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Abstract. The work presents generalized experience in the development and implementation at PJSC Severstal of technological measures to extend
the campaign of blast furnace No. 5. The authors carried out an analysis, identified and described the problem areas, generalized the principles
for ensuring the safety of the shaft lining, boshes and metal receiver of the blast furnace. The results of a study of the working space of blast
furnace No. 5 in 2006 are also presented. The identified technological factors ensure an increase in duration of the unit campaign. Technological
measures are given for: washing the blast furnace hearth, reducing chemical erosion of the carbon blocks of the hearth and flange, forming a protec-
tive skull in the blast furnace shaft, special methods for loading solid coke substitutes, and organizing an effective structure of the charge column
in the blast furnace. It is necessary to use digital models integrated into the blast furnace expert system for operational control of blast furnace
technology. The results of the current blast furnace campaign were compared with previous ones. It was proven that the systematic use of all
elements of the developed technology makes it possible to achieve high economic indicators while exceeding the standard duration of the campaign
by 1.75 times. Experience in technology development made it possible to increase the furnace campaign duration to 17.46 years, achieve a reduction
in specific coke consumption by 15.9 %, and increase the specific consumption of natural gas for cast iron smelting by 46.4 %; reduce the specific
carbon consumption for cast iron smelting by 6.3 %.
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AHHomayus. B pabore npezcrapieH 0000MICHHbIN OIBIT O pa3paboTke U BHeApeHuto Ha ITAO «CeBepcTaiby TeXHOIOINUECKIX MEPOIPHATUH 0
HPOUICHUIO KAMIIAaHWH JOMEHHOH neun Ne 5. ABTOpBI IPOBEJIH aHAJIM3, BBIABUIIM M OIMCAJIN IIPOOIEMHbIE 30HBI, 0000LIMIN NPUHIUILI 0becrie-
YEHUs] COXPAHHOCTH (PyTEPOBKH IIAXTHI, 3aIUICYUKOB U METAJIONPHEMHHKA JOMEHHOH meun. Takke IpeiCcTaBICHBI Pe3yIbTaThl UCCICIOBAHMS
pabouyero npoctpaHcTBa JoMeHHOH meun Ne 5 B 2006 r. BrisiBiieHHbIE TEXHOIOTHYECKHE (DAKTOPBI 00CCIICUMBAIOT YBEIHUCHUE JUTUTEIBHOCTH
KaMIaHuH arperara. [IpuBeeHb! TEXHOTOrHYeCKUEe MEPOIPHATHUS 10 IIPOMBIBKAM I'OpHA JOMEHHOH [EeYH, CHIDKCHUIO XUMIYECKOU 3pO3UH yIIIepo-
JIUCTBIX OJI0KOB TOpPHA U JIeIa 1, (pOPMHUPOBAHHIO 3ALIUTHOIO TapHUCAkKa B 1IAXTe JJOMEHHOMU MeuH, 0COOBIM IIPUEMaM 3arpy3Ku TBEP/IbIX 3aMEHU-
Teneil Kokca U opranu3anuy 3QpGeKTUBHOI CTPYKTYpBI CTOJIOA IIUXTHI B JOMEHHOI! 11edn. JIIt OnepaTHBHOTO YIPABICHHS TEXHOIOTHEH JOMEHHOH
IUIABKM HEOOXOAMMO MCIIONIb30BaTh IU(POBBIC MOZEIH, 00bEIMHEHHBIC B OKCIIEPTHYIO CHCTEMY JIOMEHHOMN medn. ABTOPBI IPOBEIH CPaBHEHHE
PE3yIbTaTOB TEKyIel KaMIIaHUK JOMCHHOU IIeUH C IPEABIIYIIMMH K JOKa3alH, YTO CHCTEMHOE IPHMEHEHUE BCEX 3IEMEHTOB pa3pabOTaHHOH
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TEXHOJIOTHH TO3BOJISIET JOCTUTATh BBICOKMX SKOHOMHUYECKHX IOKa3aTeseil NMpH MpPEBBIICHUA HOPMATHBHOW MPOJOJDKUATEIBHOCTH KaMIaHUU
B 1,75 pa3a. OnbIT pa3BUTHSA TEXHOJIOTHU MO3BOJIMI YBEINYNTH JUTUTEIBHOCTh KaMITAHUH 1Teud 10 17,46 J1eT, JOCTUTHYTh CHIDKEHHS YAEITBHOTO
pacxona kokca Ha 15,9 %, yBeTHMUYHUTB y/ICIBHBII pacXo/] IPUPOIHOTO T'a3a Ha BHIIUIABKY 4yryHa Ha 46,4 % 1 COKpaTUTh YCIbHBINA PacXo/ yriieposaa

Ha BBIIIABKY YyryHa Ha 6,3 %.

Katoueswle caoea: nomenHas neds, IpofonkuTenbHOCTh Kammanuy, [TAO «CeBepcTanby, TOpH, MIaXTa, TOTEPMaH, MPOMBIBKA TOpHA, TapHHUCAXKe-
00pa3oBaHKe, yleIbHbIH PAcXo] IPUPOIHOTO Ta3a, PacXo TBEPIOro TOIUIMBA Ha TOHHY YyryHa, LH(POBast MOJEIb, KEIE30pYAHbIe MaTePHAIIbI, KOKC,

noka3zarens CSR

s yumuposanus: Kanvko A.A., Bunorpanos E.H., Kansko O.A., Kanbko A.A. Pa3paboTka u BHEAPEHHE TEXHOIOINYECKUX MEPOIPHUATHH O MPO-
JuieHHt0 Kammanuu qoMenHo# reuu Ne 5 [TAO «Ceepcranby. Hzsecmus 8y308. Yepnas memannypeus. 2024;67(3):260-269.
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[ INTRODUCTION

The current development trends of global blast fur-
nace production are aimed, as before, at bringing down
the cost of cast iron smelting by reducing coke consump-
tion, enhancing the productivity of blast furnaces (BF)
and the duration of their campaign. Increased duration
of the campaign, the period between overhauls of the first
category above the standard level, enables to reduce
the unit cost and boost the competitiveness of the manu-
facturer in the world market.

This work presents generalized experience in
the development and implementation of technological
measures aimed at extending the campaign of blast fur-
nace No. 5 at PJSC Severstal. As previously scheduled, on
April 1 -2, 2024, PJSC Severstal performed blowingout
of blast furnace No. 5 “Severyanka” with a useful volume
of 5500 m? and tapped the salamander. The furnace was
submitted for the overhaul of the first category. Blow-
ing-out was successful, accident-free, consistent with
the developed technological program. The furnace cam-
paign lasted 17.46 years from 20.10.2006 to 02.04.2024
(hereinafter referred to as the current campaign), signifi-
cantly exceeding the standard service life of blast fur-
naces with the similar design. Blast furnace No. 5 was
first blown in on April 12, 1986 and is currently the lar-
gest cast iron production unit in Europe. The current
campaign is the third in a row, the first two lasted 9 and
11 years respectively.

[ THEORETICAL BACKGROUND

The standard blast furnace campaign in most cases
is 12 — 15 years [1; 2], but campaign durations of some
furnaces, such as Hamborn No. 9 blast furnace made
by ThyssenKrupp Steel Europe, can exceed 22 years [3].
The authors of [4] believe that the key technological fac-
tors ensuring the duration of the blast furnace campaign
are stability and compliance of charge materials with
quality standards, rational slag and blast modes, loa-
ding mode parameters ensuring the required distribution
of charge components and gas flow, and technologically
justified mode of melting products processing. In addi-
tion, a number of researchers [5 — 7] note that, to a large

extent, durability of the flange and hearth lining, con-
tribute, to a large extent, to achieving long-term safe and
accident-free operation of the blast furnace.

The major factors affecting wear of the refractory lin-
ing are:

— abrasive effect of liquid cast iron flows;
— chemical effects of cast iron and slag;

— infiltration and thermomechanical stress in the lin-
ing [8].

While high quality iron-containing materials are
required to ensure a long service life of the blast furnace
shaft lining, the service life of the hearth lining is largely
determined by the quality of the loaded coke. Wear-resis-
tant hearth structures are currently non-existent [9], but
the technologies aimed at extending the life of the furnace
lining are continuously improving. The numerous studies
were conducted by domestic and foreign researchers on
blown-out and cooled blast furnaces to establish the main
types of impacts destroying the lining and changes in
their intensity along the blast furnace height [10 — 12].

Creation of a stable skull is one of the main measures
aimed at ensuring the safety of the shaft lining, boshes
and metal receiver of the blast furnace, which contributes
to increasing the duration of its campaign.

The gas flow distribution along the blast furnace
radius and height is controlled by a purposefully formed
zone of enhanced gas permeability, the so-called vent,
which can be formed by distribution of ore loads both in
the axial zone of the furnace and at the periphery.

- IDENTIFICATION OF CRITICAL AREAS OF BLAST
FURNACE NO. 5 REQUIRING PROTECTION BASED
ON THE RESULTS OF THE PREVIOUS CAMPAIGN

Blast furnace No.5 was shut down for overhaul
of the first category at the end of the previous cam-
paign in 2006. After blowing-out of blast furnace No. 5,
the samples of refractory lining and skull-forming masses
were selected along its height. Fig. 1 features a scheme
of the sampling points and the Table presents the chemi-
cal composition of the studied material samples.
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The analysis of the state of blast furnace No. 5 work-
ing space in 2006 revealed the following:

—in the area of cast iron notches, the refractory
thickness did not exceed 200 — 250 mm, carbon periph-
eral blocks of the upper flange located directly under
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Fig. 1. Location of sampling points for refractory materials
and skull from the working space of blast furnace No. 5
after blowing-out of the furnace in 2006

Puc. 1. Pacnionoxenue Todek 0T60pa npod OrHEYHOPHBIX MaTepHaioB
U rapHucaxa u3 pabouero npocrpanctsa 11 Ne 5
rocJie BeiyBkH reur B 2006 1.
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the notches were deformed, cracks and chips emerging
in some places;

— significant reduction in the thickness of the shaft
lining (the upper rows were 270 — 300 mm thick) and
wear of the uncooled part of the shaft were mainly caused
by abrasive impact of charge materials and vapors of sub-
limated alkaline compounds;

— horizontal coolers of the shaft cooled part were
mostly deformed and destroyed, only the upper
three — four rows were in satisfactory condition;

— boshes in the upper part were mostly open, no traces
of skull deposits were noticed on the coolers in this part.

— chemical analysis of the skull samples taken in
the furnace hearth revealed the presence of significant
amounts of alkali in it, as well as the presence of zinc
oxide and even metallic zinc in the high-temperature fur-
nace zone.

During the 2006 overhaul, the furnace shell was par-
tially replaced and the lining was replaced completely.
The hearth structure was reinforced within the dimen-
sions of the furnace shell. On the steel leveled surface
of the furnace bottom, the graphite blocks, 800 mm high,
were vertically installed and carbon blocks, 1100 mm
high, were vertically placed on them. On the periphery,
the blocks were stacked horizontally in the follow-
ing order: two 400-mm graphite and two 550-mm car-
bon ones. Above, on the periphery of the furnace, seven
rows of ring carbon blocks supplied by NDK were laid.
The bottom two rows of those were made of BS-8SM2
grade microporous blocks and the top five rows were
made of BS-8SR grade super microporous blocks.
The internal volume of the five lower rows was laid with
high-aluminous MLLD-62 blocks, 550 mm high, thus
the value of the “dead” layer in the hearth increased from
1500 to 2050 mm.

Copper coolers were installed in the under-notch area,
three coolers under each notch. The cooling channels
were made by drilling holes in the cast and rolled cop-
per plate. A pumping station of chemically treated water
was built to supply these twelve coolers. The combined
cooling by smooth plate coolers, 120 mm thick, in com-
bination with horizontal 100-mm thick coolers installed
in the inner recess, was provided in the furnace belly and
shaft at about 65 % of its height. The uncooled portion
of the shaft was lined with chamotte.

Thus, in the 2006 — 2024 campaign, the basic techni-
cal solutions for the design of blast furnace No. 5 hearth
and shaft were retained in the classical form, with nec-
essary adjustments in problem areas based on the expe-
rience of the first two campaigns of 1986 — 1995 and
1995 —2006. To maximize the duration of the current
furnace campaign, certain technological measures were
applied as a priority.
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Chemical composition of the samples of refractory materials
and skull extracted during dismantling of the refractory lining of blast furnace No. 5 in 2006

XHMHYECKHUI cOCTAB MPOO OrHEYNMOPHBIX MAaTePHAJIOB U TAPHHUCAKA,
H3BJIeYeHHBIX MpU pa3dope orueynopHoii pyrepoku Il Ne S B 2006 1.

Place of . Content of chemical compounds, wt. %
sampling Material Fe,0, | AlLO, Na,O K,0 Zn0O
1 ShPD — 39 (chamotte engineering domain bricks) | 1.34 38.7 - - —
2! ShPD — 42 (chamotte engineering domain bricks) | 1.33 43.4 - - -
3 Skull - - 0.23 0.81 0.110
4’ ShPD — 42 (chamotte engineering domain bricks) | 4.07 38.7 - - -
5! ShPD — 42 (chamotte engineering domain bricks) | 1.89 42.8 - - -
22 Skull (ChL 3 (cast iron)) - - 0.22 3.80 30.500
23 Skull - - 0.08 0.20 0.045
24 Refractory material - - 0.28 0.79 1.200
25 Skull (ChL 2 (cast iron)) - - 0.07 0.36 40.000
27 Skull (ChL 4 (cast iron)) - - 0.30 2.70 1.000
29 Skull (ChL 1 (cast iron)) - - 0.17 0.40 0.035
Place of ) Content of chemical elements, wt. %
sampling Material C S P Si Mn Zn
Ml Metal in carbon block joints 0.69 0.060 0.057 0.25 0.29 95.00
GB Graphite block of the first row 98.2 0.450 - - - -

[l DEVELOPMENT AND IMPLEMENTATION OF TECHNOLOGICAL
MEASURES AIMED AT EXTENDING THE CAMPAIGN
OF BLAST FURNACE NO. 5 IN 2006 — 2024

The series of investigations of the 1995 — 2006 cam-
paign results (see the Table, Fig. 1) revealed low resid-
ual thicknesses of refractory materials and the absence
(or small amount) of protective skull and enabled to deter-
mine critical zones of blast furnace No. 5 that require pro-
tection and adjustment of smelting technology in the cur-
rent campaign: the hearth, the bottom part of the shaft and
the top of the boshes.

First of all, to increase the durability of the hearth lin-
ing, the development of abrasive action of liquid cast iron
flows in the near-wall zone should be prevented, i.e., it is
necessary to ensure intensive filtration of liquid melting
products through the toterman and to achieve good gas
permeability in the central furnace zone. In real conditions
of blast furnace operation, the toterman porosity can sig-
nificantly decrease due to fluctuations of coke quality char-
acteristics, water ingress into the hearth from defective ele-
ments of the cooling system, localized masses of refractory
components of blast furnace charge entering the hearth,
even an area can form impermeable for flows of liquid
melting products in the hearth, as well as for countercur-
rent flows of gases and liquids above the tuyere level.

The results of experimental studies at blast furnace
No. 9 at the metallurgical plant Krivorozhstal proved that

it is possible to form a dense, poorly permeable layer on
the toterman’s surface [13; 14]. Since this furnace has
about the same parameters as blast furnace No. 5 at PJSC
Severstal, the experience gained from its operation was
taken into account by the authors when the technologi-
cal process at “Severyanka” was arranged. First of all,
the above experience proved that gas permeability in
the central furnace zone and the condition of the toter-
man should be systematically controlled.

It is extremely difficult to control the toterman size
in an operating furnace. Temperatures of melting prod-
ucts in the hearth reach 1500 °C and in the tuyere zones,
the gas temperature can exceed 2000 °C. In such con-
ditions, physical sounding without bulky equipment is
complicated and remote methods are not yet sufficiently
developed. To assess the toterman permeability and con-
trol its geometry at blast furnaces of PJSC Severstal,
a scheme was proposed of systematic probing of the blast
furnace hearth during short-term shutdowns for planned
preventive maintenance. A metal slice bar, 10 m long,
with a diameter of 28 mm, served as a probe. The probe
was plunged into the furnace until it became obvious that
the front of the slice bar reached the hard-to-penetrate
zone. The toterman was probed systematically, at least
once a quarter during normal furnace operation and more
often if the charge conditions changed or signs of impu-
rity content in the hearth emerged.

To clean the hearth from refractory flux residues and
fine coke fractions, technological provisions were deve-
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loped for complex washing of the blast furnace hearth.
The procedures were proposed for forming a washing
portion consisting of a mixture of a sinter, pellets, lump
iron ore and converter slag, as well as the mass of this
portion depending on the mass of the working portion
of iron ore materials. Consumption of charge materials in
the washing portion was determined based on obtaining
primary slag melt with FeO content in the range from 35
to 55 %, which was calculated by the equation

FeO, =29.73 - 1.43Ca0 + 3.27Si0, -
~10.18MgO + 1.36A1,0, — 0.58F¢O,

where FeO ., is FeO content in the primary slag melt, %;
CaO, Si0,, MgO, Al,O, and FeO represent the content
of these components in the washing feed, %.

The efficiency of the developed procedures for comp-
lex washing was controlled by means of toterman pro-
bing. Its results showed that systematic washing helped
to maintain high level of the coke head permeability.
The area of the hard-to-penetrate zone at the tuyere level
shrank by 47.8 rel. % compared to the previous (before
complex washing) measurements.

In addition to the traditional methods of assessing
the condition ofthe lining based on the data of heat removal
by the hearth and flange cooling system and embedded
thermocouples installed at different levels, new nonde-
structive inspection methods were applied in the current
campaign. The purpose of the survey was to determine
the condition of the refractory materials and the thick-
ness of the residual lining, as well as to detect anomalies
in the refractory materials such as cracks, delaminations
and unfilled mortar joints in brickwork. The work was
carried out using the technique of supersonic sounding
using the echo method (AU-E). The scope of the survey
included periodic monitoring of the condition of the fur-
nace refractory lining from the metal receiver to the tuyere
level, as well as determining the trend of the refractory
lining wear in various zones.

To reduce chemical erosion of carbon blocks
of the hearth and flange due to non-equilibrium chemi-
cal compositions of cast iron, the method was developed
to control the technological process through monitor-
ing the ratio of the actual carbon content in cast iron C,
to the saturated content C_ by regulating the flow rate
of natural gas blown into the furnace. The indicated C,/C,
ratio was maintained in the range of 0.92 — 0.98. When
the C,/C ratio dropped below 0.92, the natural gas con-
sumption was increased by 2.0 — 10.0 m%/t of cast iron,
and when the C /C_ ratio rose above 0.98, the natural
gas consumption was reduced by 0.2 — 2.0 m¥/t of cast
iron while maintaining the oxygen content in the blast.
The applied method enabled to significantly (from 5.8
to 1.4 % of the total number) reduce the number of tap-
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pings aggressive to carbon lining. During 12 months
of the use of the claimed method, the increment of heat
loads on the cooling system coolers in the metal receiver
decreased on average twice compared to the previous
similar period. The effectiveness of the applied method
can also be evaluated by the results of supersonic sound-
ing using the echo method. Its use enabled us to record
the fact that the average thickness of the unchanged lining
did not alter significantly during 2019 — 2021, probably
because the skull layer that protected the underlying lining
was preserved. The average thickness of the residual intact
lining of the hearth wall measured by the AU-E method
was 540 mm or about 21 % of the initial lining thickness.

To ensure self-renewal of the protective skull
in the blast furnace shaft, the previously developed
method [15] was used, which involves cyclic loading
of charge materials, including the skull-forming mixture
consisting of iron ore and sinter, which enables to obtain
from it the primary slag melt in the amount of 20 — 25 %,
the proportion of ferrous oxide in this melt not exceeding
15 %. In addition, the requirements for enhancing the eco-
nomic efficiency of cast iron smelting made it necessary
to develop the methods for industrial use of small sub-
standard fractions of iron ore materials. The mass fraction
of 3 — 5 mm of the sinter loaded into the near-wall zone
was determined depending on the index of sinter strength
during the reduction-heat treatment of its oversize frac-
tion by the following formula

M =KM, 100 — A(100—R) ’
100

where M — mass of undersize fraction of the 3 — 5 mm
sinter in the loaded iron ore portion, t; K — empirical coef-
ficient equal to 0.10 —0.25; M, — mass of the sinter in
the head part of the loaded iron ore portion, t; 4 — share
of the sinter in iron ore portion, units; R — index of the sin-
ter strength during reduction-heat treatment of the sinter
oversize fraction, %.

To achieve the given number of closed cycles
of the chute, the fraction of the 3 — 5 mm sinter was dis-
tributed in the furnace working space using a bell-less
top depending on the bulk weight of undersize fractions
of iron ore materials.

Due to the need to use cheaper fuel for smelting cast
iron, in the second part of the campaign the specific con-
sumption of various solid substitutes for skip coke con-
siderably increased. Both substandard fractions of met-
allurgical coke (less than 25 mm) and anthracite served
this purpose. In the final third of the furnace campaign,
an innovative carbon-containing product (ICCP) was
additionally used. It was obtained in the process of lami-
nar coking of the coal charge, consisting of 60 — 100 %
of coals of one or several grades tentatively suitable for
coking.
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The results of earlier theoretical studies and industrial
experience revealed [16 — 19] that effective replacement
of skip coke with various substitutes (natural gas, pul-
verized coal fuel, anthracite, substandard coke fractions)
is only possible if the quality of the bulk of coke and
iron ore materials is high. Therefore, to use solid coke
substitutes with relatively low-quality characteristics in
significant quantities, which includes the charge contain-
ing solid fuel with reduced hot strength reaching almost
50 %, special methods of its loading and distribution over
the cross-section of the furnace mouth had to be prelimi-
narily developed and applied. The solid fuel with reduced
strength before reaction (CSR) was loaded into the inter-
mediate zone of the blast furnace in portions at a distance
of 0.1 — 0.5 of the furnace mouth radius from the fur-
nace wall, and the ore load in the axial zone of the fur-
nace mouth was maintained in the range from 0.8 to 3.2
depending on the difference in the index (CSR) of high
and low quality solid fuel. Smaller ore load in the furnace
axis corresponds to a larger difference of the CSR charac-
teristic for the two solid fuels.

The escalating environmental challenges associated
with the climate change and the prospect of carbon regu-
lation call for a continuous search for new ways to reduce
CO, emissions in the course of steel production [20].
Technologically, in the production chain “blast fur-
nace — converter”, carbon dioxide emissions are reduced
by cutting the specific consumption of solid carbon fuel
for smelting cast iron and increasing the consumption
of hydrocarbon coke substitutes blown into the blast fur-
nace.

The approach to building an effective structure
of the charge column in the blast furnace had to be recon-
sidered and a set of procedures was developed to regu-
larly wash the hearth from coke waste and flux residues,
maintain a stable self-renewing skull in the lower part
of the shaft, effectively distribute various types of solid
fuel over the furnace cross-section and develop the tech-
nology of ultra-high specific consumption of natural gas
during cast iron smelting. As a result, we, on a perma-
nent basis, used the system of charge material distribution
over the height and cross-section of blast furnace No. 5,
which includes the specified distribution of ore load
over the furnace cross-section [21], as well as the cyclic
use of axial, prewashing and washing portions, provid-
ing a central operating mode of the blast furnace under
variable charge and gas blowing conditions [22]. Fig. 2
shows the structure of the charge distribution used on
a permanent basis in the working space of blast furnace
No. 5. The efficiency of the applied system of charge
materials distribution was evaluated during the final third
of the current furnace campaign, when, despite signifi-
cant changes in charge conditions and transition to a tech-
nology of high (more than 170 m3/t of cast iron) specific
consumption of natural gas, stable operation of the fur-

nace could be achieved. The presence of protective skull
in the lower part of the blast furnace shaft was established
when the furnace was disassembled during the overhaul
of the first category, and the condition of the horizon-
tal coolers of the furnace shaft cooling system and their
recesses, which have not lost their initial geometry, indi-
cates that the cooling system operates under protection
of the sufficient layer of stable self-renewing skull.
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Fig. 2. Structure of the charge column from 11 feeds
including axial, pre-washing and washing portions:

K — portion of coke, positions of the BLT (Bell Less Top) chute (9 — 3);
CM - portion of the iron ore mixture, position of the BLT chute (/7 — 3);
KII — central (axial) portion of coke, position of the BLT chute (8 — 2);
CMII — portion of iron ore mixture for feeding with axial coke, position
of the BLT chute (/0 — 5); KIIII — pre-washing feed coke, position
of the BLT chute (/0 — 3); CMIIII — portion of iron ore mixture
of the pre-washing feed, the position of the BLT chute (/7 — 5);

KIT — washing feed coke, position of the BLT chute (9 — 3);

CMII — a portion of the iron ore mixture of the washing feed,
the position of the BLT chute (7 — 3)

Puc. 2. Ctpykrypa cronba muxThl u3 11-tu mogad,
BKJTFOYAIOLIAs] OCEBBIC, MPEANPOMBIBOYHBIC U POMBIBOYHBIC TOPIIUH:
K — pabouast kokcoBast mopiusi, nosnoxenus jgotka b3y (9 — 3);
CM - paGouast TIOpLHs KeJIe30PYIHONU CMECH, TIOJIOKEHHS JIOTKA
B3V (11 - 3); KI] — uenTpoBas (oceBast) MOPIHs KOKCa, MTOI0KEHHUS
notka b3V (8 — 2); CML] — nopuus xene30pyRHoi cMecH
JUTS TIOJIAYH C OCEBBIM KOKCOM, mojiokeHus iotka b3Y (10 — 5);
KIIIT — xoKc mpepOMBIBOYHOM 1TOAA9H, OJIOKECHUS
notka b3V (10 — 3); CMIIII — nopuust xexe30pyaHoit cMecu
IPEIIPOMBIBOUHOM MOJauH, ojaoxkeHus notka b3V (11 - 5);
KII — xokc mpoMBIBOYHOM 10/1a4H, mojiokeHus gotka b3V (9 — 3);
CMII — nopiyst sKeIe30pyAHOI CMECH IPOMBIBOYHOI TO1a4H,
nosnokenust notka b3V (7 - 3)
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It should be noted that the application of a set of mea-
sures aimed at extending the campaign of blast furnace
No. 5 under conditions of frequent changes in the qua-
lity characteristics of iron ore raw materials, as well as
the increased use of solid and gaseous coke substitutes,
requires constant monitoring of both the smelting para-
meters and the effectiveness of the applied technologi-
cal solutions. At the coke-and-sinter production of PJSC
Severstal, this task is solved, among other things, by using
operational control of blast-furnace smelting technology
involving on-line digital assistants [23], united in a blast
furnace expert system (ES). The blast furnace expert
system is a proprietary development of PSJC Severstal.
It is a system for optimizing, monitoring and managing
the cast iron smelting process. It is based on highly effi-
cient technological models, special application software,
graphical end-user interfaces and many years of practical
experience of domainers.

The task of the blast furnace expert system is to develop
controlling technological influencing factors affecting
the blast furnace melting process adequate to the cur-
rent conditions due to unambiguously interpreted results
of processing the heterogeneous source data. Thus,
to prevent fluctuations in the thermal state of the furnace,
related to the inertness of traditional methods of fuel con-
sumption operational control through changing the mass
of coke in the feed, a digital model of the melting hourly
heat balance is used, as well as monitoring of the specific
consumption of solid and blown fuel and a model for cal-
culating the minimum theoretical value of coke consump-
tion. To prevent the phenomenon of spontaneous skull
descent, the following models are used: models of skull
accumulation, charge materials distribution in the furnace
working space, charge descent with controlled feed posi-
tion in the working space, gas-tuyere model with the esti-
mated oxidation and circulation zones depths. The models
of melting products accumulation in the hearth, tapping
control and slag viscosity are applied to arrange effec-
tive melting products processing. The source data for
the above models are the values of technological param-
eters, chemical compositions of raw materials and melt-
ing products, the amount of raw materials and fuel con-
sumed per unit of time, etc., coming into the system and
processed automatically, without involving the technical
team.

The use of the calculation results, recommendations
of the blast furnace expert system enables to reduce
the influence of human factor in the evaluation and
interpretation of controlled process parameters, thereby
decreasing the number of deviations of the blast furnace
operation parameters from the optimal range, to achieve
the most stable specified chemical composition of mel-
ting products and minimum fuel consumption, as well as
to minimize the negative impact on the refractory lining
of the furnace.
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- MAIN PRODUCTION RESULTS OF BLAST FURNACE NO. 5
CAMPAIGN IN 2006 — 2024

Due to implementation of the above-mentioned devel-
oped technological measures on a permanent basis, the fur-
nace worked in the campaign for 17 years 5 months and
13 days (17.46 years). The standard duration of the cam-
paign was exceeded 1.75 times or by 74.6 %.

During the current campaign, the furnace smelted
75,180,099 tons of cast iron, which is ~1.6 mln tons more
than the total cast iron production for the first two cam-
paigns of blast furnace No. 5 (a total of 73,582,218 tons
of cast iron were smelted during the previous two cam-
paigns in the periods 12.04.1986 —03.07.1995 and
26.10.1995 — 19.06.2006).

The productivity and duration of the current cam-
paign increased due to a radical change in blast furnace
smelting technology and practically 1.5 times growth in
coke replacement with natural gas. Moreover, the nega-
tive factors caused by hydrocarbons that are additio-
nally blown into the furnace hearth (reduced theoretical
combustion temperature, redistribution of temperatures
over the height of the furnace, significant fluctuations in
the furnace thermal state, etc.) were successfully compen-
sated by the developed technological measures. The fuel
efficiency was improved during the current campaign
(hereinafter the comparison is made between the first full
year of operation of blast furnace No. 5 after in 20006, it
was blown in and in 2024, full capacity was achieved
with the final three months of the campaign):

— specific coke consumption was reduced from 417.3
to 351.1 kg/t of cast iron, i.e., by 66.2 kg/t of cast iron or
by 15.9 %;

— specific consumption of natural gas for cast iron
smelting was increased from 118.0 to 172.7 m3/t of cast
iron, i.e., by 54.7 m%/t of cast iron or by 46.4 %;

— specific carbon consumption for cast iron smelting,
defined as the ratio of total carbon input into the blast fur-
nace with solid and gaseous fuel, as well as with com-
ponents of iron ore charge to the amount of smelted cast
iron was reduced from 428.9 to 401.7 kg/t of cast iron,
i.e., by 27.2 kg/t of cast iron or by 6.3 %.

B ConcLusion

The use of a systematic scientific approach aimed at
maximum extension of blast furnace No. 5 campaign based
on the analysis of the previous campaigns results, identifica-
tion of problem areas and ways to improve cast iron smelt-
ing technology, development of technological measures
taking into account the accumulated experience and pros-
pects for further development enabled to increase the ser-
vice life of the unit by 1.75 times and achieve its highly
efficient operation during the entire 2006 — 2024 campaign.
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The results were obtained at the blast furnace

of “classical” design without principal capital-intensive
changes in refractory lining of the blast furnace shaft and
hearth only by developing new methods of maintenance,
control and adjustment of cast iron smelting technology.

The system for optimizing, monitoring and managing

the cast iron smelting process based on in-house deve-
loped digital assistants is the most promising direction for
further development. It provides stabilization of smelting
results at significant fluctuations of incoming parameters,
maximum efficiency of the developed scientific and tech-
nological measures during long time spans due to reduc-
tion of human factor impact during the process opera-
tional control.
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Abstract. In the development of advanced energy saving technologies in the metallurgical industry, a comprehensive approach to managing energy flows
is crucial. This article presents an in-depth analysis of the steelmaking and metallurgical industry in China and Russia, focusing on the evolution and
current shortcomings of energy saving methods in metallurgical processes. The authors thoroughly analyze various technological processes, including
sintering, coking, pellet production, iron production in blast furnaces, steel production in oxygen converters and electric arc furnaces, as well as
steel rolling, identifying significant potential for enhancing energy efficiency and reducing harmful emissions. The main outcome of the research
is the development of structural models of technological processes based on the concept of energy saving “temperature matching, cascade utiliza-
tion, and global linkage”, covering key stages of steelmaking. These models provide detailed descriptions of the role and interrelation of each process
within the complete metallurgical cycle and combine into a comprehensive structural model of steelmaking technological process. The model includes
not only specific operations and characteristics of each stage but also explains how these processes interact and depend on each other, forming an
integrated and interconnected system of metallurgical production. This model encompasses comprehensive temperature-pressure and production links,
providing a theoretical basis for the development of mathematical models of energy saving and the design of corresponding computer applications.
The structural model of steelmaking technological process is important for understanding and optimizing the entire process of metallurgical produc-
tion, contributing to its energy and ecological efficiency.
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B JIOMCHHBIX [1€4ax, CTaJu B KUCIOPOAHBIX KOHBEPTEPAX M JICKTPOIYTOBBIX MeYaX, a TAKXKE MPOKATKY cTau. [Ipy 9TOM BBISBISETCS 3HAUMTEITbHBIN
TOTEHLIMAI JUISl HOBBIIICHNS A (HEKTHBHOCTH HCIIOIb30BaHMS SHEPIUH M COKPAIICHUS BPEAHBIX BEIOPOCOB. OCHOBHBIM PE3YJIbTaTOM HCCIICT0BAHUS
SIBJISIETCS pa3paboTKa CTPYKTYPHBIX MOJIEIICH TEXHOJIOTNYECKHUX MPOLIECCOB Ha OCHOBE KOHIICTIIIMY YHEProcOepeKeHUsI «COOTBETCTBHUS TEMIIEPATYP,
KaCKa/IHOTO HCIIOJIb30BaHMS U [IO0ATBHON CBSI3W», OXBATHIBAIOIIMX KIIFOYEBBIC 3TAIbl MPOM3BOACTBA CTAIN. DTH MOJEIU MOIPOOHO ONUCHIBAIOT
POJIb ¥ B3aMMOCBSI3b KQKIOTO MPOIIECca B PaMKax MOJHOTO METaJUTyprUuecKOro IHUKIa U OOBEMHSIOTCS B KOMIUICKCHYIO CTPYKTYPHYIO MOJICINb
TEXHOJIOTHYECKOTO Mpolecca MPOU3BOICTBA CTali. Mojienb BKIIF0UAeT B ce0sl He TOIBKO KOHKPETHBIE ONEPAIMH M XapaKTEPUCTHKH KaXKJ0TO HTara,
HO ¥ OOBSCHSIET, KaK AT IPOIECChl B3aMMOJICHCTBYIOT M 3aBUCST JAPYT OT Ipyra, GOpMHPYs LEIOCTHYIO U B3aUMOCBSI3aHHYIO CHCTEMY METaJLTyp-
THYECKOTO MPOU3BOACTBA. DTa MOJIENb BKIIOYACT B ce0sl KOMIUICKCHBIC CBSI3U TI0 TEeMIIEparype, JaBICHHUIO H OTPACIIHU ITPOU3BOJCTBA, 00CCIIeUnBast
TEOPETHYECKYI0 OCHOBY JUIS PAa3BUTHSI MAaTEMaTHYECKUX MOJIEICH SHEProcOepekeHnsi U pa3paboTKU COOTBETCTBYIOIIMX KOMITBIOTEPHBIX MPHIIO-
skeHnit. CTpyKTypHasi MOZIENIb TEXHOJIOIHYECKOTO MPOIiecca IPOU3BOJICTBA CTAIN UMEET BOYKHOE 3HAUYCHHE JUISl TIOHUMAHHS U ONTHMH3AIIUH BCETO
Ipolecca METAJUTypPruieckoro IIPOU3BOJICTBA, CIIOCOOCTBYET MOBBIIICHUIO €I0 SHEPIreTHUECKON U HKOIOrHYeckoi 3 (HeKTHBHOCTH.

Kaloyesvle c/108a: MeTamnypris CTalH, SHEProcOEPEIKEHHE MPOLIECCOB, CBA3aHHOE HEProcOepeKeHNe, TEIIOBAs CBS3b, CBI3b MO TABJICHHIO, KACKa-
HOE UCIOJIb30BaHKE YHEPTHHU, MOICIMPOBAHHE IIPOU3BOACTBEHHBIX ITPOLIECCOB

B./mzodapnocmu: HccnenoBanue BBHITIOIHEHO TIpU MOAACPIKKE IIPOTrPaMMBbI MHHOBAaIIMOHHO HCCIIe0BATETHCKON TPYHITbL (B obmactu HayKH U TEXHOJIO-

ruil) YHUBEPCUTETOM MpoBUHIMK X3HaHb (rpanT Ne 224200510022).

/s yumuposaHus: Baur B., JIu 111., Xy B., UukoBa O.A., Yxan . Mopens sHeprocOepexeHus Uisl CBSI3aHHBIX MPOIIECCOB METAUTYPrHH CTAITH.
Hszeecmus 8y306. Yepnas memannypeus. 2024;67(3):270-282. https://doi.org/10.17073/0368-0797-2024-3-270-282

[ INTRODUCTION

Steelmaking is the key sector of China’s national
economy, it determines the development of major indus-
tries and the state’s competitiveness in world markets.
In 2017, the volume of steel produced by China three
times exceeded that manufactured by the US, Russia and
Japan combined. Steel has propelled China’s shipbuild-
ing and automobile industries to the top of the global
market [1]. Steelmaking is characterized by long produc-
tion cycles and high energy consumption. Meanwhile,
steel production is a dangerous source of atmospheric
pollution by off gases and solid emissions, which contain
various toxic substances. Energy saving and emission
reduction in steelmaking are crucial for China’s national
economy [2]. Back in 2014, Chinese President Xi Jinping
formulated the main principles of China’s new energy
strategy FROCSV (Four Revolutions and One Coopera-
tion Strategic Vision), including the energy consumption
reform that involves energy efficiency improvement [1].
China’s iron and steel industry has made significant prog-
ress in enhancing energy efficiency — the average inten-
sity of total energy consumption at major steel plants has
decreased. An evaluation framework has been develo-
ped to quantify the energy and environmental bene-
fits (i.e., CO, and air-pollutants emission reduction and
water savings) associated with 36 energy-efficiency mea-
sures [3]. The key topic of the 2011 — 2025 research on
energy savings is the synergistic operation of material
and energy flows [4] based on the energy saving model
for China’s iron and steel industry IECUA (Industrial
Energy Conservation Uncertainty Analysis) [5].

At present, Russia actively uses modern energy- and
resource-saving environmentally friendly technologies in
steel production, so the analysis of the Chinese resear-
chers’ experience in this matter is especially impor-
tant [6]. Low energy consuming metallurgical technolo-
gies (continuous casting of steel, evaporative cooling,

etc.) are introduced [7]. The technology of dry granula-
tion of slag using its physical heat developed by Rus-
sian metallurgical scientists is applied at metallurgical
plants in China [8]. An energy-efficient environmen-
tally friendly technology of injecting hot reducing gases
into the blast furnace (blast furnace gas recycling) has
been developed and introduced [9]. There are only two
routes of steel production: blast furnace — basic oxygen
furnace (BF — BOF) and electric arc furnace (EAF) [10].
China and Russia use the BF — BOF route as their main
route of steel production [11], so our countries can share
their best practices. In China, energy efficiency (EI) in
steel production is achieved by applying energy-saving
and secondary energy-recovery technologies such as:

— use of waste heat and LDG;
— comprehensive utilization of steelmaking waste [11];

—widespread use of energy-saving technologies
reducing emissions CO, [12].

On the BF — BOF route, material and energy flows are
closely linked, enabling the iron-containing materials and
energy to move and transform [13]. Chinese scientists
have developed structural models of energy flows within
the IDDD+N concept (Integration of the processes, Dif-
ferentiation of the demand, Diversification of the supply,
Decentralization of the grid, and Network of multi-energy
flows) aimed at optimizing the energy use, integrating
the technological processes and decentralizing the pro-
duction management [14]. The structural model of energy
flows includes systems for heat conversion, utilization,
and recovery, as well as energy buffering and storage.
In fact, metallurgical plants produce and consume energy
at the same time: BFs consume coal and produce coke
and coke oven gas (COG), BOFs consume electricity and
oxygen and produce Linz-Donawitz Gas (LDG) [15], i.e.,
they are prosumers [16]. Mathematical modeling enables
to conduct a quantitative study of structural models for
energy saving [10; 17], in particular, the specialized soft-
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ware METSIM and SYSCAD provides for calculating
the heat/material balance [18]. The authors of [19; 20]
note that structural models of energy flows should take
into account the interactions and synergy between mate-
rial and energy flows. Recently, the concept of smart steel
manufacturing as part of Industry 4.0 built on cyber-phys-
ical systems (CPS) has become popular [21 — 24]. Decar-
bonization of the metallurgical industry is a pressing
task [25], researchers are currently focused on develop-
ing carbon capture and storage (CCS) technologies [26].

Chinese scientists have created a conceptual model
linking the material, energy and emission flows along
the BF — BOF route, including byproduct  cokemak-
ing, sinter production and iron founding, where by-pro-
duct gases are used as fuel, the surplus being transferred
to power plants for energy generation [27]. The model
involves macro-grid control of the steel production pro-
cess considering the interrelation of the material, energy
and information flows to achieve “minimum” emissions,
as well as of energy and materials consumption [28].
Lu Zhongwu proposed the concept of linked saving
of energy and materials for the metallurgical indus-
try [29]. Based on the phenomenological model of sub-
stance (iron) flow in the technological cycle of steel
production, a system of equations was obtained to cal-
culate the indexes of substance flow and the relation-
ship between them [30]. Yin Ruiyu proposed a series
of measures of energy-saving and emission reduction
based on the mechanism of ferrogenious flow and car-
bon energy flow system. His concept involves “buying
coal only, not electricity or fuel” and achieving “zero
emissions” of by-product gases and other energy medi-
ums [31]. Yin Ruiyu established a dynamic integration
for the “mass — energy — time — space — information”
during the steel manufacturing process based on ana-
lyzing the basic elements and characteristics of the pro-
cesses [32]. Yongqi Sun, Zuotai Zhang developed a blast
furnace slags (BFS) and steel slags (SS) disposal model
based on the integration of heat recovery and material
recycling and crystallization control of the slags [33].
A mind map of the integration of material and energy
flows at steel plants was developed [34]. The paper [35]
presents an analytical review of publications on decarbo-
nization of iron and steel industry in the context of finan-
cial, organizational and behavioral aspects. Nume-
rous works by Chinese researchers on the interrelation
of material and energy flows for the sintering process are
noteworthy [36 — 38]. The exergy analysis in steelmaking
serves as a theoretical basis for energy saving because
exergy accounting of energy and material flows provides
an integrated measure of resources, products and wastes
at different aggregation levels, from single unit opera-
tions and upstream production steps to steel plants and
production routes, and exergy indicators can be easily
linked to techno-economic ones [39].
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Russia has also adopted a similar energy saving model
for linked steelmaking processes, which includes the fol-
lowing combined energy saving methods for metallurgi-
cal processes: enhancing the blast furnace productivity by
implementing the technologies of injecting hot reducing
gas and replacing quality ores with siderite ore concen-
trate (SOC); using CO, washed from the blast furnace gas
in refrigerating equipment; full recovery of LDG heat for
SOC roasting [40].

