHIO /IO CBI>KOBHUPOIIEHUX
(puc. 4,5). Hacrymuwii Bigmam Takux IUTIBOK Y
BaKyyMi  TNPH3BOAUTH [O CKJIAJHOI 3aJI€KHOCTI
NpoBigHOCTI  Bix Temmneparypu(puc. 4, kpuBa la).
30KkpemMa Icis ITOYaTKOBOTO Pi3KOrO 3pPOCTaHHS
MTUTOMOIL €JIEKTPOIPOBIAHOCTI, B iHTepBaJIi
temrepatyp (300-320) K mae wmicue il moBinbHime
spoctanHs 3a (320-420) K i3 HacTymHHM Ppi3KHUM
3MmeHIeHHsIM 3a (420-450) K. KpuBa oxomomxeHHs
eKCIIOHOBaHOi Ha ToBiTpi mwiiBku PbTe Bingmosinmae
HAIBIIPOBIIHUKOBOMY  XapakTepy  3MiHH
CJICKTPOMPOBIIHICTh 3MEHINYETHCS 13 MOHMKCHHIM
temriepatypu (puc. 4, xpuBa 10). Ilpu upomy
MOYATKOBI 3HAYEHHsSI OMNOpPIB TOHKUX IUIIBOK JIO
TIOYATKy HArpiBaHHS 1 MICIsl OXOJOIKEHHSI CYTTEBO
BiJIPI3HSIOTHCSL. [ToBTOpHE “HarpiBaHHs-
OXOJIOJDKEHHS”  TPU3BOOUTH  JO  3MEHIIEHHS
a0COJIIOTHOI 3MIHM BENWYMHH oropy (puc. 5, KpuBa

).

Ha TtemmepaTypHuX 3aJe)KHOCTSAX  ITHTOMOI
€JICKTPOMPOBITHOCTI CBIYKOBHPOIIIEHUX
HEEeKCIIOHOBAaHMX Ha MOBITpI IUTIBOK IPH HarpiBaHHi
CIIOCTEpIraeTbcsi  AesSKe  IOYaTKOBE  3POCTAHHS

MPOBITHOCTI TIPH HACTYMHOMY ii pi3KOMY CliaJilaHHi
(puc. 4, xpuBa 2a). KprBa 0X0J0IKEHHSI Ma€e YHCTO
HAITiBIIPOBITHUKOBHH Xapakrep (puc. 4, kpusa 20).
PizHuii XapakTep 3MiHH MTUTOMOI
€NIEeKTPONPOBITHOCTI  (G)  CBDKOBHUpPOLIEHHX 1
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€KCIIOHOBAaHMX Ha TOBITPI IUIIBOK NPH 1X HArpiBaHHI y
BakyyMmi (puc.4) MOXHA TOSCHHUTH MPOILECAMH
JIecopOIlil KUCHIO 1 OLIBII JIETIOWOI KOMITIOHCHTH —
TEnypy. Tax, 30Kpema, 3MEHIIECHHS c
CBIYKOBHPOIIICHUX IUTIBOK ITiJuac HarpiBanHs (puc. 4,
KpuBa 2a) CJiI BiJIHECTH 3a paxyHOK JAecopOii
TENypy 13 TIOBEPXHI IUTIBOK, IO OOYMOBIIIOE
YTBOPEHHS BaKaHCIi B aHIOHHIH migrparmi i
3MEHILEeHHS] KOHUeHTpawii aipok y p-PbTe. Ilpu
LIOMY 3MEHIICHHS] KOHIIEHTpamii IIpOoK 3a paxyHOK
JiecopOIil Tenypy 3HauHO MEPEBUIYE TX 3pOCTaHHS 3a
paxyHok BiacHoi mpoBimHocti. Ile 1 € mpuuuHOO
3HAYHOTO CINaJy MUTOMOI €JIeKTpPOmnpoBigHOCTI. Jlis
TUTIBOK, BUTPHMAaHHX Ha TOBITPI Yepe3 YTBOPEHHs Ha
MIPUTIOBEPXHEBUX IIapax OKCHIHHUX (a3, mecopOuis
TeNypy 1 KHCHIO, SIKIi € aKIeNnTopaMH, JIemlio
3aTpylHEHa 1 TOMY pICT EIEKTPOMPOBIIHOCTI i3
MiJBUIICHHAM TEMIIEpaTypu ImepeBaxae (puc. 4,
KpuBa la). 3MEHIIEHHs TUTOMOI EJIEKTPOIPOBITHOCTI
B iHTepBayi BHCOKMX Temmneparyp (420-450) K
EKCIIOHOBAHUX Ha MOBITPi IUIiBOK (puc. 4, kKpuBa la)
o0yMOBJIeHE JIecOpOIi€l0 KHCHIO 1 Temypy i3
MDK3EPEHHHX  MEX, sKa BUMarae  OiUIbIIMX
€HepreTUYHHUX BUTPAT.
8

250

200

»

o

3

3
1

(Om*em)A(-1)

o, (Om*cm)A(-1)
~
s

100

w

290 320 350 380 410 440 470
T,K

Puc. 4. 3anexHicTh TUTOMOI €JIEKTPOIPOBIAHOCTI
€KCIIOHOBaHUX Ha MOBITpi (KpuBi 1) i
cBikoBHpOIeHHX (KpuBi 2) rtiBok p-PbTe Bin
TeMIIepaTypH Bilnany y Bakyymi: la, 2a —
HarpiBaHHs; 10, 20 — OXOJIIOKESHHS.

AR, kOm AR, MOm
70
- 0,6

60 4
50 A

40 A

20 A

0 : . 0
| 2 T 3 4
Puc. 5. 3anexHicTh BETMYMHHU BiTHOCHOI 3MiHH
OITOpY eKCIIOHOBAaHUX Ha MOBITpi (kpuBa 1) i
cBiKOBHpOIEeHNX (KpuBa 2) wiiBok p-PbTe Bix
TIOPSIKY IIMKJIIB «HATPiBaHHS-OXOJOKEHHSD»
3a 330 K.

Crnig TakoX 3ayBaKUTH, IO BiJHOCHA 3MiHA
OMOpPY CBIKOBUPOIIECHUX IUTIBOK MpH IpoIecax
“HarpiBaHHA-OXOJIO/KCHHS® 3HAYHO MEHIIA, HiX
€KCIIOHOBAaHUX Ha TOBITpi (puc. 5).

Enepris  akrtuBamii, BH3HAaueHa 13 KPHBHUX
OXOJIO/DKEHHS I €KCITOHOBAHMX Ha IOBITPI IIIBOK
3aJIeKUTh BiJl iX TOBIIMHHM 1 3MIHIOETECS B Mexax 0,3-
0,4eB. Ile mnoB’s3aHO 13 pI3HUM XapaKTEpPOM
MPOLIECIB B3aEMOJIIT KUCHIO i3 MarepiaioM IUTIBOK.
Jlmst  CBOKOBHpOINEGHWX IUTIBOK CHEPTis aKTHBAIIil
ckiamae ~0,34eB, mo choiBmagae i3 IMUPUHOIO
3a00pOHEHOT 30HU [5].

III.Po3mipHi epeKkTH B e€JeKTPHYHHUX
BJIACTUBOCTHAX TOHKHX ILUTiBOK
IUIIOMOYM XaJIbKOTeHiliB

3.1.ExcriepuMeHTAIbHA YACTHHA

3 METOI0 OTpUMaHHS TOHKHMX IUTIBOK i3 Pi3HOIO
CTPYKTYPHOIO JIOCKOHAJIICTIO BHKOPUCTOBYBAJIU SIK
Pi3HI TEXHOJOTrii, Tak 1 Ppi3HI MIOKIATKA UL X
ocaypkeHHs. Tak, 30kpeMa, MOHOKPUCTAJIIuHI 3pa3ku
BUPOLIYBAJIM METONOM rapsioi cTiHku [31], sxuid
3a0e3meuye HaHOLIBII piBHOBaroBi ymoBu. Ilpu
LLOMY € MOKJIUBICTh CTBOPIOBATH 3Ha4YHI TUCKU TapH
NMoONM3y MiJKIAAKH, OTPUMYBATH SK TOHKI, TaK i
TOBCTI IUTIBKH, MIATPUMYBATH MOCTIHHUHN CKIIa] apu
y 30HI OCaKCHHS TIpM HE3HAYHId  pi3HHUII
TEMIIEpaTyp BHUIIAPOBYBAHHS HABAXXKHU 1 OCa/KECHHS
(migknanku). ITigknaakamMu OyJId CKOJIK TIO TLIOIIMHI
(100) xpucranis KCI.

[Nomikpucraniunuii  KoHAeHcaT  QopMyBanu
BUIIAPOBYBAaHHSAM HAaBAXXKH 13 CHHTE30BaHOI CITONYKH
PbTe i ocamkeHHsIM Mapyu y BiAKpUTOMY Bakyymi [32]
Ha CKJIAHI miakmanku 3a temmepatypu T =470 K i3
HACTYITHUM BiJnanoM y Bakyymi 3a 400 K Ha mpotssi
2 rox.

KpiM Toro, peamizyBasu TEXHOJIOTIIO TPHOX
temnepatyp [32]. Cuntes mwiiBok PbTe 3miticHioBamu
i3 OKpeMHX KOMIIOHEHTIB — CBHHEIb, TEIyp, — Ha
cxisHux miaknaakax npu Ty = 370 K. HepiBHoBarosi
YMOBH OC3/DKEHHSl ITapu 1 HH3bKI TeMmIeparypu
migknamok  3abesmeuyBanu  ApiOHOAMCHIEPCHUNA
KPHUCTAJIYHHUIA CTaH ILTiBOK.

ToBmMHY TWUTIBOK 3aJaBajli 4acoM OCaJHKECHHs
mapu, 1i BapiroBamu y mexax 0,1 — 7 MM 3a
MOCTIHHUX TEXHOJOTIYHUX YHHHHUKIB — TEMIIepaTypa
BUIIAPOBYBAHHS Ta OCAJKECHHSI.

EnexkTpuuHi BIACTUBOCTI IUTIBOK  BH3HAYAIU
KOMITEHCAI[IHHIUM TIOTEHI[IOMETPUYHUM METOAOM Yy
MOCTIHHUX ~ €NEKTPUYHUX 1 MArHITHHX  IOJISX.
OMIYHUMU KOHTAaKTaMH Oyl TOHKI CpiOHI ILTiBKH
OTpUMaHi BUMAPOBYBAaHHSAM Yy BakyyMmi uepes
cremianbHi Macku. TemmepaTypHi 3aJeKHOCTI OIOpy
IUTIBOK PI3HUX TOBIIMH BU3Ha4aju B iHTepBam (77-
450) K.

3.2.Po3paxyHoOK KiHeTHYHHMX IapaMeTpiB

3rigno moneni Teinepa [18] po3citoBaHHS HOCITB
3apsly Ha MeXax 3epeH OIHCYETbCS YacoM
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penakcamii T, TaKMM YHHOM, IO [y =ToL, ae [y —
eeKkTUBHUI cepeHiil BIIbHUI NpoOIr HOCITB 3apsmy
y HECKIHYEHHO TOBCTIH IUIIBII, L — IBHIKICTh HOCITB.

Toni
3 (1A-P
p=po[1+§lo( - )} (M)
abo
3. 1-P
U=C70|:1—§lo( y, )} 2)

Tyt po(6o) — muTOMUit omip (ENEKTPONPOBITHICTS)
y HecKiH4eHO ToBCTii miiBii. PiBHsuus (1) 1 (2)
BUPaXaroTh MpAMY JIiHII0 Y = A + BX y xoopauHarax

p(o) ~d":

3 1
=py +—pyro(1—P)—; 3
P=Pytm ol )d 3)

3 1
0'=00—§0010(1—P)Z, 4

3
e A = po(cp); B= gpolo (1-P) abo

3
B= _ggolo(l_P)-

I3 piBussb (17) 1 (27) BUIIMBaE, IO MpsiMa JIiHIs
nepecikae Bich opmunat mpu d' — 0 y Toumi, mo
BU3HAYAE Py YA Op. TaHMeHC KyTa HAXWIY HPIMOL
BU3HAYa€ BEJIMYMHY, B 5Ky BXOOUTH [y SIKmio
posrisimati nudy3He poscitoBaHHA (To6TO P=0), TO
MOJKHA JIETKO BU3HAYUTH [y 1 Po(0y).

3.3.Pe3ynbTaTu gocaixzkeHHs Ta iX aHATi3

JHesxki i3 pe3ynbTaTiB  CKCIIEPUMEHTAIbHUX
JIOCII/DKEHb Ta TPOBEICHUX PO3PAaXYHKIB HABEIECHO
Ha puc. 6-11 Ta Tabn. 1-3. BigzHauumo, mo s BCix
JIOCHI/PKYBaHUX IUTIBOK XapakTepHUM € PO3MipHHI
epekr y enekrtpuuHoMy omopi (puc. 7,11) um
eNeKTponpoBiaHOCTI (puc. 9). Y mepuiomy BHNAAKY

Mae Miclle 3pOCTaHHA MUTOMOI'O0  OMopy i3
3MCHIIICHHSIM TOBIIMHH (3poctanus 1/d) (puc. 1,11), a
y JIPYroMy — 3MCHIIICHHS MTUTOMO1

enexTponpoigHocTi (puc. 9). OcTaHHE BKa3ye Ha Te,
o Mixk(asHi Mexi “TUTiBKa — MiKIaaKa”, “riiBka —
BiIbHA TOBEpXHS~  Ta MDKKPHCTANI4HI  Mexi
BIUIMBAIOTH Ha TPAHCIOPTHI Mporecy. Y MepIry 4epry
e TOB’S3aHO 13 3MIHOK CEPEeAHBOI JOBXKHUHU
BUILHOTO TPOOITY HOCIiB 3apsmy. 3Beprae Ha cebe
yBary CIiBBiIHOIICHHS MK 3HAUYCHHIM C¢(PEKTUBHHX
cepeHIX JIOBKHH BUIBHOTO MPOOIry HOCITB 3apsny /o
JUI TUTIBOK, OTPUMAHUX 3a PI3HUX TEXHOJOTTYHHX
yMOB  (Tabi. 1-3). Tak, 30Kkpema, s
MOHOKPHCTAJIYHUX IUIIBOK (Tabn. 1) BoHa Ha 1Ba
TIOPSTIKH BEJIMYUHHA Oinbla, HIX TS
MOMIKPUCTAIIYHUX JIPiOHOMUCTIEPCHHUX TUTIBOK (TabII.
3). lle nae MOXIHUBICTH CTBEpIKYBAaTH, IO
MDKKpUCTaNIiYHI MeXi € e(QEeKTHBHUMH MIiCIsIMH
pO3CilOBaHHSI HOCIiB 3apsimy, a cepeiHs 30BHIIIHS
JIOBXXKMHA BUIBHOTO TPOOIry cmiB po3MipHa i3
po3mipamu kpuctaiitiB (D). J{ist MOHOKpUCTATIYHUX
IUTIBOK [y HAa TOPSAOK BEIWYMHHU TIEPEBUILYE il
touuHy (d) 3a 300 K (Tadm. 1).

EdexrtuBHa cepenHsi JOBXHMHA BUIBHOTO IPOOIry
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HOCITB 3apsily 3aJeXHTh 1 BiJ TeMmeparypu. Sk mis
MOHOKPHCTAJIIYHUX, TaK 1 MOJIKPUCTAIIYHUX TUTIBOK
lo 3pocTae i3 3MEHIICHHAM TemIiepaTypu (Tadmi. 1-3).
Oco0auBo cyrreBe ii 301IBLICHHS XapakTepHE s
CTPYKTYPHO JOCKOHAJIOT'O KOHJICHCATY, OCAXKEHOIO Y
PIBHOBa)XHMX yMOBaxX Ha ckonu MoHokpuctaniB KCl
(tabi. 1). Tak, sxmo 3a 300 K [, = 2,73 MkM, TO Bke
3a 77 K BoHa Ha miBTOpa MOPSAKHU OijbIa i CKiIamae ly
= 433 MM (tabn. 1-3). Jng momikpucTagagigHuX
IUTIBOK  JIOMIHYIOYMM  3QJIMIIAETHCS  BCE  TaKU

PO3CIlOBaHHS Ha MEXax KpUCTAJITiB (Tadi. 3).
p, OM cm

0,011
0,0081
0,0067
0,004+

~N N bW N

0,0021

50 100 150 200 250 300 T.K

Puc. 6. TemnepatypHi 3aJIe)KHOCTI TUTOMOT'O OIIOPY P
emiTakCiiHUX IWIiBOK n-PbTe, BupoIieHux Ha
maxnaakax KCI gis rosmumn d, mxm: 1 —0,5; 2 - 0,8,
3-1;4-2;5-2,5,6-3,5,7-17.

p, OM cMm

0,01
0,008
0,006
0,0041 -
0,002

0 0.5 1,0 1,5 2.0 1/d, 10" e’
Puc. 7. 3anexHOCTi TUTOMOTO ONOPY p BiJ 00epHEHOT
ToBmmHM 1/d emitakciiinux miiBok n-PbTe,
BupolreHux Ha migkiankax KCI g remnepatyp T,
K:1-300;2-200,3-165;4—-125;5-77.
c,OM 'em

4.
3]

04
50 100

300 400

200

T, K

Puc. 8. TemmepaTypHi 3aJeKHOCTI HTOMOI
MPOBITHOCTI G TONIKPUCTAJIIYHUX IUTIBOK p-PbTe,
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BUPOLICHUX Ha CKISTHUX MiAKIaaKax Juis TOBUIMH d,
MkM: 1 —7,69; 2 — 5,56, 3 —3,46; 4 — 2,75. (Binkpure
BUIIAPOBYBAHHS).

o, Om'em™
1,6
r~d
12
0.8
L. 2
041 \\.\
0 }D&Q‘%‘

0 1 2 3 1/d, 10’ cm™
Puc. 9. 3anexHOCTI TUTOMOI MPOBITHOCTI G BiJ
00epHeHoi TOBIUHHM 1/d moiKpUCTaliYHUX TUTIBOK P-
PbTe, BUpOILICHUX HA CKIISTHUX IMIAKIAIKAX 32
temneparyp T, K: 1 —300; 2 —230,3 — 150; 4 - 77.
(Binkpute BUmapoByBaHH:).

p, OM cm
0,07
0,03 . . . . : . .
300 320 340 360 380 400 420 440 T, K
Puc. 10. TemneparypHi 3aJ1€KHOCTI TUTOMOTO OIIOPY
p MOMIKpHUCTAIYHUX ILTiBOK p-PbTe, Bupomenux Ha

CKIITHUX MMiOKIagKax ajs ToBuud d, mxm: 1 —0,1; 2 —
0,15,3-0,2; 4 - 0,25 (Meton TppOX TeMIepaTyp).

0,06

0,05

0,041

Bworo—

p, OmcMm
1
0,06 ~ /
T 2
0,05 e
/3
004 _____- .
0,03 i ) j 4 El
0 2 6 10 1/d, 10" cm

Puc. 11. 3anexHOCTI TUTOMOTO ONOPY P Bix
00epHeHOi TOBIIUHHM 1/d MmoiKepucTa iuHUX IITiBOK
p-PbTe, BupoIeHNx Ha CKISIHUAX ITiIKITIAIKaX 33
temneparyp T, K: 1 —317;2 —353,3 -403; 4 — 443
(Meron TprOX TEMIEPATYD).

3ynMHUMOCS 1€ Ha OJHIA BIiAMIHHOCTI MIiX
MOHOKPHCTAJIIYHUMHU i MOMIKPUCTATIYHUMHA
IUTiBKaMd. BoHa TIOB’s3aHa i3 PI3HAM XapaKTepOM
TEMIEpaTypHOI  3aJEKHOCTI  MpOBimHOCTI  (pucC.
6,8,10). Skuio i MOHOKPUCTAJIB 13 IiJBUINCHHIM
TEMIIEpaTypy OIip JUIsl IUTIBOK Pi3HOI TOBIIMHU Mae
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METaJIIYHUN XapaKTep 3MiHH — BiH 3pocrae (puc. 6.),
TO JUIS TIOJIKPUCTAIIIB XapaKTepHUH
HAITiBIPOBITHUKOBHI — IPOBIIHICTH 3pocTae (puc. 8),
ortip 3MeHmyeTkes (puc. 10).

Y wmonokpuctamax PbTe Bim wmaibke 4 K 10
MovaTky  JoMmimkoBoi  mposigHocti (450 K)
koedimieHT Xomga He 3MIHIOETHCS, IO BKa3zye Ha
cTajlie 3HAYEHHS KOHIeHTpamii Hociie [21]. Ile
TIOB’SI32HO 3 TUM, IO SIK JIOHOPHI, TaK 1 aKLEeNTOpHI
€HepreTUYHI PiBHI 3HAXOMATHCS B 30HI MPOBITHOCTI i

BaJICHTHI  30HI  BIONOBIZHO 1  TOMYy  HE
BHMOPOXYIOTBCS. Y JIOCTITHOMY BHITAJIKY
CIIOCTEPSKYBAaHUHA  pPICT  MHUTOMOI'O  OIOPY 3

TEMIIEPaTYpOI0 y MOHOKPUCTATIYHHUX IUTIBKax (pHc.
6), TOB’s3aHUI, B OCHOBHOMY, i3 pO3CIFOBaHHIM
HOCITB Ha KOJIMBAHHSX KPUCTAJIYHOI TPATKH.

AXTHBalliiHUIA ~ XapakTep TPOBIAHOCTI  JUIs
MOMIKPUCTAIIYHUX IUTIBOK (puc. 3, 5) MoxHa
MOB’s3aTW 13 ~ €HEPreTMYHMMHU  Oap’epaMH  Ha
MIX3EpPEHHHUX MEXKaX.

Ta6auus 1

KineTn4Hi XapakTeprCTHKA MOHOKPUCTATIYHHUX
wiiBok n-PbTe Ha miaknankax KCI (meron rapsaoi

CTiHKH)
T,K po, 10°0M | B, 1070m | [, 107
M oM’ M

77 0,08 1,3 43,3

125 0,31 1,9 16,8

165 0,73 2,5 9,51

200 1,35 2,9 5,94

300 3,51 3,6 2,72

Taoauns 2

KineTnHi XapakTepUCTHKU MOJIKPUCTATIYHIX
iiBok p-PbTe Ha ckistHMX migkiIagKax (MeTon
BiJIKPUTOTO BUTIAPOBYBAHH)

T,K Po, OM cM B, 107 lp, 107
oM’ cM
77 0,15 0,35 6,47
150 0,29 0,69 6,39
230 0,65 1,32 5,45
300 1,49 2,61 4,71
Ta6aunsa 3

KineTnuHi XapakTepHCTHKU MOJIKPUCTATIYHIX
mwiiBok p-PbTe Ha ckasHMX migKiaakax (METoI TPhOX

TEMIIEPaTyp)
T,K | po, 10°0Om | B, 10°0Om | 1, 107 cm
cM oYs
317 5,47 8,92 0,0435
353 4,54 7,22 0,0424
403 3,71 5,72 0,0411
443 3,27 4,84 0,0395
BusnaueHi 3HaueHHs eHeprii akTuBamii i3
TEeMIlepaTypHUX 3ayexHoctedl Ig p(o) ~ — s

MOMIKPUCTAIIYHUX IUTIBOK PI3HOI TOBIIMHHU (pHC.
8,10) cxmamarots Big 0,08 mo 0,11 eB. Bimsnaueni
€HepreTUyHi 0ap’epH y MONIKPUCTATIYHUX IUTIBKAX
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MOXYTb 6yTI/I 3yMOBJ'I6Hi, 30KpeMa, aKInCcuTopHUM
BINIMBOM aTMOC(l)epHOl"O KHCHIO.

IV.bap’epHi edpexTn i TpaHCOPTHI
NMpouecH y IVIIBKAaX ceJIeHily CBUHIIO

4.1. ExcniepuMeHTAJIbHA YACTHHA

Jlis BUBUEHHS BIUIMBY MOTEHHIANbHUX Oap’epis
Ha IIEPEHECEeHHs 3apsly HPOBOAWIIM BHMipIOBaHHS
KoedirieHTa TepMO-€.p.C., MOTIEPEYHOTO i
TIOB3/IOBYKHBOI'O MarHiToonopy, a TaKOoX aHai3
TEMIIEPaTYPHOI 3aJIeKHOCTI XOJUIIBCBKOI PYXJIUBOCTI.
[Tniku PbSe otpumyBanu 3 napoBoi (aszu y Bakyymi
Ha miaknankax (111) BaF, i momiamimHii crpiuri
tury [IM-1. ITniBku Ha BaF, Oynu MoHOKpucTasivHi,
3 opienramieto (111) PbSe || (111) BaF,, Bennunna
onokiB ckmagana (0,5 1,0) 10* MM 3 Kyrom
posopienTamii Mk Humu 1,0" ... 1,5". Ha momiamini
IUTIBKM MaJId TOJIKPHUCTATIYHY CTPYKTYpYy, 3 ABOMa
NepeBaXHUMH  opieHTamisMu  kpuctamitie  (100) i
(111) PbSe mapanenbHi g0 moBepxHi. Kpim TOro,
koHAeHcaT Ha IIM-1 MaB TakoX HE3HAyHy YacTKy
HeopieHToBaHOI (a3u. Po3aMipu KpuCTamiTiB y HHX
ICTOTHO 3alleaTh BiJl TeMIeparypu miakiaaaku. [Ipu
T, = 540 K Bonu 3naxozgsrecst B mexax (0,03 ... 0,1)
MkM. ToBmmua mapie — (0,2 - 5,0) mxm. Jlns
BBEJICHHS Y 3pa30K KHCHIO 1X MiJfaBajd Biamaiay Ha
MOBITPI B  130TEPMIYHMX YMOBax 3a  pI3HHX
temnepatyp B iHTepBaii 600...620K (dikcoBanwuii yac
Bignmaixy — 30 xB.). Jlo Bigmamy i micias BEMIipsiH
KpaTHICTh  BI/JIHOIIEHHS TPOBIAHOCTI Yy  CTaHi
3aJIMIIKOBOI MPOBiIHOCTI G, 10 TEMHOBOI G, TIpU
80K (OIl). Ilpu BuBYeHHI (HOTOMPOBITHOCTI
BHKOpHUCTOBYBasH cBiTIIOmion AJI106A 3 mTOBKUHOIO
XBHJI1 onpomineHHs 0,95MKM.

4.2.AnizoTponisi Maruiroonopy

OCKIJIBKY KpUCTaNITH y IUIiBKax PbSe pocryrs, B
OCHOBHOMY, BiJ MiJKJIaJKH JO TOBEPXHI iX Mexi,
OpIEHTOBaHI TMEPIEHIUKYISIPHO OCTaHHIM, TO CIiA
YeKaTH aHi30TPOITI0 KOE]Ili€HTIB SBHI MEPEHOCY.
ToMy, y monikpuCTaTiuHUX IUTiBKax PbSe moBuHEH
3MiHIOBAaTHCA TIOB3JOBXKHIH MarHitoomp Ap,/p,,

Tomi sAK TmomepeuHui Ap, /p, Oyde 3anumaTucs

Maibke He3aMiHHMM. Ile TOB’s3aHO 3 THM, IO
OCTaHHI! BU3HAYAETHCS TOJIOBHUM YHHOM,
BJIACTHBOCTSIMH BHYTPIIIHBOTO 00’€MY KpPHCTAIITIB.
Sk pe3ynbTaT aHi3oTporis Koe(ilieHTy
MAarHiToOnopy, M0 XapaKTepU3yEThCS BiAHOLICHHIM
k=Ap,/Ap, , nepeBUILTyBaTUME OJUHUILO [24].

Po3rnsiHEMO — eKCIIepUMEHTallbHY — 3aJIEXHICTh
k=Ap,/Ap, Bin KoHUEeHTpauii HOCIiB JUI1 MOHO- i

MOMIKPUCTANIIYHUX TUTiBOK PbSe n-tumy mpoiaHoCT,
Bu3Haueny 3a T =77 K (puc. 12). Sk Oaummo,
B MOHOKPHUCTAJIYHUX IUTiIBKaX 3a BciMa
JOCTIPKYBAaHUMH KOHIICHTpamisiMu k<1, 110 CBiT4UTh
PO BUCOKY CTPYKTYPHY JOCKOHAIIICTD MIAPIB 1 SKICHO
Y3TOIKYETBCS 3 aHI3OTPOIEI0 MACHBHHX 3pa3KiB
PbSe, nmug sKkMX BHACHIZAOK €NICOIANBLHOCTI 1X
130eHEePreTHYHUX NTOBEPXOHb, Ap,IOBUHHO OyTH Ha
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miiBok PbSe, mnounnaroun BKe 3 MiHIMAJIBHHX
KOHLIEHTpAllill, eKCrepuMeHTalbHe 3HaueHHs k > 1
IO  TOSICHIOETBCS  BIUIMBOM  MDKKPHUCTaTITHHX
Oap’epiB. 30UnbIIeHHS K 13 3pocTaHHsIM KOHIIEHTpALii
ENIEKTPOHIB Y [HUX IUTIBKaX OOYMOBIIEHE pi3KUM
CTpUOKOM B  EHEPreTHYHIH  3aJeKHOCTI  Yacy
penaxcanii HOCIiB HpH HaONWKeHHI iX eHeprii 1o
zq])(ep“l(bomro 0ap’epy.

20 % wmeHme Ap, . JIna nomixpucTamivyHUX

4_
N
2+
1- o o 140_
.
4 6 810" 2 4 6 810" 2 neM’

Puc. 12. 3anexHicts KoedinieHTa aHi30TpOMii
MarHitoonopy k = Ap,/Ap, Bia xoHUIeHTpauii HOCIiB

Jutst TTiBok p-PbSe Ha migxnaakax BaF, (1) i [IM-1
2)mpu T=77K.

