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ABSTRACT

On the basis of experimental studies, the approximate contribution of various hardening
mechanisms to the yield point of low-carbon and low-alloy steels is estimated. It has been
established that for hot-rolled steels (St.3sp and St5ps), solid-solution and grain-boundary
hardening (54.0% and 29.0, %) make the greatest contribution to the yield point. The
predominant strengthening mechanism of low-alloy steel 10HNDP is solid solution, a high
proportion of which in this steel is explained by the resistance to moving dislocations from the
side of dissolved atoms of Ni, Cu, P, and Cr in a-Fe. In low-alloy steel 16G2AF, along with these
hardening components, the role of precipitation hardening is noticeable (20.0%). It is shown that
thermomechanical treatment of steel grade St.5ps leads to an increase in the value of dislocation
hardening up to 27.0% 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. It is
noted that solid solution hardening with alloying with cheap alloying elements (Mn, Si), as well as
dislocation and dispersion hardening through the use of thermomechanical treatment in
combination with the addition of carbide and nitride-forming elements V (C, N).

Keywords: hardening mechanisms, yield stress, thermomechanical treatment, accelerated
cooling, dislocation density, phase components.
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Introduction

The structural strength of low-carbon and low-

quantify the yield strength of low-carbon and low-
alloy steels widely used in construction and
engineering in terms of structure parameters after
various technological treatments.

alloy steels with a ferrito-perlite structure can be
characterised by the yield strength of steel and the
temperature of transition from viscous to fragile.
Therefore, knowledge of individual hardening
mechanisms allows for an indicative quantitative
assessment of the steel yield strength and compare
the calculated values of the yield strength with
experimental ones. The purpose of this article is to

Experimental part

Initial data for quantifying steel strength are
data on its chemical composition, distribution of
elements between phases and quantitative
parameters of the structure (grain size, ratio of
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phase and structural components, their size and
distribution, nature of the dislocation structure,
volume fraction and size of dispersed particles).
Such a calculation is based on the quantitative
ratios established for each strengthening
mechanism. Note that the above calculations seem
to be indicative semi-quantitative, since there are a
number of assumptions and simplifications in the
theory of the strengthening mechanisms
themselves. In addition, the complex distribution of
dislocations in real steels and alloys is difficult to be
strictly quantified. However, such calculations are
necessary to identify the role of individual
strengthening mechanisms in the formation of
individual steel properties. The solution of such
problems allows you to approach the solution of
the main problem of physical and applied materials
science - the quantitative relationship between the
structure and properties of steels and alloys.

The main characteristics of steels to
determine their structural strength are strength
and propensity for brittle destruction [1]. Steel
strength is estimated by the lower yield strength by
the known Hall-Petch ratio, which for stretching
conditions is as follows:

oy =0y + ky - d7/? (1)

Where ¢; is the friction voltage of the lattice
when dislocations move inside the grains;

kn - coefficient characterising the contribution of
grains to hardening;

d —is the diameter of the grain.

With sufficient accuracy, this ratio is applicable
to ferrite steels with grain size from 0.3 to 400 um;
it follows that the lower vyield strength of the
material increases with the decrease in grain size
[2]. The tendency of steel to fragile destruction is
assessed by the temperature of transition from
viscous to fragile, which is defined as the ratio of
viscous destruction area to the initial design
section. The lower the transition temperature from

viscous to fragile, the more reliable the material is,
so they tend to use a material whose transition
temperature is lower than the operating
temperature [3].

It is believed that the contribution of certain
hardening factors to the total strengthening
additive oi in the Hall-Petch strengthening can be
represented as a sum:

0, = 0y +toss+o,+a;+ 0, (2)

The lower limit of steel yield followed from
equations (1) and (2) is characterized by the lattice
friction stress- a-Fe o,, solid solution strengthening
Aoss, hardening due to pearlite formation oy, strain
hardening o4, dispersion hardening o,n and
strengthening due to grain boundaries og-d™*/2. The
share of the contribution of individual hardening
factors to the total lower yield stress of steel is not
the same and depends on the type of alloying
elements and the degree of alloying, its presence
and dispersion of the hardening phases, the use of
heat treatment, and other reasons.

This paper proposes an analysis of the
effectiveness of various mechanisms of hardening
of low-carbon and low-alloy steels of grades St3sp,

St5ps, 10KhNDP, 16G2AF. They are used in
construction and differ not only in chemical
composition, but also in the applied heat

treatment. The magnitude of the individual
hardening factors, as well as their contribution to
the total lower yield stress of these steels, are
determined by the well-known empirical formulas
of Table 1 [[3], [4]]. The coefficients required for
the calculation are taken from these literature
sources. The values of the lower yield stress of the
studied steels calculated in this way were
compared with the data according to GOST-380,
GOST 19282, GOST 5781, GOST 10884.