[ RESEARCH METHODOLOGY

The integration of several scientific approaches — sys-
tematic, analytical and comparative — forms the theoreti-
cal and methodological basis of the conceptual model
of energy saving for the linked processes of steelmaking.
It enabled us to explore the main aspects of the problem
and the tasks set, to reveal new trends of energy saving for
the linked processes of steelmaking and quality indica-
tors of energy saving. We used the methods of theoretical
and methodological analysis (comparative, retrospective,
and model), comparative analysis of scientific literature,
methods for systematizing the authors’ experience in
the energy saving organization to identify the main trends
in the development of the concept of “linked processes”
in the context of energy and materials saving management
and environmental safety in the steelmaking industry.

We conducted a conceptual study of the methods
of linked reduction of energy consumption in steel pro-
duction processes based on the principle of cascading
energy use and analysis of the causes of energy consump-
tion surges. To enhance energy efficiency, new methods
for network energy distribution and coupled energy
reduction in steel production processes are proposed.
The objective of the work is to develop temperature,
pressure and industry coupling models for energy sav-
ing in linked steelmaking processes based on the prin-
ciples of “correspondence of temperatures, cascading use
and global coupling”. We developed structural models
of technological processes of sintering, coking, pellet
manufacture, cast iron production in a blast furnace, iron
production in a BOF and an electric furnace, and steel
rolling combined into a structural model of steelmaking
technological process.

[ RESEARCH RESULTS

We will consider sintering and coking processes as
study objects. The structural model of sintering (Fig. 1)
includes a sintering machine, a cooler, as well as crush-
ing, screening and mixing equipment. The iron-contain-
ing material is turned into sinter, which is sent to the blast
furnace after cooling. High temperature off gases are
used to recover the residual heat. The structural model
of the coking process (Fig. 2) includes formation of coke
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column and quenching technologies. The input materi-
als are turned into red hot coke, which is sent after cool-
ing to the hopper or returned to the raw material cycle.
COG and off gases, as well as hot nitrogen from the coke
quenching process, are directed to heat recovery and
energy saving.

Our study objects are the processes of pellet and cast
iron production. The structural model of pellet produc-
tion (Fig. 3) includes a stirrer, a granulator, a sorting
device, a chain lattice conveyor, a circulating furnace
and a cooler. Green pellets are formed from the powdered
concentrate and binders and, after sintering and cooling,
are sent to the blast furnace or returned for processing.
The cold exhaust air is used for energy saving. The struc-
tural model of the cast iron production (Fig. 4) includes
a blast furnace and an air heater. A blast furnace produces
cast iron from sinter, coke, pellets and lump iron ore with
the addition of air. Off gases and slag are used for further
recovery and energy saving.

For the purpose of the study, let us consider the pro-
cesses of steelmaking in a BOf and in an electric furnace.
The structural model of steel production in a BOF (Fig. 5)
includes cast iron pretreatment equipment, a BOF, a ladle
for steel transfer, a secondary treatment unit and a ladle
for pouring steel. Output materials include steel, slag,
LDG and dust. The waste is used for heat and energy
recovery. The structural model of steel production in an
electric furnace (Fig. 6) includes cast iron pretreatment
equipment, an electric furnace, a ladle for transfer, a sec-

Exhaust
gases

Water |—
Lime dust |—

ondary treatment unit and a ladle for pouring. The input
and output materials are similar to the converter process.
The waste is also used for heat and energy recovery.

As an object of study, let us consider the process
of steel rolling and create a structural model of this
technological process (Fig. 7). The main equipment
of the rolling process includes continuous casting
machines, heating furnaces, hot and cold rolling mills.
In the steel rolling process model, the input materials
include steel, oxygen, water, lubricants, refractory mate-
rials, gas and combustion air. The input materials first
pass through a continuous casting machine where they
are solidified and cast into cast blanks. Then, after heat-
ing in the furnace, the blanks are sent to various roll-
ing shops for processing into products of various types
(profiles, rods, rails, seamless pipes, sheets or strips). In
this case, off gases generated in the heating furnaces are
considered in the structural model (Fig. 8) as a direction
of leaving the operational framework of the rolling pro-
cess for residual heat recovery and energy saving.

At the final stage, the structural models of technologi-
cal processes of sintering, coking, pellet manufacture,
cast iron production in a blast furnace, iron production
in a BOf and an electric furnace, and steel rolling were
combined into a structural model of the steelmaking tech-
nological process (Fig. 8).

Using the basic principles of linked energy saving,
cascading energy use and loss minimization, we proposed
the models of thermal coupling, pressure coupling and
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inter-branch coupling for separate technological processes
of steelmaking — sintering, coking, pellet manufacturing,
cast iron production in a blast furnace, iron production in
a BOF and an electric furnace, and steel rolling (Fig. 8).
Thermal coupling means linking the process where
excessive heat is produced to the processes that consume
heat in order to provide the best match between heat pro-
duction and consumption in each process, thereby reduc-
ing dependence on external heat sources and enhancing
energy efficiency throughout the metallurgical process.
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In pressure-coupled processes, the excessive pressure
produced is transferred to processes with suitable pres-
sure in order to achieve the best possible match between
heat energy supply and consumption in each process and
thereby reduce pressure supply from external sources and
enhance the energy efficiency of the entire metallurgical
process. Industry coupling involves linking surplus mate-
rials and energy in steel production to customers in other
industries where they can be applied to improve mate-
rials and energy efficiency. Energy saving through indus-
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try coupling is realized by transferring excessive mate-
rials and energy of the metallurgical process to related
industries, establishing a link between the metallurgi-
cal industry and other industries to ensure the interrela-
tion of materials and energy supply in order to enhance
the efficiency of the materials and energy use.

- DISCUSSION OF THE RESEARCH RESULTS

This paper presents a conceptual structural model
of temperature, pressure and industry coupling for energy
saving in linked steelmaking processes. The model is based
on the principles of temperature matching, cascading
use, and global coupling. In contrast to the matrix model
of the interrelation of material, energy and emission flows
for the ferrous metallurgy enterprise [26], the presented
model is universal in relation to individual technological
processes of ferrous metallurgy, it reflects thermal, pres-
sure and industry coupling and allows for an optimized
steel production process based on material and energy
saving and emission reduction. Lu Zhongwu [28; 29]
investigated the effect of logistics on energy and iron con-
sumption during steel production. He found that taking

iron-containing materials out of the production process
causes an increase in energy and iron consumption per
1 ton of material. Circulation of iron-containing mate-
rials within the same process or between processes does
not affect the iron consumption per 1 ton, but results in
increased energy consumption per 1 ton of material. Con-
sequently, circulation of iron-containing materials should
be minimized as much as possible, which is reflected in
the modeling rules. Lu Zhongwu [30] used Lagrange and
Euler methods to describe fluid flow. He also explained
a material flow tracking model based on the iron flow
diagram in the life cycle of steel products, which pro-
vided a reference for creating and optimizing down-
stream metallurgical processes. Yin Ruiyu [31] described
the behavior models of iron and carbon-energy flows dur-
ing steel production. He analyzed the potential for energy
saving and emission reduction in the steel industry, opti-
mization of metallurgical processes being one of the effec-
tive methods. Yin Ruiyu [32] proposed a theoretical
approach to creating a new generation of steelmaking
processes based on the interaction and synergy of mate-
rials, energy and information flows during the metallur-
gical process. Based on the research of the material and
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Fig. 8. Structural model of technological process of steelmaking:
1 — 7 — detailed diagrams of technological processes models in Figs. / — 7

Puc. 8. CtpykTypHast MOZIEJIb TEXHOJIOTUYECKOTO TIPOIecca IPOU3BOICTBA CTAIIH:
1 — 7 — nompoOHbIe CXeMbI MOJIENICH TEXHOIOTMYECKHUX MPOLIECCOB Ha puc. [ — 7

energy flows in steel making processes, combined with
the rules of metallurgical process modeling and the real
conditions of metallurgical engineering, we developed
a technique for designating the material and energy flows
and created a structural model of the whole metallurgical
production process. In addition to considering material
and energy flows, this model includes coupled pressure
and temperature conversion and industry integration.
The mode takes into account the individual metallurgical
processes and emphasizes the interaction between them,
which greatly improves energy saving and emission
reduction. The qualitative description of a similar energy
saving model for linked steelmaking processes in Rus-
sia was presented, which includes a number of combined
energy-saving methods for metallurgical processes [40].

[ ConcLusiOons

The paper investigates the key energy saving aspects
and trends in steelmaking in both China and Russia.
The analysis of various processes, including sintering,
coking, pellet manufacturing, cast iron production in
a blast furnace, iron production in a BOf and/or an elec-
tric furnace, and steel rolling, revealed significant poten-
tial for enhancing energy efficiency and reducing emis-
sions.

The main finding of this study is that minimum energy
and material consumption, as well as emission reduc-
tions, can be achieved by creating a new concept of cou-
pling energy saving with the technological process: “tem-
perature matching, cascading use, and global coupling.”
The linked processes in steelmaking are complex pro-
cesses of continuous and discrete changes in energy and
material flows. The model of interrelation of material and
energy flows is a restrained model of linked process nodes
for ensuring energy and material savings and monitoring
emissions. We developed structural models of technolog-

ical processes covering the key stages of the steelmaking
process, including sintering, coking, pellet manufactur-
ing, cast iron production in a blast furnace, iron produc-
tion in a BOf and an electric furnace, and steel rolling.
These models provide detailed descriptions of the role
and interrelations of each process within the complete
metallurgical cycle and combine into a structural model
of steelmaking technological process. The structural
model of steel production process reflects the system
of interrelations of all metallurgical production stages.
Not only does it include the specific operations and char-
acteristics of each stage, but also explains how these
processes interact and depend on each other, forming
an integrated and interconnected system of metallurgical
production. The structural model of steelmaking process
is important for understanding and optimizing the entire
process of metallurgical production, contributing to its
energy and ecological efficiency.
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WAYS TO IMPROVE THE PROPERTIES
OF HIGH-ENTROPY ALLOYS CANTOR CoCrFeNiMn AND CoCrFeNiAl

V. E. Gromov©, S. V. Konovalov, M. O. Efimov,
I. A. Panchenko, V. V. Shlyarov

| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 gromov@physics.sibsiu.ru

Abstract. Created one of the first and studied more than 20 years ago, high-entropy five-component alloys CoCrFeNiMn (Cantor alloy) and
CoCrFeNiAl still attract the attention of researchers in the field of physical materials science due to their possible application in various industries
because of their successful combination of strength and plastic properties. To date, a large amount of experimental materials has been accumulated
on the ways to control the properties of these alloys. This article reviews the publications of domestic and foreign authors in two areas of improving
the properties of these alloys: alloying, precipitation and heat treatment, and the use of CALPHAD phase diagrams. In the first direction, the role
of alloying with B, Al, V, Si, Nb is analyzed; y and y’ nanoprecipitations, various modes of thermal and deformation processing. It was concluded
that it is necessary to conduct experiments on the alloying of HEAs with Zr and Nb, which have proven themselves well in hardening steels.
Creation and modification of the properties of five-component HEAs is possible using the CALPHAD computer programs developed for calcu-
lating state diagrams. The results of publications on the thermodynamic description of five-component alloys analyzed in the article are confirmed
by comparing the phase diagrams with the available experimental data. In one of the analyzed works on the phase formation of five-component
HEAs consisting of Co, Cr, Fe, Ni, Al, Mn, Cu, 2436 compositions were considered, which made it possible to determine 1761 variants of reliable
prediction of the formation of bee/B2 and fee phases, bypassing amorphous phases and intermetallic compounds, thereby designing a certain level
of mechanical properties. It is shown that the design of a new generation of HEAs is possible based on calculation of the CALPHAD phase diagrams.

Keywords: high-entropy alloys, CoCrFeNiMn, CoCrFeNiAl, alloying, hardening, heat treatment, CALPHAD
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NyTy yayqylEHUA cBOoMUCTB BIC CANTOR
CoCrFeNiMn u CoCrFeNiAl

B. E.Tpomog“, C. B. KonoBaJios, M. 0. Epumos,
H. A. [lanyenko, B. B. llliisspos
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Annomayus. Co3taHHBIC OJHUMH W3 TIEPBBIX U MicciIefoBaHHbIe Oosee 20 JIeT Ha3a BRICOKOAHTPONHUITHEIE ATHKOMITOHEHTHBIE cIutaBbl CoCrFeNiMn
(crumaB Cantor) u CoCrFeNiAl mo-nipexxHemy MpUBIEKarOT BHUMaHHE HCCIeoBaTesieil B 001acTu (GU3NUECKOro MaTeprUaioBEICHHS H3-32 BO3MOXK-
HOCTH UX TPUMEHEHHS B PA3IMYHBIX OTPACISIX IMPOMBIIUICHHOCTH OJlarogaps ylIadHOMY COYETaHHIO HMPOYHOCTHBIX M IUIACTHYECKHX CBOMCTB.
K nHacTosiieMy BpeMeHH HAKOIUICH OOJBIION SKCIIEPUMEHTANIBHBIN MaTepuall 1Mo YIpaBJICHUIO CBOMCTBAMHU ATHX CIUIaBOB. B Hacrosieit padore
BBITIOJIHEH 0030p MyONUKAILMi OTEIECTBEHHBIX U 3apyOCKHBIX aBTOPOB 110 JBYM HAIPABJICHUSIM YJIyUIICHHUs CBOWCTB STHUX CIUIABOB: JICTHPOBa-
HHUEM, BBIICJICHUSME U TepMOOOpabOoTKOii 1 ucoib3oBanueM (aszoBbix auarpamm CALPHAD. ITo mepBoMy HampaBlieHHIO POaHAIM3UPOBAHA
poJib JierupoBanus O6OpOM, aTIOMHHHEM, BaHAJIUEM, KPEMHHUEM, HUOOHWEM; Y- M Y'-HAaHOBBIICICHHUSAMH, PA3IHYHBIMH PEKUMAMH TEPMUUCCKON
u neopMarioHHON 00paboTku. CrenaH BBIBOJ O HEOOXOAMMOCTH MPOBEACHHS AKCIIEPUMEHTOB 110 JierupoBanuio BOC Zr u Nb, xoporio 3apeko-
MEH/IOBaBILHX ceOsi B ynpouHenun craieil. Co3nanue 1 MOIU(UIIMPOBAHHE CBOHCTB MATHKOMIIOHEHTHBIX BOC BO3MOXKHO TIPH HCTIOIb30BAaHUH
kommbroTepHbIX TporpamM CALPHAD, pa3paboraHHbIX Uls pacueTa quarpaMm cocTosiHus. [I[poaHani3upoBaHHbIC B CTAThe PE3yJbTaThl MyOIIH-
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Kalui 1Mo TepMOIMHAMUYECKOMY OIMCAHUIO IMATHKOMIIOHEHTHBIX CIUIABOB ITOATBEPIKICHBI CpaBHEHHEM ()a30BBIX JHArPaMM C MMEIOIIUMUCS
9KCHEPUMEHTAIBLHBIMHU JIAaHHBIMU. B OJIHON M3 aHamM3MpyeMbIX padoT no ($pa3000pa3oBaHmIO MSITHKOMIIOHEHTHBIX cocTosmnx u3 Co, Cr, Fe, Ni,
Al, Mn, Cu BOC paccmoTpeno 2436 KOMIO3HUIINH, TTO3BOJIMBIINX ONpeenuTh 1 761 BapuaHT HaeKHOTO MporHo3upoBanus odpazosanus OL[K/B2
u 'K ¢a3, munys amop¢HbIe (a3bl 1 HHTEPMETAIIHABI, TEM CAMBIM KOHCTPYHUPYSI ONPEICTICHHBIN YPOBEHb MEXaHHYIECKHUX cBOMCTB. [lokasaHo,
4TO Ha OCHOBE pacyera (a3osbix aAuarpaMm CALPHAD Bo3moxkeH au3aiiH HoBoro rnoxosnenust BOC.

Katoueswle c/108a: BbICOKOAHTPOIMIHBIC CILIABBI, JICTHPOBAHHUE, YIIPOYHEHHUE, TepMO0OpadoTka, nporpamma CALPHAD

BbaazodapHocmu: Pabota BbINOIHEHA ITPH MOAAEpkKKe rpanTta Poceuniickoro Hayunoro donma 23-49-00015.

/s yumupoeanus: I'pomos B.E., Konosanos C.B., Epumo M.O., Ilanuenxko W.A., llnsipos B.B. Ilytu ymyumienns coiicte BOC Cantor
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B INTRODUCTION

Created in the early 21% century, a new class of metal-
lic materials known as high-entropy alloys (HEAs) has
attracted the attention of researchers in the field of physi-
cal materials science due to their superior properties com-
pared to conventional alloys [1 — 5]. Among the first five-
component HEAs studied were the CoCrFeNiMn (Cantor
alloy) and CoCrFeNiAl HEAs [5 — 10], which exhibit
a successful combination of strength and plasticity.

Discussion on improving the mechanical and
operational properties of these HEAs began shortly
after their creation and continues actively to this day.
Reviews [11 — 14] have analyzed methods for enhan-
cing the mechanical properties of the CoCrFeNiAl and
CoCrFeNiMn HEAs, considering their potential indust-
rial applications. Approaches to solving this problem
include grain boundary strengthening [10], solid solu-
tion strengthening, creating a nanocrystalline state,
strengthening through precipitates, partial amorphiza-
tion, surface strengthening treatments, developing new
production methods for HEAs [14 — 19], ultrasonic treat-
ment [20], and the formation of structure gradients [21].
These methods can significantly expand the applica-
tion areas of these HEAs. Based on the analysis of experi-
mental results, it has been noted [22] that there are several
hundred five-component HEAs containing over 40 dif-
ferent elements. All HEAs are conventionally divided
into nine families: / — transition 3d-metals Al, Co, Cr, Fe,
Ni, Mn, Cu, Ti; 2 — refractory metals Hf, Mo, Nb, Ta, Ti,
V, W, Zr; 3 — Al, Be, Li, Mn, Se, Sn, Ti, Zn; 4 — transi-
tion 4f-metals Dy, Gd, Lu, Tb, Tm, Y; 5 — bronzes and
brasses; 6 — Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh, Ru with
catalytic properties; 7 — high-entropy metallic glasses
of the Fe, .Co,, Ni, SigB,, type; & — high-entropy
borides, carbides, nitrides, oxides, silicides; 9 — HEA
films and coatings.

Due to the extensive volume of information, the authors
limited their analysis to experimental works from the last
three years on strengthening and modifying the proper-
ties of CoCrFeNiMn and CoCrFeNiAl HEAs, as well
as those with similar compositions using CALPHAD.
The second research approach involved analyzing works
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on predicting the composition of HEAs with specific high
functional properties using CALPHAD software deve-
loped for phase diagram calculations [23 —26]. These
calculations are often combined with experimental veri-
fication of the created materials at the final stage known
as integrated computational materials engineering —
ICME. 1t is believed that this approach can lead to fur-
ther progress in creating HEAs with desired industrial
properties [22]. The need for such analysis is justified by
the fact that the most detailed examination of the proper-
ties and prospects of HEAs was conducted 3 — 4 years
ago [27 — 29], which is a significant period given the pace
of publication activity.

In the past 2 — 3 years, there has been an exponential
growth in the number of publications dedicated to high-
entropy alloys (HEAs) CoCrFeNiAl and CoCrFeNiMn.
Consequently, there is a need to identify and analyze the
most promising directions for predicting ways to improve
the mechanical and operational properties of these HEAs,
which is the objective of this work.

[ RESULTS AND DISCUSSION

For Cantor CoCrFeNiMn and CoCrFeNiAl alloys,
the main approaches to solving the fundamental prob-
lem of solid-state physics — improving their mechanical
properties — can be identified as follows: analysis of heat
treatment, plastic deformation, and external influences;
quantum mechanical calculations of crystalline and
electronic structure; computer simulation; and the use
of phase diagram calculations (CALPHAD), among
others [22].

[l /mprovement of mechanical properties of HEAs

by alloying, precipitation, and heat treatment

The first approach involves searching for patterns
among a large amount of fresh experimental data and
forming criteria for improving the strength and plastic
properties of HEAs.

Optimally, in terms of strengthening effect for Cantor
alloys with FCC and BCC lattices, is vanadium. This is
due to its atomic size: it is large for BCC alloys and small
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for FCC alloys. There is both quantitative and qualitative
evidence for this across a large number of alloys. Accord-
ing to the authors of a study, the optimum concentra-
tion of vanadium should be approximately 25 at. %.

By varying the annealing temperature conditions
(720 h at 800 °C), it is possible to achieve the precipi-
tation of an FCC phase enriched with chromium and
a sigma (o) phase in the Cantor alloy with manganese
content of 10 — 15 and 25 — 30 at. %, respectively. These
precipitates do not have an orientation relationship with
the BCC matrix. Comparisons with a calculated phase
diagram based on a thermodynamic database confirmed
the stability prediction of the BCC phase but did not pre-
dict the stability of the ¢ and FCC phases [11; 12; 22].
Microhardness measurements showed that the pre-
cipitation of the o phase significantly strengthens
the CoCrFeMnNi, (x =1.25; 1.50) alloy. The obtained
results serve as a basis for the development of the compo-
sition and heat treatment of the Cantor alloy.

In recent years, attempts have also been made
to improve the mechanical properties of the Cantor
alloy through alloying with various elements. In a study
by Japanese researchers, the role of titanium and silicon in
the phase equilibrium and changes in the mechanical
properties of the equiatomic Cantor alloy was analyzed.
It was shown that titanium stabilizes the ¢ phase, Al2,
and C14 Laves phases, while silicon stabilizes the A13
phase. Phase relationships were presented as projections
on the isothermal cross section of (CoFeMnNi)-C, |
at 1000 °C of the Cantor alloy. Mechanical tests showed
an increase in ultimate strength and yield strength with
the addition of titanium and silicon, with the effect
of titanium additives being more significant. This may
be attributed to the different deformation strengthening
of the Cantor alloy with these additives.

In a brief overview, it is not possible to provide a com-
prehensive analysis of the state of the problem of improv-
ing the properties of even two HEAs, but the main
trends and approaches can be noted based on the review
of the most significant recent publications.

One of the most discussed issues in strengthening these
equiatomic alloys is the role of y and y’ nanoscale precipi-
tates. In[32], a series of Nig,  Co Cr Fe, Al ,;Mo, HEAs
(x=30; 20; 10; 0) with enhanced strength and plastic
properties was presented. Increasing the nickel concen-
tration and decreasing the cobalt concentration resulted
in the formation of a BCC phase with y’ particles within
it. In the as-cast state, the Ni  Cr, Fe, Al Mo, alloy with
BCC/y' + B2 phase structure exhibited very high values
of 6., (831 MPa).

A systematic study was conducted on the influ-
ence of temperature (660 — 960 °C) and time (1 — 48 h)
of aging on the mechanical properties of niobium-con-
taining HEAs such as CoCrNi, [Nb,. It was observed

that aging at 660 °C led to the formation of nanoscale y”
precipitates with a DO22 superlattice, which strengthened
the HEAs through a dislocation slip mechanism [33].
The ultimate strength and yield strength increased
with increasing aging time, resulting in an increase in
the volume fraction and size of y” precipitates, while
the elongation decreased. Aging at 860 and 960 °C for
1 h resulted in the formation of semi-coherent € precipi-
tates with a DO19 structure, changing the strengthening
mechanism to the Orowan one.

For the design of microstructure and correspond-
ing properties of nearly equiatomic HEAs such as
AlICoCrFeNi, the development of next-generation dis-
persion-strengthened alloys, a template based on an
FCC matrix reinforced with ordered B2 precipitates,
was proposed [34]. Using thermodynamic modeling
of Al; ;CoCrFeNi HEA solutions, isothermal solid-state
aging was performed to precipitate fine-scale intragran-
ular B2 phases. Previous studies by these authors have
already analyzed the positive role of the B2 phase in
ultimate strength and deformation strengthening. In this
work, the positive influence of the fine-scale B2 phase
on wear resistance and dynamic compression was noted.
The yield stress at a true strain of 0.02 % increased more
than two times from 670 to 1350 MPa, and the compres-
sive strength increased by 20 % from 1160 to 1500 MPa.
Moreover, the wear resistance increased more than five-
fold. This result is considered exceptionally important
within the proposed approach to improving mechanical
properties.

The role of boron in increasing the strength of steel
and wear resistance of overlay coatings by forming high-
hardness compounds is well-known in classical metal-
lurgy. However, the number of studies on the influence
of boron on the structural-phase state and mechanical
properties of five-component HEAs is extremely lim-
ited. In [35], this gap was addressed for CoCrFeNiCuB,_
(x =0 -5 at. %) samples obtained by two-stage sintering
and vacuum arc melting, using modern methods of physi-
cal materials science. It was shown that HEAs based
on an FCC matrix contain dendritic phase with a high
content of FeCrCoNi and interdendritic phase with a high
content of copper. The hardness increased to 337 HV
with increasing boron content. At 3 at. % B, the maxi-
mum strength of 1900 MPa was achieved in bending tests
with good ductility.

In the creation and investigation of strengthening new
HEAs, the role of heat treatment is more important than
ever. This is demonstrated in [36], where a sample was
fabricated using the combined method of cable-pulse
arc additive manufacturing (CCW-AAM), and the evo-
lution of microstructure and mechanical properties
of the dual-phase CoCrFeNiAl alloy (FCC + ordered B2
phase) was studied during an 8 h heat treatment.
At 600 °C, the formation of a large amount of chromium-
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rich o-phase was observed in the B2 matrix, and nanoscale
ordered L12 phase was observed in the FCC matrix,
resulting in an increase in hardness from 338 to 420 HV,
yield strength from 654 to 810 MPa, and ultimate strength
from 876 to 1115 MPa, while the elongation decreased
from 3.11 to 2.46 %. With an increase in heat treatment
temperature to 800 °C, the size of the o-phase particles
increased, and the L12 phase transformed into a B2 phase
with high AINi content. The tensile properties remained
unchanged, but the elongation increased by 176 %.
Heat treatment at 1000 °C led to significant coarsening
of the dissolved o-phase in the B2 matrix and rod-like
precipitates of B2, resulting in strengthening of the alloy.
Hardness (308 HV) and yield strength (542 MPa) notice-
ably decreased, but the elongation increased significantly
to 14.2 %. Analysis of these results suggests the poten-
tial for creating CoCrFeNiAl HEAs with a combina-
tion of high mechanical properties and control over
the physical nature of these properties through heat treat-
ment conditions.

One attractive strategy for creating multicomponent
cast HEAs is the separation (and/or precipitation) induced
by decreasing the configurational entropy during cooling
and solidification, as proposed in [37]. It has been noted
that the presence of copper in alloys similar to the Can-
tor alloy expands the phase separation (and precipitation)
due to the high positive enthalpy of mixing between cop-
per and various transition metals. It has been suggested
that reducing the enthalpy of mixing through the sepa-
ration of the copper-enriched phase from the Co—Cr or
Fe—Cr enriched phases induces two- or three-phase struc-
tures. Previous work by the authors of [37] has shown
that the hierarchically structured CrFeNiMn, .Cu,, HEA
exhibited an excellent combination of strength and ductil-
ity (1.02 GPa, 28 %), suggesting its potential for indus-
trial applications. However, the deformation mechanisms
of this cast alloy with micro- and nano-precipitates are
not yet fully understood.

Dispersion strengthening and quasi-linear deforma-
tion strengthening in the cast CoCrCu, ;MnNi HEA pro-
vide an excellent combination of yield strength and duc-
tility at both room temperature (431.5 MPa, 55 %) and
cryogenic conditions (600 MPa, 67 %) [37]. This alloy
has a dual FCC phase structure with dendritic regions
enriched in Co—Cr and interdendritic regions enriched in
Cu—Mn. These regions contain submicron and nanoscale
precipitates, respectively, due to the reduced solubility
of elements in the two phases. The nature of the quasi-
linear deformation strengthening is associated with
the accumulation of dislocation-related defects, packing
defects, and twins induced by deformation.

The design of the eutectic AlICoCrFeNi,, HEA is
considered in [38] based on the analysis of mechanical
properties and mechanisms of cold and hot deforma-
tion. This HEA has a typical eutectic microstructure and
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consists of an FCC phase and eutectic B2 phases with
nanoscale precipitates. The yield strength and elonga-
tion are 1.2 GPa and 22.8 %, respectively. At —196 °C,
the yield strength is 857 MPa, the ultimate strength is
1.48 GPa, and the elongation is ~20 %. This good ducti-
lity may be related to the transformation of the L12 phase
into a disordered solid solution phase during low-tempe-
rature deformation. At high temperatures, the strengthen-
ing of the nanoscale B2 and L12 phases occurs through
the Orowan mechanism and dislocation cutting. It is
noted that the plate-like structure in the as-cast state
transformed into a fine equiaxed structure, resulting in
improved strength and ductility. The authors considered
the construction of HEAs comprehensively from four
perspectives. The first method was based on the phase dia-
gram and its modeling, where CoCrFeNi was considered
as one of the elements in pseudo-binary eutectic alloys.
The second method considered the enthalpy of mixing in
multi-component alloys, with AICoCrFeNi, | as a refe-
rence. Elements with a large negative enthalpy of mixing,
such as zirconium, niobium, and hafnium, were selected
to replace aluminum. The third method considered
valence electrons. The fourth approach focused on cre-
ating HEAs without cobalt due to its weak influence
on microstructure and phase composition. The impor-
tance of the results in [38] lies in the necessity of consi-
dering all four perspectives when designing ecutectic
HEASs with superior properties.

A new paradigm of low-cost Cantor HEA develop-
ment was proposed in [39]. The strategy of design-
ing super-strong and ductile multi-component BCC
alloys involves introducing the so-called “local chemi-
cal order” controlled by interstitials and created through
simple thermomechanical processing. In the experi-
mental multi-component CoCrFeMnNi alloy, processed
by partial recrystallization annealing, a high density
of thin racks containing domains of close and medium
order predominates. These racks develop from flat dis-
location slip bands caused by the internal close order
of the alloy during prior cold deformation. In the multi-
component metastable alloy Fe, Mn, Co, Cr,  (at. %)
with reduced content of expensive nickel and cobalt
(compared to the Cantor alloy), the local chemical order
consisted of forming heterostructures with non-recrystal-
lized grains with thin racks and a small amount of recrys-
tallized submicron-sized grains with nanonitrides. Due
to the strengthening effect of racks, the local chemical
order provides an ultra-high yield strength of 1.34 GPa,
and deformation twinning contributes to a relative elon-
gation of 13.9 %. The universality of the design strategy
is confirmed in multi-component austenitic steel. Using
the example of the CoCrNiMnAl HEA, it is shown that
one way to achieve a good combination of strength
and ductility is by changing the chemical composi-
tion. In HEA without iron, this is largely determined by
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the absence of brittle -phase. Based on thermodynamic
predictions, three single-phase BCC HEAs were pro-
posed: Co,Ni, Mn, Cr, Al,,, Co, Ni,.Mn, Cr Al,., and
Co,,Ni, Mn,.Cr Al ,, which do not contain the 6-phase.
It is shown that the addition of a minimal amount of alu-
minum provides a strengthening effect due to the forma-
tion of a controlled amount of NiAl-B2 precipitates in
the microstructure. The alloys, subjected to intensive
cold rolling with subsequent short annealing at 1000 °C,
achieved high strength values without loss of ductility.
The Co,Ni;Mn, Cr, Al ; high-entropy alloy, with low
defect packing energy, fine grain size, a large volume
fraction of twinning, and the formation of small-scale
precipitates, represents a HEA with the best combina-
tion of strength and ductility.

In summary, considering the publications on the
strengthening of five-component HEAs, it can be noted that
the number of articles on all HEA families strengthened
by vanadium, zirconium, and niobium is limited [41; 42].
From works on classical metallurgy dedicated to study-
ing the effect of microalloying on the properties of steels,
the positive role of vanadium, zirconium, and niobium
in strengthening, such as in pearlitic steels, is well
known. This suggests the need to clarify their role in
HEA strengthening, which should become a priority area
for further research. Breakthrough achievements can be
expected in this field.

[ Using CALPHAD software

According to its chemical composition, the equi-
atomic Cantor alloy is expensive for practical appli-
cations. In [43], an analysis of alloys with a composi-
tion of Co, Cr,Fe,;Mn Ni, was conducted using
CALPHAD (Calculation Phase Diagram) software,
revealing a cost 40 % lower than that of the equiatomic
Cantor alloy. Although these alloys had reduced strength
compared to the equiatomic BCC structure at room tem-
perature, they exhibited significantly higher strength
at 873 K. This can be largely attributed to deforma-
tion twinning due to low defect energy in packing at room
temperature. The Labusch model was used to calculate
the “softening” effect in the solid solution strengthening
of the Cantor alloy. Such calculations allow for the devel-
opment of an algorithm for designing alloys with specific
mechanical properties.

The attempt to automate the evaluation of the kinetic
database for BCC equiatomic HEAs seems justified.
The development of accurate kinetic databases through
parameterization of composition and temperature-depen-
dent atomic mobilities is necessary for correcting multi-
component calculations and CALPHAD modeling. Using
the example of the CoCrFeNiMn HEA, an automated
evaluation procedure is proposed, which includes storing
raw data and evaluation results, automatic weighting,

parameter selection, and re-evaluation. The proposed
software, written in Python, only uses diffusion indicator
data for clear separation of thermodynamic and kinetic
data. The created database is valid for the entire composi-
tion range of five-component HEAs.

Based on experimental data, the authors of [45]
were able to obtain a polynomial equation for strength
(hardness) for BCC HEAs containing 4 — 5 elements
of the Cantor alloy system. An important conclu-
sion of the study is that as the iron content increases,
the strength of the five-component Cantor alloy
decreases. This is due to a decrease in the shear modu-
lus with decreasing iron concentration. The role of mix-
ing enthalpy and electron concentration is also important.
It is shown that the strength in Cantor alloys increases
with decreasing mixing enthalpy and increasing concent-
ration of valence electrons. This is particularly important
for controlling mechanical properties, as it allows for
purposefully increasing or decreasing their values.

The CALPHAD thermodynamic calculation pro-
gram can be very useful for the development of new
CoCrFeNiMn HEAs with increased strength. Compu-
terized thermodynamic prediction of phase equilibria is
the basis for this, as mechanical properties are largely
determined by the phase composition of alloys. This
task is quite complex due to the incomplete descrip-
tion of ternary systems. In [46], a successful attempt
was made to develop a self-consistent thermodynamic
description of the five-component Cantor alloy system by
completing the description for all triple subsystems and
making new thermodynamic assessments for CoCrNi and
CoCrMn.

The reliability of the developed thermodynamic
description of the five-component Cantor alloy is con-
firmed by comparing the calculated vertical sections
of the five-component phase diagram with available
experimental data. This provides a basis for higher-order
thermodynamic descriptions of systems with various
additional elements.

To improve the strength characteristics of the Cantor
alloy, various alloying elements have been and are being
introduced [47 —52]. When designing a new Cantor
alloy, it is necessary to consider the possibility of forming
intermetallic - and B2-phases [53 — 55]. The influence
of alloying elements on phase stability is very complex,
and their individual contributions to a multi-component
alloy like Cantor are small, which makes reliable predic-
tion difficult.

The way forward lies in considering the simulta-
neous influence of various alloying elements. This can
be achieved within the framework of CALPHAD (Cal-
culation of Phase Diagram) [56]. Commercial databases
(TCHEA and PanHEA) do not allow for the reproduc-
tion of experimental vertical sections of five-element
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HEAs and, consequently, cannot adequately predict
phase equilibrium between FCC, BCC, and c-phases.
To achieve this, thermodynamic descriptions are needed
for all binary and ternary systems. Unfortunately, for
most multicomponent HEAs, these have not been deve-
loped. According to publications, alloying of HEAs is
carried out over a wide range of concentrations, which
highlights the importance of developing thermodynamic
descriptions for all ternary systems that significantly
impact the prediction of phase equilibrium.

The most detailed analysis of phase formation in five-
component HEAs consisting of cobalt, chromium, iron,
nickel, manganese, aluminum, and copper was conducted
in a particular study [57]. A total of 2436 compositions
were considered, of which CALPHAD selected 1761
variants for reliable prediction of FCC/B2 and BCC phase
formation, excluding the amorphous phase and interme-
tallics. It was shown that thermodynamic calculations and
experimental data closely matched. As the atomic size
difference between elements increases, more FCC/B2
phase alloys are formed compared to HEAs with BCC
structures. It was found that the concentration of valence
electrons is the most important parameter for predicting
FCC/B2, BCC, and FCC/B2 + BCC phases. These results

are crucial for designing HEAs with specific structures
and, consequently, properties.

A new approach to creating five-element eutectic
HEAs is proposed in [58]. It is based on the possibi-
lity of using composite phase diagrams and the mixing
entropy of two- and three-component eutectic alloys
in the development of new HEAs. The search for such
HEAs is justified, as five-component eutectic HEAs dem-
onstrate a successful combination of high strength and
plastic properties [59 — 62] due to their lamellar compos-
ite microstructures.

Reliable phase diagrams for five-element alloys are
clearly insufficient, so the approach proposed in [58]
looks promising. This is confirmed by experimental
results in creating eutectic alloys in the AICoCrFeNi and
CoCrFeNiTi systems.

To develop new HEAs with high yield strength,
a method combining CALPHAD phase diagram calcu-
lations, electronegativity differences, and machine lear-
ning [63] is proposed. In the first stage, this method allows
avoiding the formation of undesirable brittle phases.
Following the trend of creating new HEAs, points with
high yield strength and elemental ranges are identified

TEM images of the destroyed alloy Co,,Cr, Nis, Mo, [63]:
a, b — images of shear bands in a light field and corresponding diffraction patterns of the selected area;
d, e — interaction of dislocations with shear bands; f— light field, images of a tangle dislocation substructure in another grain

TIOM-uzo6paxenus paspymennoro criasa Co, ,Cr, Ni; Mo, [63]:
a, b — 1300pakeHus OJIOC CBUTA B CBETIIOM II0JIE U COOTBETCTBYIOIIHE TU(PPAKINOHHBIEC KAPTHHBI BHIOPAHHON 00J1aCTH;
d, e — B3aMMOJIENCTBHE IUCIOKALIMH C MTOJIOCAMU C/IBHUTA;
f— cBemnoe nose, N300paxeHuUs KIIyOKOBOI AUCIOKAIIOHHOM CyOCTPYKTYPBI B IPyTOM 3epHE
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in the single-phase region. Additionally, if the content
of molybdenum and iron is 6 and 0 at. % respectively,
the ranges for nickel and cobalt are expanded. The next
step is the experimental verification of the developed
alloy. It is shown that the yield strength of the single-phase
Co,,CryNig;Mo, HEA with a grain size of 17.1 pm was
472 MPa with an electronegativity difference of 0.136.
The high ductility and deformation strengthening ability
of the alloy are due to the high density of dislocation slip
bands and their interaction. The distance between slip
bands is about 100 nm (refer to Figure, ). The contrast
from the slip bands is darker than the FCC matrix, and
the presence of high-density dislocation tangles in the slip
bands (refer to Figure, f). indicates intensive deformation.

For the aerospace industry, the Al, Co ,Cr, Fe, Ni;,
HEA, obtained in the cast state, homogenized at 1200 °C
for 8 h, and subjected to step annealing at (24 h) and
590 °C (120 h) [64], can be useful. This provided an FCC
matrix microstructure with B2 precipitates and chromium-
enriched carbide. The design of this HEA was based
on CALPHAD phase diagram calculations. Mechanical
testing showed an excellent combination of strength and
ductility: the yield strength was 470 MPa, the ultimate
strength was 790 MPa, and the elongation was 48 %.
The results of this study vividly demonstrate the possi-
bilities of creating next-generation HEAs based on phase
diagrams.

- CONCLUSIONS

Due to the large number of publications accumu-
lated on various directions for improving the mechani-
cal properties of the CoCrFeNiMn (Cantor alloy) and
CoCrFeNiAl HEAs, an analysis of works from the last
three years on alloying, strengthening by precipitations,
heat treatment, and the use of CALPHAD phase diagrams
has been carried out.
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CALCULATIONS OF PHASE COMPOSITION
OF AUSTENITIC HIGH-NITROGEN WELDING WIRE
AND STUDY OF A WELDED JOINT MADE FROM IT

V. S. Kostina®, M. V. Kostina, D. V. Zinoveey, A. E. Kudryashov

Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences (49 Leninskii Ave., Moscow 119991,
Russian Federation)

&) vskostina@yandex.ru

Abstract. The processability of a material is directly related to the possibility of its production, operation and maintainability. One of the most important
indicators of the processability of any metal is weldability. Austenitic steels with a high nitrogen content proved themselves as high-strength, corro-
sion- and cold-resistant materials, but the issue of their weldability is still not fully understood. The lack of welding filler materials on the market
specifically designed for welding high-nitrogen steels is the primary obstacle to solving this problem. Thus, the goal of the work was to develop
and obtain a laboratory sample of high-nitrogen welding wire. Based on calculations of nitrogen solubility and the phase composition of the weld
metal, the chemical composition of Cr—Mn—Ni—Mo—V, N steel was selected for this wire. A defect-free ingot with 0.57 % N was obtained, and wire
with a nitrogen content of 0.57 wt. % was produced using hot plastic deformation and drawing methods. Testing of this wire to obtain a welded joint
of austenitic cast steel, close to it in chemical composition, with the welding process carried out according to the developed technological recom-
mendations, made it possible to obtain a defect-free welded joint without loss of nitrogen in the weld metal. With a microhardness of the base metal
of 252 HV, due to the alloying of the welding wire steel with nitrogen and vanadium, the metal of the weld and fusion line had a high microhard-
ness (278 and 273 HV, respectively), significantly exceeding the microhardness of Cr—Ni cast austenite. The metal of the welded joint has high
strength (0.9 of the base metal strength) and high impact toughness. The fracture of impact samples is characterized by a dimple structure characteristic
of viscous materials. According to the obtained results, the new welding wire showed itself to be a promising material for welding austenitic high-
nitrogen steels.

