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INFLUENCE OF CHEMICAL COMPOSITION OF STEELS
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ON THEIR DEFORMATION CHARACTERISTICS
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Abstract. The conducted studies determined the patterns of influence of chemical composition and deformation parameters of ball steels with
experimental chemical composition on their deformability. The development of experimental chemical compositions of ball steels was
carried out based on the existing experience of domestic and foreign researchers, taking into account the possibility of further applica-
tion of the obtained results for ball steels of standard grades. The studies were carried out using a specialized laboratory installation by the
method of hot-rolling samples. An increase in the carbon content in the range of 0.72 — 0.85 %, manganese in the range from 0.72 to 0.85 %,
chromium in the range of 0.38 — 1.71 % and nickel in the range from 0.08 to 0.87 % has a significant effect on increasing the deformation
resistance of steels. At the same time, the quantitative effect of carbon content in the steels on their deformation resistance is much more
pronounced in relation to manganese, chromium and nickel. It was determined that a decrease in the deformation temperature from 1200 to
900 °C, an increase in the deformation rate in the range from 1 to 10 s™! and true deformation in the range 0.05 — 0.35 cause an increase in the
deformation resistance of ball steels, regardless of their chemical composition. The influence of all these parameters on the deformation resis-
tance of steels has a pronounced nonlinear character and the deformation temperature has the greatest relative influence on the deformation
resistance. The data obtained are summarized in the form of a multiple regression equation, which establishes the quantitative relationship
between the resistance of steel to deformation with its chemical composition and deformation parameters. Verification of the adequacy of the
obtained equation in relation to the rolling conditions of ball steel billets of standard grades at the continuous medium-grade mill 450 of JSC
EVRAZ United West Siberian Metallurgical Plant confirmed the possibility of using it to predict the energy-power parameters of rolling ball
steels of various chemical composition.
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UCCNEQOBAHUE BIUAHUA XUMUYECKOTO COCTABA CTANEWN
ana nponssoACTBA MENKOLWUX WLAPOB
HA UX AE®POPMALUMNOHHDbIE XAPAKTEPUCTUKH

A. A. YmMaHckuii ©, B. B. Baiiaun, A. C. CuMayeB

Cubupckuii rocyiapcTBeHHbINH HHAYCTpUAILHBII yHuBepcuTeT (Poccus, 654007, Kemeporckas 061, — Kyszbacc, HoBoky3Herlk,
yi. Kupoga, 42)

&3 umanskii@bk.ru

AHHOmMayus. ABTOPbI ONPEAEINIIN 3aKOHOMEPHOCTH BIMSHHS XMMHYECKOTO COCTaBa U apaMeTpoB Je(opManiy MIapoBhIX CTallel SIKCIePUMEHTaIlb-
HOTO XHMHYECKOTO COCTaBa Ha UX JAe(hopMUPyeMOCTh. Pa3paboTKy SKCIIepUMEHTAIBHBIX XMMUYECKUX COCTABOB IIAPOBBIX CTAJICH BEJIH, ONUPAsICh
Ha UMCIOIIHICS OITBIT OTEYECTBEHHBIX U 3apy0eKHBIX HCCIICIOBATENEH, C yUETOM BOSMOKHOCTH JAaIbHEHIIIETO TPUMEHEHHS TIOJTyYCHHBIX PE3yIlb-
TaToOB JUIS IIAPOBBIX CTAJeH CTaHIAPTHBIX Mapok. MccienoBaHus TPOBOIMINCH C UCIOIb30BAHUEM CIICHUATM3UPOBAHHOM J1ab0paTopHOil ycra-
HOBKH METOJIOM ropsidero kpyueHust oopasnos. [loBelenue conepxanus yniepona B auanasone 0,72 — 0,85 %, mapranna B unrepsaie ot 0,72
10 0,85 %, xpoma B nnanazone 0,38 — 1,71 % u Hukens B unrepsaie ot 0,08 1o 0,87 % oxa3pIBaeT 3HAUNMOE BIMSHHUE HA YBEJIIMUCHHUE COTIPOTHB-
nenus aepopmarmu cranei. [Ipu 9ToM KoJIMYeCTBEHHOE BIMSHHUE COACPKAHMS YINIepoa B CTAISIX Ha UX CONPOTHBICHHE Je(OpMalIUK SBISETCS
3HAYUTEITBHO O0JIee BBIPaXKCHHBIM 110 OTHOIICHHUIO K MapraHIly, XpoMy U HHKelt0. ONpeeneHo, 4To CHIKEHHe Temieparypst nedopmanun ¢ 1200
10 900 °C, yBennuenne ckopoctu aepopmain B uaTepsaie ot 1 1o 10 ¢ u nctunnoit nepopmanun B quanazone 0,05 — 0,35 00ycaaBaMBaroT
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MOBBIILICHUE CONPOTUBIICHUS Je(opMaluy MIAPOBLIX CTaJIed BHE 3aBUCHMOCTH OT MX XMMHYECKOTO COCTaBa. BimsHue Bcex MepedrciIeHHBIX
[apaMeTpOB Ha CONPOTHUBIICHHUE cTaleil 1e)OpMUPOBAHUIO MMEET BHIPAXKCHHEIN HEINHEHHBINH XapakTep U HanOOJbIIee OTHOCHTEIBHOE BIHSHIC
Ha COIPOTHUBJICHUE JeOpMAlUK OKa3bIBacT TeMIeparypa aedopmarun. [lomydeHHble TaHHBIE 0000IIEHBI B BUJIEC YPaBHEHHUS MHOKECTBCHHON
perpeccuy, yCTaHaBIHBAIOIIECTO KOJMYECTBEHHYIO B3aHMOCBI3b CONPOTHBIICHHS CTaIN Ae(OPMHUPOBAHHIO C €€ XMMUYECKUM COCTABOM U IIapaMeT-
pamu nedopmaruu. [IpoBepka ajeKBaTHOCTH MOTYYSHHOTO YPaBHEHHs IIPUMEHHUTEIIBHO K YCIOBUSM IPOKATKU 3arOTOBOK IIAPOBBIX CTAJICH CTaH-
JIAPTHBIX MapoOK Ha HENPepbIBHOM cpenHecopTHOM crane 450 AO «EBPA3 O6bennnenHslit 3anaano-Cubupckuii MeTamTypruieckuii komOuHaT»
HOATBEPANIIA BO3MOXKHOCTb €T0 HCIIONB30BAaHUS I IPOTHO3UPOBAHKS YHEPTOCHIOBBIX ITapaMeTPOB MPOKATKU IIAPOBBIX CTaleil pa3IMIHOTO

XUMHYCCKOIro CoCTaBa.

Kawuessle cao8a: COITPOTUBJICHUE ,ue(bopMauI/m, MEIIONIME HIapbl, COPTOBBIC 3arOTOBKHU, TOPSAYCE KPYHUCHUEC, XUMHUYECKHIA COCTaB, TEMIICPATYPHO-CKO-

POCTHBIE TapamMeTpsl iedopmaruu

Jlns yumupoeanus: Yvmanckuii A.A., baiinna B.B., Cumaues A.C. McciieoBanue BIVSIHAS XMMHYECKOTO COCTaBa CTalIeH /IS IPON3BOACTBA MEITIO-
HIMX [IapOB Ha UX Ae(OPMAIMOHHbIC XapaKTePUCTHKH. M36ecmus y306. Yepnas memannypeus. 2024;67(6):637-643.
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[ InTRODUCTION

Currently, one of the main approaches to improving
the hardness, wear resistance, and impact resistance
of steel grinding balls involves refining their chemical
composition [1 —3]. This is due to the inability of stan-
dard ball steels to meet the required levels of these quality
parameters [4 — 6].

A series of developments aim to improve the chemi-
cal composition of steels to enhance the operational pro-
perties of grinding balls. In studies [7; 8], pilot-indust-
rial trials were conducted for the production of 35 mm
diameter balls from the fifth hardness group using steel
alloyed with manganese and chromium to concentrations
of 0.90 —1.05 and 0.40 %, respectively. The resulting
grinding balls, after heat treatment, exhibited the follo-
wing characteristics:

— surface hardness of 59 — 64 HRC;
— hardness at half of the radius of 55 — 60 HRC;

—coercive force (indicative of internal stresses)
of 44 — 50 units.

A significant number of patents [9— 11] propose
varying the qualitative and quantitative composition
of alloying elements in ball steels within a wide range.
In Russian inventions, manganese and chromium are
the primary alloying elements, with their content in steels
reaching up to 0.90 and 0.60 %, respectively. In cont-
rast, foreign patents distinguish themselves by including
a broader range of alloying elements, such as silicon,
nickel, molybdenum, and niobium, alongside manga-
nese and chromium, with higher levels of manganese and
chromium alloying (upper concentration limits of 2.0 and
1.5 %, respectively).

Currently, there is no consensus on the optimal
chemical composition of steel for grinding ball produc-
tion. However, there is a general trend toward increased
alloying levels in these steels. Increasing the concent-
ration of alloying elements in most cases enhances
deformation resistance during rolling [12 — 14], leading
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to a corresponding increase in loads on rolling mill equip-
ment [15; 16].

Given the significant inaccuracies that arise when
extrapolating deformation resistance data for stan-
dard steel grades to steels with new chemical composi-
tions [17 — 19], experimental studies are needed to eva-
luate these parameters for new grades of ball steels.
In addition to cross-helical rolling mills, multi-stand
large or medium-grade rolling mills used for producing
initial round-section billets are also integral to the tech-
nological cycle of grinding ball production.

[ RESEARCH METHODOLOGY

The study examined five steel samples, each repre-
senting a different variant of chemical composition, pre-
viously analyzed in [20] to investigate the microstructure
formation processes in grinding balls after heat treatment.
The key distinguishing features of these compositions
were as follows (Table 1):

1) presence and degree of alloying with chromium
and nickel;

2) carbon and manganese content in the steel.

The development of these chemical compositions for
ball steels drew on the experience of both domestic and
international researchers. The concentration ranges for
carbon, manganese, chromium, and nickel in the experi-
mental steels were chosen to facilitate the generalization
of results. This allowed for the establishment of relation-
ships between mechanical and deformation characteristics
and the content of these elements, as well as their poten-
tial application to standard grade ball steels (Table 2).

The deformation resistance of the ball steels was stu-
died using a specialized laboratory installation (Fig. 1)
through the hot torsion method. The installation includes
a movable and a fixed shaft located inside a resistance
furnace. Cylindrical samples with additional heads
at their ends are secured in grooves on the shafts. After
being heated to the target temperature, the samples are
subjected to torsion testing by rotating the movable shaft.
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Table 1. Chemical composition of experimental steel samples

Ta6auya 1. XuMmu4ecKkuii cocTaB 00pa3oB ONBITHBIX CTAJIEI

Content, wt. %, steel (variant)
Element
1 2 3 4 5

C 0.73-0.75 0.70-0.74 0.83-0.85 0.72-0.76 0.75-0.78
Si 0.31-0.38 0.32-0.36 0.34-0.37 0.36-0.39 0.30-0.32
Mn 0.75-0.84 0.75-0.78 0.80-0.85 0.76 - 0.78 0.72-0.75
Cr 0.38-0.42 1.43-1.49 0.81-0.83 1.63 -1.71 1.06 —1.10
Ni 0.08 -0.11 0.73-0.75 0.19-0.21 0.85-0.87 0.46-0.48
Cu 0.09-0.12 0.10-0.12 0.11-0.13 0.09-0.11 0.11-0.13
Ti 0.004 — 0.006 | 0.004 —0.005 0.007 0.014-0.016 0.007

A% 0.03-0.04 0.04 0.07 - 0.08 0.04 0.04

S 0.010-0.014 | 0.010-0.013 | 0.015-0.018 | 0.009—0.011 | 0.009 —0.010

P 0.009 - 0.012 | 0.009 —0.013 | 0.009 —0.012 | 0.005—0.008 | 0.008 —0.010

The control unit of the installation, which records
the torque and accumulated strain, enables the determina-
tion of deformation resistance using the following equa-
tion:

1243

3
nd,

(1)

M,

where d is the diameter of the sample before testing, and
M is the torque.

The adequacy of this installation for determining
the plastic and deformation characteristics of steels has
been confirmed by previous studies on rail steels [21].

During the experimental research, the deforma-
tion temperature was varied between 900 and 1200 °C
in increments of 50 °C, while the relative deformation
ranged from 5 to 35 % in increments of 5 %. Deforma-
tion rates of 1, 5, and 10 s™! were used. The selected range

of deformation parameters corresponds to their variation
during the production of section billets and grinding balls
under industrial rolling mill conditions.

[l RESULTS AND DISCUSSION

The analysis of the experimental research results
revealed (Fig.2) that, regardless of the combination
of temperature-velocity parameters and deformation
degree, Steel 4 is the most difficult to deform among
the samples studied, while, Steel / demonstrates sig-
nificantly lower deformation resistance. Meanwhile,
the deformation resistance of Steels 2, 3, and 5 is approxi-
mately at the same level, occupying an intermediate posi-
tion.

These results can be interpreted as follows: for
Steels /1, 2, 4, and 5, the most significant factor influen-
cing deformation resistance was the chromium and nickel

Table 2. Chemical composition of standard grade ball steels

Tabauya 2. XUuMHUYECKUH COCTAB IIAPOBBIX CTAJIEH CTAHIAPTHBIX MAPOK

Steel Element content. wt. %
grade C Si Mn Cr Ni Ti Cu S P
Sh2.1 | 0.60-0.69 | 0.20—0.30 | 0.60—0.70 - - - - <0.025 | <0.030
Sh2.2 | 0.70-0.80 | 0.20—0.30 | 0.60 —0.70 - - - - <0.015 | <0.020
Sh2.3 | 0.65-0.75 | 0.20-0.35 | 0.70—0.80 | 0.30-0.40 | <0.30 - <0.30 | <0.020 | <0.030
Sh2.4 | 0.65-0.75 | 0.20-0.35 | 0.70—-0.80 | 0.35-0.45 | <0.30 - <0.30 | <0.020 | <0.030
Sh2.J1 | 0.65-0.75 | 0.20—0.35 | 0.70—-0.80 | 0.50—0.60 | <0.30 - <0.30 | <0.015 | <0.020
Shl | 0.50-0.65 | 0.17-0.37 | 0.60-0.70 | <0.30 <0.25 <0.03 <0.25 | <0.020 | <0.030
Sh2 | 0.60-0.75 | 0.17-0.37 | 0.65-0.80 | <0.30 <0.25 <0.03 <0.25 | <0.020 | <0.030
Sh4.1 | 0.60—0.70 | 0.35-0.45 | 0.65-0.75 | 0.35-0.45 | <025 <0.03 <0.25 | <0.020 | <0.030
Sh42 | 0.55-0.65 | 0.35-0.45 | 0.65—0.75 | 0.50—0.60 | 0.30—0.40 | 0.02—0.05 | <0.25 | <0.020 | <0.030
Sh5 | 0.65-0.75 | 0.35-0.45 | 0.75-0.85 | 0.55—0.60 | 0.40—0.50 | 0.02—0.05 | <0.25 | <0.020 | <0.030
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Fig. 1. General view (a) and diagram (b) of the installation for testing samples for hot torsion:
1 — transformer; 2 — resistance furnace; 3 — locking screw; 4 — fixed shaft housing; 5 — device for fixing the number of revolutions;
6 — silite heaters; 7 — movable shaft; § — seal; 9 — fixed shaft; /0 — screw nut; // — steel sample; /2 — electric motor; /3 — opening contact; /4 — load

Puc. 1. O6wmwuit Bua () u cxema (b) yCTaHOBKH JUTS UCIIBITAHNI 00pa3IloB Ha ropsiuee KpyueHHe:
1 — tparcopmarop; 2 — 1edb CONPOTUBICHHS; 3 — CTOIOPHBIA BUHT; 4 — KOPITYC HETIO/IBIIKHOTO BaJia;
5 — ycTpoiicTBO [UTsl (hUKCAIMU KOJTMYecTBAa 000POTOB; 6 — CHITUTOBBIC HArpeBaTeNH; 7 — MOIBIKHBII Ball; § — YIUIOTHEHHE,
9 — HeTTOABIKHEIN Bay; /() — BUHT-Talika; // — cranbHON oOpaser; /2 — 3eKTpoaBurareiib; /3 — pa3MbIKAIOIINI KOHTAKT; /4 — Tpy3
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True strain True strain True strain

Fig. 2. Flow curves for ball steels at deformation temperatures of 900 (a — ¢) and 1200 °C (d — f)
and deformation rates of 1 (@, d), 5 (b, ¢) and 10 57! (c, /)

Puc. 2. KpuBble TeueHus JUIs MApOBbIX cTaneil npu temmneparype aedopmaru 900 (a — ¢) u 1200 °C (d —f)
u cxkopoctu nedopmamuu 1 (a, d), 5 (b, e) u 10 ¢! (¢, f)
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content. The deformation resistance of these steels is
directly proportional to the concentration of these ele-
ments. This relationship is particularly evident given
the minimal variations in the concentrations of other ele-
ments. Across the samples, the average deviations in car-
bon, silicon, and manganese content do not exceed 0.045,
0.065, and 0.060 %, respectively (Table 1). For Steel 3,
however, chromium and nickel content are not the deter-
mining factors for its deformability. Despite significantly
lower concentrations of these elements in Steels 2 and 5
(Table 1), Steel 3 exhibits similar deformation resistance.
This behavior in Steel 3 can likely be attributed to its
higher carbon content, exceeding that of Steels 2 and 5
by 0.120 and 0.075 %, respectively, and its higher man-
ganese content, exceeding those of Steels 2 and 5 by 0.06
and 0.09 %, respectively. Overall, the findings suggest
that carbon content plays a quantitatively dominant role
in influencing the deformation resistance of ball steels
compared to other elements studied.

