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REDUCTION OF SPECIFIC COKE CONSUMPTION
IN BLAST FURNACE BY IMPACT ON THERMAL REVERSE ZONE
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S. K. Sibagatullina?, V. A. Beginyuk?
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Federation)
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Abstract. At the blast furnace of PJSC “Magnitogorsk Metallurgical Plant” (MMK), the specific consumption of coke was reduced by impact on thermal
reverse zone (TRZ) by increasing the consumption of natural gas above 120 m3/t of cast iron under conditions of increased reactivity and reduced hot
strength of coke. In the first pair of periods, an increase in CRI from 38.4 to 39.3 % with a decrease in CSR from 36.3 to 34.6 % was accompanied
by an increase in the ratio of natural gas consumption and total oxygen entering the furnace from 0.43 to 0.45 by increasing the specific gas
consumption from 123.2 to 133.5 m%/t of cast iron. The set of actions increased the TRZ length towards the blast-furnace mouth by 1.9 % with its
unchanged location along the lower part. Reducing the heat consumption in the TRZ increased the temperature difference between gas and materials
there by an average of 36 °C. In the second pair of periods, the consumption of natural gas was 143.9 m3/t of cast iron with a decrease in the oxygen
content in the blast from 27.6 to 27.0. They were accompanied by the following changes in the processes under consideration: an increase in the
length of the TRZ towards the blast-furnace mouth by 2.6 % and the distance from the tuyere hearth by 3.4 %, an increase in the degree of carbon
reduction from 32.0 to 33.3 %, an insignificant (on average 0.3 °C) increase in the temperature difference of gas and materials in the TRZ. In the first
pair of periods, reduction in the coke specific consumption was 4.7 kg/t of cast iron with an increase in furnace productivity by 27 t/day. Conditions
and course of the processes of the second pair ensured a decrease in the coke specific consumption by 1.6 kg/ton of cast iron and led to a decrease
in cast iron production by 41 t/day.
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CHUXXEHUE YAENBHOIO PACXOAA KOKCA B JOMEHHOM NEYMU
BO3AENCTBMEM HA 30HY 3AMEANEHHOIO TEN/IOOEMEHA

A. C. Xapuyenko!“, M. . Cu6arary/ummHal, E. 0. Xapuenko?!, U. B. Makapogal,
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HUTOTOPCK, Mp. JIenuna, 38)
2ITAO «MaruuToropckuii Mmerajuryprudeckuii komunar» (Poccus, 455000, YensOunckas o01., Marauroropck, yi. Kuposa, 93)
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AnHomayus. Ha nomennoii neun [TAO «Marautoropckuii MeTauTyprudecKuii KoOMOMHATY yAeIbHBIA PacXoJl KOKca CHIDKAIIM BO3CHCTBIEM Ha 30HY
3ameIeHHoro temooomena (337T), yBenuuuBas norpebieHre NpUpoOaHOro rasa Boime 120 M3/T 4yryHa B yCJIOBMAX HOBBIIIEHHON PEAKIIMOHHOI
CIOCOOHOCTH M NOHMKEHHOM ropsiueil mpoynocTu kokca. B nepsoit mape nepuonos poct CRI or 38,4 10 39,3 % c ymensmenuem CSR or 36,3
110 34,6 % ocCyIecTBUIN OAHOBPEMEHHO C YBEIMYEHHEM OTHOIICHMS PACcXO/I0B NPUPOJHOIO Ta3a M BCEro IOCTYMAIONIEro B Iedb KHCI0poaa
ot 0,43 10 0,45 myrem MOBBILICHHS YACIBHOTO pacxozia rasa or 123,2 mo 133,5 m*/1 uyryHa. [IpuMeHeHHe KOMIUICKCA ACHCTBHHA YBEIHUHIO
HPOTSKEHHOCTD 30HBI 3aMEIEHHOTO TEIUI0O0OMEHA B CTOPOHY KOJOMIHMKA Ha 1,9 % mnpu HEM3MEHHOM e¢ PAacIoJ0KEHHM 110 HKHEH JacTH.
VYmenburenne norpebnenns remia B 33T yBenumumio pa3sHOCTH TeMIepaTyp ra3a U MaTepuanoB B cpenHeM Ha 36 °C. Bo Bropoii mape mepronos
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noTpeGieHne MPUPOIHOTO rasa J0BesH 10 143,9 M3/T uyryHa Npu CHUKEHHH CONEPKAHUS KUCIOPOJA B yThe ¢ 27,6 110 27,0. DTO CONPOBOXK/AANOCH
CIERYIONMMU H3MEHEHHAMH PacCMaTPUBAEMBIX IPOLIECCOB: yBeINUeHHEM NPoTshkeHHOCTH 33T B CTOPOHY KONONIHKUKA Ha 2,6 % U OTAaJICHHOCTH
ot ¢gypmeHHoro ovara Ha 3,4 %; MOBBIIICHUEM CTEICHU BOCCTaHOBIICHHMs yriepoaoM ¢ 32,0 1o 33,3 %; He3nauutensHbM (B cpennem 0,3 °C)
POCTOM Pa3HOCTH TemIeparyp rasa u marepuaioB B 30He 33T. B mepBoii mape meproioB yMEHBIICHHE YAEIBHOTO PAcXOfa KOKCa COCTaBHIO
4,7 Xr/T 4yryHa ¢ NOBBILICHUEM MPOM3BOANTEILHOCTH Teur Ha 27 T/CyT. YCIIOBHS M XOJ MPOLIECCOB BTOPOH Mapbl 0OSCHEUHIN YMECHBLICHHE
YZIEITBHOTO Pacxoja KoKca Ha 1,6 KI/T 4yryHa U IPUBEIIN K CHIDKCHHIO IIPOM3BO/ICTBA dyryHa Ha 41 T/CyT.

Kawuessle cioea: JOMCHHasI TJIaBKa, KOKC, 9yI'yH, HpPIpOIIHLIﬁ ras, TEII000MECH

BaazodapHocmu: Pabota BeINOIHEHA IpH Hoanepskke rpanta [Ipesunenra Poccniickoit @eneparmu Ne M/1-1064.2022.4.
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[ INTRODUCTION

The question of determining the rational parameters for
combined blast during blast furnace smelting, in alignment
with the developmental goals of ferrous metallurgy, remains
pertinent [1 —4]. The simultaneous utilization of reduc-
ing additives in the form of natural gas and pulverized coal
fuel, with the ratio of their flow rates to that of the process
oxygen ranging from 0.9 to 1.2, has contributed to the sta-
bilization of theoretical combustion temperature and other
process parameters. The degrees of direct and indirect reduc-
tion are notable factors in these processes [5]. Upon analy-
zing the operation of blast furnaces at PJSC “Magnitogorsk
Metallurgical Plant” (MMK), the significant role of the reac-
tivity index and coke strength after the reaction was further
confirmed [6]. In the context of blast furnaces in Japan, it
becomes imperative to estimate the initial gasification tem-
perature of carbonaceous materials as the thermal reverse
zone (TRZ) takes shape. The study presented in reference [7]
delves into the injection of hydrogen as a reducing agent,
replacing carbon, with the aim of mitigating CO, oxide
emissions. Simultaneously, this approach enhances the effi-
ciency of reduction through CO gaseous oxide. The experi-
ment demonstrated that the reduction of CO, oxide emis-
sions from the blast furnace is achieved within a hydrogen
concentration range of up to 20 %.

The papers [8 — 11] underscore the vital role of math-
ematical models due to the scarcity of information on pro-
cess parameters such as temperature, pressure, and reduc-
tion levels along height of the furnace. The processes that arise
and evolve within the TRZ, leading to a substantial increase
in iron reduction, are pivotal elements within these evolving
mathematical models. These models are currently in deve-
lopment and implementation. The kinetic modeling, encom-
passing an evaluation of the thermal reverse zone’s impact
on blast furnace operations, is congruent with this perspec-
tive [7]. An investigation was conducted to assess the influ-
ence of material temperature upon charging into the fur-
nace, their reductibility, and gas pressure at the furnace’s
mouth on the outcomes of blast furnace smelting. The find-
ings revealed that as gases become more actively utilized
within the furnace, the temperature at the onset of the ther-
mal reverse zone decreases [9]. The paper [12] has illust-
rated that the specific consumption of coke diminishes with

anincrease in the duration of time the charged materials spend
within the TRZ. A noteworthy reduction of 3.6 kg/t of cast
iron was achieved [13] by mitigating heat outflow from
the region where W,/ W,21to the area where W,/ W, <1,
with ¥, and w, representing the heat capacities of charge
and gas flows, respectively. In the thermal reverse stage
Wy, =W,), the temperature registered a decline of 2.5 °C,
while the temperature differential between the gas and
the charge contracted by 1.3 °C.

An evaluation of rational approaches concerning blast
furnaces at MMK has unveiled the substantial significance
of coke reactivity index and post-reaction strength in rela-
tion to the adjustment of natural gas consumption [6].
This complements prior explorations of these phenom-
ena [14—19]. Theoretical and experimental investiga-
tions have contributed to the recognition of the importance
of temperature boundaries distinguishing between indirect,
mixed, and direct reduction regions [14]. The values cha-
racterizing these boundaries exhibit interrelationships with
the rates of oxide reduction by gases such as CO and H,,
as well as the rates of carbon gasification by gaseous reduc-
tion products, CO, and H,O [16].

In laboratory experiments, where the charge was main-
tained under identical temperature and time conditions
as those in the upper section of the blast furnace shaft, a
comparison was conducted between charcoal and coke
concerning their influence on the degree of sinter reduc-
tion by a gas mixture comprising 29 % CO, 2 % H, and
60 % N, [16]. The results obtained were as follows:

600 700 750 800 850 900
37 72 107 132 150 165

Temperature, °C
Heating time, min

Reduction degree by oxygen
removal, %:

17 24 32 67
15 20 22 25

when using charcoal 2 8

when using coke 1.5 6

Based to these data, at temperatures corresponding
to intense heat exchange in the upper section of the fur-
nace (up to 750 °C), the reduction degree exhibited only
a marginal increase, with fuel reactivity nearly unchanged.
Simultaneously, the flue gas composition contained approx-
imately 10.4 —10.8 % CO,. At temperatures corresponding
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to the initiation and progression of the thermal reverse zone
(above 750 °C), a portion of CO, oxide engaged in inter-
actions with carbon from the fuel, leading to the forma-
tion of CO oxide. The formation of CO oxide by charcoal,
a fuel with a higher reactivity index, contributed more sig-
nificantly to the enhancement of sinter reduction compared
to its formation by coke. This effect assumed considerable
importance in the optimization of the blast furnace process
as natural gas consumption increased [18].

Experiments that involved the examination of coke
samples extracted from the pilot blast furnace unveiled
four different reactivity pathways. The outcome of these
pathways includes the potential reduction of coke-specific
consumption and the augmentation of blast intensity. Fur-
thermore, the ability of coke carbon to react with CO, oxide
was also observed to increase [20 — 22]. In practical appli-
cations, these findings can be implemented by incorporat-
ing machine vision systems for both the upper and lower
sections of the blast furnace [23 —29]. Additionally, they
align with concepts associated with the electronic theory
of iron reduction from oxides [30; 31].

] MATERIALS AND METHODS

Using the insights gathered from the works [1—31], we
successfully reduced coke-specific consumption within a blast
furnace with a production capacity of 1370 m3. This reduc-
tion was achieved by strategically manipulating the thermal
reverse zone, primarily through an increase in natural gas-
specific consumption, while concurrently adjusting the coke
reactivity index (CRI) and coke strength after reaction (CSR)
in opposite direction. The most important operational charac-
teristics of the furnace are depicted in Fig. 1 —4.

The vertical pressure behavior (active weight P,)
of materials along both the height and the cross-sec-
tion of the furnace is presented in Fig. 1 and 2.

Ch.surf.

1
>
T.hor. = /

Fig. 1. Vertical pressure of materials from charge surface (Ch. surf.)
along the furnace height (H) to tuyeres’ horizon (T.hor.):
1 —over loose part of tuyere hearth; 2 — on average in the furnace

Puc. 1. BeprukanbHOE JaBICHHE MAaTEPHAIOB OT IIOBEPXHOCTH IIHXTHI
(Ch. surf.) mo Beicote neun (H) o ropuszonta Gpypm (T.hor.):
1 — HaJ1 pBIXJION 9acThio ()ypPMEHHOTO ovara; 2 — B CPEJHEM 110 [eUn
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Average temperature trends along the height of the blast
furnace are depicted in Fig. 3, while those concerning
temperature distribution by radius are illustrated in Fig. 4
and 5. These figures are constructed based on the findings
and insights from the referenced papers [14; 17; 22].

When temperatures fall below the range of 850 — 900 °C, it
is observed that the heat capacity of the gas flow surpasses
that of the charge flow W,> W), while the W, / W, ratio

|
’ |
|
|

Distance from the walls

Fig. 2. Vertical pressure of materials from lining to the blast furnace axis

Puc. 2. BeprukansHoe JaBIeHHE MaTepHaioB OT ()yTEPOBKHU 10 OCH
JIOMCHHOM T1eun

Ch.surf. - )
Upper stage of intensive heat exchange
g
—<— Thermal reverse zone
t . t . .
Lower stage of intensive
heat exchange
AAT — - - .
/ Zone where smelting
roducts are formed
ACIN P

Temperature

Fig. 3. Scheme of temperature changes of materials (¢_) and gases (tg)
along the blast furnace height:
AAT — axis of the air tuyeres; ACIN — axis of the cast iron notch;
¢, — temperature of the smelting products

Puc. 3. Cxema n3MeHeHHUs TEMIIEPATYP MaTEPUAIOB (¢, ) U Ta3oB (tg)
10 BBICOTE JOMEHHO Mevn:
AAT — ocb Bo3gymHbIX (ypM; ACIN — 0Cb UyTYHHBIX JICTOK;
£, — TeMIIEpaTypa NPOJYKTOB ILIABKH

lch

Distance from the walls

Fig. 4. Diagram of changes in temperatures of the charge (7,
and gases (tg) from walls to axis of the blast furnace

Puc. 4. Cxema u3MeHeHuUs TeMIepaTyp IUXTHI (£
OT CTEH JI0 OCH JOMEHHOM ITeun

) 1 Ta30B (tg)
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Fig. 5. Nature of changes in reduction degree
along the blast furnace height

Puc. 5. Xapaxrep u3MeHeHMsI CTEIIEH! BOCCTAHOBIICHHUS
IO BBICOTE JIOMEHHOM TTeUH

remains within the range of 0.7 — 0.9. This surplus heat in
the upper heat exchange phase, not absorbed by the charge,
finds application in low-temperature processes without
necessitating an increase in the quantity of coke introduced
into the furnace. Notably, no additional coke is required for
moisture evaporation.

Fig. 5 illustrates the portion of oxygen from all oxides
extracted from the charged materials by various reducing
agents. In the figure: / — accelerated reduction occurring
in the upper part of the blast furnace, which is attributed
to the low stability of the chemical bond of Fe,O, and Fe,O,;
2 — reduction taking place in the conditions of the ther-
mal reverse zone, which are highly conducive to reactions
FeO + CO =Fe + CO, and FeO + H, = Fe + H,O, with each
unit of temperature change significantly influencing the reduc-
tion process; 3 — accelerated reduction due to the intensity
of its direct progression (FeO + C =Fe + CO); 4 — slower
reduction occurring as the process reaches its conclusion,
with only a few unreduced oxides remaining; 5 —a decrease
in the reduction degree due to the oxidation of smelting
products in tuyere hearths; 6 — rapid reduction of elements,
mainly iron, previously oxidized in tuyere hearths. The solid
line in the figure corresponds to modern blast furnace smel-
ting conditions, while the dashed line signifies potential
advancements in blast furnace smelting technology.

[ RESULTS AND DISCUSSION

At the blast furnace of MMK, the reduction in coke-
specific consumption was achieved by elevating the utiliza-
tion of hydrogen and augmenting the degree of iron reduc-
tion from FeO oxide. This was accomplished by influencing
the thermal reverse zone, leading to an increase in natural
gas consumption exceeding 120 m?/t of cast iron. The study
focused on two paired periods: / and /7 (the first pair) and /11
and /V (the second pair). The periods within each pair were
contiguous, primarily spanning seven days each.

During period [ of the first pair, under the initial condi-
tions, the natural gas flow rate stood at 123.2 m3/t of cast
iron. When the blast contained 27.2 % of oxygen, the ratio
of gas and oxygen consumption equated to 0.43 (Table 1).
In the second pair (base period //]), these values increased
to 135.8 m*/t of cast iron; 27.6 % oxygen and a ratio of 0.47,
respectively.

In both pairs of periods, several key parameters expe-
rienced growth, including the mass of the gas-air mix-
ture per tuyere, its kinetic energy of efflux, and the extent
of the loose portion of the tuyere hearth. Notably, these
parameters exhibited more pronounced changes in the first
pair of periods.

The coke strength after reaction CSR under the baseline
conditions of the first pair of periods amounted to 36.3 %,
with a reactive index (CRI) of 38.4 %. During the renewed
smelting mode, CRI increased by 0.9 % to reach 39.3 %.
In the basic conditions of the second pair, CSR was 39.5 %,
and CRI was 39.1 %, with a variation reducing CRI
to 37.8 % (Table 2).

In period I, as compared to period /, CSR decreased
from 36.3 t0 34.6 %, and CRI increased from 38.4t0 39.3 %.
This change resulted in an increase in the ratio of natural
gas consumption to the total oxygen entering the furnace,
rising from 0.43 to 0.45. The gas-specific consumption also
increased from 123.2 to 133.5 m?/t of cast iron. Addition-
ally, the oxygen content in the blast increased from 27.2
to 28.4 %. These alterations facilitated an increase in hydro-
gen reduction from 31.9t0 37.2 % (Table 3) and an enhance-
ment in its utilization, from 45.3 to 48.8 %. Meanwhile,
the length of the TRZ increased towards the blast furnace
mouth by 1.9 %, while its position at the bottom remained
unchanged. A significant reduction in carbon reduction,
from 30.7 to 24.4 %, led to a decrease in heat consump-
tion within the TRZ, resulting in an average temperature
difference =1ty (Fig. 3) increasing by 36 °C.

In period IV, in comparison to period ///, the main fac-
tors pertaining to smelting conditions underwent the fol-
lowing changes:

—an increase in natural gas consumption from 135.8
to 143.9 m3/t of cast iron;

— a decrease in the oxygen content in the blast from 27.6
to 27.0 %;

—an increase in the ratio of natural gas consump-
tion to the total oxygen entering the furnace from 0.47
to 0.51;

— a decrease in CRI from 39.1 to 37.8 %;

— an increase in CSR from 39.5 to 40.2 %.

As aresult, several changes in the studied processes dur-
ing period /V, compared to period /I, were observed:

— an increase in the length of the TRZ towards the blast-
furnace mouth by 2.6 % and the distance from the tuyere
hearth by 3.4 %;

—an increase in the degree of carbon reduction from
32.0 to 33.3 %;
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Table 1
Parameters of the blast and blast-furnace gas
Tabnuya 1. IlapamMeTpbl AyThsl U KOJOIIHHKOBOIO ra3a
: Indicator value in the period
Indicator
I I 1l v

Consumption of:

blast, m3/t of cast iron 1044 1056 1053 1087

natural gas, m/t of cast iron 123.2 | 1335 | 135.8 | 1439
Hot blast pressure, kPa 271 272 269 272
Blast temperature, °C 1155 1152 1154 1154
Water vapor flow rate, g/m? 3.13 3.72 2.21 1.99
Oxygen content, % 27.2 28.4 27.6 27.0
Ratio of natural gas consumption to total oxygen consumption 0.43 0.45 0.47 0.51
Degree of utilization, %:

Cco 42.6 42.5 42.8 42.0

H, 453 48.8 43.5 443
Gas temperature in gas vents, °C 235 246 217 233
Blast-furnace gas pressure (exc.), kPa 141.8 | 1422 | 1419 | 142.0
Actual stock line, m 1.73 1.87 1.69 1.65
Gas temperature along the radius, °C:

at the periphery (T per) 247 263 233 264

in the “ore ridge” (7)) 213 234 196 218

in the center of the furnace (7',) 384 370 390 410
Dynamic gas head on the empty section of the furnace under
operating conditions in terms of temperature and pressure, n/m?:

in the blast furnace mouth 2.05 2.26 2.12 2.25

in the belly 0.98 1.04 1.05 1.08

in the top part of the hearth 1.30 1.45 1.39 1.42

Table 2

Quality indicators of the charge materials

Tabnuya 2. Tloka3aTesin Ka4yecTBA MIUXTOBBIX MATEPHAJIOB

. Indicator value in the period
Indicator
1 1l Vi V4

Content of 0 — 5 mm fraction in sinter, % 8.47 9.34 8.35 8.23
Ash content in coke, % 12.57 12.64 12.52 12.58
Coke basis strength, %:

M10 8.13 8.11 8.06 7.83

M25 87.62 | 87.82 | 87.47 | 87.67
Coke strength after reaction CSR, % 36.3 34.6 39.5 40.2
Coke reactivity index CRI, % 38.4 393 39.1 37.8

— a slight, albeit insignificant, increase in the tempera-
ture difference 1, =1y, (Fig. 3), averaging only 0.3 °C.

The key thermal performance characteristics accompa-
nying these alterations are detailed in Table 4.

In terms of the recorded parameters, the temperature
in the axial zone of the blast-furnace mouth decreased by

398

14 °C in period /I when compared to period /, and con-
versely, it increased by 20 °C in period /V when compared
to period /11 (Table 1).

The series of modifications within the processes,
encompassing the ratios 7T /Tg, T /T, T /Tg, resulted

. . . per per “c> Tc .
in a reduction in coke-specific consumption in period I/
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Table 3
Reduction distribution indicators
Tabnuya 3. lloka3areju pacinpeaesieHusi BOCCTAHOBJIEHUS
: Indicator value in the period
Indicator
1 I 1l V4
Ratio of utilization rates H, and CO 1.06 1.15 1.02 1.05
Degree of Fe reduction from FeO by different reducing agents, %:
carbon 30.7 24.4 32.0 33.3
carbonic oxide CO 374 384 34.6 30.8
hydrogen 31.9 37.2 334 359
Table 4
Heat consumption indicators
Tabnuya 4. Ilokasareju noTped/1eHus Telia
. Indicator value in the period
Indicator
1 1 i w
Ratio of heat capacities of charge and gas flows:
in the upper stage of intensive heat exchange 0.756 | 0.742 | 0.777 | 0.757
in the lower stage of intensive heat exchange 1.763 1.763 1.715 | 1.656
Total heat consumption for all processes in the zone
determining coke consumption (Q;), MJ/t of cast iron 2663 2759 2630 2643
Table 5
Main technological indicators of the furnace
Tabnuya 5. OCHOBHBIE TEXHOJIOTHYECKHE NMOKA3aTe N PadoThI NeYn
Indicator value in the period
Indicator
1 i Vi 1w
Duration of the period, days 7 6 7 7
Specific consumption of dry coke, kg/t of cast iron 4349 | 430.2 | 437.5 | 4359
Ratio of specific consumption of solid (Cy;) and gaseous (NGg;,) fuels, kg/m? | 3.53 3.15 3.22 3.06
Capacity, t/day 3467 3490 3512 3471
Consumption, kg/t of cast iron:
raw materials 1694 1681 1678 1665
including
quartzite 2.4 34.8 0 442
manganese ore 23.7 18.1 23.9 13.0
Share of pellets from IORM, % 34.1 31.1 37.7 39.6
Ore load, t/t 3.895 | 3.889 | 3.835 | 3.782
Fe content in the charge, % 5732 | 57.77 | 57.86 | 58.32

compared to period / from 434.9 to 430.2 kg/t of cast
iron, while in period /V, in comparison to period /I, from
437.5 to 435.9 kg/t of cast iron (Table 5). During the first
pair of periods, furnace productivity increased by 27 t/day;
however, the conditions and progression of the processes
during the second pair led to a decrease in cast iron produc-
tion by 41 t/day (Table 5).

The shift of the coke carbon gasification process in
period /1, in comparison to period /, led to a 6.9 % reduc-
tion in the factor of charge and its product’s resistance
to gas movement in the lower part of the bosh (Fig. 1,
the region of minimal P, value). This shift also facilitated
smelting with an 11.5 % increase in lift force of the gas flow
(Table 1). The shift of the coke carbon gasification region in
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period /V compared to period /1 to the region of lower tem-
peratures led to a decrease in the coke specific consump-
tion and the processes rate, resulting in decline of the fur-
nace output (Table 5).

[ ConcLusIONS

The parameters, such as length, height location, temper-
ature, and the temperature difference between rising gases
and descending materials within the blast furnace’s TRZ,
exert significant influence on coke-specific consumption.
The formation of the TRZ is contingent on various factors,
including the coke reactivity index (CRI), coke strength
before reaction (CSR), natural gas consumption, and pro-
cess oxygen consumption.

At the blast furnace of MMK, a series of smelting opera-
tions were conducted, categorized into two pairs of periods:
the first pair serving as the base period and the second as
the experimental period.

The first pair of periods witnessed an increase in nat-
ural gas consumption, rising from 123.2 to 133.5 m’/t
of cast iron. The length of the TRZ extended towards
the blast furnace mouth by 1.9 %, maintaining its posi-
tion at the bottom unchanged. Simultaneously, the tem-
perature gradient between the gas and materials surged by
36 °C. Conversely, in the second pair of periods, natural
gas consumption increased from 135.8 to 143.9 m?/t of cast
iron. The TRZ expanded towards the blast furnace mouth
by 2.6 %, and the distance from the tuyere hearth extended
by 3.4 %. However, the temperature difference between
the gas and materials within the TRZ registered a negligible
increase, averaging just 0.3 °C.

In the first pair of periods, a reduction in coke-spe-
cific consumption by 4.7 kg/t of cast iron was achieved,
resulting in a notable increase in furnace productivity by
27 t/day. However, in the second pair, coke-specific con-
sumption decreased by 1.6 kg/t of cast iron, leading to a
decrease in cast iron production by 41 t/day.
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DEVELOPMENT OF FLUX-CORED WIRE

OFFe—C-Si—Mn-Cr—W -V SYSTEM WITH ADDITIVES
OF CARBON-FLUORINE-CONTAINING MATERIAL AND TITANIUM

A. A. Usol'tsev?, N. A. Kozyrev?®, L. P. Bashchenko,
R. E. Kryukov?, A. V. Zhukov!

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
21.P. Bardin Central Research Institute of Ferrous Metallurgy (23/9 Radio Str., Moscow 105005, Russian Federation)

&3 nkozyrev@chermet.net

Abstract. The paper considers research of quality of the electric arc coating obtained using flux-cored wire of the Fe—C—Si—Mn—-Cr—W-V system
with additives of carbon-fluorine-containing material and titanium. The formation of an electric arc coating was carried out using an automatic arc
welding machine ASAW-1250 with a new chromium-containing flux-cored wire on plates made of St3 steel. To exclude mixing of the deposited metal
with the substrate steel, multilayer surfacing was conducted. The surfacing mode was calculated and refined experimentally. The authors studied
the composition and properties of the surface of the electric arc coating after surfacing. As a substitute for amorphous carbon they used a carbon-
fluorine-containing material (dust of gas purification of aluminum production). Surfacing was carried out under a flux made from slag produced
by silicomanganese with a high content of sulfur. A regression analysis of influence of the deposited layer’s chemical composition on its hardness
and wear rate was carried out and mathematical models of the investigated performance characteristics of the electric arc coating were obtained. With
an increase in the content of chromium, tungsten, carbon and silicon, hardness of the deposited metal and its resistance to abrasive wear increase.
The results of the conducted research make it possible to develop measures ensuring the required level of performance characteristics of the electric
arc coating and can be used to make a forecast of hardness of the deposited layer and its wear resistance when the chemical composition of the metal
changes, to predict the operational resistance of rolling rolls deposited with wires of the PP-Np-35V9Kh3SF type. Mathematical models of hardness
of the deposited layer and its wear resistance help to clarify the mechanism of hardening and formation of protective properties of the surface layers
of rolling rolls by means of electric arc coatings deposited with flux-cored wires.

Keywords: flux-cored wire, electric arc coating, multilayer surfacing, rolling rolls, hardness, wear rate
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PA3PABOTKA NMOPOLLKOBOWU NPOBOJIOKKU CUCTEMBbI
Fe-C-Si-Mn-Cr-W -V Cc NPUCAOKAMMU
YINEPOASPTOPCOAEPXALLErO MATEPUAJIA U TUTAHA

A.A.Ycoanues?, H. A. Ko3zeipes?©, JI. I1. Bamenko !,
P. E. KpiokoB !, A. B. )Kykos!

1 Cubupckuii rocy1apcTBeHHbIA HHAYCTPUAILHBIN yHuBepeuteT (Poccus, 654007, Kemeposcekas 061, — Kys6ace, HoBoky3Helk,
yi1. Kupoga, 42)

2leHTpaJabHbIi HAYYHO-HCCIEA0BATEIbCKHIT HHCTHTYT YepHoii MeTaaayprud um. WLIL. Bapauna (Poccus, 105005, Mocksa,
yi. Panuo, 23/9)

&3 nkozyrev@chermet.net

AnHomayus. B paGote nccienyercs KauecTBO JIEKTPOIYrOBOTO MOKPBITHS, MOTYy4EHHOTO C HCHOJIb30BAHUEM IIOPOIIKOBOH MPOBOJIOKH CHCTEMBI
Fe—C-Si—Mn-Cr—W-V c¢ npucankamu yriepoadropconepxaiiero Marepuaia u ThtaHa. OOPMHPOBAHHE SICKTPOIYTOBOTO MOKPHITHS
OCYILIECTBIISIETCS C IOMOILBIO anmapara Juisi aBToMaTHueckoit ayrosoit capk ASAW-1250 ¢ npruMeHeHreM HOBOH XpoMcoep Kallield HOpOIIKOBOH
IIPOBOJIOKU HA IUIACTUHBI U3 cTanu Mapku Cr3. [ MCKIIOYCHHS IepEMEIIMBAHUS HAIUIABIIEMOIO METAJLIa CO CTalb0 IIOIOKKH HPOBOMST
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MHOTOCJIOHHYIO HarIaBKy. PexuM HarlaBKu pacCUUTBIBACTCS M YTOUHSIETCS DKCIIEPUMEHTAILHBIM ITyTeM. ABTOPBI HCCIIEZ0BAIN COCTAB U CBOWCTBA
MOBEPXHOCTH MIEKTPOLYTOBOrO MOKPHITHS IOCTIE HAIUTABKH. B KauecTBe 3aMeHHTEIsI aMOP(HOTO yITIepo/ia HCTIONb3yeTcs yrepoadTopconep ramui
Matepua (IblIb Ta3004MCTKU aTIOMHHUEBOTO MPOM3BO/CTBA). HamnaBky ocylecTBIsn 1oz (I0coM, H3rOTOBICHHBIM M3 IIIaKa IPOU3BOJCTBA
CHJINKOMApraHIa ¢ IOBBIIMICHHBIM COIEp:KaHHEM cepbl. [IpoBeNeHHBIH PerpecCHOHHBIN aHANU3 IIOKA3bIBACT BIHMSHHE XHMHYECKOTO COCTaBa
HAIJIaBJCHHOTO CJIOSl Ha €ro TBEPAOCTh M CKOPOCTh M3HOcA. B paboTe momydyeHbl MaTeMaTHUeCKHE MOJETH MCCIEIyeMBIX KCIUTyaTallHOHHBIX
XapAKTEPHUCTHK 3JIEKTPOIYTOBOTO MOKPHITHSA. IIpn yBenMYeHHH COIep)KaHHsA XpoMa, Bomb(dpama, yriepofa U KpeMHUS HOBBIIIAIOTCA TBEPIOCTD
HAIUIABJICHHOTO METayla M YCTOMYMBOCTH €ro K aOpa3sMBHOMY W3HOCY. Pe3ynbTaTbl NMPOBEEHHBIX HCCIEAOBAHUH MO3BOJSIIOT BHIPAbOTAThH
MEPOIPHUATHSA IS 00ecIedeHnst TpeOyeMOTro YPOBHS SKCILTyaTal[HOHHBIX XapaKTePUCTUK IEKTPOLYTOBOTO IIOKPBITHS U MOTYT HCIIONIb30BAThCS IS
COCTaBJICHHs IPOTHO3a TBEPIOCTH HAIJIABJIEHHOTO CJI0S M €I0 M3HOCOCTOMKOCTH NPH M3MEHEHUH XUMHYECKOTO COCTaBa MeTajlla, IPOrHO3UpOBaTh
9KCIUTYaTaI[IOHHYI0 CTOHKOCTh IMPOKATHBIX BAJIKOB, HAIUIABICHHBIX TpoBookamu Trma [1I1-Hn-35B9X3C®. Maremarndeckne MOeIN TBEPIOCTH
HAIUIABJICHHOTO CJIOSl M €10 M3HOCOCTOMKOCTHU MO3BOJISIIOT YTOUHUTh MEXaHU3M YIPOUHEHUsI M (JOPMUPOBAHMS 3AILUTHBIX CBOWCTB MOBEPXHOCTHBIX

CJIOCB ITPOKATHBIX BAJIKOB ITOCPEACTBOM DJICKTPOAYTOBBIX HOKpLITPIﬁ, HaIUIaBJICHHBIX ITOPOIIKOBBIMHA ITPOBOJIOKAMU.

Kawueswle cao8a: TIOPOIIKOBAsI IIPOBOJIOKA, SJIICKTPOAYTOBOC IIOKPBITHE, MHOTOCITOMHAS HaIllJlaBKa, ITIPOKATHBIC BaJIKH, TBEPAOCTh, CKOPOCTb U3HOCA

Jns yumupoeanus: Ycomsue A.A., Kossipes H.A., bamenko JLII., KptokoB P.E., )KykoB A.B. Pa3paboTka mOpONIKOBOI IPOBOJIOKH CHCTE-
Mbl Fe — C — Si — Mn — Cr — W — V ¢ npucaakamu yriepoadtopcoaepskainiero Marepuana u TutaHa. Mzeecmus 6y306. Yepras memannypausi.
2023;66(4):403—409. https://doi.org/10.17073/0368-0797-2023-4-403-409

[ INTRODUCTION

Rolling rolls constitute the primary technological tool
in the steel mill rolling process. During their operation,
amidst the plastic deformation of the metal, these rolls
endure significant specific pressures and thermal effects,
leading to intensive wear [1 —3]. In light of this, the issue
of roller repair quality has become more critical. Recently,
there has been a notable increase in the widespread applica-
tion of restorative arc surfacing to repair rolling mill rolls,
using powder wires [2; 4; 5]. However, the use of flux-cored
wires for surface welding comes with various drawbacks.
In order to ensure the execution of high-quality repair pro-
cedures, there arises an essential need to enhance the com-
position of the wire charge and refine its application tech-
nique [6 — 8]. Consequently, the theoretical and experimental
exploration of the physical characteristics, processes, and
mechanisms involved in reinforcing and developing protec-
tive properties within the surface layers of rolls through elect-
ric arc coatings, deposited using flux-cored wires, remains
relevant and holds scientific and practical significance.

It is worth mentioning that the utilization of presently
employed flux-cored wires for the surfacing of rolling rolls
is linked to a series of defects that emerge during the sur-
facing process. These include the high cost and scarcity
of surfacing materials, along with the imperfect nature
of surfacing technologies [9 — 11]. Identifying and rectifying
the flawed structure of these coatings, which contributes
to their premature deterioration, holds significant impor-
tance [12 — 14]. The advancement of technological surfacing
materials [15 — 17], capable of yielding low-carbon martens-
ite structures in the deposited metal, is a subject of interest.

Flux-cored wires within the Fe—C—-Si—Mn—-Cr-W-V
system find extensive application in the surfacing of rolling
rolls [18 — 20]. Simultaneously, for the restoration of rolls
that operate under the most demanding conditions, the flux-
cored wires of the PP-Np-35V9Kh3SF grade in accordance
with the State Standard GOST 26101-84 are predomi-
nantly employed [19 —21]. By modifying the composi-
tion of the charge within these flux-cored wires and incor-
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porating several elements into their makeup, it becomes
feasible to enhance the wear resistance of the deposited
layer and extend the operational lifespan of the depo-
sited rolls. Enhancing and altering the chemical compo-
sition of the flux-cored wires employed in surfacing pre-
sents a multifaceted scientific and manufacturing challenge,
requiring a solution that meets the criteria of both economic
viability and environmental sustainability [21 — 23].

The objective of this study is to establish patterns gover-
ning the augmentation of wear resistance and hardness in
electric arc coatings applied to rolling rolls via the use
of flux-cored wires within the Fe—C—-Si—Mn—-Cr—-W-V
system. This enhancement is achieved through the intro-
duction of titanium and carbon-fluorine-containing material
into their composition.

[l MATERIALS AND METHODS

The processes involved in surfacing and the fabrica-
tion of flux-cored wire, as well as the formulation of the filler
for the flux-cored wire under investigation and the welding
flux, are elaborated upon in references [20 — 22].

In the pursuit of developing a new flux-cored wire,
a comparative benchmark was established using wire
PP-Np-35VI9Kh3SF, produced with graphite grade GL-1
(sample 7). Subsequently, adjustments were made to the con-
centrations of titanium (samples 2 — 4) and the carbon-fluo-
rine-containing material (samples 5 — 9) for comparison.

Before commencing the production of flux-cored
wires, the quantities of powder materials were prelimina-
rily calculated. These materials were meticulously weighed
using laboratory analytical scales AUX 120. The blending
ofthe powders was conducted on laboratory rotary mixers for
a minimum of 30 min. The manufacturing of the flux-cored
wire was executed using a laboratory machine: the strip was
drawn through a die, resulting in the formation of the flux-
cored wire, which was then wound onto a drum.

The surfacing of electric arc coatings was conducted
using an ASAW-1250 welding tractor, employing a cus-
tom-made flux-cored wire on steel plates in five distinct


https://fermet.misis.ru/index.php/jour/search/?subject=порошковая проволока
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layers. This stratification aimed to prevent the mingling
of the deposited metal with the underlying substrate
steel. The surfacing parameters were calculated and fine-
tuned through experimental adjustments. Post-surfacing,
an analysis of the composition and properties of the resul-
ting electric arc coatings were undertaken.

The chemical composition of the deposited coatings
was determined using X-ray fluorescence via an XRF-1800
spectrometer and atomic emission analysis with a DFS-71
spectrometer. For several samples, the metal’s chemical
composition was ascertained using chemical techniques:
carbon content was measured in accordance with State
Standard GOST 12344-2003, sulfur levels were deter-
mined following State Standard GOST 123452001, and
phosphorus content was evaluated adhering to State Stan-
dard GOST 12347-77.

Samples designated for macro- and microstructure
examination, hardness testing, and wear resistance analy-
sis were prepared using a methodology encompassing cut-
ting via a KKS 315L cutting machine, subsequent grinding
on a 3D725 surface grinder, and final polishing utilizing
a FROMMIA 835 SE polishing machine.

The configuration of sample cutting is depicted in Fig. 1.

In order to assess the mechanical properties, macro-
sections measuring 20x55x14 mm were derived from
the cut samples. Hardness measurements were conducted
using the Rockwell method on a TK-14-250 hardness tes-
ter, following the specifications outlined in State Standard
GOST 9013-59. This involved indenting a conical diamond
tip with an apex angle of 120°.

180

15 30 30 30 30 15 15

=
2 | C EEEEECCAECECC (et e(CCEEEeecd(ECGES
/ / / / /
[
5
1 2 3 4 Deposited
layer

Fig. 1. Scheme of samples cutting for testing:
1 and 2 — for obtaining macro- and micro-plates;
3 and 4 — for tests on hardness and wear resistance;
5 — for hydrogen content determination

Puc. 1. Cxema BbIpe3ku 00pasos
JUISL IPOBEJICHUSI UCIIBITAHUI U aHaIn3a:
1 ¥ 2 — 1715l U3TOTOBJIEHUS] MAKPO- M MUKPOLLIH(OB;
3 1 4 — U1 UCTIBITAaHUHN HA TBEPAOCTh U UBHOCOCTOUKOCTB;
5 — Ju1s ONpeZeNIeHusl CollepKaHus BOIOpoaa

Wear tests are presently conducted in accordance with
State Standard GOST 23.208-79. This standard pertains
to both metallic materials and metallic coatings, stipula-
ting the method for evaluating their resistance to abrasive
wear during friction against loosely bound abrasive par-
ticles. The core of this method involves rubbing test and
reference material samples against abrasive particles intro-
duced into the friction zone and pressed onto the sample
by a rotating rubber roller. The wear of these test and
reference material samples is measured, with the wear
resistance of the test material estimated through a com-
parison of the wear on the reference and test samples.
The outcomes are processed based on the recorded weight
of the samples prior to and post the tests, determining
the arithmetic mean values of weight loss for both the refe-
rence sample and the samples under study.

In order to analyze the influence of the chemical com-
position of flux-cored wires on the wear rate (degree) and
hardness of electric arc coatings, we employed multifacto-
rial correlation analysis. This approach enables us to scruti-
nize the patterns of changes in specific indicators as a func-
tion of various factors. Initially, we identified the factors
affecting the indicator in question, selecting the most sig-
nificant among them. Subsequently, we examined the initial
data for reliability, uniformity, and adherence to the normal
distribution law. This allowed us to formulate a model
of the factor system, using deterministic factor analysis
given the presence of independent factor characteristics in
the systems being studied.

The rate of abrasion of the deposited layer of the test
samples was determined through wear tests performed on a
2070 SMT-1 machine. The fundamental kinematic diagram
of this machine is presented in Fig. 2. The lower sample’s
shaft rotation frequency measurement range (range 4) was
75 — 750 min~!, while the friction torque measurement
range (range /) spanned 1 — 10 N-m. The friction machine
2070 SMT-1 can function with both closed and open power
circuits, and operates as follows: power is transmitted from
the electric motor 2 to both the lower 5 and upper 6 sam-
ples via a belt drive /0. Sample 6 is mounted on the shaft
of the folding carriage 7, which is counterbalanced by
the spring mechanism 8. An elastic torsion sensor 9 for fric-
tion torque, along with a non-contact current collector, is
installed on the drive shaft of the lower sample, with its
signal relayed control panel.

The samples are subjected to loading through a spring
bar mechanism 4. The applied normal force is adjusted by
manipulating the loading unit’s handle, with the measure-
ments conveyed to the control panel via a flexible link con-
nected to a resistor situated within this unit.

The rotation speed is measured utilizing a rate genera-
tor 3, positioned on the engine shaft, while the rotations
of the lower sample 5 are counted by means of a non-con-
tact sensor /. The shaft-bushing employed for sample wear,
which is crafted from P18 steel, is incorporated.
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Fig. 2. Basic kinematic scheme of the 2070 CMT-1 machine:
1 — contactless speed sensor; 2 — electric motor; 3 — rate generator;
4 — loading unit (spring mechanism);
5 and 6 — lower and upper samples; 7 — carriage;
8 — spring mechanism; 9 — friction torque sensor;
10 — flat-toothed belt drive

Puc. 2. [IpuHnmnmanbpHas KHHEMaTHIecKas cxema
mamunel 2070 CMT-1:
| — OECKOHTAKTHBIN TaTYMK KOJINYECTBA 000POTOB;
2 — DJIEKTPOJBUTaTENb; 3 — TaXOT€HEPaTop;
4 — y3en HarpykKeHus (IPYKUHHBIH MEXaHHU3M);
5 M 6 — HWKHUIA ¥ BEpXHUI 00pasiibl; 7 — KapeTKa;
8 — Ipy>XUHHBII MeXaHU3M; 9 — TaTYUK MOMEHTA TPCHUS,
10 — ntocko3y0bast peMeHHas repeiada

[ RESULTS AND DISCUSSION

The chemical composition of the deposited layer
obtained using the experimental powder wire is outlined in
Table 1, and the wear rates of the samples are summarized
in Table 2.