0 1 1 P 1 1 1 Ly 1

4 6 810" 2 4 6 810" 2 n,eMm’

Puc. 13. BigHomieHHsS KOe]illi€eHTIB TEPMO-€.p.C.
Y=o, /a_ nomi (2)- i MoHOKpUcTaniuHuX (1) mIiBok
PbSen (1) i p- (2) Tumy nposignocti 32 T - 100 K (0)
1300 K (o)

4.3.Koedinient Tepmo-e.p.c.

ExcrieppuMeHTanbHa  3aJIeKHICTH  BiJHOUICHHS
KOe(]iIIEHTIB TEPMO-€.p.C, MOJi- 1 MOHOKPUCTATIYHUX

n

IUTIBOK

Y= npuseneHa Ha puc. 13. Ilpu

m

OJTHAKOBi# XOJUTIBCHKiM KOHIIEHTpalii HOCIiB o B
MOMIKPUCTAIIYHUX TUTIBKax BUIA. OCKIIIbKM 30HHA
CTPYKTYpa IUTIBOK BiJ CTYIEHS X KPUCTaIi4HOL
JIOCKOHAJIOCTI HE 3aJIeKHTh, MOXXHAa BBaKAaTH, IO
CIIOCTEpe)XyBaHI ~ OCOONMBOCTI B TepMO-€.p.C.
TOB’sI3aHi 3 BIIMIHHICTIO MEXaHIi3MIB pPO3CIFOBaHHS
HOCITB 3apsay [25].

Benmuka  KUIBKICTH ~ MIK3EPHOBHX  MEX 3
JIOKAJTI30BaHUMHU HOCISIMA CTBOPIOE B
JPiOHOMMCIIEPCHUX 3pa3kax IMOTeHLiaIbHUN Oap’ep
JUIL  €JIeKTPOHIB 1 JIPOK, OCKIIBKH JIOBXKHHA iX
BiIbHOrO mpoOiry B PbSe mpubmmsno Taka x, sK i
po3Mipu kpucraixiyHux yreopens (0,2 ... 0,3) MkMm 3a
T=77K.

SIKII0 BHCOTAa €HEPreTHYHOro Oap’epy OIM3bKa
1o ereprii @epmi HOCIiB, TO Takuil 6ap’ep ePEeKTUBHO
po3citoe Ti Hocii, eHepris sikux MeHie eneprii depmi
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1 3HAYHO CJTA0KiIe HOCIi 3 €Hepri€ro, MO MEPEBHIIYE
eHeprito depmi. Y pe3ynbTaTi CepelHS CHEPris Y
MOTOI[l  HOCIiB  30UIBINYETHCS, 10  BHUKIUKAE
3pOCTaHHs Koe]ilieHTa TepMO-€.p.C. IPH HE3MiHHHX
rapameTpax 30HHOI CTPYKTYPH.

Sk BugHO 3 puc. 13 miag Yac TOHMKCHHS
Temnepatypu Y=o, /o, 30uibmyetbes. Mabyrsb, B
MOMIKpUCTANIIYHMX ~ IUTiBKax PbSe, Mik3epHOBHii
npetihoBuii  Oap’ep 3MEHIIYETHCSA 13 3POCTAHHIM
TEeMIIEpaTypH.

4.4./IpeiipoBuii 6ap’ep i pyxauBicTb HOCIB

HpeiidoBuii 6ap’ep y MONIKPUCTATIYHUX TUTIBKAX
MOKHA 3HAWTH, BHUKOPHUCTOBYIOUM BiJOMHUI BHpa3
[etpima nHs X0UTiBCKOI pyxymBocTi [33]:

db
Ry =Ko &Xp| =——— |» (5)

k,T
ne @, - eHepris akTHBalLil pPYXJIMBOCTI, SKa
BIMOBiJTa€ BHCOTI Mik3epeHHOro Oap’epy 3a 0 K.
[epenexcrioHeHIia bHUI WIEH |y C1abdo 3aJIeKUTh
BiJl TEMITEPATYpH.
Jis nonikpucraxiyHux miiBok PbSe npeiidopuii
O0ap’ep, BU3HAUCHMH 3a HaxwiaM 3aJCKHOCTI

lg(;,LHT”2 = f(T’l)) B JIJISIHII HU3BKUX TEMIIEpartyp,

cxianae (0,02...0,04) eB.

[Tpu BUTpUMIII IUTIBOK Ha HOBITpi BUCOTa Oap’epy
N0  3MIHIOETbCS ~ BHACHIJOK  B3aeMomii 3
aTMoc(epHrM KucHeM. [1J1s1 BUBYEHHSI LILOTO MIPOLIECY
3pa3Ky MiIaBaly eKCIIO3UIlii B i30TepMidHil Kamepi,
3aroBHeHid noBiTpsM 3a Ty = (550 ... 850) K. Sk
CBiYaTh pe3yNbTaTH, OKMCHEHHs IUTiBok PbSe, 1o
CYNPOBO/IXKYETHCSI YTBOPEHHSM ITOBEPXHEBOI ILTiBKH
toBumHOWO 0,1 MKM, [emo MiBHIIYE BHUCOTY
npetidoBoro Oap’epy. Tak, mia 3paska p -THIY
MIPOBITHOCTI TOBIIMHOIO 4 MKM 3 KOHLEHTpAIE0
Tipok 8,2 105 m3 , BATPUMAHOTO B KaMepi J1Bi FOAMHU
3a Ty = 560 K, Bucora Oap’epy 3011bLIYETHCS BiA
0,021 mo 0,023 eB.

HasBHicTs npeiidoBoro 0ap’epy B
MOMIKPUCTANIIYHUX TUTiBKaX PbSe BHKIMKae TaKox
3MiHy XOJUTIBCBKOI PYXJIMBOCTI 1 Xapakrepy ii
TEMIIEPaTYpHOI 3aJIEKHOCTI. SIK MpUKiIa, NpUBEIeHO
B JorapudmiuHiii = mKam  eKCIepUMEHTaJbHI
3aJIeKHOCTI XOJLTIBCHKOT PYXJIIMBOCTI JUIS
CJICKTPOHHMUX 1 JIPKOBUX 3pa3KiB, BUPOIICHUX Ha
migknankax BaF, i [IM-1 (puc. 14) dns 3pa3ka p -
TUITY TIPOBIJHOCTI 3 KOHIICHTPAIIIEI0 HOCITB 2 10% M3 s
nmapamerp v=Algu, /AlgT 3a T = (77 ... 300) K
30inbyeThbest Big 1,7 no 2,5 (puc.14, kpusa 2), a ais
3pazka3 n=2,9 102 M - BiamoBiaHo, Bix 2,3 10 3,8
(puc. 14, xpuBa 1). Take 3HaUEHHS THIIOBE ISl COJEH
wiroMOyMy [34] 1 MOSICHIOETHCS PO3CISTHHSIM HOCITB Ha
aKyCTHYHUX 1 onTHYHuX (oHoHax. [lemo MeHIe
3HAYEHHS MAa€ BEJIWYMHA V B IUIIBKAX Ha ITOJiaMigHil
migraam. Tak, A 3pa3ka n-THITY 3 KOHIICHTPAIIi€l0
enextponie 1,7 10 wm>. v piae 0,71 i 1,07
BimnosigHO 3a 77 1 300 K (puc. 14, xpusa 3). Take
3MCHIIICHHS TMapaMeTpa vV B IUTIBKax Ha MoJiaMifi
BUKIMKAaHE BHECKOM  JOJATKOBOI'O  MEXaHi3My
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PO3CISTHHSI Ha MDKKPHCTATITHUX Oap’epax.
Y  NOJKPUCTANIYHUX 3pa3kax TIOBHHH dac
penakcariii HOCIIB 3apsay MOXKHA NpPEACTAaBUTH Y

BULJISAIL
-1
c

(6)

Je T,—4Jac pejakcallii MiJ Yac pO3CifoBaHHA Ha

-1 -1
T =T, +7

MIKKPHCTaIliYHUX MEKax; T, — Yac pelaKcalii HociiB

BCEpEIMHI 3€peH. BHKOPHCTOBYIOYM BHpa3 Il

et . ..
[l =— 13 cHiBBiIHOMIEHHS (2) MOKHA OTPUMATH
m

1 1 1
S=—— (M)
M Mb Mc
€T .
Acu, = : —pPYXJIUBICTD, sgKa O6yMOBJ'IeHa
m

PO3CISTHHSIM HOCIIB  3apsily Ha MIDKKPHCTAJTIYHHX
Mexax;

€T
Hy, =—
m

— PYXJIMBICTh HOCIiB TIpH pPO3CisHHI

BCEpEIIMHI 3epEeH.

Ockinbku 1wiiBkn Ha BaF, moHokpucramiuni i
PYXJIMBICTh 3apsly B HUX HE 3aJI€KUTh Bijl TOBLIMHH,
To I8 Huxp=W,. Tomi, NpHUIyCTUBIIH, IO
pO3CilOBaHHSI HOCITB BCEpeIvHI 3epeH 1 00’emi y
miiBkax BaF, 1 momamigl oadHakKoBi, MO’KHA
pO3paxyBaTH PYXJIHMBICTh JJIS TUTIBOK HA MOJTiaMii.

. 1 . .
3rigHo [35], — B NOMIKPUCTAJIYHUX 3pa3Kax B

Cc

YMOBax BUPOKEHHS, BHPaKAETHCS
CITiBB1HOIIIEHHAM
1
2eb, (3n)3
_ k
M. __h 7 > (®)
neb, — cepenHiil po3Mip KpHUCTaliB;
N—KOHIICHTPAIIis HOCITB 3apsiy.
lg p,
46 | |
42 F o
38
34 |
3
30|
22 |
2,1 2,3 2,51gT

Puc. 14. TemneparypHa 3a1€)KHICTh XOJITIBCHKOT
pyxamBOCTI Ly y rutiBkax PbSe Ha minknankax BaF,
(1,2) u IIM-1 (3) (0 — p-Tum; * — N-TUM MPOBiTHOCTI).

PospaxyBaBmm n i3 gaHux edekry Xomra i
migcraBuBImIM Y (8), OTPUMAaEMo, IO 3HA4YECHHA b,

ckiamae 0,03 mxm. Bono g00pe cmiBmamae 3
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pO3MipaMu  KpUCTQJIIYHUX 3€pEeH, BH3HAYECHHMHU
MetooM X — MPOMEHEBOro aHami3zy. Takum 4uHOM, 13
OTPUMaHUX JIAHWX BWIUIMBAE, MO EJIEKTPOHHI

po3MmipHi edekTH y miiBkax n—PbSe 3 xpucramitamu
meHie 0,1 mxm 3a T=77-300 K, BUABNAIOTH BIUIUB HA
PYXJIHMBICTb HOCIIB 3apsiy.

4.5.KuceHsb i TpaHCTIOPTHI NIpouecH

Sx  BumHO 3 puc. 15 npw  migBUINEHHI
TeMmIepaTypH Biamany B inTepBami 300 <T, <500K
301IBIIYETHCSL KPAaTHICTH BiHOCHOT mpoBiaHocTi (BIT)
60/0m (09 — TIPOBiMHICT I naHoi Temneparypu To;
O — TEMHOBA MPOBIIHICTH), OCOOIMBO JUIA LIapiB n-
TUITY TPOBIJHOCTI, 3MEHIIYEThCS PYXJIHMBICTH HOCIiB
sapany p,, . Ilpu Te>500K y 3paskax n—Tumy
3MEHIIYETHCS KOHIIEHTpAList €JIEKTPOHIB,
BiIOyBa€THCs 1HBEpCisl THITY NpoBigHOCTi. KpaTHicTh
BIl, pocarHyBmIM MakCHMyMy, TIIOYHMHA€E Pi3KO
3MEHIIYBAaTUCA, @ [, B IUTIBKAX 30UIbIIyBaTUCA.

Otpumani  pesynpratd  (puc. 15) MoxHa
TOSICHATH  IHTEHCUBHOIO JU(Y3i€I0 KUCHIO O
MIXK3EPHOBHX MEXaX, BEJHMKa KITBKICTh SKUX € Yy
MOJTIKPUCTANIYHUX 3pa3kax. Ha Mekax KpUCTaiTiB
KuceHb cTBOpIoe akuenTtopHi cranu (AC). J{ns miBok
n—rtuiy npoBigHocTi AC BHUKIMKAa€e IHBEPCHUH 3TWH
30H Ha MOBEPXHI KPUCTAIB 1 €JIEKTPOHH 3aIUPAIOTHCS
B KBa3iHEUTpAIbHUX 00’ €Max 3epeH p-N—IepexoIaMu.
I[Ipu 1upoMy BimOyBaeTbCs PpICT TOTEHI[AIBHUAX
Oap’epiB Ha Mexax Uil ENIEKTPOHIB. Y pe3yibTarTi
nporo kpartHicte BII 3HayHO 30LIBIIYETHCS, a
pyXJiHBicTh 3MeHIIyeThbest (puc 15,a). CriocrepesxeHa
iHBepCisl THIy TIpoBigHOCTI IUIiBOK n-PbSe 3a
BHCOKMX  TeMIlepaTyp IOB’si3aHa 3  IOSBOIO
noBepxHeBux AC B mporieci OKUCHEeHHs. J[ist miiBok
p-PbSe nokamizamis enekrtponiB Ha AC BHKIHKaEe
3MEHILIEHHS MOTEHIIAIbHUX Oap’epiB s JIpoK Ha
Mexax 3epeH. HacmikoM 11boro BUSIBIISIETHCS 3HAUHE
3MeHIIeHHs kpatHocTi BIL, pict py, (puc.15,a,0).

[Hesxuii pict BII i 3MeHIIeHHS |, A7 IUTIBOK p-

PbSe 3a HHM3BKOTEMIIEpaTypHOrO Bigmany (puc. 15,0)
MOXe OYTH TOSICHEHO IEepEeBaXKAIOUOI0 JIi€I0 KHUCHIO,
azcopOOBaHOrO MoBepxHe. KuceHp, 3axoIuTOYH
€JIEKTPOHM Ha TOBEPXHI, 3apsikae ii HEraTWBHO, IO
NPU3BOAUTH [0 3TUHY EHEPreTHYHUX 30H 1 MpH
MMOBEPXHEBOr'0 30araycHHs Ha aipku. Ile oOymoBirO€E
30UIBIIEHHS] CTYINEHs 3allOBHEHHs MAcTOK 1 PIiCT
0ap’epiB I TIPOK.

Buxomsun 3  BHIIe ~ CKa3zaHOro, MOXHa
CTBEPIKAYBATH, IO JOMIIIKa aTMOC(HEPHOTO KHUCHIO
MoONM3y MINK3EPEeHHHX MEX Yy MOJIKPUCTATIYHNAX
IUTIBKaX MPUBOMUTH IO 3MEHIIEHHS MOTEHIlaTbHUX
Oap’epiB it Jipok y p-PbSe i iX 30iIbIICHHIO IS
eNIeKTPOHIB y n-PbSe.

BucHoBkn

1. Tlpuseneno pe3ynbTaTu JIOCTIIDKSHHS
XIMIYHOTO 1 ()a30BOrO CKIIaNy, a TAKOXK EIEKTPUIHUX
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BJIACTHBOCTEH BUTPUMAaHUX Ha
MOMIKpUCTANTIYHUX TUTiBOK p-PbTe.

2. Iloka3aHo, 10 MOBEPXHA EKCIIOHOBAaHHX Ha
TIOBITPI IUTIBOK HAacCHYE€HA AaKLENTOPHOKI IOMIIIKOI0
— KHCHEM, SKUH, KpiM Toro, yreoproe okcunu PbO i

TeO.

TIOBITpI

3. BakyymHuii Biaman BUTpUMaHUX Ha IOBITPI
wiiBok p-PbTe oOymoBiroe ckiagHuii xapaxrep
3MiHA MIUTOMOT €JIEKTPOIIPOBITHOCTI 3
TEMIIEpaTypolo, 10 TOB’S3aHO i3 IpolecaMu
JecopOIii KHCHIO 1 TelIypy Ta TPOSBOM BIJIACHOL
MIPOBIiTHOCTI.

4. BcraHoBieHO, IO 3MiHH EJIEKTPUYHUX

BJIACTHBOCTEH CBIKOBHpoOLIeHnX MIiBok PbTe mpu
BiJnajii y BakyymMi 0OyMOBIIEHI JIeCOpOI€I0 TeITypy
3 X IMOBEPXHI Ta IPOSBOM BJIACHOI MPOBITHOCTI.

5. HocmimxeHo po3MipHi edextu
CIIEKTPONPOBIMHOCTI y TOHKUX IUIiBkax PbTe,
BUPOIICHUX 13 NapoBoi (ha3u METOAOM rapsiuoi CTIHKA
Ta BIJIKPUTOTO BUMIAPOBYBAHHS Y BAKYyMi.

6. VY pamkax wmozeni Telnepa,
mudy3sHOro  BigOMBaHHS,  BH3HAYEHO
JIOBXKHMHY BIIHOTO MPOOITY HOCITB 3apsiay.

7. TlokazaHo, 110, SKIIO Y MOHOKPHCTAJIIYHUX
IUTIBKAaxX IepeBa)kae€ pO3CIIOBaHHS HOCIIB 3apsay Ha
MOBEPXHi 1 (POHOHAX, TO IS MONIKPUCTAIIYHUX — Ha
MIX3EpPEHHHUX MEXKaX.

8. BcranoBneHo, 1m0 cepegHs  JAOBXKHMHA
BIJILHOT'O TPOOIry HOCITB 3apsiy Yy MOHOKPUCTATIYHUAX
TUTIBKaX Ha OAWH — JIBa MOPSAKU (y 3aJIEKHOCTI Bif
TEMIIEpaTypHy) TepeBaXkae BiJMOBIIHI 3HAYSHHS IS
MOJTIKPUCTATIUHUX IITIBOK, a I ABUALLIEHHS
TEMIIEpaTypH, 332 PaxyHOK BIUIMBY PO3CIIOBaHHS Ha

32 YMOBH
CEpETHIO

KOJIMBAHHSX KPUCTAIIYHOI TpaTKd, 3YMOBIIOE ii
3MEHILIECHHS.
9. Tlokazano, mo ©Oap’epHi edexktn B

MOJTIKPUCTANTIYHKUX IUTIBKAX € JOMIHYIHOYOK (HOPMOIO
BIUIMBY HIOBEPXHI HA TPAHCIIOPTHI IPOIECH.

10. Ha  ocHOBi  JocimijkeHb  aHi30TpoIii
MarHiToonopy 1  TeMIlepaTypHOi  3aJIe)KHOCTI
pyXJHMBOCTI  HOCIiB  3apsily  BHUBYEHO  BILUIHB

KPHUCTAJIIYHOI CTPYKTYpH Ha Oap’epHi edekTH y
TUTIBKaX.

11. BusHaueHno BenuumHy apeiidoBoro Oap’epy
y TOJIIKPUCTAJIIYHHUX IUTIBKAX CENEHIy CBUHINO, sSKa
ckianae (0,02-0,4) eB.

12. TlokazaHo, 1110 Ha MEXaxX KPUCTAJITIB KUCEHb
yTBOpioe akuenTopHi cranu (AC). J{ns miiBok n-tuiry
npoBigHocTi AC BHKIIMKAIOTh 1HBEPCHHH 3TMH 30H
Oilsl  TOBEpPXHI  KPUCTANITIB 1  €JIEKTPOHHU
“3anMparoThCca”’ B KBa3iHEUTpPaAbHUX OOJIACTSIX 3epeH
p-n-niepexogamu. Ilpu npomMy BigOyBaeTbcsi picT
MOTEHIIAIbHAX ~ Oap’€piB I ENEeKTPOHIB  Ha
MIDX3EepeHHHX Mexax. J[JIst TUTiBOK P-THITY JIOKaJTi3aris
enektpoHiB Ha  AC  BHKJIMKae  3MCHIICHHS
MOTEHIIAILHUX 0ap’€piB AJIsl AiPOK.
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G,/c, W, eM7/Be
1.7 700
1,6 600 G/, Wy cM7/Be
1,5 500
1,5 500
1,4 400
14 400 -~
1,3 300
1,3 o 300
1.2 200 1,2 1200
1,1 \ 100 1,1 /"“\ 1100
A
1,0 = . . 0 1,0 ‘/\ . : 0
273 473 573 T, K 273 473 573 T, K
a o

Puc. 15. 3anexHicTb pyxJIMBOCTI 1L 1 BitHOCHOT mipoBigHOcTi (BIT) % nisok n-PbSe (a) 1 p-PbSe (6) npu 80K

m

BIJl TEMITEpATypH Biamany (O, ®—BiAMOBIIHO N- i p-THIT IPOBITHOCTI).
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JocrixxeHHs B3a€MOAIl KOMIIOHEHTIB y MOTPIHIA cucTeMi
Y-Li-Sn 3a temneparypu 400 °C
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Meronamu X-IpOMEHEBOr0 aHali3y Ta MiKpOaHaIIi3y IIOBEPXHi JOCIIKEHO B3a€MO/III0 KOMIIOHEHTIB Ta
NoOyI0BaHO 130TEpMIYHMI Iepepi3 aiarpamu craHy cucremu Y-Li-Sn B koHueHTpauniiiHomy intepBam 30-
100 at. % Sn 3a Temnepatypu 400 °C.

VY nocnimKyBaHiil cUCTEMI BIIEpIE 3a JOMOMOro0 MeTony nopouky Ha qudpakromerpi STOE STADI P
(CuK,-BunpoMiHIOBaHHs) BUSBICHO YTBOPEHHS [BOX HOBHUX TEpHAapHMX CHNONYK ckianiB  YLiSn,
(ctpykrypHuit THn CeNiSi,, npocropoBa rpyna Cmcem, cuMsoin Ilipcona 0S16, mapameTpu KOMIpKH a
0,4252(1), b = 1,8001(7), ¢ = 0,4339(1) um) Ta Y4LiSn, (HeBinoma crpykrypa). IlinTBepKeHO iCHYyBaHHS
onniei motpiiiHoi daszu (YLiSn) Ta m’sarranuatu noxsidiHux cnonyk. Ilpu TemnepaTypi Bigmally Takox
BCTAQHOBJICHO ICHYBaHHS TBEPJIOro PO3UMHY BKIIOYECHHA Ha OCHOBI OiHapHOi a3u YsSn;, rpaHUUHUM
CKJIaJIOM sIKOro € YsLiSn;. Inmui OiHapHi (pa3u He pO3UMHAIOTH TPETIH KOMIIOHEHT.

KurouoBi ciioBa: norpiiiHa cucrema, a3oBi piBHOBAaru, CUHTE3, IHTEpPMETAIIYHA CIIONYKa, KPUCTalliuHa

CTPYKTYpa.

A.O. Stetskiv'

Interaction of the compontnts in the Y-Li-Sn ternary system
at 400 °C

! vano-Frankivsk National Medical University,
2, Galytska Str., Ivano-Frankivsk, 76018, Ukraine

The isothermal cross-section of the phase diagram of the system Y-Li-Sn based on X-ray phase and local
X-ray spectral analyses was constructed at the temperature 400 °C in the range 30-100 at. % Y-Li-Sn.

Two new ternary compounds have been synthesized for the first time: YLiSn, (structural type CeNiSi,,
Pearson symbol 0S16, space group Cmcm, a = 0,4252(1), b = 1,8001(7), ¢ = 0,4339(1) nm) and Y,LiSny
(unknown structure). All these compounds have been refined using powder X-ray diffraction data
(diffractometer STOE STADI P (CuK,-radiation)).

The existence of the ternary compound YLiSn (structural type YLiSn) and fifteen binary phases was
confirmed. Existence of the limited solid solution of inclusion based on the YsSn; binary compound YsLi,Sn;
(0 < x < 1,0) has been detected. Ultimate composition of this solid solution is YsLiSn; ((structural type
Hf;CuSn;, Pearson symbol #PI18, space group P63y/mcm, a = 0.89056(2), ¢ = 0.65143(1) nm)

Key words: ternary system, phase equlibria, synthesis, intermetallic compounds, crystal structure.
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Beryn aToMiB. OCHOBOIO ISt OZiepKaHHS MaTep.ianIiB 3
3a/laHUM KOMILIEKCOM (bi3uKO-XiMIYHUX

Cepen  iHTepMeTaliuyHMX  CHOJNYK,  AKi BJIACTUBOCTEH  3aJIMINAETHCA BUBYCHHA  Jiarpam
OCTAaHHIM YaCOM aKTHBHO BUBYAIOTBCS, BEIMKY YBATY  (ha30BHX pIBHOBAr GAraTOKOMIIOHEHTHHX CHCTEM,
NPUAULSIIOTE  CIONYKaM, IO  YTBOPIOKTHCS B BCTaHOBJICHHSI KPHCTJIIYHOI CTPYKTYPH CHOJYK, SIKi

0araTOKOMITOHEHTHHX CHCTEMax BHACHIJOK B3a€MOJIl
€JIEMEHTIB 3 PI3HUMHU EJIEKTPOHHUMH KOHDIryparisiMu

YTBOPIOIOTBCA B HHUX, KOMIIJICKCHE Z[OCJ'Ii[[)KeHHH

BJIACTUBOCTEMN CILIABIB.
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BuBuYeHHS TOTPIHHUX CHUCTEM 3 JIY)KHUMU
MeTaJlaMd CTaHOBHTH Jedalli OuIbIIMN  iHTepec,
OCKIJIBKH B IIMX CHCTEMax YTBOPIOIOTHCS CIIONYKH 3
IIKABUMUA  KPHUCTAJIOXIMIYHUMH  OCOOJIUBOCTSIMHU.
CucTeMH 3a y4acTO PiKICHO3EMENbHUX METalliB, p-
enementiB IV rpymu (Si, Ge, Sn) Ta JTy)kKHUX METaJiB

3aJMIIAIOTECA  MajoBMBUEeHMMHM. Ha  chorommi
CHUHTE30BAHO P/ CHWJIIIMIIB, TepMaHiIiB Ta CTaHIIIB
JY)KHHX Ta PIAKICHO3EMEJIBHUX  METaiB, SIKi

XapaKTepU3ylThCS UMM KOMIUIEKCOM KOPHUCHHX
(bi3uKO-XiMIYHUX BJIACTHUBOCTEIA. IIpote
cHCTeMaTHYHEe JOCIiPKEHHS 130TepMIYHUX Iepepi3iB
Jiarpam cTaHy noTpidHuX cucreM ckiany P3M-Li-Sn
NIPY TIEBHUX TEMIIEpaTypax He MPOBOAMIOCH. Y HHUX

CHUHTE3YBAJIMCS JIMIIE OKpPeMi 3pa3Kd 3 METOI0
MTOLIYKY IHTepMETATIYHUX CITOJYK MTEBHUX
CTEXIOMETPMYHUX  CKIAgiB 1  JOCHIMKEHHS  1X

BractuBoctelt [1-4].

MeTo10 AaHOi poOOTH € BHUBYEHHS B3a€MOJIl
KOMITOHEHTIB y cucTeMi Y-Li-Sn B
KoHLeHTpauiiiHomy iHTepaini 30-100 ar. % Sn 3a
temriepatypu 400 °C, mnoOymoBa i30TepMidHOrO
mepepizy  giarpaMd  CTaHy ~ Ta  BH3HAYCHHS
KPHUCTAJIYHOI CTPYKTYPU HOBUX TEPHAPHUX CIIONYK,
[0 YTBOPIOIOTHCS B HIl.

I. ExcnepuMeHTAJIbHA YaCTHHA

Jlo1st mocmiKeHHsT CUCTeMH 0YJI0 BUTOTORJICHO 35
MOJBIMHMX 1 TOTPIHHUX CIUIaBiB. 3pa3ku Macow 1 T
CHHTE3yBAJIM METOJIOM €JEKTPOIYrOBOTO IUIABJICHHS
IIMXTH 3 KOMIIAKTHUX MeTaJiB BUCOKOi unuctotd (Y 3
BMICTOM OCHOBHOTI'O KOMIIOHEHTY He MeHiie 0,998
Mac. vactku, Li — 0,9996 mac. gactku, Sn — 0,9999
Mac. YaCTKH).

[lpuroroBneHy MHMXTY 13 HaBaXOK YHUCTHUX
KOMIIOHCHTIB IUIABWJIA B EJICKTPOMYroBid mmedi 3
BOJIb()PAMOBUM  €JIEKTPOJIOM HAa  MiJHOMY
BOJIOOXOJIO/KYBAHOMY TIO/Ii B aTMOC(epi OYHUIIIEHOI0
aprony (99,998 06’emuux % Ar) nix tuckom 1,0 atm.
Sk rTerep BHMKOPUCTOBYBAaJM TI'yO4YacTHUH THUTaH.
Brpatu min yac IiaBieHHsS HE IEPEBUINYBaIU | Mac.
% U1 KOXHOTO CIUIaBy, TOMY CKJaJ CIUIaBiB
NpuiiMail TakuM, IO JOPIBHIOE CKIAQay IIUXTH.
OpepxaHi 3pa3KH BiJIaJIOBaIM y BaKyyMOBaHHX
KBaploBHX amnynax mnpu Temneparypi 400 °C
BrpoaoBrx 480 romuH. BigmnaneHi crutaBy rapTyBaiu B
XOJIOJTHIH BOJIi, HE PO30OMBAIOYN aMITYJI.

dazoBuii  aHaNmi3  CHHTE30BAaHMX  3pa3KiB
MIPOBO/IMIIM 38 MAacCHBaMH €KCIIEPHUMEHTAIbHUX JIAaHUX
nudpaxiii X-IIpOMEHEBOI0 BUIIPOMIHIOBaHHS,
ofepkaHux 3a nonomororo auppakromerpis JJPOH-
2,0M (FeK,-BunpomintoBanus) ta URD-6 (CukKj,-
BUTIpOMiHIOBaHH:). [y JeTaNpHIIIOrO BUBYEHHS
KPHUCTAJIYHOI CTPYKTYPH BHKOPHUCTOBYBAJIM MAacCHB
naHuX, orpuManux Ha qudpaxkromerpi STOE STADI
P  (CuK,-BumpominioBanus). Ilo6  3amo0irtu
TEKCTYPYBaHHIO, 3pa3KH HAHOCWIIUCS Ha IIOBEPXHIO
KBapIIEBOi KIOBETH Y BHWIVISAI TMAaCTH 3 MOPOLIKY
CIUIaBy, po3TepToro B iHaudepeHTHOMY Machi. J{is
YCYHEHHS  IHCTPyMEHTAJIBbHHX  IIOMWJIOK, IO

73

BIUIMBAIOTh HAa TOYHICTH BHMIpIiB KyTiB BiJOWUTH Ha
nmudpaxrorpami, B JOCHIKyBaHUH CIUIaB BBOIMBCS
BHYTpIlIHIH cTaHAapT — nopomok Cuiiriro.