Keywords: high-nitrogen steel, welded joint, manual arc welding, high-nitrogen welding wire, mechanical properties, impact strength, fractography
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PACYETbI ®PA30BOr0 COCTABA AYCTEHUTHOU
BbICOKOA3OTUCTON CBAPOYHOM NPOBOJIOKMU
M UCCNEAOBAHUE BbINO/IHEHHOIO U3 HEE CBAPHOIo COEAUHEHUA

B. C. Koctuna ©, M. B. KoctuHa, /1. B. 3uHoBeeB, A. 3. Kyapsamos
| UucturyT Metanaypruu u marepuasoBenenusi uM. A.A. baiikoBa PAH (Poccus, 119991, Mocksa, Jleannckuii mp., 49)

&) vskostina@yandex.ru

AHHomayus. TexHOIOTMYHOCTh MaTepHala HalpsIMYIO CBsI3aHa ¢ BO3MOXKHOCTBIO €r0 IIPOU3BOJICTBA, IKCIUTYaTallii U PEMOHTOIPUTOAHOCTH. OJHUM
U3 BOXKHEHIINX MOKa3aTeNeil TeXHOIOTHYHOCTH METaJlIa SBJISETCSl CBApUBAEMOCTb. AyCTEHUTHBIE CTAIU C BHICOKMM COJEPKaHHEM a30Ta Mposi-
BIJIM ce0sl KaK BBICOKOIIPOYHbBIE, KOPPO3UOHHO- M XJIaJAO0CTOMKHME MaTepHalbl, OJHAKO BONPOC UX CBAPUBAEMOCTH JI0 CUX IOpP PACKPHIT HE JI0
koHLa. OTCYTCTBHE Ha PhIHKE CBAPOUYHBIX IIPUCAJOUHBIX MATEPHAIIOB, CIIELMAIBLHO pa3pabOTaHHBIX JUIsl CBAPKU BBICOKOA30THCTBIX CTAJICH, IEpBO-
CTENEHHAs perpaja nepes peueHrneM 0003HadYeHHON npobiueMbl. B ¢BA3M ¢ 3TUM 1eNbI0 JaHHOW paboThl sSBIsIETCS pa3padoTKa U MOTydYeHHEe
J1a60paTopHOro oOpasia BHICOKOA30TUCTOM CBapOUHOIl TPoBOIOKH. Ha 0CHOBE MPOBEEHHBIX PACU€TOB PACTBOPUMOCTH a30Ta U (ha30BOr0 COCTaBA
MeTaia 1mBa BeIOpaH xumudeckuit coctaB Cr—Mn—Ni—Mo—V,N cranu s a1oit npoBosnoku. [lonyuen Oesnedexrnsrii cnurok ¢ 0,57 % N
U METOJAaMHM ropsiuell IacTuueckoi aedopmaluu U BOJIOYEHHs H3rOTOBJIEHA MpoBosioka ¢ coxepxanueM 0,57 mac. % N. OnpoboBanue 3Toi
MPOBOJIOKH YISl MIOJyYSHUs] CBAPHOTO COCAMHEHUSI ayCTCHUTHOW JIMTCHHON CTaju, OJMM3KOW K HE#l M0 XMMUYECKOMY COCTaBy, C MPOBEACHUEM
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Tpornecca CBapku I1mo pa3pa60TaHHLIM TEXHOJIOI'MYECKUM PEKOMCHAALUAM, ITO3BOJIUIIO MTOJIYUYUTh 663)16(1)CKTHOC CBapHOE€ COCAMHCHUE 0e3 rnorepu

azora B Metayure mBa. [Ipm MuKpoTBeprocTH OcHOBHOTO Metamia 252 HV

500 6nar0;[ap;1 JICTUPOBAHHUIO CTaIn CBapO‘{HOfI ITPOBOJIOKH a30TOM

Y BaHAJMEM METAJLl CBAPHOTO I1BA U JIMHUM CIUIABIEHHS HMEN BBICOKYIO MUKPOTBEPAOCTh (278 1 273 HV,, COOTBETCTBEHHO), 3aMETHO MPEBbI-
MIAOITYI0 MUKPOTBepaocTh Cr—Ni nautoro aycreHnTa. MeTamn cCBapHOTO COEIMHEHHS XapaKTePH30BalcCs BBICOKOI IpodHOoCThio (0,9 oT mpod-
HOCTH OCHOBHOTO METaJlIa) U BHICOKOH YIapHOH BA3KOCTHIO. M3110My yIapHbIX 00pa3LioB MPUCYIIE XapaKTepHOE VIS BSI3KUX MaTepHAJIOB SMOYHOE
crpoenue. [1o pe3ynbraTam HcclIen0BaHHSA HOBas CBAPOYHAs IPOBOJIOKA ITOKa3aia ce0s Kak IMepCIeKTUBHBII MaTepHall IS CBapKH ayCTCHHTHBIX

BBICOKOA30THCTBIX CTAJICH.

Knawueaswle ¢/108a: BbICOKOA30THUCTAS CTajib, CBAPpHOC COCAMHEHUE, pyUHas Ayrosas CBapKa, BLICOKOA30TUCTAsA CBApO4YHAas IPOBOJIOKA, MEXaHUYCCKHUE

CBOIICTBa, yapHas BA3KOCTb, (hpaKTorpadms
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[ INTRODUCTION

Due to the combination of properties, austenitic
high-nitrogen steels can be used in mechanical engi-
neering, instrumentation technology, medicine, oil and
gas industry, for everyday necessities, etc. The practical
application of such steels implies good processability,
including weldability. While welding austenitic steels
with high concentration of nitrogen (0.4 — 0.6 %), it is
recommended to use the welding filler with the increased
concentration of this element. It is difficult to obtain high
quality welded joints of such steels as the welding filler
materials developed specifically for welding high-nitro-
gen steels are not available in the market [1; 2]. Until
recently, filler materials for welding this type of steel
were chosen based on the following principles.

1. The Fe—Cr—Ni—Mo welding filler was used. In
some cases, they contain small amounts of manganese
and 0.10 — 0.25 % of nitrogen' [3; 4]. In this case, for
the welding material to retain its austenitic structure,
the nickel concentration in it should be significantly
(~2 times) increased (compared to common stainless
steels) [5; 6]. Also, for the same purpose, the carbon con-
centration may be slightly increased [7 —10]. This
option is most feasible in practice, but it has a number
of disadvantages:

— the steel strength reduces due to the lack of solid-
solution hardening with nitrogen;

— the balance shifts towards ferrite formation.

In some cases, a certain amount of nitrogen
gas [11 — 14] or nitride-containing powder [15] are added
to the shielding gas to increase the nitrogen content in
the weld metal during welding. Addition of nitrogen in
the properly calculated concentration during the welding
process results in decreased ferrite amount, enhanced
ductility and corrosion resistance [16 — 19].

I https://www-eng.lbl.gov/~shuman/NEXT/MATERIALS&COM-
PONENTS/ss-weld manual avesta.pdf
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2. Ni-based welding filler materials originally devel-
oped for welding heat-resistant steels can be used [4; 20].
They are characterized by high performance properties,
but contain a large number of expensive alloying ele-
ments: 55— 68 % Ni and 2.5 - 16 % Mo. When high-
nickel fillers are used, low welding current should be
applied for welding so that the high-nitrogen base metal
is not mixed with the filler metal. Otherwise, the mix-
ing zone will be depleted of nitrogen due to the high
concentration of nickel, which reduces nitrogen solubi-
lity [21], thus making its zone the most vulnerable area
of the welded joint [22].

3. The metal with the chemical composition simi-
lar or identical to that of the base metal can be used
as the filler, this option is called autogenous TIG wel-
ding [23]. The advantage of this method is that the con-
centration of nitrogen in the welding filler is as high as
that in the base metal, therefore, the welded joint can be
expected to be quite strong. However, this option cannot
be used on an industrial scale if thin base metal rods are
applied for autogenous TIG welding, as many welding
processes involve automatic wire feeding.

Recently, the issue of selecting welding filler mate-
rials for welding high-nitrogen steels has attracted spe-
cial attention. A number of research groups have reported
the development of welding wire samples with high-
nitrogen content [17; 19; 24].

The authors of [24] developed three samples
of experimental Cr—Mn—Ni welding wires with a nitro-
gen content of 0.15; 0.6 and 0.9 %. Welded joints
of 22Cr—16Mn—2Ni—0.75N high-nitrogen steel were
obtained using the developed wires in argon shielding
gas. During the welding process, the resulting degassing
of nitrogen in the molten wire droplets led to reduction in
nitrogen content in the weld hard metal. As a result,
some amount of ferrite was formed in the metal of welds
obtained using wires with a nitrogen content of 0.6
and 0.9 %, which led to a drop in the impact strength
of welded joints. At the same time, porosity was revealed
in the metal of the weld with the highest nitrogen con-
tent, which negatively affected the strength of the welded
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joint. The welded joint with 0.15 % N had an austenitic
structure, however, due to the low nitrogen concentration,
its strength characteristics were the lowest.

In the study [17], welded joints of 22Cr—2Ni—16Mn—
—0.75N steel were obtained by arc welding using
the 20Cr-2Mo—-18Mn—0.6N filler. To prevent
the risks of losing nitrogen from the welding wire,
the Ar—N,—CO, mixture was used as the shielding gas.
It was found that as the CO, content increases, so does
the nitrogen content in the weld metal, which results in
enhanced strength and impact strength of the welded
joint. The addition of N, gas (up to 7 %) also boosted
the nitrogen content in the weld metal. During auto-
matic arc welding described in [19], welded joints
of 21Cr—Ni—17Mn—-4Mo-0.8N steel were obtained in a
shielding gas mixture of 93.5 % Ar+ 5% N, +1.5% O,
while experimental 21Cr—2Ni—17Mn—-2Mo—0.78N
welding wire was used. The wire feed speed and volt-
age were varied. It was found that a low wire feed speed
(3 — 8 m/min) at moderate arc voltage (up to 20 V) is
preferable to ensure a stable welding process. The use
of high welding speeds and higher voltages resulted in
wire metal scattering and smoke in the arc burning area.

Having analyzed the reasons behind the difficulties
hampering the development of a suitable high-nitrogen
welding wire, we can emphasize the following. When
designing a wire, it is important to take into account
the chemical composition, post-weld microstructure
formed by the welding wire metal and the weld crystal-
lization mode. All of these factors can affect the wire
manufacturing technology. The higher the nitrogen con-
tent of the wire metal, the more metal degassing will occur
during the welding process. Accordingly, ingots obtained
by smelting under nitrogen pressure are not suitable for
this purpose. When developing the wire chemical compo-
sition, it is also important to take into account the content
of alloying elements that tend to form hard and brittle
nitrides during welding, such as Cr, Nb and V. In addi-
tion, the stacking fault energy enhances with increasing
nitrogen content, which may create difficulties for wel-
ding wire drawing from steel with high nitrogen content.

Given this, the objectives of this work include deve-
loping the chemical composition of welding wire with
high nitrogen content, predicting the phase composi-
tion of weld metal in Thermo-Calc, obtaining a wire
laboratory sample and studying the properties of welded
joints fabricated using the developed welding wire.

[ MATERIALS AND METHODS

As the study object, we used welded joints obtained
by manual argon arc welding of austenitic steel,
grade 05Kh21AG15N8MFL, with a nitrogen content
of ~0.6 wt. %, 20 mm thick, in an argon environment.

After smelting, the steel was subjected to homogeni-
zing annealing at 1200 °C for 3 h followed by cooling
in water. The chemical composition of the base metal is
presented in Table 1.

The welded joints were obtained based on the techno-
logical recommendations developed by the authors [25]
using the following welding parameters: welding current
of 100 — 120 A; arc voltage of 9 V; and welding speed
of 3 m/h. According to the recommendations, air cooling
was performed after each layer of deposited metal.

The welding wire with high nitrogen content, 1.2 mm
in diameter, developed and obtained at IMET RAS was
used as a welding filler material [26]. To select the chemi-
cal composition of Cr—Ni—Mn—Mo—-N welding wire,
we performed:

— thermodynamic calculations of nitrogen [N] solubi-
lity [27]

1g[N] =-560/T — 1,06 — 2600/ —

— {0.39(-0.048([Cr] + 0.5[Mn] — 2.45[C] —
— 0.9[Si] — 0.23[Ni] + 0.27[Mo] + 2.04[V] —
—0.12[Cu] — 0.15[S] — [P] + 0.41[W]) +
+3.5-104([Cr] + 0.5[Mn] — 2.45[C] —

— 0.9[Si] — 0.23[Ni] + 0.27[Mo] + 2.04[V] —
—0.12[Cu] - 0.15[S] - [P] + 0.41[W])>} +

+(700/T - 0.37); (1)

— calculations of the phase composition using Schaef-
fler diagram based on estimated nitrogen concentrations
under the following condition:

Ni, /Cr, > 0.8, 2)

where the values of nickel and chromium equivalents
were calculated by the following formulas

Ni, =Ni+ 0.1Mn - 0.01Mn* + 18N + 30C, 3)
Cr;,=Cr+1.5Mo +0.485i + 2.3V + L.75Nb;  (4)

— ensuring corrosion resistance:
PREN=%Cr+3.3% Mo+ 16 % N >31. 5)

Phase composition calculations of the weld
metal were performed using thermodynamic values
from the TCFE 7.0 database in Thermo-Calc. The initial
parameters in thermodynamic modeling were the concen-
trations of the system components (chemical composi-
tion), temperature and pressure. The calculations were
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Table 1. Grade chemical composition of the base metal

Tabauya 1. Mapo4YHbIii XHMHYECKHU COCTAB OCHOBHOI'0 MeTaJlJIa

Chemical composition, wt. % (Fe and impurities — the rest)
Base metal . Si ‘ Vv ‘ C ‘ S ‘ P
N Cr Ni Mn Mo -
maximum
05Kh21AGISNSMFL | maximum 0.6 | 21-22 | 7.7-9.0 | 15-16 | 1-2| 0.2 | 03 | 0.04 |0.008] 0.012

performed at normal atmospheric pressure in the temper-
ature range from 600 to 1200 °C.

Fabricating the sections and revealing the micro-
structure. The samples were pressed into bakelite on an
Opal 400 hot mounting press, then successively ground
on a Saphir 250 grinder and polished on a cloth using
emulsion. Polished samples of welded joints were sub-
jected to etching in the reagent: 2 parts of HCI + 1 part
of HNO, + I part of glycerin.

Optical microscopy. The microstructure was studied
using an Olympus GX51 light microscope.

Ferritometry. The ferrite content was measured
by the magnetometric method using an MVP-2M multi-
functional eddy current tester. The ferritic phase content
range can be measured from 0 to 25 %; limit of permis-
sible basic error of the ferritic phase: 0.05(1 + Xq}), where
X, is the measured value of the ferritic phase, %.

Microhardness. Microhardness of different zones of
welded joints was measured according to GOST 9450 — 76
on a Volpert 402MVD hardness meter at a load of 50 g,
with the sample being held under this load for 10 s.
A tetrahedral diamond pyramid was used as an indenter.
The microindentation hardness number was determined
by the formula

:EZ0.102-2F-s1nd/220.189£ ©)

HV ,
S d? d?

where F is the load, N; d is the diagonal of impression,
mm.

Mechanical properties were determined on the sam-
ples of the base metal and the resulting welded joints,
in which the weld was located in the center of the cut
sample.

Tensile tests were conducted according to
GOST 1497 — 84 on an Instron 3382 testing machine.
Proportional cylindrical samples, type IV, No. 7 were
used. The test was performed at a speed of 1 mm/min in
all cases, at room temperature.

Impact bending tests were conducted according
to GOST 9454 — 78 on an Amsler RKP 450 (Zwick/Roell)
impact testing machine at 20 °C. We used the samp-
les defined in GOST 9454 — 78 with a V-concentrator.
The maximum pendulum impact energy is 300 J.
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Raster electronic microscopy. Fractographic
analysis of samples after destruction was carried out
on a LEO-1420 scanning electron microscope with an
Oxford Instruments microscope for micro X-ray spectral
analysis (MXSA).

[ RESULTS AND DISCUSSION

[ Development of chemical composition

and production of welding wire

The high-nitrogen welding wire was developed
based on Fe—Cr—Mn steel alloyed with interstitial
elements — nitrogen (~0.5 %) and carbon, substitu-
tion elements — nickel and molybdenum, which ensured
an austenitic structure, high strength, corrosion and
cold resistance® [4]. Based on the calculations by for-
mulas (1) — (5) we selected the chemical composi-
tion of the welding wire (Table 2).

Due to the melting of Cr—Ni—Mn—-Mo—N wires
during welding, the volatile elements — nitrogen and
manganese — can partially escape from the weld metal.
The objective of this work is to evaluate the thermody-
namically equilibrium phase composition of weld metal
depending on the content of nitrogen and manganese
using the Thermo-Calc software for plotting temperature
sections of phase diagrams.

Fig. 1 shows the plotted phase diagrams for the compo-
sition of the new welding wire with variable nitrogen and
manganese content. The dotted line indicates the amount
of nitrogen and manganese contained in the weld wire
metal of the calculated composition (Table 2).

In the steel of this chemical composition, in equilib-
rium conditions when the temperature drops to ~700 °C
and nitrogen concentration decreases to 0.5 %, the unde-
sirable Z-phase (Cr, V)N can be separated from austenite,
in addition to CrN nitrides, Me,,C, carbides and c-phase
(Fig. 1, a). However, according to [28], the Z-phase is
formed in case of long thermal soak in heat-resistant steels.
Taking into account that welding is a non-equilibrium
process in which each pass of the welding arc is accom-
panied by melting of a small area of the welded metal
edge and melting of the welding wire of a small diameter

2 Refer to: Ibid.
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Table 2. Grade chemical composition of the welding wire metal

Tabauya 2. Mapo4YHbIii XHMHYECKHU COCTAB METAJLJIa CBAPOYHOI MPOBOJIOKH

Chemical composition, wt. % (Fe and impurities — the rest)
Weldin, . .
(e _ si|/v|]c| s | P |INL%| Ni/Cr, PREN
wire N Cr Ni Mn Mo - 4
maximum
Sv-0.57N | maximum 0.57 | 21-23 | 7.8-83|14-16/ 05— 1.5 0.5]0.2] 0.06 | 0.007[0.013| 0.57 | 073 | 32
1500 :
o ) Liquid i Liqms\
1400 ¢ Liquid + Ferrite i Liquid + Austenite
Liquid + Ferrite + Austenite |
i -
7300 Ferrite + Austenite ] Austenite
1
1200 i
& :
- 1
g 1100 Ferrite + Austenite + CrN Austenite + CrN i
5 !
S 1000 [ i
g . . ! Austenite +
= Ferrite + Austenite + CrN + Me,;C, i+ CrN + o-phase
900 '
Fe\rrite + Austenite + Ferrite + Austenite + CrN + o-phase |
800 I + N+ Me,,C, + o-phase i
Austenite + CrN + Me,,C, + Austenite + CrN + Me,;C, + o-phase
700 + o-phase + Z-phase i
1
600 I I I : I
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
A N, wt. %
a
1500 T
Liquid + Gas i Liquid
1
1400 !
“ :
1300 Liquid + Austenite !
1
I
1200 + i Austenite + CtN
o i
- 1
g 1100 | i
= 1
g |
5} |
2 1000 |-
5 |
= Austenite + CrN + o-phase ‘m/_
900 \ Ferrite + Austenite + CrN
|
800 + i Ferrite + Austenite + CrN + o-phase
1
|
- 1
700 | Austenite + CtN + Me,,C, + o-phase
1
600 I I I L I I I I I

@ 13.0 135 140 145 150 155 160 165 170 17.5

Mn, wt. %

b

18.0

Fig. 1. Calculations of thermodynamically equilibrium phase composition of welding wire Sv-0.57N depending

on the content in it of nitrogen (at 15.1 % Mn) (@) and manganese (at 0.57 % N) (b)

Puc. 1. PacueTsl TepMOANHAMUYECKH PAaBHOBECHOTO (ha30BOr0 cocTaBa cBapoyHoi npoBosoku CB-0,57N B 3aBUCUMOCTH
OT COZIep KaHusl B Heil a3ota mpu koHueHTpauuu 15,1 % Mn (a) u mapranna npu konuentpauuu 0,57 % asora (b)
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(~1.2 mm), followed by cooling, undesirable Z-phase or
c-phase are not likely to emerge in the weld metal zone,
fusion zone or heat affected zone of the welded product.

According to the calculated data presented in
Fig. 1, b, some possible reduction of manganese concen-
tration during welding cannot lead to negative changes
of the phase composition, the latter should remain aus-
tenitic.

Welding wire manufacturing involved the following
process steps: smelting of steel with the given chemical
composition in an open induction furnace with the addi-
tion of nitrided ferroalloys; homogenization of the cast
structure at 1200 °C; rolling with preheating at 1100 °C;
rotary forging and wire drawing.

- Microstructure

The examination in the optical light microscope
did not reveal any pores, cracks or non-welds (Fig. 2).
The authors of [24] present a general view of welded
joints studied using the microscope of low magnifica-
tion. When welding wire with 0.9 % nitrogen content
was used, pores in the weld metal were observed with
the naked eye.

The  microstructure of the base metal,
05Kh21AG15N8MFL cast steel, is characterized by
large grains of austenite, 200 — 700 pum in size (Fig. 2, a).
The weld metal structure includes small grains elongated
in the direction of crystallization (Fig. 2, »). A number
of ferrite grains are observed in each of the weld zones.
The ferritometry test revealed that the volume content
of ferrite does not exceed 0.27.

Comparing the data obtained by calculations
of the phase diagram presented in Fig. 1 and micro-
structure images, it is important to point out that optical
microscopy did not confirm the presence of Me,,C, car-
bides and c-phase in the obtained welded joints.

The high-temperature welding process can adversely
affect the heat affected zone of the weld. Thus, for
example, the works [29; 30] showed that large particles
of Cr,N nitrides were released in the heat affected zone,
which led to reduction in corrosion resistance. However,
large nitride particles were not detected in the studied
welded joints, obviously due to the use of low weld heat
input.

The nitrogen content in the weld metal amounted
to 0.58 %, apparently due to the transfer of nitrogen from
the base metal (with 0.6 % N) into the welding bath during
welding. Such high nitrogen assimilation was achieved
by following the technological recommendations for
welding high-nitrogen steels [25]. In the previously dis-
cussed work [24], when multi-pass argon-arc welding
and welding wires with 0.6 and 0.9 % N were used, as
in this case, the nitrogen content in the weld metal was
0.54 and 0.64 %, respectively. In [17], even the addi-
tion of 5 % N, to the shielding gas did not help to keep all
the nitrogen contained in the filler metal (0.6 %), and its
value in the weld metal amounted to 0.58 %.

[ Mechanical properties

The weld samples for tensile and impact bend-
ing tests were cut so that the weld metal was centered
on the test samples. Fig. 3 presents the histogram that
demonstrates high properties in the “yield strength — ten-
sile strength — impact strength” combination of welded
joints of cast high-nitrogen steel. As a compari-
son, the paper [31] indicates the following mechani-
cal properties of the 05Kh21AG15N8MFL cast steel
sample after homogenization annealing at 1200 °C,
4h: o,,=407 MPa, o, =674 MPa, KCU =209 J/cm?.
Consequently, the welded joints of high-nitrogen steel
investigated in this study, obtained using the developed
welding material and based on the formulated technolo-
gical recommendations, are practically equal in strength

Fig. 2. Microstructure of base cast metal (a) and welded joint (b)

Puc. 2. MUKpOCTPYKTypa OCHOBHOT'O JINTOTO MeTasuIa (@) u ceapHoro coenunenust (b)
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to the base metal without welding (90 % of the strength
of the base metal).

Microhardness values measured in different zones
of the welded joint (Fig. 4) are consistent with the grain
size in each of the research areas. Among other things,
the lowest hardness values are typical for the base
metal with the coarse-grained cast austenitic structure.
The microhardness in the fusion zone and weld metal is
higher as boundaries of small grains formed in the weld
metal contribute to the hardening.

The fracture morphology of the samples after impact
tests indicates ductile dimpled fracture pattern (Fig. 5).
Large dimples contribute to enhancing plastic proper-
ties’. The steels have high impact strength when, with

800 300
700 = 250
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§ 500 200 Ng

& 400 150 %

s 30 100 =
200
100 50

0 0

G, O KCV

u

Fig. 3. Mechanical properties of the samples of welded joints
of high-nitrogen austenitic steel

Puc. 3. Mexanudyeckue CBOWCTBa 00pa3LoB CBAPHBIX COSTUHEHUIH
BBICOKOA30THUCTON ayCTEHUTHOW CTalN
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Fig. 4. Microhardness in each zone of the welded joint:
BM - base metal, FZ — fusion zone, WM — weld metal

Puc. 4. MuKpoTBepAOCTb B KaX/I01 U3 30H CBAPHOTO COCTMHEHHUS:
BM — ocnoBHoii Metaiut; FZ — 30na crutaBnenus; WM — meTain mBa

3 S.L. Gorobchenko, Y.S. Krivtsov, A.K. Andreev, Yu.P. Solntsev
Competitiveness of reinforcement castings beyond impact strength or
application of a new comprehensive method to validate the reliability of
austenitic steels for cryogenic valves. TPA. Pipeline Valves & Equipment,
International Magazine [Electronic resource]. URL: http://www.valverus.
info/popular/3219-konkurentosposobnost-armaturnogo-litya.html

Fig. 5. Fractography of the samples
of welded joints after impact tests

Puc. 5. ®pakrorpadust 00pa3oB CBAPHBIX COCIMHEHUI
OCJIe UCTIBITAHUH Ha yIapHYIO BSI3KOCTb
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a large number of small-sized dimples, the largest area in
the fracture is covered by dimples, minimum 10 — 15 pm
in size, with globular inclusions not exceeding 8 pm.
Another indication of high metal ductility is the depth and
plasticity of the dimples themselves, the serpentine slid-
ing on their walls and the absence of the dimples frac-
turing* — these are the features observed in the fracture
(Fig. 5, ¢, d).

Discussing the strength characteristics achieved in
this experiment, the following observations can be made.
The strength level of a welded joint is determined by its
weakest section. The authors tested this wire while wel-
ding cast austenitic steel, which is considered to be high
strength among cast austenitic steels (the standard yield
strength value of austenitic steels of the Fe—18Cr—10Ni
system does not exceed 200 MPa). When the same wire is
used for welding hot-wrought metal of the same composi-
tion, the properties of the welded joint should be higher.
For example, in [24], welding filler with 0.6 % N was
used to obtain a welded joint of high-nitrogen deformed
steel. Accordingly, the tensile strength 6, =912 MPa was
reached, while the impact strength was expectedly lower,
KCV =110 J/cm?. This level of properties was obtained as
the base metal structure was reinforced by deformation.

The welded joint obtained using a welding filler with
0.78 % N, during welding n the shielding gas atmosphere
(87 % Ar—6.5 %N, - 6.5 % CO,), also demonstrated
high mechanical properties characteristic of deformed high-
nitrogen metal: 6, = 956 MPa, KCV =132 J/cm? [17].

- CONCLUSIONS

We calculated the phase composition of steel
of the selected composition Fe — Cr — Mn — Ni — Mo -V,
N while varying the content of manganese and nitrogen,
which can volatilize during welding. The study showed
that the selected nitrogen-containing welding wire should
have an austenitic structure.

Sv-0.57N welding wire was manufactured from
the steel melted in laboratory conditions using hot plas-
tic deformation and drawing methods. Testing of this
wire to obtain a welded joint of austenitic cast steel
05Kh21AG1I5N8SMFL ~0.6 % N, with the argon-arc
welding carried out based on the developed technological
recommendations, enabled to obtain a defect-free welded
joint without loss of nitrogen in the weld metal.

The welded joint metal is characterized by high
strength (0.9 of the base metal strength) and high impact
strength, while the fracture has a dimpled structure char-
acteristic of ductile materials. The new welding wire
Sv-0.57N may be regarded as a promising material for
welding austenitic high-nitrogen steels.

4 Refer to: Ibid.

300

[ REFERENCES / CUCOK NUTEPATYPbI

1.

10.

11.

12.

13.

14.

Wang X., Tian J., Li S., He P., Fang N., Wen G. Weldabi-
lity of high nitrogen steels: A review. Reviews on Advanced
Materials Science. 2023;62(20220325):1-17.
https://doi.org/10.1515/rams-2022-0325

Du Toit M. Filler metal selection for welding a high nitrogen
stainless steel. Journal of Materials Engineering and Perfor-
mance. 2002;11(3):306-312.
https://doi.org/10.1361/105994902770344123

Bishokov R.V., Baryshnikov A.P., Gezha V.V., Mel’nikov P.V.
Welding materials and technologies of high strength steels.
Voprosy materialovedeniya. 2014;2(78):128-137. (In Russ.).

bumoxos P.B., bapemmaukos A.Il., T'exxa B.B., Menbun-
koB I1.B. Capounple marepuaibl M TEXHOJOTHH CBapKH
BBICOKOIIPOYHBIX CTaJICH. Bonpocsl MamepuanlogedeHus..
2014;2(78):128-137.

Harzenmoser M. Welding of high nitrogen steels. Materials
and Manufacturing Processes. 2004;19(1):75-86.
https://doi.org/10.1081/AMP-120027503

Du Toit M. The microstructure and mechanical properties
of Cromanite welds. Journal of the South African Institute
of Mining and Metallurgy. 1999;99(6):333-339.
Mohammed R., Reddy G.M., Rao K.S. Effect of filler wire
composition on microstructure and pitting corrosion of nickel
free high nitrogen stainless steel GTA welds. Transactions
of the Indian Institute of Metals. 2016;69(10):1919-1927.
https://doi.org/10.1007/s12666-016-0851-6

Fomina O.V. Creation of technological principles for con-
trolling the structure and physical and mechanical proper-
ties of high-strength austenitic nitrogen-containing steel: Dr.
Tech. Sci. Diss. St. Petersburg; 2018:433. (In Russ.).

@®omuna O.B. CozagaHue TEXHOJOTHUECKHX —TMPHUHIIU-
OB YIPABJICHUS CTPYKTYpOll M (PH3HKO-MEXaHUIECKUMU
CBOMCTBAMH BBICOKOIIPOYHOH ayCTEHUTHOW a30TConepiKa-
mei cramm: Jluccepranys ... JOKTOpa TEXHUYSCKHX HayK.
Canxkr-IlerepOypr; 2018:433.

Mohammed R., Madhusudhan R.G., Rao K.S. Welding
of nickel free high nitrogen stainless steel: Microstructure and
mechanical properties. Defence Technology. 2017;13:59-71.
https://doi.org/10.1016/}.dt.2016.06.003

Liu Z., Fan C., Yang C., Zhu Ming, Hua Z., Lin S., Wang L.
Investigation of the weldability of dissimilar joint between
high nitrogen steel and low alloy steel by comparing filler
metals. Materials Today Communications. 2023;35:105551.
https://doi.org/10.1016/j.mtcomm.2023.105551

Kumar N., Arora N., Goel S.K., Goel D.B. A comparative
study of microstructure and mechanical properties of 21-4-N
steel weld joints using different filler materials. Materials
Today Proceedings. 2018;5(9):17089—-17096.
https://doi.org/10.1016/j.matpr.2018.04.116

Kokawa H. Nitrogen absorption and desorption by steels dur-
ing arc and laser welding. Welding International. 2004;18(4):
277-287. https://doi.org/10.1533/wint.2004.3235

Du Toit M., Pistorius P.C. Nitrogen control during the auto-
genous ARC welding of stainless steel. Welding in the World.
2003;47(9-10):30-43. https://doi.org/10.1007/BF03266398
Huang H.-Y. Effects of shielding gas composition and activating
flux on GTAW weldments. Materials & Design. 2009;30(7):
2404-2409. https://doi.org/10.1016/j.matdes.2008.10.024
Kah P., Martikainen J. Influence of shielding gases in
the welding of metals. The International Journal of Advanced


https://doi.org/10.1361/105994902770344123
https://doi.org/10.1081/AMP-120027503
https://doi.org/10.1007/s12666-016-0851-6
https://doi.org/10.1016/j.dt.2016.06.003
https://doi.org/10.1016/j.mtcomm.2023.105551
https://doi.org/10.1016/j.matpr.2018.04.116
https://doi.org/10.1533/wint.2004.3235
https://doi.org/10.1007/BF03266398
https://doi.org/10.1016/j.matdes.2008.10.024

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(3):293-302.
Kostina V.S., Kostina M.V, etc. Calculations of the phase composition of austenitic high-nitrogen welding wire and study ...

Manufacturing Technology. 2013;64:1411-1421.
https://doi.org/10.1007/s00170-012-4111-6

15. Liu Z., Fan C., Chen C., Ming Z., Liu A., Yang C., Lin S,
Wang L. Optimization of the microstructure and mechanical
properties of the high nitrogen stainless steel weld by adding
nitrides to the molten pool. Journal of Manufacturing Pro-
cesses. 2020; 49:355-364.
https://doi.org/10.1016/j.jmapro.2019.12.017

16. Zhao L., Tian Z., Peng Y., Qi Y., Wang Y. Influence of nitro-
gen and heat input on weld metal of gas tungsten arc welded
high nitrogen steel. Journal of Iron and Steel Research,
International. 2007;14(5):259-262.
https://doi.org/10.1016/S1006-706X(08)60090-4

17. Liu Z., Fan C., Ming Z., Chen C., Yang C., Lin S., Wang L.
Optimization of shielding gas composition in high nitrogen
stainless steel gas metal arc welding. Journal of Manufactur-
ing Processes. 2020;58:19-29.
https://doi.org/10.1016/j.jmapro.2020.08.001

18. Qiang W., Wang K. Shielding gas effects on double-sided syn-
chronous autogenous GTA weldability of high nitrogen auste-
nitic stainless steel. Journal of Manufacturing Processes. 2017,
250:169-181. https://doi.org/10.1016/j jmatprotec.2017.07.021

19. YangD., Xiong H.,Huang Y., YanD.,LiD., Peng Y., Wang K.
Droplet transfer behavior and weld formation of gas metal
arc welding for high nitrogen austenitic stainless steel. Jour-
nal of Manufacturing Processes. 2021;65:491-501. https://
doi.org/10.1016/j.jmapro.2021.03.048

20. Zhang Y., Jing H., Xu L., Han Y., Zhao L., Xiao B. Micro-
structure and mechanical performance of welded joint
between a novel heat-resistant steel and Inconel 617 weld
metal. Materials Characterization. 2018;139:279-292.
https://doi.org/10.1016/j.matchar.2018.03.012

21. Pehlke R.D., Elliott J.F. Solubility of nitrogen in liquid
iron alloys. Transactions of the Metallurgical Society
of AIME. 1960;218(6):1088—1101.

22. Bonnefois B., Coudreuse L., Charles J. A-TIG welding
of high nitrogen alloyed stainless steels: a metallurgically
high-performance welding process. Welding International.
2004;18(3):208-212. https://doi.org/10.1533/wint.2004.3226

23. Bannykh O.A., Blinov V.M., Kostina M.V., Blinov E.V,,
Zvereva T.N. Study of the weldability of high-nitrogen cor-
rosion-resistant austenitic steels of the X22AG16N8M type.
Metally. 2007;(4):51-67. (In Russ.).

Bannpix O.A., baunos B.M., Kocruna M.B., baunos E.B.,
3epeBa T.H. MccrnemoBanue cBaprBaeMOCTH BBICOKOA30-

THUCTBIX KOPPO3HOHHOCTOMKHX ayCTCHUTHBIX CTajed THIa
X22AT'16H8M. Memannei. 2007;(4):51-67.

24. Liu Z., Fan C., Chen C., Ming Z., Yang C., Lin S., Wang L.
Design and evaluation of nitrogen-rich welding wires for
high nitrogen stainless steel. Journal of Materials Process-
ing Technology. 2021;288:116885.
https://doi.org/10.1016/j.jmatprotec.2020.116885

25. Kostina V.S. Research and development of technological
fundamentals for welding high-nitrogen corrosion-resistant
Cr-Ni-Mn-Mo austenitic steels: Cand. Tech. Sci. Diss. Mos-
cow: IMET RAS; 2020:181. (In Russ.).

Koctuna B.C. UccnenoBanne u pa3BUTHE TEXHOIOTHYECKUX
OCHOB CBapKH BBICOKOQ30THCTBIX KOPPO3HOHHOCTOIKHX Cr-
Ni-Mn-Mo aycreHuTHbIX cranei: [uccepraiys ... KaHIH-
nara Texundeckux Hayk. Mocksa: UMET PAH; 2020:181.

26. Kostina V.S., KostinaM.V., Dormidontov N.A., Muradyan S.O.
Welding wire with high nitrogen content. Patent for inven-
tion 2768949 Cl, 25.03.2022. Application No. 2021110801
dated 16.04.2021. Publ. 25.03.2022. (In Russ.).

CpapoyHasi MPOBOJIOKA C BBICOKMM COZCPYKAHHUEM a30Ta.
Koctuna B.C., Koctuna M.B., JopmunontoB H.A., Mypa-
nsiH C.O. / TTarenT Ha u3o0perenue 2768949 C1, 25.03.2022.
3asBka Ne 2021110801 or 16.04.2021. Jlara myOGnukauuu:
25.03.2022.

27. Rigina L.G., Vasiliev Ya.M., Dub V.S, etc. Alloying steel with
nitrogen. Elektrometallurgiya. 2005;(2):14-21. (In Russ.).

Puruna JI.T., Bacunees S1.M., [lyo B.C. u ap. Jlerupoanue
cranu a3oToM. dnexkmpomemaniypeus. 2005;(2):14-21.

28. Mohammed R., Reddy G.M., Rao K.S. Microstructure and
pitting corrosion of shielded metal arc welded high nitrogen
stainless steel. Defence Technology. 2015;11(3):237-243.
https://doi.org/10.1016/j.dt.2015.04.002

29. Ogawa M., Hiraoka K., Katada Y., Sagara M., Tsukamoto S.
Chromium nitride precipitation behavior in weld heat-
affected zone of high nitrogen stainless steel. ISLJ Interna-
tional. 2002;42(12):1391-1398.
https.//doi.org/10.2355/isijinternational.42.1391

30. Moon J., Ha H.-Y., Lee T.-H., Lee C. Different aspect of pit-
ting corrosion and interphase corrosion in the weld heat-
affected zone of high-nitrogen Fe-18Cr-10Mn-N steel. Mate-
rials Chemistry and Physics. 2013;142(2-3):556-563.
https://doi.org/10.1016/j.matchemphys.2013.07.052

31. Muradyan S.O. Structure and properties of casting corrosion-
resistant steel alloyed with nitrogen: Cand. Tech. Sci. Diss.
Moscow; 2016:132. (In Russ.).

Mypansan C.O. CtpykTypa u cBOMicTBa JIUTEHHONH KOppo-

3MOHHOCTOMKON CTanM, JerHupoBaHHOM azoroM: [lmccepra-
LU ... KaHIuJaTa TeXHuueckux Hayk. Mocksa; 2016:132.

Valentina S. Kostina, Cand. Sci. (Eng.), Junior Researcher of the Labo-
ratory “Physicochemistry and Mechanics of Metallic Materials’, Baikov
Institute of Metallurgy and Materials Science, Russian Academy of
Sciences

ORCID: 0000-0001-7956-499X

E-mail: vskostina@yandex.ru

Mariya V. Kostina, Dr. Sci. (Eng.), Assist. Prof.,, Senior Researcher, Head
of the Laboratory “Physicochemistry and Mechanics of Metallic Mate-
rials’, Baikov Institute of Metallurgy and Materials Science, Russian
Academy of Sciences

ORCID: 0000-0002-2136-5792

E-mail: mvk@imet.ac.ru

Basnenmuna Cepzeesna Kocmuna, k.m.H., maadwuti Hay4HbLi compyo-
HUK s1a6opamopuu GusuKoXuMuu U MexaHuku MemaaauyecKux mame-
puasose, UHCTUTYT MeTa/lJIypruu U MaTepuanoBefeHus um. A.A. baii-
koBa PAH

ORCID: 0000-0001-7956-499X

E-mail: vskostina@yandex.ru

Mapus BaadumuposHa KocmuHa, 0.m.H., doyeHm, eedywjuti HayuHblll
compyoHuk, 3asedyroujull 1abopamopuell GUUKOXUMUU U MEXAHUKU
Memaaauyeckux mMamepuanog, UHCTUTYT MeTa/UIlypruv U MaTepua-
noBeneHus uM. A.A. baiikoBa PAH

ORCID: 0000-0002-2136-5792

E-mail: mvk@imet.ac.ru

301


https://doi.org/10.1007/s00170-012-4111-6
https://doi.org/10.1016/j.jmapro.2019.12.017
https://doi.org/10.1016/S1006-706X(08)60090-4
https://doi.org/10.1016/j.jmapro.2020.08.001 
https://doi.org/10.1016/j.jmatprotec.2017.07.021
https://doi.org/10.1016/j.jmapro.2021.03.048
https://doi.org/10.1016/j.jmapro.2021.03.048
https://doi.org/10.1016/j.matchar.2018.03.012
https://doi.org/10.1533/wint.2004.3226
https://doi.org/10.1016/j.jmatprotec.2020.116885
https://www.sciencedirect.com/science/journal/22149147/11/3
https://doi.org/10.1016/j.dt.2015.04.002
https://doi.org/10.2355/isijinternational.42.1391
https://doi.org/10.1016/j.matchemphys.2013.07.052
https://orcid.org/0000-0001-7956-499X
mailto:vskostina@yandex.ru
https://orcid.org/0000-0002-2136-5792
mailto:mvk@imet.ac.ru
https://orcid.org/0000-0001-7956-499X
mailto:vskostina@yandex.ru
https://orcid.org/0000-0002-2136-5792
mailto:mvk@imet.ac.ru

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(3):293-302.
Kocmumna B.C,, Kocmuna M.B. u dp. Pac4eTtsl ¢pa3oBoro coctaBa ayCTEHUTHON BbICOKOA30THCTOM CBAPOYHON MTPOBOJIOKH ...

