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Abstract. On the basis of complex analytic and
experimental studies of processes of crystallization from
liquid state and recrystallization basic physical-chemical
and phase parameters of structural steels, containing up to
0,4 wt.% C; 3% Si, Mn and Cr; 0,035% N; 0,3% V, were
defined and qualitative regularities of their influence were
established. These regularities give possibility to forecast
analytically chemical compositions and conditions of heat
treatment of castings and forgings of structural steels with
required combination of casting and mechanical
properties, hardenability, fatigue strength, cold resistance,
toughness of destruction, abrasive wear resistance, heat
stability and stability to reverse temper brittleness. The
results of investigations implemented have shown, that
low- and medium-alloy by manganese, silicon, and
chromium structural steels in combination with nitride-
vanadium hardening possess essential potential of
physical-mechanical properties, which is realized at
complex optimization of their chemical composition,
deoxidization, types and conditions of heat treatment. The
influence of these factors is so extreme and ambiguous
that can be effectively optimized only by machine
experiment of determined dependencies, presenting
themselves as theoretical basis of computer metallography
of structural steels. Study of many structural steels shows,
that computer elaboration of their chemical composition,
conditions of deoxidization and heat treatment ensure the
creation new class of cost - efficient alloy steels with
unique combination of strength, plastic and exploitation
properties. Some examples of optimum heat treatment
regimes of castings and forgings for a achieving such
properties are presented.

Key words: structural steel, chemical composition,
heat treatment, mechanical properties, hardenability,
fatigue strength, cold resistance, toughness of destruction,
abrasive wear resistance.

Introduction

The accumulated practical experience shows, that it's
possible to improve quite effectively the properties of cast
steels by complex optimization of alloying, modifying
and heat treatment . However it requires the significant
volume of experimental work. Herewith the most rational

combination of the expenditure of alloying and modifying
elements and the level of property improvement is not
always achieved.

Formulation of problem

In the considerable number of studies separate
aspects of the value of alloying and modification
parameters, and heat treatment in the forming of structure
and properties of parameters, and heat treatment in the
forming of structure and properties of structural steels are
viewed, but the publications on complex mathematical
model of their optimizations are absent.

Analysis of recent research results

The known results of mathematical modeling
present, as a rule, statistical processing of experimental
data and characterize basically the influence of chemical
composition and conditions of production on some
parameters of phase transformations, structure and
properties. These dependencies are not sufficient for the
optimization of cast steel properties, because they give
information just on quantitative influence of one or
another factor on the function of response and do not
explain the substance of such an influence. Such
algorithms reflect the achieved level of foundry
production, but do not provide the effective search of new
optimum solutions for many-sided industry environment.

The next step in managing the process of the forming
of structural steel properties should be the transition from
formal regressive dependencies chemical composition -
steel properties to the equations, which include structure
parameters in initial factors .These parameters depend on
chemical composition, conditions of solidification and
regimes of heat treatment. Therefore the purpose of
present work is to establish quantitative regularities of the
influence of structural parameters on such basic properties
of cast structural steels, as fluidity (castability), shrinkage
(contraction), crack stability, tensile and yield strength,
relative elongation and narrowing, hardenability, cold-
resistance, fatigue strength and abrasive wear-resistance.
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Results of research

As the object of studies the most widely used in
industry carbon, low - and medium-alloy steels,
containing up to 0,4 % of carbon, up to 3 % Si, Mn, Cr,
up to 0,3 % V and 0,03 % N were chosen.

Quantitative laws, at probability more than 95 %, we
approximated by polynomes of the first and higher
degrees.

Coming from the fact, that casting properties of steel
are defined basically by physical properties of a melt,
heat-power conditions of solidification and dispersity of
forming dendrite structure , we have established, that:

- castability with correlation factor 0,637 and error
13,8% is determined by properties of liquid metal, heat
conduction of steel at temperature of solidus,
crystallization heat, dispersity of dendrite structure and
value of superheat of melt over temperature of liquidus; -
density with correlation factor 0,709 and error 1,2% with
an exception of crystallization heat and in addition to
parameters, indicated for castability is defined by interval
of crystallization;

- foundry contraction and its components with
correlation factor from 0,828 to 0,993 and error from
0,18% to 9,6% are defined by value of superheat over
temperature of liquidus, crystallization heat, heat
conduction of steel at temperature of solidus, dispersity of
dendrite structure and alloying degree of austenite;

- characteristics of crack stability, determined on a
specially developed unit (Fig. 1), including temperature
boundaries of interval of heat-brittle and deformation in
it, pressure and relative elongation of crack formation,
with correlation factor from 0,72 to 0,989 and error from
0,7 to 26% are defined by parameters of foundry
contraction, dispersity of dendrite austenitic structures.
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Fig. 1. The device for complex control of parameters
of cracks formation in cast steels.

