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QUANTITATIVE ASSESSMENT OF THE YIELD STRESS OF FERRITE-PEARLITIC
STEELS BY STRUCTURE PARAMETERS

Abstract. In various sectors of the economy, requirements are imposed on the quality of metallurgical
products. The event that improves the quality of metallurgical products - thermomechanical treatment (TMT).
TMT allows reducing the specific consumption of steel, increasing the service life, reliability and durability
of products, which is tantamount to an increase in the volume of finished metal products.

The problem of applied materials science is the establishment of a quantitative relationship between the
structure and properties of steels and alloys, it underlies the development and creation of new effective ways
to improve the operational characteristics of metal products. In the production of long products, (TMT) is
increasingly used, which is a combination of two methods of strengthening steels: deformational by plastic
deformation and thermal by phase transformations.

Revealing the features of the properties of heat-treated steels makes it possible to approach the solution
of this problem. The main mechanisms of hardening are solid solution hardening by alloying with relatively
cheap alloying elements (Mn, Si) and dislocation and precipitation hardening using hardening heat treatment
and microalloying of steel with carbide and nitride-forming elements V (C, N).

The article quantifies the approximate contribution of various strengthening mechanisms to the yield stress
of carbon and low-alloy steels. For St5ps steel (hot-rolled state), the yield stress is given by solid-solution
and grain-boundary hardening (37.4.0% and 28.6%), in low-alloy steel 16G2AF (36.7% and 27.1%), the role
of dispersion hardening (28.0%).Thermomechanical treatment of steel grade St.5ps leads to an increase in the
value of dislocation hardening up to 27.6% due to an increase in the density of dislocations and the retention

of most of the dislocations in the rolled stock during accelerated cooling of hot-deformed austenite.
Key words: hardening mechanisms, yield stress, thermomechanical treatment, accelerated cooling,

plasma hardening, phase components, grain size.

Introduction. As is known, the establishment
of a quantitative relationship between the structure
and properties of metallic materials is one of the
main problems of applied materials science, since
it underlies the development and creation of new
effective ways toimprove the performance of products.
So, at present, thermomechanical treatment (TMT) is
increasinglyused in the production of long products,
which is a combination of two effective methods of
hardening: deformation from plastic deformation and
thermal from phase transformations. The attention
of researchers is also drawn to the fact that when
using TMT according to the interrupted quenching
mode, a layered structure is formed in the surface
layers of rolled products, which can be classified
as structural composites with their advantages.

Revealing the features of the formation of the
structure and properties at the yield point of steels
subjected to different heat treatment allows one to
approach the solution of this problem [1].

The purpose of this work is to quantify the yield
stress of low-carbon and low-alloy steels in terms of
chemical composition and structure parameters, to

compare the calculated values with the data of
the corresponding GOST to obtain information
about the existing strengthening mechanisms
after one or another treatment and alloying [2,3].

Models description and parameter estimation.
The initial data for calculating the yield point of
steel used data on the chemical composition, the
distribution of constant and alloying impurities
between the phases and quantitative parameters of the
structure: grain size, the ratio of phase and structural
components, their distribution, distance between
strengthening particles, dislocation density, etc [4,5].

Note that such estimates of the yield stress are
rather not quantitative, but semi-quantitative, since
a number of simplifications and assumptions in the
theory of the hardening mechanisms themselves
are adopted in the calculation, which do not allow a
rigorous quantitative assessment of the yield stress of
steel. Thus, in the theory of dislocation hardening, an
important role is played by the precise determination
of the dislocation density; however, the calculations
neglect a decrease in the dislocation density in the
process of foil thinning in transmission electron
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microscopy, or the distribution of dislocations
over the volume of the material is assumed to be
homogeneous and isotropic, although in fact this does
not correspond to reality. For deformation-thermally
hardened steels, the dislocation density (according to
literature data) is approximatelyp=109cm™ [6,7].