Variations in hardness and wear rate concerning the con-
tent of different elements are visualized in Fig. 3.

The utilization of mathematical and statistical methods
has facilitated the development of a mathematical
model depicting the influence of the chemical composi-
tion of the deposited layer on its hardness and wear rate.

The validity of the acquired relationships was assessed
through the mean approximation error, calculated as fol-
lows

-7

100,
Y,

1 m
b2

where m represents the number of observations; )71. stands
for the calculated resultant indicator; ¥ . corresponds
to the actual value of resultant indicator.

Regression analysis of the influence of the chemical
composition of the deposited layer on its hardness and wear
rate is expressed by the following equations:

— HRC hardness:

—39.056 + 58.725C + 4.983Si + 37.87Mn +
+6.058Cr — 7.096Cu — 107.503Mo — 0.341V — 0.435W

(approximation error is 0.0012 %);

— wear rate, g/rot:

—0.0000741 + 0.00042C — 0.00043Si +
+0.000258Mn — 0.00022Cr + 0.000398Cu +
+0.00419Mo — 0.00019V + 0.0000372W

(approximation error is 0.0011 %).

The hardness and resistance to abrasive wear
of the deposited metal exhibit an increase with an escala-
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Table 1
Chemical composition of the deposited layers
Tabnuya 1. XuMU4YeCKUii COCTAB HAILIABJIEHHBIX CJI0€B
Content of elements, wt. %
Sample - - — HRC
C Si [ Mn | Cr | Cu | Mo | V W | Ni P S Al Co | Nb Ti
1 039 |1.26 | 1.69|3.43]0.14|0.11 | 0.21 | 8.76 | 0.12 | 0.037 | 0.022 | 0.060 | 0.04 | 0.010 | 0.020 | 58.2
2 037|131 174|325/ 0.13 ] 0.11 | 0.20 | 8.19 | 0.12 | 0.034 | 0.021 | 0.110 | 0.04 | 0.010 | 0.030 | 58.4
3 0.39 | 1.23 | 1.76 | 3.35 1 0.17 | 0.10 | 0.20 | 8.38 | 0.10 | 0.032{0.022 | 0.100 | 0.03 | 0.020 | 0.030 | 54.5
4 0.35|1.18 | 1.73 { 3.03 | 0.18 | 0.09 | 0.19 | 7.42 | 0.13 | 0.031 | 0.021 | 0.090 | 0.04 | 0.020 | 0.030 | 57.0
5 0.17 1 0.92 | 1.76 | 1.43 | 0.06 | 0.05 | 0.06 | 3.68 | 0.07 | 0.018 | 0.029 | 0.020 | 0.02 | 0.010 | 0.006 | 43.4
6 0.18 1 0.83 | 1.55 | 0.84 | 0.06 | 0.03 | 0.04 | 2.23 | 0.06 | 0.014 | 0.033 | 0.009 | 0.01 {0.010 | 0.007 | 34.8
7 0.1510.96 | 1.66 | 1.12 | 0.07 | 0.03 | 0.06 | 3.31 | 0.07 | 0.017 | 0.036 | 0.008 | 0.01 | 0.006 | 0.007 | 39.0
8 0.09 | 0.76 | 1.46 | 0.60 | 0.06 | 0.02 | 0.03 | 1.50 | 0.06 | 0.013 | 0.033 | 0.004 | 0.01 | 0.006 | 0.006 | 25.7
9 0.10 | 1.03 | 1.75 | 1.12 | 0.07 | 0.05 | 0.05 | 3.48 | 0.07 | 0.019 | 0.046 | 0.004 | 0.02 | 0.007 | 0.006 | 37.6
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Table 2

Wear rate of the samples

Tabnuya 2. CkopocTh H3HOCA 00pPa31I0B

Sample Sample weight, g Number of Wear resistance
s before wear, m, after wear, m, difference | rotations (V) Am-107
1 86.0384 85.9819 0.0565 2500 2.26
2 90.1120 90.0561 0.0559 2445 2.29
3 102.6680 102.5870 0.0810 2780 291
4 105.5680 105.5010 0.0668 2580 2.59
5 85.6461 85.4218 0.2243 2300 9.75
6 100.0260 99.8323 0.1939 2300 8.43
7 115.5400 115.4650 0.0757 3380 2.24
8 94.4399 94.3375 0.1024 2570 3.98
9 112.6090 112.3920 0.2170 2500 8.68
70 ) =87.858x +24.021 ¢4 12 70 y=57.249x + 14902 5 12
60 - R =0.88 10 = 60 - R’ =0.90, 410 o
3 50 e 2 50 F )
5] 8 o 18 .
S 40 S 5 awf =
£ 6 g = 16 g
S 80t E O 30Ff =
[ (] 4 5 K 8 44 -
T 20 § = 20f 5 5
o y=-18369x+9.7954" mmw| , © B e TN E S ECTCal I PR
i R =056 i R=043
0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0
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Tungsten content, wt. %

Fig. 3. Dependences of the deposited metal properties on content of carbon (a), silicon (b), chromium (c¢) and tungsten (d):
[l - hardness; @ — wear rate; / — linear hardness; 2 — linear wear rate

Puc. 3. 3aBHCHMOCTH CBOICTB HAILIABICHHOTO METaJlIa OT Coflepkanust yriepoaa (a), kpemuus (b), xpoma (¢) u Bonbdpama (d):
[l - tBeprocts; @ — cKopocTh M3HOCA; [ — IMHENHAs TBEPAOCTD; 2 — IMHENHAs CKOPOCTh U3HOCA

tion in the concentration of chromium, tungsten, carbon,
and silicon. The depicted relationships facilitate the predic-
tion of hardness and wear rate outcomes when modifying
the chemical composition of the deposited layers.

- CONCLUSIONS

A regression analysis was undertaken to investigate
the impact of the chemical composition of the deposited layer

on both its hardness and wear rate. Consequently, mathemati-
cal models were derived to represent the examined opera-
tional attributes of the electric arc coating. Notably, the hard-
ness of the deposited metal and its resistance to abrasive wear
exhibit an augmentation with an increase in the concentra-
tions of chromium, tungsten, carbon, and silicon.

The findings from these studies offer the potential
to formulate strategies aimed at guaranteeing the desired
level of operational attributes for the electric arc coat-
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ing. Furthermore, they can be employed to prognosticate
the hardness of the deposited layer and its wear resis-
tance in response to variations in the chemical composi-
tion of the deposited metal. Additionally, they enable
the anticipation of the operational longevity of rolls coated
with wires of the PP-Np-35VI9Kh3SF grade.

The mathematical models delineating the hardness

of the deposited layer and its wear resistance provide
insights that aid in clarifying the mechanism underlying
the strengthening and development of protective properties
within the surface layers of rolling rolls, achieved through
the application of electric arc coatings deposited using flux-
cored wires.
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SINTERED POWDER HIGH-ENTROPY TARGET CATHODES
FOR WEAR-RESISTANT COATINGS

S. N. Grigor’ev, M. Sh. Migranov©, M. A. Volosova, A. S. Gusev
I Moscow State University of Technology “STANKIN” (1 Vadkovskii Lane, Moscow 127055, Russian Federation)
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Abstract. Modern machine-building production equipped with high-performance mechatronic systems and numerically-controlled and adaptive control
machines for blade cutting of heat-resistant chromium-nickel and titanium alloys requires increasing the operating properties of cutting tools working
at high temperature-force loads in the contact zone, respectively with a significant stress-strain state of the cutting wedge. It is possible to solve the
problem of increasing wear resistance and serviceability by developing and introducing new tooling material, as well as by applying wear-resistant
coatings. The paper presents the results on development of technology for obtaining high-entropy target cathodes by spark plasma sintering with
subsequent application of wear-resistant coatings on metal-cutting tools by both magnetron and ion-plasma methods. Samples of sintered high-
entropy target cathodes of different compositions (more than fourteen) and at different modes of their sintering (depending on temperature in five
modes) with their subsequent optimization and two standard sizes (20 and 80 mm) were obtained for further application of wear-resistant coatings
on the magnetron unit. The authors carried out structural and phase analysis and studied physicomechanical properties of the obtained high-entropy
target cathodes: density, hardness, electrical conductivity, emissivity. The possibility of obtaining high-entropy target cathodes by spark plasma
sintering was confirmed experimentally, and the effect of sintering temperature on structure and properties of the sintered samples of high-entropy
target cathodes was established. Dependence of physicomechanical and electrophysical parameters of target cathodes on technological modes of spark
plasma sintering is shown.

Keywords: sintered powder high-entropy target cathodes, spark plasma sintering, composition, hardness, electrical conductivity, density, structural-phase
composition
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CNEYEHHbIE NOPOLUKOBbIE
BbICOKO3HTPONUMUHbBIE KATOAbI-MULLUEHU
ANA U3SHOCOCTOUKUX MOKPLITUN

C. H. Tpuropses, M. III. Murpanos ©, M. A. BoJiocoBa, A. C.'yceB
| MockoBckuii rocynaperBeHHblii Texnogaorndyeckuii yuusepeurer «KCTAHKWH» (Poccus, 127055, Mocksa, Bagkosckuit nep., 1)
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AnHomayus. CoBpeMEeHHOE MallIMHOCTPOUTEIBHOE IPONU3BOJICTBO, OCHAIIIEHHOE BEICOKOIIPOU3BOANTEIbHBIMI MEXaTPOHHBIMU CUCTEMaMHU M CTAHKAMHU
C YHCIIOBBIM ITPOTPAMMHBIM H aJalITHBHBIM YIIPABJICHUEM ISl JIC3BUITHONH 00paOOTKU pe3aHHeM JKapOIPOYHbIX XPOMOHHUKEIEBBIX U THTAHOBBIX
CIUIaBOB, TPeOyeT MOBBILIEHHs AKCILTyaTallMOHHBIX CBOMCTB PEXYLIEr0 WHCTPYMEHTA, pabOTAOLIero NP BBICOKMX TEMIEPaTypHO-CHIIOBBIX
Harpy3kax B KOHTaKTHOW 30HE M, COOTBETCTBEHHO, ITPH CYIICCTBEHHOM HaIlpsHKEHHO-Ie(OPMUPOBAHHOM COCTOSIHUM PEXYILEero KinHa. Pemenune
BOIIPOCA MOBBILIEHHS W3HOCOCTOMKOCTH M PabdOTOCIOCOOHOCTH BO3MOXKHO KaK ITyTe€M pa3padOTKu M BHEIPEHUS HOBOTO MHCTPYMEHTAJIbHOIO
Marepuanga, Tak ¥ NPUMEHEHMs HM3HOCOCTOWKMX IOKpPHITHH. B paboTe mpencraBieHbI pe3yibTaTsl 10 pa3padOTKE TEXHOJIOTHH ITONYYCHUS
BBICOKOOHTPOIHUIHBIX KaTOJIOB-MHIIEHEH IyTeM HCKPOBOTO IIa3MEHHOI'O CHEKAHUS ¢ MOCIEAYIOIIMM HAaHECEHHEM M3HOCOCTOWKHUX MOKPBITHH
Ha METaJUIOPESKYIIMI MHCTPYMEHT MAarHETPOHHBIM M MOHHO-TUIa3MEHHBIMH MeToaMu. [lomydeHsl 0Opasiipl CIICUCHHBIX BBICOKOIHTPOIIMIHBIX
KaTO/I0B-MHUIIEHEH Pa3InYHbIX 10 COCTABY KOMIIO3UIMH (00Jiee YeThIPHAALATH) P Pa3HBIX PEXKUMAX CIIeKaHus (B 3aBUCHMOCTH OT TEMIIEPaTy bl
B IITH PEXNMAax) C MOCIEAYIOIIEH WX ONTHMHU3AIMel, a Takxke ABYX TumopasmepoB (20 m 80 MM) Juis JanbHEHIIEro MCIIOIB30BAHMS IS
HAHECEHHs M3HOCOCTOMKUX MOKPHITHI Ha MarHETPOHHOW yCTaHOBKe. [IpoBelieHbI CTPYKTYpHBIA U (ha30BbIH aHANN3bI, @ TAKXKE HUCCICIOBAHUE
(pn3MKO-MEXaHNYECKUX CBOMCTB IIOJYYEHHBIX BBICOKOPHTPONMUIHBIX KaTOJOB-MHUIICHEH: IUIOTHOCTH, TBEPIOCTH, 3JIEKTPOIPOBOIHOCTH,
9MHUCCHOHHOI CHOCOOHOCTH. DKCIEPUMEHTAIBHO MOATBEPIKICHA BO3MOKHOCTD TOJYUSHHUSI BEICOKOOHTPOIUIHBIX KaTOIOB-MHUILIEHEH METOI0M
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MHMIIIEHEH OT TEXHOJIOTHYECKUX PEKUMOB TIpo1ecca UCKPOBOI'O MIIa3MEHHOI'O CIICKaHUS.
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[ INTRODUCTION

Today, manufacturers are dedicated to enhancing
the durability and reliability of their products because it
directly impacts efficiency and market competitiveness.
One effective approach to achieve this is by improving
the metal-cutting process. Even in the case of advanced
high-performance NC machine tools, the cutting tool often
becomes the bottleneck. It constrains both the machine
tool's capability and the quality of the machined surface.
Conventional wear-resistant coatings for cutting tools,
deposited using one to four solid cathodes, no longer meet
current requirements. Such coatings are indispensable for
high-speed machining, tools operating under elevated tem-
peratures and loads in the contact zone, and the machining
of high-strength, heat-resistant Cr—Ni and Ti alloys.

Additionally, advanced power metallurgy processes
have garnered significant attention [1 — 3] because they
facilitate the manufacturing of highly intricate compo-
nents with improved performance [4; 5].

The objective of this study is to develop a powder
spark plasma sintering process and assess the properties
of multi-component wear-resistant coatings applied to
metal cutting tools, along with evaluating the service life
of the target cathode.

High-entropy alloys, known for their high-tem-
perature resistance, wear resistance, hardness, and
strength [6 — 9], are of considerable interest. The prop-
erties of such coatings are contingent on the elemental
composition and deposition process, which necessitate
optimization. Another crucial factor is the characteris-
tics of high-entropy target cathodes [10; 11] employed in
depositing wear-resistant coatings on cutting tools.

High-entropy alloys have been the subject of inten-
sive research [12 — 15]. They possess distinctive features,
including:

— elevated entropy of mixing (S, ) compared to con-

ventional multi-component materials [16];

— unique mechanical properties resulting from specific
thermal processes, atom diffusion under certain structural
and phase [17];

— significant influence on the crystal lattice due to the
content of iron, nickel, molybdenum, aluminum, among
other elements;

— binary or ternary phase diagrams are used to esti-
mate the phase composition [18];

— while alloying elements initiate solid solution harde-
ning and discrete phase separation [19];

— as a result, these alloys are classified as a special
category [20].

As mentioned in [5; 9; 15], certain high-entropy alloys
exhibit exceptional properties, including hardness, heat
resistance, thermal stability, corrosion resistance, and
wear resistance.

] MATERIALS AND METHODS

Casting and melting are the primary processes
employed in the production of high-entropy alloys [20].
However, powder sintering, particularly spark plasma sin-
tering (SPS), holds significant promise as well [6; 7; 12].
The testing process was divided into two phases, con-
ducted at the Spark Plasma Sintering Lab, Center for
New Materials and Technologies, National Engineering
Center, STANKIN University. In Phase 1, our focus was
on the production of high-entropy target cathodes, while
in Phase 2, we deposited the coatings and conducted tests
to assess their properties. The results of Phase 1, which
involved the manufacturing of powder high-entropy cath-
odes, are summarized below.

In order to determine the optimal powder composition
for spark plasma sintering of the target cathodes, we con-
ducted an analysis of a wear-resistant mixture compris-
ing more than 12 commercially available metal powders.
After establishing the quantitative and qualitative com-
position based on the Yum-Roseri rule, we followed these
steps:

— preparation of the powder mixture with a specified
particle size distribution;

— pre-compaction of the powder mixture in a mold
using a 3851 Manual BenchTOP 12 manual hydraulic lab
press (Carver, USA);

411


https://fermet.misis.ru/index.php/jour/search/?subject=спеченные порошковые высокоэнтропийные катоды-мишени
https://fermet.misis.ru/index.php/jour/search/?subject=искровое плазменное спекание
https://fermet.misis.ru/index.php/jour/search/?subject=композиция
https://fermet.misis.ru/index.php/jour/search/?subject=твердость
https://fermet.misis.ru/index.php/jour/search/?subject=электро-проводность
https://fermet.misis.ru/index.php/jour/search/?subject=плотность
https://fermet.misis.ru/index.php/jour/search/?subject=структурно-фазовый состав
https://rscf.ru/project/22-19-00670/
https://doi.org/10.17073/0368-0797-2023-4-410-414

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(4):410-414.
I'puzopves C.H., Mueparos M.1L. u dp. CriedeHHbIe NOPOLIKOBbIE BICOKOIHTPONHMIHBIE KaTO/bl-MUIIEHH /11 U3HOCOCTOMKHUX MOKPBITHH

— utilization of a A KCE-FCT-H-HP-D25-SD furnace
(FCT, Germany) for spark plasma sintering, with varia-
tions ranging from 500 to 1600 °C in 50 °C increments;

— application of compaction forces at 25, 50, 80, and
100 kN;

— adjustment of the heating rate to either 50 or
100 °C/min;

— implementation of holding times at 1, 2, 3, 4, and
5 min;

— usage of sample sizes measuring 20 and 80 mm.

Following this, we conducted an examination of the
properties exhibited by the resulting target cathodes,
employing the following methodologies:

—measurement of density using the hydrostatic tech-
nique;

— utilization of a Wilson Rockwell 574 hardness tester
(Germany) to measure hardness;

— estimation of electrical conductivity through the
phase-sensitive eddy current method using a portable
Fischer SIGMASCOPE instrument (Helmut Fischer
GmbH+Co.KG, Germany);

— application of scanning electron microscopy (SEM)
to determine the elemental, qualitative, and quantitative
compositions of the samples. For this purpose, we uti-
lized a Phenom ProX microscope (Netherlands) and a
Difray 401K desktop X-ray diffractometer (Russia).

[ RESULTS AND DISCUSSION

The manufactured samples of the high-entropy target
cathodes, with compositions including:

— Al =Tiy~Zr;;=V,s—Cr;;—Nb,;

- AlZO_HfIS_MOIS_COIS_TaIO_WIO_ZrIS;

— Al —Hf =V~ Cr ;= Ti|;~Ta, - W

- Alzo_Hflo_Nils_Tizs_Wlo_Zrzo;

—Mo,,—Nb,,—Ni,;—Ta),—W,;

- szo - Hfzo - Tizo o Zr20 B Tazo
and others, subjected to testing for their suitability in
depositing nano-coatings on cutting tools. The key prop-
erties of these target cathodes, aside from the particle size
distribution of the powder mixture, encompass density,
hardness, electrical conductivity, as well as elemental,
qualitative, and quantitative compositions (refer to the
table). The test results reveal that higher sintering tem-
peratures lead to increased relative density, hardness, and
electrical conductivity.

10°

B ConcLusion

Based on the test results, we successfully developed
a spark plasma sintering process for the production
of high-entropy target cathodes, essential for deposit-
ing wear-resistant coatings on cutting tools. Through
our research, we pinpointed the optimal compositions
and sintering conditions necessary to achieve the desired
coating structure, as well as the desired physical and

Results under sintering conditions: sintering temperature 1200 °C;
pressing pressure 25 kN; holding time 1 min; heating rate 100 °C/min;
sample diameter 20 mm

Pesynbrarhl HIICHITAHUI NIPH PeKUMAX CIIeKaHHsA: Temneparypa cnekanus 1200 °C;
naBjieHue npeccopanusi 25 kH; Bpemst Boiiep:kku 1 MuH; ckopocth Harpesa 100 °C/mun;
auameTtp odpasua 20 mm

Density, Hardness, | Electrical conductivity, SEM o
glem’ HB MSm/m? element |  atomic number SOty o
at. wt.
Alyy—Tiy~Zr;—V,s—Cr;s;—Nb,;
Ti 22 29.71 32.28
Al 13 43.64 26.73
8.60 104.6 0.67-0.74
Zr 40 10.71 22.18
Cr 24 15.93 18.80
Aly,—Hf ;—Mo,,—Co,;—Ta, - W, —Zr;
Mo 42 26.50 26.07
Co 27 26.12 15.78
Zr 40 14.36 13.43
9.99 110.2 0.64 - 1.20 Hf 72 10.38 19.00
A\ 74 9.53 17.96
Br 35 8.84 7.24
C 6 4.27 0.53
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mechanical properties. Our findings confirm the feasibi-
lity of employing spark plasma sintering for the creation
high-entropy target cathodes. Furthermore, we identified
the influence of sintering temperature on the structure
and properties of high-entropy target cathode samples, as
well as the interrelationships between the physical and
mechanical properties of these samples and the variables
of the SPS process. The introduction of target cathodes
crafted through this process promises to enhance high-
speed machining efficiency when utilizing cutting tools
with wear-resistant coatings. Such tools have the poten-
tial to form secondary and diamond-like structures within
the contact zone, leading to the adaptation and self-orga-
nization of friction and wear processes.
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EFFECT OF RING GROOVE IN A HEAT-INSULATING INSERT
ON EFFICIENCY OF ITS WORK IN BLAST CHANNEL
OF BLAST FURNACE TUYERE

S. V. Albull®, 0. A. Kobelev! 2, 1. A. Levitskiil

I'National University of Science and Technology “MISIS” (4 Leninskii Ave., Moscow 119049, Russian Federation)
2JSC Russian State Research Center “CNIITMASH” (4 Sharikopodshipnikovskaya Str., Moscow 115088, Russian Federation)
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Abstract. One of the main disadvantages when supplying natural gas to the air tuyere of a blast furnace is low intensity of its combustion inside the tuyere blast
channel. Ring groove on the surface of blast channel improves the mixing of natural gas with blast and increases completeness of gas combustion in it,
but reduces the tuyere durability. One of the ways to simultaneously solve these problems is to install a heat-insulating ceramic insert in the tuyere blast
channel. The insert significantly reduces heat losses through the tuyere surface, improves natural gas combustion in the blast channel due to its contact
with hot walls of the insert instead of cold copper walls in its absence. This increases the temperature of the hot blast at the tuyere outlet. In addition,
the insert affects the tuyere durability by reducing the heat flow acting on the tuyere. In this work, we studied influence of the ring groove and its parts
in the insert on efficiency of its work. In the Ansys 21.1 software, the processes occurring in the blast channel of a blast furnace tuyere with a ceramic
insert installed in it, having a groove of a quadrangular section in the form of a ring or its part in the circumferential direction, were simulated. It was
established that improvement of natural gas combustion in the tuyere blast channel is achieved using a ring groove or part of it from the side of gas supply.

Keywords: blast furnace, air tuyere, blast channel, ceramic insert, ring groove, Ansys modeling, heat transfer, natural gas combustion
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BNUAHUE 30HbI KONbLEEBOI BbIBEOPKMU
B TEN1OU30/IUPYIOLLENA BCTABKE HA 3®DEKTUBHOCTb EE PABOTDI
B IVTbEBOM KAHA/NE BO3AYLUHOWU ®»YPMbl JOMEHHOM NEYMU
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AnHomayusa. OnHUM M3 OCHOBHBIX HEJOCTATKOB IPH I0Ja4e HPUPOAHOrO ra3a B BO3AYIIHYIO (GypMy JOMEHHOW Ne4H SBISIETCS HU3Kas
MHTEHCUBHOCTb €0 TOPEHHs BHYTPH AyThEBOr0o KaHaja (ypmbl. M3BeCTHO, 4TO KOJbIleBas BbIOOpKA HA MOBEPXHOCTH IyThEBOIO KaHala
yJIydIIaeT CMEeIIMBAaHUE IPUPOTHOTO ra3a ¢ JyTheM U YBEIHMUMBACT IIOJHOTY CTOPAaHMs ra3a B HEM, OIHAKO CHU)KAET CTOWKOCTb (ypMbl. OHUM
W3 CIOCOOOB OJTHOBPEMEHHOTO PEIICHUS 3THX IPOOJIeM SBISIETCS YCTAaHOBKA B yThEBOW KaHAN (pypMBbl TEIUIOM3OIUPYIOMIEH KepaMHYeCKOH
BCTaBKH. BcTaBka 3HAUMTENILHO CHIIKAET TEIIOBBIE TOTEPH YePe3 MOBEPXHOCTH (hypMBI, YIyUIIaeT FOPEHNE TPUPOHOTO ra3a B 1yThEBOM KaHaJe
3a CYET ero KOHTAKTa C TOPSYMMH CTCHKaMH BCTABKH BMECTO XOJIOJHBIX MEIHBIX CTCHOK IIPH €€ OTCYTCTBHH, YTO YBEIWYHBACT TEMIIEPATYPY
ropsiuero IyThs Ha BbIxone u3 Gypmel. Kpome Toro, BctaBka Okas3blBaeT BIMSHHE HA CTOMKOCTH ()ypMBI 33 CUET CHIIKEHHS TEIJIOBOTO MOTOKA,
JeHCTByOIIEro Ha (GypMmy. B TaHHOM HCCIIEIOBaHHM M3y4YCHO BIIMSIHUE KOJIBIIEBOM BBHIOOPKH M € 4acTeil BO BCTaBke Ha 3(P(EKTHBHOCTDH
ee pabotsl. B cpene Ansys 21.1 mMomenupoBaiu Mmpolecchl, MPOUCXOASIINE B TyTheBOM KaHaie (GpypMbl JOMEHHOM €YU C yCTaHOBICHHOM
B HETO KepaMHUYECKO# BCTABKOW, MMEIOLICH BBIOOPKY YETHIPEXYTOILHOTO CeueHus B opMe KOJIbIA WK €ro YaCTH B OKPY)KHOM HaIlpaBJICHUH.
YCTaHOBIEHO, YTO YIYUIIEHHE TOPEHHs TPUPOJHOTO r'a3a B lyTheBOM KaHalle ()ypMbI JOCTUTACTCS C UCTIOIb30BAHUEM KOJIBLIEBOI BHIOOPKH HIIH
€€ YaCTH CO CTOPOHBI [TOJJa4yH rasa.
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BbaazodapHocmu: ABTOpSI BEIpaxkaroT 6aronapHocTh mpod. Pagrok A.T. 32 KOHCYIBTAIHIO 110 BO3MOXKHOCTHU HCIIONb30BAHIS BRIOOPKH B KEPAMIIECKOM
BCTaBKe JIJIs1 HOBBIIICHNUS d(Q(HEKTUBHOCTH ¢€ IPUMEHEHHUS B BO3IYIIHON (ypMe TOMEHHOM edn.

/Jlns yumupoeanus: Andyn C.B., Kobenes O.A., Jlepurkuii V. A. BiusiHue 30HbI KOJIBIEBO# BBIOOPKH B TEIUIOM30IUPYIOIICH BCTaBKE Ha (P PEeKTHB-
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- INTRODUCTION

The air tuyeres supply a mixture of oxygen-enriched
blast and natural gas [1 — 3] or natural gas and pulverized
coal into the blast furnace. The injection of gas and coal
reduces the coke consumption during pig iron manufac-
turing [4 — 6]. As the share of natural gas increases, its
mixing with the blast deteriorates [7 — 9] and blowing
efficiency decreases [10 — 12]. We have proposed solu-
tions to enhance the ignition and combustion of natu-
ral gas in the tuyere blast channel [13 — 16]. Numerous
improved technologies for mixing natural gas with the
blast have been invented [17 — 20].

Gas preheating has been proven to be efficient [21; 22].

Another promising approach to improving gas/
blast mixing is adding cavities to the blast channel
to increase flow turbulence in the tuyere. Such ele-
ments could be a groove in the tuyere nose [23], blow-
pipe, [24], or in the natural gas feed tube [25]. However,
more intense gas combustion in the tuyere blast chan-
nel may result in blowpipe deformation or burnout. For
this reason, as gas combustion improves, the blowpipe
should be heat protected. Durable insulating ceramic
inserts [26 — 28, 29 — 31] can be used.

A large number of studies [32 — 34] are dedicated
to modeling processes occurring in the air tuyere and
the blast furnace tuyere zone, including the simultaneous
supply of combustible natural gas and pulverized coal
into the blast channel of the tuyere [35; 36].

[ PROBLEM STATEMENT

We investigated the effects of a ring roove or its seg-
ments on ceramic insert performance.

The purpose of this study is to simulate the flow,
heat exchange, and gas combustion in the blast channel.
We considered the following ceramic insert designs:

—no groove in the insert (basic design);

—with a quadrangular section (3 mm deep, 40 mm
wide) ring groove located 20 mm from the insert bottom;

— with a semi-ring groove of the same size located
at the top (on the gas feed pipe side);

— with a semi-ring groove of the same size located
at the bottom (opposite the gas feed pipe side).

416

The depth and width of the groove were selected
to meet two conditions: provide a measurable improve-
ment in the gas combustion process and maintain struc-
tural integrity. The groove was placed near the edge
of the insert to intensify gas combustion in the area close
to the tuyere nose and the tuyere zone.

We conducted CFD, combustion, and heat transfer
simulations in Ansys Fluent 21.1 using the actual tuyere
operating conditions and some simplifying assumptions
proposed by Levitskii I. et al. [18]. The key assumptions
are:

— extended boundary conditions include heat transfer
to the cooling water;

—radiation heat exchange inside the air passage is
neglected;

— the Finite Rate / Eddy dissipation model is employed
to simulate chemical reactions and turbulence;

— to reduce computational costs, half of the symmet-
rical structure is simulated;

— the problem is assumed to be stationary;
— the pressure solver is utilized;

— the realizable k-¢ turbulence model with standard
wall functions is used to solve the energy and convective
diffusion equations for the methane-air mixture, taking
possible combustion into account.

In contrast to the approach presented in [18], our
approach involved solving a combined heat transfer
problem, explicitly analyzing heat transfer through solid
bodies (specifically, the insert).

We constructed a symmetric geometric model using
Design Modeler and subsequently generated the mesh
using Ansys Meshing.

The simulation addressed a stationary problem.
The components of the methane-air mixture were treated
as perfect gases, meaning we assumed that density varies
with pressure and temperature. The tuyere nose and
the blowpipe were composed of copper, with their pro-
perties available in the Ansys Fluent database. The insert
was fabricated from corundum, characterized by a density
of 3583 kg/m?, specific heat capacity of 1291 J/(kg-K),
and thermal conductivity of 83 W/(m-K). The gap between
the insert and the blowpipe was assumed to be filled
with sealant, featuring a density of 1200 kg/m?, specific
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Table 1  heat capacity of 840 J/(kg'K), and thermal conductivity

0.4 W/(m-K).
Blast parameters in the inlet section .
P The boundary conditions for the blast process are
Ta6nuya 1. TIapaMeTpbl IyThA BO BXOAHOM CeqeHHH detailed in Table 1, while those for the natural gas feed
are outlined in Table 2.

Property Value In order to account for the 2 mm thick gap and
Section type mass flow inlet the 6 mm thi.ck. copper laygr on the.: outer surface
Mixt ” 30%0.. 70 % N of the insert within the simulation domain, the boundary

1Atire compostuofl ik e conditions on this surface were extended. Convective
Air temperature 1200 °C heat exchange with the environment occurred on the outer
Air mass flow 4.539 kg/s surface of the copper layer, maintaining a temperature
Air pressure 405.3 kPa of 27 °C and a heat conductivity of a = 5815 W/(m*K).
Turbulent pulsations 59 ' The boundary conditions at the fluid-to-tuyere nose
Hvdraulic diamet 0.18 interface were also extended due to the presence of
yerautie dlameter —om a 14 mm thick copper layer. Similar to the 6 mm thick
copper layer, there was convective heat exchange with

Table 2

the environment occurring on the outer surface of this

copper layer.
Parameters of natural gas in the inlet section PP Y

Tabnuya 2. llapametps! III" Bo BXOZHOM ceyeHUHU - SIMULATION RESULTS AND DISCUSSION

Table 3 presents the crucial simulation results, and

Property Value Figs. 1 and 2 illustrate the distribution of turbulent

Section type mass flow inlet kinetic energy.
Composition 100 % CH, Both Table 3 and Figs. 1 and 2 indicate that the pres-
Natural gas mass flow rate 0.283 kg/s ence of a ring groove in the insert or a groove on the
Natural gas temperature 27 °C natural gas feed side enhances.the mixing .Of natural gas
Turbulent pulsat 50, and hot air. Consequently, this leads to increased gas
urbu erll pI.I sations ° combustion heat, higher CO, content, and as a result,
Hydraulic diameter 0.033 m elevated temperature and flow velocity at the tuyere out-

Table 3

Design parameters of the air tuyere

Tabnuya 3. PacueTHble napaMeTpbl padoThl BO3LYIIHOH (GypMbI

Design options
Variables” : with groove
without groove - — —
ring semi-ring, top semi-ring, bottom
O, KW -3207.2 -3230.9 —3223.3 —3158.7
O,ose> KW -26.3 -27.8 -26.4 -26.5
O omps KW 289.2 314.7 305.2 240.6
AQ, kW —0.042 —0.018 0.019 0.012
T . K 1399.3 1407.2 1404.7 1385.7
CO, .« 0.0105 0.0114 0.0111 0.0088
Vo MY/S 217.8 218.9 218.7 216.1
K, . m?s? 61.6 84.9 66.1 67.5

*Since the simulation domain represents half of the real structure, all the heat values should to be doubled.

O, 1s heat flux at the blast channel, kW; O is heat flux at the tuyere nose, kW; O . is combustion heat, kW;
AQ is heat disbalance, kW; T  is average air temperature at the tuyere outlet, K; CO, is mass fraction of CO, at
the 1tuyer(za/ozutlet; v, is average flow velocity at the tuyere outlet, m/s; K is turbulent kinetic energy at the tuyere
outlet, m“/s-.
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Fig. 1. Distribution of turbulence kinetic energy at the outlet
of a serial tuyere

Puc. 1. Pacnipenenenne KHHETHUECKON SHEPTUH TypOYJICHTHOCTH
Ha BBIXOJIE U3 CEPUIHON (ypMbI

let. This implies that the natural gas ratio in the tuyere
mixture can be raised.

- CONCLUSIONS

The presence of a ring groove in the tuyere blow-
pipe’s heat-insulating insert has a significant impact on
gas combustion:

— a semi-ring groove located at the gas feed pipe side
enhances gas/hot air mixing and accelerates combustion;

— an ring groove further improves the gas/hot air mix-
ing and accelerates combustion;

— a semi-ring groove opposite the gas feed pipe side
leads to a deterioration in gas/hot air mixing and com-
bustion compared to the standard, no-groove design.
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INFLUENCE OF COMBINED ELECTROMECHANICAL PROCESSING MODES
OF 40KH STEEL ON ITS STRUCTURE AND HARDNESS

A. S. Simachev®, T. N. Oskolkova, R. A. Shevchenko
I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. The paper considers the effect of combined electromechanical processing in three different modes on the structure and hardness of the surface
layers of 40Kh steel, which was in a normalized state (the original structure). The modes differ from each other by the different applied load and
the number of pulses. The applied load in modes 7/ and 2 (current strength 39 kA, pulse time 0.02 s, number of pulses 1) is 100 and 250 MPa,
respectively. A distinctive feature of mode 3 compared to mode 2 is a greater number of pulses (two). Metallographically it was established that in all
three cases a hardened surface layer of different thickness (from 300 to 1200 wm) with a hardness of 593 — 598 HV is formed, consisting of two zones
(a surface zone with a structure of fine-needle martensite; a transition zone smoothly transitioning into the initial ferrite structure). The transition zone
(treatment according to mode /) in its structure contains martensite and ferrite. The transition zone (mode 2 processing) consists of a Widemannstett
structure. A more substantial surface heating zone according to this mode (700 um) in comparison with the processing according to mode / (300 pm)
in combination with intensive heat removal contributed to the formation of a Widmanstett structure, which is defective and unacceptable for operation.
The transition zone with the processing according to mode 3 has the structure of martensite and ferrite. The formation of a defective Widmanstett
structure in the transition zone does not occur, since 2 times more pulses are used during processing than in mode 2. This contributes to the heating of
the surface layer to a greater depth (1200 pm), and, consequently, the structure formation in the transition zone occurs from the intercritical interval
Ag,—Ag,.

Keywords: steel, hardness, microstructure, surface combined electromechanical processing
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UCCNEAOBAHUE BANAHUA PEXXMMOB KOMBUHUPOBAHHOM
3NEKTPOMEXAHUYECKOW OBPABOTKU CTANIM MAPKU 40X
HA EE CTPYKTYPY U TBEPAOCTb

A. C. Cumaués®, T. H. OckoyikoBa, P. A. llleBYeHKO

Cubupckuii rocyiapcTBeHHbINH HHAYCTPpUAALHBIH yHuBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kyszbacc, HoBokys3Helk,
yi. Kupoga, 42)

&) simachev_as@mail.ru

AHHOomayus. B pabote paccMOTpEHO BIUSHAE KOMOMHUPOBAHHON AIIEKTPOMEXaHUIECKOH 00pabOTKH 110 TPEM pa3InuHbIM PEKUMaM Ha CTPYKTYPY
U TBEPAOCTb MOBEPXHOCTHBIX €JI0€B cTayi Mapku 40X B HOPMaJIM30BaHHOM COCTOSHHUM (MCXO/HAs CTPYKTYpa). PeXKUMBI OTIMYAIOTCS APYT OT
Jpyra pa3HOi MPUIIOKEHHOM HArPY3KOi U KOIMYECTBOM UMITYJIbCOB. [IpuioxeHHas Harpy3ka mo pexumam / u 2 (cuia Toka 39 KA, BpeMs UM-
nyibea 0,02 ¢, koaudectBo umiyinbeos 1) coctasiser 100 u 250 MITa. OTaunuuTesbHOH 0COOSHHOCTBIO pesKUMa 3 TI0 CPABHEHHIO C PEXKUMOM 2
SBJISETCS OOJIbIIEe KOIMYESCTBO UMITYIILCOB (J1Ba). MeTamiorpaduuecky yCTaHOBICHO, YTO BO BCEX TPEX ClydasX (OPMHUPYETCsl YIPOUHEHHBIH
MOBEPXHOCTHBIN cJoi pazHoi TonmuHbl (0T 300 1o 1200 MxM) ¢ TBepaocThio 593 — 598 HV, cocrosmuii u3 nByX 30H (IIOBEPXHOCTHOM 30HBI
CO CTPYKTYpPO MEIKOMIOJIBYATOr0 MAPTEHCHUTA; TIEPEXOAHON 30HBI, IITABHO MEPEXOSIICH B HCXOAHYIO (hepPUTO-NIEPIUTHYIO CTPYKTYpY). [Te-
pexonHasi 30Ha (00paboTKa Mo peXxuMy /) B CBOCH CTPYKTYpe COACPKUT MapTeHCUT U depput. [lepexonnas 30Ha (06paboTka 1o pexumy 2)
COCTOHT U3 BUAMAHIITETTOBOW CTPYKTYphI. bojee cyiiecTBeHHas MO TONIIMHE MOBEPXHOCTHAS 30HA pa3orpesa mno atomy pexumy (700 mMm)
10 cpaBHEHHUIO ¢ 00paboTkoit o pesxxumy / (300 MKM) B COYETAaHMM M MHTEHCHBHBIM OTBOJIOM TeIlJIa MOCIIOCOOCTBOBAIN (OPMUPOBAHHIO
BHIMAHIITETTOBON CTPYKTYPbI, KOTOpPas sIBIIsieTCs Ne(eKTHOM 1 HeIoMmy CTUMOH sl KcIutyatanuu. [lepexoanas 30Ha npu 00paboTKe 10 Pexu-
My 3 UMeeT CTPYKTypy MapTeHcuT u (epput. PopmupoBanus Ae(PEKTHON BUIMAHIITETTOBOI CTPYKTYPBhI B IIEPEXOAHON 30HE HE MPOUCXOJHT,
MMOCKOJIbKY HPH 00paboTKe MPUMEHSIETCs B /iBa pa3a 0oJblIe HMITYJIbCOB, Y€M MO PEKUMY 2. DTO CIIOCOOCTBYET MPOTPEBY MOBEPXHOCTHOTO
ciost Ha Oonbiryto ryouny (1200 MxM), U, ciIe0BaTeIbHO, CTPYKTYPOOOpa30BaHNE B IEPEXOIHON 30HE MPOMCXOJUT U3 MEXKKPUTHYECKOTO
uHTEpBana Ar, — Ar,.
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- INTRODUCTION

The advancement of mechanical engineering in Russia
is inconceivable without the integration of medium-carbon
improved steels. These considered steels predominantly
function under tribotechnical conditions, thus the establish-
ment of hardened surface layers holds immense potential
for substantially enhancing the dependability and longevity
of machine components [1 — 3], alongside bolstering sur-
face hardness [4; 5]. Such enhancements invariably result
in an augmentation of the overall wear resistance exhibited
by the utilized steel. To illustrate, the primary challenge
faced by the metalworking industry lies in augmenting
the wear resistance of cutting tools [6 — 8].

Currently, achieving high levels of surface hardness
predominantly relies on employing diverse methodologies
to harden component surfaces, aimed at generating layers
and coatings with specific properties [9; 10]. An analy-
sis of published data reveals the existence of numerous
techniques for surface hardening of steels, encompassing
approaches such as combined electro-mechanical and ultra-
sonic treatment, as well as electromechanical treatment
involving dynamic force application [11 — 13].

In the context of [14; 15], the utilization of com-
bined electromechanical processing (CEMP) emerges as
an effective technique for enhancing the surface integrity
of machine parts. This approach results in surface harden-
ing through a combination of electromechanical process-
ing (EMP) and the induction of plastic deformation within
the surface layer.

- EXPERIMENTAL

In this study, samples measuring 10x10%20 mm were
employed following normalization of 40Kh steel, with
a chemical composition that adheres to the specifications
outlined in State Standard GOST 4543 — 2016. The process
of surface hardening for these samples was executed using

Treatment modes of 40Kh steel
by combined electromechanical processing

Pexxnmbl 06padoTok craau mapku 40X
cnocodoM koMOunupoBanuoii IMO

Mode Current, Pu!se Number of | Applied load,
kA duration, s pulses MPa
39 0.02 1 100
39 0.02 1 250
39 0.02 2 250
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the CEMP technique on a MR 2517 relief welding machine,
utilizing the parameters outlined in Table and visually
depicted in Fig. 1.

The MR 2517 AC machine features a solitary weld-
ing transformer with a rated welding current of 25 kA
and is equipped with a pneumatic drive / for compressing
the workpieces. The machine’s welding structure is con-
figured as a rigid bracket. Current modulation within the
machine is facilitated by thyristor contactors, and this cur-
rent traverses specialized electrodes 2 featuring a dimin-
ished cross-sectional area. This design facilitates the attain-
ment of elevated electric current density on the treated
surface of the sample 3. For management of the CEMP
cycle is executed through contactless hardware, allowing
for precise control of current, modulation, and multi-pulse
switching.

