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The state of the problem of structure transformation and increase of mechanical
properties of low-alloyed structural steels was investigated. The effect of hard-melting
nanodispersed Ti(CN) particles on the structure formation of Si-Mn grain-refined steels
was studied. Nanodispersed powder compositions of Ti(CN) with a fraction up to 100 nm
were obtained by the method of plasma-chemical synthesis. The use of nanodispersed
Ti(CN) compositions with a size of 50 nm as modifiers for structural steels 09G2 and
09G2C has been proposed and theoretically substantiated. The specified optimal amount of
nanodispersed modifier Ti(CN) for processing structural steels 09G2 and 09G2C is 0.10 %
of the mass. The grain refinement of castings in 2.0-3.5 times and grinding of ferritic-
pearlitic structure of structural steels was achieved. Nanodispersed powder of titanium
carbonitride Ti(CN) with a fraction from 50 to 100 nm was obtained by the method of
plasma-chemical synthesis, and the technology of the modification process was developed.
Severe plastic deformation of 09G2 and 09G2C steel castings was carried out. The struc-
ture, microhardness and properties of steels before and after treatments were studied.
Grain refinement of steel and rise of yield point from 900 to 1250 MPa were achieved as
a result of a combination of methods of hardening. An increase in strength characteristics
of thermally unhardeneded steels can be achieved by reducing the grain size, strengthen-
ing the grain boundaries and the formation of submicrocrystalline structure or nanostruc-
ture. High-quality modified castings with a homogeneous structure were obtained. Severe
plastic deformation and thermal strengthening (heat treatment) of steels were carried out.
As a result of research it was found that the problem of transformation of grain structure
and increase of mechanical properties of structural steels can be solved by application of
highly efficient technologies: modification, development of rational thermal strengthening
process and severe plastic deformation.

Keywords: structural steel, modification, nanodispersed modifier, structure, specific
surface, severe plastic deformation, thermal strengthening, mechanical properties.

IlepeTBOpeHHA CTPYKTYPH Ta BJACTHBOCTEH KOHCTPYKUiWHOI CcTaji mijg yac HAHOMO-
mudikanii Ta 3minwennsa. B.[.Boavwarxos, O.B.Kaxninin, [J.B.I'rywrosa, IFO.B.Puickos,
B.A.Bazpos

BuBueno cran mpobJyieMHu IIepPeTBOPEHHS CTPYKTYPHU Ta MiABUIIEHHS MEXaHiUYHMX BJIACTU-
BOCTEel HUBbKOJETOBAHUX KOHCTPYKIifiHUX crajeii. JocaifkeHO BIJIUB TBEPAOIIJIABKUX Ha-
nogucnepcaux yactuHok Ti(CN) Ha cTpyKTypoyTBOpeHHs crajeil, ounmeHux sepHoM Si—Mn.
Hanmogucnepcui mopomkoBi kommosuiii Ti(CN) 3 uactkoio mo 100 HM oTrpumanHo MeTOgOM
IJIa3MOXiMiUHOTO CHHTe3y. 3aIlpOIIOHOBAHO Ta TEOPETUUYHO OOIMPYHTOBAHO BUKOPHCTAHHS Ha-
nogucnepcaux ckaagis Ti(CN) posmipom 50 HM AK Momu(iKaTOpiB mJs KOHCTPYKIIMHMX
craneir 09G2 ta 09G2C. 3a3HaueHO ONTUMAJBHY KiabKicTh HaHOAMCIEPCHOIO MoxudikarTopa
Ti(CN) mna o6po6ru KoHeTpyKuiamx craxeit 09G2 ta 09G2C cranmosuts 0,10 mac.% . Ido-
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CATHYTO ouuileHHA 3epHa y 2,0-3,5 pasu Ta moapibHeHHS (HDePUTHO-TEPJITHOI CTPYKTYpHU
KOHCTPYKIiftHUX ctajieii. MeTooM IJ1a3MOBO-XiMiUYHOT'O CUHTE3y OTPUMAHO HAHOLUMCIIEPCHUN
nopomrok Kap6ouitTpugy turamy Ti(CN) 3 uacrkoio Big 50 go 100 M, pospobiieHO TEXHOJO-
rizo nponecy moxudikarnii. IIpoBegeno cuabHy niaacTuuHy gedopmaliirzo BUJAWBKIB 381 crasi
09G2 T1a 09G2C. BuBueHO CTPYKTYPY, MiKPOTBEpPAiCTbH Ta BJIACTUBOCTI cTajeil no Ta mmiciad
00pobku. Y pesynbrati KomOiHamii mMeToniB sarapToByBaHHA OyJIO IOCATHYTO B3€PHUCTICTH
crani Ta migBuieHHA Mexxi Tekydocti Big 900 mo 1250 MIla. IlizBuienus XxapaKTepPUCTUK
MiITHOCTi TepMiuHO He3arapToBaHUX CTaJiell MOKHA JOCATTU 3a PAXyYHOK 3MEHIIEHHS PO3Mipy
3epeH, 3MillHEeHHA MeJ)K B3€epeH Ta YTBOPeHHd CcyOMiKpoKpucTaliuHoi cTpyKTypu abo HaHO-
cTpykTypu. OTprMaHO BHCOKOAKicHI MogupixkoBaHi BUAMBKU 3 OJHOPITHOIO CTPYKTYPOIO.
IIpoBemeno cuiabHy miacTuuHy JgedopMalliio Ta TepMiuHe 3MinHeHHA (TepMiuHa 06po6Ka)
crayeii. ¥ pesyJbTaTi AOCIifsKeHL GyJIO BCTAHOBJIEHO, 110 Ipobjema TpaHchopMalii CTpyK-
TYypU 3epHa Ta MiIBUNIEHHSA MeXaHIUYHUX BJIACTUBOCTENl KOHCTPYKIIMHUX cTajeil MoyKe OyTu
BUDiIlIeHa IIJIAXOM B3aCTOCYBAHHA BUCOKOE()EKTHUBHUX TeXHOJIOTii: mMoaudikaiii, pospodxu
palioHaJbHOTO TpPOIlecy TepMiyHOTO 3MilTHEHHA Ta CUJBbHOI macTuuHol xedopmarii.