Po3paxyHku Ta iHIEKCYBaHHS ITOPOLIKOBUX
mudpakrorpaM  TPOBOJMIMCS 3  BUKOPHCTaHHSIM
nporpam LATCON [5] (yTouHeHHS IepiofiB IpaTKu)
i POWDER CELL-2.3 [6] (po3paxyHOK TEOPETHYHUX
mudpaxrorpam).  PospaxyHkn it yTOYHEHHS
CTPYKTYpH 3pa3KiB MPOBOJWINCH 32 JOINOMOTOI0
mporpam CSD [7] Ta FullProf 98 [8]. [l 3’sicyBanHs
Ta MiATBEpKEHHS (a30BOro CKIAAY JESIKUX 3pa3KiB
CHCTEMH 3aCTOCOBYBAJIM METOJI €HEepProJucIepCiiitHol
pentreniBebkoi cnekrpockortii (EJIPC) y noeananHi 3
pacCTpOBUM E€JICKTPOHHUM MikpockonoM PEMMA-
102-02. OGnacte TOMOTEHHOCTI TBEPAOrO PO3UHHY
BH3HAYAlM 32 pe3yJbTaTaMu peHTreHodazoBoro Ta
MIKpPOCTPYKTYPHOT'O aHaJIi3iB.

I1. Pe3yiabTaT T2 00rOBOpPEHHS

Ioggiitni cucremu Y-Sn [9] ta Li-Sn [10]
BHBYCHI JOCTaTHLO moOpe. [l Hux moOymoBaHi
JiarpaMd = CTaHy Ta  BU3HAYeHO  KPHUCTaJIvHi
CTPYKTYpH OLTBIIOCTI 3HalIeHUX CITIOJTYK.
Kpucranorpadiuni xapakrepuctiku OiHapHUX a3
BHIIC3TaJAHAX CUCTEM HaBeICHO B Ta0i. 1 (TyT i mami
CT — crpykrypuuii T, CIT — cumBon Ilipcona, I —
MIPOCTOPOBa Ipyma).

da3o0Bi piBHOBaru B NOTpiitHiN cucremi Y—-Li—Sn
mpu 400 °C Oyno  JOOCTIMKEHO METOJaMH
peHTreHoha30BOro  aHajmizy Ta  MiKpoaHAi3y
MIOBEpXHi B KOHIIEHTpaliiHoMy iHTepBani 30-100 ar.
% Sn. I3oTepmiuHMi mepepi3 miarpamu cTaHy Iii€i
CHCTEMH TIPEJICTaBIeHO Ha puc. la. MikpocTpyKkTypa
CIUIaBY, 110 MICTUTH (a3 YsSn; i Y3Sn mokazano Ha
puc. 16.

[Ipu TemmepaTypi Bianany y moTpiiHii cucremi
OyJ0 MiATBEP/DKEHO ICHYBaHHS OUTBIIOCTI OiHApHUX
¢a3 mnoxmeiitHux cucteM Y—Sn Ta Li-Sn, a Takox
TepHapHOi (a3u T, — YLiSn, sika Oyna mociimkeHa
panimie [22]. Oxkpim miei ¢a3m, B cucremi Y-Li—Sn
mpu 400 °C BCTaHOBJICHO iICHYBaHHS III€ JBOX HOBHX
TEpHApPHUX CMOIyK T; — YLiSn, ta 73 — Y4LiSny.
Kpucraniuny cTpykTypy BH3HaueHo it (azu t; —
YLiSn,, sika KpHUCTaNi3yeTbCsS y CTPYKTYPHOMY THITI
CeNiSi,. Hns  cnonmykn  Y4LiSny  kpucramiyny
CTPYKTYpY HE BU3HAUEHO Yepe3 BaXKKiCTh OTPUMAaHHS
SIKICHOTO MOHOKpHCTaldy abo xo4ya 0 omHo(ha3HOro

3pasKy.
Ilpu Temmeparypi Bigmady B CHCTEMI TaKOX
BCTaHOBJIEHO  ICHYBaHHS  TBEpPAOrO0  PO3YHHY

BKJIIOYCHHS Ha OCHOBI OiHapHoi ¢a3u YsSn; 3a
paxyHOK BBeleHHsA aToMiB JIiTiF0o B OKTaempw4Hi
MYCTOTH BHXIJTHOI CHONYKH. [paHMYHUM CKIIQJOM
LILOTO TBEPAOro po3uuHy € YsLiSn;, cTpykTypa skoro
€ BIIOPSIKOBAHOIO 1 HAJIGKUTD J0 CTPYKTYPHOTO THITY
Hf;CuSn;. 3miHy 00’eMy eneMeHTapHOI KOMIpKH i3
30inbmieHHsM Bwmicty JliTito mpuBeneHo Ha puc. 2.
Kpucranorpadiuni xapakTepucTHKH 3HaWAeHUX Qa3
MIPUBEICHO B TA0JI. 2.
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Ta6amus 1
Kpucraniyna ctpykrypa cnojyk cucremu Li-Sn Ta Y-Sn
Cnonyka CT CII nr [TapameTrpu KOMipKH, HM Jlit-pa
a b c
LiSn LiGe t[24 14;/amd 0.4387 0.4387 2.5511(4) 11
LiSn LiSn mP6 P12/ml 0.517 0.774 0.318(2) 12
y = 104,5°
LisSn, LisSn, hR21 R3mh 0.474 0.474 1.983(3) 13
Li;Sn, Li,;Ge, 0S36 Cmmm 0.980 1.380 0.475(1) 14
Li;Sn; Li;Sn; mP20 P112/m 0.945 0.856 0.472(1) 15
y = 105,9°
Li;;Sny Li;Pb, cF420 F43m 1.9691 1.9691 1.9691(1) 16
Li,Sns Mn,Hg; tP14 P4/mbm 1.0274 1.0274 0.3125(5) 18
YSn,; GdSn, 7 0S16 Amm?2 0.4345 0.4391 2.1937 19
Y,Sns Er,Ges oP14 Pmmn 0.4322 0.4409 1.9089 19
YSn, ZrSi, 0S12 Cmcm 0.43809 1.6296 0.43034 20
Y,1Snyg Ho,,Gej tI184 14/mmm 1.1532 1.1532 1.6880 21
YsSny Sm;sGey oP36 Pnma 0.805 1.529 0.805 9
Y5Sn; Mn;Sis hP16 P63/mem 0.8880 0.8880 0.6492 21
Sn
a
71 YLiSn2
YSnz7 = JLiSn
. Ts Y4LiSns
Li2Sns Y2Sns
Y3Sn7
YSn2
LiSn ) Y11Sn1o0
= Y5Sn4
LizSns
LisSn2_
Li13Sns
LizSn2 =
Li17Sn4 i
:{"YA 3 7 ,,:‘.'4.&
Li e Y

Puc. 1. [3orepmivnmii nepepis aiarpamu crany cuctemu Y-Li-Sn npu 400 °C (a); Ha Bcrasi (0) -
(dororpadist MIKpOCTPYKTYpPH CILIABY, 10 MicTUTh (azu YsSns 1 Y3Sn

Ta6anus 2
Kpucranorpagiuni xapaktepuctuky cnoiayk cucremu Y-Li—Sn
Cnonyka CT CII nr [TapameTpu KOMipKH, HM
a b c
Y;LiSn; Hf;CuSn; hP18 P6;/mcm 0.89056(2) 0.89056(2) 0.65143(1)
(x=1,0)
1, — YLiSn, CeNiSi, 0S16 Cmcm 0.4252(1) 1.8001(7) 0.4339(1)
T, — YLiSn YLiSn hP24 P63mc 0.9302(1) 0.9302(1) 0.7351(1)
0.92968* 0.92968* 0.7346*

T3 — Y4LiSH4 ..

*maHi aBTOpiB podoTu [22]
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Puc. 2. 3mina 00’ eMy eneMEeHTapHOI KOMIPKH 13 301IBIIEHHSM BMICTY JITiIO
y TBepaoMy po3uuHi YsLiSn; (0 <x < 1,0)

3a xapakTepoM B3aeMOIi IOCIiKyBaHa CHCTEMA
Y-Li-Sn € nomiOHOIO [0 paHillle BUBYEHHX CHUCTEM 13
Cuiniem, a came Ce-Li-Si [23], Gd-Li-Si [24], Ho-
Li-Si [25] Ta Er-Li-Si [26]. Bonu xapakTepu3yrOThCs
YTBOPEHHSAM HEBEIHMKOI KiJTbKOCTI MOTPIHHUX CIONYK
(MakcumMyMm — 4) 1 00JacTAMHU HE3MIIIyBaHHS i3
OiHapHUX cucTemM P3M-Li. Bci CHCTEMH
XapaKTepU3YIOTCA YTBOPECHHSAM TEPHAPHHUX CIONYK
JIUIIIE TOYKOBOTO ckiaxy. [Ipore, Ha BiAMiHY Bif
CUMIIIABMICHUX CHCTEM, SKi HE MICTATh TBEPIUX
PO3YMHIB Ha OCHOBI OiHAPHUX Ta TEPHAPHHX CIONYK,
y cucremi Y-Li-Sn crocrepiraerbcsi yTBOpEHHs

BucHoBkn

1.Metonamu X-nipoMeHeBOro (Ha30BOro aHai3y

Ta €HEePrOoIUCIICPCIHHOT PEHTTEHIBCHKOT
CICKTPOCKOMIT IMOOYIOBAaHO 130TEPMIUHHI Tepepi3
Jiarpamu CTaHy CUCTEMU Y-Li-Sn B

KoHLIeHTpauiiiHomy inTepani 30-100 ar. % Sn 3a
temnepatypu 400 °C.

2.BcTaHOBJIEHO  YTBOPEHHS  JBOX  HOBHX
TepHapHUX CcHONYK ckiaxiB YLiSn, (cTpykTypHuii

tun  CeNiSi,, mpocropoBa rpyma Cmcm, CHMBOI

TBEPZIOTO  POSYMHY BKMIOHEHHA Ha OCHOBI (asu [Mipcona 0516, napamerpu koMipku a = 0.4252(1), b
YsSns. . . = 1.8001(7), ¢ = 0.4339(1) 1m) Ta Y4LiSn, (1esizoma

Onepixani TCpHApHL — CHOMyKH MOXHa cTpykTypa). IliATBepIKEHO  IiCHYBaHHA  OJHi€l
BHKOPHCTOBYBATH SIK BHXIIHI KOMNOHEHTH AN [ooiioi dasu (YLiSn).
CHHTE3Y TCTpapHHX (b@’ TaK 1 TBEPIMX pO3THHIB 3.BusiBieHo iCHYBaHHsS TBEpJOro pPO3UYHHY
SaMIIICHHA  Ha  OCHOBI - TOTPIMHIX (bas LIIISXOM BKIIIOYCHHSA Ha OCHOBI OiHapHOoi ¢a3u YsSn;,
3amimeHHs atomiB JliTiro atomamu d-metany (Co, Ni, IpaHWuHEM  cKIaioM  Akoro €  YsLiSns,
Cu abo Zn)
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V craTTi npeacTaBIeHO JIOCBIM yIOCKOHAICHHS METOIUKN (JOPMYBAHHS B y4HIB CTilKoro iHrepecy 1o
BUBYCHHS XiMil Ta HiJrOTOBKH iX 10 XIMIYHHMX ONliMITia]] y MIKiJIbHOMY Kypci XiMil. OcHOBHA yBara npuijieHa
Ipoliecy IMiATOTOBKH YYHIB JI0 OJIiMITiajl, HABYAHHIO Ta BUXOBAaHHIO O0JapoBaHMX IiTeH, pi3HOMaHITHHM
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Y4HIB i HaJaTH M JOIOMOTr'y NP OBOJIOAIHHI (hyHIAMEHTOM YIIOOJICHOT HayKu B aTMoc(epi KOHKypEeHIl.

KiouoBi cioBa: onmimmiana, XiMmis, MOTHBamisi, 0OZapoBaHa JWTHHA, XIMIYHHH EKCHEPHMEHT, THIH
3a1ad.

L.V.Stetskiv', A.O.Stetskiv’

Science olympiads as a way to motivate
pupils to study chemistry

"Ivano-Frankivsk School Ne 5
Franko Str., 19, 76018 Ivano-Frankivsk, Ukraine
2Ivano-Frankivsk National Medical University,
Galytska Str., 2, 76018 Ivano-Frankivsk, Ukraine

The article presents the experience of improving the method of forming the pupils’ strong interest in the
study of chemistry and preparation them for science olympiads in the high-school chemistry course. The main
focus is on the process of preparing pupils for olympiads, teaching and education of gifted children, also on
various forms of teacher’s job. The classification of tasks and ways of their solutions in process of
preparation for the science Olympiads were considered. The requirements to be followed when using
experimental tasks were formulated. Pupil’s Chemistry Olympiad allows to identify gifted children and to
provide them with assistance in studying the basics of favorite science in the atmosphere of competition.
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yMOBax CTpiMKOl"O 3pOCTaHHA

iH(pOpMaIiifHOrO

KoxkHa pnepxaBa g0ae Tpo CTBOPEHHS Ta
MOCTIliHEe 3MIIHEHHS CBOTO HAaYKOBOTO IOTCHITIATY.
Ile € 3amopykoro T pO3BUTKY, Onaromoiydus Ta
BU3HAUa€E MicCIle KpaiHH cepell IHIIMX JiepikaB cBiTy. B

IOTOKY 3apas, [AK HiKOJ'II/I, BAXJIMBUM CTa€ 3aBJaHHA

(dopMyBaHHS  HayKkoBOoi  emiTH  KpaiHu,  siKa
3a0e3meunTh CTaOUTBHUH PO3BUTOK 1  JOOpOOyT
cycniybcTBa.  IIpiopUTeTHHMM  3aBJaHHSM  OCBITH

ChOTOJICHHA € «...CTBOPEHHS >KUTTE3ATHOI CUCTEMH
Oe3mepepBHOIO  HABYAHHA 1  BUXOBaHHA  JUIA
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JIOCATHEHHS BUCOKHX OCBITHIX PIiBHIB, 3a0€3ICUCHHS
MOXJIMBOCTEH  MOCTIHHOTO  CaMOBJOCKOHAJICHHS
0COOMCTOCTI, (POpPMYBaHHS IHTCICKTYaJbHOTO Ta
KYJIBTYpHOI'O TIOTCHIIATy SK HAWBHINOI IIHHOCTI
Hawii» [1]. BupimeHHs 1mMx 3aBOaHb poOUTH
HAJ3BUYAHHO aKTyaJhbHOI0 CHCTEMY 3MaraHb, IIIO
COpUSE PO3BUTKY AaKTUBHOCTI W CaMOOCBITHBOL
CBIZOMOCTI, 3JaTHOCTI IO CAMOCTIHHOIO ITi3HAHHS
HOBOI'O Ta BHpINICHHI  CKJIaTHUX  IPOOJIEeM,
3aIOBOJIHAIOYM UM TMOTPeOM  JUTUHH B
CaMOCTBEP/KEHH] Ta CHPUSIOYM CBIJOMOMY BHOOpY
podecii.

VY cy4acHUX yMOBax PO3BHTKY CEpPEIHBOI LIKOIH

aKTyaJbHOIO € TmpoOJieMa IIBUINCHHI SKOCTI
xiMiyHOi OcBiTH. BupimieHHs nmaHoi npoOGiemMu
HEMOXXITUBE 0e3 HasSBHOCTI YCBIIOMJICHOT O

[IParHeHHs Y4HIB JI0 OTPUMAaHHS XiIMIYHUX 3HaHb Ta iX
HemiZpoOHOI 3alliKaBJICHOCTI Yy BHBYEHHI JIAHOTO
npeaMery. Y IMX yMOBax OCOOJMBOTO 3HAYEHHS
HaOyBae mpoOseMa (hOpMyBaHHS CTIHKOI MOTHBAIl
VYHIB 110 BHUBYEHHs Ximii. Po3BUTOK MOTHBaii
HaBYaHHSI HEMOXXIIMBHMH O3 3HaHb il 0COOIMBOCTEH,
CTPYKTYPH 1 IPUHIMITIB (DYHKIIIOHYBaHHS.
HeoOximHiCTh MiTHATTS TNPECTHXKY BUBYEHHS
NPUPOJHUYMX  JUCHUIUTIH  SIK  HaWBa)KJIMBILIOTO
(dakTopy MiIBUINEHHS 3arajbHOTO PIiBHS I1HTEICKTY

YKpalHCBKOI'O CYCMiJIbCTBA Ta 3MIIHEHHS HOro
KOHKYPEHTOCIIPOMO)KHOCTI Ha  CBITOBOMY pPHHKY
OCBiTH, a 3roJoM 1 mpami, poOUTh IHUTaHHS

MATOTOBKY YYHIB JI0 y4acTi B OJNIMITiaiax 3 UX HayK
OHMM 13 HaWaKTyaJbHINIMX y TPAKTHLI Cy4acHOI
TeIaroriKH.

MeTtoro HOCTiIZKEeHHS € aHani3 Ta
YIOCKOHAJIEHHS. METOJUKH ()OPMYBaHHS B Y4YHIB
CTIMKOro iHTEpecy A0 BUBYEHHS XiMil Ta IiArOTOBKU
X 10 XIMIYHHUX OJliMIIa]] y MIKIJIBHOMY KypCi XiMmil.

POBOTA 3 YYHSIMHU
MIITOTOBLI JIO OJIIMITIA T

nPUu

3 METol TOIIYKy, HAaBYaHHA Ta BUXOBaHHS
00/1apoBaHOi YUHIBCHKOI MOJIOAI y 0aratboX KpaiHax
MIPOBOJIATHCS PI3HOMAHITHI 1HTENEKTYya bHI 3MaraHHs
Ta KOHKypcH. B VkpaiHi Hai0inbIl MacoBOIO Ta
epekTUBHOIO  (OPMOIO  TOIIYKYy €  y4HIBCBKI
onimmiazgu. BoHM CyTTEBO NIONMOBHIOIOTH TPaIuLliiiHi
OCBITHI ~ TEXHOJOTil, CHpPUSIIOTH OHOBJCHHIO U
YIOCKOHAJIIEHHIO BCI€l CHCTEMH CEpeIHBbOI OCBITH.
[IpeamerHi omiMIiaan TPOBOAATHCS IMIOPOKY B
4OTHpH eTamu: | eran — mkiTeHuH, [I eTam — MichbKuUiA
(pationnutit), 111 eram — obacHwmi i 3aBepmanbHui [V
eTan — Ha JIep)kKaBHOMY PiBHI.

BceykpaiHchki yYHIBCBKI ofiMmiaad 3 0a30BHX
MIPEIMETIB — II€ PI3HOBUJ IHTEJIEKTyaIbHUX 3MaraHb
Ha OCBITHBOMY NpOCTOpi YKpaiHW, IOKIMKaHUN
3alliKaBUTH YYHIBCHKY MOJIO/Ib 0 BUBUEHHS OKPEMHUX
npeaMeriB. [IpeaMeTHi omiMITia M MIKOJISAPIB K OdHA
13 3araJbHOBH3HAHKUX (HOpM POOOTH 3 0OAAPOBAHUMHU
YYHAMHU TIOEJHYE B YKpaiHi THCAYl IIKOJAPIB,
MpaIiBHAKIB OCBITHIX YCTAHOB Ta BHILNOi IIKOJIH,
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ncuxonoriB,  OatbkiB.  OmiMmiagHUii  pyx €
MOKa3HUKOM SIKOCTI OCBITHBOTO IIPOILIECY B KpaiHi,
OMHUM 3 (PaKTOPIB OHOBJICHHS 3MICTY BHUKJIaJaHHS
HABYAJPHUX  JUCIMIUIIH y  3arajJlbHOOCBITHIX
3aKiagax, 3aco0OM PpO3BHTKY 00JapOBaHUX YYHIB,
IUTOIIMHOI0 TBOPYOrO IOMIYKY TMENaroriB Ta ix
pOoQeCiiHHOro 3pOCTaHHS.

3a pOKU MPOBEIEHHS XIMIYHHX ONIMITIaj] 3pocia
CKJIaJIHICTP 3aBJaHb, 3MiHIOBAJIMCh HATIOBHCHHS TYpIiB
1 ix koMmrnoHyBaHHsl. Ha cboroini Ha BceykpaiHchkiid
oNiMITiaZi TPOBOAATHCA JBA TEOPETHYHI U OIMH
eKCIIepUMEHTAIbHU I Typ. Ha HEpLIOMY
TEOPETUIHOMY Typi IOHMM XiMiKaM JTOBOIUTHCS
PO3B’sI3yBaTH HECTAHIAPTHI 3aJadi, sIKI BUMAraroTh 1
(GyHIaMEHTAIBPHUX TEOPETHYHHX 3HAHb, 1 TBOPYOTO
migxony. Mera Apyroro Typy — BHW3HAUUTH PiBCHb

TEOPETUYHOI MIATOTOBKU YYACHHKIB  OJIMITiajIu.
ExcnepuMeHTaIbHUN  Typ IIepeBipse  MPaKTUYHI
HaBUKM YYacCHUKIB oniMmiazd Ta 1X  yMiHHA
3aCTOCOBYBATH CBOi TEOPETHUYHI 3HAHHSI MpHU
BHUpIIICHHI peanbHUX 3amad. Jlumie TajJaHOBHTI
MENarord  YacTKOBO  IIOIIYKOBHM,  YacCTKOBO

IHTYITUBHMM HUIIXOM 3HAaXOAATh €JIEMEHTH TaKoi
TEXHOJOrII, sika 0 poOuia mporec MiArOTOBKU Y4YHIB
0 omiMiiaa epeKTHBHUM, a caMy ydacTb
PE3yNIbTaTUBHOIO.

Iimi, ski mMOTpiOHO CTaBHTH mHepen coOO IpH
MiJrOTOBII YYHIB J0 ONIMITIa] 3 XiMil:

» (opMyBaHHS OCOOHMCTOCTI, CXHJBHOI [0
CaMOBJIOCKOHAJIEHHSI i CaMOOCBITH BIPOAOBXK YChOT'O
KUTTS;

» (opMyBaHHS  iHAMBIAYyalbHOTO  CTHIIIO
HABYAJILHOI AiSUTBHOCTI, JIiIEPChKUX 3/110HOCTEH;

>  BHMXOBaHHS MICUXI1YHOT CTIHKOCTI,
3MarajibHOCTI;

» PO3BUTOK YMiHHS BHU3HAYEHHS METH Ta ii
JIOCSITHEHHS.

PiBeHp CKIAAHOCTI 3aBOaHh HE ITOBHHEH

BUXOJHUTU 32 PaMKH IIKUIBHOI NporpaMu 3 Ximii Ta
CYMDKHUX 3 HEIO JMCHUILTIH. ['0lIoBHE — 3aBAaHHS
TOBUHHI MaTH «POJ3UHKY», SIKY 3MOrJIa O BHSBUTH
Oynp-sika  oOJapoBaHa  JTUTHHA, HE  Maro4d
CreliaIbHUX 3HaHb, KpiM 0a30BHX, 1 IEPCOHAIBLHOI'O
perierutopa. 3aBIaHHS [OBUHHI CIIOHYKaTd Jio
TOYHHX PO3AYMiB, IO TOINIMOJIEHOTO BHUBYEHHS
npeaMeTa, a He NPUHIKYBATH TiJHICTH OLIBINOCTI
VYHIB, 10, X049 1 HCHAaBMHCHO, aj¢ dYacTo
Bi1IOYBa€THCS 3apas.

Jl71s1 HaBUaHHS ¥ BUXOBaHHS 00JapOBaHUX IIiTCH
HEOoOXiTHO BUKOPUCTOBYBATU IHJIMBiTyalbHi
MporpaMy 3 ypaxyBaHHSAM OCOOJMBOCTEH IiTeH, IX
HaXWwiiB Ta iHTepeciB. Ili mporpamm MaroTh
BiJOOpaKaTl MDKAWUCUMILTIHAPHUKA, pPO3BUBAJIBHUIM
XapaKkTep HaBYaHHS, TOJOBHI i€l Mi3HAHHA, a HE
CYKYIIHICTh KOHKPETHUX (DaKTIB; CIIPHATH PO3BHUTKY
PI3HUX THITB MUCICHHS, IOCTIIHUIBKUX YMiHb,
HaBMYOK CaMOOpTaHi3allii; yJIOCKOHAJIIOBATH 3aco0u
CHUIKYBaHHS 1 B3aEMOJIT 3 JFOJIbMU.

Jo ocHoBHHX (opM poOOTH 3 00mapOBaHUMU
IITEMH BIJIHOCATD:
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» iHmuBimyanbHy poboTy — 1151 hopma poboTH
nependavyae BUKOPUCTAHHS Cy4acHHUX 1H(OpMaiiHIX
TEXHOJIOTIH, y paMKaX SIKMX y4eHb OyJie OJep>KyBaTH
KOHKpETHY iH(pOpMaIiiiHy MATPUMKY 3aJIeKHO Bij
CBOIX TOTPEO;

»  3aHATTS 3a BiJIBHUM BHOOPOM — OpraHi3alfis
(akyIbTaTUBIB, CHCHKYPCIB, SKi MAIOTh MOKIUBICTH
ypaxyBaTH Pi3Hi OTPeOU Ta 3MI0HOCTI iTeH;

» muepeHIialsi HaBYaIbHOTO TPOIECYy —

BUBYEHHSA npeaMeTa  Ha MiABUIIEHOMY 1
TIOTTTHOJIEHOMY PiBHSIX;
» JocmigHunBKi  cekuwii  abo 00 egHaHHA

Ha/AI0Th BUOIp HANPSMKY JOCHIJHUIBKOI pPOOOTH,
1HMB1IyaJIbHUN TEMII 1 CIIociO mpocyBaHHs [2].

O00B’513K0BO noTpibHO BpaxOBYBaTH
IHIMBiAyaapHI 3MI0HOCTI Ta BIKOBI OCOOJHUBOCTI
yuHiB. POOOTY y4HIB cTapmmx KJjaciB copsiMOBaHO Ha
TIOTJIOJIEHHS TEOPETUYHUX 3HaHb. PEKOMEH/I0BaHOIO
JUIs  LBOTO € JOAaTKOBA, YacTo IepeKiaaHa
JiTepaTypa. 3aHATTS HEOOXITHO MPOBOJUTH 5K 3
YYHSAMH-OJIIMITIAIHAKAMH ~ BCIX  KJIaciB, Tak 1
1HIMB1yaJabHO TSI KOXKHOTO 3 HHX.

Ta BTiM, sIK 1 Oy/b-sIKE 3MaraHHs 3a ITiJKOPEHHS
BEPIIUHM, YYHIBCBKI OJIMIIaad MarTh IICBHI
Henoiiku. Cepen HUX € 1 3a0e3Me4eHHs] TApMOHIHHOTO
PO3BUTKY IIKOJSApa. 3axOIUIEHUH y4UeHb 3JaTHUM
3aliMaTucs YNIOOJEHUM IPEJMETOM IIPOCTO IHSMH,
MMOKMHYBINM SIK 1HII HaBYaJbHI AMCIUILIIHM, TaK 1
HAaBITh HOPMAQJBHUH JCHHUK posmopsmok. Lls
npoOJyieMa BCI€I0 CBOEI0 Barow Iajgae Ha BUUATENS-
Npe/IMETHUKA, SIKUA Mae OyTH B3ipUeM Uit y4HS Y
BCbOMY, OCKIIBKM BX€ W Tak € HOro imeasoMm y
npodeciiiHoMy miani. Came el y4uTenb TMOBHHEH
MOSICHATH ~ IIKOJSPEBi, IO HE Ma€  CEeHCY
3alMKIIIOBATHCh HAa OJHIA pedi — yiroOJieHiH crpasi
YM MPEIMETi, BiIMOBIIIOUKCH Bif iHIMX. Jo pedi, 3
TEXHIYHMMHU JUCHHIUTIHAMHA BCE TMPOCTO:  XiMis
HAJICKHUTH 10 TOYHUX HAYK, 1 IOKA3aTH, 1[0 BUBYATH 11
He MO)KHa 0Oe3 3HaHb y rayy3i MaTeMaTuku i ¢izuky,
HEBaXKO. AJie CIiJ TakoK NaM’staTH 1 Ipo
3arajbHUM KYyJIbTypHUH piBeHb, 1 Mpo (i3NUHUN
pos3Butoxk [3].