The reliability of the calculated dispersion
hardening is largely determined by the reliability of
the determination of the interparticle distance - A,
since it is precisely this that is included in the Orowan
calculation equation -Ac=(9,8%103/A) In 2A. The
difficulty lies in the fact that it is practically impossible
to measure the interparticle distance -A in the images,
therefore it can be calculated through other measured
parameters: the volume fraction - f and the diameter of
the strengthening particles-D;A=D *(z/6f)1/2[8,9].

The determination of the volume fraction of
phases by the method of point analysis is based on
the proposition that the fraction of randomly applied
points on the micrograph falling on the image of the
phase under study is equal to the volume fraction of
this phase. f =n_/ nj, where n —is the number of
points that fall on the sections of phase a; n0 — is the
total number of points plotted on the microstructure
image. A comparative analysis of the role and
contribution of various mechanisms of hardening
to the total yield stress of carbon and low-alloy
steels was carried out according to the methodology
proposed in [4]. The investigated steels differ not only
in chemical composition, but also in the hardening
heat treatment used.The magnitude of the individual
components of hardening and their contribution to
the total yield stress of these steels were determined
using the known empirical formulas given below.
The coefficients required for the calculation are
taken from the specified literature data. In this case,
the calculated values of the yield stress of the studied
steels were compared with the data of GOST 5781,
GOST 10884, and GOST 19282 to obtain information
on the applicability of the method for assessing the
yield stress by structural parameters. Determination
of structure parameters (pearlite content in steel,
inter-plate spacing, ferrite grain diameter, size and
volume fraction of the carbonitride phase, etc.) to
assess the yield stress was performed by quantitative
metallography methods using a Neophot 21 optical
microscope and an UEMV-100 electron microscope
[10].

The calculation is based on the principle of
additivity of hardening mechanisms, which has been
confirmed by many researchers in many steels. The
essence of this principle is that the contribution of
individual hardening mechanisms to the total yield
stress of a polycrystalline material is summed up.

Asyou know, the yield point of steel is determined
by the Hall-Petch ratio, which for tensile conditions
has the form:

_ -1/2
6=0 ;+ ky*d

(1)

where o,_the frictional stress of the crystal lattice
during the movement of dislocations inside grains,
i.e. intragranular hardening without taking into
account the contribution of grain boundaries (such as
a single crystal) to the yield stress;

k,d'? - grain boundary hardening, where, ky
- coefﬁment characterizing the contribution of
grain boundaries to hardening, which are barriers
to the advancement of dislocations from one grain
to another; according to the literature data, this
coefficient is within wide limits, affecting the
calculation results (0,57-0 73MPa\/M) influencing
the calculation results, therefore, the proportion of
grain boundary hardening was estimated from the
nomogram, d - grain diameter [11,12,13].

This expression is applicable with sufficient
accuracy to ferritic steels with grains ranging in size
from 0,3 to 400 mkm (literature data), from which it
follows that the yield stress of the material increases
with decreasing grain size.

Intragrain hardening from relation (1) can be
represented as:

o;= 6o t Acggt Acp+ Acgprt Aoppy (2)

where irepresents the amount:

1) 6, - lattice friction stresses to the motion of free
dislocations, taking into account defects in the crystal
structure and taking into account a certain amount of
interstitial impurities (C + N) in a solid solution for
iron-based steels with bec. lattice 60, .

Calculated hardening formula: co = 2 *10* G,
Modulus of elasticity for iron G = 84000 MPa.

2) Ac_-solid solution hardening with alloying
1mpur1tles “calculation formula

Ac p =) Ki*C,

whereKi — hardening coefficient determined in
special studies on the influence of alloying elements
on the hardening of ferrite,

C, — the concentration of the alloying element in
the solid solution (ferrite). In this work, the following

(literary)
Ki values are taken to calculate Tp:

Element C+ N P Si Mn A\
KMPa/%, 4670 690 86 33 3

As can be seen, interstitial atoms (C + N) strongly
strengthen ferrite than substitutional atoms.