WsyueHo cocTosiHre MPo0JIeMbl TPAHCHOPMAIIUYN CTPYKTYPHI U IMOBBINMIEHU MEXaHUUECKUX
CBOVCTB HUBKOJETMPOBAHHBLIX KOHCTPYKIIMOHHBIX crajyeii. VccjaeqoBaHo BIUSHUE TYTrOILIAB-
kux HaHomucnepcHbiX dactuil Ti(CN)G Ha crpykTypoobpasosanme craneit Si-Mn ¢ usmennb-
yeHHbIMU 3epHaMu. Hanogucmepcuble mnopomikosble Kommosuiuu Ti(CN) ¢ dpaxmueit mo
100 HM moOSyYeHBI METOAOM IIJIa3MOXMMHUYECKOro CHHTe3a. [IPensio’KeHO M TeopeTUdYecKU
o6ocHOBaHO ucHob30BaHne HaHoaucnepcHbix Kommoduruit Ti(CN) pasmepom 50 umM B Kaue-
cTBe MOAUMDUKATOPOB KOHCTPYKIUMOHHBIX cTaseil 09G2 um 09G2C. YkKasaHHOe ONTHMAJIbHOE
KosmdecTBO HaHopucnepcHoro moguduraropa Ti(CN) gida o6paboTKU KOHCTPYKIIMOHHBIX CTa-
aeit 09G2 u 09G2C cocrasaser 0,10 mac.% . [ocTUrHYTO M3MejibUeHVEe 3epPHA OTJIUBOK B
2,0-3,5 pasa u usmesbueHUe (PEPPUTHO-IEPIUTHON CTPYKTYPHI KOHCTPYKIIMOHHBIX CTAJIEH.
MeTomoM IJIA3MOXUMUUECKOTO CHUHTE3a IOJyYeH HAHOAWCIIEPCHBIN IMOPOIIOK KapOoHUTpUIA
turana Ti(CN) ¢ dpparxnueir or 50 xo 100 um, paspaGoTaHa TeXHOJIOIUs IIpollecca MOLUMUKA-
nuu. IIpoBeseHa uHTEHCHBHAA ILIacTuueckas pedopmanua oTamBoK us cramu 09G2 u
09G2C. NayueHBbl CTPYKTYypa, MUKPOTBEPAOCTL M CBOMCTBA CcTajeill J0 M IIocje 00paboTKH.
VayuineHue sepHa cTaju U mnoBbimenue npegena trekydectu ¢ 900 go 1250 MIla gocTurHyTh
B De3yJbTaTe COUYETAHHS METOJOB YIPOUHEHHUs. [[OBBINIEHME MMPOYHOCTHBIX XaPaKTEPUCTUK
TePMUUYECKU HE3aKAJeHHBIX CTaJel MOMKeT OBITh JOCTHUTHYTO 3a CUeT yMEHbBIIEHHS pasmepa
3epHa, YIIPOYHEHUS I'PAHUI] 3ePeH U (GOPMUPOBAHUS CYOMHUKPOKPUCTAIINUECKON CTPYKTYDPHI
WM HAHOCTPYKTYDPHI. Ilosyuensl KauecTBeHHBbIE MOAUMDUIINPOBAHHLIE OTIUBKH C OJHOPOIHOM
crpyKTypoii. IIpoBesensl MHTEHCHBHASA IJIaCTHUYECKass medopManusa M TepMUUYECKOoe YIIPOUHe-
Hue (TepmooGpaborka) craseii. B pesyabrare mccieqoBaHUII YCTAHOBJIEHO, UTO mpobiema
TpaHchopMaIUy 3€PHUCTON CTPYKTYPHI M IIOBBLILMIEHUS MEXAHWYECKHX CBOMCTB KOHCTPYKILHU-
OHHBIX CTaJieil MOXKeT OBITh pellleHa IIyTeM IPHMEHEHHs BBICOK0(DMEKTUBHBIX TE€XHOJOTMH:
MoaupUKALINY, PAa3PabOTKHU PAIMOHAJIBHBLIX IIPOIECCOB TEPMHUUECKOrO YIIPOUHEHUS U MHTEH-
CUBHOII ILIACTUYECKOI med)OpMAaIlMH.