Dmitrii V. Zinoveev, Cand. Sci. (Eng.), Junior Researcher of the Labora-
tory “Physicochemistry and Technology of Iron Ore Processing’, Baikov
Institute of Metallurgy and Materials Science, Russian Academy of Sci-
ences

ORCID: 0000-0003-4520-4659

E-mail: zinoveevimet@yandex.ru

Aleksandr E. Kudryashov, Research Engineer, Baikov Institute of
Metallurgy and Materials Science, Russian Academy of Sciences
E-mail: al. kudriashov@mail.ru

Jmumpuii Bukmopoeuu 3uHogee8, K.Mm.H, MAAdwWull HAyyHbIll
compydHuK a1abopamopuu Gu3uKOXUMUU U mexHo102uu nepepabomku
Jicene30pydH020 Cblpbs, UTHCTUTYT MeTaJUIypruyd U MaTepuaioBefe-
Huda uM. A.A. baiikoBa PAH

ORCID: 0000-0003-4520-4659

E-mail: zinoveevimet@yandex.ru

Anekcandp 3dyapdosuu Kydpsawios, uHiceHep-uccaedosamens,
HHCTUTYT MeTa/uypruu v MaTepraioBesienns uM. A.A. baiikoa PAH
E-mail: al. kudriashov@mail.ru

V. S. Kostina - conducting the research, writing the text, processing
the results.

M. V. Kostina - finalization of the text, correction of conclusions.

D. V. Zinoveey - carrying out calculations of the phase composition.

A. E. Kudryashov - study of the structure of welded joints.

B. C. KocmuHa - npoBe/ieHHe UCCIe/lOBAaHUH, IOATOTOBKA TEKCTA CTa-
ThH, 06pabOTKa pe3yJbTaTOB.

M. B. KocmuHa - jopa6oTKa TEKCTa, KOpPEKTUPOBKA BBIBOJIOB.

/. B. 3uHogees - mpoBe/ieHNe pacyeToB $a30BOro COCTaBA.

A. 3. Kydpsawoe - vicciejoBaHHe CTPYKTYPbl CBAPHBIX COeJUHEHUH.

Received 14.12.2023
Revised 18.01.2024
Accepted 28.02.2024

IMoctynuna B penakuuio 14.12.2023
Tlocne nopaborku 18.01.2024
Ipunsra x mybnukanuu 28.02.2024

302


https://orcid.org/0000-0003-4520-4659
mailto:zinoveevimet@yandex.ru
mailto:al.kudriashov@mail.ru
https://orcid.org/0000-0003-4520-4659
mailto:zinoveevimet@yandex.ru
mailto:al.kudriashov@mail.ru

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(3):303-310.
Anosov M.S,, Sorokina S.A., etc. Effect of heat treatment on structure of austenitic steel 07Cr25Ni13 obtained by WAAM

UDC 621.791.927.5

DO0I110.17073/0368-0797-2024-3-303-310

Original article

Opu2uHaabHass cmames

EFFECT OF HEAT TREATMENT ON STRUCTURE
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Abstract. Currently, the use of additive technologies in industry is becoming more promising. The intensification of development of 3D technologies
leads to the need for a more thorough study of the structure and properties of metals obtained by this method. In this paper, the effect of heat treat-
ment on structure of the metal deposited by Wire Arc Additive Manufacturing (WAAM) is considered. The paper describes the effect of quenching
at various temperatures and annealing on the structure of austenitic steel 07Cr25Nil13. As a result of the work, it was found that during metal deposi-
tion, crystallization occurs according to the FA type with the formation of a coarse dendritic structure with mainly skeletal and vermicular morphology,
consisting of 8- and o-phases. It is noted that quenching at 1070 °C practically does not change the metal structure. Despite the fact that quenching
at elevated temperatures (1100 °C) leads to partial dissolution and spheroidization of the dendrites released during surfacing, there are no cardinal
structural changes. The most complete dissolution of the dendritic component occurs during quenching at 1150 °C. The structure after this procedure
is predominantly austenitic, remains of the dendritic component are represented by small spherical inclusions. The steel structure after annealing
(1150 °C) practically does not differ from the structure obtained after quenching at the same temperature. A significant increase in grain size, typical
for austenitic steels, is not observed in this case. Based on the structure obtained after heat treatment, the most promising treatment options for future
physico-mechanical properties are quenching and annealing at 1150 °C.
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BNAUAHUE TEPMOOBPABOTKU HA CTPYKTYPY
AYCTEHUTHOM CTANM 07X25H13, NONYYEHHOW METOAOM
ANAUTUBHOIO BbIPALLMBAHUA WAAM
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AnHomayus. B Hacrosiuee Bpems Bce 0ojiee MepCreKTHBHBIM SBISIETCSl IPUMEHEHUE aAJUTHBHBIX TEXHOJIOTMH B NMPOMBILICHHOCTH. VHTEH-
cudukanys pa3BuTHs 3D-TEXHOIOTHII MPUBOANUT K HEOOXOJMMOCTH 0oJiee TIIATEILHOTO U3YyYeHHs CTPYKTYPhl M CBOWCTB METAJUIOB, ITOJIY-
4JaeMbIX JaHHBIM MeTo0M. B pabore paccmarpuBaetcst Biusinue Tepmoodpaborku (TO) Ha CTPYKTYypy HAILIaBIsSEMOTO METOIOM 3JIEKTPOIY-
roBoi HatutaBku (WAAM) Mertamia. V3y4eHo BIMsHUE 3aKAJIKH IIPU PA3JIMYHBIX TEMIIepaTrypax M OT)KUTa Ha CTPYKTYpPy ayCTEHUTHOM CTalln
07X25H13. YcraHOBICHO, YTO MPH HAIUIABKE METallla MPOMCXOAUT KpHucTaum3anus no tuny DA ¢ oOpa3oBaHueM TpyOOi NEHIPHUTHOM
CTPYKTYPBI CO CKEJICTHOH M BEPMHUKYISIPHOI Mopdoiorueit n cocrosmiei n3 o- u o-¢pas. 3akanka npu temneparype 1070 °C npaktuuecku
HE M3MEHseT CTPYKTypy Mertasia. [Ipu mosbimeHHbix Temneparypax (1100 °C) 3akanka NpUBOAMT K YaCTHYHOMY PACTBOPEHHIO U chepo-
WMJU3AIUK BBIICIMBIINXCS IIPU HAIUIABKE JACHIPUTOB, OJJHAKO KapAMHAIBHBIX CTPYKTYPHBIX M3MECHEHHUI He mpoucxonuT. Hanbonee nmonHoe
pacTBOpeHHE JEHAPUTHOMN COCTABISAIOMIEH MPOUCXOAUT BO BpeMs 3akanku mpu temmnepatype 1150 °C. Ctpykrypa nocne gannoit TO npeumy-
LIECTBCHHO ayCTCHHWTHAs, OCTATKH JCHIPUTHOM COCTABISIONICH IPEACTABICHBI MEIKUMH C(HEepruecKUMHU BKIIOYeHUAMU. CTPYKTypa CTain
nocie orxura (1150 °C) npakTHYeCcKH He OTIIMYAETCs OT IMOIy4aeMO MOCIe 3aKaIKH IPU TOH K€ TeMIepaType. 3HaUUTEeIbHOTO YBEITHYCHUS
pasmepa 3epeH, XapaKTepHOro sl ayCTEHUTHBIX CTallel, B JaHHOM Cilyyae He HaOmonaeTcs. Mcxons u3 cTpykrypsl, nonyuaemoii nocie TO,
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HaunboJjee TMEPCIIEKTUBHBIMU IS 6y)1yH.II/IX (IJI/ISI/IKO-MCXaHPIqCCKI/IX CBOICTB BaphaHTaMUu 06pa60TKl/I SABJIAIOTCS 3aKaJika U OTKHUI' IIPU TEMIIC-

patype 1150 °C.
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- INTRODUCTION

Currently, austenitic steels are widely used in
the chemical, oil, and food industries, as well as in
the production of medical and nuclear power plant equip-
ment [1]. A number of industries in the modern world can
hardly exist without austenitic corrosion-resistant steels.
This type of material possesses unique properties, such
as high corrosion resistance in acid and alkaline envi-
ronments of varying corrosive strength, as well as para-
magnetism. The combination of physical and mechanical
properties is achieved not only through alloying with sig-
nificant amounts of chromium, nickel, magnesium, and
other elements but also through maintaining a homoge-
neous austenitic structure throughout the product’s entire
service life [2].

Currently, additive technologies are becoming increa-
singly promising for industry as they reduce the total cost
of products, especially in single and small batch produc-
tion. The rapid development of 3D printing technologies
necessitates a thorough investigation of the mechanical
properties, structure, and chemical composition of met-
als produced by these methods. To date, the main meth-
ods of metal 3D printing are layer-by-layer powder
fusion (selective laser sintering, SLM), laser powder
deposition (laser engineered net shaping, LENS/direct
metal deposition, DMD), and electric arc deposition (wire
arc additive manufacturing, WAAM) [3]. WAAM 3D
printing, which we used for this study, is the most pro-
ductive and technologically simple [4; 5].

The advantages of additive manufacturing methods
are as follows:

—the process of obtaining products can be fully
automatized;

— when products are manufactured of expensive mate-
rials, such as titanium and nickel alloys, the material con-
sumption is considerably reduced;

—small batch production, unprofitable when using
traditional production methods, becomes cost-effi-
cient [6 — 8].

SLM technology enables the manufacture of complex
products by laser melting of metal powder using CAD
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models. At the powder melting point, the energy den-
sity is higher compared to other electric arc processes
(e.g., welding), but lower than in the case of laser expo-
sure [9]. The main problem of parts produced by the SLM
method is relatively high surface roughness, which
reduces fatigue resistance by increasing stress concentra-
tion on the sample surface [10].

Laser powder deposition is the process of overlay
welding performed by fusing the powdered material layer
onto the substrate. The laser beam creates a molten bath
into which the powdered metal is introduced. The metal
melts and solidifies in the bath to form metallic bonds
with the substrate. During the surfacing process, the pow-
dered metal is automatically fed from the feed system
to the substrate, which is lowered to the height equal
to the thickness of the layer to be deposited. However, it
should be noted that the laser deposition method does not
ensure reproducibility of the chemical composition and
mechanical properties of the final products [11; 12],
which is a significant disadvantage of this technology.

WAAM technology is a relatively new additive growth
method that emerged in the 1990s. It includes depositing
a common welding wire, widely available commercially,
onto the substrate, resulting in a finished part. Com-
pared to conventional manufacturing, WAAM can reduce
manufacturing time by 40 — 60 % and post-processing
time by 15— 20 %, depending on the size of the part.
For example, the use of this technology for manufactu-
ring airplane landing gear stiffeners results in about 78 %
raw material savings compared to conventional produc-
tion [13]. Metals with good weldability can potentially
be used for the WAAM process, and so far, researchers
have successfully applied this method to fabricate parts
from Ti [13], Al [14], steel [15], and Ni [16] based alloys.

In the additive growth process, the surfaced metal is
in a liquid state and is subsequently subjected to multiple
cycles of high-temperature heating, including to tem-
peratures above critical. As a result, the microstructure
of the surfaced metal differs from that of metal pro-
duced by conventional technologies, and consequently,
the physicochemical and strength properties of the metal
may also differ from those of rolled material.


https://fermet.misis.ru/index.php/jour/search/?subject=аустенитная сталь 07Х25Н13
https://fermet.misis.ru/index.php/jour/search/?subject=аддитивные технологии
https://fermet.misis.ru/index.php/jour/search/?subject=WAAM
https://fermet.misis.ru/index.php/jour/search/?subject=структурообразование стали
https://fermet.misis.ru/index.php/jour/search/?subject=δ-феррит
https://fermet.misis.ru/index.php/jour/search/?subject=закалка
https://fermet.misis.ru/index.php/jour/search/?subject=отжиг
https://doi.org/10.17073/0368-0797-2024-3-303-310

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(3):303-310.
Anosov M.S,, Sorokina S.A., etc. Effect of heat treatment on structure of austenitic steel 07Cr25Ni13 obtained by WAAM

Table 1. Chemical composition of the studied material

Tabauya 1. XuMHYeCKHii COCTAB HCCJIETOBAHHOTO MaTepuaJsia

Content of chemical elements, %
Material
C Si Mn Cr Ni Mo Ti S P
GOST 2246 | <0.09 | 0.5—-1.0 | 1.0-2.0 | 23.0—-26.0 | 12.0 — 14.0 | not regulated | not regulated | <0.018 | <0.025
ER309LSI | 0.016 0.7 1.9 23.3 13.7 0.1 0 0.004 | 0.019

An increasing number of foreign studies are investi-
gating the application of additive technologies in industry.
However, in Russia, these methods are developing locally
and are not yet widespread. In addition to reducing
the cost of small-batch products from austenitic steels,
which are currently quite popular, additive technologies
can also contribute to the advancement of Russian sci-
ence.

The objective of this study is to explore the effect
of heat treatment modes on the structure of austenitic
steel 07Cr25Nil3 obtained by additive growth using
the WAAM method.

[l MATERIALS AND METHODS

The research was conducted using metastable auste-
nitic steel 07Cr25Nil3 obtained by the WAAM method.
The samples for investigating the deposited metal were
produced on a specialized bench for additive arc sur-
facing [17]. Surfacing was performed with the follow-
ing parameters: /=120 A; U=24V; v =350 mm/min.
A shielding gas mixture of 98 % Ar and 2 % CO, was
used. The samples for metallographic studies were cut
from the obtained blanks using waterjet cutting followed
by milling. ER309LSI welding wire was used as the ini-
tial material for surfacing. The chemical composi-
tion of the wire is presented Table 1.

The metal surfacing process can result in the loss
of'alloying elements. The chemical composition of the sur-
faced metal was determined using a Foundry-Master opti-
cal emission analyzer.

The structural affiliation of the deposited mate-
rial to the austenitic class was derived from the Scheff-

Table 2. Modes of the samples heat treatment

Tabauya 2. PexkumMbl TEPMOOOPAGOTKH 00pa31oB

Mode Heating Holding time, Cooling
number | temperature, °C min medium
1 1070 30 Air
2 1100 60 Air
3 1150 60 Air
4 1150 60 Furnace

ler diagram. According to the literature data [15 — 20],
the phase composition obtained after surfacing depends
on the Cr, and Nisq ratio and can be specified from
the Scheffler diagram.

We know from the literature sources [18 — 23] that
phase transformations during crystallization and the final
phase composition depend on the Crcq/ Ni,, ratio and are
divided into the following types:

cA(L25):L—-(L+7y)—v;

*AF (1.25<1,48): L—(L+y)—(L+y+38)—(y+9);

*FA(1.48<1,95): L—(L+ 8)—(L+5+y)—-(B+v);

*F(>195):L-(L+8)—-(6+7).

These equivalents were determined using the follo-
wing formulas

Cr,,=Cr+Mo+ 1.5Si + 0.5Nb + 2Ti; H

Ni,, =Ni +30C + 0.5Mn. 2)

Metallographic studies were performed in cross sec-
tion relative to the surfacing direction at magnifications
of 100 and 200, and the milled surface of the samples
was also examined. The metallographic sections were
prepared following the standard procedure — the samples
were sanded mechanically using the sandpaper of differ-
ent grits and polished with pastes. The solution consisting
of 5 cm® HNO,, 50 cm® HCl and 50 cm® H,O was used as
a chemical etching reagent.

To investigate the impact of heat treatment on the struc-
ture of the samples, we performed quenching in three
modes followed by metal annealing. The heat treatment
parameters are presented in Table 2.

[ RESULTS AND DISCUSSION

The study of the chemical composition of the surfaced
metal revealed the decrease in the content of all alloy-
ing elements (AE), except silicon. The diminishing AE
concentration is typical for metal welding and smelting
processes due to their losses. The increased wire content
in the surfaced metal compared to the original wire can
be attributed to the heterogeneity of its chemical compo-
sition along its length. It should be noted that as the steel
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Table 3. Chemical composition of the surfaced metal

Ta6auya 3. XuMuvecKHii cOCTaB HAIJIABJIEHHOI0 MeTaJL1a

) Content of chemical elements, %
Material ; : .
C Si Mn Cr Ni Mo Ti S 1P
ER309LSI 0.016 | 0.700 | 1.90 23.3 13.7 | 0.100 0.004 | 0.0190
Surfaced metal | 0.018 | 0.820 | 1.75 23.2 13.4 | 0.036 0.005 | 0.0114

chemical composition changed after surfacing, the AE
content variations did not exceed the permissible limit (in
accordance with GOST 2246 — 70). The final composi-
tion of the surfaced metal is presented in Table 3.

Chromium and nickel equivalents are calculated
by the formulas (1), (2): Cr,, —23.2578; Nieq— 14.815.
The Clreq/Nieq ratio is 1.57, hence, in this case the trans-
formations during crystallization can be described
by the FA mode (the Creq/ Nieq ratio exceeds 1.48).
The approximate ferrite content in the surfaced metal can
be determined from the Scheffler diagram (Fig. 1).

Based on the above diagram, the approximate content
of d-ferrite in the metal after surfacing is about 7.5 %,
which is consistent with the theoretical data [24].

We studied the cross direction relative to the metal
surfacing axis based on the microstructural analysis
of the samples before and after the heat treatment. Fig. 2
shows the structure of the surfaced metal prior to heat
treatment.

The dendrites are oriented normal to the surface
of the laser track due to the direction of heat removal.
The dendrites located deep within the surfaced metal
have a more developed boundary structure. The dendritic
structure refinement on the laser track surface can be
put down to the supply of additional thermal energy as
the next metal layer is deposited. In general, the struc-

0 % ferrite

Austenite

Martensite

Ferrite

16 20 24 28 32 36 Cr,

Fig. 1. Location of steel 07Cr25Nil3 on the Scheffler diagram

Puc. 1. Pacnionoxenue cramu 07X25H13 na quarpamme Hleddnepa
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ture of the surfaced metal is similar to the microstructure
resulting from the crystallization of austenitic steel.

It was noted in [25] that the dendrites formed
during surfacing may include o-ferrite and o-phase.
Fig. 3, b shows that d-ferrite has mainly skeletal and
vermicular morphology. Surfacing of AISI 316L [25]
and AISI 316 [26] steel resulted in a similar structure.
The interdendritic space is filled with y-phase (austenite).

Austenitization according to mode / (1070 °C,
30 min) did not result in visible changes in the grain
structure, which is indicative of insufficient holding time

Fig. 2. Structure of the sample after surfacing:
%100 (a); x200 (b)

Puc. 2. Ctpykrypa o0pa3La 11ocjie HariaBKH:
%100 (a); x200 (b)
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or temperature or both during austenitization (Fig. 3).
It should be noted that the overall etchability of the samp-
les increased.

The grain boundaries only begin to emerge in the struc-
ture after heat treatment according to mode /, which is
also indicative of insufficient holding at the austenitiza-
tion temperature (Fig. 3). The dendritic structure does not
decrease, which indirectly shows that the content of -
and o-phases did not reduce. The &-ferrite morphology
does not significantly change.

We performed quenching using mode 2 (1100 °C,
60 min) to study the effect of increased austenitiza-
tion temperature and holding time. Fig. 4 shows the sam-
ple microstructure in the direction transverse to the sur-
facing axis after heat treatment according to mode 2.
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In the micrographs of the sample after austenitiza-
tion at 1100 °C, the grains formed can be seen more
clearly. The dendrite size generally decreases com-
pared to the microstructure after surfacing and treatment
according to mode /. This effect indicates more complete
diffusion processes during austenitization. Spheroidiza-
tion of dendritic components is observed, their gene-
ral orientation remaining the same. The percentage
of d-ferrite and o-phase should significantly decrease
after this treatment.

After quenching according to mode 3 (1150 °C,
60 min), grain boundaries and austenite twins are clearly
visible in the metal structure (Fig. 5). The dendritic struc-
ture dissolved almost completely; the dendrites that failed
to do so are represented by small spheroidal inclusions.
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Fig. 3. Structure of the sample after quenching according to mode /:
%100 (a); x200 (b)

Puc. 3. CtpykTypa 00pasia 1nocie 3akajiku 110 pexumy /:
%100 (a); x200 (b)

Fig. 4. Structure of the sample after quenching according to mode 2:
%100 (a); x200 (b)

Puc. 4. Ctpykrypa 006pasiia Iocie 3aKaJKy 10 PexuMy 2:
%100 (a); x200 (b)
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Fig. 5. Structure of the sample after quenching according to mode 3:
x100 (a); x200 (b)

Puc. 5. CtpykTypa 0o0pasia rnocje 3aKajiki 1o pexumMy 3:
%100 (a); 200 (b)

Fig. 6. Structure of the sample after annealing according to mode 4:
x100 (a); x200 (b)

Puc. 6. CtpykTypa 00pa3siia 1mocje 0TKUra 1o pexumMy 4:
%100 (a); 200 (b)

Mode 4 (1150 °C, 60 min) enables more complete dis-
solution of the remaining dendrites because at such metal
temperatures, the diffusion is active for a longer time.
The austenitic structure of the metal with characteristic
twins is clearly visible (Fig. 6).

It should be noted that after annealing according

to mode 4, there is no significant grain increase compared
to quenching at the same temperature and holding time.

- CONCLUSIONS

It is found that after WAAM surfacing, steel 07Cr25Nil13
forms a rough dendritic structure, which may consist
of d-ferrite and o-phase. The post-deposition structure
features O-ferrite of skeletal and vermicular morpho-
logy, with the interdendritic space filled with y-phase.
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The phase composition of the deposited material is con-
sistent with that determined from the Scheffler diagram.

Austenitization at 1070 °C with a 30 min holding time
practically does not change the structure of the deposited
metal. After aging the samples at 1100 °C for 60 min,
we can clearly see the formation of austenitic grains and
a reduction in dendrite size. Thus, structural-phase trans-
formations in steel 07Cr25Nil3 require heating to tem-
peratures above 1100 °C during heat treatment.

Quenching according to mode 3 (1150 °C, 60 min)
results in almost complete dissolution of dendrites.
The remaining undissolved dendrites appear as small
spheroidized particles.

The metal structure after heat treatment according
to mode 4 (1150 °C, 60 min, furnace cooling) is prac-
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tically the same as that of the metal quenched from
the same temperature. A significant increase in grain size,
typical for austenitic steels, is not observed in this case.

In terms of potential physical and mechanical proper-

ties, heat treatment modes 3 and 4 proved to be the most
favorable.
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MEXAHUYECKUX CBOMCTB CNNABA Fe — 10Ni — 20Cr
nPu PAQUALULUOHHOM OBNTYHEHUMU

J. C. KppixkeBud %, A. B. Kopuyranos, K. I1. 30/1bHMKOB

HucrutyT pu3nkn npouHocTu u marepuasosenenuss Cuoupckoro oraesnenuss PAH (Poccus, 634055, Tomck, np. Akagemuuec-
Kuii, 2/4)
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AnHomayus. TIpoBeeHO MOJIEKYISAPHO-IMHAMUYECKOE M3yUeHHE MEXAHW3MOB MHIPALUU HAKJIOHHBIX CHMMETPUYHBIX rpanui ».5(210)[001]
u 2.5(310)[001] B 6uxpucTanmueckux obpasnax Fe—10Ni—20Cr npu paapanuoHHOM o6mydenun. [II0THOCTS paJuaHOHHBIX Ae(eKTOB PacTeT
JOCTaTOYHO OBICTPO BILIOTH 0 H03bI ~0,02 CHA M 3aTeM BHIXOIHT Ha HACHINIEHUE. DTO OOYCIIOBICHO YPaBHOBCIIMBAHUEM CKOPOCTEH TeHEpauy
M aHHUTWISILUK paJalMoHHbIX AedektoB. [TokazaHo, 4To Ha paHHeH cTaaun 00Iy4YeH s IPaHULIbl 3ePEH HAYMHAIN CTOXaCTUYECKU OTKIOHSATHCS
OT HCXOJIHBIX ITOJIOXKCHUH BCJICCTBUE B3aUMOJACHCTBHS C KacKaJaMy aTOMHBIX CMCLICHHII U IONIOIeHHs NeeKTOB CTPYKTyphl. B mpomecce
00yueHus 00acTh IpaHMI] 3ePeH yTONIIANACh U CTAHOBHIJIACH IIepoxoBaroil. C pocToM 03bl OOIyUeHHUs YBEIMYMBAINCH pa3Mepbl KIacTEepOB
TOYCYHBIX AC(PEKTOB (TETPadIoB 1e()EKTOB YIAKOBKHU M UCIOKAMOHHBIX IIeTelIb). B3anMoelicTBre ¢ KpyITHBIMU KIIACTEPAMU TOUCYHBIX 1e(EKTOB
MPUBEJIO K 00pa30BaHMIO U3rMOOB HA M3HAYAIBHO IUIOCKUX MOBEPXHOCTSIX FPaHUILL 3epeH. [Ipy ManbiX pacCTOSHUIX MKy IPaHULIAMH BBICOKAst
JBIDKYIIAs CHJIa MEKLY M30THYTBIMH IIOBEPXHOCTSIMU CYIECTBCHHO yBEJIMYUBAJIAa CKOPOCTH COMMKEHHS rpaHuIl 3epeH. [TokasaHo, 4To cpeqHue
CKOPOCTH MUTpPALMK I'PAHUIL 3€PEH JI0 UX HEMOCPEACTBEHHOIO B3aUMOJCHCTBHUS IPYr ¢ Jpyrom cocrasisuii npumepHo 0,8 m/c. B pesynbrare
COMKCHHS TPAHULBI 3¢PCH aHHUTIIMPOBAIN, MOTCHIMATIbHAS SHEPrus o0pasia CKaykooOpa3sHO YMEHBIIMIACh, U 3epHA 00beIUHMINCH. [t
AHHMTHISINK TpaHuI 3epeH ».5(310)[001] moTpe6oBanack B aBa pasa 6ombuas 103a OOMydeHHs TI0 CpaBHEHHIO ¢ TpaHuIei 3epen 2.5(210)[001].
HenocpencTBeHHOE B3aUMOJICHCTBHE IPAHUI] 3€PEH APYT C APYTOM CKAYKOOOPA3HO YBEIMYHMBACT CKOPOCTH UX MUIPALUU H3-32 BOSHUKHOBCHHS
JIBHIKYIIEH CHIIBI CO CTOPOHBI H30THYTBIX Y4ACTKOB IIOBEPXHOCTEH IpaHull 3epeH. M3ydeHo BIUsSHIE 03Bl PaANallHOHHOTO 00IyYeHUs Ha 0COOeH-
HOCTH Ae(OpMAIIHOHHOIO NOBEACHUS 00Pa3LOB IIPH OJXHOOCHBIX pacTshkeHUsAX. [IokazaHO, 4TO ¢ POCTOM J03bI OONYYCHUS Ipenes YIPYyroCTH
OBICTPO MOHMKACTCS M BBIXOJMT HA HACHIIIEHNE 1pu 03¢ oomydenust ~0,01 cHa.

Kaiouesvle ci08a: MonekynspHas TMHAMUKA, paJdaloHHbIe 1e(eKTbl, 1e(eKT ynakoBKH, oOnydeHue, ogHoocHoe pactsokenue, Fe—10Ni—20Cr,
MHUTPAIUsT MEK3EPEHHBIX IPAHUIL
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GRAIN BOUNDARY MIGRATION AND MECHANICAL PROPERTIES
ALTERING IN Fe — 10Ni — 20Cr ALLOY UNDER IRRADIATION

D. S. Kryzhevich®, A. V. Korchuganov, K. P. Zolnikov

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634021, Russian Federation)

&) kryzhev@ispms.ru

Abstract. Mechanisms of 2,5(210)[001] and 2°5(310)[001] symmetrical tilt grain boundaries migration in bicrystall Fe—10Ni—20Cr samples under irra-
diation were investigated by means of molecular dynamics method. The density of radiation defects grows quite quickly up to a dose of ~0.02 dpa
and then reaches saturation. This is due to balancing of the radiation defects generation and annihilation rates. It is shown that at the early stage of
irradiation, grain boundaries began to deviate stochastically from their initial positions due to interaction with cascades of atomic displacements and
absorption of structural defects. During irradiation, the grain boundary region thickened and became rough. With an increase in the radiation dose,
size of the clusters of point defects (tetrahedrons of stacking faults and dislocation loops) increased. Interaction with large clusters of point defects
led to the formation of bends on initially flat surfaces of grain boundaries. At small distances between the boundaries, the high driving force between
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the curved surfaces of grain boundaries significantly increased the rates of their approach. The average migration rates of grain boundaries before
their direct interaction with each other were approximately 0.8 m/s. As a result of their approach, the grain boundaries were annihilated, the potential
energy of the sample decreased abruptly, and the grains merged. The annihilation of 2.5(310)[001] grain boundaries required twice the radiation dose
compared to the 2.5(210)[001] grain boundaries. The direct interaction of grain boundaries with each other abruptly increased the velocity of their
migration due to the emergence initiation of a driving force from the curved sections of the grain boundary surfaces. Influence of the radiation dose
on deformation behavior features of the samples under uniaxial strains was studied. With an increase in the radiation dose, the elastic limit decreased

rapidly and reached saturation at an irradiation dose of ~0.01 dpa.

Keywords: molecular dynamics, radiation defects, stacking fault, irradiation, uniaxial tension, Fe—10Ni—20Cr, grain boundary migration
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[ InTRODUCTION

One of effective ways to enhance radiation resistance
of materials is to form various kinds of interfaces [1 — 3].
The interfaces such as grain boundaries can accumulate
a considerable part of defects generated during irradia-
tion. Irradiation of nanocrystalline Ni and Cu samples
showed that their grain boundaries are the main sink for
radiation defects, which significantly reduces the den-
sity of structural defects compared to coarse-grained
analogs [4]. The authors of [5] applied the molecular
dynamic approach to show that grain boundaries actively
absorb interstitials generated by atomic displacement
cascades, and a significant number of vacancies remain in
the bulk. Later, the excessive interstitials leave the grain
boundaries, returning to the bulk where they enhance
the recombination with vacancies. The experimental
study of the ion-irradiated nanocrystalline gold revealed
thermal instability of the generated defects caused by
a high density of grain boundaries [6]. The works [7; 8]
investigated the peculiarities of grain boundaries interac-
tion with radiation defects at the microscopic level. It is
noted that grain boundaries segregate in their region their
own interstitials, which are characterized by higher mobi-
lity compared to vacancies and pores. However, the issues
related to the grain boundaries absorbing defects with
low mobility require additional research.

High-temperature heating of materials in the nuclear
reactor zone significantly accelerates the recrystalliza-
tion process based on the migration of boundaries [9; 10].
To contain this process, it is important to investigate
the mechanisms of interaction of radiation-induced struc-
tural defects with moving grain boundaries. The grain
boundary migration controls the evolution of the mate-
rials microstructure. The driving forces behind grain
boundary migration can have different physical nature,
which can be related to the anisotropy of elastic energy,
inhomogeneous density of defects and impurities, tem-
perature gradient, and curvature of the grain boundary
surface [11]. These driving forces are often considered
in experimental and numerical studies of grain boundary
migration and recrystallization of polycrystalline mate-
rials [12 — 14].
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Bicrystalline samples are a reasonable alternative
for investigating the behavior features of individual
grain boundaries under various types of external influ-
ences, both in experiments and in simulations [15 — 18].
In the absence of external influences and internal
energy gradients, the migration of grain boundaries
has the nature of random walk [18]. The effect of irra-
diation on the mobility of grain boundaries is a scientific
challenge, which should be addressed to reveal the mech-
anisms of radiation-stimulated grain growth.

We investigated the mechanisms of grain boundary
migration in bicrystal Fe — 10Ni—20Cr samples with
>'5(210)[001] and >5(310)[001] symmetrical tilt grain
boundaries during irradiation and also the effect of radia-
tion dose on the nucleation and development of plasticity
in these samples under uniaxial tension.

[ RESEARCH METHOD

The simulated Fe — 10Ni — 20Cr alloy samples con-
tained two > 5(210)[001] or Y'5(310)[001] symmetrical
tilt grain boundaries and were parallelepiped-shaped with
ribs sized at 12x24x12 nm. The gamma-surface minimi-
zation algorithm [19] was used to determine the optimal
configuration of the grain boundary. The initial temper-
ature of the samples was 950 K. The interatomic inter-
action in the material was described by the many-body
potential, which enables to correctly simulate atomic
displacement cascades in the sample [20]. The atoms
velocity distribution in the initial samples corresponded
to the Maxwell distribution, and their initial direction was
set using a random number generator. To speed up the cal-
culation, the integration step was changed dynamically,
the maximum atom displacement not exceeding 0.5 pm.
The integration step for given loading conditions and tem-
perature varied between 2-107'® and 3-107'° s. To simulate
irradiation, a sequence of atomic displacement cascades
was generated in the samples with the primary knocked-
on atom energy of 10 keV. The primary knocked-on atom
and the initial direction of its displacement were chosen
using a random number generator. The primary knocked-
on atom was always an iron atom. To estimate the accu-
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mulated radiation dose in the approximation of NRT
theory, the threshold displacement energy was set equal
to 40 eV, which is commonly used for iron and iron-based
alloys [21]. After generation of the atomic displacement
cascade, the system was relaxed for 10 ps and cooled
by the thermostat to the initial temperature for 5 ps before
generation of the next atomic displacement cascade.
Mechanical loading was set by tension perpendicular
to the grain boundary plane at a constant velocity of 5 m/s
by scaling the atomic coordinates and the size of the sim-
ulated cell. As for the other directions, the system was
deformed so that zero pressure could be maintained in
each of these directions. Periodic boundary conditions
were modeled in all directions. The simulation was per-
formed using the LAMMPS computational package [22].
To identify local structural changes in the loaded sample,
the Common Neighbor Analysis pattern for each atom

0.2
—4.020 T T

was used [23]. The OVITo software was used to visualize
the structure of simulated crystallites [24].

Bl CALCULATION RESULTS

With the onsetofirradiation, the simulated sample starts
accumulating radiation-induced damage of the structure.
The number of radiation defects grows quite rapidly
up to a dose of ~0.02 dpa and at this value the radia-
tion defect density reaches saturation. During irradiation,
the growth of the potential energy of interatomic interac-
tion gradually slows down (Fig. 1). At doses higher than
0.02 dpa, the rates of generation and annihilation of radi-
ation defects equalize and the curves in Fig. 1 reach satu-
ration. During irradiation, the grain boundaries grow
thicker, and their initially flat surfaces develop roughness
and curves. Fig. 2 presents the results of calculations
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Fig. 1. Potential energy vs radiation dose for the samples with different grain boundaries

Puc. 1. VI3MeHeHre NOTEHIMATBHON HEPTUH 00Pa3IOB C Pa3TMYHBIMU IPAHULIAMU 3€PEH B 3aBHCUMOCTH OT J03bI O0IYYCHHUS
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Fig. 2. 2'5[210](001) (/) and >.5[310](001) (2) grain boundary location vs radiation dose

Puc. 2. VI3MeneHue MONokKeHUs rpanuil 3epen 2.5[210](001) (/) u 2.5(310)[001] (2) B 3aBHCUMOCTH OT 035l OONyUeHHS
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of grain boundary positions in the simulated bicrystals.
We can clearly see that the grain boundary movement is
of a stick-slip nature. In addition, the curves presented in
Fig. 2 feature irradiation intervals when grain boundaries
moved both towards each other and in the opposite direc-
tion. At the same time, the trend towards their mutual
approach is obvious. The impact of such processes as
the generation and development of atomic displacement
cascades, the cascades distance from grain boundaries,
thermally activated defect diffusion, and the interac-
tion of grain boundaries with various radiation defects
in the structure, on the migration of grain boundaries
accounts for these features [25].

The evolution of the unirradiated sample for more than
200 ns at a temperature of 950 K shows that the grain
boundaries do not shift. This indicates that the rate
of thermally activated migration of grain boundaries in

35(210)[001], st 870

C

the sample is significantly lower than that of the radiation-
stimulated one. Irradiation of the sample causes radia-
tion-stimulated migration of grain boundaries, during
which their structure changes, which can be clearly seen
in Fig. 3. The structure of the grain boundaries alters
due to the interaction and absorption of various radia-
tion defects. Fig. 3 shows the structure of grain boundaries
and large clusters at different radiation doses. The majo-
rity of large clusters represent tetrahedrons of stacking
faults. At a radiation dose of 0.129 dpa (Fig. 3, a), grain
boundaries slightly shifted from the initial position, but
their initially flat surfaces locally curved due to the inter-
action with large clusters located nearby. Fig. 2, a shows
that the distance between the boundaries could both
increase and decrease during irradiation. The direc-
tion of grain boundary displacement was determined
by attraction to large clusters formed randomly on one

$5(210)[001], st 1950

ol

@

&3

b

35(210)[001], st 1983

Fig. 3. 2:5[210](001) grain boundary and radiation defects for different radiation doses
(atoms with hep and uncertain local structure are marked in red and grey, respectively; other atoms are invisible)

Puc. 3. Tpanuusl 3epen 2.5(210)[001] u paauanuoHHble JeeKThl A1 PA3sTMUHBIX 103 00IydeHHs
(KpacHBIM M CEpbIM LIBETaMH I0Ka3aHbl aToMbl ¢ I'TIY u HeonpeneneHHoi cTpyKTypoit
GrnurKaiiero OKpy »KeHHs COOTBETCTBEHHO, OCTAJIbHbIC aTOMbI HEBU/IMMBI)
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or the other side of the grain boundary surface. Note
that elastic forces acting between the clusters of point
defects and grain boundaries account for mutual attrac-
tion between them [26]. At a radiation dose of 0.290 dpa,
the surfaces of the grain boundaries curved locally
toward each other due to the joint attraction to a large
cluster formed in the region between the grain bounda-
ries (Fig. 3, b). The distance between the curved surfaces
became sufficient for the grain boundaries to interact and
rapidly approach each other (Fig. 3, ¢). The calculations
showed that the average migration rates of grain boun-
daries before their direct interaction with each other were
approximately 0.8 m/s. The interaction of the curved
surface regions boosted the rate of the grain boundary
migration by about an order of magnitude. After the grain
boundaries approached and merged, they annihilated
(Fig. 3, d), which caused a drastic fall in the potential
energy of the simulated sample (Fig. 1).

The calculations showed that the mechanisms of grain
boundary migration changed during irradiation. Thus, at
an early stage, up to a radiation dose of about ~0.01 dpa,
grain boundaries increased their mobility compared
to unirradiated ones due to the interaction with atomic
displacement cascades and absorption of radiation
defects. At this stage, migration manifested by chaotic
oscillations of grain boundary surfaces. As the radiation
dose increased, larger and larger clusters began to form
in the sample, interaction with which led to accele-
rated migration of grain boundaries. At the same time,
the migration rate of grain boundaries accelerated and
they shifted further relative to their initial positions.
In this interval of radiation doses, the grain boundary
migration transformed from chaotic oscillations of local
surface areas into displacement of surfaces as a whole.
As a result, the grain boundaries deviated significantly
from their initial positions. When the distance between
grain boundaries became less than 4 nm, the grains began
to interact directly with each other. At the same time,
the rate of their migration spiked due to the high driv-
ing force from the curved surfaces of grain boundaries.
A bicrystal with > 5(310)[001] grain boundaries behaves
similarly under irradiation. However, in this case, twice
the radiation dose was required for grain boundary anni-
hilation (Fig. 2).

We investigated the behavior features of samples
irradiated to different doses under uniaxial tension.
The calculations showed that the mechanical properties
of the sample, to a large extent, depend on the radia-
tion dose, which determines the degree of the sample
radiation-induced damage. The deformation behav-
ior showed the following general trend: the growth
of the radiation dose was accompanied by rather rapid
decrease in the samples elastic limit (Fig. 4, @), the value
of which reaches saturation at doses exceeding 0.01 dpa

(Fig. 4, b). At the given radiation dose, the density and
sizes of the formed radiation defects minimized the value
of energy barriers for the emergence and propaga-
tion of stacking faults — the main carriers of plastic defor-
mation in the simulated material. Note that the elastic
limit reaches saturation at a lower radiation dose than
that at which the processes of generation and annihila-
tion of radiation defects reach balance. Deviations from
the elastic limit average value at higher radiation doses
were caused by peculiarities of the internal structural
changes, primarily related to changes in the configura-
tion and distribution of the large clusters and disloca-
tion loops. These changes in the defect system were sto-
chastic in nature (Fig. 4, b).
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Fig. 4. Stress-strain dependence under uniaxial tension for different
radiation doses for the sample with the >.5(210)[001] grain
boundary (a). Elastic limits vs radiation dose for samples
with different types of grain boundaries (b):

1 — before radiation;
2-6-10,50, 100, 150 and 250 cascades, respectively;
7—25(310)[001] ; 8 — X.5(210)[001]

Puc. 4. 3aBUCUMOCTH HANPSHKEHUI OT BETUYUHBI Je(opMarim
[PU OJIHOOCHOM PACTSDKEHHUH ISl PA3JIMYHBIX 103 00IyueHHs 00pa3iioB
¢ TparuIaMu 3epes 2,5(210)[001] (a); 3aBUCHMOCTE Mpeaena yIpyrocTH
OT J103b1 OOJTydIeHHs U151 00Pa3LOB ¢ Pa3IHYHBIMK IpaHULAME 3epeH (b):
1 — 1o obnyueHus;
2—-6-10,50, 100, 150 u 250 kackagoB COOTBETCTBEHHO;
7—25(310)[001] ; 8 — X.5(210)[001]
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- CONCLUSIONS

The simulation results showed that the migra-
tion mechanisms of symmetrical tilt grain bounda-
ries in Fe — 10Ni—20Cr bicrystal change during irra-
diation. At low radiation doses, the migration of grain
boundaries is manifested by stochastic deviations from
the initial positions. This is attributed to the interac-
tion of grain boundaries with atomic displacement cas-
cades and absorption of mobile defects in the structure.
Higher radiation doses cause formation of large clusters,
interaction with which boosts the migration rate of grain
boundaries and enhances local curvature of their sur-
face. The driving force behind the migration of grain
boundaries is their elastic interaction with large clusters.
As the radiation dose increases further, grain boundar-
ies tend to approach each other even more, which results
in their annihilation. The migration rate spikes when
the boundaries start interacting with each other. The dri-
ving force behind the migration is attributed to the strong
mutual attraction between the nearby curved regions
of the grain boundaries.