The CEMP technique encompasses the applica-
tion of a substantial electric current and subsequent sur-
face plastic deformation. This amalgamation leads to the
elevation of the steel surface temperature to the range
of 1000 — 1300 °C [16 — 18]. In the process of rapid sur-
face cooling, facilitated by the dissipation of heat into
both the material’s interior and the surrounding environ-
ment, significant phase transformations take place, leading
to the occurrence of superfast hardening. This phenomenon
results in the formation of martensitic structures.

8
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Fig. 1. Scheme of the installation for combined
electromechanical processing

Puc. 1. Cxema ycTaHOBKH Ui KOMOMHUPOBAHHOM
JNEKTPOMEXaHNIECKOI 00padoTKN
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In order to examine the hardened layers, metallographic
analyses were conducted utilizing an OLIMPUS — GX 50
microscope and the HVS-1000 instrument, adhering to the
protocols stipulated by State Standard GOST 2999 — 75
“Metals and Alloys. Vickers Hardness Test by Diamond
Pyramid”. The determination of grain size was executed
following the guidelines of State Standard GOST 5639 — 82
“Steels and Alloys. Methods for Detection and Determina-
tion of Grain Size”.

Fig. 2. Microstructure of 40Kh steel after combined electromechanical
processing according to mode /:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 2. Muxkpocrtpykrypa ctainu Mmapku 40X mocie KoOMOMHUPOBAaHHOM
3IEKTPOMEXaHIIECKOIl 00pabOTKH MO PeKUMYy /:
@ — BHEIIHUH BUJ YIIPOYHEHHOTO CJIOST;
0 — BHEILHSS YIIPOYHEHHAs 30Ha; ¢ — IEPEXOIHAs 30Ha

[ RESULTS AND DISCUSSION

The application of CEMP under mode / conditions
(current: 39 kA, pulse duration 0.02 s, number of pulses 1,
applied load 100 MPa) on the samples yielded insights
through optical metallography. This analysis disclosed
the development of a layer on the steel surface, encom-
passing two distinct zones with an aggregate thickness
of 300 um. Notably, this layer exhibited a modified micro-
structure when compared to the original state (Fig.2).
The initial zone, situated at the surface and extending
150 um deep (Fig. 2, a, b), was found to comprise finely
acicular martensite, characterized by a hardness value
of 598 HV and a grain count of 8. In contrast, the subse-
quent transition zone, also 150 um thick (Fig. 2, a, ¢), was
identified as a composite of martensite and ferrite, exhibi-
ting a hardness of 275 HV along with a grain count of 7.
The underlying structure featured an initial composition
of ferrite and pearlite, denoting a hardness level of 188 HV
and a grain count of 6 [19; 20].

Samples subjected to CEMP under mode 2 condi-
tions (current 39 kA, pulse duration 0.02 s, applied load
250 MPa, number of pulses 1) exhibit the development
of a hardened layer with a substantial thickness of 700 um
(Fig. 3, a). This layer is characterized by a dual-zone com-
position: the initial (surface) zone, measuring 500 pm in
depth, and possessing grain counts of 7 and 8, comprises
finely acicular martensite (Fig. 3, a, b) characterized
by a hardness value of 593 HV. Below lies a transition zone
(Fig. 3, a, ¢), 200 um in thickness, exhibiting a structure
composed of pearlite and ferrite showcasing a Widmanstt-
ten orientation. The hardness within this zone is measured
at 233 HV, with grain counts of 4 and 5. The transition zone
extends deeper, penetrating the initial ferrite-pearlite struc-
ture. It is important to highlight that the greater thickness
of the surface heating zone observed in mode 2 (700 um),
in comparison to mode / (300 pm), in combination with
the pronounced heat dissipation from this area, has cont-
ributed to the emergence of the Widmanstétten structure.
However, this structure exhibits defects and proves unsui-
table for operational use.

Processing under mode 3 was executed using the sub-
sequent parameters: current 39 kA, pulse duration 0.02 s,
applied load 250 MPa, and a pulse count of 2. The micro-
structural changes that emerged in the steel as a conse-
quence of hardening through the CEMP method under
mode 3 conditions are visibly presented in Fig. 4.

Upon conducting a metallographic analysis, a discer-
nible augmentation in the thickness of the hardened layer up
to 1200 pum was ascertained (Fig. 4, @). Analogous to pre-
ceding instances, this layer is comprised of two discernible
zones. The initial zone, extending to a depth of 1000 pm
from the surface and characterized by a grain count of 7,
showcases a microstructure of finely acicular martensite
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Fig. 3. Microstructure of 40Kh steel after combined electromechanical
processing according to mode 2:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 3. Mukpoctpykrypa cranu Mapku 40X rocie KOMOMHUPOBAHHOI
3IEKTPOMEXaHIMIECKOI 00pabOTKHU MO PEKUMY 2:
a — BHELIHHIT BUJ YIPOYHEHHOT'O CIIOS;
0 — BHEIIHAA yIPOYHCHHAS 30HA; 6 — IIEPEXOJHAS 30HA

424

Fig. 4. Microstructure of 40Kh steel after combined electromechanical
processing according to mode 3:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 4. Mukpoctpykrypa ctanu Mmapku 40X rocie KOMOMHUPOBaHHOM
3IEKTPOMEXaHIIECKOIl 00pabOTKH MO PeKUMY 3:
@ — BHEIIHUH BUJ YIIPOYHEHHOTO CJIOST;
0 — BHEIIHAA YIPOYHCHHAS 30HA; 6 — IePEXOJHAs 30Ha
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(Fig. 4, b), accentuated by a hardness rating of 598 HV.
Beneath this surface zone, a transition zone spans 200 pm,
displaying a composite structure of martensite and fer-
rite (with a hardness of 275 HV) and a grain count of 6
(Fig. 4, ¢). Subsequently, the hardened layer transitions
seamlessly into the native ferrite and pearlite structure,
marked by a grain count of 6 and a hardness of 190 HV.

A flawed Widmanstitten structure within the transition
zone does not manifest as a discernible feature in metal-
lographic analyses. This absence of identification arises
from the fact that the application of treatment mode 3 on
40Kh steel leads to a more profound surface-layer heating,
consequently inducing structure formation within the transi-
tion zone from the intercritical interval Ar, — Ar, (Fig. 4, ¢).

[ ConcLusions

Surface layers characterized by thicknesses ranging
from 300 to 1200 um and featuring a finely acicular mar-
tensite structure exhibiting a hardness of 598 HV were
successfully achieved on the 40Kh steel surface. This was
accomplished through the application of combined electro-
mechanical processing, particularly on steel structures
initially present in a normalized state characterized by fer-
rite and pearlite. Detailed investigations underscored that
the most effective treatment modes for the desired structure
formation and subsequent enhancement in surface hardness
are modes / and 3. The surface layers obtained under these
conditions consist predominantly of finely acicular mar-
tensite. Beneath this surface layer lies a transitional zone
characterized by the coexistence of martensite and ferrite
structures, which seamlessly transitions into the original
ferrite-pearlite structure.
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STRUCTURE AND PROPERTIES OF HEA SURFACE LAYER
AFTER ELECTRON-ION-PLASMA PROCESSING

Yu. F. Ivanov!®, V. V. Shugurov?, A. D. Teresov?,
E. A. Petrikoval, M. O. Efimov?

!nstitute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Akademicheskii Ave., Tomsk
634055, Russian Federation)
2Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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Abstract. High-entropy alloys (HEAs) are the most actively researched materials of recent decades. In the present work, the non-equiatomic AICrFeCoNi
wind turbine is manufactured using cold metal transfer technology and investigated by the methods of modern physical materials science.
The authors analyzed the elemental and phase compositions, defective substructure and tribological properties of the HEA surface layer formed
as a result of complex processing, which combines the deposition of a film (B + Cr) and irradiation with a pulsed electron beam in an argon medium.
In the initial state, the alloy has a simple cubic lattice with a lattice parameter of 0.28795 um, the average grain size of the HEA is 12.3 um. Chemical
composition of the HEA is as follows, at. %: 33.4 Al; 8.3 Cr; 17.1 Fe; 5.4 Co; 35.7 Ni. The elements are distributed quasi-periodically. The irradiation
mode was revealed (electron-beam energy density 20 J/cm?; irradiation duration 200 ps, number of pulses 3; pulse frequency 0.3 s!), which allows
to increase microhardness (almost twice) and wear resistance (more than by five times), to reduce the friction coefficient by 1.3 times. At an electron-
beam energy density of 20 J/cm?, the surface is fragmented by a grid of microcracks. Size of the fragments varies between 40 — 200 um. An increase
in the electron-beam energy density leads to complete dissolution of the film (B + Cr). Regardless of the magnitude of the electron-beam energy
density, the wind turbine is a single-phase material and has a simple cubic crystal lattice. High-speed crystallization of the surface layer leads
to the formation of a subgrain structure (150 — 200 nm). It is suggested that an increase in the strength and tribological properties of wind turbines
is due to a significant (by 4.5 times) decrease in the average grain size, formation of chromium and aluminum oxide particles, and introduction
of boron atoms into the crystal lattice of wind turbines.

Keywords: high-entropy alloy, cold metal transfer technology, film/substrate system, electron-ion-plasma processing, elemental and phase composition,
defect structure
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CTPYKTYPA U CBOUCTBA NOBEPXHOCTHOIO cnofl B3C
NOCNE 3NEKTPOHHO-UOHHO-NNA3SMEHHOWU OBPABOTKMU

10. ®. UBaHoB! “, B. B. lllyrypos?, A. /I. Tepecos?,
E. A. lerpuxoBal, M. 0. Epumon?

THCTUTYT CHABLHOTOUHO dieKkTponukn Cudupckoro oraenenus PAH (Poccus, 634055, Tomck, p. AxageMudeckuii, 2/3)
2 CuOupcKuii rocy1apcTBeHHbIH HHAYCTPUANBLHBIN yHuBepeutet (Poccus, 654007, Kemeposckas 06, — Kysz6ace, HoBokysHelk,
yi. Kupoga, 42)

&) yufi55@mail.ru

Annomayus. BeicokosuTponuiineie cruaBbl (BOC) siBisirorcsi Hanbosiee aKTUBHO HCCIIEAYEMBIMH MaTE€pHalaMH IIOCICIHHUX JECATHICTHH.
B nacrosimeii pabore BOC neskBuaromuoro cocraBa AlCrFeCoNi M3roToBiICH MO0 TEXHOJOTHH XOJOJHOTO MEPEeHOCa MeTajia M HCCIIeI0BaH
METOZaMH COBPEMEHHOIO (PU3MYECKOrO0 MaTepuasioBE/ICHHUs. BBINOIHEH aHamM3 3I€MEHTHOro M (ha30BOr0 COCTABOB, AC(EKTHOW CyOCTPYKTYpBI
¥ TPHOOJIOTMYECKUX CBOWCTB MOBEPXHOCTHOTO ciiosi BOC, chopMUpOBaHHOTO B pe3ylibTaTe KOMILUICKCHON 00pabOTKH, KOTOpasi COUETACT HaIbIIICHUE
wienky (B + Cr) u oOiyueHne MMIyIbCHBIM SJICKTPOHHBIM ITy4YKOM B CpEZIe aproHa. B MCXOJHOM COCTOSHMM CIUIaB MMEET MPOCTYI0 KyOWYECKYIO
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pemetky ¢ napamerpom 0,28795 MM, cpernuit pasmep 3epa BOC cocrasnser 12,3 mxm. Xumuueckuii cocras: 33,4 % Al; 8,3 % Cr; 17,1 % Fe;
5.4 % Co; 35,7 % Ni (at.). DIeMeHTBI pacIpesieieHbl KBa3HIIEPHOIUICCKH. BBIBICH peskuM oOMydeHus (IUIOTHOCTh SHEPIUH IydKa IEKTPOHOB
20 JIx/cM?; JumiTesbHOCTE 00y uenust 200 MKC, KOMMYECTBO MMITYJIBCOB 3; 4acToTa MMITYIbCoB 0,3 ¢ 1), KOTOPBIH T03BONISET OBBICHTH MHKPOTBEPIOCTh
(1ouTH B J1Ba pa3a) U U3HOCOCTOMKOCTD (0oJIee YeM B IIAITh pa3), CHU3UTH Koddduiment tpenns B 1,3 paza. [Ipy mIoTHOCTH SHEPIUH MyUKa IEKTPOHOB
20 JIk/cM? TIOBEPXHOCTH (PPArMEHTHPYETCS CETKOW MHUKpOTpElwH. Pasmepsl GparMenToB m3meHsioress B mpernernax 40 —200 MkM. YBenudeHue
IUIOTHOCTH SHEPTUH ITy4YKa IEeKTPOHOB IPUBOIUT K MOIHOMY pacTBOpeHHIo mieHKH (B + Cr). HezaBucHMO OT BeIMUMHBI INIOTHOCTH SHEPIUH ITyUKa
anekTpoHoB BOC sipisiercs oHoda3HEIM MaTepHuajIoM, MIMEET HPOCTYI0 KyOuUuecKyto KpHCTaIMYECKYIO pEIeTKy. BricokockopocTHas KpuCTaIn3anus
MOBEPXHOCTHOTO CJIOS MPUBOIUT K (hOPMHUPOBaHHIO cyO3epeHHOi cTpykTypbl (150 —200 HM). Bbicka3biBaeTcsi TPEIIONOKEHHE, YTO YBEIHYCHUE
MPOYHOCTHBIX U TpubOIOrHYeckux coiictB BOC 00ycioBieHo cyiiecTBeHHbIM (B 4,5 pasza) CHIKEHHEM CPEIHEro pasmMepa 3epHa, (JopMHUpPOBaHHEM
JaCTHUIL OKCHOOPHIOB XpOMa M aJIFOMHIHIS, BHEAPSHHEM aTOMOB 00pa B KpUCTAILIHYECKyIo permeTky BOC.

Kawuessle cao8a: BBICOKO3HTpOHHﬁHBIﬁ CIlIaB, TEXHOJIOT M XOJIOAHOTO IEPEHOCa METallla, CUCTEMa HHCHKa/HOZ[J'IO)KKa, JJICKTPOHHO-UOHHO-IIJIa3MEH-

Hast 00paboTKa, 3IIEMEHTHBII U (ha30BbIil COCTaB, AeeKTHAs CTPYKTypa

BaazodapHocmu: Pabora BeINonHEHa 3a cueT rpanta Poccuiickoro HayuHoro ¢onaa (mpoekt Ne 19-19-00183), https://rscf.ru/project/19-19-00183/ —
mMoguduimposanue BOC, nccneoBanne CTpyKTypsl U CBOWCTB MoauduimpoBanHoro ciiost BOC; npu ¢prHaHCcoBO# noepxkke rpanta Poccuniickoro
Hay4Horo ¢onza (mpoekt Ne 20-19-00452) — uzrorosnenne 06pasios BOC ¢ moMompo TEXHOIOTHH XOIOAHOTO MepeHoca MeTallia.

/Jlnsi yumuposaHus: Vsanos 10.0., lllyrypos B.B., Tepecos A.Jl., [letpukosa E.A., Edumor M.O. CtpykTypa U CBOICTBa MIOBEPXHOCTHOTO CJIOS
BDC nociie 31eKTpoHHO-MOHHO-TUIA3MEHHOI 00paboTKu. HM3secmus 8y306. Yeprnas memannypeus. 2023;66(4):427-433.
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[ INTRODUCTION

The development and study of high-entropy alloys
(HEAs) are of significant scientific interest due to their
unique microstructure [1; 2], composite composition [3],
and mechanical properties [4 — 6]. In contrast to tradi-
tional alloys, which typically consist of one or two basic
elements, HEAs are composed of several major elements
(at least five) in equimolar or near-equimolar ratios.
The original findings in the field of HEAs are extensively
discussed in analytical reviews [7 — 9] and monographs
(e.g., [10]). These publications describe the microstruc-
ture, properties, and thermodynamics, review the results
of structural modeling, and explore novel methods for pro-
ducing multi-component alloys. Substantial efforts have
been dedicated to addressing the challenge of enhancing
the mechanical properties of five-component alloys like
MnCoCrFeNi and AlCoCrFeNi through grain boundary
strengthening [11; 12], solid solution hardening [13 — 16],
and interstitial solid-solution hardening [17]. Relevant
theoretical developments are also in progress [18].
The paper [13] proposes a method to enhance strength
through partial amorphization, as this structure lacks grain
boundaries or dislocations. To improve surface proper-
ties, HEAs undergo various types of surface treatments.
For example, the paper [19] reviews various processing
methods and their impact on the surface of CoCrFeMnNi
HEA obtained through selective laser melting. The con-
sidered treatments include electrolytic polishing, electro-
erosion machining, milling, grinding, mechanical polish-
ing with abrasives, and combinations of these methods.
The results demonstrate that grinding smoothes the sur-
face and increases microhardness, however, it leaves tool
marks and residual stresses due to microstructure defor-
mation. Mechanical polishing using abrasives enables
the creation of an ultra-smooth surface without subsur-
face damage. Electro-erosion machining results in sur-
face melting, leading to increased residual stresses and
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microhardness. When electrolytic polishing is combined
with other methods, it removes residual stresses and
damage caused by previous processing, thereby smooth-
ing the surface. However, when electrolytic polishing is
used in isolation from other methods, a micrometer-level
surface roughness cannot be achieved. The paper [20]
addresses the challenge of low strength and wear resis-
tance in the CoCrFeMnNi alloy with an FCC crystal lat-
tice by employing the powder-pack boriding method.
This treatment results in a double layer enriched with sili-
con and boron, leading to increased microhardness and
wear resistance in the borated samples. One of the most
promising and highly efficient methods for surface harde-
ning is electron-beam treatment [9; 10]. This treatment
ensures ultrahigh heating rates of the surface layer (up
to 10°K/s) to the specified temperatures, followed
by cooling rates of 10*—10° K/s through heat extrac-
tion into the bulk of the material. As a result, non-equi-
librium submicro- and nanocrystalline structural-phase
states emerge in the surface layer.

The aim of this research is to analyze the elemental
and phase compositions, as well as the defect substruc-
ture of the HEA surface layer formed as a result of com-
plex treatment, combining film deposition (B + Cr) and
pulsed electron beam irradiation.

[l MATERIALS AND METHODS

The study material utilized was a HEA with the ele-
mental composition AICrFeCoNi, which was obtained
using cold metal transfer technology [20]. The samples
had dimensions of 15x15%5 mm. The surface treat-
ment of the HEA samples was carried out in two steps:
1 — formation of a “film/substrate” system: a 0.5 um
thick boron film was deposited, and on top of it,
a 0.5 um thick chromium film was added; 2 — irradia-
tion of the “film (B) + film (Cr)/HEA (substrate)” system
with a pulsed electron beam.
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The boron film was deposited onto the surface
of HEA samples using plasma-assisted radio frequency
sputtering (RF sputtering) of boron powder cathode.
The following process parameters were applied: power
W =800 W; frequency f= 13.56 MHz; duration of pro-
cesses £ = 35 min (resulting in a 0.5 pm thick boron film);
current of PINK plasma generator 1,=50A; heating cur-
rent /, = 145 A; bias voltage U, = 50 V; duty cycle 75 %;
bias frequency 50 kHz. Before applying the boron film,
the surface of the HEA samples, following placement
in the installation chamber and subsequent evacua-
tion, underwent a brief 15-minute etching process with
argon plasma. The 0.5 pm thick chromium film was
deposited onto the samples with the boron film using
an arc evaporator. The following process parameters were
employed: samples with the boron film were placed oppo-
site the arc evaporator, without rotation; arc evaporator
current /, =80 A; plasma generator current / =20 A;
heating current /, = 135 A; duty cycle 75 %; bias vol-
tage U, =35 V; pressure p = 0.3 Pa; chromium deposi-
tion ¢ = 10 min. The “film/substrate” system was then irra-
diated with an intense pulsed electron beam on the SOLO
installation, employing the following process param-
eters: energy of accelerated electrons is 18 keV, energy
density of the electron beam is 20 —40 J/cm?; pulse
duration is 200 ps; number of pulses is 3; pulse repeti-
tion rate is 0.3 s7!; pressure of the working gas (argon)
is 0.02 Pa. Based on estimations [10], under these irra-
diation parameters, the temperature of the surface layer
of the “film (B + Cr)/(HEA) substrate” system surpasses
the melting point of the HEA. This leads to the expecta-
tion that the process of forming a molten surface layer
of HEA samples alloyed with boron and chromium atoms
(during rapid heating) and the subsequent development
of a submicro- and nanocrystalline multiphase structure
strengthened with metal borides (during rapid cooling)
will occur.

The phase composition and the condition of the crys-
tal lattice in the main phases of the sample’s surface layer
were investigated through X-ray phase and X-ray diffrac-
tion analysis. This analysis was conducted using a Shi-
madzu XRD 6000 X-ray diffractometer located in Kyoto,
Japan. X-ray shooting utilized copper-filtered CuK , radia-
tion and a CM-3121 monochromator. The phase com-
position was determined with reference to the PDF 4+
databases, and full-profile analysis was performed using
the POWDER CELL 2.4 program. To achieve the desired
film thickness, the deposition modes for the boron and
chromium films were selected through experiments
employing the Calotest CAT-S-0000 device, designed
to determine film thickness. Material hardness was
assessed using the Vickers method on a PMT-3 microhard-
ness tester with a 0.5 N load. The tribological characteris-
tics, including the friction coefficient and wear parameter
of the material, were examined using a Pin on Disc and
Oscillating TRIBOtester tribometer by TRIBOtechnic in

Clichy, France. The tests were conducted with a ceramic
Al,O, ball, 6 mm in diameter, a 2 mm radius for the fric-
tion track, a 100 m path for the counter body’s travel,
a sample rotation speed of 25 mm/s, and an indenter load
of 2 N. These tribological tests were performed under dry
friction conditions at room temperature.

[ RESULTS AND DISCUSSION

The HEA produced through additive technology exhi-
bits a dendritic structure. Dendrites are polycrystalline
aggregates with an average grain size of 12.3 pm. X-ray
microanalysis revealed that the HEA consists of the che-
mical elements Al, Cr, Fe, Co, and Ni in the following pro-
portions at. %: Al 33.4; Cr 8.3; Fe 17.1; Co 5.4; Ni 35.7.

A mapping technique was employed to visua-
lize the distribution of atoms within the alloy’s bulk.
The results indicate that the boundaries of grains and
dendrites are enriched with chromium and iron atoms,
while the volume of the grains contains higher concen-
trations of aluminum and nickel. Cobalt atoms are dis-
tributed in a quasi-homogeneous manner throughout
the alloy’s bulk.

X-ray phase analysis confirmed that the alloy in ques-
tion possesses a simple cubic crystal lattice, with a crystal
lattice parameter is 0.28795 nm.

Irradiation of the “film/substrate” system with
a pulsed electron beam induces significant alterations
in the mechanical and tribological properties of HEA
samples. Firstly, there is a substantial increase in micro-
hardness, with the maximum value achieved follo-
wing irradiation of the “film/substrate” system with a
pulsed electron beam having an electron beam energy
density (E|) of 20 J/em? (Fig. 1, a). Secondly, the wear
resistance of the samples improves, and the friction coef-
ficient decreases, with the most favorable outcomes
observed after irradiation of the “film/substrate” system
with a pulsed electron beam having an energy density
of 20 J/ecm? (Fig. 1, b, c).

The alterations in the mechanical and tribological
properties of the alloy are evidently attributed to changes
in the structure of the surface layer of the samples. It
was observed that when the “film/substrate” system
is exposed to an electron beam with an energy density
of 20 J/cm?, the sample’s surface undergoes fragmenta-
tion, forming a network of microcracks (Fig. 2, ). These
microcracks vary in size from 40 to 200 pm, with an aver-
age size of 104 um. Within the fragments, a grain struc-
ture becomes apparent (Fig. 2, ¢). The average grain size
within the fragments measures 2.7 pm, which is 4.5 times
smaller than the average grain size of the initial HEA.

With an increase in electron beam energy den-
sity, the average grain size of the HEA surface layer
also increases, reaching 19 um when E =40 J/cm?. it
reaches 19 um. It is evident that the significant reduc-
tion in the average grain size of the surface layer when
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Fig. 1. Dependence of microhardness (a), wear parameter ()
and friction coefficient (c¢) of the film/substrate system surface layer
on electron-beam energy density. In the initial state of wind turbine
(without a sprayed film and irradiation), microhardness is 4.7 GPa,

wear parameter is 14-10~° mm?/(N-m), friction coefficient is 0.65

Puc. 1. 3aBHCHMOCTh MUKpPOTBEpIOCTH (), mapameTpa uzHoca (b)
1 ko3¢ punueHta TpeHus (¢) IOBEPXHOCTHOTO CJIOS CUCTEMBI «ILICHKA/
TIOJUIOKKA» OT IUNIOTHOCTH SHEPIUH ITy4Ka 3J€KTPOHOB.
B ucxonxoMm cocrostaru BOC (6e3 HanbLICHHO! IIICHKH
u 0e3 obmyuenus) Mukporsepaocts 4,7 I'Tla,
napamerp uzHoca 14-107° mm3/(H M), koadduument tpenus 0,65

E =20 J/cm? is one of the reasons for the improvement
in the alloy’s strength properties, a phenomenon known
as the Hall-Petch effect.

Irradiation of the “film/substrate” system with a
pulsed electron beam at E =20 J/cm? does not result
to the complete dissolution of the film. Instead, we observe
extended film interlayers within the bulk and along
the boundaries of the fragments, as well as film islands
situated at the junctions of the fragments (Fig. 2, b, ¢).

With the increase in electron beam energy den-
sity, reaching 30 J/cm? and subsequently 40 J/cm?,
the (B + Cr) film completely dissolves (Fig. 3). In these
cases, the surface of the samples is once again fragmented
by a network of microcracks, which signifies the forma-
tion of significant tensile stresses within the surface layer
of the alloy as it is irradiated.
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The rapid solidification of the surface layer results
in the creation of a sub-grain structure, often referred
to as a rapid solidification structure (Fig. 3, ¢). When
E =201J/cm? the subgrain structure is infrequently
observed,at £ = 30 J/cm?, it forms at the junctions of grain
boundaries and fragments; and at £ =40 J/em?, sub-
grains are formed across the entire surface of the sample.
The size of these subgrains remains consistent and ranges
from 150 to 200 nm, independent of the energy density
of the electron beam.

X-ray microanalysis was employed to demonstrate
that the sections of the film that remain after irradia-
tion of the “film/substrate” system with a pulsed elec-

Fig. 2. Structure of the film/substrate system irradiated by a pulsed
electron beam at energy density of 20 J/cm?

Puc. 2. CtpyKTypa CUCTEMBI IIJICHKA/TIO/I0KKa», 00Ty4CHHOM
HMITYJIbCHBIM 3JICKTPOHHBIM ITyYKOM MPH IIOTHOCTH SHEPTUH ITy9Ka
2nekTpoHoB 20 Jhx/cm?
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tron beam at 20 J/cm? are enriched with chromium,
boron, and oxygen atoms.

Additionally, extended interlayers along the fragment
boundaries are observed to be enriched with oxygen and
aluminum.

The islands that form on the HEA surface when
the “film/substrate” system is irradiated with an elect-
ron beam, with an energy density of 30 and 40 J/cm?,
are found to be enriched with chromium, aluminum, and
oxygen atoms. This indicates that, as a result of irradia-
tion of the “film/substrate” system with a pulsed elect-
ron beam, chromium and aluminum oxiborides are
formed on the HEA surface. The quantity of these oxi-

Fig. 3. Structure of the film/substrate system irradiated by a pulsed
electron beam at energy density of 30 J/cm? (a) and 40 J/cm? (b, ¢)

Puc. 3. CtpyKTypa CUCTEMBI IIJICHKA/TIO/I0KKaY, 00Ty4CHHOM
HMITYJIECHBIM 3JICKTPOHHBIM ITyYKOM IPH IUIOTHOCTH SHEPTUH ITy9Ka
snexrponos 30 Jhx/cm? (a) u 40 ix/cm? (b, ¢)

0.28820 <
0.28815
0.28810
0.28805
0.28880
0.28795¢<

0.28790 L L L
0 10 20 30 40

E, Jem’

a, nm

Fig. 4. Dependence of crystal lattice parameter of the film/substrate
system surface layer on electron beam energy density

Puc. 4. 3aBucuMoCTb MapamMeTpa KpUCTAIUTMYECKOH peleTKH
TOBEPXHOCTHOT'O CJI0sl CUCTEMBI «ILICHKA/TIOTI0XKKa»
OT IUIOTHOCTH SHEPTHUH ITyYKa JIEKTPOHOB

borides decreases as the energy density of the elect-
ron beam increases. The formation of oxiborides contri-
butes to the enhancement of HEA microhardness and
wear resistance.

The phase composition of the HEA surface layer,
modified due to irradiation of the “film/substrate” system
with a pulsed electron beam, was investigated through
X-ray phase analysis. Regardless of the value of E,
the alloy remains a single-phase material with a simple
cubic crystal lattice.

The lattice parameter exhibits an ambivalent depen-
dence on the value of E_ (Fig.4). One of the rea-
sons for the wvariation in the crystal lattice para-
meter of the alloy is the incorporation of boron atoms
into the samples, and their concentration within the bulk
of the alloy increases as the energy density falls within
the range E =(20-30)J/cm* It is worth noting
that the boron atoms within the HEA crystal lattice will
occupy interstitial positions, leading to an increase in
the lattice parameter. The formation of a solid intersti-
tial solution is another physical mechanism contributing
to the hardness of the alloy. The absence of detectable
strengthening phases in the alloy under study by X-ray
phase analysis may be attributed to their limited quantity.

- CONCLUSIONS

HEA samples with non-equiatomic elemental com-
position AlCrFeCoNi were manufactured using cold
metal transfer technology. A comprehensive treatment
of the HEA samples’ surface layer was carried out, com-
bining the creation of the “film (Cr+ B)/(HEA) sub-
strate” system with subsequent irradiation using a pulsed
electron beam at various electron beam energy density
levels (ranging from 20 — 40 J/cm?. The optimized irra-
diation mode (electron-beam energy density of 20 J/cm?,
irradiation duration of 200 ps, three pulses, pulse fre-
quency of 0.3 s!) was identified, resulting in a significant
increase in microhardness (almost double), enhanced wear
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resistance (over fivefold improvement), and a 1.3-fold
reduction in the friction coefficient. The conducted stu-
dies of the structure and phase composition suggested
that the improvement in HEA strength and tribological
properties is linked to a considerable reduction in average
grain size (4.5 times smaller), the formation of chromium
and aluminum oxyboride particles, and the incorpora-
tion of boron atoms into the HEA crystal lattice.
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EFFECT OF MORPHOLOGY AND VOLUME FRACTION
OF O-FERRITE ON HYDROGEN EMBRITTLEMENT OF STAINLESS STEEL
PRODUCED BY ELECTRON BEAM ADDITIVE MANUFACTURING

M. Yu. Panchenko, K. A. Reunova, A. S. Nifontov,
E. A. Kolubaey, E. G. Astafurova®

Institute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. The authors studied the influence of volume fraction and morphology of é-ferrite on hydrogen embrittlement of austenitic stainless steel
08Kh19NIT obtained by electron beam additive manufacturing. It is experimentally shown that in additively-manufactured samples, long lamellae
of d-ferrite form a dense “net” of interphase boundaries (austenite/d-ferrite, the volume fraction of the 3-phase is 20 %) and contribute to the hydrogen
accumulation. Also, being the “easy” ways for the diffusion of hydrogen atoms, the dendritic lamellae of ferrite provide hydrogen transport deep into
the samples. Post-production solid-solution treatment (at 7= 1100 °C, 1 h) leads to a significant decrease in the fraction of d-ferrite in steel (up to 5 %)
and partial dissolution of dendritic lamellae. A decrease in the volume fraction of ferrite and a change in its morphology hinder the diffusion of hydro-
gen deep into the samples and its accumulation during electrolytic hydrogen-charging and subsequent deformation. It contributes to a decrease
in the total concentration of hydrogen dissolved in the steel samples. Despite the lower concentration of dissolved hydrogen in the solid-solution trea-
ted samples, the solid-solution strengthening by hydrogen atoms is higher (Ac}, = 73 MPa) than for the initial samples with a high content of 8-ferrite
(AGS’.2 =55 MPa). The solid-solution treated samples are characterized by a smaller thickness of the brittle surface hydrogen-charged layer and a lower
hydrogen embrittlement index compared to the post-produced samples (D, = 55 + 12 um, [;; = 32 % for initial samples and D;; =29 £ 7 um, [;; = 24 %
for samples after post-production solid-solution treatment).
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BAUAHUE MOP®ONOTNN U OBLEMHOM AONMUN O-OEPPUTA
HA BOAOPOAHOE OXPYNYUBAHUE HEP)KABEIOLIJ,Eﬁ CTANU 08X19HIT,
NONYYEHHOM METOAOM 3/TIEKTPOHHO-NTYYEBOIO
AQAUTUBHOTO NPOU3BOACTBA
M. 10. [lanuyeHKo, K. A. PeyHoBa, A. C. Hu¢poHTOB,
E. A. Kony6aes, E. I. Acragpyposa ®

HuerutyT QU3UKU IPoYHOCTH U MaTepuaJioeneHust Cudupckoro oraenenus PAH (Poccus, 634055, Tomck, np. Akagemudec-
KuH, 2/4)
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AHnHOomayus. B HacTosiieid paboTe H3y4eHO BIUsIHIE 00beMHO 10111 1 MOP(oIoriH 6-peppuTa Ha 3aKOHOMEPHOCTH BOJIOPOIHOTO OXPYTYMBAHKS 00pa310B

aycreHUTHOH Hepxkasetomeil cranu 08X19HOT, momyueHHON METOIOM 3IE€KTPOHHO-TY4eBOrO aJAUTHUBHOIO IIPOU3BOACTBA. DKCIEPUMEHTAIILHO
MMOKa3aHo, YTO B a/IMTHBHO-M3TOTOBICHHBIX OOpa3sliaX JIMHHBIC [CHAPUTHBIC Jamenn O-(heppura (OPMUPYIOT IUIOTHYIO «CETKY» Mex(aszHbIX
rpanun (aycteHuT — O-epput, odbemHast 10 d-¢pasbl cocranisieT 20 %) U CrIOCOOCTBYIOT HAKOIUICHUIO BOAOpona. JleHapuTHble BeTBU (heppHTa
SIBJISTFOTCS «JISTKUMI» Ty TSIME J1Ts1 Ti(p(y3un aTOMOB BOIOPO/IA U [TOATOMY OOECIIEUHBAOT €ro TPAHCIOPT B ITyOb 00pa3iioB. [locTipon3BoicTBeHHAS
TepMuueckast oopabdotka (rpu Temreparype 1100 °C, B TedeHue | 9) NPUBOAUT K 3HAYUTEIBHOMY YMEHBIICHHIO JOIH O-(eppura B aJUIMTUBHO-
TOJTy4eHHOM CTalH (10 5 %) 1 YaCTUYHOMY PACTBOPEHHUIO ACHAPUTHBIX JIaMesIei. YMeHblIeHHe 00beMHOI 101 (heppuTa i U3MEHEHHE ero Mop(oIoruu
3arpynusieT auddysuro Bogopona B NIyOb 00paslia U ero HaKOILICHUE B IIPOLIECCE MIEKTPOIMTUYECKOTO HACBIIICHNS M HOCIECAYIOmel 1edopMmariy,
CIOCOOCTBYET MOHMKSHUIO O0LIeH KOHLIEHTPAIMKM PACTBOPEHHOTO B 00pa3suax Boxopona. HecMoTpst Ha MEHBIIYI0 KOHLEHTPALMIO PACTBOPEHHOIO
BOJOpOZia B 00pasLax, MOBEPrHYTHIX TEPMOOOPAOOTKE, TBEPIOPACTBOPHOE YIIPOUHCHHE aTOMAMHU BOJOPOZa OKA3bIBACTCs OONIbIIIC (AGE{ , =73 MIla),
YeM JIJIsl MCXOTHBIX 00Pa3IoB ¢ BBICOKOH J1071€i O-epputa (Ac& , =55 MIla). Taxoke 06pa3Lbl IOCTIE MOCTIPOU3BOACTBEHHOH TePMHYECKOIl 00paboTKU
XapaKTEPU3YIOTCsl MEHbIIEH TONIIMHON XPYIKOro MOBEPXHOCTHOTO HABOJAOPOKEHHOIO clos Dy 1 Gosee HU3KMM KOI(OHUIMEHTOM BOJOPOIHOIO
OXpPYM4UBAHMs [, TI0 CPABHEHHIO C MCXOAHBIMH a[IMTHUBHO-HOMYYEeHHbIMU OOpasuamu (D, = 55 £ 12 mxM, I, = 32 % 14 HCXOAHBIX 00pa3LoB

u Dy =29 £ 7 mrwm, [ = 24 % 1 00pa31oB NOCI€ MOCTIPOU3BOICTBEHHOM TEPMUYECKOH 00pabOTKH).

Kawouesvle ci08a: aycreHnTHas CTajb, aJJIITUBHBIC TEXHOJIOTUH, BOJOPOAHOE OXpYIUMBaHUE, O-QeppuT, pa3pylieHne, MUKPOCTPYKTYpa, MeXaHH4eC-

KHE CBOMCTBa

BbaazodapHocmu: Pabota BEIIIONHEHA B paMKaX TOCYJapCTBEHHOTO 3aaHust MIHCTHTyTa QH3UKU IPOYHOCTH M MaTepuanoBeneHus CuOHpCKoro oTzeme-

nust PAH, tema Ne FWRW-2022-0005.

HccnenoBanus IpOBeeHBI ¢ Hcnonb3oBanueM obopyrnosanus LIKIT «Harorex» (MucTHTYT (U3uku npodHOCTH M MatepuanoBeneHus CHOUPCKOro
ornenenus PAH). ABropsl Beipaxator OnaromapHocts K.¢).-M.H. C.B. Actadyposy, k.¢.-m.H. [.I. Maiiep, E.B. Menbuukosy, k.¢.-m.H. B.E. Py61oy
n K.¢.-M.H. C.}O. HuKOHOBY 32 IOMOIIIb B IIPOBEICHUH SKCIICPUMCHTAIBHBIX HCCICAOBAHUN U IOTY4YCHHI MaTePHAIIOB.

Aasa yumuposaHnus: Ilanyenxo M.IO., Peynosa K.A., Hudonro A.C., Koy6aes E.A., Acradyposa E.I. Biusaue Mmopdororuu u o0beMHOIT 1011
d-(eppura Ha BopopoaHOE OXpynuuBaHue Hepikaperomiei cranu 08X19HIT, nmoay4eHHOH METOIOM 3JIEKTPOHHO-ITYYEBOT0 aIATUBHOIO MPOM3-
BOJICTBA. M36ecmus 6y306. Yepnas memannypeus. 2023;66(4):435-441. https://doi.org/10.17073/0368-0797-2023-4-434-441

- INTRODUCTION

Additive manufacturing (AM) represents a rapidly
advancing domain encompassing both science and
industry. It introduces a transformative approach to craft-
ing intricate components and parts for mechanisms charac-
terized by intricate configurations, a feat previously unat-
tainable using conventional manufacturing techniques.
The application of additive technologies holds signifi-
cant potential within the burgeoning sphere of hydrogen
energy. This encompasses endeavors related to hydrogen
storage, transportation, and the fabrication of essential
components like hydrogen fuel cells and vehicles. Stable
austenitic stainless steels exhibit the highest resistance
to hydrogen’s adverse effects when compared to other
steel categories [1; 2]. Their favorable weldability and
moderate cost make them an appealing choice for uti-
lization as foundational materials within additive tech-
nologies [3; 4]. Nevertheless, when devising components
intended for operation in aggressive hydrogen-rich envi-
ronments, it becomes imperative to consider the unique
microstructural attributes intrinsic to this steel category
that manifest during the AM process. These attributes
take into account the anisotropic nature of grain struc-
ture [5; 6] and formation of the secondary phases [7 — 9].

Currently, the subject of hydrogen embrittlement
in steel samples produced through AM techniques
remains inadequately explored in published literature,
with occasional inconsistencies in the available data.
The study [10] revealed that austenitic steel AISI 304L,
fabricated using laser powder AM technology, is more
resistant to hydrogen embrittlement compared to conven-

tionally obtained rolled steel. This enhanced resistance is
attributed to the development of a stable austenitic phase
that is resistant to phase transitions, as well as the dis-
tinctive texture of the steel brought about during pow-
der sintering. Research presented in [11] demonstrated
the heightened vulnerability of martensitic aging steel
produced through selective laser melting to hydrogen
embrittlement. Stainless steel 17-4 PH, featuring a coarse
crystalline ferritic structure and manufactured via laser
additive technologies, is more prone to the adverse effects
of hydrogen than its cast counterpart [12]. Conversely,
for ferritic steel 09G2S, additively produced steel using
the electron beam AM method exhibits a weaker suscep-
tibility to hydrogen embrittlement than its cast equiva-
lent [13].

In comprehending the reasons behind the degrada-
tion of mechanical properties induced by hydrogen in
additively manufactured austenitic steels — known for
their resistance to hydrogen embrittlement — grasping
the role of key microstructural aspects in these processes
becomes crucial. Particularly, samples of austenitic steels
generated through electron beam AM methods exhibit
distinctive characteristics: an anisotropic grain structure
and a notable proportion of the d-phase (approximately
20 %) [6 — 8]. This study aims to strategically manipulate
the morphology and volume fraction of d-ferrite within
08KhI9NIT steel samples produced via electron beam
additive manufacturing (EBAM), while keeping other
structural parameters (primarily the size of austenite
grains) unchanged [6].

The objective of this research is to establish patterns
concerning the hydrogen embrittlement of austenitic steel
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08KhI9NI9T manufactured using the EBAM technique,
contingent on the morphology and content of d-ferrite in
its structure.

[ EXPERIMENTAL METHODS

For the EBAM process, we utilized an industrial wire
composed of austenitic stainless steel (ASS) 08Kh19NIT,
with the following chemical composition (wt. %): Cr 17.7;
Ni9.7; Mn 1.1; Ti 0.8; Si 0.6; C 0.08; with iron constituting
the remainder (wire diameter 1.2 mm). The electron beam
additive manufacturing was executed within a vacuum
chamber, employing the subsequent parameters: accel-
erating voltage of 30 kV, wire feed speed set at 180 mm/
min, beam sweep spanning 45x45 mm, scanning frequency
of 1 kHz, and electron beam current of 45 mA. The accu-
mulation of material layers transpired atop an austenitic
steel substrate, resulting in a final geometric configura-
tion of the steel billet measuring 110x6x30 mm.

For the purpose of uniaxial static tension tests,
flat samples resembling double blades were fashioned,
with the working part dimensions at 12x3x1.5 mm. These
samples were extracted from an additively manufac-
tured steel wall. A portion of the samples were assessed
in their initial state — directly following additive growth
(AM-ASS) — while another subset underwent anneal-
ing at 1100°C for 1 hour, succeeded by water quench-
ing (AM-ASS + HT). Surface treatment encompassed
mechanical grinding and electrolytic polishing using
a solution of 25 g CrO, and 200 ml H,PO,.

Microstructural analysis of the obtained samples was
conducted using optical (OM) and transmission elec-
tron microscopy (TEM), utilizing Altami MET 1C and
Jeol JEM 2100 microscopes, respectively. The magnetic
phase analysis (MPA) technique was employed, spe-
cifically with an MVP-3 ferritometer (Kropus, Russia)
to determine the volume fraction of the 6 phase (V).