1,2 - potentiometers; 3 - measuring bridge;
4 - transformer of linear deformation in electric potential,
5 - indicator of linear deformation; 6 - elastic plate ;
7 - damp - sand-clay mould; 8 - casting; 9 - electrodes;
10 — thermo-couple; 11 - tie rod; 12 - bolts for one- side
braking of casting contraction.

The analysis of influence of C, Si, Mn, Cr, N and V
shows, that the most essential influence renders N and V
(Fig. 2, 3).

As a result of investigation of physico-mechanical
properties of steels the following dependencies were
determined:

- hardenability with correlation factor 0,981 to 0,934
and error 12.8% - on the size of austenite's grain and
alloying degree of austenite;
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Fig. 2. The influence of contents of elements on the
castability (a), density (b) and casting shrinkage (c) of
steels.
The pouring at 1550°C. The base is - steel containing
0.2%C, 1Si, 1 Mn, ICr.

-strength, plastic properties and impact toughness
high temperature tempering of steels with correlation
factor from 0,824 to 0,934 and error from 5,32% to
12,3% - on the size of austenite’s grain and content of
nitride-vanadium phase in it, alloying degree of ferrite,
solubility and diffusion mobility of carbon and nitrogen in
it, quantity of precipitated carbide and nitride phases;

-characteristics of cold-resistance at temperatures
to - 60 °C, including ultimate tensile strength and fluidity,
relative elongation and narrowing, micro destruction
resistance and coefficient of pressure intensity in crack’s
orifice, with correlation factor from 0,779 to 0,981 and
error from 5,02 to 18% - on diffusion mobility of carbon
and nitrogen; temperature of brittleness with correlation
factor 0,934 and error 12,5% in addition to above
parameters - on the size of austenite's grain, content of
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nitride-vanadium phase in it and of carbon and
nitrogen - in ferrite, value of energy of binding of
dislocations with interstitial atoms and atoms of formation
of new surfaces in ferrite and on grain’s boundaries, as for
work on crack formation, in addition, - on the size of
austenite's grain and alloying degree of ferrite by
elements of substitution; work on crack spreading - on
content of nitride - vanadium phase in austenite;

1000
L
1400 — - 900
Q
5 - 800
tS
1350 TN
/ \ - 700
\- 600
1300
- 500
- 400
1250 :
/‘ 4 - 300
/ A
1200 200
0,0000 00025 00050 0,0075 0,0100
VN, %%
a
2,0
18
[ o
1,6 I \
1,4 I \\
o 12
>
S 10 I \
[+
<o N\
s
0.6 l \
0,4
02 L~ o
0,0
0,0000 0,0025 0,0050 0,0075 0,01
V-N, %%

b

Fig. 3. The influence of contents of nitrogen and
vanadium on crack resistance.

a - t,, t; - temperature boundaries of heat-brittle
interval; A - deformation in heat-brittle interval;

b - o, 6 - stress and relative elongation of crack
formation, accordingly.

The pouring at 1550 °C. The base is - steel
containing 0.2%C, 1Si, 1 Mn, ICr.

-the number of cycles of fatigued crack formation in
normalized steels with correlation factor 0,707 and error
2,31% - on the content of carbides in ferrite at
temperature of ending of diffusion disintegration of
austenite, the number of cycles of spreading, with
correlation factor 0,704, error 7,2% - on the content of
vanadium nitrides in ferrite, alloying degree and energy of
binding of dislocations with interstitial impurities,
formation of new surface in ferrite and on its boundaries.
In case of high temperature tempering the process of
formation of fatigued cracks is determined by such
characteristics of secondary structure, as alloying degree
of ferrite, solubility of carbon and nitrogen in it and their
diffusion mobility. As for spreading, in addition, - by the
size of austenite's grain and content of nitride-vanadium
phase in it with correlation factor from 0,887 to 0,888 and
error from 3,72 to 9,6%;

-abrasive wear-resistance of hardened and low-
tempered steels with structure of martensite with
correlation factor 0,854 and error 10,6% - on alloying
degree of solid solution, length of martensite's needles
and content of nitride- vanadium phase. In case of high
temperature tempering steels with correlation factor 0,754
and error 18,3% - on homogeneity of distribution and
dispersity of carbide and nitride-vanadium phases;