1. Introduction

The structural strength of materials
plays an important role in ensuring reliable
and long-lasting operation of machine parts
and apparatus. The production of new
equipment items in mechanical engineering
and construction opens up more stringent
requirements for the structure operability.
This makes it necessary to use materials
with a high complex of physical, mechanical
and technological properties.

For metal materials, the problem of
strengthening is associated with the imple-
mentation of new, environment friendly
technologies, as well as improvement of ex-
isting technologies for the of rolled metal
production for industrial and civil construc-
tion [1, 2].

At the same time, one of the most impor-
tant requirements for steel used for critical
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metal structures is the level of strength,
namely, high yield strength oy 5. This pa-
rameter is determined by structural indica-
tors:
— grain size and structural components;
— presence and distribution of strength-

ening phases;

— phase interface type.

For high-strength structural steels, the
problem of grain refinement and increasing
strength is solved by applying highly effi-
cient technologies, developing new steel
compositions and rational thermal and me-
chanical treatment.

Therefore, the work aimed at studying
the grain refinement processes of low-alloy
structural steels and improving the
strength properties is relevant and has sci-
entific and practical interest.
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Table. Chemical composition of low-carbon steels before and after modification

Steel grade Chemical elements, wt. %.

C Si Mn Cr Ni Cu S P Ti N
09G2, original 0.12 0.40 0.90 0.30 0.30 0.30 |<0.040|<0.035 — <0.004
09G2, modified 0.14 0.44 0.95 0.25 0.25 0.15 | 0.028 | 0.030 | 0.035 | 0.008
09G2C, original 0.12 0.42 1.02 0.30 0.30 0.30 [<0.040|<0.035 - <0.004
09G2C, modified | 0.15 0.42 1.05 0.30 0.30 0.30 | 0.039 | 0.032 | 0.040 | 0.009

Silicon-manganese (Si—Mn) steels are used
for important welded structures, including
heavy-loaded ones: supports of multi-span
railway bridges, tanks for petroleum prod-
ucts, as well as for oil and gas pipelines [2].
Along with static loads, they also are under
dynamic loads.

The main alloying elements in low-alloy
steels with up to 0.2 % C are manganese
(Mn) (up to 1.8 %) and Silicon (Si) (up to
1.2 %). 09G2 and 09G2C steels belong to
high-strength steels and correspond to C345
strength class with rolled thickness of 10 to
20 mm [3].

Complex-alloy steels containing wvana-
dium or niobium correspond to a higher
C355 and C375 strength class. However, the
boundary between steel grades of different
strength levels is blurred, which follows
from notional (GOST 27772-88) and interna-
tional standards (DIN 17102, ASTM370,
ISO 19011) and International Translator of
Steel Grades WinSteel ITSG.

Steels of this class are used for gas pipes
under low temperatures. The advantage of
Si—Mn steel is the increased impact strength
[4]. There is also a tendency to reduce the
carbon equivalent to improve the weldabil-
ity of pipes. However, the use of steels with
a ferrite-perlite structure is difficult due to
the need to obtain, on the one hand, high
strength (above X70 class), and on the other
— low carbon equivalent. Therefore, the de-
velopment of new, highly efficient methods
of influencing steel melts through nano
modification is one of the ways to solve the
problem of improving the quality and
strength properties of widely used low-alloy
steels. In the domestic and foreign litera-
ture, there is information about the steel
modification with either low-melting salts
or scarce rare-earth dopants [4, 5]. There
are no works on modifying Si—Mn steels
with nanodispersed additives on industrial
scale.