The calculations showed that the elastic limit
of the simulated alloy drops rather rapidly, as the radia-
tion dose grows up to 0.01 dpa, and then reaches satu-
ration. With further irradiation, the elastic limit slightly
deviates from the mean value. It is found that the elastic
limit reaches saturation at a lower radiation dose than that
at which the density of surviving radiation defects reaches
saturation. This is because the lower radiation dose mini-
mizes energy barriers required for the nucleation and
development of plastic deformation in the material under
study.
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NITROGEN DIFFUSION ALONG THE LAYER BOUNDARIES
AFTER NITRIDING OF MULTILAYER MATERIALS
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Abstract. Diffusion processes play a key role in formation of the structures of new materials and technological processes of strengthening heat treatments,
since diffusion is the reason for redistribution of substances in solids. An urgent task is to develop technologically advanced and effective methods for
strengthening materials in order to improve their performance properties. There is an increasing need to improve chemical heat treatment methods,
which directly affects the wear resistance of working surfaces, and, consequently, the product service life. Near-surface volumes experience increased
loads, so the formation of high-strength layers becomes an important task. Quite a few methods of surface hardening are known, among which
carburization, nitriding, nitrocarburization and others are widely used. The most interesting is nitriding, since it increases hardness, strength, fatigue
limit, and heat resistance. However, despite the proper advantages, nitriding has a number of disadvantages, including the holding duration and small
thickness of diffusion layers. The solution is related to intensification of the technological process by increasing the nitriding temperature, activating
the nitriding media or directly the parts surface. All these solutions are aimed at accelerating diffusion processes, both in grain volume and along grain
boundaries, the velocity along which is many times higher than the velocity of volumetric diffusion. It may be effective to use a new type of structural
metal materials with a multilayer structure of hundreds of layers, with thicknesses in the micron and submicron ranges separated by large angular
boundaries. The results of metallographic studies showed the effect of the steel layers interchange in the multilayer metal material on diffusion depth
after chemical heat treatment. The authors proposed an accelerate diffusion model of diffusible element along the layer boundaries.

Keywords: multilayer metal materials, chemical heat treatment, nitriding, layer boundaries, diffusion
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AnHomayus. JTuddy3roHHbBIE TPOLIECCH UTPAIOT KITIOUEBYIO POJIb B (JOPMUPOBAHUM CTPYKTYP HOBBIX MATEPHAIOB M TEXHOJIOTHYECKHX IHPOIECCOB
YIPOUHSIONIMX TEPMUYECKUX 00pabOTOK, TaKk KaK MMEHHO Onaropaps AU(Qy3uH MPOUCXOINUT Mepepacipe/ieieHIe BeIecTBa B TBEP/AbIX Telax.
AKTyanpHO# 3aa4eii ABIsIeTCs pa3padoTKa TEXHOIOTHYHBIX U A((EKTHBHBIX METOIOB YIIPOYHCHHUSI MATEPUAJIOB B LICJISIX MOBBIICHHUS UX IKCILTY-
aTallOHHBIX CBOMCTB. Bo3pacTaeT moTpeOHOCTh B YCOBEPLICHCTBOBAHWH METOOB XHMHKO-TEPMHUYECKONH OOpabOTKH, YTO HATPSMYIO BIIHSET
Ha M3HOCOCTOMKOCTh pabOuHX MOBEPXHOCTEH, @, CIIEI0BATEIbHO, U Ha pecypc u3zenus. [IpuoBepXHOCTHBIE 00BEMBI HCIIBITHIBAIOT MTOBBIIICHHEIC
Harpy3Kku, MO3TOMY Ba)XHOU 3ajadeil sBisieTcst pOpMHUPOBAHHE BBICOKOIIPOYHBIX CIOEB. VI3BECTHO TOCTATOYHO MHOTO METOIOB IOBEPXHOCTHOTO
YIPOYHEHHUS, CPEAN KOTOPHIX HIMPOKOE MPUMEHEHUE HOIYYHIIH [IEMEHTAIHsI, A30THPOBaHUEe, HUTpOoLleMeHTanus U ap. Haubosnee nepcreKTHBHBIM
SIBIISIETCST Q30THPOBAHKE, TIOCKOJIBKY MPH 9TOM IIPOUCXOIHT HOBBIICHHE TBEPAOCTH, IPOYHOCTH, TPEIesa yCTAIOCTH, KapOCTOHKOCTH. OHAKO
TIPH IOJDKHBIX JOCTOMHCTBAX a30TUPOBAHUE UMEET PSiJl HEOCTATKOB, CPEU KOTOPBIX [UTUTEIBHOCTD BBIICPKKH U MaJiast TONIUHA AU (Y3NOHHBIX
cioeB. IToaTomy pa3paboTKa METOAMK, MO3BOJISIONINX HHTCHCHMHIMPOBAT PACCMATPUBACMBIH HPOLIECC, TAKKE SBISICTCS aKTyalbHOH 3amadeii.
TpaAuIMOHHO, pEelIeHNE CBA3aHO C HHTCHCH(HKAIMEH TEXHOIOTHYESCKOTO MPOoLiecca MyTeM MOBBIIICHHS TeMIIepaTypbl a30THPOBAHUS, AKTHBALIUH
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cpell a30TUPOBAHUS MIIM HEMOCPEICTBEHHO MOBEPXHOCTH JeTaliell. Bee 9Tu pelenus HarpaBlieHbl Ha YCKOpEeHHe IpoleccoB AudGdy3un Kak 1o
00beMy 3epHa, TaK H 110 MEK3EPEHHBIM I'PAHUIIAM, CKOPOCTb 110 KOTOPEIM MHOTOKPATHO NIPEBOCXOIUT CKOPOCTh 00BbEMHOM MU Py3un. YIuTsIBas
9T0, Y(GHEKTUBHBIM MOKET OKa3aThCsl UCIOIB30BAHUE HOBOTO THIA KOHCTPYKIIMOHHBIX METAJUIMYECKMX MaTepualioB ¢ MHOTOCIONHBIM CTpoe-
HHEM H3 COTEH CJI0EB ¢ TOIIINHAMI MUKPOHHOTO U CyOMHKPOHHOTO JHaNa30Ha, pa3ieIeHHBIMI MEKLy OO0 GOBIINMHI YITIOBBIMU IPAaHULIAMH.
B pabore npuBesieHbl pe3ysbTaThl METAIOrpadhMuecKoro UCCIe0BaHuUs, TIOKA3bIBAIOIINE BIMSHIE YePEIOBAHUS CII0EB CTAJIed B MHOTOCIIONHBIX
MeTaUIMYeCKUX MaTepranax Ha TIyOouHy Auddys3un mpu IpoBeJeHUH XHUMHKO-TepPMUYECKol 00paboTku a3otupoBaHueM. [IpennoxeHa Moneb
YCKOPEHHOT'0 IIPOHUKHOBEHHUS UM GYHANPYIOIIETO JIEMEHTA 110 TPAHUIAM CIIOEB.

Kawouesvle cn108a: MHOTOCIIONHBIE MaTepHaIlbl, XUMHKO-TEpMUYECKast 00paboTKa, a30THPOBAaHKE, IPAHUILIBI CI0EB, TU(Dy3Hs

Jlns yumupoeanus: onukesuy K.b., [Terenun A.JL., [Tnoxux A.W., ®omuna JLIT. Tuddy3us a3ora no rpaHuiiaM cioeB Mpu a30THPOBAHIHA MHOTO-
CIOMHBIX MarepualioB. Mzeecmus 6y306. Yepnas memannypeus. 2024;67(3):318-324. https://doi.org/10.17073/0368-0797-2024-3-318-324

- INTRODUCTION

Currently various mechanical wood treatments
by milling are widely used. The main unit of a router is
the cutter. There are numerous cutters of different designs
and geometries, but, in each case, they should be charac-
terized by high strength and wear resistance, which can
be achieved by chemical heat treatment [1]. The multi-
layer materials used after nitriding for manufacturing
cutters can enable to enhance tool durability, preserve
tool geometry, increase tool life, and improve processing
performance due to a significantly hardened layer. Fig. 1
shows an example of such a cutter.

Additionally, multilayer materials can be used to manu-
facture gear wheels that also operate under wear (Fig. 2).

Fig. 1. Layout of a cutter from a multilayer material

Puc. 1. Cxema ¢pe3bl U3 MHOTOCIIOHHOTO MaTepuaia

This structure can be obtained if steels with different
crystalline structure are included in the initial composi-
tion [2 —4]. The developed technological route (Fig. 3)
enables to produce sheet billets, 2 to 10 mm thick [5].

The material microstructure has a multilayer lami-
nar structure with the layers, 100 to 0.8 um thick. At
the same time, the layers are characterized by crystallo-
graphic disorientation from 15 to 20°, which corresponds
to the large-angle grain boundaries in the initial steels
(Fig. 4) [6; 7].

The works [8; 9] show that with an appropriate choice
of steels included in the initial composite billet, the mul-
tilayer structure is preserved up to the temperature
of 1000 °C, which corresponds to the temperature of hot

Fig. 2. Scheme of manufacturing a gear wheel
from a multilayer material

Puc. 2. Cxema U3roToBieHus 3y04aToro Koieca
13 MHOTOCJIOIHOrO MaTepuasa

Formation .
Preparation of a multilayer Hot rolling
of billets pack Sheet
Material A cutting

T N of cycles

Fig. 3. Scheme of technological route

Puc. 3. Cxema TeXHOJIOIHYECKOTO MapiIpyTa
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Fig. 4. Typical microstructure of cross section of a multilayer material
(composition based on steels AISI420 and AISI304)

Puc. 4. Tunu4aaas MUKPOCTPYKTypa MOMEPEIHOTO
CeYeHHs] MHOTOCIIOHHOTO Marepualia (KOMIIO3UIHs
u3 crasneit 08X 18H10 u 40X13)

pack rolling. In this case, the cross-section of the sheet
billets has a structural orientation ready for chemical heat
treatment (Fig. 5).

Preliminary evaluation of nitriding the multilayer
composition that includes AISI304 and AISI430 steels
showed that the nitriding depth in the multilayer mate-
rial is greater than its depth in AISI304 steel which is
hard to nitride. The reason behind the increased thick-
ness of the nitrided layer in multilayer materials may
be the accelerated diffusion of nitrogen along the layer
boundaries with subsequent saturation of layer volumes
from their boundaries as from the diffusing element
sources [10].

To thoroughly investigate the resulting effect, we used
model compositions of multilayer materials containing
steels of different compositions (grades). The follow-
ing study objects were selected for nitriding: composites

‘(xy
X X LA X
4 4
* *
* *

Fig. 5. Scheme of polyhedral and laminar structure
of structural metallic materials indicating diffusion profiles.
Arrows indicate the direction of diffuser flow

Puc. 5. Cxema MOIU3IPUIECKOTO U IJAMUHAPHOTO CTPOCHHUS
KOHCTPYKIIHOHHBIX METAJUTHYECKUX MAaTEPHANIOB C YKa3aHHEM
nuddy3nonnsx npodueit. CTpenkamMu ykazaHo
HarpaBlieHHe notoka auddysanra
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consisting of 1008 and AISI304 steels, as well as W108
and AISI304 steels. After hot pack rolling, we obtained
10-mm thick samples with 100 layers, the single layer
being 100 pm thick.

The samples of these compositions were nitrided,
the nitriding surfaces being in all cases perpendicular
to the rolling directions used to produce the multilayer
samples. Nitriding was performed in the gas atmosphere
containing 20 — 40 % ammonia dissociation products.
We used two nitriding conditions with the following
temperature and time parameters: 540 °C for 45 h and
580 °C for 25 h. To study the structure of the resulting
nitrided layers and to determine their geometric charac-
teristics, we prepared sections with the surfaces perpen-
dicular to the rolling direction and parallel to the direc-
tion of nitrogen diffusion penetration that occurred in
the course of nitriding (Fig. 6).

Fig. 7 shows the general view of diffusion pro-
files formed during nitriding for AISI304 and 1008 (a),
AISI304 and WI108 (b) compositions obtained after
nitriding at 540 °C for 45 h.

The micrographs show the concentration profile
of diffusing nitrogen in AISI304 steel with a conside-
rable nitrogen penetration depth (and a long nitrogen
diffusion path, respectively) along the layer boundaries
of the multilayer material. Inside the AISI304 compo-
nent layer, for both cases, the nitrogen penetration dis-
tance shrinks with increasing distance from the interlayer
boundary. The smallest depth of nitrogen penetration is
about 100 um from the outer surface of the samples and
midway between the layers of neighboring components
(midway between the layers of 1008 steel (¢) and W108
steel (b)) inside the layer of AISI304 steel. This indi-
cates that the source of nitrogen penetration into the vol-
ume of AISI304 steel during nitriding is the interface
between the layers of the material. The diffusion along
these boundaries occurs faster than that through the layer
of AISI304 steel from the outer surface.

Section plane

Direction
of diffusion

Fig. 6. Scheme of sample cutting for metallographic analysis

Puc. 6. Cxema BbIpe3KH 00pa3LOB ISl IPOBEICHHS
MeTaorpagpuIeckoro aHaau3a
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bt

Pt

Fig. 7. Microstructure of nitrided layer of composition
based on steels: AISI304 and 1008 (@), AISI304 and W108 (b).
Arrows indicate the direction of nitrogen
diffusion flow

Puc. 7. MUKpPOCTPYKTypa a30THPOBAHHOTO CJIOSI
xommosurnmit 08X 18H10 + 08k (a) m 08X18H10 + V8 (b).
Crpenkamu yka3aHo HanpasieHue auddy3nonHoro
IIOTOKA a30Ta

Nitrogen penetration into the layers of 1008 and W108
steels at this depth from the nitriding surface was not
detected. This is proved by the results of electron micros-
copy and X-ray spectral analysis. There is practically no
volume diffusion of nitrogen in 1008 and W108 steels
due to low solubility of nitrogen in a-iron (maximum
0.1 wt. %), which is the main pathway of nitrogen diffu-
sion in the ferrite phase [11]. The second reason inhibit-
ing nitrogen movement in 1008 steel is the surface nitride
formation consisting of nitrides (Fe,N), which is also
proved by the results of electron microscopy (Fig. 8).

Thus, it can be concluded that the nitriding process
in multilayer materials of this type occurs due to the fast
nitrogen diffusion along the layer boundaries [12; 13].

It can be assumed that simultaneously nitrogen
atoms migrate inside the AISI304 steel perpendicular
to the interlayer boundary, which can be considered as
an extended source of nitrogen diffusion. This steel is
an austenitic grade steel and the solubility of nitrogen in
austenite (y-iron) is about 2.8 wt. %, therefore, diffusion
saturation of AISI304 layers with nitrogen is possible.
According to literature data [14], the diffusion coefficient
of nitrogen in y-iron at temperatures ranging from 500
to 600 °C is determined by the following equation

(M

D, =4.6-107 exp(—w), m’/s.

RT

i : 3
Spectrum 5

i : : 1
Spectrum 4 §

m

Spcuﬁ‘um 1

Content, wt. %
Spectrum = :
N Si Cr Mn Fe Ni
1 4.53 0 0.63 | 0.42 | 94.42 0
2 0 0 0.63 | 0.46 | 98.68 | 0.24
3 4.62 | 0.57 | 1820 | 1.73 | 67.43 | 7.45
4 424 | 044 | 1748 | 1.74 | 68.61 | 7.49
5 0 0.57 | 18.10 | 1.67 | 72.09 | 7.57

Fig. 8. Results of qualitative MRS analysis of the diffusion layer
of composition based on steels W108 and AISI304

Puc. 8. Pesynbrarsl kauectBeHHOro MPC ananmza
nuddysroHHOrO Ci10s KoMmosunuu Y8 + 08X18H10

We used the Fisher model for calculating diffusion
along grain boundaries in metallic samples to determine
the diffusion permeability of layer boundaries of the mul-
tilayer material [15— 18]. According to this model,
the product of the diffusion coefficient D, along the grain
boundary (layer boundaries in this case) and the bound-
ary thickness 6, that is value of 56 D,, can be calculated
by the formula [19]

58D, = (nt)"* D} % ctg’6, ()

where 0 is the angle at the top of the component concen-
tration profile (Fig. 7), which passes into the phase (layer)
volume from the grain (layer) boundary; s is the ratio
of boundary enrichment with atoms of the diffusing com-
ponent, which can be estimated based on the dependence
proposed in [20]:

5x,=6.2+4.5, 3)

where x, is the volumetric concentration of the impurity
in mole fractions.
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Fig. 9. Concentration angle 0 for determining the diffusion coefficient
in a multilayer material

Puc. 9. KonueHTpaunoHHslii yroi 0 s onpenenenus auddy3noHHOR
MIPOHHIIAEMOCTH CJIOEBBIX TPAHHUI] B MHOTOCIIOHHOM MarepHalie

8 9 J8 100 pm
—

Fig. 10. Determination of the angles 0 for calculating
the product of 8 and D, for the composition based on steels 1008
and AISI304 after nitriding: # = 540 °C, 45 h (a); t = 580 °C, 25 h (b)

Puc. 10. Onpenenenue yrios 0 uis pacuera npoussenenus d D,
quist komnoszumun 08k + 08X 18H10 nocne a3orupoBanus
mpu 540 °C, 45 41 (a); 580 °C, 25 4 (b)
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If we assume that the enrichment of layer boundaries
is mainly determined by the ferrite phase, since in accor-
dance with the phase diagram it has the smallest Fe—N
concentration of nitrogen, according to formula (3),
the value of enrichment of layer boundaries shall equal
s=5"10%

It should be noted that the formula (2) is suit-
able for describing diffusion along the layer boundary
when the diffusive removal of the component (nitrogen
in this case) from the boundary into the bulk is one-
sided — volume diffusion occurs only towards the layers
of AISI304 steel. The experimental data shows that there
is no diffusion of nitrogen toward the layers of 1008 steel
(Fig. 10, a) or W108 steel (Fig. 10, b).

The values of angles 6 required to calculate the dif-
fusion coefficient D, along the layer boundaries were
determined by analyzing micrographs of cross-sections
of multilayer samples of both compositions after nitriding
using two processing modes.

For the 1008 + AISI304 composition, Fig. 8, a shows
the method for measuring these angles when nitrid-
ing is performed at 540 °C for 45 h and Fig. 10,5 —
when the operating parameters are 580 °C and 25 h.

Fig. 11. Determination of the angles 6 for calculating the product
of & and D, for the composition based on steels W108 and AISI304
after nitriding: £ =540 °C, 45 h (a); t = 580 °C, 25 h (b)

Puc. 11. Onpesienenue yriios 0 jyist pacueta npoussenennus § D,
Juts komrozumn Y8 + 08X 18H10 nocie asoTupoBanust
npu 540 °C, 45 4 (a); 580 °C, 25 4 (b)
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Nitrogen diffusion coefficients
along the layer boundaries D,, m*/s

Koa¢pdpuuuentsr nudpysnu azora
10 rpanunam cioes D, , m¥/c

. Nitriding mode
Composition
540°C,45h | 580°C,25h
1008 + AISI304 1.9-10°% 8.1:10°8
W108 + AISI304 43-10°8 15.9-10°8

For the W108 + AISI304 composition, the similar proce-
dure is shown in Fig. 11.

The Table presents the diffusion coefficients of nitro-
gen atoms along the layer boundaries for 1008 + AISI304
and W108 + AISI304 multilayer compositions obtained
by analyzing experimental data as nitriding of these mate-
rials samples was investigated. The calculation assumes
that the layer boundaries thickness & is 10~ m.

- CONCLUSIONS

The experimental study of nitriding the samples of mul-
tilayer metallic materials with alternating layers of two
different steel grades revealed that the main mechanism
behind the process is mass transfer (diffusion) of nitrogen
atoms along the boundaries of the material layers.

The analysis of experimental data obtained while
investigating cross sections of surface layers of two com-
positions of multilayer materials after nitriding using
two modes enabled us to obtain the estimated values
of nitrogen diffusion coefficients D, along layer boundar-
ies. The D, values were 10* times higher than the volume
diffusion coefficient of nitrogen in AISI304 steel under
the same conditions.

The study showed that the nitriding depth in both
multilayer compositions increased due to fast diffusion
penetration of nitrogen atoms along the layer boundaries
of multilayer materials.
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KINETICS OF DEFORMATION FRONTS DURING SERRATED LUDERS
DEFORMATION IN a-IRON AT HIGH TEMPERATURE

D. V. Orlova®, V. I. Danilov, V. V. Gorbatenko,
L. V. Danilova, A. V. Bochkareva

Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)

&) dvo@ispms.ru

Abstract. At room temperature, the deformation of most bcec metals, which contain a small amount of interstitial elements, is accompanied by the forma-
tion of a Liiders band and its monotonic propagation over the tensile yield area. Within the framework of the autowave concept, front of the Liiders
band is a switching autowave, which realizes the transition from a metastable elastically deformable state to a stable plastically deformable state.
However, in the temperature range of blue brittleness of mild steels of 423 — 510 K, when the interaction of atoms of the dissolved substance with
mobile dislocations takes place, propagation of the Liiders band is accompanied by a discrete flow. The patterns of propagation of the Chernov-Liiders
fronts in ARMCO iron in the temperature range from 296 to 503 K and strain rates from 6.67-107 to 3.7-102 s~! are considered in this paper. It was
established that under these conditions both monotonic and discrete kinetics of front movement can be realized. Regardless of the movement nature,
the Liiders deformation and width of the front remain unchanged throughout the entire process. The local strain rate at the front depends on magnitude
of the effective stress, and with monotonic kinetics it increases with stress according to an exponential law, and with discrete kinetics it increases
according to a linear law. This difference is due to different autowave modes that are formed in this case. The autowave of localized plasticity switching
corresponds to monotonic kinetics, and the autowave of excitation — to discrete kinetics.

Keywords: Chernov-Liiders deformation, deformation front, local strain rate, autowave, localized plasticity
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OCOBEHHOCTU KUHETUKU AE®OPMALUOHHbIX PPOHTOB
NPU CKAYKOOBPA3HOIA BE®OPMALMUN NNIOQEPCA
B O.-KENIE3E MPU NOBbILWWEHHOW TEMMEPATYPE

. B. OpJioBa © B. H. launsios, B. B. TFop6aTeHKo,

JI. B. lannioBa, A. B. boukapeBa

HHcruTyT pu3nkn npoyHocTu 1 marepuasosenenuss Cuoupcekoro ornesnenuss PAH (Poccus, 634055, Tomck, np. Akagemuuec-
Kuif, 2/4)

& dvo@ispms.ru

AnHomayus. Ilpu xoMHaTHOH Temmeparype nedopmanus OomsumacTBa OLK-MeTanios, KOTOpsle coepxkar HeOOIbIIOEe KOINYECTBO HIEMEHTOB
BHEJIPEHUs, CONPOBOKAAETCS 00pa3oBaHueM Iosock! Jlronepca 1 ee MOHOTOHHBIM PaclpoOCTPAaHEHHEM Ha IUIOIIA/IKE TEKYUYECTH P PACTSDKEHHH.
B pamkax aBTOBOJHOBOU KOHIENIMH (GpoHT mosockl Jlronepca sBIseTCS aBTOBOJHOM NMEPEKIIIOYCHUS, KOTOpask pealan3yeT IIepexo] U3 MeTa-
CTabWIBHOTO yNpyro AeOopMHPYyEeMOro B CTaOMIbHOE IUIacTHYeCKH Aedopmupyemoe coctosiHue. OHAKO B TeMIEpaTypHOM HHTEpBale CHHE-
JOMKOCTU MATKHX cTanei 423 — 510 K, xorna nmeer MecTo B3auMOJIeiicTBAE aTOMOB PAaCTBOPEHHOIO BEIECTBA C HOABIKHBIMU JHUCIOKAIMSIMH,
pacnpocTpaHeHue nonocel Jlronepca conpoBokaeTcs PephIBUCTBIM TeueHHeM. B HacTosei paboTe paccMOTPEHbI 3aKOHOMEPHOCTH PACIpOCT-
panenus dponros YepHosa-Jlronepca 8 APMKO-xenese B nunrepsaie temreparyp ot 296 no 503 K u ckopocreii negopmuposanus ot 6,67-10°
10 3,7-1072 ¢!, YCTaHOBIICHO, YTO B 3THX YCIOBUAX MOJKET PEaIU30BBIBATHCS KAK MOHOTOHHAS, TaK U JUCKPETHAS KMHETHKA JIBUKEHHUs (DPOHTOB.
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HesaBucumo ot XapakTepa ABUKCHUS, I[e(l)OpMaI.H/Iﬂ H}ozlepca 1 HMpruHa (I)pOHTa B TCYCHUE BCEI'O ITpoLecca OCTAOTCSA HEU3MECHHBIMU. JlokanbHas
CKOPOCThH ,He(bOpMaI_H/II/I Ha (I)pOHTe 3aBHUCHUT OT BCIIMYHHBI HCﬁCTByIOHISFO HarpspKeHus1, IpuieM IIpu MOHOTOHHOW KMHETHKE OHa BO3pacTacT
C HaIIPSHKCHUEM 110 CTCIICHHOMY 3aKOHY, a Ipu I[I/ICerTHOf/'I — I1o HHHeﬁHOMy 3aKOHY. I[aHHOG pasinuuue 06yCJ'[OBJ'[CHO Pa3sHbIMU aBTOBOJIHOBBIMH
MOJaMHU, KOTOPBIC IIPU 3TOM q)OpMI/IpyIOTC}I. MOHOTOHHON KUHETHKE COOTBETCTBYCT aBTOBOJIHA IIEPEKIIFOYCHUSL JIOKaJTM30BaHHOM IIaCTUYHOCTH,

a JIMCKPETHOW — aBTOBOJIHA BO30YXKICHUSI.

Katoueswlie cio8a: nedopmanus Yeproa-Jlronepca, ppoHTHI IOKaTH30BaHHON Ie(OpMaIH, JTOKaJIbHas CKOPOCTh JAe(OpMaIii, aBTOBOJIHBI, JTOKAJIH-

30BaHHasA IJIaCTHYHOCTH

E/lazoaapnocmu: Pabora BhINIOJIHEHA B paMKax rocy1apCTBEHHOTO 3a/laHUsL I/IHCTI/ITyTa qJI/ISI/IKI/I IIPOYHOCTH U MAaTCPUAIOBEICHUS CI/IGI/IpCKOFO oTae-

nenust PAH, tema nomep FWRW-2021-0011.

/s yumuposaHus: Opnosa /1.B., Jlanunos B.U., ['opbarenko B.B., [lanumnosa JI.B., BoukapeBa A.B. OcoOeHHOCTH KHHETHKH Je(OpMaIlioH-
HBIX (POHTOB IpH cKayKooOpa3Ho nedopmarn Jlrogepca B o-kese3e NpH MOBBIICHHON TeMIieparype. M3seecmus 8y306. Yepnas memannypeusi.

2024;67(3):325-331. https://doi.org/10.17073/0368-0797-2024-3-325-331

B INTRODUCTION

At room temperature, deformation of most BCC
metals containing small amounts of interstitial elements
is accompanied by the formation of a Chernov—Liiders
band, which propagates monotonically across the yield
plateau during tension [1 — 4]. The propagation behavior
of the Liiders band can vary depending on grain size, tem-
perature, applied stress, and strain rate. The band expands
uniformly across the yield plateau, with all deformation
concentrated at its boundaries, or deformation fronts,
at any given moment. The velocities of front movement
are proportional to the velocity imposed by the load-
ing device. According to the autowave concept [5 — 7],
the Chernov—Liiders band front represents an autowave
switch that transitions from a metastable elastically
deformable state to a stable plastically deformable
state [8; 9]. However, within the blue brittleness tempera-
ture range for mild steels (423 — 510 K) [10 — 12], where
dislocation movement is influenced by dynamic strain
aging, the propagation of the Liiders band is charac-
terized by discrete flow. In [13], it was established that
within the temperature range of 393 — 503 K in ARMCO
iron, the stationary kinetics of Liiders front movement is
replaced by serrated behavior. The temperature at which
Liders deformation becomes serrated increases with
increasing deformation rate. On the serrated yield plateau,
the discretely propagating Liiders band front represents
an autowave of localized plasticity excitation. Notably,
front movement in this case only occurs during the stress
relaxation process associated with serration. This raises
a question about the nature of dependence of the local
deformation rate in front region on the applied stress
during the serrated process.

This study is dedicated to establishing the kinetic reg-
ularities of deformation front propagation during serrated
Liiders deformation in a-iron at elevated temperatures.

] MATERIALS AND METHODS

The material used for the study was ARMCO iron
with the following composition (wt. %): C 0.025; Si 0.05;
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Cu 0.05; Mn 0.035; S 0.025; P 0.015; Fe —remainder. Test
samples in the form of double-sided blades were laser-
cut from hot-rolled sheet with a thickness of 1.5 mm.
The working area of the sample was 50x10 mm. To stan-
dardize the stress and structural states before test-
ing, the samples were annealed in a vacuum according
to the following regime: 1233 K for 1 h, followed by
cooling with the furnace to room temperature.

The prepared samples were subjected to uniaxial ten-
sion using an LFM-125 testing machine at speeds rang-
ing from 0.02 to 10 mm/min. Tests were conducted at
temperatures ranging from 296 to 503 K. The STE-12H
furnace (Walter + Bai) with independent temperature
control in three zones was used. The sample temperature
was measured using three thermocouples installed along
the sample axis at a distance of 20 mm from each other.

Analysis of the kinetics of Liiders deformation fronts
was performed using digital image correlation [14; 15]
and digital statistical speckle photography [16; 17].
To form the speckle structure, the sample was illuminated
with coherent light from a semiconductor laser (635 nm,
15.0 mW). The sample images were captured using
a Point Grey FL3-GE-50S5MC digital video camera
with a resolution of 2448x2048 pixels at a frame rate
of 2 to 25 fps, depending on the stretching speed. Chro-
nograms [18] were constructed from the obtained data
arrays, which allowed for the identification of Liiders
band nucleation regions and determination of the kinetic
characteristics of their fronts.

[ RESULTS AND DISCUSSION

Fig. 1 shows the yield plateaus of the stress-strain
curves of ARMCO iron obtained at room temperature and
elevated temperatures. At room temperature, the strain
curve exhibits a typical tooth and smooth yield plateau
characteristic of low-carbon steels. At a test temperature
0f 423 K and a deformation rate of 6.67-107° s, periodic
stress jumps occur on the yield plateau.

It is known that at temperatures below 393 K, ARMCO
iron exhibits normal strain rate sensitivity, meaning that
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the yield stress on the yield plateau (lower yield strength
G(yl)) increases with increasing deformation rate and
decrease with increasing temperature [19]. As shown in
Fig. 2, a, at room temperature, the lower yield strength
increases non-linearly with increasing deformation rate.

Studies in the temperature region of the serrated
development of the Lueders strain have shown that with
increasing deformation rate, the amplitude of stress
jumps decreases, while the stress level G(y[) at which
the drop occurs remains constant (Fig. 2, ). Thus, in
the temperature range of serrated flow, the strain rate sen-
sitivity of the lower yield strength is absent. At the same
time, the stress at the onset of the jump (upper yield
strength G(y“)) monotonically decreases with increasing
deformation rate.

Studies on the nature of deformation localization using
digital statistical speckle photography identified that

fronts of localized plastic deformation form and move
both on the smooth (Fig. 3, @) and serrated (Fig. 3, b)
yield plateaus. However, in the former case, the front
moves monotonically at a constant velocity V,, while in
the latter case, it moves discretely, only during the stress
drop in the serration process.

Based on the fact that the deformation front passes
through the entire length of the sample L during
the observed yield plateau A¢, then L = VAt During
this time, the sample undergoes elongation expressed
as AL=V At (where V, is the deformation rate set
by the loading device). Therefore, the deformation
acquired by the sample on the yield plateau can be rep-
resented as

~

A ()

AL
s

235
230
225
220
215
210
205
200
195

o, MPa

. .

190
4 6

¥, mm/min

10
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Fig. 2. Strain rate dependence of the lower yield strength at 7= 295 K (a)
and strain rate dependence of the lower () and upper (@) yield strength at 7= 423 K (b)

Puc. 2. CkopocTHasi 3aBUCUMOCTb HIDKHETO mpezena Tekydectu npu 7' = 295 K (a)
u ckopocTHas 3aBucumocTh HrkHero (Ill) u Bepxuero (@) npexaena Tekydectu npu 7 =423 K (b)

327



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(3):325-331.
Opsosa /I.B., [lanunog B.U. u dp. 0co6eHHOCTH KUHETHKY JlepopMaMOHHBIX QPOHTOB MPU CKadKoo6pasHoi Aedopmanun Jlrogepca ...

0
100 150

20 - |

10 F (!

0
300 350 400 450 500 550 t,s
b

Fig. 3. Chronograms of deformation fronts movement
on yield plateaus at strain rate of 6.67-1075 s
and temperatures 293 K (a) and 423 K (b)

Puc. 3. XpoHOrpaMmbl IBIKEHUS 1e(OPMALMOHHBIX (POHTOB
Ha IUIOLIA/[KaX TEeKYYECTH [PH CKOPOCTHU pacTsikenus 6,67-107 ¢!
u temneparypax 293 K (a) n 423 K (b)

From this, it follows that the front velocity and defor-
mation rate are interrelated by the equation V, = eV, If
this relationship is normalized by the front width J, then
the relative deformation velocity is expressed as

ézﬁzsLng—L, ©)
) o 1

where 4 is the time of front motion during a jump at a
certain velocity V.

0.022

Thus, the relative deformation velocity € and front
velocity V, must be linearly related if the deforma-
tion g, at any given time is constant and concentrated
at the front. Furthermore, for this equation to hold,
the width of the deformation front 6 during motion must
also remain constant.

To test the first postulate of ¢, constancy, measure-
ments of marker displacements on the surface of the sam-
ple were conducted during deformation on a serrated yield
plateau. Markers were applied to the surface of the sam-
ple in three rows, spaced 100 pm apart, using a PMT-3M
microhardness tester. Two series of images of these
markers were then taken before and after deformation
using a NEOPHOT-21 optical microscope. Measure-
ments of the distance between the centers of two adjacent
markers before deformation (/) and after deformation (/,)
allowed for the determination of the displacement of each
marker A/ = [, —1, thus obtaining the displacement field
Al(x) (where x is the marker coordinate). By numerically
differentiating this field, the local deformation at each
point was calculated as €, = Al//. Fig. 4 shows the distri-
bution of ¢, along the length of the sample. The applica-
tion of the hypothesis of a normally distributed popula-
tion [20] showed that changes in ¢, are random in nature,
with the magnitude being considered constant and its
average value being ¢, = 0.0184 = 0.0003.

As stated in [17], when using the digital statistical
speckle photography method to visualize deformation
fronts, the brightness of the front image is proportional
to the deformation within it. From this, the average width
of the front d can be determined. Measurements for fronts
moving during all jumps (Figs. 1, and 3, b) showed
that their width is constant and equal to 105+ 7 pum.
Thus, the second postulate of front width constancy is
also fulfilled, and equation (2) can be used to investigate
the relationship between local deformation rate and stress
in the during a jump.

0.021
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0.019
0.018
0.017
0.016 |-

0015 | | | | |

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
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Fig. 4. Dependence of local deformation €, on yield plateau on the position of markers x

Puc. 4. 3aBucuMOCTb JIOKaIbHOH JieopMaluy €, Ha IUIOMAKE TEKYIECTH OT HOJIOKEHHs MapKEPOB X
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Fig. 5. Change of strain rate during serrated movement of the front («)
and change in deformation rate during monotonic movement of the front (b)
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Fig. 5, a shows this dependence. It can be seen that €
increases linearly with increasing stress. The correlation
coefficient of the interpolating relationship is p =0.99.
On the other hand, in the case of a monotonically moving
front, based on the correlation relationship (Fig. 2) and
equations (1) and (2), the strain rates at the front can be
calculated for each G(y” (Fig. 5, b). It is evident that it can-
not be interpolated by a linear function. In other words,
the strain rates in the monotonically moving front and
the serrated moving front react differently to changes in
the stress state.

The reason for this difference may be the change in
the deformation autowave mode from the autowave
of switching to the autowave of excitation. In [13], it is
shown that the kinetics of Liiders front motion in ARMCO
iron is indeed controlled by the effect of dynamic strain
aging, i.e., the delay time 7, of mobile dislocations at
barriers overcome by thermally activated processes, and
the time 7, of carbon impurity deposition on these dis-
locations. At temperatures below 393 K, when 7 >1¢ ,
front moves monotonically and represents an autowave
of localized plasticity switching. In this case, the local
strain rate increases non-linearly with stress according
to a parabolic law. The discrete nature of the deformation
front movement occurs under temperature-rate conditions
where ¢ and ¢ are comparable. The serrated moving
deformation front represents an autowave of localized
plasticity excitation. In this case, the local strain rate
depends linearly on the applied stress.

[ ConcLusion

The deformation accumulated on the serrated yield
plateau in o-iron is constant. Under these conditions,

the width of the front is also a constant in the first approxi-
mation.

The local strain rate during the monotonic movement
of the front (296 — 393 K) increases with stress according
to a power law. In the case of serrated Liiders deforma-
tion (393 — 503 K), the local strain rate is directly propor-
tional to the applied stress.

The difference in front kinetics is determined
by the reaction characteristics of active deformable
media to external mechanical action and is controlled
by the effect of dynamic strain aging.
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DETERMINATION OF HYDROGEN INFLUENCE
ON MICROHARDNESS AND MICROSTRUCTURE CHARACTERISTICS
OF AVIATION ALLOYS

D. V. Saulin®, K. G. Kuzminykh, V. Z. Poilov

| Perm National Research Polytechnic University (29 Komsomolskii Ave., Perm 614990, Russian Federation)
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Abstract. This paper presents results of the studies of hydrogen exposure duration influence on the characteristics of two aviation alloys at atmo-
spheric pressure and room temperature. First alloy (alloy /) was obtained by hot isostatic pressing, and was used for the manufacture of gas
turbine rotor discs. Second alloy (alloy 2) was obtained by directional crystallization, and was used for the manufacture of gas turbine blades. It
was determined that microhardness of the samples increased during 1000 h of hydrogen exposure duration. The relative increase of the micro-
hardness was insignificant, and for the sample of alloy / it was 2.5 %, and for the sample of alloy 2 — 2 %. Correlation analysis of the XRD
diagram parameters indicated positive and negative statistically significant relationships correlation between XRD diagrams peaks parameters,
hydrogen exposure duration and microhardness of the samples. It was revealed that XRD diagrams peaks of alloy / were broadened and their
heights increased during hydrogenation, which can be associated with a decrease of dislocations in the grains and their local accumulation at
the grains boundaries. Conterwise, XRD diagrams peaks of alloy 2 were narrowed, which can indicate an increase of dislocations in the mate-
rial grain structure. XRD diagrams processing demonstrated that the crystallite size and dislocation density for alloy / decreased with a delay
from the hydrogenation start, but for alloy 2 these parameters monotonically increased, and it corresponds to microhardness changes trends
of the samples during hydrogenation.

