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Abstract. The paper considers the issues of determining undissolved CaO and MgO particles in slags formed in a ladle-furnace unit. The assess-
ment of slags by the presence and quantity of undissolved oxides CaO and MgO, depending on chemical composition, was carried out using
a polymer model developed at UrFU and improved at IMeT UrB RAS. To determine the saturation of a multicomponent melt by CaO and MgO
oxides, it is necessary to compare two parameters: thermodynamic activity of oxide in the melt, which depends on chemical composition, and
saturation activity, which depends on temperature. The authors propose a method for estimating the content of undissolved particles in the slags
formed at the steel ladle treatment at JSC VMZ. Most slags contain undissolved lime in an amount less than 10 %, which is sufficient for
successful steel desulfurization. Theoretical calculations for determination of undissolved particles were confirmed in laboratory conditions
during studies of industrial slags with a Stengelmeyer viscometer. Laboratory experiments showed the accuracy of the calculated method for
determining the solid phase in the slags formed in ladle-furnace unit by comparing the viscosity changes with a decrease in the slags tempera-
ture. Solidification temperature of heterogeneous slag is 200 °C higher than that of homogeneous one. When temperature of heterogeneous slag
decreased, enlarged agglomerates of solid oxides were formed, which fell under the measuring device, respectively, it showed an increased
viscosity of the oxide system in the temperature range of 1570 — 590 °C. Laboratory experiments confirm the methodology for determining
the solid phase in the slag.

Keywords: slag, ladle-furnace unit, undissolved particles, homogeneous slag, heterogeneous slag, viscometer, lime dissolution
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AnHomayus. B pabore paccMOTpEHBI BOIPOCHI IO ONpe/eieHuo HepacTBopeHHbIX dactuil CaO u MgO B nuiakax, (popMHpYeMBIX B arperare

KOBIII-T1e4b. OIIEHKY [IUIAKOB 10 HAJTMYHIO M KOJIMYECTBY HepacTBOpeHHBIX okcuioB CaO 1 MgO B 3aBUCHMOCTH OT XMMHYECKOTO COCTaBa MPOBO-
JUAJIM € TIOMOIIBIO TIOIMMEPHON MojienH, paspaboranuoii B Yp®Y u ycosepiiencrsoBanHoit B UMeT YpO PAH. [{ns onpeneneHus HaChILCHUs
MHOTOKOMITOHEHTHOTO paciuiaBa 1o okcugaaM CaO u MgO HeoOXoauMO CpaBHHTH JBa MapamMerpa: TePMOJMHAMHYECKYIO aKTHBHOCTh OKCHIA
B pacIuIaBe, KOTOpasi 3aBUCUT OT XUMUUYECKOTO COCTaBa, U aKTMBHOCTh HACBILICHHsI, KOTOpas 3aBUCHUT OT TeMreparypbl. [Ipeanaraercs MeToanka
OLICHKH COZICP)KAHUSI HEPACTBOPCHHBIX YaCTHIl B IIUIaKaX, (OpMHUPYEeMBIX Ha ydacTKe KoBIIeBOi 00paborku cramn AO «BM3y. BonbmmHcTBO
LIJJAKOB COZICPIKUT HEPACTBOPEHHYIO W3BECTh B KoiMuecTBe He Oosnee 10 %, 4TO ITOCTATOYHO Ul YCIENHON Aecynbdypanun craiu. TeopeTu-
YECKHE PACUeThl 10 ONPE/IeNICHUI0 HEPACTBOPEHHBIX YaCTUI] ObUIM MOATBEPIKICHBI B JTa00OPATOPHBIX YCIOBHSX IPH UCCIIEJOBAHUSIX MPOU3BOJCT-
BEHHBIX IIJIAKOB HAa YCTaHOBKE BHCKO3MMeTpa KoHCTpykuuu llltenrensmeiiepa. JlaboparopHbie ONMBITH MOKAa3ald TOYHOCTh PACYETHOTO METOa
orpeziesieHust TBepIoH (a3bl B 1ILIaKaX, pOPMHUPYEMBIX B arperare KOBLI-TICYb, ITyTeM CPAaBHEHHSI U3MEHEHUS BSI3KOCTHU TIPH CHIKCHUH TeMIIepa-
TypbI HTakoB. Temneparypa 3acTbiBaHus reTeporeHHoro nuiaka Ha 200 °C Bpliie, 4eM roMOreHHOro. [Ipy CHIKEHHH TeMITepaTypbl TeTePOreHHOTO
I11aKa 00pa30BBIBAIKMCH YKPYITHEHHBIC arJIOMEPaThl TBEP/BIX OKCHJIOB, KOTOPbIE KOHTAKTUPOBAIH C U3MEPUTEIEHBIM 30HI0M, OBBIIIAs PETHCTPH-
pyeMyIo BSI3KOCTb OKCHHOW CHCTEeMbI B HHTepBasie Temmeparyp 1570 — 1590 °C. Pe3ynbrarsl 1a00paTOPHBIX OIBITOB MOJATBEPIKAAIOT METOIHKY

OIIPEACTICHUA TBCpZ[Oﬁ (1)33[:1 B IIJTIaKeE.

Kawuesvle cioea: mnaky, arperar KoBII-Tiedb, HEPACTBOPEHHBIE YACTUIIbI, TOMOT€HHBII 1IJIAK, T€TEPOreHHBIN 1ILTaK, BUCKO3UMETP, PACTBOPEHHUE U3-

BECTH
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- INTRODUCTION

Ladle metallurgy represents a crucial stage in metal
processing prior to pouring into a Continuous Casting
Plant (CCP). Its primary objective is to refine the liquid
metal to attain the specified and uniform chemical com-
position, the required temperature, and a high degree
of purity from non-metallic inclusions and harmful impu-
rities [1 — 3].

Within the ladle-furnace (LF) unit of the electric fur-
nace shop of JSC Vyksa Metallurgical Plant (JSC VMZ),
highly basic and liquid-active slags are formed. The pri-
mary purpose is to remove sulfur from the metal, which
can compromise the steel’s service properties. Addition-
ally, the slag serves to protect the metal from secondary
oxidation, reduce heat losses from the melt’s surface, and
absorb non-metallic inclusions [1].

A key objective in the ladle treatment of steel (LTS)
is to form highly basic slag to ensure maximum desul-
furizing properties. This is achieved through the pre-

sence of “free” oxygen anions, originating mainly from
the oxides CaO and MgO [1; 8 — 11].

Based on experience gained from refining metal
at the LTS site, it is understood that successful sulfur
removal requires the formation of slags saturated with
CaO with a slight degree of supersaturation, not exceeding
10 %. If lime completely dissolves, there will be a defi-
cit of CaO oxide, adversely affecting the slag’s refining
properties. Conversely, if the amount of undissolved lime
exceeds 10 %, it will diminish refining properties and
increase consumption of slag-forming materials [1; 12].

To dissolve CaO, additives are necessary to lower its
melting temperature and accelerate dissolution. Exam-
ples include fluorite (CaF,), silica-containing additives,
or aluminum-containing materials.

Although fluorite (fluorspar) is widely used in steel-
making production as an efficient slag thinner, its use
presents several significant drawbacks [13]:

— calcium fluoride promotes the erosion of refractory
linings in steel ladles;
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—at high temperatures, partial evaporation of CaF,
occurs, contributing to environmental degradation.

At modern enterprises, there is a concerted effort
to replace calcium fluoride with alternative fluxing addi-
tives.

To dissolve CaO in slag, materials based on silica and
alumina can be utilized. These materials form low-mel-
ting eutectics with calcium oxide, effectively reducing
its melting temperature. However, the use of SiO,-based
materials for refining processes is not advisable. This is
due to the importance of minimizing the SiO, content in
the slag to achieve a high sulfur distribution coefficient
during refining. Therefore, it is recommended to employ
fluxing materials based on A1,O, [15 - 17].

Furthermore, an evaluation of slags based on their
saturation of CaO and MgO, depending on their chemi-
cal composition under the conditions of JSC VMZ, is
deemed necessary.

[ EXPERIMENTAL

The evaluation of slags based on the presence and
quantity of undissolved CaO and MgO oxides, depen-
ding on their chemical composition, was conducted using
a polymer model (PM) developed at the Ural Federal
University (UrFU) and further improved in [19].

The principle of determining the saturation of a multi-
component melt with CaO and MgO involves comparing
two parameters: the thermodynamic activity of the CaO
oxide in the melt (asy,), which depends on the chemical
composition, and the saturation activity of CaO (aly,),
which is temperature-dependent.

The method for determining the saturation of a melt
with CaO and MgO is as follows (Fig. 1). At point /, cor-
responding to temperature T, the inequality acy, < acyo is
valid, indicating that the melt is not saturated with CaO
oxide.

td sat
Acy0” Aca0

5

*

100 % CaO CaO 0

Fig. 1. Method for calculating the amount of solid CaO particles
in heterogeneous slag

Puc. 1. Metoauka pacdyera KoJu4decTBa TBep/IbIX yacTul okcuga CaO
B TE€TEPOreHHOM IIJIAKe
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From point / to point 2 (excluding point 2 itself) ac,o
decreases. At point 2, determined by temperature T,
the melt becomes saturated with CaO oxide, reaching
the thermodynamic activity of this oxide in the melt, i.e.,
the equality aji, = acao is valid. This condition corres-
ponds to a certain value of CaO" in the melt. With further
decrease in temperature to 7, and a constant slag com-
position, excess CaO oxide will be present in the form
of a solid phase, as ag, > aguo. Accordingly, the compo-
sition of the slag and the temperature at which the solid
CaO phase begins to precipitate can be determined: this
is line 4 — 2 — 5 (Fig. 1).

Thus, the method for determining the quantity
of undissolved CaO and MgO particles and the complete
composition of the liquid phase of a heterogeneous slag
consists of the following steps:

1) determination of the minimum temperature
at which the thermodynamic activities of CaO and MgO
oxides do not exceed the saturation activities;

2) if necessary, reduction of the calculated amount
of CaO and MgO oxides in the slag to satisfy the condi-
tion all = atty

3) determination of the mass fraction of undissolved
CaO and MgO particles based on the component balance

of the initial slag composition at a given temperature.

To validate this method, slags formed in the steel cas-
ting ladle were selected from the LTS site at JSC VMZ
with known chemical compositions (Table 1).

Using the proposed method and the polymer model
(PM), the composition of the homogeneous phase of each
slag and the quantity of the solid phase of CaO and MgO
oxides were calculated (Table 2).

Slag 4 is homogeneous as it does not contain solid
phases of CaO and MgO; slag 5 is heterogeneous and
contains solid phases of CaO and MgO; slags / — 3, 6 are
heterogeneous and only contain undissolved CaO oxide,
the quantity of which does not exceed 10 %.

To determine the type of slags, their physical proper-
ties such as viscosity and melting temperature were com-
pared using a laboratory unit.

Table 1. Chemical composition of the studied slags

Tabauya 1. XuMHYeCKUH COCTAB HCCJIETYEMbIX HIJIAKOB

Content, wt. %
S8 a0 | Si0, | ALO, | MgO | FeO + MnO
I 52.7 9.8 27.0 6.1
2 50.7 9.9 28.8 6.7
3 52.7 8.4 29.6 5.2
4 473 9.6 31.1 6.9 <1
5 50.9 9.3 26.2 9.2
6 52.5 8.9 26.6 6.6
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Table 2. Chemical composition of homogeneous phase and presence of solid phase in the studied slags

Tabauya 2. XuMu4ecKuii COCTaB roMOTeHHOH (pa3bl U HAJTUYHE TBeP/I0ii Ga3bl B HCCIEIYEMbBIX HIJIAKOB

T Amount of heterogeneous slag deposited
Slag (St 7 ¢ b P TR from the initial ixide mixtu%e, vI;t. %
CaO Sio, AlLO, MgO | FeO + MnO MgO CaO
1 52.52 10.66 29.36 6.63 4.56
2 52.00 10.26 29.84 6.94 0.52
3 52.75 9.03 31.80 5.59 <15 3.73
4 49.33 10.01 32.43 7.20 0 0
5 49.87 10.39 29.26 9.50 0.72 6.47
6 51.56 10.07 30.10 7.47 0 7.28

In this study, viscosity was measured using a vibra-
tional method. The vibrational viscometer operates in
resonance mode, allowing for viscosity measurements
of melts within the range of 0.1 — 15 Pa-s. Its high sensi-
tivity is attributed to operating on resonance oscillations,
where the viscosity of the slag disrupts the resonance
conditions. Achieving resonance requires the frequency
of the current supplying the vibrator coil to match
the natural frequency of the mechanical oscillations
of the viscometer’s movable system. When resonance
occurs, the amplitude of the movable system’s oscillations
reaches maximum, inducing the maximum electromotive
force in the measuring coil. The design of the vibrational
viscometer used in this study was developed by Stengel-
meyer [20] (refer to Fig. 2).

The principle of operation is that when the probe is
immersed in the slag melt, resonance oscillation is dis-
rupted: the higher the viscosity of the slag, the smaller
the amplitude of the movable system’s oscillations
becomes, resulting in a smaller electromotive force in
the measuring coil. Tuning the viscometer to resonance is
achieved using an autogenerator. Since the measuring coil
is located in the magnetic field of a ring magnet, a cur-
rent is induced in it, with a frequency equal to the fre-
quency of the oscillations of the viscometer’s movable
system, i.e., a current of resonance frequency appears in
it. The power of these current oscillations is increased
using an amplification circuit powered by a direct cur-
rent source. The amplified oscillations are then reap-
plied to the vibrator coil, thus automatically maintaining
the resonance oscillations of the viscometer.

To prevent the transmission of vibration energy from
the viscometer to the support of the micropipette mani-
pulator, the viscometer was placed on damping springs,
consisting of four pairs of spiral springs. Additionally,
to ensure the stability of operation of the electrodynamic
sensors, the viscometer was shielded from thermal radia-
tion.

When measuring the viscosity of melts, a 300 mm long
probe made of tungsten wire with a diameter of 1.5 mm

was utilized. The probe was immersed into the flux melt
to a depth of 10 mm. Immersion of the probe into the stu-
died melt was facilitated using a micrometer screw lift,
upon which the viscometer was mounted. The depth
of immersion was measured using the scale of the microm-
eter screw lift, with the starting point (contact with
the melt by the probe) being fixed using the TRM-200
meter. This was achieved by detecting the signal drop
relative to the movement of the probe in the air. A digital
multimeter, connected in parallel to the measuring coil,
was employed for viscosity measurement, with its rea-
dings being proportional to the amplitude and frequency
of the vibrations of the measuring coil. Temperature sig-
nals and the output signal of the multimeter were auto-
matically recorded using the two-channel TRM-200
meter. The output signal of the meter, which has an
RS-485 interface, was transmitted to a computer via an
OVEN AC-4 automatic converter with USB/RS-485
interface and recorded in Excel spreadsheets. Signals
were continuously recorded throughout the experiment
with a 1 s interval.

The calibration of the viscometer was conducted
on slag containing 40 wt. % CaO, 40 wt. % SiO,, and
20 wt. % Al,O,, where the viscosity of this slag at vari-
ous temperatures is known [7]. This facilitated a “hot”
calibration to be performed on slags with pre-known vis-
cosity. The results of several calibrations were aggregated
and overlaid on a single graph illustrating the dependence
of viscosity on the signal obtained from the viscometer.
Subsequently, an equation that most accurately described
the obtained results was selected:

n= 2(—6.263 + 43'088}
InE

where 1 is the dynamic viscosity, Pa's; £ is the EMF
recorded by the meter, mV.

The coefficients of the equation were determined
by analyzing more than 20 points obtained during
the calibration of the viscometer. Each point was derived
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Fig. 2. Schematic diagram of the Stengelmeyer viscometer:
1 —Al,0, case; 2 — resistance furnace; 3 — vibrating rod, the lower part of which is a probe; 4 — digital multimeter;
5 — shock—absorbing springs; 6 — viscometer housing; 7 — flat springs; 8 — vibrator core; 9 — annular magnet; /0 — measuring coil;
11 — digital TRM-200 meter; /2 — auto generator; /3 — armature winding; /4 — vibrator anchor; /5 — water—cooled lid;
16 — W — WRe thermo-steam; /7 — crucible with melt

Puc. 2. IlpuHuunuanbHas cxeMa BUCKO3uMeTpa KoHeTpykuuu Lltenrensmeiiepa:
1 —uexon u3 Al,O,; 2 — nieub CONPOTUBIICHHS; 3 — BAOPUPYIOIINI CTEPIKEHb, HUKHSS 4aCTh KOTOPOI'O SBIISETCS 30H0M;
4 — myneTUMETp HH(POBOH; 5 — aMOPTU3UPYIOIIKE MPYKHUHBI; 6 — KOPITYC BUCKO3HUMETpPA; 7 — IUIOCKHE TPYKUHBI;, 8 — Cep/IeuHIK BUOpaTopa;
9 — KoJIbLEBON MarHut; /() — u3MepuTenbHas Karymka; // — usmepurens nudposoit TPM-200; /2 — aproreneparop; /3 — 00MOTKa SIKOPS;
14 — sixopw BUOparopa; 15 — Bogooxiaxaaemas Kpbiiika; /6 — W — WRe tepmorniapa; /7 — THreib ¢ pacijiaBoMm

by averaging 100 — 150 viscosity values during isother-
mal holding while simultaneously measuring the visco-
sity of the calibration slag. The relative error in viscosity
measurement was within £5 %.

The experimental procedure comprised the following
steps:

— preparation of the slag mixture, ensuring that
the volume of the prepared mixture provided a liquid slag
layer thickness of at least 26 mm for a 10 mm diameter
crucible with a depth of 30 — 40 mm;

— loading the prepared mixture into a molybdenum cru-
cible and placing it in a high-temperature furnace. The mix-
ture was heated to a temperature of approximately 1450 °C
at a heating rate of approximately 9 °C/min. An inert
atmosphere was maintained by introducing argon gas
into the working volume of the furnace from below;

— lowering the vibration head of the viscometer,
touching the surface of the slag with a tungsten probe,
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and immersing it to a depth of 10 mm using a micrometer
screw;

—holding the sample at the specified temperature
for 5 min while measuring viscosity. Data on visco-
sity and slag temperature were automatically recorded
on a computer at 1 s intervals;

— gradual cooling of the melt at a rate of 5 °C/min;
continued until the solidification of the melt, with conti-
nuous recording of the obtained data throughout the pro-
cess;

— heating the melt to its melting temperature to release
the end of the probe from the melt.

[ EXPERIMENTAL RESULTS

The viscosity of homogeneous and heterogeneous
slags 4 and 5 was measured (Table 2). Viscosity measure-
ments are depicted in Figs. 3 and 4.
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Fig. 3. Dependence of viscosity of homogeneous slag
on temperature

Puc. 3. 3aBHCHMOCTb BS3KOCTH TOMOTE€HHOTO IILTaKa
OT TEMIIEepaTypsbl

The presented data reveal the following:

—direct viscosity measurement of heterogeneous
slags presents a challenge, as significant interference is
introduced into the recorded signal due to the interac-
tion between the viscometer probe and the solid slag par-
ticles;

— heterogeneous slag exhibits increased viscosity due
to the presence of solid particles in its volume, even with
relatively similar chemical composition parameters;

— heterogeneous slag has an elevated crystalliza-
tion temperature because the undissolved particles can
act as substrates during the liquid slag crystallization pro-
cess. This is manifested in a shorter crystallization inter-
val from the onset of noticeable viscosity growth to soli-
dification (around 20 —30 °C for heterogeneous slag
compared to 60 °C for homogeneous slag).

Slag saturated with MgO and CaO oxides exhibits
increased viscosity, with its solidification temperature
being 200 °C higher than that of homogeneous slag. For
refining processes, it is imperative to utilize high-basicity
homogeneous slag.

From the comparison of the data presented in Figs. 3
and 4, it can be deduced that heterogeneous slag pos-
sesses an elevated melting temperature. The solidifi-
cation temperature of homogeneous slag falls within
the range of 1350 — 1370 °C, consistent with theoreti-
cal data. In contrast, the melting temperature of the pre-
sented heterogeneous slag ranges from 1560 — 1590 °C.
Additionally, it is noteworthy that as the temperature
of the heterogeneous slag decreases, agglomerates
of solid oxides form, contacting the measuring probe
and resulting in increased viscosity of the oxide system
(within the temperature range of 1570 — 1590 °C).
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Fig. 4. Dependence of viscosity of heterogeneous slag
on temperature

Puc. 4. 3aBUCHMOCTb BS3KOCTH I'€TEPOTCHHOTO [IUIaKa
OT TeMIeparypbl

[ ANALYSIS AND DISCUSSION

At the LTS site of JSC VMZ six slag samples were
selected, and the content of the solid phase of CaO and
MgO oxides at a temperature of 1600 °C was determined
by calculation method based on the methodology pre-
sented in Fig. 1. The following results were obtained:

—slag 4 was found to be completely homogeneous,
with no solid phase present;

—slag 5 contained solid phases of CaO and MgO
oxides;

— slags /-3 and 6 contained a solid phase of CaO
oxide, with the amount not exceeding 10 %.

Laboratory experiments validated the adequacy
of the calculation method for determining the presence
of'a solid phase in slags formed in the electric arc furnace.
This was achieved by comparing the viscosity changes
as the temperature of slags 4 and 5 decreased. It was
observed that the solidifying temperature of the heteroge-
neous slag was 200 °C higher, despite a relatively similar
composition of the slag. Additionally, it was noted that
as the temperature of the heterogeneous slag decreased,
coarser agglomerates of solid oxides formed, which came
into contact with the measuring probe. This resulted in
an increase in the registered viscosity of the oxide system
within the temperature range of 1570 — 1590 °C.

[ ConcLusiOoNs

Recently, there has been a complete abandonment
of using fluorite in steel production, aimed at enhancing
efficiency and environmental safety. The addition of fluo-
rite traditionally facilitated the quick dissolution of lime
and the formation of a liquid refining slag. Consequently,
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ensuring optimal properties of the slag formed in the ladle
furnace has become a highly relevant task. The devel-
oped method for determining the solubility limit of cal-
cium oxide in the refining slag enables monitoring and
adjustment of both the current ladle refining technology
and the design of new variants.

The methodology for determining the presence
of a solid phase in the slag formed in the ladle furnace
was validated through laboratory experiments, where vis-
cosity indicators of the slag were compared as the tem-
perature decreased. It was observed that the solidifica-
tion temperature of the heterogeneous slag is 200 °C
higher than that of the homogeneous slag.

The calculated and experimental methods exhibited
good convergence of results, with differences primarily
arising in viscosity characteristics due to the presence
of undissolved particles. This enables a preliminary
assessment of slag properties formed in the electric arc
furnace through calculation, with experimental research
serving to confirm the set of slag calculations.
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ESTIMATION OF ACCIDENT RATE
OF BLAST FURNACE TUYERES
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Abstract. In modern blast furnace production, even a short-term disruption of the technological process is associated with large productivity losses.
In the practice of conducting blast furnace melting, there are often significant deviations from the optimal mode. They can lead not only to disruptions
of the blast furnace, but also to accidents. In the operation of a blast furnace, typical deviations from the normal distribution of gas flow and charge
materials include: peripheral, axial, channel passages; skewing of the backfill level; varying degrees and types of charge suspension. As a result, there
are a cooling or excessive overheating of the furnace and violation of the melting operation. A serious consequence of the prolonged peripheral move-
ment of gases is not only intensive wear of the lining, poor use of thermal and chemical energy of gases, but also stable cluttering of the hearth with
formation of a deadman. Deadman is an ore-coke sinter formed in the tuyere zone of a blast furnace, as a result of cooling of its center. The paper
describes the study and analysis of violations of blast furnace operation, analysis of the deadman causes and assessment of the accident rate of blast
furnace tuyeres. Violation of gas distribution and hearth cluttering lead to formation of a deadman, which provokes mass burning of tuyeres and blast
furnace refrigerators. The developed methodological foundations (mathematical model) allow us to estimate the maximum temperature of the tuyere
zone and the resulting heat flow to the tuyere toe in presence of a deadman. It is shown that in large-volume blast furnaces, bubble outflow of the gas-
coal flow prevails, contributing to growth of a deadman in the blast furnace.
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OLI,EHKA ABAPUMHOCTU AOMEHHDbIX ®YPM
T. C. Ctyk %, E. II. [loTOLKMii
| HanuonaibHbIi HecllenoBaTe bCKUi Texnomornyeckuii ynusepcurer « MUCHUC» (Poccus, 119049, Mocksa, Jlenunckuii mip., 4)
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AHHOmMayus. B coBpeMEHHOM JOMEHHOM MPOU3BOJCTBE Ja)ke KPAaTKOBPEMEHHOE HApYILICHHE TEXHOJIOIMYECKOro MpoLecca CBA3aHO ¢ OONBIIMMU
MOTEPSIMU NTPOU3BOAUTENILHOCTH. B NpakTHKe BeaeHUs! JOMEHHOH IUIABKM HEPEAKO BCTPEYAIOTCS 3HAUMTEbHBIC OTKIOHEHHS OT ONTHMAaJIbHOIO
pexuma. OHE MOTYT IPUBOJUTH HE TOJIBKO K PACCTPOHCTBAM XOJ1a IOMEHHOM IIe4H, HO U K aBapusiM. B paboTe TOMEHHOIT eur K TUITUYHBIM OTKIIO-
HEHUSIM OT HOPMaJIbHOTO PacrpeiesieH s OTOKA ra3a U MIMXTOBBIX MaTepHAJIOB OTHOCAT: Nepu(epuiiHblii, 0CeBOM, KaHATIbHBIA XO/bI; IEePEeKoC
YPOBHSI 3aChIIN; PA3IMYHON CTEIICHU M BUJA TIOJIBUCAHUS LINXTHL. BCIeacTBue 9Toro mpoucxXoasT MOX0I0JaHie WM W3JUIIHUH [Ieperpes mneyu,
HapyLIeHHe POBHOCTHU X0/a. TsKENIbIM MOCIEICTBUEM JUIMTEIBHOTO MepH(EPUIHOrO IBHIKEHHUS ra30B SBISIOTCS HE TOJILKO HHTEHCHBHBIH H3HOC
KJIaJIKH, c1a00e UCIIONB30BaHUE TEIUIOBON M XMMHYECKOH SHEPIHH ra30oB, HO U CTaOMIBHOE 3arpOMOXKIICHHE FOpHA C 00pAa30BaHHEM TOTEpPMaHa.
TorepmaH — 3TO PyAHO-KOKCOBBIH CIIeK, 00pa3yoiiuiics B )ypMEHHOH 30HE JJIOMEHHOI 11e4H B pe3yJIbTare oX0oJIoAaHus ee ueHTpa. JlanHas pabora
MOCBSILIEHA UCCIICIOBAHUIO U aHAIIM3Y HApYIICHUH pabOThl TOMEHHOMU IeUH, aHAIU3y IPUYNH BOSHUKHOBEHHUS TOTEPMaHa, OLCHKE aBAPUITHOCTH
(ypm omenHol neun. Hapyuenue razopacnpeienenus 1 3arpoOMOK/IeHUe FOpHa IPUBOASAT K 00pa30BaHUIO TOTEPMaHa, KOTOPbIH MPOBOLUPYET
MaccoBoe ropeHue GypM M XOJIOAMIBHUKOB JIOMEHHOW meud. Pa3paboraHHble METOJMYECKHE OCHOBBI (MAaTeMaTHYeCKash MOJEIb) MO3BOJISIOT
OLICHUTb MaKCUMAJIbHYIO TeMIepaTypy (GypMEHHON 30HbI M Pe3yAbTUPYIOIIMH TEIIOBOH OTOK Ha HOCOK (hypMbI P HANW4UK ToTepmana. [loka-
3aHO, 4TO B JOMEHHBIX Ie4ax 00JbLIOro oObeMa mpeodiaiaeT My3bIpbKOBbIH IIOTOK HCTEUSHHUSI a30-YTOIBHOTO MOTOKA, CIOCOOCTBYIOLIHI POCTY
TOT€pPMaHa JIOMEHHOH MeUH.

Kniouesvle cnoea: yepHas MeTauyprusi, JOMEHHOE TIPOM3BOJCTBO, AOMEHHas Nedb, hypMa, ToTepmaH, QypMEeHHas 30HA, MOBBILICHUE TEMIIEPATYPBI,
Pe3YIBTUPYIOIINI TEIIOBOM MOTOK, TIporap

s yumupoeanus: Cryk T.C., Ilorouknit E.Il. Ouenka aBapuiiHOCTH DOMEHHBIX QypM. M3gecmusi 6y3o06. Yepnas memannypeus. 2024;67(2):
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- INTRODUCTION

As of today, the industrial safety policy of metallurgi-
cal companies is based on the assertion that accidents and
emergencies at production facilities can be prevented.
Therefore, to prevent accidents at enterprises, various
methods for hazard analysis and risk assessment are
actively implemented and used.

Despite the trend towards reducing the number of acci-
dents, the frequency of incidents in metallurgical produc-
tion remains consistently high. The number of accidents
ranges from 4 to 9 annually, but their distribution across
different metallurgical production processes varies!
(Fig. 1). The most hazardous processes include blast fur-
nace, oxygen converter, electric furnace steelmaking, and
coke-chemical productions.

The most severe types of accidents in blast furnace
production involve the removal of pig iron and/or slag
from metallurgical units, breakthrough of the hearth,
refrigerators, and air ducts of blast furnaces, as well as
explosions in metallurgical units caused by the supply
of charge materials and tuyere burnouts [1; 2].

According to the 2020 report by PJSC NLMK, blast
furnace tuyeres failed more than 200 times (Fig. 2).
Fig. 3 presents the statistics of blast furnace tuyere failu-
res as a percentage.

Typical deviations from the normal distribution of gas
flow and charge materials include peripheral, axial, and
channel passages; skewing of the backfill level; and
various degrees and types of charge suspension, includ-
ing the so-called “tight” run [3; 4]. Consequently, the
furnace may experience cooling or excessive overhea-
ting, overloading of the axial zone with mineral charge,
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Fig. 1. Distribution of accidents by type of production:
1 — agglomeration; 2 — blast furnace; 3 — oxygen converter;
4 — coke-chemical; 5 — foundry; 6 — oxygen production;
7 —rolling; 8 — ferroalloy; 9 — electric furnace steelmaking

Puc. 1. Pactipenienenue aBapuii o BUAaM IPOU3BOACTB:
1 — aroMepanoHHoe; 2 — JOMEHHOE; 3 — KUCIIOPOIHO-KOHBEPTEPHOE;
4 — KOKCOXUMUYECKOE; 5 — JINTEHHOE; 6 — MPOU3BOACTBO KHCIOPO/A;
7 — mpokarHoe; 8 — heppociiaBHOE; 9 — 3JIEKTPOCTAICIUIABHIIBHOE

' Annual Report on the Activities of the Federal Service for
Environmental, Technological, and Nuclear Supervision for the period
from 2010 to 2020. URL: https://www.gosnadzor.ru/public/annual
reports/ (accessed on: January 25, 2024).

and violation of the melting operation. These conditions
can lead to the cluttering of the hearth and frequent bur-
ning of the air tuyeres. Prolonged channel passages result
in uneven burnout of the profile or stagnation of charge
materials, leading to the formation of accretions [5].

Hearth cluttering in blast furnaces adversely affects
the thermal mode, necessitating a reduction in ore loads.
In the hearth, significant amounts of graphite form
at lower temperatures [6]. The heating of the hearth dete-
riorates due to the formation of peripheral passages, as
there is a decrease in heating when unprepared charge
material is loaded [4]. Cold ferriferrous slag forms on the
tuyeres.
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Fig. 2. Main types of accidents:
1 — rupture of blast furnace jacket; 2 — rupture of large diameter
pipelines; 3 — explosion in metallurgical units;
4 — building collapse; 5 — fire; 6 — removal of cast iron and/or slag from
metallurgical units; 7 — breakthrough of the hearth, refrigerators,
air ducts of blast furnace; 8§ — explosion in metallurgical units due
to supply of raw charge and tuyeres burnout

Puc. 2. OcHOBHbBIC BU/IbI aBAPHIA:
1 — pa3pbIB KOXKyXa JOMEHHOI1 re4n; 2 — pa3pbiB TPyOOIPOBOIOB
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4 — o0Opy1IeHue 3aHus; 5 — HOKap; 6 — YXOJ 4yryHa W/WIN [I1aKa
U3 METaJUTypPrUYeCKUX arperaros; 7 — MPOPBIBbI TOPHA, XOJIOHILHHUKOB,
BO3/yXOIIPOBOJIOB IOMEHHOI1 1leun; § — B3PBIBBI B METAJLTYPrUueCKUX
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Other causes

13 %
Natural wear

Leaks in flanges
and welded joints

Fig. 3. Failure statistics of blast furnace tuyeres
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The infiltration of water vapor into the hearth through
burnouts of cooling equipment is further exacerbated
by the overloading of the low-mobility zone in the pre-
sence of low kinetic energy [7]. This deviation leads
to the cluttering process in the tuyere belt of the blast
furnace. As the cluttering zone expands, the burning
of tuyere connections intensifies, as depicted in Fig. 4.

A severe disruption of the smelting process is the clog-
ging of the hearth [4; 8]. It contributes to the deterio-
ration of the gas dynamics of the process and signifi-
cantly reduces the working space of the iron receiver.
This hinders the movement of molten iron in the hearth
and clogs the space in front of the tuyere nose. When
the center of the blast furnace hearth cools, coke and slag
begin to compress into a monolith due to the fine fraction
of the charge material [9; 10]. This leads to poor filtra-
tion in the hearth, thus making it difficult for the smelting
products to flow into the blast furnace iron receiver.

Despite the numerous developed and applied methods
for assessing the risk of accidents in blast furnace pro-
duction, a methodology is needed that can account for
the specific operational characteristics of the blast furnace,
considering the formation of the deadman in the tuyere
zone and the increase in temperature in the tuyere zone
with subsequent tuyere burnout, etc. Therefore, impro-
ving the methodology for assessing the accident risk
of blast furnace tuyeres, taking into account the forma-
tion of the deadman, is currently a relevant task.

- DESCRIPTION OF THE RESEARCH METHOD

A significant contribution to the study of tuyere
zone cluttering has been made by the National Univer-
sity of Science and Technology MISiS (NUST MISIS)

Fig. 4. Hearth cluttering with ore-coke sinter

Puc. 4. IIpouecc 3arpoMOK/I€HHsI TOPHA PYIHO-KOKCOBBIM CIIEKOM
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through the efforts of Zherebin B.N., Vegman E.F., Paren-
kov A.E., and others [1; 11]. It is known that large-volume
blast furnaces (Blast Furnace No. 5 of the Kryvorizhstal
plant) are prone to the formation of large scabs, including
ore-coke sinter, in the central part of the hearth. The boul-
der-like formation (deadman), with its peak reaching
the level of the bosh, consists of refractory carbides and
carbonitrides. The deadman obstructs normal gas distri-
bution and promotes the formation of a peripheral flow
in the blast furnace [12; 13]. The tuyere blast reflects off
the surface of the deadman onto the furnace lining and
hearth refractory. This leads to a deterioration in the dura-
bility of the refractory and contributes to an emergency
situation due to the breakthrough of high-temperature
smelting products in the blast furnace.

This work proposes a methodology for assessing the
accident rate of blast furnace tuyeres under the influence
of a deadman.

In blast furnaces, two stable hydrodynamic outflow
modes are realized: jet and bubble [14; 15]. The jet mode
of flow is characteristic of normal gas distribution in the
blast furnace, whereas the bubble mode of flow promotes
the growth of the deadman.

The value of the Glinkov criterion G, is determined
by the formula

2
G, =2, (1)
p;&h;

where Py is the effective density of the flow, kg/m?; w, is
the gas velocity at the tuyere exit, m/s; P, is the density of
the melt in the tuyere zone, kg/m?; g is the acceleration
due to gravity, m/s?; and hj is the distance from the tuyere
axis to the melt, m.

The effective density of the flow is calculated using
the formula

pg = Qairphb + Qngpng + Qcoalpcoal’ (2)

where Q.. O , Q.. are the volumetric fractions of
. g coa .

“air + oxygen,” natural gas, and pulverized coal; p,, , Prg>

P..a are the densities of hot blast, injected natural gas, and

pulverized coal.

The density of the hot blast is calculated using the for-

mula
PT,

RT,’

Prb = Po (3)

where p, . is the density of the hot blast, kg/m?; p, is
the density of air under normal conditions, kg/m?3; P is
the pressure of the hot blast, atm; P is the atmospheric
pressure, atm; 7, is the ambient temperature, K; 7, is
the blast temperature, K.

Density of the injected natural gas is determined using
the formula
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P
= ng— 4
png pO R) H ( )

where py® is the density of natural gas, kg/m?.

If the Glinkov criterion is less than one, a bubble
mode is present; if the Glinkov criterion exceeds three,
the flow mode is jet. Intermediate values indicate a tran-
sitional flow mode.

The heat transfer from the deadman primarily occurs
through radiation and convection. To calculate the resul-
tant heat flow to the tuyere nose, it is necessary to deter-
mine the temperature of the internal blowing zone and
the hydrodynamic blowing mode of the blast furnace.
The temperature of the blowing zone corresponds
to the surface temperature of the deadman [1].

The surface temperature of the deadman 7, can be
calculated from the heat balance equation using the for-
mula [16]

01657 Vyoy,
T, == 2. 445(B - 483) + 2.91(T, ~107) -
h
~11.2(0go —27.2) +28.9(d, . —25.8) +326,  (5)

where T ; is the theoretical combustion temperature, °C;
Viost 18 the volume of gas in the bosh, mm?/min; d, is
the diameter of the hearth, m; B is the fuel consump-
tion, kg/t; T, is the index of slag fluidity; 0 is the CO
content in the furnace center (from the shaft); a’pmke is
the diameter of coke particles in the deadman, mm.

The index of slag fluidity (Tj) is calculated using the

formula

T, =T, _{342[C20J+11.o[(A1203)+1.4]+819}, (6)
1V,

where T . is the temperature of the molten iron, °C; (S?)O j

19,
is the basicity of the slag; and (Al,O;) concentration
of AlL,O; in the slag, %.

The size of the blowing zone, i.e., the zone where
the horizontal gas-liquid flow and the reaction zone
are located, is determined using the formula

H 0.24
zbZ:5.44d0(Gn d—"j , (7)

0

where [, is the length of the blowing zone, m; H is
the height of the liquid bath, m; 4 is the inner diameter
of the tuyere nose, m.

The effective emissivity of the tuyere nose is calcu-
lated using the formula

1
= ®)
1 S
I+ —=1|—=—
g, S,
where ¢ is the effective emissivity of the tuyere nose;
g, is the emissivity of the tuyere nose (assumed to be 0.6);

S, is the area of the inner surface of the blowing zone, m;
S is the area of the metal casing of the tuyere nose, m>.

Sef

The area of the metal casing of the tuyere nose S is
determined using the formula

S=0.785(d§ —dg), )

where d_ is the outer diameter of the tuyere nose, m; d is
the inner diameter of the tuyere nose, m.

The area of the inner surface of the blowing zone S, is
calculated using the formula

Sl:ndnlbz’ (10)

where [ is the length of the blowing zone, m.

The resultant heat flow ¢” to the tuyere nose [13] is
calculated using the Stefan-Boltzmann law:
g9’ =e.0(T' - 1), (11)

where ¢ is the effective emissivity of the tuyere
nose; o is the Stefan-Boltzmann constant, equal
to 5.67-10° W/(m*K*); T, is the surface temperature

of the deadman, K; T is the temperature of the multi-
phase flow at the tuyere section, K.