Electrolytic hydrogenation was executedina 3 % NaCl
aqueous solution containing 3 g/L NH,SCN. This proce-
dure spanned 50 h at a current density of 50 mA/cm?.
Thermal desorption spectroscopy (TDS) investigations —
centered on evaluating the rate of hydrogen libera-
tion from specimens during gradual heating — were con-
ducted using an automated Gas Reaction Controller LBP
system (Advanced Materials Research, USA). This was
executed with a heating rate of 360 °C/h, within a tem-
perature span ranging from 25 to 400 °C. Tensile tests
were carried out at room temperature, maintaining an ini-
tial strain rate of 5-10™* s~'. The testing was performed
employing an LFM-125 universal electromechanical
testing machine (Walter+Bai AG, Switzerland). Subse-
quently, the fracture surfaces of the samples were metic-
ulously analyzed using a LEO EVO 50 scanning elec-
tron microscope (SEM) (Zeiss, Germany). To estimate
the thickness of the brittle hydrogen-induced layer, SEM
images acquired from the fracture surfaces of hydroge-
nated samples were employed. The secant method was
utilized for this purpose, wherein the secants were orien-
ted perpendicular to the hydrogenated layer.

[l RESULTS AND DISCUSSION

Fig. 1 presents optical microscopy (OM) and trans-
mission electron microscopy (TEM) images of samp-
les produced via the EBAM process. Both categories
of samples exhibit a dual-phase (y + §) configuration.
Notably, the d-ferrite lamellae emergence of the 6 phase
within the structure of additively manufactured samples
is attributed to distinct characteristics of the EBAM
process, encompassing the intricate, multistage ther-
mal history of layers and the overall billet, as well as
the diminution of nickel content within the melt, among
other factors [7;9; 14]. Subsequent heat treatment
(1100 °C, 1 h) induces a reduction in the d-ferrite con-

y-austenite

Fig. 1. OM images (a, b) and SEM image (c) of the samples of additive manufactured austenic stainless steel (AM-ASS) (a)
and AM-ASS + heat treatment (HT) (b, ¢):
HP — direction of growth of the electron beam addive manufactured (EBAM) billet; --- — boundaries of austenitic grains

Puc. 1. OM-u3o6paxenus (a, b) u [I9M-n3obpaxenue (c) obpasuo AII-AHC (a) u ATI-AHC + TO (b, ¢):
HP — nanpasnenune pocta DJIAII-3aroToBKH; === — IpaHUIBI AyCTCHUTHBIX 3€PEH
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tent while simultaneously altering its morphology —
a phenomenon exhaustively elucidated in [6]. In specific,
the heat treatment results in the formation of a dendritic
structure of 6-ferrite, characterized by an average lamella
thickness of 0.8 + 0.4 pum within the AM-ASS samp-
les. Following heat treatment, prolonged continuous
branches (lamellae) of 5-ferrite experience partial disso-
lution, giving rise to non-equiaxed d-phase grains (par-
ticles). These new grains exhibit an average thickness
and length of 1.3 £0.5 and 6.2 £ 3.1 um, respectively
(Fig. 1, b). Consequently, the volume fraction of ferrite
diminishes from 20 % to 5 % after the heat treatment,
while the grain structure of the principal phase (aus-
tenite) remains unaffected [6]. Thus, the heat treatment
exclusively influences the morphology and volume frac-
tion of the ferrite phase, maintaining all other structural
parameters unaltered.

For hydrogenated AM-ASS and AM-ASS + HT samp-
les, their thermal desorption (TDS) spectra depict a sole
peak at 7' =160 — 165 °C (Fig. 2, a). This low-tempe-
rature peak corresponds to the release of hydrogen atoms
from the crystal lattice and various weak, reversible
traps possessing low activation energies. These encom-
pass grain boundaries, interfacial (austenite — &-ferrite)
boundaries, dislocations, and similar features [15; 16].
The peak intensity for AM-ASS samples surpasses
that of AM-ASS + HT samples, wherein the latter cat-
egory bears a reduced proportion of the d-phase. Hence,
under analogous saturation conditions, a lesser amount
of hydrogen dissolves within AM-ASS + HT samples.
This disparity might arise due to the diminished pre-
sence of interphase boundaries in the annealed samples,
which are capable of adsorbing hydrogen atoms. Given
that the diffusion coefficient of hydrogen in J-ferrite
is significantly higher and its solubility lower than in
the austenite phase [17; 18], the elevated volume frac-
tion of the d-phase, along with its morphology charac-
terized by extended continuous lamellae in AM-ASS
samples, expedites the profound penetration of hydrogen
atoms into the samples during saturation. Put differently,
the o-ferrite branches serve as preferential conduits for
the inward transport of hydrogen atoms, contributing
to a more effective accumulation of hydrogen within
the material (primarily within austenite). This propo-
sition also correlates with the observation of the TDS
peak shifting towards higher temperatures for AM-ASS
samples in comparison to the peak for AM-ASS + HT
samples. This shift could be attributed to a deeper satura-
tion of the samples with hydrogen as the ferrite propor-
tion increases.

Fig. 2, b delineates stress-strain diagrams in engineer-
ing coordinates for AM-ASS and AM-ASS + HT samples.
Mechanical properties (o, , — yield strength; o — ultimate

60 _6}1

strength; 6 — elongation to fracture; /,; = ( J -100 %;

0

9, and d,; — elongation to fracture of unhydrogenated and
hydrogenated samples) are summarized in Table.

Examination of the provided experimental data
demonstrates that post-production heat treatment yields
an increase in elongation to failure and a decrease in yield
strength for the examined steel. This phenomenon can be
attributed to a decrease in the volume fraction of -ferrite,
as d-ferrite possesses higher strength compared to auste-
nite [19]. Additionally, there is a reduction in the density
of interphase boundaries (austenite — d-ferrite), which
function as barriers to the movement of dislocations dur-
ing deformation [6].

The process of hydrogen charging induces altera-
tions in the mechanical properties of EBAM steel
(outlined in Table). Irrespective of the ferrite content,
the yield strength (o,,) of hydrogen-charged samples
surpasses that of the original samples (deformed with-
out hydrogen charging). This experimental observa-
tion signifies solid-solution hardening of the auste-

165 °C a

Hydrogen desorption
intensity, rel. units

50 100 150 200 250 300 350

Temperature, °C

600

500

400

300

Stress, MPa

200

100

0 10 20 30 40 50 60 70 80

Deformation, %

Fig. 2. Thermodesorbtion spectra (a) and stress—strain diagrams
in engineering coordinates (b) (H — hydrogen-charging):
1 and 3 —AM-ASS before and after hydrogen-charging;
2 and 4 — AM-ASS + HT before and after hydrogen-charging

Puc. 2. TAC-cniextpsl (@), a TakKe AUarpaMMbl HanpspkeHue — nedop-
Malusl B MH)KeHEepHBIX kKoopaunatax (b) (H — HaBomopokuBanue):
I n 3 — AIlI-AHC 1o n mocine HachIIeHUs! BOJJOPO/IOM;
2u 4 — All-AHC + TO no u mocie HachIIIEHUS BOIOPOIOM
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nitic phase due to the presence of hydrogen atoms [20].
Notably, it’s noteworthy that in AM-ASS + HT samples,
the hydrogen-induced enhancement in yield strength
(Acsf){.2 =73 MPa) exceeds that in AM-ASS samples
(Acy, = 55 MPa), even though, as per the results of TDS
analysis, the hydrogen concentration in the latter is
higher (Fig. 2, a). The presence of a limited volume
fraction of ferrite and interfacial boundaries, which
function as traps for hydrogen atoms [21], can lead
to a heightened accumulation of hydrogen within the aus-
tenite grain bodies located near the saturable surface
of AM-ASS + HT samples. This accumulation contrib-
utes to their solid solution hardening. On the contrary,
hydrogen transport is more restricted in AM-ASS + HT
samples due to the altered morphology and reduced
volume fraction of ferrite, which leads to the suppres-
sion of hydrogen transport over long distances along fer-
rite dendrites and a decrease in the prevalence of inter-
facial boundaries. Consequently, AM-ASS samples
amass a greater total hydrogen concentration. In these
samples, the concentration gradient across depth is
evidently smaller, subsequently yielding a lower level
of solid solution strengthening in the austenite phase
compared to AM-ASS + HT samples where hydrogen
transport is curtailed. In addition to solid solution harde-
ning, the hydrogen concentration gradient throughout
the depth is intrinsically linked to the stress gradient
within the tested samples — stemming from their hetero-

Brittle hydrogenated layer

geneous hydrogen charging. This aspect becomes more
pronounced in AM-ASS + HT samples where the trans-
fer of hydrogen atoms during charging and subsequent
deformation is hindered due to the alterations in mor-
phology and the reduction in the volume fraction of fer-
rite [22; 23]. Therefore, even with a lower hydrogen
adsorption concentration during hydrogen charging,
the yield strength of AM-ASS + HT samples, wherein
hydrogen transport is limited, displays increased suscep-
tibility to hydrogen charging: the hydrogen-induced rise
in yield strength is more significant in AM-ASS + HT
samples compared to AM-ASS samples. However,
the hydrogen embrittlement factor /;, which quantifies
the reduction in elongation to failure due to hydrogena-
tion, is greater for AM-ASS samples (Table).

Effect of hydrogen-charging on mechanical properties
of AM-ASS and AM-ASS +HT samples

Biausinne HABOJOPOKUBAHMS HA MeXaHNYeCKHe CBOCcTBA
oopasuoB AII-AHC u AII-AHC + TO

Sample Gy, MPa | o ,MPa | 6,% |[;,%
AM-ASS 220+£5 | 516+7 | 62+2 -
AM-ASS +H 275+5 537+£2 | 42+£2
AM-ASS + HT 192+4 | 523+8 | 73+3 ”
AM-ASS+HT+H | 265+3 | 544+3 | 55+2

| AM-ASS+HT+H |

%

Fig. 3. SEM images of fracture surfaces of hydrogen-charged (H) AM-ASS (a, b) and AM-ASS + HT (c, d) samples

Puc. 3. COM-u3006paxkenust nosepxHocreit paspyuenus HasogopoxeHHbsix (H) AII-AHC (a, b) u ATI-AHC + TO (c, d) o6pa3sios
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Fig. 3 portrays SEM images of fractured surfaces from
both hydrogen-charged AM-ASS and AM-ASS + HT
samples. Across all samples, hydrogen charging results in
the formation of a brittle surface layer, while the remain-
ing portions of the samples exhibit a ductile transcrys-
talline fracture mode, comparable to uncharged samp-
les [14].

The fracture surfaces of the brittle hydrogenated layer
exhibit features characteristic of both transcrystalline and
intercrystalline fracture, including ridges and flat facets.
The presence of intercrystalline cleavages aligns with
the aforementioned mechanisms of hydrogen adsorption,
specifically pointing towards the accumulation of hydro-
gen atoms at interphase boundaries. The transcrystal-
line nature of the fracture signifies the brittle fracture
of hydrogen-saturated austenite grains, along with
the formation of deformation-induced martensite within
them, as documented in [2; 14; 23; 24].

The thickness of the brittle hydrogenated layer is
notably greater for AM-ASS samples (D;; = 55 + 12 pm)
characterized by a higher initial proportion of ferrite —
than for AM-ASS + HT samples (D;; =29 + 7 pm). This
experimental observation corroborates the findings from
TDS studies, mechanical tests, and the preceding discus-
sions.

[ ConcLusions

The investigation delved into the hydrogen embrit-
tlement characteristics of austenitic chromium-nickel
steel samples produced via electron beam additive
manufacturing in two distinct states: immediately fol-
lowing additive growth and subsequent post-produc-
tion heat treatment. Annealing the additively manu-
factured samples at 1100 °C for 1 h yielded a notable
reduction in the volume fraction of d-ferrite — from 20 %
to 5 % — accompanied by an alteration in its morpho-
logy. Specifically, the state after EBAM exhibited thin
extended lamellae of dendrites, while the heat-treated
samples showcased isolated inclusions (particles) of fer-
rite. This transformation in phase composition and micro-
structure exerted an impact on the steel’s susceptibility
to hydrogen embrittlement, the solubility and distribu-
tion of hydrogen during the process of electrolytic satura-
tion, and the dimensions of the brittle hydrogenated layer
within the samples.

Even though the annealed samples with a lower pro-
portion of ferrite contained a lower overall concent-
ration of dissolved hydrogen, their hydrogen-induced
increase in yield strength (Acg'l: 73 MPa), exceeded
that of samples following EBAM, characterized by
a higher proportion of dendritic ferrite (Acsgl'2 =55 MPa).
This discrepancy can be attributed to the impedance
of hydrogen transport deep into the samples along
o-ferrite dendrites due to modifications in their morpho-
logy and the reduction of interphase boundaries. These

boundaries function as traps for hydrogen atoms within
both the austenite crystal lattice and intergranular regions.
Consequently, post heat treatment, hydrogen transport
deep into the samples is curtailed, leading to its accu-
mulation in the surface layers. This accumulation con-
tributes to robust solid-solution hardening of the aus-
tenitic phase, thereby engendering a pronounced stress
gradient due to the hydrogen concentration gradient in
these samples.

The thickness of the brittle hydrogenated surface layer
and the hydrogen embrittlement factor were found to be
more significant for the initial additively manufactured
steel samples (D, = 55 £ 12 um, I,; = 32 % for AM-ASS
and D, =29 £ 7 um, I,; = 24 % for AM-ASS + HT samp-
les). The reduction in the volume fraction and the alte-
ration in the morphology of d-ferrite, brought about by
post-production heat treatment, enhance the resistance
of EBAM stainless steel to hydrogen embrittlement.
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HIGH-TEMPERATURE STRENGTH OF DIE STEEL

WITH REGULATED AUSTENITIC TRANSFORMATION DURING EXPLOITATION

AFTER QUENCHING AND TEMPERING
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Abstract. Steels with regulated austenitic transformation during exploitation (RATE) are a new class of ferritic-based tungsten-free tool steels for hot
forming. The study obtained quantitative data on the high-temperature strength of RATE steel of new composition after quenching and tempering.
The stress-strain curves are plotted and the tendency of steel to strain hardening at temperatures of 450 and 750 °C is estimated. It was established that
at a temperature of 750 °C, corresponding to the operating temperature, RATE steel has a stronger tendency to work hardening than at a temperature
of 450 °C.

Keywords: RATE steels, quenching, tempering, hot deformation
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AHHomayus. Cranu ¢ perymupyeMbIM ayCTCHUTHBIM MTpeBpatieHrem npu sxcruryarannu (PATTD) — HOBBIN Kiaacc 6€3BOIBPPaAMOBBIX HHCTPYMEHTAITb-
HBIX cTaseil Ha (eppUTHOI OCHOBE JUIs ropsadeit 00paboTKH aBieHHeM. B paboTe noyueHbl KOJIMYECTBEHHbIE JAHHBIE 110 BLICOKOTEMIIEPATypHOM
npouroctu cranu ¢ PAIID HOBOro cocrasa mocie 3akaiku U OTycka. [locTpoeHsl kpuBbie AedopMaliin 1 MPOBEICHA OIEHKA CKIOHHOCTH
cTanu K AeopMalMOHHOMY yHpouHeHHIo npu Temmneparypax 450 u 750 °C. Ycranosneno, uto npu temmeparype 750 °C, cooTBeTCTBYIOIIEH
IKCIUTyaTalnoHHOH, cTajib ¢ PATID obnamaer 6ojee CUITbHON CKIOHHOCTBIO K 1e(OpPMAIIMOHHOMY YIIPOUHECHHUIO, YeM mpu Temmeparype 450 °C.

Kntouesule cno6a: crans ¢ PAILD, 3akanka, OTIyCK, ropsdas e(opMans

Jaa yumuposanus: Kpyrisikos A.A., Poraues C.O., MonsipoB A.B. BeicokoTemneparypHast IpOYHOCTb IITAMIIOBOM CTalll C PEryIUPYEMBIM ayCTe-
HUTHBIM MIPEBPALICHUEM TIPH KCIUTyaTallUK MOCIIEe 3aKaIKH U OTIycKa. M36ecmus 6y306. Yepnas memannypeusi. 2023;66(4):442—-444.
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Steels with regulated austenite transformation during
exploitation (RATE) represent a novel category of tung-
sten-free ferritic steels designed for hot forming [1; 2].
These steels fall into either single-phase (y) or two-phase
(y + a) region and demonstrate a propensity to main-
tain high-temperature hardening [3]. This effect enables
the hot pre-hardening of the steel. Before being put into
operation, the steel undergoes austenitization at 1150 °C,
followed by a cooling process down to 450 °C. The steel
retains its austenitic structure because the supercooled
austenite is exceptionally stable. Subsequently, the steel
becomes ready for shaping, resulting in sufficient
hardness maintenance within the temperature range
of 750 — 800 °C [4].

It is worth noting that RATE steels can operate at high
temperatures even without pre-hardening, relying solely
on quenching and tempering [5]. However, the newer,
advanced RATE steel grades have not been extensively
investigated in this context. Therefore, the objective
of this study is to assess the high-temperature strength
of the new RATE die steel after quenching and tempering.

We subjected the SKh2G4N3M2FSTB steel to guen-
ching (1100 °C for 20 min in oil) and double temper-
ing (590 °C for 2 h+ 560 °C for 2 h in air) to achieve
a hardness of 55 HRC [6]. The image depicts the Zwick
machine employed for testing threaded cylindrical sam-
ples measuring 20 mm in length and 4 mm in diameter:

— the samples were heated to 450 °C, held for 15 min,
and subsequently elongated until failure;

— the samples were heated to 450 °C, held for 15 min,
and then elongated to 5 %,

— the samples were heated to 750 °C, held for 15 min,
and then elongated to 5 %.

The strain hardening factor (n) was calculated as out-
lined in [3].

At 450 °C, the steel displayed a yield offset and
ultimate strength of 1277 and 1379 MPa, respec-
tively. The relative elongation reached 9% (as shown
in the figure). This suggests that plastic deformation at
450 °C leads to strain hardening of the steel (n = 0.03).
Under the maximum load, deformation is concentrated
ultimately leading to sample failure. When the sample is
deformed at 450 °C to a 5 % relative elongation, the steel
hardens to 1335 MPa. Subsequent heating to 750 °C
results in a significant reduction in strength, with the off-
set yield strength during deformation measuring 311 MPa
(a quarter of that at 750 °C). However, further defor-
mation at 750 °C enhances the steel’s susceptibility to
strain hardening (n = 0.06). The steel’s strength reaches
356 MPa at approximately 2 % relative elongation, attri-
buted to the steel’s austenitization as a result of the o — y
transformation. The achieved hardening is maintained
throughout further deformation, up to approximately 5 %
relative elongation.

Tension
750 °C
900 s
e
2
5
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S| as0°c
= 10 °C/s
Time
a
1600
1400
1200 - 450 °C
§ 1000 - (load to failure)
s 800 450 °C
4 (load to 5 % elongation)
= 600 -
5]
400
750 °C
200 (load to 5 % elongation)
1 1 1 1 1 1 1

0 1 2 3 4 5§ 6 7 8 9

Elongation, %
b

General diagram of the test process (a)
and the corresponding stress-strain curves (b) of RATE steel

O6m1as guarpamma mporecca HCIbITaHus (a)
Y COOTBETCTBYIOIINE KpHBble Aedopmaruu (b) cranu ¢ PATID

- CONCLUSION

This study reveals that RATE steels experience strain
hardening within the 450 — 750 °C operating temperature
range, with higher strain hardening observed at 750 °C.
The hot strength at 750 °C, with approximately 5 % rela-
tive elongation, reaches ~360 MPa. These results suggest
that die tooling constructed from RATE steel can consis-
tently operate at temperatures up to 750 °C.
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CARBIDES OF TRANSITION METALS:
PROPERTIES, APPLICATION AND PRODUCTION. REVIEW. PART 2.
CHROMIUM AND ZIRCONIUM CARBIDES
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Abstract. The properties, application, and methods for producing chromium and zirconium carbides are considered. These carbides are oxygen-free refractory
metal-like compounds. As a result, they are characterized by high values of thermal and electrical conductivity. Their hardness is relatively high.
Chromium and zirconium carbides exhibit significant chemical resistance in aggressive environments. For these reasons, they have found application in
modern technology. Chromium carbide is used mainly as component of surfacing mixtures to create protective coatings that resist intensive abrasive wear,
including at elevated temperatures (up to 800 °C) in oxidizing environments. This compound is also used in the manufacture of tungsten-free hard alloys
and carbide steels. Chromium carbide, along with vanadium carbide, is used as a grain growth inhibitor in WC — Co hard alloys. Powdered zirconium
carbide can be used to polish the surface of items made of ferrous and non-ferrous metals. The properties of refractory compounds depend on the content
of impurities and dispersion (particle size). To solve a specific problem associated with the use of refractory compounds, it is important to choose the
right method for their preparation, to determine the permissible content of impurities in the initial components. This leads to the existence of different
methods for the synthesis of carbides. The main methods for their preparation are: synthesis from simple substances (metals and carbon), metallothermal
and carbothermal reduction. Plasma-chemical synthesis (vapor-gas phase deposition) is also used to obtain carbide nanopowders. A characteristic is given
to each of these methods. Information on the possible mechanism of the processes of carbothermal synthesis is presented.

Keywords: chromium carbide, zirconium carbide, refractory oxygen-free compounds, hardfacing, fields of application, production methods
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AHHOmauuﬂ. PaCCMOTpeHBI CBOﬁCTBa, obnacTu TNPUMEHCHHSA U METOIBI ITOJYUCHUSA Kap6nz[013 XpoMa U HUPKOHHS, OTHOCALIUXCS K 6eCK]/ICJ'10p0I[HLIM

TYTOIUIaBKMM METaJUIONOA00HBIM COCANHEHHUSIM C BBICOKUMH TEIUIO- U AJIEKTPONPOBOJHOCTHIO. TBEPAOCTh X CPaBHUTEIBHO Benuka. KapOuap
XpoMa ¥ [UPKOHUSI TPOSIBIISIFOT 3HAYUTEIbHYI0 XMMHUYECKYHO CTOMKOCTh B arpECCUBHBIX CPEax, YTO CIIOCOOCTBYET MX HIMPOKOMY MPHUMEHEHHIO
B COBpEMEHHOM TexHuke. KapOua Xxpoma HConb3yeTcs MpEeHMYIIEeCTBEHHO B BH/IE KOMIIOHEHTOB HAIUIABOYHBIX CMECEH ISl CO3/IaHuUsI HOKPBITHI,
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- INTRODUCTION

Chromium and zirconium carbides exhibit a range
of distinct properties, such as refractoriness, substantial
chemical resistance in diverse aggressive environments,
elevated hardness, as well as impressive thermal and elect-
rical conductivity. As a result, their utilization within
the realms of industry and technology has been steadily
increasing. Chromium carbide finds practical application as
a constituent in wear-resistant coatings, and it also serves
a role in the production of tungsten-free hard alloys and car-
bide steels. Another avenue of application lies in its func-
tion as an inhibiting additive in tungsten carbide hard alloys.
The substantial hardness of zirconium carbide renders it
suitable as an abrasive for the refinement and polishing
of metal products. The primary techniques for synthesizing
transition metal carbides encompass carbothermal, metal-
thermal, and elemental source-based synthesis methods.

The objective of this study is to conduct an analysis
of information pertaining to the properties, applications,
and methodologies involved in the synthesis of chromium
and zirconium carbides.

[ BAsIC PROPERTIES OF CHROMIUM
AND ZIRCONIUM CARBIDES

Figure depicts state diagrams for the Cr—C and Zr—C
systems [1]. Within the Cr—C system, three distinct car-
bides (Cr,,C,, Cr,C; and Cr,C,) with fixed compositions
are presented. Carbide Cr,C, exhibits the highest mel-
ting temperature, approximately 1900 °C. When the car-
bon content within the considered system surpasses
40 at. %, carbon coexists with Cr,C, carbide. For the pro-
duction of powdered higher chromium carbides devoid
of free carbon impurities, the synthesis temperature should
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theoretically remain below 1900 °C, aligning with the com-
position required for obtaining the Cr,C, reaction product.
In practice, even minor inconsistencies in the mixture (such
as those caused by delamination during extended storage or
vibration) can lead to the formation of a liquid phase within
the system at temperatures as low as around 1500 °C.
Hence, it is prudent to conduct the synthesis at tempera-
tures not exceeding this threshold.

In the Zr—C system, a solitary compound, zirconium
carbide, prevails, characterized by a wide range of homo-
geneity (approximately from 35 to 50 at. % C). Zirconium
carbide ZrC boasts a melting point of about 3530 °C. A sig-
nificant reduction in the melting point of zirconium carbide
occurs as the carbon content diminishes (1800 °C at approxi-
mately 35 at. % C). Likewise, the microhardness experiences
a notable decrease (with a C/Zr atomic ratio of 1.0, the value
is 3100 kg/mm?, and at C/Zr = 0.6, it is 1900 kg/mm?) [2].
When the carbon content surpasses 50 at. %, carbon coexists
with zirconium carbide. Consequently, to produce powdered
zirconium carbide devoid of free carbon, while maintain-
ing its high melting point and microhardness in the resul-
ting ceramic, the synthesis temperature should not surpass
3530 °C. Moreover, the mixture’s composition should align
with the target reaction product, ZrC composition.

Information pertaining to certain properties of these
compounds, drawn from [3], has been consolidated in Table.
Both chromium and zirconium carbides exhibit robust
thermodynamic stability, substantiated by their elevated
heat of formation from basic elements and their isobaric-
isothermal potentials. These carbides demonstrate com-
mendably high coefficients of thermal conductivity and low
resistivity, mirroring their metal-like refractory nature [4].

Examination of the chemical attributes of refractory
compounds facilitates the formulation of guidelines for
their application within diverse aggressive environments.
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The carbides in question exhibit stability when subjected
to base solutions and numerous mineral acids. Additionally,
they display resilience against the effects of elevated tem-
peratures and atmospheric oxygen [5].

[ AREAS OF APPLICATION OF CHROMIUM
AND ZIRCONIUM CARBIDES

Application of chromium carbide

Chromium carbide is primarily employed as a consti-
tuent within surfacing mixtures, serving to create coatings
that safeguard against intensive abrasive wear, including
elevated temperatures of up to 800 °C within oxidizing
environments. These coatings are applied through methods
such as cladding or sputtering. The wear-resistant layer pro-
duced through cladding comprises chromium carbide set
within a matrix of chromium, nickel [6], or chromium-nickel
alloys [7 — 9]. Domestic industry has successfully mastered
the production ofthe powder surfacingtape PL-AN111, which

incorporates chromium carbide into the core powder com-
position. This tape finds utility in restoring surfaces within
the contact and intermediate zones of blast furnace char-
ging device cones that operate under forced conditions [10].
Another area of application lies in the creation of cermets,
specifically tungsten-free hard alloys of KKhN grades
(chromium carbide—nickel) [11]. Furthermore, promising
prospects are observed for relatively cost-effective chro-
mium carbide hard alloys and carbide steels with binders
composed of iron and chromium, such as the Kh17N2 and
Kh13M2 grades [12]. Notably, within the WC — Co hard alloy
system, chromium carbide, along with vanadium carbide,
serves as a grain growth inhibitor. Information regarding
the properties and applications of hard alloys is expounded
upon in [13]. The integration of inhibiting additives, such
as these carbides, into hard alloys is commonly achieved
through electrospark plasma sintering [14 — 16]. However,
alternative techniques including microwave heating [17],
hot isostatic pressing [18], and non-pressure sintering [19]
can also be employed for this purpose. Both chromium and

Basic thermodynamic, physical and mechanical properties of chromium and zirconium carbides

OcHOBHBIE TEPMOANHAMHUYECKHUE, (l)Pl3Pl‘leCK“e H MeXaHH4YecKHue CBoiicTBa Kapﬁnuon XpoMa 1 HUPKOHUSA

. Relating to the compound
Properties
Cr,C, ZxC

Heat of formation from elements, kJ/mol, at a temperature of 298 K -97.91 -196.65
Isobaric-isothermal potential (Gibbs energy), kJ/mol, at a temperature of 298 K -98.90 -193.26
Pycnometric density, kg/m? 6880 6730
Coefficient of thermal conductivity, W/(m'K), at a temperature of 20 °C 19.1 11,6
Resistivity, pQ-'m, at a temperature of 298 K 0.75 0.49
Microhardness, GPa, at a temperature of 293 K 26.6 —26.8 20.5-27.0
Coefficient of linear thermal expansion, K='- 107, at temperatures of 300 — 1300 K 11.7 7.1
Ultimate compression strength, MPa, at a temperature of 293 K 1048 830 — 1600
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vanadium carbides similarly function as grain growth inhi-
bitors within analogues of WC—Co cermets, exemplified
by composite WC — 10 wt. % Si,N, [20], as well as within
cermets founded upon titanium carbonitride Ti(C, N) [21].
Porous materials crafted from chromium carbide—nickel
alloys exhibit marked corrosion resistance in both acidic
and alkaline solutions [22]. Furthermore, chromium carbide
finds application as a catalyst in the oxidation of ammonia
and carbon monoxide [23].

Application of zirconium carbide

Zirconium carbide serves as an abrasive material in
pastes used for the finishing and lapping of both ferrous and
non-ferrous metal components [24]. Beyond its notable hard-
ness, an added benefit lies in its relatively elevated thermal
conductivity, which mitigates the risk of burns. Carbon—car-
bon composites (C—C) display promise as materials suited
for high-temperature applications. In this context, parti-
cularly when exposed to high-speed airflow, effective protec-
tion of the (C—C) composite against high-temperature abla-
tion is achieved through a coating of zirconium carbide. This
is due to its resistant to thermal shocks [25; 26].

[l CHROMIUM AND ZIRCONIUM CARBIDE
MANUFACTURING METHODS

The properties of refractory compounds are contingent
on factors like impurity content, dispersity, and stoichiomet-
ric balance. Zirconium carbide’s microhardness [2] varies
with its composition. Therefore, addressing specific challen-
ges associated with refractory compounds necessitates the
meticulous selection of appropriate preparation methods and
the determination of acceptable impurity levels within initial
constituents. This reality has led to the proliferation of diverse
synthesis techniques, which are classified in [27].

The most prevalent methods for carbide synthesis
encompass:

— synthesis from elemental constituents

xMe +yC — Meny; (1)

— metallothermal (often magnesiothermal) reduction
of oxides in the presence of carbon

MeO + Mg + C — MeC + MgO; 2
— carbothermal reduction of oxides
MeO + C — MeC + CO. 3)

Synthesis reactions of refractory compounds (car-
bides) from elemental constituents are invariably exother-
mal. If the heat release reaches a threshold of 2400 kJ/kg
of the mixture, the reaction initiates spontaneously. Should
the heat release be inadequate, measures such as blend pre-
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heating or the utilization of mechanical activation of its
components become necessary. Conversely, excessive
heat release calls for the incorporation of inert additives
into the mixture. These procedures are referred to as SHS pro-
cesses (self-propagating high-temperature synthesis). Under
optimal conditions, nearly complete conversion of the ini-
tial substances into the final products transpires, typically
yielding an unreacted substance content of around 1 % by
mass. Since the synthesis process is devoid of contamination,
the product’s purity in terms of impurities is roughly equiva-
lent to that of the reagents [28]. Nevertheless, such processes
are encumbered by the high cost of elemental powders.

During the metallothermal synthesis of carbides, it
becomes imperative to subject the reaction products to treat-
ment (typically with an acid) in order to eliminate com-
pounds, notably oxides, stemming from the reducing metal —
commonly magnesium. Owing to magnesium’s comparably
low boiling point (1090 °C) [29] and the substantial heat lib-
eration inherent in magnesiothermal processes, the emis-
sion of hot blend and reaction byproducts is plausible. To pre-
empt such scenarios, these processes are conducted within
sealed reactors operating under elevated argon pressure.
A notable attribute of magnesiothermal and calciumthermal
reduction processes is the emergence of refractory com-
pound particles enshrouded by layers of magnesium or cal-
cium oxides characterized by elevated melting points [30].
Consequently, the resultant products of the reaction exhibit
high dispersion. Moreover, it’s essential to factor in the high
cost and toxic nature of powdered magnesium [31].

It is widely considered [4; 32] that the carbothermal syn-
thesis of carbides stands as the most promising approach for
the large-scale production of these compounds. In the carbo-
thermal method for obtaining transition metal carbides,
the reagents utilized are typically non-toxic. The processes
of carbide formation occur within the solid phase. Given
the endothermic nature of carbide formation, these processes
are conducted at elevated temperatures. To optimize synthesis
parameters, the carbon monoxide (CO) pressure is reduced
by performing the process in an inert gas environment or
under vacuum conditions. Carbothermal reduction can also
be accomplished via the sol-gel method. A distinctive trait
of'this approach lies in its relatively lower synthesis tempera-
tures, which arise from the close contact between reagents
within ultra-dispersed blends [3]. The resultant products are
in a nanodispersed state. Nonetheless, drawbacks of the sol—
gel method encompass the use of toxic reagents in several
syntheses, the intricacy (including duration and multi-stage
nature) of batch preparation processes, and the occurrence
of incomplete reaction conversion in certain cases.

[ HIGHER CHROMIUM CARBIDE MANUFACTURING METHOD

Synthesis through chromium and carbon

For chromium carbide Cr,C,, the heat of forma-

tion aligns closely with its enthalpy at relatively low tem-
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peratures (approximately 1140 K) [3]. As a result, ini-
tiating the SHS process for a mixture of chromium and
carbon at ambient temperature is impractical. Instead, this
synthesis can be realized through preheating the mixture. In
the case at hand, mixture’s mechanical activation typically
preceded the SHS process.

Mechanical activation alone doesn’t inherently lead
to the synthesis of chromium carbides. Research conducted
in [33] demonstrated that fullerenes exhibit greater reacti-
vity compared to graphite. While mechanical activation aids
in reducing synthesis parameters (for instance, the process
temperature for Cr,C, carbide synthesis can be lowered by
around 200 °C) [34], incomplete carbide formation reactions
were noted in [35; 36]. Nevertheless, employing high-energy
mechanical activation enables the production of compact
Cr,C, carbide products [37]. It’s worth noting that mechani-
cal activation is a time-consuming (often spanning several
hours) and energy-intensive procedure.

An alternative approach involves elevating the therma-
lity of the process. As explored in [38], the synthesis of chro-
mium carbides can occur when a portion of carbon black
is replaced with polytetrafluoroethylene (-CF2 = CF2-) .
At temperatures ranging from 900 to 1000 K, this com-
pound decomposes, yielding graphite and fluorine. The lat-
ter substance interacts with chromium, forming chromium
fluorides. This reaction releases substantial heat, conse-
quently triggering an SHS process for Cr.,C, carbides or
Cr,C, carbides with particle sizes measuring 0.5 — 2.0 um.
It is imperative to purify the reaction products from chro-
mium fluoride CrF,. Given the involvement of fluorine,
the reactor necessitates sealing.

Metallothermal reduction

The procedure for producing cast chromium carbide
through the SHS process is documented [39]. The reagents
employed included chromium oxides (Cr,O; and CrO,),
aluminum and graphite powders. This synthesis took
place within an argon environment under pressures ran-
ging from 4 to 20 MPa. The material had to be commi-
nuted to attain the necessary powder. The reaction pro-
ducts contained up to 3 wt. % of aluminum, necessitating
subsequent removal through acid treatment. These factors
collectively add complexity to the process. Notably, CrO,
oxide is highly toxic [40]. An alternate approach, the alu-
minothermal process, was described in [41] for synthe-
sizing chromium carbide. While initially, chromium
was reduced from aluminum oxide, the reaction mixture
was subsequently maintained in an argon environment
at 800 °C for two hours. The resulting product (effectively
Cr,C, - AL O, composite) consisted of particles sized
between 300 and 400 pm.

Additionally, [42] explored the synthesis of chromium
carbide through the magnesiothermal method:

3Cr,0, + 9Mg + 4C = 2Cr,C, + IMgO. (4)

Due to the process’s inherent high adiabatic tempera-
ture (1950 °C), the introduction of an inert additive (Cr,C,)
into the mixture was undertaken. This procedure transpired
within an argon environment. The average size of the pro-
duced chromium carbide particles measures 2 pm. The mag-
nesiothermal synthesis of chromium carbide is elucidated
in [43]. The concoction of chromium oxide, magnesium, and
acetone (as the carbon source) underwent thermal treatment
within an autoclave at a temperature of 700 °C. The reagents
were combined in a stoichiometric proportion to enable
the reaction:

3Cr,0, + 10Mg +2C;HO =
=2Cr,C, + 10MgO + C + CO + 6H,. ®))
Following a 15 h isothermal holding, chromium carbide
with particle sizes ranging from 35 to 50 nm, enveloped by

carbon layers measuring 3 —4 nm in thickness, was suc-
cessfully obtained.

Carbothermal reduction

The carbothermal reduction of chromium oxide is con-
ducted through the comprehensive reaction:

3Cr,0, + 13C = 2Cr,C, + 9CO. (6)

This process involves the reduction of thermody-
namically robust chromium oxide through the utiliza-
tion of a relatively feeble reducing agent, carbon monoxide
(CO). In this context, the role of carbon is primarily focused
on regenerating the generated carbon dioxide CO, [44].
From a thermodynamic standpoint, this process might
seem implausible. Conclusions drawn from [45] suggest
that the formation of chromium carbides is likely to trans-
pire during the interaction between chromium oxide and
solid carbon. In [46], the process of reducing chromium
oxide using various agents (lamp carbon black, petroleum
coke, thermal anthracite, semi-coke, and graphite) was
investigated. The content of the reducing agent in the mix-
ture corresponded to the stoichiometric ratio for reaction (3).
The study revealed that the reduction start temperature dis-
plays weak dependency on the type of carbon material, span-
ning within the range of 1050 — 1100 °C. The gaseous phase
predominantly consists of carbon monoxide, CO. Among
the various environments, the most robust carbide forma-
tion occurs in hydrogen, followed by helium, with vacuum
hosting the slowest process. Notably, the reaction products
comprise a blend of Cr,C, and Cr,C, carbides. Authors
in [46] propose carbon monoxide, CO, as the reducing agent
for chromium oxide (contrary to thermodynamics). Mean-
while, [47] presents results from an exploration of chromium
oxide interaction with diverse carbon materials (sucrose,
carbon fiber material (CFM), and carbon black). The car-
bon fiber material consists of carbonization products from
hydrated cellulose fibers. The mixture’s reducing agent con-
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tent corresponded to the stoichiometric value for reaction (6).
Based on X-ray diffraction data, sucrose initiates Cr,C, phase
formation at 1200 °C, while CFM and carbon black begin
at 1350 °C and 1400 °C, respectively. The lowered tempera-
ture for carbide formation with organic substances (sucrose
and hydrocarbons) can be attributed to the creation of highly
dispersed carbon components resulting from their thermal
degradation within the oxide mixture.

Further insights into this process, focusing on gas phase
control (continuous monitoring of CO and CO, oxides) are
presented in [48;49]. The charging material was heated
within an inert gas atmosphere (helium or argon). At approxi-
mately 900 °C, a preference for carbon dioxide CO, emis-
sion over carbon monoxide CO emission was observed.
This behavior is linked to carbon’s interaction with adsorbed
acidic species on its surface. Notably, the carbide phase pre-
dominantly forms on the surface of chromium oxide par-
ticles [4]. Following the establishment of an outer Cr,C,
carbide layer, interaction with chromium oxide commences,
resulting in the formation of chromium carbide with a Cr,C,
composition. In cases where the initial reagent mixture con-
tains insufficient carbon, the resulting product would exhibit
a mixed-phase composition. The maximum liberation of car-
bon monoxide CO occurs at approximately 1200 °C (with
a low content of carbon dioxide CO, at this temperature).
If the reduction process followed the mechanism postulated
in [44], the of CO and CO, oxides in the gas phase during
chromium oxide reduction would be comparable.

The vapor pressure of chromium oxideat 1700 K (approxi-
mately 1430 °C) is approximately 7-10~ mm Hg (equivalent
to about 9-1073 Pa), which is close to that of carbothermal
synthesis. The vapor consists of chromium atoms, oxygen,
and molecules of CrO, Cr0O,, O, [50]. In contrast, the vapor
pressure over carbon at the same temperature is signifi-
cantly lower, measuring 9.13-107"*atm (approximately
9-107 Pa) [8]. It is known that the evaporation of chromium
oxide is notably enhanced in the presence of carbon [49].

The process of synthesizing chromium carbide partially
involves the transfer of vaporous chromium and its oxides
to the surface of the carbon reducing agent. This phenom-
enon is supported by the findings in references [51; 52].

Another perspective suggests that the carbothermal reduc-
tion process occurs through the direct interaction between
solid oxide and carbon. According to the Cr—C system’s phase
diagram, a liquid phase may emerge at temperatures exceed-
ing 1498 °C, facilitating close contact between the oxide and
carbon and expediting the reduction process [51].

To summarize the aforementioned points, it can be
inferred that the carbothermal reduction process of chro-
mium oxide is quite intricate and may follow several mecha-
nisms. Determining which one predominates is challenging.

In order to obtain reaction product consisting solely
of carbide, briquettes composed of a calculated blend with
an additional 5 % dextrin solution were heated in a resis-
tance furnace to 1500 °C for 30 — 40 min and maintained
at this temperature for 1.5 —2.0 h in a hydrogen environ-
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ment. The resulting carbide contained minimal impurities
(wt. %: 87 of total Cr; 13.48 total C; 13.34 C bonded with
a theoretical content 0of 86.67 Cr and 13.33 C) and exhibited
an average particle size of 6.94 pum [53]. Reference [54]
explored a process for producing chromium carbide using
nano-sized powders of chromium oxide (average particle
size less than 60 nm) and carbon black with a 14 % excess
(average particle size less than 50 nm), nearly following
a stoichiometric ratio to carry out reaction (3). The reduc-
tion initially yielded the lowest oxide, CrO. A single-
phase product containing only Cr,C, carbide was obtained
at 1200 °C and held at that temperature for one hour. This
suggests that under such conditions, the carbide forma-
tion process was completed. However, thermogravimetric
analysis results revealed that even at 1200 °C, the weight
loss (15.7 wt. %) was much lower than the value calcu-
lated based on the assumption of complete reaction (3)
(41.2 wt. %). The average particle size of chromium car-
bide was approximately 50 nm. With an increase in synthe-
sis time, the particles grew in size and aggregated.

In [55], a mixture of powdered chromium oxide Cr,0,,
along with graphite or synthetic pitch, was subjected to heat-
ing in an argon gas environment, with the addition of 5 vol. %
water, at varying temperatures for two hours. Experimental
findings indicated that when synthetic pitch was employed
as the reducing agent, a single-phase product (Cr,C,) formed
at 1100 °C, whereas when graphite was used, this phase
appeared at 1300 °C. This implies that synthetic pitch func-
tions as a more active reducing agent compared to graphite.
However, it is worth noting that the manufacturing process
is time-consuming and labor-intensive. Details concern-
ing particle dispersion were not provided. Reference [56]
employed ammonium dichromate as a chromium source and
carbon black as the carbon source. The mixture was heated in
a vacuum environment at 1100 °C for a duration of 30 min,
resulting in the formation of a single-phase product (Cr,C,
carbide). The produced powders were primarily composed
of spherical particles with an average size of 27.2 nm. X-ray
photoelectron spectroscopy revealed the presence of not only
chromium and carbon but also oxygen. Therefore, under
these specific conditions, the carbide formation process
remains incomplete. The authors [56] suggest that the cre-
ation of chromium carbide progresses through the devel-
opment of chromium carbide proceeds through the forma-
tion of an intermediate carbide phase

Cr,C, (0=x<0.5):Cr,0,—Cr,C, —Cr,C,.