Table 1 - Hardening coefficients and calculation formulas for quantitative evaluation

No Hardening factors

Calculation formula of hardening

Lattice friction stress a-Fe

0, =2-G-10*

Solid solution alloying

n
Aoy = Z ki ¢
i=1

Hardening due to the formation of perlite

Ag, = 2,4% - I

Deformation hardening

Acy; =0,5-G-b-p'/?

Dispersion hardening

Ay, = (9,8 10)/2 - [n(22)

|l b|w

Intergranular (substructural) hardening

AO'gb = kh * d—1/2
Ag =k, IT™
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Determination of structural parameters
(perlite content in steel, diameter of ferrite grains,
size and volume fraction of carbonitride phase,
etc.) for quantitative assessment of the lower yield
limit was carried out by quantitative metallography
methods on the NeoPhot 21 research microscope
and the UEMV-100V electron microscope. The
average length of a straight section crossing the
grain in the microgrind plane was used as the
diameter of ferrite (d) grain. The volume fraction of
dispersed particles (1) and their diameter (D) in
low-alloy steel 16G2AF were determined by
electron microscopy, and the interparticle distance
(A) was determined by a known ratio:

A=D-(P/6f)'/?

The proportion of the perlite component is
determined by the Rosiwal method. According to it,
the area of the structural component is calculated
by the lengths of the straight section falling on each
of the structural components in accordance with
the evaluation criterion. Strengthening of
thermomechanically hardened steels St.5ps s
determined by X-ray structural analysis by the
shape of diffraction lines. The density of
dislocations is quantified by translucent electron
microscopy of thin foils.

Discussion of the results

The lattice friction stress - a-Fe (Peierls-Nabaro

stress) is estimated by the formula:
0,=2-107%*-G

roe G —iron shear modulus (G = 84000 Mpa).

However, this estimate depends largely on the
content of impurities in the metal [3]. For high
purity iron [<107 (C+N)], the experimental values
obtained (0,=18-21 MIa) almost coincide with the
theoretically calculated (g, = 17M MMa). a-Fe-based
steels take the value of g, =30 MPa in calculations.

Other additions of hardenings (ACs. s, Gy, Od, Op.h,
Og) taking into account known assumptions,
quantified for the steels under study, are given in
Table 1 [[3], [4]]. For the convenience of comparing
and analysing the effectiveness of various
hardening mechanisms, the results of calculations
are presented in the form of pie and column charts,
histograms (Fig. 1-5). In carbon steels St3sp, St5ps
(hot-rolled state), the main components of
quenching are solid-solid and grain-boundary
hardening, which account for St3sp steel 54% and
29%, respectively (Fig. 1). They are equal in
absolute value: 140.5 MPa and 89.9 MPa.

Table 2 - Initial data for the quantitative assessment of the lower yield strength of the studied steels

No Characteristics of steel Steel grade
St3sp | St5sp (hot rolled) St5sp (heat-treated) 16G2AF 10KHNDP
1 The content of alloying
elements in a-Fe,%
Mn 0.52 0.65 0.65 1.5 0.45
Si 0.21 0.11 0.11 0.45 0.27
P 0.04 0.04 0.04 0.035 0.095
- - - 0.11 -
Ni - - - - 0.45
Cr - - - - 0,65
Cu - - - - 0.40
(C+N) 0.015 0.015 0.015 0.015 0.015
2 Hardening phase - - - V(CN) -
3 Perlite fraction, % 22 35 26 17 14.3
4 Grain size, d mm 0.056 0.051 0.033 0.014 0.028
5 Volume  fraction of - - - 0.096 -
dispersed particles (f), %
6 Size of dispersed - - - 30 -
particles (D), Hm
7 Interparticle  distance - - - 765 -
(X), Hm
8 Dislocation density (p), | 10° 108 10%° 108 108
cm?