- CONDUCTED RESEARCH AND ANALYSIS OF ITS RESULTS

It is assumed that from the furnace throat to the bosh,
there is a dense layer through which the ascending gases
filter. The bubbling layer is located in the zone between
the bosh and the hearth [15; 17]. The charge in the bub-
bling layer is in a liquid state. The blast streams, in addi-
tion to air, oxygen, and natural gas, carry pulverized coal
particles [18]. According to Table 1, the Glinkov criterion
was determined.

Using formulas (3) and (4), the values p,, = 0.61 kg/m?’,
Pog = 2.08 kg/m? were determined. The effective density
of the flow, calculated using formula (2), is 0.79 kg/m?,
and the Glinkov criterion, using formula (1), is 0.27, indi-
cating a bubble mode for the gas-coal flow in the blast
furnace.

Next, the average surface temperature of the deadman
was determined. The initial data for the calculation are
presented in Table 2.

Using formula (6), the index of slag fluidity 7, was
calculated to be 837 °C, and the surface temperature
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Table 1. Initial data for calculating the Glinkov criterion

Tabauya 1. UcxoaHble TaHHbIE IS pacyera
Kputepus [nnHKkoBa

Distance from the tuyere axis to the

melt, m hi >-8
Gas velocity at the tuyere exit, m/s W, 250
Blast temperature at the tuyere exit, °C T, 1255
Density of pulverized coal, kg/m3 Peoal 1400
Density of air, kg/m? Po 1.3
Hot blast pressure, atm P 2.6
Ambient temperature, K T, 273
Density of natural gas, kg/m? Po° 0.8
Air pressure, atm P, 1
Melt density in the tuyere zone, kg/m? P, 3200
Acceleration due to gravity, m/s? g 9.8

of the deadman T, using formula (5), was 2331 °C,
which exceeds the theoretical combustion temperature
by 231 °C.

To calculate the resultant heat flow on the tuyere nose
of the blast furnace, we assume the following:

— the blowing zone is a cylindrical cavity with a dia-
meter equal to the outer diameter of the tuyere;

— the surface temperature of the deadman T is 2331 °C;

— the output parameters of the tuyere, including the

multiphase flow at this section, have a temperature 7|
of 800 °C;

— the gas flow in the blowing zone is filled with coal
particles and melt droplets [18]. Radiation in this zone
follows the laws of blackbody radiation.

The initial data for calculating the heat flux to the
tuyere nose are presented in Table 3.

Table 3. Initial data for calculating
the heat flow on tuyere toe

Tabauya 3. UcxoaHble TaHHbIE IS pacyera
TEIJI0BOr0 MOTOKA HA HOCOK (pypmMbI

Title Des'lg- Numerical
nation value

Inner diameter of the tuyere nose, m d, 0.15
Outer diameter of the tuyere nose, m d, 0.25
Height of the liquid bath, m H, 5.8
Emissivity of the tuyere nose cut g 0,6
Surface temperature of the deadman, K T, 2573
Temperature of the multiphase flow at

. T 1073
the tuyere section, K !
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Table 2. Initial data for calculating
the average deadman temperature

Ta6auya 2. Ucxoauble JaHHbIE UISI pacyeTa
cpeiHeii TeMIepaTypbl TOTepMaHa

erstd sompusi o
Volume of gas in the bosh, mm?/min Voost 3.7
Diameter of the hearth, m d, 10.85
Fuel consumption, kg/t B 500
CO content in the furnace center, % Neo 25-34
dDéz(rinr;clgenr’ (I)rlj r:loke particles in the dpmke up 0 20
Temperature of molten iron, °C T 1250
Basicity of slag (Ca0/8i0,) 2-3
Concentration of Al,O, in slag, % (ALO,) 6—10

The length of the blowing zone, determined using for-
mula (7), is 1.43 m. The effective emissivity of the tuyere
nose, calculated using formula (8), is 0.953. The area
of the metal casing of the tuyere nose S, determined using
formula (9), is 0.033 m?, and the area of the inner surface
of the blowing zone S, using formula (10), is 1.123 m?.
The resultant heat flow g” to the tuyere nose, determined
using formula (12), is 2.3 MW/m?.

In stationary mode (heating the tuyere), there is
local contact between the tuyere nose and the pig iron.
The allowable resultant flux on the tuyere nose should not
exceed 2.1 MW/m? [19], indicating that further reducing
the cooling water temperature for the tuyere is impracti-
cal and leads to thermal stresses. This reduction decreases
the lifespan of the tuyere device and can provoke mass
tuyere burnouts.

The increase in tuyere zone temperature for different
volumes of blast furnaces indicates the need for addi-
tional measures to prevent tuyere burnouts. Fig. 5 shows
this dependence.

. v 2450
5 %5 2350 F
2y
8¥ Q 2250 |
g.ﬂoa 2 2092
e 2 2150 |* 2L severstal
2 BF No. 3 |
2050
2700 3561 5580

Volume of the blast furnace, m’

Fig. 5. Dependence of tuyere zone temperature
on blast furnace volume

Puc. 5. 3aBucuMocTb TeMmeparypbl GypMEHHON 30HbI
oT 00beMa JOMEHHOH 1eun
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Thus, the surface temperature of the deadman depends
on the volume of the blast furnace. The temperature rise
negatively impacts the safe operation of large-volume
blast furnaces, increasing the likelihood of gas explosions
and reducing the lifespan of tuyere devices.

Accidents involving mass tuyere burnouts are asso-
ciated with intense vaporization. They are accompanied
by a large amount of water entering the blast furnace [20].
The resulting steam breaches from beneath the layers
of pig iron and slag cause chain-like thermal explosions.

- RECOMMENDATIONS FOR PREVENTING TUYERE BURNOUT

The study proposes measures to prevent tuyere burn-
out depending on the volume of the blast furnace and
the temperature of the tuyere zone.

For blast furnaces with a volume up to 2700 m? and
a tuyere zone temperature up to 2100 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron.

For blast furnaces with a volume of 2700 — 3500 m?
and a tuyere zone temperature of 2100 — 2300 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron;

— the nose of the air tuyere must be protected with
refractory materials, including plasma spraying;

— the inner sleeve of the tuyere must be made of steel
plate instead of copper, with additional lining of refrac-
tory materials.

For blast furnaces with a volume of 3500 — 5560 m?
and a tuyere zone temperature of 2300 — 2400 °C:

— automated analysis of retrospective data on the sta-
tistical properties of cooling water flow rate variations;

— analysis of silicon content in pig iron;

—the nose of the air tuyere must be protected with
refractory materials, including plasma spraying;

— the inner sleeve of the tuyere must be made of steel
plate instead of copper, with additional lining of refrac-
tory material;

— cooling water supply mode for the tuyere:

a) technical water speed up to 11.6 m/s (normal water
flow 4 — 5 m/s);

b) water flow rate 30 m’/h (normal water flow
12 — 16 m*/h);

c) water pressure 15 atm (normal water pressure
5 — 6 atm).

This regime requires the installation of high-pressure
pumps and more robust equipment:

— the tuyere nose thickness should be no less than
40 — 50 mm;

—slag viscosity should not exceed 4 — 5 poise, and
the loading of acidic pellets should be avoided.

- CONCLUSIONS

It has been determined that the disruption of normal
gas distribution and hearth cluttering leads to the forma-
tion of a blast furnace deadman, which provokes mass
burning of tuyeres and refrigerators.

It is shown that in large-volume blast furnaces,
the bubble flow of the gas-coal flow predominates,
promoting the growth of the deadman, which can lead
to increased accidents involving tuyere devices.

The proposed methodology (mathematical model)
allows for the assessment of the maximum temperature
of the tuyere zone and the resultant heat flow to the tuyere
nose in the presence of a deadman.

Based on the calculated temperature of the tuyere
zone, measures are proposed to prevent tuyere burnout
depending on the volume of the blast furnace.
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Abstract. The article is devoted to improving the wear resistance of forging tools, in particular punches for punching holes and cutting stamp dies.
Low tool life leads to an increase in the cost of finished products, an increase in labor and material costs for replacing worn tools and adjusting them,
a decrease in the productivity of pressing equipment and an increase in the number of defective products. A method is presented for theoretical research
of solving the problem of calculating the temperature field of a stamp die tool during laser processing. A differential equation was compiled for
a numerical solution of the problem. The authors proposed the modes of laser heat treatment of a punch for punching holes and a stamp die tool made
of high-hardness steel. Field tests conducted in industrial conditions showed that the proposed laser heat treatment modes made it possible to increase
resistance of the punch intended for punching holes by 2 — 3 times and the resistance of the stamp dies by 2.2 — 2.8 times.
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AHHomayus. PaboTa mocBsIleHa MOBBILIEHUIO W3HOCOCTOMKOCTH KY3HEUHO-IIPECCOBOrO MHCTPYMEHTA, B YACTHOCTH IYaHCOHOB AJs NPOOUBKH
OTBEepCTUil U BBIPYOHBIX MmTaMnoB. Hu3kas CTOWKOCTh MHCTPYMEHTa IPHUBOIUT K IOBBILICHUIO CTOMMOCTH TOTOBBIX H3JCIHH, YBEITHYCHHIO
TPYIAOBBIX ¥ MaTCPHAIIbHBIX 3aTPaT HA 3aMEHY H3HOIICHHOIO HHCTPYMCHTA H €r0 HAJaJKy, CHIDKCHUIO POU3BOJUTEIBHOCTH IPECCOBOrO 000py-
JIOBaHHsI M MOBBIIICHUIO KOIMYECTBa OpakoBaHHOI npoayKuuu. [IpencraBiena MeTouka TEOPETHIECKOTO HCCIIEIOBAHUS TSl PELICHHUS 3a/1a491 110
pacyery TeMIiepaTypHOro MoJis ITaMIIOBOTO HHCTPYMEHTA NpH JiazepHoi oOpabotke. CocraieHo anddepeHanbHoe ypaBHEHUE Ul YHCIICH-
HOTO PEIICHUs MOCTaBICHHOM 3anaun. [IpeyiokeHbl pexknuMbl J1a3epHOi TepMOOOPaOOTKH MyaHCOHA VISl IPOOMBKH OTBEPCTHI U IITAMIIOBOTO
UHCTPYMEHTA U3 CTaJI1 MTOBBIIIICHHOMN TBCPAOCTH. HaTyprle UCIbITaHUS, NPOBEACHHBIC B IPOMBIIIIICHHBIX YCJIOBHAX, IOKa3ajld, 4YTO PEKO-
MEH/IOBaHHBIC PEKUMBI JIA3ePHON TEPMOOOPAOOTKHU MO3BOJIMIIN HOBBICUTh CTOMKOCTD ITyaHCOHA, MPEIHA3HAYEHHOTO JUlsl MPOOMBKU OTBEPCTHH,
B 2 — 3 pa3a, a CTOMKOCTb BBIPYOHBIX IITaMIOB B 2,2 — 2,8 pas.
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- INTRODUCTION

One of the most widely used methods of cold metal
working (CMW) by pressure is cold stamping [1 — 3],
which allows for the production of high-precision parts
in a wide range. Cold forming dies are used as tools
for this process [4 — 6]. In recent years, the develop-
ment of new domestic technologies aimed at improving
the quality of manufactured products and reducing their
cost has become highly relevant. This task can be effi-
ciently solved by improving equipment and tools, includ-
ing CMW [9; 10].

[l FORMULATION OF THE PROBLEM

One of the main reasons of the failure of stamping
tools is the wear of their working surfaces. To improve
the durability of cold metal working (CMW) tools,
thermal, thermochemical, and thermomechanical treat-
ments are applied [11 —13]. These methods signifi-
cantly increase the hardness of the tool’s working sur-
faces and enhance the strength of the base metal from
which the tool is made. Laser treatment is an effective
method for improving the quality of CMW tools by pro-
cessing their working surfaces. Laser treatment is char-
acterized by a short exposure time to the treated surfaces
and completely eliminates deformation. Only a thin sur-
face layer of the processed part is heated when exposed
to laser [14 — 16]. Numerous studies have shown that
the thermal processes occurring during laser heating are
similar to the results of heating metals by other methods.
This allows for the application of classical equations
of heat conduction theory to solve theoretical problems
of laser processing, taking into account the specifics
of laser heat treatment.

This work presents a solution to the problem of cal-
culating the temperature field of a stamping tool when
hardening its working surface using laser radiation.

[l METHOD OF THEORETICAL STUDY
OF TEMPERATURE FIELD DISTRIBUTION DURING
LASER HARDENING

As it is known, the result of hardening tool
steels [17; 18] significantly depends on distribu-
tion of the temperature field that forms during this pro-
cess [19; 20]. To strengthen the surface layers, it is nec-
essary to heat the working surface of the stamp above
the austenitic transformation temperature 7, after which
it is rapidly cooled to a temperature below the pearl-
itic transformation temperature T.. If a high-density
laser beam is used for heat treatment, the surface layers
of the tool will be heated to a temperature depending
on the duration of the laser radiation and its power. After
laser heating, the surface of the stamp quickly cools
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down due to the transfer of heat from the heated surface
to the other distant areas of the tool. Moreover, tempera-
ture of the heated areas depends on their distance from
the stamp surface. The depth of the hardened layer can be
estimated by studying the characteristics of the resulting
temperature field [21; 22].

Let us provide a mathematical description of the tem-
perature field for a cylindrical cutting punch (Fig. 1).

The change in temperature 7 over time ¢ can be calcu-
lated by numerically solving a two-dimensional differen-
tial equation, which in a cylindrical coordinate system is
given by [23 — 25]

oT o’T 10T o°T
—=a| —+—+—|.
ot ot ror o0z

Here, 1(r, z, f) is the temperature at an arbitrary point
of the cutting punch at any given time ¢, characterized
by cylindrical coordinates 7 and z; a is the thermal con-
ductivity coefficient of the material of the cutting punch;
q 1is the power density of the external heat source (laser
radiation) [26 — 28].

Let us define initial and boundary conditions:

— at the initial moment of deformation of the work-
piece, the temperature of the cutting punch is assumed
to be uniform throughout the entire volume, i.e.

T, = T(z, r, 0) = const;

—on the free surfaces of the punch, heat exchange
of convective and radiant types occurs with the environ-
ment

oT [ 4 4}
—=o(T T, )+eo| (T, —273) — (T, —273) |;
8t ( urf env) ( ) (env )

N surf

— radiant heat exchange occurs on the end (irradiated)
surface of the punch

q = const

z

N~

Fig. 1. Calculation scheme for temperature field
of a cylindrical punch of diameter D

Puc. 1. Cxema K pacyeTy TeMIIepaTypHOTro TOJIs
IMHIPUYECKOTO ITyaHCOHa JruameTpom D
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Puc. 2. Ilyancon [uist mpoOUBKH OTBEPCTUI
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where o is the convective heat transfer coefficient;
T, .and T, are the temperatures of punch surface and
the environment, respectively; € is the degree of emissiv-
ity of the punch surface; ¢ is the emissivity of an abso-

lutely solid body.

[ EXPERIMENTAL RESULTS

According to the methodology described above, theo-
retical and experimental studies were conducted on a
punch (Fig. 2) made of high-hardness chromium tool
steel Kh12M! [29; 30] with a working surface diameter
D =13 mm.

Based on the analysis of the preliminary experiment
results with samples made of Kh12M steel, which are
consistent with known data from scientific and techni-
cal literature, the following thermal-physical parameters
were used in further research:

— thermal conductivity coefficient A=0.028 W/(mm-°C);
— temperature conductivity coefficient @ = 7.78 mm?/s;
— quenching temperature 7' , = 1000 °C;

— melting temperature 7' = 1280 °C.

Fig. 3 shows the results of calculating the tempera-
ture field in axial and radial directions with A = const
(solid lines) and A =f(7) (dashed lines) at a laser
power of P=0.97 kW, laser beam movement speed
v =12 mm/s, and laser spot diameter dSp =4 mm. Anal-
ysis of the obtained graphs shows that the difference
in the punch temperature obtained with constant and
variable A values is insignificant. Therefore, when con-
ducting engineering calculations, the average value
of the thermal conductivity coefficient can be used.

! Characteristics of Kh12M material / Grade Guide of steels
and alloys. Available at URL: http://www.splav-kharkov.com
(accessed 23.08.2023).

[ ANALYSIS OF THE RESULTS

The analysis of the obtained research results served
as the basis for conducting a full-scale experiment.
Two experimental batches of punches and dies made
of Kh12M steel were manufactured for various stamp-
ing operations. The first batch underwent traditional bulk
thermal treatment, while the second batch received addi-
tional strengthening treatment using a CO, laser. Based
on the data obtained, the following parameters of laser
irradiation were recommended for efficient strength-
ening of the working surface of the stamping tool:
with a laser spot diameter of d_ =4 mm, laser power
P =0.95-0.99 kW, and laser beam movement speed
v=11-13 mm/s.

Pilot tests have shown that the durability of stamping
tools significantly increases after laser heat treatment.
For example, the working lifespan of punching punches
after traditional thermal processing is 10 — 12 h, while
after additional strengthening laser treatment, the dura-
bility increased to 20 — 36 h, that is, doubled or tripled.
Pilot tests of a sample batch of blanking dies, consisting
of 20 pieces, demonstrated that the application of addi-

T,°C

900

800

600

400

0 02 04 06 087rR 0

0.02

0.04 z/R

Fig. 3. Graphs of the punch temperature change in axial (a)
and radial (b) directions at A = const (solid lines)
and A =f(T) (dashed lines)

Puc. 3. I'paduku U3MEHEHUs TEMIIEPaTyphl IIyaHCOHA B OCEBOM (a)
u paauansHoM (b) HampaBieHUU pu A = const (CIUIOIHBIC JTHHUH)
n A =fT) (uTpUXOBbIE JIMHUN)
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tional strengthening treatment with a CO, laser allows
for a 2.2 — 2.8 times increase in their operational dura-
bility. The technical and economic efficiency of using
laser strengthening is determined not only by saving
on expensive tool steel but also by reducing labor costs
due to aligning the replacement period of stamping tools
with the schedule of preventive and repair works.

[ ConcLusions

A methodology for theoretical analysis of the tem-
perature field of a cylindrical punch formed during
laser processing is proposed. The methodology is based
on the numerical solution of a two-dimensional diffe-
rential equation in cylindrical coordinates. As a result
of the theoretical analysis, laser heat treatment modes
have been proposed for stamping tools of various pur-
poses made of Kh12M tool steel. Studies conducted in
industrial conditions have shown that laser heat treat-
ment carried out according to the proposed modes
has allowed an increase in the operational durability
of punches for hole punching by 2 — 3 times, and cutting
dies by 2.2 — 2.8 times.
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INFLUENCE OF ADDITIVES ON PROPERTIES
OF HIGH-CARBON FERROCHROME SLAG
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Abstract. Industrial slags produced by high-carbon ferrochrome are a material of complex composition consisting of an oxide part (Cr,0,, CaO,

MgO, FeO, Si0O,, Al,0,) and “entangled” metal prills (Cr, ). In order to increase the degree of chromium utilization and reduce losses
in the form of metal prills, we conducted the laboratory experiments to study changes in properties of the slag produced by high-carbon ferro-
chrome through the use of effective and affordable fluxing materials: expanded clay, calcium borate and refined ferrochrome slag. The effect
of fluxing additives in the form of expanded clay, calcium borate and slag from the production of low-carbon ferrochrome on the properties
of high-carbon ferrochrome slag was studied. Addition of up to 8 % of expanded clay and low-carbon ferrochrome slag leads to a stable
decrease in the softening temperatures of the final slags. The greatest intensity of decrease in the softening temperature is observed when
calcium borate is injected in an amount of 6 — 10 %. The greatest effect on reducing softening temperatures is exerted by the addition of 10 %
calcium borate when introducing high-carbon ferrochrome into the slag, while the temperature of softening beginning decreases by 262 °C,
and the temperature of softening end — by 135 °C. All the studied fluxing additives have a positive effect on reduction degree of the residual
concentration of metallic chromium in the slag. The most intense decrease in the content of Cr__, in the slag is observed with the introduc-
tion of 2 % of fluxing materials. The best values for the residual content of 0.7 — 0.8 % Cr, , were achieved using 4 % of low-carbon ferro-
chrome slag and calcium borate. When using expanded clay, an additive in the amount of 10 % is required to achieve such indicators of Cr__,.
In general, the effectiveness of using the studied fluxing materials to increase the degree of chromium extraction in the production of high-
carbon ferrochrome is shown, its content in the slag is reduced by 84 %.

Keywords: metallurgy, ferrochrome, slag, metal prills, fluxing materials, expanded clay, calcium borate

For citation: Akuov A.M., Kelamanov B.S., Zayakin O.V., Samuratov E.K., Yessengaliyev D.A. Influence of additives on properties of high-carbon
ferrochrome slag. Izvestiya. Ferrous Metallurgy. 2024;67(2):161-166. https://doi.org/10.17073/0368-0797-2024-2-161-166
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A. M. AkyoB! ®, B. C. Ken1amanog?, 0. B. 3asgkuH?,

E. K. Camyparogl, JI. A. EceHraines?

'TOO Kasdocdar (Kazaxcran, 080000, XKambbuickas o6i1., Tapas, yin. AGast, 126)

2 AKTIOOMHCKMIE pernonaabubiii ynusepeuter um. K. XKybanosa (Kasaxcran, 030000, Axtro6unckas 0611., Akto6e, mp. A. Mon-
JIarynoBoi, 34)

3 Mucrutyt Metasurypruu Ypanabcekoro otaenaenuss PAH (Poceus, 620016, Exarepun6ypr, yin. Amynacena, 101)

&) akuov.am@mail.ru

AnHomayus. TIpoMbllIEHHbIE ITAKK BHICOKOYIIIEPOMCTOrO (PEpPOXpoMa UMEIOT CIOXKHBIH cocTa. Onu coctoaT u3 okcuanoi yactu (Cr,O;, CaO,
MgO, FeO, SiO,, AL,O,), a Tarxke «3amyTaBuIMXcs» MeTaLIM4IeCKuX Koponbkos (Cr ). C Hesblo yBeIMUeHHs! CTENEHH TI0JIE3HOTO UCTIONB30BaHHS
XpOMa U CHIDKCHHS IIOTeph B BUJC METAUIMYECKUX KOPOJIBKOB IPOBEICHBI SKCIICPUMEHTHI B JIAOOPATOPHBIX YCIOBHAX O H3YyYCHHIO N3MCHEHUS
CBOWCTB IIIaKa BBICOKOYIJIEPOIMCTOrO heppoxpoma IyTeM npuMeHeHHst d3QGEKTUBHBIX U TOCTYITHBIX (UIIOCYIONMX MaTepraioB (Kepam3ura, bopara
KaJIbLHs U 11U1aKa pahUHUPOBAHHOTO (heppoxpoma). M3yueno BiusiHue Guiocyomux 100aBoK B BUE KepaM3uTa, 60paTa KaabLys U I1UI1aKa OT IPOU3-
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BOJICTBA HU3KOYIVIEPOJIMCTOrO (heppoxpoma Ha CBOKCTBA IIaka BEICOKOyTIiepoaucToro deppoxpoma. Ipucanku 10 8 % KepaM3uTa M IUIaKa HU3KOY-
DIEpPORUCTOro heppoxpoMa MPHBOIAT K CTAOMIBHOMY CHIDKCHHUIO TEMIIEpaTyp pa3MsrdeHNs KoHeuHbIX nutakoB. [Ipu BBoze 6 — 10 % Oopara KanbIus
MPOUCXOIUT HHTCHCHBHOE CHIDKCHHE TEMIICpaTyp Hadaja pasMsrdeHns. Hanbopliee BIMSHIE Ha CHIDKCHHE TEMIIEPaTyp Pa3sMArdeHHs OKa3bIBaeT
nobaska 10 % Gopara KanpLus IPH BBOJE B IIUIAK BBICOKOYIIIEPOAUCTOrO (heppoxpoMa, IPH STOM HAOTIONACTCs CHIDKCHHE TEeMIIepaTyphl Hadaa
pasmsardennst Ha 262 °C, xoHua pasmsraenus — Ha 135 °C. Bcee uccnenoBannble ¢uiocyiomue 100aBKU OKa3bIBAIOT MOJIOKHUTEIBHOE BIMSHUE HA
CTEIICHb CHIDKCHHS 0CTaTOYHON KOHIICHTPAIH METaJUINYEeCKOro XpoMa B 1uake. [1pu BBoze 2 % Qurocyrommx MaTepuanoB HabIogaeTcs: Hanbonee
MHTEHCUBHOE CHIDKEHHUE cojiepkanus Cr B uiake. Hawmyuniie 3HaueHus 110 octatodsoMmy conepskaniio 0,7 —0,8 % Cr,  TOCTHUTHYTBI PH HCTIOTb-
30BaHMHU 4 % II1aKa HU3KOYIIEPOIUCTOrO (heppoxpoma 1 Gopara Kanbis. [Iph ucTonb30BaHuM KepaM3UTa LIS IOCTHKEHHUs TaKuX Mokasarened Cr,
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[ INTRODUCTION

The operational characteristics of slag in the produc-
tion of high-carbon ferrochrome depend on the nature
of chrome ores, the content of main components
(iron and chrome oxides), and slag-forming agents
(S8i0,, MgO, and Al,O;,). Therefore, the phase diagram
of the SiO,-MgO-ALO, system (Fig. 1) serves as
the physicochemical basis for determining the optimal
slag compositions [1 — 3].

The selected slag composition should ensure the over-
heating of high-carbon ferrochrome (HCFC) and create
conditions for successful “droplet” (movement of metal
droplets through the ore layer) and “bottom” (at the metal-
slag interface) refining of carbon and silicon. The slag
should have low viscosity and be sufficiently mobile for
the precipitation of metal droplets (especially in the ladle
during tapping from the furnace), easily separate from
the metal ingot, and possess optimum electrical resistance

Periclase

to facilitate deep insertion of electrodes into the charge
and obtain standard metal in terms of sulfur and phospho-
rus content.

The temperature regime of the metal and slag during
the smelting of high-carbon ferrochrome is primarily
determined by the softening temperatures of the oxide
material (Si0, concentration and MgO/AlL O, ratio) as
well as the ratio between chromium and carbon content
in the alloy. The melting temperatures of the selected
slag composition should be higher than the melting tem-
perature of the metal by 100 — 150 °C since the heating
of the metal during the smelting of high-carbon ferro-
chrome occurs through the slag, and the furnace opera-
tes in resistance mode. The slag obtained from process-
ing chrome ores of the Kempirsaiskoe deposit has a high
melting temperature and viscosity, which makes it diffi-
cult to remove from the furnace and contributes to exces-
sive overheating of the metal. To lower the melting tem-
perature and viscosity of the slag, silicon-containing
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Fig. 1. State diagram of the SiO,~MgO-Al, 0O, ternary system [1]
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fluxing materials such as quartzite screenings or high-ash
reducers are added to the charge.

Over the years of operation, as mining activities
extended into deeper layers, ores from lower horizons
began to be extracted. These ores had undergone less
exposure to weathering processes, significantly impac-
ting the composition of the host rock. There was an
increase in magnesium oxide content and a decrease
in aluminum oxide content. Consequently, the com-
position of chromite ores obtained by ferroalloy plants
in recent years has undergone significant changes.
The composition of the slag is determined by the com-
position of the chromite ores, thus their compositions
have also shifted towards increased magnesium oxide
content (from 28 —32 % to 45 —48 %) and decreased
aluminum oxide content (from 28 — 29 % to 14 — 15 %),
while the silicon dioxide content (SiO,) has remained
at the level of 29 — 34 %. This is evidenced by the dynam-
ics of changes in the composition of the final slag of high-
carbon ferrochrome, which indicates that the MgO/A1,0,
ratio has increased from 1.8 to 3.0 and higher over the past
decades [4 — 6].

According to the chemical composition, signifi-
cant changes have also occurred in the phase compo-
sition of the slag of high-carbon ferrochrome, which
has shifted from the magnesioaluminate spinel field
(MgO-ALO,) to the forsterite field (2MgO-SiO,).
The proportion of the latter in the slag has increased
from 35 to 70 % since the commissioning of the Kem-
pirsaiskoe mine. The increase in magnesium content in
the slag mainly occurred due to the supply of poorer
chromite ores and the exploitation of new deposits with
increased magnesium content.

Therefore, further growth in the production volume
of  chromium-containing ferroalloys necessitates
the extensive utilization of the most common high-
magnesia chromite ores with a magnesium oxide con-
tent of 18 —22 % and an aluminum oxide concentra-
tion of 7 — 9 %.

Increasing the magnesium concentration in the slag
leads to increased chromium losses. A significant amount
of chromium is lost in the form of a metallic phase, which
is associated with the deterioration of the physicochemi-
cal properties of the formed high-magnesia slags.

[l MATERIALS AND METHODS

In [7 — 9], it is demonstrated that the introduction of var-
ious fluxing and carbon-containing materials into the charge
of high-carbon ferrochrome contributes to reducing the high
melting point of the resulting oxide materials, thereby
allowing for a reduction in chrome losses with the slag in
the form of entangled metal droplets [10 — 12].

Laboratory experiments were conducted to reduce
the softening temperatures of slags during the smelting
of high-carbon ferrochrome by adding various fluxing
materials for the deposition and coagulation of entangled
metal droplets. Calcium borate [13 — 15], expanded clay,
and stabilized low-carbon (refined) ferrochrome (RFC)
slag were used as fluxing materials. Due to the diffe-
rent fractional compositions of the materials used, all
samples were crushed and fractionated to obtain mate-
rials with a size of 1 — 3 mm. The chemical compositions
of the considered fluxing materials and the initial HCFC
slag are presented in the Table.

Experimental melts were carried out in a high-
temperature resistance furnace according to Tamman.
The technical characteristics of the furnace were as fol-
lows: power consumption — 40 kW; network voltage —
380 V; maximum voltage on the furnace buses — 15V;
maximum allowable temperature — 1800 °C; heating time
to the maximum temperature — 30 min.

The weight of the initial HCFC slag for each experi-
ment was 300 g. Fluxing additives were added in amounts
of 2 — 10 % of the mass of the initial slag with a step of 2 %.
At least two melts were carried out for each charging
variant. The initial temperature (7, ;) and end temperature
(T,,) of softening were determined in accordance with
State standard GOST 26517-85. The pre-dosed mixture
of slag and flux was poured into a crucible, then placed
in the furnace and heated at a rate of 10— 15 °C/min.
Temperature measurements were made using a VR 5/20
tungsten-rhenium thermocouple.

[ RESULTS AND DISCUSSION

The introduction of fluxing additives has a multi-
faceted effect on the chemical composition and basicity
of the processed slags [16 — 18]. According to the chemi-

Chemical compositions of the fluxing materials

XumMu4ecKkHne coCTaBbl (MIIOCYIOIIMX MaTepHaJIoB

. Content of elements, wt. %
Material ;
Cr,. | Cr,0, | CaO | MgO | ALO, | FeO SiO, | B,0,
Expanded clay - 0.10 3.01 2.59 | 1527 | 7.38 | 62.30 -
Calcium borate - - 37.20 | 0.50 0.05 - - 43.80
RFC slag 1.3 8.60 | 46.80 | 12.80 | 5.80 1.90 | 22.90 | 0.30
HCFC slag 4.9 9.40 1.70 | 42.00 | 16.80 | 2.30 | 26.00 -
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cal analysis data of the final slags, the introduction
of expanded clay up to 10 % with a basicity of 0.09 leads
to an increase in the concentration of SiO, oxide from
26.0 to 32.1 %, accompanied by a decrease in the basicity
of the final slag by 0.28.

Adding high-basicity RFC slag up to 10 % leads
to an increase in the basicity of the final slag by 0.12.
The slag contains a minor concentration of B,0, oxide
at 0.01 %. It is necessary to note the additional positive
impact of the addition of RFC slag, as waste from their own
production is used and an additional 0.13 % of Cr metal
is introduced. However, the high melting temperature
of RFC slag when considering the option of introduc-
ing fluxing materials into the ladle requires a thermal
balance calculation to determine the allowable amount
of additives. In the case of adding fluxing materials
directly into the furnace, one must consider the increase
in the basicity of the final slag, which can affect both
the lining of the furnace and the technological process
of smelting high-carbon ferrochrome [19 — 21].

Adding calcium borate leads to an increase of up
to 5 % CaO and 2.6 % B,0, in the final slag. Conside-
ring that the B,O, oxide belongs to “acidic” materials, it
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Fig. 2. Dependence of the temperature of beginning («) and end (b)
of slag softening on the flux flow rate:
1 — expanded clay; 2 — calcium borate; 3 — refined ferrochrome slag
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can be said that the basicity of the slag changes insignifi-
cantly (increases by 0.02).

When selecting flux materials, their cost should be
considered. It is promising to utilize waste from our own
production (RFC slag).

The results of temperature measurement at the begin-
ning of softening are presented in Fig. 2, a, and at the end
of softening in Fig. 2, b.

For all tested samples, an increase of up to 8 % of flux
additives from the mass of HCFC slag leads to a decrease
in the temperature at the beginning of softening. Increas-
ing the flux addition to 10 % has a contradictory effect
on the values of T, . (Fig. 2, a): it increases for expanded
clay and RFC slag, but decreases sharply for calcium borate.

When adding up to 8 % of RFC slag, there is a gradual
decrease in the temperatures at the beginning of soften-
ing (by 35 °C). Further increasing the RFC addition leads
to a sharp increase in the value of 7. .. When introducing
10 % of RFC slag, the temperature at the beginning of soft-
ening exceeds the value of 7' . for the original HCFC slag.

For comparison, the high-carbon ferrochrome slag
was melted without flux additives. Up to a temperature
of 1650 °C, no changes in the state of the slag were observed,
starting from 1660 °C, the slag enters a pasty state. At a
temperature of 1677 °C, the slag becomes a dense viscous
mass, and at 1705 °C, the slag completely melts. The slag is
less fluid than when processed with fluxes.

When using calcium borate in an amount of up to 10 %
ofthe slag mass, the temperatures at the beginning and end
of slag softening decrease by 265 and 135 °C. In the case
of expanded clay, these indicators are 39 and 80 °C. With
additions of up to 10 % of stabilized RFC slag, the slag
softening temperature increases by 2 °C above the softe-
ning temperature of the original HCFC slag.

Fig. 3 presents data on the residual content of metallic
chromium in the slag after processing with fluxes.

The best results for precipitating chrome spinels were
achieved with a consumption of 4 % calcium borate from
the slag mass. The content of metallic Cr in the slag
decreased by 83.7 %. For slags treated with expanded

5.6

4.6

3.6

2.6

Cr,,, content
in slag, %

1.6

0.6

Flux flow rate, %

Fig. 3. Dependence of Cr,  content in the slag on the flux flow rate:
1 — calcium borate; 2 — refined ferrochrome slag; 3 — expanded clay
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clay, this value is 81.7 % at a consumption rate of 10 %
of the slag mass. In slags treated with stabilized RFC slag
in an amount of 4 % of the slag mass, the content of Cr |
decreased by 85.7 %.

Significant reduction in the content of metallic chro-
mium in the slag is observed when introducing 2 — 4 %
of the tested flux materials.

Based on the reduction in the content of metal-
lic Cr in the slag, it can be concluded that it is prefe-
rable to use expanded clay and RFC slag stabilized with
boron. In industrial conditions, it is necessary to take
into account the cost of each type of fluxing additives.

et

- CONCLUSIONS

The influence of fluxing additives such as expanded clay,
calcium borate, and slag from RFC production on the prop-
erties of high-carbon ferrochrome slag has been studied.
It has been shown that the addition of up to 8 % expanded
clay and low-carbon ferrochrome slag leads to a stable
decrease in the softening temperatures of final slags.
The most significant reduction in softening temperature
onset is observed with the introduction of 6 — 10 % calcium
borate. The greatest impact on reducing softening tempera-
tures is achieved with the addition of calcium borate; with
the addition of 10 % calcium borate to HCFC slag, the start
of softening temperature is reduced by 262 °C, and the end
of softening by 135 °C.

All studied fluxing additives have a positive influ-
ence on the degree of reduction in the residual concentra-
tion of metallic chromium in the slag. The most intense
reduction in Cr_ content in the slag is observed with
the addition of 2 % fluxing materials. The best values for
residual content of 0.7 — 0.8 % Cr, , are achieved when
using 4 % RFC slag and calcium borate. When using
expanded clay to achieve such chromium content levels,
an addition of 10 % is required.

The efficiency of using the studied fluxing materials
to increase the extraction of chromium during the pro-
duction of high-carbon ferrochrome is demonstrated,
with the residual content in the slag reduced by approxi-
mately 84 %.
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Abstract. The paper studies fine structure of industrial steels with BCC lattice (pearlite, ferrite-pearlite and martensite) using transmission diffrac-
tion electron microscopy. The internal structure of the grains was analyzed; the scalar density of dislocations in various parts of the material,
the sources of internal stresses and their amplitude were determined. The use of a method based on the analysis of bending extinction contours
allowed us to study internal stresses. We analyzed the internal stresses and their sources using the example of 0.76C—Cr—V-Fe rail steel with
a lamellar pearlite structure after ultra long-term operation with the tonnage of 1770 million gross tons. The metal of the rails was examined
along the central axis of symmetry (rolling surface) and the rounding radius (working fillet) of the railhead at distances of 0, 2 and 10 mm
from the surface. As one approaches the head surface, regardless of the research direction (along the fillet rounding radius or along the axis
of symmetry), the lamellar pearlite is gradually replaced by destroyed pearlite with formation of a ferrite-carbide mixture and formation of a frag-
mented structure. These processes occur more intensively in the working fillet. Along the entire central axis of symmetry of the rail head (rolling
surface), there is a plastic bending-torsion of the crystal lattice, along the rounding radius of the rail head (working fillet) at a distance of 10 mm
from the surface — also plastic, and at a distance from 0 to 2 mm — elastic-plastic. The main source of internal torque (long-acting) stresses in rail
steel is the excessive density of dislocations. Using the example of 34CrNi3MoVN steel of the martensitic class, the type of bending extinction
contour was determined using mathematical equations. At low degrees of plastic deformation, extinction contours are contours of bending or
torsion, at high degrees they are of a mixed type.