Low-alloy 09G2, 09G2C steels belong to
two-phase ferrito-perlite steels, the struec-
ture of which consists of a fine-grained ma-
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trix of 15-20 % perlite. The structure of
hardened steels also contains a small
amount of residual austenite, bainite and
dispersed carbides. To obtain a ferritic-
martensitic structure, incomplete quenching
is performed. The structure consists of
20 % martensite and 80 % ferrite.

Ferrite-perlite steels are not significantly
strengthened by heat treatment. Improving
the strength characteristics of steels with-
out thermal hardening can be achieved by
reducing grain size, strengthening grain
boundaries, and submicrocrystalline or
nanostructure forming. At the same time, it
is possible to obtain such structural condi-
tions when these factors can make a total
contribution to increasing strength, for ex-
ample, during the alloy modification with
dispersed compositions.

2. Experimental

The aim of the paper is to study methods
for grain refinement and increasing the
strength properties of 09G2, 09G2C struc-
tural steels as a result of modification with
nanodispersed compositions, heat-strength-
ening treatment and intensive plastic defor-
mation.

Paper objectives:

— study of the structure and properties
of low-alloyed steels in the original state;

— justify the choice of the nanodispersed
modifier composition;

— select a method of obtaining nanopow-
ders with specified crystallographic parame-
ters;

— carry out severe plastic deformation
of workpieces and thermal strengthening.

The research material was structural
low-carbon 09G2, 09G2C steels. The chemi-
cal composition of the studied steels is
shown in Table.

Various methods for nanopowder produc-
ing are known:

— gas phase synthesis;

— plasma chemical synthesis;

— thermal decomposition;

— mechanical action [7].

Functional materials, 28, 3, 2021
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Fig. 1. Structure of austenite grains (a) and pearlite colonies (b) in silicon-manganese source steel, x100.

3. Results and discussions

An increased content of carbon, tita-
nium, and nitrogen was found in the modi-
fied steels, confirming the effect of
nanopowder treatment. Titanium carboni-
tride modifier powder Ti(CN) with a parti-
cle size of 50-100 nm, was obtained by
plasmochemical synthesis using high-fre-
quency discharge plasma [6]. The raw mate-
rial was industrial titanium powders with
the size of ~ 200 um. The process was per-
formed in nitrogen plasma. The carbon
source was natural gas. At temperatures
above 1000 K there was a transition of
starting materials into the gaseous state,
their interaction and condensation of prod-
ucts in the form of nanopowders with a
given composition and crystallographic pa-
rameters. Titanium carbonitride nanoparti-
cles had a face-centered cubic lattice [6].

The process of modifying the parameters
of steel melts of geometric shape was per-
formed during the manufacture of steels
09G2 and 09G2C in an induction furnace.
The modifier, consisting of nanopowders
Ti(CN) and steel powder, was compressed
into tablets with a diameter of 25 mm,
which were then immersed in the bottom of
the ladle while stirring the melt. The
amount of modifier was 0.1...0.2 % of the
melt weight. After a short holding time
(5...10 min) the modified melt was poured
into metal molds for sample making. Modi-
fied workpieces were subjected to intensive
plastic deformation and heat-strengthening
treatment according to the mode: heating
temperature 1050°C, holding time 5 min;
cooling medium: water and 20 % solution
of NaCl in water. Then the tempering was
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carried out at temperatures of 500°C;
600°C, the holding time was 30 min.

Metallographic studies of steel structure
grains before and after modification were
performed, as well as mechanical tests of
standard samples on the TIRAtest 2300
Universal Machine.

In this paper, plasma chemical synthesis
is chosen to produce high-melt compositions
of titanium carbonitride. Only this way, the
nanopowders of the same shape and crystal-
lographic parameters can be obtained.

The nanoparticle size determines the
properties of the nanodispersed system. The
method of plasmochemical synthesis is
based on high rates of volumetric condensa-
tion of the gas-flame flow, which leads to
the formation of nanodispersed particles of
titanium carbonitride fraction of
50...100 nm [6]. The resulting nanodis-
persed powders have distinctive features in
comparison with massive powders: small pa-
rameters of the crystal lattice, high specific
surface area of particles, the presence of
amorphous formations. However, the avail-
able data are contradictory [3, 7, 14], espe-
cially at particle sizes of 20...50 nm.