KJACU®PIKALISI OJIIMIIAJHUX
3ABJAHD

OmiMriiaiHa 3a1a4a — 1ie 3a7a4a, JUIs PO3B’ sI3aHHs
Kol B IIKUIBHOMY Kypci Ximii He Oyio HajgaHo
aNropuTMy. YUYacHUK Mae caM NOOYIyBaTH JIOTIUHHNA
JIAHIIOKOK BiJ] YMOBU 10 BIAIIOBIJI Ha 3aIlUTaHH,
pOOJSIUM TEBHI TPUIYIIEHHS, KOJIM II€ IOTPiOHO.
OpieHToBHa cxema Kiacuikamii 3agad MoXXe MaTh
TaKU{ BUTILA

1) ingpopmamusni. B yMOBI HagaeThCs TEBHA
HOBA ISl YYaCHHKIB iH(OpMAIlisi, 4acTo IOB’s3aHa 3
TIOBCSIKICHHOIO MPAaKTUKOI, TOOTO «HAONMKEeHa o
KUTTA»;

2) xommponvui. Po3B’s3aHHs 3a7adi motpedye
JIMIIE 3HAHOMHX LIKOJISIpaM JIOTIYHMX KPOKIB, JIAHOK,
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a 11 CKJIa/IHICTh MOJXKE TOJISIraTH B OLIBIIIH KiJIbKOCTI
JIAaHOK 200 B HE3BUYHOMY TX ITO€IHAHHI;

3) ysaeanvbHiowoui. YMOBa MICTHTh PETEIBHO
migiOpani Bxke 3Haiiomi (¢akTH 1 BUMarae ix
TOSICHEHHS 200 y3araJbHEeHHSI.

B omimmiaaniit 3agayi Il ta Bummoro piBHIB, SK
NIPaBUIIO, HAsIBHI BCI 11i KOMIOHEHTH.

3a UUIIXOM PpO3B’S3aHHSA 3a/adi TaKOK MOXKHA
OpIEHTOBHO PO3IOIIINTY Ha TPH IPYITH:

1) ainiuni. Jlo mpaBUIIBHOL BiAMIOBiI BEZE JTUIIIE
OIMH JIOTIYHWI JIAHIFOXKOK, 1 HOTro JIAHKU MOXYTh
Oyrn 3’€¢lHaHi B  ONHOMY-€JIMHOMY  IOPSIIKY,
«TIEPECKOYUTH» Yepe3 SKYCh i3 HHX HEMOXJIUBO.
JlinifiHicT,  30BCIM HE  O3HAYa€  BiJCYTHOCTI
iH()OPMATHBHOCTI: BIAOBIIIO, IKY HE MOKHA 001HTH
came 3aBJSKU JIHIWHOCTI, MOXe OYyTH SKHUCH (axT,
IO CYNEPEYHUTh BiZIOMHM LIKOJISIPY 3aKOHOMIPHOCTSIM
(ckopimie 3a Bce, CIpaBa y HAATO CIPOIICHUX IS
HIKUTBHOTO KYPCY 3aKOHOMIPHOCTSIX );

2) poseanysiceni. JIOTIYHMN JIAHIIOXKOK Mae
po3rayXeHHs, TOOTO acOIIIOETHCS 3 KPOHOIO JIepeBa.
VY4acHUK MMOBUHEH MOTHMBOBAHO OOpaTH NMPaBUIIbHHUNA
LUISAX 1 JOCHIJUTH KOXKHE 3 PO3ralyKeHb, OCKIIBKH
3aja4i TaHOro THITy MOXYTh MaTH JBi a0 i Oijbie
MIPAaBWIBHUX BiJIIOBIICH;

3) neuwimki. Cmopoba mOOyAyBaTH JIOTIYHHMA
JAHIIOKOK YK€ Ha NepIIMX KpoKax Beae M0
BEJIMYE3HOI KIJIbKOCTI po3raiykeHb. TyT HeoOXimaHO
3aCTOCYBaTH obOepHeHu T IX T BiJIMIOBITH
3HAXOJUTHCS IHTYITHBHO, a IOTIM IEPEBipSIETHCS, YU
LIIJIKOM 33JI0BOJIGHSE BOHAa YMOBY, i caMe J0 Hei
MIPOBOJUTHCS JIAHITIOXKOK. [Iporiec po3B’si3aHHs Je1io
NMoAiOHUH 70 pOo3ragyBaHHS SMOHCHKOTO KPOCBOpJIa
a0o0 10 cripoOM BiTHOBHUTHU LTy KapTHHY 32 KUIbKOMAa
Ma3KaMH.

Came B 3aja4aXx [ApPYroro THUILy aBTOp MOXe
3aKJIACTH  «OMAHJIUBHHA  IIUISX» MOXITUBICTh
MoOYJOBA  Jy)Ke€  INPaBAOMOMIOHOIO  JIOTIYHOIO
JIAHIIOKKA, TIeBHA JIAaHKA SIKOTO CYIEPEYHTh YMOBI, 3
HETPaBWILHOIO BiIIOBIII0 HAIIPUKIHIIL.

3ATAJIbHI PEKOMEHJA LT
111010 3MICTY 3ABJIAHb

1. VYci3anaui 000B’s3KOBI UIs PO3B’I3aHHS.

2. 3BuyaiiHa KiJIbKICTL 3a7a4 — 5-7, BUXOISYH
i3 3-X TOIMH Ha BUKOHAHHSI.

3. € onHa «BTimambHa» 3aja4a (MpOCTa 3aj1aya
3 TiApyYHHWKa, SKY BIA€ThCS pO3B’S3aTH BCIM
ydacHMKa) i ogHa cknagHa (piBenb ckiagnocti 111

eramy, SKy, MOXIHMBO, HE BJIAaCTbCS pPO3B’s3aTH
HIKOMY.
4. Tpoxu Oinbie MIOJIOBUHU 3a1a4

PO3PaxyHKOBI, iHII — SKiCHI; 3BUYAlHO € OIHA CYTO
«TEKCTOBa» 3ajaya, pO3B’sS3aHHA SKOI MICTUTh
TIEBHUI 00CST MipKyBaHb, IOSICHEHb.

5. Temaruka 0oOMeEXyeThCS BXKE BUBYECHHM (Y
TOMY 4YHCIl B TONEpeNHiX Kiacax) Marepiajom
LIKUTBHOT ITPOrpaMH IUTIOC OJTHA TeMa BIIEPe.
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6. 'V 10 knaci Oinbire momoBunu (i ax 10 80 %)
3aJ1a4 MOXKYTh CTOCYBaTHUCsI OpraHiuHol XiMmii, st 11-
'O KJ1acy el BiJICOTOK TPOXH 3HHKYETHCSA [2].

BUKOPUCTAHHSA XIMIYHOTI'O
EKCHEPUMEHTY IIIJI YAC
OJIIMIIIA]l TA BUMOTI'H 10
HbOT'O

Ximiss — Hayka eKCIIEpUMEHTAJIbHA, OTXKe
PO3BUBAETHCS 4epes HAKOIHYEHHS Ta
CHCTEMAaTHU3aLliI0 EKCIIepUMEHTAILHUX JIaHUX.

ExcniepuMeHT - HaWBajyUIMBIIIMHA NUIAX 3MiHCHCHHS
3BSI3KY Teopil 3 NPaKTHKOIW IIpU HaBYaHHI XiMii,
MIEPETBOPCHHS 3HaHb B MEPEKOHAHHA. B XiMiuHOMY
EKCIICPUMEHTI  KPHIOTBCS BEJIMYE3HI IMOTCHINHHI
MOKJIMBOCTI HE JIMINE JJIS YCIIIHOTO 3iHCHCHHS
MpoIleCy HAaBUaHHI, ajie 1 I PO3BUTKY IHTEPECY 0
XiMil, BUSABJICHHS 3HaHb, BMiHb, TBOPUUX 311I0HOCTEH,
iHTeNeKTy y4HiB. CaMe TOMY eKCIIepUMEHTaIbHA
YacTMHA € HEBIA €MHOI0, 0a HaBiTh OCHOBHOIO
CKJIJIOBOI0  XIMIYHMX  OJNiMMiaJg BCiX  DIBHIB,
MOYMHAIOYU 3 HIIKUTBHOTO 1 3aKIHUYIOUHU
MIXKHaPOHUM.

Ha omimmagax  XiMIiYHHHA =~ JOCHIL — MOXKE
ONTUMAJIBHO BUKOHATH CBOIO POJIb Y TOMY BHUIIAJIKY,
SKII0O BiH Oyde  BHUKOpuUCTaHMM y  opmi
eKCIICPUMCHTAIbHUX 3aBlaHb, TaK SK T@pH IX
BUKOHAHHI  IIKOJAPI 3MOXYTh 3aCTOCYBaTH B
IIMPOKOMY IUTaHI i B TiCHIH B3aeMomii TEOPETUUHI
3HAHHS 1 MPaKTH4YHI BMIHHS, IIOKa3aTH  TBOPYMIA
miaxix 10 poOOTH, CBOI EpYAWILII0, MPOSBUTH
1HJIMB11yaJbHICTb.

ExcniepuMeHT, BKIIIOYCHUN B 3a1adyi, IMOBHHEH

BimmoBimaT psmy BuMmor. Ochb I BHMOTH,
chopMysIbOBaHI Yy BUDIAAl NPHUHIMIINB  BigOOpy
XIMIYHOTO €KCIIEPUMEHTY JUIS OJTIMITia:

1. MaxkcumanbHa aKTyasizanis

CTPYKTYPHUX eJIeMeHTIiB 3HaHb 3 Ximil (Teopiii,
3aKOHIB, MOHSATH) NPH NPOBEAeHHI AochiniB i3
BpPaxXyBaHHSIM MPOrPaMH  CePeAHBOI  IIKOJIH.
VMOBipHA  eKCIIepHMEHTAIbHA 3aj]aya  IOBMHHA
OXOIUTIOBATH SIKHAWOIIbIIMKA 00’€M TEOPETHYHOrO
Matepiany. s BinOopy XiMIYHHX JOCTIIIB, SKi O
BIJIMIOBIIAJIM IIbOMY MaTepiaiy, MOTPiOHO MepII 3a BCe
BUSIBUTH €JIEMEHTH 3HaHb, ITOJAHMX y AaHiil 3amadi.

[Motim MOTpiOHO CKOpPHUCTATUCS METOJIOM
napajenbHuX MaTpuilb. |1 boro B mepury napaieib
TIOMICTUTH €JIEMEHTH 3HaHb, B TPETI0O — MigiOpaHi

JOCHIJM, $IKI MOMIJIMBO TIIPOBECTH 110 BHUSBIICHUX
eJleMeHTax 3HaHb. Y APYTriii mapalelli BCTAaHOBIIOIOTh
3B’A30K MDK €JIeMEHTaMH 3HaHb 1 XIMIYHUMH
nocnigamu. Jocmiam, sxi OyayTh MaTH HaWOUIbIIy
KUJIBKICTh 3B’SI3KIB 3 €JIeMEHTaMH 3HaHb, MOXKHA
ToTNepeTHhO PEKOMEHAYBATU JUIsi BHUKOPUCTAHHS Ha
oiMmianax.

2. MaxkcuManabHa aKTyasizanis
CTPYKTYPHHUX eJIeMEHTiB MPAKTHYHUX HABHYOK. Y
LLOMY BUIAJKy MOTPIOHO MpOaHaNi3yBaTH NPaKTU4HI
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BMIiHHS, HEOOXiJHI JUIS TPOBEACHHSA 3a3aJieriah
BiIOpaHUX JOCTiAiIB, 1 AHAJIOTIYHO BHKOPHCTATU
METOA  MapajelbHUX  MaTpHUIllb.  [IPOCTEKUBIIN
B3aEMHUI 3B’S30K MPAKTHYHUX BMIiHb 3 IOMEPEIHBO
BiiOpaHUMU JOCTiIaMH, IMOTPIOHO pPEKOMEHIYBATH
JUTSI BAKOPUCTAHHS y BUTJIAI OMIMITiaTHUX 3aBIaHb Ti
IOCHIAN, SKI MaroTh MaKCHMMAaJIbHI MOMKJIMBOCTI s
peasizauii paKTHYHUX BMIHB ITiJ] 4ac X IPOBEICHHSI.

3. 3ale3nedyeHHs MaKCHMAJILHOT 0
BUKOPHCTAHHS NpuiioMiB po3ymMoBHX aiil. VY
3B’A3Ky 3 IIMM  HEOOXiHO  NpoaHai3yBaTH

3aIpOIIOHOBAHI JIOCHIM 3 TOYKH 30pY MOMIIUBOCTI
3aCTOCYBAaHHS TaKUX NPUHOMIB, SK aHANI3 1 CHHTE3,
IHAYKIIS 1 femyKiis, abcTparyBaHHs i KOHKpeTH3allis,
MOPIBHSAHHSA 1 3I1CTaBJICHHS, aHAJIOTIS, CUCTEMaTH3aIlis
1 y3aranbHeHHs. BKIIIOYEHHS eKCIepUMEHTAIbHUX
3aBllaHb, siki O 3a0e3meumny 3acTOCYBaHHS BHIIE
BKa3aHUX  NPUHOMIB  PO3YMOBOI  JisUTBHOCTI,
JIO3BOJINTh ~ BHUSBHUTH  IHTEJCKTYallbHI  3IOHOCTI
y4acHHKIB onimmiaad. O4YeBHIHO, IO €KCHEePHUMEHT
3a CBOIM XapaKTepoM B OUIBIIM Mipi TOBHHEH
CTOCYBaTUCs HE KOHKPETHO oOjHiel Temu, a OyTu
y3araJbHEHHSM paHillle BUBYEHOT 0.

4. HoBu3sna, He3BHYHICTL cuTyamiu.
BukoHaHHS 1BOTO TPUHIUIY, 3 OJHIE€I CTOPOHH,
BUSIBUTH BMIHHSI YYaCHHKIB OJIIMITia iy 3aCTOCOBYBATH
3HAaHHJ B HOBHX YMOBaX, 3 IHIIOI - BHKIIHMYE
iIBUIIEHY 3aliKaBJEHICTh JI0 TPOLECY BUKOHAHHS
KOHKPETHOI 33/1a4i Ta OTPUMAaHHS Pe3yJIbTaTiB.

5. BapiaTuBHicTb BHKOHAHHSA  XiMIYHOIO
ekcriepuMeHTy. lle crnpuse BU3HAYCHHIO HAHOIIBII
pamioHanbHOro a0  OpUTIHAJIBHOTO  BHPIIICHHS
3aBllaHH], SK HACJi/JIOK, BH3HAYEHHIO TBOPYOrO
MIOTEHIIaTy MUCIIEHHS yYaCHHUKA.

6. 3a0e3nmeyeHHs1 MiKNpeIMeTHHX 3B’A3KIB.
Taki nmocnmiaM MO3BONSIOTH BUSBUTA B YYaCHHKIB
PO3YMIiHHS ~ OCHOBHHUX  IIOJIO)KEHb  JIIaJIEKTHUKH,
B3a€MO3B’SI3KIB XiMil 3 IHIIMMHU HayKaMH, PO3KPHUTH
KOJIO 1X 1HTEpECiB.

7. Pi3Ha CTYNmiHb CKJIAIHOCTI eKCIIEPUMEHTIB.
Leid npuHIUI Mae IICHXOJOTIYHE 3HAYEHHS.
BukonaBmmM cnepmry TpoOCTilm JOCHIAM, Y4€Hb 3
BIIEBHEHICTIO MOXK€ TPHCTYIHUTH JIO BHUKOHAHHS
cxmagainmx. [Ipn 1poMmy 3°SIBISIETBCS 3[ATHICTH 10
NepeMUuKaHHs  yBark  Ha  poOOTy,  BMiHHA
30Cepe/PKyBaTHCST Ha CHpaBi, IO MOXE CTaTH
MPOJIOTOM /IO CEpPHO3HOI TBOpUYOi pOOOTH IpH
BUKOHAHHI 3aBAaHHS B IIJIOMY.

BukopucTaHHs BHKJIaJeHUX NPUHIUIIB BiOOPY
XIMIYHUX JOCIIAIB JUIS OJIMITiaJ] TO3BOJIUThH YiTKille
1l TIOBHIIIIE peasi3yBaTH I[iJIi POBEJICHHS BCIX PIBHIB
XIMIYHHX YYHIBCBKHX omiMitiaz [4].

BUCHOBKHA

YuniBcepki oniMmiaam 3 0a30BMX AMCHUILIIH
MAalOTh Ha MeTi BUSIBJIICHHS Ta PO3BUTOK 00JapOBaHUX
Y4HIB, HaJaHHSA IM JONOMOTH Yy BHOOpI MailOyTHBOI
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npodecii, MABUILEHHS IHTEpPECY IO MOIIHOJIEHOro
BHUBYCHHS 0a30BUX MPEIMETIB.

MPOBOJUTUCA SK 3 YUHAMH-ONIMITIAJTHUKAMUA BCIX
KJIaciB, TaK 1 iHAMBIAYaJIbHO AJISI KOYKHOTO.

3MaraHHsl Jal0Th 3MOTY YYHSIM CEPEIHIX IIKiNI 3agydyeHHsI MIKOJAIPIiB 10  MpeAMETHUX
oBoyofiTh (yHIaMeHTOM ymoOJMieHOI Haykd B OJiMIIaJ Mae BeNMKE BHXOBHE 3HAYCHHS, CIIPUSE
atMocepi 10OpO3UWIMBOI  KOHKYpEHIIi, sKka €  pO3BUTKY IHTepecy 1 JIOOOBI 1O IpeaMery,
CHUJIBHUM CTUMYJIOM [5]. JIOTIOMAra€  BHUSABHUTH  HAWOLIbII — 3Mi0HMX ¥
PoGory yumiB crapmmx kjaaciB  ciig  00gapoBaHMX Y4YHIB 1 JO3BONISIE 3aMYYUTH iX [0

CIIpAMOBYBATU Ha MTOTTTHOICHHS TEOPETUYHUX 3HAHb.
PexomeHgoBaHOIO MJI1 I[LOTO € J0daTKOBa, 4YacCTO

MTOJAJTBIIIOTO JTOCTIIXKCHHS BUOPAHOT HAYKH.

NepeKiIaHa.

JiTepaTypa. 3aHATT  MOBUHHI

Jlitepatypa

IIpo MHepxaBHy HamioHampHy nporpamy «Ocgitay («YkpaiHa XXI cromitrsin): IlocranoBa KaOinery
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172 c.
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I. BygoBa i ckian cuiinidoprasiv-

HHUX I0JiMepiB

1.1.byab-siki esracToMepH, SKi MICTATh
aTOMU CIJIIIIIIO B MOJIEKYJi, MOKHA BITHECTH J0
CUIIIifOpTraHiYHuX TMoNliMepiB. Alle OCHOBHE
3HA4YeHHSI B  SAKOCTI  €JlacToOMepiB  MarTh
CHIINIAOpraHiyHi MOJIMEPU 3 aTOMaMHU CHIIIII0
B TOJOBHHUX JIAHIIOTaX. ['OJOBHI JAHI[IOTH BCiX
HaWBaXJIMBINIUX CHJIIIMIAOPTaHIYHUX  €JIacTo-
MepiB MOOyIOBaHi i3 aTOMIB CHJIIII0 Ta 1HIIHX
atomiB yum rpyn (atromie O, C, B...), mo
yeprywoTbes [1]:

*‘SifX*S‘i*X*‘Si*Xf
| | | 1)

BaxnuBe wMicie cepex CHIIMIHOPTaHIIHUX
eJacTOMEpiB 3alMaroTh CHJIOKCAaHOBI Kay4dyKwH,
sKI OCHOBaHI Ha JHCHUIIOKCAHOBOMY 3B’ 3Ky 3
okcurenoM (=Si—0-Si=).

3B’sa3ku (=ESi—C=), ki 3’ €IHYIOTh OpTaHiuHI
IPYIH B CHUJIOKCAHOBHX KaydyKaX 3 TOJIOBHUM
JIaHI[IOTOM, Ha BiAMiHy Bixg 3B’sa3kiB (EC-C=),
cmabonoysapHi, aie eHeprii 000X 3B’SI3KiB
O0au3pki mo BeauuuHi (83-86  KKal/MOJb).
EnexTpoHUW alKiJIbHUX IPYI CUJIBHO 3MIillleHl 110
CHITIIIITO.

®di3uvHI XapaKTEePUCTHKHU 3B’ A3KiB (=Si—0-)
i (=Si—C=) Bu3Ha4al0Th 1X XIMiUHI BIACTHBOCTI.
Tak, MOJISAPHICTH i BeNNKa CHepTis
CHJIOKCAHOBOTO 3B’SA3KYy 3aTPYAHIOIOTh #HOTo0
TOMOJIOTIYHHAA PO3KJIaa 3 YTBOPEHHSAM BIiJIbHUX
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paagukanis (=Si—-0O) i (=Si). 1, uHaBmaku, B
peakIiix TeTePONITUYHOTO pPO3KIany 3B’ SI30K
(=Si-O-Si= O6inpm  peakifHO3ZATHUH, HIX
3B’s13ku =C-C= 1 =C-0-C=. Cunokcanu
PO3KJIAMaIOThCd B TOPIBHIHO M SIKHX YMOBax
CHJIbHUMH €JIeKTPODITEHUMH 1 HYKJICOD1IIbHUMH

peareHTaMu: TaloreHigamMu OOpy, aJdOMIiHIiIO,
0JIOBA, CHJIBHHUMH KHCIOTaMH Ta IHIIMMH
pEYOBUHAMMU. Binpm cnabxi peareHTu

pO3pPHUBAIOTh CHIOKCAHOBI 3B’SI3KH TIJABKH TIPHU
Iy’)KE€ BUCOKHX TemIlepaTyp abo B IPUCYTHOCTI
kaTamizaTopis [1].

38’30k (=Si—C=), sAkuil Mae MEHINY
eHepriro, HiX 3B’a30k (=Si—-O-) 1 MeHm
MOJSAPHUM, MOXKE 3a BHCOKHX TeMIepaTypax

TOMOJIITUYHO PO3KJIaJaTHC:
=Si-R - =Si' + R’ (2)
1.2.lllono OyxoBuH moJiiMepiB, TO 3aBISKHU

THYYKOCTI CHJIOKCAaHOBHMX 3B’A3KIB 1 cB00OOI
o0epTaHHS  HABKOJIO HHX, a TaKOXK IiX
MOJSAPHOCTI, MOJEKYJIH MOXYTh MaTH pPi3HI
KOH(}Iryparii. Hanpuknan, MOJIEKyJa
MOJI1ITUMETHIICUIIOKCaHY CKPYYYEThCS
YTBOPIOKOYH cIripayb[1].

OCHOBHUM JIAHIIOT MaKpOMOJIEKYJ

CHIIIIHOPTaHIYHUX MOJIMEPIB MOXE CKIaJaTUCh
i3 JaHOK pi3HOi CcTpykTypu. Tomy mnoximMepHi
CWIINIAOpPraHiuyHI CHOJYKH TOIUIAKTBCI B
3aJIeKHOCTI BiJ OyJOBM MaKpOMOJIEKYJl Ha Taki
rpynu [1,5-7]:

1) IlomiopraHocujaHH, OCHOBHUH JIAHIIOT B
SIKMX CKJaJaloTh TIIBKU aTOMH CHIIIIIO:
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—Si—Si—Si—Si— ...
| N 3)
2) IlonmiopraHOCHUIIOKCaHH, hiniE: SKUX
XapakTepHE YepryBaHHS B OCHOBHOMY JIaHII03i
aTOMIB CHJIIIIIO i OKCUTECHY:

| | |
. —Si—0 —Si —0 —Si— ...

| | | (4)
3) IlomikapOocuiaaHu, IO  MICTATH B
OCHOBHOMY JIaHI[031 aTOMH CHIIIiI0, fAKI

pO3/ijeHI JAHIIOKKAMH 13 BYIJIE€LEBUX aTOMIB:

——8i -(-C-)-Si~(-C-)y—..

4) ITonikap6GoCHIIOKCaHH, SIK1
MaoTh B OCHOBHOMY IIaHI[F031 CHJIOKCAHOBI
rpynu, 10 po3IijieHi BYTJICIEBUMH
JaHIIOKKAMU:

%Siwﬁ-g)ﬁ)Si%Jﬁ-O)n
(6)

5) Kap6onaHIIOrosi cuninifiopraniufi
moni-Mepu, B  SIKUX  OCHOBHHI  JIAHIIOT
CKJaIa€eThCs 13 AaTOMIB KapOOHY, a aTOMH
CUIIiI0 MICTAThCS B OiuHUX rpymax abo
BipOCTKax:

©)

(7

6) IlomiopraHoMeTaaCUIOKCAHH,
MaKpOMOJIEKY-JIApHI JTaHIIOTH AKHX BKIIOYaKTh
KpiM aTOMiB CHIIIIIIF0 1 OKCHUIEHY, aTOMH
MeETamiB:

| |

f‘SifO—Me*O*‘Si-—... (8)
CuIliKOHOBI

OCHOBHOMY 3

enacTomMepu
nojiMepy

CKIIaJaloThCsA B
HAallOBHIOBaYa Ta
BynkaHi3aTy (mi TpM KOMIIOHEHTH YacTo
Ha3WBAlOTh OCHOBHOI  CYMIMINIKO);  MOTIM
NOJAI0THCS AHTHOKCHIAHTH 1 JIedKi chelianbHi
no6aBxku. 3MIHIOIOYM  KOMIOHEHTH 1  1IXx
KiJBbKICTH, MOXXHA 3MIHIOBATH BJIAaCTHUBOCTI
KIHI[EBOT'O MPONYKTY B AYXE MIHPOKHUX MEKax
[5,6].

1.3.IMoaximepn.

1.3aranpHa XapakTepuCcTHKA

&3

Bin BmacTuBOCTEH moOJiMepy B 3HaYHIA Mipi
3aJIeKUTh TEPMOCTIHKICTh elacToMepy,
MOBEMiHKAa MNPH  HHU3BKUX  TeMIlepaTypax,
cTifikicTh A0 Koposii, 030HY i aTMocdepHUX
YyuHHUKIB [1-10].

V 3amexHOCTI Big THIY IOIIMEpy MOXKe
3MIHIOBATHCh TaKOX ajre3is a0 OpTaHIYHHUX
MaTepiaiiB, CTIHKICTh 1O PO3YUHHHUKIB 1 OJIUB Ta
3JaTHICTh CYMillli BYJIKaHI3yBaTHUCh.

JInst BUTOTOBJICHHSI CHJIIKOHOBOTO KaydyKy,
SK TPaBWIO, BUKOPUCTOBYIOTH MOJIMEpU i3
CepEeHbOI0 MOJICKYJIsipHOIO Macow 250.000 —
450.000 ski crifiki go 250°C.

I3  cuiaikoHOBHUX ToONIMepiB  HaHmupie
BUKOPHUCTOBYIOTHCSA  JiHIHHI  JUMETHIIOIICH-
JIOKCaHH. Kpim METHIbHUX paaguKaiiB

eJacTOMEPH MOXKYTh MICTUTH ¥ 1HIII amidpaTU4Hi
3aMiCHUKH €TUIbI, MNPOMiJAbHI, OYTHIbHI
paauKaliu, TaJOreHOBI 3aMICHUKH — XJIOPETHUII-
i (GbTOpMETHIIBHI panukanu, a TaKOX
rajioreH3amiieHi i mpocti GeHUIbHI paguKalH.
OcTaHHI 3HA4YHO 3HIKYIOTH  TEMIEpaTypy
TBEPIiHHSA, 10 nae MOKJIHUBICTh
BUKOPUCTOBYBATH €JIaCTOMEpPH IHOI'O THIY B

MIPOMUCIOBOCTI TIPH HHU3BKHX TeMIIepaTypax.
IIpu BMicTi BIHIJIBHUX paauKaniB
MMOKPAaIYIOThCS MeXaHidyHi BJIACTHBOCTI
mojaiMepiB  (TOJOBHHM  YHHOM  3HMKYETHCS
3anumkoBa gedopMmalis  Bynkadizaty). Lli
mojiMepu  MOXHa  TaKoXX  BYJIKaHI3yBaTH
cynbdypom, SIK HAIpHUKJIAI, OyTami€eH-

cTUpoJbHUM Kayuyk [1-10].
2.MMoaiopranocuaokcanu [5].
—|Si—Si—
1)3B's130K ' | mae BigHOCHY Mamy
MIIHICTh, TOMY HEOpTaHiYHi MOJICHJIaHH MiJ dYac
HarpiBaHHS JIETKO PYHHYIOTBCS IIiJ] Ii€I0 OKCUTEHY Ta
BOJIOTH TOBITpA. I3 3pOCTaHHSIM MOEKYISPHOI MacH

MOJTiICHIaHyY IIBUKICT JMECTPYKIIiT roro
MaKpOMOJIEKYJI SPP?T% _[3].
PeT
=SS S —Sim .
HH HH
- an
)

2) Slkmio 3aMiHMTH aTOMHM TigporeHy Ha

aJBbKUTBHI 200 apUIIbHI pajInKaliv, TO MILHICTh 3B'S3KY
S b
[ 3pocTaE 1 MoOJiMep y IIJIOMY CTae
Ol CTIMKMM A0 pi3HOI Aii 30BHINIHIX YHHHHUKIB
(BOIM Ta XEMIUHHX PEareHTiB, y TOMY YHCII KHUCIOT 1
JIYTiB, TEMIIEPATYPH, BOJIOTOCTI MOBITPs, TOWIO [S5].
3) Aakia- i apuanoaicunaunm [1,5,6].

rpt e
...—|Si—\8i—|8i—|8i—...
R R R R

" (10)
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ne R=AIK a6o Ar

PO3YHHHI y  BYIVICBOJHSX, cymimi 3
nomiOyTrajieHaMd Ta iX TOXIJHAMH, IIO Ja€
MOXIIUBICTh MiJHIMATH TIOKa3HUKU BJIACTHBOCTEH
CUTeTHYHUX KayuykiB [1,5-7,11].