Keywords: electron microscopy, BCC lattice, bending extinction contour, curvature-torsion, scalar dislocation density, excess dislocation density, internal
stresses, sources
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AnHomayus. MetoqoM npocBevrBaromel AU(GPaKIHOHHON 3IEKTPOHHOW MHKPOCKOIIMH BBINIOJHEHBI MCCIICIOBAHHUSI TOHKOW CTPYKTYpBI CTajel
MPOMBIIINICHHOTO Ha3Ha4YeHusi, kotopeie obmamaror OL[K-kpucrammnueckoit pemietkoil (mepauTHbie, (peppUTO-TIEPIUTHBIC U MApTEHCHTHBIC).
IIpoananu3upoBaHa BHYTPEHHSSI CTPYKTYpa 3€pEH, ONPECICHbI CKaIsIpHas IUIOTHOCTh AUCIOKALMH B PA3JIMYHBIX ydacTKax Marepualia, UCTO4-
HUKHM BHYTPEHHHX HAIPSDKCHUH M MX aMIUIMTyAa. Mcroib30BaHHEe METOAa, OCHOBAHHOTO HAa aHAIM3€ M3THOHBIX SKCTHHKIMOHHBIX KOHTYPOB,
MI03BOJISIET U3y4aTh BHYTPCHHHE HANpPsDKeHUS. V3yueHne BHYTPEHHUX HANpPSDKCHUH M MX UCTOYHHMKOB IPOBEJCHO Ha IPUMEPE PEIIbCOBOM CTaIH
D76X®D co CTPyKTypOil IIACTUHYATOTO MEPIIUTA MTOCIIE CBEPXUINTEIBHON KCILTyaTaun (POMyIIeHHbIi ToHHax — 1770 muH T OpyTT0). MecTa
IIPOBEICHUSI CCIIEJOBAHMS METAJIIa PEJIbCOB: BIOJIb LICHTPAILHOM OCH CUMMETPHH (TTOBEPXHOCTH KaTaHUs ) U BIOJIb Paanyca CKpyrieHus (padoyas
BBIKPY’KKa) TOJIOBKH penibca Ha paccrosiHusx 0, 2 u 10 mm ot moBepxHocTH. [1o Mepe mpuONMKeHns K MOBEPXHOCTH TOJOBKH, HE3aBUCHMO OT
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HAITpaBJICHUs] UCCIIENOBAHUH (BOJb pajuyca CKPYIIICHUS BBIKPY)KKH HJIM BIOJIb OCH CUMMETPHH) IUIACTHHYATBIN MEPIUT MOCTEIIEHHO 3aMeHsI-
eTcsl Ha pa3pyIICHHBIH ¢ 00pa3oBaHHeM (QeppHTO-KapOUAHON cMecH U HOpMUpPOBaHUEM (HParMEHTHPOBAHHON CTPYKTYPBI, IPHIEM 3TH IIPOLECCH
0oJiee MHTEHCUBHO MPOTEKAIOT B paboueil BBIKpyxkKe. B1osb Beeil eHTpalbHONH 0CH CUMMETPHH TOJIOBKH pelbea (IIOBEPXHOCTh KaTaHHs) HUMEeT
MECTO IUTACTHICCKUH H3rU0-KpydeHHe KPUCTANIMISCKOH PEIIeTKI, BAOIb paJiyca CKPYIICHH TOJIOBKHU pelibca (pabodas BEIKPY)KKa) Ha paccTo-
ssHUU 10 MM OT OBEPXHOCTH — TAKKE IIIACTHYECKUH, a Ha paccTostHUM OT 0 10 2 MM — ynpyroriacTuyeckuit. OCHOBHBIM HCTOUHHKOM BHYTPEHHUX
MOMEHTHBIX (J1aJIbHOAEHCTBYIOIINX ) HAMIPSKEHUH B PETbCOBOMN CTANN ABIISAETCS M30BITOUHAS IIOTHOCTH AUCIOKauit. Ha mpuMepe craiu MapTeH-
cutHoro kiacca 34XH3M®A ¢ ucnosb30BaHHEM MAaTPUUYHBIX YPABHEHHH ONpPEAENIeH TUI M3rHOHOI0 SKCTHHKIMOHHOTO KOHTypa. IIpn maibix
CTETICHSX IIACTHYECKON Ae(hopMaIii SKCTHHKIHOHHbIC KOHTYPBI SBJIAIOTCSA KOHTYPAMH H3THOA MM KPYUCHHS, IPU OOJBIINX CTEHCHIX — KOHTY-

paMu CMCIIaHHOTO THIIA.

Katouesvle cao8a: snexrponHas mukpockonusi, OL[K-kpucramminyeckast peierka, H3riOHOM IKCTUHKIIMOHHBINA KOHTYD, KPUBH3HA-KPYYEHHE, CKAJISIp-
Hasl TNIOTHOCTb AUCIIOKAINH, N30BITOYHAS IUIOTHOCTH JUCIIOKANNH, BHYTPEHHHUE HATPSDKEHHS!, HCTOUHUKH

baazodapHocmu: Pabora BBIIOIHEHA B paMKaxX IOCYIapCTBEHHOTO 3a/jaHnst MIHHCTEpCTBa HAyKH U BbICIIEero obpasoBanus Poccuiickoit denepannn

(tema Ne FEMN-2023-0003).

/Jlns yumupoeanus: Tlonosa H.A., Hukonenko E.JL., [TopdupseB M.A., Kprokos P.E. BHyTpenHue HanpsokeHUst 1 UX UCTOYHUKHU B ctansx ¢ OLIK-
KPUCTAJUTMYECKO# peteTkoi. Mzeecmust 6y306. Yepras memannypeus. 2024;67(2):167-175. https://doi.org/10.17073/0368-0797-2024-2-167-175

- INTRODUCTION

The investigation of internal stresses in metals
and alloys has long captivated researchers [1 — 3] due
to their critical role in several mechanical properties and
behaviors. Internal stresses significantly influence yield
strength [4 — 6], deformation strengthening [7 — 9], and
crucially, the fracture of crystalline materials through
the initiation [10—15] and propagation of micro-
cracks [16 — 18]. They are also vital in the evolution
of defect structures during various thermal treatments
of metals, alloys, and steels [15; 19; 20], and in phase and
structural transformations [5; 6; 15;20 —22]. Additio-
nally, internal stresses are indispensable in the production
of bulk nanostructured materials created via intensive
plastic deformation [4; 24 — 26].

Internal stresses are categorized based on their locali-
zation: macro-, meso-, and microstresses. Macrostresses
span the entire sample or a substantial part thereof. Meso-
scopic internal stresses are localized within volumes
ranging from tens to hundreds of micrometers, often con-
fined to one or several grain volumes or part of a grain
volume. Microscopic stress fields are confined to areas
a few micrometers in size or smaller.

Methods for assessing internal stresses fall into two
primary categories: destructive and non-destructive.
Destructive methods include chemical, thermal, metal-
lographic, and mechanical approaches [27], which may
lead to the partial or complete destruction of the sample.
These methods typically assess first-order stresses, which
are crucial for determining the operational properties
of materials.

Non-destructive techniques encompass magnetic,
optical, and polarization-optical methods [28]. These
allow for the measurement of elastic deformations within
a component without altering its geometry.

Both non-destructive and destructive methods provide
an integral assessment of stresses, with stress (first-order
stress) averaging over centimeters.
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Internal stresses can also be determined using X-ray
structural analysis, which measures both first and second-
order stresses [29 — 31] and is considered a non-destruc-
tive method [32 — 34]. This technique reduces the range
of stress averaging to millimeters, although it is still
relatively broad. X-ray structural analysis is particularly
effective for evaluating the amplitude of mesoscopic
internal stresses [35 — 38].

Presently, the most informative method for examining
meso- and microscopic internal stress fields is transmis-
sion electron diffraction microscopy, which offers precise
control over the locality of stress measurements, ranging
from hundreds of nanometers to hundreds of microme-
ters [39]. In this study, internal stresses and their sources
in FCC steels were investigated using transmission
electron diffraction microscopy with a focus on bending
extinction contours.

Measurements of meso- and microscopic inter-
nal stresses were derived from the material’s structure,
including the radius of curvature of dislocations in the slip
plane [23], the spacing between dislocations, the parame-
ters of dislocation clusters [40], and the characteristics
of bending extinction contours [19; 39].

The aim of this study is to investigate internal stresses
and their sources in FCC steels using a method based on
the analysis of bending extinction contours.

] MATERIALS AND METHODS

A study was conducted on samples of industrial-pur-
pose steels with a BCC crystal lattice (pearlite, ferrite-
pearlite, and martensite), which underwent heat treatment
and various plastic deformation processes (stretching,
compression, rolling). The research was carried out using
transmission diffraction electron microscopy (TEM) on
thin foils with EM-125K electron microscopes equipped
with a goniometric attachment and EM-125, which offers
higher resolution capabilities. Foils were prepared using
the electropolishing method with special modes to obtain
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larger areas for viewing in the electron microscope.
The working magnification in the microscope column was
set at 25,000 times. As a result of the conducted research,
the internal grain structure was analyzed, and the scalar
density of dislocations in different areas of the material
was determined. Sources of internal stresses were identi-
fied, and their amplitude was measured. The scalar den-
sity of dislocations was determined using the intercept
method [39].

- ASSESSING INTERNAL STRESSES WITH TEM

The uncharged dislocation ensemble (i.e., an ensemble
without excess dislocations) produces internal shear
stress (stress fields created by the dislocation structure),
determined by the equation [2; 6; 13 — 15; 20]

6 =maGb./p, (1)

where m is the orientation multiplier or Schmid fac-
tor [20]; o is the parameter dependent on the type of dis-
location ensemble (for the uncharged dislocation ensemble,
o =0.05 +1.00 [2; 6; 19]); G is the shear modulus; b is
the Burgers vector; p is the scalar dislocation density.

In the case of a charged dislocation ensemble, when
there is an excess dislocation density p, =p, —p_#0,
internal moment (or long-range) stresses are gene-
rated. The presence of excess dislocation density and,
consequently, internal moment stresses are identi-
fied by the presence of bending extinction contours in
the material. These contours result from diffraction cont-
rast observed in electron microscopic images of a highly
deformed crystal.

The bending of the crystal lattice can be [6; 12 — 15;
20; 23]: purely elastic, created by stress fields accumu-
lated due to deformation incompatibility (for example,
between grains in a polycrystal, matrix material, and non-
deformable particles); plastic, if the bending is created by
dislocation charges (i.e. by an excess density of disloca-
tions localized within a certain volume of the material);
elastoplastic, when both sources of fields are present in
the material.

By observing bending extinction contours using
the TEM method, it is possible to measure internal
(moment or long-range) stresses. These stresses lead
to the bending of the foil, corresponding to the curvature-
torsion of the crystal lattice, if the foil retains its plate
shape. The procedure for measuring the value of inter-
nal moment (long-range) stresses involves determining
the curvature gradient of the foil (crystal lattice):

oo
:—’ 2
=7 (2)

where ¢ = A¢ is the change in orientation of the reflect-
ing foil surface; 0/ = Al is the displacement of the bend-
ing extinction contour.

The y value is determined by shifting the extinc-
tion contour by A/ at a controlled angle of inclination
of the foil A in the microscope column using a gonio-
meter. Special experiments have shown that for BCC
steels, the width of the contour in terms of disorienta-
tion is approximately 1° [6; 20]. This indicates that when
the goniometer is turned by Ae =~ 1°, the bending extinc-
tion contour shifts a distance equal to its width, that is
Al = 1.

To differentiate between cases of plastic, elastic, and
elastoplastic bending, it is necessary to compare the sca-
lar dislocation density (p) measured in a local area near
the bending extinction contour with the excess disloca-
tion density (p,) measured locally based on the disorien-
tation gradient [20; 23]:

%_x ()

1

P = b
If in the investigated area of the foil, p>p,, then

the bending of the crystal lattice can be considered plas-

tic. The amplitude of the curvature-twist of the crystal

lattice determined by Eq. (2) is y = Xl and the amplitude

of internal stresses created by plastic bending is given by

6" =maGhyp, =maG by » 4

where o =0.05+0.60 is the parameter depending on
the type of dislocation ensemble [23].

It should be noted that the value of o in Eq. (4) is prac-
tically independent of the material under study (metal,
alloy, or steel) and is determined only by the type of sub-
structure formed [23].

If in the investigated area of the foil near the bending
extinction contour, p = 0, then the bending of the crystal
lattice is purely elastic. The amplitude of the curvature-
torsion of the crystal lattice, determined by Eq. (2), is
X = X.,> and the amplitude of internal moment stresses
created by elastic bending should be determined as fol-
lows [20; 23]

o) = motCGta—(P =mot, Gty » Q)
ol
where a = 1.0 = 1.5 is the Strunin coefficient [20], cal-

culated for a dislocation ensemble composed of disloca-
tions of the same sign; ¢ is the foil thickness.

If in the vicinity of the bending extinction contour
p <p,, then the bending of the crystal lattice is elasto-
plastic, and in this case, the value of p, is conditional.
In this case, the bending of the crystal lattice is divided
into a plastic component, for which p = p’,, and an elas-
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tic component, for which p}=p.—p.. The amplitude
of the curvature-torsion of the crystal lattice is

X =%y * Yo ©)
where y is calculated by Eq. (2), Yot = bp'. = bp and, thus

Kot = %= K- (7

As a result, the amplitude of internal moment (long-
range) stresses is determined as

o, =6" +c, (8)
where Gg] is determined by Eq. (4), and Gdel by Eq. (5):
c =maGy[by,, +ma,Gty, . )

[ RESULTS AND DISCUSSION

Sources of internal stresses in BCC steels

A single dislocation is inherently a source of internal
stresses. The fields generated by individual dislocations
extend only over small distances, much smaller than
the distances between the nearest dislocations [39]. Howe-
ver, groups of dislocations are more effective sources
of internal stresses as they cover the entire microlevel
and create fields of significantly greater amplitude [40].
Such groups primarily consist of distributed dislocation
charges (excess dislocations of one sign) [41]. Although
large groups of dislocations of one sign are rare, materi-
als more commonly contain unevenly distributed disloca-
tions of different signs with an excess density. Despite
internal screening, these formations generate internal
stress fields [41].

Another significant type of dislocation formation that
induces substantial internal stresses is various dislocation
boundaries. Typically, these contain an unequal num-
ber of dislocations of different signs and can introduce
misorientation. A key characteristic is that the disloca-
tions in the boundaries are from different slip planes, in
contrast to dislocation charges where dislocations reside
on the same or closely related slip planes.

Other sources of internal stresses include grain boun-
daries, grain junctions, and steps on intergranular bounda-
ries [41; 42]. The root cause of these stresses is primarily
the incompatibility of deformation between neighboring
grains. This incompatibility is always present, despite
the action of accommodating slip systems. Moreover,
lattice dislocations that enter the grain boundaries and
sources of dislocations at these boundaries contribute
further to internal stresses. Junction dislocations at grain
junctions and steps on interphase boundaries are also sig-
nificant sources of internal stresses [43].
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These mentioned sources are primarily responsible for
internal stresses of plastic origin.

On the other hand, sources of elastic origin internal
stresses, which mainly arise from heterogeneous deforma-
tion of the material, include microcracks [6; 12 — 15; 41]
and bainitic deformation [20], which occurs due
to the distortion of the crystalline lattice during the y — a
phase transformation in steels. These stresses can also
arise in materials reinforced with non-deformable dis-
persed particles [23]. In cases where these fields partially
relax through the multiplication and slip of dislocations,
they acquire an elastoplastic character [12 —15;41].
Depending on the degree of interaction with surrounding
dislocation structures, the resultant internal stresses can
exhibit all three types. In real materials, especially after
significant deformations, fields from different sources
combine to form a complex three-dimensional field
of internal stresses.

Sources and characteristics of internal stresses

in rail steel

The study of internal stresses and their sources
after long-term operation (with a passing tonnage
of 1770 million tons gross) was conducted on rails made
of 0.76C—Cr—V-Fe steel, which has a lamellar pearlite
structure. The investigation focused on the rail metal
along the central axis of symmetry (rolling surface) and
the radius of curvature (working fillet) of the rail head at
distances of 0, 2, and 10 mm from the surface.

The research revealed that rail operation led to sig-
nificant structural transformations and complications,
especially along the radius of the rail head. For example,
at a distance of 10 mm from the rolling surface along
the axis of symmetry, the volumetric fraction of lamel-
lar pearlite was 95 %, and the ferrite-carbide mixture
(degraded pearlite) was 5 %. However, in the surface
layer, the fraction of lamellar pearlite dropped to 45 %,
the ferrite-carbide mixture increased to 50 %, and a frag-
mented structure emerged (5 %). Similarly, at a distance
of 10 mm from the surface along the radius of curvature,
the volumetric fraction of lamellar pearlite remained
at 95 %. But in the surface layer, it decreased to 25 %,
with the fragmented structure also accounting for 25 %.
Thus, as one approaches the head surface, regardless
of the research direction (along the radius of the rail
head or the axis of symmetry), lamellar pearlite gradu-
ally transforms into a degraded form, forming a ferrite-
carbide mixture and fragmented structure, with these pro-
cesses being more pronounced in the working fillet.

Fig. 1 illustrates the changes in the average quan-
titative parameters of the fine structure as we approach
the head surface.

All characteristics increase as we approach the sur-
face of the rail head, with the scalar (p) and especially
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excess (p.) dislocation densities intensifying. However,
their behavior varies within different structural compo-
nents. The scalar dislocation density in the entire mate-
rial, regardless of the direction of investigation (along
the radius of the fillet or along the axis of symmetry),
increases almost uniformly as it approaches the surface.
The excess dislocation density, determined by the width
of the bending extinction contours, remains smaller
than the scalar density along the central axis of sym-
metry (rolling surface), indicating plastic bending-
torsion of the crystalline lattice: y =7y, and o,= GS]
(Fig. 1, a — ¢). Along the radius of the fillet, the condition
p > p., is also met in the lamellar pearlite, but in the fer-
rite-carbide mixture and fragmented structure, p = p..
This indicates that the dislocation structure is fully polari-
zed in these regions of the material, and elastic-plastic
bendin% of the crystalline lattice occurs: y = %ot T e and
4= Gg + Ggl. Despite the minor magnitude of the elas-
tic component (Fig. 1, e, f), these areas are critical in
the material structure as they are likely initiation points

for failure. Thus, excess dislocation density is a primary
source of internal momentary (long-range) stresses in rail
steel. However, other sources of internal stresses include
the ferrite and cementite phase boundaries, as well as
boundaries of fragments and cementite particles located
at the boundaries and within the fragments (Fig. 2).

Impact of plastic deformation on the

curvature—torsion of the crystalline lattice in BCC steel

It is known [6; 23] that with the progression of defor-
mation, the curvature-torsion gradient along the mate-
rial intensifies. This phenomenon is evidenced both
by the variation in the width of extinction contours
along their length and by their overall bending. The type
of contours also transforms. Generally, the curvature-
torsion value of the crystal lattice, y, is recognized as
a second-rank tensor [6; 44; 45]. This tensor encapsulates
components of both curvature and torsion of the crystal
lattice. Utilizing matrix equations [6], it becomes fea-

£
= 200 - 5
-
100 +
1 1 1 1
0 2 4 6 8
X, MM

10 0 2 4 6 8 10

X, Mm

Fig. 1. Changes in the average quantitative parameters of fine structure of the 0.76C—Cr—V—Fe rail steel
after ultra-long operation as it moves away from the surface:
a — ¢ —rolling surface; d — f— working fillet; / and 2 — scalar and excessive dislocation density;
3 and 4 — amplitude of plastic Yo and elastic y,, curvature-torsion of crystal lattice;
5 and 6 — amplitude of internal momentous o, plastic and elastic o, stresses

Puc. 1. I3MeHeHHUe CpeIHIX KOJMYECTBEHHBIX APaMETPOB TOHKOW CTPYKTYPBbI PelibCOBOM cTanu D76 XD
HOCJIE CBEPXUTUTENILHON IKCILTYaTalluK 110 MEPEe YAAICHHUS OT MOBEPXHOCTH:
@ — ¢ — OBEPXHOCTh KaraHus; d — f— paboyas BeIKpYXKKa; / 1 2 — CKaNsApHas p U U30BITOUHAS P, MIIOTHOCTh JAUCIOKAIHIL;
3 1 4 — aMILIUTY A IUIACTHYECKOI ) | M YIPYIOH )| KPUBH3HbI-KPYUEHHS KPHCTAIUIMYECKOH PELICTKH;
5 1 6 — aMIUIMTY/a BHYTPCHHUX MOMEHTHBIX IIACTHYCCKHX O M YIPYTHX O HANPSKCHHHA
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sible to categorize the type of contour. This method was
applied to the 34C-1Cr-3Ni—-1Mo—-1V—Fe martensitic
steel, where prior to deformation, extinction contours
were identified either as curvature (bending/tilting)
contours (Fig. 3, curve /) or torsion contours (Fig. 3,
curve 2). The prevalence of curvature contours was sig-
nificant, accounting for up to 85 % of observations. As
the degree of plastic deformation increased, the con-
tour configuration became more complex, with mixed-
type contours emerging. When the deformation reached
€>0.2, all bending contours transitioned to mixed-type
contours (Fig. 3, curve 3).

- CONCLUSIONS

An analysis of the sources of internal stresses in rail
steels has been conducted. It has been determined that

these sources can be categorized into three types: plastic,
elastic, and elastoplastic origin.

TEM analysis of 0.76C-Cr—V-Fe steel rails, which
have endured a cumulative gross tonnage of 1770 mil-
lion tons, revealed significant microstructural transfor-
mations as the surface of the rail head is approached.
The lamellar pearlite gradually transforms into a struc-
ture featuring a ferrite-carbide mixture and fragmented
structure. This process is notably more pronounced in
the working fillet. Along the entire central axis of symme-
try of the rail head, plastic bending-torsion of the crystal
lattice is observed, while along the radius of curvature at
distances up to 2 mm, the bending-torsion exhibits elas-
toplastic characteristics. The primary source of internal
moment stresses is identified as the excess density of dis-
locations.

Fig. 2. TEM images of bending extinction contours (indicated by arrows) in different parts of the material from different sources:
a —boundaries between ferrite and cementite; b — boundaries between fragments;
¢ — globular particles at fragment boundaries; d — globular particles in the volume of fragments

Puc. 2. [I9M-n300paskeHnst H3THOHBIX SKCTHHKIOHHBIX KOHTYPOB (YKa3aHBI CTPEIIKAMH)
B PA3/IMYHBIX YYaCTKaX MaTrepuaja oT Pa3IMYHbIX HCTOYHHKOB:
a — rpaHHIIEI pas3zena Gpeppurta U HEMEHTHTA; b — IpaHHIbI pa3ena (pparMeHToB;
¢ — YacTullpl Mo0yIsIpHO# GopMbl Ha rpaHUIax (pparMeHTOB; d — YaCTHIIBI IIOOYIISIPHON (GOpMBI B 00beMe (hparMeHTOB
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0 0.2 0.4 0.6 08 &

Fig. 3. Change in the volume fraction of bending extinction contours
of curvature (/), torsion (2), and mixed type (3) on degree of plastic
deformation in rolled tempered steel 34CrNi3MoVN

Puc. 3. VI3menenne 00beMHOM TN H3THOHBIX SKCTHHKIIMOHHBIX
KOHTYpPOB KpuBHU3HbI (1), KpyueHus (2) U cMemanHoro tumna (3)
OT CTEIEHH TIACTHYECKON ehopMaliiy B KaTaHOH
ornymeHHoi cranu 34XH3IMOA

In studies of 34C—1Cr-3Ni—1Mo—1V-Fe martensitic
steel, it has been observed that at low degrees of defor-
mation, extinction contours are either bending or torsion
contours. However, at higher degrees of deformation, all
contours evolve into a mixed type.
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EVOLUTION OF DISLOCATION STRUCTURE AND PHASE COMPOSITION
OF DEFORMED AI0.3CoCrFeNi HIGH-ENTROPY ALLOY DURING HEATING

I. V.Ivanov'®, S. A. Akkuzin?, D. E. Safaroval,
I. Yu. Litovchenko?, 1. A. Bataev?!

I'Novosibirsk State Technical University (20 K. Marksa Ave., Novosibirsk 630073, Russian Federation)
2 Institute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
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Abstract. When choosing compositions of high-entropy alloys, one of the parameters taken into account is thermal stability. The paper considers the struc-
tural transformations of the deformed Al ,CoCrFeNi high-entropy alloy occurring during its annealing. The material was obtained by argon-arc
melting with a mixture of pure single-element components. In order to homogenize the structure, the resulting ingot was subjected to thermomecha-
nical processing according to a scheme combining cold rolling with a compression ratio of 50 % and low-temperature annealing (400 °C for 100 h).
In the future, the homogenized billet was rolled in a cold state with a compression ratio of 80 %. The structure of the materials was studied directly
during heating (in-situ mode) using the method of synchrotron X-ray diffraction. The heating rate of the samples was 20 °C/min, the maximum
heating temperature was 1000 °C. The parameters of the alloy dislocation structure (density of screw dislocations, spatial distribution of dislocations)
during heating were determined using the modified Williamson—Hall and Warren—Averbach methods. According to the data obtained, the temperature
of beginning of formation of a high-entropy phase with a primitive cubic lattice is 560 °C. In the process of heating the material up to this tempera-
ture, an increase in density of screw dislocations and formation of a disordered dislocation structure are observed. The nature of change in dislocation
density correlates well with the increase in the alloy microhardness. At an initial value of 406 + 13 HV , (for the deformed material), the microhard-
ness during heat treatment increases up to 587 £ 10 HV .

Keywords: high-entropy alloy, Al) ,CoCrFeNi, plastic deformation, heat treatment, dislocation structure, transmission electron microscopy, synchrotron
X-ray diffraction
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AnHomayus. Ilpu BeIOOpEe COCTABOB BBICOKOAHTPOIMIHBIX CIIABOB OJHHM M3 YYUTHIBAEMBIX HapaMETpPOB SIBISCTCS TEPMUYECKasi CTAaOMIBHOCTD.
B pabore paccmaTpuBarOTCs CTPYKTypHBIE MpeoOpa3oBaHusi Ae(hOPMUPOBAHHOTO BBHICOKOIHTPOIUIHHOTO CIUIaBa A10,3C0CrFeN1, TIPOUCXO-
JIIIUE B TIPOIecce ero oTkura. Marepual 1mojy4eH METOI0M aprOHOAYTOBOMH IJIABKM CMECH YHCTBIX OJHO3JIEMEHTHBIX KOMIIOHEHTOB. C LIeJIbI0
TOMOTCHU3ALUH CTPYKTYPbI TOTYUCHHBIH CIUTOK IMOABEPrayiCsl TEPMOMEXaHMUECKOH 00pabOTKe MO CXeMe, COYETAIOIIEH XOJIOIHYIO MPOKATKY
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co crerneHpto oOxarus 50 % n HusKoremnepatypHblil oTkur (400 °C B Teuenue 100 1). B nanbHeiiem roMoreHU3MpOBaHHAs 3ar0TOBKA TPOKa-
THIBAJACh B XOJIOJAHOM COCTOSHMH cO cTeneHbo oOxarus 80 %. CTpyKTypy MarepualioB HCCIEI0BaIN HEMOCPEACTBEHHO B IPOLIECCE HAarpeBa
(B pexuMe in-situ) ¢ UCIIOJIL30BAHHEM METO/1a AU(PAKIIH CHHXPOTPOHHOIO PEHTTEHOBCKOTO H3TydeHHs. CKOpoCTh HarpeBa 00pasioB cocTapsia
20 °C/muH, MakcuManbHas temreparypa Harpesa — 1000 °C. [TapameTpsl AMCIOKAIMOHHOM CTPYKTYpBI CIIaBa (IUIOTHOCTh BUHTOBBIX AMCIIO-
Kallui, TPOCTPAHCTBEHHOE PACIPENENICHUE JUCIOKAINIT) B Mpoliecce Harpesa ONpeNessiiii ¢ HCHOIb30BaHHEM MOAU(UIIMPOBAHHBIX METOJIOB
Bunssamcona—Xomna u YoppeHa—Aep6axa. ComIacHO MOJyYeHHBIM JaHHBIM, TeMIepaTypa Hadanaa ()OpMHPOBAHHUS BBICOKOSHTPOIHITHON (a3bl,
obnanaroneil IpUMUTHBHOI KyOHUeckoii pereTkoit, coctaisier 560 °C. B nporiecce Harpesa MaTepuaria BIUIOTh [0 TeMIeparypbl Hauana GpopMu-
poBaHUA 3Tol (a3bl HAOMIONAIOTCS yBEMMYCHHE IUIOTHOCTH BHHTOBBIX IUCIOKAIUH M (POPMHPOBAHHE PA3yNOPSAAOYCHHON IHUCIOKAIIHOHHON
CTPYKTYpbI. XapaKkTep U3MEHEHUs! INIOTHOCTH JMCIOKALUKA XOPOILIO KOPPEIUPYeT C POCTOM MUKPOTBEPAOCTH CIiIaBa. [1pu HayalbHOM 3HAUEHUH
B 406+ 13 HV, | (a1 neopMIpOBAHHOTO MaTepHalla) MEKPOTBEPAOCTb B IPOLECCE TEPMUICCKOH 00paboTku nosbimaetes 20 587 = 10 HV .

Kawueeste caosa: sricokosntponuitnbie criasel, cras Al ,CoCrFeNi, nnactuueckas jnedopmaius, Tepmuueckas o0paboTKa, JMCIOKAIMOHHAS
CTPYKTYpa, IIPOCBEYMBAIOIIasl HICKTPOHHAS MUKPOCKOIHS, TU(PAKINSI CHHXPOTPOHHOTO PEHTTEHOBCKOTO H3/Ty4eHHs

BaazodapHocmu: ViccnenoBanue BeIMONHEHO 1pu uHaHCOBOM mopaepxke Poccuiickoro Hayunoro ®onja B pamkax npoekra Ne 20-73-10215 «In-situ
WCCIIE0BAHNE IBOJIIOINY JUCIOKAIIMOHHON CTPYKTYPBI INIACTHYECKH 1e(hOPMUPOBAHHBIX BEICOKOAHTPOIIMIHHBIX CIUIABOB B YCIIOBHUSIX JICHCTBUS BBI-
COKMX JIaBJICHUH U TEMIIEpaTyp ¢ NPUMEHEHHEM CHHXPOTPOHHOTO H3ITyUESHHS.

/s yumupoeaHus: Veanos U.B., Akkysun C.A., Cadaposa /I.D., Jlutopuenko U.10., baraes N.A. DBontoIus qUCIOKAIMOHHON CTPYKTYPBI U
(aszosoro cocrasa B IIpouecce Harpesa 1epopMUpOBaHHOTO BhicokodHTponmiHoro crtasa Al ;CoCrFeNi. Hseecmus eysos. Yepnas memannypeus.
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[ INTRODUCTION

Thermal stability is a crucial parameter often consi-
dered when selecting compositions for high-entropy
alloys (HEAs) [1 — 4]. For HEAs within multicomponent
systems, the formation of both ordered and disordered
crystalline phases is typical. Disordered phases are charac-
terized by a random distribution of atoms within the unit
cell, typically exhibiting a face-centered cubic (FCC) or
body-centered cubic (BCC) lattice, occupying the largest
fraction of the alloy volume [5]. However, during melt-
ing and subsequent heat treatment of HEAs, the forma-
tion of ordered phases with a primitive cubic lattice is
possible [6]. Undoubtedly, the formation of such phases
leads to changes in the properties of the alloys.

Among the numerous known compositions of HEAs,
the Al CoCrFeNi system is often highlighted [7 — 11].
The peculiarity of alloys within this system lies in
the ability to control the phase composition of the alloy
by varying the aluminum content. For instance, atx = 0.3,
the alloys’ structure consists solely of the BCC phase.
Within the range of x values from 0.3 to 0.6, a second
phase with an FCC lattice forms alongside the BCC
phase in the alloy’s structure. Increasing the parameter x
to values of 0.6 —2.0 is accompanied by the forma-
tion of a single-phase FCC structure.

Experimental studies and thermodynamic calcula-
tions confirm the correspondence of the structural and
phase state to the indicated composition ranges of high-
entropy alloys [12]. However, it is known that the for-
mation of additional phases in alloys of the Al CoCrFeNi
system can be significantly influenced by pre-thermo-
mechanical processing. For instance, plastic deforma-
tion of alloys with x equal to 0.3, 0.6, and 0.9 at 930 °C
is accompanied by the precipitation of AINi particles
along grain boundaries [13]. Additionally, research
indicates that the formation of an intermetallic phase

in Al CoCrFeNi alloys can occur during dry fric-
tion at 900 °C. Deformation and annealing processes
result in the formation of ordered high-entropy phases. For
example, plastic deformation of the Al ,CoCrFeNi alloy
with a compression degree of 20 % followed by anneal-
ing at 550 °C leads to the formation of a phase with an
L1, structure (characterized by a primitive cubic lattice).
Increasing the annealing temperature to 700 °C is accom-
panied by the formation of the AINi intermetallic and B2
phases, both possessing a primitive cubic lattice. Further-
more, the B2 phase is observed after annealing of samp-
les deformed by the high-pressure torsion method [16].
Cold rolling of the Al ,CoCrFeNi alloy with a compres-
sion degree of 50 % followed by annealing at 800 °C
leads to the formation of the B2 phase [17]. The signifi-
cant influence of annealing temperature on the mechani-
cal properties of deformed HEA blanks is also noted [17].

From the analysis of available publications, seve-
ral conclusions can be drawn. Firstly, alloys of the
Al CoCrFeNi system are characterized by the forma-
tion of not only high-entropy disordered phases but
also multi-component phases with ordered structures.
Secondly, the phase composition of these materials is
largely determined by the scheme and modes of ther-
momechanical processing. The combination of plastic
deformation and high-temperature annealing promotes
the formation of ordered high-entropy phases. By varying
the parameters of temperature-force exposure, it is pos-
sible to change the temperature at which the ordered
phases begin to precipitate. Finally, a number of studies
indicate the possibility of changing the mechanical pro-
perties of high-entropy alloys depending on the anneal-
ing temperature.

The questions regarding the thermal stability of HEAs,
the formation of ordered phases in them, and changes in
their mechanical properties depending on temperature
effects are important not only for controlling the structure
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and properties of the final product but also for understand-
ing the conditions under which this product can func-
tion. While acknowledging the significance of this issue,
it should be noted that there is a lack of experimental data
revealing the peculiarities of the formation of new phases
in the analyzed HEAs under deformation and thermal
conditions. In this work, the method of synchrotron X-ray
diffraction in situ was employed to analyze the changes
in the structure of the deformed Al ,CoCrFeNi alloy
during heating. This method, combined with profile
analysis of recorded diffraction patterns, allowed for
the calculation of lattice parameter changes, identifica-
tion of the temperature at which the formation of ordered
high-entropy phase begins, and estimation of the den-
sity of dislocations during material heating. Additio-
nally, the structure of the materials was investigated
using transmission electron microscopy, and the hardness
of the samples was evaluated using the Vickers method.

[l MATERIALS AND METHODS

A high-entropy alloy ingot Al,,CoCrFeNi was pro-
duced by argon arc melting of pure elemental com-
ponents. The melting process took place in a Biihler
ArcMelter AM furnace at an argon pressure of 21072 bar
(2:103 Pa). To ensure a homogeneous chemical compo-
sition, the material underwent ten cycles of remelting.
Additional thermomechanical treatment of the alloy was
also conducted for the same purpose. The resulting ingot
underwent cold rolling with a reduction degree of 50 %
and was held at 400 °C for 100 h. This thermal treatment
regime was employed to prevent the formation of ordered
phases in the alloy structure [18].

The prepared billet was utilized for investigations
aimed at studying the influence of heating temperature
on the structural and phase transformations of the alloy
deformed by cold rolling. The total reduction degree
of the billet, amounting to 80 %, was achieved through
multiple passes. Each pass involved a 2 % reduction in
thickness relative to the initial billet thickness. Samples
cut from the cold-deformed sheet were placed in a Béhr
DIL 805 A/D dilatometer furnace and heated at a rate
of 20 °C/min, with the maximum heating temperature
reached 1000 °C.

The analysis of the material structure during heat-
ing was conducted using the in-situ synchrotron X-ray
diffraction method. The investigations were carried out
at the P07 (“High Energy Materials Science”) beamline
of the DESY: PETRA III source in Hamburg. The wave-
length of the X-ray radiation used was 0.014235 nm,
corresponding to a photon energy of 87.1 keV. A 2D
scintillation detector PerkinElmer XRD 1621 with a reso-
lution of 2048%2048 pixels and an area of 409.6 mm? was
employed to record the diffraction patterns, with the dis-
tance from the sample to the detector being 1.05 m.
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The diffraction patterns were recorded in transverse
direction and were converted into one-dimensional form
by azimuthal integration using the pyFAI library [19].

To perform profile analysis, the one-dimensional dif-
fraction patterns were described by the following func-
tion:

;

Lot (20) = ili (20) + Y a,(20)’. 0

i=1 j=0

The first sum in Eq. (1) determines the contribu-
tion of ten diffraction maxima to the intensity, while
the second represents the 7" order polynomial describing
the background of the diffraction pattern. In turn, the pro-
file of each of the diffraction maxima was described
by a pseudo-Voight function as follows:

1,(20) = I,[nL(26) + (1 -) G(20)], 2

where /; is the maximum intensity of diffraction maxi-
mum; 1 is the contribution of the Lorentz function; L(26)
and G(20) are Lorentz and Gaussian functions, respec-
tively, defined as:

[0,5B(1— 4))°
0) =
L9 [0,55(1—A)]2+(2e—2eo)2’ ®)
G(20) = exp| — 20 =2%) (4)

]

where 20, is the angular position corresponding to the
maximum intensity of the peak; B is the full width at half
maximum of the diffraction peak; 4 is the asymmetry
parameter of the diffraction peak (-1 <4 < 1).

The parameters of the dislocation structure (density
of'screw dislocations, spatial arrangement of dislocations)
corresponding to a specific stage of alloy heating were
determined using modified Williamson—Hall and War-
ren—Averbach methods. A detailed description of these
methods is presented in [20 — 23].

In addition to experiments analyzing the structure
using synchrotron X-ray radiation, a series of samples was
prepared to evaluate the microhardness of cold-deformed
HEA after heating to 100 — 900 °C (in intervals of 50 °C),
including 875 and 900 °C. The materials were analyzed
using the Vickers method on a semi-automatic hardness
tester WolpertGroup 402MVD. The load on the four-
sided diamond indenter was 0.98 N, with a dwell time
under load of 10 s. The fine structure of samples ther-
mally treated at 550, 650, and 900 °C was examined using
a transmission electron microscope JEOL JEM-2100
at an accelerating voltage of 200 kV.
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[l RESULTS AND DISCUSSION

In previous publications, various data on the char-
acteristics of phase transformations occurring during
the heating of Al ,CoCrFeNi alloy have been presented.
It has been noted that one of the factors determining
the temperature at which ordered phases start to pre-
cipitate is the degree of pre-deformation of the mate-
rial. For example, in [17], it was demonstrated that
the temperature at which the B2 phase starts to form in
Al,,CoCrFeNi alloy, cold-rolled to 50 %, falls within
the range of 600 — 800 °C. However, the exact value
of this temperature could not be determined accu-
rately in the ex-situ experiment. An undeniable advan-
tage of the in-situ approach implemented in this study
is the ability to precisely determine the temperatures
of phase and structural transformations occurring during
the heating of the alloy. Fig. 1 displays a diffraction pat-
tern corresponding to the heating process of the cold-
rolled Al ,CoCrFeNi alloy. Throughout the entire tem-
perature range, diffraction peaks of the FCC phase are
observed. However, starting from around 600 °C, peaks
of a phase with a primitive cubic lattice emerge. To more
accurately determine the temperature at which it starts
to form, an analysis of the intensity change of the (310)
diffraction peak was conducted (Fig. 2).

The data presented indicate a non-monotonic change
in the intensity of the peak (310) of the phase with
a primitive cubic lattice (Fig. 2, a). A characteristic fea-
ture of this parameter is its gradual increase with temper-
ature followed by a decrease. The analyzed phase begins
to form at 560 °C (Fig. 2, b).

Figure 3 illustrates the results of changes in the mate-
rial lattice parameter and linear expansion of the sample.

200
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Upon heating to approximately 750 °C, the rate of change
of both parameters becomes close to linear. A weakly
pronounced change in the relationship between the mag-
nitude AL and the heating temperature is observed in
the temperature range of 450 — 600 °C (Fig. 3, b). This
observed effect may be explained by the restructuring
of the dislocation structure of the alloy. Upon heating
the alloy to above 850 °C, the lattice parameter growth
rate increases from 0.07-10~* to 0.125 A/°C. In the tem-
perature range of 750 —900 °C, the rate of growth
of the parameter AL gradually decreases, and in the tem-
perature interval of 900 — 1000 °C, a sample compres-
sion effect is manifested.