3) p - hardening due to the formation of a
pearlite component, p=2,4P, where 2,4-empirical
coefficient MPa/P%, share of pearlite component in
structure,%; depends on the composition of the steel
(primarily on the carbon content), the cooling rate
during heat treatment. The degree of dispersion of
pearlite is determined by the inter-plate distance - A.,
which is the sum of the thicknesses of two adjacent
ferrite and cementite plates in pearlite structures
(perlite, sorbitite, troostite). A changes depending
on the cooling rate.Thus, the measured values of the
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inter-plate distance for the hot-rolled state of St5Ps
A= 0,6 mkm, after HTTT (in the unreinforced zone)
decreases and amounts to 0,4 mkm [14,15].

4) Acg, - hardening due to the resistance
of a gliding dislocation to other dislocations
(strain hardening), SH = aM G b pl1]2 , wherea —
ko3¢ ¢unmeHT, is a coefficient depending on the nature
of the distribution and interaction of dislocations, is
in the range 0,1-0,3. For the considered steels (with
a ferritic base), the parameters included in the above
equation, according to the literature, are:M=2,75; G
= 84000 MPa; vector Burgers b =0,25nm[16,17].

5) Ao, hardening caused by dispersed
particles of the second phase (dispersion hardening)
Calculation formulas: PH= (9,8 *103/*) In 2 A, where,
A - is the interparticle distance; A =D * (n/6f)"2

Results obtained and their discussion.

Table 1: Initial data for quantitative assessment of
the yield strength of the investigated steel

Ne | Characteristics of The grade of the
steeltype investigated steels and

their heat treatment

1 | Alloying element StSps | St5ps | 16G2AF
content in o-Fe, %:

Mn

Si

P

A%

(C+N)
0,55 (0,58 | 1,5
0,11 0,15 (03
0,04 0,04 0,035
- - 0,11
0,015 {0,015 | 0,015

2 | Strengtheningphase | - - V(C,N)
(dispersed particle)

3 | The proportion of 35 43 17
pearlite structures
(%) with different-A, | 0,6 0,4 0,11
(for steel after HTTT | mkm | mkm | mkm
without taking into
account the hardened
surface zone)

4 | Grain size: (number |6 9 9
according to GOST | 0,051 |0,012 | 0,014
5639-82) d, mm

5 | Volume fraction of - - 0,096
dispersed particles,
£,%

6 | Dispersed particle - - 30
size, D, nm

7 | Interparticle - - 765
distance, A, nm
8 | The nature of 108 10° 108

the dislocation
structure, p, sm

Note. 1. Based on the experimental data, it is
assumed that ~ 0.015 (C + N) is dissolved in the
ferrite, the rest of the carbon and nitrogen are bound
into carbonitrides

2. Accordingto the literature data for deformation-
thermally hardened steels, the dislocation density is
approximately p=10 9sm-2.

As can be seen from the data presented (Tables 1
and 2), the yield stress of steels to which the studied
grades belong can be considered as the sum of terms
in equation (1). The share of the contribution of
individual hardening factors to the total yield strength
of steel is not the same and depends on the content
of alloying elements and the degree of alloying, the
presence and dispersion of the hardening phases,
applied thermal, thermomechanical treatment and
other factors [18].

In carbon steel grade St5ps (hot rolled state), the
main components of hardening are solid solution and
grain boundary hardening, the proportion of which
is ~ 66%. In absolute terms, the proportion of these
terms is equal to 125,3 MPa and 95,7 MPa. In steel
St5ps, subjected to HTTT, a significant contribution
to the overall hardening is made by strain (dislocation)
hardening. Note that HTTT of reinforcing steel St.5ps
with a diameter of 14 mm was carried out according
to the scheme of interrupted quenching with self-
tempering: the temperature of the end of rolling is
1050°C, the pause between the end of rolling and the
beginning of intensive cooling is 2 s, and the self-
tempering temperature is ~500°C. When hardening
according to this scheme, the transformation of most
of the austenite occurs after the cessation of water
cooling; therefore, the main factor determining
the obtained properties will be the temperature
level after its leveling over the cross section of the
reinforcement being hardened. This temperature
is usually called the self-tempering temperature.
However, this definition is valid only for the surface
layers, which, upon cooling in water, underwent a
martensitic transformation and are tempered at the
leveling temperature, which has a tempering sorbitol
structure with a globular shape of cementite particles.
For the inner layers, which make up the main part
of the section, this temperature (~450-500°C) is
the temperature of austenite decomposition by the
diffusion mechanism. Metallographic studies show
that at HTTT the structure of the surface layer (~ 3
mm thick) of reinforcement with a diameter of 14
mm is formed as a result of the martensitic y—a
transformation, and the structure of the axial central
zone is formed as a result of the diffusion y—a
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transformation, figure 1,2,3 [19,20].