- the characteristics of heat resistance, including
mechanical properties, characteristic of destruction at
increased temperatures, parameters of creep and long-
term strength with factors of correlation from 0,734 to
0,962 and error from 11,6 to 18,6 % - on influence of
alloying elements on solubility and diffusion mobility of
carbon and nitrogen at temperatures of high temper and
exploitation, determining dispersity and uniformity of
precipitation carbide and nitride phases at heat treatment
and their stability to coagulation in conditions of creep;

- the resistance to development of convertible
tempered brittleness with factor of correlation 0,729 and
error of 13,5 % - on the contents of phosphorus on
borders of ferrite grain and intergrain energy of formation
of new surface.

The analysis of influence of elements on physical-
mechanical properties of structural steels shows, that the
most essential action renders the microalloying of steel by
nitrogen and vanadium (Fig. 4-8), which is connected
with their effective influence on thermo - Kinetic
parameters of phase transformations during formation of
secondary structures, stabilization of austenite's of grain
at austeniting heating and development of chemical
heterogeneity.

The nitride - matrix interfaces and zones of a
stressed state near nitride particles are so effective drains
of the interstitial elements and vacancies with
sudstitutional elements, interacting with them, as well as
with places of segregation of a carbide phase that in the
event of rational microalloying by nitrogen and vanadium
we practically attain the considerable dispersity of
microstructure elements, reduction of the chemical and
structural nonhomogeneity, including the grain boundary
one.
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Fig. 4. The influence of contents of elements on the
hardenability of steels The face hardening from 950 °C;

The base is - steel containing (wt.%):

0.3C, 1Si, 1Mn, 1Cr.
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Fig. 5. The influence of nitrogen and vanadium
contents on mechanical properties of steels after
hardening from 950 °C and tempering at 650 °C during 2
hour.

The base is - steel containing 0.2% C, 1 Si, 1 Mn, |
Cr.

Taking into consideration the predominant
precipitation of vanadium nitride in solid solution , in
comparison with other phases, new principles of
optimization of alloying, deoxydation and heat treatment
of cast structural steels have been elaborated. On the basis
of these principles the cast carbon- and low-alloy steels,
containing nitrogen and vanadium, with yield strength
increased by 80-120 MPa in normalized and by 200 - 300
MPa in quenched and tempered states, without decrease

of plastic properties, with fatigue limit increased by 100 -
120 MPa, have been developed (Table 1).

950
— Ky
90
R L 900
/ L 850
50 /
t /
[
£ 01/ - 800
. A\ KCU,
& KCUy T ~—— N
5 10 ~<
o ~ L 750
iE' -10
N - 700
D /
O -30
4
L 650
50 \
tbr
70 600
0000 0002 0004 0006 0,008
V-N, %%

Fig. 6. The influence of nitrogen and vanadium on
the cold - resistance of steels at minus 60 °C.

The base is - steel containing 0.2% C, 1 Si, 1 Mn,
I Cr.

Table 1. Mechanical Properties of Carbon and Low-
Alloy Structural Steels!

Clsi|mn[Cr| os | o | & | w [KCU
Wt., % MPa % MJ/m?
57321299 | 28 49 | 0.69

632 | 392 | 28 | 59 |0.75

0.260.36|0.62|0.10 5953 350 19 52 | 076
800 | 629 | 18 | 48 |0.50

13004 06 | 05 |0.15

1765 08 | 09 |0.23

1220%| 2.0 | 4.0 | 017

0.40|0.37 0.65|0.30 | 5 = o | 30 |50 025
7603 795 12 43 | 0.70

870 14.0 | 44 |0.90

560% | 390 | 17 34 | 04

724 | 475 | 17 | 36 | 1.4

0.30/0.30|0.60|0.90 636° | 540 12 34 | 046
985 | 865 | 14 | 43 |0.70

5672 | 375 | 22.5 _ 1070

665 | 445 | 23.0 0.80

0.2310.35|1.05|0.22 675° | 496 18.0 % 0.65
840 | 725 | 185 ~10.72

1 - the numerator shows the properties of steels
without additions and the denominator shows the
properties of steels after modifying by nitrogen and
vanadium; 2 - normalizing; 3 - hardening +
high - temperature tempering; 4 - hardening;
5 - hardening + low - temperature tempering.
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Fig. 7. The influence of element contents on the
process of nucleation (a, b) and distribution (c, d) of
fatigue cracks in normalized above-spring beams at
load force 0.2MN (a, c¢) and high temperature
tempering automatic coupling bodies at load force
0.15MN (b, d) of freight cars.