It was also determined that, for all the analyzed steel
compositions, increasing the deformation degree and
deformation rate, as well as decreasing the deformation
temperature, reduces deformability (i.e., increases defor-
mation resistance). Additionally, the influence of these
parameters on deformation resistance exhibits a distinctly
nonlinear pattern, aligning qualitatively with widely
accepted principles. Among the deformation parameters,
temperature has the greatest impact on deformation resis-
tance. For example, lowering the deformation tempera-
ture from 1200 to 900 °C increases deformation resis-
tance by an average of 2.7 times, with deformation rate
and deformation degree held constant. In comparison,
increasing the true deformation from 0.05 to 0.35 results
in only 36 % average increase in deformation resistance
under similar temperature-velocity parameters, while
changes in deformation rate contribute to a maximum
increase of approximately 9 %.

The comprehensive analysis and processing
of the experimental results facilitated the development
of a regression equation that quantitatively describes
the relationship between the deformation resistance
of steels used in grinding ball production, their chemical
composition, and rolling parameters:

G, = (4032[C] +336[Mn] + 546[Cr] +
3255 L
+ 364[Ni])3689 (1000)80.153140.004, @)

where o is the deformation resistance of steel (MPa);
[C], [Mn], [Cr] and [Ni] are the contents of carbon,
manganese, chromium, and nickel in the steel (%); ¢ is
the rolling temperature (°C); € is the true strain; and u is
the deformation rate (s™).

The validity of the equation was confirmed by com-
paring the rolling force calculated based on the com-

puted deformation resistances with the actual rolling
forces measured during the production of 60 mm dia-
meter grinding ball billets from Sh2.1 and Sh2.3 steel
grades (Table 2) at the continuous medium-grade mill
450 of JSC EVRAZ United West Siberian Metallurgical
Combine. The observed deviations did not exceed 10 %
(Fig. 3), demonstrating the reliability of the equation and
its suitability for designing and optimizing rolling modes
for both grinding balls and initial billets.

- CONCLUSIONS

Based on the experimental studies, the relationships
between the chemical composition of ball steels, their
deformation parameters, and deformation resistance were
analyzed both qualitatively and quantitatively. The fin-
dings were consolidated into a multiple regression equa-
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Fig. 3. Rolling force in the roughing stands of the medium-grade
mill 450 of JSC EVRAZ United West Siberian Metallurgical Plant
in the production of a ball furnace with a diameter of 60 mm
made of steel grades Sh2.1 (@) and Sh2.3 (b):

[l — calculation; [l — fact

Puc. 3. Ycunye NIpoKaTKy B YEPHOBBIX KIIETSIX CPEAHECOPTHOTO
crana 450 AO «EBPA3 O6beaunennsiit 3anaano-CuOupckuii
METaJUTyprUueCKii KOMOMHAT) MPU MPOM3BOJICTBE ILIAPOBOW 3arOTOBKU
nuamerpom 60 MM u3 cramu mapok 112.1 (a) u 112.3 (b):

[ — pacuet; @ — dakr
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tion, whose validity was confirmed under production
conditions for ball steel billets at the continuous medium-
grade mill 450 of JSC EVRAZ United West Siberian
Metallurgical Plant.
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APPLICATION OF LOW-TEMPERATURE REDUCTION BY HYDROGEN
FOR ENHANCING THE MAGNETIC CHARACTERISTICS OF SEVERAL IRON ORES
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Abstract. The conversion of non-magnetic or weakly magnetic constituents of iron ores into the magnetic ‘magnetite’ phase was investigated using
partial reduction by hydrogen at temperatures below 400 °C. The examined four commercial iron ores from Russian and Chinese deposits have
significant differences in their compositions and morphologies. All ore samples were crushed using mechanical abrasion in a stamp and sieved
with a mesh size of 1.5 mm. Reduction was carried out in a tube furnace under isothermal conditions at 375 and 400 °C for one hour. To study the
kinetics of the reduction process, non-isothermal studies of selected ores were conducted using a thermogravimetric analyzer with heating to 800 °C
at a heating rate of 10 °C/min in hydrogen flow. The authors made a detailed characterization of the annealed products using X-ray diffraction, scan-
ning electron microscopy and energy dispersive spectroscopy to determine the magnetic characteristics of initial and partially reduced ores. X-ray
diffraction patterns showed hematite peaks in the initial samples; both magnetite and metallic iron peaks were detected in the samples reduced at 375
and 400 °C. Such behavior was observed for all four samples under investigation. The most important result of the study is the confirmation of an order
of magnitude increase in saturation magnetization for hematite ores, in addition the reduced ore samples show soft magnetic properties with average
coercive force values of approximately 20 kA/m. Application of the low-temperature reduction by hydrogen to iron-containing ores is very promising
for production of the materials that could later be subjected to enrichment using magnetic separation methods.

Keywords: iron ores, reduction by hydrogen, hematite, magnetite, metallization kinetics, “green” metallurgy, mineral processing, magnetic properties
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AHHomauuﬂ. B pa60Te HCCJICA0BAIN MIPEBPAILICHUSI HEMAarHUTHBIX WU CJ1a0OMarHUTHBIX KOMITIOHEHTOB KeJIe3HBIX PyA B MAarHUTHY1O (basy «Mar"HeTuT»

B pe3ynbTare YacTHYHOTO BOCCTAaHOBJIEHHWs BoAopoaoM mpu Temmeparypax Hike 400 °C. MccnemoBaHHBIE YeTHIpE BHIA MPOMBINUICHHBIX
JKEJIE3HBIX Py POCCHHCKHMX M KHTAHCKUX MECTOPOXKICHHH CYIIIECTBEHHO Pa3IM4aloTCs 10 cOocTaBy M Mopdoioruu. s MoAroToBKH 00pa3ioB
PYABI U3MENBYAIN C TIOMOIIBI0 MEXaHHYECKOTO UCTHPAHMs B CTYNKE M MPOCEMBAIIM Yepe3 cuTa ¢ pasmepom siueek 1,5 Mm. BoccranoBnenue
TIPOXOJIIJIO B M30TEPMHUYECKHUX YCIOBHAX B TpyOuaroil meun rnpu temreparypax 375 n 400 °C B TedeHne oxHoro yaca. st M3yueHHs KHHETUKU
rpolecca BOCCTAHOBJICHUS ObUIN MPOBEICHBI HEM30TEPMUUCSCKHUE HCCIESIOBAHNS BBIOPAHHBIX Py C UCIIONB30BAHUEM TEPMOTPABUMETPUUECKOTO
ananm3aropa npu Harpese 10 800 °C co ckopocthio HarpeBa 10 °C/MuH B Toke Bojxopona. JletaipHas XapaKTepH3alys UCXOIHBIX W YaCTUYHO
BOCCTAHOBIICHHBIX PYJI OCYIIECTBIISIIACH C HCTIOIb30BAHUEM PEHTI€HOBCKOH MU (PAKIMHU, CKAHUPYIOIIEH HIEKTPOHHOW MUKPOCKOITUH U YHEPTOIHU-
CIIEPCHOHHOMH CIIEKTPOCKOITUH JUTS OTIPEICIICHNSI MATHUTHBIX XapaKTepHCTHK. Ha peHTreHOBCKuX T pakTorpaMMax HCXOIHBIX 00pa3IioB PHUCYT-
CTBYIOT IIMKHU T€MaTUTa, a B BOCCTaHOBIEHHBIX Kak mpu 400 °C, Tak u mpu 375 °C — IUKK MarHeTuTa U METAITMYECKOTO KeJe3a. AHaJIOTHIHOe
MoBeJIeHHe HaOJII0NAIOCh JUIs BCEX YeThIpeX PYyIHbIX 00pasioB. Hanboee BaKHBIM pe3ylibTaToOM HCCIEI0BAHUS SBISICTCS TOATBEPKICHUE YBEIIU-
YeHHs HAMarHUYEHHOCTH HACBIILCHUs Ha TIOPSIIOK JUISl TeMaTHTOBBIX Py, TIPH 3TOM BOCCTAHOBJICHHBIE 00Pa3LIbl PY/bl MOKA3aJIM MATHUTOMSITKUE
CBOMCTBA CO CPEIHHMH 3HAUCHUSMH KOAPIMTHBHOW CHIIbI puMepHO 20 KA/M. TakuMm 00pa3oM 1oka3aHo, YTO MPUMEHEHHE METO/Ia HU3KOTEM-
MepaTypHOro BOCCTAHOBJICHUS BOJOPOZOM Ha XKEJIE3HBIX PyIax ¢ HU3KUM COAEPKaHMeM MAarHUTHBIX (a3 sBISETCS BeChbMa MEePCIEeKTHBHBIM IS
TTOJTYYEHHS MaTepHaIoB, KOTOPBIC B JajibHEHIIIEM MOTYT OBITh ITOJJBEPTHYTHI 00OTal[eHUI0 METOJaMU MAarHUTHOM Ceraparyu.

Kaloueegnie cno8a: xenesnbie PyAbl, BOIOPOAHOC BOCCTAHOBJICHUE, ITEMATUT, MArHETUT, KUHECTUKA METAJJIM3alllH, «3€JICHAas» METAJLUTyprus, oborarie-

HHE ITOJIC3HBIX UCKOIIACMBIX, MATHUTHBIC CBOMCTBa

BbaazodapHocmu: VccnenoBanue BEIIONHEHO 3a cyeT rpanTta Poccuiickoro HayurHoro ¢onza (mpoekt Ne 24-29-00672).

Jnst yumuposanus: Konroxos 10.B., Xanna P., Macnennukos H.A., JIu K., JIsu L., Bypmucrpos U.H., Kapnenkos /1.1O., Kamescknii C.B., Kpas-
yenko M.B. TIprMeHeHHe MeToa HU3KOTEMIIEPaTypHOr0 BOCCTAHOBIICHHUST BOIOPOIOM JIUIsl YJIYUIICHHS MArHUTHBIX XapaKTePUCTHK KEJIC3HBIX
pyn. Hzeecmusi gy306. Yepnas memannypeus. 2024;67(6):644-652. https://doi.org/10.17073/0368-0797-2024-6-644-652

- INTRODUCTION

Humanity is currently deeply concerned about
the issue of global warming, which is primarily linked
to carbon dioxide emissions [1; 2]. Approximately 7 %
of global CO, emissions are attributed to the metallurgi-
cal industry [3]. On average, producing one ton of crude
steel generates 1.9 tons of CO, emissions [4]. Accor-
ding to the World Steel Association, steel production
in the Russian Federation reached 71.5 million tons in
2022, while China produces over 1 billion tons of crude
steel annually [5].

Under increasing pressure from environmental groups
and society, the metallurgical industry will soon need
to reduce its CO, emissions, necessitating a shift to more

environmentally friendly and energy-efficient production
technologies. Among the most promising approaches is
the direct reduction of iron by hydrogen [6; 7], as this
process generates water vapor (H,O) instead of carbon-
containing gaseous byproducts (CO/CO,).

The widespread adoption of direct reduction by
hydrogen is currently limited by the high cost of hydro-
gen, which depends on the methods used for its pro-
duction [8]. The main methods for producing hydrogen
include steam reforming of methane and natural gas, coal
gasification, water electrolysis, pyrolysis, partial oxida-
tion, biotechnology, and atomic hydrogen processes [9].
According to [10], global hydrogen consumption in 2020
was 115 million tons, and forecasts predict this figure
will rise to 530 million tons by 2030.
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Producing one ton of steel requires approximately
51 kg of hydrogen [11]. Calculations indicate that con-
verting hematite to magnetite consumes only 4.31 kg
of hydrogen per ton of Fe,O,. Therefore, during the ini-
tial transition to hydrogen metallurgy, it seems practical
to focus on the partial reduction of iron-bearing materials
during the beneficiation stage, rather than fully reducing
them to metallic iron.

In many iron ores, iron is entirely or partially present
as hematite, which is challenging to extract. In such cases,
reduction by hydrogen can convert hematite into magne-
tite, allowing its subsequent extraction through magnetic
separation [12; 13]. Magnetite-based super-concentrates,
with an iron content exceeding 72 % [14; 15], can be
injected into the lower part of blast furnaces [16; 17]. This
approach can reduce CO, emissions by altering the mass
and thermal balance of the furnace and eliminating
the sintering stage. Additionally, these super-concentrates
have potential as the primary raw material for direct iron
reduction processes in shaft and hearth furnaces [18].
Using partially reduced oxides as feedstock is expected
to shorten the time required for full iron reduction [19],
thereby improving production energy efficiency.

Most research on the kinetics of reduction by hydro-
gen of iron ore materials focuses on processes at tem-
peratures between 500 and 1000 °C, culminating in
the production of metallic iron [4; 20]. In these studies,
magnetite formation is treated as an intermediate reac-
tion in the overall reduction process leading to pure iron.
However, studies on the low-temperature (below 400 °C)
reduction of iron ores by hydrogen are rare. This study
aimed to investigate the feasibility of converting non-
magnetic or weakly magnetic components of iron ores
into magnetite through partial reduction in a hydrogen
flow at temperatures below 400 °C.

- SAMPLE PREPARATION AND RESEARCH METHODS

The study focused on hematite ore (sinter ore) from
the Varichev Mikhailovsky GOK (ore 4), iron ore from
the Pechegubsky deposit of the Olenegorsk GOK (ore B),
and ores provided by partners from China (ores C and D).

For the Russian ores, gangue material was separated
using laboratory sieves. All ores were then mechanically
ground in a laboratory mortar and sieved through a mesh
with 1.5 mm openings.

Isothermal reduction experiments were con-
ducted in a Carbolite Gero KST/KZS tube furnace
(UK) at 375 and 400 °C. Ceramic boats with dimen-
sions of 100x20x15 mm were used, and the thickness
of the powder layer was maintained at 2 — 3 mm. Samples
were preheated in a helium flow, after which the helium
flow was replaced with hydrogen. Hydrogen was supplied
by SAM-1 and TsvetChrom hydrogen generators (Rus-
sia) with a combined capacity of 80 L/h and dried before-
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hand using a silica gel system. After holding the samples
at the target temperature, they were cooled in a helium
flow.

Reduction studies under linear heating modes were
performed at a rate of 10 °C/min in a hydrogen atmos-
phere using an SDT Q600 thermogravimetric analyzer
(USA).

The phase composition of the samples was analyzed
using a TDM-20 tabletop X-ray diffractometer (China)
equipped with a copper anode. Diffraction data were
processed using Match!3 software (Crystal Impact, Ger-
many).

The gas atmosphere generated during oxidative
annealing at 800 °C was studied using a ChemBet Pul-
sar flow chemisorption analyzer (USA), which also
regulated the air flow rate. During the experiments,
a U-shaped quartz reactor was heated in an air flow at
arate of 50 °C/min up to 500 °C. The gas-air mixture was
then heated further to 800 °C at a rate of 30 °C/min and
directed to a Pfeiffer Vacuum OmniStar GSD 320 quadru-
pole mass spectrometer (Germany). The mass spectrome-
ter analyzed a range of 1 to 300 atomic mass units (amu).
Since no significant signals were observed in the ranges
of 1—10 and 45-300 amu, the analysis focused on
the range of 10 — 45 amu.

Micrographs were obtained using a TESCAN
VEGA3 SB scanning electron microscope (Czech Repub-
lic). Elemental analysis was conducted via energy-disper-
sive spectroscopy (EDS) using an INCA Energy 450 attach-
ment (UK). The probe diameter for elemental composition
measurements was 300 nm, with an accuracy £1 %.