4)MoiopranocHyIaHl OTPUMYIOTH TIOJNIKOHJIE-
HCAIli€l0 MUTaJoiA3aMIlllCcHX CHJIAHIB 3a PEaKIiero
Bropua [5]:

r R R

C é- | 33
1-— —Cl+2Na-i—Ct-Sx-—-Cl-—a—>Cl Si-81-—Cl 4 2Nacy

R R R R
C!-Sii—stl—-(:l +Mat cx-s!limsl,iiw-a _—
R R _
(11)
R R RR
—_— Cl*S‘.i-S*i—-S;‘w-S;I—-—CI + 2NaCl
R RR |
(12)

VY 3aiexHOCTI Bi yMOB peakmiii Bropua Ta
BUXITHHUX MOHOMEPIB MOJEKYJIH KIHIEBUX
MOJiOPTAaHOCUIAHIB MOXYTh MaTH JIIHIHHY a0o0
nukIiaay oygosy [1,5].

3.Moaiopranocuaokcanu [1,6,7].

1) JlaHIIOT MOJiOpPra”HocjJoKcaHiB
3a3BUYail Mae Taky OyaoBy [5]:

R

|
—?I—O—
R
" (13)
e R=AIK abo Ar — paaukai.

\
—Si-0— o
2) \ 3B'SI30K MAa€ BHMCOKY MIIHICTD,
ska jgocsrae 3HaueHb 372, 625 klbx/moms ( s
|
. . -
MOPIBHAHHSA MIIHICTh 3B'S3KY I 1 craHOBUTH
npubausno 245,347 x/x/mons [5]. Taka BHcOKa

MIIHICTD 3B'I3KYy MOB'si3aHa 3 HOro MOJSPHICTIO,

3aBASKH oMY KOBaJICHTHH I 3B'A130K
HaOIMKaeThCsa 10 HoHHOro [1-5].
JunonsrHa OyooBa CHJIIOKCAHOBOI TpyIH

BUKJIIMKA€ W NONApPH3AIil0 3B'S3KYy CHIIIII0 3
kapOoHOM, iHAYKYHOYH B 3B's3ky (Si-C) [1,5-7],
110 BiIOMBAETHCSI CXEMOIO:

(14)
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Takuiéi po3momin AUMOJBHUX MOMEHTIB
MiJBUIIYE MIMHICTh 3B'SI3Ky «KapOOH-CHIIIIH» 1
NpUaa€e, BIANOBIAHO, 1ii BHCOKY CTiHKICTH 10
TEIJIOBOTO BILUIMBY Ta OKCHJIOIOYOI JECTPYKIIii:
MOJiMEepH 3 TakKow OYIOBOK MaKpOMOJEKYII
BUTPUMYIOTHh TpHBaluii HarpiB g0 606-623K 6e3
cyTTeBOTO mopymeHHs 3B's3kiB Si-O ta Si-C
[1,5,7], uro HarAAMHO MIATBEPIIKYETHCA TAKUMHU
manumu [1,5] ta6m. 1.

3) IloaiopraHocMJIOKCAHHM OTPHUMYIOTh
TiApOai30M ajKiid- ado apuIXjJopcuiaaHiB abo
aJKiJI- Ta apwii- 3aMillleHUX eTepiB OPTOCHIIIii
kuciotH [1,5]:

Cl
| |
cl—Si—Cl R—Si—Cl
R Cl
T
R—|Si—OR'
OR'
j
R—|Si'—CH2—CI
R (15)
IIpoaykTu TiApOTi3y HarpiBarmTh y
MPUCYTHOCTI  Karaji3aTopa 1O YTBOPCHHS
mojimepa. MexaHi3Mm mojiMepu3anii

MOJiOPTaHOCUIIOKCAHIB Yy MEPUIOMY HaOJIUKECHHI
ONMCAHUU PIBHAHHAMHU (HA TOCYATKOBIH cTamil
noTpiOHO HeBenuka KinbKicTh H,0):

R R
E I
R'0~Si—OR’ 2o, R-o_sliJOH + R'CH
i |
R R
R R R1 Rl
R'0—Si—0H +H0—-SJE—OR' — R0_6—0-5i—0R' + H,0
|
R
(16)
Jlami rigponi3 BigOyBaeThCcs 3a paxyHOK

BOJIH, IIIO YTBOPHJIACS Y Hacligok peakiii (17):
R R R Rl'
I
. | L
R'O~Si—~0—Si—OR’ —s R'O—gjO—Si—OH 4 ROH

RJ |
¥ (17)
4) Aakijg- Ta apuICHIaHAioNN YTBOPIOIOTH
JMiHIAHI TONIMEpH, a CHAAHTPUOIH — MOJIMEPHU
MPOCTOPOBOL OynoBu [1,5,7]. ligpomnis
aTKOKCHUIIAHIB TMPOTiKa€ THM IIBHAIIE, YHUM
Oinplie BOJAM BBEAEHO y 30HY XiMiuHOI peakiii
[1,5,7].
5) NonikonaeHcauiiiHi mpouecu cuJIaHiB,
[0 YTBOPHUJIHUCSA, NPUCKOPIOIOTH PEYOBUHH, IO
opOyroTh Bojory abo XiMiYHiI CHOJYKH, IO
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3'eHANNCS 3 BOAOIO: CipyaHa KHCIOTa, rajloigHi
cnoayku 3 ¢ochopom, Oop, erepu OopHOI
KHCJIOTH, aMiHH, OKCHAM  MeETaliB, Tel
CHJTIKATiB TOIIO.

6) MoJekyasipHua maca noJjiimepiB 3pocrae
i3 30iIbIIEHHSIM Yacy MOJiIKOHAeHcalil, aje
MIBUAKICTH I[i€l peakiii 3 4acoM 3MEHIIYETHCS.
Jlns DOCATHEHHS BHCOKOI MOJEKYJIAPHOI Macu

KIHIIEBOT O MPOAYKTY MOJIIKOHAEeHcali]
HEOOX1JHO pETENBHO miggaBaTu OYHCII
BUXI1THUHU moJriMep, BiX HaBigb CIiIiB
NMPUMICHUX CHOJYK, fKi 3JaTHI O0O0puUBaTH

3POCTaHHS MaKpOMOJICKYISIPHOTO JaHIpra abo

BUKJIMKATH mpollecu Iukiizanii. Hanpukian, 3a
MOCUTh MaJiol KIJBKOCTH TPHAJKIJICUIAHY B

cunmaHaioni, MWOOM  PICT  MaKPOMOJEKYJIH
NpUNIUHUBCS [6]:
YT T T
[
--—S]i~-0—Sli-0H + HO—Sli—-R — e ——S‘i—O-—Si—O-—éi-R +H0
|
R R R R R R
(18)
Taoauusa 1

BrparTa macu nmoJiizonpeHoBOro kayuyka ta noJiuMeTUJICHIOKCAHA 3a
TepMiyHuM BIJuBoMm [1,5]

Ne IMonimep Tepmiuna fist
3/m Temnepartypa, K | Yac Butpumku, | Brpatu macu, %
noba

1 [Toniizonpen 423 0,5 10,5

2 | TToniguMeTHIICHUIOKCAH 423 80 0,4

3 | IMoniguMETUICHIOKCAH 473 80 6,0

4 | TToniguMeETHIICHIOKCAH 523 53 11,4

HasBHicTh Mallol KIIBKOCTI CHIAHTPHOJA, IIOOH OTPUMYIOTh TOJIMEpH3aIli€l0 IHUKIIB 1 SKi

Oyma MmopyueHa JTiHIHHICTH JIaHIFOTa
MaKpOMOJICKYJIH, TaK SK BIIPOBAJIKCHHS #OTo0
CKaJIOK y JIaHIIOT NPUBOAUTH N0 YTBOPCHHS
MPOCTOPOBUX MAKPOMOJIEKYJ 3a cXxeMom [5,6]:

R R (l)H R R!
| | i

... —Si—O—Si—OH + HO—S!i——OH + HO-S!i——O—SIi—. ..
' !

R R R R R
R R R

_
—H20

—

(19)
nmoJiMepHUX
OUKIIB, fAKi BigOyBalOTbCI OJHOYACHO 3
peaxmisiMu MOJiKOHAEHCAI T MOXHa
3araibMyBaTH BBEICHHAM Yy peakmiiHy CyMill
cipyaHoi KHUCJIOTH (3a MOJiIKOHACHC AT
ankincuiaHiB) a00  aJKOTONATIB  JYXHHX
MeTaniB (3a MpJiKOHAEHCAIlli apuiacuaaniB) [6].

8) Jliniiini NOJiCHI0OKCAHU 3
MAaKCHMAJbHOK) MOJICKYJISIPHOIO Macoro
OTPUMYIOTH MoJIIMEpHU3aIli €10 IUKJTIIHAX
CHJIaHIi0MiB [5,6]:

7)Ipouecu YTBOpPEHHSA

(20)

JTiHIAHAX MOJIICUIIOKCAHIB, SIK1

Jns
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BUKOPUCTOBYIOThH JIi OTPMMAHHS CHHTETHYHUX
Kay4yKiB, MOJIEKyJIsspHAa  Maca  [OBHHHA
nocsarata Bigx 600.000 mo 900.000 i wmoxe
nsacaratu 2.000.000 [5,6,7].

9) B'a3ki moaicmiokcaHoOBi piguHU 3
BIIHOCHO  MaJiol0  MOJEKYJISIPHOI  Maco
OTPUMYIOTh MOJIIKOHCHCAII €10
MIaNKIJICHIAHII0MiB 3 TPUANIKIJICHIaHOM [5-6]:

(21)
Vs
Rl R’ R = R TR
! I i
nHO—-Sii—OH + QHO—S'i-—R — R—5i—0—| =8i—0— I-Si—-R
. | '

R R R _R" JsR

10)BucokonoaimepHi CIOJIYKH, SIK1
NpUAATHI I  OTPHAHHSA  BUCOKOTHYYKHX,
TEPMOCTIHKUX i TEPMOCTa0ITbHUX TyM,
OTPUMYIOTh MOJIIKOHCHCAIIi €10
IUMETHICHIIAH/10J1a, PETEIbHO OYHIICHOTO Bif
JIOMIIIOK, mobu 3amo0irTu YTBOpEHHS
OUKJITIYHAX CHOIYK.
OTpuaHuii moxiMep 3MIMIYIOTh 3 HAIOBHIOBAYEM
(TiO, ym Si0;), sSki NIABUIIYIOTh MEXaHIUHY
MilHICTE mosiMmepy. Jami momarwTs y cyMimn
MepeKuc  JJisg  YTBOPCHHSA (HampuKIanm,
nepekucOeH3011a) IS HACTYMHOI BYyJIKaHi3aIil
T'YMH IOJIiICHJIOKCAHa JJIsi YTBOPEHHS ciTYacTol
OymoBu Kaydyka [5-6].

11) BuaactuBocTti JiHilifHEX TmosiopraHo-
CHJIOKCaHIB BU3HaYarwTheA [1,3,6,7]:

a) XiMi4HOIO OyIOBOIO;
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0) 00'eMOM aTOMIB y TOJIOBHOMY JIAHI[F031;
B)IIPUPOJIOI0 I'PYI 3aMiCHHKIB, TOIIO;
I')BEJIUYMHOI0 MIKMOJICKYJISIPHOI B3a€MOIT;
I')THYYKICTIO JIAHIIIOTA.

12) Cneuudiuna dopmMa MaKpoMOJeKY.JI
JMiHIHHUX TOJICHJIOKCAHIB BH3HAYa€ HU3KY
TITBKK IM IpHTaMaHHI BIacTUBOCTI [5-13]:

a) HU3bKa MEXaHiYHAa MIIHICTh, sSKa MaJo
3MIHIOETBHCS 3 TEMIIEPATYPOIO;

0)BUCOKA EJaCTUYHICTh, sKa HabaraTto
MEepeBUIIyE €NacTHYHICTh KapOOHTIAPOTeHHUX
MoJiMepiB;

B)BHUCOKa
€JaCTUYHICTh
3HAYHO BUIIA,
MoJiMepiB;

T')BUCOKI JiCJIEKTPHUYHI BJIACTUBOCTI, SKi
ONU3bKI 10 TAaKWX BJIACTHBOCTEH HEMOJSIPHUX
MoJiMepiB;

I')PO3YMHHICTh B HEHOJSPHUX PO3UMHHHKAX,
HE3Ba)KAIOUHW HA BUCOKY MOJAPHICTH JAHIIOTIB
MaKpOMOJIEKYII.

13)i cmenmdivyni BaacTHBOCTI NiHIHHUX
MOJIICUIIOKCaHIB MOSICHIOIOTH CSI [5-13]
CIipaJIbHOI (HOPMOIO MaKPOMOJICKYJI, B3aEMHOIO
KOMITCHCAIIIE€I0 JUIOJICH B OKPEMHX JIAHIOTax
crmipaji MakpOMOJICKYJIH Ta mnepedupiitHum
pO3TAalIyBAHHSIM HCHOJSAPHUX paauKajliB, SAKI
«KaTCYIIIThY» TOJIOBHUM JIAHIIOT
MaKpOMOJICKYJIH.

14) Maai 3miam  MminHocTi mig 4ac
pO3TATYBaHHs abo0 mix Yac HarpiBaHHsS 3pa3KiB
MOJiCHIIOKCcaHa (MOPIBHAHO 3 iX MIIHICTIO J0
po3TaryBaHHs abo HarpiBy). Iled edekr
MOJiCUIOKCaHa TMOSICHIOIOTHL THM [5-13], mo
MOJIOBXCHHS CITipajeli MakpOMOJICKYJ ITiJ 4ac
pPO3TATYBaHHS 3pa3ka, SKe MPUBOIUTH IiJ 4Yac
HarpiBy 3pOCTaHHS eHeprii
MDKMOJICKYJSIDHOTO 3HAUYCHHS, IO KOMIICHCYE
3pOCTaHHS BIJCTaHI MIX MaKpOMOJIEKyJIaMHu
MOJICHIIOKCaHa.

15)BianocHo piakux moJjiimepiB cuioKcaHa,
SIKi 3aCTOCOBYIOTHCS SK MACTHJIBHH OJIMBH, I1X
B'SI3KiCTh, HANPHUKIAJ MOJTITUMETUICHIOKCaHA, 3
MiJBUIICHHAM TEMIIEPAaTypHd MaKpPOMOJIEKYIH
mojiMepa CTalOTh OINBII PYXJIUBHMH, CIipai
MaKpOMOJIEKYJI IOCTYIOBO PO3KPYYYIOThCS 1
3pocTae TOJSPHA B3aEMOMiS MIiX JJaHKaMH
CYCYIHIX JaHI[IOTiB MaKpOMOJEKYII [5-6].

B'sa3kicTh KapOOHTIAPOTEHHUX OJHB JyXKe
IIBUKO 3MEHIITYETHCS 3 MiABUIICHHIM
TeMIlepaTypH, MO0 MOSCHIOITH [5,6] 3pocTaHHIM
BiJICTaHI Mi)X MaKpOMOJICKYJIaMH).

uMm ke mosicHOIOTH [5-13]. Many 3MmiHy
CPaHUIll MIMHOCTI MOJIIUMETHICUIOKCaHA 3a
pPI3HHUX TEMIEpaTyp MOPIBHAHO 3 OpPraHiYHUMHU
MOJIMEPHUMHU OJIUBAMHU.

16)Jliniiini moJjiiopraHoCUIOKCAHH MOXKHA
MEePETBOPUTH Y MOJIMEPH MPOCTOPOBOI OyIAOBH
IIAXOM JOJaBaHHSA IO HHOrO MEPOKCHIIB abo

MOpPO3OCTiMKiCTh, y T.4. #
3a HHU3bKHX TEMIlepaTyp, sKa
HIX KapOOHTiJPOTEHHUX
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TiAPOTCHIIEPOKCUIIB Ta HArpiBy cymimri g0 433-
473K. VYHachigok po3maay IMepoOKCHIHUX abo
TIAPOTCHIICPOKCUIHUX  CIOJYK OKCHICH 3a
BUCOKO{ TeMIIepaTypu OKCHIYE
KapOOHTiApOreHH1 paauKanu MOJIiOpraHo-
CHJIOKCaHa Ta 31 iCHIOE 3'€THeHHS
OKCUTCHHUMH «MICTKaMu» JIKpeMi MOJiMepHI
JIAHIIOTH (omHOYACHO BinOyBa€eThCs
BINIICTUICHHS aTOMIB TiIpOreHY 1 YyTBOpPEHHS
E€THJICHOBUX «MICTKIB» 3a cxemoro [5,6]:

(22)

CIHJ a, &
. --Si~—O~Si~O~—Ssi~O—-v o

b b

C)Ha \'I‘H3 CH,
<+ =8I —0—8i—O0—5j—0—- .-
H, Hy éH,

(8]
én, CH, CH,
.. '—gi~0—3i~0v—5’i-0——‘ .
H, éﬂ;

clng CH, CH,
;
-~Si~0~5i~0~éi~0»» .
1 1
CH, CH, CH,

3pocTaHHS KIJBKOCTI MOMEPEYHUX 3B'SI3KIB
MPUBOIUTL JO 3MEHIICHHS PO3YMHHOCTI Ta
IACTUYHOCTI moaiMepy. Aje pa3oM 3 THM
3pOCTAIOTh KiJBbKICTh OIYHHX XIMIYHHMX peakIIii,

YHACJIiIOK SKUX BiJAOYBa€eTbCA JHCCTPYKIIA
MaKpOMOJIEKYJI,  OKCHIAIlii  BYTJECBOIHEBUX
paauKaliB Ta YTBOpPCHHS

BHYTPIITHbOMOJICKYIAPHUX HMUKIIB [5-13].

17)Hu3zpkoTemMnepaTypHa BYJKaHi3amisa
a00 TBepAiHHS JIHIHHUX MOJIOPTaHOCHIOKCAHIB
3MIHCHIOTh npHu aii ankookcucmonyk Al,Ti, Pb
3 YTBOPEHHAM MakpoMoJsiekyn [5-13].

(23)
TE r
ANOR -
HO- *ﬁ_ou-mu—*—~+-~#&HO*T—0—&-~-
|
I _lr R ? 111
R—Si—R
!
18)B3aemonis MOJIICHJIOKCAHIB 3
TETPAETOKCUCHUIAHOM B MNPUCYTHOCTI
CTAaHYMOpPTAHIYHHUX  CIOIYK 3a KIMHATHHUX
TeMIIepaTyp MPUBOJAUTH Jio) YTBOPEHHS
MEXaHIYHO MIITHHX ToiiMepiB [5,6]:
CH, CR cH,
] o4 ]
. A--.‘_;-.:—OH - RO-——S'I—-OR < HO—-85i—--- “Ton
CH, OR A
CH, OR ?H,
.__a‘.__§p43—ﬁv43n3pT-n
¢H, OR CH,
(24)
19)Ina oTpumMaHHSA TepMiYyHO CTiHKHX
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TBEPAUX KOMITIO3HTIB Ha OCHOBI
MMOJIIOPTaHOCUIOKCAHIB 3aCTOCOBYIOTh CITOJNYKH
3 apWIbHUMU I'pynamu [5,6], HampukiIaa, METUI
(eHiICcuIoKCaH:

CH, CHy CHs
- ~—éi—0~3’1‘—0—-4i-0-—- -

D00

mporecy Mae

(25)
TexHomorist Taki
omeparrii:

a) TOTYIOTh PO3YHH MOJIMEPY;

0) 3MIIIYIOTh HOTO 3 MEPOKCUIOM;

B) NMOKPUBAIOTh IIUM PO3YMHOM HAIOBHIOBAY
(mucmepcHuii a00 BOMOKHHUCTHH)- rpadiT, CKIIO-,
azbectoBe abo0 KkapOOHOBE BOJOKHO, JKMYT
BOJIOKOH, MOBCTh, CTPIYKH, JICHTH, TKaHUHH,

T')BUIANSAIOTh HATPIBaHHSIM PO3YHHHUK
HaIllOBHIOBAYa;

I)bopMyOTh (IPECYBAaHHSM) 3arOTOBKY, SKY
TepMOOOpPOOsIOTEH 3a 433-473K;

J)TepMOOOpOISAIOTh BUPIO 3a OB HU3BKUX
TeMIeparyp;

TakKoro

13

20) dizuko-MmexaHiuni BJIACTHBOCTI
BHPOOGIB i3 TMOJIOPTaHOCHIOKCAHIB 3aJIC)KUTh
Big [5-13]:

a) KIIbKOCTI Ta BUIY paJuKalliB, 3B'A3aHUX 3
aTOMaMH CHITIIISA;

0)CHiBBBIJHOIIECHHS B MOJiMepi KapOOHOBHX
Ta CHIIISA aTOMIB;

B) pO3Mipy OiYHHX OPraHiYHHX PaJHKaIiB;

I) CTymeHs TmoJiMepusamii  BHUXIJTHOTO
moJyiMepa;

r) GopMH i KUITBKOCTI HallOBHIOBAYA,

) TeMmmeparypu 1 wacy  moxiMepu3amii
TOILO.
21)Tepmiuna crifikicte 32 300-450°C

MOJIIOPraHOCHJIOKCAHIB 3MCHIIYETHCS Yy Psai
paaukaniB, 3B'a3aHMUX 13 CUIiIieM [5,6]:
C¢Hs>CH,=CH>CH;>C,Hj5 (26)
22)[MoaikoHaeHcamis MeTHJITHAPUACHIAH-
aioja 3 TUMETHJICHIAHII0IOM OTPHUMYIOTh
nonimepu [5-13]:

i

. —|Si—0—...
H
" 27)
23)[MoaimMmepu3anicio NUKJIYHIX

CHJIOKCAHIB, OpTaHiuYHI paguKalu SIKHX MIiCTITh
aToMu (GJII0OPY, OTPHUMYIOTh Kay4yKH Ta TYMH 3
BHUCOKOIO OJIMBO- Ta OEH3UHOCTINKICTB,
MOPO30CTINKICTh Ta XIMIiUHOIO cTi¥ikicTIO [5-13].
[MoniMepu3amio TPOBOIITH B aTMOc(hepi Cyxoro
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azory abo iHepTHHX ra3iB 3a 423K, vy
npucyTHocTi NaOH, Ha mpots3i 30 xB. [5,6]:
Hsc C}iﬁ_‘CHg-_CFs
7/
\Si
AN
0
Hsc>si J A
i i
FC—HCHC N/ Hy—CHy—CFs
(28)

4.Ilonikap0ocuaaHu Ta MOJIKApPOOCHIOK-
CaHU

1)Ilonikap0ocuaaHn Ta MOJiKApPOOCHIIOK-
CaHH CHHTE3YIOTh IMOJIKOHICHCAII€ Tanoimo-
MOMIOHUX TeTpaayKijcuiaHiB [5,6]:

R
CIR'ii—R'CI
|

R (29)

PyxnuBicTh aTOMIB Tajoima y peakmisax
3aMilleHHsS BHU3HAYAETHCSA I1X BIJJAJCHHAM BiJI
aTOMIB CWIIiNisl NMPHU LBOMY Trajioin (XJop) sSKUH
3HAXOMUTHCS Y O-TIOJIOKEHHI:

R
R—|S'r—CH2—C|
R
(30)
HaiO1IbII CcTa0INbLHUH, TaK SIK MILIHO
YTPUMYETHCS  3-3a  monsgpu3amii  CHIIIIii-

kapOOHOBUM 3B'si3koM [5,6], y Toi yac sk [-
xXJop3aMileHi ajkiicunanu BigmeraooTs HCI,
MepeTBOPIOIOYH B anKiscunanu [5-13]:

® R

KOH |
R-—Sli—»-CHr-C}'Iz(ZI —— R—8i—CH=CH, + KCI + H;0
| ' |

R R 31)
2) a-3aMimeni rajoigmoxiani
aJKIJICHJIaHIB  YTBOPHOIOTH 3 Mg 1 Li
METaJIOOpTaHiuHi cmonyku [5-13]:
*
Me—CHz—Sf‘"CH?”Me
b (32)

SKi JIETKO BXOJSATh Yy XIMIUHY peakiiio 3
IUXJIOPCUJIAHAMHU, YTBOPIOKYH TMOJiMep, Y
TOJIOBHOMY JIAHIIOTY SIKOT'O YEpPTYIOTHCS aTOMH
cutinito i kapbony [5,6]:

? R R R
Me~CHz—5'i—CH2—-Me+CE-.SIi._Cl_.... oCH Sfi-«CH, i
R - . ! )
R R R (33)
3)Jlaa wMagoctiiikoro p-xjgop3amimeHux
aJKijJcuJIaHiB BJIACTHUBI XiIMI14HI peakmii

Binmemienas HCI, 3amimenHs ranoiga, peakiii
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moimikoHAeHcamii Ta momiMmepu3armii  [5-13].
SIKIIO CTBOPUTH YMOBH 3amoOiraHHS MOOIYHUX
MpOIeCiB, TO MOXHa TMPOBECTH  «YUCTY
moJikoHAeHcalio» [5].

4)Bucoky TEePMOCTIHKICTH noJjiMmepy
OOCATAIThL YEPTyBaHH SM Yy TOJOBHOMY
JMaHII031 JIAHOK JiaJKiJcHiIaHy 3 JIaHKaMu

apuieHiB [5-13].

5)CunTe3 moaikap0ocHJaHIiB NPOBOAATH
3a  ximiuHow peakmiew [5,6] B3aemonii
NIAJIKOKCHCHIIaHIB 3  METHJIEHIUIIKOJNIEM 31
cxemoro [5-13]:

R R
RO—Sli—OR + HO—CH,—OH ~—> Roas%—o—Cszﬂ -+ ROH

R (34)

Ane 1usa peakmis (34) CympoBOIKYETHCS
napajienbHO B3a€EMOJI€I0 JIAHIIOTIB 3 BHXOJ0M
MOJIICHJIOKCAaHa 3 TOJiOKCUMETEIeHOM, a TaKOoX

YTBOPECHHSAM MPOAYKTIB ix cyMicHOT
moJikoHAeHcamil [5,6]:
- R -
| .
{~CHy—O—lo— —ﬁ—o—-ﬁ-ﬂh—ofh
_ R -lm
(35)
ITonepenutu YTBOPEHHS MOOIYHUX
npoAykTiB (35) HeoOXiZHO NPOBOJUTH CHHTE3
MOoJiKapOOCHIaHIB 13 BHXIJHHX MPOIYKTIiB-

IUMETOOKCUIAAJIKIJICHIAHIB Ta METIJIEHTIIIKOIb-
nmiameraToM [5,6] 3a cXeMOIO:

i 3 Lz
#CHy—O—Si—O—CH + nCHy—C—0—CH—0—C~CH; =—
R
R R
- »—S[i—O-CH,~O-$}i—~O—- -
" R
(36)
Ieit mpouec (36) yckaagHEeHUI 3BOPOTHICTIO
miel XIM14HOT peakiieio, TOMY st

OJIHOCTOPOHHOI'0 MPsIMOIro INpolLecy HeoOXiaHO
MeTHIaleTaT BHAAIATH 13 30HH peakiii, mo e
JNOJATKOBO YCKIAJHIOE IPOBENEHHS MPOLECY
(36).

II. Kap6oananuiorosi cuainiiiopraniuni

noJiimepu

1)Kapo6oaxanuwrosi cuJiniiiopraniuni
moJiMepu OTPUMYIOTH MoJIiMepHU3alli€ro
OpraHocuiaHiB, fAKi  MICTSITh  HeHaCHUYEHI
opraHiuHi paxikamu [5-13]:

a)BUHIJICUIAH

0)anincuiian

B)METaOKPUIOMETHIICH CHIIAH

Jst MPOBEJCHHS BIJIBHOPAIUKaJIbHOT
mojiMepu3anii 3 BUHIJICHIIAHOM Ta

AJLTIJICHJIAHOM, OKpPIM 1HI[IATOPiB paJiKadbHOI
mojiMepu3amii Ta KaTali3aToOpiB KaTiOHHOI
mojiMepu3amnii HeOOXiTHWH BHCOKHH THCK Ta
MepOKCHUIHI iHiIiaTopu [5,6].

[MonBi¥iHMl 3B'I30K B OpraHivHOMY pajikaii
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alKiJeHCHIaHa, sKa  3HAXOAUThcd y  PB-
MOJIOK €HHI aITIBHOT O panikana o
BIJHOIIEHHIO JO aToMa CHIILisf, € OlIbII

akTUBHa — Jerko npuenHioe Br i HBr [5-10]. I3
30UIBIICHHSAM KiJBKOCTI ajJJdiIBHUX paldiKajiB y
MOJIEKYJlI MOHOMEPY AaKTHBHICTh KOXKHOIO
MOABIHHOrO 3B's13Ky 3pocTae [5-13].

D) Iix THCKOM 343,23 MIla 3a
temnepatrypu 403 K BiHiagcuiaokcanm vy
MPHUCYTHOCTI TEPOKCUIIB MOJIMEPU3YIOTHCA 3
YTBOPEHHSAM PIAWH, a mix TUCKoM 652,14 MlIla
YTBOPIOETHCS BUCOKOMOJICKYJISAPHHUN  MOJiMeEp
MOJIBIHIJICHIOKCAH 3 MOJIEKYIIPHOI Macoro
5000-8000 (mpu LBOMY CTYMiHb TEPETBOPECHHS
cranoBuTh 20-30%) [5,6].

3)dianaiicuiokcand i TpHAJJIIJICHIOKCA-
HH noiMepu3yoThes 3a 403 K i tucky 539,37
MIla y mpuCYTHOCTI MEpPOKCHUIIB, YTBOPIOIOYH
Hepo3uMHHI ckioBuaHi 423 K [5-13].

4)Ha ocHOBI HEHACHYCHUX CHUJIAHIB METOIOM
aHioHHOT mosxiMepu3aiii B npucytHocti TiCl, Ta
(CH3)Al 3a 333-343K CHHTE30BI
BHCOKOMOJIIEKYIISIPHI CTEPEOpPEryIsipHi MmoixiMepu
3 BUCOKUM CTyNCHEM KPUCTATiYHOCTI,
HANpHUKIamd, MOHOAJTIICHIIaH [5,6] 3
Temnepatryporw  TomiaeHHs 400K, sgkwmid y
MMOBHOMY 00'€éMi PO3YHHSETHCS Yy H-TemTaHi [5-
13]. ¥V 3B's13Ky 3 THM, IO y TaKOMY IMoOJIiMepi
30epiraloThCsl y BENHKIH KIIBKOCTI 3B'S3KH
CCUJIIIA-TIAPOreH», TOMY MPH il TeMIepaTypu
243-253K Ta okcureHy abo BOJIM YU CIUPTY BiH
MEPETBOPIOETHCSA Yy TMOJIMEp 3 IPOCTOPOBOIO
CTpYKTypoIo [5,6].