Fig. 4 displays the results of profile analysis of exper-
imentally recorded diffraction patterns. Using modi-
fied Williamson—Hall and Warren—Averbach methods,
the values of screw dislocation density (p_.,) and
Wilkens parameter (M) were calculated. The parameter M
characterizes the spatial configuration features of dislo-
cations. A decrease in M indicates the formation of dislo-
cation walls in the alloy, while an increase in M is a sign
of the formation of a disordered dislocation structure.
According to the obtained data, up to the onset of ordered
phase precipitation (560 °C), there is a simultaneous
increase in dislocation density and disordering of the dis-
location structure.

The change in dislocation density correlates well with
the increase in microhardness of the analyzed samp-
les. In the initial state (before heating), the microhard-
ness of the cold-deformed sample is 406 = 13 HV,,.
The maximum microhardness value at 587 = 10 HV | is
recorded in samples thermally treated at 550 — 600 °C.
According to the results of profile analysis, at these tem-
peratures, the values of dislocation density are also at their
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Fig. 1. X-ray diffraction pattern of heating of the cold rolled Al  ,CoCrFeNi alloy

Puc. 1. Jluppakuronnas kapra nporecca Harpesa xonozHokaransoro crnasa Al) ,CoCrFeNi
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Fig. 2. Change in intensity of diffraction maxima of the disordered and ordered phases in Al ;CoCrFeNi high-entropy alloy (a)
and change in intensity derivative according to temperature of diffraction maximum (310) of the phase with a primitive cubic lattice (b)

Puc. 2. I3MeHeHre HHTEHCHBHOCTH JU(PPAKIMOHHBIX MAKCHMYMOB Pa3yIIOPSI04CHHON U yIIOPSAI0YEHHOM
(a3 BricokosnTponuiionoro crnasa Al ,CoCrFeNi (a) 1 nsmeHeHue NpoM3BOHOK HHTEHCHBHOCTH 110 TEMIIEPATYpPE
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Fig. 3. Change in the lattice parameter a (®) and thermal expansion of the plastically deformed sample AL (@) of Al ;CoCrFeNi alloy
during heating () and change in derivatives da/dT (®) and dAL/dT (@) (b)

Puc. 3. I3meHeHne napaMeTpa penIeTKy ¢ (@) U TePMHIECKOE PaCIINpEeHUe INIACTHISCKU Ie(hOpMUPOBaHHOro 00pasua AL (@)
u3 cruiasa Al ;CoCrFeNi B poriecce ero Harpesa (a) 1 H3MeHeHHe POU3BOAHbIX da/dT (@) u dAL/AT (@) (D)

maximum level. As the temperature is further increased, The authors of [23] have previously discussed
the dislocation density and microhardness level decrease  the changes in structure and properties of the
t0 395+ 16 HV . Al,,CoCrFeNi alloy depending on the heat treatment
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Fig. 4. Change in density of screw dislocations (®), the Wilkens parameter () and microhardness (m)
during heating of deformed Al ;CoCrFeNi alloy

Puc. 4. VI3MeHeHne IIIOTHOCTH BUHTOBBIX AUCIIOKaIHii (@), mapamerpa Buiikenca () 1 MukpotBepaoctu (M)
npu Harpese nepopmuposannoro criasa Al ,CoCrFeNi

temperature. In [24], it was noted that plastic deforma-
tion followed by annealing of the high-entropy alloy
Al,,CoCrFeNi leads to the the formation of an ordered
phase with a primitive cubic lattice on subgrain bounda-
ries or in areas of high local defect density. However,
the issue regarding the increase in dislocation density
during the heating process of high-entropy alloys has not
been discussed in publications before and requires further
research.

Analysis of Fig. 4 allows us to conclude that exceed-
ing the temperature values corresponding to the onset
of ordered phase precipitation is accompanied
by a decrease in both dislocation density and the Wilkens
parameter. This fact indicates the activation of pro-
cesses associated with polygonization and recrystalli-
zation of the alloy structure. The results of the research
conducted wusing transmission electron microscopy
(Fig. 5) also indicate the development of recrystalliza-
tion processes. Analysis of the presented images shows
an increased degree of structural defects in the material in
the cold-deformed state (Fig. 5, a), as well as after heat-
ing to 550 and 650 °C (Fig. 5, b, ¢).

Despite the fact that, according to synchrotron radi-
ation diffraction data, the formation of the phase with
a primitive cubic lattice begins at 560 °C, even after
heating to a temperature of 650 °C, no particles of this
phase were detected using transmission electron micros-
copy (Fig. 5, ¢). This can be explained by the fact that
at the initial stage of particle formation, the analyzed
phase particles are small in size and are separated from
the original matrix in such a way that they are not vis-
ible using diffraction contrast. However, in samples ther-
mally treated at 900 °C, particles of the ordered phase are
clearly visible (Fig. 5, d).

Thus, the results of the research conducted
using transmission electron microscopy correspond
to the experimental data obtained during X-ray structural
analysis. The analysis carried out in this work indicates
that the intensive decrease in dislocation density and
the Wilkens parameter (when heating the alloy to 750 °C)
(Fig. 4) is due to the onset of recrystallization pro-
cesses. The observed decrease in linear expansion rate
(AL) at heating temperatures above 750 °C is likely also
related to the development of recrystallization processes
and the accompanying annihilation of crystal structure
defects. It can be expected that with further increase
in temperature, the linear expansion rate of the sample
will reach a plateau, and then the material will begin
to expand, but at a different rate. A similar effect was
observed in a study [25] that examined the structure
of friction-welded samples. The experimentally observed
deviation of the AL—T dependence from linearity
by the authors of this work was associated with recrystal-
lization processes and changes in residual stresses. Simi-
lar phenomena were also observed in [26; 27].

[ ConcLusions

Using synchrotron X-ray radiation diffraction,
it was determined that the temperature at which
the formation of a high-entropy phase with a
primitive cubic lattice begins in a cold-rolled sample
of Al ,CoCrFeNi alloy is 560 °C.

Heating the deformed alloy to 560 °C is accompanied
by an increase in the density of screw dislocations
(Pyre) @nd an increase in the degree of disorder in
the dislocation structure, expressed by the growth
of the Wilkens parameter M.
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Fig. 5. Results of transmission electron microscopy of Al ,CoCrFeNi alloy after cold rolling (@)
and after rolling and annealing at 550 (b), 650 (¢) and 900 °C (d)

Puc. 5. Pesynbrarsl cTpyKTYpHBIX Hccrenoanuit crasa Al ;CoCrFeNi MeTo10M MpoCBEYnBAIOIIEH 3JIEKTPOHHOH MUKPOCKOHH
oCJIe XOJIOHOM MPOKaTKH (&), a TaKkKe mocie npokarku u orxura mpu 550 (b), 650 (c) u 900 °C (d)

The change in dislocation density correlates
with the nature of the change in microhardness
of the Al ,CoCrFeNi alloy. Heating the cold-worked
material from room temperature to 600 °C, accompanied
by an increase in dislocation density, leads to an increase
in microhardness from 406+13 to 587+ 10HV,.
The decrease in dislocation density that occurs during
further annealing at higher temperatures leads to a decrease
in the microhardness of the alloy to 395+ 16 HV .

Dilatometric analysis of the Al ,CoCrFeNi alloy
indicates a non-linear relationship between the lattice
parameter a and the elongation of the sample AL with
the heating temperature. In the temperature range
from 25 to 850 °C, the rate of lattice parameter growth is
0.07-10* A/°C and increases to 0.125 A/°C when heated
above 850 °C. An increase in temperature from 750
to 900 °C is accompanied by a gradual decrease in the rate
of linear expansion of the sample. In the temperature
range of 900 — 1000 °C, compression is observed. This
observed effect may be associated with a decrease in
the number of defects in the crystal lattice, accompanying
the development of recrystallization processes.
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FORMATION OF THE GRADIENT OF STRUCTURAL-PHASE STATES

OF HIGH-SPEED STEEL DURING SURFACING.

PART 2. THE ROLE OF THE MULLINS—SEKERKA INSTABILITY
IN FORMATION OF CRYSTALLIZATION STRUCTURES

S. A. Nevskiil©, L. P. Bashchenko?, V. E. Gromov?,
0. A. Peregudov?, A. N. Gostevskaya?, T. V. Volodin?

! Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
2 Omsk State Technical University (11 Mira Ave., Omsk 644050, Russian Federation)

&) nevskiy.sergei@yandex.ru

Abstract. The authors studied the crystallization process of the Fe—W system, which is the basis of heat-resistant high-speed steel used in plasma arc
surfacing on the surface of rolls and various cutting tools. The structure of this material consists of two components: cellular and dendritic. Histogram
of the structural elements distribution shows the presence of a single maximum. The most probable size takes a value in the range of 10 — 15 um.
The paper considers the morphological instability of crystallization front (the Mullins-Sekerka instability). The model includes the equations of convec-
tive thermal conductivity and diffusion. The Stefan conditions for temperature were set at interface of the phases. Linear analysis of this instability is
carried out for two cases: when the convective term in the equations of thermal conductivity and diffusion can be neglected; when convection prevails
over diffusion processes. In all cases, it was assumed that the value (1 -k ) was close to zero, which corresponds to a concentration of the alloying
element approximately equal to or exceeding the eutectic one, and a short-wave approximation was also used. In the first case, the analytical view
of dependence of the wavelength, which accounts for the maximum rate of interface disturbances growth, coincides with generally accepted concepts.
In the second case, the value of this wavelength is directly proportional to square root of the interphase boundary velocity. The limits of applicability
of these approximations for various mechanisms of crystal growth were determined. In the case of normal growth, both approximations provide
an adequate explanation for the formation of structural elements up to 5 um in size at a crystallization front velocity of about 2 m/s. For the case
of growth due to screw dislocations, the wavelength value corresponding to the fastest-growing perturbation mode in the first case coincides with
experimental data at a crystallization front velocity of the order of 107 m/s, whereas in the convective approximation such a coincidence is observed
at 10~ m/s. Further development of the model consists in simultaneous consideration of the convective and diffusion components. The results obtained
will serve as a material for the research of the Mullins-Sekerka instability for two interface boundaries.

Keywords: Fe — W system, the Mullins—Sekerka morphological instability, equation of thermal conductivity, mobile boundaries of phase transformations
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AHHOmﬂl{Uﬂ. I/Isyqu nponecce Kpucrauim3ainuu CUCTEMbL FC*W, KOTOpas JIC)KUT B OCHOBE TETUTOCTOUKOMN 6LICTpOpC)I(yHleﬁ cTanu, HpHMeHSIeMOﬁ

B IPOLECCE MIa3MEHHO-yTOBOI HAIUIABKM HAa MOBEPXHOCTb BAJIKOB M PA3JIMYHBIX PEXKYLIMX HHCTPyMEeHTOB. McciieoBanus CTpyKTypbl IJaHHOTO
Marepuasa MoKas3alid, YTO CTPYKTypa COCTOHMT U3 JIBYyX COCTABIIIONIMX: SMEHCTOM M ICHAPUTHOW. ['mcTorpamma pacrpeneneHust CTPYKTYPHBIX
9JIEMEHTOB MMOKa3bIBACT HAIMYME OJHOr0 Makcumyma. Hanbosee BeposiTHbIN pasmep HaxoauTcs B auanazone 10 — 15 mxm. B paborte paccmarpu-
BaeTcsi MOP(OIOrnuecKasi HeyCTOWYMBOCTh (PPOHTA KpUCcTA/UTH3aKu (HeycToitunBocTh Mamnuza—Cekepkn). Monesb BKIIIoYaeT B ce0st ypas-
HEHMs] KOHBEKTHBHOH TerutonpoBoaHoctu u audysuu. Ha rpanunne pasnena ¢as 3agaBanuce ycnous Credana s remneparypsl. JInHenHbIi
aHaJIN3 JaHHOW HEYCTOMYMBOCTH IPOBOAUTCS UL IBYX CIydaeB: KOTJa KOHBEKTHBHBIM YJICHOM B YPaBHEHHSX TEIUIONPOBOAHOCTH U AU(G Y3un
MO’HO NpeHeOpeyb; Korjia KOHBEKIMs npeodaaaeT Hax audy3uoHHbIMU TTpoLieccamu. Bo Beex ciydasx npeanonaraercs, 4ro senuuuna (1 — k)
OJIH3Ka K HYIIO, 9TO COOTBETCTBYET KOHLICHTPALIUH JIETHPYIOIIETO 3JIEMEHTa, IIPUMEPHO PAaBHOM 3BTEKTUYECKOM MIIM MPEBBIIAIONICH €€, a TaKKe
HCIIONB3YETCsl KOPOTKOBOJIHOBOE MpUOIIKEHHE. B nepBoM ciiyyae aHaJIMTHYECKUI B 3aBUCUMOCTH JUIMHBI BOJIHBI, HA KOTOPYIO MPUXOJUTCS
MaKCHMYM CKOPOCTH POCTa BO3MYILCHHUH MeX(a3HOW I'paHUIIbI, COBNANACT ¢ OOIIEIPHHATHIME IIPEACTaBICHUSAMU. Bo BTopoM cirydae 3HaueHUE
JIAHHOM JUTMHBI BOJIHBI MPSIMO MPONOPLHOHAIBHO KBAJPAaTHOMY KOPHIO M3 CKOPOCTH JBIXKEHMsI Mex(pa3HOW rpaHuibl. OnpeneneHsl rpaHuLbl
MIPUMEHUMOCTH JAaHHBIX NPHUONIMKCHUH JUId Pa3IM4YHBIX MEXaHM3MOB POCTa KpPHCTAJUIOB. B ciryuae HOpMasbHOTO pocTta 00a NMpHOIMKEHUS
JIAIOT A/IeKBaTHOE OOBSICHEHHE 00Pa30BaHUIO CTPYKTYPHBIX JIEMEHTOB pa3MepaMHu JI0 5 MKM HPH CKOPOCTH (DPOHTA KPHCTAIIM3ALMHI MOPsIKa
2 m/c. [lns ciydast pocTa 3a CHeT BUHTOBBIX JAMCIIOKAINI 3HAUYCHNE JUTMHBI BOJIHBI, COOTBETCTBYOLIEH Hanboiee OBICTPOPACTYILEH MOIBI BO3MY-
LIEHHI1 B TIEPBOM CIlyyae, COBMAJAET C SKCIEPHMEHTAIbHBIMU JAHHBIMH TIPU CKOPOCTH (pOHTa KpucTam3aunn nopsaka 1077 m/c, Torna kak
B KOHBEKTUBHOM TIPUOIKEHHH TAKOE CoBNaaenre Habmonaercs npu 1074 m/c. JlanbHeiiiiee pasBuTHe MOJENH 3aKITIOYAETCS B OHOBPEMEHHOM
ydyere KOHBEKTHBHON M anddy3nonHoi cocTapistomux. [lomydyeHHble pe3yabTaTbl MOCIyKaT MaTepUuaioM JUlsi HCCIIEIOBaHuUs HEYCTONUMBOCTH
Mannun3a—CekepKH JJIs IBYX FPaHuIl pa3aea.

Kniouesule cno6a: cucrema xenes3o — Boiabppam, Mopdosaoruueckas HeycToiunBocTh Masinnza—Cekepky, ypaBHEHHE TEIUIONPOBOAHOCTH, TTOABHK-

HbIE rpaHuLbl (Ha30BBIX MPEBPALICHUIT
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the associated structural-phase transformations. The for-
mation of specific structures (cellular or dendritic) during
the action of concentrated energy fluxes is explained by

[ INTRODUCTION

High-speed steels are increasingly used as wear-

resistant coating materials, applied by plasma spraying
onto the working surfaces of mining and metallurgical
equipment subjected to abrasive wear conditions [1].
These steels exhibit high mechanical properties such as
hardness and wear resistance. However, the spraying
process can lead to the formation of structures that cause
cracks and reduce hardness, preventing the full utiliza-
tion of the high-performance characteristics of high-alloy,
heat-resistant alloys [2]. To maintain the high mechanical
properties of the resulting coating, additional heat treat-
ments [3] or adjustments to the spraying parameters [4]
are necessary. Optimal spraying parameters require an
understanding of the material crystallization processes and
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the morphological instability of the crystallization front,
known as Mullins—Sekerka instability [5; 6].

Currently, various authors are studying this instabi-
lity [7—10]. In [7], the instability was examined for
binary alloys. Criteria for absolute and relative stability
of a spherical crystallization nucleus were formulated
for these alloys, and it was demonstrated that as the par-
ticle size increases, the initial concentration in the diluted
binary melt initially suppresses and then enhances
the morphological stability of the particle. The critical
concentration at which this effect begins was also deter-
mined. The work described in [8] focuses on studying
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the influence of an incoming melt flow on the crystal-
lization front of supercooled liquids with a two-phase
layer. It was found that the incoming melt flow plays
a crucial role in the changes in the parameters of the two-
phase layer and its internal structure. The proportion
of the solid phase in this layer and its thickness signifi-
cantly increase, while its permeability and average dis-
tance between dendrites decrease with increasing inten-
sity of the incoming melt flow. In [9], the verification
of results from linear stability analysis using the phase
field method in multi-component melts with a planar
solidification front demonstrated that, despite using a uni-
fied set of equations for linear stability analysis under
various solidification conditions, theoretical differences
between directional and isothermal solidification should
be noted. Specifically, in the case of directional solidifica-
tion, if considering the steady-state solution of the planar
problem, the equilibrium compositions at the interface are
invariant with respect to the choice of the diffusion coef-
ficient matrix, thus allowing the change in concentration
gradients ahead of the interface, which affect instability
behavior, to be easily determined since the interface velo-
city is known [9]. Conversely, in isothermal solidification,
the planar problem does not have a steady-state solution
characterized by a constant system velocity. The growth
rate of the interface and the equilibrium compositions
depend on the choice of the diffusion coefficient matrix
as well as the alloy composition. These characteristics
of phase transition affect the growth of morphological per-
turbations and thus influence the choice of length scales
of the microstructure. In [10], similar investigations were
conducted on a particle with spherical geometry, taking
into account non-stationary terms in the diffusion equa-
tions and a complete representation of the diffusion coef-
ficient matrix. This allowed the establishment that stabi-
lity criteria are not reduced to low velocities as previously
thought [11]. The stability of the growing sphere can be
considered at high perturbation growth rates, which corres-
pond to high supersaturation. The results clearly show that
the threshold values for the destabilization of the grow-
ing sphere interface strongly depend on the growth rate. It
was also found that the degree of spherical harmonics at
which stability is not maintained increases with increas-
ing growth rate. The role of surface tension in the melt is
not sufficiently addressed in the presented works [7 — 11],
while it can significantly shift the values of the wave-
length corresponding to the maximum mode of pertur-
bations [12; 13]. In [12], the dependence of this wave-
length on surface tension and crystal growth mechanism
is established. It is shown that for most binary compo-
sitions considered by the author, the growth mechanism
occurs through screw dislocations, and the dependence
of A on V-2 is practically linear and coincides with
experimental data. Surface tension, according to the data
from [13], has a significant influence on the kinetic coef-
ficient in the growth model through screw dislocations.

Thus, when constructing mathematical models of crystal-
lization of materials under plasma exposure and formu-
lating stability criteria for the interface between the melt
and crystal, in addition to concentration supercooling, it
is necessary to take into account the role of surface ten-
sion and crystal growth mechanisms. As indicated in [14],
the instability of Mullins—Sekerka should be studied in
several stages: / — determine the nature of perturbations
of the interface and assess the influence of its curvature on
the liquidus temperature; 2 — calculate the temperature and
concentration fields in the solid and liquid phases; 3 — find
the dependencies of the growth rate of perturbations from
conditions at the phase transition boundary. In this study,
attention is given to the first and third stages of research,
assuming a cylindrical shape of the crystallization front.
To verify the obtained results, investigations of the struc-
ture of coatings made of high-speed steels after surfacing
were conducted using scanning electron microscopy.

[l MATERIALS AND METHODS

Plasma coating of high-speed steel R18Yu was per-
formed in reverse polarity within a nitrogen protective and
alloying environment using non-conductive additive pow-
der wire, as established in [15]. The chemical composi-
tion of the steel (wt. %) includes C 0.87; Cr 4.41; W 17.00;
Mo 0.10; V 1.50; Ti 0.35; Al 1.15; N 0.06. This composi-
tion ensured optimal conditions for wetting the surface
of the product with the deposited metal and defect-free
formation of the deposited layer. Samples were taken from
the upper parts of the deposited layer and subsequently
sectioned on an electric spark cutting machine using kero-
sene for metallographic studies. The samples were then
mechanically leveled using fine emery paper and diamond
paste, followed by etching of the deformed layer and lev-
eling by an electrolytic method. Studies were conducted
using a KYKY-EM6900 scanning electron microscope
with a thermionic tungsten cathode equipped with a micro-
probe attachment. The operating parameters were an acce-
lerating voltage of 20 kV, an emission current of 150 pA,
and a filament saturation point of 2.4 A. The working dis-
tance between the sample and the objective lens was set
at 15 mm. The sizes of the structural elements were deter-
mined using the random sectioning method [16].

[ RESULTS OF THE EXPERIMENT

Fig. 1 illustrates the microstructure of the surface layer
of the plasma-coated high-speed steel, revealing two mor-
phological components: cellular and dendritic. The grain
sizes range from 3 to 45 um, with the most common sizes
between 10 to 15 pm, (Fig. 1, b).

The analysis of the histogram (Fig. 1, b) highlights that
the instability of the crystallization front exhibits a single
peak, corresponding to the wavelength that matches
the most probable grain size. The presence of two distinct
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Fig. 1. Microstructure of high—speed steel coating after surfacing (a)
(electron microscopic image) and histogram of grain size distribution (b)

Puc. 1. MuKpoCTpyKTypa IOKPBITUS U3 OBICTPOPEXKYILIEH cTanu
ocJie HaruIaBKy (a) (3JIEKTPOHHO-MHUKPOCKOIIMYECKOE H300paKeHHUE)
U THCTOTpaMMa pacipesesieHus 3epeH no pasmepy (b)

morphological components indicates two types of insta-
bilities: “soft”, associated with the cellular structure, and
“hard” linked to the dendritic structure.

[l FORMULATION OF THE PROBLEM

Let’s examine the stability of the cylindrical crystal-
lization front concerning small harmonic disturbances
(Fig. 2).

For the sake of further calculations’ convenience, we
introduce the following dimensionless variables, as in [12]:

T T C r z
T}=%5 T;=%a Cl=Clra r=—-,z=-—+x,
0 0 0 a a
D
t:X_(z)tr’ Dl :l7 X1 :&’ s :h’
a %o %o Xo
where 7, , T ,C,,r.,z,D,,¥y,, X, are the dimensional

temperatures of the liquid and solid phases, impurity
concentrations in the liquid phase, radial and longitu-
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dinal coordinates, diffusion coefficient of the impurity
in the liquid, thermal diffusivity of the liquid and solid
phases, respectively; T, is the phase transition tempera-
ture (assumed equal to the liquidus temperature); C; is
the initial impurity concentration, a is the initial radius
of the cylindrical nucleus (~1 pm); , is the characteristic
value of the thermal diffusivity coefficient (~10~> m?/s).
Let us express the latent heat of phase transition AH

in dimensionless form & =—— (where ¢, is the heat
Colo

capacity of the substance under study at the phase transi-

tion temperature). We will now formulate the equations

of thermal conductivity and diffusion in dimensionless

form for the solid and liquid phases:

2 2
%_Vﬁle 6_72—}4_1%4_8_72; ;
ot or or ror Oz
or, 0T _ 627;+167;+627; , "
ot o o Trar ar )
2 2
%, o6 _p (G 106, 0G)
ot or or r or Oz

Boundary conditions:

oT. o7,
PR Y A S gV;
Xs a’" Xl 81”
oc, at r=a+&(r, 2);

D, =L =(1-k)CV;
' (1-k)C, )

I, =T; V=V(TC)

C=L1T =T); r—>o0.

Fig. 2. Geometry of the problem of occurrence of cylindrical
crystallization front instability

Puc. 2. 'eomeTpus 3a/1a4¥ 0 BOSHUKHOBCHUHN HEYCTOWYHNBOCTH
LIJITMHIPUYECKOTO ()POHTA KPUCTAIIIU3ALIUNH
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To analyze the stability of the crystallization front, we
express solution (1) as a sum of stationary and disturbed
components:

T, =Ty(r)+T,(r, z,0);
T.; :Tz)s(r)-i_]—;l(rz z, t)a

_ A3)
C, =Cyr)+Cy(r, z,1);
V=V +Vl(r,z1).
For the stationary component, we have:

Ty (1, ¥ )Ty _,,
or’ ro% ) or ’
2

% + l + & % = 0, (4)
or? roX, ) or

% + l + ﬂ & =0.
or’ r D) or

Considering Eq. (3), the boundary conditions for
Eq. (4) will be as follows:

TE)I :]})s;
or,,  or,
L — =gl
Ls or X1 or K
oC, at r=a;
D, = = (1—k)Cy
1 or ( s) 0" s (5)
s aTbS :[0;
or

Cor =1, T, =Tog5 7 > 05

Ty, =T,, r=1,.

The interface perturbation equations will be as follows:

2 2
SRR R e T
t or or ror oz
or, . oT, o’T, 10T, 0°T,
e A e e G
a o X[ v ) ©
2 2
%_VS%_V@:DI@@+16@Cn+ac;n}
r r or oz

Accordingly, boundary conditions (2) will be as fol-
lows:

I, =T;
saTgl I%_SVS';
b or : at r=a;

7
Dl%:(l_ks)(l/scll—i_coﬂ/l); @
r

Cp=0; Ty =0; r >,
T,=0;r—0.

Analyzing linear stability requires knowledge of the
analytical form of the unperturbed temperature gra-
dients included in equation (6). To obtain them, we need
to solve the boundary value problem (4), (5). Let’s present
the solutions to this problem in the form:

Ioaexp[w] E(VJE[V]
T s s s .[VS j
+ Ei| —=r|;

A V.a X
E S
(2] ®

1 V V V
TOS=TO+0—aexp[ S"j Ei[S—rOJ—Ei[ S"j ;
Ls s s Ls
V.r
D/
V.a(k, —1)Ei Va + D, exp Jsa
A A Dl Dl

Let us proceed to solve the boundary value problem (6)
and (7) for perturbations of temperature, concentration,
and velocity of the crystallization front. We will seek its
solution in the following form:

Vsa(l—ks)Ei(
Cy =1+

T (r, 2, 0) = T, (r) exp(ot + k2);
T,(r,z,t) =T,,(r) exp(ot + kz);

9
Cy(r,z,t)=C,,(r) exp(ot + kz); ©)
V=V, (r)exp(ot + kz),
where ® = 0, +iw,; k =k, +ik,.
Then, equations (6) will take the form:
d’T, V. \dT, k* — Vv
_2’”l+ l_l__s _’"l+uTml:_—m ];
dr vy ) dr X X1
d’T, V. \drT, K- 4
_2"12_,_ l+_A _m2+uTm2 =—-"G,; (10)
dr roy ) dr Ls s
d’c, (1. V. deJrD,kz—ooC A
a* \r D) dr D, " D C

Accordingly, the boundary conditions (7) take the form
(where the prime denotes the derivative with respect
to the radial coordinate):

T,,(a) =T,,(a);
XsT;n2(a)’ - Xlel(a)’ = SVm((J),
D,C,(a) = (k, - 1)[V§Cm(a) + COle(a)];

C,=0,T,=0r—>00; T,=0,7r—>0.

(1D
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As in equation [1], the amplitude of interphase boun-
dary velocity disturbances as a function of maximum tem-
perature and concentration disturbances is as follows:

V.(@)=0T, (a) +vC, (a), (12)

oV oV
where 0 =—; y=—.
T oC
[ DiSPERSION EQUATION OF PERTURBATIONS
OF PHASE TRANSITION BOUNDARY

Equations (10) are degenerate inhomogeneous hyper-
geometric equations whose solutions are Kummer func-
tions. Obtaining and analyzing the dispersion equation,
which includes these functions, is a complex and non-
trivial task. Therefore, we will limit ourselves to consi-
dering special cases. In the first case, we neglect the con-
vective term in equation (1). Then, stationary solutions
are as follows:

aln( ]([ —sV)
by
Ty =T

00 T ;
Xi
aln(Zle
Tos =Ty +X—; (13)

(k, —I)Kaln(gj

(1-k,)aV, ln£b1]+D,‘

Cy =1+

Accordingly, equation (10) are as follows:

d’T,, 1dT,
A
IR
d’T, dr,
$loa Lz _ g2y o, (14)
dr rodr
d’c, 1dC,
= S C,
dr rodr
where S2 =2 k% §2 =2 2 5222 _p2,
Xs Dl
Solutions (14) are as follows:
T = A1y (Sy7) + 4K (Sr);
T, = A1, (S,r) + A, K, (S,7); (15)

C,, = As1y(Ssr) + 4K (S7).

Substituting equations (15) into boundary condi-
tions (11) and subsequent transformations, taking into
account equation (12), lead to the following dispersion
equation:
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[Ko(Sla)Il ($,a)S,
1,(S,a)

X [(1 — k) Ko (S5

+(1=k;)eyCy, K (S5a)

%o + 1, K, (S,a)S, —ebK, (S, a)j

a)(Cory+V,) - D1K1(53G)S3:| +

K,(S,a)0=0. (16)

At an impurity concentration approximately equal
to the eutectic, the value (1 — k) is close to zero, there-
fore, these terms in dependence (16) can be neglected. As
a result, we have:

I(S
1(8,a) Sy, + 101 d
1,(S,a) KO(Sla)

The value of 0, as in [1], is considered equal to
Ao
ATK — o
on the crystal growth mechanism; I'= oI’ ; T, is the ratio
of the product of surface tension and phase transition tem-
perature to the volumetric latent energy of phase transfor-

mation; o = 1/(aT))).
In the case of short waves, where S, , > 1, the appro-
ximate values of the Bessel functions can be represented as

Six, —€0=0. (17)

(where A=6—V is a coefficient depending
OAT

exp(S,a)

15(S,a) = I,(S,a) =

and
Ky(Sya) =
Then, equation (17) is as follows

S,x, T8, %, —€0=0. (18)

We assume that &, =0 and ®, =0, then S, = }kzz + ﬂ,
X
/ . 512

S, = k22 + &. Let us substitute as follows: o, = DS ,
As /

V2 D D
ky =—_Y. Then, SlzE Y+L, Szzﬂ y+ 0
D; D, X 1 As

. oD .
Provided that ¥ > —" and at § ~ Y the maximum growth

Ls
rate will be observed at the wavelength

_ 2n(Xl +Xs) (
e\

» 1+AT).

19)

Thus, it can be concluded that equation (19) comp-
letely coincides with the dependency obtained in [12].
This allows us to infer that in the short-wave approxi-
mation, considering only diffusion terms, the problem
of finding the wavelength at which the growth rate maxi-
mum occurs simplifies for cylindrical geometry to a prob-
lem on a plane.



I1ZVESTIYA. FERROUS METALLURGY. 2024;67(2):185-194.
Nevskii S.A., Bashchenko L.P, etc. Formation of the gradient of structural-phase states of high-speed steel during surfacing ...

In the second case, we neglect the diffusion term in
equation (6). Then the equation takes the form:

oy, o,

V511G =0,
ot or

L _y 9T _yg —o, (20)
ot S oor }

Cu_y %y o,
ot or

Substitution of solutions (22) into boundary condi-
tions (11), subsequent transformations taking into ac-
count (12) lead to the following dispersion equation:

dT dT
o Bp, =0 227 0
dr V, dr v
JC (21)
n_Oc
ar V.

The solutions are as follows:

or or
T,=4exp|—|; T,=4,¢exp| — |;
ml 1 p(V J 2 ?) P[V J

s s

(22)
or
C, =A4,exp [7j

N

Substituting solutions (22) into boundary condi-
tions (11), subsequent transformations taking into ac-
count (12), lead to the following dispersion equation:

[M—e@(%— (k, =17, + cm}—

—ve(k, —1)C,0 =0. (23)
Also, as in the previous case, in equation (23) we
neglect the terms that contain (k, — 1). As a result, we get

(Xs - XI)CO

—£0=0. (24)

s

The maximum growth rate of disturbances is observed
at a wavelength

o 2mEV Al — 1) (+TA)
- N2 ‘

N

(25)

During normal crystal growth, the crystallization front
velocity is directly proportional to the degree of under-
cooling ¥ = hAT [12; 13] (where A is the proportionality
coefficient; AT is undercooling). Then A = A. According
to model [13], the dimensional value of the coefficient 4
is determined as

p, = PO 26)

AIRT
where M is the molar weight; R is the universal gas con-
stant; Al is the disturbance amplitude of the interface
(approximately 0.1 nm); T, is the liquidus temperature;
B is the coefficient that accounts for the difference between
the mean free path of molecules in the liquid phase and
the period of the crystalline lattice, as well as the sym-
metry of the molecules (for symmetric molecules f§ ~ 10).

According to the data from the Table in equation (26), it
follows that with an initial nucleus size of 1 um, the value
of the coefficient /_is 0.558 m/(s'K).

The transition to dimensional variables in equation

(19) gives
2 +
kr _ TE(XIr er) [1+ hr &\J
&h Xo
c

@7

The crystallization front velocity is determined based
on the data from reference [14] as follows V,, = %,
knowing the undercooling, we determine /2 . Reference [14]
indicates that Aa=10%m, and At=4.4118 ns, then
V,=227m/sand h = 0.757 m/(aK) for an undercooling

of 3 K. The coefficient I', is determined as I, M _
¥ AHp
=1.71-10% K-m. Calculation according to equation (27)
shows that in the case when 4 is 0.558 m/(s-K),
A =10.382 um. With 2 = 0.757 m/(s-K), calculation accord-
ing to equation (27) leads to A =0.291 pum. Calculation
based on equation (25) shows that for = 0.558 m/(s'K),
A =0.324 um, and for 2 = 0.757 m/(s"K), A = 0.242 um.
Comparison of the obtained results with the grain sizes
in Fig. 1, b shows that both convective and diffusive
approximations provide an explanation for grain size
formation through the mechanism of normal growth

Characteristics of the Fe—W system

XapaKTepHCTHKH CHCTEMBI KeJie30 — BoIb(pam

Properties of material Symbol | Value
Liquidus point, K T, 1806
Specific heat of melting, kJ/kg AH 270
Density, kg/m? P 6980
Diffusion coefficient, m?/s . 108
Specific heat capacity, J/(kg-K) < 611
g}}::;:ji 2(jisffusivity of the liquid % 6.8:10-6
g}}ll:;ili 2(jlsffusnflty of the solid % 6.9:10-6
Surface tension, N/m Y 1.788
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up to 5 um, although the maximum is found at sizes
of 10 — 15 pm. This suggests that under these conditions,
the normal growth model is not adequate. Let us con-
sider the growth mechanism through screw dislocations.
The crystallization front velocity in this case is directly
proportional to the square of the undercooling. In this case
A =2.JhV, [12], equation (19) will take the form:

" :M(nz nr).

N

Returning to the dimensional variables in equa-
tion (28), we obtain

}\‘ :n(Xlr+Xsr) [1+2 hV F_rj

ﬁhV %o

rosr

(28)

29)
o

For the growth mechanism through screw dislocations,
the value of the kinetic coefficient /2 _is determined as

. [3(1+2g”2)D,r(AHM)2 0
’ AngRTyV,

2
where g =2n*n’ exp[—%}; n is the number of mole-

cular layers [16]; V, is the molar volume.

For metallic materials, when n~6, g~5.99-107.
The value of the kinetic coefficient 4, calculated from
the table data for the growth model through screw disloca-
tions, is 433 m/(sK?). The value of the wavelength, calcu-
lated using equation (30) with this value of 2 _and a crys-
tallization front velocity of about 1077 m/s, is 14.8 um,
which coincides with the most probable grain size values
in Fig. 1, 5. In the convective approximation, calcula-
tion using equation (25) shows that the wavelength takes
values of the order of 10* um. This suggests a predomi-
nance of diffusion processes at these crystallization front
velocities. When the crystallization velocity is increased
by three orders of magnitude, A = 14.9 um, which matches
the experimental data. Thus, the convective approxima-
tion is significant for crystallization velocities greater
than 10~* m/s. Based on the above, it can be concluded
that the Mullins—Sekerka instability provides an adequate
explanation for the formation of cellular structures with
sizesofabout 10 pmat V. < 1 m/sandundercooling degrees
of about ~10~° K. When a volumetric heat source acts on
the surface of the irradiated material, as shown in [17; 18],
obtained using the phase-field method, the transformation
front velocity can range from 1077 to 10° m/s, depending
on the power density of the source and the characteris-
tics of the medium. These works [19; 20] indicate that
the action of this source leads to the occurrence of large
temperature gradients in the surface layers of the mate-
rial and, as a result, to the emergence of thermocapillary
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effects. This allows us to conclude that to build a crystalli-
zation model, in addition to the Mullins—Sekerka morpho-
logical instability, it is necessary to take into account other
instabilities (thermocapillary and concentration-capillary)
that occur in the molten material. Analysis of the disper-
sion equations obtained in [21; 22] for these instabilities
showed that for the Fe—W system under consideration,
the wavelength corresponding to the maximum distur-
bances is 12 um, which also coincides with experimental
data.

[ ConcLusions

The theoretical study conducted on the formation
of cellular structures during the crystallization process
of the iron-tungsten system, by analyzing the dispersion
equation characterizing the morphological instability
of the crystallization front (the Mullins—Sekerka instabi-
lity), revealed that the mechanism of normal crystal
growth provides an adequate explanation for the forma-
tion of cells with sizes up to 5 um when the convective
term can be neglected. Additionally, the growth mecha-
nism through screw dislocations leads to A =14.8 um,
coinciding with experimental data under the condition
that the crystallization front velocity is less than 1 m/s and
the undercooling degree is about ~10~° K. Further deve-
lopment of the presented model involves incorporating
thermocapillary and concentration-capillary effects.
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EFFECT OF HEAT TREATMENT MODES ON STRUCTURE
AND PROPERTIES OF 08KH18N6AG10S STEEL

A. I Gordienko!%, E. V. Abdulmenoval, T. V. Kozloval, Yu. F. Gomorova?,

L. V. Vlasov?, I. A. Fotin!, K. N. Kayurov?, S. P. Buyakova'!

nstitute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Sciences (2/4 Akademiches-
kii Ave., Tomsk 634055, Russian Federation)
2LLK Scientific Production Enterprise of Geophysical Equipment “Luch” (49 Geological str., Novosibirsk 630010, Russian Federation)
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Abstract. The paper studies the influence of heat treatment modes on the structure and properties of austenitic steel grade 08Kh18N6AG10S. Austenitic
structure with twinned boundaries was preserved after quenching at 1040 and 1100 °C. At the same time, the average size of austenitic grains
decreased from 42.3 + 6 um (supply condition) to 38.1 + 5.0 and 39.0 + 4.5 pm, respectively. Quenching at 1040 °C leads to release of excess carbide
phases at the grain boundaries. Mainly manganese and silicon oxides were found after quenching at 1100 °C. Quenching at 1040 °C leads to a slight
decrease in microhardness (by 12 %) compared to the condition of supply (from 3285 + 80 to 2895 + 70 MPa). The hardness decreases less after
quenching at 1100 °C (up to 3090 + 80 MPa). Quenching at 1040 and 1100 °C has significantly improved the fracture toughness of steel. Values
of impact strength of the steel increased to 223 + 10 and 240 + 5 J/cm? compared to the condition of supply (55 J/cm?). The authors found that
the steel samples demonstrate a comparable level of wear resistance during tests for abrasive wear compared to the condition of supply after quenching
at 1040 and 1100 °C. The mass loss after passing the roller distance of 4309 m for all steel conditions is approximately 8.0 %. The authors concluded
that the most optimal heat treatment of 08Kh18N6AG10S steel is quenching at 1100 °C, which improves the fracture toughness of steel while main-
taining microhardness and wear resistance.