Note: Experimental determination of dislocation density and volume fraction of phase components is a difficult task, so

the data are taken from reliable literary sources.
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Figure 1 - Pie chart of hardening components for St3sp
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Figure 2 - Pie chart of St5ps hardening components (hot-rolled)
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Figure 3 - Pie chart of the distribution of hardening components for 10KHNDP
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Figure 4 - Pie chart of St5ps hardening components (heat-strengthened)
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Figure 5 - Pie chart of hardening components for 16G2AF steel

When  St5ps  steel is  subjected to
thermomechanical treatment, deformation
(location)  hardening makes a  significant

contribution to the overall hardening. If the share
of deformation hardening of St5ps steel cooled in
calm air from the end temperature of rolling 1050
°C (hot-rolled state) is 3% in this steel, then in
thermomechanically treated steel according to the
intermittent hardening scheme followed by high-
temperature mode (in a thermally hardened state),
the proportion of deformation hardening increases
to 27%, Aod = 104 MPa (absolute value). This is due
to the fact that during thermomechanical
processing, recrystallisation processes  are

suppressed by sharp cooling and therefore a
significant part of the dislocations arising from hot
rolling of austenite are recorded.

Thus, the dislocation structure of hot-deformed
austenite is inherited by the formed martensite in
the process of phase austenitic-martensitic
transformation [5].

The formation of martensite crystals is achieved
simultaneously with the grinding of austenite grain
during thermomechanical processing.

The predominant mechanism of hardening low-
alloy steel 10CNP is solid solution (Fig. 3). The high
proportion of solid-solid hardening in 10CNP steel is
due to the resistance of moving dislocations on the
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part of dissolved atoms Ni, Cu, P and Cr in a-Fe,
provided that the hardening of the solid solution is
caused by a difference in atomic diameters in the
lattice, alloying element and their elastic modules.
Ferrite hardening coefficients of these elements:

Ky, = 30; KE, = 40; K} = 690; KE. = 30.
Indicating the effectiveness of this hardening
mechanism and its applicability, it should be
emphasised that there is probably some optimal
degree of alloying of a-Fe, since saturation of a-Fe
with substitution atoms causes only dangerous
elastic deformation of the lattice and reduction of
the impact toughness of the alloy [6].

In low-alloy steel 16G2AF, the role of
dispersion hardening is noticeable, equal to 20%
(Figure 5), A op.h = 94.0 MPa. From Table 2, this
steel forms a carbonitride phase V(C, N), which
strengthens ferrite by the Orovan mechanism, will
form dispersed carbonitride. It is assumed that the
carbonitride phase V(C, N) is incoherent with the
lattice (a-Fe) and, as a result, the dislocations
envelope non-coherent discharges V(C, N).

However, there are statements [[7], [8]]
believe that in low-alloy steels small carbonitride
particles released directly from the lattice may be
coherently linked to it [9].

The influence of disperse phases on grain
size is reflected in the efficiency and prospects of
dispersion hardening [10]. Table 2 shows that a
smaller grain d=0.014 mm is formed in 16G2AF
steel, in the structure of which there is a
carbonitride phase V(C, N), which has an embryo
effect in the formation of new austenite grains
during the transition through critical points Ac1 and
Ac3 [11]. In addition, the carbonitride phase
inhibits the growth of austenite grain when further
heated to the dissolution temperature of these
phases in austenite. Undissolved carbides and
nitrides, as well as those released from austenite
before the beginning of y—>a transformation, serve
as embryo centres for the formation of new ferrite
grains [12]. All this leads to a noticeable grinding of
ferrite grain in low-alloy steels with dispersed
strengthening phases. Thus, dispersed particles of
the carbonitride phase V (C, N) in steel cause
additional grain boundary strengthening [13]. For
the first time, this feature of hardening of
carbonitride phases by dispersed particles is
specified in article [14].

Ferrite is the main phase and structural
component in low-carbon and low-alloy steels. Its
share in these steels reaches 90+95% [15]. When
applying the load, deformation begins to manifest

itself in ferrite, this is due to the fact that perlite is a
"barrier" for such deformation. A certain
contribution to the overall hardening (in the yield
strength) is made by hardening from pearlite
components [16]. From the above figures 1-4 it can
be seen that the share of hardening from perlite
formation is about 10-20%, according to the
absolute estimate of Aop = 75MPa for hot-rolled
steels St3sp and St5ps [17].

Comparison of the calculated values of the
steel yield strength with its value in the relevant
GOSTs shows a satisfactory difference: for 16G2AF
steel after normalisation, this difference is 17.8%
(GOST 19282) and for St.5ps. (hot-rolled state) the
difference is 12.0% (GOST 5781). After VTMO, the
difference between the calculated value of the
yield strength and the value according to GOST
10884 is 13.4%. These data indicate the
applicability of quantification of the steel yield
strength by the parameters of the formed structure
after certain treatments and provide reliable
information on existing hardening mechanisms
[18].

It should be noted that non-metallic
inclusions can affect the mechanical properties of
steels [19]. However, their volume fraction in the
studied steels does not exceed 0.1%, they do not
have a strengthening effect and, therefore, in this
work the behaviour of non-metallic inclusions was
not taken into account [20].