Magnetic properties were measured using a VSM-130
vibrating sample magnetometer (Dexing Magnet Com-
pany, China) with a magnetic moment measurement
accuracy of 1107 A-m?2,

[ RESULTS AND DISCUSSION

Fig. 1 presents micrographs of the initial materials.
The ore particles of Russian origin predominantly have
a rounded shape (Fig. 1, a, b), which is typical of natu-
ral materials that have not been subjected to inten-
sive grinding. The particle size distribution in ore 4 is
relatively narrow, ranging from 10 to 160 um. In ore B,
most particles are within the range of 50— 800 um,
with some exceeding 1 mm in diameter. Ore C (of Chi-
nese origin) contains particles with flaky and fractured
shapes (Fig. 1, ¢). The fractured particles are small, ran-
ging from 3 to 35 pm, while the flaky particles are much
larger, measuring between 10 and 100 um in size and
1 — 3 um in thickness. This microstructure suggests that
ore C is like a mixture of two or more types of iron ore
materials. Ore D (also of Chinese origin) consists of frac-
tured and spherical particles (Fig. 1, d) of submicron size,
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Fig. 1. SEM photos: ore 4 (a), B (b), C (c¢) and D (d)

Puc. 1. Muxkpodotorpaduun: pyna 4 (a), B (b), C (c) u D (d)

ranging from 3 to 35 um. It is well-known that magnetite
ores are generally difficult to grind, and grinding is one
of the most cost-intensive operations in mineral benefi-
ciation. The submicron size of the particles in ore D may
indicate that the material underwent preliminary condi-
tioning to extract more valuable elements.

Table 1 summarizes the elemental composition
of the initial and hydrogen-treated ores (processed for

1 h at 375 °C), as determined by energy-dispersive X-ray
spectroscopy (EDX). The results reveal similar composi-
tions among the studied materials. The Russian ores are
characterized by high silicon content (over 20 wt. %),
as they had not undergone prior beneficiation. Sodium,
at concentrations of 0.7 — 0.8 wt. %, is present only in
ore B. Sulfur, in amounts ranging from 0.2 to 0.6 wt. %,
is found in all samples except ore C, where no sulfur was

Table 1. Elemental composition of iron ore materials in the initial state and after processing
in hydrogen flow at a temperature of 375 °C for 1 h

Tabauya 1. D1eMeHTHBIH COCTAB KeJ1e30PYIHBIX MATEPHAJIOB B HCXOIHOM COCTOSIHUHU U 10cJIe 00padoTKu
B TOKe Bogopoaa npu remneparype 375 °C B Teyenue 1 4

) Element content, wt. %
Material state - -
(0] ‘ Na ‘ Mg ‘ Al ‘ Si ‘ S ‘ K ‘ Ca ‘ Fe ‘ Mn ‘ Ti ‘ Ba
Ore 4
Initial state 41.74 | —* 045 | 291 | 20.10 | 0.61 | 046 | 0.53 | 33.21 - - -
After processing | 26.76 - 0.51 | 2.55 | 21.10 | 1.37 | 0.52 | 1.16 | 46.03 - - -
Ore B
Initial state 46.73 | 0.81 | 2.38 | 3.42 | 21.88 | 0.18 | 1.05 | 1.92 | 2148 - 0.15 -
After processing | 41.37 | 0.71 | 233 | 3.14 | 2740 | 043 | 1.02 | 235 | 21.34 - - -
Ore C
Initial state 33.10 - 1.02 | 1.23 1.43 - 026 | 528 | 57.67 - - -
After processing | 23.16 - 135 | 1.73 2.70 - 037 | 636 | 64.32 - - -
Ore D
Initial state 33.69 - - 1.55 3.20 035 | 040 | 2.81 | 56.76 | 0.85 - 0.39
After processing | 29.23 - 0.65 1.85 4.39 0.52 | 0.52 | 452 | 57.14 1.18 - -
* — below the detection limit of the EDX method for the respective element.
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detected. The absence of sulfur in ore C may be due to its
high calcium content, which could either have been inten-
tionally added or naturally present in the raw material as
carbonates or other compounds.

The presence of carbon in the studied iron ore materials
was examined by analyzing the gases released during cal-
cination in air. The spectra confirmed that at 800 °C, CO,
is released at m/z =44, resulting from the decomposi-
tion of carbonates. As an example, Fig. 2 shows the mass
spectrum of the gas phase generated during the calcina-
tion of a sample from ore C in air at 800 °C. The total
mass loss during oxidative annealing was 3.52 % for
ore A and 3.16 % for ore B. In contrast, the Chinese iron
ores exhibited significantly higher mass losses: 19.59 %
for ore C and 12.45 % for ore D. These higher values for
the Chinese ores can be attributed to their higher carbo-
nate content and lower silica content.

The interaction of iron ore materials with hydrogen
under non-isothermal conditions showed noticeable dif-
ferences in mass-change patterns. A comparative analysis
of the thermogravimetric curves (Fig. 3) revealed both
common trends and distinctive features in the metalliza-
tion process of iron ores from different sources in a hydro-
gen stream. Metallization refers to the partial or complete
decomposition of oxides and their reduction to metals or
lower oxides.

For ore A, the first two peaks on the thermogram
(Fig. 3,a, DTG curve) correspond to the removal
of adsorbed moisture. The peak near 300 °C likely repre-
sents the decomposition of hydroxides, which may have
formed during the ore’s exposure to moisture. In the tem-
perature range of 350 —450 °C, hematite is reduced
to magnetite. In subsequent stages, magnetite is reduced
to metallic iron (below 570 °C), bypassing the forma-
tion of wiistite. Since mass loss does not cease at 570 °C,
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Fig. 2. Mass spectra of the gas phase formed during air blowing
of ore 4 at 25 and 800 °C
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it is possible that an intermediate FeO product forms
in the 570 — 800 °C range. A small peak near 800 °C is
likely due to the decomposition of carbonates. The maxi-
mum reaction rate occurs at 570 °C.
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Fig. 3. Thermogravimetric curves of iron ore processing in hydrogen
flow in linear heating mode at a rate of 10 °C/min:
a—ore A; b—ore B; ¢ —ore C; d—ore D
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The temperature ranges for the metallization of ores B
and A4 are similar (Fig. 3, b), despite ore B being classi-
fied as a magnetite type. Its composition includes small
amounts of iron hydroxide and hematite. At the final stage,
a significant mass loss occurs due to its higher calcium
content and, consequently, a greater amount of carbo-
nates. The maximum reaction rate is observed at 580 °C.

The thermogram of ore C (Fig. 3, ¢) shows two pri-
mary peaks, supporting the earlier hypothesis that this
sample was produced by mechanically mixing two dif-
ferent iron ore materials (likely natural ore and a bene-
ficiation byproduct). The maximum reaction rates are
observed at 520 and 650 °C. The lower temperature
for the first peak can be attributed to the high disper-
sion of particles, which enhances the reactivity of some
of the ore material.

The metallization process for ore D (Fig. 3, d) differs
from the other three samples. Despite the high dispersion
of this material, reduction begins only at 550 °C, with
the maximum reaction rate occurring at 770 °C. This sug-
gests that this iron ore material is not a concentrate but is
more likely a byproduct obtained during mineral proces-
sing [21].

To investigate sample behavior under isothermal
conditions, temperatures of 375 and 400 °C were cho-
sen, and samples of ores 4 and D were processed in
hydrogen for 1 h at these temperatures. The diffraction
patterns of the initial materials show peaks correspon-
ding to the hematite phase (Fig. 4). Treatment at 375 °C
resulted in the complete transformation of the hematite
phase into magnetite for all samples. Additionally, peaks
for metallic iron appeared in the diffraction patterns,
demonstrating the feasibility of producing metallic iron
at temperatures below 400 °C. No significant differences

were observed between the diffraction patterns obtained
at 375 and 400 °C, indicating that the processes at these
temperatures are qualitatively similar, differing only
slightly in the extent of their completion.

Fig. 5 presents the results of magnetic property mea-
surements for the initial materials and those processed
at 375 °C in a hydrogen flow for one hour.

Magnetization measurements were conducted on non-
compacted isotropic powders of both the initial ores and
the reduction products. The key magnetic characteristics
of the samples are summarized in Table 2.

An analysis of the field dependence curves indicates
that all samples exhibit soft magnetic properties, with
average coercive force values around 20 kA/m. The rec-
tangularity coefficient of the hysteresis loops (M /M)
suggests that the samples are composed of isotropic mag-
netic phases. Reduction annealing significantly increased
the saturation magnetization of all samples (except ore B)
by an order of magnitude. This increase is attributed
to the formation of numerous iron-containing phases with
high magnetic properties during thermal treatment. This
observation is supported by X-ray phase analysis results.
It is important to note that high saturation magnetization
is a critical parameter for optimizing magnetic separation
conditions for iron-containing ores.

Thus, the significant enhancement in magnetic proper-
ties underscores the potential of low-temperature reduc-
tion by hydrogen for producing materials that can be fur-
ther processed using magnetic separation methods.

- CONCLUSIONS

The study demonstrated the feasibility of partial reduc-
tion of selected types of iron ore materials by hydrogen
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Fig. 4. XRD curves of ore 4 («) and ore D (b) in the initial state (/) and processed at temperatures of 375 (2) and 400 °C (3)
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Table 2. Magnetic characteristics for ore materials in the initial state and processed at a temperature of 375 °C

Ta6auya 2. MarHUTHbIE XapAKTePUCTHKH /LISl PYIHBIX MATEPHAJIOB B HCXOITHOM COCTOSTHUU
u 00paboTaHHBIX IpU Temnepatype 375 °C

G Saturatiz)z.r;a;z)gftll:gization, Residuzlir.nna:;g)r/lﬁtgization, Coerlc(i;/f nforce, MM
y initial 5.50 0.49 12.7 0.09
after reduction 53.80 8.37 15.8 0.16
initial 24.80 0.51 2.4 0.02
B after reduction 21.30 0.49 2.3 0.02
initial 2.65 10.90 19.5 4.11
¢ after reduction 62.00 0.48 20.1 0.01
D initial 3.76 0.28 10.9 0.07
after reduction 62.90 13.90 24.9 0.22

at temperatures below 400 °C, including those with a high
SiO, content (over 20 wt. %) and large average particle
sizes (over 1 mm).

It was established that processing the studied iron ore
samples in a hydrogen flow at 375 °C for one hour results
in the formation of magnetite phases and partially reduced
iron. No residual hematite phases were detected in the dif-
fraction patterns of the samples.

The processing of hematite iron ores with hydrogen
at 375 °C significantly enhances their magnetic properties,
making the material promising for enrichment using mag-
netic separation methods.
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Abstract. Metal resistance to the formation of contact fatigue defects and wear development has a great influence on the consumer properties of rails.
The most significant factors limiting the service life of rails in curved sections of the railway track are wear of rails of the outer threads and develop-
ment of contact fatigue defects in the inner threads of the track. In this regard, methods of reliable laboratory assessment of the rail metal resistance
become important in the development of new products. The paper describes the change in the nature of damage to rails of various hardness categories
by contact fatigue defects, and evaluates their wear resistance. The study of defects and forecasting of the rail resource require an integrated approach.
The paper provides a brief description of modeling the conditions of formation and accumulation of contact fatigue defects. The parameters under
consideration have an effect on the wear resistance of rail metal of various chemical compositions. During the testing, the rails microstructure and
the nature of crack growth change. The authors made a comparative analysis of the data obtained characterizing the wear resistance of rail steels
of various hardness categories. The basis of the methodology for assessing the wear resistance of railway rails is the physical modeling of adhesion-
deformation mechanism of friction of the samples on a roller friction machine (tribometer). During laboratory tests of the studied categories of rails,
the friction machine automatically outputs and records a number of computational parameters shown in the work. The conducted research is promising
from a practical point of view. The results obtained can be used to develop a theory to increase the service life of differentially hardened rails produced
by JSC EVRAZ United West Siberian Metallurgical Plant.

Keywords: tribometer, wear, wear resistance, rails, hardness, defects, friction, microstructure, deformed structure
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AnHomayus. bonblioe BiAUsSHUE HA MOTPEOUTEIHCKHE CBOHCTBA PEIbCOB OKAa3bIBACT CTOMKOCTh METajlla K 00pa30BaHMIO 1e()EKTOB KOHTAKTHON
YCTaJIOCTH U pa3BUTHIO M3HOca. Hanbomnee 3Ha4MMBIMK (paKTOpaMH, TUMHUTHUPYIOIMMH CPOK CITy’KOBI PEIbCOB B KPUBBIX y4acCTKaX KEIC3HO-
JIOPOYKHOTO ITYTH, SIBISIIOTCSI U3HOC PEJIbCOB HAPYXKHBIX HUTEH M pa3BUTHE IE(PEKTOB KOHTAKTHON yCTAJlIOCTH BO BHYTPEHHHUX HUTIX MyTH. B
CBSI3U C 3TUM IIpH pa3pabOTKe HOBOI NMPOAYKIMH BAaXKHOE 3HAYEHUE NMPHOOPETAIOT METOIBI JTOCTOBEPHON JIAOOPATOPHON OLEHKH CTOMKOCTH
penbcoBoro Merauia. B paboTe onuchiBaeTcs H3MEHEHHE XapakTepa MOBPEXKIaEMOCTH PEIbCOB PA3IMYHBIX KATErOPUH TBEPAOCTH AeeKTaMu
KOHTAKTHOH yCTaJOCTH, IIPOBOJUTCS OLEHKA X W3HOCOCTOHKOCTH. MccnenoBanue 1e()eKTOB M MPOrHO3UPOBAHNE PECypca PEIbCOB TPeOyIOT
KOMIUIEKCHOTO mojxoza. IIpuBopuTes KpaTkoe OnMcaHue MOJSIMPOBAHUS YCIOBUI 00pa30BaHMs M HAKOMJICHWS] KOHTAKTHO-YCTaJIOCTHBIX
nedekroB. PaccMarpuBaeMbie mapaMeTpbl OKa3bIBAIOT BIMSHUE HAa H3HOCOCTOMKOCTH PEIbCOBOTO METAJLIa PA3IMYHOIO XMMHUUECKOTO COCTABA.
B npouecce ucnbITaHui H3MEHSIOTCS MUKPOCTPYKTYPaA PEIbCOB U XapakTep pocTa TPELIMH. ABTOPBI IIPOBEIH CPABHUTEIbHBIA aHATIU3 MOIY-
YEHHBIX JAHHBIX, XapaKTEPU3YIOUMX M3HOCOCTOWKOCTh PENLCOBBIX CTaJICH Pa3IMYHBIX Kareropuii TBepaocTH. OCHOBOI METOIMKH OLECHKH
M3HOCOCTOMKOCTH HKEJIC3HOMOPOIKHBIX PEIbCOB SBISETCS (U3MUECKOE MOISIUPOBAHHUE NPOLECCa aAre3MOHHO-1e(OPMALIMOHHOTO MEXaHU3Ma
TpeHHUs1 00pa3I0B Ha POIMKOBOM MamHe TpeHus (Tpudomerp). [Ipu npoBeaeHnn 1a060paTOPHBIX UCIIBITAHUH HCCIEYEMBIX KATETOPUH PEIbCOB
MallMHa TPEHUS] ABTOMATHYECKH BbIIAET U (PUKCUPYET LeIbIi Psil BBIYUCIUTENBHBIX TApaMETPOB, OKa3aHHBIX B padote. [IpoBeneHHbIe nccie-
JIOBaHUS SIBJISIIOTCS TIEPCIICKTUBHBIMU C MPAKTUYECKOM TOYKU 3penus. [lonmyueHHble pe3ynbraTbl MOI'YT OBITh MCHOJIB30BAHBI JUIS Pa3BUTHS
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- INTRODUCTION

According to GOST R 51685, the quality of rail
steel is evaluated based on a range of mechanical pro-
perties, including yield strength (cy), ultimate tensile
strength (c,), elongation (3;), reduction of area (9),
impact toughness, impact toughness, hardness of the run-
ning surface and cross-section, and the level of residual
stresses. Additionally, compliance with requirements
for micro- and macrostructure, non-metallic inclusions,
surface quality, straightness, and other parameters is
assessed. These factors influence the operational pro-
perties of rails; however, similar characteristics can be
achieved through different approaches, such as alloying,
heat treatment, and variations in force and temperature
modes during rolling. Each treatment method activates
distinct mechanisms of strengthening and structure for-
mation, which directly impact resistance to contact
fatigue defects and wear resistance. These differences
become especially pronounced when rails are used on
curved sections of the track. Rails on the outer threads
of curves experience significant wear due to lateral forces
from the wheel flanges of rolling stock. These forces arise
from the interaction between the rotating wheels and
the tangent to the curve of the rails [1 — 3].