a) b)
Figure 1: Macrostructure (x25) of hot-rolled (a)
and heat-strengthened (b) reinforcing steel

a) b)
Figure 2: Microstructure of heat-strengthened

after quenching (a-hardening
(b-

reinforcing  steel
martensite) and self-tempering at ~ 500°C
tempered martensite-sorbitol tempering)

Figure 3: Substructure of intermediate (a) and
central (b) zones of reinforcing steel after surface
hardening (at HTTT)

In steel thermomechanically treated according to
the interrupted quenching scheme with subsequent
self-tempering, the proportion of strain hardening
is 27,6%, absolute value Ao, =140MPa. This is
apparently explained by an increase in the density
of dislocations when hot rolling is combined with
subsequent immediate quenching. In this case,
intensive  cooling suppresses recrystallization
processes and fixes a significant part of the
dislocations that arise during hot rolling of austenite;
the dislocation structure of hot-deformed austenite is
inherited by the martensite formed in the process of
diffusion-free austenite-martensite transformation.
In addition, the refinement of the austenite grain
during thermomechanical treatment leads to the
refinement of the formed martensite crystals [5-7].
Note that an increase in the yield stress after HTTT
(in our case, 27,6%) is also noted in other works
[4,10]. Noting the efficiency of the solid-solution
hardening mechanism and its applicability, at the
same time, it should be emphasized that there is
probably some optimal degree of doping a-Fe,
because saturation of a-Fe with impurity substitution
and interstitial atoms can lead to dangerous elastic

deformation of the lattice and fracture toughness of
the alloy [21,22].

Table 2: Quantitative assessment of the yield
strength of steels with different structural
and phase states

Ne | Indicators Steelgrade
St5ps | St5ps | 16G2AF
Latticefrictionstress 30/8,9 | 30/5,9 | 30/5,6
2 | Solidsolutionhardening 125,3 | 129,7 |169,8
/37,4 | /25,5 |/36.7
3 | Strengthening 84,0 103,2 [40,8
due to /25,1 /20,3 |/7.6
pearlite structures
4 | Dislocationhardening - 140
/27,6
5 | Dispersionhardening - 150
/28,0
6 | Grainboundaryhardening | 95,7 | 105 145
/28,6 |/20.7 |/27.1
7 | CalculatedYieldStrength | 335 507.9 |535.6
8 | The value of the yield 285 440 440
point according to GOST
9 | Difference (in%) of 149 | 134 17,8
data from GOST and
calculated valuewe
have the yield point

Note. 1. In the numerator - the absolute value
of hardening (MPa), in the denominator - the
proportion of hardening due to this mechanism, (in%
of the value of the yield stress according to GOST).
So, for hot-rolled reinforcing steel St.5ps according
to GOST 5781 60,2 =285 N/mm?, for the same steel
after HTTT according to GOST 10884 (strength
class AT 111C)a0,2 =440 N/mm2, for steel 16G2AF
according to GOST 19282 60,2 =440 N/mm?’.

If we take into account that solid solution
hardening is caused by the difference between the
atomic diameters of ferrite and alloying element
and their elastic moduli, then a high proportion of
this hardening can be explained by the resistance
to moving dislocations from the side of dissolved
atoms [23, 24].