The synthesis of chromium carbide utilizing a novel type
of carbon material known as nanofiber carbon (NFC), obtained
through catalytic decomposition of light hydrocarbons, is out-
lined in references [57; 58]. This material is notably pure, with
impurities mainly comprising catalyst remnants, constituting
no more than 1 wt. %. It is distinguished by its substantial spe-
cific surface area (approximately 150 m?/g) [59]. Experiments
were conducted in an argon environment. Under optimized
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conditions, the resulting material is characterized by a single
phase (chromium carbide Cr,C,). Powder particles predomi-
nantly manifest aggregation. The average size of particles and
aggregates measures 7.8 um, displaying a wide array of size dis-
tributions. The specific surface area of the samples is 2.2 m?%/g.
Oxidation of chromium carbide commences at 640 °C and
nears completion at 1000 °C. The ideal synthesis parameters
were identified as a molar ratio of Cr,0,:C = 3:13 (stoichio-
metric ratio for achieving Cr,C, compound), and process tem-
perature of 1300 — 1400 °C. Mention exists of the synthesis
of chromium carbide using this method from ultrafine blends
in references [60; 61]. Reference [60] formed a precursor
(chromium tartrate) through a combination of chromium oxide
CrO; solutions and tartaric acid, followed by drying. Similarly,
in [61], a precursor was obtained from ammonium bichromate
(NH,),Cr,0, and glucose. Heat treatment of the blends was
performed in argon at 1100 °C [60] or in a vacuum environ-
ment (1072 Pa) [61]. Particle sizes measured 1 —2 pum [60] or
approximately 30 nm [61].

Methane [62], along with its blends containing hydro-
gen [63] or argon [64; 65], can serve as effective reducing
agents. The temperatures required for carbide formation are
lower compared to those when solid carbon materials are
used. While it is true that thermodynamically speaking,
the use of hydrocarbons can lower the initiation tempera-
ture of reduction, this approach adds complexity to the pro-
cess and raises concerns about its fire and explosion risks.

Vapor deposition

In [66], the production of ultrafine chromium carbonit-
ride powder of Cry(C (N ,),, through plasma-chemical
synthesis was explored. This process involved reducing
chromium oxide using a nitrogen-hydrogen plasma flow
containing propane—butane. However, the exhaust gases
generated during this process contain hazardous hydro-
gen cyanide. The resulting powder had an average particle
size of 35 nm, with the primary substance content ranging
from 90.23 to 94.60 wt. %. It is worth noting that when
stored in air, the chromium carbonitride powders exhi-
bited significant oxygen and moisture adsorption. In com-
parison to coarser-grained chromium carbide powders [67],
the thermal oxidative stability of this compound is rela-
tively lower: oxidation initiates at approximately 280 °C
and is nearly completed at 580 °C. A similar process was
examined in reference [68]. Experimental results indicated
that the interaction between chromium oxide and hydrocar-
bons within a plasma flow did not yield higher single-phase
carbides. Another study in [69] described attempts to pro-
duce chromium carbonitride in a nitrogen plasma flow
through the interaction of chromium metal powder and nat-
ural gas containing 94 vol. % methane. The resulting syn-
thesis products contained 91.8 —93.5 wt. % of the target
compound, with particle sizes ranging from 150 to 600 nm.

In many of the referenced works ([33 —35; 38; 39;
41 —43; 45-47; 49; 51; 52; 54-56; 60; 62 —65; 68]

which account for approximately 83 % of the total cited
references, information about the content of impurities in
the final product was not provided.

B ZIRCONIUM CARBIDE MANUFACTURING METHOD

Synthesis through zirconium and carbon

In [70], zirconium and acetylene carbon black powders
employed as initial materials. The blend, with a stoichio-
metric composition, underwent “dry” stirring for 2 — 3 h.
Subsequently, it was compacted into briquettes to expe-
dite diffusion processes. The synthesis occurred under a
pressure of 1.2-10* mm Hg (0.2 Pa). At a temperature
of 1800 °C and a duration of one hour, zirconium carbide
(ZrC) was successfully produced. The presence of impuri-
ties in the final product amounted to 0.6 wt. %. However,
no information regarding particle dispersion was provided.

Metallothermal reduction

In [71 — 73], magnesiothermal synthesis was conducted
according to the reaction

7+0, + 2Mg + C = ZrC + 2MgO. (7)

To mitigate the process’s thermal intensity, an inert addi-
tive, such as sodium fluoride, was utilized [71], or blends
were formulated with an excess of magnesium beyond stoi-
chiometric proportions [72]. In [73], zirconium carbide was
obtained after subjecting the materials to 30 h of mechani-
cal activation. An alternative means of initiating magnesio-
thermal reduction involves partially oxidizing magnesium
through its interaction with water [74]. This procedure
leads to a high-pressure environment due to the evolu-
tion of hydrogen (pressure reaching 49.15 MPa). The resul-
tant zirconium carbide nanoparticles were approximately
500 nm in size.

In the examined process, sodium [75] can also serve
as a reducing metal. The process in question involved
the reagents zirconium chloride ZrCl,, sodium and tolu-
ene. By heating the solid residue produced after the excess
toluene had evaporated, zirconium carbide was synthesized
at a temperature of 700 °C over the course of one hour in
an argon environment. It’s important to note that sodium
is highly susceptible to oxidation in air [40], which posed
challenges during the blend preparation stage.

Carbothermal reduction

The comprehensive reaction equation is as follows
ZrO, +3C =ZrC + 2CO. (®)

Researchers [76] posit that the reduction of ZrO,
oxide, which is thermodynamically robust, takes place
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through carbon rather than the relatively thermodynami-
cally weaker reducing agent (CO). The interaction likely
involves the transfer of oxide vapors (ZrO,, ZrO [50])
to the oxide’s surface, followed by chemical interaction and
desorption of the gaseous product (CO) resulting from
the reaction. Conversely, researchers [44] lean towards
the notion that CO drives the reduction of zirconium oxide,
with carbon’s role limited to regeneration. However, this
viewpoint lacks substantial experimental support. In [77],
active carbon, carbon black, and graphite powder served
as carbon materials. These reagents were proportioned
stoichiometrically to facilitate reaction (8). Monitoring
ofthereduction process was based on the quantity of released
CO oxide. At temperatures of 1800 and 2000 °C, the con-
version degree approached 100 %, and the oxygen content
in the reaction products remained below 1 wt. % (except
for instances involving thermal treatment with graphite).
Carbothermal regeneration processes of titanium and zirco-
nium oxides share certain similarities, given that zirconium
carbide forms from oxycarbide Zr10 C,. The particle size
of the obtained material predominantly fell within the range
of 2.4 — 7.5 um, accounting for 90 wt. %. Reference [48]
also utilized active carbon, carbon black, and graphite pow-
der as carbon materials. The blend was prepared in stoi-
chiometric proportion for reaction (8) and subsequently
heated in an inert gas flow (helium). The oxycarbide phase
210 C, emerged at 1450 °C, with the ZrO, phase already
absent in samples synthesized at 2000 °C. Oxygen con-
tent in these samples remained around 0.6 wt. %. Notably,
at synthesis temperatures exceeding 1450 °C, the gas phase
primarily comprised CO oxide. This serves as unequivocal
evidence against the feasibility of reducing zirconium oxide
ZrO, using carbon monoxide CO, as such a reaction would
yield a significant quantity of oxide CO, in the gas phase.
However, particle size information is not provided. From
a thermodynamic standpoint, reactions [78] are infeasible

ZrO, + CO = ZrC + 1.50,; &)

ZrO, +4CO = ZrC + 3CO,. (10)

In [78], samples composed of compressed zirconium
oxide ZrO, and graphite were subjected to heating within a
helium environment. The formation of the ZrC phase took
place at 1800 °C. The primary mechanism behind zirco-
nium carbide formation predominantly involves carbon dif-
fusion into zirconium oxide ZrO,, as opposed to the vapor
transfer of ZrO, and ZrO oxides to the carbon surface, fol-
lowed by chemical interaction).

An examination of the aforementioned published data
yields the following insights. Challenging is the align-
ment with the viewpoint of the authors in [44] concern-
ing the reduction of zirconium dioxide with carbon mono-
xide. More recent experimental findings [79] suggest
that the reduction process more likely transpires through
the transfer of zirconium oxide vapors to the carbon mate-
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rial’s surface, accompanied by a chemical reaction and
subsequent removal of the resulting gaseous product (CO).
While the possibility of solid-phase interaction involving
carbon diffusion into zirconium dioxide is not excluded,
reduction leads to the formation of zirconium oxycarbide
ZrCO,, with its oxygen content diminishing over time.

The process of generating zirconium carbide via
the interaction between zirconium dioxide and carbon was
outlined in [79 — 81].

A thermodynamic analysis of the process for obtain-
ing zirconium carbide and its synthesis through heating
a compressed mixture with an argon-hydrogen plasma
was conducted in [79]. When employing a reactant ratio
(ZrO, + C) in accordance with the stoichiometry of Eq. (5),
the degree of transformation of zirconium dioxide into car-
bide approached unity within the temperature range
of 1900 —3800 K. In experiments involving a stoichio-
metric reactant ratio and a thermal treatment time of three
minutes, the resulting product was single-phase (ZrC) with
a carbon content of 4.14 wt. % and an oxygen content
of 0.35 wt. %. However, information regarding the dis-
persity of zirconium carbide was not provided. Zirconium
carbide was synthesized in [80] using zirconium dioxide
and carbon black. The mixture of calcined components
was ball-milled for eight hours and subsequently heated in
a hydrogen environment. Optimal outcomes were achieved
at a temperature of 2200 °C and a holding time of 60 min.
The content of bonded carbon amounted to 11.30 wt. %,
while the calculated content was 11.65 wt. %. Unfortu-
nately, no information concerning powder dispersity was
provided. In [81], the reagents comprised zirconium dioxide
and graphite powders, with the blend’s composition aligning
with the stoichiometry of Eq. (8). Consequently, the reduc-
tion of zirconium dioxide to carbide does not involve car-
bon oxide (CO). The blend underwent high-energy grind-
ing in a planetary mill for 20 h, followed by heat treatment
at temperatures ranging from 1300 to 1600 °C for two hours
under vacuum conditions. Full transformation of the reac-
tants was achieved at 1400 °C. This indicates that the uti-
lization of high-energy grinding enables a reduction in
the carbide formation temperature by 400 °C. No reports
of reagent contamination with grinding media and lining
materials were made. The resulting powdered material con-
sisted of agglomerates measuring approximately 7 um in
size, comprised of particles around 200 nm in size.

The synthesis of zirconium carbide utilizing nanofibrous
carbon, characterized by its low impurity content (around
1 wt. %) and substantial specific surface area (approxi-
mately 150 m?/g) [59], was explored in references [82; 83].
The blend was formulated in accordance with the stoichi-
ometry of Eq. (5). It was observed that the use of such mate-
rial led to a reduction in the process temperature by approx-
imately 200 °C, ultimately yielding a highly dispersed
single-phase product (ZrC) with an average particle size
of approximately 15 pm. The impurity content remained
relatively low, approximately 2 wt. %.
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The series of publications provides comprehensive
insights into the zirconium carbide production process
via the carbothermal method from ultrafine blends. Zir-
conium butoxide Zr(OC,H,), [84 —86], zirconium n-pro-
poxide Zr(OC;H,), [87—89], zirconium tetrachloride
ZrCl, [90—92], zirconium nitrate Zr(NO,),-5SH,0 [93],
and zirconium oxychloride ZrOCl,-8H,0 were utilized
as zirconia sources [94 — 96]. The carbon sources encom-
passed propanol C;H,OH [95], butanol C,H,OH [84; 85],
furfuryl alcohol C;H,OO0H [92], acetylacetone CH,~CO—
CH,-CO-CH; [89; 96], sucrose [87;95], phenolic resin
[86; 88; 91], salicylic acid C.H,~OH-COOH [89], triethyl-
amine C H,,N [89], divinylbenzene C H,(C,H), [90], glu-
cose [94; 96], chitosan [93], 1,4-butanediol C,H, O, [96].
The reagents containing zirconium and carbon were stirred
for 1 — 3 h. Subsequently, the solvent was removed either
through evaporation or by subjecting the mixture to vac-
uum conditions. The resulting dry residue (ultrafine mix-
ture) underwent heat treatment within an inert gaseous
medium or under vacuum at conditions at temperatures
ranging from 1250 to 1600 °C.

It is intriguing to note that in nearly all the aforemen-
tioned publications, the authors carried out calculations
based on reaction (8) during blend preparation. Conse-
quently, they hold the belief that the reduction of zirconium
carbide from the oxide takes place through solid carbon,
rather than involving carbon monoxide CO.

Vapor deposition

Zirconium carbonitride ZrC , N, was synthesized
within a nitrogen-hydrogen plasma flow through the reduc-
tion of zirconium oxide ZrO, with propane-butane [66].
The content of impurities (ZrO, and free carbon, C; )
within the resulting reaction products ranged from 16.88
to 19.95 wt. %. One potential explanation for such a high
impurity content lies in the considerable thermodynamic
stability exhibited by zirconium oxide [11]. The average
particle size of the synthesized material measured around
50 nm. It’s essential to highlight that the exhaust gases
produced during this process contain toxic hydrogen cya-
nide. Additionally, observations indicated that the zirco-
nium carbonitride powders, when exposed to air, exhibited
a pronounced propensity for oxygen and moisture adsorp-
tion.

Synthesis through salt melt electrolysis

In [97], zirconium carbide powder with particle size
ranging from 60 to 100 nm was successfully produced
through electrolysis in a calcium chloride melt at a temper-
ature of 1123 K (850 °C). A compressed mixture of ZrO,/C
was utilized as the anode, and the process ran for a dura-
tion of seven hours.

In several of the cited publications ([73 — 75; 78; 81; 84;
85; 89 —92; 95 —97], amounting to approximately 65 %

of the total references), no information regarding the con-
tent of impurities in the final product was provided.

- CONCLUSIONS

This text discusses refractory oxygen-free metal-like
compounds, specifically chromium and zirconium carbides,
highlighting their properties and applications. Chromium
and zirconium carbides are characterized by high thermal
and electrical conductivity, notable hardness, and chemical
inertness. They find application across various engineering
fields, such as abrasives, wear-resistant ceramics, and com-
ponents in surfacing materials. Chromium carbide is utilized
in tungsten-free hard alloys and carbide steels. Zirconium
carbide shows promise as an inhibitory additive in hard
alloy production and can function as a catalyst in organic
synthesis. The methods for preparing these compounds are
detailed and analyzed, outlining their distinctive features.

The majority of research on the synthesis of chromium
and zirconium carbides focuses on their production from
simple substances through carbothermal and metallother-
mal processes. Limited information exists on the prepara-
tion of these compounds via vapor-gas deposition. A note-
worthy observation is that many cited publications lack
details about the purity of the reaction products, often
relying solely on X-ray phase analysis to gauge the comp-
leteness of the carbide formation processes. A plausible
mechanism for the formation of these compounds involves
the transfer of oxide vapors to the surface of carbon mate-
rial particles, followed by subsequent chemical interac-
tion. Additionally, it’s conceivable that carbides may form
through direct contact between solid reagents.
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THERMODYNAMIC ASSESSMENT OF CONDITIONS
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Abstract. The paper considers theoretical issues of reduction of zinc and iron by carbon from oxides of concentrates and zinc-containing metallurgical

waste (dust and sludge of metallurgical furnaces). The described parallel reduction of zinc and iron by carbon from oxides undergoes with the formation
of solid metal solution of Fe—Zn containing up to 46 wt. % of zinc, melts and the vapor-gas phase of CO—CO,~Zn, the equilibrium composition of
which is determined by the temperature and zinc content in solid solutions and melts. The authors determined the activity and elasticity of zinc vapor
in solid solutions and melts of the Fe—Zn system and the activity of components in slag melts of the ZnO—SiO, system. Thermodynamic assessment
showed that in the absence of solid carbon, the reduction of zinc from oxide by carbon monoxide is possible at temperatures above 1320 °C, and
reduction by iron is possible in the temperature range of 1320—1500°C. During reduction from slag melts at reduced activity values of zinc and
iron oxides and elevated temperatures, reduction of zinc is carried out more efficiently than reduction of iron. In the presence of solid carbon in all
temperature ranges (ab(gve 620 °C) and concentrations of zinc and iron monoxides at values a, >0, a, , > 0.4, reduction of iron undergoes more
efficiently (AGy., <AGy,). In the case of co-reduction of iron and zinc, the primary reduction product is solid iron. Thermodynamically, the possible
introduction of zinc atoms into a solid solution of a-Fe is practically not realized due to the high elasticity of zinc vapor even at low concentrations
in the outer layers on the surfaces of crystalline nuclei of a-Fe, which causes the possibility of a sufficiently deep degree of reduction and sublimation
of zinc during its carbon-thermal reduction from concentrates and waste from metallurgical enterprises.

Keywords: zinc, metallurgical zinc — containing wastes, state diagrams of Fe — Zn, Fe — Zn — O — C, ZnO - SiO, systems, zinc activity in solid solutions

and Fe — Zn melts, component activity in slag melts, zinc vapor elasticity over solid solutions and melts of Fe — Zn
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TEPMOAUHAMMYECKAA OLEHKA YCNOBUIA
COBMECTHOTIO BOCCTAHOBNIEHUA LWMHKA U XEJIE3A
YINEPOAOM U3 OKCUAOB KOHLUEHTPATOB
M OTXOA0B METANNTYPITMYECKUX MPOU3BOACTB

H. ®. fixymesuy, E. B. [lporononos ©, M. B. TemiaHueB, U. B. CTpokuHa

Cubupckuii rocy1apcTBeHHbINH HHAYCTPpUAILHBIH yHuBepcuTeT (Poccus, 654007, Kemeposckas 061. — Kyszbacc, HoBoky3Hellk,
yi. Kupoga, 42)

&) protopopov@sibsiu.ru

AHHomaqu PaCCManI/IBaIOTCSI TCOPETUYCCKHUEC BOIIPOCHI BOCCTAHOBJICHMUS IIUHKA 1 JKEJIC3a YIIICPOAOM U3 OKCHJI0B KOHLICHTPATOB U IIUHKCOACPIKAIIIUX

METaJUTyPrU4eCcKUX OTXOMOB (IbUIM M IUIAMbl METAJUTyprudeckux mneveif). IlokazaHa BO3MOXXHOCTb HapaJuIeIbHOTO BOCCTAHOBJICHMS IIMHKA
W KeJe3a YIIEPOJOM M3 OKCHJIOB C 0Opa30BaHMEM TBEPIBIX METALNIMYECKHX pacTBopoB Fe—Zn, comepxammx 1o 46 % nuHka (o macce),
pacniaBos 1 naporaszoBoit ¢assl CO—CO,—Zn, paBHOBECHBIH COCTaB KOTOPOH OMpEeNseTCs TEMIEPaTypoll M COIEPKaHMEM LIMHKA B TBEPAbIX
pactBopax u pacruiaBax. Onpe/eneHbl aKTHBHOCTH M YIIPYTOCTH T1apa IIHKA B TBEP/BIX PacTBOpAX M paciuiaBax cucteMbl Fe—Zn u akTuBHOCTH
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Axywesuy H.®., [Ipomononos E.B. u dp. TepMoariHaMUyecKas OLleHKa YCJI0BUH COBMECTHOI0 BOCCTAHOBJIEHUS LIMHKA U KeJle3a YIJIEPOJOM ...

KOMIIOHEHTOB B LLIAKOBBIX paciuiaBax cucteMbl ZnO—SiO,. TepMoauHamMudecKas OlEHKa MOKa3bIBACT, YTO NP OTCYTCTBMHU TBEPIOTO yIIEPOja
BOCCTAHOBJIEHHE IIMHKA M3 OKCHIa okcuaoM yriepona CO Bo3MOkHO npu Temmneparypax Bbiiie 1320 °C, a BOCCTaHOBIEHHE KEJIE30M BO3MOXKHO
B uHTepBasie temneparyp 1320 — 1500 °C. IIpu BOCCTaHOBICHMH U3 IIIAKOBBIX PACIUIABOB IPU MOHMKEHHBIX 3HAYCHUSIX aKTUBHOCTEH OKCHIOB
IUHKA ¥ JKele3a U IOBBIIICHHBIX TEMIEpaTypaX BOCCTAHOBICHHE IMHKA OCYLIECTBISICTCA Ooxee 3((EKTHBHO, YeM BOCCTAHOBIICHHE JKEJIe3a.
B npucyrcTBuM TBEpAOro yriepoja BO Bcex JuarazoHax temmneparyp (Boie 620 °C) u koHUeHTpauui okcuaoB muHka ZnO u xenesa FeO npu
3HAYEHUSX a, >0, ap > 0,4 BocCTaHOBJIEHHUE Kee3a MPOXomuT Oonee 3PHeKTHBHO (AG;30<AG;,,0). [Ipn coBMECTHOM BOCCTAHOBICHUH
HKeJle3a U IIMHKA TIEPBUYHBIM MTPOAYKTOM BOCCTAHOBJICHUS SBJISIETCS TBEPAOE XKele30. TepMOAMHAMUUECKH BO3MOXHOE BHEIPEHUE aTOMOB LIHKA
B TBEpJBIH PAaCTBOP 0-xKelle3a MPAKTHUECKH HE pealn3yeTcs U3-3a BBICOKOH YIPYTOCTH Mapa IMHKA y)Ke IIPH HeOONBIINX €ro KOHIEHTPAIHAX B
HAPYXKHBIX CJIOSX HAa MOBEPXHOCTSAX KPUCTAIMYECKUX 3apObILIEH o-)Kese3a, YTo 00yClIaBIuBaeT BO3MOKHOCTh JOCTATOYHO ITyOOKOH cTeneHH
BOCCTAHOBJICHHUS U BO3TOHKH IIMHKA IIPH YIIIEPOAOTCPMUIECKOM BOCCTAHOBICHUH €T0 I3 KOHIIEHTPATOB M OTXOI0B METaJLTyPIUYeCKUX IPOU3BOLCTB.

Karoueevle c108a: 1MHK, METAIUTPIUYECKHUE IIMHKCOJEPKAIME OTXO/bI, TUarpaMMBbl cocTosiHus cucteM Fe—Zn, Fe—Zn—0-C, ZnO-SiO,, akrus-
HOCTH LIMHKA B TBEPJBIX pacTBOpax M pacmiaBax Fe—Zn, akTHBHOCTH KOMIIOHEHTOB B IIJJAKOBBIX pacIijiaBax, YIPYrocTh apa LUHKA HaJl TBEPABIMHU

pacTBopaMu M pacruiaBamu Fe—Zn

JAaa yumuposanus: Sxymesuu H.®., [Iporononos E.B., Temnsnnes M.B., Ctpokuna W.B. TepmoauHamuyeckas OLEHKa YCIOBHIA COBMECTHOTO
BOCCTAHOBJIEHHs LIUHKA U KeJie3a YIIEPOJOM U3 OKCHJIOB KOHIEHTPATOB M OTXOI0B METAJIyprUueCKUX MPOU3BOIACTB. M36ecmus 6y306. Yephnas
memannypeust. 2023;66(4):459-470. https://doi.org/10.17073/0368-0797-2023-4-459-470

[ INTRODUCTION

The reduction of zinc by carbon from concentrates or
metallurgical waste (dust, sludge) constitutes the primary
intermediate stage in the technologies for producing zinc
and zinc oxide (Zn0O). Various technological options are
known, implemented at temperatures ranging from 1100
to 1290 °C, including heat treatment in drum furnaces
(Waelz process), multi-hearth shaft furnaces (PRIMUS
process), ring furnaces (DRIVIRON process), and others.
Typically, these technologies facilitate the “distillation”
of zinc obtained during the vapor reduction process. Sub-
sequently, the captured zinc vapor is condensed in appa-
ratuses, or zinc oxide is obtained in the form of a pulver-
ized concentrate containing up to 65 wt. % (rotary kilns)
or up to 96 wt. % (multi-hearth furnaces) zinc oxide sui-
table for the production of electrolytic zinc metal. These
zinc oxide products find application in various industries,
including paint, rubber, etc. [1 — 3].

The residue remaining post zinc distillation, com-
monly in the form of slags containing up to 30 % iron
or metallized pellets, which may contain up to 50 %
(PRIMUS process) or up to 96 % (DRIVIRON process)
of reduced iron metal, serves as raw material in the smel-
ting of cast iron, steel, and ferroalloys [2].

Despite the requirement for theoretical justification
for numerous technological variants, the parameters
of most utilized modes are established upon the findings
of kinetic studies on the reactions involving iron and zinc
oxides with carbon dioxide. The practical determination
of suitable parameters and designs for the involved units
is crucial in this context.

A comprehensive thermodynamic analysis of the co-
reduction of iron and zinc oxides is notably lacking, with
insufficient consideration given to the formation of solid
solutions and Fe—Zn melts, as well as chemical compounds
like ZnO-Fe, O, (zinc ferrite), (Mn, Zn)Fe,O, (franklinite),
Zn0O-Fe,0,—-2Zn0-5F¢,0,solutions. Additionally, there is
an absence of information on the activities of components
in Fe — Zn solid solutions, metal and slag melts, or the com-
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position of the vapor-gas phase above these solutions and
melts. The simplified schemes outlining the multiparam-
eter mechanism of physicochemical interactions within
the Fe—Zn—C—0O system do not provide adequate guid-
ance for accurately selecting the parameters of the techno-
logical regime for a specific process.

This study focuses on conducting a thermodynamic
assessment of the conditions for co-reduction of zinc and
iron by carbon, utilizing oxides present in metallurgical
production waste such as dust and sludge. These waste
materials are generated during the melting of cast iron
and steel in electric arc steel-smelting furnaces and con-
verters.

[l THERMODYNAMIC ANALYSIS

Table presents the approximate composition of zinc-
containing materials used in carbon-thermal reduction
processes [1; 2; 4; 5].

According to [6], zincite (ZnO) and hematite (Fe,O,)
combine to form the compound zinc ferrite (ZnO-Fe,0,),
or franklinite (Zn, Mn)Fe,O, in the presence of man-
ganese oxide MnO. This compound remains stable in
the temperature range of 700 — 1100 °C. These com-
pounds, particularly with an excess of Fe,O,, create
solid solutions of hematite — ferrite (or franklinite) up
to the stoichiometric ratio of 2ZnO + 5Fe,O,. These
solutions maintain the spinel structure in its pure form up
to 1100 °C. If the Fe,0,:Zn0 ratio exceeds 2.5, sintered
products contain magnetite (Fe,0,), is present in the sin-
tered products; whereas a ratio lower than 1.0 results in
the presence of zincite.

In dusts from arc steel smelting furnaces, characteri-
zed by 50 - 60 % Fe,0,, 0.5 4.0 % MnO and approxi-
mately 10 — 25 % ZnO [1; 2] (with a Fe,0,:(ZnO + MnO)
ratio > 3), franklinite and magnetite are consistently pre-
sent. Notably, FeO and ZnO are typically absent under
these conditions.

The co-reduction of iron and zinc from dust waste
follows a complex multi-stage scheme. At the first stage,
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within a reducing atmosphere, zinc ferrite readily under-
goes decomposition through the reaction

Zn0Fe,0, + 1/3C0 = ZnO +2/3Fe,0, + 1/3CO,. (1)

At the second stage, higher iron oxides present in zinc-
containing materials, along with the magnetite formed
during the ferrite decomposition, are reduced by gaseous
carbon monoxide CO in accordance with the reactions:

3Fe,0, + CO = 2Fe,0, + CO,; @)
Fe,0, + CO = 3Fe0 + CO,. 3)

Reaction (3) is achieved at 550 °C when the carbon
monoxide content (in the gas phase composed of CO
and CO,) is approximately 50 %. At 640 °C, the equi-
librium P, is roughly 0.4. At higher temperatures,
reaction (3) can occur at low concentrations of carbon
monoxide (CO): at 1000 °C P, = 0,2 atm; at 1200 °C
P.y=0.1 atm [7].

At the third stage, reduction of iron from wustite with
carbon monoxide CO occurs through the reaction

FeO(s) + CO = Fe(s) + CO, 4)

this reduction process takes place at elevated concentra-
tions of carbon monoxide CO in the gas phase. Specifi-
cally, at 700 °C P, > 0.6 atm, CO:CO, = 1.5; at 400 °C
P.,>0.68 atm, CO:CO, = 2; at 1300 °C P, > 0.76 atm,
CO:CO, = 2.7 [8]).

The reduction of zinc from oxide occurs through
the reaction

ZnO(s) + CO = Zn(l, g) + CO,, (5)

however, this process is intricate due to intense zinc evap-
oration and the formation of a-Fe—Zn solid solutions and
Fe—Zn melts.

In the presence of solid carbon or the potential for
its formation during the decomposition of carbon mon-
oxide (CO), the reduction of oxides at all stages can be
achieved through direct contact interaction with solid
carbon, known as direct reduction. Thermodynamically,
this process is more favorable; however, its efficient
implementation requires fine grinding and thorough mix-
ing of the reagents to maximize the interaction surface.
The composition of the equilibrium gas phase in this case
is constrained by the equilibrium of the Boudoir reaction

CO, +C =2CO. (6)

For the practical implementation of carbon-ther-
mal reduction technologies, it is crucial to determine
the parameters of phase-chemical interactions occurring
at the third and final stage of the process.
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The thermodynamic analysis was based on the follow-
ing initial data: one of the latest versions of the state dia-
gram of the iron—zinc system [9], which notably differs
from those previously presented in reference literature
(refer to Fig. 1 in [10]); the phase chemical equilibrium
diagram of the Fe—C—0O system (see Fig. 4 in [11]); and
reference data concerning the thermodynamic properties
of iron, zinc, and carbon oxides [12 — 14].

According to the state diagram of Fe—Zn alloys [9], zinc
undergoes melting at a temperature of 419.6 °C (forming a
eutectic with less than 0.1 % Fe at 419.4 °C). As the temper-
ature increases to 531 °C, the solubility of iron in the zinc
melt rises, reaching approximately 2.5 %. Upon exceed-
ing the equilibrium iron concentrations, a solid solution,
known as the { phase (Zn = 94 + 97 %), precipitates from
the melt. At 531 °C, the { phase undergoes decomposition
through a peritectic reaction, giving rise to the 6, phase
(solid solution Zn = 88 +92 %). The 6, phase coexists
with the “I",” phase (81 — 86 % Zn), until 550 °C, at which
point it decomposes, forming the “I"” phase. The “I"” phase
coexists with the § and a-iron phases up to 667 — 780 °C.
In the temperature range of 667 — 780 °C, it coexists with
a-ferrite and a liquid melt containing iron ranging from 2.5
to 8.5 %. At 780 °C, the “I"” phase undergoes decomposi-

Zn, at. %
0 10 20 30 40 50 60 70 80 90 100
1600 —— T T T T L —
1538 °C
1500
1400
1300
1200
O 1100
£ 1000
] 912 °C
3 900
g
S 800
770 °C
700 -
| 550°C
600 Magnetic transition | s31°C
500 - r_| 419.4°C
400 | 419.58 °C
<—(Zn)
300 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Fe Zn

Zn, wt. %

Fig. 1. State diagram of the Fe—Zn system:
--=- —zinc activity in solid solutions and Fe—Zn melts;
—— — P, —elasticity of zinc vapor over Fe—Zn solid solutions;
——— —a,, — Fe—Zn solid solutions

Puc. 1. /luarpamma cocrosiuusi cuctemsl Fe—Zn:
-== — aKTMBHOCTH IIMHKA B TBEP/BIX pacTBOpax u pacruaBax Fe—Zn;
—— — P, — ynpyrocTs napa I{HKa HaJl TBep/bIMU pactBopamu Fe—Zn;
— == — 0, — TBEpABIE pacTBOPLI Fe—Zn
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tion through a peritectic reaction into a liquid melt con-
taining approximately 8 % iron and a solid solution based
on o ferrite with a zinc content of 46 %. At temperatures
lower (300 °C) and higher (up to 1535 °C), the zinc con-
tent in the ferrite solution decreases nearly to zero. Con-
sequently, the region of Fe — Zn solid solutions extends
within the range of zinc concentrations of 0—46 % in
the solution and temperatures of 0 — 1535 °C. Addition-
ally, there exists a broader two-phase region, encompass-
ing iron-based solid solutions containing 0 — 46 % Zn and
liquid Fe — Zn melts with a zinc content ranging from 0
(at 153 °C) to 92 % (at 780 °C).

Fe—Zn solid solutions based on a ferrite undergo
a magnetic transformation within the temperature range
of 769 °C (0 % Zn) to 623 °C (20 % Zn).

Zinc exhibits high vapor elasticity, and its vapor pres-
sure above pure zinc follows the equation

lgP,, =—%+5 423,

according to this equation P, =0.1atm at 720 °C,
P, =1latm at 907°C, P,=10atm at 1183°C,
P, =57 atm at 1500 °C. Equilibrium zinc vapor pres-
sures above solid solutions of a-Fe — Zn and melts vary in
accordance with changes in the activity of zinc in them and
temperature, described by the equation a, = f(x,,, 7).

Due to the lack of data on the activities of components
in the Fe—Zn system, the Fe—Cu system was employed as
a prototype. In the Fe—Cu system, a broad range of solid
solutions based on a-Fe—Cu ferrite (Cu = 0 + 8 %) exists,
bordering in the temperature range of 1094 — 1484 °C
with an even wider two-phase region: solid solution
(0-Fe)—melt (Cu =8 0, 0c) % 97194+ %0) [10]. Substan-
tial positive deviations from Raoult’s law are observed
in Fe—Cu melts. At 1550 °C in Fe—Cu melts with a cop-
per content of 0—-4 % y., =10.1. With an increase in
the concentration of copper in the melt, the activity
of copper decreases: at x., =0.1(10%) —y., =54,
a., =056, at x.,=02(18%) -y, =138,
ac,=0.71; at x., = 0.4 (37 %) — v, =2.0, a., = 0.8; at
Xe, = 0.8 (70 %) — v, = 1.2, a., = 0.89 [15]. It is note-
worthy that in homogeneous melts with positive devia-
tions from Raoult’s law, these positive deviations increase
as the temperature decreases. When the concentration
dependence lines reach a, = f(x,, T) = const for composi-
tions corresponding to x, of the liquidus at a given tempe-
rature, the values of a, within the two-phase region remain
constant until the x; of the solidus is reached. Simulta-
neously, positive deviations from Raoult’s law increase
even more. Furthermore, the activity of components in a
homogeneous solid solution decreases as their concentra-
tion in the solution decreases.

The values of activities and activity coefficients
of zinc in Fe—Zn solid solutions and melts, as per these
assumptions, are depicted in Fig. 2.

In melts with high zinc content (more than 50 %), zinc
activity coefficients exhibit minimal deviation from unity,
and zinc activities demonstrate slight positive deviations
from Raoult’s law. In solid solutions with a zinc content
ranging from 5 to 25 % and temperatures between 1000
and 1400 °C, the activity of zinc varies from 0.5 to 0.9,
and the activity coefficients are y, =5 +9, indicating
substantial positive deviations from Raoult’s law.

Consequently, even above solid solutions (a-Fe, Zn)
containing relatively small amounts of zinc (5 — 10 %),
the vapor pressure of zinc is substantial. The equilibrium
values of zinc activities in solid solutions and melts,
along with the vapor pressure of zinc above solid solu-
tions, are plotted on the state diagram of the Fe—Zn
system (Fig. 1). Based on the provided data, it can be
inferred that at a zinc content in the o-iron solid solu-
tion of 5 — 10 %, the vapor pressure of zinc at t =~ 1050 °C
reaches 0.5 atm, and at 1300 °C, it surpasses 1 atm. As
the zinc concentration in the solid solution increases,
the vapor pressure of zinc also increases. For instance,
t =~ 1050 °C, it attains 0.1 atm and 0.5 atm at 5 and 20 %
zinc content, respectively.

The outcomes of thermodynamic analysis of the reduc-
tion of iron and zinc from oxides are depicted in Fig. 3
as dependences of the functions AG® =f(T), reduced
to 1 mole of oxygen in the initial gas phase for oxide for-
mation reactions, and the corresponding number of moles
of the initial oxide for reduction reactions.

The reduction of iron from wustite by carbon monoxide
CO through reaction (4)

2FeO(s, 1) + 2CO = 2Fe(s) + 2CO,

initiates at 580 °C in the absence of solid carbon (point
F in Fig. 3, where the lines AG® = f(T) for reactions (6)
and (7) intersect):

2C0 +0,=2C0,;
2Fe(s) + O, = 2Fe0(s). (7)

For reaction (4) at =580 °C AG(4 0 ((point F)
PeoiPey =1, Py =107 atm; at 1=1200°C AG, =

co'"co, 0,
=-25kJ; att=1500 °C AG(4 -55 kJ.
The reduction of zinc from zincite by carbon mo-

noxide CO through reaction (5)
2Zn0(s) + 2CO = 2Zn(g) + 2CO,

commences at higher temperatures. For the point L’
in Fig.3 ¢, ~1320°C, AGy5 =0, P, =107 atm; at
t=1500°C AG y=—55kl. At t= 1500 °C the lines
AG® =f(T) for reactlons (4) and (5) at intersect at AG(4
AG(5 —55 kJ (point D in Fig. 3).
At temperatures lowef than 1500 °C AG(4)<AG
at > 1500 °C AG5 <AG,. It can be assumed that in
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Fig. 2. Dependence of zinc activity and activity coefficient on composition and temperature
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the temperature range of 1320 — 1500 °C, under the con-
ditions of a reducing atmosphere required for the pro-
duction of iron metal by reaction (1) — (PCO PCO >1,
P, <107* atm), reduced iron can act as a zinc- reducmg
agent from zincite. At higher temperatures, zinc vapor
can reduce iron from wustite:
Fe(s, 1) + ZnO(s)%Zn(g) +FeO(s, 1). (8)
Thus, the reduction of zinc from zincite by carbon
monoxide CO is possible only at temperatures above
1320 °C (400 °C above the boiling point of zinc), with
zinc obtained only in the vapor state. In practice, reac-
tions (4), (5), and (8) proceed in parallel, and the reduced
iron acts as a catalyst for reaction (5). The practical real-
ization of the indirect reduction process is not realistic
due to the low values of AG® for reactions (4), (5), (8).
The processes of iron and zinc reduction from oxides
by solid carbon are governed by reactions (9) and (10):

2FeO(s, 1) + 2C(s) = 2Fe(s, 1) + 2CO; 9)

27Zn0(s) + 2C(s) = 2Zn(l, g) + 2CO. (10)

The initiation of reduction for reaction (9) is cha-

racterized in Fig. 3 by point 4: the intersection of lines

AG®° = f(T) for reactions (6) and (11):

2C+0,=2C0, (11)

for reaction (10), it is marked by point K: the intersection
of lines AG® = f(T) for reactions (11) and (12):

2Zn(g) + O, = 2ZnO(s). (12)

Parameters of point A:t, =650 °C, P PCO 1.1,

~ 102! atm; AG(Q)Start O (pomt A"); for p01nt K:
tan = 960 °C (approx1mately 330 °C lower than for reac-
tion (5)), P =102, Py =10 Yatm; AGlOStart 0
(point K).

Above 960 °C, in the entire temperature range, reac-
tion (9) has a significant advantage over reaction (10)
(AGg,— AGj5)=—80 kJ).

During the co-reduction of iron and zinc, the presence
of carbon facilitates the formation of the ternary carbide
Fe,ZnC [12]. This carbide coexists at temperatures of at
least 780 °C with a-iron (with a zinc content in a solid
solution based on a-iron lower than 46 % and carbon
higher than 4 %) and the “I"” phase with a zinc content
of 71 —74 %. The “I"” phase decomposes at 780 °C
through a peritectic reaction (13) with the formation
of a-iron and a liquid phase containing approximately
7 % Fe, 89 % Zn, 4 % C

CO CO

“T” — (o-Fe + Zn) + 1. (13)

The presence of carbon restricts the reduction pro-
cesses by limiting the composition of the gas phase
(CO:CO, ratio) in accordance with the equilibrium con-
stant of the Boudoir reaction (6).

The presented volumetric diagram (Fig. 4, face A)
indicates that in the presence of solid carbon, the reduc-
tion temperature of iron from wustite corresponds
to 7.~ 690 °C (for the formation of cementite Fe,C
liar = 680 °C) with the CO:CO, ratio in the gas phase
approximately 1.5. In the presence of excess carbon,
the concentration of carbon monoxide CO in the gas phase
aligns with the equilibrium for reaction (6). The CO:CO,
ratio at 690 °C is approximately 1.5; at 900 °C, it is
approximately 19; at higher temperatures, the content
of carbon monoxide CO is almost 100 % (CO:CO, > 10?)
(Fig. 4).

Similarly, during the reduction of zinc by car-
bon according to reaction (10) at the start temperature
of the reduction 7 ~ 960 °C and higher CO:CO, > 107,

It is worth noting that at low temperatures (below
1200 °C), the activities of iron and carbon show slight
deviations from their molar concentrations [14], and their
variations in Fe—Zn solid solutions and melts do not sig-
nificantly affect the equilibrium of reactions (9) and (10).

During the carbothermal co-reduction of a mixture
of zinc and iron oxides, the primary reduction product
consists of crystalline iron nuclei formed by reactions (1)
(in the temperature range 580 — 1535 °C) and (5) (above
700 °C until the formation of the iron-carbon melt).
The reduction of zinc with its transition into iron nuclei,
along with the formation of solid solutions based on
a-iron, begins almost simultaneously with the emergence
of a new phase (a-iron). This process is similar to what
occurs during the co-reduction of manganese and silicon,
where primary small drops of metal (MnC ) with 5 -8 %
silicon are present [16]. In the melting of calcium car-
bide, in the primary drops of metal formed in the low-
temperature levels of the ore smelting furnace bath,
up to 8 % silicon in the ferrous alloy is also detected. It
is noteworthy that in Mn—Si and Fe—Si alloys, there are
strong negative deviations from Raoult’s law (yg, = 107),
and in Fe—Zn alloys with low zinc concentrations
(x,, <0.2), there are positive deviations vy, ., =4+ 10
(Fig. 2). Considering the high vapor elasticity of zinc and
the potential formation of low-melting films of melts on
the surface of a-iron nuclei, along with the intense evapo-
ration of zinc from their surfaces, and the kinetic chal-
lenges associated with zinc diffusion inside solid-phase
nuclei, it can be assumed that most of the zinc transitions
into the vapor-gas phase. Consequently, the equilibrium
states of solid metal — slag — gas are practically unattain-
able due to these factors.

The calculated thermodynamic parameters of the Fe—
—Zn—-0-C system are illustrated in Fig. 4. The analysis
reveals that achieving a concentration of 5+ 10 % Zn
in the a-Fe solid solution is possible at temperatures
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between 700 — 800 °C, with a, =0.9, and an equilib-
rium vapor pressure of zinc at approximately 0.01 atm
(Fig. 1). In surface films that are supersaturated with zinc
P, > 0.1 atm, reaching 1 atm at 1300 — 1200 °C.