Historically, hardness was considered the primary
indicator of wear resistance in steel. However, recent
studies [4; 5] suggest that the nature of wear is much
more complex, and wear resistance cannot be evaluated
solely based on hardness. Abrasive wear is influenced
by the hardness, strength, and plasticity of the steel.
Additionally, wear resistance depends on the chemical
composition, production technology, and microstructure
of the rails [6 — 8].

With the growth of heavy-duty transportation and
the general trend toward increasing freight intensity,
the issue of rail wear in curved sections and the formation
of contact fatigue defects has become increasingly sig-
nificant. Numerous studies [10 — 15] have been devoted
to identifying the mechanisms of defect formation and
progression, as well as understanding the structural
changes in rails during operation. Additional research has
focused on evaluating the operational properties of rails
either directly in service [16 —21] or through the use
of specialized test rigs [22; 23] that simulate the wheel-
rail interaction on a full scale. Full-scale wheel-rail test
rigs provide precise assessments of rail wear resistance
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by testing the rail as an integrated structure, accounting
for variations in structure and properties across the cross-
section. These tests offer insights into rail performance
at different stages of its life cycle. However, direct in-
service measurements have significant limitations, inclu-
ding the substantial influence of specific operating condi-
tions during field tests and the lengthy duration required
for both field (~2.0 — 2.5 years) and laboratory stand
(~0.5 — 1.0 years) tests. Furthermore, wheel-rail test rigs
are expensive and currently unavailable in Russia.

Thus, a key challenge in modern railway rail pro-
duction is developing and implementing new labora-
tory methods to assess the resistance of rail steel to wear
and contact fatigue defects. These methods will allow
for evaluating the effectiveness of technological solu-
tions and expedite the development of high-demand pro-
ducts. Establishing a scientifically grounded methodo-
logy for assessing rail wear resistance is a priority, as no
standardized approach currently exists in the available
technical documentation.

[ MATERIALS AND METHODS

In this study, the focus was on differentially harde-
ned R65 rails of compositions / and 2, produced by
JSC EVRAZ United West Siberian Metallurgical Plant
(JSC EVRAZ ZSMK) using 76KhF steel in accordance
with GOST R 51685 —2022. The chemical composi-
tion of 76KhF steel, as per GOST R 51685 — 2022,
is as follows (wt. %): C0.71 —0.84; Mn 0.75 — 1.25;
Si0.25-1.00;, P=>0.020; S>0.020; Al>0.004;
Cr 0.20 — 0.60; V 0.03 — 0.15. The grades differ in carbon
and manganese content: grade / — 0.76 % C, 0.79 % Mn;
grade 2 - 0.81 % C, 0.97 % Mn.

Friction tests were performed using a roller friction
machine with the following specifications:

— load: up to 5 kN;
— sample rotation speed: up to 3000 rpm;

— ability to test with or without lubricants, with hea-
ting of lubricants up to 100 °C.

The machine is equipped with wear sensors, an eddy
current sensor, and two vibration sensors measuring
in three planes (x, y, z).

All samples were tested under consistent conditions:
—load: 1.2 kN;
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— rail roller rotation speed: 217 rpm;
— slip ratio: ~10 %;

— test duration: 120 min;

— contact roller hardness: HRC 59;
—no lubricants used.

The machine also recorded several computational
parameters in the form of graphs, including the coeffi-
cient of friction, slip ratio, friction force, sliding speed,
speed of increase, and the relationship between slip and
roller diameter. Parameters were dynamically adjusted
to reflect changes introduced during the tests.

During the experiments, the sliding speed of the con-
tact roller was varied to maintain a consistent slip ratio
of 10 %, accounting for changes in roller diameter due
to friction.

For the laboratory evaluation of wear resistance, one
sample was cut from rails of compositions / and 2 from
current production according to the specified design
(Fig. 1).

A thermally strengthened roller made of 31Mn4 steel
with a hardness of (59 + 59) + 2 HRC in accordance with
the European standard DIN 1544, was used as the contact
sample. The diagram of the contact sample is shown in
Fig. 2.

The evaluation of the wear rate of rail rollers was
conducted over 52,000 to 156,000 revolutions to elimi-
nate the influence of surface quality at the beginning

20
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Fig. 1. Scheme and place of cutting samples
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Fig. 2. Diagram of the contact sample

Puc. 2. Cxema KOHTaKTHOTO 00pa3ua

of the tests and the effect of metal delamination during
the final test cycles.

Wear resistance was determined as the recipro-
cal of wear rate. Due to the minimal mass loss during
testing, laboratory analytical scales with an accuracy
of up to 0.0001 g were used:

w="1"" 107

cycle

where W is the wear resistance, g/cycle; m, and m, are
sample masses before and after testing, g; Nae is
the number of revolutions (1 cycle = 2600 revolutions).
The factors influencing the wear resistance of rail
steel include a combination of several characteristics that
allow for the assessment and improvement of rail steel
performance in terms of wear resistance. These characte-
ristics are: material hardness; chemical composition (car-
bide-forming carbon) and sulfur content (which deter-
mines the quantity of manganese and iron sulfides that
act as stress concentrators in micro-damage zones during
wear) [16]; microstructure parameters (interlamellar
spacing, grain diameter, size of pearlite colonies, volu-
metric fraction of cementite); influence of carbides and
carbonitrides (their quantity, shape, and distribution) [4].

[l COMPARATIVE ANALYSIS OF THE RESULTS

The hardness of the metal in the tested samples was
measured using the Vickers method on a “Qness Q10A+”
microhardness tester at seven points on the sample sur-
face under a load of 50 N. The measurement results are
presented in Table 1.

The data show that the hardness of the samples from
rails with composition 2 is 7.85 % higher compared
to those with composition /.

The microstructure of the rail steel was studied on
transverse polished sections prepared from the fillet zone
of the rail head after electropolishing and etching in a4 %
ethanol solution of nitric acid. The investigations were
conducted using a scanning electron microscope (SEM).
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Table 1. Results of hardness measurements of the samples

Ta6auya 1. Pe3ynbTaThl H3MepeHHii TBEPAOCTH 06Pa3 0B

Table 2. Parameters of the rail microstructure

Ta6auya 2. llapaMeTpbl MUKPOCTPYKTYPbI PeJibCOB

Compo- Hardness, HV, at measurement points
sition 1 2 3 4 5 6 7
1 405 | 395 | 384 | 387 | 392 | 402 | 402
2 433 | 426 | 432 | 439 | 437 | 428 | 436

The analyzed area was located 2 —4 mm from the run-
ning surface of the rail head.

The results of these measurements are presented in
Table 2 and Fig. 3.

The analysis of the data indicates that the interlamellar
spacing in the microstructure of the steel from rails with
composition / slightly exceeds that of rails with compo-
sition 2. At the same time, the grain diameter in the steel

Fig. 3. Microstructure of metal of the rails of composition / (a)
and composition 2 (b)

Puc. 3. MuKpoCTpyKTypa MeTajlia peiabcoB cocrasa / (a)
u cocrasa 2 (b)
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Compo- | Interlamellar Grain Grain
sition spacing, pm diameter, pm | number
1 0,109 24.20 8
2 0,091 19.50 9

3.0
2.668
et N e

1.491

y=6E-06x +0.7344
R =0.398 | 5

s —

— 1.084 1,046
- 1.049

Wear rate, g/cycle
o

0
26 52 78 104 130 156 182 208 234 260 286
N-103, cycle

Fig. 4. Wear rate of the rail samples of composition / (@)
and composition 2 ()

Puc. 4. IHTeHCUBHOCTB M3HOCA peibcoB cocTasa / (@)
u cocrasa 2 ()

of rails with lower carbon and manganese content (com-
position /) is 1.0 grade larger than that of rails with com-
position 2. The grain sizes correspond to 24.20 um (grain
number 8) for composition / and 19.50 um (grain num-
ber 9) for composition 2.

The average wear rate of samples from rails with
composition 2 was 1.0665-107 g/cycle, which is 13.5 %
lower than the wear rate of samples from rails with com-
position /, measured at 1.2324-107 g/cycle.

It is worth noting that after 182,000 revolutions,
the samples cut from rails with composition / exhibited a
sharp increase in mass loss (Fig. 4).

The microstructure of the samples after the friction
test cycle was studied using an Olympus JX71 optical
inverted microscope. Microstructural analysis revealed a
fibrous-deformed structure with a layer thickness of up
to 82.4 um on the edges of samples with composition 2
and up to 103.9 pm on the edges of samples with compo-
sition / (Figs. 5, a, b). In the central part of the samples,
the layer thickness reached up to 67.7 um for composi-
tion 2 and up to 77.6 pm for composition / (Figs. 5, ¢, d).

- CONCLUSIONS

An increase in carbon and manganese content in rail
steel enhances its wear resistance and resistance to con-
tact fatigue defects.
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Fig. 5. Fibrous-deformed structure along the edges of the rail samples (a, b) and along the central part of the rail samples (c, d)
of composition / (a, ¢) and composition 2 (b, d)

Puc. 5. Bonoxaucro-znedopMupoBaHHAst CTPYKTypa IO KpasM 00pasIioB PenbCoB (¢, b) U MO HEeHTPaIbHOH YacTi 00pasIoB
penbeoB (¢, d) coctasa I (a, ¢) u coctaa 2 (b, d)

The scientific findings of this study can be used

to advance the theory of extending rail service life, reduc-
ing maintenance costs, and improving the reliability
of differentially hardened rails produced by JSC EVRAZ
United West Siberian Metallurgical Plant.
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SUB-ELECTRODE GAP AND SPECIFIC ELECTRICAL RESISTANCE
OF A FERROALLOY FURNACE BATH

A. P. Shkirmontov®

I Financial University under the Government of the Russian Federation (49/2 Leningradskii Ave., Moscow 125167, Russian
Federation)
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Abstract. To increase the energy-technological efficiency of a ferroalloy furnace, the author studied the smelting of 45 % ferrosilicon by a carbon-thermal
method. In some cases, methods for measuring and changing the specific electrical resistance of charge materials at temperatures up to 1900 K are
used to study the technology of smelting ferroalloys for smelting manganese alloys from various ores, carbonaceous ferrochrome, ferrosilicon,
ferrosilicon manganese and ferrosilicon aluminum. For a series of heats of 45 % ferrosilicon, measurements of the useful voltage, electrode current,
and power factor were carried out. As smelting progressed, the bath resistance was calculated and for the reaction melting zone (melting crucible),
the specific electrical resistance in the single-electrode version of the furnace was determined at various sub-electrode gaps. Smelting using tech-
nology with an increased sub-electrode gap was performed in a large-scale experimental electric furnace with a capacity of 130 —290 kV-A.
As a result, it was found that an increase in the sub-electrode gap from (0.6 = 0.9) to 6.0 of electrode diameters leads to the effect of a 2.5-fold
increase in resistance, voltage and power in the bath (each indicator), but at the same time to a slight decrease in the specific electrical resistance
of the melting zone of the furnace with a constant diameter (150 mm) of the electrode. The optimal sub-electrode gap (electrode — substrate distance)
in the bath of a single-electrode furnace was determined by changing the specific electrical resistance. The optimal value is 3.33 of the electrode
diameter. Assuming deviations of about +5 % of this value, it is possible to efficiently smelt 45 % ferrosilicon in the range of 3.2 — 3.5 electrode
diameters for the sub-electrode gap during the ore recovery process with a closed arc.

Keywords: ferroalloys, electric furnace, sub-electrode gap, electrode current, operating voltage, bath resistance, power factor, recovery rate
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NoA3NEKTPOAHDBIA NPOMEXYTOK
N YAENBbHOE 3/IEKTPOCOMNPOTUBNEHUE BAHHDI
®EPPOCMNNABHOMN NEYU
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AHHOmMayus. ]Iy NOBBILIEHUS YHEPrOTEXHOJIOTHYECKOH d(eKTHBHOCTH pabOThl (eppoCIIaBHON NEYM MPOBEICHBbI MCCIIENOBAHUS BBIIIABKU
45 %-Horo (eppoCHINIUS YIIEPOTOTEPMUICCKIM CIIOCO00M. JIJIs HccIe0BaHNS TEXHOIOTHH BBIIIIABKY ()eppOCILIaBOB B PsLE CIydaeB IpHUMe-
HSIOT CIIOCOOBI 3aMepa U N3MEHEHHs YAEJIBHOIO HIEKTPOCONPOTUBIICHHS IIMXTOBBIX MaTepuaoB Ipu Temreparypax 10 1900 K mis BblruiaBku
MapraHIeBbIX CIUIABOB U3 PAa3IMYHBIX Py, YIIEPOTHUCTOro (eppoxpoma, (Geppocumunus, GpeppoCHINKOMapranna 1 (GpeppoCHInKOaTIOMUHUSL.
Jlist cepun mmaBok 45 %-Horo (heppoCHIIHIMS IPOBOIMIN 3aMepPhl MOJIE€3HOTO HANPSKEHUS, CUIIBI TOKA JIEKTPoja, KOG UIHEHTa MOIIHOCTH.
ITo Mepe BBIIITABKH PAaCCUUTHIBAIM CONPOTHUBICHNUE BAaHHBI U IV PEAKIMOHHOI IIaBUIBHOM 30HBI (IUIABHJIBHOTO THIVIS) OHPENEILUIN YACIbHOS
9JIEKTPOCOIPOTHBIICHIE B OJHOICKTPOAHOM MEUH MPH PA3IMYHbIX MOIICKTPOAHBIX IPOMEKYTKaX. BhIIIaBKa 110 TEXHOIOTUH C YBEIHMYCHHBIM
MOJIAIIEKTPOAHBIM POMEXKYTKOM BBIIIOJHEHA B KPYITHOMACIITAOHOH ONBITHON 2JIeKTporneyn MomHocThio 130 — 290 kB-A. VBennueHue noadex-
TpoaHoro npomexxytka ot (0,6 +0,9) 1o 6,0 anamMeTpoB 1eKTposia NPUBOAUT K (P(PeKTy MOBBILEHHUS B 2,5 pa3a CONPOTUBICHUS, HANPSKESHUS
U MOIIHOCTH B BaHHE (Ka)XKIOTO IIOKA3aTells), HO IPH 3TOM HECKOJIBKO CHIDKACTCS YASIbHOE 3JIEKTPOCONPOTHBICHHE IIABIIFHON 30HBI IEUH IIPH
HenzMeHHOM anamerpe (150 mm) anexrpona. OnpesnesieH OnTUMAIbHBIH TOAIEKTPOAHBIN IPOMEKYTOK (PACCTOSIHUE MIEKTPOJ — MOJMHA) B BAaHHE
OIHOJICKTPOIHOMN IIEYH TI0 U3MEHEHHIO YAEIBHOIO 3IEKTPOCONPOTHBICHHA. ONTHMAIBHBIM ABIACTCS 3HaueHHe 3,33 nuameTpa anekrpoza. [lpu
JIOMYILEHUH OTKJIIOHEHUH OKOJIO £5 % OT 3TOM BETMYUHBI BO3BMOXHO NPOBOANUTD d(P(PEKTUBHYIO BBIILIABKY 45 %-HOTo (heppoCHIIHIIHSA B IHAIa30HE
3,2 — 3,5 auamMeTpoB 3IEKTPoa I MOA3IEKTPOTHOTO IPOMEXKYTKA IPU PYJOBOCCTAHOBHTEIFHOM HPOLECCE C 3aKPHITOH TyTOH.
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- INTRODUCTION

The smelting of ferroalloys using the carbon-ther-
mal method is one of the most energy-intensive [1] and
material-consuming processes [2] in ferrous metallurgy.
The efficiency of a ferroalloy electric furnace depends on
numerous factors, including the technological specifics
of smelting from ore materials [3; 4]; electrical parame-
ters and operating modes [5; 6]; energy technology
parameters, particularly the thermal operation of the fer-
roalloy furnace bath; and the design features of melting
units.

One of the key parameters in ferroalloy production is
the sub-electrode gap — the distance between the elect-
rode and the furnace substrate within the furnace bath.
For traditional ferroalloy electric furnace designs, when
smelting silicon, chromium, and manganese alloys using
the carbon-thermal method, the sub-electrode gap typi-
cally ranges from approximately 0.6 to 0.9 electrode
diameters [7]. Electric furnaces operate in a combined
mode of resistance and electric arc, characterized
by high electrode current values (tens of kiloamperes)
and relatively low voltage, resulting in low active bath
resistance.