Keywords: non-magnetic austenitic steel, hardening, microstructure, phase composition, fracture toughness, microhardness, abrasive wear
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AnHOomayus. ViccienoBaHo BIMSIHUE PEKUMOB TEPMHYECKOIH 00pabOTKM Ha CTPYKTYpy U CBOiicTBa aycTeHUTHOH cTanu Mapku 08X 18HO6AT'10C. Iocne
3akasku oT 1040 u 1100 °C coxpaHmiack ayCTEHUTHAs CTPYKTypa ¢ ABOMHUKOBAHHBIMH TPaHUIIAMH, TIPH 3TOM IPOHU30IILIO0 YMEHBIICHNUE CPEIHETO
pa3mepa ayCTeHUTHbIX 3epeH ¢ 42,3 + 6 MxM (cocrosHue nocrasku) 10 38,1 +5,0 u 39,0 £4,5 Mmxm coorBerctBenHo. locne 3akanku or 1040 °C
MIPOUCXOJUT BbIIETICHNHE M30bITOYHBIX KapOUIHBIX (a3 Ha rpanunax 3epen. [locne 3akanku ot 1100 °C 0OHapyKeHbI NPEUMYIIECTBEHHO OKCHIIbI
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Mapratia 1 KpeMHust. 3akaka crany ot Temieparypsl 1040 °C nprBoiHUT K HE3HAYUTEILHOMY CHH)KEHHIO MUKPOTBEpIOCTH (Ha 12 %) 10 cpaBHEHUIO
¢ coctostHueM mocTaBkH (¢ 3285 + 80 10 2895 + 70 MIla). ITocne 3akanku ot 1100 °C TBepmocTh cHIKaeTcs B MeHbIIeH creneru (10 3090 + 80 MITa).
IMposenenne 3axanku ot 1040 1 1100 °C 1103BONMIIO CYIIECTBEHHO YIyULIHTh YIAPHYIO BS3KOCTh pa3pyLICHUs! CTaIN. 3HAUCHUS YIApHON BA3KOCTH
crany Bo3pociu 10 223 + 10 u 240 + 5 Jlx/cm? 110 cpaBHEHHIO ¢ cocTosiHreM nocTaBku (55 Jlk/cm?). Tlpu NpoBeieHnH UCTIBITAHNN Ha a0pa3uBHbII
U3HOC OOHAPYKEHO, 4TO 00pa3ibl cTany nocie 3akaiku or 1040 1 1100 °C 1eMOHCTPUPYIOT COMOCTABUMBIH YPOBEHb N3HOCOCTOMKOCTH MO CPaB-
HEHUIO C COCTOSTHHEM IOCTaBKH. [1oTepst Macchl mocie MpOXOKICHNS AUCTAHINK pouka 4309 M 711 BceX COCTOSIHUI CTaIH COCTABIACT IPUMEPHO
8,0 %. Cnenano 3akiodyeHue, 4To ONTHUMAJbHOH TepMudeckoit oOpaboTkoit cramm mapku 08X18HOAT'10C spisiercs 3akajika OT TeMIEpaTypbl
1100 °C, xoTopast MO3BOMIACT YIYHUIINTb BA3KOCTh Pa3pyIICHHUsI CTAIN IIPU COXPAaHEHUN MUKPOTBEPAOCTH ¥ H3HOCOCTOHKOCTH.

Kntouesvle c/108a: HeMarHUTHAs ayCTCHUTHAS CTallb, 3aKalKa, MUKPOCTPYKTYpa, (a30BbIi COCTaB, yaapHas BI3KOCTH Pa3pyLICHUs, MHKPOTBEPAOCTb,

a0pa3uBHBIN H3HOC

Bbaazodapnocmu: PaGota BEIIIONHEHA B paMKaX TOCYapCTBEHHOTO 3ajaHus VIHCTHTYTa GDU3HKHU IIPOYHOCTH U MaTepuanoBeneHus Cubupckoro otzaene-
nust PAH, rema nomep FWRW-2021-0009. Asrops! 6narogapst B.H. Epemuna 3a npenocrasnenue Marepuana s uccienosanuii, 1.H. CeBocTbsiHo-
BY 3a IOMOII[b B IOJITOTOBKE 00PA3I0B [UIsi MUKPOCTPYKTYPHBIX MCCIICIOBAaHUI U MEXaHUUECKUX UCTbITaHui, A.A. HeliMaHa 3a mpoBezieHHE CTPYK-
TYPHBIX HCCIIEI0BAHHI C MOMOILBIO PACTPOBOM HIEKTPOHHON MHUKpockonuy, B.B. IlIMakoBa 3a momolp B IpoBeJeHUH aOpa3UBHBIX UCIIBITAHUIA.

Jns yumuposanusa: Topauenko A.U., AbnynemenoBa E.B., Kosnosa T.B., I'omoposa 10.®., Binacos U.B., ®orun 1.A., Katopos K.H., Bysxko-
Ba C.I1. Biusiaue pexxnuMoB TepMUUecKoil 00paboTK Ha CTPYyKTypy U cBoiictBa ctanu 08X 18HOAT 10C. Uszeecmus y3o6. Yepnas memannypeusi.
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[ INTRODUCTION

In recent years, oil-producing companies have
shown increased interest in fields with hard-to-recover
(HTR) oil reserves. According to 2021 statistics, extrac-
tion from hard-to-recover oil reserves accounts for about
44 % of produced oil, and approximately 25 % of gas is
extracted from HTR natural gas reserves [1; 2]. Modern
directionally drilling technology — rotary steerable sys-
tems (RSS) — is used to develop HTR oil reserves with
both horizontally and directionally well profiles [3; 4].

The RSS operates in direct contact with the aggres-
sive liquid medium of the drilling agent, which contains
salt solutions and a suspension of silicate sand particles,
leading to accelerated corrosion and water-abrasive wear
of the RSS components. Recesses were made in the RSS
housing on the outer surface to accommodate telem-
etry and gamma-ray logging systems for carrying out
geophysical research during drilling [5]. For stable and
reliable RSS operation, its components must be made
of non-magnetic, corrosion-resistant materials with high
hardness and resistance to water-abrasive wear.

The most suitable materials for manufacturing RSS
components are non-magnetic austenitic steels since
their high strength, corrosion resistance, and significant
wear resistance [6]. It was noted in [7] that steels with
a high chromium content successfully combine strength,
wear resistance, fracture toughness and creep resis-
tance. Therefore, it is advisable to use them in condi-
tions of increased abrasion. The study [8] revealed that
steels containing 25 wt. % Mn are exceptionally ductile
and strong as deformation twins form at room tempera-
ture [9; 10]. Joint alloying with nickel and chromium
increases the ductility and fracture toughness of steel.
Obtained steels, for example, 08Kh18N10, 02Kh18N11,
12Kh18N10T are well processed by cold and hot defor-
mation. To enhance the performance of these steels
at temperatures above 450 °C, they are additionally

196

alloyed with nitrogen [11 — 13], which improves their
strength properties. At the same time, the plastic proper-
ties of nitrogen-containing steels are rather high [3; 14].
Nitrogen is a strong austenite-forming element; it
replaces expensive nickel and manganese and reduces
magnetic permeability [4; 11]. Alloying austenitic steels
with nitrogen enhances their resistance to local corro-
sion [5; 12]. The physical and mechanical properties
of steels alloyed with nitrogen improve due to the precip-
itation of fine and homogeneously distributed chromium
and vanadium nitrides instead of coarser carbide precipi-
tates [15]. Alloying with nitrogen leads to structural and
phase transformations in steel which significantly affect
the mechanical properties [16; 17].

Based on the above, the non-magnetic 08Kh18N6AG10S
steel alloyed with chromium, nickel, manganese, and
nitrogen can be selected as RSS housing elements mate-
rial. Complex steel alloying should ensure the RSS opera-
tion in an aggressive environment.

Complex steel alloying should ensure the RSS opera-
tion in an aggressive environment. To obtain optimal
mechanical characteristics required for the material oper-
ating in aggressive environments, austenitic nitrogen
steels are subjected to thermal and thermomechanical
treatments [18]. Heat treatment of chromium-nickel and
chromium-manganese-nickel austenitic steels involves
quenching in water at temperatures from 1050 to 1100 °C.
Heating to the temperatures should ensure the chromium
carbides dissolution, while rapid cooling should maintain
the supersaturated solid solution state. Despite numerous
publications on the heat treatment effect on the nitrogen
austenitic steel structure, phase composition, and mechan-
ical properties, information on the 08Kh18N6AGI10S
steel used for the RSS protective components is rather
limited.

The purpose of the work is to study the impact of heat
treatment modes on the structure, phase composition, and
mechanical properties of 08Kh18N6AG10S steel.
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[l MATERIALS AND METHODS

The industrial 08Kh18N6AG10S steel in as-forged
(condition of supply) with the following chemical com-
position, wt. %: C <0.06, 8.5—-10.0 Mn, 0.6 —1.2 Si,
P<0.03,S<0.03,16.0 — 18.0 Cr,5.0 — 6.0 Ni, Al < 0.02,
0.01 —0.02 Ca, N> 0.4 and Fe-rest, was investigated.
The steel was heat treated in a SNOL 185/1200 electric
chamber furnace in an argon atmosphere at temperatures
of 1040 and 1100 °C for 40 min, followed by quench-
ing in water. For structural studies, samples were cut by
electrical discharge machining into rectangular plates
with dimensions of 10x10x3 mm.

The sample surfaces were ground on abrasive paper
with a gradual reduction in abrasive grain size and poli-
shed with diamond pastes of varying dispersion. Grain
boundaries were etched with a solution of nitric (HNO,)
and hydrochloric (HCI) acids in a volume ratio of 25:75.
Microstructural studies were conducting using an Altami
MET 1M optical microscope and a scanning electron
microscope (SEM) (LEO EVO 50) equipped with an
energy-dispersive spectrometer.

Methods of X-ray phase and X-ray diffraction analy-
sis were employed to determine the fine crystal struc-
ture (size of the coherent scattering region (CSR), lattice
parameter), and phase composition of the steel. X-ray
diffraction patterns were obtained using a diffractometer
with filtered CuK  radiation. The X-ray was performed
in the angle range from 40 to 120° with a step of 0.05°
and exposure for each point was set to ensure a sta-
tistical accuracy of a minimum of 0.5 %. Phases were
identified by comparing the peaks of the X-ray diffrac-
tion patterns with the PDF-2 ICDD structural database.
The parameters of the crystal cells were determined
based on the interplanar distances (d) for all reflections
in the angle range from 40 to 120°. The full width at half
maximum (FWHM) of the X-ray lines was determined
by approximating the diffraction lines using the Lorentz
function. The coherent scattering region was calculated
using the Scherrer equation [19] for the most intense lines
of the X-ray spectra. Microstresses of 08Kh18N6AG10S
steel were assessed according to the X-ray data based
on [20], using calculated microdistortions and litera-
ture data on Young’s modulus. The microdistortion was
determined using the Stokes—Wilson equation [21].
Microstresses in the y-Fe phase were calculated based
on the last most distinguishable diffraction reflec-
tion with a plane index (222) under the assumption that
microdistortion is the main factor determining the dif-
fraction width at far angles.

Steel microhardness was measured using the Vickers
method on a PMT-3 at aload of 0.98 N and using the Rock-
well method on a TK-"M N1916 at a load of 98.7 N.
Samples of 10x10x55 mm V-shaped notched of IX type

according to GOST 6996 — 66 underwent impact bending
tests at room temperature using a KM-300-M-Sh pendu-
lum impact testing machine. Macroimages of destroyed
samples were received using an Altami SM0870 stereo-
graphic microscope. Fracture micromechanisms were
studied using a LEO EVO 50 scanning electron micro-
scope.

The samples were subjected to abrasive wear tests
according to the ASTM G65-04 standard [22]. Plates
were fixed in the holder of the abrasive wear unit, oriented
so that the rubber roller touched the sample at its center.
Quartz sand with a fraction size of 200 — 300 pm was sup-
plied to the point of contact of the sample with a rubber
roller at a speed of 400 g/min. The roller rotation speed
was 100 rpm. Tests were conducted following method D
of the ASTM G65-04 standard, wherein the roller dis-
tance was 4309 m, and the roller clamping force was
45 N. After completion of the test, as well as at inter-
vals of linear continuous contact between the sample and
the roller of 1000, 2000, 3000, and 4309 m, the samples
were removed from the holder and weighed on an ana-
lytical laboratory balance AV-120-01 with an accuracy
0of 0.0001 g, followed by the relative weight loss control.

[ RESULTS AND DISCUSSION

Microstructural studies

Fig. 1 illustrates the microstructures of 08Kh18N6AG10S
steel in the supply conditions and after quenching at 1040
and 1100 °C. The steel structure in the supply condi-
tions features large austenitic grains (Fig. 1, @) with
an average size of 42.3+£6 um with a large number
of twins characterized for austenite (Fig. 1, a, indicated
by arrows) [23]. Quenching at temperature of 1040 and
1100 °C resulted in grain refinement, the average grain
size reduced to 38.1 £5.0 um and 39 + 4.5 um, respec-
tively (Fig. 1, b, ¢). The reduction in grain size is likely
due to the high cooling rate during quenching. The aus-
tenitic structure with twin boundaries remains intact.
Additionally, dark areas were observed at the boundar-
ies of austenite grains in the microstructure after quench-
ing at 1040 °C (Fig. 1, d). Higher magnification revealed
numerous inclusions within the dark areas of the grain
boundaries (inset in the bottom corner, Fig. 1, d). Energy
dispersive analysis during SEM enabled the detec-
tion of carbon segregations in the boundary regions (inset
in the upper corner, Fig. 1, d). This phenomenon is attrib-
uted to incomplete dissolution of all alloying elements
during heating to 1040 °C, leading to carbide precipita-
tion at grain boundaries. During rapid cooling, particle
segregation at grain boundaries can result in microcracks.
These particle segregations and microcracks in steel after
quenching at 1040 °C are considered as structural defects
that can affect the properties of the steel. The authors [13]
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Carbon

Fig. 1. Microstructure of 08Kh18N6AG10S steel in condition of supply (a),
after quenching at 1040 °C (b, d) and 1100 °C (c)

Puc. 1. Muxpoctpykrypa cramu Mapku 08X18H6AT'10C B cocTosIHHE TOCTaBKH («),
nocie 3akasku ot 1040 °C (b, d) u ot 1100 °C (¢)

noted that as carbide phases precipitated along grain
boundaries, the susceptibility to intergranular corro-
sion of steel increased.

Fig. 2 presents the X-ray diffraction patterns
of 08Kh18N6AG10S steel in the condition of supply and
after quenching at 1040 and 1100 °C. All X-ray diffrac-
tion patterns exhibit lines corresponding to the y-Fe phase
with a face-centered cubic lattice. Quenching of the steel
resulted in a decrease in the full width at half maximum
(FWHM) of the y-Fe phase diffraction lines compared
to the X-ray diffraction pattern of the steel in the condi-
tion of supply. For instance, the FWHM of the diffrac-
tion reflection (111) decreased from 0.2496 to 0.1797°
at a quenching temperature of 1040 °C and from 0.2496
to 0.2080° at a quenching temperature of 1100 °C. This
trend aligns with the findings of [24], where heat treatment
of Fe — Cr — Mn — C — N steel resulted in a decrease in
FWHM of diffraction lines from 1.1 to 0.89°. The reduc-
tion in FWHM of diffraction lines may stem from an
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Fig. 2. X-ray images of 08Kh18N6AG10S steel in condition
of supply (/), after quenching at 1040 °C (2) and 1100 °C (3)

Puc. 2. Pentrenorpammsl cranu Mapku 08X 18HOAT'10C B cocrostHun
nocraBki (1), nocie 3akanku ot 1040 °C (2) u 1100 °C (3)
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increased size of coherent scattering regions and changes
in microstress values due to quenching.

The X-ray diffraction patterns of all studied conditions
show no lines characteristic of free carbon or carbides
(Fig. 2), indicating that the proportion of the carbide
phase is insignificant relative to the austenitic matrix.

The cell parameter of the y-Fe phase of steel in the con-
dition of supply was measured at 0.3629 +5-10~* nm.
After quenching the cell parameter of the y-Fe phase
changed insignificantly to 0.3631+5:10%nm after
quenching at 1040 °C and 0.3633 +5-10*nm after
quenching at 1100 °C.

Calculation of type II stresses revealed that after
quenching at 1040 °C, microstresses present in the ini-
tial steel structure relaxed. Type II stresses decreased
from 0.27 GPa in the supply condition to 0.24 GPa after
quenching at 1040 °C. Quenching at 1100 °C leaded
to the microstress value increased to 0.32 GPa, likely due
to the formation of a fine-grained structure and better dis-
solution of alloying components in the solid solution.

Mechanical properties of steel

Table 1 displays the microhardness values and
the results of impact tests for steel 08Kh18N6AGI10S
conducted at room temperature. The microhard-
ness of the steel in the condition of supply was
3285+ 80 MPa, which aligns well with literature
data [25]. After quenching the microhardness decreased
to 2895 + 70 MPa (equivalent to 30 = 1 HRC) at 1040 °C
and to 3090 +£ 80 MPa (equivalent to 32+ 1 HRC)
at 1100 °C. Notably, the microhardness values of steel
after quenching at 1040 °C are lower compared to those
after quenching at 1100 °C. This suggests that the heat-
ing temperature of 1040 °C may not be sufficient for all
alloying elements to enter the solid solution, leading
to carbide precipitation at grain boundaries (Fig. 1, d).
Consequently, the effect of solid solution hardening is
more pronounced in steel after quenching at 1100 °C.
This aligns with the type II stresses calculation results,
showing an increase in microstress to 0.32 GPa after
quenching at 1100 °C.

The hardness of chromium-manganese-nickel aus-
tenitic steels decreases during quenching as carbides
of alloying elements dissolve and the supersaturated solid
solution is maintained during rapid cooling. Additionally,
recrystallization processes during quenching eliminate
the effect of dislocation hardening due to plastic defor-
mation under forging.

The fracture toughness of steel in the condi-
tion of supply is 55 J/cm?. Fractures of the steel samples
in the condition of supply exhibit minimal tightening
of the side faces, and shear lips are practically absent
(Fig. 3, a), indicating that macroplastic deformation pre-
ceding destruction is not significant.

The fracture micromechanism of steel in the condi-
tion of supply is mixed, featuring large pits characteristic
of ductile fracture, as well as areas of brittle fracture
with typical cleavage facets and microcracks (Fig. 3, a,
inset). Cracking is observed within large austenite
grains. Energy dispersive analysis revealed that second-
phase inclusions in large pits consist of manganese and
iron carbides, silicon, and aluminum oxides (Table 2,
with areas of energy dispersive analysis indicated in
Fig. 3 as an example). The size of round particles ranges
from 3.2 to 5.0 pm.

After quenching at 1040 °C, the fracture toughness
of the steel is significantly higher (Table 1) compared
to the condition of supply. Concurrently, the tighten-
ing of the side faces and the width of the shear lip areas
at the fractures (Fig. 3, b, marked with an arrow), which
characterize the degree of plastic deformation as the crack
develops, increased. The destruction micromechanism
of the samples is entirely ductile and dimple-shaped,
without signs of brittle fracture (Fig. 3, b, inset).

Round and elongated particles, with shapes close
to plates, were detected in the pits. The size of round par-
ticles ranged from 1.5 to 5.5 pm, while the size of elon-
gated particles reached 3%15 pm.

After quenching at 1100 °C, the impact strength
of the steel is the highest among those presented, reach-
ing 240 & 5 J/cm? (Table 1). The fractures of the samples
are characterized by a high degree of tightening (Fig. 3, c,
marked with an arrow) and sophisticated surface topogra-

Table 1. Microhardness and results of impact tests of 08Kh18N6AG10S steel at room temperature

Tabauya 1. MUKPOTBEPAOCTh U Pe3yJIbTATHI YIAPHBIX UCIBITAHUI, MPOBEAEeHHBIX MPH KOMHATHOI TeMIeparype,
craju mapku 08X18H6AT'10C

.\ Hardness Fracture toughness, | Fracture
Steel condition - - 5
according to Vickers, MPa | HRC J/em energy, J
Supply 3285+ 80 35+1 55+ 11 44 £ 11
Quenching at 1040 °C 2895 + 70 30+ 1 223+10 178 £10
Quenching at 1100 °C 3090 + 80 32+1 240+ 5 192+5
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Fig. 3. Fracture surfaces of 08Kh18N6AG10S steel in condition of supply (a), after quenching at 1040 °C (b) and 1100 °C (¢)

Puc. 3. TloBepxHocTu paspyuienns ctanu Mapku 08X 18H6AT'10C B cocrosianu noctasku (a), mocie 3akanku ot 1040 °C () u 1100 °C (¢)

phy. Large pores on the fracture surface indicate the duc-
tile nature of the fracture. Particles of different mor-
phologies and sizes were found in the pores (Fig. 3, ¢).
These include round particles, ranging in size from 3.5
to 5.0 um, dispersed particles with sizes of 0.8 — 1.5 um,
and elongated particles measuring 1.5 X 7.0 pm. Accord-
ing to the energy dispersive analysis data, the particles
in the pits are primarily oxides of manganese and sili-
con (Table 2). The proportion of carbide inclusions in
the steel after quenching at 1100 °C is significantly
smaller. This confirms the earlier conclusions that when
heated to 1100 °C, most of the alloying elements enter
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the solid solution, leading to a reduction in the carbide
inclusions of in the steel. The smaller proportion of car-
bide particles and their smaller size account for the higher
fracture toughness of the steel in this structural condi-
tion (Table 1).

During the abrasive wear testing of the steel in differ-
ent structural conditions, marked traces of abrasive wear
and changes in the geometry of the samples are observed
after the roller covers a distance of 4309 m (the traces
of abrasive wear of the sample in the supply condition are
shown as an example, Fig. 4, a).
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Table 2. Result of X-ray energy dispersive microanalysis
obtained from fractures of 08Kh18N6AG10S steel

Ta6auya 2. Pe3ybTaThl JHEPTOAHCIIEPCHOHHOTO
MHKPOAHAJIU3a, 10Jy4YeHHbIE ¢ H3JI0MOB CTAJIH

mapku 08X18H6AI'10C
Spectrum Element conter.lt, at. %
C‘O‘Mg‘Al‘&‘Cr‘Mn‘Fe
Supply condition
Spectrum / |45.1 | — - - — | 4.6 14231 8.0
Spectrum 2 | 14.9 |46.0 | 85 |21.5| — | 3.8 | 41 | 1.2
Quenching at 1040 °C
Spectrum 3 | 50.7 | — - - 1 05] 121|460 1.6
Spectrum 4 | 193 |46.5| 56 | — |11.9| 0.6 | 152 0.9
Quenching at 1100 °C
Spectrum 5 | 7.9 | 519 | 86 | — |139)| 08 |157| 1.2
Spectrum 6 | 15.549.5| 20 | — |11.1| 1.8 | 17.0] 3.1

In all three cases, the maximum decrease in
the sample height is approximately 1.5 mm and observed
at the center, corresponding to 15 % of the total sample
height. Fig. 4, b depicts the dependence of mass loss
on the roller path during the testing of 08Kh18N6AG10S
steel. The dependencies for all samples are linear.
Steels in the condition of supply and after quenching at
1040 °C exhibit comparable weight loss values, approxi-
mately 7.7 %. After quenching at 1100 °C, the weight
loss is slightly greater about 8.5 %. It can be concluded
that quenching and changes in the structural condi-
tion of the steel do not significantly alter the wear resis-
tance.

Thus, when 08Kh18N6AG10S steel is utilized to manu-
facture the RSS housing, quenching at 1100 °C is recom-

mended. Suggested heat treatment can notably enhance
the fracture toughness of the steel without compromising
wear resistance and hardness. Additionally, quenching at
a temperature of 1100 °C results in a decrease in the pro-
portion of carbide inclusions with magnetic properties,
which are unacceptable when conducting geophysical
research during drilling.

- CONCLUSIONS

After quenching 08Kh18N6AGI10S steel at 1040
and 1100 °C, an austenitic structure forms with grain
sizes of 38.1 £5.0 and 39 + 4.5 pum, respectively. It was
observed that quenching at 1040 °C leads to the precipi-
tation of excess carbide phases at grain boundaries due
to incomplete austenitization.

According to energy dispersive analysis, the propor-
tion of carbide inclusions decreases after quenching at
1100 °C with the main inclusions being manganese and
silicon oxides.

The research revealed that quenching at 1040 and
1100 °C significantly increases the fracture toughness
of 08Kh18N6AG10S steel to 223 — 240 J/cm? compared
to the condition of supply values of 55 J/cm?.

Abrasive wear tests demonstrated that despite
decreased hardness and increased fracture toughness
steel samples after quenching at 1040 and 1100 °C
exhibit approximately the same wear resistance as the as-
supplied steel.

Therefore, we recommend quenching at 1100 °C for
08KhI8N6AGI10S steel used in RSS housing manufac-
turing as it provides the required mechanical properties
and helps to reduce the proportion of magnetic inclusions
in the material.

Relative
mass loss, %

N WA N O
T

1000 2000 3000 4000 5000

o

Linear range value, m

Fig. 4. Macrophotograph of lateral side of the steel sample in condition of supply after passing the distance from the roller of 4309 m (a),
dependences of the mass loss on the roller path during abrasive wear tests 08Kh18N6AG10S steel (b):
@ - in condition of supply; [l and A — after quenching at 1040 and 1100 °C

Puc. 4. Maxpogotorpadust 650k0oBOI CTOPOHBI 00pa3lia CTaliu B COCTOSIHUH
MIOCTABKH MOCJIE MPOXOKIACHUS AUCTaHK poiuka 4309 M (a), 3aBUCUMOCTb TIOTEPU MACCHI OT IyTH POJIHKA
IIPH UCTIBITAaHUSX Ha abpa3uBHBIH H3HOC cTamu Mapku 08X18HO6AT'10C (b):
@ — B coctosuuu nocrasky; [l u A — nocie 3axanku ot 1040 n 1100 °C
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Abstract. The authors studied the physical properties of the slags of CaO—Si0,—A1,0,—MgO system containing cerium oxide. The developed slags
are based on a calcium silicate system, the basicity (CaO)/(Si0,) of which has a great influence on the slag properties. Generalization of the performed
studies results allowed obtaining new data on the effect of basicity in cerium-containing slags of the studied oxide system on viscosity, tempera-
ture of crystallization onset and structure. Experimental studies of the physical properties of cerium-containing slags showed that with an increase
in basicity of 2.0 — 5.0, an increase in temperature of crystallization onset and viscosity is observed associated with structure of the formed slags.
An increase in basicity from 2.0 to 5.0 contributes to an increase in viscosity from 0.20 to 0.41 Pa's at 1500 °C and an increase in the crystallization
temperature from 1397 to 1497 °C. The structural analysis showed that the structure of the cerium-containing slag is influenced by both the Si** ion
and the AI** ion, which are grid-forming agents. Silicon ions in this system are present in the form of [SiO, ]-tetrahedra, whereas aluminum ions are
present in form of [AlO,]-tetrahedra and [AlO]-octahedra. With an increase in basicity 2.0 to 2.5, the silicon structure becomes more complicated,
and then at a basicity of 3.5 — 5.0 it becomes simpler, whereas the aluminate one becomes more complicated due to an increase in the content of CaO,
which participates in charge compensation of polymerized structural units [AlO, ]-tetrahedra with the formation of a more stable tetrahedral structure,
and as a result of increased slag viscosity. Slags of the studied oxide system containing 15 % Ce,O, are characterized by a sufficiently high liquid
mobility in the considered basicity range.

Keywords: viscosity, crystallization temperature, Raman spectroscopy, cerium oxide, slag, phase composition, slag structure
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BAUAHUE OCHOBHOCTU HA ®U3UYECKUE CBOUCTBA
KOBLWIEBbIX LUNAKOB CUCTEMDbI
Ca0 - Si0, - Ce,0, - A0, - MgO
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AHHomayus. ViccnenoBansl (pU3MUYECKHE CBOICTBA NIJIAKOB CHCTEMBbI CaofS1027C62037A12037Mg0, colepiKaIuX OKCHA nepus. B ocHoBe
pa3paboTaHHBIX LLIAKOB KaJbIMH-CHIIMKaTHAs cucTemMa, 0CHOBHOCTB (Ca0)/(Si0,) koTopoii Oka3biBaeT 60JIbINOE BIMSHUE HA CBONCTBA lIIJIAKa.
O06o0uIeHNne pe3yIbTaToOB BHIMOJHEHHBIX HCCIIEI0BAaHUN TO3BOJIMIIO MOJYYUTh HOBBIC JaHHBIC O BIMSHUHM OCHOBHOCTH B LIEPUICOAEPIKAIINX
IIJIaKaX MU3y4aeMON OKCHHON CHCTEMBI Ha BSI3KOCTh, TEMIIEPATypy Hauala KpUCTAIUTH3alNHU U CTPYKTYPY. DKCIIEpUMEHTAIBHBIC HCCIICI0BAHHS
(hu3KMYeCcKUX CBOMCTB 3THX MIJAKOB MMOKA3alM, 4TO C POCTOM OCHOBHOCTH OT 2,0 1o 5,0 HaOmomaeTcst pocT TeMIepaTypbl Hadaia KpUCTa-
JIM3ALUK U BSI3KOCTH, YTO CBSI3aHO CO CTPYKTYpOil (opMHpyeMbIX HITaKOB. [OBBINIEHHE OCHOBHOCTH CIIOCOOCTBYET MOBBILIICHHIO BS3KOCTH
ot 0,20 1o 0,41 ITa‘c mpu Temneparype 1500 °C u moBbImeHHIO TeMIepaTypsl kpuctamumsanuu ot 1397 no 1497 °C. [lomydeHHbIE pe3ynbTaThl
MOKA3a/IM, YTO Ha CTPYKTYPY LEPUICOAEPIKAIIETO IUIAKA BIUSAIOT Kak MOH Si*", Tak u uon AI3Y, KoTopbIe SBISIOTCS CETKOOOPA30BaTEISIMU.
Honbl KpeMHUS B pacCMaTpUBAEMOM CHCTEME NPUCYTCTBYIOT B Buje [SiO, ]-TeTpasnpos, Torna Kak HOHbI aIIOMUHMS TIPUCYTCTBYIOT B BUJIE
[AlO, ]-terpasnpos u [AlO ]-okrasapos. C noBbIIIeHHEM OCHOBHOCTH OT 2,0 110 2,5 KpeMHMEBast CTPYKTypa YCJIOKHAETCS, & 3aTEM IIPU OCHOB-
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HoctH 3,5 — 5,0 ynpomaercs. AJTIOMUHATHAsI CTPYKTYpa YCIOXKHSETCS 3a CYET MOBBIIMIeHUs copepkanns okcuaa CaO, KOTOpPBIH ydacTByeT B
KOMIIEHCALMK 3aps/a MOoJMMEPU30BAHHBIX CTPYKTYpHbIX eaunull [AlO,]-TeTpasapos ¢ oGpasoBanuem Gonee cTabUIbHON TETpadsapUYECcKOM

CTPYKTYPBI, U, KaK CIEICTBHUE, MOBBIIIEHHOH BsI3KoCTH nulaka. [llmaku n3ydaemoii okcuaHoi cucteMsl, cogepxkammue 15 % Ce,O

,0,, XapakTepu-

3y10TCA B pacCMaTpUBA€MOM JHara3oHe OCHOBHOCTH JOCTATOYHO BBICOKO# JKUOKOIIOABHUXXHOCTBIO.

Kniouesule cnoea: BA3KOCTh, TeMIepaTypa Hauajla KpUCTAUIN3ALMH, PAMAHOBCKAsl CIIEKTPOCKOIHS, OKCH LiepHs, 1Ak, (a3oBbli COCTaB, CTPYKTypa

jraka
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- INTRODUCTION

Viscosity stands out as one of the most crucial physi-
cal properties of slag, as metallurgical processes hinge
on phenomena influenced by heat and mass transfer
within both slag and metal [1; 2]. Exploring the utili-
zation of rare earth element (REE) oxides represents
a promising avenue for decreasing the viscosity of refin-
ing slags. Investigations into the impact of cerium oxide
additives on slag’s physical properties have revealed
that cerium oxide reduces both viscosity and crystalli-
zation temperature [3 — 5]. Recent studies have demon-
strated that incorporating rare earth oxides into slag can
diminish the activity of ALLO, oxide in the slag while
enhancing the slag’s adsorption capacity for Al,O, inclu-
sions in the metal [6 — 8]. Additionally, the equilibrium
between refining slag containing Ce,O, and molten steel
deoxidized with aluminum hints at the potential for intro-
ducing a small amount of cerium, which may transfer
into the steel [9 — 11], thereby facilitating micro-alloying
and modification [12]. However, to date, the influence
of basicity on the physical properties of cerium-contain-
ing ladle slags remains unexplored in both domestic and
foreign literature.

This study aimed to investigate the physical proper-
ties of slags within the CaO-Si0O,~Ce,0,-Al,0,-MgO
system. By consolidating research findings, we sought
to generate new insights into the impact of basicity
on the viscosity, temperature of crystallization onset, and
structure of cerium-containing slags within the studied
oxide system.

[ RESEARCH METHODS

The slags of the CaO-SiO,-Ce,0,-Al,0,-~MgO
oxide system were melted in a resistance furnace using
graphite crucibles under an argon atmosphere. Analyti-
cal grade oxides were calcined for 2 — 3 h at a tempera-
ture of 800 °C prior to melting. Viscosity measurements
of the slags were conducted in graphite crucibles using
an electric vibrating viscometer, with continuous cooling
of'the melt from a homogeneous-liquid to a solid state [13].
A molybdenum rod with a diameter of 1.5 mm served
as the measuring spindle. The temperature of the slag
was monitored using a VR 5/20 tungsten-rhenium ther-
mocouple. The crystallization temperature of the slags
was determined according to Frenkel’s theory of viscous
flow. For this purpose, graphs were plotted in coordinates
Inn — 1/7, with breaks indicating the onset temperature
of slag crystallization [14]. The results of viscosity and
crystallization temperature measurements are presented
in Table 1 and Fig. 1.

The structure of test slag samples was investigated
using a Raman microscope spectrometer U 1000 with
a laser having an excitation wavelength of 532 nm.
The obtained spectra, within the wave number range
of 450 — 1250 cm™!, are depicted in Fig. 2. The observed
lines in such spectra can be clearly attributed to vibra-
tions of the molecules of the material under study.
Depending on the frequency, intensity, and shape of these
lines, conclusions about the structure of the slags can
be drawn [15]. This transformation can be attributed
to the characteristics of the slag structure. Fig. 2 displays

Table 1. Composition, temperature of crystallization onset and viscosity of experimental slags

Ta6auya 1. CoctaB, TeMnepaTypa Ha4yajia KPUCTAJUIM3AIUN U BI3KOCTh IKCIIEPUMEHTAIBHBIX IIJIAKOB

Oxide content, % s . o Viscosity, Pa's, at T, °C
CaO | SiO, | Ce,0, | MgO | ALO, e’ 1500 1550
41.3 20.7 15 8 15 2.0 1397 0.20 0.16
44.8 17.2 15 8 15 2.5 1419 0.22 0.17
48.2 13.8 15 8 15 3.5 1463 0.26 0.18
51.7 10.3 15 8 15 5.0 1497 0.41 0.23
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Fig. 1. Dependence of viscosity of the slags on temperature
at basicity of 2.0 (@), 2.5 (M), 3.5 (A) and 5.0 (©)

Puc. 1. 3aBUCUMOCTb BS3KOCTH LINIAKOB OT TEMIIEPATYPbI

npu ocHosrocTH 2,0 (@), 2,5 (M), 3,5 (A) 1 5,0 ()

the Raman spectra of slag samples with varying basicity,
featuring peaks: in the low-frequency region with wave
numbers around 600 cm™', representing Al-O stretch-
ing vibrations in [AlO,] octahedra within the range
of slag basicity from 2.0 to 2.5; as basicity increases
to 3.5 — 5.0 units, peaks emerge in the region of about
550 cm™!, attributed to the transverse motion of bridging

of basicity on the structure of the formed slags and their
viscosity.

For further quantitative determination of changes
in structural units with different basicity of the slag,
the Raman spectra (Fig.2) were deconvoluted by the
Gaussian method using the PeakFit software with
the correlation coefficient of minimum 0.99. The results
of deconvolution of the silicate region of Raman spectra
are shown in Fig. 3 and Table 2.

[ RESULTS AND DISCUSSION

The viscosity dependence of the studied slags on tem-
perature, within a basicity range of 2.0 to 5.0, is illustrated
in Fig. 1. As basicity increases, slags transition gradually
from fluid states with low crystallization temperatures
to those with higher viscosity and crystallization onset
temperatures (Table 1).

The slag structure formed at a basicity of 2.0 is low-
polymerized. As noted earlier, it is characterized by
the presence of [AlO]-octahedra, which function as grid

Table 2. Proportion of structural elements

Ta6bauya 2. 1011 CTPYKTYPHBIX 371€eMEHTOB

oxygen inside the Al-O—Al bond; peaks in the range Slag B 03 o BO
pf ?2(1)0—]800 cr}rll’;, reﬂPectli(ng.Al}: Oh.st;etching Vibrat]ijons ] 20 048 052 052
in tetrahedra. Peaks in the higher wave numbers
. 4 . . . 2 2. 41 . .
region (800 — 950 cm™!) are associated with the silicate > 0 0.59 0.59
structure ([SiO,]-tetrahedra). The intensity and shape 3 3.5 0.53 0.47 0.47
of these peaks allow for the evaluation of the influence 4 5.0 0.88 0.12 0.12
[SiO,]
[AIO] 4
Or. 04
Al-0O-Al
=
&
Z | Al-0-Al ?
= (oN
“ 2
1
1 1 1 1 1 1
450 550 650 750 850 950 1050 1150 1250

-1
Wave number, cm

Fig. 2. Raman spectra of the slags at basicity of 2.0 (1), 2.5 (2), 3.5 (3) and 5.0 (4)

Puc. 2. PamaHOBCKHE CIIEKTPBI H3y4aeMbIX IUIaKoB mpu ocHoBHocTH 2,0 (/), 2,5 (2), 3,5 (3) n 5,0 (4)
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Fig. 3. Deconvolution of the silicate region at basicity of 2.0 (a), 2.5 (b), 3.5 (¢) and 5.0 (d)

Puc. 3. JIexoHBOITIOIMS CHIIMKATHON o0nacTu npu ocHoBHOCTH 2,0 (a), 2,5 (b), 3,5 (¢) n 5,0 (d)

modifier (Fig.2), along with two depolymerized struc-
tural units of silicon: [SiO,]*" with an increased propor-
tion of non-bridging oxygen to 0.48 (Q%) and [Si,0,]1%
with a proportion of one bridging oxygen increased
to 0.52 (Q%) (Fig. 3, Table 2). This structure arises due
to the presence of structure modifiers — calcium and
cerium oxides — in the slag. Their dissociation in melts
releases additional O* ions, which interact with [A1O,]-
and [SiO,]-tetrahedra, disrupting the aluminate and sili-
cate melt structures [16; 17]. Consequently, these slags
exhibit a low crystallization temperature (1397 °C)
and low viscosity (0.20 and 0.16 Pa-s) at temperatures
of 1500 and 1550 °C (Table 1).