[ RESULTS AND DISCUSSION

The feasibility of co-reducing iron and zinc, leading
to the formation of Fe—Zn solid solutions, is highly con-
tingent on various factors such as temperature, heating
rate, isothermal holding time, solubility, and the energy
of formation of solutions.

For instance, when carbon interacts with silica par-
ticles smaller than 100 um, the reduction rate increases
by 2 — 3 orders of magnitude [17].

It can be postulated that factors such as the degree
of grinding, mixing, and compacting of reagents, involv-
ing briquetting and agglomeration, could lead to a
substantial increase in the reaction surface area. This
increase, accompanied by elevated excess energy due
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to mechano-energetic activation during mechanical pro-
cesses, might result in a lower initiation temperature for
the co-reduction of iron and zinc, a rapid acceleration
of reactions, and the potential formation of Fe—Zn solid
solutions with a notably high concentration of zinc.

The optimal mixing of iron and zinc oxides is achieved
when the components are combined at the molecular level
in chemical compounds such as ferrite and franklinite,
or at high temperatures in slag melts. Research [1] has
demonstrated that zinc recovery from ferrite occurs more
rapidly and at lower temperatures (~800 °C) compared
to pure zincite (~1000 °C). Even at temperatures between
800 — 900 °C, zinc is significantly reduced (at 800 °C
P, ~ 0.6 atm; at 900 °C P, > 0.9 atm).

The reduction of iron and zinc from slag melts by
carbon monoxide CO is influenced by temperature,
the composition of the gas phase, the melt composition,
and, consequently, the activity of FeO oxide in the melt.
Additionally, it depends on the physical characteristics
of the melt, including homogeneity, viscosity, interfa-
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cial surface tension between slag-metal and slag — gas,
the degree of surface interaction influenced by the amount
of slag and gas, as well as the degree of bubbling and
emulsification of heterogeneous slag.

When reducing iron and zinc from slag with solid car-
bon, properties of the carbon reducing agent, including
reactivity, porosity, density, fractional composition, and
wettability with metal and slag melts, become significant
factors.

In the FeO — SiO, system slags saturated with silica,
the activity of iron oxide FeO when its content in the melt
is 0-55% (xp,o<0.5) exhibits little dependence on
the composition and temperature (at 1350 — 1600 °C
g = 0.36 = 0.37[10; 18]. Inthe presence of basic oxides,
for example, like slags of the FeO-Si0,—(CaO + MgO)
system, positive deviations from Raoult’s law are observed
at 1600 °C in the FeO concentration range of 0 — 50 %,
with the magnitude increasing with higher slag basicity
R = Ca0:Si0, and lower temperature. For instance, at
1600 °C in slags saturated with silica (SiO, = 50 + 60 %),
and iron oxide FeO content of 10, 20, 30 and 40 %,
the activities ag , are 0.15, 0.29, 0.45, and 0.55, respec-
tively. Increasing slag basicity R to 1 results in approxi-
mately a 1.5 times increase in the activity of iron oxide.
Similar findings were obtained in [1; 19] at 1250 and
1200 °C for slags containing 25 — 60 % FeO with basi-
city ranging from 0.33 — 1.0.

Therefore, from slags with R < 1 ata , <1 the reduc-
tion of iron by carbon monoxide CO is more challenging
compared to pure oxide.

A similar conclusion can be drawn regarding reac-
tion (5). The shift of lines of equilibrium AG® = f(T) for
reaction (4) at a, , = 0.4 is shown in Fig. 3.

In most carbothermal technological processes designed
for zinc recovery from concentrates and industrial waste
(e.g., Waelz process, PRIMUS, etc.), measures are taken
to prevent the formation of large amounts of low-melting
liquid metal and complex oxide eutectic melts at process
temperatures ranging from 1150 — 1250 °C. This is achieved
by incorporating sand and an excess (up to four times
the stoichiometric requirement) of a larger (up to 5 mm)
carbonaceous reducing agent into the charge mixture as
thickeners. The addition of these thickeners results in
the formation of a viscous heterogeneous slag with a high
content of silicon oxide (up to 30 — 40 %), leading to a sig-
nificant decrease in the activity of the main oxides, includ-
ing ZnO, in the slag. This complicates the recovery of zinc.

The interaction between zinc and silicon oxides gives
rise to a double chemical compound, 2Zn0O-Si0, com-
monly known as willemite, with a ZnO content of 73 %.
Willemite undergoes congruent melting at 1512 °C and
forms eutectics with ZnO (SiO, — 21 %, t = 1505 °C) and
with SiO, (Si0, — 43 %, t = 1430 °C) (Fig. 5, a). At tem-
peratures below 1430 °C within the ZnO concentrations
in the range of 0 — 73 %, only solid phases coexist in
the ZnO-SiO, system: SiO, and 2Zn0O-Si0,.

In the presence or addition of basic oxides (CaO,
MgO, FeO, MnO) to the charge mixture, the melting tem-
perature of the slag decreases (in the e, — E, direction, as
shown in Fig. 5, a) reaching the temperatures of ternary
or more complex eutectics (around ~1000 °C), and even
lower in the presence of Na,O (down to 800 °C). This can
lead to the formation of complex zinc-containing com-
pounds, such as xMeO-yZnO-zSiO, (x, y,z= 1 or 2).

The activity of zinc oxide a,, in eutectic melts can
vary significantly and reach 0.1, significantly complicat-
ing the reduction of zinc. Fig. 3 illustrates the change
in the parameters of the function AG® = f(T) for reac-
tion (10) at a, =1 and a, =0.1. At 1200 °C, the dif-
ference between AG, ata, =1and a, =0.1is ~30 %
(70 and 50 kJ). It has been observed that in slags with a
zinc content of 0.5 — 10 %, the replacement of calcium
oxide with iron oxide FeO does not alter the activity coef-
ficient of zinc oxide. However, a change in the content
of the mole fraction of silicon oxide from 0.26 — 0.30
to 0.35 — 0.40 reduces the activity coefficient of zinc
oxide by 2.1 — 2.5 times. Further increases in the SiO,
content in the slag to 44 — 46 mol. % (slags saturated with
silica) does not affect the value of the activity coefficient
of zinc oxide.

Changes in the activities of components in
the ZnO-Si0O, system at 1500 and 1600 °C are shown
in Fig. 5, b (the diagram shows isoactivity lines
a0 =f(xSi02, t=const) and a,, =f(xSi02, t = const)
(Fig. 5, @). The presence of two phase regions in
the state diagram of the ZnO — SiO, system determined
the sign alternating dependence of the activity isotherms
of the components and their intersection with the lines
of Raoult’s law at points R,(a, = x,, y, = 1), which makes
it possible to fairly correctly represent the course of acti-
vity isotherms [10].

It was demonstrated in [20] that in three-compo-
nent (and more complex) systems, even in acidic slags
(at the line of saturation with silica) with the addition
of basic oxides (CaO, MgO, etc.), their activity in pri-
mary slags formed at the beginning of melting change
by orders of magnitude (from 0.1 — 0.6 to ~0.001). Accu-
rate information for a specific technological option and
a given mode (charge composition, temperature) can be
obtained through experimental studies.

- CONCLUSIONS

Utilizing existing reference data and kinetic studies,
a thermodynamic assessment of the co-reduction condi-
tions of zinc and iron by carbon from oxides present in
concentrates and by-products of metallurgical processes
(such as dust and sludge generated during steel melting
in electric arc furnaces and converters) was conducted.

Graphs depicting the zinc activity in solid metal solu-
tions based on o-iron and Fe—Zn melts were created, illust-
rating their composition and temperature dependence.
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Fig. 5. Diagram of the state of the ZnO—SiO, system (@) and the activity and activity coefficients of the components in the ZnO—SiO, system (b):
—0—— N'-N-N" -1, and ¢'~6—1, — boundaries of the two-phase zones | + ZnO(s)

Puc. 5. luarpamma coctostnus cuctembl ZnO—Si0O, (@) 1 akTHBHOCTH M KO()(QUIMEHTBI aKTUBHOCTH KOMIIOHEHTOB B cucteme ZnO—Si0, (b):
—0——~N'-N-N" -1 n6'—6—1,— rpanunsl aByxdasnbix obnacreii I + ZnO(s)

The absence of solid carbon in the system allows zinc
recovery from oxide by carbon monoxide CO at tempera-
tures above 1320 °C. However, with the presence of solid
carbon, zinc reduction can occur at lower temperatures

The activities of @, , and a, in ZnO—-SiO, homoge-
neous melts at 1500 and 1600 °C were also charted. It is
evident that in silica-saturated slags, the activity of zinc
oxides decreases from 0.37 at 1430 °C to 0.2 at 1600 °C.
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(300 — 350 °C). At 1200 °C and a, , =1 AG

at ~1350 °C AG ;=100 kJ. The reduction from slags at

10y = SOKJ,

a, . < 0.1 requires higher temperatures (by 150 — 300 °C,
respectively).

During co-reduction of zinc and iron from oxides

with solid carbon, the primary reduction product is solid
a-iron. At temperatures above 1000 °C, reduced iron acts
as a reducing agent and catalyst for the zinc reduction
reaction.

Zinc exhibits intensive evaporation from Fe—Zn

metal melts and o-Fe — Zn solid solutions, including solid
crystalline nuclei. Even with a zinc content in solutions
of less than 5 % at 1300 °C, the equilibrium pressure
of zinc vapor above the solutions reaches 1 atm, facili-
tating a high degree of dezincification of zinc-containing
concentrates and metallurgical waste through carbother-
mal reduction methods.
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Shartdinov R.R., Babenko A.A., etc. Physical properties and structure of boron-containing slags during reduction period of AOD process
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PHYSICAL PROPERTIES AND STRUCTURE OF BORON-CONTAINING SLAGS
DURING REDUCTION PERIOD OF AOD PROCESS

R. R. Shartdinov®, A. A. Babenko, A. G. Upolovnikova, A. N. Smetannikov

I Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences (101 Amundsena Str., Yekaterinburg 620016, Russian
Federation)
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Abstract. The effect of basicity and content of boron oxide on viscosity, crystallization temperature, phase composition, and structure of the
Ca0-S8i0,-B,0,-12 % Cr,0,-3 % Al,0,-8 % MgO fluorine-free slag system in the range of boron oxide content 3 —6 % and basicity 1.0 —2.5
is studied by vibrational viscometry, thermodynamic phase composition modeling (HSC Chemistry 6.12 (Outokumpu)), and Raman spectroscopy.
It was found that physical properties of the studied slags mainly depend on the balance between the degree of structure polymerization, nature
of the bond with it, and phase composition. With a low basicity of 1.0, slags are “long” and an increase in the content of boron oxide from 3 to 6 %
makes them more fusible, reducing the crystallization temperature of the slag from 1340 to 1224 °C, and its viscosity from 1.0 — 0.8 to ~0.25 Pa's
at 1600 — 1660 °C, despite the significant complication of the structure, reflected in the growth of the bridging oxygen index BO from 1.10 to 1.49.
With an increase in basicity, slags transfer from “long” to “short” and the content of calcium oxide increases, which, being a donor of free oxygen
ions (0%), acts as a modifier of the slag structure. Thus, with a basicity of B =(Ca0/SiO,) = 2.5, slags have a simpler structure (BO = 0.50 — 0.53)
relative to slags with a basicity of 1.0, while the addition of boron oxide complicates it only slightly (an increase in BO from 0.5 up to 0.53). Increasing
the concentration of B,O, lowers the crystallization temperature from 1674 to 1605 °C and the viscosity from 1.0 to 0.3 Pa's at 1660 °C as a result
of the formation of low-melting compounds (mostly 2Ca0-B,0,).

Keywords: AOD-slag, boron oxide, chromium oxide, structure, viscosity, phase composition, crystallization temperature
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OU3UYECKUE CBOMUCTBA U CTPYKTYPA BOPCOEPXALLUX LUTAKOB
BOCCTAHOBUTE/IbHOIO NEPUOAA AKP-NPOLLECCA

P. P. llapTauHoB ©, A. A. Ba6eHko, A. I. YiosioBHMKOBa, A. H. CMeTaHHHUKOB

HHeTHTYT MeTautypruu Ypaiabckoro otaejaenusi Poccuiickoii akagemun Hayk (Poccus, 620016, CeepmioBekas o61., Exarepun-
Oypr, yin. AmyrnceHna, 101)

&) rrshartdinov@gmail.com

AHHOmayus. BrnusHue OCHOBHOCTH M COZEPXKaHMS OKCHAa Oopa Ha BS3KOCTb, TEMIIEPATypy KPHCTAUIM3alMH, (a3oBbIH COCTaB M CTPYKTYpYy
Ge3@ropucteix muiakos cucrembl CaO—Si0,-B,0,-12 % Cr,0,-3 % Al,0,-8 % MgO B nuanasone comepxanus okcuna 6opa ot 3 jgo 6 %
u ocHOBHOCTH 1,0 — 2,5 ObLIM M3y4YeHBI TOCPEICTBOM BHOPAIIMOHHOW BHCKO3UMETPHHU, TEPMOJNHAMUUECKOTO MOJICIUpOBaHHUs (ha30BOro cOCTaBa
(HSC Chemistry 6.12 (Outokumpu)) 1 paMaHOBCKO# CLIEKTPOCKOIUH. BBIIO YCTaHOBJICHO, UTO (JH3HUESCKUE CBOMCTBA H3yYaeMbIX HIJTAKOB [JTABHBIM
00pa3oM 3aBUCAT OT 6anaHCca MEXK/Iy CTEIICHBIO MOIMMEPU3alluK CTPYKTYPhI, IPHPOABI CBA3H B Hell 1 (ha3oBoro cocrapa. [Ipu HU3K0H OCHOBHOCTH
(npumepHo 1,0) mIaKu sBISIOTCS «UTMHHBIMI» U POCT CoAepakaHms okcuza 6opa c 3 10 6 % nenaer ux 06os1ee 1erkoIIaBKUMU, CHUKast TEMIIEpaTypy
kpuctamm3anuu nutaka ¢ 1340 no 1224 °C, a Baskocts — ¢ 1,0 — 0,8 mpumepno mo 0,25 [1a-c npu temneparype 1600 — 1660 °C, HecmoTpst Ha
3HAYUTENBHOE YCIIOKHEHHE CTPYKTYpPbI, OTpakalolleecsi B pocTe MoKaszaTens MocTukoBoro kuciopona BO ¢ 1,10 no 1,49. C mnosblmeHneM
OCHOBHOCTH IIIAKK U3 «JIMHHBIX» IIEPEXOIAT B «KOPOTKUE». PacTeT comepikaHue OKCHOA KalblUs, KOTOPBIH, ABISACH JOHOPOM CBOOOIHBIX
HoHOB Kkuciopona (O%), BeICTyIaeT B poiy MOAu(HKAaTopa CTPYKTypsI 1uiaka. [Ipu ocHosroctu B = (CaO/Si0,) = 2,5 muaku obnanaior Goee

© R.R. Shartdinov, A. A. Babenko, A. G. Upolovnikova, A. N. Smetannikov, 2023 471


https://doi.org/10.17073/0368-0797-2023-4-471-478
mailto:rr.shartdinov%40gmail.com?subject=
mailto:rr.shartdinov%40gmail.com?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=AOD-slag
https://fermet.misis.ru/index.php/jour/search/?subject=boron oxide
https://fermet.misis.ru/index.php/jour/search/?subject=chromium oxide
https://fermet.misis.ru/index.php/jour/search/?subject=structure
https://fermet.misis.ru/index.php/jour/search/?subject=viscosity
https://fermet.misis.ru/index.php/jour/search/?subject=phase composition
https://fermet.misis.ru/index.php/jour/search/?subject=crystallization temperature
https://doi.org/10.17073/0368-0797-2023-4-471-478
mailto:rr.shartdinov%40gmail.com?subject=
mailto:rr.shartdinov%40gmail.com?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(4):471-478.
lllapmaduHos PP, babenko A.A.u dp. Pr3uyeckue CBOWCTBA U CTPYKTypa 60pcoepKalliyX MIJIAKOB BOCCTAHOBUTeIbHOTO epuoga AKP-nporecca

npocroit crpykrypoit (BO = 0,50 — 0,53) oTHOCHTENBHO HIJIAKOB ¢ OCHOBHOCTHIO 1,0, mpu 3TOM j00aBieHne OKcuaa Oopa YCIOKHSET ee JIMIIb
He3HAUUTENbHO (pocT mokasarens BO ¢ 0,50 no 0,53). Veenuuenne xonnentpanmu B,O; monmwkaer Temmeparypy Kpuctamwmsanuu ¢ 1674
1o 1605 °C u Baskocts — ¢ 1,0 10 0,3 Ia-c npu Temneparype 1660 °C B pesynbrate 00pazoBanus Jerkoniapkux coeaunenuii (2Ca0-B,0,).

Kawouesvie cnosa: AKP-ninak, okcu 60pa, OKCHI XpoMa, CTPYKTYpa, BSI3KOCTbh, (pa30BbIi COCTAB, TEMIIEpaTypa KpUCTaIIn3alni

BbaazodapHocmu: Pabora BbITIONHEHA B pAMKaX UCIIOIHEHHS TOCYAapPCTBEHHOTO 3a1aHust HCTUTYyTa MeTauTyprun Ypaibckoro oteneHus Poccuiickoit
aKaJeMHUH Hayk ¢ ucnonbzoBanneM obopynosanus LIKIT «Cocras BemectBa» MHCTHTYTA BRICOKOTOYHOMN 3JIEKTPOHHUKH Ypasbckoro otaeneHus Poc-

cuiickol akaJeMuH HayK.
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LIJIAKOB BoccTaHoBHTENbHOTO iepuofa AKP-nipouecca. Uszsecmus 8y306. Yepnas memannypeus. 2023;66(4):471-478.
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[ INTRODUCTION

Currently, the primary method employed for the smel-
ting of low-carbon stainless steel is the argon oxygen
decarburization (AOD). This technology, originated
by Union Carbide Corp. in the USA in 1968, became
widely adopted, and by the onset of the 215 century,
approximately three-quarters of all stainless steel pro-
duction used this technique [1].

The AOD process consists of two distinct phases: oxi-
dation and reduction. The primary objective of the oxi-
dation period is to decarbonize the metal by introdu-
cing a mixture of oxygen and inert gas, thereby attaining
the required carbon concentrations while minimizing
the oxidation of chromium. Subsequently, the reduc-
tion period ensues, during which the metal is purged
solely with inert gas to enhance mixing and reintegrate
oxidized chromium into the metal, accomplished through
the addition of aluminum or silicon additives. Concluding
the reduction phase, the metal undergoes desulfurization,
resulting in the formation of slag characterized by low FeO
oxide content and a basicity ranging from 2.0 to 2.5 [1].
Nevertheless, the effectiveness of achieving profound
metal desulfurization and the efficient reduction of chro-
mium is not solely dependent on the chemical activity
of the oxide system components; it also relies on creating
favorable kinetic conditions for the processes [1 — 3].

The kinetics of the processes involved in metal
desulfurization and chromium reduction are predomi-
nantly influenced by the fluid mobility of the generated
slags [1; 4]. The diffusion rates of sulfur and chromium
oxide within the slag are inversely proportional to its

viscosity [2]. To promote low viscosity in the resultant
slag, fluorspar is frequently employed as a flux [1; 5; 6].
However, the utilization of the CaF, compound poses
a significant drawback due to the generation of environ-
mentally harmful volatile fluorides at elevated tempera-
tures during the process [3; 7]. The advancement of this
process is accompanied by a reduction in the refining
properties of the resulting slags, an escalation in envi-
ronmental impact, and a corrosive effect on equipment.
Therefore, there is a need to develop refining slags with
enhanced fluid mobility that do not incorporate fluor-
spar. A viable solution to this challenge is the incorpo-
ration of boron oxide, which, through interactions with
the primary components of the generated slags, forms
low melting eutectics (CaO-B,0, and 2Ca0O-B,0O; with
melting points of 1130 and 1280 °C), ensuring heigh-
tened fluid mobility.

In this study, the viscosity (1), crystallization tempera-
ture (¢ ), phase composition, and structure of slags in the
Ca0-Si0,-B,0,-12 % Cr,0,-3 % Al,0,-8 % MgO
system were investigated across a range of boron oxide
content from 3 to 6 % and basicity levels of 1.0 —2.5. This
investigation employed vibration viscometry, thermody-
namic simulation of phase composition (HSC Chemistry
6.12 (Outokumpu)), and Raman spectroscopy.

- MATERIALS AND EXPERIMENTAL METHODS

In order to investigate the properties of slags within
the CaO-Si0,-B,0,-12 % Cr,0,-3 % Al,0,-8 % MgO
system, slags were prepared, and their composition out-
lined in Table 1.

Table 1

Composition of the experimental slags

Tabnuya 1. CocTaB IKCIEPUMEHTAIBHBIX IIJIAKOB

Slag Content in slag, % E ;o0
sample | CaO Sio, B,0, | MgO | ALO, | Cr,0, o

1 37.00 | 37.00 3 3 12 1.0 1340

2 52.86 | 21.14 3 3 12 25 1674

3 50.71 | 20.29 6 3 12 25 1605

4 3550 | 35.50 6 3 12 1.0 1224
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The slag was melted in a resistance furnace using
molybdenum crucibles in an argon atmosphere, with
oxides of analytical grade calcined for 2 —3 h at a tem-
perature of 800 °C (oxide B,O; at 100 °C).

Viscosity measurements of the resulting slags were
conducted employing a vibration viscometer [8] in
molybdenum crucibles under an argon atmosphere.
Temperature measurement was executed using a tung-
sten—rhenium thermocouple. The data obtained, char-
acterizing slag viscosity as a function of temperature,
were utilized to construct graphs in Inn — 1/7 coordi-
nates. The inflection point of the viscosity polytherms in
these coordinates, following Frenkel’s theory of viscous
flow, indicates the temperature at which slag crystalliza-
tion initiates [9].

Thermodynamic simulation of the phase composi-
tion of experimental slag samples was performed using
the HSC Chemistry 6.12 software package (Outo-
kumpu) [10].

The structure of experimental slag samples was exam-
ined using a U 1000 Raman microscope-spectrometer
with a laser featuring an exciting wavelength of 532 nm.
The resulting spectra are presented graphically within
the wavenumber range of 400 — 1500 cm™.

[ RESULTS AND DISCUSSION

The measured viscosity of the slags within the oxide
system under investigation is illustrated in Fig. 1, and
in Fig. 2, they are depicted in Inn — 1/T coordinates;
the onset temperature of crystallization was determined
based on the inflection in the dependency (Table 1).

Throughout the study, Raman spectra of the exami-
ned slags 1 — 4 were acquired (Fig. 3).

It is postulated that the extent of slag polymerization is
primarily influenced by the high-frequency silicate range
of 800 — 1200 cm™!, corresponding to [SiO,] tetrahedra.
For a comprehensive understanding of the slag structure,
deconvolution of the Raman spectra within this range
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Fig. 1. Dependence of slag viscosity (/ — 4) on temperature

Puc. 1. 3aBUCHMOCTb BA3KOCTH IITAKOB (/ — 4) OT TeMIeparypsbl

was conducted using the Gaussian method [11]. The dis-
tinctive peaks of elements Qg ([SiO,] with the number
of bridging oxygen n) and others are detailed in Table 2,
with the results of the deconvolution presented in Fig. 4.

A plausible method for representing the degree of slag
polymerization is through the average quantity of brid-
ging oxygen (BO). This metric is articulated as the num-
ber of bridging oxygen atoms multiplied by the relative

2.5

2.0 |

1.5

Inn

1.0

0.5 |

0 1 1
5.0 5.5 6.0 6.5

2.5
2.0 |
1.5
1.0
0.5
0
—0.5
-1.0
-1.5

—20 1 1 1 1
5,00 505 510 515 520

2.0
1.5
1.0
0.5
0
—0.5
1.0 -

_15 1 1 1 1
5.2 5.3 5.4 5.5 5.6 5.7

2.5
2.0 |
1.5
1.0
0.5 |

0
o5l

-1.0 -
—-1.5 -
—20 1 1 1 1 1 1

60 62 64 66 68 70 72 74

1097, K"

Inn

5.25

Inn

Inm

Fig. 2. Dependence of the logarithm of viscosity (Inn)
on the inverse absolute temperature (1/7) for slags / — 4 (a — d)

Puc. 2. 3aBucumocts sorapudma Bszkoctu (Inm) ot odparHoit
abcomrotHO# Temmneparypsl (1/7) mist uutakoB [ — 4 (a — d)

473



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(4):471-478.
lllapmaduHos PP, babenko A.A.u dp. Pr3uyeckue CBOWCTBA U CTPYKTypa 60pcoepKalliyX MIJIAKOB BOCCTAHOBUTeIbHOTO epuoga AKP-nporecca

Si—0-Si | |

Cr-0-Cr
Al-0-Al
550

[Si0,]. [BO,] |

Intensity

S,

——_— ?
St i I f I e s S At pristv] |
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

-1
Wavenumber, cm

Fig. 3. Raman spectra of the slag samples / (B = 1.0; 3 % B,0;), 2 (B =2.5; 3 % B,0;), 3 (B =2.5; 6 % B,0;), 4 (B =1.0; 6 % B,0,)

Puc. 3. PamanoBckue crekrpsl 00pasuos uviakos / (B = 1,0; 3 % B,0;), 2 (B =2,5; 3 % B,0;), 3 (B =2,5; 6 % B,0,), 4 (B = 1,0; 6 % B,0,)

fraction of each structural unit [SiO,] and is calculated
using the formula outlined in Table 3:

BO =0-0% + 1-0% + 202 + 3:03, + 4-0%.

Table 4 showcases the outcomes of the thermodynamic
simulation of the phase composition of experimental slag
samples. The results, determined by the melting temper-
atures of the formed phases, were categorically divided
into three groups: low temperature (1130 — 1280 °C),
medium temperature (1460 — 1600 °C), and high tem-
perature (1710 — 2852 °C) phases.

Acidic slags with a basicity of 1.0 (samples / and 4)
fall into the category of “long” slags (Fig. 1), characte-
rized by a high degree of polymerization (Table 3).
Fig. 3 does not display peaks corresponding to the [BO,]
compound. It can be inferred that the B,O, oxide is
incorporated into the structure through 3D tetrahedra
of the [BO,] compound, aligning with wave numbers
0f 900 — 920 cm™! (Table 2).

As per the deconvolution results, slag 1, with a basicity
of 1.0 and 3 % B,0,, possesses a BO index value of 1.1.
Its structure is predominantly represented by the [SiO,]
compound without bridging oxygen, along with 1

Table 2

Correspondence of wave numbers and structures

Tabnuya 2. CooTBeTCTBHE BOJTHOBBIX YK CeI U CTPYKTYP

Element Wavenumber, cm™! Structure References
0, 850 — 880 wi/o bridging oxygen in [SiO,]
04 900 — 920 with one o bridging oxygen in [SiO,]
02 950 — 980 with two o bridging oxygens in [SiO,] [12; 13]
03, 1040 — 1060 with three o bridging oxygens in [SiO,]
04 1060, 1190 with four o bridging oxygens in [SiO,]
Si—0-Si 500 — 650 Si — O° symmetric deformation vibrations [14]
Al-0-Al 550 Al — QY vibrations [15]
Cr-0-Cr 520 — 540 Cr — O° non-symmetric valence vibrations [16]
[BO,] 1350 — 1530 B — O valence vibrations in [BO, ] [17; 18]
[BO,] 900 — 920 B — O° symmetric valence vibrations in [BO,] [18]
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Fig. 4. Deconvolated spectra for the slags / — 4 (a — d)
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and 2 bridging oxygen, with proportions of 0.39, 0.17
and 0.41, respectively. The combination of a relatively
complex silicon—oxygen network structure (BO =1.1)
with a high concentration of high-temperature phases
(32.23 %) leads to the formation of slag characterized
by high viscosity of 1.0 — 0.8 Pa-s at 1600 — 1660 °C and
a crystallization temperature of 1340 °C (Table 1).
Increasing the boron oxide content to 6 % induces
even greater polymerization in slag 4 (BO = 1.49). This
leads to an elevated proportion of Q? (0.45) and Q°
(0.17), primarily due to changes in Q° and Q' values.
At the same time, the proportion of low-melting com-

Table 3

Fractions of silicate structural elements

Tabnuya 3. 1014 CHIUKATHBIX CTPYKTYPHBIX 3J1¢MEHTOB

Structural element
wie | o0 [ o | o | o | ™
1 0.39 0.17 0.41 0.03 1.10
2 0.50 0.50 0 0 0.50
3 0.63 0.21 0.16 0 0.53
4 0.29 0.09 0.45 0.17 1.49

pounds in the slag rises to 26.3 %, while the content
of high-temperature phases decreases to 30.66 %.
Despite the presence of a more intricate silicon-oxygen
structure (BO = 1.49), in the form of [BO,] tetrahedra,
weakens the complex silicon-oxygen lattice. This weak-
ening occurs as the resulting B—O° bonds are weaker
than the Si—O° bonds. This “weakening” of the slag
structure, combined with an increase in the propor-
tion of low-melting compounds, results in a reduced vis-
cosity of slag 4 to approximately 0.25 Pa-s at a tempera-
ture of 1600 — 1660 °C.

Slags 2 and 3, characterized by high basicity of 2.5,
exhibit a “shorter” nature with a low degree of polym-
erization (refer to Fig. 1 and Table 3). As the basicity
of these slags increases to 2.5, the peak in the silicate
region of the spectrum (800 — 1200 ¢cm™") shifts towards
a decrease in wavenumber (Fig. 3). This shift is attribu-
ted to calcium oxide (CaO), acting as a slag structure
modifier by providing free oxygen ions (O%*). These
free oxygen ions react with bridging oxygen (0°) in sili-
cates, resulting in a reduction in the complexity of Si—O
bonds in the slag structure. Consequently, an increase in
CaO content promotes the development of the depoly-
merization process [19 — 23]. Peaks in the wavenumber
range of 500 — 650 cm™! correspond to the Cr—O-Cr,
Si—O-Si and Al-O-Al bonds. With an increase in
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Table 4

Phase composition of the experimental slags
at 1650 °C

Tabnuya 4. ®a30BbIii COCTAB IKCIHEPUMEHTAIBHBIX IIJIAKOB
npu temneparype 1650 °C

Fusing Phase content
Phases tempera- in slag sample, %
ture, °C Ji ‘ 2 ‘ 3 4
Low temperature phases

Ca0-B,0, 1130 1.88 | 0.06 | 0.28 | 4.10
2Ca0-B,0, 1280 447 | 281 | 7.55 | 8.22
Ca0-MgO-28Si0, 1391 13.49 | 0.07 | 0.22 | 13.95

Total | 19.84 | 2.94 | 8.05 |26.27

Medium temperature phases

2Ca0-MgO-28i0, 1454 435|043 | 0.83 | 3.77
3Ca0-B,0, 1460 0.52 | 6.46 |10.09 | 0.80
3Ca0-28i0, 1460 9.76 | 5.89 | 6.69 | 7.18
Ca0-MgO-SiO, 1503 893 | 5.17 | 6.98 | 8.39
3Ca0-AlLO, 1539 0 0.44 | 0.12 0
Ca0-SiO, 1540 17.99 | 3.22 | 437 | 17.06
Ca0-AlL0,-SiO, 1550 0.45 | 0.03 | 0.06 | 0.42
Ca0-Al,0,-2Si0, 1550 2.71 0 0.01 | 2.80
3Ca0-MgO-28i0, 1575 2.14 | 418 | 472 | 1.56
2Ca0-Al20,-Si0, 1590 0.67 | 0.89 | 1.00 | 0.53
Ca0-AlLO, 1600 0.27 | 2.10 | 1.64 | 0.23

Total | 47.77 | 28.81 | 36.52 | 42.75

High temperature phases

SiO, 1710 4.70 | 0.04 | 0.10 | 5.31
2MgO-SiO, 1890 1.19 | 0.11 | 0.26 | 1.32
AlLO, 2040 0.74 | 0.29 | 0.39 | 0.76
3Ca0-Sio, 2070 0.06 | 422 | 1.94 | 0.04
Ca0O-Cr,0, 2100 5.49 | 14.92|14.00 | 4.80
2Ca0-Si0, 2130 9.61 |34.0426.89| 7.66
MgO-AlLO, 2135 0.86 | 1.10 | 1.47 | 0.87
Cr,0, 2435 799 | 1.10 | 1.77 | 8.33
CaO 2570 024 | 5.04 | 2.77 | 0.21
MgO 2852 1.34 | 456 | 427 | 1.36

Total | 32.23 | 65.43 | 53.86 | 30.66

basicity, these peaks smooth out, indicating a weakening
of the bonds.

Slag 2, containing 3 % boron oxide, possesses
the least complex structure (BO = 0.5). It is characte-
rized by an equal number of Q° and Q' values featuring
a simple silicon-oxygen structure with a small amount
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of bridging oxygen. The slag is distinguished by a high
proportion of refractory phases (more than 65 %) and
a small proportion of low-melting phases (2.94 %). Con-
sequently, its crystallization temperature is 1676 °C, and
viscosity is 1.0 Pa-s at a temperature of 1660 °C.

Increasing the boron oxide content to 6 % in slag 3
has virtually no effect on its polymerization compared
to slag 2 (the amount of bridging oxygen does not
exceed 0.53). The structure contains Q°, Q' and Q?, with
proportion of 0.63, 0.21 and 0.16, respectively. However,
an increase in the content of low-melting phases to 8.05 %
and a decrease in the proportion of refractory phases
to 53.86 % positively influence the crystallization tem-
perature (1605 °C) and slag viscosity, which decreased
to 0.5 — 0.3 Pa-s in the range of 1600 — 1660 °C.

The obtained data on the influence of slag basicity
and boron oxide content on phase composition, struc-
ture, viscosity, and crystallization temperature high-
light that slag viscosity depends on the balance between
the degree of polymerization of the structure, the nature
of the bonds within it, and the phase composition.

[ ConcLusions

The study has yielded new data on the impact of basi-
city and boron oxide content on the viscosity, crystal-
lization temperature, phase composition, and structure
of slags within the CaO-SiO,-B,0,-12 % Cr,0,-
-3 % ALLO,-8 % MgO system, spanning a range
of boron oxide content from 3 to 6 % and basicity from
1.0 to 2.5.

The findings reveal that the physical properties
of the investigated slags predominantly hinge on the deli-
cate equilibrium between the degree of polymeriza-
tion of the structure, the nature of the bonds within it,
and the phase composition. At a low basicity of 1.0, aug-
menting the boron oxide content from 3 to 6 % renders
the slag more fusible, leading to a reduction in the crystal-
lization temperature from 1340 to 1224 °C and a decrease
in viscosity from 1.0 — 0.8 to approximately 0.25 Pa-s
at a temperature of 1600 — 1660 °C. This occurs despite
a notable increase in structural complexity, as reflected
in the rise of the BO index from 1.10 to 1.49.

In the case of high basicity (B =2.5), the slags
exhibit a simpler structure (BO =0.50-0.53), and
the addition of boron oxide only marginally compli-
cates it (from 0.50 to 0.53). An increase in B,0O, content
results in a reduction of the crystallization temperature
from 1674 to 1605 °C and a decrease in viscosity from
1.0 to 0.3 Pa's at a temperature of 1660 °C, attributed
to the formation of low-melting compounds.
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SELECTIVE SOLID-PHASE REDUCTION OF IRON
IN PHOSPHOROUS OOLITE ORES
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| South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
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Abstract. Selective solid-phase reduction of iron and phosphorus in oolite ores of the Lisakovsky and Ayat deposits was experimentally studied. Using
X-ray phase analysis, the phase composition of the initial ores and samples after reduction roasting was determined. Goethite, magnetite and quartz
were found in the ores of both deposits. Phosphorus in the ore of the Ayat deposit is in the form of aluminum phosphate and iron hydrophosphate,
and in the samples of the Lisakovsky ore — as a component of calcium hydrophosphate. Experiments on reduction roasting were carried out
in a resistance furnace at 1000 °C with holding time of 5 h. After roasting in CO atmosphere, a-Fe appears in the samples, while phosphorus remains
as a component of iron, calcium and aluminum phosphates. After roasting in a mixture with graphite, phosphorus is reduced by solid carbon from
iron and calcium phosphates and passes into metal, but remains as a component of aluminum phosphate. Studies using microroentgenospectral
analysis show that phosphorus content in the metal phase after reduction with solid carbon is 2.0 — 3.5 at. %. When CO is reduced in the atmosphere,
phosphorus in the metallic phase is practically not detected. At the same time, the amount of residual iron in the oxide phase after carbon monoxide
reduction significantly exceeds the amount of iron after reduction in a mixture with carbon. The experimental results confirm the possibility of selec-
tive reduction of iron by carbon oxide CO without phosphorus reduction.

Keywords: oolitic iron ore, reduction roasting, carbon monoxide, selective reduction, metallization, metallic iron, phosphorus
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CENEKTUBHOE TBEPAO®A3HOE
BOCCTAHOBJ/IEHUE XENE3A B ®OCPOPUCTDLIX
OO/INTOBbLIX PYAAX

B. Cysneiimen %, C. I1. Casinxos, &. I1I. [llapunos, B. E. Pomua

| IO:kno-Ypannckuii rocynapersennbliii yausepeurer (Pocens, 454080, Yensabunck, np. Jlenuna, 76)

&) bakytsuleimen@mail.ru

AHHomayus. TlpencTaBineHbl pe3ynbTaThl JKCIICPUMEHTAIBHBIX HCCICIOBAHMI IO CENCKTHBHOMY TBEpIO(pa3HOMY BOCCTAHOBJICHHIO JKeje3a
1 pochopa B 00JIUTOBEIX pynax JINCAaKOBCKOTo M ASITCKOTO MecTOpoxaAeHUH. C HCII0JIb30BaHHEM PEHTICHO(A30BOr0 aHaIN3a ONPEEIICH (ha30BbIi
COCTAaB MCXOAHBIX Py 1 06pa3IoB MOCIIE BOCCTAHOBUTENBHOTO 0OKHTa. B pyaax 0601x MeCTOpOXK ICHHIT 00HAPYKHBAIOTCS TETHT, MATHETUT 1 KBapIL.
Docdop B pyae AITCKOro MECTOPOXKICHUS HAXOAUTCS B BUIE Gocdara amoMuHus U ruapodocdara xenesa, a B o0pasnax JIncakoBckon pymsl —
B cocTaBe THApOodochaTa Kanbluss. IKCICPHMEHTHI IT0 BOCCTAHOBHTEIFHOMY OOKHTY MPOBOIMIINCH B MIEYH COMPOTUBICHUS [P TEMIIEpaType
1000 °C u Bpemenu BbLaepkku 5 4. [locne obxkura B armocdepe CO B oOpasmax MosBISIETCS 0-)Kene30, B TO BpeMsi kKak (ocdop ocraercs
B coctaBe (ocdaroB xenesa, kamplus U amomunus. [locne obxura B cMecu ¢ rpadpuroMm Gocdop BOCCTAaHABIMBACTCS TBEPABIM YITIEPOIOM
n3 hocdaroB xeye3a U KaNbUUS U IEPEXOMUT B METAILI, OJHAKO OCTaeTcs B cocTaBe (ocdara amoMuHus. VccieoBaHus ¢ UCHOIb30BAHHEM
MHKPOPEHTTEHOCIICKTPAIBFHOTO aHAIM3a MOKA3bIBAIOT, YTO colaepkaHue (Gocdopa B METAIHYCCKON (pa3ze MOCIEe BOCCTAHOBICHHS TBEPIBIM
yriaepoaoM cocrasiset 2,0 — 3,5 % (ar.). IIpu Boccranosienun B armocepe CO ¢docdopa B Merauinueckoil (ase npakTuyecku He oOHapy-
JKUBaeTCs. [IpU 3TOM KOIMYECTBO OCTATOYHOTO JKENe3a B OKCHAHOM (hase mocie BOCCTAHOBJICHHS YrapHBIM Ta30M 3HAYUTENBHO MPEBBIIIACT
KOJIMYECTBO jKeje3a MOCJIe BOCCTAHOBICHHS B CMECH C YIIEPOLOM. Pe3ylbTaThl 9KCIICPHMEHTOB MOATBEPIKIAI0T BO3MOXKHOCTb CEJICKTHBHOIO
BOCCTaHOBIICHHS JKele3a okenaoM yrnepoaa CO 6e3 BoccraHoBieHus docdopa.

Knatouesvle c108a: 00mnToBas XKeIe3Has py/a, BOCCTAHOBUTENBHBIN 00kurT, okeny yrepona CO, CeleKTHBHOE BOCCTAHOBICHNE, METAUTH3AIINSI, METal-
JMYecKoe xkele3o, hochop
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[ INTRODUCTION

In light of the increased production of ferrous metals
and the use of ores with low iron content, the integrated
utilization of mineral raw materials in ferrous metallurgy
has gained growing relevance [1 —3]. In recent years,
significant attention has been directed towards the chal-
lenges associated with the extraction [4 — 6] and process-
ing [7] of iron from oolitic iron ores characterized by high
phosphorus content. Additionally, considerable focus has
been placed on the enrichment [8] and dephosphoriza-
tion [9] of these ores. Extensive reserves of oolitic ores
are present in Asian countries [10; 11], Africa [12; 13],
Europe, and North America [13 — 15]. The Ayat and Lisa-
kovsky deposits, situated in Kazakhstan, are examples
of such deposits. Although these two large deposits share
similar iron contents, they exhibit variations in phospho-
rus, vanadium, and aluminum content.

The unconsolidated fraction of Ayat ores comprises
fragments of oolites, micrograins of quartz, and alumina,
while the cohesive portion consists of oolites bound
together by a clay-cement matrix [16]. The average
iron content for this deposit is 37.1 %. The ores exhibit
16.4 % Si0,, 6 % Al,0, and 0.37 % P. Lisakovsky ores
constitute a loose blend of brown iron ore oolites and
quartz sand grains, featuring an iron content ranging
from 30 to 40 % and a notably high phosphorus content
(up to 0.8 %) [17]. The beneficiation of such ores neces-
sitates the implementation of intricate and costly pro-
cessing flowcharts. Unfortunately, the current methods

CcO | CcO

\CO+0re/_\CO+0rel 2

“ 0 | ool
2% o ||| SO
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Fig. 1. Layout of crucibles with ore samples in working space
of the Tamman furnace:
1 — graphite heater; 2 — crucibles with samples;
3 — thermocouple; 4 — stand

Puc. 1. Cxema pacnosnoyXeHust TUIVIeH ¢ 00pa3iaMu py/ B pabouem
npocrpaHcTse neun TaMmaHa:
1 — rpacduTOBBII HarpeBarelb; 2 — TUIIIH C 00pa3namu;
3 — Tepmornapa; 4 — mojcTaBka
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do not effectively remove phosphorus, thereby impact-
ing the technological aspects of metallurgical processing.
Within the blast furnace, where roasting (in the shaft) and
melting (in the hearth) occur in a reducing atmosphere,
phosphorus undergoes complete reduction, transform-
ing into metal. The elimination of phosphorus from cast
iron, whether in ladles or steelmaking units, incurs addi-
tional expenditures in terms of materials, energy, and
time. Consequently, dephosphorization before or during
the iron production process emerges as a crucial step
when utilizing high-phosphorus oolitic ores.