To enhance energy-technological parameters and
enable furnace operation at higher voltages, a smelting
technology with an increased sub-electrode gap (exceed-
ing the traditional values of 0.6 0.9 electrode dia-
meters) was proposed. This approach improves energy
efficiency. By significantly increasing the bath depth,
this technology eliminates the need to reduce electrode
penetration into the charge while increasing active bath
resistance, operating voltage, power factor, and the elect-
rical and thermal efficiency of the furnace [8]. The criti-
cal challenge, however, lies in determining the optimal
distance to which the electrode—substrate gap can be
increased. Increasing this gap also expands the melting
zone, including its vertical dimensions within the fur-
nace bath, which necessitates a significant increase in
bath depth.

The aim of this study was to smelt 45 % ferrosili-
con using the carbon-thermal method and to determine
the optimal value for the sub-electrode gap (electrode—
substrate distance) in the bath of a single-electrode fer-
roalloy furnace. The goal was to achieve this without
reducing electrode penetration into the charge or nega-
tively affecting the smelting parameters for ferrosilicon.
This investigation was conducted using a large-scale
experimental electric furnace.

[ RESEARCH METHOD

To study ferroalloy smelting technology, methods for
measuring and adjusting the specific electrical resistance
of charge materials at temperatures up to 1900 K are
commongly applied. These methods have been used for
various materials, including manganese alloys derived
from Kazakh ores [9], carbonaceous ferrochrome, fer-
romanganese, 75 % ferrosilicon, ferrosilicomanganese
MnSil7 [10], ferrosilicoaluminum [11], chromium
alloys [12], and carbonaceous reductants [13]. Most
research has concentrated on measuring the specific elect-
rical resistance of non-traditional carbonaceous reduc-
tants for ferroalloys [14; 15] and silicon [16; 17].

In the present study, a series of heats was conducted
to smelt 45 % ferrosilicon. Measurements were taken
for useful voltage, electrode current, and power factor,
while bath resistance and the reaction melting zone (mel-
ting crucible) were calculated to determine the specific
electrical resistance in a single-electrode furnace under
various sub-electrode gap conditions.

Before smelting, the furnace bath lining was gra-
dually heated with current applied to coke for at least
24 h. After preheating, the current load was increased,
and the first portions of the charge were introduced
to initiate smelting with a closed arc. The first tapping
of ferrosilicon through the spout occurred no earlier than
two hours after the furnace started operating, with a gra-
dual buildup of the burden level achieved by adding small
portions of the charge. Subsequent ferrosilicon tappings
were performed hourly, accompanied by periodic addi-
tions of the charge. Throughout the process, the electrode
current (or current density) was maintained within con-
sistent limits, close to the maximum allowable values
for the 150 mm diameter graphitized electrode used in
the furnace. During stable furnace operation, the work-
ing voltage and sub-electrode gap were gradually
increased without changing the electrode penetration into
the charge between tappings or reducing the ferrosilicon
temperature at the furnace outlet [18].

[l SMELTING UNIT DESCRIPTION

The smelting unit was a single-electrode shaft fur-
nace powered by alternating current at a frequency
of 50 Hz, supplied to the working graphitized electrode
and the electrically conductive carbon substrate. The fur-
nace featured a tapping spout for ferrosilicon, with an
electrode diameter of 150 mm and an electrode current
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of approximately 4.7 kA. The insulating part of the lin-
ing was composed of fireclay bricks and granules, while
the working layer of the walls was made of chromomag-
nesite bricks. To enhance durability, the furnace hearth (its
lower section) was lined with carbon blocks up to a height
of one electrode diameter. The substrate lining consisted
of sheet asbestos, fireclay granules, four layers of fireclay
bricks, two layers of carbon blocks, and a packing layer
of electrode paste. The bath and electrically conductive
substrate had a cross-section of 500500 mm, with a bath
depth of 1200 mm. During smelting, the smelting unit
operated at a power range of 130 to 290 kV-A [8].

[ RESULTS AND DISCUSSION

The smelting of 45 % ferrosilicon was conducted
using traditional charge materials, including quartzite,
coke, and iron turnings. The electrode penetration into
the charge was maintained at no less than 1.5 — 1.7 elect-
rode diameters. As a baseline for comparison, the initial
smelting was performed with a traditional sub-electrode
gap of 0.6 + 0.9 electrode diameters. During prolonged
smelting, the electrode—substrate distance was gradu-
ally increased by incrementally raising the operating
voltage while maintaining a constant electrode current.
The maximum sub-electrode gap achieved was 6.0 elect-
rode diameters. The active bath resistance increased from
4.8 to 12 mQ, representing a 2.5-fold rise. Similarly, fur-
nace power and voltage increased at this electrode—sub-
strate distance without reducing the electrode penetration
into the charge, facilitated by the significant increase in

30 30
g
og;-? G
E 52 g
gzg 20 120
246 2
S 55 g
°s g 2
.g-gg 5]
SRR =
£88 10 4110 =
IR s
f @
0 L L 0
0.5 2.5 4.5 6.5

Sub-electrode gap
in electrode diameters

Changes in the bath active resistance and specific electrical resistance
of the furnace melting zone depending on increase
in sub-electrode gap when smelting 45 % ferrosilicon:
@ — ratio of specific electrical resistance to the electrode diameter;
A — resistance of the furnace bath

M3MeHeHHe akTHBHOTO CONPOTUBIICHHUSI BAHHBI U Y/IEJILHOTO
9IIEKTPOCONPOTHBIIEHNUS TUIABUIILHOM 30HbI IIEYN
pH BbITIaBKe 45 %-HOro GpeppocHuuus B 3aBUCUMOCTH
OT MOZYIIEKTPOAHOTO IPOMEKYTKA:
@ — OTHOLIEHHUE Y/IEIILHOTO AIEKTPOCOIPOTUBICHHS K JUAMETPY
9NEKTPOAA; A — CONPOTHBIEHUE BAaHHBI IIEYN
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the furnace bath depth. Notably, the bath resistance did
not change linearly with the increase in the electrode—
substrate distance. Consequently, despite the significant
rise in bath resistance, a decrease in the specific elec-
trical resistance of the melting zone was observed [19]
(see Figure).

The furnace power factor improved from 0.905
to 0.976, while electrical efficiency increased from
0.904 to 0.942. The relatively low thermal efficiency,
typical of small furnaces, increased from 0.309 to 0.374.
Specific energy consumption was reduced from 9020
to 7168 kW-h/ton due to the introduction of additional
power into the furnace bath. Over the entire smelting
campaign, silicon recovery into the alloy ranged from
91.9 — 92.1 %, with the tapping temperature of the alloy
between 1650 and 1720 °C. The silicon content in
the resulting alloy was 42.3 —45.6 % Si, fully meeting
the standard requirements.

Based on the studies of bath resistance and the specific
electrical resistance of the melting zone as influenced
by the sub-electrode gap during smelting in a ferroalloy
furnace, the following relationships were derived:

R =5.61(h/d_ )" (1)
pld, = 18.69(h/d_ ), 2)

where R is the resistance of the furnace bath; A/d, is
the sub-electrode gap, expressed in electrode diame-
ters; p/d, is the ratio of the specific electrical resistance
of the melting zone to the electrode diameter.

Despite the significant increase in bath resistance
observed during the smelting of 45 9% ferrosilicon,
a notable decrease in the specific electrical resistance
of the furnace melting zone was recorded as the sub-
electrode gap (electrode—substrate distance) increased
from 0.6 + 0.9 to 6.0 electrode diameters (see Figure).

According to monographs by B.M. Strunsky [20; 21],
which consolidate findings by P.V. Sergeev [22],
W.H. Kelly, M.J. Morkramer, and other researchers on
ferroalloy smelting in electric furnaces, the specific elect-
rical resistance of various alloys spans the following
ranges:

—0.60 ~0.95 Q-cm for 45 % ferrosilicon;

—0.50 + 1.25 Q-cm for 75 % ferrosilicon;

—0+2.00 Q-cm for high carbon ferrochrome;
—0.20 + 0.55 Q-cm for high carbon ferromanganese;
—0.25 + 0.38 Q-cm for ferrosilicon manganese.

Given that the relative sub-electrode gap for standard
ferroalloy smelting typically ranges from 0.6 + 0.9 elec-
trode diameters, variations in bath resistance are signifi-
cant and substantially affect furnace regulation.
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By solving the system of equations derived from
equation (1) (reflecting an increase in bath resistance) and
equation (2) (indicating a decrease in the specific elect-
rical resistance of the melting zone), the optimal sub-
electrode gap was calculated. The results showed that
the optimal sub-electrode gap for smelting is 3.33 elect-
rode diameters. Under these conditions, the furnace
parameters for ferrosilicon smelting achieved favorable
values: power factor up to 0.939; electrical efficiency up
to 0.921; thermal efficiency up to 0.364. Allowing for
a £5 % deviation from this optimal sub-electrode gap,
ferroalloy smelting can be effectively performed within
the range of 3.2 —3.5 electrode diameters. However,
operating with a larger sub-electrode gap would neces-
sitate further increasing the bath depth.

[ ConcLusIONs

The smelting of 45 % ferrosilicon by the carbon-
thermal method, with an increased sub-electrode gap
ranging from 0.6 + 0.9 to 6.0 electrode diameters, leads
to a 2.5-fold increase in bath resistance, voltage, and
power. This increase is accompanied by a noticeable
reduction in the specific electrical resistance of the fur-
nace melting zone. The optimal sub-electrode gap was
determined to be 3.33 electrode diameters. With an
allowable deviation of £5 %, ferroalloy smelting can be
effectively carried out within the range of 3.2 — 3.5 elect-
rode diameters.
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Abstract. The resistance of metals and alloys to plastic deformation has functional properties, since it depends on the history of the development
of deformation over time. This is especially true for hot deformation processes. At the same time, complexity of the mathematical description
and lack of the necessary experimental equipment for a long time did not allow us to design functionals of this type. Currently, due to the emer-
gence of multifunctional research complexes like Gleeble, such an opportunity has appeared. Accordingly, a methodology was developed
to study the functional properties of the resistance of metals and alloys of plastic deformation, which was applied to the study of 12Kh18N10T
steel. The choice of steel grade is due to the fact that the behavior of austenitic stainless steel during plastic deformation differs significantly
from carbon steels. On the other hand, at present, more and more attention is being paid to the production of metal products from stainless
steels. This is due, on the one hand, to the tightening of the operating conditions of metal products, the development of new areas of their appli-
cation and, on the other hand, a fairly high share of imports in the market of products made of austenitic stainless steels. Therefore, the study
of the technological properties of such metals and alloys is relevant. At the same time, it should be noted that the most significant functional
properties of the metal resistance to plastic deformation are manifested during hot deformation under continuous rolling conditions. Therefore,
in this paper, the temperature range of hot plastic deformation is investigated. The results obtained can be used to determine the energy-power
parameters in such processes as continuous rolling of strips in the finishing groups of strands and continuous rolling of sleeves in the lines
of modern pipe rolling units.

Keywords: continuous rolling, metal resistance to plastic deformation, hot deformation, history of deformation, austenitic class, technological properties
of metal, energy-power parameters
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AnHomayus. ConpoTHBICHHE METAJIOB U CIUIABOB IUIACTHYECKOW JedopMaini MMeeT CBOMCTBA (yHKIMOHANA, TaK KaK 3aBUCHT OT UCTOPUH
pa3BuTHs fAedopmanuy Bo BpeMeHH. OCOOEHHO 9TO XapaKTepHO IS POLIECCOB ropsiueii nedopmannu. Bmecre ¢ TeM ClI0KHOCTh MaTeMaTHye-
CKOTO OITHCaHMs U OTCYTCTBHE HEOOXOANMOT0 IKCIIEPUMEHTAILHOTO 000PYI0BAHUSI I0IT0E BPEMsI HE TTO3BOJISUTH KOHCTPYHPOBATH (PYHKIIMOHAIIBI
MoJJ00HOTO THMA. B HacTosiliee BpeMsi B CBSI3U C IOSIBICHHEM MHOTO(YHKIIMOHAIBHBIX HCCIIENIOBAaTEIbCKUX KOMIUIekcoB Tma Gleeble Takas
BO3MOXKHOCTb MOsiBHIach. COOTBETCTBEHHO ObLTa pazpaboTaHa METOIMKA UCCIIEIOBAaHUS (PYHKI[HOHAIBHBIX CBOWCTB COMPOTHBICHHS METAILIOB
¥ CIUIaBOB IUIACTHYecKoW aedopmannu, Kotopas Obuia nmpuMeHeHa ais uccinenoBanus cramu 12X18HI10T. Beibop mMapku cramu o0ycioBieH
TEM, 4TO NOBE/ICHHE HEP)KaBEIONICH CTali ayCTEHUTHOTO KJIacca IPH IUIACTHYECKOM Je(h)OpPMHPOBAHUN CYHIIECTBEHHO OTIMYAETCS OT yIJIepo-
JCeThIX craneid. C Ipyroil CTOPOHBI, B HACTOSIEE BPEMs BOIPOCAM IIPOU3BOACTBA METAJUIOU3/ICNINH U3 HEPKABEIOIINX MAPOK CTallM y/els-
eTcst Bce OOIblIe BHUMAHHUA. DTO CBSI3aHO, C OJHOW CTOPOHBI, C Y)KECTOUCHHEM YCIIOBUI SKCILTyaTal[id METAION3ACIHNA, OCBOCHHEM HOBBIX
obracTell X MPUMEHEHHs W, C JPYroil CTOPOHBI, JOCTATOYHO BBICOKOW JOJICH MMITOPTA HA PHIHKE W3/ICIHUN M3 HEpPIKaBEIOIIMX MapOK CTajH
ayCTEHHTHOTO Kiacca. [IoaToMy mcciieioBaHHe TEXHOJIIOTHUECKUX CBOMCTB IMOJOOHBIX METAJUIOB M CIUIABOB SBIIAETCS aKTyaJlbHBIM. lIpn sTOM
ClIe/lyeT OTMETHUTD, YTO HauboJiee 3aMeTHO (hpyHKIIMOHAIIbHbIE CBOHCTBA CONPOTUBIICHUS METAJUIA IUIACTHYECKON 1e(opMaliuy POSIBISIOTCS IPU
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ropssuemM ﬂe(i)OpMHpOBaHI/H/I B YCIIOBUAX HereprBHOﬁ IIPOKATKH. HOSTOMy B JlaHHOﬁ pa60Te HCCIICA0BaH TeMl'[epaTypHBIﬁ HUHTCpBaI FOpﬂqeﬁ
TJIACTUYECKOM ;[e(bopMauI/m. HOJ’Iy‘-IeHHLIe Pe3yabTaThl MOTYT OBITH HCITOJIB30BAHEI JUIST OIIPEACIICHUST SHECPIrOCHUIIOBBIX IMapaMETPOB B TaKUX
Ipoueccax, Kak HeIpepbIBHAs IIPOKATKa 110JIOC B YUCTOBLIX I'pyIIiax KJIeTeH 1 HETIPpEPbIBHAA pacKaTKa Ir'ujib3 B JIMHUAX COBPEMEHHBIX pr601'lp0-

KaTHBIX arperaroB.
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- INTRODUCTION

The most productive and efficient method for manu-
facturing long metal products is continuous rolling.
Recently, this method has been widely used in the pro-
duction of rolled sections, strips, and pipes [1 —3].
On the other hand, the quality of the final product
rolled on continuous mills is significantly influenced
by the adjustment of the mill’s rate mode, which, in turn,
determines the level of energy-power parameters. There-
fore, to establish an optimal rate mode for the continu-
ous rolling process, it is necessary to have relationships
that link the kinematic parameters with the forces acting
on the deformation zone boundaries.

Several studies [4 — 6] describe a methodology for
determining such relationships. Analysis of the results
obtained using this methodology for calculating rolling
forces in continuous rolling has shown that the calcu-
lated values correspond quite well to actual values but
are consistently underestimated. It should be noted that
the rolling force is directly proportional to the metal’s
resistance to plastic deformation [7]. Further research
hasrevealed that commonly used methods for calculating
the resistance of metals to plastic deformation [8; 9] pro-
vide underestimated results when calculating the tech-
nological parameters of continuous rolling processes.
This discrepancy arises because these methods do not
account for the actual transformation of strength proper-
ties, particularly the residual strengthening after rolling
in the previous stand of the mill. The effect of defor-
mation history on the resistance of metals to plastic
deformation during continuous hot strip rolling is also
noted in [10]; however, the modeling employs expres-
sions similar to those mentioned earlier. The above
observations highlight the need for additional research
into the resistance to plastic deformation of various steel
grades.