In low-alloy steel 16G2AF, the role of
precipitation hardening is noticeable — 28,0%,
PH=150,0 MPa. As can be seen from table 1, in
this steel a dispersed carbonitride phase V (C, N)
is formed, which strengthens the ferrite by the
Orowan mechanism. It is assumed that the V (C,
N) carbonitride phase is incoherent with the (a-Fe)
matrix and therefore the V (C, N) precipitates bend
around the dislocations, thereby causing precipitation
hardening.

The efficiency and prospects of precipitation
hardening are also indicated by the effect of dispersed

68




ISSN 2224-5278

Series of Geology and Technical Sciences 3. 2021

phases on the grain size. It follows from Table 1 that
in steel 16G2AF, in the structure of which there is a
dispersed carbonitride phase V (C, N), a finer grain
d=0,014 mm is formed. This is explained by the
embryonic influence of the V (C, N) particles when
passing through the critical points Acl andAc3.
In addition, the carbonitride phase inhibits the
growth of austenite grain upon further heating up
to the temperature of dissolution of these phases in
austenite. These two circumstances lead to the fact
that noticeable refinement of ferrite grains occurs
in 16G2AF steel. Thus, dispersed particles of the
carbonitride phase V (C, N) in steel cause additional
grain boundary hardening [25].

In low-carbon and low-alloy steels, the main
phase component is, as you know, ferrite, its share
in these steels reaches 70-75%. When a load is
applied, deformation begins to develop in ferrite,
and pearlite colonies are “barriers” for the movement
of dislocations that cause deformation. Therefore,
hardening from the pearlite component also makes
a certain contribution to the overall hardened state.
The tables show that the proportion of hardening
from the pearlite content is within wide limits from
7,6% for steel 16G2AF (only~0,16% of carbon) to
20,3% for the fine-lamellar state of pearlite in steel
St.5ps due to general grinding structures after HTTT.

It should be noted that non-metallic inclusions
can also affect the mechanical properties of these
steels. However, their volume fraction in the steels
under consideration does not exceed 0,1%, they do
not have a hardening effect, and therefore, in this
work, the behavior of non-metallic inclusions was
not considered [26, 27].

Conclusion. 1. Analysis of the data for the
quantitative assessment of the yield stress of carbon
and low-alloy steels by structural parameters shows
that the main mechanisms of their strengthening
are solid solution strengthening by alloying with
relatively cheap alloying elements (Mn, Si), as well
as dislocation and precipitation hardening using
hardening heat treatment and microalloying of steel
with carbide and nitride-forming elements V (C, N).

2. The formation of a gradient structure in the
surface layer of the product when hot deformation
is combined with subsequent quenching in the
rolling process flow (HTTT) leads to a significant
increase in the yield strength (strength) of steel.
In this case, the strengthening of the reinforcing
profile is also facilitated by the refinement of the
structure of the inner layers of steel. The gradient
structure, as shown by numerous studies, excludes
the formation of a sharp transition boundary from
martensite structures to mixed structures of the
pearlite type, which is one of the main factors
that increase the contact-fatigue strength of steel.

3. Comparison of the calculated values of the
yield point with its value in the corresponding
GOST-ah shows a satisfactory difference in values:
after normalization — 17,8% for steel 16G2AF and
14,9% for St5ps (Hot-rolled state). After HTTT, the
difference between the calculated value of the yield
stress and the value according to GOST 19282
is 13,4%. These data indicate the applicability
of an approximate quantitative assessment of the
yield strength of steel, based on the analysis of the
parameters of the formed structure after certain
treatments, taking into account the assumptions
made.
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C. Ceitdymmmn areiHAarbl Kazak arpoTeXHUKaIBIK YHUBEPCUTETI
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OEPPUTTIK-IIEPTUTTIK BOJTATTAPAbIH AKKBILITBIK INEI'TH K¥PbIJIBIMBIHbIH
ITAPAMETPJIEPI BOUBIHINA CAH/IBIK BAFAJIAY