In [18—20], investigations were conducted into
the feasibility of selectively reducing iron in the ores
from the Ayat deposit through solid-phase reduction.
According to the findings from these studies, selective
iron reduction can be accomplished through exposure
to carbon monoxide at a temperature of 1000 °C.

The objective of this study is to conduct a compara-
tive analysis of the solid-phase selective reduction pro-
cess of iron, without concurrent phosphorus reduction, in
oolitic ores sourced from the Ayat and Lisakovsky depo-
sits.

[ EXPERIMENTAL

The study utilized samples of oolitic iron ores obtained
from the Ayat and Lisakovsky deposits. The experiments
were conducted within a closed Tamman furnace featuring
a graphite heater, ensuring the establishment of a redu-
cing atmosphere in the furnace space. Employing the cal-
culation method outlined in [21], the equilibrium com-
position of the gas phase in the furnace’s working space
at a temperature of 1000 °C and a pressure of 0.1 MPa
was determined to be 34.58 % CO, 0.07 % CO, and
65.35 % N,.

Four corundum crucibles (Fig. 1) were positioned in
the working space of the furnace, each containing ore
samples ranging in size from 0.4 to 1.0 mm. The ore
samples in the upper crucibles interacted with CO oxide
in the gas phase, while those in the lower crucibles were
mixed with graphite powder and engaged with solid car-
bon. The furnace was gradually heated to a temperature
0f' 1000 °C over 60 min and maintained at this temperature
for a duration of 5 h. Temperature control was facilitated
using a tungsten rhenium thermocouple WRS5/WR20.
The selection of temperature and holding time was based
on insights gleaned from prior experiments [18 — 20].

Upon completion of the holding period, the crucibles
containing the samples were gradually cooled along with
the furnace until reaching room temperature. To elimi-
nate carbon residues, a mixture of samples with graphite
powder was dispersed, and representative samples were
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extracted for X-ray spectral and X-ray phase microanaly-
ses.

A subset of the samples was impregnated with epoxy
resin, followed by grinding and polishing. The resultant
polished sections were subjected to examination using
a JSM-6460LV electron microscope (JEOL), equipped
with an energy-dispersive analyzer (Oxford Instruments).
This analysis aimed to ascertain the elemental composi-
tion at specific points and across areas through X-ray spec-
tral microanalysis. X-ray phase analysis (XRF) of both
the original and metallized samples was conducted using
a Rigaku Ultima IV diffractometer. The resulting diffrac-
tion patterns were interpreted using the Match! 3 soft-
ware.

B ResuLts

Fig. 2 presents the XRF results of the original ore
samples, revealing the presence of goethite FeO(OH),
magnetite Fe,O, and quartz SiO, in both samples.

The Ayat deposit ore contains phosphorus in the form
of aluminum phosphate AIPO, and iron hydrogen phos-
phate FePO,-2H,0. In contrast, the Lisakovsky ore sam-
ples include phosphorus in the composition of calcium
hydrogen phosphate CaHPO,-2H,0.

Fig. 3 displays the XRF results after reduction roast-
ing. The diffraction pattern of samples reduced in a CO
oxide atmosphere (Fig. 3, @) exhibits a higher number
of peaks, indicating a greater variety of phases com-
pared to samples roasted in contact with graphite powder
(Fig. 3, b).

According to the XRF results, all samples con-
tain a-iron, magnetite Fe,O0,, quartz SiO, and berlinite
AIPO,. In samples subjected to CO atmosphere, phos-
phorus manifests itself in the composition of iron and
calcium phosphates, namely FeP,O. and FePO,, CaP,0
and Ca,(PO,), (Fig. 3, a). Conversely, samples in contact
with carbon do not contain iron or calcium phosphates.
The Lisakovsky ore exhibits the presence of calcium
oxide CaO (Fig. 3, b).

10 -
s 1~ FeO(OH)
8 2-Fe,0,
522 4L . 3-8i0,
Z g ] 4-AIPO,
S 4} 5—FeP0O,2H,0
= = 6 CaHPO,2H,0
2
0

20, deg

Fig. 2. Diffractograms of samples of initial ores from Lisakovsky (=) and Ayat (s====) deposits

Puc. 2. luppakrorpamMmmbl 00pa3LioB UCXOAHBIX PY/l JINCAKOBCKOTO (semm) 1 ASITCKOTO () MECTOPOXKACHUIT

50
;’ I-a-Fe 6-Fe,PO;, @

40 2-Fe,0, 7-Fe,P,0,
. 3-8i0, 8-CaP,0,
£ 8 30+ 4-AIPO, 9-Cay(PO,),
& & 1
g .5 6 5—FeO
£z 20r

7
or D 2 @2 1
8
9 34 8| % 5 3 25 21 3
0
40
4 i 1—a-Fe b
22 30r i 2-Fe0,
z g 3-Si0,
ﬂé s 20 451—1211)04
—_ —Ca0O
L 4 4 4
10 34 39 FIR }1
0 ' 1 A "y
10 20 30 40 50 60 70 80 90
20, deg

Fig.3. Diffractogram of the ores from Lisakovsky (m=) and Ayat (=====) deposits after reduction roasting
in CO atmosphere (a) and in contact with solid carbon (b)
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Fig. 4. Distribution of metallic and non-metallic phases in the samples of ores of Lisakovsky (a, ¢) and Ayat (b, d)
deposits after reduction roasting in CO atmosphere (@, b) and in contact with carbon (¢, d)

Puc. 4. PacnipenienieHre METAIUTMYECKUX M HEMETAJUTHUECKUX (a3 B oOpasiax pyx Jlucakosckoro (a, ¢) u Astckoro (b, d) MECTOpOKACHUIA
rocJjie BOCCTaHOBUTEIbHOTO 0Oxkura B armocdepe CO (a, b) u B KOHTaKTE ¢ yriiepoaoM (¢, d)

Average content of elements according to results of the metallized samples analysis

CpenHee coep:kaHHe )IEMEHTOB 110 Pe3yJIbTATAM AHAIH32 METAJIN30BAHHBIX 00Pa3I0B

. . Content of elements, % (at.)
Points/Analyzed sites ;

(0) Mg | Al Si ¥ Ca | Mn | Fe
Spectrum 1, 3, 5 (Fig. 4, a) - - - - 0.1 - - 99.9
Spectrum 2, 4, 6 (Fig. 4, a) 63.0 | 04 | 10.0 | 53 1.6 | 0.1 03 | 193
Spectrum 1, 2, 3 (Fig. 4, b) - - - - 0.1 - — 99.9
Spectrum 4, 5, 6 (Fig. 4, b) 61.8 | 1.1 | 10.1 | 6.2 1.2 | 06 | 04 | 186
Spectrum 1, 2, 3 (Fig. 4, ¢) - - - - 3.5 — - 96.5
Spectrum 4, 5, 6 (Fig. 4, ¢) 635 | 22 | 153 | 11.5 ] 05 1.6 | 0.7 | 47
Spectrum 1, 2, 3, 4 (Fig. 4, d) - - - - 2.0 - - 98.0
Spectrum 5, 6, 7 (Fig. 4, d) 635 13 | 153 92 | 02 | 28 | 0.6 | 7.1

An examination of polished sections of roasted
ores revealed that, whether in contact with carbon or
in a CO atmosphere, the metallic phase of iron formed
both on the surface and within the ore particles (Fig. 4).
Notably, reduction with solid carbon resulted in the cre-
ation of more distinctly defined and dense metallic struc-
tures (Fig. 4, d).

The table provides the average results of X-ray spect-
ral microanalysis, indicating the elemental content at spe-
cific points and sites of analysis in the metallized ore
samples. As an illustration, based on the analysis results
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from sites /, 3 and 5 (Fig. 4, a), the average phosphorus
content is 0.1 %, while the iron content is 99.9 % (at.).

Post-roasting in contact with carbon, iron in samples
from both deposits undergoes nearly complete reduction,
with residual oxides containing only 5 — 7 % iron. Con-
versely, when reduced in a CO atmosphere, the iron con-
tent in the oxide phase remains around 20 %. Notably, in
iron reduced in a CO atmosphere, the phosphorus con-
tent in the metal does not exceed 0.1 %. In contrast, after
the reduction of iron with solid carbon, the phosphorus
content ranges between 2.5 — 3.0 %.
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- DISCUSSION

The XRF results indicate that the initial ores com-
prise phases of goethite, magnetite, hydrophosphates
of iron and calcium, quartz, and aluminum phos-
phate. In all metallized samples, goethite disappears,
the o-iron phase emerges, and the SiO, phase persists.
Phosphorus in samples after reduction in a CO atmo-
sphere is found in the form of CaP,0, or Ca,(PO,),,
FePO, or FeP,0, and AIPO,. In contrast, samples
reduced with carbon show phosphorus exclusively in
the AIPO, phase. Under these conditions, phosphorus
undergoes reduction from calcium and iron phosphates,
converting into metal. The obtained results are con-
firmed by the examination of the samples using an elec-
tron microscope after reduction roasting. In the Ayat and
Lisakovsky deposit samples, phosphorus is virtually not
reduced after reduction in a CO atmosphere; however, in
a mixture with solid carbon, phosphorus reduction occurs
and is detectable through X-ray spectral microanalysis in
the metal phase.

The increased phosphorus content in Lisakovsky ore
does not alter the previously identified patterns of its
recovery but rather reinforces the obtained findings.
Thus, carbon monoxide does not reduce phosphorus from
oolitic ore compounds, while phosphorus reduction is
achieved through the utilization of solid carbon.

The results obtained affirm the feasibility of selec-
tively reducing iron with carbon monoxide in oolitic ores
characterized by high phosphorus content from different
deposits.

[ ConcLusions

Lisakovsky and Ayat oolitic ores share a similarity in
iron content but exhibit variations in phosphorus content,
where phosphorus is present in the form of calcium, iron,
and aluminum phosphates. At a temperature of 1000 °C
and with a holding time of 5 h, carbon monoxide fails
to reduce phosphorus from iron and calcium hydrophos-
phates, as well as from aluminum phosphates. In con-
trast, under the same conditions, when in contact with
solid carbon, phosphorus undergoes complete reduc-
tion, transitioning into the metal phase from calcium and
iron hydrophosphates. However, reduction from alumi-
num phosphate does not occur.
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STRESS STATE OF BILLET — MANDREL SYSTEM
DURING PRODUCTION OF HOLLOW STEEL BILLET IN A UNIT
FOR CONTINUOUS CASTING AND DEFORMATION. PART 1

0.S. Lekhov!®, A. V. Mikhalev?, S. 0. Nepryakhin 3
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Abstract. The substantiation of the relevance of obtaining continuous cast steel pipe hollow billet is given from the position of improving the quality
of pipes made of carbon and alloy steels is given. The article presents an assessment of the quality of the inner surface of pipes made of solid steel
pipe billet. A new technology is proposed for the production of hollow steel pipe billets on a resource-saving unit of combined continuous casting
and deformation. The photo of the continuous casting and deformation section of JSC Ural Pipe Plant is given, where a pilot unit of combined
continuous casting and deformation is installed. The paper presents the results of a theoretical study of stress-strain state of the mandrel and
sections of a pipe billet when it is compressed by the strikers of the unit of combined continuous casting and deformation. The authors discuss
the general model of the mold — striker system. The initial data on calculation, dimensions of the hollow pipe billet and a description of the cali-
bration of strikers for compression of a hollow steel billet are given. The temperature field of a hollow billet was determined. To simulate the
stress-strain state of the metal in the roll pass and the mandrel, four contact pairs were considered. Calculations were made by the finite element
method. The dimensions of the final element in the roll pass of hollow billet were determined. The authors established the values and patterns
of changes in metal displacements and axial stresses in the roll pass during the production of hollow steel billets in the unit of combined continu-
ous casting and deformation (strikers are made along a constant radius). The stress state of metal in the roll pass was assessed from the standpoint
of improving the quality of hollow steel billets.

Keywords: unit, continuous casting, anvil, deformation, hollow billet, stress, finite element
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AnHomayus. IlpuBoautcs 00OCHOBAHME AKTYaJbHOCTH IOJTYYEHHs HENPEPBIBHOIMTBIX CTAJIBHBIX TPYOHBIX MOJIBIX 3aroTOBOK C MO3HLIUM

YAyUIICHUs KauyecTBa TPyO M3 YIISPOMMCTBIX M JISTHPOBAHHBIX cranedl. [IpeacTaBieHa OleHKa KavyecTBa BHYTPEHHEH IMOBEPXHOCTH TPYO,
IIPOKATaHHBIX U3 CTAJBHBIX CIUIONIHBIX TPYOHBIX 3aroToBOK. [Ipeanaraercst HOBasi TEXHOJIOT WS TIOJyYCHUS CTAIBHBIX TPYOHBIX ITOJIBIX 3aT0TOBOK
Ha pecypcocOeperaioiieii yCTaHOBKE COBMEILIEHHOrO IpoLecca HENpephIBHOTO JIMThs W aedopmaunu. IIpusomurcst dororpadus yudactka
HenpepbIBHOTO JINThs 1 Aedopmanin OAO «Ypanbckuii TpyOHBIH 3aBO/», TIOKa3aHa ONBITHASL yCTAHOBKA COBMEIICHHOTO ITPOLiecca HEMPEPBIBHOTO
muths U Jedopmannn. Crarhsi COACPKUT PE3yJbTaThl TEOPETUYECKOIO HCCIEIOBaHUS HAIPSHKCHHO-1e(OPMUPOBAHHOIO COCTOSHHUSI OIIPABKU
1 Yy4acTKOB TPyOHOMH 3aroTOBKH NpU 00XaThM ee 00MKaMH YCTaHOBKHM COBMEILIEHHOTO TPOLECcca HEMPEPBIBHOTO JUThs U Jedopmanuu. B crarbe
paccMarpuBaeTcsi 00Iasi MOZIENIb CHCTEMbl KPHCTALIM3ATOp — Ooiiku. [IpuBeeHbl UCXOQHBIC JAHHBIC [UIS pacueTa, pasMepbl MoJoH TpyOHOIt
3arOTOBKH U OIMCAHNE KaJHMOPOBKH OOMKOB /It 00KaTHs CTAIbHOM ITOJION 3aroToBKH. PaccmarpuBaeTcst TeMIiepaTypHoOe IojIe OJIOH 3aTOTOBKH.
Jlnst MozienmMpoBaHusl HaNpsHKEHHO-1e(hOPMUPOBAHHOIO COCTOSIHMS MeTajula B ouarax JedopMaluu M ONpaBKe PAacCMaTPUBAIOTCS YEThIpE
KOHTaKTHBIE TTapbl. M3maraercs MeTomKa pacuera ¢ UCIOIb30BaHUEM METO/Ia KOHEUHBIX HJIEMEHTOB U IPHBOASATCS pa3Mepbl KOHEUHOTO IIEMEHTA
B ovyarax Jie(hopMalyy rojoi 3aroToBKU. YCTaHOBJIEHBI BEJIMYUHBI ¥ 3aKOHOMEPHOCTH M3MEHEHUS IEpeMEIICHUI METaJlla U OCEBBIX HANPSUKCHUI
B oyarax Jie()opManum npu nosy4eHU! CTAIbHbIX MOJIBIX 3ar0TOBOK HAa YCTAaHOBKE COBMEIIEHHOTO MPOLIEcca HEMPEPLIBHOTO IUThs U ieopManinu
(OOMKH BBITIOIHEHBI IO MOCTOSHHOMY pajnycy). ABTOPBI JAalOT OLCHKY HANPSIKEHHOTO COCTOSHHUSI MEeTajula B odarax JedopManuu ¢ MO3ULUH

YIIy4lIeHUsT Ka4yeCTBa CTAJIbHBIX ITOJIBIX 3aIOTOBOK IIPU IMOJYYEHHH Ha YCTAHOBKE HEIIPEPBIBHOI'O JINThS U I[C(I)OpMaI_IHH.

Kawueswle cao8a: YCTaHOBKa, HEIIPEPLIBHOC JIUTHE, 60€K, ﬂe(bOpMaHI/Iﬂ, T10J1ast 3aroToBKa, HaIPSKEHUEC, KOHEYHBIN AJIIEMEHT

Jna yumupoeaHrus: Jlexos O.C., Muxaies A.B., Henipsixun C.O. HanpsbkeHHOE COCTOSIHUE CHCTEMBI 3ar0TOBKA — OIPaBKa IPH MOJIYYESHUH CTabHOM
I10JI0¥ 3arOTOBKM Ha YCTaHOBKE HEMPEPBIBHOTO JINThs U JedopmupoBanus. Yacts 1. Hzeecmus 6yz06. Yepras memannypeus. 2023;66(4):486-491.

https://doi.org/10.17073/0368-0797-2023-4-485-491

- INTRODUCTION

In light of the increased output, expansion of the seamless
pipes range, and the strengthening of quality requirements,
there is a pressing need for research related to the develop-
ment of new methods and units for producing continuous
cast steel pipe hollow billets from carbon and alloy steels.
It has been discovered that the quality of the inner surface
of pipes produced from hollow billets is superior compared
to pipes rolled from solid billets. This is due to the fact
that segregation and shrinkage porosity are located within
the wall of continuous cast hollow billets, whereas they are
concentrated in the core zone of solid billet.

A new technology has been developed for the industrial
production of steel pipe hollow billets using a unit for com-
bined continuous casting and deformation (Fig. 1) [1 — 3].

The proposed technology involves the formation of a
steel annular shell with a wall that contains the liquid phase
in a single-piece copper mold. This is followed by the com-
pressing of the wall crusts using strikers, resulting in the dis-
placement of the liquid phase. Afterward, the hardened
shell wall is compressed around its entire circumference in
a single pass, and the finished hollow billet is calibrated.

[ RESEARCH MATERIALS AND METHOD

A theoretical study was undertaken to evaluate the new
technology for producing hollow steel billets and to estab-
lish the fundamental parameters of the unit. A general model
of the mold, striker, mandrel, and wall crusts of a hollow
billet is depicted in Fig. 2. Dimensions of the deforma-
tion areas during bending and compressing of the hol-
low billet walls by the strikers, the calibration section,
and the mandrel are provided. In order to achieve this,
it is essential to determine the stress-strain state (SSS)
of the metal in the deformation zones during bending and
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compressing of the hollow billet wall, as well as when sub-
jecting the mandrel to stress during production of a steel
hollow billet in the unit.

The elastoplastic contact problem, taking into account
significant displacements and deformations, was solved
to compute the SSS [4 — 6].

The calculations were performed using the finite ele-
ment method within the versatile ANSYS 15.0 software

Fig. 1. Unit of continuous casting and deformation:
1 — induction furnace; 2 — DC electric motor;
3 — synchronizer geared system; 4 — bed

Puc. 1. YeraHoBKa HENPEPLIBHOIO JIUThs U Ae(hOpMaLUU:
1 — MHAYKIIMOHHAS Neub; 2 — 3J€KTPO/IBUIaTeNb IOCTOSHHOTO TOKA;
3 — pelyKTOp-CHHXPOHU3ATOP; 4 — CTAaHUHA YCTAHOBKHU
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Mandrel diameter — 60 mm;
mandrel channel diameter — 10 mm

Tilt angle of the striker
working surfacel2.5°

Crusts
in the mold

Mandrel Bending zone

/

Mandrel

tilt angle 1° Deformation

point zone

Location of working
surface of the striker

Outer pipe before working stroke

diameter 100 mm
Calibrating section

a

Crusts in the mold
Outer mold
wall surface

Bending zone

Deformation
point zone

Striker

Mandrel working surface

Calibrating section

b

Fig. 2. Geometry of the mandrel, crusts in the mold,
bending zone, roll pass, and striker:
a — general model; b — model elements

Puc. 2. l'eomeTpus ONPaBKH, KOPOUEK B KPHCTAILIU3ATOPE,
30HBI T'HOKH, o4ara jedopMaiuu 1 Ooika:
a — o0uiast Mozieltb; b — AEMEHTBI MOJISITH

package [7 — 9]. Fig. 2 provides a comprehensive overview
of the components of the unit of combined continuous cas-
ting and deformation, which forms the basis of the calcula-
tion model. The key dimensions are as follows: outer pipe
diameter — 100 mm, mandrel diameter — 60 mm, internal
mandrel channel — 10 mm, calibrating section length —
60 mm, deformation zone — 49 mm, crust thickness in
the bending zone— 15 mm, and a 30 mm liquid phase situated
between the crusts where ferrostatic pressure has an impact.
The tilt angle of the striker working surface is 12.5°, and
the mandrel tilt is 1°. The temperature of the inner surface
of the pipe billet shell, specifically on the side subjected
to ferrostatic pressure, is 1450 °C, while the temperature
of the outer surfaces of the shells (in contact with the mand-

rel, mold walls, and strikers) is 1200 °C. The temperature
distribution follows a logarithmic law across the thickness
of the mandrel and shells. The temperature of the pipe billet
as it enters the striker is assumed to be 1200 °C, and after
it exits the striker, it drops to 1000 °C. The angular speed
of the eccentric shafts is 40 rpm. At this speed, the contact
time of the billet with the strikers during the working stroke
is 0.375 s, while the idle time is 1.125 s. Both the mandrel
and the striker are made from steel grade 4Kh4VMES,
while the pipe billet is composed of steel grade 09G2S.
article [1] discusses the dependence of the elastic modulus
and the resistance to plastic deformation on the degree, rate
of deformation, and temperature for the steel under con-
sideration. Graphs illustrating this dependence are provided
for the temperature range of 1200 — 1450 °C.

To calculate the stress-strain state of the mandrel and
various sections of the pipe billet while it is being compressed
by the strikers moving along the eccentric shaft, a finite ele-
ment model was developed [10 — 12]. This model encom-
passes the crusts of pipe billet inside the mold, the mold
walls in contact with the crusts, the mandrel, the bending
section, and the deformation and striker zones. In this con-
text, the crusts inside the mold, the mandrel, the bending
section, and the deformation zone are treated as solid bod-
ies. The material of these components, as well as the calibra-
ting section, is assumed to be elastoplastic. The striker and
the mold walls are modeled as perfectly rigid, which simp-
lifies the problem’s dimensionality [13 — 16]. The primary
dimensions of the model elements are depicted in Fig. 2.
The finite element mesh utilizes SOLID185, CONTA 174,
and TARGE 170 elements. The size of the finite element in
the bending zone, deformation zone, and the calibrating sec-
tion is set to 1 mm, while in other areas, it is 2 mm.

Four contact pairs were established to replicate
the stress-strain conditions of the mandrel, the bending
zone, and the deformation zone: between the mandrel and
the bending and deformation zones; between the inner crust
of the billet inside the mold and the mold wall; between
the outer crust of the billet within the mold and the mold
wall; between the bending section zone, the deforma-
tion zone, and the working surface of the striker.

To simplify the calculation due to symmetry, the analy-
sis was performed on one quarter of the elements within
the model. Consequently, kinematic boundary condi-
tions (ensuring the absence of normal displacements)
were imposed on the symmetry surfaces. The simula-
tion involved compression of the billet by the striker, caus-
ing a 5 mm displacement of the striker along the X-axis,
along with a simultaneous downward motion of the striker
by 5 mm (displacement along the Z-axis).

[ RESULTS AND DISCUSSION

The calculation results are presented along the lines
passing through specific points (Fig. 3), located in the Y
plane at Y= 0.
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The compression force exerted by the striker along
the X-axis amounts to 722 MPa, along the Y-axis it mea-
sures 399 MPa, and the pulling force along the Z-axis is
42 MPa.

The calculation results are tabulated in the following
table, specifying the particular values of displacements and
stresses at points / — /5. Since the maximum and minimum
values of these parameters do not consistently correspond
to points / and /5, the maximum and minimum displace-
ments and stresses along these three lines are additionally
provided.

The distribution of stresses in the deformation zones
along the three reference axes (SX, SY, SZ) is illust-
rated in Figure 4, depicting the compression of the bil-
let by the striker by 5 mm while simultaneously lowering
the striker by 5 mm, with the working surface of the striker
oriented along the fixed radius.

The axial stress diagrams reveal that, as the strikers
compress the hollow billet, the maximum compressive stress
SX reaches —147.9 MPa on their contact surface at point 3.
Concurrently, stresses SY and SZ are signiﬁcantly lower or Puc. 3. IlonoxeHue Touek 1 IPEACTABIECHUS PE3YJIbTATOB pacyera

Fig. 3. Position of the points to represent the calculation results

Results of calculation of displacements and stresses

Pe3yabTaThl pacuera nepeMereHuii 1 HANPsSIKeHU

Point Displacement, mm Stress, MPa
ux vz sx | sy | sz | sxz
Results along the line passing through points / — 5

1 -3.2 0.8 0.5 -32.8 7.0 -0.5

2 —4.1 -1.1 -91.2 -42.0 -3.1 6.8
3 -5.0 —4.8 -147.9 | -102.2 -86.4 -19.8

4 -0.2 -5.2 -0.2 19.8 17.5 -0.1

5 0 5.2 -1.7 -8.7 -0.7 0.3

Min along the line 7 — 5 0 1.1 0.2 22.7 24.1 16.1
Max along the line / — 5 -5.0 -5.2 -147.9 | -102.2 | -105.4 -22.9

Results along the line passing through points 6 — /0

6 =33 1.8 0.6 -3.6 11.9 3.0

7 2.0 0.1 -83.5 -39.9 -32.3 -6.8

8 -2.9 -3.7 —-164.6 -89.0 -53.0 —4.2
9 -0.4 =55 -37.8 -19.4 -26.9 -17.2

10 0 -5.2 -8.8 6.9 0.1 -0.2

Min along the line 6 — 10 0 1.8 0.9 13.7 13.7 3.8
Max along the line 6 — 10 —4.0 5.5 -164.6 -89.6 -56.3 -20.9

Results along the line passing through points /7 — 15

11 0 0.2 0 -1.0 -7.9 0.1

12 0.1 0 -94.4 —68.3 —60.2 25.2
13 -0.2 -1.4 -1755 | -116.4 | -1024 —44.6
14 0 -5.2 —48.6 -l16.1 -14.1 -14.5

15 0 -5.2 -15.7 -10.0 0.1 -4.5

Min along the line 71/ — 15 0 0.6 0 10.9 1.6 25.2
Max along the line 7/ - 15 | 0.2 -5.3 -179.0 | -1164 | -102.4 —49.9
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Fig. 4. Nature of stresses along the line drawn through points / — 5 (a), 6 — 10 (b) and 11 — 15 (c)

Puc. 4. Xapakrep HanpspKeHUit 10 JIMHUM, IPOBEACHHOIT yepe3 Touku [ — 5 (a), 6 — 10 (b)u 11 — 15 (c)

equal to —102.2 and —86.4 MPa (Fig. 4). The highest shear
stress, SXZ, at point 3 is 19.8 MPa. As we move along
the line where the wall crusts of the hollow billet meet,
the nature of axial stresses changes. The highest value,
which is —164.6 MPa, corresponds to stress SX at point &,
while stresses along the other reference axes are notably
lower (Fig. 4, b and Table). It’s worth noting that the maxi-
mum axial stresses, SX, SY and SZ, are observed on the con-
tact surface of the billet with the mandrel at point /3, with
values of —179.0, —116.4 and —102.4 MPa, respectively
(Fig. 4, ¢). Additionally, the maximum shear stress is also
located at this point, measuring 44.6 MPa.

The results presented demonstrate that during
the cyclic deformation of the hardened steel shell wall by

the strikers, significant compression stresses, reaching up
to —179.0 MPa, occur along all three reference axes. This
indicates that the shell wall, when compressed by calibrated
strikers, experiences nearly uniform compression from all
directions. This is particularly significant when processing
continuously cast metal to produce high-quality steel hol-
low billets [17 — 20].

[ ConcLusion

The article details a new technology for producing hol-
low steel billets using a resource-efficient and compact
unit for combined continuous casting and deformation.
The study revealed distinct patterns in metal displacements
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and axial stresses within the cyclic deformation zones dur-
ing the production of hollow steel billets using the unit. It
was observed that when the wall of a hollow billet under-
goes deformation, the metal experiences uniform compres-
sion from all directions. This phenomenon greatly contri-
butes to the production of high-quality steel pipe billets.
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INVESTIGATION OF ELECTROMAGNETIC FURNACES
WITH A C-SHAPED MAGNETIC CORE

G. E. Levshin

I Polzunov Altai State Technical University (46 Lenina Ave, Barnaul, Altai Territory 656038, Russian Federation)

B3 levshing@mail.ru

Abstract. The paper describes design features, methodology and results of the study of 10 induction electromagnetic crucible furnaces with a C-shaped
magnetic core (MC). The core is covered by turns of an electric coil (EC) of small volume up to ~14.56 dm3. The furnaces have MC from a set of
used transformer plates with a working volume of ~ 28.5 — 30.8 dm?, a capacitor bank (CB), the number of turns w = 23 — 50 of copper or aluminum
wire, voltage 380 — 390V, frequency 50 Hz. The water-cooled EC is placed in a rubber tank and creates a horizontal electromagnetic flow with
induction of 70 mT, which is amplified by MC and directed beyond EC into a larger working volume of ~30.7 dm? between its poles with induction
up to =100 mT. When placing a steel crucible in the volume, induction increases up to 125 — 150 mT and the experimental furnace EMC-30.7-23A
with a capacity of 44 kVA allows melting 21 kg of silumin at a speed of 10 °C/min in 65 min, which is faster than in the resistance furnace CAT-0.16
with a power of 40 kW in 2 h. With strong compression of MC plates, the noise decreases from 80 — 85 to 40 — 48 dB. To increase the furnace
efficiency, it is proposed to use pole plates with a width of 155 mm, mineral wool in the thermal insulation of the crucible, tuning capacitors in CB,
and EC from copper cable. For melting of high-temperature alloys, it is advisable to connect this furnace to a step-up transformer in order to increase
the current density from 3.7 to the permissible 20 A/mm?, power in the EC — CB circuit, and EC induction. The authors suggest to continue research
on electromagnetic furnaces made from cheap transformer scrap to determine the scope.
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UCCNEAOBAHUE SNEKTPOMATHUTHbBIX MEYEM
C C-OBPA3HbIM MATHUTONPOBOAOM

I E. leBmuH ®©

I Aunraiickuii rocyiapcTBeHHbli Texunyeckunii yuusepeuter um. ML.H. Ioasynosa (Poccust, 656038, Anraiickuii kpait, bapnayi,
mp. Jlenuna, 46)

&) levshing@mail.ru

AnHomayus. PaccMOTpeHbl O0COOCHHOCTH KOHCTPYKIMH, METOJMKAa M pe3yibTarsl uccienoBaHus 10 HMHAYKIHMOHHBIX OJIEKTPOMATHUTHBIX
TUreNbHbIX nedeit ¢ C-o0pa3HbiM MaruuTonposogoM (MIlp), cepaedHrk KOTOPOro OXBaThIBAIOT BUTKH leKTpuueckoi karymku (OK) manoro
obbema (mpumepro a0 14,56 aM?). B neun npumensior HaGopHblii MIIp U3 HMCHONB30BAHHBIX TPAaHC()OPMATOPHBIX MIACTUH ¢ PabouuM
obbemom npumepHo 28,5 — 30,8 am?, manpsokenne 380 — 390 B, uactory 50 I, xomgencaropuyio 6Garapeio (KB), KOIMYECTBO BUTKOB
w =23 — 50 MeIHOTO WM aMIOMHHHEBOTO mpoBoaa. Oxnaxnaemas Bogoit DK pa3meneHa B pe3MHOBOM pe3epByape U CO31aeT TOPU30HTAIbHBIN
JNEKTPOMArHUTHBIN MOTOK ¢ MHAyKuueit 70 mTu, xoropslii ycunusaercss MIIp u nanpasnsercs 3a npezpensl DK B Oonbuuii pabounii oo6bem
(mpumepno 30,7 aM?) MeXIy €ro Honrcamu ¢ uHAykuuen npumepHo a0 100 mTu. IIpu pasMelleHUH CTAIbHOTO THIISA B 00beME MHIYKIHUS
Bo3pacraet jo 125 — 150 mTn u skciepumenTansHas neus OMC-30,7-23A momtHocThio 44 KB A mo3Bonser 3a 65 MuH paciuiaButh 21 xr
cuymuHa co ckopocteio 10 °C/mMuH. B meun conporusnenuss CAT-0,16 momuocThio 40 kBT aHanormyHelil mporecc mpoTekaeT 3a 2 4.
IMpu cunbHoM cxarum mmactud MIIp mym ymensmaercs ¢ 80 — 85 no 40 — 48 nb. [lnsa nossimenus 3QPEeKTHBHOCTH IeUH Ipejsaraercs
HCIIONIb30BaTh MOJIOCHBIE TUTACTUHBI IUPHHON 155 MM; MUHEpaNbHYIO BaTy B TEIUIOU3OJIAINU TUTJIS, TOACTpoedHbIe KoHaeHcaTopsl B Kb, DK
u3 MeaHoro kabens. LleaecooOpasHO 1l IIaBKU BBICOKOTEMIIEPATYPHBIX CIUIABOB ITOJK/IIOUUTH PACCMaTPUBAEMYIO I€Ub K IOBBIILIAIOLIEMY
HanpsbkeHue TpaHc(hOopMaTopy, 4TOObI YBEIHYUTh INIOTHOCTH TOKA ¢ 3,7 110 gomyckaeMoii 20 A/Mm2, MomHOCTH B KoHType DK — KB, HHayKIMIO.
[pennaraercs Juist onpeeaeHus 001aCTH IPUMEHEHUs TPOJOIKUTD UCCIIEA0BAHUS IEKTPOMArHUTHBIX Me4ei, H3rOTOBJICHHBIX U U3 JIEILIEBOTO
TpaHchOpMaToOpHOTo JIoMa.
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[ INTRODUCTION

There are two types of induction melting furnaces used
in metal casting:

—a crucible inductor furnace creates a vertical electro-
magnetic flow and is commonly equipped with /-shaped
outer core-type open magnetic cores (MC);

— a channel furnace (transformer) with closed MC[1; 2].

In 2013, furnaces of the third type known as crucible
induction electromagnetic furnaces, with curved O-, U-
and C-shaped magnetic cores that create a horizontal work-
ing electromagnetic flow, were patented [3; 4]. These fur-
naces differ significantly in design, energy consumption,
and process performance capabilities compared to the first
type of furnaces. A comparison between inductor furnaces
and electromagnetic crucible furnaces revealed several
advantages of the latter [5; 6], which were further con-
firmed through investigations of the parameters and
technology of melting aluminum and copper alloys in
a U-shaped magnetic core electromagnetic furnace [7; 8].

A similar investigation into the operation of a C-shaped
MC design furnace, referred to as an EMC furnace, holds
both scientific and practical significance. This EMC fur-
nace features a horizontal open C-shaped MC [/ with
two poles and core wrapped around by turns of an elec-
tric coil 4 (EC), incased in a protective sealed shell 6 for
a cooling agent (Fig. 1, a). The magnetic core / forms
the furnace shell, which can be permanently installed or
equipped with a tilting mechanism. The electric coil 4 and
magnetic core / collaborate to create intensive working
flow between their facing poles, affecting the crucible 2
with its charge-containing bath 3, suspended on trun-
nions 7 or installed on a base 5 (Fig. 1, @) [3; 4]. The oper-
ational principles of this furnace are extensively described
in [5; 6].

! Indutherm Erwidrmungsanlagen GmbH. URL:

indutherm.de/ru/ (Accessed: 09.02.2023).

2 EFD Induction GmbH. URL: http://www.efd-induction.com/ru/
(Accessed: 09.02.2023).

3 Ajax TOCCO Magnethermic GmbH. URL: http://www.ajaxtocco.
de (Accessed: 09.02.2023).

4PDJITEK. URL: http://www.reltec.biz (Accessed: 09.02.2023).

5 TG Indutionsanlagen GmbH. URL: http://www.itg-induktion.de
(Accessed: 09.02.2023).

¢ Otto Junker GmbH. URL: http://www.otto-junker.de (Accessed:
09.02.2023).

7 ABP Induction Systems GmbH. URL: http://www.abpinduction.
com/ru/ (Accessed: 09.02.2023).

8 ABB Process Industries GmbH Giessereien Umformwerke. URL:
http://www.abb.de (Accessed: 09.02.2023).

9 Ias Induktions Anlagen Service GmbH CO KG. URL: http://www.
ias-gmbh.de (Accessed: 09.02.2023).

http://www.

No similar and detailed engineering solutions for induc-
tion melting crucible EMC furnaces, their operating para-
meters, and rational scope of application were discovered in
the Google Scholar and Scopus databases [7 — 9]. Further-
more, they were not found on the websites of major induc-
tion melting furnace manufacturers'>23453.6.7.8.9,

The objective of this paper is to investigate the design
and operating parameters of EMC furnaces when melting
silumin. This investigation aims to gather essential opera-
tional data necessary for design, calculation, and determin-
ing the rational scope of application.

Fig. 1. Layout of electromagnetic furnace with a C-shaped
magnetic core (a), photo of the furnace ()
with a flexible tank (without shell) and an oval crucible (¢):
1 —MC; 2 — crucible; 3 — bath; 4 — EC; 5 — base; 6 — shell; 7 — trunnions

Puc. 1. Cxema anexkrpomarautHoii neurt IMC (a), boto neun (b)
¢ ruOKHUM pe3epByapoM (0e3 KoxKyXa) U OBaJILHOTO THIVIA (C):
1 — Mllp; 2 — turens; 3 — BanHa; 4 — OK; 5 — ocHoBaHue;
6 — KOXKyX; 7 — Hangbl
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The tests were conducted on ten manufactured fur-
naces'? (Fig. 1, b).

[ INVESTIGATION OBJECTS

The magnetic core of the furnaces is manually assem-
bled utilizing used transformer plates with thickness
of 0.35 and 0.40 mm. For pole heights h, of approxi-
mately 195 mm, wider plates measuring 175%615 mm are
employed for the core, and 155%x700 mm plates are used for
the pole part. In order to increase /#_to 240 mm maximize
the effective volume ¥, the furnaces were arranged in layers
with an approximate height of 45 mm. In this configura-
tion, plates measuring 55 mm, 90 mm or 120 mm in width
are placed on the pole, while plates measuring 175 mm in
width are used for the core. These plates are compressed
using thick asbestos-cement and wooden spacers, belt ties,
or steel studs insulated with electro-cardboard (Fig. 1, b).
The pole length [ . in the range of 305 to 330 mm
(h/L o = 0.79).

The electric coil (EC) was manually wrapped around
a dielectric frame using a stranded copper (C) flexible
wire of the CF type with rubber insulation, having a cross-
sectional area of approximately 78.5 mm? and 130.0 mm?,
or aluminum (A) wire with a 62 mm? cross-sectional area
and three layers of paper insulation. The length of the EC
lec measured 2.8 dm, the door section was up to 5.2 dm?,
and the cavity volume V, was up to 4.56 dm’. The turns
of the coil had either three or four bars, which were con-
nected by a terminal at the EC outlets. To cool the EC, it
was placed under running water, and a bundle of bars was
inserted into a high-voltage-thermoplastic (HVT) tube
to provide double electrical insulation. The EC itself was
situated in a 13 dm? tank. The section of the cross-sectional
area and the number of turns took into account the con-
ditions required to achieve a specific induction level and
allowable heating of the EC when subjected to increased
current, especially at voltages exceeding 390 V. The num-
ber of turns w for the EC included options like 28M, 30M,
37M, 50A, 40A, 30A or 23A. This choice had an impact
on the length of the EC, and, therefore, on the length
[, of the MC. The tank was placed inside a protective
asbestos-cement shell, which also reduced the length /
of the poles of the MC and the working volume of the fur-
nace V,_ =h I I ,dm’ (here h [ =S  represents the work-
ing surface of the furnace pole).

The furnaces manufactured from transformer scrap were
designed as EMC- V,-w-M (or A):

— EMC-24.6-28M, EMS -24.6-37M,

— EMC-28.2-30M,

— EMC-28.7-23A,

rk

198, Yu. Sergeev, D. S. Kuldyaykin, A. V. Levagin, V. V. Kondrikov,
K. A. Mazko, E. S. Bayandin, A. S. Zinoviev, R. M. Gainulin, P. A. Nava-
likhin took part in the work under the support of Aluminum Casting Plant
JSC (city of Barnaul).
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—EMC-30.7-30A, EMC-30.7-40A, EMC-30.7-23A,
— EMC-30.8-28M, EMC-30.8-50A,
— EMC-35-50A.

[ METHOD OF EXPERIMENT

The service experience of the furnace with a U-shaped
magnetic core was utilized [5; 6]. EMC furnaces were
supplied with single-phase current / (f=50 Hz) from
the industrial grid at a voltage of U=380+390V.
To explore the impact of the capacitor bank’s capacity C.,
on furnace parameters, they were connected to the capaci-
tor bank, and EC were connected in parallel. The C.,
capacity was gradually increased by connecting old capaci-
tor banks of KC2 and KM2 type (GOST 1282 — 68) with
arated capacity of C = 80 + 800 pF, with some variations in
capacity. No tuning capacitors were employed to approxi-
mate current resonance in EC (/) and CB (/).

Steel cylindrical crucibles were used, with both round
and oval sections, constructed from a heavy-wall (8 mm)
tube with an outer diameter of 220 mm, along with an oxy-
gen cylinder. These were housed within a portable asbes-
tos-cement box featuring two types of thermal insulation:
sand-clay-liquid glass mixture (Fig. 1, ¢); mineral wool
combined with sheet asbestos.

The magnetomotive force (MMF) of EC I w, cur-
rent density j, powers (total S, =S, ., circulating in
the L — C-circuit, active P, and inductive Q,), total impe-
dance Z and inductive reactance x, power factor cosg, and
electromagnetic induction L of the EMC furnace, active [,
and inductive /, currents were all computed based on elect-
rical measurement results, employing electrical engineering
formulas [5; 6; 10].

Integral criteria for energy intensity were also cal-
culated, including magnetic K =1 w/V_, electromag-
netic K =Iccw/(Bch), electric heating K, =S, /V,, and
power supply K, =S, /V. [5; 6]. These criteria facilitate
the comparison of various furnace parameters.

The temperature of a 21 kg silumin ingot AK7 was
measured using a TRM-1 tool with a thermocouple XA
enclosed in ceramic “beads”; temperature readings were
recorded without applying scaling corrections. Tempera-
tures of the top and bottom core surfaces of MC were mea-
sured using a multimeter M838 with thermocouples XA
(without hoods). The temperature of the box walls, includ-
ing the crucible and the skid, were measured using mercury
thermometers.

The induction on the side and end surfaces of MC, both
with and without the crucible, were measured at a distance
from it and between the poles using a flat milliteslameter
probe Sh1-15. Measurements were taken in three horizon-
tal and seven vertical rows of points located 220 mm away
from the ends of MC. To prevent potential damage to a Hall
sensor due to rapid crucible heating, the probe was posi-
tioned up to 5 mm away from the right side of the crucible
and the right pole. A DT-8851/52 tool, along with smart-
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phones offered reliable reading proximity, was used to mea-
sure noise level.

- EXPERIMENT RESULT AND DISCUSSION

Results reflecting changes in the average values of feed
currents /., =1 _, as well as I and [, circulating in
the EC — CB (L — C) circuit, depending on the capacity
of C.y are presented in Fig. 2. The current /_ increases
from 780 to 912 A, and the current /_, rises to around 920 A
at an approximate C, capacity of 8,134 uF (where these
graphs intersect). What makes this particularly interesting
is the decrease in the current Ifeed reducing from approxi-
mately 780 to 113 A at the same C, capacity. This signifi-
cantly lowers the power consumed from the circuit, tran-
sitioning from S, =1/ U, .= 780-:390 = 304,200 W up

to S, = 113:390 = 44,070 W (approximately a sevenfold
reduction). Further reduction in power consumption can be
achieved through the use of tuning capacitors.