5)Iass cuHTe3dy moJiiMepa 3 BHCOKOIO

TEPMIYHOIO i XIMI19HOIO CTIHKICTIO
3aCTOCOBYIOTH BUXiIHHUM MOHOMED
ALUTIITPUMETUJICHIIAH 332  BUINE  ONMHCAHUX
ymoBax [5-13]. Ilomanpiie GpakiioHyBaHHS
Horo oTpUMyIOTh moiaimep [5,6], (Buxig 70%) 3
TEMIIEPaTyp O TOILIEHHS 130TaKTYHOT O
MO aIaiITPUMETUIICHIIOKCAaHA 623-633 K,

ryctunow 0,874-0,876 F/CM3, YHUCIIOM B'SI3KOCTI
mojiMepa y PO3YHMHI TeTpajliHa, SKE JOPiBHIOE
50 3a 408 K[5].

6)I1ixg yac 3aminm BiHiJIbHOI 200 anaiabHOT
TpYyI aKpHIOBOI ab0 METaaKpHIOBOKIO T'PKIIaAMHU
MOABIMHMI 3B'S30K, Ie OiJble BiAJadIe€ThCs
Bil aToMa CHIIiIis, IO MiJBUIIYE AaKTUBHICTH
OO 3B'A3KYy B peakiii moiaiMepusaii.

7)YTBOpeHHSI  HEPO3YMHHHX  ciTyaTHx
MOJiKapOOCHIOKCaHIB BiOYBAETHCSA YaCTKOBOIO
OKCHIAII€0 IOJIMEPH 1 3a 3aMiHOI JBOX
paaMKanaiB y CYCIAHIX JaHIIOTaX OKCHUTEHOBUM
3B'sI3kOM Mik HuMH (I[edl Tmpolec BHMarae

3aCTOCYBaHHSA  OKCHIAHTIB Ta  TPHUBAJOrO
HarpiBanus 3a 433-473K abo BBeJCHHIM Y
00KOBI JJAaHKH  JIAHIIOTiB MaKpPOM OJICKYJI

METHJIAKpHJI a00 METHJIMETaaKpHJIATHUX TPYI 1
MepeTBOPEHH JiHIHHOrO mojicuiokcana [5]:
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CH,
1
OCO-L=CH;
R GW R R
8§ O -o~s1%—0~5i—0~- .
: ;
R R R %H,
=CH,
Tt (37)
Y  cityatuii  moyiMep |y  pe3yibTaTi
MIKMOJIEKYJISPHOI MoJiMepHu3alii HeHaCHUYECHHUX
OOKOBHMX JIAHOK 1 JJIsI IOTO JOCTaTHBO

BBEJIECHHS Maliol KiTbKOCTI MEepOKCUAy OeH3oila
Ta HarpiBy moximepy mo 333-373 K [5-13].

II1. IMoniopranoMeTa 0 CHJIOKCAHH
3.1. IToniopranoaJIOMOCHJOKCAHH

1)CunTe3 mOJiOopPraHoaJlOMOCHJIOKCAHIB
OCHOBAaHMM  Ha  B3a€eMOZil  alOMiHilO 3
HU3bKOMOJICKYISIPHUM  NPOAYKTOM  IOJIiKO-
HIOeHcalil cunangionis [5-13]:
; R R
- R Al \ Q-G+
| oot . 8 —0—Al l
HO— —Si—0-— R
R
- - RJSi-—R
!
: 38)
2)Cunre3s MOJIIOPraHoaJIMOCHIAHIB

3aCHO-BaHMI TaKOXX Ha XiIMIiuHIN peakmii Mix
XJOPCHJIAHAMH Ta TPHUXJIOPHUCTHM aJIOMIHIEM Yy
JY)KHOMY CEpEIOBHUIII 3a CXeMoIo [S5]:

i

R
H20+NaOH | |
AR,SICly+ mAICl ——— .. -~0-S;-0~At4-- ‘o
’ R
: - (39)
3)3a OyaoBOIO TOJIOBHOrO0 JIaHIIOTa
MaKpOMOJIEK YT MOJI10TPaHOATIOMOMHIIOKCAHHU
HaraJayoTh HEOPraHIYHI aJIOMOCHJIIKATH, aJe
BIAMIHHICTh TOJSITa€e y TOMY, IO JAHIJOT
ATFOMOCHIIOKCaHY OTOYCHH I OpTaHIYHUMU
panukamamMu[5]:
ot
, |
+ 00 ==0=5inO—Al Si—0—8j—. ..
' |
) J|> RR
i (40)

Hampukiaaa, (EeHIIbHUMH paguKadaMd Y
o1 eHIIATIOMOCHIIOKCaHI:
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T CgHg - CHs
— —S!i—O—— —Al— O | —Si-0— —?z—o—m
- C5H5 -ld - éGH.E =h1 o

[Hscc —& —C.Hb] }

!

" (41)
4)BnacTuBOCTi MoOJiOpraHoajJlOMoOCHUJIOK-
caniB [5-13]:

a)PO3YMHHICTh Y OPTraHIYHUX PO3UYMHHUKAX;

0)iXx mMmoBemiHKa 3a BHCOKHX TeMIIepaTyp
aHaJIOTiYHa BJIACTUBOCTSIM CHJIOKCAHOBHX
MmojiMepiB MHPOCTOPOBOI OyAOBH: BOHH HE
MEepeXOoaATh Y B'SI3KOTEKYYHH CTaH, CIIKaOThCA
mijg yac HarpiBy no 773K;

B)TepMOMEXaHiIYHI KPUBI aHAJIOTI4HI KPUBUM
TEPMOTPHUBKHUM IMOJiMepaM Ta iX KOMIIO3UTaM;

r) BOHU HaJIekKaTh o BiJTHOCHO
HHU3bKOMOJICKY-JISIPHUM nojxiMepam:
MOJICKYJsIpHa Maca jgopiBHioe 2200-2500;

okpeMi dpaxmii 4000;

I') MOBEMiHKAa TAaKOro IOJiMepy 3a BHUCOKHUX
TeMImeparyp HE BIANIOBIZA€ HHU3bKIH
MOJICKYJISIpHIN Maci.

3.2. Ilo1iopraHOTHTAHOCHJIOKCAHH

1) IMosiopraHOTHTAHOCHUJIOKCAHH
OTPUMYIOTH MiJ Yac CyYMICHOrO TiApoOJi3y
MOHOMIPHUX CHJIINIAOPraHiYHUX CIOJYK Ta

eTepiB OPTOTUTAHOBOI KHCJIOTH 3 HACTYITHOIO
MOJiKOHAEHCAIlI€I0 MPOAYKTIB TiAponidy 3a 473
K [5-13]. 3a xuMu nporiecaMu yTBOPIOETHCS JBa
THIIU TOJ10pTaHOTUTAHOCHIIIKATIB[S5]:

a)
c|)SiR, OSiR, OSiR,
e e T i O—Ti— O Ti Qe+ -

| l |
OSiR; OSiR, OSiR,

(42)
6)
OR - R 7] OR - R
o] so o] o
AR A
(43)

e n,ny=5-30.

2)CniBBiiHOIIEHHS CHJiNiI0 Ta TUTaHYy B
KIiHI[CBOMY TMOJiMepi MOXe 3MIHYBaTHCh Y
IIUPOKHUX B 3aJ€XKHOCTI BiJI IX KIJIBKOCTI Yy
BUXIJHHUX peareHTax [5].

3)CymicHuM riapoJgizom giaakin- (apuia)-
IUXJOPCUJAHIB 3 TETPAaIkOKCUTUTAHOM HE
peani3yloThCs MOJdiMepHu JiHIHHOI OymoBH 3-3a
Toro, 1o 3B's30k Ti-O-C  rigpodiTHYHO
HECTiHKHH, TOMY Yy  XIMIYHHX  peakIisax
TiApOai3y 3 JHalKia- (apui)-IUXJIOpCHIAHOM
I0maTh Oic-(alleTHIAeTOHAT)-AUXJIOPTH-TaH
[5-13]. Taka peakmis BinmOyBaeTbcs TpHU
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HasBHOCTI mipinuHa [5,6]:

2N CH
BC-C
R 4 éhCHa et gy
I > R é% '
#Cl—Si~C] +nCl»‘-‘Ti/-.cl H0 [N 7
Y nEpEEER "'Si“'o'-‘Ti—O_... ..
i1 R4y
4]
HaC-(j(\\\ s HC-(! (u‘
_ cir/ RN ~CH,
: H (44)
Buxig moyxiMepa JocsaTae 70,5%,
CHiBBIHOIICHHS aToOMIB Ti:Si=1:1,

TeMmepaTypa ckiyBaHHsA gocsrae 50°C, sKmo
R]ZRZZ-CH3 i 318K, SIKITO0 R1=-CH3,a R2:-C6H5
micns 30 xB. HarpiBy 3a 473K momimep

BTpayvae CBOIO MIaCTUYHICTh [5-13].
TepMmocriiikicTh OTBEPIKEHOTO noxiMepy
nocsrae 773 K[5,6].
3.3.1oaiopranocTaHyMCHJIOKCAHH
1)AmopdHni, CKJOBH/IHI, PO3YHHHI
nmoJjiimepu MMOJIIOPTaHOCTAHYMCHUIIOKCAHHU
OTPUMYIOTL IPH CYMICHIH IOMIKOHAEHCAIil

CHJIAHIIOMIB 3 JIaJKiATiAPOOKCHCTAHYMOM 3a
cxemoro [5-13]:

R

R
P :
nHO-ﬁS’n—OH + mHO~S$i--OH —,
d ;
i R
NIRRT
— 0~ —gng_ |_ -sl‘i —0—j— —-srn—oﬁ -
o - -t R’ =i o Rr

-l

(45)
2)3a UM METOJAOM OTPHMYIOTh IOJiMepH
3 MolekyiasapHoio Macoro Big 1000 mo 5000,
BOHHM HEINIACTHYHI, TeMIlepaTypa TOIJIECHHS
craHoBUTh 323-343K, momiMepu BOOOCTiHKI, ane
JIETKO TiAPOIi3YIOThCS HHU3bKOKOHI[CHTPO-
BaHUMHU PO3UMHHHKAMHU KUCIOT [5].
3.4.IToaxiopranocTudilicuIoOKcanmn
1) IToniopranocTuOilicuiIoKCcCaHu
OTPUMYIOTh CHHTE30M JIMMETHIICHIAHIHALE-
TaTy 3 TPUETOKCUCTUOIEM 3a cXeMomw [5,6].
2)VTBOpPIOETHCA MOJiMep 3 peryJasipHuM
yepryBaHHsM aToMiB Si Ta Sb y TollOBHOMY
nmanmo3i. 3a 373 K peakmis (46) mnpoTikae
MBUAKO 3 BHXoAoM moaimepa 90%, merko
TiAPOJI3YETHCS BOIOK Y MPHUCYTHOCTI KHUCIOT
[5,6].

CH,
nCH,(:oo--sfi—oor:CHa + m(CH ) Sb ——s
Hq :
H,C—SIE—CH,
< CH, - CH,

—_ '-mgi—OASb—O—S]i—O—S]b—O-'—-- .
b b &
He- sl,;mcn,

(46)
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2)VTBOpPIOETHCA MoOJiMep 3 PperyJsspHEM
yepryBaHHsM aToMiB Si Ta Sb y ToJIOBHOMY
nanmp3i. 3a 373 K peaknis (46) mnpoTikae
MBUAKO 3 BHXoAoM moaimepa 90%, merko
TiAPOJI3YETHCS BOMOK Y MPHUCYTHOCTI KHCIOT

[5.6].
3.5.1oaioprano6opcHJI0KCann
1) Amnajgoriuso g0 (46) mnportikawTh

peaknmii 3 ankokcucmoaykamu B abo Sn i3
eTepamMu OPTOTUTAHOBOI KucioTH [5-13]:

2) YV Bcix 3-x Bumaakax (B, Sn, Ti),
YTBOPIOTHCS TBepai, aMopdHi, HEPO3UYHUHHI
IIiMepH, SIKi JIETKO T1APOJTi3yIoUi y
HU3bKOKOHI[CHTPOBAHUX PO3YMHAX KHUCIOT, 3
TepMidyHOIO cTilikicTio Oinsg 473 K [5,6].

3.6.I1oaiopranodochopcuaokcann

Ilix 4vac B3aemonii aJIOMOOPraHOCHJIOK-
caHiB 3 KuciauMu cuiaandochaTaMu OTPUMYIOTH
nmojgiMepu moisriopranodochopcunanu [5,6] 3a
CXEeMOI0:

0 0
n{RSI0)Al + nR,SiOlu(OH), — RySi0— -m—o—g—O— —H

iR, OSiRy _lx
47)
Peakiis mporikae 3a 473-493K.
3.7.Binomi mnoaimepu, sAki MicTATL Yy

FOJOBHOMY JaHIIO3i, OkpiM atomiB Si ta O,
atomu Zr, Ge, Pb, Tomo [5,6].

3.8. /1191 oTBEepAKEHHS MOJiOpraHoOMeTaJo0-
CHJIOKCAHOBHX IOJiMEpPiB 3aCTOCOBYIOTH pPi3HI
coJli MeTalliB, METAJIOOPTaHIuHl CIIONYKH eTepH
O0opHOI KHCIOTH, TOIIO [5,6].

IV.Ximiuni mnepeTrBopeHHst cuaimii-
opra”HiyHux moJjimepiB.

1)Bigomi IABa HanpsMKH XiMiYHHX
MEepETBOPEHD CUJIII[IOPTaHIYHUX MOJTIMEPIiB:

a)3aMilmeHHs aTOMIiB TiAPOTeHYy B
OpTaHiYHHUX pagukanax MEBHUMHU

(G YHKIiOHATBHUMY I'PYIIaMu;

0)peakmii 3 TiIAPOOKCHJILHUMH IpyIaMHu Ha
KIHISAX TOJICHIOKCAHOBUX MaKpOMOJeKy [5,6].

2)Opraniudi paaukadm MaKpPOMOJIEKYJI
MO>KHA MiaaaTi rajJloreHyBaHHIO abo
cyabbypyBaHHIO [5,0].

3)BBeaeHns y CHJbIiliopraHiyHui
moJiMep MOJSIPHHUX IPYN BUKIUKAE 3POCTAHHS
MDKMOJICKYJISIDHOI ~ B3aeMogii, IO  CHPHUSIE
301J1bIIEHHIO MEXaHIYHUX MILHICHUX
BJIACTUBOCTEH  MOJNIICHIIOKCAHOBHX IOJIMEpiB
[5,6]. Pasom 3 mHMM 3HIXKYEThCS XiMidHa 1
TepMiuHa cTabiIBHICTh MoOJiMepa.

4.1.BBeeHHsi raJjoiga B apoOMATHYHMIi
paaMkKan mojiMepa HPUBOIUTH A0 301NbIIEHHS
MMOJIAPHOCTI IoJiMepa, He BIUIMBA€E Ha HOro
TEPMIUHY CTa0IIBHICTB, MIPUBOJIUTH o
30UIBIICHHS MIXKMOJEKYIAPHOI B3aEMOIil, IO
3017bIIyE MEXaHIYHY MIIHICTh, TBEPAICTh, aje
pa3oM 3 THM 3MCHIIYETHCA IUIACTUYHICTH
moimimepa [5,6]. 30imblIeHHS aTOMIB XJOpYy B
MaKpOMOJIEKYJII MPUBOJAUTH OO 3MCHIICHHS |1,
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HaBIThb, IIPH BBEIECHHI 3 aTOMIB XJOPY B KOXHY
GbeHITbHY TPYNY HOJIapUICHIOKCAHY, MOBHICTIO
BTPayva€eThCs TOPIOYICTh [5,6].
4.2.CyashypyBanus MOJiCHI0KCAHIB,
aTOMH CHUIIiIiI0, sSKi 6e3mocepeaHbO 3B'A3aHi 3
(beHITbHUMH Ipymnamu, MIPUBOJIUTH o
BIJIIEIUICHHS OPraHiyHUX paaikaiiB.
4.3.Aakianojaicujokcanm 0iapm cTiliKi 10
i1 KOHIIEHTPOBAHUX PO3UYHMHHHUKIB KHCIOT, TOMY
HeEMa€e M0 HUX 3aCTePeKEHb BIIHOCHO TiAPOIi3y,

W MOXHa BBOAUTH CyIbQOrpymu Yy Taki
MOJiOPTaHOCUIIOKCAHH, (EHINbHI TPYNH SKHUX
MPHEAHYIOTBCS IO CHIINISI 4Yepe3 alKiJbHY

Ipyny, HampUKiIam y TAOCH3UIMONICUIOKCaH [5-
13].
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4.4.ITix gyac B3aemMoxii ameTookciajakiamo-
JicWJIOKCaHIiB 3 MOJ1i(h YHKIIi OHATEHUMH
CIUpPTAMH Y MOJIEKYIH MOHOMEPY MOXKHa
BBOIUTH MeBHi (¢ yHKIiOHATTBHI Ipymu,
Hampukjiaaja enokcurpynu [5-13].

4.5. Hu3bKoMOJeKYJSIPHi MOJiCcHI0KCAHHU
MOXYTh  B3a€EMOJIISATH 3  KapOOHOBUMHU
KHCJIOTaMH, JioJlaMH, 3 AUrajaoigo3aMilleHUuMHU

CIIOJYKaMH 3 YTBOPEHHSM Y TMOJIMEPHOMY
JIaHJII031 HOBUX JIaHOK, Hanmpukiazg [5-13]:

o o
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’ (49)
4.6.Hu3bKOMOJIEKYJAAPHI MOJICHIOKCAHHU
pearyioTh 3 OMi30IHaHATaMH, YTBOPIOIOYH

BUCOKOMOJICKYJISIPHI  JIIHIWHI
ypeTOHOBUMH JaHKaMHu [5-13]:

moixiMepu 3
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(50)

Yacrora po3TamyBaHHS YPETAaHOBUX JAHOK
BU3HAYAETHCS CTyIeHEM noxiMepusamnii
BUXIAHOTO moiicuiaokcana [5]. Jusg Takux
moiiMepiB  (56) TemmepaTypa  CKIyBaHHS
cranoBuTh 183K, Temmepatypa tekydocti 433K,
3a KIMHAaTHUX TeMmIeparyp Ui MOJiMepHu
kaydykononiOui[5-13].
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Mexanizmu yrBopenns TBepaux pozuuniB Cd; xMnyTe

116aH0-d7paHKi6c’bKu11 HayiOHANbHUTI MeOUYHULl YHIgepcumen,
eyn. Lanuyvka, 124 k, m. Isano-®@panxiscok, 76018, Vrpaina

3anponoHOBaHO KPUCTAIOKBa3iXiMiuHi piBHSHHs HeeKTHOI MiACHCTeMH Yy TBepaux posumHax Cdi,Mn,Te
(0,0 £ x £ 0,2) p-THIty MPOBIAHOCTI, Ha OCHOBI IKHX PO3PAXOBAHO 3MiHY KOHIIEHTpAIlii TOYKOBHX Je()EKTIiB 1 HOCIIB
CTpyMy Y MeKax obnacti romoreHHocti. [TokasaHo, mo AoMiHyroYumMu aknentopamu y p-Cd; ,Mn,Te € oxHOKpaTHO
3apsDKEH1 BakaHCii KaaMilo, €(EeKTHBHICTh SIKMX 3pOcTae i3 30UIbLICHHSIM HaACTEXiOMeTpii Telnypy y BHUXiAHIN
MaTpHi i 3MEeHIIyeThed i3 pocToM BMicty MnTe. [IpoBeneHo mopiBHIIBHAHN aHai3 Ae()EKTHOT MiACUCTEMH TBEPIOTO
pozunny Cd;,Mn,Te 3 BUKOPHCTAHHSIM KPUCTAIOKBA3iXiMIYHOTO MOJIEIOBAHHSI 1 €KCIIEPUMEHTAIIHUX PE3YIIbTATIB
MO BUMIipIOBaHHIO eekTy XoJa.

KmiouoBi cioBa: HaHocucTema, IIapyBaTi KpUCTalM, CeJEHINM 1HZiO, IUQPaKLis MOBIIBHUX
€JICKTPOHIB, CKaHYIOUl TYHEIbHI MIKPOCKOIIIS Ta CIIEKTPOCKOIIis, Tororpadis, aToMHa CTPYKTYypa.

A. Dmytriv
Mechanisms of production of CdTe-MnTe system solid solutions

Ylvano-Frankivsk National Medical University,
124 k, Galytska Str., Ivano-Frankivsk, 76018, Ukraine

It has been suggested crystal-quasi-chemical equations of defective subsystem in solid solutions Cd;,Mn,Te
(0,0 £ x £ 0,2) of p-type conductivity. On their basis the change of point defects concentrations and current carriers
within the confines of the homogeneity domain has been estimated. It has been demonstrated that singly charged
cadmium vacancies, effectiveness of which improves with the increase of tellurium superstoichiometry in the parent
matrix and decreases with the increase of MnTe content, are dominant acceptors. Comparison study of the defective
subsystem of the solid solution Cd;.,Mn,Te has been made using crystal-quasi-chemical modeling and experimental

results of Hall measurements

Key words: cadmium telluride, solid solutions, defects, sphalerite, annealing.

Cmamms nocmynuna 0o peodakyii 20.09.2017; npuiinsama oo opyxy 25.12.2017.

Beryn

HamiBripoBinHUKOBI Marepiany Kaamiil Temypun
Ta TBEPZl PO3YMHH Ha HOTO OCHOBI HAHOIIBII ITUPOKO
BUKOPHCTOBYIOThCS Y HaIliBIPOBIJHUKOBIH TeXHimi,

K  iHQpauepBOHI NPHCTPOI  ONTOCNIEKTPOHIKH,
JIETEKTOpHU 10HI3yI04Y0TO BHUIIPOMIHIOBaHHS,
tdoroenementt i T. A. llmpoki MoXIHBOCTI iX

BUKOPUCTAHHS BHMAaraloTh CTBOPEHHS MaTepiamiB i3
Hamepel 3aJaHUMH BIACTUBOCTAMHU SIKi Yy BEJHKIH
Mipi BH3HA4alOTBCA IX TOYKOBMMH JedeKTamMu i
MexaHi3MaMmu yTBopeHHs. Ha naHmii yac He3BaXkaroun
Ha YHWCIEHHY KUIBKICTh myOusikamii y 1poMy
HanpsMKy, JTUCKYCIHHUMHU € IHUTaHHS NP0 HPUPOIY
TOYKOBHUX JIePeKTIiB K y KpHCTalax KaaMii Texypuai
TaK 1 y TBEp/IMX pO3UMHAX Ha Horo ocHOBi [1,5].

Y [7, 8] sBigmiueno, mo CdTe i MnTe
YTBOPIOIOTh OOMEXEHHWH PN TBEPAUX PO3UHHIB,
OCKIJIbKA BOHU MalOTh Pi3HY KPHUCTATIUHY CTPYKTYpY.
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Hinsuka TtBepaux po3uuHiB Ha ocuoBi CdTe 3a
1070 K (¢paza Cd; «Mn_Te) 3HaxoauThCs B MEXKAX BiJl
0 mo 71 moin. % MnTe [7]. 3pazku B mexax 71,5 —
99,6 Mon. % MnTe Oynu nBodazHuMH 1 MicTHIH (a3u
Cd;xMn.Te (rpatka tumy cdanepury) i CdyMny.,Te
(ctpyktypa Tumy NiAs). IIpoTskHICTH TBEpIUX
po3unHiB Ha 0cHOBI MnTe He nmepesumye 2 Mmom. % 3a
1073 K [7]. Hacuuennit posuna MnTe B CdTe 3a
pe3yabpTaTaMu pi3HHX podiT ckimaxae Bif 72,5 mom. %
no 77 mon. % [8] 1 MpakTUYHO HE 3alNEKHUTh Bif
temreparypu. B poboti [9] 3 gomomororo PDA
JIOCIIiKeHO (a30Bi CIIIBBIAHOLIEHHS B MOTPIHHIN
cucreMmi CdTe-MnTe-Te 3a 673 K i Buaineso wricrts
TeTePOrCHHUX AUISHOK, SIKi MAOTh PI3HUMA CKIA].

3a ganuMu  X-TIpOMEHEBOrO aHaji3y TBEpai
po3unnn Cdy.Mn,Te, 3a TeMnepaTypu 3arapTyBaHHs
Big 1070 K, 3a cxkmagom Big 0 mo 71 mom. % MnTe
Mmictate oany (asy (dasza Cdi,Mn,Te) crpykrypu
chaneputy [6]. Konmenrparmiiina  3anexHICTH
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napamerpa a BiJl CKJIaly HiJIOPSIKOBYEThCS IPABUILY
Berapma, To6To 3amexHicts a (x), Je X — MOJIBHA
yacTka MnTe, MoXHa onucaTy JIHIHHUM PIBHSIHHSM:!
a, am = 0,6491 - 0,0152-x.

Ha ocHoBi pesymbsrarie JITA 1 mditepaTypHuX
JIaHWX 3a JiHIAMH JikBigyca [8] moOynoBaHa daszoBa
miarpama cuctemu CdTe-MnTe [6]. IloOymosa
npoBeneHa 3 mpumymeHHsM, mo CdTe i B-MnTe
YTBOPIOIOTH HENEPEPBHUN psii TBEPIUX PO3UMHIB 3a

T>1228 K. Hmxue 1228 K BHacmigok [-o-
noniMopduoro meperBopeHHs MnTe 1 TBepanx
po3umHie B Mmexax 71,4—-100mom % MnTe

CIIOCTEPIraeThecsl yTBOPEHHs ABOX (a3 — o1 3.
Emextpuuni BmactuBocTi kpucramis Cdy,Mn,Te

(0,1 <x <0,3), BigmaseHUX 3a Pi3HUX TEXHOJOTIYHHUX

yMOB nociimkyBanu B pobori [10]. Byna Bucnosnena

IyMKa, 110 TTOKPAIICHHS cTablIIBHOCTL
eNeKTPO(I3MIHUX  MapaMeTpiB  BiAMaleHMX B
atMocdepi aproHy 1 TOBUIBHOMY OXOJIOKCHHI

3pa3KiB MOXe OyTH MOSICHEHA 3MEHIIICHHSM KiJIbKOCTI
BT/, (Vad, V(Z:E) 1 momimkoBUMH AedekTamu, sKi
YTBOPIOIOTH aCOIIIaTH 3 HEBEJIMKOIO CHEPTIEO 3B SI3KY,
BHACTIJIOK HAONMKEHHS  CTaHy KpUCTaly [0
PIBHOBaXHOTO ITiJ] YaC OXOJIOKCHHSI.

Opnepxani monokpucranu Cd; ,Mn,Te (x = 0,04)
p-tury  [11] mpoBigHOCTI  XapaKTepU3YIOTHCS
IIMPHUHOIO  3a00poHeHoi 30HM Eg=1,507eB i3
aKIENTOPHOI JIOMIIIKOIO 3 CHepriero HoHizamii
0,68 eB mns Bucokoomuux kpucraiie ta 0,34 eB mis
HU3bKOOMHHX. AKIIENTOPHI PiBHI y TBEPAOMY
pozuuni KMT BusiBneni iy pobGori [12] mnpu
BuMipioBaHHI cnektpiB ®JI Oyno BusBIEHO TpHU
CMYTM BUIPOMIHIOBAaHHS, 32 SIKUMH aBTOpU poOOTH
[12] npumyckaroTh IiCHyBaHHS  akIENTOpPiB i3
KOMIUIEKCOM, SIKUH 3B’a3ye aromu | rpymnu y
miarparii kaamiro (Cucg, AQcg) 1 PO3MIIICHI TOPS
atomu Mn — (MngeCucq)®. He BurimoueHuMH y
TBEPIOMY pO3YMHI € aKIeNnToOpH IIOB’s3aHi 3
neekTaMu  KaTiOHHOi — MigrpaTKu 1 OJH3BKO
PO3MIIIIEHOTO MIIKOTO JTOHOPHOTO NE(PEKTY: (VEdD}) ,

a TaKoXX aKIENTOPH IIOB’sI3aHi i3 HEKOHTPOIHOBAHOIO
JMOMIIIKOK0 ~ OKCUTEHY, KOHIIEHTpAIlisl sKoi It
tBepaux posumnis y A"BY' cramosuts ~ 10 cm?
[13]. [JomimkoBi IEHTpH, 3B’s3aHI MOXIIHBO 13
aTOMaMH OKCHT€HY TpU JOCTIDKCHHI KIHETHUKU
¢dortonormuHanHs B kpucTtanax  CdggsMngssTe,
BUSBJIEHI 1 y poboTi AreksHa [14].

3a ganumu [15], eHepreTHUHE MOJIOKEHHS PiBHS
Mn B CdTe, BiguieruieHoro Bix BaJeHTHOI 30HHU,
OLIIHIOEThC 3Ha4YeHHs M ~ 36 mMeB, mo cynepeuutsb
pesynbratam pobotu ~ 50meB mpu x > 0,05. Takum
YUHOM, 3MiHA eHeprii akmenrTopa Bim = 32 mo =~ 50
meB 3 poctom x (0 < x < 0,05), sk 1 BCTaHOBJICHHS
npupoau Aedekty, moTpedye HACTYIMHUX JOCIIIKEHb.