AnHoTanus. KapKbIH/IbI HHHOBAIIMSUIBIK JaMybIHA OailIaHbICThI SKOHOMUKAHBIH dPTYPIIi cajalapbiHia
YHEMI JKOFaphl TajlanTap METAJLTYypIrHs OHIMICPiHIH carmacbiHa KOHbUIAAGL. [|aifibIH MeTaILTy prUsUTHIK OHIMHIH
CamachlH KaKCcapTy KOHIHIET1 Iapaiap apacklHia MaHBI3IbI OPBIH TEPMUSIIBIK-MEXaHUKAIBIK oHey (TMO)
amampl. MeTannbiH OCpIKTIK CHIIaTTaMalapblH apTThIPy apKeUTel TMO OO0NaTTBIH MEHIIIKTI IIBIFBIHBIH
asaiTyra, OyHBIMIapABIH KBI3MET €Ty MEP3iMiH, OOJIIICKTep MCH TOpanTapIblH CEHIMIIIITT MEH OepiKTITiH
apTTBIpyFa MYMKIHIIK Oepei, OYIT 03 Ke3eTiHe JalbIH METAJUT KOJISMIiHIH VIFAIObIHA OCEp CTEi.

Komnmanbansr MaTepuanTaHymbIH HET13r MoceleIepiniH O6ipi 601aT MeH KOphITHaIAPpABIH KYPBUIBIMBI MEH
KacHeTTepl apachIHIaFbl CAHIBIK OaiTaHBICTHI OpHATY OOJIBIT Ta0BLIAEI, ceOeOl 01 MeTaUT OYHBIMIAPBIHBIH
AKCITTYaTaIUsIIBIK CHTIATTaMaJIapBIH JKaKCAPTYIBIH JKaHa THIMI oJICTEepiH jkacay HerizmenreH. Ocpliaifiia,
Ka3ipri yakpITTa WIEMICITEeH TeMip OvitbiM eHmipiciae oi (TMO) kebipek KoaaaHbLIyna, OYJ1 OoIaTTapasl
OCpIKTCHIIPYMIH €Ki THIMII 9MiCiH KYPaWbl: TUTACTUKAIBIK nedopmarusigad aedopMalusiianFanra JeHiH
JKoHe (a3aNbIK TYPICHIIPYACH KBUTYIBIK TeopMartisara IeiiH.

TepMUSITBIK OHIEITeH O0JIaTTap IbIH KYPBUTEIMBI MEH KACHCTTEPiHIH KATBINITACY EPEKIICITIKTEPiH aHBIKTAY
OCBI MOCEIICHI IIEeNTyTe KaKbIHAayFa MYMKIHIIK O6epemi. KemipTekTi jkoHe a3 JeTHpiIeHTeH OoiaTTapably
AKKBIIITHIK IIET1H KYPBUIBIMABIK ITapaMeTpiiep OOMBIHIIIA CAHIBIK OaFaiayFa MyMKIHIIK OEpeTiH MOTIMETTEePI1
3epTTEYy KeJieci aKmaparThl KOpCeTemi: OJlapAbl OCpIKTCHIIPYMIH HETi3TT MeXaHWU3MIEepi KaTThl epiTiHIIHI
CaJBICTRIPMATIBI TYPHAE ap3aH Jerupieymi dnemMeraTrepmer (Mn, Si) nerupriey jkoHe ITUCTOKAITUS apKbLUIBI
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Oepikrenaipy, xone V (C, N) kapOuATi KoHE HUTPUATI TY3ETiH IEMEHTTEPMEH Jie OONaTThI JIETUPIICY KOHE
TEPMUSIIBIK OHJICY/1 KOJIJaHy apKbUIbl OCpPiKTCHIIPY €KeHIH KOpPCETei.