The base is - steel containing (wt.%):

0.2C, 0.4Si, 1Mn, 0.3Cr.

Normalization and hardening at 950 °C;

Tempering at 650 °C.
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Fig. 8. The influence of contents of elements on
the abrasive wear-resistant of steels in unfastened sand

a — Hardening at 950 °C; Tempering at 350 °C.

b — Hardening at 950 °C; Tempering at 650 °C.

The base is - steel containing (wt.%):0.2C, 0.5Si,
0.5Mn, 0.3Cr.

Speed movement of a sample - 0.385
metre/second. Pressure — 0.2 MPa. Time of friction — 1
hour.

/
e

For example, low - alloy Cr, Mn, Si steel, containing
N and V, destined for the manufacture of automatic
coupling bodies, above-spring beams and lateral frames of
freight cars, guarantees the following level of properties:
o >840 MPa; oys >700 MPa; 6>10 %; y>25 %; KCU
80>0.25 MJ/m?; Kic®>100 MPa-m° 5. The stability of
reproduction of mechanical properties of steels,
containing V and N is increased in 2-3 times as much.

The optimization of the process of the production of
structural steels with nitrogen and vanadium gives
possibility to reduce the content of alloying elements for
achievement of required operational properties of
castings. For example, low - alloy chromium steels,
containing N and V, are successfully applied for the
production of fittings for oil and gas wells instead of steel,

alloyed by 1-5% Cr and .2-.5% Mo and have, after
heating during 100000 hours at 500 - 550 °C long-term
rupture-strength of 150 and 70 MPa accordingly, and
wear resistance higher than the Hadfield steel.
Manufacturing of caterpillar links and tractor rolls of such
steels instead of the Hadfield steels and carbon steel,
containing 0.12% V, ensure the increase of wear
resistance accordingly 1.9 and 2.4 times as much
(Table 2).
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Table 2. Exploitation test of agricultural tractors

Accrued Average
Type of roll operating | Wear, frate
strengthening time, mm 0 ;N ear,/
motohours 10° mm
motohour
Serial rolls of
carbon steel
containing
0.45-0.50% C 5000 14.0 2.80
and 0.07-0.15%
\Y
Surface borading
of rolls by boron 6500 12.1 1.85
carbide
Bimetallic rolls
with surface
layer of
wear-resistant 3000 4.2 1.40
cast iron,
containing 16%
Crand 2% Mo
The rolls of steel
(30XA®DI)
containing 6500 7.7 1.18
0.30-0.35% C,
1% Cr, V+N
Conclusions
1. On the basis of complex analytic and

experimental studies of the influence of chemical
composition on processes of crystallization and
recrystalization basic physico-chemical and phase
parameters, determining formation of structure and
properties of cast structural steels, containing in general
up to 0,4 wt.% carbon, up to 3% of manganese, silicon
and chromium, up to 0,035% of nitrogen, up to 0,3% of
vanadium were defined, as well as qualitative regularities
of their influence. Obtained qualitative regularities ensure
the possibility of analytic forecasting of chemical
compositions and conditions of heat treatment of cast
structural steels with the required combination of casting
and mechanical properties, hardenability, fatigue strength,
cold-resistance, toughness of destruction, abrasive wear-
resistance, heat-resistance, and stability to reverse temper
brittleness.

2. The results of the implemented investigations
have shown, that low- and medium-alloy cast structural
steels containing manganese, silicon, and chromium in
combination with nitride-vanadium hardening posses
essential potential of physico-mechanical properties,
which is realized by complex optimization of their
chemical composition, deoxidization, types and
conditions of heat treatment. The influence of these
factors is so highly extreme and ambiguous, that can be
effectively optimized only by machine experiment of
determined dependencies, presenting them as theoretical
basis of computer metallography of cast structural steels.