From experiments involving the heating and melting
of'a 21 kg silumin ingot in EMC furnaces equipped with a
working volume V., EC, and crucibles, the most successful
experience was observed in furnace EMC-30.7-23A fea-
turing an oval crucible within a lining mix. This furnace
achieved a silumin melting temperature of 650 °C within
65 min, with an average heating rate of 10 °C/min. High
heating speed (14 —19 °C/min) were maintained until
the 30" min, reaching a temperature of 519 °C (Fig. 3).
The heating speed decreased to 6 °C/min (reaching
560 °C), and then further to 3 °C/min. One of the reasons
for this speed decrease is the heating of the box wall and
increased heat loss outward. However, after the 60" min,
the speed increased again to 6 °C/min due to overheating
during melting.

The core of MC is heated unevenly (Fig. 3). The lower
surface, measuring 175 mm in width, reaches temperatures
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Fig. 2. Dependence of currents of 7. (A), I, (B and I, (@)
on capacity C., of EMS-30.7-23A furnace

Puc. 2. 3asucumocts TokoB I, (A), 1, () u I ; (@)
ot emkoctu C , nean DMC-30,7-23A

of approximately 160 °C as the melting process concludes,
while the upper surface, characterized by narrow 120 mm
plates intersecting, heats up to 268 °C. The increased heat-
ing in this section of the core can be attributed to the lower
specific weight of the narrow plates.

Heating of the outer walls of the box remains nearly
uniform and does not exceed 170 °C (Fig. 3). This tempe-
rature can be reduced by increasing the thickness (as space
allows) or by using linings made from materials with low
thermal conductivity, such as lightweight chamotte, mine-
ral wool, and others. The steel crucible “burned out”,
causing the melt to flow through cracks in the lining and
the left wall of the box, emptying into the tank below
the furnace at the end of the melting process. These cracks
were formed due to recurring thermal deformations
of the steel crucible, lining, and asbestos-cement walls.
The top of the steel skid was heated by the leakage field
to approximately 120 °C.

This heating of all elements contributed to the follow-
ing performance parameters of the EMC-30.7-23A furnace
(without the crucible):

—Coy = 8,134 uF;
S =911 A1, =893 A; 1, = 113 A;

—S, =355KV-A; S, =44kV-A;S, /S, =8
—j=3.7 A/mm?

—-7=0.428 Q;

-L, =0.001363 H;

-1,w=20,953 A; H, = 74,800 A/m;
-B,  =94mT;B_ =47 mT;B, = (B
- K _=~682.5A/dm’;

-K, >6.825 A/(dm?*-mT);
-K,>11.6 kV-A/dm?; K. .>143 kV-A/dm3.

+B )2=70mT,

cm

700
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o 500
gx 400
s
2. 300
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=
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Time, min

Fig. 3. Dependence of temperature of ingot
and elements of EMS-30.7-23A furnace on time:
@ — TRM-1; [l - bottom of the core; A — top of the core;
¥ — at the crucible on the left; ¢) — at the crucible on the right

Puc. 3. 3aBUCUMOCTb TeMIIepaTyphbl CIIUTKA
u snemenToB neun OMC-30,7-23A ot BpemeHu:
@ — TPM-1; [l — HU3 cepredHuKa; A — BEpX CEpACUHUKA,
V -y tunis ciesa; ) — y THIIA CIpaBa
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Fig. 4. Layout of points and results of induction measurement on MC
surface and between its poles without crucible

Puc. 4. Cxema pacmonoxeHus: TOUeK U pe3ynbTaThl N3MEPEeHUsS HHIYK-
nuu Ha noBepxHoctu MIIp u Mexy ero noimtocamu 6e3 TUIIISA

An analysis of the results of induction measurements
on the surface of MC (with/without crucible) reveals
the following (Fig. 4):

— expectedly increased induction B at the poles of the
MC (91.0 - 111.2/125 — 150 mT);

— lower induction at the end faces of the MC (67.3 —
—92.5/65 — 82 mT);

— lower induction at the outer surfaces of the MC (53.7 —
—67.1/52 — 69 mT);

—the expectedly lowest induction is in the center
between the poles (55 — 70 mT without crucible).

The distribution of induction Be at the middle hori-
zontal section points (Fig. 4) between the poles with-
out the crucible (91 — 85 — 70 — 81.4 — 107 mT) reveals
that the electromagnetic field is non-uniform and exhibits a
horizontal gradient of 0.6 mT/mm directed from the center
of [, towards the poles.

The induction B is approximately 100 mT at the poles
of MC, which significantly limits the volume V_ to approxi-
mately 30.7 dm?®. This induction level greatly surpasses
the induction in EC (B, =70 mT), despite EC having
a much smaller volume V_ of approximately 14.56 dm’.
This difference in induction is due to the magnetiza-
tion of MC by the EC field. The induction of the leakage
field of MC decreases rapidly with distance / following
the equation B, = 0.001212 — 0.69871 + 134.88.

When a steel crucible with a diameter of 220 mm is
installed, the induction B at the poles and between the cru-
cible and the poles has noticeably and expectedly increased
(approximately 1.25 —1.50 times). This can be explained
by the presence of a ferromagnetic body with a diameter
of 220 mm and two smaller gaps of 55 mm each within
an open magnetic circuit with one larger air gap of length
[ on = 330 mm. This configuration reduces the total mag-
netic resistance of the circuit and thus increases the induc-
tion at the poles. Such an increase in induction is highly
beneficial when melting a ferromagnetic charge, as dis-
cussed in [11].
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With the plates of MC being compressed more tightly,
the noise level decreases at a distance of 600 mm from
the furnace and 200 mm above EC, going from 80-85 dB
(when compressed with belts) down to 40-48 dB (when
compressed with pins). This signifies a substantial reduc-
tion in noise levels, decreasing from 80-85 dB to 40-48 dB
with a strong compression of MC plates.

[ ConcLusion

The experimental furnace EMC-30.7-23A, with a capa-
city of 44 kW, enables the melting of 21 kg of silumin
at a rate of 10 °C/min in just 65 min. In contrast, a resis-
tance furnace CAT-0.16, with a power of 40 kW, requires
120 min to achieve the same result (at a rate of 5.4 °C/min).

To further improve the efficiency of heating and
the operation of the furnace, it is advisable to increase
the hp/lWork ratio from 0.79 to 1.0, broaden the pole plates
to 155 mm, and incorporate mineral wool in the thermal
insulation of the crucible. Additionally, tuning capacitors in
CB and EC made from copper wire can be used.

Magnetizing the MC with a weak field at an induc-
tion level of B, =70 mT in EC, having a relatively small
volume ¥, of approximately 14.56 dm?, allows the field
to be safely shifted beyond the limits of EC. This results
in a notable increase in the induction B, by around 100 mT
within a significantly larger volume VlD (approximately
30.7 dm®). This reduction in EC size and electricity con-
sumption, coupled with enhanced reliability, positively
impacts the EC and overall furnace performance.

For testing the melting of copper alloys and cast iron, it
is advisable to connect the furnace to a step-up transformer,
which will increase the current density from 3.7 A/mm?
to the allowable 20 A/mm?. This increase significantly
boosts the currents I, I..,, power S, ., MMF I_w, induc-
tion (B, and Bp), and enhances criteriasuchas K, K_,K_ .

Building upon these successful experiences, it becomes
feasible to create small-sized EMC furnaces from cost-
effective transformer scrap. Further investigations can then
be conducted to improve the parameters and determine
their range of application, including heating charges, melt-
ing various types of alloys, holding and finishing molten
materials, and facilitating the transfer of the crucible for
casting purposes, among other applications.
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Abstract. Currently, a new development trend is being formed in the world associated with the decarbonization of economies. This process is based
on the institutionalization of ESG-principles — an approach to doing business, characterized by the involvement of companies in solving environmental,
social and governance problems. The process of institutionalization of ESG-principles at the international level was initiated in 1948 with the adoption
of the Universal Declaration of Human Rights under the auspices of the UN. The active involvement of Russia in the formation of the institutional
framework in the field of ESG has begun only in 2020. The reason for this was the ratification of a number of international documents, as well
as the active promotion of climate policy by many countries of the world. The stages of the institutionalization process at the international level
discussed in detail in Report 1. The decarbonization of economies creates development risks for industries whose products are characterized by high
carbon and energy intensity. Ferrous metallurgy also belongs to them. This report presents the results of a study of the effectiveness of measures
taken by the Russian Government in the field of reducing atmospheric air pollution in large industrial centers of the ferrous metallurgy based on data
from the Unified Information System for Monitoring Air Quality, as well as the results of an analysis of the ESG-practices of the largest Russian
ferrous enterprises and compliance with carbon intensity and energy intensity of their products according to the criteria of sustainable (including
green) development projects established in our country. As a result of the study, it was found that despite the use of ESG-principles in their activities,
the specific emissions of CO,-equivalent of the largest iron and steel enterprises significantly exceed the criteria for sustainable (including green)
development projects established by the Russian Government.
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UHCTUTYANU3ALMA ESG-NPUHLIMNOB
HA MEXAYHAPOAHOM YPOBHE U B POCCUMCKOWN PEAEPALIUM,
UX BAUAHUE HA AEATENbHOCTb NPEANPUATUN
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AHHomayus. B Hacrosiee BpeMs B MUpe GOpMHUPYETCst HOBBIN TPEH]I, CBI3aHHBIH C ekapOoHN3aI[iel SKOHOMHUK. B ero 0cHOBE — MPUHIUITHATIBHO
HOBBIW TMOJXOJ K BEJCHHUIO MPEANPUHHUMATEIBCKOIN IEATEIbHOCTH ¢ yueToM cobmtopenus npunuunoB ESG (Environmental — Social —
Governance), XapaKTepU3yIOIIUNACS BOBICUYCHHOCTHIO KOMIAHUH B PEIICHUE JKOJOTHYECKHUX, COIHAJIBHBIX M YIPABICHYECKUX IPOOIEM.
Hauano npoueccy unctutyuuanuzanuun ESG-pHHIKUIIOB Ha MEXAYHAPOJAHOM YpOBHE ObLIO monoxkeHo B 1948 . ¢ mpunsituem BceeoOmieit
JIeKIapanuy mpas denoBeka noj srupoii OOH. AxtuBHOe BKioueHHe Poccun B (opMHpOBaHHE WHCTHUTYIIMOHAJIBHBIX PAMOK B 00JacTH
ESG npowusomnuio tonsko B 2020 r. OcHOBaHUEM JJIsl TOTO MOCTYXKHIIA paTHQHUKALMS Psiia MEX/yHAPOIHBIX JOKYMEHTOB, a TAK)KE aKTHBHOE
MIPOBI)KEHNE MHOTHMH CTpaHAMH MHpa KJIMMaTH4ecKoW mosmTukd. [lonpoOHO 3Tamer nmporecca nHcTuTynuannzannn ESG-npuHImnos
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Ha MEXAyHapojHOM ypoBHe M B Poccum paccMmorpensl panee. JlexapOoHH3alMs SKOHOMHUK (POPMHUPYET PUCKH Pa3BUTHUS ISl OTpaciei,
MPOYKIHS KOTOPBIX XapaKTEPU3YeTCs BBICOKOH yITEpPOJOEMKOCTHIO M 3HEPrOEMKOCTBIO (HAaIpHMep, 4epHas MeTaryprus). B paGote
IpeACTaBICHBI Pe3yNbTaThl HcceJoBaHus G PekTuBHOCTH NPUHATHIX [IpaBuTenscTBoM PO Mep B 001acTH CHUXKEHHS YPOBHS 3arpsi3HEHUS
aTMOC(hEepHOTO BO3AyXa B KPYIHBIX IPOMBIIUICHHBIX IIEHTPAX YePHOIl METAIUTypriy Ha OCHOBE JaHHBIX ENNHOM HHPOPMAITHOHHON CHCTEMBI
MOHHUTOpPUHIA KayecTBa aTMOC(EpPHOro BO3AyXa, a TaKKe pe3ynbTarsl aHainu3a ESG-npakTuk KpynmHEeHIIMX pOCCHUICKUX NpennpusiTHi
YEepHOH METAaJUTypTHH U COOTBETCTBHSA YIIEPOJOSMKOCTH M SHEPrOEMKOCTH BBIYCKaeMOIl MMM IPOAYKIHH yCTaHOBIECHHBIM B Poccunm
KPUTEPUSM HPOEKTOB YCTOHYMBOIO (B TOM UYHCIIE «3EJICHOr0O») pa3BUTHs. B pesynbrare mccienoBaHus yCTAHOBJIEHO, YTO, HECMOTpPS Ha
ucnonb3oBanne ESG-TPUHIMNOE B CBOEH NeEATENbHOCTH, yhenbHbie BhIOpOCH CO,-dKBHBaleHTa KPYMHEWINIMX NPEANPUSITHN YEPHOH
METaJUTyprui 3HAUUTEIbHO NPEBBIIAIOT ycTaHOBIEHHbIe [IpaBurenscTBoM PD 3HaueHUs] KpUTEPUEB MPOEKTOB YCTOHYMBOIO (B TOM YHCIIE

((SGHGHOFO») pa3BUTHA.

Kniouesvle cnoea: nucturynnanusanys, ESG-npHHIUIBL, yIIEPOI0EMKOCTb, SHEPTOEMKOCTh, UEpHAst METAILTYPIUsl, IPOLYKIUs YEPHON METaTypriuu

Jaa yumuposanus: I'mymakosa O.B., YUepnukosa O.I1. Muctutyanusanus ESG-npuHIMIOB Ha MexXaIyHapoIHOM ypoBHE U B Poccuiickoit Dene-
paiuy, UX BIMSHUE HA JCATELHOCTD NPEAIPHUITHI YepHOH MeTatyprun. Yacts 2. Hzeecmus 6y3o06. Yepras memannypeus. 2023;66(4):498-507.
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[ INTRODUCTION

Since 2020, Russia has been actively developing its
institutional framework in the field of ESG. In addition
to ratifying international documents such as the UN
Framework Convention on Climate Change (1992),
the Kyoto Protocol (1997), and the Paris Climate Agree-
ment (2015), this initiative is driven by the global trend
of many countries actively advocating for climate poli-
cies aimed at mitigating greenhouse gas emissions.

One of the objectives outlined in the Strategy for
the Development of Russia’s Ferrous Metallurgy for
the period 2014 — 2020 and the prospective plan until
2030 [1] is to diminish the adverse environmental impact
of the industry’s enterprises. This involves reducing
emissions of harmful substances into the atmosphere,
minimizing pollution discharges, and advancing climate
protection through mechanisms that enhance the energy
efficiency of metallurgical production, consequently
reducing the carbon footprint.

Russian and international scholars are currently direct-
ing their attention towards investigating the environmen-
tal impact of ferrous metallurgy enterprises. The study
presented in [2] delves into the analysis of air pollutant
emissions from ferrous metallurgy enterprises, consider-
ing the influence of external factors. In [3], there is a dis-
cussion on the influence of contemporary environmental
initiatives on the international trade of ferrous metallurgy
products. Notably, [4 — 6] provide evidence that China’s
metallurgical industry has the potential to transition
to low-carbon production, thereby reducing carbon oxide
(CO,) emissions into the atmosphere. These papers also
affirm the effectiveness of novel taxation instruments in
achieving this goal. Papers [7; 8] disclose issues related
to the management of sustainable development within
metallurgical enterprises, while work [9] specifically
examines the environmental challenges associated with
the development of ferrous metallurgy in the European
North of Russia. The current trends in the development
of ferrous metallurgy and efforts to enhance its energy
and environmental efficiency are comprehensively ana-

lyzed in [10]. The research presented in [11] delves
into technologies aimed at optimizing the recycling
of waste generated by ferrous metallurgy. Paper [12]
addresses the challenges associated with energy effi-
ciency and environmental management within the ferrous
metallurgy sector. The outcomes of studies'? focused
on decarbonization of economies, including the utiliza-
tion of carbon emission trading, are discussed. Further-
more, the effectiveness of carbon tax in reducing carbon
oxide (CO,) emissions into the atmosphere is explored
in studies®>+> %7, Additionally, the impact of the volume
of carbon oxide (CO,) emissions on companies’ P/E ratio
is investigated in study®.

! Ellerman A.D., Jacoby H.D., Decaux A. The Effects on Develop-
ing Countries of the Kyoto Protocol and Carbon Dioxide Emissions
Trading (December 1998). https://ssrn.com/abstract=569250 (Accessed:
15.03.2022).

2 Milunovich G., Stegman A., Cotton D. Review of Carbon Trading
Theory and Practice. https://ssrn.com/abstract=989271 or http://dx.doi.
org/10.2139/ssrn.989271. (Accessed: 15.03.2022).

3 Felix P. Does a Carbon Tax Reduce CO, Emissions? Evidence From
British Columbia. https://ssrn.com/abstract=3329512 or http://dx.doi.
org/10.2139/ssrn.3329512. (Accessed: 15.03.2022).

4Rivers N., Schaufele B. Salience of Carbon Taxes in the Gasoline
Market (October 22, 2014). https://ssrn.com/abstract=2131468 or http://
dx.doi.org/10.2139/ssrn.2131468 (Accessed: 15.03.2022).

SElliott J., Foster I., Kortum S.S., Khun J. G., Munson T.,Weisbach D.
Unilateral Carbon Taxes, Border Tax Adjustments, and Carbon Leakage
(February 27, 2012). University of Chicago Institute for Law & Econo-
mics Olin Research Paper No. 600, https://ssrn.com/abstract=2072696 or
http://dx.doi.org/10.2139/ssrn.2072696 (Accessed: 15.03.2022).

¢ Metcalf G.E., Weisbach D.A. Design of a Carbon Tax (January 8,
2009). U of Chicago Law & Economics, Olin Working Paper No. 447,
U of Chicago, Public Law Working Paper No. 254, https://ssrn.com/ab-
stract=1324854 or http://dx.doi.org/10.2139/ssrn.1324854 (Accessed:
15.03.2022).

7 Hsu Shi-Ling. Nine Reasons to Adopt a Carbon Tax (May 17,
2009). https://ssrn.com/abstract=1405944 or http://dx.doi.org/10.2139/
ssrn. 1405944 (Accessed: 15.03.2022).

8 Bolton P., Kacperczyk M.T. Do Investors Care about Carbon Risk?
(October 30, 2020). Columbia Business School Research Paper Forthcom-
ing, Journal of Financial Economics (JFE), Forthcoming. European Cor-
porate Governance Institute — Finance Working Paper 711/2020. https://
ssrn.com/abstract=3398441 or http://dx.doi.org/10.2139/ssrn.3398441
(Accessed: 15.03.2022).
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[l MATERIALS AND METHODS

This study employs both chronological and institu-
tional approaches, allowing for a coherent examination
of the evolution of the ESG institutional framework
on both international and Russian levels. Throughout
the research, we scrutinized the content of international
documents adopted under the auspices of the UN and
other international organizations, which reflect the deve-
lopment of ESG-principles. Additionally, we analyzed
Russian legislation in the field of ESG. The investiga-
tion relied on methods such as analysis, synthesis, com-
parison, and grouping. We examined climate, ecological,
corporate social responsibility, and sustainability reports
from major Russian ferrous metallurgy enterprises, ESG
rankings, official statistical reports published by the Fede-
ral State Statistics Service, and the Enerdata statistical
yearbook.

[ RESULTS AND DISCUSSION

Russia is currently conducting an experiment on setting
quotas for emissions of atmospheric pollutants involving
the implementation of emission quotas for atmospheric
pollutants in 12 major urban industrial areas designated
as cities with high and very high levels of atmospheric
air pollution. A comprehensive system of compensatory
measures has been developed, focusing on the reduc-
tion of negative environmental impacts. These measures
include the renovation, technical re-equipment, and
remodeling of facilities.

In 2020, Russia launched the Unified Information Sys-
tem for Monitoring (UISM) atmospheric air quality [13].
Over the ensuing period, statistics on the initial monitor-
ing results have been accumulated [14]. The air quality
is actively monitored in twelve cities across the Russian
Federation, such as Cherepovets, Novokuznetsk, Lipetsk,
Chelyabinsk, Nizhniy Tagil, Magnitogorsk, and others,
where major ferrous metallurgy enterprises are opera-
tional. Monitoring is conducted in real-time through Ros-
hydromet observation posts situated in close proximity
to major metallurgical facilities, including Cherepovets
Steel Mill, United West Siberian Metallurgical Plant,
Novolipetsk Steel, Nizhniy Tagil Iron and Steel Works,
Chelyabinsk Metallurgical Plant, and Magnitogorsk Iron
and Steel Works — recognized as primary sources of pol-
lution. In Cherepovets, Novokuznetsk, and Lipetsk, both
average daily and average monthly Standards Index (SI)
values for atmospheric air pollution are recorded during
monitoring, while in Chelyabinsk, only the SI average
daily value is registered. The monitoring of air quality
includes the assessment of the average daily concentra-
tion of various pollutants such as suspended solids, sul-
fur oxide (SO,), carbon oxide, nitrogen oxides (NO and
NO,), ozone, hydrogen sulfide, ammonia, and particles

500

of 1, 2, 5, and 10 microns in size. As of now, the UISM
does not record the average daily concentration of carbon
oxide (CO,). During the survey period (January — March
2022), data on air quality in Nizhniy Tagil and Magni-
togorsk were unavailable due to ongoing technical works
on the websites. The measurement results are interpreted
based on the SI values, where a range from 0 to 1 indi-
cates low atmospheric air pollution, 2 to 4 signifies pollu-
tion higher than normal, 5 to 10 indicates high pollution,
and values above 10 represent very high pollution levels.
Table 1 provides the interpretation of the average monthly
SI values for atmospheric air pollution in Cherepovets,
Novokuznetsk, and Lipetsk for the years 2020 — 2021.

In 2020, an average monthly SI value for atmospheric
air pollution in Chelyabinsk was not recorded. The aver-
age monthly SI values for atmospheric air pollution in
Chelyabinsk in 2021 are presented in Table 2.

The analysis of the obtained results leads to the con-
clusion that the primary focus in improving the envi-
ronmental well-being of major industrial centers is
the technical upgrading and remodeling of metallurgi-
cal enterprises. Despite the ongoing experiment involv-
ing the setting of quotas for harmful emissions and
the implementation of compensatory measures, there
are still instances of high, very high, and higher-than-
normal SI values for atmospheric air pollution. In 2021,
Cherepovets recorded an average monthly SI value cor-
responding to very high and high pollution levels for 7
out of 12 months. Novokuznetsk experienced this for
4 months out of 12, while Lipetsk recorded such values
for 6 months out of 12. Additionally, Chelyabinsk had
higher-than-normal average daily SI values from June
to December 2021, with recurrence rates ranging from 1
to 19 days per month. In July, August, and October 2021,
the values were high, occurring 1 to 2 days per month,
and in August and October, they were very high, occur-
ring once per month.

It is evident that the existing financial mechanisms,
such as the state program of the Russian Federation “Envi-
ronmental Protection,” inclusive of the national project
“Ecology” and the federal project “Clean Air,” will likely
fall short of adequately addressing the identified problem.
Consequently, Russia is presently in the process of estab-
lishing an institutional framework designed to enhance
the motivation of economic entities to incorporate ESG
principles into their operations. Additionally, this frame-
work aims to provide incentives for investors, including
institutional investors, to make responsible investment
decisions.

Given the current realities and the potential introduc-
tion of transboundary carbon regulation mechanisms, it
becomes evident that carbon-intensive industries, includ-
ing ferrous metallurgy, must genuinely adopt environ-
mentally friendly practices rather than merely express-
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Table 1

Interpretation of the average monthly SI values
of atmospheric air pollution

Tabnuya 1. CBegeHust 00 HHTEPNPETAIUH CPeTHEMECTYHBIX
3navyenuii CU 3arpsisHeHusi aTMocepHOro Bo3ayxa

Table 2

Data on the average daily SI values
of atmospheric air pollution in Chelyabinsk’

Tabnuya 2. CBegeHust 0 cpegHecyTouHbIX 3Ha4eHusix CU
3arpsisHeHust aTMocepHOro Bo3ayxa B ropoge Yeasouuck’

Cherepovets Novokuznetsk
(Cherep ovets (EVRAZ Lipetsk
i United West (PJSC
Month Steel Mill o :
Siberian Novolipetsk
of PJSC :
Severstal) Metallurgical Steel)
Plant)

Interpretation of the average monthly SI value
of atmospheric air pollution in 2020

January n/a n/a n/a
February n/a High n/a
. Higher-than- .
March Very high Very high
. Higher-than- Higher-than- Higher-than-
April
normal normal normal
May High Low Higher-than-
normal
June Low Low High
July Low Low Very high
August Higher-than- Low Low
normal
September High Low Higher-than-
normal
October Low High Higher-than-
normal
November High Higher-than- n/a
normal

Interpretation of the average monthly SI value
of atmospheric air pollution in 2021

January n/a Hl%ll(l)erin-t;an- e
February Hli};zn-t;an- N
March Higher-than- Higher-than-
normal normal
April How, Higher-than- Very high

normal

Very high Very high

Very high Very high

Very high High
Ve it Higher-than- Higher-than-
normal normal
. Higher-than-
September Very high normal n/a
October en Higher-than- Higher-than-
normal normal
November High Very high Very high
December | lgner-than- High Low
normal

Number of days per month in which the
atmospheric air pollution corresponded
Month to the respective SI scale value
(2021) Higher-than- . .
Low normal High Very high
January n/a n/a n/a n/a
February 28 - - -
March 31 - - -
April 30 - - -
May 31 — - -
June 17 13 - -
July 15 15 1 -
August 9 19 2
September - 15 - -
October 22 6 2
November 29 1 - -
December 29 2

ing commitment in words. Ongoing applied research is
exploring the use of hydrogen in cast iron and steel pro-
duction. However, experts indicate that the time frame
for the initiation of the first pilot projects in this domain
spans from three to five years, with the adaptation of this
technology for full-scale production expected to require
a considerably longer duration'®.

[ AnALYSIS OF ESG-PRACTICES OF THE MAJOR
METALLURGICAL COMPANIES IN RUSSIA

PJISC Severstal (Cherepovets Steel Mill,
Cherepovets)

The company’s official website features a dedicated
“Sustainable Development” section providing insights
into its strategy with short-, medium-, and long-term targets
for reducing greenhouse gas emissions:

1. Abating greenhouse gas emissions by 3 % per 1 ton
of liquid steel by the end of 2023, compared to 2020 (pro-
jected to be 2001 tons of CO, equivalent per ton of steel in
2023).

% Unified information system for monitoring atmospheric air quality.
URL: http://www.feerc.ru/uisem/portal/ (Accessed: 20.03.2022).

10By 2023, Novatek and Severstal are to launch a joint hydrogen project.
URL:  https://www.vedomosti.ru/business/articles/2021/06/03/872835-
novatek-severstal (Accessed: 20.03.2022).
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2. Reducing greenhouse gas emissions per 1 ton
of liquid steel by 10 % by the end of 2030 compared
to the 2020 baseline.

3. A long-term goal is currently under development,
with plans to present the concept in 2022. These objectives
align with the criteria for sustainable (including green)
development in the Russian Federation and the require-
ments for the verification system of the projects for sus-
tainable (including green) development in the Russian
Federation, as outlined in the Decree of the Government
of the Russian Federation No. 1587 of 21.09.2021.

4. Reducing air pollutant emissions by 13 % by 2025
compared to the 2020 baseline.

5. Main energy saving objective: achieve an energy
intensity of 5.55 Gceal/t of steel produced by 2026 through
the implementation of an energy-saving program.

According to the website, the company is considering
According to the company’s website, PJSC Severstal is
actively considering scenarios for implementing climate
policies. These scenarios include:

1. SSP126 scenario: Aligned with the Paris Agree-
ment, anticipating a global average temperature increase
of +1.8 °C by 2100).

2. SSP245 scenario: An intermediate scenario project-
ing a temperature increase of +2.8 °C by 2100;

3. SSP585 scenario: The worst-case scenario, envi-
sioning a temperature increase of +4.4 °C by 2100. It’s
noteworthy that achieving the long-term goal outlined
in these scenarios is uncertain and beyond the control
of current climate policy stakeholders, including signato-
ries of the Paris Agreement, given the extremely distant
time horizon.

The company has published an updated climate report
for the year 2021, available on its official website!!, con-
tinuing a tradition of regularly releasing sustainability
reports since 2010'2. PJSC Severstal has established an
in-house climate-related risks and energy management
system. The company’s climate memorandum, outlining
five principles of its climate policy, is accessible on its
website!3.

Severstal has developed an occupational health and
safety strategy'4.

PJSC Severstal’s 2021 Climate Report. URL: https://www.sev-
erstal.com/contant-static/file/82493/Climate-report-rus.pdf ~ (Accessed:
16.03.2022).

12PJSC Severstal’s 2010 — 2020 Sustainability Reports. URL: https://
www.severstal.com/rus/sustainable-development/documents/reports
(Accessed: 18.03.2022).

3PJSC Severstal’s Climate Memorandum. URL: https://www.sever-
stal.com/rus/sustainable-development/climate/ (Accessed 30.03.2022).

14 Updated PJSC Severstal’s strategy on occupational health and
safety (January 2022). URL: https://www.severstal.com/contant-stat-
ic/file/82240/Severstal HSE Strategy update RU.pdf (Accessed:
17.03.2022).
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EVRAZ United West Siberian Metallurgical
Plant, Novokuznetsk

EVRAZ Nizhniy Tagil Iron and Steel Works,
Nizhniy Tagil

EVRAZ has established five-year environmental tar-
gets spanning from 2018 to 2022. One of these targets
is to reduce greenhouse gas emissions to below 2.0 tons
of CO,-equivalent per 1 ton of steel by 2022.

In alignment with global efforts to address climate
change, EVRAZ has set an additional target to decrease
the energy intensity of steel production by 15 % by 2025,
using the 2018 baseline as a reference point, aiming for
24.23 GJ per 1 ton of steel.

EVRAZ Group outlines various scenarios for
the implementation of its climate policy, including:

1. RCP 2.6 scenario: The most innovative and low-
carbon trajectory, illustrating global efforts to limit emis-
sions and restrict the temperature rise to 0.4 —1.6 °C
by 2100.

2. RCP 4.5 scenario: This scenario aligns closely with
the Paris Agreement, implying a temperature increase
from 1.1 to 2.6 °C by 2100.

3. RCP 8.5 scenario: Considered a business-as-usual
scenario, it represents the most intensive use of fossil
fuels with minimal actions to combat climate change.
This scenario projects an average global temperature
increase of 2.6 — 4.8 °C by 2100.

In October 2020, EVRAZ published its first Climate
Change Report!s, signaling the company’s commitment
to addressing climate-related risks. The company has
established a comprehensive energy management system,
and sustainability reports have been regularly published
since 2018. Reports for the years 2018 — 2020 are cur-
rently accessible on the EVRAZ Group’s public web-
site!.

PJSC Novolipetsk Steel, Lipetsk

PJSC Novolipetsk Steel in Lipetsk has established a
medium-term goal to reduce greenhouse gas emissions
to 1.84 tons of CO,-equivalent per 1 ton of steel by 2023,
as reported by public sources.

Despite this goal, the official reports available on
the company’s website do not provide detailed scenarios

15 EVRAZ Climate Change Report. URL: https://www.evraz.
com/ru/sustainability/data-center/climate-change-reports/ (Accessed:
17.03.2022).

16 EVRAZ 2018 — 2020 Sustainability Reports. URL: https://www.
evraz.com/ru/sustainability/data-center/sustainability-reports/ (Accessed:
17.03.2022).
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outlining the implementation of Novolipetsk Steel’s cli-
mate policy.

The company has not made a separate climate report
available on its official website. Instead, information
related to the mid-term strategic goal of its climate policy
until 2023, as well as results achieved in abating green-
house gas emissions, can be found in the 2019 “Ecology”
Report.

PJSC Novolipetsk Steel announces the implementa-
tion of an integrated system addressing climate-related
risks and energy management. While the company’s
website includes the Environmental Protection Report
for the year 2019, there is an absence of a more recent
report!’. Corporate Social Responsibility Reports have
been published on the official website since 2009.
The reports “On Environmental Activities” have been
accessible on the official website since 2013, with the first
report “On Sustainable Development” presented in 2015,
and the first “Ecology” Report posted in 2016'3.

MECHEL (Chelyabinsk Metallurgical
Plant, Chelyabinsk)

As per the information available on the official web-
site, there is a stated objective to achieve a 17 % reduction
in the intensity of greenhouse gas and pollutant emissions
into the atmospheric air at the Chelyabinsk production
site by 2025. However, the baseline period for this reduc-
tion target is not specified.

The official website of the MECHEL Group does
not provide any detailed information on the implemen-
tation scenarios of the company’s climate policy, and it
lacks climate reports. Additionally, there is no indication
of whether the company has established a climate-related
risks and energy management system.

While the MECHEL Group’s official website contains
general documents regarding environmental policy and
energy efficiency, it does not offer specific environmen-
tal protection reports'®, ecological reports, or integrated
reports as of now.

PJISC Magnitogorsk Iron and Steel Works, Magnitogorsk

The enterprise’s website includes a “Sustainable
Development” section, outlining a target to reduce
the intensity of greenhouse gas emissions into the atmo-

17 The 2019 Environmental Protection Report of PJSC Novolipetsk
Steel. URL: https://nlmk.com/upload/iblock/8d4/NLMK _ecology 22.04.
pdf (Accessed: 18.03.2022).

18 PJSC Novolipetsk Steel Corporate Social Responsibility Reports;
PJSC Novolipetsk Steel Sustainability Reports; PISC Novolipetsk Steel
“Ecology” Report. URL: https://nlmk.com/ru/ir/results/csr-reports/ (Ac-
cessed: 18.03.2022).

Y MECHEL official website. URL: https://www.mechel.ru/develop-
ment/environmental/ (Accessed: 18.03.2022).

spheric air by 20 % by 2025 compared to the 2018
baseline, aiming for 1.8 tons of CO,-equivalent per ton
of steel. The specified criterion for achieving this goal
is defined as reducing the comprehensive air pollution
index to 5.0 units by 2025.

The 2019 Sustainability Report?® and the 2020 Inte-
grated Annual Report?! do not provide information on
the implementation of the company’s climate policy.
Although these documents declare the mid-term strate-
gic goal of the climate policy until 2025 and highlight
achievements in greenhouse gas emission reduction,
a dedicated climate report as a separate document is cur-
rently not accessible on the official website of PJSC Mag-
nitogorsk Iron and Steel Works.

[l OPEN DATA ANALYSIS

The analysis of the official websites of the major
Russian cast iron and steel producers reveals that most
of these companies align with the principles of sustain-
able development and engage in monitoring greenhouse
gas emissions and energy intensity of their products, as
shown in Table 3. However, MECHEL stands out as an
exception, as its official website lacks GRI climate or
other relevant reports. Similarly, these reports are not
available on the official website of the Russian Union
of Industrialists and Entrepreneurs. It remains unclear
whether MECHEL does not assess the carbon and energy
intensity of its products or does not disclose this informa-
tion to all stakeholders.

Despite the integration of ESG-principles into their
activities, the specific emissions of major ferrous metal-
lurgy enterprises in 2020 ranged from 1.90 to 2.18 tons
of CO,-equivalent per 1 ton of steel (Table 3).

These figures are significantly higher than the cri-
teria established by the Decree of the Government
of the Russian Federation No. 1587 of 21.09.2021.
According to these criteria, the carbon intensity of car-
bon steel should be less than 0.283 tons of CO,-equiv-
alent per 1 ton of products, and that of high-alloy steel
should be less than 0.352 ton of CO,-equivalent per
1 ton of products. This implies that the actual emissions
of CO,-equivalent are 5 to 8 times higher than the values
set by the sustainable development project criteria estab-
lished by the Decree of the Government of the Russian
Federation No. 1587 0f 21.09.2021.

RAEX analytical agency provided information on
ESG ranking as of 15.03.2022 for 160 Russian compa-

20 Sustainability Report of PJSC Magnitogorsk Iron and Steel
Works. URL: https://mmk.ru/ru/sustainability/social-responsibility/ (Ac-
cessed: 18.03.2022).

2l The 2020 Integrated Annual Report of PJSC Magnitogorsk Iron
and Steel Works. URL: https://mmk.ru/ru/investor/results-and-reports/
sustainability-reports/ (Accessed: 18.03.2022).
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Table 4

Position of the largest Russian metallurgical enterprises in the ESG-ranking dated 03/15/20222*

Tabruya 4. Tlo3uust KPYMHEHNIHX POCCHIICKAX MeTa/Typrudeckux npexnpusruii Poccun B ESG-pankunre ot 15.03.2022 .2

Rating position in the area
Enterprise “Environment” “Social “Corporate Total ranking
(E) sphere” (S) Governance” (G)

PJSC Novolipetsk Steel 4 14 9

PJSC Severstal 5 32

EVRAZ 24 17 25 21
PJSC Magnitogorsk Iron and Steel Works 31 19 14 22
MECHEL 158 132 93 122

nies. The positions of steelmaking leaders in the ESG
ranking are presented in Table 4.

As per Clause 1 of Article 31.1 of Federal Law
No. 7-FZ dated 10.01.2002 (as amended on 30.12.2021)
“On Environmental Protection,” entities and individu-
als engaged in economic or other activities at Category /
facilities are mandated to apply for an Integrated Envi-
ronmental Permit. Concurrently, in accordance with
Clause 12 of Article 31.1 of the aforementioned law, enti-
ties and individuals engaged in economic or other activi-
ties at Category /[ facilities are eligible to obtain an Inte-
grated Environmental Permit, provided they possess Best
Available Techniques (BAT) Reference Documents.

In April 2018, the Ministry of Natural Resources
and Ecology of the Russian Federation sanctioned a list
of 300 deemed detrimental to the environment fall-
ing under Category /, contributing no less than 60 %
to the total pollutant emissions in the Russian Federa-
tion (commonly known as the “List 300") [15]. This list
encompasses major ferrous metallurgy industrial sites,
including Cherepovets Industrial Site, EVRAZ United
West Siberian Metallurgical Plant, Magnitogorsk Indus-
trial Site-1 and Magnitogorsk Industrial Site-2, Chely-
abinsk Metallurgical Plant, and JSC Karelskiy Okatysh
Industrial Site. In compliance with Clause 6 of Article 11
of Federal Law No.219-FZ dated21.07.2014, “On Amend-
ments to the Federal Law ‘On Environmental Protection’
and certain legislative acts of the Russian Federation,”
Category [ facilities included in the “List 300” were obli-
gated to apply to Rosprirodnadzor for an Integrated Envi-
ronmental Permit between 01.01.2019 and 31.12.2022.
Regrettably, during the period from 2019 to 2021, none

22 ESG-Poukunr poccuiickux komnanuii (or 15.03.2022). https:/
raex-rr.com/ESG/ESG_companies/ESG_rating_companies/2022.3/ (Ac-
cessed: 18.03.2022).

2 TlepedeHb 0ObEKTOB HETATHBHOTO BO3IEHCTBHS HA OKPYKAOLIY IO
cpeay, Ha KOTOpbIE BBIIAHBI KOMIUIEKCHBIE 9KOIOTHUECKHE Pa3peIleHHs.
Odunnanbueiit  cailt  Pocnpuponnanzopa. URL:  https://rpn.gov.ru/
opendata/7703381225-objectker (Accessed: 10.03.2022).

of Russia’s metallurgical companies obtained Integrated
Environmental Permits (ESG-IEPs)?.

We are currently witnessing global transformations
as countries worldwide transition towards a low-carbon
economy. Experts from the Task Force on Climate-related
Financial Disclosures (TCFD) emphasize that addressing
the challenges of climate change may necessitate sig-
nificant innovations in the political, legal, technological,
and market domains. While acknowledging the humane
concept of sustainable development, focused on reducing
carbon footprint and preserving Earth’s biodiversity, it is
crucial to recognize that, in the context of the 2022 global
geopolitical crisis and considering economic sanctions
imposed against Russia by most countries, the promo-
tion of ESG-principles, particularly their environmental
aspect, is perceived as a tool of political and economic
pressure. Notably, the content of the Glasgow Climate
Pact is significant. This document advocates for the reduc-
tion of coal power and the discontinuation of “inefficient
subsidies” for fossil fuels.

Russia stands as one of the major exporters of fer-
rous metallurgy products, with key destinations includ-
ing Turkey, Taiwan, the USA, Italy, Mexico, Belgium,
the Netherlands, Germany, Spain, South Korea, among
others [16]. In light of the global commitment to ESG-
principles and climate policies by most nations, compli-
ance with these principles is essential. Simultaneously,
the world has not yet identified a suitable substitute for
metallurgical industry products, which find extensive
applications in construction, engineering, shipbuilding,
medicine, IT, and various other fields.

[ ConcLusions

The analysis of average monthly SI values for atmo-
spheric air pollution in Cherepovets, Novokuznetsk, and
Lipetsk from 2020 to 2021, along with the average daily
SI values in Chelyabinsk for 2021, reveals persistent
high, very high, and higher-then-normal levels of atmos-
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pheric air pollution despite the implementation of quo-
tas for harmful emissions and compensatory measures.
Our examination of the official websites of major metal-
lurgical companies in Russia, including PJSC Severstal,
EVRAZ, PJSC Novolipetsk Steel, PJSC Magnitogorsk
Iron and Steel Works, and MECHEL, focused on deter-
mining their adherence ESG-principles. It is evident that
PJSC Severstal and EVRAZ are actively engaging with
ESG-principles. Both companies publish sustainability
and climate reports on their official websites, addressing
climate policy scenarios and monitoring the carbon and
energy intensity of their products. Furthermore, the cli-
mate reports of PJSC Severstal and EVRAZ outline short-,
medium-, and, in the case of PJSC Severstal, long-term
targets for reducing greenhouse gas emissions intensity
into the atmosphere. PJSC Novolipetsk Steel has made
available its Environmental Protection Report and Corpo-
rate Social Responsibility Reports on its official website.
Similarly, PJSC Magnitogorsk Iron and Steel Works has
published the Sustainability Report and the Integrated
Annual Report. There are no climate reports available,
and the goals for reducing greenhouse gas intensity are
exclusively formulated for the medium term. MECHEL’s
website lacks environmental protection, ecological, cli-
mate, or integrated reports, and the mid-term objective
for reducing greenhouse gas emissions lacks a specific
baseline period reference. In 2020, major ferrous metal-
lurgy enterprises exceeded the specific emissions of CO,-
equivalent per ton of products by 5 to 8 times the values
stipulated by the sustainable development project criteria
outlined in the Decree of the Government of the Russian
Federation No. 1587 dated 21.09.2021. None of the afore-
mentioned metallurgical companies obtained Integrated
Environmental Permits (ESG-IEPs) from 2019 to 2021.
Considering the emerging global trend towards decarbon-
izing economies, reducing carbon and energy intensity
in products becomes imperative for enhancing the com-
petitiveness of domestic ferrous metallurgy enterprises in
the global market and ensuring sustainable development
for the Russian economy. To promote ESG-principles in
Russia, it is essential for the government to implement
measures supporting research on low-carbon technolo-
gies, especially in ferrous metallurgy. Institutional inves-
tors should also actively participate in the implementation
of ESG-principles to contribute to the overall sustainabil-
ity of industries.
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