Makanana o/ieouer JIepeKTepiH Tanjay *KoHe ©3IMi3/iH IKCICPUMEHTTIK 3epPTTeyNep KYPridy HerisiHzie
KOMIPTEKTI J)KOHE a3 JICTUPJICHICH O0JIaTTapAbIH aKKBIIITHIK IIET1HE 9p TPl OepiKTeHAIpY MEXaHU3MICPIHIH
CaHIBIK TypAe OoinkamIbl yieci OaranaHaabl. bSps Oornarbl yuniH (BICTBIKTAH WIIGKTENTEH KYizae)
aKKBIIITHIK LIETiHE KATTBI-ePITIHAI MEH IOHHIH INEeKTIiK-TYHipwik Oepikrenaipy (37,4,0% xone 28,6%)
enayip ocep ereni, ai ToMeH Jiernpiienren 16G2AF Gonartel 6epikrenaipyre acepi (36, 7% xone 27,1%)
JUCTICPCHUSUIBIK OepiKTEeHAIpyY/iH peii anTapibikrai (28,0%). BSps Mapkaiibl 00J1aTThl TEPMOMEXaHUKAIIBIK
OHJICY JTUCIIOKAIMSIIBIK THIFBI3IBIKTHIH YJIFAIObIHA JKOHE JKBUIBITBUIFAH KYPaMIaFbl TUCIOKAIUSIIAP]IBIH KOIT
0eJIIriHiH KeIeNICTUITeH CaJIKbIHaTyblHa OalIaHbICTBI BICTHIK Je(hopMaIlMsIaHFaH ayCTCHUT XKaFJaibIH/1a
JIUCIIOKAIMSITBIK OSpIKTEeHIIpy MoHiHIH 27,6% aeliiH ecyiHe oKeIeTiHI KOPCeTiIreH.

Tyiiin ce3aep: OepikTeHAIpy MeXaHM3MJEpi, aKKBIIITHIK IIETi, TEPMOMEXaHUKAIBIK OHAECY, KbUIIaM
CaJIKbIH/ATY, (ha3ajIblK KOMIIOHEHTTEP, aCThIK MOJIIIepi.

A.T. KanaeB, M.A. [I:xakcbim0eToBa, U.M. KocanoBa
Kazaxckuii arporexanueckuit yausepeutet uM.C.Celidymimna
E-mail: aman-kanaev2012@yandex.ru

KOJUYECTBEHHAS OLUEHKA MTPEJAEJA TEKYYECTH
@OEPPUTO-INEPIMTHBIX CTAJIEU ITIO ITAPAMETPAM CTPYKTYPbI

AnHOTauus. B cBSI3M ¢ MHHOBALIMOHHBIM Pa3BUTHEM B Pa3IMYHBIX OTPACISIX IKOHOMHUKH Bce Oolee
BBICOKHE TpeOOBaHUs MPEIBABISIOTCS K KaueCTBY METaUIyprUueckod NpoAyKuuu. BaxkHoe Mecto
Cpeay MEpONPHUATHH, YIydIIaloIMX KayecTBO TOTOBOM METAIyprHYecKod MpOAYKLNH, MPUHAIJIEKUT
TepMmoMexanndeckoir 00padotke (TMO). brarogapsi mOBBIIEHUIO TPOYHOCTHBIX XapaKTEPUCTUK MeTaa,
TMO 1no3BONSET COKPATUTh YACIbHBIH PAacXOj CTalM, YBEIHYUTH CPOK CIY)KObI M3AEIHH, HA/Ie)KHOCTb U
JIOJITOBEYHOCTB JIeTajel U y3JI0B, YTO PABHOCHIIBHO YBEIMUYEHHIO 00beMa rOTOBOM METaUIONPOIYKIUH.

OpHOM W3 OCHOBHBIX MPOOJEM TPUKIATHOTO MAaTepUANOBECHUSI SBISICTCS  yCTAHOBJICHHUE
KOJINYECTBEHHOM CBSI3U MEXKJY CTPYKTYPOM U CBOMCTBAMM CTaJIEH U CILIABOB, IIOCKOJIBKY JIEKUT B OCHOBE
Pa3paboTKH U CO3AaHUSI HOBBIX dP(EKTUBHBIX CIOCOOOB MOBBIILICHHS HKCILTYaTAllHOHHBIX XapaKTEePUCTUK
MeTaliM4eckux usaenuil. Tak, B Hacrosiiee Bpems MpH MPOU3BOJCTBE COPTOBOTO IpOKaTa BCE ILHpE
npumensiercst (TMO), npencrapisitomas co00l COBOKYIMHOCTD ABYX 3((PEKTUBHBIX CIIOCOOOB YIIPOUHEHHUS
craneii: 1eopMaIMOHHOTO OT IJIACTHUECKON Ne(OpMai U TEPMUUECKOTO OT (Pa30BbIX IPEBPAIICHHIH.