Conclusion

The contribution of different hardening
mechanisms to reducing the yield strength of low-
carbon and low-alloy steels varies. For hot-rolled
steels, the greatest contribution is made by solid-
soluble and intergrain hardening (54% and 29%
St3sp, 61% and 27% 10CNP), and 16G2AF steel,
along with these hardening components, has a
noticeable role of dispersion hardening (22%).

Thermomechanical treatment of St5ps leads to
an increase in the value of dislocation hardening to
27% due to an increase in the density of
dislocations and the preservation of most of the
dislocation with accelerated cooling of hot-
deformed austenite.

As effective and promising ways to increase the
strength of low-alloy steels, it is necessary to
consider solid-solution hardening with alloying with
cheap alloying elements (Mn, Si), as well as
dislocation and dispersion hardening by applying
thermomechanical processing in combination with
micro-alloying additives of carbide and nitride-
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forming elements (V, A). A comparison of the
calculated values of the yield strength of steel with
its value in the corresponding GOST-ah shows a
satisfactory difference, which indicates the
applicability of a quantitative assessment of the
yield strength of steel according to the parameters
of the formed structure after certain treatments
and provides reliable information about the existing
hardening mechanisms.

Analysis of the data of quantitative assessment
of the yield strength of carbon and low-alloy steels

by structure parameters shows that the main
mechanisms of their hardening are solid-solution
hardening by alloying with relatively cheap alloying
elements (Mn, Si), as well as dislocation and
dispersion hardening using hardening heat
treatment and micro-alloying of steel with carbide
and nitride-forming elements V (C, N).
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KemipTeri a3 }kaHe nerupieHreH 60n1aTKa KaTtalo MexaHu3MAepiHiH, KON4aHblnybl

1 MkakcbimberoBa M.A.,  KaHaes A.T., 2 AxmeppbaHos A.Y., 2 Kuprusbaesa K.}K.

1C. Celihynnux amsiHOarsl Kazak AzpomexHuKkansiK YHusepcumemi, Hyp-CynmaH, KazakcmaH

2 J1.H Fymunee amoiHdarsl Eypasus ¥ammelk YHusepcumemi, Hyp-CynmaHx, KazakcmaHx

TYWIHAEME

JKCNepuMMEHTTIK 3epTTeynep HerisiHae ap Typ/i KaTal MexaHu3MAepiHiH KemipTeri a3 kaHe

nervpneHreH 6onaTrapAblH, TYCy HYKTeCiHe WwamameH yneci 6aranaHagpl. blcTbiK unektenreH

6onatrap ywiH (Ct3cn kaHe CT5MC) KaTTbl epiTiHAI MeH A3H LWeKapacbiHblH, 6epikTiri (54,0%

Makana Kengi: 12 KasaH 2021
CapantamagaH eTTi: 22 kapawa 2021

skaHe 29,0, %) WbIFbIC HYKTECIHE Y/IKEH YAec KocaTbiHbl aHblKTanabl. 10XHAMN a3 nervpaeHrex
601aTTbiH, 6acbiM KyWenTy mexaHU3mi-byn KaTTbl epiTiHAi, OHbIH, BonaTTafbl yneci a-Fe-ae Ni,

Kabbinaanap!: 03 aknar 2022 Cu, P aHe Cr aTomaapbiHbiH epireH >KbUBKbIManbl AMCAOKaUMACbIHA TesimainirimeH

TyCiHgjipineai. TomeH nervpnerred 16M2A® 6onaTtra ocbl KaTalTaTblH KOMMOHEHTTEPMEH bBipre

JKayblH-WALWbIHHbIH, KaTalobiHbIH, peni 6aikanagpl (20,0%). Crt5nc 605naT  CbiHbIObLIHbIH,

TepMoMeXaHUKa/bIK BH“CI'eyI ANCNOKaUuMA TbifbI3AbIFbIHbIH, XXOfapbl/laybl MeH AUC/NIOKAUUAHDbIH

Ken 6eniriH NpoKaT eHimaepiHae ycTay ecebiHeH AUCNOKALMAHbIH, KaTalo MaHiHiH 27,0% aeniH

ecyiHe oKeneTiHi KepceTinreH bicTblK AedopmauuanaHFaH aycTeHWUT. Ap3aH fervpneyuwi

anemeHTTepmeH (Mn, Si) nervpieymeH KatTbl epiTiHAIHIH KaTatobl, coHaan-aK V (C, N) kapbuai