Keywords: hydrogen, aviation alloys, microhardness, correlation analysis, XRD diagram, peak width, dislocation density, crystallite size
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ONPEQENEHUE BNUAHUA BOAOPOAA
HA USMEHEHUE MUKPOTBEPAOCTU U XAPAKTEPUCTUK
MUKPOCTPYKTYPbl OBPA3L,0OB ABUALIMOHHbLIX CNZTIABOB

[1. B. Caysiun ©, K. I. Ky3bMuHbIX, B. 3. [loiiioB

Iepmckuii HAMOHAIBHBIN HCCIeA0BaTEIbCKUN MonuTexHnyecknii yuuBepeuret (Poccus, 614990, I[Tepms, Komcomomnnbe-
Kuii 1mp., 29)

&3 sdv_perm@mail.ru

AnHomayus. B paGote npencraBieHbl pe3y/bTaTbl UCCIIENOBAHUM BIMSHUS JUIMTEIBLHOCTH BO3JCHCTBHS BOAOPOJA NPU arMOC(EPHOM JaBICHUU
U KOMHATHOH TeMIiepaType Ha 00pa3iibl IBYX aBHALOHHBIX CIIaBOB. OHUH CIUIaB (CIUIaB /) HOIy4eH METOIOM IOpSYEro H30CTaTHIECKOrO IIpec-
COBAHUsI M UCIIOJIB3YETCs Il U3TOTOBJICHHS JUCKOB POTOPA ra30BbIX TypOuH. J[pyroii crias (cruias 2) MoaydeH METOI0M HalpaBIeHHON KpucTal-
JM3alUU U UCIIONB3YeTCs I U3TOTOBJICHHUS JIOIATOK Ta30BbIX TypPOUH. YCTaHOBIEHO, YTO B XOJE BO3ACHCTBHS BOXOPOJA HA 0OpasLbl CIUIABOB
B Tedenre 1000 4 MUKPOTBEPAOCTh 0OPA3LIOB YBEINUUBACTCS, HO TIPU ATOM OTHOCHUTEILHOE YBEINUCHUE MUKPOTBEPIOCTH HEBEIIMKO, COCTABIISS
2,5 % nns obpasua crasa [ u 2 % st o6pasna u3 ciasa 2. KoppelsiuoHHsIi aHaIu3 napaMeTpoB JU(GPAKTOrpaMM MOKa3all HaIMIHe TTOT0XKHI-
TEJILHBIX U OTPULIATENILHBIX KOPPEISLMOHHBIX CTATUCTUYECKH 3HAYMMBbIX CBSA3€H MEXJy napaMeTpamu MHKOB AU(PPAKTOrpamMM, JIUTEIbHOCTIO
BO3ZICUCTBHS BOJOPOJA U MUKPOTBEPAOCTHIO 00pa3LoB. Y ciuiaBa / B Ipolecce HABOJOPOKMBAHKS HAOIIONACTCS CHIDKCHHUE IIMPUHBL U YBEIU-
YEHHE BBICOTHI IIMKOB JU(PPAKTOrPAMMBI, YTO MOXKET ObITh CBSI3aHO CO CHU)KCHHEM KOJIMUECTBA AUCIOKALMH B 3€PHAX MIIH UX JIOKAJIbHBIM HAKOII-
JICHHEM Ha IPaHMIAX 3epeH MarepHana. Hanpotus, y criaBa 2 IPOUCXOMUT PACIIMPEHHE ITHKOB, YTO MOXKET CBUACTEIBCTBOBATH 00 YBEIHYCHUH
KOJIMUECTBA IUCIIOKAIM B CTPYKType 3epeH MaTepuana. PacueTsl mokasaiiy, 4To B IPOLECCE HABOJOPOKMBAHMS Pa3Mep KPUCTAJINTA U INIOTHOCTh
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uncnoxaunﬁ Yy CIuiaBa 1 CHUXXAKTCH, HO C 3aﬂep>l<1<01?1 110 BpEMEHU OT Ha4ajia rporecca, a y crjiaBsa 2 MOHOTOHHO YBCJIIMYHUBAKOTCA, YTO COOTBETCT-
BYCT TCHACHUHMSAM U3MCHCHUSI MUKPOTBEPAOCTH 06p33HOB B IIpO1LI€CCE HABOAOPOKUBAHMS.

Kawuessle cnoea: BOAOPOX, aBUALIMOHHBIC CIUIaBbl, MUKPOTBEPAOCTD, KOppeHSII_II/IOHHLIﬁ aHalInu3, L[I/I(bpaKTOI“paMMa, HIMpUHa ITUKOB, INIOTHOCTL AUC-

JIOKALMi, pa3Mep KPUCTAJINTOB

BaazodapHocmu: Pabora BbINONHEHA B paMKaX rOCYIapCTBEHHOTO 3aaHusi MUHUCTEPCTBA HAyKK U BhIcIiero odpaszoBanusi Poccuiickoit denepannu
Ha npoBeieHre QyHAaMEHTAIbHbIX HayuHbIX uccnenoanuii (mpoekt FSNM-2023-0004).

JAaa yumuposanus: Caynun J1.B., Ky3smunbix K.I, Tloiinos B.3. Onpenenenue BausHUS BOAOPOJIA HA U3MEHEHUE MUKPOTBEPIOCTH M XapaKTe-
PHCTHK MHKPOCTPYKTYPBI 00pa3Il0B aBUAIIMOHHBIX CIUTABOB. M36ecmust 8y306. Yepnas memannypeus. 2024;67(3):332-339.

https://doi.org/10.17073/0368-0797-2024-3-332-339

- INTRODUCTION

One of corrosion types accompanied by the destruc-
tion of metals and alloys is hydrogen corrosion. Its char-
acteristic feature is that products of interaction between
hydrogen and alloy elements, gas phase or alloy struc-
ture defects form inside the alloy causing microcracks.
The stronger and harder the alloy, the more pronounced
is the issue of hydrogen embrittlement, and a hydrogen
concentration of a few ppmw in the material is often suf-
ficient to seriously alter the material properties [1].

Hydrogen embrittlement is known to be a process
leading to reduced metal viscosity and plasticity caused
by the presence of atomic hydrogen. For hydrogen embrit-
tlement to start within the metal structure, hydrogen
should diffuse inside it. As known, the rate of hydrogen
diffusion in metals depends on concentration of the dif-
fusing agent, temperature, pressure, and crystal struc-
ture! [2]. For example, in body-centered cubic (BCC)
lattices of metals, the hydrogen diffusion coefficient is
usually four to five orders of magnitude higher than in
face-centered cubic (FCC) lattices or hexagonal close-
packed (HCP) ones. However, there are exceptions, such
as Pd (FCC) and Co (HCP) metals, which have diffusion
coefficient values several orders of magnitude larger than
most other metals with BCC and HCP lattices.

If we exclude the processes of hydride formation or
hydrogen interaction with carbides, the hydrogen satu-
ration of alloys is usually divided into types related
to the features and mechanisms of hydrogen interaction
with the metal crystal lattice and its grains, which help
to explain the features of hydrogen embrittlement pro-
cesses. These mechanisms form the basis of the best-
known micromechanical models of hydrogen-material
interactions: HEDE, HELP, AIDE and HESIV [2 - 5].
There are also combined hydrogen embrittlement models,
however, most researchers opt for HEDE and HELP.
Thus, the authors of [6 — 8] note that HELP (hydrogen-
enhanced localized plasticity) mechanism is likely to pro-
ceed simultaneously with HEDE (hydrogen-enhanced
decohesion), i.e., hydrogen causes hardening and soften-

! Hydrogen Embrittlement. NASA Technical Memorandum. URL:
https://ntrs.nasa.gov/api/citations/20160005654/downloads/20160005654.pdf

ing of the material at the same time. Meanwhile, quan-
titative measurement of the local distribution of hydro-
gen concentrations in alloys is a serious challenge yet
to be solved, which hampers researchers to fully verify
the models including hydrogen diffusion.

According to findings of the study presented in [9],
the relationship between plasticity and hydrogen-induced
fracture mechanism, in addition to changing plasticity
and accelerating evolution of metal microstructure, also
leads to local high concentrations of hydrogen and a local
stress state. The conditions under which cracks emerge
due to hydrogen embrittlement are determined by dislo-
cation processes enhanced and accelerated in the pres-
ence of hydrogen.

The theory of “hydrogen traps” is also intriguing.
Thus, the authors of [10] describe the interaction of hyd-
rogen with defects in the crystal lattice, classify hydrogen
traps into reversible, irreversible, and mixed based on
their energy levels and demonstrate the impact of hydro-
gen traps on the hydrogen diffusion coefficient. Regarding
diffusive mobility of hydrogen in steel, the authors of [11]
investigated the impact of diffusively mobile hydrogen on
the plasticity of aircraft steel intended for power parts and
assemblies of aviation equipment. The authors note that
it is not the total hydrogen content in the metal that deter-
mines hydrogen embrittlement. Steel plasticity consider-
ably reduces due to diffusion-mobile hydrogen only, as it
has low binding energy with defects in the crystal lattice
and gradually moves to the zone of maximum stresses.

As to changes in the metal microstructure in the pres-
ence of hydrogen, the paper [12] discusses the HEDE and
HELP mechanisms of fatigue crack formation. Moreover,
the HELP mechanism considers that hydrogen facilitates
movement of dislocations (defects in the crystal lattice)
inside the metal grains. In this case, dislocations can
accumulate both inside the metal grains and at the grain
boundaries, resulting in changing width of XRD diagrams
peaks. The broadening XRD diagrams peaks will indi-
cate a more uniform distribution of dislocations (defects)
across the grains. On the contrary, when XRD diagrams
peaks narrow, the number of dislocations (defects) in
the grains will decrease, at the same time, the accu-
mulation of dislocations at the grain boundary may be
observed. The Scherrer formula can be used to calculate
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the dependence of the crystallite size on the variation
of the XRD diagrams peaks width [12; 13] and the Wil-
liamson-Hall method — to the value of the average rela-
tive lattice deformation and dislocation density [14 — 16].

Due to the fact that in the presence of hydrogen,
defects in the metal structure can sooner or later lead
to cracks and destruction of the metal, the main objective
of the work is to determine the effect of a hydrogen atmo-
sphere on the microstructure of aircraft alloys at room
temperature and atmospheric pressure.

[ CHARACTERISTICS OF INITIAL MATERIALS

The samples of aircraft alloys, which are widely used
to manufacture gas turbines, served as initials materials:

— sample of alloy / containing Ni, Co, Cr, Al, Ti, Mo,
Nb, W, similar to VV750P alloy described in the [17],
obtained by hot isostatic pressing and used to manufacture
gas turbine rotor disks, for example, the PD-14 engine.

—sample of alloy 2 containing Ni, Al, Co, Cr, W, Ta,
Re, similar to alloy ZhS32 described in [18], obtained

by the method of directional crystallization and used
to manufacture gas turbine blades.

Hydrogen used for hydrogenation of the samples was
obtained using a TsvetChrome-50AV hydrogen generator.

- METHODS OF THE EXPERIMENT AND ANALYSIS,

STUDY PARAMETERS

The effect of hydrogen on alloy samples was studied
at room temperature and atmospheric pressure. The alloy
samples were placed in a sealed glass container filled
with pure hydrogen obtained in the hydrogen generator
and held at room temperature for a given time, their char-
acteristics (microhardness and phase composition) were
periodically monitored. The samples were held in hydro-
gen medium for more than 1000 h.

The Vickers hardness of the samples was mea-
sured using a Q60N, Qness hardness tester with a load
of 9.807 N (1 kgf). As microhardness of the samples’
surface is not heterogeneous, all periodic measurements
of microhardness in the course of hydrogenation were
performed in the zones of previous measurements, and
there were minimum 12 such zones. The measurement
results were then processed, anomalous values were
discarded and the average value of the sample surface
microhardness was determined.

The crystal structure of the alloys was investigated
using XRD7000 X-ray diffractometer, Shimadzu (Cuk,
radiation, A =1.5406 A). The XRD diagrams were
recorded when the samples were rotating, at tube volt-
age of 30 kV, current of 30 mA, scanning speed of 1°/min
with a step of 0.02°. The XRD diagrams were processed
using XRD 6000/7000 Ver. 5.21 software.
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[ RESULTS AND DISCUSSION

Fig. 1 shows the changing microhardness of the samples
during hydrogenation at room temperature. We can see that
the average microhardness of the sample of alloy / is higher
than that of the sample of alloy 2. In this case, during hydro-
genation microhardness in the samples of both alloys /
and 2 slightly increases and it changes the most during
the first 400 — 500 h. During 1000 h of hydrogen expo-
sure at room temperature, the microhardness in the sample
of alloy / changed by about 2.5 %, and that in the sample
of alloy 2 — by 2 %. It should be noted that the dispersion
of microhardness values in both cases is very large.

We conducted correlation analysis to test the hypo-
thesis that microhardness of alloy samples depends on
the duration of the hydrogenation process. The coef-
ficients of correlation between the samples microhard-
ness and duration of hydrogenation were calculated in
MS Excel. The calculation showed a positive correlation
between the process duration and the samples micro-
hardness. It was found that the correlation coefficient is
0.775 at R_ = 0.482 for alloy / and 0.556 at R = 0.553
for alloy 2, that is correlation coefficients are statistically
significant.

According to the XRD diagrams, the sample of alloy /
has a cubic structure Pm-3m and contains four main
(by decreasing intensity) peaks: 43.60 (hk/=111), 50.50
(hki=200), 74.60 (hkli=220) and 90.40 (hkl=311),
while the sample of alloy 2 has a close-packed cubic
face-centered structure Fm-3m (cubooctahedron) and
contains five main (by decreasing intensity) peaks: 43.60
(hki=111), 50.60 (hkl=200), 40.60 (hkl=110), 90.40
(hkl=311) and 74.60 (hkl = 220).
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Fig. 1. Change in microhardness of the samples
during hydrogenation at room temperature:
@ —alloy /; l— alloy 2
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To determine the influence of hydrogenation on
the structure of alloys, we conducted a correlation anal-
ysis of the XRD diagram parameters recorded for alloy
samples at different durations of hydrogen exposure. As
XRD diagrams feature different number of peaks, for
the correlation analysis, we selected three of them with
the same 4kl index: 111, 200 and 311.

We used the following values as XRD diagram para-
meters for the correlation analysis:

— lattice spacing (d), A;
— peak intensity (/), imp.;
— peak full width at half maximum (FWHW), deg;

— integral intensity or peak area (S), impulses per
degree;

— duration of sample exposure to hydrogen (1), h;

—values of current average Vickers microhardness
of the sample, HV.

Table 1 presents the results of the correlation analysis
for the sample of alloy /. The correlation coefficients in
absolute value exceeding the critical correlation coeffi-
cient (R = 0.621), i.e., statistically significant ones, are
highlighted in bold and underlined.

The analysis of the calculation results shows that
for all peaks there is a negative correlation between
the hydrogenation duration and the peaks width, i.e., in
the course of hydrogenation, all peaks narrow. We should
also note the negative correlation between intensity
of the peak with 4kl: 200 and its width and positive corre-
lation between the peak intensity and the process duration
or hardness.

Thus, the correlation analysis shows that as the hydro-
genation duration increases, so does the microhardness
in the sample of alloy /, while the peaks narrow, which
can be interpreted as a decrease in the number of defects
in the material grain structure or the local arrangement
of dislocations, for example, at the grain boundary, which
can subsequently lead to the structure fracture along
the grain boundaries [19; 20].

Table 2 presents the results of the correlation analysis
for the sample of alloy 2. The correlation coefficients in
absolute value exceeding the critical correlation coeffi-
cient (R = 0.669), i.e., statistically significant ones, are
highlighted in bold and underlined.

The calculation results show that alloy 2, unlike
alloy I, features a positive correlation between the dura-

Table 1. Correlation coefficients of XRD diagram parameters for alloy /

Tabauya 1. KodppuuueHTHI KOppeasiiuu napaMeTpoB qudpaxkrorpamMmm odopasua ciuiapa |

Parameters ‘ T, h ‘ d A ‘ 1, imp. ‘ FWHW, deg ‘ S, imp.-deg HV
Peak with #kl: 111
T,4 1 | -0.206 | 0.230 —0.880 -0.209 -
d A 1 —0.108 0.388 0.395 0.325
1, imp. 1 -0.318 0.549 0.263
FWHW, deg 1 0.446 —0.576
S, imp.deg 1 0.147
HV 1
Peak with hkl: 200
T,4 1 |-0.202 | 0.644 -0.696 0.239 -
d, A 1 0.419 0.362 0.370 0.356
1, imp. 1 =0.649 0.331 0.817
FWHW, deg 1 —-0.096 -0.516
S, imp.deg 1 0.622
HV 1
Peak with hkl: 311
T,9 1 | -0.237 | 0.210 =0.721 =0.892 -
d A 1 —0,606 0.595 0.010 0.260
1, imp. 1 —0.531 —0.134 0.132
FWHW, deg 1 0.626 —0.357
S, imp.deg 1 —0.694
HV 1
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tion of hydrogen exposure and the width of the peak with
hkl: 111, but negative correlation between the exposure
duration and peak intensity, i.e., with increasing duration
of hydrogen exposure, the peak widens and its intensity
drops. The peaks with Akl: 200 and 311 also demonstrate
a negative correlation between the peaks’ width and their
intensity. There is a statistically significant correlation
between microhardness and XRD diagram parameters only
for the peak with Akl: 311. With increasing microhardness,
the intensity of this peak drops and the peak area expands.
In addition, the peak with Akl: 200 of alloy 2 shows a
negative correlation between the lattice spacing value and
the peak width, which was not the case for alloy /.

Thus, with increasing duration of hydrogen exposure,
the microhardness of the sample enhances, but the inten-
sity of some peaks drops (4kl: 111 and 311) when these
peaks show a significant negative correlation between
the peak width and its intensity. The peak with A4k/: 111, in
contrast to the peak with the same /k/ of alloy 1, features
a positive correlation between the process duration and
the peak width, which can be interpreted as an increase in
the number of dislocations (defects) in the material grain
structure.

We used the Scherrer formula to calculate the crys-
tallite size and the Williamson-Hall method to determine

the lattice characteristics and dislocation density from
the XRD diagram parameters. Figs. 2 and 3 demonstrate
the results of calculating the change in the average crys-
tallite size and dislocation density during hydrogenation.

The graphs show that the average crystallite size
of alloy / shrinks (by more than 30 %) during the process,
while that of alloy 2 increases (by less than 25 %). Mean-
while, the crystallite size of alloy / remains almost con-
stant during 400 h of hydrogen exposure and then begins
to reduce, while the crystallite size of alloy 2 increases.
Similar dependencies are observed for the change in dislo-
cation density (Fig. 3). The dislocation density of alloy /
drops to almost zero values with a delay of 400 h, while
for alloy 2, this value increases.

According to the graphs in Fig. 3, microhardness in
the sample of alloy / obtained by hot isostatic pressing
mostly changes during the first 400 — 500 h, while subse-
quent changes are very slight. Thus, it can be concluded
that exposure of alloy / to hydrogen for 400 — 500 h
at room temperature and atmospheric pressure leads
to hydrogen accumulation in the sample of alloy /, its
microhardness enhancing, while its the microstructure
remaining the same. At further saturation of the sample
with hydrogen, the alloy microstructure alters practically
without any changes in its hardness. For alloy 2 obtained

Table 2. Correlation coefficients of XRD diagram parameters for alloy 2

Tabauya 2. KoadduuneHTs! KOppeJsiiuy NapaMeTpoB JudpakrorpamMm odpasua cniiasa 2

Parameters ‘ 7, h ‘ d A ‘ I, imp. ‘ FWHW, deg ‘ S, imp.-deg HV
Peak with hkl: 111
T, 9 1 0.079 | =0.860 0.873 —0.455 -
d A 1 -0.035 0.448 -0.359 -0.080
1, imp. 1 —0.743 0.617 -0.630
FWHW, deg 1 -0.380 0.384
S, imp.deg 1 —-0.105
HV 1
Peak with Zkl: 200
T, 9 1 0.653 | =0.812 0.169 -0.301 -
d A 1 -0.302 —0.681 -0.259 0.098
L, imp. 1 —0.467 0.537 —0.586
FWHW, deg 1 -0.176 0.337
S, imp.deg 1 —0.435
HV 1
Peak with Akl: 311
T, 1 | -0.077 | -0.269 0.119 0.771 -
d, A 1 0.102 —-0.068 -0.039 -0.150
1, imp. 1 =0.839 -0.221 =0.677
FWHW, deg 1 0.383 0.588
S, imp.deg 1 0.681
HV 1
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Fig. 2. Effect of hydrogen exposure duration on crystallite size:
@ —alloy /; - alloy 2

Puc. 2. Bnusinue JUIMTENbHOCTH BO3JEHCTBHS BOJOPOAA
Ha N3MEHEHHE Pa3MepOB KPHCTAJUIUTOB!
@ —cmiaB /; [l — cruiaB 2

by directional crystallization, the metal hardness and
microstructure change continuously when exposed
to hydrogen.

[ ConcLusions

The investigation revealed that as alloy samples are
exposed to hydrogen for 1000 h, the samples microhard-
ness increases, its relative growth in the sample of alloy /
reaching 2.5 %, and in the sample of alloy 2 amounting
to 2 %. The correlation analysis of the change in XRD
diagram parameters during hydrogenation of alloy samp-
les indicated positive and negative statistically signifi-
cant relationships correlation between XRD diagram
peak parameters, hydrogen exposure duration and micro-
hardness of the samples. It was found that alloy /, being
exposed to hydrogen, features narrowing and lengthening
of XRD diagram peaks, which may indicate a decrease in
the number of dislocations (defects) in the grains or their
local accumulation at the grain boundaries of the mate-
rial. On the contrary, alloy 2, being exposed to hydrogen,
features some widening of XRD diagram peaks, which
can be indicative of increased dislocations in the material
grain structure. The calculations of the effective crystal-
lite size and average dislocation density indicated that
during hydrogenation.There was a delayed decrease in
both crystallite size and dislocation density for alloy /.
In contrast, these parameters increased monotonically for
alloy 2. These findings align with the observed trends in
microhardness changes during hydrogenation for both
alloys.
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PROBLEMS OF SELECTION OF CORROSION-RESISTANT STEELS AND ALLOYS
IN OIL AND GAS INDUSTRY FOR OPERATING CONDITIONS

A. S.Fedorov®, V. S. Karasev, E. L. Alekseeva,

A. A. AI’khimenko, N. 0. Shaposhnikov
I Peter the Great St. Petersburg Polytechnic University (29 Politekhnicheskaya Str., St. Petersburg 195251, Russian Federation)
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Abstract. Corrosion-resistant steels and alloys have a number of unique properties. This allows them to be used in various industries. Despite their name,
they are to some extent subject to various types of corrosion and corrosion-mechanical damage. This article discusses cases of corrosion damage of
products made of corrosion-resistant steels and alloys in the oil and gas industry. The reasons of material failure can be incorrect exploitation of mate-
rial, low-quality material of products, and incorrect selection of material for operating conditions. For each group of failure causes the examples from
open sources and from the practice of the team of authors of this work are considered. The paper substantiates the importance of preliminary laboratory
studies of corrosion-resistant materials and their testing with simulation of environmental factors. It is necessary for reasonable choice under specific
operating conditions. It is shown that in practice the reasonable choice of corrosion-resistant materials is not always given due attention, so the seem-
ingly economically favorable solutions may turn out to be incorrect. The main focus is made on the practical side of the issue in order to avoid such
problems in the future. The relevance of the work is confirmed by the recent acute problem of substitution of foreign steel grades.

Keywords: corrosion-resistant steels and alloys, reasonable selection, causes of failure, operating conditions, incorrect operation, laboratory tests, physical
simulation
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NMPOBNEMbI NOABEOPA KOPPO3UOHHOCTOMKUX CTANEN U CNTIABOB
B HEGTEFA30BOW OTPAC/IU NOJ, YC/IOBUSA IKCNNYATALIUM

A. C. degopoB”, B. C. Kapaces, E. JI. AnekceeBa,

A. A. AnbxumMeHko, H. O. [llanomHUKOB

Cankr-Ilerepoyprekuii nosurexnnueckuii yauusepcurer Ilerpa Beaukoro (Poccust, 195251, Cankr-IletepOypr, yo1. [TomurexHu-
yeckast, 29)

&) fedorov_as@spbstu.ru

AHHomayusa. Koppo3MOHHOCTOWKHE CTAIM W CIUIaBBI 00JIAJAl0T PSIIOM YHHKAJIBHBIX CBONCTB, ITO3BOJISIONINX HCIIOJNB30BaTh MX B Pa3IMYHBIX
0TpaciIsaX MPOMBIIUIEHHOCTH. O/IHAKO, HECMOTPSI HA CBOE HAa3BaHWE, OHM B TOH MJIM MHOW Mepe MOJABEPIKEHBI PAa3JIMUHBIM BHJIAM KOPpPO-
3MOHHBIX M KOPPO3HMOHHO-MEXaHWYECKUX MMOBPEXKACHUI. B nanHOi paboTe paccMaTpHUBalOTCS CIlydan KOPPO3UOHHOTO pa3pyIICHUs U3IACIUi
13 KOPPO3HOHHOCTOWKUX CTaJIeil M CIIJIABOB B HE(TEra3oBOM OTpacin. YCTAHOBICHO, YTO MPUUUHAMH PA3pyIICHUS] MOTYT CTaTh KaK HEKOp-
PEeKTHas SKCIUTyaTalysi ¥ HeKaYeCTBEHHBIM MaTepHuall U3/IeJIHi, TaKk ¥ HEKOPPEKTHBINH MOA00p MaTepuaia Moj yCIOBHs dKCIuryaranuu. Jlims
Ka)KJJOM I'PYIIIBI IPUYNH OTKa3a PACCMOTPEHBI IPUMEPbI U3 OTKPBITHIX HCTOYHUKOB M M3 MPAKTHKH KOJUIEKTHBA aBTOPOB padboThl. OO0CHOBaHA
BaXHOCTH TIPOBEJICHUS MTPEIBAPUTEIBHBIX JIA0OPATOPHBIX NCCIIEI0OBAHUI KOPPOZHOHHOCTOWKNX MaTepHaIOB M X MCIIBITAHUI C BOCIIPOHM3BE-
JieHneM (aKTopoB cpeibl U1t 000CHOBAaHHOTO BHIOOpA MO/ KOHKPETHBIE YCIOBUS dKCIUTyaTanny. [loka3ano, 4To Ha NpakTHKe 000CHOBAHHOMY
BBIOOPY KOPPO3MOHHOCTOMKUX MaTepUaIOB HE BCET/Ia YACISACTCS JOJDKHOE BHUMaHHUE, TIOITOMY KaKyIIMEeCs Ha MEPBBIN B3IIIs]] SKOHOMUYECKH
BBITOJIHBIMH PELICHUS] MOTYT OKa3aThCs HEKOppeKTHhIMH. OCHOBHOM (DOKyC clieslaH Ha MPAaKTHYECKOW CTOPOHE BOIPOCa Ul TOTO, YTOOBI
B OyaymieM u30exarh 1MOJ0OHBIX MPOOIeM. AKTYaIbHOCTh paboThI MOJATBEPIKIACTCS OCTPO CTOSMICH B MOCIEIHEE BpeMs MpoOiIeMoil 3ame-
HICHUS 3apyOeKHBIX MapOK CTAJICH.
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[ INTRODUCTION

Corrosion-resistant materials play a significant role in
various industrial sectors [1 —4]. Possessing enhanced
corrosion resistance combined with the required mecha-
nical properties [5S — 7], corrosion-resistant materials are
used in aggressive environments where longevity with-
out loss of operational characteristics is essential [8; 9].
Historically, the high cost of corrosion-resistant materials
limited their use. However, over time, the understanding
of the advantages of corrosion-resistant materials has led
to their increasingly widespread use, particularly through
the optimization of composition and properties for appli-
cation in specific environments in critical components
and structures [10 — 12]. At present, corrosion-resistant
steels and alloys are used for more critical, expensive,
and complex equipment where the potential risks, costs,
or benefits outweigh the material’s cost.

For the domestic metallurgical industry, the issue
of producing import-substituting grades of corrosion-
resistant steels and alloys is currently pressing. Russia
accounts for 0.4 % of global corrosion-resistant steel pro-
duction, with the volume of products produced satisfy-
ing no more than 25 % of the total domestic consump-
tion of steel in various industries [13 —15]. In 2021,
120,000 tonnes of corrosion-resistant steel were produced
in Russia, while 463,000 tonnes were imported from
abroad. Moreover, domestic equivalents do not always
meet the end user’s requirements for physical, mechani-
cal, and corrosion properties.

A significant problem is that the domestic regulatory
and technical documentation (RTD), containing require-
ments for the production technology and quality assess-
ment of corrosion-resistant steels and alloys, is either
outdated with minimal product requirements or entirely
absent.

The relevance of this study lies in the emergence
of numerous requests for import substitution, selection,
and comparative evaluation of the properties of stainless
steels and alloys for the implementation of domestic pro-
ducts, equipment, and technologies. Additionally, it draws
on data from open sources and the many years of expe-
rience in failure analysis by the Scientific and Technolo-
gical Complex “New Technologies and materials”
at Peter the Great St. Petersburg Polytechnic University.

It is also important to note that discussions on the topic
of failures and, moreover, their open analysis is a very
contentious issue, as it leads to the search for culprits and
punishment. However, in this work, the authors focused
on the scientific or practical side of the issue to avoid
similar problems in the future.

[l REVIEW OF FAILURES

Conducting laboratory tests and research is an integral
part of the justified selection of materials for specified
operating conditions or their range [16 — 18]. In labora-
tory conditions, it is possible to carry out both standard
tests according to existing methodologies (GOST, ASTM,
ISO, DIN, etc.) and research work simulating aggressive
environments close to real objects.

As numerous examples from open sources and
the authors’ extensive practice show, the choice of a par-
ticular material depending on operating conditions can
often be incorrect [19 — 22]. Additionally, factors such as
installation conditions, technological impacts [23 — 25],
interactions with other materials [26 — 28], changes in
operating conditions, and metallurgical quality [29 — 31]
may not be taken into account. All these factors lead
to failures and serious economic and environmental con-
sequences.

Tables 1—-3 provide an overview of failures
of various products made from corrosion-resistant mate-
rials in the oil and gas industry and show the causes
of these failures. Analysis of the sources revealed that
cases of failures can be grouped into three categories:
incorrect operation of the material, low-quality material
of the products, and incorrect selection of material for
the operating conditions. Among the cases of incorrect
operation, those where the condition of the material was
compromised during installation on-site — such as during
welding work in the construction of structures made from
corrosion-resistant steels — were also included.

Let us examine in detail the most interesting cases
of damage and the methods for resolving the problems
from each category.

Incorrect operation of the material. Consider an
example from open sources. The authors of [21] analyzed
the causes of corrosion damage in the rectification column
of a cellulose acetate production plant, made from duplex

341


https://fermet.misis.ru/index.php/jour/search/?subject=коррозионностойкие стали и сплавы
https://fermet.misis.ru/index.php/jour/search/?subject=обоснованный выбор
https://fermet.misis.ru/index.php/jour/search/?subject=причины разрушений
https://fermet.misis.ru/index.php/jour/search/?subject=условия эксплуатации
https://fermet.misis.ru/index.php/jour/search/?subject=некорректная эксплуатация
https://fermet.misis.ru/index.php/jour/search/?subject=некорректная эксплуатация
https://fermet.misis.ru/index.php/jour/search/?subject=лабораторные испытания
https://fermet.misis.ru/index.php/jour/search/?subject=физическое моделирование
https://doi.org/10.17073/0368-0797-2024-3-340-350

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(3):340-350.

®edopos A.C, Kapaces B.C. u dp. [Ipo6sieMmbl 1o60pa KOPPO3MOHHOCTOUKHX CTaJIEH U CMJIABOB B HePTErasoBOu OTPACIH ...

Table 1. Overview of damage to corrosion-resistant materials.
Incorrect exploitation of material

Tabauya 1. O630p pa3pyuieHnii KOPPO3UOHHOCTONKHUX MATEPHAJIOB.
HexoppekTHas 3KcIIyaTanus MaTepuaJia

No. Material Product Failure/Causes Source
UNS S32760 The pipe failed after one month of operation
. due to pitting in the heat-affected zone (HAZ)

1 0.025 % C—25 % Cr—7.5 % Ni - Weldeq oil . caused by the formation of o-phase in an [20]
3.8% Mo —0.25% N — fransportation pipe amount of 8 vol. % during the pre-welding
—0.57%Cu-05%W heating process.

The material exhibited a high rate of general
UNS S31803 corrosion after just a few months of use.
) 0.016 % C —22.4 % Cr — Rectification column The. column opfarated in an oxygen-frec? . 21]
_589%Ni—3.1% Mo — environment with an excess of sulphuric acid
—0.17%N=0.55 % Si in the liquid, which prevented the formation
of a stable passive film on the steel surface.
Stress corrosion cracking (SCC) occurred
in the heat-affected zone (HAZ). During
UNS §32750 welding, o-phase formed in the HAZ in
0.020 % C —24.2 % Cr — Welded high- an a.mount of 2 vol. %. The operationz.il
3 8.7 %Ni—3.8% Mo — environment was saturated with chlorides [22]
pressure vessel .
—022%N=0.5%Si— (~220 ppm), and the operating temperature
~0.1%Cu—0.38% Mn was 110 °C. Crevice corrosion contributed
to the propagation of SCC along the ferrite-
austenite boundaries.
Table 2. Overview of damage to corrosion-resistant materials.
Low-quality material
Ta6auya 2. O630p pa3pyueHnii KOPPO3NOHHOCTOI KX MATEPHAJIOB.
HexkadecTBeHHBII MaTepHaJ u3aeani
No. Material Product Failure/Causes Source
The stem of a double-disc shut-off valve
failed after 30 years of operation in an
environment containing hydrogen sulphide
(pH = 4, operating temperature 128 °C)
UNS S32900 due to sulphide stress corrosion cracking
| ) Stem of a double- | (SSCC). The SSCC crack predominantly 23]
0.040 % C—25% Cr—4 % Ni— | jsc shut-off valve propagated in the ferrite and along the
—1.5% Mo —0.5% Si—0.5 % Mn ferrite-austenite boundary due to the
presence of the o-phase. Although the
stem operated for 30 years, it could have
lasted longer with properly conducted heat
treatment.
The pipe experienced intergranular
corrosion, leading to cracks in the welds.
UNS $32304 The cause of this was an excess of ferrite

) 0.020 % C ~237%Cr— Welded flexible (~70 %) 1nfthe;7veld e;;d ﬂ;le ad(.iltlon?ll » 9y

_42%Ni-0.3% Mo — pipe presence of unfavorable chromium nitrides [24]

—0.09 % N —-0.67 % Si—
—0.31% Cu—1.4% Mn

at the ferrite-austenite boundaries. The
excessive ferrite content resulted from the
low linear energy values used during the
welding process.
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Table 2 (continutation). Overview of damage to corrosion-resistant materials.
Low-quality material

Tabauya 2 (npodoascenue). O630p pa3pylieHU KOPPO3ZHOHHOCTOHKHUX MATEPUAJIOB.
HekauecTBeHHBIII MaTepuaJs u3aeauit

Material

Product

Failure/Causes

Source

AISI 304

3 10052%C—17.1%Cr—8.1 % Ni—
0.1 % Mo — 0.36 % Si — 1.02 % Mn

Convective pipe for

geothermal water

Improper heat treatment before putting

the pipe into operation led to sensitisation,
which increases susceptibility to
intergranular cracking. Residual stresses
arising during production also contributed
to the failure process. The presence of
chlorides in the working environment caused
SCC cracks to appear. In the initial stage,
SCC cracks propagated along the austenite
grain boundaries, then they transformed

into a coexisting mode of intergranular and
transgranular cracking. The authors attribute
the pipe failure to the synergistic effect of
sensitisation, the presence of chlorides, and
residual stresses.

[25]

14Cr17N2

4 0.135% C—-16.8 % Cr -
—1.66 % Ni—0.51 % Si—
—0.58 % Mn

Flange of shut-off

valve

The flange exhibited structural heterogeneity
and a high content of chromium carbides
along the grain boundaries. In addition to
isolated pitting and localized corrosion
damage, intergranular failure of the

metal surface was observed. The poor
metallurgical quality of the flange was
exacerbated by active corrosion processes
in an aggressive environment containing
chlorides. As a result, the steel from this
production is unsuitable for operation in
seawater conditions.

STC "New
Technologies
and
materials"

AISI 904L

0.011 % C —20.7 % Cr —

5 ~23.2%Ni—4.2 % Mo —

~0.32%Si— 1.46 % Cu —
~1.16 % Mn

Steel plate

In this case, the cause of intergranular
corrosion was the presence of excess
phases located along the boundaries of
the austenite grains in the base metal and
in the interdendritic spaces of the weld
joint, as well as micropores that served
as concentrators for the propagation of
intergranular corrosion cracks.

STC "New
Technologies
and
materials"

EN 1.4469 (GX2CrNiMoN26-7-4)

0.020 % C —27.3 % Cr —

6 —7.5% Ni—4 % Mo — 0.67 % Si —

0.55 % Cu — 0.59 % Mn —
~0.2%N-0.05%Ti

Cast components of
centrifugal pumps

The main reason for the reduced resistance
to crevice corrosion was the presence

of grain boundary c-phase precipitates

(6.7 vol. %), which deplete the solid
solution of alloying elements responsible for
corrosion resistance, such as chromium and
molybdenum.

STC "New
Technologies
and
materials"

07Cr16Ni6

7 0.040 % C—15.2 % Cr—6.6 % Ni—
0.64 % Si—0.16 % Cu—0.49 % Mn

First stage impeller

of the rotor

The cause of the failure was the presence of
structural heterogeneity and the precipitation
of carbides at the phase boundaries. These
factors led to the failure of the impeller
through the mechanism of stress corrosion
cracking (SCC).

STC "New
Technologies
and
materials"
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Table 3. Overview of damage to corrosion-resistant materials.
Incorrect selection of material for operating conditions

Tabauya 3. O630p pa3pyuieHnii KOPPO3UOHHOCTONKHUX MATEPHAJIOB.
HexoppekTHbIii moA00p MaTepuaJjia Mo ycJa0BHS IKCIIyaTaluu

No. Material Product Failure/Causes Source
42CrMN
(AISI 4130) )
Key The occurrence of contact corrosion at the
0.30% C~1% Cr—0.2 % Mo - point of contact between the key and the
1 —0.25 % Si—0.5 % Mn valve stem led to the failure, resulting in [26]
22Cr (DSS) the release of the pumped fluid into the
0.03%C-22.5%Cr—55%Ni— |  Valvesem | cnvironment
-3%Mo—1% Mn
The predominant mechanism is fatigue
failure caused by changing operating
AISI 410 conditions of the blades in the incoming
> ) Steam turbine steam. The presence of corrosion pits and 7
0.07% C —13 % Cr - 0.5 % Ni — blades intergranular cracks contributed to the [27]
~0.3%Mo—-0.2%Si~-0.5% Mn activation of corrosion fatigue. Cyclic
loading at high temperatures led to the rapid
growth and propagation of cracks.
Intergranular cracks were found on
all fracture surfaces of the extracted
Super 13Cr components. The presence of oxygen,
) Pipeline of Resak | CO,, and H,S in the CaCl, salt solution
3 0.03% C—13 % Cr—6 % Ni— A-6 Well in was the most likely cause of the failure. [28]
—1.7% Mo —-0.3 % Si—0.1 % Cu - Malaysia Laboratory test results showed that this steel
=0.7% Mn - 0.09 % N is susceptible to SCC in the operational
environment at the reservoir water
temperature of the well.
According to the approved project
documentation, the material for the
heat exchanger unit should have been
12Cr18Nil0T (AISI 321). However, the
research revealed a substitution of this steel
12Cr18Ni9 Heat exchanger | grade with 12Cr18Ni9 (AISI 304). The .
(AIST 304) elements of the | primary cause of the failure was a violation TSThC }\Iew
4 0.05%C—18.1%Cr—8.1%Ni— | low-temperature | of the project documentation requirements e 23 dog1es
Z0.05% Mo — 0.5 % Si — naturfil gas regarding the unsanctioned change of materials"
—0.05% Cu—1.22 % Mn separation unit | the steel grade. This led to the incorrect
selection of the welding mode, which caused
the activation of the metal in the heat-
affected zone of the non-stabilized titanium
steel, resulting in through pitting under the
influence of the corrosive environment.
The hardness of this material did not match
05X16H4/12b the quality certificate and did not meet STC "New
5 0.020 % C — 13 % Cr — 4 % Ni — Pump shaft the requiremepts of the NACE MRO0175 Technologies
—018%Si—2.1% Cu— standard. During laboratory tests for SCC and
~0.32 % Mn resistance, failure occurred in all cases materials"

within the first day of testing.
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steel UNS S31803. The process fluid was an aqueous
solution of 80 % acetic acid, which was separated by rec-
tification. Due to the incomplete neutralisation of sulphu-
ric acid in the process fluid used as a catalyst for ester
hydrolysis, the column operated in a reducing environ-
ment, preventing the formation of a stable passive film
on the metal surface.

To solve this problem, the authors proposed modifying
the composition of the process fluid. By adding hydrogen
peroxide under laboratory conditions, they created oxi-
dizing conditions that promoted the formation of a stable
passive film. Based on the results of laboratory studies,
hydrogen peroxide was continuously added to the opera-
ting column. This approach proved successful in stopping
corrosion processes until the next scheduled maintenance
shutdown.

Low-quality material of the products. Consider a
case from the authors’ practice involving intergranular cor-
rosion, using AISI 904L steel plate as an example. Before
putting the material into operation, acceptance tests for
resistance to intergranular corrosion (IGC) were required.
The tests were conducted according to GOST 6032 — 2017
using the weight loss method in a boiling aqueous
solution of ferric sulfate (Fe,(SO,);"9H,0) and sul-
phuric acid (H,SO,) in a flask with a reflux condenser.
The duration of exposure in the boiling solution was
48 h. Upon completion of the tests, samples were bent

at a 90° angle to assess the cracking of the base metal
and the welded joint. Figs. 1, @ and b show intergranular
cracks in the base metal and the weld metal.

In this case, the cause of intergranular corrosion was
the presence of excess phases located along the boun-
daries of the austenitic grains of the base metal and in
the interdendritic spaces of the welded joint, as well
as micro-voids that served as stress concentrators for
the propagation of IGC cracks. Thus, laboratory tests
established that the material of this production is prone
to IGC. Introducing this plate into operation poses a high
risk of subsequent cracking.

Incorrect selection of material for operating
conditions. Consider the failure of heat exchanger ele-
ments in a low-temperature natural gas separation unit
due to through pitting corrosion in the weld area,
based on the authors’ practice (see Fig.2). According
to the approved project documentation, the material for
this unit should have been steel 12Cr18Ni10T (AISI 321)
with a titanium content of 0.4 to 1.0 wt. %. However,
investigations revealed a substitution of the steel grade
with 12Cr18Ni9 (AISI 304). In terms of pitting corro-
sion resistance, 12Cr18Nil0T and 12Cr18Ni9 steels are
similar in their corrosion properties [32; 33]. However,
in the case of welding non-stabilized steels, the corro-
sion resistance of the weld and the heat-affected zone can
be significantly lower than that of the base metal [34].

Fig. 1. Intergranular cracks in the base metal («) and in the welded joint (b),
and images of excess phases in the base metal (¢) and in the welded joint (d)

Puc 1. MexXKpUCTaJUTUTHBIE TPELIMHBI B OCHOBHOM MeTaJlie (@) ¥ B CBapHOM coeuHeHuH (b),
a TaroKe N300pakeHuUst U30BITOYHBIX (pa3 B OCHOBHOM MeTailie (¢) U B CBAPHOM COeHMHEHUH (d)
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Fig. 2. Appearance of corrosion damage in the area of welded joint of heat-exchange elements of low-temperature natural gas separation unit

Puc. 2. BHemHuil BU KOPPO3HOHHBIX MOPAXKEHUH B 0011aCTH CBAPHOTO COSIMHEHUSI TEIUIO0OOMEHHBIX JIEMEHTOB armapara
HHM3KOTEMIIEpaTypHOH cenapaiuu MpUpoIHOro ras3a

The presence of titanium ensures the formation of favor-
able TiC carbides instead of undesirable Cr,,C carbides,
which reduce corrosion resistance.