BrisiBnenne ocobenHocTelt opMHUPOBaHHS CTPYKTYPbI M CBOWCTB CTaJIeH, MOJBEPTHYTHIX TEPMHUYECKOH
00paboTKe, MO3BONACT MPUOMM3UTHCS K PELICHUIO YyKa3aHHOW mnpoOnembl. VccienoBaHnue JaHHBIX
KOJIMYE€CTBEHHOW OLIEHKHU Tpeziesia TEKy4eCTH YIIEPOJUCTHIX U HU3KOJIETMPOBAHHBIX CTAJIEH 10 mapaMeTpam
CTPYKTYpPBI TIOKa3bIBAa€T, YTO OCHOBHBIMH MEXaHHU3MaMH MX YIPOYHEHHUS SBISIIOTCS TBEPOPACTBOPHOE
yIPOYHEHHE IyTEeM JIETUPOBAHUS OTHOCHUTENBFHO JICHIEBBIMHU JIETHPYIOMIMMHU dneMeHTamu (Mn, Si) u
JMCIIOKAIIMOHHOE U TUCTIEPCHOHHOE YIIPOYHEHUS C HCIIOIb30BaHHEM YIPOUHSIOLICH TepMUYeCcKol 00paboTKu
Y MUKPOJICTUPOBAHHS CTAJIH C KapOuI0- U HUTpU000pasyromumu nementamu V(C,N).

B crarse Ha OCHOBE aHaTN3a TUTEPATYPHBIX TAHHBIX U COOCTBEHHBIX SKCIIEPUMEHTAIILHBIX HCCIIEIOBAHUH
KOJIMYECTBEHHO OLIEHEH OPUEHTUPOBOYHBIN BKJIa/1 pa3IMYHbIX MEXaHU3MOB YIIPOUYHEHMS B IPEAEI TEKYUECTH
YIIEPOAMCTON M HU3KOJICTHPOBAHHOM cTajield. YeTaHOBIIEeHO, YTo AJisi cTanu CTS1c (ropsiyeKaTaHoe COCTOSIHUE)
HauOOJBIINKA BKJIAZ B MpEAeT TEKy4eCTH AalOT TBEPAO-PACTBOPHOE U 3EPHO-TPAHMYHOE YNPOUHEHHMS
(37,4,0% u 28,6%), a B Hu3konerupoBanHoi ctanu 161 2A®D Hapsay ¢ TaKUMH claraéMbIM{ YIIPOYHEHUS
(36,7% u 27,1%) 3ameTHa posb gucnepcuoHHoro ynpounenus (28,0%). [lokazaHo, 4To TepMOMeEXaHUUeCKast
00paboTka ctanu Mapku CT.STIC TPUBOAUT K POCTY BEJIMYHMHBI AUCIOKAIIMOHHOTO YIIpouHeHus a0 27,6 % 3a
CUET POCTa IUIOTHOCTHU TUCIOKAIMI U COXpaHEHHUS OOJIbIIEH YacTH AUCIOKAIUN B TPOKATE MIPH YCKOPEHHOM
OXJIAKICHUY ropsadeepOPMUPOBAHHOTO ayCTCHUTA.

KioueBble ciioBa: MexaHM3Mbl YIPOYHEHHsI, MpEAET TEKy4ecTH, TepMOMexaHudeckas oOpaloTka,
YCKOPEHHOE OXJIaXKIeHUE, (Da30Bble COCTABIISIONINE, Pa3Mep 3epHa.
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