MeH HUTPUA TY3Yli 3N1eMeHTTepAi KOCYMEH TEPMOMEXaHWUKanbIK OHAEYAl KONAaHY apKblibl

ANCNIOKaLMA MeH AUCNepCUAHbIH, KaTatobl baiikanagbl.
TyiiiH ce3dep: KaTalo MexaHWU3MAEpi, TYCy KepHeyi, TepMOMEXaHUKaNbIK eHAey, TesaeTinreH

CafiKbIHAATY, ANCNOKALLMA TbIFbI3AbIFbl, Gas3asiblK KOMMNOHEHTTEP.
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(0) MPUMEHUMOCTUN MEXaHU3IMOB YNPOYHEHUA K Masioyrnepoanctbim n
HU3KO/Z1IermpoBsaHHbIM CTa/1IAM

1 Mkakcbimberosa M. A.,  Kanaes A. T., 2AxmeabsaHos A. Y., 2Kuprus6aesa K.})X.

1 Kazaxckuli aepomexHuyeckuli yHusepcumem umeru C.CeligpynnuHa, Hyp-CynmaH, KazaxcmaH
2 Egpasulickuli HayuoHanbHelll yHugepcumem umeru J1.H.fymunesa, Hyp-CyamaH, Kazaxcma

AHHOTALUMUA

Ha ocHoBe 3KcnepuMMeHTasbHbIX WCCNeA0BaHMI OLEHEH OPWEHTUPOBOYHbLIM BKAAL Pas/IUYHbIX
MEXaHU3MOB YNPOYHEHUA B NPeseN TEKY4eCcTU ManoyrnepoamcTbiX U HU3KONETMPOBAHHBIX CTanei.
YCTaHOBNEHO, YTO A/1A ropadekaTaHbix ctanei (CT.3 cn u CT5nc) Hanbonbwuii BKNag B npeaen
TEKYYecTU [aloT TBEPAO-PAaCTBOPHOE W 3epHO-rpaHuUuYHoe ynpoyHenua (54,0% u 29,0, %).
Mpeobnagaowmm MexaHM3MOM YMPOYHEHWUA HU3KoNermposaHHon ctann 10XHAM ssnsetcs

Moctynuna: 12 okmabpa 2021 TBEPLAOPACTBOPHbLIN, BbICOKAsA A0S KOTOPOrO B 3TOM CTanu OOBACHAETCA COMpOTUB/IEHUEM
PeueHsupoBaHue: 22 Hosbpa 2021 OBVXKYLMMCA AWCNOKALMAM CO CTOPOHbl pactBopeHHbix atomosB Ni, Cu, P u Cr B a-Fe. B
MpuHaTa B nevatb: 03 ¢pespasnsa 2022 HU3KONErnpoBaHHoW ctann 16M2Ad Hapaay C 3TUMKM ClaraembiMy YNPOYHEHMA 3ameTHa Pofb

AVCNEPCUOHHOTO ynpoyHeHua (20,0%). MokasaHo, 4TO TepmomexaHuyeckas o6paboTka cTanu
Mapku CT.5nC NPUBOAMT K POCTY BENNUYUHBI AUCNOKALMOHHOTO yNpoyYHeHna fo 27,0 % 3a cyeT pocta
NAOTHOCTM AMCNOKALMIA U coXpaHeHUA Bonbluei YacTU AUCNOKALMIA B NpoKaTe Npu YCKOPEHHOM
oxnaxpaeHnn ropayenedopmMmMpoBaHHOro aycreHuta. OTMeYeHo, 4TO B KavecTBe 3GPEeKTUBHbBIX U
NepCrneKTUBHbIX CNOCOBOB  MNOBBIWEHUA MPOYHOCTU HWU3KONETMPOBAHHbBIX CTanelt  ABAAETCA
TBEPAOPACTBOPHOE YNPOYHEHMUE C IETMPOBAHMEM AELIEBLIMU NETMPYOUMU 3nemeHTamu (Mn, Si),
a  TaK¥Ke  AMCNOKAUMOHHOE WM AMUCNEPCMOHHOE  YNPOYHEeHWe  MNyTem  NPUMEHEHUA
TepMoMexaHU4Yeckoi 06paboTkM B coyeTaHuu ¢ AobaBKamu Kapbupgo- v HUTPUAO0O0OpPasytoLmX
anemenToB V (C, N).

Kntoyesblie €108a: MexaHW3Mbl YNPOYHEHUSA, NPeaeN TEKYYECTH, TEpMOMEXaHUYecKan 06paboTka,
YCKOPEHHOe OX/laxaeHune, NAOTHOCTb AUCAOKaLui, Gasosble coCcTaBAOLLMe.
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