TakuMm 4HHOM, MPHPOJA AKIENTOPHUX PIBHIB Y
KMT Ha chorogdi 10 KiHISI HE BCTaHOBJIEHA 1 HOCHTH
JMCKYCIHHHMN XapakTep.

v JaHii poborti 3aIpoINOHOBaHI
KPUCTOJOKBA3iXiMiTH1 MEXaHi3MHU nedexkTHOT
MiICHCTEMHU  yYTBOPEHHS  TBEPAOTO  PO3YHHY

samimmenns p-Cdy,Mn,Te (0,0 < x < 0,2), Ha OCHOBI
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SIKAUX TIPOBEJICHO PO3PAXyHOK TOYKOBUX Ne(hEeKTiB i
HOCiiB cTpymy. Po3paxoBaHi 3Ha4eHHS XOJUTIBCHKOIi
KOHLIEHTpalil HOCIiB cTpyMy OyjOo TOpIBHSIHO i3
EKCIIepPUMEHTAILHUMH pe3ynbTaTamH, 1110
npuBeeHnMH y poborti [12].

3a pesynbTaTaMu BHMIpIOBaHHA edekty Xoiuia
[12] y «xpucramax Cd;,Mn,Te (0,0 < x <0,1)
MiATBEP/KEHUH D-THI TNPOBIAHOCTI i3 PYXJIMBICTIO
IIpOK 3a KIMHAaTHHX TEeMIIepaTyp B Mexkax 52 —
64 cM?/B-c. ITuromuit orrip JOCIIKYBaHIX
KPHCTAIIB NPH KIMHATHIN TeMIiepaTypi IpakTHIHO HE
3aJICKUATH BiJ CKIIAAY 1 3HAXOIWBCS B MEXax 1-10° -
2-10° Om-cm. Konmenrpartis gipox mist p-Cdy,Mn,Te
(0<x<0,1) 3a 300K i3 pocrom BMmicty MnTe
smenmryBanacs B mexax 10°-10" em,

1.KpucranokBa3ixiMmiyHi piBHSAHHA
YTBOPCHHS TOYKOBHX nedekrin
y Cdl-xM nxTe

B ocHoBy Mertomy kpucTajokBasziximii [17]
MOKJIAJCHO CYMEPIO3HUIil0 KPHUCTAIOKBA3iXiMiuHOT
Gopmynn  mOCHiKYBaHOT MaTpUIli  Cqi,Tet 13
KPUCTATOKBA3iXiMIYHUM  CKIagoM  (KJIacTepoMm).
Kpucranoksaziximiunuii ckimag GOpMyeThCS MUIIXOM
HAKIQJAHHA ~ AHTHCTPYKTYpH  KaiMill  TEIypHIy
(V/c/ 4V — cbanepur), AKy yTBOPIOIOTH JBOKPaTHO
HOHI30BaHI HEraTUBHI Ta MO3UTHBHI BaKaHCIT KaaMIit0
i Telnypy 3 KPHCTAJIOXIMIYHMM CKJIaJOM JIOJaHOI
peuoBHHU. 3apsau MeeKTiB Yy KPHUCTAIOKBa3ixiMil
MMO3HAYAIOTh TAaKUM YHHOM: X — HCWUTpajbHi, ® —
IMO3UTHBHI, HEraTUBHI, KIJIBKICTh LHX 3HAKiB
BIJINIOBiZ]a€ KPATHOCTI 10Hi3aIlii, e - enexkrponu, h® —

JUPKH.
Metox KpHCTaNOKBa3iXiMii Ja€ MOMKIHBICTh
mapajelbHO  MPOAHANI3yBaTH  KPUCTAIOXIMIUHY

CYMICHICTh, YM HECYMICHICTh YTBOPEHHS THX YH
iHmmX gedekTiB. [1ix KpUCTamoOXiMIYHOIO CYMICHICTIO
pPO3yMIiIOTh  SIK  PO3MIPHY Tak 1 €JEKTPOHHY
BiAnmoBigHicTh. [lepina BpaxoBye yMOBY CTIMKOCTI
KPHCTAJIYHOT CTPYKTYpH, SIKa MOXJIMBA TUIBKH IPU
BHU3HAYEHHUX CIIiBBIHOIIEHHSIX PpO3MipiB
JIOMIIIKOBOTO aTroMa 1 3aMillylouoi HHAM MO3HUII.
[o3mmissMu y KpucTali MOXyTh OyTH abo aromu
KPHUCTAJIYHOI CIIOJNYKH, B IIbOMY BHIAJIKy TOBOPSTH
Npo TBEpAMH pPO3YMH THUIY 3aMilleHHs, abo
MOPOXKHUHU B KPUCTAIIYHIH IpaTii, B IbOMY BUNAKY
YTBOPIOETBCSL TBEPAMH po3uuH BKOpiHeHHA. [lix
€JIEKTPOHHOIO BiIMOBIZHICTIO PO3YMilOTh MOXKJIUBICTh
YTBOPEHHS  CTIHKOTO  XIMIYHOTO  3B’S3Ky  MiX
JIOMIIIIKOBHM aTOMOM 1 OTOYYIOYHMH HOTO aTOMaMH B
KpHCTai.

3a JONOMOro0 METOAy KPHUCTaJIOKBa3iximil
MOXXHa HE TIJIbKM aHAJI3yBaTH NPHUPOLY TOUYKOBHUX
JIeeKTiB y TBEpPAWX PO3YMHIB, a W PO3PaXOBYBATH
KOHIICHTPAIII0 HOCIiIB CTPyMY 1 TOUKOBHX JE(PEKTIB.

Tak yTBOpPEHHS TBEpAOrO PO3YMHY 3aMIICHHS
Cd;xMn,Te 3rimHo ysBIeHs KPUCTATIOKBa3iXimil Oy e
NPOXOAWTH IUIIXOM  130BJIEHTHOTO  3aMilllCHHS
aTOMIB Ka/JIMil0 aTOMaMH MaHraHy, IpH TaKoMy
3aMiILeH] JITYIOUMH KIIacTep 3alUCy€eThCs SK:
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V&Vit Mn®Te? <> Mn&Ter (D
YV 3anmexHOCTI BiJ BiOXWJIEHHS BiJ CTEXiOMETpii,
y Mexax obmacti romorennocti Cd;,Mn,Te,
MaTepial MOXHa OJiepXKaTh SAK N- Tak 1 p-THIY
MOPOBIIHOCTI. 30KpeMa, MpH HAIUIMIIKYy METany B

ocuoBHiii Marpuii CdTe kpucTagoKBasixiMiuHMiA
CKJIaJl TBEP/IOTO PO3UMHY TaKHUi:

[Ipu BimXWJICHHI BiJ CTEXIOMETpIii y CTOPOHY TEIypy
KPHCTAJIOKBa3iXiMiYHE PIBHSHHS YTBOPEHHS TBEPIOTO
PO3UUHY CdyxMn,Te HACTYIIHE!

(1=0) [(CoiwmaViuV o) (TeraVi), (Cit o), + 2+ b)oe' [+ 8(MneiTer) > (2)

X / 1 X X ' o ~ !
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eBL—B)[Vha]+ =)= B[V, ]+ BA— X[ Tel]+n =P, (4)
N =CBL—B)[ Vi |+ L—C)A-B)B[ Vi | +BL-x)[ Te/]. (5)
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Puc.1. Po3paxoBani 3HaueHHs KoHneHTparii gedektie N i Xo/mTiBchKOi KOHIIEHTpaIlii HOCIiB cTpymy (Pr)
cucremn p-CdTe-MnTe npu Hagcrexiomerpii Tenypy B: a— 1,6-10° ar. % (918 K); 6 — 6,4-10”° ar. % (1015 K);
® — cKcleprMeHTaNbHI 3HaueHHs [12].

VY piBasaHHEAX (2, 3) KoedimieHTH o, [} BKa3ymOTh
Ha BIAXWJICHHS BiJl CTEXIOMETpii B OCHOBHIl Marpwili
CdTe aromis Cd, Te. KoedirieHT 6 BKasye Ha BMiCT
MnTe y TBepaomy po3unHi. JlogaTkoBi Koe(ileHTH a,
b, ¢, x mpuitmaemo piBHEMH: a = (0,5, 3a paxyHOK
MOXIIMBOTO IPOXO/DKEHHS MEXaHi3My 3aMillleHHs
BaKaHCIH Ka/JMilo 1 BKOPIHEHHS Y MDKBY3JIS KaJIMif0 y
piBHEX KimbkocTsx; b = 0,48, ¢ = 0,99 — koedimienTy,
SKi TOKa3ylThb YacTKy OJHOKPATHO 3aps/PKeHHX
BaKaHCIH KaJIMito, BHACIIIJI0K MOJKJIMBOTO
JICTIPOTIOPIIIOHYBAHHS.  JBOKPAaTHO  3apsKEHUX
BaKaHCIM KajMilo, BH3HAYalM METOJOM Mimbopy i3
PIBHSHHSA €JIEKTPOHEHTPANBHOCTI; X — KOEQiIi€eHT,
SKAN MoKasye 4aCTKy YTBOPEHHS
eIEKTPOHEHTPaIbHOrO HedeKTy 3amimeHHs Te* vy
marepiani (3) 1 BpaxoBye MOXIIHMBICTb PO3MIIICHHS
TENypy B MDXKBY3JISIX, BU3Ha4aeThcsl BMicToM MnTe y
TBEPAOMY PO3UHHI.

[pouec nedexroyrBopeHHs y Martepianax (2), (3)
€ HabaraTto CKJIQIHIMMM, SKIIO BPaxOBYBaTH
MOXIIMBE KOMIUIEKCOYTBOPEHHS MDK  BIACHUMH
TOYKOBMUMH  JeeKTaMH  BHXIAHOI  MaTpwii i
HEKOHTPOJIBOBAHMMH  JIOMimikamu, sikumua y Cdj.

95

xMn, Te MoxxyTh OyTH nepBHiB | rpynu sk By3/10BOTO,
Tak 1 MDKBY3JIOBOTO THITB. MOXJIHBE YTBOPEHHS

. N
AKIETITOPHUX KOMIUIEKCIiB (Mn&sV4D;)

(Mnxchucd)O’ (ngDi.)/ po3risiaaeTscs B poboTi [12].

[IpucyTHiCTP KOMIUIEKCIB Yy [aHMX Marepiajax
MPU3BOANUTH JI0 3B’S3YBaHHS €IEKTPOHIB Yy Martepiaii
(3) mpm HagBHOCTI Yy HHX HEKOHTPOJIHOBAHUX
JoMimkoBux naedekrtiB 3amimieHHs: CuUcy, Adcy 1
BKOpiHEHHA 7, A¢ D — mepsmi 1 rpymu. 3ammc
KPHUCTAJIOKBA3iXIMIYHUX PIBHSAHb 3 BpaxyBaHHIM
JIOMIIIKOBHX aTOMiB | Tpyn# y MaiMx KiIBKOCTSIX €
JIOCUTh  TPOMI3AKHM 1 HaOJMKEHUM,  TOMY
KPHUCTAIOKBA3iXiMiuHE  MOJETIOBAHHSI  YTBOPEHHS
KOMIUIEKCIiB y MaTepiaii He po3riIigaeMo.

2.Po3paxyHOK KOHIeHTpamii TouY-
KOBUX  JedeKTiB i XO0JLTIBCHKOT
KOHIEHTPalii HOCIIB cTpymMy

Po3paxyHOK KOHIIEHTpaIii TOYKOBUX IEPEKTIB i

HOCiiB cTpymy y TBepaomy posuuHi CdyMn,Te
(0,0 £ x £0,2) mpoBoamnu A Matepiamny i3 p-
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tuniom nposigHocTi  (3). IlpoBimHicTe Marepiany
MiATBEp/KEHA EKCIIEPUMEHTAIBHUMHU Pe3yJIbTaTaMU
y pobori [12].

Jus  po3paxyHKiB BHKOPHUCTOBYBAIM DiBHSIHHS
CNIEKTPOHEHTPANILHOCT], K€  XapakTepHe I
marepiany (3).

Tak sk KOHIEHTpaIifo AeeKTiB i HOCIiB CTPyMy
NPUPOJHO BHPAKATH YHCIOM YaCTHHOK B OAWHUII
00’eMy (cM°) TOMy BHpPa3MMO MOJIBHI YacTKU
KOHIICHTpAIIiT 1e()eKTIB B OJMHUIIX v

3rimHo [18] KoOHHEHTpamlis YacTWHOK OiHapHOI
crionyku B 1 cm® BusHAUaeTHCS:
2pN,

M

Je p — TyCTHHA (r-CM'3), Na=6,022-10% mons?,
M — MomsIpHa Maca (T-MoJb ).

BpaxoBytoun, 10 TyCTHHY MOXXHAa BH3HAUYUTH
Jyepes mapameTp ejaeMeHtapHoi rpatku (a) [18] sk

n="Pag ©)

Mz 1, @)
N, &

Jie Z — 4uCII0 CTPYKTYPHHUX OJUHUIB (MOJEKYN) B
eneMeHTapHid rparui (Z=4 gqus  chaneputHoi
CTPYKTYpH).

J71s n 0cTaTOYHO OTPUMAEMO:

n=§_§s- (®)

3ayBaXnMoO, IO y HAIIOMY BHIAAKYy € — IIe
koe(illieHTH B pIBHSHI eneKkTpoHerTpanbHocTi (5)
Ointst BIAMMOBIAHUX NeEKTiB Ta BUIEHUX HOCIIB 3apsy,
SKi BpaxoOBYIOTb 4YacTKy HOHHOTO 3B’SI3Ky MIX
aromMamu ocHoBHOI MaTpuii Cd — Te (mpuitmaemo 20
%). Bigxunenns Big crtexiomerpii atomi tenypy S
JUIsl OCHOBHOI MaTpHIi KaJMil TeTypUIy 3HaXOHIIH
i3 T-x giarpamu ginsuii icayBauus CdTe HaBemeHol y
po6oti [19] ans nBox Temmeparyp (918 ta 1015 K),
3a pesylbTaTaMM BIJXWIIEHHS SKHX CIIOCTEepiraBcs
HaWOUIbII Y3TOJDKEHUH pe3ynbTaT 3 €KCIEPHMEHTOM
[12]. 3mnauenHs mapamerpa TrpaTKH a BiJ CKJIAay
BU3HAYanM i3 piBHAHHA: a, HM = 0,6491 — 0,0152-x
[6].

Pesynbrat  pospaxynkiB s p-CdyMn,Te
(0,0 £x<0,2) mus pi3HOro BIAXHICHHS  Bif
crexiometpii Temypy (B) i3 3miHoro ckmaxy MnTe
HaBeJIeHI Ha pHC.

3 aHamizy 3aJIeKHOCTEH XOJUTIBCHKOT
KOHIeHTpamii mipok py (puc.l) BuaHo, mIO
eKCIIepUMEHTANIbHI Pe3yJIbTaTH JA00pe y3TromKyIOThCS
i3 pO3paxOBaHMUMH IIPH HAACTEXIOMETpii Temypy
ocHoBHOI Matpuii CdTe 6,4-10° ar. %. IIpu upomy
BIANOBIJAILHUMH 33 P-THII IIPOBIHOCTI Marepiany €

OITHO- 1 JTBO- 3apsAHI BaKaHCIi KaaMiio v’Cd,V@d,

KOHIIEHTpallisl SKuX i3 30iabpmeHHsM Bmicty MnTe
3MeHnryerscst  (puc.l). XapakTepHa —3aJIeKHICTh
“CKJTaJ-KOHICHTpALliT TOYKOBHX Je(eKTIiB 1 HOCIIB
CTpyMy” cCIIOCTEpira€Tbcs MJIsl PI3HOTO 3HAYCHHS
BIIXWJICHHS Bijl cTexioMmeTpii aromiB Tenypy B p-Cd;.
xMn,Te (puc.1).
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3arajgpHOI0  3aKOHOMIPHICTIO TP YTBOPEHHI
tBepaux posumuie Cdi,Mn,Te (0,0 < x<0,2) €
3MCHIICHHS a0CONIOTHOI BEIWYMHHA KOHIEHTpamMii
Bcix nedexTiB N; i3 30iumpmenHsM BMmicty MnTe.
[MepeBakatounmu axmenropamu y p-Cdi,Mn,Te €

OJTHOKPATHO 3aps/KEHI BakaHCii KaaMito V/Cd (puc.),

KOHIIGHTpAIlil SKHX 3pocTae i3  30UIBIICHHAM
HajcTexiomeTpii Tenypy (B) y CdTe i 3menmryeThes i3
poctom ckimaxy MnTe y TBepmoMy po34HHI.
Po3paxoBaHi 3Ha4eHHS XOJUTIBCHKOI KOHIICHTpAIii
HOCIiB CTpyMy TaKO>X 3MEHIIYIOThCS (pHC.) 1 MalOTh
IOOpYy  Y3TOIKEHICTh 3 eKCHEPHUMEHTAIbHUMH
pe3yabTaTaMy IpH HAJACTEXiOMETPil TeTypy OCHOBHOL
matpuui CdTe 6,4-10° ar. % (1015 K).

VY Cd;xMn,Te nocriiiHa rpaTku @ 3MEHIIYETHCS 3
poctom x [6]. ns Hac 1ie o3HA4Ya€, 10 OCHOBHUM
MeXaHi3MOM J1e()eKTOYTBOPEHHSI TBEPJOI0 PO3UHHY €
MexaHi3M 3aminieHHss. OCKUTBKH IICHTPH 3aMIIICHHS
Mncy MpU3BOAATH A0 3MEHLICHHS Mapamerpa IpaTkKu
KpUCTaNIiYHOT CTYKTypu TBepmoro po3umHy Cd;.
«Mn,Te, Tak sk HoHHMIA pagiyc Mn meHmmi pagiyca
3aminnyrouoro ioxa Cd na 0,002 um [20].

[Mopsiz i3 By3JI0BUM 3aMillleHHSAM MaHTraH (3riaHo
HOHHOTO  pajiycy)  MOXe  pO3MilIAaTHC B
OKTarlOpO’KHUHAX MiArpaTKy TeIypy ado IpH BEIHKil
HOro KOHIIGHTpAIlii 3aMilllyBaTd aTOMH TEIypy 3
YTBOPEHHSIM aHTUCTPYKTYpHOro nedekry. OpHak,
YTBOPEHHSI TaKUX Ne(EKTIB € ManoiMOBIpHUM i3-3a
BIZICYyTHOCTI 1X XapaKTepUCTHUK IpU JIOCIIPKEHHI
criektpiB OJI i ETIP y poborax [12-16].

BucHoBKH

1.MeTo0oM KpUCTaNOKBa3iXiMil MpoaHanizoBaHO
npouecH Ne(eKTOyTBOPEHHS y TBEPAMX PO3YMHAX
CdyyMn,Te. Ha OCHOBI 3aIpPOMOHOBAHAX
KPHUCTAIOKBAa3iXIMITHUX PIBHSIHB BHKOHAHO
PO3paxyHOK KOHIEHTpAIii TOYKOBHX IE(PEKTIB i
HOCIiB CTpyMYy.

2. Iloka3aHo, 10 YTBOPEHHS LEHTPIB 3aMilCHHS
Mngg y Cdi4Mn,Te, i3 3pocrannsm Bmicty MnTe,
MPU3BOAUTH 10 3MEHIIEHHS CTajoi KpPUCTAIIYHOT
rpaTku  canepuTHOl CTPYKTYpH 1 OCHOBHHMM
MeXaHi3MOM Je(EeKTOYTBOPEHHS TBEPIUX PO3UHHIB €
MeXaHi3M 3aMilleHHs KaTiOHHWX BaKaHCIH aromaMmu
MeTaiy.

3. BcraHOBiNEHO, IO y TBEPAMX PO3YMHAX
p-Cd;.«Mn,Te mepeBaxaroTh OJHOKPATHO 3apsiDKeHi
BaKkaHCii  Kaamilo  \/g,  KOHLEHTpAaList
3pOCTaHHAM 13  30UIBIIEHHSM  HaJACTEeXioMeTpii
XaJbKOT€HY Y BHXIJHIH MaTpuli 1 3MEHIIYEThCS i3
poctom BMmicty MnTe. PospaxoBani 3HadeHHs
XOJUTIBCHKOT KOHIICHTpALlii HOCIIB CTpyMy 1 TOYKOBHUX
nedexTiB mpy HazcTexiomerpii Temypy 6,410 ar. %
(1015 K) no06pe CITiBIIa1al0Th i3

CKCIICPUMCHTAJIbBHUMU PE3yJIbTaTaMU.

SAKHUX
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EMyibCiiiHi cCcTeMH CKIIaJal0Th OCHOBY CY4aCHUX KOCMETHYHMX IPOAYKTiB. BaxnuBum napamerpom, 1o pae
MOJMJIUBICTD HEpen0aunTH CTablIbHICTh eMYIIbCIIHUX cHCTeM € NoBepxHeBHil Harsar. Ha nanuii yac BinOyBaeTbcst
HoCTiliHa Po3po0Ka HOBHX €MYNIbCIHHMX KOCMETHUYHHUX IIPOAYKTIB, ¢ 0COOJIMBA yBara NpHUALIAEThCA 1X CTIHKOCTI.
Binomo, 1110 B sIKocTi cTabini3aTopiB KOCMETHYHMX €MyJ/IbCil HaidacTille BUKOPUCTOBYIOTHCS OBEPXHEBO-aKTHBHI
peuyounn (ITAP) ta ix cymiwmi. IIpu npomy anani3 jiTepaTypHUX IaHHMX CBIIYUTH, IO PELENTYPH €MYNIbCIHHUX
KOCMETHYHHX 3ac00iB 0a3ylOTbCsl HA YUCICHHUX €KCHEPUMEHTAIbHHUX JAHUX, 110 3HAaYHO YCKIIAJHIOE 1 310pOXKYye
BUITYCK KOCMETHYHOI nponykuii. ToMy po3poOka HayKOBO-00IDYHTOBAHOI'O ITiIXOAY IO CTBOPEHHSI HOBUX PELIENTYp

KOCMETHYHHX 3aC00IB € aKTyaJIbHUM 3aBIaHHSM.
KnrouoBi ciioBa: emynbcCiiiHi  cuctemH,
NoBepxHeBO-akTHBHI pedoBuHH ([TAP).

HOBerHeBI/Iﬁ Harsr,

KOCMETHYHI IPOAYKTH, crabirizarop,

Cmamms nocmynuna oo pedaxyii 15.09.2017; npuiinama 0o opyky 25.12.2017.

1.AHaJdi3 ocTaHHIX [JOCTiI:KeHb Ta
nyOoJsiKkamiin

JlitepaTypHi maHi  cBigyaTh, IO B  SKOCTI
cTabiN1i3aTOpiB KOCMETUYHUX EMYNBCiH Bce dacrimie
3acTocoByloTh OiHapHi cymimn (ITAP) [4], ockinbku
BOHH TIIPU3BOJSATH N0 €(QEKTUBHOTO 3HWKEHHS
MOBEPXHEBOr0 HaTAry. [lpu 1bOMY ITOCIIJHKEHHS
cymimeii IIAP HeuncneHHi, i B  OCHOBHOMY
NIPUCBSIYEHI  BUBYEHHIO  MIIEJIOYTBOPEHHIO i
azcopOii Ha Mexi noainy ¢a3 Boguui po3uuH (ITAP)
- moBiTps [5-7]. Ha manwmii yac mis Bubopy IIAP
Kopuctytothes  cuctemoro IJIb  (rimpodimbHo-
ninoiapHUN OanaHc), sKa O3BOJSE MepeadavunuTH
JUIIE THO ~ eMYNbCil, 100  OAEPKYETbCT 3
€HepreTUYHMX TMO3HUIH 1 He BpaxoBYe OCOOIMBOCTI
oymoeu ITAP [7]. Omxke, HOCTIIKEHHS ITOBEIIHKA
OiHapHMX CHCTeM Ha Mexi noxairy ¢a3 BoIHHMI
po3uud ITAP—macio mpakTHYHO He BHBYEHa Ta HeE
OITMCaHa B JITEpaTypi.

2.MeTa cTarTi

BcraHOBJIEHHSI OCHOBHHX KOJOIIHMX 3aKOHOMIp-
HOCTEH OTpHMaHHs KOCMETUYHUX eMYJIbCiH, a came:
1) BU3HAYEHHS OCHOBHHUX KOJOIIHO-XIMIYHUX
BiactuBocrei cymimi [TAP;

2) BUBYEHHs MoBefiHku cymimi [TAP Ha mexi
noziny ¢a3 pozuun [TAP — macio.
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3.BukjiajileHHs1 OCHOBHOI0 Marepia-
ay

CralijbHICTh KOCMETHYHUX EMYNbCIH 3aJIeKUTh
BiJl CYKYITHOCTI 0araTtbOX mapamerpiB, TaKuX SK
NpUpoja JIMCHEPCIHHOrO CepeloBUIa 1 JUCHEPCHOL
a3y, BeNMYMHH TOBEPXHEBOI'O HATATY, B'S3KOCTI
cucTeMH 1 Jesikux iHmmX. IlepepaxoBaHi YMHHHKH, B
CBOIO 4Yepry, ICTOTHO BIUTMBAIOTh HAa CIIOXKHBYI
XapaKTepPUCTUKU KOCMETHYHOI npoaykii. [Tpu upomy
IpY TiI00pi KOMITOHEHTIB KOCMETUYHOT'O HPOIYKTY
HEOOXiHO JMOTpUMaHHs OajaHCy MK IIHOK 1
SIKICTIO.

OCHOBHUMH  KOMIIOHEHTAaMH  KOCMETHYHHX
eMyJbCii € omii 1 crabimizaTopu, pojb OCTaHHIX
IparoTh CyMillli TIOBEPXHEBO-aKTUBHUX PEYOBUH.

VY Hammx JOCITIHKEHHSIX Y SIKOCTI MacisiHOl (a3u
MU o0OpaHo IKJIONIEHTACITIOKCaH/
(Cyclopentacylokcane-) monsipHe Maciio, 3 HHU3BKHM
MMOBEPXHEBUM HATATOM Ha MEXi monuiay Qa3 Boma-

Maciio, BIJHOCHO  JelIeBe, JIOCTYIIHE  Ta
3aCTOCOBYETbCS Yy  BHPOOHMIITBI  KOCMETHUHHX
MIPOIYKTIB.

IMpu BubGopi IIAP pedoBuMH KepyBasuCs
MPUHIMIIAMHA, 110 BOHU BHKOPHUCTOBYIOTHCS Y
XIMIYHI ~ TeXHONOrii KOCMETHYHHX 3aco0iB, €

IHAWBIAYaJbHUMH PEYOBHHAMHU Ta PO3UMHHI Y BOJI.
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Tomy B sKocTi 00'€KTIB JOCHIPKEHHS Oynn
oOpani 1Bi Bojopo3umHHi [IAP - aHioHOreHHa i
HEiOHOTeHHa.

B sxocTi HeHOHOreHHOI MOBEPXHEBO-aKTUBHOI
peuoBunn (HITAP) BuKOpHCTOBYBaBCS €MyNbratop
Teun — 80 (CgsHi24026), 3 MONEKYIAPHOIO MACOIO
1308 r/mons. Lle pinuHa CBITIO-)KOBTOI'O KOJIBOPY.

Sk loHOreHHa TOBEPXHEBO-aKTHBHA PpEYOBHHA
(AITAP) 3acTocoByBaBCS  aHIOHHUH EMYJIBraTop
TpHeTaHOIAMIHIaYPUIICYIb(aT (CisH41NO5S), 3
MOJICKYJISIDHOIO Macorw 415 1/Monb, sABIsSE cOOOIO
O1THii TIOPOIIOK.

OO0pani cnonyku [IAP 1o BumyckaroThCcs y
MPOMUCIIOBUX MaciiTadax, MpH IbOMY iX KOJOITHO-
XIMIYHI XapaKTEpUCTHKH Yy BIIKPUTHX JDKEpenax
iHdopMaIlii BIiACYTHI. 3HaHHSA IUX XapaKTCPUCTUK
HEOOXiMHO IS  OOIPYHTOBAHOTO IMIiAXOAY IpH
pO3pOOII perentyp KOCMETHYHHX MPOAYKTIB Ha iX
OCHOBI, TOMY J1aJli IPEJICTAaBISIEMO EKCIIEPUMEHTAIIbHI
Pe3yNbTATH 110 iX BU3HAYEHHIO.

B sKxocTi KONOIMHO-XIMIYHMX XapaKTEPUCTHK
cymimi [TAP posrmspanun  Taki mapaMeTpu K
TOBIIMHA aJCOPOIIHOrO mapy, IJIONLy, M0 3aiMae
onna monekyina [TAP B ancopOuiiHOMY miapi Ha Mexi
nozainy ¢a3 Boxuuid po3uun [TAP — macio.

[ToBepxHEBUII HATAT Ha MEXI BOIHUN PO3YUH
[TAP-macno BH3HaYaBCs METOJOM Baru-od’emy
Kparti 3a Bigomoro Metoaukorw [8]. Ilpu po3pobui
pelentyp  eMyJabCiHHHX  TPOAYKTIB  BEITUKOTO
3HA4YEHHs1 HaO0YBalOTh IOBEPXHEBOTO HATATY OKPEMHUX
ITAP Ha mexi noainy Boguuit po3unt I[TAP — macno.
Jnst poro Oymu mpurotoriieHi posunHu AITAP Ta
HITAP 3 pi3HUMH KOHIIEHTpAIisIMHU.

3HavyeHHs BEIIMYMHH MaKCHMAJIBHOI ajcopOuii
BH3HAYAIIOCS 3 BUKOPUCTAHHSIM KIIACHYHOTO PiBHSHHS
I'i66¢a [9]:

¢ do )
RT dc’

ne I’ — muToMa ajacopOliis PedOBHHH, MOIb/M’,
TOOTO HaJMipHa KOHIEHTPALlisl PO3YMHEHOI peUYOBHHH
B TIOBEPXHEBOMY IIapi PO3YMHY MOPIBHSHO 3 HOro
00’€MHOI0 KOHIIEHTPAI€EIO C; 0 - TOBEPXHEBUI HATST
posuuny, MH/M; R — yHiBepcasibHa ra3oBa ctana; I —
abcoiroTHa Temrieparypa, K.