The experiment was performed using
Ti(CN) particles with a specific surface area
of 2.0-105 m2/kg. At such maximum spe-
cific surface area, the particles have the
high adsorption capacity, and the seed do-
main crystalization on their surface is most
likely [8, 9]. However, the "particle-crystal-
lizing phase” formation is stable only if the
free energy of the system decreases. The
presence of a high specific surface area
makes the process of the phase seed domain
crystallizing energetically and thermody-
namically advantageous. The process pro-
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Fig. 2. The structure of austenite grains (a) and pearlite colonies (b) in silicon-manganese steel

10G2C after normalization, x100.
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Fig. 3. Microhardness of 09G2C steel after
modification; plastic deformation and cooling

at different speeds: I — original state; 2 —
cooling in water; 3 — cooling in NaCl solu-
tion; 4 — modification; 5 — plastic deforma-
tion.

1400

1200
1000 -
800
600
400
200

Ty .2, MPa

Fig. 4. Change in the yield strength of 09G2C
steel after modification; plastic deformation
and cooling at different speeds: I — original
state; 2 — cooling in water; 3 — cooling in
NaCl solution; 4 — nanomodification; 5 —
plastic deformation.

ceeds with the energy release of latent crys-
tallization heat. Thus, the solid phase on
the surface of the particle is in an energeti-
cally favorable state. These iron-carbon melt
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sites, after subsequent cooling, have advan-
tages over other sites without the modifier.
Therefore, the grain size of modified alloys
is determined by the number of particles
introduced: the more of particles, the finer
grain of primary austenite.

The role of nanodispersed additives is re-
duced to the creation of additional artificial
crystallization centers in the melt [8, 9].
They must correspond to critical seed do-
main radii. For refinement of primary
austenite grain in castings, the size of the
introduced particles should be 40-50 nm.

The original and modified castings of
09G2 and 09G2C steels were subjected to
intense plastic deformation by equal-channel
angular pressing, followed by low-tempera-
ture annealing at the temperature of 350°C
during 1 h [14].

In the original state, cast 09G2 and
09G2C steels had a ferritic-perlite structure
with the average primary austenite grain
size of 30 um, after modification and defor-
mation, the grain size was 10 um (Fig.[1).

Figure 1 shows the microstructure of the
source steel 09G2C (a, b).

After normalization (Fig. 2), nanomodi-
fied steel 10G2C is characterized by a
smaller (2.0-3.5 times) austenite grain and
a more dispersed homogeneous ferritic-pear-
litic structure.

After quenching and cooling in water, the
structure changed slightly to ferritic-troos-
tite, with the average grain size of ~ 8...10 um.

After cooling the hardened samples in a
20 % NaCl solution in water, the structure
of batch martensite was obtained. In the
original state, the studied steels do not have
sufficiently high properties: microhardness

Functional materials, 28, 3, 2021
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Hp up to 3000 MPa, yield strength c; 5 up
to 800 MPa.

During quenching in water, the hardness
increases slightly, the most significant in-
crease is observed when the samples are
cooled in NaCl solution. Due to the signifi-
cant refinement of martensitic crystals, the
accelerated cooling gives a greater increase
in hardness (Fig. 3).

Fig. 4 shows the data obtained as a re-
sult of plastic deformation of modified sam-
ples with a fine martensite structure. This
leads to a further increase in microhardness
and yield strength. After plastic deforma-
tion, the deformation texture appears.

4. Conclusions

The study of the grain structure of 09G2
and 09G2C steels in the original condition
showed the presence of the large grain up to
30 um, reduced microhardness and vyield
strength.

The choice of the type and fraction of
the nanodispersed modifier is justified. The
use of plasmochemical synthesis for the pro-
duction of titanium nanopowders is justi-
fied. Nanopowders of titanium carbonitride
Ti(CN) fraction of 50...100 nm were ob-
tained by plasma chemical synthesis. The
chemical composition of nanocompositions is
determined.

The technology for introducing a modi-
fier into the steel melt has been developed.
High-quality modified castings with uni-
form structure were obtained. Intensive
plastic deformation and heat-strengthening
treatment of steels was carried out. The
modified steel had the grain size 3 times
smaller than the original one, increased mi-
crohardness (up to 4000 MPa) and yield
strength (1250 MPa) compared to the origi-
nal one. Thus, the following methods are
proposed for grain refinement and increas-
ing the strength properties of steels: nano-
modification, intensive plastic deformation
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in combination with heat-strengthening
treatment.
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