Thus, the primary cause of the through defects
in this case was the violation of the project docu-
mentation requirements regarding the unsanctioned
change of the steel grade. This led to the incorrect
selection of the welding mode, which caused activa-
tion of the metal in the heat-affected zone of the non-sta-
bilized titanium steel, resulting in through pitting under
the influence of the corrosive environment.

[ RESULTS AND DISCUSSION

The relatively small number of examined failures
raises a broad spectrum of issues related to the produc-
tion of high-quality corrosion-resistant steels and alloys,
the selection of materials for operating conditions,
the incompleteness of existing RTD, and the qualifica-
tions of specialists.

The issue of the quality of corrosion-resistant materials
is extensive and requires the development and implemen-
tation of new RTD that describes quality requirements.
This is a long-term and meticulous task; nevertheless,
there are successful examples of such developments in
domestic practice [35 — 38]. It is worth noting that cur-
rently, the only document in the oil and gas industry
related to the selection and operation of corrosion-resis-
tant steels is NACE MRO0175, Part 3, which has not been
harmonized with GOST. Moreover, this document only
pertains to hydrogen sulphide-containing environments,
while the evaluation of the possibility of using steels in
CO,-containing environments is becoming increasingly
relevant [39].

Incorrect material selection is linked to the lack
of selection methodologies and proper corrosion resis-
tance assessment techniques. Material selection guide-
lines are usually developed within companies and are
subject to internal policies. However, the relatively
new Institute of Oil and Gas Technological Initiatives
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(“INTI”) can gradually address such issues. The tes-
ting methodologies being developed to assess the corro-
sion resistance of materials should consider the reproduc-
tion of aggressive operating conditions on the sites.

At the Scientific and Technological Complex “New
Technologies and materials”, there is a substantial tes-
ting base of various stands and installations, allowing
materials to be tested under conditions as close to ope-
rating conditions as possible, including flow parameters.
The authors’ team designed and manufactured autoclave
installations of various volumes (Fig. 3, a), allowing tests
to be conducted at elevated pressure and temperature in
both static and dynamic conditions [40]. Tests involving
supercritical fluids are also conducted in autoclaves.

The aggressiveness of the environment can manifest
not only through the presence of corrosion-active agents
but also through abrasive particles leading to abrasive
wear. The combined influence of these two factors can
significantly exacerbate the material degradation process.
Their combined effect can be simulated using closed
“flow-loop” stands, which also consider thermobaric
parameters and fluid flow impact (Fig. 3, b).

However, conducting tests where many environ-
mental parameters are controlled requires a lot of time
and resources. Therefore, databases are created using
the results of numerous tests, considering parameters
determined on the stand, which are then used in a mathe-
matical model to develop a digital twin.

The review of issues related to the justified selec-
tion of corrosion-resistant steels and alloys in the oil and
gas industry highlights important aspects related to their
operation in aggressive environments.

In the oil and gas industry, materials face aggres-
sive environments, high temperatures, cyclic loads, and
mechanical stresses. In practice, justified selection of cor-
rosion-resistant materials does not always receive ade-
quate attention, so seemingly economically advanta-
geous solutions can turn out to be incorrect. This can lead
to serious problems and additional costs for replacement
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b

Fig. 3. Test facility for physical modelling with reproduction of aggressive operating conditions:
dynamic autoclave with rotation (a); corrosion-erosion bench (b)

Puc. 3. UcnbitarenbHast 6a3a Jyist IpoBeieHHs pU3HIECKOr0 MOJCIHPOBAHUS C BOCIIPOM3BEICHUEM arpeCCHBHBIX YCIOBUIT AKCILTyaTal|H:
JIUHAMHYECKHI aBTOKJIAaB C BpalICHHEM (¢); KOPPO3HOHHO-3PO3UOHHBIH cTeH T (b)

or major repairs. For successful application of corrosion-
resistant materials, preliminary laboratory studies must
be conducted to recreate environmental factors to con-
firm the material’s quality and corrosion resistance under
specific operating conditions. Effective solutions require
close cooperation between engineers, scientists, resear-
chers, and manufacturers.

- CONCLUSIONS

A review of the causes of failures of products made
from corrosion-resistant materials in the oil and gas
industry has been conducted. It has been established
that the causes of material failure can be incorrect oper-
ating conditions, poor-quality materials, and incor-
rect selection of materials for the operating conditions.
Examples from open sources and the authors’ practice
have been considered for each group of failure causes.
The importance of conducting preliminary laboratory
studies of corrosion-resistant materials and their testing
with the simulation of environmental factors for a justi-
fied choice under specific operating conditions has been
substantiated. The approaches used by the authors’ team
for conducting physical modelling of environmental fac-
tors with the recreation of real conditions, including flow
parameters, have been demonstrated.
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THERMODYNAMIC MODELING OF INTERPHASE DISTRIBUTION
OF CHROMIUM AND BORON IN SLAGS OF AOD REDUCTION PERIOD

A. A. Babenko, V. I. Zhuchkov, N. I. Kel’©,
A. G. Upolovnikova, R. R. Shartdinov

Institute of Metallurgy of the Ural Branch of the Russian Academy of Sciences (101 Amundsen Str., Yekaterinburg 620016,
Russian Federation)

&) dunnington@mail.ru

Abstract. The paper presents the results of a thermodynamic modeling of the chromium and boron reduction from slags of reduction period of argon-
oxygen decarburization (AOD) by a complex reducing agent containing silicon and aluminum. Using the simplex lattice method, an experiment
planning matrix is constructed containing 16 compositions of the oxide system CaO—-SiO,—(3 — 6 %) B,0,~12 % Cr,0,—-3 % Al,0,—8 % MgO
of variable basicity 1.0 —2.5. The results of thermodynamic modeling are graphically presented in form of dependence of equilibrium distribu-
tion of chromium and boron on the slag composition at temperatures of 1600 and 1700 °C. The constructed diagrams make it possible to quantity
the influence of the temperature, basicity and B,O; in the slag on equilibrium interphase distribution of chromium and boron. It is established that
increasing the slag basicity from 1.0 to 2.5 improves the process of chromium reduction, but restores the boron stability. With an increase in B,0,
content in the slag, a slight deterioration of chromium reduction process occurs, while the boron content in the metal increases. With a simulta-
neous increase in basicity up to 2.5 and a decrease in boron oxide in the slag from 5 to 3 %, the interphase distribution coefficient of chromium is
reduced to 1.5-1073. Changing the process temperature from 1600 to 1700 °C does not have a negative effect on the process of chromium reduction,
but worsens the boron reduction conditions. Based on analysis of the formed slag phases and thermodynamics of the reactions of their formation,
it is established that chromium is mainly reduced by aliminum with only partial development of silicothermy. The residual silicon content reduces
boron, thereby limiting its concentration in the metal. The results of high-temperature experiments showed high correspondence with the results
of thermodynamic studies.

Keywords: stainless steel, argon-oxygen decarburization (AOD), reduction period, thermodynamic modeling, chromium, boron, interphase distribution
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TEPMOAUHAMMUYECKOE MOAE/NIMPOBAHUE
MEX®A3ZHOIO PACNPEAENEHUA XPOMA U BOPA
B LUWIAKAX BOCCTAHOBUTE/IbHOTO NEPUOAA AKP-NPOLECCA
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AnHomayus. B pabote npuBeieHb! pe3ybTaThl TEPMOANHAMUYECKOTO MOJICIIMPOBAHHMS IIPOIIECCa BOCCTAHOBICHHS XpoMa 1 O0pa U3 IIJIaKOB BOCCTa-
HOBHUTEIILHOTO HEPHO/ia APrOHOKUCIOPOJHOrO padMHUPOBAHUS KOMIUIEKCHBIM BOCCTAHOBHUTENIEM, COZCpPIKALIMM KPEeMHHUH M amoMuuuid. [Ipu
TTOMOIIM CHMIUIEKC PEIIeTYaTOro METOo/a ITOCTPOCHA MaTpHIA IIAHMPOBAHMS SKCIIEPUMEHTA, CozepikKamas 16 coCTaBOB OKCHIHOM CHCTEMBI
Ca0-Si0,-(3 - 6 %) B,0,~12 % Cr,0,-3 % Al,0,-8 % MgO nepemennoii ocosrocty 1,0 — 2,5. Pesynbrarsl TEpMOAMHAMUYECKOTO MOJIENH-
POBaHMA NPECTABICHBI Ipa)MYECKH B BUE AMArpaMM 3aBUCHMOCTH PaBHOBECHOTO pacIipeieIeHHs XpoMa 1 6opa OT cocTaBa IIIaka Py TeMIIe-
parypax 1600 u 1700 °C. IlocTpoeHHbIE IUarpaMMbl O3BOJMIN KOJIWYECTBEHHO OLIEHUTH BIMSHHUE TEMIIEpaTypbl, OCHOBHOCTH U COAEPKaHU
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B,0, Ha paBHOBecHOE Mex(azHOe pacrpeseieHne Xpoma u 6opa. YCTaHOBJIEHO, YTO TOBBIIIEHHE OCHOBHOCTH Iiaka ¢ 1,0 jio 2,5 ymyumaer
TpoItecc BOCCTAHOBJIEHHS XPOMa, HO yXy/ImaeT BocCTaHoBeHue 6opa. [1pu ysemmaernnn coneprkanus B,0, B IITake MPONCXOIUT HE3HATHTETBHOE
YXY/AIICHHE TPOIIECCca BOCCTAHOBICHHSI XPOMa, IIPH 3TOM YBEJIHYHBACTCSI Cofieprkanre Oopa B Metasuie. [Ipu 0HOBPEMEHHOM TTOBBILICHHH OCHOB-
HOCTH JI0 2,5 W CHIDKEHHMH COZEpKaHus okcuzaa Oopa B muiake ¢ 5 10 3 % kodpduimeHT Mex(pasHOro pacipeiesieHUusl XpoMa CHIDKASTCs J10
1,5-1073. Vsmenenue Temueparypsl mpouecca ¢ 1600 1o 1700 °C He oka3blBaeT CYIIECTBEHHOTO BIMSAHHUS Ha MPOLECC BOCCTAHOBJIEHHUS XpOMa,
OJIHAKO YXYIIIAeT YCIOBUS BOCCTaHOBICHUS Gopa. Ha ocHoBe anamm3a a3 hopMHpyeMoro nuraka i TePMOANHAMUKY PEakinii HX 00pa30oBaHHs
YCTaHOBJICHO, YTO BOCCTAHOBIICHHE XPOMa MPOTEKACT B OCHOBHOM 3a CYET AJFOMHHUS C YACTHYHBIM Pa3BUTHEM CHIMKOTCPMHUYECKUX PEAKIUil.
OcrarouHoe coep:KkaHne KPeMHHSI BOCCTAHABIMBACT OOp, YeM OOBSCHSETCS €ro HU3Kas KOHIICHTpAIMs B MeTaiuie. Pe3ynsraThl TPOBEICHHBIX
BBICOKOTEMIIEPATYPHBIX IKCIIEPUMEHTOB MTOKA3aJIH BHICOKYIO COTTACOBAHHOCTH € PE3YJIBTATOM TEPMOJMHAMHYECKOTO MOICIMPOBAHUSL.

Kntouesule c/108a: HepKaBeroLias CTallb, aprOHOKHCIOPOIHOE pahHHUPOBAHIE, BOCCTAHOBUTEIBHEIN MEPHO, TPMOANHAMHYECKOE MOJICTHPOBAHHE,

xpom, 60p, Mex(a3Hoe pacTpesieneHne

BbaazodapHocmu: ViccnenoBaHue BEIIONHEHO 3a c4eT rocypapersennoro 3aganus UMET YpO PAH.
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2024;67(3):351-359. https://doi.org/10.17073/0368-0797-2024-3-351-359

- INTRODUCTION

Stainless steel is an absolutely essential part of a
modern economy — the annually growing volumes of its
consumption and a wide range of applications from medi-
cal products [1] to structural materials prove this state-
ment'. Stainless steel is so popular because it is resis-
tant to corrosion in various aggressive environments
as an oxide layer, with a high concentration of chro-
mium (12 wt. % and higher), forms on the metal sur-
face, which prevents the steel from contacting air oxy-
gen [2 — 4]. Despite the obvious advantages of stainless
steel, the domestic production volumes are modest and
the demand for this steel is covered by imports [5].

Currently, the main method of producing low-carbon
stainless steel is the duplex process with smelting carbo-
naceous semi-product (1.5 -2.0 wt. % C) in an arc fur-
nace followed by treatment in the argon-oxygen decarbu-
rization (AOD) unit [6; 7]. The AOD process includes two
periods: oxidation and reduction. During the oxidation
period, the carbonaceous semi-product of stainless steel is
decarbonized by blowing a mixture of oxygen and argon
through it. When the carbon concentration in the metal
drops to 0.03 wt. % or less, the reduction period of melt-
ing begins, during which the bath of the unit is purged
with nothing but argon, and lime, ferroalloys (ferrosilicon,
ferrosilicochrome) and calcium fluoride are added [8].

As a result of chromium oxidation by oxygen, the con-
centration of Cr,0O, in the slag increases, which negatively
affects the technological processes occurring in the reduc-
tion period of melting, the intensity of their development
being limited by the viscosity of the formed oxide system.
According to [9], Cr,0O, usually has low solubility (5 %)
in CaO-Si0,—-Al,0,—MgO based slags, which increases
their melting point and, consequently, viscosity. There-

! Stainless Steel in Figures 2019. URL: http://www.worldstainless.org/
Files/issf/non-image-files/PDF/ISSF Stainless Steel in Figures 2019
English public_version.pdf (accessed on 27.03.2023)
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fore, calcium fluoride (CaF,) is used to reduce the visco-
sity of slags in the reduction period of melting. The use
of this flux has the following downsides: it is environ-
mentally unfriendly as volatile carcinogenic fluorine
compounds are formed, physical properties of the formed
slags are inconsistent and the effect of silicate decomposi-
tion of solid slags persists during storage. Therefore, it is
reasonable to explore other liquefying additives to replace
calcium fluoride, for example, pegmatite [10], AL,O, [11]
or B,O; [12]. Although the use of Al,O, prevents the for-
mation of volatile fluoride compounds, according to [11],
the refining ability of the slag deteriorates. As such, its
use is limited. Therefore, the boron-containing material is
a reasonable choice as it is an inexpensive, available and
environmentally friendly fluxing material.

Although B,0;, is an acidic oxide and facilitates poly-
merization [13], it helps to reduce slag viscosity by chang-
ing the structural components of the melt mesh. Adding
B,0; to the slag helps to improve kinetics of chromium
reduction and metal desulfurization [14; 15]. Hardening
characteristics of low-carbon steel are to improve and
the aging effect is to reduce [17] due to expected partial
reduction of boron by silicon and aluminum dissolved in
the steel, followed by its transfer to the metal, in addition
to the slag liquefying with boron oxide [17].

Practically no domestic or foreign researchers have
explored the effectiveness of the interphase distribution
of chromium and boron during their reduction by a comp-
lex ferroalloy containing aluminum and silicon.

The paper presents the results of thermodynamic
modeling of equilibrium interphase distribution of chro-
mium and boron reduced by silicon and aluminum from
the CaO-Si0,-B,0,-Al,0,-Cr,0,-MgO oxide sys-
tem by aluminum ferrosilicon, a complex ferroalloy.

[l MATERIALS AND METHODS

We performed thermodynamic modeling of the equi-
librium interphase distribution of chromium and


http://www.worldstainless.org/Files/issf/non-image-files/PDF/ISSF_Stainless_Steel_in_Figures_2019_En
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boron reduced by silicon and aluminum of the com-
plex reducing agent (aluminum ferrosilicon) from
the CaO-Si0,-B,0,-Al,0,-Cr,0,-MgO oxide sys-
tem using the HSC Chemistry 6.12 software package.
This software is based on the calculating equilibrium
compositions and the amount of resulting products, using
the Gibbs energy minimization algorithm.

Thermodynamic modeling was performed for the tem-
peratures of 1600 and 1700 °C. The mass of the working
medium was 115 kg (100 kg of metal and 15 kg of slag)
with the gas phase (N,) volume of 2.24 m* and the sys-
tem pressure of 0.098 MPa. The amount of the reducing
agent is 0.89 kg. The interphase distribution coefficients
of chromium and boron were obtained by their concen-
tration ratios in the slag and metal (L, = (B,0,)/[B] and
L..= (Cr,0,)/[Cr]).

The oxide system composition corresponds to 16 points
of the local simplex plan and is presented in Table 1. In
addition to calcium, silicon and boron oxides, all slags
include chromium, magnesium and aluminum oxides in
the amount of 12, 8 and 3 %, respectively. The metal part
is represented by stainless steel containing, %: 16.0 Cr;
0.03 C; 0.28 Si; 0.010S; 1.46 Mn; 6.98 Ni; 0.01 Al;
the rest is Fe and aluminum ferrosilicon (AFS), a complex
alloy containing, %: 55.8 Si; 18.8 Al; 25.4 Fe.

The results of thermodynamic modeling are presented
by approximating mathematical models in the form

of a reduced polynomial of the third degree, which
describe the influence of the slag composition of the stud-
ied oxide system on the interphase distribution coeffi-
cients of chromium and boron at temperatures of 1600
and 1700 °C [18]. The adequacy of the constructed math-
ematical models was tested by three control points, not
included in the experiment planning matrix, using ¢-crite-
rion at the significance level of 0.01.

Figs. 1 and 2 graphically present the results of math-
ematical modeling in the form of composition — property
diagrams. The solid lines show isolines of the equilib-
rium interphase distribution of chromium and boron,
while thin lines reflect the basicity of the slag (CaO/SiO,)
with its value indicated.

Along with thermodynamic modeling of the equilib-
rium interphase distribution of chromium and boron, we
conducted high-temperature experimental studies using
an electric resistance furnace in magnesia crucibles in
an argon current at 1600 °C. The low-carbon stainless
steel was held for 30 min under slag in the points used
for local simplex. The temperature was measured using
a BP5/20 tungsten thermocouple. Metal samples were
prepared from chips of AISI 304 stainless steel and steel
ST3SP, as well as the slag from two base points Y, and
Y, (Table 1). We took the test charge of ground metal and
slag in the quantities of 75 and 50 g to achieve the maxi-
mum phase contact surface and to exclude the influence

Table 1. Composition of slag in 16 points of the local simplex plan

Tabauya 1. CocraB 1mu1aka 16 Touek ImjiaHa JJOKaJbHOT0 CHMILIEKCA

Slag composition
iiigx in pseudocomponent coordinates, unit fractions in coordinates of initial components, wt. %
X, X, X, X, Ca0 Si0, B,0,
Y, 1.00 0 0 0 37.00 37.00 3
Y, 0 1.00 0 0 52.86 21.14 3
Y, 0 0 1.00 0 50.71 20.29 6
Y, 0 0 0 1.00 35.50 35.50 6
Y, 0.67 0.33 0 0 42.29 31.71 3
Y, 0.33 0.67 0 0 47.57 26.43 3
Y, 0 0.67 0.33 0 52.14 20.86 4
Y, 0 0.33 0.67 0 51.43 20.57 5
Y, 0 0 0.67 0.33 45.64 25.36 6
Y, 0 0 0.33 0.67 40.57 30.43 6
Y, 0.33 0 0 0.67 36.00 36.00 5
Y, 0.67 0 0 0.33 36.50 36.50 4
Y 0.67 0 0.33 0 41.57 31.43 4
Y, 0.33 0 0.33 0.33 41.07 30.93 5
Y5 0.33 0.33 0.33 0 46.86 26.14 4
Y, 0.33 0 0.67 0 46.14 25.86 5
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Fig. 1. Dependence of the coefficient of equilibrium interphase distribution of chromium
on the slag chemical composition at 1600 (a) and 1700 °C (b)

Puc. 1. 3aBucumMocTb KO3 QHUIHEHTa PABHOBECHOTO MEX()Aa3HOTO pacipeiesIieHHs XpoMa
OT XMMHYECKOro cocraa nuiaka npu 1600 (a) u 1700 °C (b)
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Fig. 2. Dependence of the coefficient of equilibrium interphase distribution of boron
on the slag chemical composition at 1600 (a) and 1700 °C (b)

Puc. 2. 3aBucumocTtb ko3 duieHTa paBHOBECHOT0 MexdazHoro pacnpeneneHus dopa
OT XMMHYECKoro cocraa nuiaka npu 1600 (a) u 1700 °C (b)
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of the mass of metal and slag phases on the interphase
distribution coefficients of chromium and boron [19].

[ RESULTS AND DISCUSSION

Table 2 and Figs. 1, 2 present the results of thermody-
namic modeling of the equilibrium interphase distribu-
tion of chromium and boron depending on the basicity
of the slags of the studied oxide system and temperature.

With the slag basicity ranging from 1.0 to 1.5 and
the boron oxide concentration varying from 3 to 6 wt. %,
the interphase distribution coefficient of chromium
dropped from 601073 to 20-1073 at 1600 °C (Fig. 1, a).
The increase in the slags basicity to 2.5, with the boron
oxide concentration changing from 5 to 3 %, results in
drop of the interphase distribution coefficient of chro-
mium to 1.5-1073, which is indicative of more effective
chromium reduction due to growing basicity of formed
slags. The increase in boron oxide concentration comes
with a slight deterioration of the chromium reduction
process. The rise in the B,O, content in the slag from 3
to 6 % is accompanied (for example, at basicity of 2.0)
by an increase in the equilibrium interphase distribution
coefficient of chromium from 3-10~ to 5107 at a tem-
perature of 1600 °C (Fig. 1, a). The temperature rise from
1600 to 1700 °C has a slight impact on the interphase dis-
tribution coefficient of chromium (Table 2). At 1700 °C in
the considered range of basicity and boron oxide content,

it remains at the level ranging from 60-107 to 1.5-1073
(Fig. 1, b).

With the basicity of formed slags ranging from 1.0
to 2.5, as the boron oxide concentration rises from 3
to 6 %, the equilibrium interphase distribution coef-
ficient of boron increases from 700 to 900 (Fig. 2, a).
We can clearly observe the influence of boron oxide on
the equilibrium interphase distribution coefficient, while
the impact of basicity is weak. For example, in the basic-
ity range of 1.5 — 2.5, the equilibrium interphase distribu-
tion coefficient of boron is 900, its oxide concentration
ranging from 5.7 to 6.0 %. The decrease of boron oxide
concentration to 5.0 —5.3 % in the considered basic-
ity range causes the drop of the equilibrium interphase
distribution coefficient of boron to 850. The behavior
of the equilibrium interphase distribution coefficient
of boron follows a similar pattern when the boron oxide
concentration reaches 3.0 — 3.4 %.

The process temperature rising to 1700 °C leads
to a slight increase in L, by 50 units and deteriorates
the process of boron reduction (Fig. 2, b).

The positive impact of basicity of formed slags
in the studied range of the chemical composition on
the chromium and boron reduction can be qualitatively
explained in terms of the phase composition formation
(Table 3) and thermodynamics of reactions of chromium
and boron reduction by aluminum and silicon (Table 4).

Table 2. Interfacial distribution coefficient of chromium and boron

Tabauya 2. Ko3gdpuuueHT paBHOBECHOT0 Me:K(a3HOro pacnpeaesieHls XpoMa u 6opa

Slag Basicity 1600 °C 1700 °C

index (Ca0/Si0o,) it 10°3 L, L., 1073 L,
Y, 1.0 60.28 619.114 56.26 642.657
Y, 2.5 0.90 654.000 0.98 724.683
Y, 2.5 2.16 887.343 2.31 983.439
Y, 1.0 69.43 796.648 64.95 845.092
Y, 1.3 27.53 677.126 25.63 710.389
Y, 1.8 6.71 685.229 7.21 733.197
Y, 2.5 1.19 745.779 1.48 802.996
Y, 2.5 1.60 822.055 1.95 845.092
Y, 1.8 12.89 922.397 12.85 976.023
Y, 1.3 36.95 885.245 33.96 921.957
Y, 1.0 66.68 751.965 60.48 777.277
Y, 1.0 63.46 694.136 57.51 719.056
Y, 1.3 31.45 762.105 29.07 797.220
Y, 1.3 34.20 830.599 31.51 866.934
Y, 1.8 8.73 780.574 9.09 831.897
Y 1.8 11.07 858.519 11.22 911.182
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According to the results of thermodynamic model-
ing (Table 3), the composition of chromium-containing
phases of low-base slag Y| is represented mainly by Cr,O,
and CaO-Cr,O, phases, the number of which decreases
in the process of chromium reduction from 8.1 and
5.4 % to 0.7 and 0.4 %, respectively. At the same time,
the process of chromium reduction by silicon mainly
occurs following the reactions (1) and (2) (Table 4),
which is confirmed by the increase in content of SiO, and
CaSiO; in the final slag from 4.8 and 18.8 % to 5.8 and
20.6 %, respectively (Table 3). The reduction of chro-
mium by aluminum occurs following the reactions (6)
and (7) (Table 4), which is confirmed by the increase in

the content of the products of these reactions Al,O, and
Ca0O-AlLO, from 0.8 and 0.3 % to 1.2 and 0.4 % (Table 3).

The reduction of chromium from low-base slag Y,
(basicity of 1.0) occurs following the same reactions as
for slag Y,. Low-base slags are characterized by reduc-
tion of chromium mainly by aluminum as a result of reac-
tions (6) and (7) with partial development of silicother-
mic reactions (1) and (2) (Table 4), which is attributed
to the higher negative AG value of aluminothermic reac-
tions compared to silicothermic ones.

In the highly basic slag Y, (basicity of 2.5) in the pre-
sence of a large amount of free CaO, the reduction
of chromium by silicon is more active (reactions (2) — (4))

Table 3. Slag phases involved in reduction of chromium and boron at 1600 °C

Tabauya 3. @a3pl IIaKa, yYaCTBYOILIHE B MPOLecce BOCCTAHOBJIEHUSI XpoMa 1 fopa nmpu Temmnepatype 1600 °C

Slag

Phase, % 7, 7 7 7,
before after before after before after before after
Cr,0, 8.1 0.7 1.0 0.002 1.6 0.007 8.7 0.9
CaO-Cr,0, 5.4 0.4 15.1 0.020 14.2 0.040 4.5 0.4
Ca,B,0, 44 4.2 2.8 34 7.5 9.0 7.9 7.6
Ca,B,0; 0.5 0.4 15.1 5.6 10.2 8.1 0.6 0.6
ALO, 0.8 1.2 0.3 0.6 0.4 0.8 0.8 1.3
Ca0O-ALO, 0.3 0.4 2.1 3.1 1.6 2.3 0.2 0.3
CaO 0.2 0.2 5.0 34 2.7 1.8 0.2 0.2
SiO, 4.8 5.8 0 0.1 0.1 0.2 6.0 6.9
CaSiO, 18.8 20.6 3.2 5.0 4.3 6.8 17.9 19.4
2Ca0-8SiO, 8.9 9.0 33.7 37.2 26.4 27.9 6.5 6.6
3Ca0-28i0, 10.0 10.8 6.1 11.0 6.9 11.9 6.7 7.2

Table 4. Change in Gibbs energy during reduction of chromium and boron from oxides at 1600 °C

Tabauya 4. U3menenue 3Heprun ['no6ca peaknuii BoccTaHoBJIEHHsI XpoMa U fopa u3 okcuaoB npu 1600 °C

Number ‘ Chemical reactions AG 05 KJ
Chromium reduction
(1) Cr,0;+ 1.58i = 2Cr + 1.58i0, -210.95
2) Cr,0, + 1.5S8i + 1.5Ca0 = 1.5 CaSiO, + 2Cr —347.82
3) 1.3Cr,0, + 28Si + 3CaO = 3Ca0-28i0, + 2.7Cr —542.60
4) Cr,0, + 1.58i + 3Ca0 = 1.5-2Ca0-SiO, + 2Cr —441.64
5) Ca0-Cr,0, + 1.581 = 2Cr + CaO + 1.58i0, —141.83
6) Cr,0, + 2Al1 = ALO, + 2Cr -421.04
7 Ca0-Cr,0, + 2Al = CaO-ALO, + 2Cr —408.11
Boron reduction
) Ca,B,0, + 2A1 = 2Ca0-ALO,+ 2B -50.148
) Ca,;B,0, + 2A1 =3Ca0-Al,0, + 2B -78.91
(10) Ca,B,0, + 1,5Si = 1.5-2Ca0-SiO, + 2B -12.79
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(Table 4). Due to the slag high basicity, the content
of CaO-Cr,0, in Y, is much higher than in low-base Y.
Therefore, a considerable amount of this phase is reduced
by aluminum following the reaction (7) (Table 4). It should
be noted that after chromium reduction, the chromium-
containing phases are present in negligible amounts, i.e.,
the content of Cr,O, drops from 1.0 to 0.002 % and that
of CaO-Cr,O, — from 15.1 to 0.02 % (Table 3). Similarly,
chromium is reduced from the high-base slag Y,.

Boron is insignificantly reduced from the slag as
the change of Gibbs free energy of its reduction by alumi-
num and silicon from calcium borates is minimal, there-
fore, the transition of boron to metal for all studied slag
compositions following the reactions (8) — (10) is insig-
nificant (Table 4).

We conducted high-temperature experimental stu-
dies to verify if the results of thermodynamic modeling
of the chromium and boron interphase distribution are
adequate. The experiment showed that the Cr,O, content
in the slag at 1600 °C is 0.96 wt. %, which corresponds
to the interphase distribution coefficient of 49.8-1073.
The interphase distribution of boron reaches 648 with
a residual B,O, content in the slag of 3.89 wt. %. In
general, the experimental results are close to the ther-
modynamic modeling, the kinetic factors accounting for
the difference between them.

- CONCLUSIONS

The thermodynamic modeling enabled us to obtain
new data, based on which we constructed approximating
mathematical models of the composition — property rela-
tion with graphical representation in the form of diagrams
showing the equilibrium interphase distribution of chro-
mium and boron depending on the process temperature,
B,O, content and basicity of the studied oxide system.
Based on the plotted diagrams, we conducted quantitative
evaluation of the impact that the above-mentioned factors
had on the equilibrium interphase distribution of chro-
mium and boron.

It was found that the increase in the basicity of the oxide
system from 1.0 to 2.5, other conditions being equal, favor-
ably affects the completeness of chromium reduction. At
the same time, the increase in boron oxide concentration is
accompanied by a slight decrease of the chromium reduc-
tion. The process temperature rise has no significant effect
on the chromium reduction, but negatively affects the reduc-
tion of boron. It was determined that chromium is mostly
reduced by aluminum with partial development of silico-
thermic reactions. The performed high-temperature experi-
ment confirmed the results of thermodynamic modeling.
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Abstract. In this paper, the nitriding of chromium ferrosilicon is carried out in the combustion mode under the condition of natural nitrogen filtration.
The authors studied the effect of the key parameters (pressure of gaseous nitrogen, diameter and dispersity of starting samples) on the maximum
temperature and combustion of the starting powder mixture based on chromium ferrosilicon. The combustion synthesis of chromium ferrosilicon
proceeds steadily in the stationary mode with formation of a macrohomogeneous nitrided composition which, according to the results of X-ray phase
analysis, contains two nitride phases - chromium nitride and silicon nitride. Interaction of the initial powder with gaseous nitrogen in the filtra-
tion combustion mode proceeds by the following probable chemical reaction: 3CrSi, + 3Si + 3FeSi, + 11.5N, = 3CrN + 5Si;N, + 3Fe. Increasing
the diameter of the starting samples slightly affects the amount of absorbed nitrogen and slows the propagation of the combustion wave front.
An increase in the pressure of gaseous nitrogen increases the amount of absorbed nitrogen and the combustion rate. Increasing the dispersity of the
starting powder increases the amount of absorbed nitrogen and the combustion rate. It was found that the combustion reaction is not possible with
a dense initial sample. The maximum combustion temperature, depending on the nitriding conditions, varies between 2400 and 2650 °C and increases
with increasing gaseous nitrogen pressure, diameter of the initial samples and dispersion of chromium ferrosilicon powder. It is possible to realise
nitriding of chrome ferrosilicon in the combustion mode at the pressure of gaseous nitrogen not less than 3 MPa, diameter of initial samples not less
than 3.5 cm and size of initial particles not more than 100 pm. Optimal parameters of nitriding are gaseous nitrogen pressure of 5 MPa, diameter
of samples 5 cm, size of initial particles less than 100 pm and bulk density of samples (2.23 g/cm?).
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AHHOmayus. B pabore n3yuyeHbl MPOLECCH A30THPOBAHUS (PEPPOCHINKOXPOMA B PEXKMME IOPEHUs] B YCIOBHSX €CTECTBEHHOH (MIIbTpaluu a3ora
U TIPeJCTAaBICHBl PE3yIbTAaThl HCCIENOBAHHS BIISHUA OCHOBHBIX IIapaMETPOB CHHTE3a (IABJICHHE Ta3000pa3HOTO a30Ta, AUAMETp 0oOpasloB
U pa3Mep HUCXOJIHBIX YAaCTHUIl) HA MAaKCHUMAJIbHYIO TEMIIEparypy M HPOLECC FOPEeHUsI UCXOAHOM MOPOIKOBOi HXThL. [opeHue deppocuikoxpoma
IPOTEKAaeT YCTOWYMBO B CTAIHOHAPHOM PEXHME C OOpa30BaHHEM MAaKpPOOZHOPOAHON a30THPOBAHHOH KOMIIO3HIMH, KOTOpas IO Pe3ylbIaTaM
peHTreHo(ha30BOro aHajM3a COACPKUT B CBOEM COCTaBe [BE HUTPUAHbIC (Da3bl — HUTPHUI XpOMa M HUTPUJ KpeMHHs. B3aumoneicrBue ucxon-
HOTO IOpOIIKAa C Ta3000pa3HBIM a30TOM B PeXUME (MIBTPAIHOHHOTO TOPEHHS MPOTEKaeT IO CleAyomeil BepOSTHON XHMHYECKON peaKIuH:
3CrSi, + 3Si + 3FeSi, + 11,5N, = 3CrN + 58i,N, + 3Fe. VBenuuenue nuamerpa HCXOAHBIX 00Pa3LOB HE3HAYUTENBHO BIMSACT HA KOJIMYECTBO IOIIO-
IICHOTO a30Ta M IPUBOAUT K 3aMEUICHUIO IPOIBIDKCHHS (PPOHTA BOJIHBI TOpeHNSL. [1pH MOBBIICHHUH JaBIeHIS Ta3000pa3HOTo peareHTa HaOIrogaeTes
YBEJIMYEHUE KOJIMYECTBA MOMIOIEHHOIO a30Ta U CKOPOCTH ropeHust. bosee TOHKOe M3MeNIBUeHHEe HCXOAHOTO TTOPOLIKA IT03BOJISIET YBEIMYNUTh KOJIU-
94eCTBO HMOIIOIIEHHOTO a30Ta M CKOPOCTh ropeHns. OIpeeneHo, 9To MpH yIUIOTHEHHH UCXOTHOTO 00paslia peaan30BaTh PEaKIIio TOPEHUS HEBO3-
MOXKHO. MakcHMallbHast TeMIIepaTypa ropeHus B 3aBUCHMOCTH OT YCJIOBHI a30THPOBaHUs U3MeHseTcs B rpeenax or 2400 1o 2650 °C u noBbliaercs
IIPY YBETMYCHHUH TABJICHHSA [a3000pa3HOro a30Ta, AMaMeTpa HCXOTHBIX 00pa3IoB U AUCIEPCHOCTHU NOPOIIKa (heppocHinkoxpoma. Peamnsosars a30Tu-
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poBaHKe (eppOCHINKOXPOMA B PEKUME FOPEHHST BO3MOXKHO TIPU JAABJICHUH ra3000pa3Horo a3ora He Menee 3 Mlla, tuamMerpe HCXOIHBIX 00pa3LoB HE
MeHee 3,5 cM U pazmMepe UCXOAHbIX yacTull He 6osee 100 MxM. ONTHMaIbHBIMU TApaMETPaMHU a30THPOBaHUS (PEPPOCUITHKOXPOMA SIBIISIETCS IaBICHUE
ra3oo0pasHoro azora 5 MIla, quamMerp 06pasLoB 5 cM, pa3sMep HCXOIHBIX YacTUll MeHee 100 MKM 1 HachIHas IIIOTHOCTH TTopomika 2,23 r/em?.

Kaloyesvle €108a: caMopactipOCTPaHSIOMIMNACS BEICOKOTEMIICPATYPHBIN CHHTE3, (QHIBTPALIMOHHOE TOPEHHUE, a30THPOBAHHE, HUTPHUIBI, heppociuias,

TIOPOMIKOBAs METAJLTYPIrust

Jaa yumupoeanus: bonrapy KA., Perep A.A., Bepemarun B.M., Axymunkun A.A. OU3MKO-XUMHYECKHE HPOLECCH a30THpoOBaHus (eppo-
CHJIMKOXpOMa B peXKUMe (DHIBTPAIMOHHOTO TopeHust. Mzsecmus 8y306. Yepras memannypeus. 2024;67(3):360-365.
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[ INTRODUCTION

The method of self-propagating high-temperature syn-
thesis (SHS) is based on highly exothermic reactions that
occur in the form of a combustion wave in a self-prop-
agating mode. The SHS method has undeniable advan-
tages: energy efficiency, short synthesis time, environ-
mental friendliness, and simplicity of equipment [1 — 3].

Currently, a large number of materials, particularly
nitrides, have been obtained by the filtration SHS method
in a nitrogen environment [4 — 6]. Several nitride materials
possess unique physicochemical properties [7 — 9]. They can
be used in the production of gas turbine components [10],
heat-dissipating radiators [11], cutting tools [12; 13], pho-
tocatalysts [14], semiconductors [15], and so on.

The most promising application in the filtration SHS
method is the use of accessible and relatively inexpensive
ferroalloys. Using ferroalloys in SHS processes can pro-
duce nitride material at a relatively low cost without losing
product quality [16; 17]. Iron, which is part of the ferroal-
loys, has a catalytic effect on the nitriding process of other
elements included in the initial mixture [18]. Thus, iron
increases the intensity and depth of nitriding of the initial
material. There is a considerable amount of work dedi-
cated to the filtration combustion of simple ferroalloys.
The patterns of nitriding of ferrosilicon [19 — 21], as well
as the filtration combustion of ferrochrome and ferrovana-
dium [22], have been thoroughly studied. The study [23]
investigated the combustion of industrial ferrotitanium
in nitrogen. The monograph [24] described the nitriding
of ferroboron and ferroniobium in a combustion mode.

However, the use of complex ferroalloys in filtration
combustion processes is interesting and little studied.
Complex ferroalloys are alloys of iron with two or more
elements. At present, SHS combustion of ferro-silicoal-
uminium [25] and ferro-aluminum-silicon-zirconium [2]
has been studied.

The aim of this work was to study the combustion
processes of chromium ferrosilicon in a self-propaga-
ting mode under conditions of natural nitrogen filtration
to obtain a nitride-containing composite material based
on chromium nitride and silicon nitride.

[l MATERIALS AND METHODS

Chromium ferrosilicon (CFS) was used as the starting
material. X-ray phase analysis showed that this ferroalloy

is multiphase and contains CrSi,, Si, and FeSi, (Fig. 1).
According to the chemical analysis, the composition
of CFS is as follows (wt. %): 49.4 Si, 29.7 Cr, 20.7 Fe, and
the rest are oxides. For nitriding in the self-propagating
mode, the initial CFS was ground in a ball mill and dried in
a vacuum drying oven at a temperature of 150 °C for 3 h.

Nitriding of the initial CFS was carried out in a constant
pressure setup with a volume of 3 liters. For the synthesis,
the initial powder mixture was placed in a gas-permeable
container mounted on a non-conductive stand. An igniting
composition was poured over the initial charge. A coil was
connected to the igniting composition to conduct an elect-
ric pulse from a transformer. After the electric pulse was
applied, the combustion reaction of the igniting composition
was initiated. Then, the heat released as a result of the com-
bustion of the igniting composition initiated the combus-
tion reaction of the initial CFS powder. After the combus-
tion wave front passed and complete cooling occurred,
the unreacted nitrogen was vented, and the nitrided samples
were removed for further physicochemical studies.

The phase composition was studied using a Shi-
madzu XRD-6000 diffractometer. The oxygen and nitro-
gen contents were determined using a LEKO-ONH 836
instrument. The maximum combustion temperature was
measured using the thermocouple method with tungsten-
rhenium thermocouples (WRe5-WRe20) on an LA20USB.

[ RESULTS AND DISCUSSION

Combustion of chromium ferrosilicon proceeds in
a stationary mode. The nitrided samples obtained based

e CrSi,
m Si
A FeSi,

MHTEHCUBHOCTH

20, rpan

Fig. 1. X-ray diffraction pattern of chromium ferrosilicon

Puc. 1. PentreHoBckas qudpakTorpamMma (GpeppoCcHiInKoXpoMa
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on CFS are macrohomogeneous. An image of the nitrided
CFS is shown in Fig. 2.

The probable chemical reactions of the interaction
of the initial charge based on CFS with nitrogen are given
below:

3CrSi, + 5.5N, = 3CrN + 2Si;N, ; (1)
3Si+ 2N, = Si,N,; )
3FeSi, + 4N, = 2Si,N, + 3Fe. 3)

The overall chemical reaction equation is as follows:

3CrSi, + 38i + 3FeSi, + 11.5N, =
= 3CrN + 5Si,N, + 3Fe. )

Reaction (4) corresponds to the complete nitriding
of the initial CFS (with a conversion degree of 1). Due
to the rapid processes of SHS, the initial charge is in
the reaction zone for a relatively short time and does not
fully react with nitrogen. It is theoretically calculated that
the maximum amount of absorbed nitrogen by chromium
ferrosilicon is 28.99 %.