As the basicity increases to 2.5, the silicate structure
becomes more complex. Its polymerization degree rises
from 0.52 to 0.59, while the proportion of non-bridg-
ing oxygen decreases from 0.48 to 0.41, and the pro-
portion with one bridging oxygen increases from 0.52
to 0.59 (Table 2). In high-basicity slags containing Al,O,,
AI¥" ions are absorbed by the silicate structure, acting
as grid-forming agents, thus enhancing the complexity

208

of the silicate structure [18]. The increased complex-
ity of the slag structure elevates the onset temperature
of crystallization to 1419 °C and viscosity to 0.22 and
0.17 Pa-s at temperatures of 1500 and 1550 °C (Table 1).

As the basicity increases to 3.5 and 5.0, a peak emerges
in the region of about 550 cm™!, attributed to the transverse
motion of bridging oxygen inside the Al1-O—Al bond.
The relative Al-O—Al intensity gradually increases with
increasing basicity, while the opposite trend is observed for
[AlO,] octahedra. This indicates an enhanced Al-O-Al
bond and a decreased proportion of [AlO,] octahedra,
leading to polymerization of the aluminate grid. Addition-
ally, an increase in the slag basicity from 3.5 to 5.0 results
in higher peak intensity in the region of wave numbers
650 — 800 cm™!. This is attributed to symmetrical stretch-
ing vibrations [AlO,]*~ (Q%)) and [ALO,]* (Q3)) [16; 17],
indicating that the aluminate structure in the molten
slag (Fig. 2) has become more complex, resulting in an
increase in the crystallization onset temperature to 1463
and 1497 °C. Viscosity increases to 0.26 and 0.18 Pa's
at temperatures of 1500 and 1550 °C and a basicity
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of 3.50 and to 0.41 and 0.23 Pa-s at temperatures of 1500
and 1550 °C and a basicity of 5.0.

Alongside the polymerization of the aluminate struc-
ture at basicities of 3.5 and 5.0, the silicate structure
becomes simpler, and the polymerization degree decreases
from 0.47 to 0.12 (Table 2). CaO oxide can act not only
as a grid modifier but also as a charge compensator due
to the excess of Ca?" ions formed with increasing basi-
city. Ca®" cations will compensate for the polymerized
structural units of [AlO,]-tetrahedra, leading to the for-
mation of a more stable tetrahedral structure and resulting
in increased slag viscosity [19; 20]. Cerium ions can act
as charge compensators and stabilize the aluminate struc-
ture [3; 21; 22].

- CONCLUSIONS

Experimental studies of the physical properties
of the slags within the CaO-SiO,—-Ce,0,-Al,0,-MgO
oxide system have indicated that increasing the basicity
from 2.0 to 5.0 leads to higher viscosity and temperature
of crystallization onset. This phenomenon is attributed
to the structure of the resulting slags. With the augmenta-
tion of basicity, the aluminate structure becomes more
complex, while the silicate structure becomes simpler
due to an excess of Ca** ions, which serve as charge com-
pensators for the polymerized structural units of [AlO,]
tetrahedra. Overall, the slags within the studied oxide
system containing 15 % Ce,O, exhibit sufficiently high
fluidity within the considered basicity range.
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Opuzuuaﬂbnaﬂ cmambus

STRESS-STRAIN STATE OF CERAMIC SHELL MOLD
DURING FORMATION OF SPHERICAL STEEL CASTING IN IT. PART 1

V. 1. 0dinokov ©, A. I. Evstigneev, E. A. Dmitriev, A. N. Namokonov,
A. A. Evstigneeva, D. V. Chernyshova

I Komsomolsk-on-Amur State University (27 Lenina Ave., Khabarovsk Territory, Komsomolsk-on-Amur 681013, Russian Federation)

&) diss@knastu.ru

Abstract. The task of the present theoretical investigation was to determine the external factors at which a spherical shell mold will not fail due to
temperature stresses occurring in it. The problem is formulated for determining the stress-strain state of the spherical shell mold formed in the support
filler at cooling of solidifying spherical steel casting. The investigated axisymmetric rotational body has four zones: liquid metal, solid metal, shell
mold, and support filler. To solve the problem, the equation of linear elasticity, the equation of heat capacity and a well-proven numerical method
were used according to which the investigated zone is partitioned into elements by a system of orthogonal surfaces. For each element, a formu-
lated system of equations is written in difference form, taking into account axial symmetry through the values of stresses and displacements along
the element edges and the lengths of the ribs’ arcs that limit its volume. The heat conduction equation is written in difference form for construction
of a heat balance for an arbitrary orthogonal element, including both average temperature of the element and temperatures of the elements surrounding
its volume. The authors found the solution of the difference analogue of heat equation by the “sweep” method according to the compiled iterative
scheme. A difference analogue of the formulated system of differential equations of the linear theory of elasticity has the form of an algebraic system
of equations. The algorithm for convolution of this system allows one to significantly reduce its rank. A general numerical scheme and algorithm for
solving the problem are presented. The result of the solution is the magnitude of stresses, displacements on average along the edges of each element
and average temperature in the element.
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HANPAXEHHO-AE®OPMUPOBAHHOE COCTOAHUE
KEPAMMWYECKOU O60/104KOBOM ®OPMbI NPU ®OPMUPOBAHUMU
B HEM CTAZIbHOMU LWAPOOBPA3HOM OT/IMBKU. YACTDb 1
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AHHOmMayus. 3ajaveii HACTOSIIETO TEOPETHIECKOTO UCCIICAOBAHNSI SBISIETCS ONPE/ICIICHNE BHENIHIX (HaKTOPOB, IIPH KOTOPBIX cheprdeckas 0605104-
koBast popma (OD) He OyzeT pa3pyaTbesi OT BO3HUKAIONIMX B HEl TemIieparypHbixX Hanpsbkernit. ChopmynrpoBana 3aja4a 1o onpe/ieeHHIO Harpsi-
skeHHo-1eopmupyemoro cocrosiaust (HJIC) OD, 3adopmupoBannoii B omopusiid Hanonautenas (OH), mpu oxmaxaeHnn B Hell 3aTBep/eBaromIeit
mrapooOpas3Hoil CTaabHOM OTIMBKU. PaccMarprBaeMoe OCECHMMETPHYHOE TEJIO BPAICHHS MMEeT 4YeThIpe o0MacTh (KHUAKUIA MeTaiul, TBEp/bli
MeTast, 000m0uKoBasi (hopMa, OTOPHBINA HAONHATENb). [yl PelICHNs 3aaull aBTOPHI MCIOIB3YIOT YPaBHEHHC JTMHEHHONW TEOPHH YIPYTOCTH,
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YPaBHEHHE TEILIONPOBOIHOCTH ¥ alpOOUPOBAHHBIN YMCIICHHBIH METOI, COIIACHO KOTOPOMY McCliefyeMas 00nacTh pa3ouBaeTCcs CUCTEMOH opTo-
TOHAJIBHBIX [TOBEPXHOCTEH Ha 3IE€MEHTSHI. /I KaXKIOT0 3/IeMEHTa 3alliCaHa CHCTeMa YPaBHEHUH B PA3HOCTHOM BHJIE C y4E€TOM OCEBOM CHMMETPUH
yepe3 HaNpsHKeHUs U NepeMEeIleHust 10 TPaHsAM dIeMEHTa M JJIMHaM JIyr peGep, OrpaHHYMBAIOIUX €ro 00beM. YpaBHEHHE TEIUIONPOBOJHOCTH
3aIlICaHO B PA3HOCTHOM BHJE M3 IOCTPOCHHS TEIUIOBOTO OalaHCa IS IIPOU3BOIBHOTO OPTOTOHAIBHOTO IEMEHTa, BKIIFOYAIOIee KaK CPeIHIO0
TEeMIIepaTypy dJIEMEHTa, TaK U TeMIepaTyphl 2JIEMEHTOB, OKPYKaIOIMX ero 00beM. PellieHne pasHOCTHOTO aHaJIora ypaBHEHHs TEIIONPOBOIHOCTH
OCYILIECTBILIETCSI METOAOM «IIPOTOHKM» 10 COCTABICHHOM HTEpallIOHHOH cxeMe. IIpuBeeH pa3HOCTHBIN aHANIOr C(OPMYIUPOBAHHOW CHCTEMBI
s depeHIabHbIX ypaBHEHHH JIMHEHHOH TEOpUH yIIPYroCTH B BUJIE alreOpandeckoi cucTeMbl ypaBHeHUH. [1peicTaBIeHHbII aropuT™ CBEPTKI
3TOH CHCTEMBI MO3BOJIACT 3HAYUTENBHO HOHH3UTH ee paHr. [IpuBomuTcs oOmiast YHCICHHAs CXeMa M alTOpHTM pELICHHs 3amadd. Pesymsrarom
pelIeHus SBISIOTCS BETMYUHBI HAIIPSHKEHUH, epEeMEILeHHI B CPEIHEM 10 IPAHSIM Ka)KI0T0 2JIEMEHTa U CPEIHss TEMIIepaTypa B dJIEMEHTE.

Kiouesule ca108a: nuThe 110 BBILIABIAEMBIM MOZEIISIM, 000JI04KOBast (popMa, HAIPSKEHHOE COCTOSIHUE, MOZICIMPOBAHKE, TPEIIMHOO0pa3oBaHue

BaazodapHocmu: ViccnenoBanue BBINOJIHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro gonma Ne 24-29-00214, https://rscf.ru/project/24-29-00214/.

Jna yumupoeanus: OnunoxoB B.U., EBcturnees A.U., [Imutpues 3.A., HamokonoB A.H., Ecturaeesa A.A., Uepusimosa /{.B. Hampsokenno-ne-
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- INTRODUCTION

Numerous analytical [1;2] and theoretical stu-
dies [3—5] have investigated the crack resistance
of a ceramic shell mold (CSM) after liquid metal is
poured into it and the solidifying casting is cooled.
A glass-shaped shell mold bounded by spherical and
cylindrical surfaces was studied. It was established that
the most dangerous stresses that arise when liquid metal
is cooled in the shell mold are normal tensile stresses on
the outer surface of the mold adjacent to the support filler.
The researchers determined the optimal external force
and temperature influences on the shell mold to guarantee
its durability during steel casting production. Addition-
ally, they studied the morphological structures of shell
molds that can withstand the thermal stresses of cooled
castings and proposed new designs.

Numerous theoretical and experimental studies have
been conducted to establish the characteristics of the
stress-strain state (SSS) of a ceramic shell mold and
the resulting castings in investment casting, and the
SSS dependence on factors such as the consumable pat-
tern [6; 7], the shape and geometry of the ceramic shell
mold [8; 9], mold wall thickness [10; 11], mold mate-
rial [12; 13], geometry of castings [14 — 16], and methods
of mold strength tests [17; 18].

Other works describe mathematical modeling of these
processes, including modeling methods [19], research
methods [20 — 22], studies based on numerical model-
ing [23 —25], special mathematical models [26 — 28],
and software [29; 30]).

Further theoretical studies have shown that the dura-
bility of shell molds largely depends on their shape,
which is organically related to the geometry of the cast-
ing formed in them.

However, practically no studies have investigated
the modeling of the crack resistance of a ceramic shell
mold based on the quantitative and qualitative indicators
of its stress-strain state as a steel casting in the shape of
a sphere (ball) is formed in it. This issue is addressed in
our study.

212

We conducted a theoretical study related to steel
casting production in a spherical shell mold. A variety
of parts have spherical shapes, including spherical joints,
which are crucial components in mechanical engineering
and robotics.

The first theoretical results of the investigated manu-
facturing process were published in [31], where it was
clearly shown that the stress-strain state in a spherical
shell mold is drastically different from that in a cylindri-
cal shell mold when producing a steel casting. However,
the paper [31] does not present a mathematical model
of the process.

This study shows that high-quality billets for spheri-
cal joints can be obtained using casting, which is much
cheaper than metal treatment under pressure.

- ENGINEERING PROBLEM STATEMENT

Liquid steel is poured into a spherical mold, where it
crystallizes by removing heat through the shell mold walls
via the support filler (Fig. 1, @). A spherical shell mold
can be monolithic or consist of several layers [1], each
with its own physical and mechanical properties. When
steel is cooled in a shell mold, temperature stresses arise
in the wall due to a large temperature gradient. Under
certain external influences, these stresses can lead to wall
destruction, resulting in the rejection of the steel cast-
ing. Therefore, the objective of this theoretical study is
to determine the external factors under which the spheri-
cal shell mold will not be destroyed by the temperature
stresses arising in it.

] MATHEMATICAL PROBLEM STATEMENT

An axisymmetric rotational body is under consider-
ation. The deformable material is considered isotropic, and
the movement is deemed slow.

We have a four-component system (Fig. 1, b). The
deformable medium includes the solidified metal (region /7)
and the mold (region //]), both of which are isotropic
materials. The process is non-stationary. Using the theory
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Fig. 1. General (@) and calculation (b) diagrams of a spherical shell
mold (SM) molded in support filler and poured with liquid metal
in accordance with the axial symmetry:

LM - liquid metal (area /); SIM — solid metal (area //); SM — shell mold
(area II1); SF — support filler (area /V); S, — inner contact surface of
liquid and solidified metal; S, — inner contact surface of solidified metal
and shell mold; S, — outer surface of the shell mold;

S, — free surface of the end face of casting cup; R — radius of the
spherical casting; S — thickness of shell mold; S_ — thickness of solidified
metal crust; a — slope angle of casting cup; ¢ — angle of enclosing
surface of shell mold with a support filler

Puc. 1. O6mas (@) u pacuetHast (b) cxemsl mapoodpaznoit OD,
3a(hOpMOBAHHOM B OTIOPHBII HAMIOIHUTENb U 3aJTUTON
KUJIKMM METAJIOM C Y4ETOM OCEBOIf CHMMETPHHU:

LM — sxuakuit metamt (obmacts /); SIM — TBepablil MeTat
(obnacts /1); SM — obonoukoBast popma (obmacts /11);

SF — onopublit Hanonuutens (o6nacts /V); S, — BHYTpeHHss HOBEPX-
HOCTb KOHTAKTa YKUJIKOTO M 3aTBEPJICBILIEIO METALIA;

S, — BHYTPEHHsIs IOBEPXHOCTh KOHTAKTa 3aTBEP/IEBIIIET0 METAIIA U
0005104K0BOH (pOPMBI; S, — BHENIHSS TOBEPXHOCTH 000JIOUKOBOH (hop-
MbI; S, — cBOOO/IHAs TIOBEPXHOCTH TOPIA IMTHUKOBOH yamn SM;

R — paauyc mapoo6pa3Hoit OTIMBKY; S — ToNIIKMHA 000109KOBOH (hop-
MBI; S, — TOJIIMHA KOPOUKH 3aTBEP/IEBLIET0 METAILIA; 0L — YIOJI HAKJIOHA
JIMTHUKOBOW BOPOHKH; () — YrOJI OXBaTa MOBEPXHOCTH 000IOYKOBOI
(OpMBI OTIOPHBIM HATIOJHUTENIEM

of elasticity and the Eulerian reference frame, we write
a system of equations for each region:
— for region /:

G =0y =033, =0=F; 0
P =vh; 6 =0,A6;

— for regions 11, I

G”:O,i;j:1,2,3;

* * 1
G, —06,.]. :ZGpsl.j; e, =&y —5861]_; €=¢;; o
g; =3k,6+30,(0-6); &, =0,5(U, +U,;);

00
C y— =div(Agrad0);
" (Agrad0)
where G, are the components of the stress tensor; 6 is the

hydrostatic stress; g, are the components of the elastic
strain tensor; £ is the height of the liquid metal column;

k _1=-

» H is the coefficient of volume compressibility;

u is Poisson’s ratio; £ is Young’s modulus; G is the shear
modulus in region p (I, I1]); o, is the linear expansion
coefficient; @, is the temperature conductivity coefficient
in the region /; T is time; 0 is temperature;* C, is the spe-
cific heat in the region p; y is density; 0, is the initial
temperature in the region p; A = A(0) is heat conduction;

goy

Ou, . o
G, = —'; and summation over repeated indi-

== U, .
sJ axj 1] axj

ces is performed.

In accordance with axial symmetry, we consider the
meridian section (Fig. 1, b).

If6_ <0_(0_and0_ are the temperatures of the metal
and crystallization), as the liquid metal is cooled, its tem-
perature is determined by the thickness of the solidified
layer A, from the solution of the interphase transition
equation [5].

Initial statement of the problem:

Al _, = 0 (absence of the metal solid phase);

97‘1:0 =0= 9; (temperature of the poured liquid me-
tal);

0ul._, = 0" (initial mold temperature).

Boundary conditions of the problem (Fig. 1, b):

— on the axis of symmetry: U, =0; 0, =0; g, =0;

— on surfaces S, S, S,

Oy1ls==P; 012 |5, =0; Uy 5, = 0; 05, [5,= 0;

3)

U, .
Oiz |s3:_\l/U_fC0’7(”1x1)2 0l,=06;

where U, is the sliding of the mold material relative
to the sand; U" is the normalizing displacement; and vy is
a parameter characterizing the friction conditions between
the mold and the support filler.
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The numerical method was used [32] to solve the sys-
tem (2). According to this method, the deformation region
is divided into a finite number of orthogonal curved ele-
ments (Fig. 2, a).

With axial symmetry, we have o, =
=0, =0, U,=0.

In accordance with [32], the equations (2) and the
values ¢, taking into account axial symmetry, will be writ-
ten as follows:

63,=0; 0=

S13A8,(01; =06, ) + 81,815(0y; —033) +
+0,5A6,,5,,5,; +0,5AG,,5,,5,; +
+(85,A8y; +28,,A8,,)0,, =0;

4)
§51A853(0 —033) + 8235,1(0 —0yy) +
+0,5A06,,5,35,, +0,5A0,,5,,8; +
+(51,A8; +255A8),)0,, =0;
G114 =0 = 2Gp(8|] —€5); )
Gy =033 = 2Gp(822 —€3);
€ + &y + 853 =3k,0+30a,(0-0)); (6)
 _20U, 2U,AS, _2AU, 2U,AS,.
11— > ©22 T o s
APy Sy S S, Sy Sy 7
e 2U, AS;; . 2U, AS,;
3= o >
S35 Sy Sy Sy

where U, =U} +U}, AU, =U} -U/},(i=1,2);S; =S} +S;;
AS, =S} -S;.

The adopted symbols are described in [1; 7].

The equations (4) — (7) are written taking into account

0.
that Y, =0, i =0; i=1,2,3; for rotational bodies
X, 0Ox;
AU, AU
AS, =0; AS,,=0; —1=0; —2=0; U, = 0; on the sur-
S

3 3
facex x,: §, — S, =0;onthe surface x,x,: S, — S, =0;shift
values ¢,(i # /) shall be written for the node (0) (Fig. 2, d)
in the form

o 2AU, S+ S5
& = +
S, S8,
2A .
+ Ui -0, SU —5 , ®)
S SISZ
where S, =8 +85 AU, =U, -U,; S =S8 +587";
S =8"+8"; ; U, is the average of the Value U, along the

element edges

The authors of [32] prove that if there are initial and
boundary conditions, the difference analogue of the sys-
tem (4) — (6), taking into account the equation (7), is
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definable. The order of the system (4) — (6) is significantly
reduced when the following operations are performed.

1. The differences (0, ij) in equations (4) are
expressed by formula (5).

2. The mass conservation equation is rewritten in the
recurrent form, taking into account expressions (7), in the
form U,2 = Ul1 + [A4]; where [A4] is an operator that does not
contain U/'; direction of bypassing the area along x,(—),
along x,(1).

3. Shift expressions g,(i#)) are determined based
on internal grid nodes in accordance with formulas (8);
i=1,j=2.

4. The values o, (z #j) are determined based on the inter-
nal grid nodes from the equations of state G}, = G0812

5. The values o, are determined based on the external
grid nodes from the boundary conditions, and on the con-
tact surfaces — from the friction law.

6. G, are determined based on the element edges as the
average of the values o, at the edges’ nodes.

7. The first equation (4) is rewritten in the recurrent form
o), =67, + [B]; where [5] is an operator that does not con-
tain o,; direction of bypassing the area along x, (<), along
x ().

8. From the system of equations (the second equation
in the systern 4) and the equation 6,, — 6,, = 2M&,, — €,,))
the values 022 and 022 for the element are determmed the
equations of the form F, = (o3, ) (o ) 7.1 =0 composed
for the internal edges (where J is the element index on the
coordinate x,).

Thus, if we consider X = {UZ, U| cs“| =X }, in-
dependent variables, the sequence (1) - (7) can be used
to determine the dependent variables through X (x1 is the
final value of the coordinate x in the curved region.

The equivalent system of equations looks as follows

Ui,
F, = (Gil _Grl)

£ =0

)

where U, is known from the boundary conditions of dis-
placement U, at the boundary of the region (x, = xl*); GTI
is known from the boundary conditions of stress o, at the
boundary of the region (x, = 0).

There are as many equations /7, = 0 as there are unknown
variables 011|x1:xr , and as many equations £, = 0 as there

are unknown variables U, ‘xl =0

The coefficients and free terms of the new equivalent
system of equations (9) can be found using the following
procedure.

Suppose the equivalent system of equations looks as fol-
lows

Fo=o;x;,+b,=0;i,j=1,..,n (10)
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If we assume that all unknown variables are equal to zero
(x,=0,i=1, ..., n), based on the above sequence (1) — (7)
and the calculation of F, by the formulas (9), we will find
the free terms of the new system (10):

Eo =b;i=1,..,n

Next, we find the coefficients a;. To do so, we calculate
x,=1L,x=00G# kii =1, ..., n). Using the above sequence,
we find the value F/‘ and a, by the following formula:

— ik 0 s _
a, =F"-F",i=1..,n

Thus, we determine the entire matrix a, of the new
equivalent system, which is solved using a standard pro-
gram. The order of the equivalent system is reduced
by approximately 10 times compared to the original one.

The heat conduction equation is solved using a numeri-
cal method [1; 32]. Under the method being considered, for
each internal " element (Fig. 2, a) the heat conduction sys-
tem is written from the heat balance in difference form, tak-
ing into account axial symmetry, and an iterative procedure
is constructed, which, given that the heat flow along x, is
equal to zero, is represented by the iterative formula:

_ 0, + 1,0 +1,6] +1,,0] +1,,6; i
T+t +1, +1, +1y, ’
2(h, + A7 At

2 o

12 — 1

0;

S,, + 585, C v,
2(h, +A; A
4 = (A +1)];11 T .
Sy +8y Cviy
. 2(7\,]{ +}\.;r) F2 A'l: . (11)
2= ) ;
Spp + 58 GV
20, +25) 4 At
21 2 >
Sy + 81, CviVe

F =S380 i#zk#pik,p=1,2,3 =12
Vo= S13812 (S5, +S31) .
¢ 16 ’

where 0, is the average temperature in the k' element at the
beginning of the time step At; A, 0,, C,, v, are the ave-
rage heat conduction, temperature, heat capacity, and den-
sity in the A" element at the end of the time step At; A, , 6,
and A/, 6], (i=1,2) are the heat conduction and tem-

0111

Fig. 2. Deformation zone:
a — scheme of breakdown into elements; b — distribution of stresses; ¢, d — distribution of displacements along the element edges

Puc. 2. O6nactb 1eopMHUPOBAHHUS:
a — cxeMa pa30HMBKM Ha IEMEHTBI; b — pacrpeseeHne HaNPsuKeHHit; ¢, d — pacnpeieeHie HepeMeleH!i o TPaHsIM dJIeMeHTa
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perature in the element following the element & on the
coordinate x, in the negative and positive directions x;;
=Sk 38 =S+ SH Sy (£ 73j = 1, 2) and
S;.’ are the length of the arc Silj of the element following
the element k in the positive and negative directions on the
coordinate X;.
The authors of [32] proved the iteration procedure con-

vergence (11).

- ALGORITHM FOR SOLVING THE PROBLEM

1. The cooling time 1" is divided into a finite number of
steps: T = ZA’CH; where 7 is the number of the time step.

2. The region under study is divided into a finite number
of orthogonal elements.

3. The initial and boundary conditions for the elements
forming the investigated region and the constants of the
physical and mechanical properties of the materials are
established.

4. The lengths of the elements’ arcs are calculated S,
(G, k=1,2i+tkj=1,2).

5. The temperature field at the time step At is deter-
mined by the numerical solution of the heat equation using
the iterative formula (11) if there are initial and boundary
conditions at the investigated time step.

6. If the temperature in the region / near the surface S,
0], < 0,, the thickness A of the crystallized crust is calcu-
lated [5]. If 0] 5> 0,, the following operation is performed.

7. The system of equations (2) is solved taking into
account difference analogues (4) — (7) and the developed
procedures [1; 32] described above. The fields of stress o,
and displacements U (i, j = 1, 2) are determined.

8. Time steps are taken; if ZA’En <1, the operation 4

is performed; if Z At, = t the calculation process is comp-
leted.

As the temperature problem was solved, boundary con-
ditions of the first kind (3) were used. To determine 0_(t)
and 0°(t), we will use the experimental data from [1].
Approximation of these values yields the following result:

6, =1550— 1666t~ 0=,
0+t

0<1t<60S5;

0" =20+17.3vt;

where 7 is the cooling time, s.

The time T does not exceed 60 s, since at T > 60 s the
stresses in the shell mold plummet and cannot cause its
destruction.

A mathematical model has been developed to determine
the stress-strain state and temperature in the shell mold
when a spherical casting is cooled in it. This model was
used in a numerical solution of the problem on modeling
the crack resistance of a spherical shell mold.
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- CONCLUSIONS

The first theoretical attempt was made to formulate
and solve the problem of determining external factors at
which a spherical shell mold will not fail due to temperature
stresses occurring in it.

Based on the fundamental equations of the theory of
elasticity and numerical methods, a numerical scheme and
algorithm for solving the problem were developed.

The proposed method for modeling the crack resistance
of a spherical shell can be recommended for other func-
tional shells.
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INCREASING THE CORROSION PROPERTIES
OF DUPLEX STEEL WITH REM MODIFICATION

V. S. Karasev!®, G. E. Kodzhaspirov?, A. S. Fedorov?,
A. A. AI'’khimenko?, A. I. Zhitenev?

I Peter the Great St. Petersburg Polytechnic University (29 Politekhnicheskaya Str., St. Petersburg 195251, Russian Federation)
2PJSC “Novolipetsk Metallurgical Plant” (2 Metallurgov Sqr., Lipetsk 398040, Russian Federation)

&) karasev_vs@spbstu.ru

Abstract. Duplex stainless steels are a modern class of materials with a unique combination of high corrosion and mechanical properties. Due to this,
they can be widely used in machine parts and aggregates in fields with aggressive oil and gas production conditions. One of the disadvantages
of these materials is their tendency to local corrosion damage on non-metallic inclusions, other things being equal, formed during smelting and
casting. To control the purity of steel in conditions of open induction smelting, it is effective to use modification with rare earth metals (REM).
Therefore, the purpose of this work was to determine the optimal content of REM in duplex steel to increase corrosion properties. Thermodynamic
modeling of the formation of nonmetallic inclusions in duplex corrosion-resistant steel S32750 was carried out and the results of calculations were
compared with the experimental data. It is shown that there is an optimal concentration of REM at which contamination with inclusions is minimal
due to favorable conditions for their removal, and with a further increase in consumption it increases due to coagulation of a large number
of refractory oxides. Electrochemical tests were performed and parameters such as corrosion potential, pitting formation potential and the basis
of pitting resistance of experimental steels were determined. Therefore, the corrosion properties of the investigated duplex steel are significantly
improved when treated with REM. The electrochemical potentials of different types of inclusions are evaluated on a qualitative level. Based
on the obtained results on corrosion resistance and contamination of the studied castings, the optimal amount of REM introduced for modifying
inclusions is 0.05 % (0.65Ce + 0.35La).

Keywords: duplex stainless steels, thermodynamic modelling, deoxidation technology, modification, non-metallic inclusions, electrochemical tests
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MOBbIWEHUE KOPPO3UOHHbIX CBOMUCTB AYNNEKCHOW CTANMU
C noMoLwbio MOAUPULUPOBAHUA P3M
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AnHomayus. JlynnekcHble KOPPO3UOHHOCTOWKUE CTAIM — 9TO COBPEMEHHBIIN KJIaCcC MaTepHasoB, 0013 aloINX YHHUKAJIBHBIM COYETAHUEM BBICOKHX
KOPPO3HOHHBIX M MEXaHWYECKHUX CBOWCTB. biaromaps 3ToMy OHM MOTYT HOJIyYHThH HIMPOKOE IPHMEHEHHUE B JETANSAX MAIIMH W arperatoB Ha
MECTOPOXKACHUSIX C arpeCCHBHBIMH YCIOBUSIMHU JIOOBIYM He(DTH U raza. OIHUM W3 HEJOCTATKOB ITUX MATEPHAJIOB SIBIISIETCS UX CKIOHHOCTDH K
JIOKaJbHBIM KOPPO3HOHHBIM MOPAXKEHHUSIM, TIPH MPOYMX PABHBIX YCIOBHSX (OPMHUPYIOLINXCS HA HeMeTamM4IecKux BriodeHusix (HB), kotopsie
00pasyloTcs Mpy BHITUIABKE U pa3iauBKe. [Jist yripaBiaeHHs: YUCTOTOM CTaIU B YCIOBHSAX OTKPBITON MHIYKIIMOHHON BBITUIABKU (D ()EKTHBHO MpHMe-
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Kapaces B.C,, Kodscacnupos L'E. u dp. [loBbllIeHHEe KOPPO3UOHHBIX CBOMCTB AYMJIEKCHON CTa/IX C IOMOLIbI0 MoAUUIpoBaHus P3M

HATH MOIU(ULUpPOBaHUE penkozeMenbHbiMU MeTamiamu (P3M). ITostomy menbio Hacrosimel paboThl SABISIOCH ONPEASNICHHE ONTHMAILHOIO
conepxxanust P3M B IyIieKCHOMU CTaly IS MOBBIIICHUS KOPPO3HOHHBIX CBOKMCTB. [IpoBeneHo TepMogrHaMUIecKoe MOJIETUPOBaHNE 00pa30BaHHS
HB B ymuiekcHoi KOppo3HOHHOCTOHKOM cranu S32750. Pe3ynbraThl pacyeToB COMOCTABICHBI ¢ SKCIIEPUMEHTAIbHBIMU JaHHbIMU. [okazaHo, 4To
CYILIECTBYET ONTHMAIbHasA KOHIeHTpanus1 P3M, mpu KoTopoii 3arps3HCHHOCTS BKIIIOYCHUSIMI MHHEMAIIbHA H3-32 OaronpHATHBIX YCIOBUH I HX
yQJICHUs], @ IPH AabHEHIIeM YBEJINUYSeHUH PACcX0/ia MOBBIIACTCS U3-3a KOATYJISIUHI OOJIBIIOTO KOJIMYECTBA TYTOIUIABKUX OKCUIOB. B pesynbrare
SIEKTPOXUMHUYECKHX HCIBITAHNH OIpe/ieIeHbl TAKHE apaMeTphl, KaK MOTEHIHAT KOPPO3UH, IOTEHIHAI MHTTHHI000pa30BaHus 1 0a31C MUTTHH-
rOCTOMKOCTOCTH ONBITHBIX cTasiei. Koppo3noHHbIE CBOWCTBA HCCIIEI0BAHHON AYTIIEKCHOH CTalll 3HAYMTEIBLHO YITyqIIaloTces pu oopadoTtke P3M.
Ha kagecTBEeHHOM ypOBHE IIPOBEICHA OLICHKA 3EKTPOXHIMHUYCCKUX IIOTCHIHAIOB Pa3HBIX THIIOB BKIIOYEeHUH. Ha 0CHOBaHHH IOy YeHHBIX PE3yIlb-
TaTOB 110 KOPPO3UOHHON CTOMKOCTH M 3arpsiI3HEHHOCTH M3yUYEHHBIX OTIMBOK ITOJy4eHO ONTUMalbHOE KoryecTBo P3M, BBoAMMOTO JUIst MOAU(HU-

LOUPOBaHMSA BKIIOUYEHNH, koTopoe coctasisieT 0,05 % (0,65Ce + 0,35La).

Kawuessle caosa: AYIIICKCHBIC KOppO3HOHHOCTOﬁKH€ CTajau, TEPMOAUHAMHUICCKOC MOACIUPOBAHNUC, TEXHOJIOTHUS PACKUCIICHUS, MOZ[I/I(i]I/II_II/IpOBaHI/Ie,

HEMCTAJUIMYCCKHUC BKITIOUCHHUS, DJICKTPOXUMHUYIECCKHUE UCCIICTOBAHUS

BaazodapHocmu: ViccnenoBanue BBITIONHEHO NpH (UHAHCOBOM mojepixkke MUHHCTEpPCTBa HAYKU U BbIcIIero odpaszosanusi Poccuiickoit deneparnu
B paMKax Iporpammbl HaydHoro neHrpa MupoBoro ypoBHs: Ilepenossie nuppossie TexHonoruu (conamenne Ne 075-15-2022-311 ot 20.04.2022).

Jns yumupoeanus: Kapaces B.C., Komxactmpos I.E., ®enopos A.C, Anbxumenko A.A., XKutenes A.U. [ToBbiieHre KOppO3NOHHBIX CBOHCTB
JITUIEKCHOM CTasu ¢ moMoltipio Momuduitmposauus P3M. Useecmus 6y306. Yepnas memannypeus. 2024;67(2):219-228.
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[ INTRODUCTION

Currently, the operational activities of oil and gas com-
panies are shifting towards reservoirs with more aggres-
sive extraction conditions, which continuously increase
and tighten the requirements for the properties and qua-
lity of materials used in equipment manufacturing. One
of the unique materials that has been effectively used
abroad for a long time but is only now gradually being
implemented in the domestic industry is duplex stainless
steels (DS) [1; 2]. Due to their high level of chromium,
nickel, molybdenum, and nitrogen alloying, these steels
possess resistance to general corrosion at the level of tra-
ditional austenitic steels but allow for significant strength
characteristics due to the simultaneous existence of aus-
tenite and ferrite. At the same time, these steels are highly
vulnerable to local types of corrosion, such as pitting and
crevice corrosion [3; 4].

Under equal conditions, non-metallic inclusions
(NMIs) are the sites of formation of local corro-
sion damage, which occur during melting and casting pro-
cesses. Therefore, it is necessary to minimize their quantity
or modify them into types that have a weak effect on cor-
rosion properties. Publications have shown the degree
of negative influence of different types of NMIs [5; 6],
their quantity, size, and morphology [7 — 9] on the prop-
erties of finished products made from DS.

It is well known that various two-stage processes
of special electrometallurgy, such as vacuum induc-
tion melting of ingots—electrodes followed by electro-
slag remelting, are used to produce high-quality steels
and alloys [10 — 12]. However, this technology is quite
expensive and is also not suitable for obtaining shaped
castings, which make up a significant part of the range
of machine parts and units for oil and gas production.
Such castings are usually produced by melting in an open
induction furnace with very limited conditions for refi-
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ning the melt. One effective way to control inclusions
in these conditions is to use rare earth metals (REM) as
modifiers for NMIs. Thus, the introduction of REM can
lead to the formation of different types of NMls, both
increasing [13 — 16] and decreasing [16 — 19] the corro-
sion resistance of highly alloyed steels and alloys.

Therefore, the aim of this study is to investi-
gate the influence of the consumption and concentra-
tion of REM on the formation of NMIs in DS in an open
induction furnace and to study their effect on the pitting
corrosion resistance of DS.

[ MATERIALS AND METHODS

The study investigated duplex stainless steel
of the austenitic-ferritic class, type S32750, with varying
amounts of rare earth metals (REM), obtained in an open
induction furnace with a capacity of 20 kg. After comp-
lete melting of the charge, the steel was deoxidized with
silicon and manganese, and then with titanium. It was
then held in the furnace for 1 min to average the chemi-
cal composition and poured into an 80 mm diameter cast
iron mold with a capacity of 10 kg. A portion of REM
was added to the crucible, and the remaining melt was
poured into a ladle, from which the second ingot was cast.
In the second melt, both ingots were produced using REM,
but with different amounts. Thus, four ingots weigh-
ing 10 kg each were obtained (Table 1). Since the ratio
of cerium to lanthanum in all ingots was the same and
corresponded to the chemical composition of the used
alloy, for convenience, the total amount of REM was used
for each ingot in Table 1 and onwards.

Therefore, the experiment was planned so that DS,
steel without REM and DS, steel with a 0.02 % REM
content were obtained in melt 7, while DS, and DS, steels
with REM contents of 0.05 and 0.08 % respectively were
obtained in melt 2. DS, and DS, steels were poured from


https://fermet.misis.ru/index.php/jour/search/?subject=дуплексные коррозионностойкие стали
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the furnace spout, while DS, and DS, steels were poured
using a ladle. Since it is believed that pouring through
a ladle allows for intensified metal mixing at the moment
of pouring and increases the inclusion floatation time,
this order of obtaining the ingots allowed for studying
the influence of REM consumption and casting techno-
logy in two melts, excluding the influence of other mel-
ting features.

To obtain the required amount of ferrite (50 %) and
eliminate secondary phases formed during slow cool-
ing of selected section ingots, samples were quenched
in water after isothermal holding at 1100 °C. The con-
tamination assessment of experimental steels with inclu-
sions was carried out using ASTM E 1245 method by
field-by-field cumulative method. The volumetric inclu-
sion content V, %, average diameter by Feret d, pm,
and maximum diameter of the largest inclusions d_ ,
um, were evaluated. The chemical composition of NMI
was determined by X-ray spectral microanalysis using
the TESCAN Mira-3M scanning electron microscope.

Thermodynamic simulation of inclusion forma-
tionwas conductedaccordingtothe methodology presented
in [20 — 22]. For the calculation of primary inclusions,
the initial oxygen content interacting with deoxidizers
during their introduction was taken into account. To cal-
culate the equilibrium type of NMI for each deoxidizer
concentration during steel cooling, solubility surfaces
of components in metal (SSCM) were calculated [20],
using temperature-dependent equilibrium constants and
first-order interaction parameters for each considered
reaction [23 —25]. When forming tertiary inclusions,
liquation was taken into account according to the Scheil
equation [26].

The resistance of steels to pitting corrosion was evalu-
ated by electrochemical method using VersaStat Prince-
ton Applied Research potentiostat. The tests were con-
ducted in a 5 % aqueous solution of NaCl, acidified with
acetic acid to pH =3 at 22 °C. During the experiment,
the following parameters were determined:

— the steady-state corrosion potential E aay> which
was recorded after holding without external polariza-
tion for 1 h;

— the corrosion potential £, indicating the potential
of the metal at which anodic and cathodic reactions are in

equilibrium under polarization conditions;

— the pitting potential E corresponding to the cur-
rent at which pitting occurs as a result of local breakdown
of metal passivity;

— the pitting resistance basis, calculated as the dif-
ference between the corrosion potential and the pitting
potential.

[l RESULTS AND DISCUSSION

Thermodynamic simulation and assessment of NMls

Fig. 1 shows the result of thermodynamic modeling
of inclusion formation during deoxidation of experi-
mental steel with titanium at 1550 °C. The initial oxy-
gen content in equilibrium with non-deoxidized DS is
0.025 %. Upon introduction of titanium, up to a con-
centration of 0.01 %, deoxidation practically does not
occur, the total oxygen content is equal to the sum
of the amount of oxygen bound in a small number of pri-
mary inclusions and dissolved. In equilibrium with
the melt, primary inclusions of the |[FeO-Cr,0;l g0l
type are present. In the range of titanium concentra-
tions from 0.010 to 0.023 %, the formation of a solid
solution  |Cr,0,, MnO, TiO,| becomes  pos-
sible, while the solubility of oxygen in the steel begins
to decrease. With further increase in titanium concentra-
tion to 0.027 %, the formation of titanium oxide Ti,O,
occurs, and when the titanium concentration reaches
0.075 %, Ti,O, inclusions are formed.

solid sol.