One of the most in-demand types of metal products
is seamless pipes made from stainless steel grades, par-
ticularly 12Kh18N10T [11]. Since continuous rolling is
the most productive and economically efficient process for
shell rolling in the production of seamless pipes [12; 13],
studying the patterns of plastic deformation resistance
formation in 12Kh18NI10T steel during continuous roll-
ing is highly relevant.
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[ RESEARCH METHODS

In this study, experiments were conducted
using the modern universal testing system Gleeble
3800 [14 — 16] in a vacuum environment (low vacuum)
on the PocketJaw module, with chromel-alumel thermo-
couples welded to the samples (for temperature control
during heating and measurement of deformation-induced
heating). The samples were heated at a rate of 5 °C/s
to the test temperature, followed by a 5-min hold, using
electric current. High-temperature sensors for longitu-
dinal and transverse deformation were used to measure
deformation.

To determine the strain hardening rate of the steel, ten-
sile tests were conducted at room temperature. The work-
ing hypothesis assumed that softening processes were
absent under these conditions.

The behavior of metal resistance to plastic deforma-
tion during testing depends on its initial value, which,
in turn, is influenced by the heating temperature. There-
fore, a separate series of tensile tests was conducted on
12Kh18N10T steel samples at temperatures ranging from
800 to 1200 °C in 100 °C increments.

To determine the softening rate, stepwise tensile test-
ing of cylindrical samples was performed with varying
pause durations at temperatures from 800 to 1200 °C in
100 °C increments. It was assumed that during the pauses,
no hardening processes occurred, and the decrease in
stress characterized the softening rate.

All experimental data were processed using the least
squares method in accordance with the methodology pre-
sented in [17].

B ResuLts

The general appearance of the strain hardening curves
for 12Kh18N10T stainless steel, obtained from uniaxial
tensile tests at various temperatures, is shown in Fig. 1.

The approximation of the strain hardening curve
was based on results obtained at a temperature of 25 °C
(Table 1).

In [18], it is noted that a power-law relationship is
well-suited for approximating the dependence of the plas-
tic deformation resistance of metals and alloys on strain
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Table 1. Plastic deformation resistance of 12Kh18N10T steel at 25 °C

Ta6auya 1. ConpoTusjieHue miacrudyeckoi aepopmanuu craiau 12X18H10T npu remneparype 25 °C

Logarithmic strain 0.1 02 | 03

05 ] 06 | 07 | 08 | 09 1.0

Stress, MPa 380 | 530 | 600

720 | 790 | 900 | 980

1100 | 1170 | 1270

1400

1200

1000

800

600

True stress, MPa

400

200

0 0.1 02 03 04 05 06 07 08 09 1.0

Logarithmic strain

Fig. 1. Influence of logarithmic strain measure
and temperature on plastic deformation resistance of 12Kh18N10T steel
at temperature, °C:
1-25;2-2800; 3-900; 4—-1000; 5—1100; 6 — 1200

Puc. 1. Biusinye orapu)MHUYecKoro rnokasares aepopmarnuu
U TEMIIEpaTyphl Ha CONPOTUBICHUE IITACTHYIECKOIl AedopMaIy cTa-
s 12X18H10T npu Temneparype, °C:
1-25;2-2800; 3-900; 4—-1000; 5—1100; 6 — 1200

level in cold conditions. Processing the experimental
data using the least squares method yielded the following
equation for 12KhI18N10T steel

6,0 =200 + 1064675,

where ¢ is the logarithmic strain.

The statistical processing of experimental data
(Table 2) also made it possible to determine the nature
of the temperature’s influence on the initial resistance
of 12Kh18N10T steel to plastic deformation.

The resulting empirical relationship can be repre-
sented as:

13506, j(””

G,0(0,) = 200[ or

where 0 is the heating temperature of the sample.

It should be noted that the plastic deformation resis-
tance of 12Kh18N10T steel in tensile tests has been pre-
viously studied. For example, in [19], based on exten-
sive experimental research, an original methodology was
proposed. According to this methodology, regardless
ofthe steel grade, the ratio of the actual value of the metal’s

plastic deformation resistance o, to the average o for
a given strain ¢ remains constant. The average plastic
deformation resistance value is determined experimen-
tally. Specifically, at South Ural State University, using
this methodology and a cam plastometer, the following
relationship was obtained for 12Kh18N10T steel:

o, = 1892407402637 exp(-0.00227),

where u is the strain rate; ¢ is the heating temperature.

At the same time, it should be noted that the reliability
of the results obtained thus far requires verification, as
the equipment, methodologies, and measurement tech-
niques used had certain errors.

On the other hand, the capabilities of modern research
equipment significantly enhance the accuracy of results
and broaden their applicability. In particular, stepwise
loading of samples now enables the study of softening
behavior during inter-deformation pauses. Similar stu-
dies using the Gleeble 3800 universal testing system are
known [20], although they primarily focus on examining
the metal structure. Therefore, stepwise tensile tests were
conducted to obtain the relationship of the softening coef-
ficient [8] as a function of temperature. As an example,
Fig. 2 shows a record of the changes in the metal’s plas-
tic deformation resistance, taking into account the inter-
deformation pause.

As a result, processing the presented experimental
data using the least squares method yielded the following
relationship:

k=47529"1 (93
25

Table 2. Initial value of plastic deformation resistance
of 12Kh18N10T steel at different temperatures

Ta6auya 2. HauajibHOE 3HAYEHHE COMPOTHBJIEHHUS
njacruueckoii redpopmanuu cranu 12X18H10T
MpH Pa3IMYHBIX TeMIIepaTypax

Temperature, °C
Parameter
800 | 900 | 1000 | 1100 | 1200
Stress, MPa 100 | 100 | 60 | 40 | 30
Calulated value, | o3 7| 76 16 | 62.81 | 46.87 | 30.05
MPa
Error, % 69 | 218 | 47 | 172 | 02
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- ANALYSIS AND DISCUSSION OF RESULTS

The investigation of the plastic deformation resistance
of 12Kh18NI10T steel confirmed the existing informa-
tion regarding the intensive strain hardening of this steel
grade during cold deformation. The hardening behavior
is accurately described by a power-law relationship.

The proposed new relationship for the initial plastic
deformation resistance of 12Kh18N10T steel as a func-
tion of heating temperature provides a satisfactory quali-
tative and quantitative description of this dependence.
A relatively large error is observed at a temperature
of about 900 °C. However, on the other hand, the shell
rolling process occurs at higher temperatures, where
the proposed relationship shows good agreement with
the actual data. Nevertheless, the search for a more suit-
able regression equation remains an open question.

The temperature dependence of the softening coeffi-
cient for 12Kh18N10T steel was determined for the first
time. Previously, no attempts had been made to include
a constant term in this equation. An analysis of the pro-
posed relationship revealed that, according to calcula-
tions, the softening coefficient may take negative values
at higher temperatures. This outcome lacks physical
validity, as the softening coefficient represents the time
required for the metal to fully soften. To address this
issue, the constant term in the formula should be set
to zero or higher. However, calculations indicate that this
adjustment compromises the accuracy of the approxi-
mation at lower temperatures. Therefore, it is suggested
to retain the current formula but assign a value of zero
to the softening coefficient in cases where negative values

300
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are calculated. Alternatively, a more suitable regression
equation could be developed to address this issue.

The investigation of the softening behavior
of 12Kh18N10T steel at high temperatures revealed
a distinct characteristic: it exhibits more intense softening
between reductions compared to, for instance, ferritic-
pearlitic steels [8].

As previously demonstrated [17], to determine
the actual value of metal plastic deformation resistance
while accounting for its time-dependent evolution,
the entire duration of the deformation process, including
pauses between reductions, is divided into discrete time
intervals. For each i-th time interval, the plastic deforma-
tion resistance is calculated using a recursive formula.

The results of the study on the plastic deformation
resistance of 12Kh18NI10T steel allow for the proposal
of the following recursive equation for determining this
resistance within the temperature range of 900 — 1200 °C

0.87
1350 —
o, =200 1350 =8, +
‘ 1325
+)°41064(8) ™ —£)7) + (0,4 — 5 )

i=1

At .
4‘751350—1‘
t-25

x| exp| —

where i is the number of the time interval into which
the deformation time is divided; m is the total number

250
200
150
100 F,

50
0 ! 1 1 I 1
5

70
60
50
40
30

550

556

Time, s

Fig. 2. Change in plastic deformation resistance of 12Kh18N10T steel under stepwise tension at temperature, °C:
a—900; b—1000; ¢ — 1100; d — 1200

Puc. 2. I3menenue conporusienus aedopmarun crammn 12X18H10T npu crynenyaToM pactsbkeHud pu Temmneparype, °C:
a—900; b—1000; ¢ — 1100; d — 1200
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of time intervals into which the deformation time is
divided; At, is the duration of the time interval.

[ ConcLusiONs

The plastic deformation resistance of 12Kh18N10T

steel in the hot state was studied. In addition to determin-
ing specific empirical coefficients, a notable characteris-
tic of stainless steel deformation was identified — a signi-
ficantly higher softening rate compared to ferritic-pearlitic
steels.

The extensive experimental data collected can be

used to calculate the deformation parameters and energy-
power characteristics of the continuous shell rolling pro-
cess for austenitic stainless steels on mills equipped with
a controlled moving mandrel.
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Abstract. The study considers ways to increase the efficiency of reduction of iron oxides from man-made waste (dust from electric arc furnaces) using
mechanochemical activation (MCA), grinding and pressing. The analysis of chemical and phase compositions of the dust samples was carried out,
which made it possible to identify their potential for processing. The experiments included a study of the effect of grinding and pressing at pres-
sures up to 300 MPa on the materials’ phase composition, as well as an assessment of the effects of coke addition during MCA. To study the effect
of pressing pressure on the reduction processes, briquettes were fired at a temperature of 1200 °C. The results showed that the degree of iron metalliza-
tion increases with an increase in pressing pressure: concentration of metallic iron reaches 19 % at a pressure of 300 MPa, which is higher compared
to 17 % in the initial state without pressing. The novelty of the work lies in optimizing the pressing parameters and demonstrating its effect on the iron
reduction process. The proposed conditions make it possible to increase the efficiency of processing man-made waste, which can be used to improve
the environmental and economic components of production.
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AnHomayus. PaccmoTpensl ciocoObl MOBBIIEHNS P()EKTHBHOCTH BOCCTAHOBICHHS OKCHIOB JKele3a U3 TEXHOTCHHBIX OTXO/OB (TIBLICH AyroBoii
CTaJICTIABUIIBHOMN T1€YH) C IPUMEHEHHEM MEXaHOXMMHUYECKOH aKTHBALMHK, IOMOJIAa U npeccoBanus. [IpoBeeH aHaIu3 XUMUYECKOro H (ha3oBOro
COCTaBOB 00PA31I0B MbUIEH, YTO MO3BOJINIIO BBISIBUTH UX MOTEHIUAT JUTs EpepadOTKH. DKCIIEPUMEHTBI BKIIIOYAIH HCCIIE0BAHUE BIMSHUS IOMOJIA
U npeccoBanus npu gasineHusx 10 300 MITa Ha $a3oBblif cocTaB MaTepuasos, a TAKKe OLCHKY d(dekra 100aBIeHUs KOKCa B IPOLIECCE MEXaHO-
XUMHYECKOH akTuBauuu. [list M3ydeHus BIMSHUS JAaBICHUS IPECCOBAHMS Ha BOCCTAHOBHUTEIBHBIE IIPOLIECCHI OB IPOBEACH 00XKUT OPUKETOB MPH
temmeparype 1200 °C. IToiydeHHbIe pe3yJbTaThl MOKA3aJlH, YTO CTEINCHb METAIN3ALMH JKeJie3a BO3PAcTaeT MPH YBEINYCHUH JABICHUS IPec-
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COBaHMUs: COACPIKAHNEC METAJUIMYCCKOIO JKEJI€3a JOCTUracT 19 % Ipyu 1aBJICHUN 300 MHa, YTO BBILIC 110 CPAaBHEHUIO C 17% B HCXOOHOM COCTO-
SHAN 0e3 TIpeccoBaHUsl. Hosuzna paGOTLI 3aKJIIOYACTCs B ONITUMH3ALNN ITAPAMCTPOB IPECCOBAHUA U ACMOHCTPALIMU €ro BJIMAHHUSA Ha IIPOLECC
BOCCTAHOBJICHHA XKCJIC3a. HpeJIHO)KeHHBIe YCJIOBHS MTO3BOJISAIOT IOBBICUTH 3(1)(1)6KTI/IBHOCTB nepepaGOTKH TCXHOT'CHHBIX OTXOI0B, YTO MOXKET OBITH
HCIIOJIb30BAHO JUIS yIIYyUIICHUS 9KOJIOTUYECKOM U SKOHOMHYECKOM COCTaBJISIIOIIUX IIPOMU3BOACTBA.

Kawuessle ca108a: MexaHOXUMUYECKast aKTHUBaIYs, CTAJICIIABUIIBHBIC ITbIIN, METAJUIU3AlUA, BOCCTAHOBICHUE OKCUIO0B, U3BJICUCHUC IIMHKA, (ba30131>1171
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[ INTRODUCTION

The processing of man-made raw materials has
become one of the key challenges in modern industry and
environmental management. Man-made raw materials
include various wastes and by-products generated during
industrial processes. These materials often contain valu-
able components, such as metals, minerals, and chemical
compounds, which can be extracted and reused. The effi-
ciency of raw material processing can be enhanced
through grinding and pressing, i.e., mechanochemical
activation (MCA) [1; 2].

Mechanochemical activation is a process in which
mechanical action is applied to solid substances, lea-
ding to changes in their physicochemical properties. This
action can involve operations such as grinding, pressing,
rolling, or other forms of mechanical impact. The MCA
process is employed to enhance material reactivity [3],
modify phase composition [4], improve interactions
between components, and activate chemical reactions [5]
that would otherwise occur slowly or not at all under
standard conditions.

Outlined below are the key aspects of MCA.

* Grinding and lattice destruction. During grin-
ding, the crystalline lattice of solid substances is dis-
rupted, leading to the formation of defects and an increase
in the specific surface area. This enhances the material’s
reactivity, as defects can serve as nucleation centers for
new phases and initiate chemical reactions [6 — 8].

» Formation of active centers. Mechanical impact
generates active centers on the particle surfaces, including
free radicals, lattice defects, and surface irregularities.
These active centers can trigger chemical reactions that
would otherwise occur very slowly or require high tem-
peratures and catalysts under normal conditions [9; 10].

e Phase composition changes. Mechanochemi-
cal activation can significantly alter a material’s phase
composition. For example, new phases that were absent
in the initial material may form, or existing phases may
transform into more stable or reactive forms [11 — 13].

* Increased chemical activity. Mechanochemically
activated materials often demonstrate heightened chemi-
cal activity. This enhanced reactivity can be leveraged

672

to accelerate the reduction of metals from oxides, syn-
thesize new compounds, or break down otherwise stable
chemical bonds [14 — 16].

» Lower reaction temperatures. Mechanochemi-
cal activation enables many chemical reactions to occur
at lower temperatures than would otherwise be necessary.
This effect is attributed to the accumulation of mechani-
cal energy within the material, which helps to overcome
the reaction’s energy barrier [17; 18].

Thus, MCA is an important tool for controlling
the physicochemical properties of materials, enabling
the development of innovative technologies and pro-
cesses.

In earlier experiments on the conditions of the pyro-
metallurgical reduction of oxide scale, it was found that
increasing the pressing pressure of the scale during its
preparation for firing from 0 to 300 MPa doubled its metal-
lization degree during heating, while the onset tempera-
ture of metallization decreased by more than 40 °C [19].
It was hypothesized that the observed effects during
the pyrometallurgical reduction of oxide scale result from
the mechanochemical activation of iron oxides in the scale
during pressing. Accordingly, the objective of this study is
to confirm this hypothesis, optimize the pressing parame-
ters, and demonstrate the impact of mechanical processing
of raw materials on the iron reduction process.

- EVALUATION OF FRANKLINITE DECOMPOSITION
POTENTIAL DURING MCA

The effects of grinding and pressing pressure on
the phase composition of electric arc furnace (EAF)
dust were studied. To evaluate the influence of MCA on
the phase composition of EAF dust, the tested dust samp-
les were mixed to prepare an averaged sample, which was
then ground for 2 min and pressed at pressures ranging
from 0 to 300 MPa. The composition of the raw mixture
in the first series and the processing conditions are pre-
sented in Table 1.