IInoma, sxy 3aliMae oJHa MOJIEKyla B
afcopOIiiHOMY mapi, Oyze CKIIaaaTu:
1
So=—— (2)
0 s
r,-N

ne N — ancio ABoraapo (6,023-10% moms™); T
- BeJIMUMHA TPAHMYHOI a/ICOPOILIii, MOTB/M”.

ToBmHa aaCOPOLIHHOTO MOHOIIAPY (IOBKHUHA
MOJIEKYJIH) BiJIIIOBITHO BU3HAYAJIACH SIK:

/= M-T ’
Io)

ne M — MomnsipHa Maca aJicopOOBaHOI PEYOBHHH,

I/MOJIb; p — TYCTHHA a1COPOOBAHOT PEUOBHHH, KI/M .

€)
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Buxinui EKCIIEpUMEHTAJIbHI
ITOBEPXHEBOI'0 HATATY HaBelCHI Ha puc. 1.

i30TepMu

o, MH/m
25

20

15 1

10

S

6 8 10

¢ (TIAP), monv/n’

Puc. 1. 3omepma nosepxnesoco namsaey HIIAB
(1) ma AIIAB (2)

Po3paxyHok mnapamerpiB ajcopOLiifHUX IIapiB
MIPOBOJIMBCS 3 BUKOpPHCTaHHAIM piBHAHB (1), (2) 1 (3).
Ha puc. 2 mnpencraBieHi i30TepMu Ti0OCOBCHKOL
ancopo6ii, konu [TAP ancopOyeThcs Ha MEXI MOALTY
(a3 pozunH-macio. [lapamerpu ancopOuiiiHuX 1mapiB
HaBeACHO y Tabu. 1.

AHamiz jaHMX, TpencraBieHux |y Tabi.l,
CBIIYMTH MPO Te, 110 HA MiX(a3Hiil TOBEPXHI PO3UUH
ATTAB —azncopOyeThbest Kpalle 3 YTBOPEHHSM OiIbII
LIUJIBHOTO ~ MOHOMIAPY, TOMY MIO  IIOCaIO0YHHNA
MallaHYMK HOro MOJEKYNl iCTOTHO MEHINEe, HiK Yy
HITAB.

Jlis BU3HAuUEHHS HAWKPalIoro CHiBBIJIHOIICHHS
ATTIAP 1 HIIAP Oymm ortpumani i30TepMH
TIOBEPXHEBOI'O HATATY 3 PI3HUM CIiBBiJHOUICHHIM
ATIAP i HITAP. TloBepxHeBuii HAaTSAT BU3HAYAIOCS Ha
Mexi mominy (a3 posumH — wmacio. Pesymeraté
JTOCTTIPKeHb HaBe/ICHI Ha puc. 3.

Jani mo mnpuBeneHi Ha puc.3 CBiMYATh, IO

HaHKpanri pe3yibTaTi CIIOCTEPITaroThCs 3a
criBBigHomenusM AITAP:HITAP sk 4:1, oCKiIbKH
i30Tepma pu bOMY CITiBB1THOIICHHI]

PO3TaIIOBYETHCST HIXKYE BCIiX.

JonmatkoBy iH(pOpMAIlif0 MPO KOJOITHO-XIMIUHI
BnactuBocTsix [TAP na Mmexi mominy a3z pozuuH —
ONist  MOXYTh  JaTH  KOHCTAHTH  DIBHSHHSA
InmKoBchKOro. 3riJHO IIOTO PIBHSHHS 3HIDKEHHS
MOBEPXHEBOI'0 HATATY 31 3pOCTAHHSM KOHIICHTpALii
ITAP mae Burisin [9]:

Aazao—crzBln(l+Ac), “)
IS (70 - HOBerHeBI/Iﬁ HaTATr HYUCTOI'O
PO34YMHHUKA, MH/M; (o2 - TIIOB erHeBI/Iﬁ HaTATr

posuuny ITAP, mH/M; B — KOHCTaHTa i1 BChOTO
romonoriuHoro psiny IIAP; 4 — xoHcranta mis
BianosigHoro ITAP; ¢ — konmenTpanis po3uuny [1AP,
MOJIB/TI.
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Tabnums 1
3HaveHHs1 TapaMeTpiB aacopOLiiiHuX mapiB Bogopo3unHHux [TAP Ha Mexi nmominy a3 po3unH-Macio
AP [, -10° mmoms/n> Sy, HM’ [ ,am
ATIAP 1,85 1,25 1,25
HITAP 3,57 8,31 3,54
I 06, MKMOTL/M
4,0
3,5 . e
1
3,0
2,5
2,0
1,5 . 2
0
1 02 03 04 05 06 07 038

¢ (lIAP), momw/n’

Puc. 2. [3omepma 2i6bcoscwroi aocopoyii ATIIAP(1) ma HIIAP (2).

o, MH/m

'S
5N

Jo

10 c (IIAP), Mone/n’

Puc.3. I3omepmu nogepxnesozo namsaey cymiwi AITAP ma HIIAP: 1 — ATIAP:HIIAP = 1:4; 2 -

B mudepenuiiiniii ¢popmi 1e piBHAHHA HaOyBae
BUIIIAAY:
do  BA
- = )
dc 1+ Ac
Benmuuuna ri60OCOBChKOI agcopOliii MmoB’s3aHa 3

KOHCTaHTaMH PiBHAHHS [IIMIITKOBCHKOTO HACTYIHHM
yuHOM [9]:

AITAP:HIIAP = 1:1; 3 - AIIAP:HIIAP = 4:1

Kc
r=r,- (6)
1+Kc
ne K — koHcranTta ajcopOIiiHOI piBHOBary, Io
XapakTepu3ye  MDKMOJNEKYISIPHY  B3a€MOIII0 B

afCcopOIMHUX MIapax, sSKi CKIAZAl0ThCA 3 CYyMII
[IAP, M’ /Mo,

Y T1abn. 2 HaBeAeHI KOHCTaHTH piBHSHHS
IWmKOBChKOro, IO PO3paxoBaHi Ui KOXKHOTO
cniBBigHOmeHHs cymint [TAP.

Tabnu 2

KoncranTu piBasinzs umkoBcbkoro mist cyminni [TAP B pisHUX CITiBBiTHOIIEHHSIX

Cuissinnomenns AITAP:HITAP

Koncranra K, M>/MOITb

4:1 298
1:1 102
1:4 18

100
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Pegynprat  Tabnm. 2 miATBEPIXKYIOTH, IO
30inbieHHs: BMicty B cymimi HITAP npusBoauts no
nocnabneHHst B3aemopii y Mik¢pasHoMy Iiapi, a
3pocranHs Bmicty AIIAP mpusBoauTh 10 pi3koro
3pocTy BennduHU K Ta MOCUIICHHIO B3aeMOJIII.

MakcumanbHa BeJIMYMHA KOHCTaHTH BiZIOBiJa€E
crniBBiHomenHo AITAP:HITAP = 4:1, mpu sikomy
i30TepMa pO3TALIOBYETHCS HWXKYE BCIX IHMIMX (pHUC.
3). Honanbme 30inbmenns smicty AIIAP B cymimri
HE TPHU3BOAUTH  JIO0  CYTTEBOrO  3MEHIIEHHS
MOBEPXHEBOI'O  HATITY, TOMY  CIHiBBIJIHOIICHHS
ATIAP:HITAP = 4:1 6yno obpaHO ONTHMAJbHUM C
TOYKH 30py AAHOI CYMIIIi.

Hacrynaum eTarioM  JIOCIi/PKEHb OyIo
BU3HAYEHHS! KOHIEHTpAIii MacisHoi (asu, 3a sKOi
YTBOPIOETHCS CTa0IIbHA EMYIbCis.

B KocMeTHYHUX eMYNBCIHUX IMPOIyKTaX BMICT
¢da3m macna JexUTh B Mekax Big 1 - 20 % 00., B
3aJleXHOCTI  Big BuAy mpoaykmii. B Hammx
JOCTIDKCHHAX KUIBKICTh (pa3u Macia, sKa I03BOJIIE
OTPUMYBAaTH CTaOLIBHI EMYJbCil, IO cTaOiIi30BaHi
cymimmno ITAP, BH3Hauamacsi eKCIIEPUMEHTAJIBHO,
OCKIJIBKH cymiI [TAP pasimie Ha
BHUKOPHCTOBYBaJacs, OTKe OyIb-sKi JIiTepaTypHi naHi
BIJICYTHI

MopenbHi KOCMETHYHI eMyJbCii B HIMPOKOMY
iHTepBaJi KOHIICHTpAIlili (a3u mMacia Oynu OTpUMaHi
B mnpucyrHocti cymimeit [IAP B pi3HHX
CHIBBIJHOIIEHHSAX. B sKocTi Kpurepis cCTIHKOCTI
eMynbcii OyB Yac po3lmapyBaHHsS KOMIIO3HMIN, SKHI
BH3HAYaBCS Bi3yaJIbHO.

Jlis oTpuMaHHSI eMyNbCiiHOT 0a3u KOCMETHYHOL
KOMITO3MIIIT HEOOXiZHy KUIBKICTh KOMIIOHEHTIB
BomueBoi (asu  (TBun — 80 Ta TpueTaHOIAMIH
JAypUICYTb(AT) POUUHSIIN Y BOJII U Ta HArPiBaJIX 10
temneparypn 75 °C. ®asa omii, ska 6yma
MIPE/ICTaBIIeHa IIKJIONEHTACIIOKCAHOM, HATpiBaJ JI0
temmepatypu 75 "C. Jlami BommeBy dasy i dasy omii
3MinIyBasIH Ta mepeminrysamu 10 Temieparypu 50 °C,
a TOTIM JMCIEpryBald Ha MpOTsA3i 2 XBWIMH Ha
romMoreHizaropi 3i mBuakicTio ooepranus 4000 00/xB.
OTpuMaHy eMYNIbCII0 OXOJIOMKYBaIM O KIMHATHOL
TemrepaTypu. Iliciast IbOrO0 NPOBOIWIM Bi3yasbHe
CIIOCTEPEKEHHSI 3a pO3IIAPYBaHHAM EMYJBCIH, IO
OynM OTpUMaHi.

Ha puc. HaBeJeHa 3alIeKHICTh  Yacy
po3lIapyBaHHA  €MYNbCii, IO  cTa0imi3oBaHi
iHauBinyansHUMU [1AP, B 3aleXHOCTI BiJ BMICTy B
HUX (a3u oii.

4

Konnenrpanist cymimi HITAP Ta AITAP
ckragae 4 momb/M’.  Ilg KOHUEHTpawis  Gyma
oOpaHa B  pe3yJabTaTi MPOBEACHUX HAMH DPAHIIIC
JOCTIKeHb afcopOiii cyminn [TAP Ha Mexi mominy
¢a3z po3umH — Macimo. 3 puC. 3 BHIUIMBAE, IO
MiHIMQJIbHE  3HAYCHHS  IIOBEPXHEBOI'0  HATATY
JIOCSITAEThCSL  KOJMM  KOHIEHTpamis cymimi [TAP

CTaHOBUTH 4 MONB/M’.

Konnenrparist ¢asu omnii Oyna B intepBaiti Bix 0,1
1o 10 06%. B stkocTi crabinizaropa mnepuoro Aociiay
Oyno Buxopuctano AIIAP, a npyroro — HITAP. Ha
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KpuBHX (puc. 4) CIIOCTEPIraeThCss MAKCHMYyM, IO
BiAMoOBimae KoHIEeHTpamii ¢a3u omii 5% 06. Ilpu
crabinizanii emynbcii AITAP yac icHyBaHHS eMyJbCii
cTaHoBUTh 12 romuH, a npu crabimizanii HITAP — 6
TOJI.

Ha mam mnorssin, craGinbHICTE eMynbeii mpu
OHaKOBOMY BMicTi (a3u Macima 00yMoBIIeHa
HacTymHUMU (hakTopamu. [Ipu HU3BKIH KOHIIEHTpalii
¢dasu macta (o 5 % 00.), B’S3KICTH eMyJbCii
HEOCTaTHhO BENMKAa Ta TiIpocTaTW4HUI (akTop
cTifikocTi He 3a0e3reuye CTaOLIBHOCTI CHUCTEMHU B
uinomy. Ilpu nocsrueni BMictTy daszu macia 5 % 00.
Ta BHILIE B’SI3KICTh  eMylnbeii  3pocrae.  [lpum
posrisimanti AITAP dac KUTTs eMyJbCii BUIIe 3a

Yac icnyeanns
emynbcii, 200

12

2 4 6 8 10

Konyenmpayis macna, % o6

Puc. 4. 3anexcnicmo uacy icHyeanHs MOOEIbHUX
emyabCiil 6I0 kKonyenmpayii ¢pasu macaa: 1- AIIAP;
2 — HIIAP

PaXxyHOK YTBOPEHHS MOJBIHHOTO EIEKTPHYHOTO
mapy Ha Kpamwiix Macna. [Ipy  momanbaioMy
3pOCTaHHI KOHIICHTpAITi1 Macia, EMYIIbCIs
PO3IIAPOBYETHCS Y 3B’ SI3KY 3 HEOCTATHBOIO KIJIBKICTh
IIAP. Ockineku BMicT ¢(asu Macma S5 % 00,
3aJIOBOJIHSAE BHMOTraM, IO TIPS SBISIOTBECT  JI0O
O1MBIIOCTI KOCMETUYHHMX KOMITO3HUIIIH, TO came BOHO 1
oyio BHOpaHO JUTS BCIX JTOCTIIPKEHB.

10
9
80
70
60
50
40
30
20
10

Yac icHysanHs cmabinbHol emynbeii, 200

]

2 3 4 5
Cnissionowenns AITAP:HITAP

Puc. 5 3anexcunicmo uacy icnysamnns emynvcii, wjo
micmums 5% 00 ¢pasu macaa: 1-HIIAP; 2
AIIAP:HIIAP= 1:4; 3 - AIIAP:HIIAP =4:1; 4 -
AIIAP:HTIAP = 1:1; 5 — AIIAP
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[Momanpmri  eKCIIEPUMEHTH  IIOKa3allk, IO BucHOBKH
MaKCHMaJIbHUH qac iCHYBaHHS eMYIbCIT
CIIOCTepiraeThesl Mpu KOHIEeHTpalii ga3u macia 5 % Otpumani JlaH1 KOJIO11HO- XIMIYHHX

00 Ta crabimizanii cymimmiro AITAP:HIIAP = 4:1,
puc.5. Janmii crabinmizaTop I03BOJSIE OTPUMYBATH
eMyNbCii, CTaOUTBbHI TPOTATOM KiIbKOX mi0. Jlns
OTPUMAaHHSI eMYJbCiH, CTIHKHX MPOTIroM JEKiIbKOX

BractuBocteil cymimn ITAP wa Mexi mominy a3
pO3YHH Macjio, a caMe¢ KOHCTAHTH pPiBHSIHHS
IIHMIKOBCHLKOrO0, SKI ITOKa3ajH, J03BOJIMA BU3HAYNUTH
onTuMaiabHe criBBigHomends IIAP. Bcranosieno

MicsmiB,  mOTpiGHE  BBENCHHS  MOATKOBOro  ONTHMAIbHY — KOHLUEHTpAauilo —cymimi map s
CTpyKTYpoyTBOpIoBada, I1{o Gy/e moaIbIoro TeMor0 ~ OTPUMAHHSI MAaKCHUMAaJbHOTO CTAabiIi3ylouoro eexry.
HAIIUX TOCITiKEHb. BusHaueHo ~ MakcHMalbHHMH ~ 9ac  iCHYBaHHS

KOCMETUYHOL eMYJIbCIl.
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INPABUJIA JJISA ABTOPIB

Kypnan «Bicamk IIpukapnarcbkoro HanioHaJbLHOro YHiBepcutery imeHi Bacuas
Credanuxa. Cepis Ximisi» qpykye cTaTTi Ta iHIIYy iH(OPMAIIIIO B TaTy3l XIMIYHUX HaYK.

XKypnan nyOrnikye HayKOBi CTaTTi 3a pe3yJbTaTaMu JIOCHiKEHb (B 4 10 20 CTOpiHOK) i HAYKOBI
ornsinoBi cTatTi (o 30 CTOPIHOK), peleHsii Ta MaTepialii Ha mpaBax AMCKYCIi B rairy3i XiMiYHIX HayK
32 TaKOK TEMAaTHYHOI CIPSMOBAHICTIO: HEOpPIaHIYHA XiMis;, OpraHiYHa XiMis, aHaJITHYHA XIMis;
¢izuuHa Ximist; ¢i3uka 1 XiMisg KOJOIAHHUX CHCTEM; XiMis BHUCOKOMOIEKYJSPHUX CIIONYK; XiMidHA
TEXHOJIOTIS IUTACTUYHHUX Mac; pafioxXiMis; TPUOOXiMist; XiMisS 1 TEXHOJIOIIs MAacTHJIBHUX MaTepialis;
KOMITO3UIIiiHI MaTepiany; XiMiYHa TEXHOIOTis; OioopraHiyHa XiMist (XIMI4HI HaYKH); XiMis TBEpAOTO
Tina; (i3UKO-XiMis TBEpAOro TiNa; Qi3uka 1 XiMisg ToBepxHi (XIMIYHI HAayKH), MEIUYHA XiMis;
(dapMarieBTH4HA XiMisl; TOKCHKOJIOTIYHA XiMisl; XapuoBa XiMisi; (i3uka 1 XiMisi MeTaliB; arpoximis Ta
XiMisl TPYHTIB; €KOJIOTis; MaTEeMaTH4YHI METOAM B XIMIl Ta XIMIYHIH TEXHOJOTrIl; CTaHIApTU3allil Ta
OXOpOHa Mpalli B XIMIYHIA MPOMHCIOBOCTI TOLIO.

XKypHan npykye cTarTi 3 CBITOIMISIIHMX 3acall TPUpPOJIO3HABCTBa; Oiorpadii Ta HaykoBoi
JISUTBHOCTI BUJATHHMX XIMIKIB; 3 OCHOB HAyKOBHX JOCITIJKCHb, 3 METOIUKH BUKIAJaHHS XiMii; 3
YKpaiHChKOi XIMIYHOi TepMmiHOMOrii Ta HOMeHKIaTypu. JKypHan myOiiKye HOBITHI HaBYalbHI
MPOrpaMu 3 XiMii; HOBITHI METOAM HayKOBUX JIOCHI/PKEHb B XiMii; HAYyKOBO-METOINYHI Ta HABYAIBHO-
METOIMYHI PO3POOKH 3 XiMii Ta XIMIYHOT TEXHOJIOT11 TOIIO.

Kypnan «Bicamk IIpukapnarcbkoro HanioHaJbLHOro YHiBepcutery imeHi Bacuas
Credanuxa. Cepin Ximisnn» BUmaeTbcs 2 pa3u Ha PIK 31 CTATTAMH YKPaiHCHKOIO Ta aHTIIIHCHKOIO
MOBaMH.

Pykomnuc momaeTbesi aBTOPOM YKPAiHCHKOIO a00 aHTITIHCHKOIO MOBAaMHU y JBOX MpHMipHHKax. o
PYKOITHCY TOJAETHCS IUCK 3 TeKCTOBUM (paiiiom. EnexktpoHHa Bepcis cTaTTi Moxke OyTH HaJiciaaHa 10
penaKiii eJIeKTPOHHOIO MOIITOXO.

CrarTi noBMHHI 0yTH BUKOHAHI 3riIHO HACTYMNHUX MPaBUJI:

Ha nepwiit cmopinyi cnio exazamu:

1. Kogu PACS a6o YJK.

2. Iniianu Ta npissuiie (a) aBropa (iB).

3. Ha3sga crarri.

4. YcraHoBa, e BUKOHAHO poOOTY (TIOBHA Ha3Ba Ta IMOBHA IIOIITOBA ajpeca, HOMEp TenedoHy,
ajipeca eIeKTPOHHOI MOMITH). SIKIO KOJIEKTHB aBTOPIB BKIIIOYAE CIIBPOOITHHUKIB Pi3HUX yCTaHOB, TO
CITiJI BKa3aTu Miclie poOOTH KOXKHOT'O aBTOPA.

Pozwmupena anomayia: oocsr — no 250 ciaiB; yKpalHCBKOIO Ta aHIJIiChKOO MoBaMHu. [lepen
TEKCTOM aHOTAIlli BiJIIIOBITHOK MOBOIO BKa3yIOThCS: MPI3BHINA Ta IHIIIaJU BCIX aBTOPIB, Ha3Ba CTATTI,
ajipeca oprasizaiii (Juis KOXKHOTO 3 aBTOPIB).

OcHoBHI KpuTepii sikocTi aHOTaNWil aHTJIiiICHKOI0 MOBOIO 10 YKPaiHOMOBHUX CcTaTeMl

Anomayii nogunni 6ymu:

1. IndpopmaTuBHUMHE (HE MICTUTH 3arallbHUX CIIIB).

2. OpurinanpHUMHE (HEe OyTH KaJIbKOI YKpaiHOMOBHOT aHOTAIIiT).

3. 3MicToBHUMH (BiIOOpakaTH OCHOBHHM 3MICT CTATTI Ta PE3yIbTATH JIOCHTIPKEHB ).

4. CTpykTypoBaHi (CIiyBaTH JIOTIIi OMKCY PE3YJILTATIB Y CTATTI).

5. «AHTIIOMOBHUMIY (HamucaHi nep(eKTHOI aHTTiHCHKOI MOBOIO).

6. Komnaktaumu (ykiaagatucs B oocsr Big 100 1o 250 ciis).

Knwuoei cnosa: iX KinbKicTh HE TIOBUHHA MEPEBHINYBATH JECATH ONWUHHIG. JlOMycKaeThes
BHUKOPHUCTaHHS HEPO3AUTbHUX TEPMiHIB, IO CKIIAIAI0THCS 3 TBOX-TPHOX CIIiB.

Texcm: namip ¢opmaty A4; moOJs: HUXKHE, BEPXHE Ta IpaBe — 2 CM, JiBe — 3 CM; TEKCTOBHUH
penakrop: Microsoft Word (*.doc); mpudT HaGopy: Times New Roman, po3mip: 14 kernb; iHTepBa
MK psakamu: 1,5 T, TEeKCT HaOWpaeThcsl 0e3 MepeHociB, Ha BCIO MIMPHHY CTOpiHKH. Haza cratti
(16 kernp), a TakoXK 3aroNOBKU MiApo3iiB (13 Kernp), BiI3HAYAIOTHCS HAIMIBKUPHUM IIpudTOM. Y
Ha3Bi CTaTTi HE JIOMYCKAEThCS 3allUC CKOPOYCHb, HABITh 3aralbHONPUHHATUX. Bei oamHuUIi
PO3MipHOCTEH MOBHHHI OyTH TipescTaBiieHi y MixkHapoaHiit cuctemi oguaums (SI).
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Pignsanns: HeoOXIiAHO ApyKyBaTH y penaktopi ¢hopmyn MS Equation Editor. KoxkeHn HOBHi psiiok
¢dbopMynu TTOBHHEH OyTH OKpeMHUM 00’€KTOM, 32 BHHATKOM CHCTEM DiBHSHB, 00 €IHaHUX (IrypHOIO
Iy’)KKOI0, abo Marpuib i T.. BUpIBHIOBaHHA — MO LEHTPY CTOpiHKH Oe3 ab3amHoro BiJICTYIY.
dopmynu po3MIILYIOTECS 3 HOBOTO PSJKA IMICIs TEKCTY, TEKCT Imicist (OPMYJIM — TAKOXK i3 HOBOT'O
psnka. Hymepartist GopMynn — y KpymiiuX AYKKax, IPUTHCHYTHUX JIO MPABOTO Kpalo TPaHUIl TEKCTY.
HeoOxinHo naBaTH BU3HAUCHHS BETUYMH, IO 3’ SIBISIOTHCA B TEKCTI, POpMyIax 1 TAOIUIISIX BIIEpIIIE.

Ta6nuyi: noBuHHI OyTH BUKOHaHI y TaOMMYHUX pepakTopax. OO0B’I3KOBO B TEKCTI MOBUHHI OyTH
IIOCWJIAHHS Ha TaOJIHII.

Pucynku: npuitmarotrbcs y ¢popmartax: TIFF, GIF, BMP, JEPG, CDR, MathCad, Microcal Origin
(*.opj) (Bcramneni OesmocepenHbo y Word). PucyHku, BHUKOHaHI NakeTaMM MaTEMaTU4HOI Ta
CTaTUCTUYHOI 0OpOOKH, MOBMHHI OyTH KOHBEPTOBaHI y BHUIIEBKa3zaHi rpadiuHi gopmaTtu. PucyHku
MOBHHHI OyTH KOHTPAaCTHUMH, YITKUMH, 0€3 pO3BOJiB. PUCYHKHM B CTaTTi MOBHHHI PO3TAIIOBYBATHUCS
MICIsl IOCHIIaHb HAa HUX y TeKcTi. KOo)KeH pUCYHOK CYNPOBOKYETHCS IMiJIIHCOM — HOMEP PUCYHKA i
fioro Hassa. [linnuc moynHaeTHCS 3 HOBOTO PsiZKa, BUPIBHIOBAHHS — 10 IEHTPY.

Ilocunanua na nimepamypy: TOBUHHI HyMEPYBATHUCH MOCTIIOBHO Y TOPSJKY iX MOSBH B TEKCTI
crarti. Crincok sitepatypu Habupaetbes mpudrom Times New Roman (12 kerns); iHTepBan Mix
psakamu 1,5 nT; TekeT HAOUpaeThest 6e3 mepeHociB, Ha BCIO IIUPHUHY CTOPIHKH.

s mocujiaHb Ha JliTepaTypHi Axkepena iHgopMallii BUKOPUCTOBYIOThCS HACTYNHI hopmaTn:

Kunuru: Astop(u) (iHiianu, motim npi3zsuina), Hazea kauru (BupaBHUITBO, MICTO, PiK BUJAHHS).

Ipuxnao:

1. A. Aaro, MaremaTuka ajs 3JeKTpo- U paguontxenepoB (Hayka, Mocksa, 1965).

Kypunanu: Asrop(u) (imimianu, motiM mpi3Buma), Hasea »xypHamy (BUKOPHCTOBYHOTHCS
abpeBiaTypu TUIBKH JUISL BIIOMHX JKypHAJiB), HOMEp TOMYy (HOMEp BHITYCKY B JYXKKax), HOMEp
MOYAaTKOBOI CTOPIHKH (PiK BUAAHHS B TYKKaXx).

Ipuxnao:

2. .M. Apraros, F0.A. ®anun, Tpenne u uznoc, 29 (2), 111 (2008).

Marepianu koudepenmiii: Aptop(u) (iHimianm, noTiM npi3Buma), Ha3Ba KoHdepeHIii
(BMIIaBHUIITBO, MICTO, PiK), HOMEP CTOPIHKH.

Ipuxnao:

3.T.0. Cipenko, JI.M. Contuc, Choma MixHapoaHa HayKOBO-TIpaKTU4HA KoH(epeHIis «Po3Bu-
ToK HaykoBux nociimkenb 201 1» (Iatepl'padika, [Tonrasa, 2011), c. 35.

JlirepaTypa MOBMHHA NOJABATHChL HA MOBi OpPHUTiHANy Ta TPaHC/JIITEPOBAaHO JATHHHUIIEID
oKpeMuM (paiiiom.

Jlo pyKomnucy 012l ThCsi:

1. Yzo0a npo nepeoauy aemopcokux npas.

2. Pexomenoayin 1o ApyKy OAHOIO 3 WICHIB PEAAKIIMHOI KOJIETil xKypHaIy a00 Iepeinik MOKIUBUX
PEIICH3EHTIB 3 TXHBOIO aJPECO0.

3. BaxaHo HamaTH pEAKONEril eKcnepmHuil 6UCHO60K: BUCHOBOK €KCIEPTHOI KOMICIi TIpo
MOKJIMBICTh BIIKPUTOI MyOJikamii gaHoi poOOTH ()11 aBTOpiB 3 YKpalHM 1 KpaiH-pecryOiik
komuimaboro CCCP). 3a BIICYTHICTIO €KCIIEPTHOTO BHCHOBKY BCIO BiJIIIOBIAIGHICTD 32
MOXIIUBICT BIZIKpUTOI MyOJIiKalii monanoi indopmariii HecyTb aBTOPH.

4. Bioomocmi npo aemopie: Tpi3BHIlE, IM’s, M0-0aTbKOBI, HAYKOBHH CTyIiHb, BYECHE 3BaHHS,
mocasia, TIOBHA TIOIITOBA Ta €EKTPOHHA aJpecH KOXKHOro 3 aBTopiB. Cimijy BKa3aTH TaKOX ajpec
JUISL JINCTYBaHHS.

CTaTTi HAACUJIAKOTHCS 32 AJIPEColo:

Peoaxyis scypuany «Bichux Ipukapnamcvbko2o HayioHaIbHO20

yrisepcumemy imeni Bacuns Cmeganuxa. Cepis Ximisy

Kageopa neopeaniunoi ma izuunoi ximii

JIBH3 «lIpuxapnamcekuil HayionantvHul yHieepcumem imeni Bacuns Cmeghanuxay
eya. Lllesuenxa, 57, Iseano-@panxiscox, 76018, Yrpaina

Jlomawnst cmopinka 6 mepesici inmepuem. https.//sites.google.com/site/visnikhimia
E-mail: gen.sirenko@gmail.com, soltys86@gmail.com

Ten.: (0342)59-61-69, (096)8139353, (067)9567542.
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