The nitrided CFS product is a multiphase material
containing B-Si,N,, a-Fe, CrN, Cr and CrSi,. The pres-
ence of Cr and CrSi, indicates the incomplete nitriding
reaction of the initial powder (Fig. 3).

Parameters such as the pressure of the gaseous reac-
tant, sample diameter, particle size, and density of the ini-
tial material significantly influence the maximum temper-
ature, process, and feasibility of filtration combustion in
a self-propagating mode.

Fig. 2. Sample of nitrided chromium ferrosilicon

Puc. 2. O6pa3er a30THPOBAHHOTO (heppOCHIIMKOXpOoMa
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Fig. 3. X-ray diffraction pattern of nitrided chromium ferrosilicon

Puc. 3. PentreHoBckas audpakrorpaMmma a30THpOBAHHOTO
(eppocunkoxpoma

Fig. 4 shows the dependence of the amount of absorbed
nitrogen and the combustion rate on the diameter
of the initial samples. The influence of the diameter was
studied in the range of 35 to 65 mm. Combustion of CFS
can be initiated with initial sample diameters of at least
35 mm. Increasing the diameter slightly affects the amount
of absorbed nitrogen and leads to a decrease in the com-
bustion rate from 0.11 to 0.021 mm/s. This slight change in
the amount of absorbed nitrogen is due to the increased dif-
ficulty of nitrogen filtration reaching the reaction zone as
the diameter increases. At the same time, due to the slow-
down in the combustion wave front, the residence time
of the initial CFS particles in the reaction zone increases.
The slowdown of the combustion wave front is related
to the increased volume of the powder mixture, which

32 0.20
P AU ~0.18
ol ; 3 Ho.16
Vo—\—o\.___. 014
< 20 H0.12 §
2 sl Ho.10 i
L P - 0.08
- 0.06
8 - 0.04
p L 4 0.02

30 35 40 45 50 55 60 65 70

d, mm

Fig. 4. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on diameter of the starting samples
(3 — theoretically calculated maximum amount of absorbed nitrogen)
at P=5MPa, D> 100 pm and p = 2.23 g/cm’

Puc. 4. 3aBUCUMOCTD KOJIMYECTBA MOTIOMICHHOTO a30Ta (/)
U CKOpOCTH ropenust (2) oT auamerpa oopasios (3 — TeopeTHIeCKU
paccYUTaHHOE MAKCUMAaJIbHOE KOJHYECTBO MOMIOICHHOTO a30Ta)
npu P =5 MIla, D > 100 Mxm 1 p = 2,23 r/em?
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Fig. 5. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on pressure of gaseous nitrogen
(3 — theoretically calculated maximum amount of absorbed nitrogen)
atd =50 mm, p =2.23 g/cm3 and D > 100 um

Puc. 5. 3aBUCUMOCTb KOJIMYECTBA MOMIOIIEHHOTO a30Ta (/)
U CKOpOCTHU ropeHus (2) heppoCHINKOXpOoMa OT JaBICHHSL
ra3zo00pa3Horo a3oTa (3 — TeOpeTHYECKH PaCCYUTAHHOE
MAaKCHMaJIbHOE KOTMYECTBO TIONIOIEHHOTO a30Ta)
npu d =50 mm, p = 2,23 r/em’ u D > 100 Mkm

requires a large amount of heat for heating. When changing
the diameter, the maximum amount of absorbed nitrogen
was about 22 %, which is 6.99 % less than the theoretically
calculated amount of nitrogen absorption. As the diameter
of the initial powder mixture increases, the maximum com-
bustion temperature of CFS changes from 2400 to 2650 °C.

In a laboratory setup with a volume of 3 liters, it is
preferable to implement combustion of samples with
a diameter of 50 mm.

Increasing the pressure accelerates the filtration
of gaseous nitrogen and, accordingly, increases the con-
centration of the reagent gas in the chemical reaction
zone. Combustion of CFS at a nitrogen pressure of less
than 3 MPa could not be achieved. Increasing the pres-
sure of gaseous nitrogen leads to an increase in the amount
of absorbed nitrogen from 18.3 to 22.8 % and the com-
bustion rate from 0.073 to 0.092 mm/s. In the nitrogen
pressure range from 5 to 7 MPa, the change in the amount
of absorbed nitrogen becomes less pronounced. Increas-
ing the nitrogen pressure above 7 MPa is not advisable
because, at 5 MPa, the influence of pressure on the com-
bustion process becomes insignificant (Fig. 5). When
implementing CFS combustion at a pressure of 7 MPa,
the sample contains 6.29 % less nitrogen than the theore-
tically calculated value. As the pressure of gaseous nitro-
gen increases from 3 to 7 MPa, the maximum combustion
temperature rises from 2350 to 2600 °C.

Combustion of CFS with particle sizes greater than
100 um and without fine fractions (less than 63 pm) could
not be achieved. As the particle size of the initial mate-
rial decreases, the amount of absorbed nitrogen increases
from 21.9 to 23.5 % and the combustion rate from 0.081
to 0.140 mm/s. The increase in the dispersity of the initial
material leads to an increase in the specific surface area

32 0.22
A N - 0.20
-0.18
| 1
24 N\'\. J0.16
S E
=
o 20 —40.14 ¢
Z g
-0.12
16 |- 5
- 0.10
12
- 0.08
8 | | | | | | | 0.06

30 40 50 60 70 80 90 100 110
D, um

Fig. 6. Dependence of the content of absorbed nitrogen (/)
and combustion rate (2) on dispersity of the starting powder
(3 — theoretically calculated maximum amount of absorbed nitrogen)
atd =50 mm, P =5 MPa and p = 2.23 g/cm?

Puc. 6. 3aBUCUMOCTb KOJIMYECTBA MOIIOIEHHOTr0 a3ota (/)
¥ CKOpPOCTH TOpeHust (2) OT AUCTIEPCHOCTH MOPOIIKA
(eppocunnkoxpoma (3 — TECOPETHYECKH PACCYUTAHHOE
MaKCHMaJIbHOE KOJIMYECTBO MOMIOLIEHHOTO a30Ta)
npu d =50, P =5 MIla u p = 2,23 r/cm’

capable of reacting (Fig. 6). The reduction in particle size
of CFS results in an increase in the maximum tempera-
ture from 2400 to 2490 °C.

The increase in the density of the initial powder mix-
ture was achieved by pressing the initial powder into tab-
lets with a diameter and height of 40 mm in molds. Com-
bustion of the pressed powder, which retains the shape
of the tablet (p=2.52 g/cm?), could not be achieved.
Therefore, only samples with a bulk density (2.23 g/cm?)
were used.

[ ConcLusIONs

The combustion of chromium ferrosilicon proceeds
in a stationary mode, resulting in homogeneous nitrided
samples without melt droplets or cracks.

Increasing the diameter leads to a decrease in
the combustion rate from 0.11 to 0.021 mm/s and slightly
affects the amount of absorbed nitrogen. Increasing
the nitrogen pressure results in an increase in the amount
of absorbed nitrogen (18.3 —22.8 %) and the combus-
tion rate (0.073 — 0.092 mm/s) of chromium ferrosilicon.
Reducing the dispersity of the initial material allows
for an increase in the amount of absorbed nitrogen from
219 to 23.5% and the combustion rate from 0.081
to 0.140 mm/s. A slight increase in the density of the ini-
tial powder prevents achieving the combustion reaction
of chromium ferrosilicon in a nitrogen environment.

The maximum combustion temperature increases with
arise in gaseous nitrogen pressure from 3 to 7 MPa (from
2350 to 2600 °C), the diameter of the initial samples from
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35 to 65 mm (from 2400 to 2650 °C), and a decrease in
the particle size of the initial charge from less than 100
to less than 40 pm (from 2400 to 2490 °C).

Stable combustion in the self-propagating mode
of chromium ferrosilicon powder samples is possible at
a nitrogen pressure of at least 3 MPa, a sample diame-
ter of at least 3.5 cm, a particle size of less than 100 um
with the presence of fine fractions (less than 63 pm), and
a sample density not exceeding 2.23 g/cm?. It is optimal
to carry out nitriding of the initial chromium ferrosilicon
under conditions of natural nitrogen filtration at a pres-
sure of 5 MPa, a sample diameter of 5 cm, a particle size
of the initial material less than 100 um, and a bulk sample
density of 2.23 g/cm?.

The product of chromium ferrosilicon nitriding con-
tains B-Si;N,, CrN, a-Fe, Cr and CrSi,. The presence
Cr and CrSi, indicates the incomplete nitriding reaction
of the initial chromium ferrosilicon. The nitrogen satura-
tion is 21.9 %, which is 7.09 % less than the theoretically
calculated maximum amount of absorbed nitrogen.
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DETERMINATION OF LONGITUDINAL STABILITY
OF STRIP IN ROLLING CAGE — NON-DRIVE DIVIDING DEVICE SYSTEM

A. R. Fastykovskii @, V. A. Vakhrolomeeyv, A. G. NiKitin

I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. In modern industrial and civil construction, various rolled metal products are used in greater volumes. The largest share of them is occupied
by rebar profiles produced at small-grade mills. The ever-growing demand for rebar rolling requires an increase in production volumes. The most
promising technology in this regard is rolling — separation, which, with relatively low material costs, allows operating rolling mills to significantly
increase the production volume of rebar profiles while reducing energy consumption. However, despite the obvious advantages of rolling — separation
technology using non-drive dividing devices, it is very difficult to correctly determine the rational modes of conducting the process taking into account
the peculiarities of production and equipment layout, which is due to insufficient theoretical knowledge. One of the main problems is determination
of the permissible distance in the rolling cage — non-drive dividing device system. The conducted studies allowed us to propose a dependence for
determining the maximum permissible distance in the rolling cage — non-drive dividing device system for reasons of longitudinal stability of the
strip, taking into account the size and shape of cross-section of the split articulated profile, the nature of pinching, and the backstretch stress. It was
experimentally established that when determining the permissible distance between rolling cage and non-drive dividing device, it is advisable to take
the length reduction coefficient equal to 0.7.

Keywords: reinforcing profiles, rolling — separation, stability condition, permissible distance, length reduction coefficient
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ONPEARENEHUE NPOAONBHOMN YCTOMYNBOCTU NONOCHI B CUCTEME
NPOKATHASA KNETb — HENPUBOAHOE AENUTENbHOE YCTPOUCTBO

A. P. dacTeikoBcKkuii ©, B. A. Baxposiomees, A. I. HUKUTHH

Cudupckuii rocynapcTBeHHbIH HHAYCTpUAIbHBIA yHuBepeuTeT (Poccus, 654007, Kemeposckas o6macts — Kysbacc, HoBoky3s-
Henk, yi. Kuposa, 42)

& omd@sibsiu.ru

AHHOmayus. B coBpeMEHHOM NPOMBIIIIEHHOM M TPaKIAHCKOM CTPOMTEIBCTBE B OOJBIIMX 00BEMaxX HCIIOIb3YeTCsl PA3IMYHBIH METaUIONpOKaT,
HaMOOJIBIIYIO JIOJII0 B KOTOPOM 3aHUMAIOT apMaTypHbIE IPOQIIIH, IPON3BOANMBIC HAa MEJIIKOCOPTHBIX cTaHaxX. [TocTosiHHO pacTymas noTpeOHOCTh
B apMaTypHOM IIpokaTte TpeOyeT MOBBILIeHHs 00beMOB MpOU3BoACTBA. Hanbosee nepcrekTHBHA B 3TOM IUIaHE TEXHOJIOTHS MTPOKATKU — pasjie-
JICHUs1, KOTOpast IPH OTHOCHUTEIILHO HEOOJIBIINX MaTepHaIbHBIX 3aTpaTax MO3BOJISIET HA JCHCTBYIONINX IPOKATHBIX CTAHAX CYIIECCTBEHHO MOBBI-
CUTh 00BEM NPOM3BOJCTBA ApMATYPHBIX Mpoduiiel Mpu CHWKEHUH dHeprozarpar. OIHaKo, HECMOTPS HA OYEBH/HBIC MPEHMYIIECTBA TEXHO-
JIOTHMW TIPOKATKH — Pa3leiCHUsl C MCIOJIb30BAHHEM HETIPUBOAHBIX JICIUTEIBHBIX YCTPOHCTB, OOJBIINE 3aTPYIHEHUS BBI3BIBACT MPABHUIILHOE
OIpeieNieHle PallOHAIBHBIX PEKMMOB BEICHHUS TPOLIECCca C Y4eTOM 0COOCHHOCTEH MPON3BOJICTBA M KOMIIOHOBKH OOOPY/IOBAHUS, YTO CBS3aHO
C HEJOCTATOYHOI TEOPEeTHYECKONW M3y4eHHOCThI0. OHON M3 OCHOBHBIX MPOOJIEM SIBIISETCS OINpPEAEICHHE JOIyCTUMOTO PACCTOSHHS B CHCTEME
MIPOKATHAs KJIE€Th — HEIPUBOAHOE AEIUTEIbHOE YCTPOiCcTBO. [IpoBeieHHbIE HCCIIeI0BaHIS TO3BOIIIIH MPEATIOKUTH 3aBUCUMOCTB JUIS OTIPEACTCHUS
MaKCHMaJIbHO JIOITYCTUMOT'O PACCTOSHHS B CHCTEME MPOKATHAs KJICTh — HEMPUBOAHOE JICIUTEIBHOE YCTPONUCTBO U3 COOOpaKeHUH MPOIOJIBHOM
YCTOIYMBOCTH TOJIOCHI C YYETOM pa3Mepa M (pOpMbI MOMEPEUHOro CEYEHMS Pa3/IesisieMOro COWICHEHHOTO MPOQMIIs, XapakTepa 3aIleMICHHS,
HAaIpsDKSHUS TTOJIIopa. DKCIEPUMEHTAIBHO YCTAHOBIICHO, YTO TPH OTIPE/ICIICHUH JOITYCTHMOTO PAcCTOSIHUS MEX/y TIPOKATHOW KJIETBIO U HETIPU-
BOJIHBIM JICJIUTEIILHBIM YCTPOHCTBOM KO (UIMEHT MPUBEACHNUS JUIMHBI 1IeJIeco00pa3Ho NpUHUMATh paBHbIM 0,7.

Kntouesule cnoea: apmarypHsie podHIn, IPOKaTKa — pa3jeleHue, YCIOBUE YCTOUUHBOCTH, JOIMYCTHMOE PAcCTOSHME, KO3(h(UIUEHT IpUBEACHHS
JUIMHBI

366 © A.R. Fastykovskii, V. A. Vakhrolomeev, A. G. Nikitin, 2024


https://doi.org/10.17073/0368-0797-2024-3-366-368
https://fermet.misis.ru/index.php/jour/search/?subject=арматурные профили
https://fermet.misis.ru/index.php/jour/search/?subject=прокатка - разделение
https://fermet.misis.ru/index.php/jour/search/?subject=условие устойчивости
https://fermet.misis.ru/index.php/jour/search/?subject=допустимое расстояние
https://fermet.misis.ru/index.php/jour/search/?subject=коэффициент приведения длины
https://fermet.misis.ru/index.php/jour/search/?subject=коэффициент приведения длины
https://fermet.misis.ru/index.php/jour/search/?subject=reinforcing profiles
https://fermet.misis.ru/index.php/jour/search/?subject=rolling - separation
https://fermet.misis.ru/index.php/jour/search/?subject=stability condition
https://fermet.misis.ru/index.php/jour/search/?subject=permissible distance
https://fermet.misis.ru/index.php/jour/search/?subject=length reduction coefficient
https://doi.org/10.17073/0368-0797-2024-3-366-368
mailto:omd%40sibsiu.ru?subject=
mailto:omd%40sibsiu.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(3):366-368.
Fastykovskii A.R., Vakhrolomeev VA, etc. Determination of longitudinal stability of strip in rolling cage - non-drive dividing device system

s yumuposanus: acreikoekuii A.P., Baxponomees B.A., Hukutun A.I. Onpeznenenue npooibHOH yCTOHUMBOCTH HOJIOCHI B CUCTEME ITPOKaT-
Hasl KJIETh — HETIPUBOJHOE JICITUTENIBHOE YCTPOUCTBO. M36ecmus 6y306. Yepnas memannypeusi. 2024;67(3):366-368.

https://doi.org/10.17073/0368-0797-2024-3-366-368

Modern realities are characterized by the active
growth in industrial and civil construction. Advanced
construction technologies increasingly rely on the use
of prefabricated structures made of reinforced concrete
and metal products [1 — 3]. The constantly rising demand
for construction metal products necessitates solutions
that offer a short payback period, low costs for produc-
tion re-equipment, and a significant increase in produc-
tivity. The rolling — separation technology meets all
these requirements [4; 5]. Currently, the rolling — separa-
tion technology is developing in two directions, distin-
guished by where the longitudinal dividing occurs: either
within the rolls of the rolling mill, which simultaneously
forms and divides the articulated profile, or in a sepa-
rate stand-alone non-driven dividing device. On most
modern rolling mills, the second method is preferred, as
separating the operations of forming the articulated pro-
file and subsequent longitudinal separation in a separate
stand-alone non-driven device significantly simplifies
equipment setup [6 — 9]. However, this arrangement can
lead to a potential loss of natural longitudinal stability if
the distance between the rolling mill and the non-driven
dividing device is chosen incorrectly. Currently, this
issue is addressed through trial and error, which results
in increased defective products and unforeseen downtime
of the primary rolling equipment.

The use of 3D simulation methods does not allow for
the assessment of the permissible distance that ensures
natural longitudinal stability [10]. To evaluate the risk
of losing longitudinal stability of the strip and to deter-
mine the critical distance between the rolling mill and
the non-driven dividing device, a dependency obtained
using the well-known Euler’s formula [11] is proposed:

.2
/ T T o, <1

=———at
max ?
\JO, k o,

where [ is the maximum permissible distance between
the rolling mill, which forms the articulated profile, and
the non-driven dividing device, ensuring longitudinal sta-
bility; E is the modulus of elasticity of the first kind, MPa;
k is the coefficient of length reduction; i . is the minimum
radius of the section inertia; o, is the support stress neces-
sary for longitudinal division by the non-driven dividing
device; o is the resistance to deformation of the material
being divided.

As can be seen from the presented dependency,
the magnitude of the maximum permissible distance
depends on the support stress necessary for longitudi-
nal separation, the shape, and the area of the cross-sec-

tion of the articulated profile, which are characterized
by the minimum radius of inertia, the modulus of elasticity
of the first kind, and the coefficient of length reduction.
Among the factors considered, the coefficient of length
reduction has a significant impact, varying from 0.5 to 2.0
depending on the nature of the clamping [11].

To determine the coefficient of length reduction dur-
ing the implementation of the rolling — separation pro-
cess, laboratory experiments were conducted. These
experiments compared the critical force corresponding
to the moment of loss of stability, obtained both theo-
retically using Euler’s equation and experimentally.
The experimental and theoretical data obtained with coef-
ficients of length reduction of 0.5 and 0.7 are shown in
the figure.

According to the obtained data, when determining
the natural longitudinal stability of the strip in the rolling
mill — non-driven dividing device system, a coefficient
of length reduction equal to 0.7 is required to achieve
values closer to the experimental data. With a coeffi-
cient of length reduction of 0.7, the calculated data are
10 — 15 % less than the experimental data. In practical
use, this provides a margin of safety when determining
the permissible distance in the rolling mill-non-driven
dividing device system.

[ ConcLusiOons
A dependency has been derived that enables the esti-

mation of the maximum permissible distance between
the rolling mill stand and the non-driven dividing device,

14
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Distance between deformation source and support, mm

Dependence of critical force on the distance between the source
of deformation and the place of pinching:
I — experimental results; 2 and 3 — calculated values according
to the Euler formula with a length reduction coefficient of 0.5 and 0.7

3aBUCHMOCTb KPHTHUECKOH CHIIBI OT PACCTOSHHSA MEXKIY
o4arom ae(hopMaIuu U MECTOM 3aIEMIICHUSL:
1 — PKCTIepUMEHTalbHbIE Pe3YNbTaThl; 2 U 3 — pacueTHbIC 3HAYCHUS
1o popmyste Ditnepa npu kod3bduunente npuseaenus umnel 0,5 n 0,7
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ensuring the longitudinal stability of the strip during
the implementation of the rolling—separation technology.
Experimentally, it has been established that the length
conversion coefficient for the rolling—separation technol-
ogy using a non-driven dividing device should reasonably
be taken as 0.7.
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MATHEMATICAL MODELING
OF SLAB HEATING IN A FURNACE WITH WALKING BEAMS
DUE TO THEIR CURVATURE
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Abstract. Slab heating before hot rolling process is necessary for obtaining required metal ductility. The most effective for this purpose are furnaces
with walking beams that provide heat supply to all sides of the slab. However, the places of slabs lower surfaces, contacting with water-cooled
beams, are shielded from the radiation of the furnace lower heating zones and give the heat to the beams. Previously, the authors developed and
programmatically implemented a mathematical model of slab heating in a furnace with walking beams, based on the numerical solution by finite
difference method of the three-dimensional heat conduction problem with piecewise defined boundary conditions on the slab bottom surface. In this
model, for the open zones of the slab bottom surface, boundary conditions were similar to those on the top surface, and for the zones of contact with
the beams were set effective boundary conditions assuming duration of this contact. In this paper, the model was modified to take into account the
curvature of the beams and to recalculate the configuration of zones with different boundary conditions on the slab bottom surface for each posi-
tion of the slab along the furnace. By variant calculations at different values of heat transfer intensity from the slab bottom surfaces to the beams
it was determined that curvature of a single beam can significantly change the characteristic of the corresponding “cold” spot, but it practically
does not affect the general characteristic of the slab heating non-uniformity. If all fixed beams are subjected to curvature, the final temperature
difference across the slab is significantly reduced due to an increase in its minimum temperature. It was found that the influence of beam curvature
on the temperature field at the end of heating process is higher the more intensive the heat transfer to the beams is.
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MATEMATUYECKOE MOAE/NIMPOBAHUE
HATPEBA CNABA B NEYU C WWATAOWUMU BANKAMMU
C YHETOM UX KPUBU3HDbI

A. B. Baprun ©, H. A. JIeBUIKHIA
| HanmonanwHblii nceenoBarenbekuii Texnonorudeckuii yausepeuter K MUCHC» (Poccus, 119049, Mocksa, Jlennnckuii mip., 4)
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AnHomayus. Harpes ci1s160B niepe/| ropstueil MpoKaTKoH HEOOXOIUM JUTsl MTPUAAHHS METaJLTy TpeOyeMbIX IUIacTHYeCKUX cBOWCTB. Hamnbonee 3¢ dek-
THBHBI JUIS 3TOTO TI€YH C IAraloNMMH OakaMu, 00€CIIeYHBAIOIINE MOauy TEIUIOThI CO BCeX CTOPOH ciist0a. OnHaKo 00IacT HIKHUX OBEPXHOCTEH
cIs100B, KOHTAKTUPYIOIIHE ¢ BOTOOXIIAKIASMBIMU OallkaMu, SKPAHUPOBAHBI OT U3TyUESHHsI HIJKHUX 30H 000TrpeBa IeuH ¥ OTAAI0T TeIIoTy OaiKkaM.
Panee aBropamu Obuta pa3paboTaHa W MPOrpaMMHO peasM30BaHa MareMaTH4eckasi MOAENb Harpesa cisioa B MUy ¢ IaraloliMi 0ajakaMu, OCHO-
BaHHAs Ha YKMCJICHHOM PELICHHH METOJOM KOHEYHBIX Pa3sHOCTEH TPEXMEpHOIl 3a/ladM TEIIONPOBOIHOCTH C KyCOYHO-ONPEICICHHBIMUA I'PaHN4-
HBIMHU YCJIOBUSIMH Ha HIDKHEW TOBEPXHOCTH ciisiba. B 3TOi Mozenu uist OTKPBITBIX 00acTeil HIKHEH MOBEPXHOCTH CIsI0a 3a/1aBalICh IPAHHIHBIC
YCJIOBUSI, QHAJIOTUYHBIE YCIIOBHSIM Ha BEPXHEH IMOBEPXHOCTH, a Juisi oOnacTeil koHTakTa ¢ Gankamu — 3 (heKTHBHbIE TPAaHUYHbIC YCIIOBHS, YUUTHI-
BAIOIIME MPOJIOJDKUTEIBHOCTD TOT0 KOHTaKTa. B anHoi paboTe Mozens Harpesa cisioa MOIU(HUIMPOBAHA, OHA TT03BOJISET YYUTHIBATh KPUBH3HY
0aJIOK M MepecUnTHIBaTh KOHPHUTYpAIHIO o0yacTell ¢ pa3IMYHBIMHI TPAaHUYHBIMH YCJIOBUSIMU Ha HI)KHEH IMOBEPXHOCTH Ciisiba JUIs KaXJ0ro I0JI0-
JKEHMS €r0 BJIOJIb TIeUH. BapHaHTHBIMU pacueTaMy MpU Pa3iMYHbIX 3HAYCHHUSX WHTCHCHBHOCTH TEIUIOOTBOJA OT HW)KHMX IMOBEPXHOCTEH ciisiba
K OaJIKaM MOJIy4eHO, YTO HCKPHBIICHUE OAMHOYHOI 02k MOXKET CYIECTBEHHO U3MEHUTH XapaKTEPUCTHKY COOTBETCTBYIOIIETO «XOJIOHOTO» MSTHA,
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HO OHO INPAKTUYCCKU HE BIIMACT Ha 06H.Iy}0 XapaKTCPUCTUKY HEPAaBHOMEPHOCTHU HarpeBa cisi0a. O)IHaKO €CJIN UCKPUBJICHUIO TIOABCPIrHYTH BCE
HCIIOABHXKHBIC 68.J'IKI/I, TO CYLIECTBCHHO COKpalacTcs HTOTOBBINA nepenan no CJ'I$I6y BCJICACTBUC YBCIIMYCHUS €TI0 MUHUMAJbLHON TEMIICPATYPHI. Vera-
HOBJICHO, YTO BIUSHNUC KPUBU3HBI 0aJiok Ha TECMIICPATYPHOC I10JIC€ B KOHIIE HAaIrpeBa TEM GOHLIHG, YEM MHTCHCHUBHEC TCIIJIOOTBOI K Oakam.

Katoueasvle c108a: mateMaTnieckoe MOJCJIMPOBAHUE, HAI'PEB cn$16a, T1€Yb C HIararomuMun 6aJ'[KaMI/I, KpHABHU3HA OaJok

/Jlns yumupoeaHus: Baprun A.B., Jlesunkuit I.A. Matemaruueckoe MOJICTMPOBAHNE HArpeBa Clisi0a B MEYH C IATAIOIIUMU OaJIKaMHU C YYEeTOM HX
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[ INTRODUCTION

The furnaces with walking beams, which provide
a comprehensive heat supply to the slab surfaces, are
considered to be the most advanced units used for heating
slabs before rolling in the hot-rolled sheet production [1].
Usually such a scheme of heat supply is called four-sided
because (as confirmed by experience and calculations)
heat supply to the end surfaces of slabs affects the tem-
perature field of nothing but small sections of slabs adja-
cent to these surfaces, and the length of slabs in sheet
rolling is many times greater than their other dimensions.
However, although these furnaces have a lower heating
zone, the conditions of heat supply to the upper and lower
surfaces of the heated slabs are different. The slab trans-
portation system includes fixed and movable beams, par-
tially shielding the zones of the slab lower surface that
are in contact with them from the combustion products
of the lower heating zones, and also partially transfer-
ring heat to the elements of the beam cooling system in
the places of contact.

As a result, “cold spots” emerge on the lower sur-
face of slabs, the effect of which reaches out to the slabs
upper surface, not only their inner horizontal sections.
One of the ways to reduce the described inhomogene-
ity of the temperature field is to give some curvature
to the fixed beams of the transportation system. However,
no comprehensive quantity-related studies of this effect
have been conducted.

Expensive modern equipment is required to explore
the above-mentioned factors by experiment [2], which
is not easy in industrial conditions. Therefore, an inves-
tigational study is usually conducted at the first stage
of the research (to obtain primary information about
the target of research) and at its last stage (to verify
the recommendations made). The main part of the inves-
tigation is usually conducted by mathematical modeling
of the processes occurring in the furnace working space.
Different models of metal heating in the reheating fur-
naces [3] can be classified into statistical [4; 5], analyti-
cal [6] and numerical ones [7 — 10]. In rare cases, inverse
heat conduction problems are addressed, along with direct
ones [6; 11]. Optimization problems are also solved using
mathematical models of furnace processes [11 —15]
that take advantage of modern CFD simulation soft-
ware [16; 17].
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The authors of [18] propose a two-dimensional model
of slab heating in a pusher type furnace, the distinguish-
ing feature of which is the joint solution of the heat con-
duction problem for the slab to be heated and for the sec-
tion of the support tube (water-cooled skid). However, in
this model, the tube is directed along the slab, so (given
that the model is two-dimensional) the length of the “cold
spot” can only be traced in the direction of the slab width.

The authors of [19] propose a three-dimensional
model of slab heating in a furnace with time-varying
boundary conditions simulating slab passage through dif-
ferent process zones of a pusher-type furnace. The pecu-
liarity of this model is the possibility to set piecewise
defined boundary conditions on the slab bottom surface,
these conditions being different for the areas of this sur-
face contact with beams and open areas of the slab bot-
tom surface.

The purpose of this work is to further develop
the mathematical model of slab heating in a furnace with
walking beams (taking into account the impact of these
beams on the heating process), considering the influence
of the possible curvature of the transportation system
beams on the slab temperature, and the use of this model
for numerical experiments.

[ RESEARCH METHODS

The developed model is a three-dimensional trasient
heat conduction problem in the Cartesian coordinate sys-
tem for a parallelepiped-shaped computational domain
without internal heat sources, with temperature-depen-
dent thermophysical characteristics and asymmetric
time-varying boundary conditions of the third kind [19].

This differential problem has no analytical solution;
therefore, it has to be solved numerically, using the finite
difference method (balance method) [7; 19; 20].

This method involves the introduction of discrete
time ¢, = kAt (k=1,2,...) with a constant step A¢ and
discrete coordinates: x, = iAx (i=0, 1,2, ..., n ); Yy =jAy
(G=0,1,2,.., ny); z,=1Az (1=0,1,2, .., n), which for
this simple geometry also change with constant steps Ax,
Ay and Az. The values n_, n and n_are called the num-
ber of workpiece divisions along each of the coordinate
directions.

As the computational grid is introduced, the entire
calculation domain is divided into elementary volumes,
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the number of which is equal to (n + 1)(ny +1)(n, + 1).
Each of these volumes contains one node of the spatial
grid determined by three indexes (i, /, /). At each time
step, the elementary heat balance equations are recorded
for each elementary volume, forming a quasi-linear sys-
tem of equations with respect to the nodal temperature
values at the end of the time step. The general solution
methods are inadvisable in this case (due to the spar-
sity structure of the coefficient matrix), therefore itera-
tive methods are more effective [19; 20], as they enable
to discard huge auxiliary matrices.

We chose boundary conditions of the third kind in
the model due to their stabilizing influence on the con-
vergence of the iterative algorithm used for solving
the three-dimensional heat conduction problem.

In accordance with these boundary conditions, the rela-
tionship between the heat flux density g, on the boundary
surface (e.g., on the slab top surface) and its temperature
T is described by the Newton-Richman formula:

qW:a(To_Tw)a (1)

where T is the temperature of the heating medium, K;
a is the heat transfer coefficient, W/(m?-K).

The thermal influence of the transportation system
beams on the thermal conditions on the slab bottom sur-
face is taken into account by dividing the slab bottom sur-
face into rectangular areas and setting different boundary
conditions for these areas. These rectangular areas can be
of three types with respect to the problem under consid-
eration:

— always open parts of the surface;
— parts of the surface in contact with fixed beams;

— parts of the surface in contact with movable beams
(when the slab is lifted or moved).

For always open areas of the lower surface, the bound-
ary conditions are similar to those on the slab upper sur-
face (1), the only difference is that the values of the hea-
ting medium temperature and heat transfer coefficient
may not be the same. For the remaining areas, this condi-
tion is true only when there is no contact with the beams.
However, during the periods of contact with the beams,
an expression like (1) can also be formally used for
the corresponding areas. In this case, the temperature
of the steam-water mixture circulating in the beam cool-
ing system should be used as the medium temperature, and
some conditional coefficient of heat transfer k£, W/(m?-K),
from the corresponding area of the slab bottom surface
to this cooling medium, should be used as the heat trans-
fer coefficient. The value of this coefficient depends on
the design of the transportation system, and it is an exter-
nal (set) parameter in this model [7; 19].

The slab transportation cycle consists of separate
stages (slab lifting, forward movement, slab lowering,
movable beams return operations). When their dura-
tion is known (as well as the time for slab removal from
the furnace, the time for putting slabs along the furnace
and the transportation system valve rod travel), one can
set the boundary conditions for each zone of the slab bot-
tom surface at any given time. However, this approach
requires calculation with a time step of no more than 1 s,
which can significantly increase the duration of the cal-
culation procedure. In the present work, as in [19], a more
time-saving approach is applied, according to which, for
each contact zone, weighted average boundary conditions
of the type (1) are set, with the effective heat transfer
coefficient and the effective temperature of the medium.
At the same time, the contribution to the effective values
of the individual periods characteristics is proportional
to their duration.

In[19], the division ofthe slab bottom surface into areas
of different types does not change during the slab heating
process, which corresponds to straight beams. A special
feature of the present work is that the curvature of beams
can be set by representing their centerline as a sinusoid
for which the amplitude (mm) and period (m) are set.
When the amplitude value is set to zero, the beams are
considered straight. When the amplitude (curvature) is
set different from zero, the slab longitudinal coordinate
relative to the furnace entrance section is calculated at
each time step, and then the deviation of the boundaries
of intersection with the slab relative to the initial value
is calculated for each beam (movable and fixed). This
modified slab-beam contact zone is still considered rect-
angular (due to the relatively small curvature and width
of'the beam), but its boundaries along the slab are shifted,
and the algorithm proposed in this paper adjusts these
boundaries at each computational time step.

The created mathematical model is implemented in
the visual development environment Builder C++ ver-
sion 6.0. Fig. 1 shows the start window of the calcula-
tion program, in which the curvature characteristics in
the form of sinusoid amplitude and its period (default
values shown in Fig. 1 correspond to straight beams) can
be set for all beams (in addition to their position, width,
coefficient of heat transfer to the cooling medium and
temperature of this medium).

In the “Mode” tab (in Fig. 1 it is closed), the values
of the heating medium temperature and heat transfer
coefficients on each slab face by heating stages are set
for the corresponding technological zones. As mentioned
above, these values for all slab faces are used directly,
and at the bottom face, they are applied unchanged
to the open zones only, while for the beam contact zones,
these values are used to calculate the effective heat trans-
fer coefficients and the effective medium temperature.
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Fig. 1. Input data for modeling
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Fig. 2 shows the temperature variation along the lon- g | i i i i
gitudinal axis of the slab bottom surface, with dimen- § 1200 - : : : : :
sions 250x500x6000 mm, heated in a furnace equipped éﬂ | i i i i
with four fixed (axes are indicated by a green line) and R 1150 - : : : : :
two movable (axes are indicated by a blue line) beams. 1100 Lo ! | | a
The results are obtained for three values of intensity 1300
@)
5 S 1250
— k = 0 W/(m*K), corresponds to the case when o
. . . . =
the shielding effect of beams only is taken into account; 5 1200
B
— k=100 W/(m*>-K), approximately corresponds g 1150
(]
H
— k=50 W/(m?-K), corresponds to intermediate values. 17;83
For the next series of calculations, the curvature of one o
of the fixed beams was modeled according to Fig. 3. oy 1290
The curvature was described by a sinusoid with an ampli- El
. § 1200
tude of 200 mm and a period of 5 m (the curvature param- g
eters corresponded to the maximum practically feasible g 1150
values). Fig. 4 shows the results of slab heating simula- a

tion under these conditions.

In the case of zero heat transfer intensity (Fig. 4, a),
the influence of beam curvature is practically imper-
ceptible. However, as the intensity of heat transfer
to the beams increases, the temperature profile becomes
noticeably asymmetrical (Fig. 4, b compared to Fig. 2, b
and Fig. 4, ¢ compared to Fig. 2, ¢).

At the same time, the overall heating characteristics
will remain essentially the same as for heating straight
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1100
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1 2 3

Coordinate along the slab, m

Fig. 2. Temperature change along longitudinal axis of the slab
lower surface at different intensity of heat transfer to the beams:
a—k=0W/m>K); b k=50 W/(m*K); c — k=100 W/(m*K)

Puc. 2. VI3MeneHue Temreparypsl B0JIb HIPOIOILHOR 0CH

HIDKHEH TTOBEPXHOCTH Ci110a MPU pa3IMYHON HHTEHCUBHOCTH

TEIIO0TBOJA K OayKaM:

a—k=0Bt/(M*K); b — k=50 Br/(m>-K); ¢ — k= 100 Br/(M>-K)
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Fig. 3. Layout of the slab in relation to the furnace beams when
one fixed beam is curved:
B - fixed beams; [l — movable beams; [l — slab

Puc. 3. Cxema pacronoxeHus ciisiéa OTHOCUTENBHO 0aJIOK redn
[IPY UCKPHUBJICHUH OJIHOW HEMO/BM)XHON OaJiKu:
W — senonBuxHbie Oanky; [l — noxBuKkHbIE Ganku; [l — cist6

beams (see the Table). In the Table, the “minimum” and
“maximum” columns contain the minimum and maxi-
mum temperature values throughout the slab at the end
of the heating cycle, the “difference” column presents
the difference between them, and the “average” column
indicates the slab bulk temperature at the end of the heat-
ing cycle.

Fig. 5 shows the temperature profile along the longi-
tudinal axis of the slab bottom surface for the case when
all fixed beams are curved.

- DISCUSSION OF THE RESEARCH RESULTS

The results obtained revealed that for fixed beams
the “spot” of impact is deeper (i.e. “cooler”) than for
movable beams. This is because at given values of the slab
width, removal period and transportation mechanism

Extreme values of the final slab temperature for different variants

Coordinate along the slab, m

Fig. 4. Temperature change along longitudinal axis of the slab
lower surface at different intensity of heat transfer to the beams

when one beam is curved:

a—k=0W/(m>K); b— k=50 W(m>K); ¢ — k= 100 W/(m>K)

Puc. 4. 13MeHeHne TeMIiepatypbl BIOJIb MPOJIOIBHON OCH
HIDKHEW TIOBEPXHOCTH CIIs10a TIPH Pa3IMIHON HHTCHCUBHOCTH
TEIUIOO0TBOAA K OaJIKaM IpU MCKPUBIICHUN OHOM M3 OaJoK:

a — k=0 Bt/(M*-K); b — k= 50 Br/(M*-K); ¢ — k= 100 B1/(M?>-K)

SKCTpeMaJ'IBHLIe 3HAYeHHs] KOHEYHOil TeMIepaTrypbl casioa s Pa3IMYHBIX BADUAHTOB

) o Temperature index, °C
Variant description k, W/(m?-K) — - -
minimum average maximum | difference
Straight beams 0 1278.1 1286.0 1292.0 14.3
Straight beams 50 1183.0 1278.8 1291.5 108.5
Straight beams 100 1107.3 1273.3 1291.0 184.0
One beam is curved 0 1277.7 1286.0 1292.0 14.3
One beam is curved 50 1183.0 1278.9 1291.5 108.5
One beam is curved 100 1107.3 1273.3 1291.3 184.0
All the fixed beams 100 1152.6 1273.5 1291.2 138.6
are curved
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Fig. 5. Temperature change along longitudinal axis of the slab lower surface at k = 100 W/(m?-K)
when all fixed beams are curved

Puc. 5. VI3MeHeHne TeMIeparypsl BIOJb POAOILHOI 0CH HUKHEH MoBepXHOCTH cisiba pu k = 100 Br/(m*K)
IIPH MCKPHUBIICHUH BCEX HEMOIBMKHBIX 00K

parameters, the contact time of slab bottom surface areas
with fixed beams is longer than with movable beams.

Fig. 2 shows that when heat is transferred from
the slabs to the beams, the lower surface temperature is
much more inhomogeneous than when this surface is just
shielded from the radiation of the lower heating zones
combustion products. The curvature of a single beam can
significantly change the characteristic of the correspond-
ing “cold” spot, and this effect enhances as the heat trans-
fer to the beams increases (Fig. 4, b, ¢). However, it has
little or no effect on the general characteristic of the slab
heating non-uniformity (see the Table), as when the beam
curves, the slab surface contact area does not change, but
only takes more time. However, if all fixed beams are
subjected to curvature, the final difference across the slab
is significantly reduced due to an increase in its mini-
mum temperature, which leads to enhanced homogeneity
of the slab temperature field.

- CONCLUSIONS

The mathematical model of slab heating in a furnace
with walking beams, earlier developed and programmati-
cally implemented by the authors, that took into account
the impact of these beams on the slab bottom surface, was
modified by adding the possibility of considering the cur-
vature of the beams.

We simulated heating of a 250x500x6000 mm slab
for a furnace equipped with four fixed and two movable
beams under standard mode with different intensity of heat
transfer to the beams (the beams being straight or curved).

Itis found that the intensity of heat transfer to the beams
significantly affects both the level of the slab temperature
field and its homogeneity.

374

The wvariant calculations showed that the curva-
ture of only one beam changes the local characteristics
of the corresponding “cold” spot, practically not affecting
the minimum, maximum and bulk values of the slab tem-
perature, while the curvature of all beams (of at least one
type) increases the minimum slab temperature and homo-
geneity of the slab temperature field as a whole. More-
over, the more intensive the heat transfer to the beams is,
the higher the impact of the beam curvature on the tem-
perature field at the end of heating (in particular, on its
homogeneity).
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alloys

Problems of selection of corrosion-resistant steels and alloys in oil and gas industry for operating
conditions

Thermodynamic modeling of interphase distribution of chromium and boron in slags of AOD reduction
period

Physical and chemical processes during nitriding of chromium ferrosilicon by filtration combustion
Determination of longitudinal stability of strip in rolling cage - non-drive dividing device system

Mathematical modeling of slab heating in a furnace with walking beams due to their curvature
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