In the second series, coke was added to the dust, and
the raw mixture was subjected to MCA. The composition
of the raw mixture in the second series and the processing
conditions are shown in Table 2.
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Table 1. Composition of raw material mixture
of the first series and processing mode

Ta6auya 1. CocTaB chIpbeBOii cMecH NepBoii cepuu
H pe:KMMbI 00padoTKHU

Composition Pressin
. g
Sample o o coke L L2 p—
ID min
% . % o MPa
1.1 0 0
12 2 0
1.3 100 | 20 | © 0 2 100
1.4 2 200
15 2 300

Ta6auya 2. CocTaB cbIpbeBOii cMecH BTOPOIi cepun
U pe:KuMbI 00padoTKHU

Table 2. Composition of raw material mixture
of the second series and processing mode

Composition Pressin,
o g
Sample [ o coke Guindloz, pressure,
ID min
% 3 % g MPa
2.1 0 0
22 2 0
23 80 | 16 | 20 4 2 100
24 2 200
25 2 300

The processed products were subjected to quantitative
phase analysis.

Quantitative X-ray phase analysis was carried out
using a STADI-P diffractometer (STOE, Germany). Data
were collected with CuK  radiation (40 kV, 30 mA),
a graphite monochromator, within a scattering angle
range of 20 =10+ 70°, with a step size of 0.02° and
a dwell time of 2 s per step. The results were analyzed
using the PDF-2 database (Release 2008 RDB 2.0804).

[ AsSESSMENT OF MCA's IMPACT ON THE PHASE
COMPOSITION OF EAF busT

The phase analysis results for samples 1.1 — 1.5 with-
out coke are presented in Fig. 1.

Analysis of the ground and pressed samples reveals
that the intensity of the X-ray spectrum varies cycli-
cally with changes in pressing pressure. Table 3 and
Fig. 1 illustrate the variations in the phase composition
of the samples under different processing conditions.

The findings indicate an inverse relationship in
compound content. As the pressing pressure increases
to 150 MPa, the ZnO content in the sample rises, while

the franklinite (ZnO-Fe,O,) content decreases. Further
increasing the pressing pressure to 300 MPa leads to a rise
in franklinite (ZnO-Fe,0,) content and a corresponding
decrease in ZnO content. Therefore, it is crucial to moni-
tor and maintain an optimal pressing pressure to achieve
the desired compound composition in the final product.

Phase analysis results for samples 2.1 — 2.5 with coke
are presented in Fig. 2.

Analysis of the phase composition of the ground and
pressed samples indicates that, similar to the samples
without coke, the intensity of the entire X-ray spectrum

® —7n0O
- .2.47 " — ZnO'F6203 300 MPa
i L]
L] 1.47
e 162  ®

1.49

200 MPa

Intensity

Ll
]
M Ground

20 30 40 50 60 70
20, deg

Fig. 1. Results of phase analysis of the samples 1.1 — 1.5

Puc. 1. Pe3ynsrars! (hazoBoro ananusa mpod 1.1 — 1.5

Table 3. Phase composition in the samples
depending on processing modes

Ta6auya 3. Conep:xanus ¢a3 B npodax
B 3aBHCHMOCTH OT Pe;KMMOB 00padoTKH

Sample ID Pressing Phase composition, wt. %
pressure, MPa ZnO Zn0O-Fe,0O,
1.1 0 34.9 44.6
1.2 50" 36.1 43.0
1.3 100 42.6 373
1.4 200 38.0 39.1
1.5 300 34.9 44.5
* — grinding designation.
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changes cyclically depending on the pressing pressure.
Table 4 and Fig. 2 present the variations in phase com-
position of the samples under different processing condi-
tions.

The test results indicate that as the pressing pressure
increases, the content of free ZnO initially decreases and
then sharply rises. In the initial sample, the phase ratio
of ZnO/ZnO-Fe,O, is 37.4/40.7, whereas after complete
MCA, this ratio shifts to 46.6/31.6. This change in phase
quantities is likely due to interaction with coke according
to the reaction

e ®-Zn0
= —7Zn0O-Fe,0,

300 MPa

n o " 1.62 °

210 1.991.90 148 ' 138

1.99 1.81 1.71 W‘W N

200 MPa
2
7
b=
g

= 100 MPa

H Ground

WWW

! ! ! 1
20 30 40 50 60 70

20, deg

Fig. 2. Results of phase analysis of the samples 2.1 — 2.5

Puc. 2. Pe3ynbrars! (ha3oBoro ananusa npod 2.1 —2.5

Table 4. Phase composition in the samples 2.1 — 2.5
depending on processing modes

Tabauya 4. Conep:xanus a3 B npodax 2.1 — 2.5
B 3aBHCHMOCTH OT Pe:KMMOB 00padoTKH

Sample ID Pressing Phase composition, wt. %
pressure, MPa ZnO Zn0O-Fe,0O,
2.1 0 37.4 40.7
2.2 50" 34.1 433
2.3 100 32.1 434
24 200 35.6 41.5
2.5 300 46.6 31.6
* — grinding designation.
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48
46
44 2
42
40
38
36
34
32

30 | | | | |
0 50 100 150 200 250 300

Phase composition, %

Pressing pressure, MPa

Fig. 3. Phase composition in the samples 2.1 — 2.5 depending
on processing modes:
1 —7Zn0; 2 - ZnO-Fe,O,

Puc. 3. Conepxanus (a3 B npodax 2.1 — 2.5 B 3aBUCHMOCTH
OT PEXKUMOB 00pabOTKH:
1 —7Zn0; 2 - ZnO-Fe,O,

3ZnFe,0, + C = Fe,0, + 3ZnO + CO1. (1)

Fig. 3 shows the dependence of ZnO and ZnO-Fe,O,
phase content on pressing pressure.

[ FIRING OF PRESSED SAMPLES

To evaluate the effect of pressing pressure on the phase
composition of fired products, a raw mixture was prepared
using electric arc furnace (EAF) dust, coke, and a dry
binder component with a content of 10 %. The compo-
nents of the raw mixture were co-ground. After grinding,
a liquid binder component was added to the raw mixture,
which was then briquetted under pressures of 0, 100, 200
and 300 MPa. The composition of the binder is provided
in the patent [20], while the composition of the raw mix-
ture for firing and its processing conditions are listed in
Table 5.

Before briquetting, a binder was introduced, consis-
ting of ladle furnace slag (LFS), liquid glass, and hydro-
fluorosilicic acid (HFSA). The LFS contains approxi-
mately 40 % dicalcium silicate (2Ca0Si0, ), which reacts
with liquid glass, causing it to harden about 30 min after
mixing and forming water-resistant tobermorite-like cal-
cium-sodium hydrosilicates. This time is sufficient for bri-
quetting to be carried out. Once briquetting and complete
hardening are achieved, the briquettes gain high strength.
Hydrofluorosilicic acid also reacts with liquid glass, pro-
moting its hardening [21]. Additionally, the acid acts as a
fluxing additive. It reacts with calcium oxide in the slag
to form fluorite (fluorspar), which is a strong flux.

In [22], it was shown that when the binder content is
less than 10 %, a non-diffusion reduction mode of iron
oxides is implemented. In this mode, the degree of metal-
lization is highly dependent on pressing pressure. When
the binder content reaches 10 %, a liquid phase appears,
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Table 5. Composition of the raw mixture for firing and its processing mode

Ta6auya 5. CocTaB ChIPphEeBOil cMeCH /IS 00:KUTa U Pe:KUMBI ee 06padoTKH

Composition
coke, Liquid glass-3.0 HFSA Pressing
Sl LD BRI AT LIRS £l (above 100 %) v-1.2 v-1.08 pressure, MPa
% g % g % g % mL % | mL
3.1 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 0
3.2 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 100
33 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 200
34 90 18 10 2 20.0 4 7.5 1.5 3.75 1 0.75 300

and a diffusion reduction mode of iron oxides occurs.
In this mode, the degree of metallization does not depend
on pressing pressure and remains approximately the same
across the entire pressure range.

The coke content corresponds to the stoichiometry
of iron oxides and carbon, plus an additional 15 %
to account for the ash content of the coke.

Dry briquettes were fired at temperatures up to 1200 °C
for 1 h. The firing temperature matched the conditions for
completing the metallization process [22]. An isothermal
holding period of 30 min was maintained at 1200 °C.
The overall appearance of the fired samples is shown in
Fig. 4.

The fired samples in Fig. 4 clearly show droplets
of metallic iron.

3.1 33 : 34

Fig. 4. General view of the fired samples
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Table 6. Phase composition in the studied samples

Tabauya 6. Conep:xanue ¢a3 B HCCIETOBAHHBIX MPOdAX

Phase composition, wt. %
Sample ID ; ;
Fe_., 2Ca0-Si0,, 3Ca0-SiOo,
3.1 17.1 82.9
3.2 16.3 83.7
3.3 17.4 82.6
34 19.0 80.8

The firing products were subjected to phase analysis,
and the phase content of the studied samples is presented
in Table 6.

The test results indicate that as the pressing pressure
increases, the metallic iron content initially decreases but
then rises, reaching 19 % at 300 MPa compared to 17 %
in the initial state without pressing. Based on these fin-
dings, it is recommended to maintain a pressing pressure
of 300 MPa, as lower pressures may negatively impact
the degree of metallization.

[ RESULTS AND DISCUSSION

The research demonstrated a significant influence
of pressing pressure on the phase composition and reduc-
tion processes of iron oxides in ASF dust. In the first
series of experiments, conducted on samples without
coke addition, cyclic variations in phase content were
observed depending on the pressing pressure (Table 3).
At pressures up to 150 MPa, the ZnO content increased,
while the content of franklinite (ZnO-Fe,0,) decreased.
However, at higher pressures up to 300 MPa, the opposite
effect was noted: ZnO content decreased, and franklinite
content increased. These findings highlight the necessity
of controlling pressing pressure to achieve the desired
phase ratio in the final product.

In the second series of experiments, involving samp-
les with coke addition (Table 4), phase analysis results
similarly demonstrated cyclic variations in the contents
of ZnO and ZnO-Fe,O, depending on pressing pressure.
A substantial increase in free ZnO content at 300 MPa
indicates the occurrence of the reduction reaction
of franklinite (ZnFe,O,) involving carbon. The interac-
tion, described by Equation (1), results in the formation
of magnetite (Fe,0,), zinc oxide (Zn0O), and carbon mon-
oxide (CO), confirming the role of MCA in the break-
down of franklinite and the reduction of iron oxides.

The results of evaluating the effect of pressing pres-
sure on firing processes (Table 6) showed that as pressure
increased from 0 to 300 MPa, the metallic iron content
initially decreased but subsequently increased, reaching
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a maximum of 19 % at 300 MPa. These findings indi-
cate that the optimal pressing pressure for maximizing
iron metallization is 300 MPa. Lower pressures may
adversely affect the reduction process, reducing the pro-
portion of metallic iron in the final product.

Thus, the study confirms that MCA occurring during
the pressing of EAF dust enhances the reduction pro-
cesses of iron oxides. Optimizing pressing parameters,
particularly maintaining a pressure of 300 MPa, ensures
the highest metallization efficiency. This optimization
offers promising opportunities to improve the producti-
vity and environmental performance of pyrometallurgical
waste processing.

[ ConcLusiOoNs

It has been demonstrated that MCA significantly
influences the phase composition of EAF dust, both with
and without coke addition. In samples without coke,
the phase composition changes cyclically with varia-
tions in pressing pressure. At pressures up to 150 MPa,
the zinc oxide (ZnO) content increases, while the frank-
linite (ZnO-Fe,O;) content decreases. However, with
further pressure increases to 300 MPa, the franklinite
content rises, and the free ZnO content decreases, indi-
cating the need for precise pressure control to achieve
the desired phase composition.

In samples with coke addition, a similar cyclic change
in phase composition is observed depending on the pres-
sing pressure. As the pressure increases, the free ZnO
content initially decreases but then sharply rises. These
changes are likely attributed to the reaction between
franklinite and coke, resulting in the formation of magne-
tite (Fe,0,), ZnO, and carbon monoxide.

Firing of pressed samples revealed that as the press-
ing pressure increases, the metallic iron content ini-
tially decreases but subsequently rises, reaching a maxi-
mum at 300 MPa. This suggests that a pressing pressure
of 300 MPa is optimal for achieving a high degree
of metallization, while lower pressures may negatively
affect the quality of the final product.
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Abstract. The work is devoted to the study of the inhomogeneity of deformation of steel samples with laser surfacing. Highly nitrogenous austenitic
stainless steel of the 08Kh18N6AGI10S grade was selected as the substrate material in the state as received. To improve the mechanical properties
of structural elements that operate under conditions of impact and abrasive wear, a surfacing of Ni-7Cr—6Fe + 60 % WC composite powder was
applied to the steel. The surfacing was carried out with a change in the power of laser radiation from 1 to 3 kW and a change in the scanning speed
from 0.005 to 0.040 m/s. The penetration depth of a single roller decreases with increasing the scanning speed. The microhardness varies widely
in the surfacing thickness (from 7,000 + 80 to 13,500 + 70 MPa) and decreases with increasing scanning speed. Using the speckle photography
method in the process of uniaxial extension of flat samples, it was found that the modes of laser surfacing also affect the level of inhomogeneity
of deformation of micro-volumes of the deposited layer and the substrate. At the elastoplastic transition, the coefficient of variation of local deforma-
tions in the sample increases with an increase in the specific energy of laser surfacing. Coatings made of Ni—Cr—Fe+WC composite powder, obtained
by laser surfacing under specified conditions, make it possible to increase the hardness and service life of structural elements of rotary controlled
systems made of 08Kh18N6AG10S steel.

Keywords: plastic deformation, localization, surfacing, stainless steel, mechanical properties
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- INTRODUCTION

The increasing volume of hydrocarbon recovery
requires complex well design profiles, where trajecto-
ries often include curved and inclined-rectilinear sec-
tions of significant length. For drilling such wells,
rotary controlled systems (RCS) are employed as drill
bit drives [1; 2]. The components of these systems are
made from non-magnetic austenitic stainless steels [3; 4].
Under high loads, these elements develop defects that may
lead to failures, with incidents most frequently occurring
during rotary drilling operations in wells.

The hardness and wear resistance of steel surfaces
can be enhanced by applying metal-ceramic (MC) coa-
tings [5—7]. These coatings, a type of metal-matrix
composite, consist of a metallic matrix reinforced with
ceramic particles. Ceramic phases provide high hard-
ness, while the relatively soft matrix holds the ceramic
particles, imparting high fracture resistance and strength
to the composite [8 — 11]. Metal-ceramic materials are
highly resistant to abrasive wear.

One of the most widely used reinforcing materials for
creating MC coatings is tungsten carbide (WC), known
for its high hardness and strength [12 — 16]. These pro-
perties make WC-based coatings widely used for streng-
thening the working surfaces of wear-prone machine
parts and mining tools. However, surfacing austenitic
steels is challenging due to their tendency to form hot
cracks during crystallization [17]. Solidification cracks
in weld metal are considered the most detrimental and
are more frequently observed than other types of crack-
ing. The structure of austenitic steels is highly depen-
dent on their chemical composition and the thermophysi-
cal conditions of crystallization, which are determined
by the processing method [8; 17].

Technologies for additive manufacturing through
layer-by-layer surfacing are rapidly developing [18 — 20].
These technologies enable the production of components
with diverse geometric shapes, including large-scale
parts, while also reducing material consumption. Such
methods yield products with mechanical properties supe-
rior to those achieved through traditional manufacturing
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techniques. Layer-by-layer surfacing can be accomp-
lished using various methods, with heat sources such as
lasers, electron beams, electric arcs, and plasma arcs.
Regardless of the method and type of material used, one
of the critical features of additive manufacturing through
layer-by-layer surfacing is the anisotropy of mechani-
cal properties. This anisotropy arises from the crystal-
lization process of the metal, leading to heterogeneous
structures within the deposited layer and transcrystalline
grain growth. Technologies utilizing concentrated energy
sources offer significant potential for addressing these
challenges.

Given that processes occurring near the interface
during laser surfacing can impact the material’s mechani-
cal properties, this study aimed to investigate the effect
of laser surfacing parameters on the inhomogeneity
of plastic deformation in austenitic steel with surfacing.