3. An example of study of many structural steels
shows, that computer elaboration of their chemical
composition, conditions of deoxidization and heat

treatment ensures the creation of new class of efficiently
alloyed steels with unique combination of strength, plastic
and exploitation properties.
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PO3POBKA BUCOKOSIKIHMX KOHCTPYKLIMHUX
CTAJIEU
€. I'. Apmanodinany

Anoranisa. Ha mifgcTaBl KOMIUIEKCHUX aHATITHYHHX 1
eKCIePUMEHTANBHUX TOCIIKEHb MPOIECiB KpUCTaTi3arlii
3 PpIIKOTO CTaHy 1 TepeKpucTaii3amii B TBEpAOMY
BU3HA4YeHI OCHOBHI (i3MKo-XiMmiuHi 1 (azoBi mapamerpu
KOHCTPYKIIKHUX cTanedt, mo mictath ao 0,4 mac.% C;
3% Si, Mn i Cr; 0,035% N; 0,3% V 1 BcTaHOBJICHI AKiCHI
3aKOHOMIpPHOCTI iX BIUMBY. Lli 3aKOHOMIpHOCTI JalOTh
MOJKJIMBICTh aHAJIITHYHO MPOTHO3YBATH XIMIYHI CKJIAAHX 1
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YMOBH TEpPMi4HOI OOpOOKM BWJIMBKIB 1 TIIOKOBOK 3
KOHCTPYKIIMHUX CTaJled 3 HEOoOXiITHOK KOMOIHAITIE
JTUBapHUX 1 MEXaHIYHNX BIACTUBOCTEH, IIPOTapTOBAHOCTI,
BTOMHOI MIITHOCTi, XOJIOJOCTIHKOCTi, yIapHOi B'SI3KOCTI,
abpa3mBHOI 3HOCOCTIMKOCTi, TEPMOCTIHKOCTI i CTIHKOCTI
IO  PO3BHUTKY 3BOPOTHOi  BIOIMYCKHOI  KPHUXKOCTI.
PesynpraTi mpoBeNeHHMX JIOCITIPKEHb IOKa3aiH, MIO0
HHU3BKO- 1 CepelHbOJIErOBaHI MapraHieM, KpeMHIeM i
XpOMOM KOHCTPYKIIIfiHI CTadu B TOEIHAHHI 3 HITPU-
BaHA/I€BUM 3MII[HCHHSAM MAalOTh 3HAYHUN MOTEHIlIAT
(hi3UKO-MEXaHIYHUX BIACTUBOCTCH, SKUN peaizyeThes
IpU  KOMIUIEKCHIM omnTuMizamii iX XIMI4HOTO CKJany,
PO3KHUCIICHHA, BHAY i YMOB TepMidHOI 00poOku. Brmms
UX ¢axTopi eKCTpeMallbHUH i HACTUIBKH
HEOIHO3HAYHHH, 110 MOXE OyTH e(pEeKTHBHO
ONTUMI30BaHAN TIMBKA KOMITIOTEPHUM EKCICPUMEHTOM
3a BCTAQHOBJICHUMH 3QJISKHOCTSAMH, SKi € TEOPETUYHOIO
OCHOBOIO KOMIT'FOTEPHOTO METaJ03HaBCTBA
KOHCTPYKIIAHUX  cTaned. JIOCHiDKEHHS  YHCICHHUX
KOHCTPYKLIHHUX CTajedl moKazye, IO KOMII'OTEpHA
po3pobka iX XIMIYHOrO CKJaxy, YMOB PO3KHCJICHHS 1
TEPMIiYHOI 0OpOOKH 3a0e31euye CTBOPEHHS HOBOTO KiTacy
€KOHOMHOJICTOBAHUX CTaJled 3 YHIKaJbHUM MO€IHAHHIM
MIITHOCTI, TUTACTHYHOCTI Ta eKCILTyaTalli HHIX
BIacTUBocTe. HaBenmeHi mpukiamy — ONTHMajbHHX
peXuMiB TepMidHOI OOpPOOKM BHIMBKIB I TMOKOBOK JUIS
JOCSTHEHHSI TAKUX BIACTHBOCTEH.

Kiao4oBi cjoBa: KOHCTpYyKIilHA CTallb, XIMIYHHUI
CKIanm, TepMidyHa oOOpoOKa, MeXaHidHi BIACTHBOCTI,
MPOrapTOBaHiCTh, BTOMHA MILHICTh, XOJOJOCTIHKICTb,
B’SI3KICTh pyHHYBaHHS, 3HOCOCTIHKICTB.