To track the changes in the equilibrium phase com-
position in DS when introducing REM, SSCM was
calculated for the studied steel in the Ig[Ce] —Ig[La]
coordinates (Fig. 2). Using this diagram, the combined
influence of cerium and lanthanum on the type of formed
non-metallic inclusions (NMI) can be assessed at a con-
stant titanium concentration of 0.05 %, which corre-
sponds to the experimental steels (Table 1, dashed line
in Fig. 1). Let us consider the phases in equilibrium
with the melt. In region /, the composition of the liquid

Table 1. Chemical compositions of the studied duplex steels

Tabauya 1. XuMHYECKHU COCTAB HCCIEIYEMbBIX TYIJIEKCHBIX CTaJIeil

. Pouring Elements, wt. %
Sample | Melting - - -

method C Cr Si [Mn| Ni | Mo| N | Cu | S Ti |REM
DS, ; From spout -
DS, Through ladle 0.020

0.027 | 24.000 | 0.300 | 1.000 | 7.600 | 3.400 | 0.100 | 0.700 | 0.012 | 0.050

DS, 5 From spout 0.050
DS, Through ladle 0.080
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0.04 |
: [Ti,05/401
| ‘Ti305‘so]
0.03 - o ' /\
tot I
= / ;
i [0]
% ooz} |
o
3
[
|
0.07 [Fe0-Cr,05, '
|
Cr,0;, MnO, moz|soud sol.
|
1 1 L ! L
0 0.02 0.04 0.06 0.08 0.10

Ti content, wt. %

Fig. 1. Thermodynamic modeling of inclusions formation during
deoxidation of experimental steel by titanium

Puc. 1. TepMognHaMHUYECKOE MOJCIUPOBAHIE 00pa30BaHUsI BKIIIOUCHHN
NPU PACKUCIEHUHU OINBITHON CTAaJIM TUTAHOM

metal is given, which is in equilibrium with solid par-
ticles |Ti,O] - Even with such a small amount of REM,
the formation of inclusions [Cr,0,, MnO, TiO,|_ i
which appear during preliminary deoxidation with tita-
nium, is completely suppressed. As the lanthanum content
increases, the equilibrium phase becomes a solid solu-
tion of oxides |La,O,, CeO,| ..., ([La]=0.000007 %,
region /1), and with even higher concentration, lantha-
num sulfide LaS is formed ([La] > 0.0020 %, region I1I).
The formation of Ce,O, type inclusions is possible at
a concentration of [Ce] > 0.0004 wt. %. The SSCM also
includes a line representing the ratio of cerium and lan-
thanum concentrations in the mischmetal. Thus, when
increasing the amount of the added REM, the change in
the equilibrium type of inclusions will occur along this
line.

Since the formation of inclusions occurs not only
during deoxidation and modification, but also during
cooling and solidification, modeling of these stages has
been carried out. The results of the calculations for all
four steels are shown in Fig. 3, where images and phase
composition of the found inclusions in these ingots are
also included for convenience of analysis. Table 2 pre-
sents the results of the assessment of the volumetric frac-
tion and sizes of NMIs.

In DS, steel, pure titanium oxides Ti,O, (Fig. 3, a)
are formed initially as primary, and then as secondary
and tertiary inclusions. However, in practice, complex
oxides like Cr,O; — MnO — TiO, have been found in this
steel. The formation of these inclusions is associated with
the time point of introducing titanium into the melt, when
microvolumes with different concentrations are formed
due to its uneven distribution in the furnace, leading
to the possible formation of various oxides (Fig. 1). This
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steel is the most contaminated with NMIs, with a volu-
metric fraction of 0.259 %, an average size of 1.8 um,
and the largest inclusion reaching 18 um (Table 2).

When adding 0.02 % REM to DS, steel, in addi-
tion to primary titanium oxides, the formation of a solu-
tion |Ce,O, — La,O,| becomes possible (Fig. 3, d). Simi-
lar NMIs have been found experimentally in the metal
(Fig. 3, /). However, besides these, large inclusions
of Cr,0,—~MnO-TiO, have also been found in the same
sample (Fig. 3, e). These inclusions, like in DS, steel, are
products of preliminary deoxidation that do not have time
to recrystallize into equilibrium inclusions, resulting in
their volumetric fraction in this steel being lower than in
DS, but still at a relatively high level (0.216 %). The ave-
rage size of inclusions in this steel is almost the same,
with the largest NMI size being 19 pm.

With an increase in REM concentration to 0.05 %
(steel DS,), the fraction of primary lanthanum and cerium-
based inclusions increases, while the number of forming
titanium oxides decreases accordingly (Fig. 3, g). Experi-
mentally, a large number of Ce,0,—La,0, inclusions and
a significantly smaller number of Cr,0,—~MnO-TiO,
inclusions have been found in this steel. The contamina-
tion of NMIs in this steel is significantly lower, as primary
REM inclusions are actively removed from the melt, with
a fraction 0f 0.161 % and an average NMI size of 1.8 um,
with the largest inclusion size being 12 um.

When introducing 0.08 % REM (DS, steel), the for-
mation of primary titanium oxides is completely sup-
pressed, as all initial oxidization is removed due

lg[Ce] /
V4
|Ce203|sol
2k
11
‘Las‘sol
4
-3 ILa,05, CeO,i1id sor.
—4 1 1 |
-6 -5 -4 -3 -2 lg[La]

Fig. 2. Stability diagrams
of nonmetallic inclusions (NMI) for the system
0.027C—-24Cr—0.3Si—1.0Mn—7.6Ni—3.4Mo—0.1N-0.7Cu—0.012S
at T=1550°C, P=1 atm

Puc. 2. I1oBepXHOCTH PaCTBOPUMOCTH KOMIIOHCHTOB
B METaJIIe JUIsl CUCTEMBI
0,027C—-24Cr-0,3Si—1,0Mn—7,6Ni-3,4Mo—0,1N—-0,7Cu—0,012S
npu I'= 1550 °C, P=1 atm
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Table 2. Results of the assessment of contamination with non-metallic inclusions (according to ASTM E1245)

Tabauya 2. Pe3yabTaThl OHEHKH 3arPsi3HEHHOCTH HeMeTa/UInYecKuMu BKIouenusivu (mo ASTM E1245)

Puc. 3. TepmopuHaMHU4eCKO€ MOAEIUPOBAHUE U SKCIIEPUMEHTAIbHO HallienHbie HB B OIBITHBIX cMTKaX cTalei:

Z[Cl (d - C); ﬂCZ (d _.f); l[cg (g -

Temperature, °C

J

-

-

Fig. 3. Thermodynamic modeling and NMIs in experimental steel ingots:
DS, (a—c¢); DS, (d—f); DS, (g—i); DS, (j - 1)

0, AC, (G =D

; From spout 0.259 +£0.036 1.8+0.1
DS2 Through ladle 0.216£0.030 | 2.1+0.3 19
DS, 5 From spout 0.161 £0.018 1.8+0.2 12
DS, Through ladle 0.179£0.017 | 1.9+0.2 15
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to the formation of REM inclusions (Fig. 3, ;). In this
case, titanium oxides are formed as secondary and ter-
tiary inclusions, making their removal from the melt dif-
ficult. Two-phase NMI containing cerium and lanthanum
with a small amount of Cr,0,~MnO-TiO, oxides were
found in a real DS, ingot (Fig. 3, k), as well as large inclu-
sions based on cerium and lanthanum oxide and titanium
oxide. By their morphology, it can be concluded that
they are formed due to the coagulation of a large amount
of refractory primary oxides (Fig. 3, /). The assessment
results of contamination confirm this, as the volume
fraction of NMI in this steel is higher than in DS, steel,
at 0.179 %, with an average size of 1.9 pm and the largest
NMI size of 15 pm.

Analysis of the data in Table 2 also allows us to con-
clude that in the treatment of REM, the pouring techno-
logy (From spout or Through ladle) does not have a sig-
nificant effect on the contamination of NMI.

Thus, thermodynamic simulation efficiently describes
the observed types of NMI and their quantities in experi-
mental steels. However, even in steels with increased
REM content, non-equilibrium products of primary deox-
idation by titanium are found, as the amount of primary
inclusions in DS steel is so high that even 0.08 % REM
for complete modification is insufficient.

Influence of NMls on corrosion resistance

The results of the evaluation of the corrosion pro-
perties of the studied steels are presented in Table 3.
The steady-state corrosion potential £__ dy for the steel
deoxidized only by titanium (DS,) is significantly
lower than for the steels modified by REM. The addi-
tion of REM increased the value of £ dy? but there is no
dependence between the specific amount of introduced

REM and E

steady”

The values of the equilibrium corrosion potential for
the steels modified by REM are approximately the same
and significantly lower than the corresponding parameter
for the steel without REM. The pitting resistance poten-
tials slightly increase from the first steel to the fourth.
In order to fully describe the range of potentials at which

the material exists in a passive state, the so-called pitting
resistance basis is calculated. If the process of destruc-
tion of the oxide film begins at the corrosion potential,
and its complete destruction occurs at the pitting poten-
tial, then the higher the value of the pitting resistance
basis (AE = E = E.)s the better the material’s resistance
to pitting corrosion. Thus, the addition of REM signifi-
cantly increased the resistance to pitting corrosion of all
steels treated with mischmetal.

The investigation of the pitting initiation sites was
carried out on polished samples after electrochemi-
cal testing (Fig. 4). In steels DS, (Fig. 4, a) and DS,
(Fig. 4, b) without REM or weakly modified by REM,
numerous pits were found on Cr,0,—~MnO-TiO, inclu-
sions. In steels DS, (Fig.4,c) and DS, (Fig. 4, d), it
was found that in two-phase inclusions, the part consist-
ing of oxides based on Cr,0,~MnO-TiO, is primarily
damaged, while the part based on cerium and lanthanum
oxides is retained.

There are several hypotheses about the mechanisms
of inclusion influence on pitting initiation and develop-
ment. The first hypothesis is based on the difference in
the coefficient of thermal expansion (CTE) between
the inclusion and the matrix [6]. If the CTE of the inclu-
sion is higher than that of the matrix, compressive
stresses are generated upon cooling, leading to the forma-
tion of microvoids. Conversely, if the CTE of the inclu-
sion is lower, tensile stresses are generated. However, in
this case, this mechanism is not applicable as no poros-
ity or microvoids were observed at the inclusion-matrix
interface before testing (Fig. 3). The second hypothesis,
proposed in [27], suggests the formation of chromium-
depleted zones around oxide inclusions based on chro-
mium. However, other studies [6; 28] that have inves-
tigated the distribution of chromium around oxides
do not confirm this hypothesis. Moreover, in the present
study, an investigation of the element distribution across
the NMI section (Fig.5) shows no depletion zone
around the Cr,0,—~MnO-TiO, inclusion. Since the dif-
fusion relaxation of reactants around a growing inclu-
sion in liquid metal occurs within a few seconds [29],
and the reactant concentrations quickly equilibrate,
depletion can only occur during the growth of the inclu-

Table 3. Corrosion test results

Tabauya 3. Pe3yabTaThl KOPPO3UOHHBIX UCIILITAHMI

Sampl Steady corrosion | Equilibrium corrosion | Pitting formation | Pitting resistance
ample potential £,V potential £,V potential £ ., V basis AE, V
steady cor pit
DS, 0.109 —-0.092 1.058 1.150
DS, 0.191 —-0.143 1.087 1.230
DS, 0.190 —-0.145 1.074 1.219
DS, 0.190 -0.138 1.086 1.223
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CrO,— MnO —TiO,

—

L0 = 0~ (a0

Cr,04— MnO - TiO)

Fig. 4. NMIs in experimental steels after corrosion tests:
DS, (a); DS, (b); DS, (¢); DS, (d)

Puc. 4. HemeTaysinyeckue BKIFOUCHHSI B OMBITHBIX CTAJISX MOCIIE KOPPO3UOHHBIX HCITBITAHUI:

AC, (@); AC, (b); AC, (¢); AC, (d)

sion in solid metal, when the diffusion rate decreases
by several orders of magnitude [30]. Due to the fact that
Cr,0,—~MnO-TiO, oxides are formed as primary inclu-
sions (Fig. 1), the formation of a diffusion-depleted zone
around them is impossible.

The third hypothesis is related to the dissolu-
tion of inclusions in the corrosive environment [7].
It is known that REM oxides form hydrolytically sta-
ble oxides in water [31]. However, these data should
be cautiously applied to the considered electrolyte with
a pH of 3. Direct studies on the nature of pitting forma-
tion (Fig. 4) only allow us to state the fact that cerium
and lanthanum oxides have a higher potential in the cho-
sen test medium, therefore, corrosion damage will pri-
marily occur in the matrix. At the same time, pits were
found specifically on the side of the Cr,0,~MnO-TiO,
oxides in the vicinity of two-phase inclusions consisting
of cerium and lanthanum oxides, and complex compounds
of Cr,0,-MnO-TiO, oxides (Fig. 4, ¢, d). Therefore,
the latter have a lower corrosion potential than the steel
matrix. As shown above, as the REM content in the steel
increases, the fraction of pure REM oxides increases
while the fraction of complex NMIs, which are pro-
ducts of preliminary deoxidation, decreases. Therefore,

in steel containing a higher amount of cerium and lan-
thanum oxide inclusions, the potential for pitting forma-
tion £ it and the basis AE are higher. The types of inclu-
sions can be arranged in order of increasing potential

1 um
—

Fig. 5. Distribution of elements around Cr,0,—MnO-TiO, inclusion

Puc. 5. Pacr[pe,uenemde DJICMEHTOB B OKPECTHOCTHU BKJIFOYCHUSA
Cr,0,~MnO- TiO,
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in the selected electrolyte: Cr,0,—~MnO-TiO, < steel
matrix < La,0,-Ce0,/Ce,0,.

- CONCLUSIONS

Taking into account the specific qualitative potential
of the matrix and different types of inclusions, as well
as the estimated quantity of inclusions and their sizes,
the optimal amount of REM introduced for modifying
inclusions in the studied DS is 0.05 %. At this content
of REM, the best effect of modification can be achieved
and the quantity and size of inclusions can be mini-
mized, resulting in a significant improvement in cor-
rosion properties. With a lower REM consumption,
a large amount of primary oxidation products, which are
more likely to form pitting, are preserved. On the other
hand, with a significant increase in REM consumption,
the volume fraction and size of inclusions increase due
to intensified coagulation of primary refractory oxides.
To increase the efficiency of modification and further
reduce the required modifier consumption, measures
should be taken to reduce the initial oxidation of the melt
and decrease the quantity of primary inclusions.
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Abstract. The article is devoted to the study of dependence of carbon dioxide corrosion rate on the microstructure of material design of the pipeline
for CO, transport and injection. Today there is a task of choosing such material design. For pipeline construction the most cost-effective materials
are carbon steels, but for their application it is necessary to pay increased attention to the problem of carbon dioxide corrosion, which is intensified
in wet, undrained CO, flows. At the same time, the choice of material should be made reasonably, taking into account the balance between corrosion
resistance, mechanical characteristics and economic aspect of the issue. In this paper, the influence of microstructural state features on the corrosion
rate of low-alloy mild steels for CO, transport and injection was investigated. The authors studied the features of steels with ferritic-bainitic, bainitic-
ferritic-perlitic and ferritic-perlitic microstructures. Tests on corrosion resistance were carried out on the bench autoclave complex, which allows
to recreate conditions of high pressure and temperature and to simulate real environments. It was determined that the microstructural state of steel
has a significant effect on the corrosion rate, which increases with increasing volume fraction of pearlite. Understanding the relationship between
the microstructural characteristics of steels and corrosion rates can simplify material selection for infrastructure facilities and contribute to more
efficient and reliable use of low-alloy carbon steels in carbon capture, use, and storage projects. This study will be useful in selecting favorable micro-
structures for low-alloy mild steels that can be used for CCUS (Carbon Capture, Use and Storage) infrastructure projects.

Keywords: carbon capture, carbon storage, CCUS, decarburization, carbon dioxide corrosion, structure—property relationship, microstructure, chemical
composition, corrosion rate
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AnHomayus. PaboTta NocCBslIeHA MCCIEI0BAHNIO 3aBUCUMOCTH CKOPOCTH YITIEKHCIOTHON KOPPO3UMM OT MHKPOCTPYKTYPhl MaTe€pHabHOIO HMCIION-
HEeHuUs TpyOonpoBoja uist Tpancnopra u 3akauku CO,. Ha ceropusiunumii 1eHb CymecTByeT 3a/1a4a Bbi0opa MaTepHaibHOrO HCHOHEHUs MH(pa-
CTPYKTYPHBIX 00beKTOB Tpancnopra u 3akauku CO, . Jlns cTpouTenbeTsa TpyOONpoBo10B HanboIee SKOHOMUUIECKH 3P(HEKTUBHBIMU MaTepHaIaMu
SIBJISIIOTCS YIVIEPOAUCTBIE CTANIN, OTHAKO AJIsl X IPHMMEHEHHUs HEOOXOAUMO Y/EIATh IOBBIIEHHOE BHUMAaHHUE NPOOJIEMe YITIEKHCIOTHOIH KOPpO3HH,
KOTOpasi HHTEHCU(QUIMPYETCA BO BIaXHbIX HeocymeHHbX notokax CO,. Ilpu 3ToM BBIGOp MaTepuana JOJKEH MPOBOAUTHCS OOOCHOBAHHO,
y4YHTHIBasg OalaHC MEXITY KOPPO3HOHHOW CTOMKOCTBIO, MEXaHHUECKHMH XapaKTEPHCTUKAMU M SKOHOMHYECKOIl CTOpOHOH Bompoca. B manHoO#M
paboTe MPOBEACHO UCCIIEIOBAHUE BIUAHUS 0COOCHHOCTEH MUKPOCTPYKTYPHOTO COCTOSHUSI HA CKOPOCTb KOPPO3UH HU3KOJIETUPOBAHHBIX MaIOyT-
JIEPOJUCTHIX cTanel s TpancnopTa u 3akauku CO,. B xozie uccieioBanus u3ydeHbl 0cobeHHOCTH cTaneii ¢ GpeppuTHo-GeHHUTHOMN, GeHHUTHO-
(heppUTHO-NIEPIUTHON U (PEPPUTHO-TICPIUTHON MUKPOCTPYKTYpOii. MicnibITaHns Ha CTOHKOCTb K KOPPO3UH ITPOBEJICHBI HA CTEHI0BOM ABTOKJIABHOM
KOMILIEKCE, TT03BOJISIOIIEM BOCCO3/1aBaTh YCIOBHs BEICOKOTO JIABJIEHUS M TEMIIEPATYPBI U MOJEIMPOBATh pealibHble cpefbl. IlokazaHo, 4To MHKpO-
CTPYKTYPHOE COCTOSIHHE CTaJIM OKa3bIBACT 3HAUMTEIILHOE BIMSHUE HA CKOPOCTh KOPPO3HHU, KOTOPAsi BO3PACTACT NPH YBEIMYEHUN 00BbEMHOI 1011
nepiura. [loHMMaHKEe B3aHMOCBSI3M MHUKPOCTPYKTYPHBIX OCOOCHHOCTEH CTalell M CKOPOCTH KOPPO3UH MOXKET 3HAUMTEIBHO OOJIErYHTH BBIOOD
Matepuaia 1uist HHPPacTPyKTYPHBIX 00BEKTOB M ClIOCOOCTBOBATH Oosiee 3 (HeKTUBHOMY U HA/ISKHOMY HUCIIOJIB30BAHHUIO HU3KOIETUPOBAHHBIX YIJIe-
POMMCTBIX CTallell B IPOEKTAX M0 YJIABIMBAHHIO, HCIOIb30BAaHUIO M XPaHEHHIO yriepoja. JlaHHoe uccienoBaHue OyleT MOJIE3HO MpHU BbIOOpE
OJaronpUsATHON MHUKPOCTPYKTYpPBI JUIsi HM3KOJIETHPOBAHHBIX MAJIOYIJICPOJUCTBIX CTAJICH, KOTOPbIE MOTYT NMPUMEHATHCS A CTPOUTENILCTBA
uappacTpykTypHBIX 00beKTOB CCUS (Carbon Capture, Use and Storage).

Kiouesule ci08a: ynasniBanue yrieposa, xpanenue yriuepoaa, CCUS, nekapOoHH3aLus, YIIIEKUCIOTHAs KOPPO3Hsl, B3AUMOCBSI3b CTPYKTYpa — CBOKMCT-
Ba, MUKPOCTPYKTYPa, XUMHYECKHIA COCTAB, CKOPOCTH KOPPO3UH

BaazodapHocmu: ViccnenoBaHue BBIMONHEHO MpU (MHAHCOBOW MOiepkke MUHMCTEpCTBA HAayKH M BbIcHIero odpasosanusi Poccuiickoit denepa-
LMK B paMKax Iporpammsl MccienoBarenbckoro LeHTpa Muposoro yposHs: Ilepenosbie uudpossie Texnomoruu (cornamenue Ne 075-15-2022-311
ot 20.04.2022).
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that carbon steels are the most economically advanta-
geous materials for pipeline construction [10]. Howe-

[ INTRODUCTION

Carbon capture, use, and storage (CCUS) is a research
area aimed at reducing CO, emissions and combating
climate change. In the CCUS process (Carbon Capture,
Use and Storage) [1; 2], CO, emitted into the atmosphere
from various sources such as industrial enterprises, power
plants, and motor vehicles is captured and subsequently
stored in underground formations [3; 4]. This allows for
the isolation of carbon dioxide from the atmosphere and
prevents its negative impact on the climate.

Currently, there is a challenge in selecting the material
design for infrastructure objects used for CO, transport
and injection under increased environmental and eco-
nomic risks [5; 6]. The selection of material should strike
a balance between effectiveness in preventing intensive
carbon dioxide corrosion [7] and the cost of the final solu-
tion [8].

A review of open sources on the topic of mate-
rial selection for CCUS facilities [3; 9] has shown
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ver, their application necessitates increased attention
to the problem of carbon dioxide corrosion [11], which
intensifies in wet CO, flows [12]. Additionally, there is
no consensus in the literature regarding the influence
of steel microstructure and thermomechanical treatment
modes on the mechanism and kinetics of corrosion pro-
cesses [13 —16]. This is because conditions can vary
from one facility to another in terms of mineralization,
component composition of environments, partial pres-
sure, and temperature. Consequently, corrosion product
deposits of varying morphology form on the steel sur-
face, which can either be protective or accelerate the cor-
rosion process. Therefore, the selection of materials must
consider the operational conditions and actual environ-
ments at the facility. In this context, the goal of the pre-
sent work is to investigate the influence of microstruc-
tural state features on the corrosion rate of low-alloy mild
steels for CO, transport and injection, based on the con-
ditions of a specific facility.
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[l MATERIALS AND METHOD

To recreate the conditions of actual facilities, various
bench setups are used, such as closed-loop flow stands or
autoclave setups that replicate conditions of high pressure
and temperature. In this work, an autoclave setup with
a 3-liter capacity vessel was used. Currently, there are no
standard methodologies for conducting corrosion tests in
autoclaves, so the methodology used in this experiment is
described below. The test conditions were selected based
on the situation at the actual facility.

The essence of the corrosion testing method is to deter-
mine the mass loss of samples during their exposure
to the corrosive environment. In the gravimetric method,
the corrosion rate is determined by the mass parameter p,
expressed in g/m?-h:

my, —nm,
p=—c > (M
St
where m | is the mass of the sample before testing, g;
m, is the mass of the sample after testing, g; S is the sur-
face area of the sample, m?; 1 is the duration of the test, h.

If the change in mass is directly proportional
to the depth of corrosion penetration under uniform cor-
rosion conditions, the corrosion rate is recalculated into
the depth parameter v, expressed in mm/year. This para-
meter characterizes the uniform corrosion loss (thinning)
of the sample per unit time:

- 8760p3 | )
7.85-10

where v is the depth parameter of the corrosion rate,
mm/year; 8760 is the number of hours in a year; 7.85 is
the density of the investigated steel, g/cm?.

The gravimetric method allows for highly accurate
results, as weighing is one of the most precise opera-
tions in quantitative analysis. The confidence interval for
determining measurement error was 95 %.

Before testing, the samples were degreased using
an ultrasonic cleaner in acetone, air-dried, and placed
on a suspension in the autoclave, which was then sealed

and deaerated for 60 min with an inert gas flow rate
of 100 ml/min per liter of capacity. The deaerated test
solution was then saturated with CO,. The total pres-
sure in the autoclave was 6 MPa, with a partial pressure
of CO, at 0.3 MPa. The temperature was maintained
constant at 25 °C. The test duration was 96 h. For corro-
sion tests, three samples were selected from each steel.

The test solution consisted of 133 g/l CaCl,, 31 g/l
MgCl,, 0.5 g/l NaHCO,, 0.1 g/l Na,SO, in distilled
water. The total mineralization was 164.6 g/l. This com-
position corresponds to the fluid composition in the well
being injected with CO, into underground formations.
After testing, the samples were washed and air-dried, then
cleaned of corrosion products using an eraser. The inves-
tigated steels correspond to the strength class K52, with
their chemical composition presented in Table 1.

The microstructure of the steels was evaluated using
a Reichert-Jung MEF3A optical microscope. To per-
form a quantitative assessment of the phase components,
etching was selected to provide a contrasting image
of the phases without revealing grain boundaries for
subsequent automatic recognition by the Thixomet Pro
image analyzer [17]. For this purpose, etching with a 4 %
alcoholic solution of picric acid was used to reveal pear-
lite. For overall microstructure identification, a 3 % nitric
acid solution in alcohol was used.

The traditional method for grain size assessment is
described in GOST 5639 — 82, which, however, does not
allow for the assessment of the heterogeneity of the grain
structure. Nowadays, many methods for evaluating
the grain structure of a material are known [18; 19]. For
instance, in [20], a method for calculating the grain size
variation factor F', is proposed by the formula

VA
FZ _ fmax max (3)

21z
where /s the fraction of the grain occupying the maxi-
mum area on the cross-section, %; Z  is the grade
of the grain occupying the maximum area on the cross-
section; f is the fraction of the grain with a specific
grade, %; Z, is the grade of the grain.

Table 1. Chemical compositions of the studied steels

Tabauya 1. XuMu4YeCKHii cOCTAB UCCIETYEeMbIX CTajlei

Quantity, wt. %

Steel 3 .

C Cr Cu Mn Ni P S Si
1 0.039 0.66 0.50 0.98 0.22 | 0.0074 | 0.0011 0.22
2 0.062 0.51 0.10 0.50 0.12 | 0.0055 | 0.0015 | 0.17
3 0.080 0.62 0.34 0.49 0.38 | 0.0037 | 0.0014 | 0.24
4 0.050 0.65 0.14 0.75 0.07 | 0.0031 | 0.0018 | 0.24
5 0.056 0.63 0.16 0.64 0.21 0.0042 | 0.0019 | 0.28
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Bl RESULTS OF THE QUANTITATIVE ASSESSMENT
OF STRUCTURAL COMPONENTS AND CORROSION TESTING

The materials investigated in this study were obtained
from various domestic metallurgical enterprises using
a technology that includes converter smelting, ladle treat-
ment, continuous casting, followed by thermomechanical
processing. The microstructures of the steels were exam-
ined in cross-section (Fig. 1).

The microstructure of steel / is characterized as
ferritic-bainitic. The pearlite content in this steel is
the lowest among all the steels studied, at 2.20 vol. %,
and the grain structure (by the grain number occupying
more than 10 % of the cross-section area) is evaluated as
G,, (30 %) and G,, (28 %). The microstructure of steel 2
is characterized as ferritic-pearlitic with predominantly
non-polygonal ferrite, with the grain structure evaluated
as G, (13 %) and G, (21 %). The pearlite content in this
steel is 3.57 vol. %. The microstructure of steel 3 is also
characterized as ferritic-pearlitic. The structure is eva-
luated as G, (32 %) and G, (32 %), and the pearlite con-
tent is 6.72 vol. %. The distribution of pearlite colonies is
uneven, appearing as separate clusters with coarse mor-
phology, similar to steel 2 (Fig. 2). The microstructure
of steel 4 is characterized as ferritic-pearlitic-bainitic,
with a pearlite content of 7.51 vol. %. The distribution
of pearlite in this steel is fairly uniform, and the struc-
ture is evaluated as G, (14 %), G,, (28 %), G,, (29 %),

and G,, (18 %). The microstructure of steel 5 is characte-
rized as ferritic-pearlitic. This steel has the highest pear-
lite content, 13.80 vol. %, after etching with picric acid.
The structure is evaluated as G, (21 %), G,, (32 %), and
G, (25 %).

[ RESULTS AND DISCUSSION

In ferritic-pearlitic steels, pearlite consists of a lamel-
lar structure composed of alternating layers of ferrite and
iron carbide (cementite). When exposed to aggressive
media containing CO,, the ferrite in the pearlite becomes
the anode and dissolves quickly, while the cementite
remains intact (Fig. 4). The carbon content is directly pro-
portional to the pearlite content. The results of the corro-
sion tests shown in Fig. 3, a demonstrate that as the pear-
lite fraction in the microstructure increases, the overall
corrosion resistance of the steels decreases.

The study [21] indicates that the most vulnerable
areas are the boundaries between ferrite and cementite,
where corrosion processes initially begin. It appears that
increasing the number of pearlite colony areas leads to an
increase in the number of vulnerable ferrite-cementite
interphase boundaries and ferrite plates, which sub-
sequently become anodes and dissolve quickly.

It is also worth noting the positive effect of copper on
corrosion resistance — increasing the copper content from
~0.12t0 0.50 wt. % led to a reduction in the corrosion rate

a

% g P »,—'2-'

YO T R s
N2 T

batpe B B St
PRl jﬁ"bffnﬂ;

Fig. 1. General view of microstructures of the studied steels:
composition / (a); composition 2 (b); composition 3 (c); composition 4 (d); composition 5 (e)

Puc. 1. O6umit BUI MUKPOCTPYKTYP HCCIIEyeMbIX CTalleH:
cocraB / (a); cocraB 2 (b); cocraB 3 (¢); cocras 4 (d); coctas 5 (e)
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Fig. 2. Detection of perlite in the studied steels:
composition / (a); composition 2 (b); composition 3 (c); composition 4 (d); composition 5 (e)

Puc. 2. BoisiBlIeHHE NEPIINTA B UCCIEAYEMbIX CTANIAX:
cocras / (a); cocraB 2 (b); coctaB 3 (¢); cocraB 4 (d); coctaB 5 (e)

0.26
a b
g . C ition|4
g 024 Composition 4 Composition 5 --omposition -
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]
&
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'g Composition 2
5 o8l it -
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Perlite content, vol. % Cu, wt. %
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0. 16 1 1 1 1 1 1 1 1
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Grain size number Grain size variation factor F,

Fig. 3. Dependence of corrosion rate of the studied steels on:
perlite content (@); content of Cu in the steel (b); grain size number G (c); grain size variation factor F7, (d)

Puc. 3. 3aBUCUMOCTb CKOPOCTH KOPPO3UH HCCIENyEMbIX CTajlel OT:
coziepkanus nepnuta (a); conepxanus Cu B cranu (b); Homepa sepHa G (c); paxropa pasHosepHucToCTH I, (d)
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Cementite

Corrosion product layer

Ferrite

Fig. 4. Mechanism of corrosion of ferritic-perlitic steels in CO,-containing environments [22]

Puc. 4. Mexanusm kopposuu (eppurHo-nepiuTHbix craseil B CO, -conepxamux cpeaax [22]

from 0.237 to 0.167 mm/year (Fig. 3, ). The beneficial
effect of copper on the corrosion properties of steels is
noted in many studies. For instance, in [23], it was found
that the introduction of a small amount of copper (usually
up to 1 %) significantly enhances the corrosion resistance
of low-carbon steels. Moreover, in high-strength low-
alloy steels, copper is an alloying element that provides
high toughness and good weldability. However, despite
the advantages of adding copper to steel composition and
the corrosion characteristics of ferritic-pearlitic micro-
structures demonstrated in this work, low-alloy mild
steels should be used cautiously for the material design
of CO, transport and injection infrastructure objects, and
only with strict control over the presence of free water
in the transported gas — its amount should be minimal.
Otherwise, corrosion-resistant materials must be used.

Based on the evaluation of the microstructural para-
meters of the investigated steels presented in Table 2, it
can be concluded that grain size does not have a determin-
ing influence on the corrosion resistance of the investi-
gated steels (Fig. 3, ¢). However, the grain size variation,
assessed by equation (3), significantly affects corrosion
resistance (Fig. 3, d). Therefore, it can be concluded that
the higher the uniformity of the structure (and, accord-
ingly, the value of the F, factor), the higher the corrosion
resistance of the material.

[ ConcLusiOoNs

A study was conducted on the influence of micro-
structural state features on the corrosion rate of low-
alloy mild steels for CO, transport and injection (CCUS).
It was shown that in ferritic-pearlitic steels, ferrite is
primarily susceptible to corrosion processes, becom-
ing an anode and dissolving quickly within pearlite. As
a result, increasing the number of pearlite colony areas in
the microstructure leads to a decrease in the overall cor-
rosion resistance of the steel. The positive effect of cop-
per on corrosion resistance was established — increasing
the copper content in the investigated compositions from
0.12 to 0.50 wt. % led to a 1.5-fold reduction in the cor-
rosion rate. It was noted that corrosion resistance is
significantly influenced not by grain size, but primarily
by the heterogeneity of the structure.
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RATIONAL APPLICATION
OF HIGH QUALITY MANGANESE CONCENTRATE

L. A. Rybenko, I. D. Rozhikhina, O. I. Nokhrina, M. A. Golodova“®
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Abstract. The article presents the results of theoretical and experimental studies of manganese reduction processes from oxides of high-quality manganese
concentrate obtained by hydrometallurgical enrichment of ferromanganese ores, as well as, from marokite (product of thermal synthesis of concentrate
and dolomite) with carbon and silicon. The method of thermodynamic modeling with TERRA software complex determined the optimal temperatures
and consumption of reducing agents that ensure the complete reduction of manganese. It was found that any of the above-mentioned reducing agents,
or a combination thereof in certain ratios, can be utilized as a reducing agent when using oxide manganese-containing materials for steel treatment.
The results of experimental studies made it possible to develop technology for the production of marokite-manganite concentrate and monophase
synthetic material (CaMnO,). They can be obtained using the technology developed by the authors, which includes mechanical and thermal treat-
ment of a mixture of high-quality manganese concentrate and calcined dolomite or lime. Marokite-manganite concentrate is useful for alloying steel
with manganese when it is smelted in an electric furnace or in a ladle furnace unit, and a monophasic synthetic material is efficient for the production
of metal manganese. Based on the results of thermodynamic calculations and experimental studies, technological parameters for processing steel with
marokite-manganite concentrate in an electric furnace and a ladle furnace unit are proposed. Monophasic synthetic material CaMnO, should be used
as the charge component for the production of metal manganese by the out-of-furnace aluminum thermal treatment, which will increase the thermality
of the process, as well as the extraction of manganese at the level of 90 %. The results of experimental studies were obtained using modern research
methods with laboratory and analytical equipment, as well as statistical processing methods.

Keywords: high-quality manganese concentrate, marokite, monophase synthetic material, thermochemical synthesis, thermodynamic reduction, reducing
agents, steel treatment, metal manganese
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PALUWOHANBHbLIE BAPUAHTbI NPUMEHEHMUA
BbICOKOKAYECTBEHHOIO MAPTAHLUEBOIO KOHLUEHTPATA
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AHHomayus. B paboTe mpeacTaBiIeHbl pe3y/IbTaThl TEOPETHUECKUX U SKCIICPHMEHTAIbHBIX HCCICHIOBAHHI MPOLECCOB BOCCTAHOBIICHHS MapraHIa
M3 OKCHJIOB BBICOKOKAUECTBEHHOIO MAapraHI[eBOIO KOHLIEHTPATa, IIOJy4YEHHOIO B Pe3y/bTaTe THPOMETaITyprudeckoro odorauieHus xeae3omap-
TaHLEBBIX PYJ, a TAKKe U3 MApOKHUTa (IPOLYKTa TEPMUYECKOIO CHHTE3a KOHIIEHTPATa) U JOJIOMHTA YIIEPOAOM M KpeMHHeM. MeTomoM TepMmo-
JMHAMHYECKOTO MOJEIUPOBAHUS C HCHOJIL30BAHMEM HPOrpaMMHOro komruiekca Teppa ompeneneHbl ONTUMANIbHbIE TEMIEPaTypbl U PacXOibl
BOCCTaHOBHTENCH, 00eCIIeYHBarOIIE II0JIHOE BOCCTAHOBICHIE MapraHia. B xauecTBe BOCCTAHOBUTEIIS IIPH HCIIONIB30BAHUM OKCHIHBIX Mapra-
HEICOo/Iep KallX MaTepUaoB Ul 00pabOTKH CTaaM MOKHO MCIIONB30BaTh JIO00H M3 paCCMOTPEHHBIX BOCCTAHOBHUTENCH MM MX KOMOMHAIMIO
B OIIPEEIICHHBIX COOTHOIICHHAX. Pe3yabTraTsl SKCIIEpUMEHTAIBHBIX HCCIICIOBAHUN MO3BOIMIN Pa3pad0TaTh TEXHOIOTHIO IOTYyYCHHS MAapOKHT-
MaHIaHMTOBOTO KOHIIEHTPaTa M MOHO(a3HOro cunTeTnyeckoro marepuana (CaMnOy,). DTu Marepuasibl MOXHO HOJTYYaTh [0 TEXHOJIOIUH, KOTOpast
BKJIFOYACT MEXaHMIECKYIO M TEPMHYECKYI0 00OpabOTKH CMECH BEICOKOKAaYECTBEHHOTO MapraHI[EBOIO KOHIIEHTpaTa U 000XOKEHHOTO IOJIOMHUTA HIIH
M3BECTH. MapOKUT-MaHIAHUTOBbIH KOHIIEHTPAT IPUMEHHUM JJIsl JISTUPOBAHMS CTaJIM MapraHieM IIPU BBIILUIABKE €€ B AJIEKTPOIEUH U B arperare
KOBII-TIeYb, a MOHO(A3HBI CHHTETHYECKHII MaTepual — UL IPOU3BOACTBA METAJUINYECKOro Mapranua. Ha ocHOBaHMU pe3ylbTaToB TepPMOLU-
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HAMHUYECKHX PacyeTOB U HKCIICPUMEHTAJIBHBIX MCCIICAOBAHMUI MPEATIOKEHBI TEXHOJIOTUYECKUE TTapaMeTpbl 00pabOTKU CTajIM MapOKHT-MaHTaHU-
TOBBIM KOHIIEHTPATOM B 3JIEKTPONEYH U arperare KOBII-Medb. J[Is MONMydeHNs METaNIMYECKOr0 MapraHiia BHEIICUYHBIM ATIOMHHOTEPMHUYECKAM
HPOIIECCOM CIIE/YET MCTIOJIB30BATh B KAYECTBE IMXTOBOH COCTaBIIAIONIEH MOHOa3HbIi cunTeTHIecKuit Marepuan CaMnOj, 4TO O3BOJIHUT NMOBBI-
CHUTBh TEPMHUYHOCTH IPOIIECCa, a TAKXKE H3BIIeYeHHEe Maprania Ha ypoBHe 90 %. Pe3yabTaTsl SKCIIepUMEHTAIBHBIX UCCIISOBAHUI OBLUTH TOTYYCHBI
IIPY MCIOJIB30BaHUH COBPEMEHHBIX METO/IOB UCCIIEIOBAHMUS C IPUMEHEHUEM JIA00PAaTOPHOTO M aHAJTMTHYECKOTO 000PYI0BAaHHH, @ TAK)KE METO/IOB

CTaTHCTUYECKOH 00pabOTKH Pe3yIbTaToB.
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[ RELEVANCE

To supply the metallurgical industry with manga-
nese, a strategically important raw material, state-of-the-
art technological developments should be employed for
the industrial mining and enrichment of manganese ores
from Russian deposits. Russia has significant reserves
of manganese ores (more than 290 million tons), but
most are of low quality and classified as refractory. These
ores have a low manganese content (18 — 24 %), a high
specific phosphorus content (P/Mn ratio > 0.006), and
increased iron and silicon content [1 — 3].

Significant reserves of ferromanganese ores are
concentrated in the Selezenskoye and Kaigadatskoye
(32.7 million tons) deposits. Currently, these ores are not
utilized in metallurgical production because metallurgi-
cal enrichment cannot be applied to them [1; 3; 4].

Over the last two decades, to ensure cost-effec-
tive resource use, Russian [5— 8] and foreign resear-
chers [9 — 12] have been actively exploring new chemical
and hydrometallurgical methods for enriching low-grade
manganese ores, slags, and sludges [13 — 15]. Nowa-
days, environmental safety has been added to the exis-
ting requirements related to the economic efficiency
of the processes [16 — 18].

We conducted thermodynamic calculations and exper-
imental studies on the enrichment of ferromanganese ores
in the Kemerovo region (Kuzbass). The findings allowed
us to determine the main technological parameters for
extracting manganese and iron, and to develop an enrich-
ment process diagram. This enables the production
of high-quality concentrates of manganese and iron, with
manganese recovery reaching 90 — 92 % and iron reco-
very amounting to 86 — 90 % [19].

The relevant objectives include studying the pro-
cesses of manganese reduction from oxides in high-
quality manganese concentrate, choosing reducing agents
that can significantly enhance manganese extraction, and
developing effective technologies for preparing and using
high-quality manganese concentrate.
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[ MATERIALS AND METHODS

We determined the phase and chemical compositions
of high-quality manganese concentrate using chemical
and X-ray phase analysis methods.

The research [1] showed that the metallothermic
reduction of manganese from oxides is significantly
accelerated with the presence of marokite (Ca,Mg)Mn,0,
and calcium and magnesium manganites (Ca, Mg)MnO,,
which can be obtained from the high-quality manganese
concentrate. A constant amount of marokite and calcium
and magnesium manganites is required in the initial man-
ganese-containing material for stable reduction of man-
ganese. Marokite-manganite concentrate and monophase
synthetic manganese material (CaMnO;,) can be obtained
using a technology that includes the mechanical and ther-
mal treatment of a mixture of high-quality manganese
concentrate and calcined dolomite or lime.

Marokite-manganite concentrate can be used for
alloying steel with manganese when it is smelted in an
electric furnace or ladle furnace unit, while monophase
synthetic manganese material is efficient for the produc-
tion of metallic manganese.

For thermodynamic modeling of manganese reduc-
tion from oxides of high-quality manganese concentrate
and marokite-manganite concentrate, we used the Terra
software package. This software, based on the maximum
entropy principle, finds the equilibrium composition
of a multicomponent, heterogeneous thermodynamic sys-
tem under high-temperature conditions [20].

To determine the technological parameters of the mix-
tures for steel treatment in an electrical steel-melting
furnace, briquettes were fabricated in the ladle furnace
unit from marokite-manganite concentrate and powder
of spontaneously scattered alloy FS45Mn25 (25 % Mn
and 45 % Si) [1]. The binder consisted of 23.2 % ashes
from combined heat and power plants (8.88 % Al O,;
23.98 % Si0,; 0.56 % TiO,; 45.85 % CaO; 4.98 % MgO;
6.32 % FeO; 8.18 % Fe,0,; 1.82 % losses on ignition
and water (the rest).
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The briquettes were melted in a Tamman furnace at a
temperature of 1773 — 1823 K. After holding for 5 min,
the metal and slag were drained and analyzed.

Using monophase synthetic material CaMnO,
to obtain metallic manganese through aluminothermic
treatment enhances the process’s thermality (since man-
ganese in this compound is in a higher oxidation state),
allows smelting to be conducted using an out-of-furnace
process, and increases manganese recovery.

A software application was developed to calculate
the charge composition, smelting products, and the spe-
cific thermal effect of the aluminothermic treatment
of metallic manganese, based on the stoichiometric equa-
tions of heat balance in the metallothermic process.

For experimental melting, the charge included high-
quality concentrate, monophase material (CaMnO,), and
aluminum powder. The melting was carried out in a cru-
cible with an upper opening.

[ RESULTS AND DISCUSSION

The averaged chemical composition of the high-qua-
lity manganese concentrate is as follows: 59.50 % Mn_;
0.28 % Fe,,; 5.35 % CaO; 4.00 % CaCl,; less than
1.00 % SiO; and less than 0.01 % P. The results of X-ray
phase analysis showed that manganese in the high-qua-
lity concentrate mainly exists in the form of Mn,0O,, and
it also contains small quantities of a-manganese, man-

ganosite MnO, and calcium chloride CaCl,.

The study of the carbonothermal reduction of man-
ganese in the Mn,O,—C system, in the absence of iron,
showed that the manganese reduction begins at tempera-
tures above 1723 K with carbon consumption exceeding
1.5 moles. At this temperature, manganese starts to evap-
orate. At 1723 K, with excess carbon, manganese carbide
(Mn.C;) is present in the system but disappears with
increasing temperature. Complete reduction of manga-
nese occurs at a carbon consumption of 2 moles.

Quantity, %
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Mn,0,
0 1 \ | | o | 1 A
05 07 09 11 13 15 1.7 19 21

Silicon consumption, moles

Fig. 1. Dependence of equilibrium compositions
in the Mn,0, — Si system on silicon consumption

Puc. 1. 3aBUCHMOCTH PaBHOBECHBIX COCTABOB
B cucreme Mn,O, — Si or pacxosa kpeMHust

Calculations in the Mn,0,—Si system showed that
manganese can be reduced by silicon over the entire spe-
cified temperature range. The research results, presented
in Fig. 1, indicate that complete reduction of manganese
occurs at a silicon molar rate of 1 mole. This value cor-
responds to the maximum (47 %) manganese content in
the system, which decreases with increasing consumption
of the reducing agent due to dilution with excess silicon.

During thermodynamic modeling of the manganese
reduction from marokite oxides, calculations were per-
formed for 1 kg of CaMn,0,, with the amount of reducing
agents (carbon and silicon) ranging from 0 to 0.30 kg/kg
marokite at temperatures from 1273 to 2273 K.

The results demonstrated that when carbon is used
as a reducing agent, reduction begins at a temperature
of 1623 K with carbon consumption exceeding 0.05 kg/kg
marokite, and ends at 1723 K. When manganese is reduced
from marokite oxides with silicon, the process is inde-
pendent of temperature within the given range, meaning
that at steelmaking temperatures, manganese reduction
depends solely on the consumption of the reducing agent.

During the joint reduction of manganese from maro-
kite with carbon and silicon at steelmaking temperatures,
manganese is found in the form of metallic manganese in
both condensed and gaseous phases, with no manganese
carbide present.

Fig. 2 shows the dependence of the manganese reco-
very coefficient on the consumption of carbon and sili-
con at 7=1923 K, proving that when the consumption
of reducing agents exceeds 0.2 kg/kg marokite, manga-
nese is completely reduced.

Thus, any of the considered reducing agents or their
combinations in specific proportions can be utilized as a
reducing agent when manganese-containing oxide mate-
rials are used for steel treatment.

The results of the phase analysis of marokite-man-
ganite concentrate samples obtained by heat treatment
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Fig. 2. Manganese recovery coefficient at combined reduction
with silicon and carbon at 7= 1923 K

Puc. 2. Ko unneHTt u3BIeUCHUs] MApraHIia IPH COBMECTHOM
BOCCTAHOBJICHHU KPEMHHEM M YIIIEpOJIOM IpH Temmeparype 1923 K
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of mixtures of the high-quality manganese concentrate
and calcined flux metal, and their weighing after two
weeks of storage in air are presented in Table 1.

The mixture of high-quality manganese concentrate
and calcined dolomite, after being held for 2 h at a tem-
perature of 1223 K, transforms into marokite-manganite
concentrate, which is practically non-hygroscopic in air
as it does not contain free calcium oxides.

Experimental data on the manganese reduction from
briquettes with the marokite-manganite concentrate are
presented in Table 2. When the marokite-manganite con-
centrate is obtained from the high-quality manganese con-
centrate and dolomite, steel treatment with manganese-
containing materials becomes practically waste-free.

The ratio (CaO + 1.4MgO)/Mn in the marokite-man-
ganite concentrate can range from 0.5 to 1.0. However,
during smelting, the best results are obtained with a ratio
of (CaO + 1.4MgO)/Mn in the marokite-manganite con-
centrate between 0.50 and 0.72. This is due to the lower
consumption of the reducing agent (silicon), which in turn
reduces the slag ratio. At (CaO + 1.4MgO)/Mn =0.51
to 1.00, all manganese is bound into calcium and mag-
nesium manganites and marokite, ensuring its comp-
lete reduction. At (CaO + 1.4Mg0O)/Mn <0.50, free
manganese oxides appear, leading to increased manga-

nese loss during reduction. Conversely, when this ratio
exceeds 0.72, silicon consumption for reduction and
the slag ratio increase, though the reduction value remains
high if the ratio is less than 1.0.

Based on the results of thermodynamic calculations
and experimental studies, the following technological
parameters for steel treatment with marokite-manganite
concentrate in an electric furnace and a ladle-furnace unit
are proposed: the concentrate should be applied to the sur-
face of the metal, and initially, the metal and slag should
be thoroughly deoxidized to reduce the total oxidation
of the metal-slag systems. The actual reducing agent that
reduces manganese from the melt of the marokite-man-
ganite concentrate is silicon. To conserve silicon, manga-
nese should be initially reduced with carbon introduced
with coke onto the surface of the manganese-containing
oxide melt.

When using high-quality manganese concentrate
to produce metallic manganese through thermochemi-
cal synthesis, a monophasic material is obtained, and
the results of its X-ray phase analysis are presented in
Table 3.

The manganese reduction by aluminum from the syn-
thesized material is accompanied by a significant release
of heat and can be represented by the equation

Table 1. Results of phase analysis of the samples

Tabauya 1. Pesynsrarsl (pa3oBoro anajausza odpasuos

. Indicator value as an experiment
Indicator

1 2 3 4
Ratio (CaO + 1.4Mg)/Mn in the mixture 1.00 0.83 0.72 0.55
Main phase Manganite Manganite Manganite Marokite
Present in noticeable quantities — Marokite Marokite -
Traces, a few Marokltg, GausmamFe, Gausmannite | Gausmannite

hausmannite | manganosite

Change in weight after two weeks of holding | Not observed | Not observed | Not observed | Not observed

Table 2. Average results of experiments on reduction of briquettes with marokite-manganite concentrate

Ta6/1u14a 2. Cpe):ume pe3yabTaTrbl ONILITOB BOCCTAHOBJICHUS 6pl/lKETOB C MAPOKUT-MAHTAaHUTOBBIM KOHIEHTPATOM

Briquette L Metal Manganese Silicon
" Melting indicators .
Ratio composition, % composition, % recovery, % consu-

(CaO + 1.4MgO)/Mn mption, | Beneficial
. ) keg/kg, use of
in the concentrate Alloy Concent- | Metallic | Slag fror.n the | from the gue 1 0

: . Mn Si briqu- | concent- | manga- | silicon, %
FS45Mn25 rate yield, % | ratio, t/t
ette rate nese
reduction
0.55 52.6 47.4 116.5 0.61 | 74.14 | 18.55 95.8 92.80 0.441 90.3
0.72 51.7 483 115.7 0.64 | 7526 | 18.90 96.0 94.27 0.422 91.6
0.83 50.5 49.5 115.5 0.71 73.30 | 18.15 93.1 87.90 0.483 87.0
1.00 50.2 49.8 112.2 0.75 | 7450 | 17.45 923 89.48 0.540 823
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Table 3. Results of X-ray phase analysis of synthesized monophase material

Ta6sauya 3. Pe3ybTaThl peHTreHo(a30BOr0 aHAJIN3a CHHTE3HPOBAHHOI0 MOHO()Aa3HOI0 MaTepuaJia

Material

Phase composition

Lime

Large quantity of: lime CaO
Present: portland Ca(OH),, calcite CaCO,

High quality manganese concentrate

Large quantity of: hausmannite Mn,0O,

Synthetic material

Large quantity of: CaMnO,
Small quantity of: marokite CaMn,O,

CaMnO, + Al — [CaO-ALO, + 12Ca0-7AL0,] + Mn.

The resulting Al,O, reacts with CaO to form low-
melting aluminates. Therefore, during reduction, manga-
nese losses can theoretically be minimal.

Since a mixture of high-quality manganese concen-
trate and monophase synthetic material CaMnO, was used
as the initial manganese-containing material, the optimal
ratio of the mixture components had to be determined.
Heat balances of the aluminothermic melting of metallic
manganese were calculated using the developed method.
The calculation results are presented in Fig. 3, a.

To achieve a specific thermal effect of 2500 — 2600 kJ/kg
of charge required for the spontaneous process and good
separation of metal and slag, the charge should con-
tain 25 — 35 % of the synthesized monophase material

CaMnO, and 65 —75 % of the high-quality manganese
concentrate, as confirmed by experimental data (Fig. 3, b).

As a result of experimental melting, the metal was
obtained with the chemical composition presented
in Table 4. The results obtained clearly show that
the alloy’s chemical composition meets the requirements
of GOST 6008 — 80.

It should be noted that metallic manganese has a low
content of harmful impurities (phosphorus and sulfur),
and the iron content does not exceed 1 %. The manganese
recovery from the concentrate averaged approximately

90 %, and the slag ratio ranged from 2.30 to 2.65.

During the experiments, the melt temperature was
about 2300 — 2373 K, with the optimal ratio of high-qua-
lity concentrate to monophase material (CaMnO;) being

6.5-75t03.5-2.5.

3200 - 100
= + + ® _ 2
s 3000 | 77700902+ 2088w+ 19079 o5k y=0.0136x" +0.6761x + 80.708
= R’ =0.9994 z 2 = 0.950
= 2800 S Wl :
5 ]
T 2600 3
& = g5k
o 2400 2
'S 2200 s 8T
2 2000 S 75tF
a = b
1800 ! 1 1 1 70 1 1 1 1 | | |
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80

Content of monophasic s

ynthesized material in the mixture, %

Fig. 3. Dependence of specific heat of the process (a) and of manganese yield (b) on the content of synthetic monophase material

Puc. 3. 3aBHCHMOCTb y/IeJIBHOH TEIIOTHI Iporecca (a) 1 BbIxoza Mapraia (b) ot colepskaHnsi CHHTETHYECKOro MOHO(a3HOTro Marepuana

Table 4. Chemical composition of the experimental metal

Tabauya 4. XuMHYeCKHU COCTAB ONMBITHOI0 MeTaJljia

Metal composition, % MnO content Mn
Melt - . o o
Mn Al Si Fe S P in the slag, % | recovery, %
1 96.89 | 0.81 0.45 0.88 | 0.004 | 0.006 7.24 90.70
2 97.00 | 0.75 0.38 0.83 | 0.002 | 0.006 6.15 90.11
3 97.12 | 0.73 0.40 0.74 | 0.003 | 0.005 6.01 91.16
4 96.78 | 0.68 0.58 0.97 | 0.004 | 0.004 8.15 87.68
5 96.84 | 0.83 0.64 0.91 | 0.004 | 0.006 7.35 89.89
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| High quality manganese concentrate

| Thermochemical synthesis |

: !

Marokite-manganite Monophasic synthetic
concentrate material CaMnO;,
Briquetting Mixing with the reducing
(rounding) agent and high-quality

with reducing agent manganese concentrate

Y

| Aluminothermal melting |

Steel processing
in an electric furnace *
and ladle furnace unit | Metal manganese |

Fig. 4. Process diagram of application of high-quality manganese
concentrate

Puc. 4. TexHonorndyeckasi cxeMa IPUMEHEHHUS BBICOKOKa4€CTBEHHOT'O
MapraHIeBOTr0 KOHIIEHTpaTa

The recovery of manganese during smelting from the
high-quality manganese concentrate reached 85.3 —89.3 %,
which significantly exceeds the manganese recovery
when producing metallic manganese from peroxide man-
ganese ores by aluminum thermal out-of-furnace treat-
ment (69 — 72 %). The beneficial use of aluminum was
94 — 96 %.

Based on the thermodynamic and experimental stu-
dies, we developed the process diagram (Fig. 4) for using
high-quality manganese concentrate obtained through
hydrometallurgical enrichment of ferromanganese ores
from Kuzbass.

- CONCLUSIONS

The results of experimental studies enabled devel-
opment of a technology for producing marokite-man-
ganite concentrate and single-phase synthetic material
(CaMnOQ,), the use of which enhances manganese reco-
very to 90 — 92 %.

Thermodynamic modeling was used to determine
the optimal temperatures and consumption of reducing
agents (carbon and silicon) to ensure manganese reduction
from the oxides of high-quality manganese concentrate
obtained from the hydrometallurgical enrichment of fer-
romanganese ores, as well as from marokite-manganite
concentrate. We established that any of the considered
reducing agents or their combinations in specific propor-
tions can be used as a reducing agent when oxide manga-
nese-containing materials are used for steel treatment.

Based on the results of thermodynamic calculations
and experimental studies, we proposed technological
parameters for processing steel with marokite-manganite
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concentrate in an electric furnace and a ladle furnace unit.
To obtain metallic manganese using the out-of-furnace
aluminum thermal treatment, optimal processing methods
were developed involving the monophasic synthetic
material (CaMnO;,) and high-quality manganese concen-
trate, which will increase manganese recovery to 90 %.
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Abstract. The article presents the results of development of an information modeling system for movement of charge layers and melt accumulation in
a blast furnace well. The work is based on mathematical models reflecting modern ideas on the course of physico-chemical phenomena of blast furnace
melting and technological features of the blast furnace process. The use of such system makes it possible to determine and visualize the configura-
tion of layers of iron ore materials and coke according to the working space height, taking into account a given ore load in equal-sized annular zones
of the blast furnace. In constructing the configuration of the charge layers, when materials are approaching the furnace belly, the peculiarities of their
movement are taken into account. This is due to the influence of tuyere zone, primary slag formation processes, and changes in thickness of the coke
layer caused by development of the direct reduction process. Calculation of the melt accumulation process in the blast furnace well provides deter-
mining the volume of slag remaining there after the notch closure of previous tapping, calculating the dynamics of filling the furnace well with melts
of cast iron and slag, determining the volume output of melts of cast iron and slag for the inter-tapping period and calculating the duration of tapping.
The developed information modeling system makes it possible to evaluate the dynamics of changes in configuration of layers in the working space
height, as well as the process of melt accumulation in the blast furnace well, using really accessible information about a working furnace. The soft-
ware architecture is described, the characteristics of the modules are presented and its operation is illustrated. The developed system can be used
by technological staff of a blast furnace shop to study the processes occurring in blast furnaces, improve the technological modes of operation, predict
the melting progress in real time in conditions of operation instability.

Keywords: blast furnace, modeling of blast furnace process, movement of charge materials in a furnace, accumulation of molten iron and slag in a furnace,
software, software architecture, functional modeling
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MHO®OPMALUOHHO-MOAE/NNPYIOLWAA CUCTEMA
AOBUXEHUA CNOEB LUUXTbl U HAKONNEHUA PACIMNJIABA
B FOPHE JOMEHHOM NEYX

H. A. Cnupun ®, U. A. TypuH, B. B. J/laBpos, JI. A. 3aiiHy/TUH

Ypansckuii ¢penepanbubiii yaupepcutet umenu nepsoro Ilpesunenta Poceuu b. H. Exbumna (Poceus, 620002, ExarepunOypr,
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AHHOmayus. B craTbe NpeACTaBIeHbl PE3yNbTaThl Pa3padoTKH HHPOPMAMOHHO-MOICIHPYIOIISH CHCTEMbI JABMIKEHHS CJIOEB IMXTHI 1 HAKOTUICHUS
pacruraBa B TOpHE JIOMCHHOH 11e4u. B 0CHOBY paboTHI TTOJIOKEHBI MaTeMaTHIECKUE MOJICIH, OTPAKAIOIINE COBPEMEHHBIE MTPEICTABICHHS O POTe-
KaHUH (PU3UKO-XMMHUYECKHUX SIBICHUH JOMEHHOI IJIABKU U TEXHOJIOIMUECKHE 0COOCHHOCTH BEJICHHs IOMEHHOTO rpouecca. [IpumMeHeHne cucTeMsl
MO3BOJISICT ONPEACIUTh U BH3YallM3UPOBaTh KOH(UIYPAIUIO CIIOEB JKEIE30PYIHBIX MaTepUajoB W KOKCAa MO BBICOTE Paboy¥ero MmpoCTpaHCTBA
C YYeTOM 3aJaHHOW PYIHOM HArpy3Kun B PaBHOBEIMKHX KOJIBLEBBIX 30HAX JIOMEHHOH meuyd. B mocTpoeHnu KOHQUrypalmu CIOeB IIUXTHI TIPU
TTO/IXO/IC MaTePHAJIOB B pacIiap MeYr y4TeHbl 0COOCHHOCTH X ABMKEHHS. DTO 00YCIIOBICHO BIMSHNEM (DYpPMEHHBIX 04aroB, IIPOLIECCOB IIEPBUYHOTO
LIJTAKOOOPA30BaHMs1, M3MEHEHHS TOJIMHBI CJI0S1 KOKCA, BEI3BAHHOTO Pa3BUTHEM MPOLIEcca MPSIMOr0 BOCCTAHOBIEHHs. PacueT nmpoliecca HaKOIUICHUS
pacruraBa B ropHE JJOMEHHOI ITeUH IpeaycMaTpruBacT onpesiesieHne o0beMa [1aKa, OCTaBIIEroCs B TOPHE MEYH MOCIIe 3aKPHITHS JICTKU TPE/bIITy-
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IICTO BBIITYCKa, pacu€T AUHAMHUKU 3all0JIHCHHUS TOpHA ICYX paclijylaBaMy 4yryHa U IJlaka, OIpeae/ICHUC 00BEMHOTO BbIXO/Jla pacIuiaBOB 4yryHa
" [OuIaKa 3a MC)KBLIHyCKHOﬁ TIepuoa 1 pacueT MPOAOJDKUTCIIbHOCTH BbIITYCKaA U3 IICYH. Pa3pa60TaHHa;1 I/IH(i)OpMaI_II/IOHHO—MO,HCJ'II/IpyIOHIaSI CUCTEMA
TIO3BOJISACT 110 peaJibHO JIOCTyl'[HOﬁ HH(I)OpMaI.IPII/I ) pa60Ta}01ueI71 I€Yr OLCHUBATh TUHAMUKY U3MEHCHUS Komlmrypaupm CJIOEB 110 BBICOTE pa6oqer0
TIPOCTPAHCTBA, a TAKXKE ITPOLECC HAKOIIJICHHS paciiaBa B TOPHC JIOMeHHOM nieun. OnucaHa APXUTCKTYypa IIPOrpaMMHOTIO OGCCHC‘IeHI/I}I, npeacras-
JICHA XapaKTCpUCTUKa MOZ[yJ'lel\/'l U NIPOUJUIIOCTPUPOBaHa €ro pa60Ta. Pa3pa60TaHHasl CHCTEMa MOYKET OBITh HCITOJIb30BaHA TEXHOIOTHIECCKIM Tepco-
HaJIOM JOMEHHOTO IIPOU3BOACTBA AJIS1 U3YUCHUSI ITPOLIECCOB, NIPOTCKAOMUX B JOMECHHBIX I1€4YaX, COBEPHICHCTBOBAHNS TCXHOJIOIMYCCKUX PEIKUMOB
(byHKHHOHHpOBaHHS{, TIPOrHO3UPOBAHUS X0/1a IIJIABKU B PEIKUME PEAJIbHOI'O BPEMEHU B YCJIOBUAX HECTaOMILHOCTH UX pa60TBI.

Knawuessle caosa: JOMEHHas 11€4b, MOACIUPOBAHNE TOMEHHOTIO MpoLecca, ABUKCHNUE NIMXTOBBIX MAaTCPHUAJIOB B II€YH, HAKOIIJICHUE pacijiaBa YyryHa u
IIaKa B rOpHE, IIpOTrpaMMHOC O6CCH€‘I€HI/IC, APXUTEKTYypa IpOrpaMMHOIo 066CHC‘ICHI/I$I, q)yHKL[I/IOHaJILHOC MOJCINPOBAHUE

Aaa yumupoeanus: Crvipun H.A., I'ypun M.A., JlaBpos B.B., 3aiinymun JI.A. MHbOpMalimoHHO-MOIEIUPYIOIIAst CHCTEMA IBHKEHHUS CII0EB IIUXThI
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- INTRODUCTION

The rational distribution of charge materials in a blast
furnace [1 — 3], which fully aligns with the thermal, blast,
and slag parameters as well as current blast furnace prac-
tices overall [4 — 6], remains an urgent challenge for both
industrial engineers and researchers studying the blast fur-
nace process [7 —9].

The processes within the blast furnace well significantly
affect its performance [10 —12], thus drawing increased
attention from engineering and technological person-
nel [13; 14]. The most challenging task is to arrange effec-
tive well performance, specifically the dynamics of fill-
ing the furnace hearth with cast iron and slag [15—19].
An information modeling system was developed to study
the movement of charge layers throughout the furnace work-
ing space height and the accumulation of melt in the furnace
well. This system is based on the mathematical models that
reflect modern concepts of physical and chemical processes
during blast furnace melting, as well as the technological
features of the blast furnace process [19; 20].

[ FUNCTIONAL MODELING OF AN INFORMATION
MODELING SYSTEM

The information system was designed using the con-
cepts of functional modeling and the graphical nota-
tion of the IDEF0 method of structural analysis and
design [21; 22]. The Federal Agency on Technical Regulat-
ing and Metrology recommends the IDEFO methodology
for constructing functional models of business and indust-
rial engineering systems and applying them in practice.
The advantage of the IDEFO method is that IT specialists
can easily exchange information with engineering personnel
regarding the functioning of the software under development.

This methodology was employed to develop the func-
tional model of the information modeling system for
the movement of charge layers and melt accumulation in
a blast furnace well. The model, created using Ramus soft-
ware [22], contains more than 30 blocks at three levels
of decomposition. It defines the main functions and rela-
tionships between individual functional blocks of the sys-
tem, control activities, and mechanisms for performing
each function.

246

Fig. 1 shows the decomposition of the first level
of the functional model. The first level of decomposi-
tion of the context diagram includes four blocks: selecting
the required task, calculating the dynamics of changes in
the charge layers configuration, calculating the melt level in
the blast furnace well, and analyzing and saving the results.

[ ARCHITECTURE OF THE INFORMATION
MODELING SYSTEM

Fig. 2 shows the architecture of the developed informa-
tion modeling system for the movement of charge layers
and melt accumulation in the blast furnace well. The infor-
mation modeling system is divided into small indepen-
dent blocks — modules that functionally implement com-
plete program segments. The idea behind this approach is
that the functionality of software modules can be updated
without the need to change the entire system, making it
more reliable and scalable. The mathematical libraries and
classes function as modules [23].

The information modeling system includes the follo-
wing modules:

— the module for calculating the dynamics of changes
in the configuration of the blast furnace charge layers (used
to calculate the configuration of the charge layers through-
out the height of the blast furnace profile based on a mathe-
matical model);

—the module for calculating the melt accumula-
tion in the blast furnace well (used to calculate the height
of'slag and cast iron before the next tapping based on a given
mathematical model);

—the module for analyzing and presenting the results
(analyzes the results obtained from the calculation modu-
les; displays the results in numerical and graphical forms,
and can generate and export a report to a Microsoft Excel
file format).

- SOFTWARE IMPLEMENTATION OF THE INFORMATION
MODELING SYSTEM

The software implementation of the information system
is based on a client-server approach, considering integra-
tion possibilities with existing company software products
and data exchange via APl (4pplication Programming
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Fig. 2. Architecture of the information modeling system for movement of charge layers and melt accumulation in the blast furnace well
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Interface). The client-server architecture follows a classic
three-tier structure, including presentation, application, and
data levels.

The presentation level is implemented using high-level
programming languages such as C#, JavaScript, HTMLS,
and CSS (Cascading Style Sheets). The visual design is
based on Bootstrap framework. DOM (Document Object

Model) objects are manipulated by the jQuery library, and
plotting is handled by the Chart.js library. This level is sup-
ported by the users’ computing resources (web browsers).
The application level is implemented in C# using
the ASPNET Core MVC framework on the .NET 6 soft-
ware platform [24]. ASPNET Core framework manages
pipelining of user requests, and middleware. The informa-
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tion system includes error handling middleware, authen-
tication middleware, MVC middleware and session mid-
dleware.

Error handling middleware enables the system to flag
issues in case of error conditions and ensures the system
continues to operate and correctly display web pages, even
when encountering database communication errors or exe-
cuting calculation algorithms.

Authentication middleware introduces the standard
ASP.NET Identity authentication and authorization mecha-
nism and account management into the information system.

MVC middleware integrates routing systems, depen-
dency injections, as well as model binding and data valida-
tion.

Session middleware processes temporary data of users
as they interact with the system.

The data level includes a database and a software for
controlling read and write access. The Microsoft SQL Server
DBMS is used as the database for the system. The system
communicates with the database through Entity Framework
Core, which is based on Object-Relational Mapping (ORM)
programming, used in object-oriented programming lan-
guages to create virtual circuits for databases. allowing data
manipulation at the object or class level.

[ STRUCTURE OF THE INFORMATION MODELING
SYSTEM

The structure of the information modeling system for
the movement of charge layers and melt accumulation in
the blast furnace well includes the following major blocks:

1. Setting operating conditions for blast furnaces:

—setting the production rate of the blast furnace,
the dimensions of its profile, and the number of tappings
per day;

— setting the characteristics of the fuel-enriched blast
(blast consumption, oxygen content in the blast, humidity,
and natural gas consumption);

—setting the physical properties of individual charge
components, specific consumption of iron ore material, and
coke;

— setting the ore load in annular zones of the blast fur-
nace;

— setting the required indicators for iron smelting (iron,
manganese, silicon, and carbon content) and coke (ash, sul-
fur, and volatile content).

2. Calculating changes in the configuration of charge
layers and melt accumulation in the blast furnace well
based on mathematical models. Modeling is performed as
follows [19; 20]:

2.1 — calculating the parameters of equal-sized annu-
lar zones (diameter and radius) on the furnace mouth and
the distance from the furnace mouth walls to the middle
of each annular section;

2.2 — determining the distribution of ore load in
the annular zones of the furnace mouth based on the results
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of loading models or using indirect indicators such as
the distribution of CO, or temperature in the furnace mouth
cross-section. The calculations assume that the distribu-
tion of ore load is proportional to the CO, content and
inversely proportional to the temperature distribution;

2.3 — determining the configuration of layers of iron ore
materials and coke in the annular sections of the blast fur-
nace mouth, calculated for a given ore load. This involves
calculating the masses and volumes of iron ore materials
(IOM) and coke for each annular section, and determining
the height of the layers of charge materials in the annular
zones of the furnace mouth based on the volume of coke
and iron ore materials and the area of the annular section;

2.4 — determining the configuration of IOM and coke
layers at all levels of the horizon of the furnace shaft and
furnace belly.

When modeling the movement of materials in a blast
furnace, it is important to consider that the stock line is
shaped like a funnel towards the center of the furnace.

In this regard, the type of the formed iron ore materials
(IOM) and coke layers will depend on the angle of inclina-
tion of the stock line surface, which is a variable value and
included in the block of normative reference data (NRD)
for the model.

Constructing the configuration of the charge layers when
materials approach the furnace belly, we took into account
the peculiarities of their movement caused by the impact
of the tuyere zone, as well as the processes of primary slag
formation that begin in the region of the belly bottom and
bosh.

Reproducing the type and size of the charge layers in
the region of the belly, we considered changes in the thick-
ness of the coke layer caused by direct reduction of iron,
cast iron impurities (silicon, manganese, etc.), and car-
bon required to carburize cast iron. Calculating the rate
of charge lowering due to IOM softening in the belly, we
took into account that in the zone of primary slag formation,
material shrinks by approximately 20 %, which numeri-
cally equals the volume of fractional voids of the IOM layer
(bed void fractions).

Above the tuyere zone, there is a rubblized region shaped
as an ellipsoid of revolution [20]. The top of this zone is
located in the lower part of the shaft and in the upper part
of the belly. At the top of this zone, the accelerated move-
ment of charge particles begins.

2.5 — calculating the blast consumption corresponding
to the furnace production rate and specific blast consump-
tion. It should be noted that there is a difference between
the estimated and actual blast consumption, which is attri-
buted to various factors such as inevitable losses of blast
moving along the air supply path and inaccuracies in
recording the blast consumption.

2.6 — calculating the volume of slag remaining in the fur-
nace well after the notch closure of previous tapping;

2.7 — calculating the dynamics of filling the furnace
well with melts of cast iron and slag. Calculations are
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Input of initial data,
blast furnace performance indicators,
and NRD block

Calculation of parameters
of equal-sized annular zones
on the blast furnace mouth

Determination of the configuration
of layers of iron ore materials
and coke in the annular sections
of the furnace mouth

Determination of the configuration
of layers of iron ore materials
and coke at all levels of the shaft
horizon and furnace belly

Calculation of blast consumption
corresponding to the actual furnace
production rate and specific
blast consumption

Determination of the volume
of slag remaining in the furnace
well after the notch closure
of previous tapping

Calculation of the dynamics
of filling the furnace well with melts
of cast iron and slag

Calculation of volume output
of melts of cast iron and slag.
Calculation of the duration
of tapping from the furnace

Shall the process be modeled
with other parameters?

— design dimensions of the furnace;

— levels of vertical horizons of the furnace working space
to determine the configuration of the charge layers;
— distribution of ore load in the annular zones of the furnace, t/t;
— performance indicators with APCS;
—NRD

— geometric dimensions of the annular zones;
— distance from the furnace mouth walls to the middle
of each annular section

[ — mass of IOM and coke in I m” of charge in the annular sections

of the furnace mouth, t/mz;
— volumes of IOM and coke in | m’ of charge

in the annular sections of the furnace mouth, m3/m3;
— heights of IOM and coke layers in the annular sections
of the furnace mouth, m

— mass of [OM and coke in 1 m’ of charge in the annular sections
at all levels of the shaft horizon and furnace belly, t/mj;
— volumes of IOM and coke in I m’ of charge in the annular

sections at all levels of the shaft horizon and furnace belly, m3/m3;
— heights of IOM and coke layers in the annular sections
at all levels of the horizon of the furnace shaft and furnace belly, m

. . 3 .

— specific blast consumption, m'/t of cast iron;

— blast consumption corresponding to the obtained production
rate and specific blast consumption, m /min

— volume of slag remaining in the furnace

after the previous tapping, m3;

— height of the slag layer remaining in the furnace
after the previous tapping, m;

— minute volumes of cast iron and slag formed, m’/min

[~ — height of the layer of cast iron and slag melt

in the furnace well during the inter-tapping period, m;
— cast iron formation rate, m /min;

. 3 .
— slag formation rate, m /min

— volume output of cast iron and slag melts, ma;
— estimated duration of tapping, min

Fig. 3. Block diagram of the algorithm for calculating the configuration of layers of iron ore and coke, melt accumulation in the blast furnace well

Puc. 3. briok-cxema ajroput™a pacuera koHpurypaiuu cioeB JKPM u kokca, HaKOIJICHHUs! paciuiaBa B TOPHE JOMEHHOM Meuu
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performed at 10 min intervals. During each 10 min inter-
val, adjustments are made to reflect changes in the actual
parameters of blast furnace melting, causing changes in
the production of cast iron per unit time (blast and natu-
ral gas consumption, oxygen concentration in the blast).
The thickness of the layers of cast iron and slag is then
determined step by step every 10 min cumulatively, with
the total height of the melts being adjusted for the volume
of slag remaining in the furnace well from the previous
tapping.
3. The findings are analyzed as follows:
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—the dynamics of changes in IOM and coke layers
are shown as these layers move towards the tuyere zones
of the blast furnace;

—the dynamics of filling the furnace hearth with cast
iron and slag is displayed.

The initial data is entered by an authorized user
on the corresponding web pages. Then, the data from
the forms is sent to the web server for validation, where
the entered values are checked for correctness. If the vali-
dation is successful, the calculation is performed according
to the specified calculation algorithms.
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Fig. 4. Fragment of a web page with the results of modeling the configuration of charge layers on blast furnace mouth (a),
on the first horizon of the furnace shaft (at a distance of 3.79 m from the level of furnace mouth lower edge) (),
on the second horizon of the furnace shaft (at a distance of 7.59 m from the level of the lower edge (c), at the level of the blast furnace belly (d)

Puc. 4. ®parmeHT BeO-CTPaHUIIBI C pe3y/bTaTaMU MOAEIMPOBAHHS KOH(PUIYPALU CIOEB IIMXThI HA KOJIOIIHUKE JOMEHHOM neun (a),
Ha MEPBOM TOPU30HTE MIAXTHI (HA PacCTOSHUK 3,79 M OT YPOBHsI HIDKHEr0o o0pe3a KooiiHuka) (),
Ha BTOPOM TOPHU30HTE IIAXTHI (Ha PacCTOSHUM 7,59 M OT yPOBHS HIDKHET0O o0pe3a KOJIOIIHKKA) (c), Ha ypOBHE pacrapa JOMEHHOH medu (d)
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Fig. 5. Fragment of a web page with the results of modeling the cycle “filling — tapping” of liquid melting products in the blast furnace
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- ALGORITHM FOR USER INTERACTION WITH THE SYSTEM

The algorithm for modeling the dynamics of changes in
the configuration of the charge layers and filling of the blast
furnace well as the charge moves to the tuyere zones
of the blast furnace is presented in Fig. 3 and includes
the following main blocks:

1. Input of parameters and NRD block (ore load in
annular zones, blast consumption, oxygen content in blast,
humidity, natural gas flow, etc.).

2. Calculation of the parameters of equal-sized annular
zones (diameter and radius of the annular zones, mass and
volume of coke and iron ore material in the annular zones).

3. Calculation of the configuration of IOM and coke
layers, taking into account the slope of the charge level
on the furnace mouth, changes in the diameter throughout
the furnace height, direct reduction processes, primary slag
formation, and rubblized region above the tuyere zones.

4. Calculation of the volume minute output of slag and
cast iron.

5. Calculation of the slag and cast iron layer height.

Fig. 4 presents fragments of the results of model-
ing changes in the configuration of IOM and coke layers
on individual horizons of a blast furnace.

Fig. 5 shows a fragment of a web page with the results
of modeling melt accumulation in a blast furnace well.
The results of modeling the cycle “filling — tapping”
of liquid melting products in the blast furnace are pre-
sented. The tapping begins 50 min after the previous one
finishes.

- CONCLUSIONS

We utilized modern information technologies to develop
an information modeling system for the movement of charge
layers and the accumulation of the melt in the blast fur-
nace well. The system enables calculations of the dynamics
of changes in the configuration of the IOM and coke layers
throughout the height of the blast furnace working space, as
well as the dynamics of filling the blast furnace hearth with
liquid melting products.

The developed information modeling system can be
used by technological staff to study the processes occurring
in blast furnaces, improve the technological modes of oper-
ation, and predict the melting progress in real-time.
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