PA3PABOTKA BBICOKOKAYECTBEHHbBIX
KOHCTPYKIIMOHHBIX CTAJIEN
E. I Apmanounany

AHHoTammsi. Ha  OCHOBaHMM  KOMIUICKCHBIX
AQHATUTUYECKUX W OKCHEPUMEHTAIBHBIX HCCIIeIOBAaHUH
NPOLECCOB KPHUCTALIM3AUUN U3 JKHIKOTO COCTOSHHS U
NEePEKPUCTAUTU3ALNH B TBEPJOM OIpPE/ICIICHBl OCHOBHBIC
(HU3HUKO-XMHUYECKUE " (bazoBble napaMeTpel
KOHCTPYKIIMOHHBIX cTajel, comepxkamux no 0,4 mac.%
C; 3% Si, Mn u Cr; 0,035% N; 0,3% V u ycTaHOBJICHBI

Ka4Y€CTBCHHBIC 3aKOHOMEPHOCTU WX  BJIMAHUA. Ot
3aKOHOMEPHOCTHU JAalOT BO3MOXHOCTH aHAJIUTUYCCKU
MPOTHO3UPOBATE XUMHUYECKHUE COCTaBbl W YCJIOBHUA

TEPMHUUYECKOH 00pabOTKM OTIMBOK M IIOKOBOK W3
KOHCTPYKIIMOHHBIX CTajell ¢ Heo0X0AnMOi KoMOuHaIen
JIUTEHHBIX ¥ MEXaHWYECKUX CBOMCTB, MPOKAINBAEMOCTH,
YCTAJIOCTHOW IPOYHOCTH, XJIAJOCTOMKOCTH, YAapHOU
BSI3KOCTH, abpa3nBHOH N3HOCOCTOMKOCTH,
TEPMOCTONKOCTH M CTOWKOCTH K pasBUTHIO 00paTHMOM
OTIYCKHOH  XpPYNKOCTH. Pe3yipTaTbl  NpOBEAEHHBIX
UCCIIeIOBAHUI MOKa3aJy, 4TO HH3KO- u
CPEeHEJIETUPOBAHHBIE MapraHieM, KPEMHHEM U XPOMOM
KOHCTPYKIIMOHHBIE CTalldi B COYETAHHH C HHUTPHU-
BaHaJMEBbIM YIPOYHEHHEM O00JIaJal0T 3HAYUTEIbHBIM
MTOTEHINAJIOM (PU3UKO-MEXaHWYECKUX CBOWCTB, KOTOPBIHA
peanuzyercst TpH KOMIUIEKCHOM ONTHUMHM3AIMKA  HMX
XMMHUYECKOTO COCTaBa, PACKHUCICHHS, BUIA W YCIOBHH
TepMHUUYECKOil 00paboTku. BimsHue 3THX (axTopoB
SKCTPEMAIBHO M HACTOJIBKO HEOJIHO3HAYHO, YTO MOXKET
OBITH 3¢ PeKTuBHO ONTUMH3HPOBAHO TOJIBKO

KOMIIBIOTEPHBIM  OKCIICPUMCHTOM 110 YCTAHOBJICHHBIM

3aBUCHMOCTSIM, KOTOpPBIE  SABJISIIOTCSI  TEOPETHIECKON
OCHOBOM KOMITBIOTEPHOTO METaJIOBEICHUS
KOHCTPYKLMOHHBIX cTajneu. UccnenoBanue
MHOTOYHCIICHHBIX KOHCTPYKIHMOHHBIX cTanen
MIOKa3bIBaeT, YTO KOMIIBIOTEpPHAs pa3paboTKa HX
XMUMHYECKOTO  COCTaBa, YCIOBUH  pACKUCIEHUS U

TepMuuecKoi 00paboTku obecreunBaeT co3laHue HOBOIO
KJjlacca OKOHOJETMPOBAHHBIX CTajled C YHHKaJbHBIM
COYeTaHUuEeM MIPOYHOCTHBIX, TUIACTUYECKUX U
9KCIUTyaTallHOHHBIX  CBOMcTB. IlpuBeJEeHBl MpHUMeEpHI
ONTHUMAJIBHBIX ~ PEXHMOB  TEPMHUYECKOH  00paboTKH
OTJIMBOK U ITOKOBOK JJIs JOCTIDKEHHS TAKMX CBOMCTB.

KnioueBble ci10Ba: KOHCTPYKLMOHHAs — CTajb,
XAMHYECKHA ~ COCTaB,  TepMudeckas  oOpabotka,
MeXaHHYEeCKUe CBOIICTBA, MPOKAJINBAEMOCTb,
YCTaJOCTHAs NPOYHOCTh, XJIAJTOCTOMKOCTb, YyHapHas
BS3KOCTb, a0pa3uBHAS H3HOCOCTONKOCTb.
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