[l MATERIALS AND METHODS

Forgings made of non-magnetic, high-nitro-
gen  chromium-nickel-manganese  stainless  steel
of the 08Kh18N6AG10S grade were used as the substrate
material. The chemical composition of the steel was as
follows, wt. %: <0.06 C; 16.0 —18.0 Cr; 5.0 — 6.0 Ni;
>0.4N; 8.5-10.0Mn; 0.6 —1.2 Si; balance Fe. Cur-
rently, 08Kh18N6AGI10S steel has demonstrated posi-
tive application experience in geophysical instruments,
showing higher ductility and impact toughness com-
pared to imported analogs while maintaining increased
strength properties [21]. The austenitic stainless steel
of the 08Kh18N6AG10S grade, in the as-received state,
has an average yield strength of 800 MPa, an ultimate
tensile strength of 1000 MPa, and an elongation at break
of up to 20 %. The microstructure and phase composition
of the steel have been described in detail in [21].

Laser surfacing of the Fe—Cr—Mn—Ni—N steel plates
was performed using Ni—7Cr—6Fe + 60 % WC pow-
der on an experimental setup at the Institute of Strength
Physics and Materials Science of the Siberian Branch
of the Russian Academy of Sciences (ISPMS SB RAS).
The surfacing material was a nickel-based alloy with
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a high content of tungsten carbide particles uniformly
distributed within the solid matrix, which had a hardness
exceeding 63 HRC. The particle size of tungsten carbide
ranged from 10 to 45 pm, ensuring maximum resistance
to abrasive and erosive wear. Surfacing parameters were
selected to achieve a uniform, monolithic coating based on
pre-established technological conditions. The beam diame-
ter (d) was 4 mm, the power of the LS-15 fiber laser ranged
from 1 to 3 kW, the scanning speed (}) ranged from 0.005
to 0.040 m/s, and the powder feed rate () was 20 mg/s.

Flat samples with dimensions of 50x8x2 mm
in the working section were cut from the billets
using the electro-spark method. The thickness of the
Ni—7Cr—6Fe + 60 % WC surfacing layer was 1 mm,
and the substrate layer (Fe—Cr—Mn—Ni—N) was 7 mm.
The prepared samples were subjected to uniaxial tensile
testing at room temperature on a Walter + Bai AG univer-
sal testing machine (LFM 125 series). The displacement
rate of the movable grip V_ . was 0.4 mm/min, corres-
ponding to a deformation rate of 1.67-10~* s

Structural studies were conducted using light micros-
copy (AXIOVERT-200MAT microscope) and X-ray dif-
fraction analysis (DRON-07 diffractometer). The dis-
tribution of chemical elements across the thickness
of the base and surfacing metal was measured using
a LEO EVO 50 scanning electron microscope (Carl
Zeiss, Germany) equipped with an Oxford Instruments
attachment for X-ray dispersive microanalysis (Nanotech
Center of ISPMS SB RAS). Microhardness measure-
ments were performed using an instrumented indenta-
tion method in accordance with GOST R 8.748-2011
(ISO 14577-1:2002) on a PMT-3 microhardness tester.

Deformation fields on the surface of flat samples were
recorded during mechanical testing using the speckle
photography method outlined in [22 —25]. The local
elongation along the tensile axis of the sample, denoted
as ¢ , is typically the most intuitive parameter for visua-
lizing and analyzing components of the plastic distortion
tensor. To quantitatively evaluate the deformation inho-
mogeneity of the substrate and surfacing, the coefficient
of variation was determined as the ratio of the standard
deviation to the mean value [26].

[l RESEARCH RESULTS

During laser surfacing, powder granules melt, and
the liquid alloy wets the tungsten carbide particles.
As a result of subsequent high-speed crystallization,
a metal-ceramic coating is formed. Mechanical testing
revealed that surface hardening of the austenitic steel
increased its tensile strength to 1500 MPa while reducing
its ductility by 6 %.

To achieve metallurgical bonding between the surfac-
ing material and the steel substrate while preventing dilu-

tion of the coating by the substrate material, surfacing
must be performed under optimal conditions. Preven-
ting crack formation requires applying different surfac-
ing modes when depositing a single roller. The geomet-
ric parameters of the surfacing beads (coating thickness,
penetration depth into the steel, and bead width) depend
on the scanning speed, powder feed rate, and laser power.
To optimize surfacing conditions, with constant powder
feed rate and laser beam diameter, the scanning speed V'
and laser power P were chosen as variable factors
(see Table). These parameters allow adjusting the specific
energy, calculated as described in [17]:

E=—,
vd

where E is the specific energy, P is the laser power, d is
the beam diameter, and V is the scanning speed.

Fig. 1 illustrates the effect of specific energy (F)
on the penetration depth (L) of 08Kh18N6AGI10S steel.
The reduction in penetration depth with increasing scan-
ning speed is attributed to the lower energy absorption
during laser surfacing. As scanning speed increases,
the proportion of the surface area covered by tungsten
carbide (WC) particles grows, thereby reducing the mix-
ing zone depth between the Ni—7Cr—6Fe + 60 % WC
powder and the steel substrate.

X-ray diffraction analysis and dispersive microanaly-
sis revealed that the content of the main alloying elements
in the base metal corresponds to the nominal composi-
tion of 08Kh18N6AG10S steel. During heating, diffusion
ofalloying elements occurs from the base metal into the sur-
facing layer, while carbon diffuses in the opposite direction.
At the interface on the austenitic steel side, reduced con-
centrations of manganese, chromium, and nitrogen were
observed, along with an increased concentration of iron.
No visible inclusions of ferrite or o-phase were detected
in the base metal (08Kh18N6AG10S) or the heat-affected

Effect of laser surfacing modes
on the composite phase composition

Bausinue pe:kuMoB Jia3epHOii HAIUIABKH
Ha (a30BbIii COCTAB KOMIIO3UTA

No. P, kW V, m/s Phase
1 1.50 0.012 y-Fe, Me,,C,, WC, W,C
2 1.50 0.016 y-Fe, Me,,C,, WC, W,C
3 1.75 0.016 y-Fe, Me,,C,, WC, W,C
4 2.00 0.020 y-Fe, Me,,C,, WC, W,C
5 2.00 0.030 y-Fe, Me,,C,, WC, W,C
6 2.00 0.035 y-Fe, Me,,C,, WC, W,C
7 1.50 0.008 | y-Fe, Me,,C,, WC, W,C, Me,C
8 2.00 0.008 | y-Fe, Me,,C,, WC, W,C, Me,C
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Fig. 1. Effect of specific energy (scanning speed and laser power)
on the penetration depth of 08Kh18N6AG10S steel

Puc. 1. Bnusinue yaeabHOW 3HEpruu (CKOPOCTH CKAaHUPOBAHHS
¥ MOIIHOCTH JIa3epa) Ha IIyOMHY MPOIIIABICHUS CTaII
mapku 08X18H6AI'10C

zone (HAZ). In the HAZ, a distinct dendrite junction line
was observed. Microstructural analysis of the laser surfac-
ing layer identified several zones: a columnar structure
oriented normal to the interface with the substrate and
a mixed structure comprising fine equiaxed dendrites and
lamellar eutectic formations located at grain boundaries.
The microstructure consists of various carbides, including
undissolved (WC), partially dissolved (W,C), and pre-
cipitated carbides (Me,,C, and Me,C) within an austenitic
matrix (refer to the Table, where Me = Cr, Fe, W, and Ni).
The volume fraction of these precipitates varies depending
on the surfacing parameters, directly influencing changes
in microhardness.

Measurements indicated that the average micro-
hardness of the base metal is 3285 + 80 MPa, while
in the connection zone with the surfacing layer, it reaches
3995 + 70 MPa (Fig. 2). The microhardness of the sur-
facing layer, composed of Ni—Cr—Fe + WC, varies from
7000 += 80 to 13,500 + 70 MPa, depending on the sur-
facing modes (Fig. 2). The maximum microhardness is
achieved at a low scanning speed during laser surfacing.
This can be attributed to the high mass fraction of WC
particles at lower scanning speeds and the enhanced dis-
solution of WC within the matrix. Increasing the scan-
ning speed reduces the volumetric fraction of carbides,
thereby decreasing the microhardness of the surfacing
layer. Additionally, at low scanning speeds, a gradual
decrease in microhardness is observed with increasing
depth from the surface. This is explained by variations
in the content and morphology of WC particles. Such
a graded microstructure can be beneficial for maximiz-
ing wear resistance without compromising the strength
of the surfacing layer. Conversely, higher scanning speeds
result in a more uniform distribution of microhardness
throughout the depth. These variations in microhardness
are linked to the formation of composite microstructures
consisting of various carbides dispersed within the stain-
less steel matrix.
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Fig. 2. Effect of scanning speed on microhardness
distribution in the sample at a laser power of 2 kW
(dashed line — connection zone):

[ —Ni—Cr—Fe + WC surfacing layer; /] — 08Kh18N6AG10S steel

Puc. 2. Biiusinue cKOpOCTH CKAaHUPOBAHMSI Ha pacrpesie]ieHue
MHKPOTBEPIOCTH B 00pasiie MpH MOIHOCTH Jiazepa 2 KBt
(30Ha coeAMHEHNS MTOKa3aHa [ITPUXOBOW JIMHHEH):

1 — cnoii marutaBku Ni—Cr—Fe + WC; I — crans 08X 18HO6AT'10C

Speckle photography data on local deformations €
revealed areas of localized deformation in both the base
metal and the surfacing layers (Fig. 3).

The analysis shows that plastic deformation is concen-
trated in specific zones of the sample, while other regions
of the material remain nearly undeformed under the same
increase in deformation. To quantitatively evaluate
the degree of deformation inhomogeneity across diffe-
rent layers, the coefficient of variation of local deforma-
tions (v) was used. For v > 0.4, the distribution of local
elongations along the sample length € _(x,) becomes sig-
nificantly non-uniform, making the average value <¢_>
unrepresentative [26].

x, MM

Fig. 3. Distribution of local deformations in the sample
at scanning speed of 0.020 m/s and laser power of 2 kW
(dashed line — connection zone):
1—Ni—Cr—Fe + WC surfacing layer; /7 — 08Kh18N6AGI10S steel

Puc. 3. Pacnipezienenue JIOKaIbHBIX AedopMaruii B 00pasie
npu ckopocty ckanuposanus 0,020 m/c u MouHOCTH Jasepa 2 kBt
(30Ha coeAMHEHNS MTOKa3aHa MITPUXOBOW JIMHUEH):

I — cnoii naraBku Ni—Cr—Fe + WC; I1 — crans 08X 18HO6AT'10C
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Fig. 4. Effect of laser surfacing modes on inhomogeneity degree
of local deformations in the sample at total deformation of 0.01

Puc. 4. Biusinye pe:KMMOB JIa3epHOI HAIJIABKU HA CTENEHb
HEOTHOPOJHOCTH JIOKAIBHBIX Aedopmariuii B oOpasie
npu obuieit nedopmarpu 0,01

The structural inhomogeneity near the interface
between the surfacing layer and the substrate signifi-
cantly affects the development of localized deformation.
For deformation compatibility at the composite inter-
face, the deformations in the microvolumes adjacent
to the boundary must be equal. As a result, the levels
of deformation inhomogeneity in the microvolumes
of different layers, measured by the coefficient of varia-
tion n, should also be balanced. Achieving this balance
contributes to a more complex stress state in these regions.

Fig. 4 illustrates the variation in the deformation inho-
mogeneity n in a sample with surfacing under different
modes during the initial stages of deformation, at a total
deformation € = 0.01. Upon reaching the yield strength,
the levels of deformation inhomogeneity in the stainless
steel and the surfacing layer differ significantly, depen-
ding on the increase in total deformation and specific
energy.

A detailed analysis of microhardness distribution and
deformation inhomogeneity in the composite revealed that
laser surfacing modes with a laser power of 1.5 — 2.0 kW
and scanning speeds of 0.007 —0.040 m/s ensure satis-
factory geometric parameters of the surfacing beads and
the absence of cracks in the material.

- CONCLUSIONS

To maintain the mechanical properties of the compo-
site (steel —surfacing), it is crucial to select laser surfa-
cing parameters that minimize deformation heteroge-
neity in the microvolumes of both the surfacing layer and
the base metal.

The study demonstrated the effect of laser surfa-
cing parameters on the distribution of microhardness
and local deformations during the early stages of plas-

tic deformation in 08Kh18N6AGI10S stainless steel with
a Ni—Cr—Fe + WC composite powder surfacing layer.

Coatings made from Ni—7Cr—6Fe + 60 % WC, com-
posite powder, applied using laser surfacing at a power
of 1.5 — 2.0 kW and scanning speeds 0of0.007 — 0.040 m/s,
are recommended to enhance the hardness and service
life of structural elements in rotary controlled systems
manufactured from 08Kh18N6AG10S steel.
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STRUCTURAL-PHASE STATE AND PROPERTIES
OF 56GM/(W + WC(N1)) COMPOSITE ALLOY OBTAINED
BY WIRE ELECTRON BEAM ADDITIVE MANUFACTURING
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Abstract. The authors investigated the microstructure and mechanical characteristics of S6GM steel-based composite produced by wire electron-
beam additive manufacturing with the addition of W + WC(Ni) powders during printing. The analysis demonstrates that S6GM/(W + WC(Ni))
composite alloy is characterised by a gradient structure consisting of 56GM base layer, 56GM — 56GM/(W + WC(Ni)) intermediate layer and
56GM/(W + WC(Ni)) composite layer. The base layer of S6GM steel is characterized by a multidirectional acicular structure, which corre-
sponds to the ferrite-martensite state. In 56GM — S6GM/(W + WC(Ni)) intermediate layer the acicular structure becomes less pronounced.
In 56GM/(W + WC(Ni)) composite layer an equiaxed grain structure is formed, with an average grain size of 8.59 pm, along the boundaries
of which cracks are observed. WC particles are located mainly along the boundaries of small grains and in small quantities inside the grains
themselves. It was found that 56GM/(W + WC(Ni)) composite is mainly composed of a-Fe (~80.6 vol. %), Ni (~6 vol. %), WC carbide phase
(~10.3 vol. %) and y-Fe (3 vol. %). The structure and properties of initial 56GM steel change both in the area of direct addition of alloying
powder and in the underlying layers due to diffusion processes and infiltration of W + WC(Ni). Microhardness values increase from ~3.5 GPa
to ~6.5 GPa with distance from the substrate to the composite layer. In uniaxial tensile tests, the ultimate tensile strength and yield strength values
reached 1100 — 1200 MPa and 835 MPa in the intermediate layer, respectively.

Keywords: electron beam additive manufacturing, composite, S6GM steel, powder, WC(Ni) powder, structure, mechanical properties
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CTPYKTYPHO-®A30BOE COCTOAHUE U CBOUCTBA
KOMMO3UTHOro CNAABA 56GM/(W + WC(N1)),
NONYYEHHOIO METO40M NPOBO/IOYHOTO
3NEKTPOHHO-NYYEBOro AAAUTUBHOIO NPOU3BOACTBA

A. B. HukoHeHko ©, A. B. Boponiios, H. H. [llamapuH,

B. P. YTaraHoBa, H. JI. CaBueHko, A. II. 3bikoBa

HHcruTyT Pu3nKn npoyHocTy u MmatepuasoBenenuss Cuoupcekoro oraenenuss PAH (Poccus, 634055, Tomck, np. AkageMuuec-
Kuii, 2/4)

&) aliska-nik@mail.ru

AnHomayus. B pabote ncciieoBani MUKPOCTPYKTYPY U MEXaHHUECKUE XapaKTEPUCTHKU KOMITO3UTa Ha OCHOBE cTainu SO6GM, Moy4eHHOT0 METO/I0M
IIPOBOJIOYHOTI'0 ICKTPOHHO-Ty4€BOr0 aIUNTHBHOIO IPOU3BOJICTBA C BBeCHHEM ITpH redary mopomkos W + WC(Ni). [TokazaHo, 9TO KOMIO3UTHBIH
crtaB S6GM/(W + WC(Ni)) xapakTepu3yercst TpaJJUeHTHON CTPYKTYPOH, COCTOSIICH W3 OCHOBHOTO cJI0si cTain S6GM, mpoMexyTOYHOTO CIIost
56GM — 56GM/(W + WC(Ni)) u xommnosuuonHoro ciaos S6GM/(W + WC(Ni)). OcroBoit cioit S6GM xapakrepusyeTcsi pa3sHOHAIPABICHHON
UTOJIBYATON CTPYKTYpOH, YTO COOTBETCTBYET (DEppPUTO-MAapTEHCHTHOMY COCTOSIHHIO. B mpomexytounom cioe 56GM — 56GM/(W + WC(Ni))
HroJpYaTasi CTPYKTypa CTAaHOBUTCSI MEHEe BhIpakeHHO. B kommosuumonuom cinoe 5S6GM/(W + WC(Ni)) dopmupyercst paBHOOCHas 3epeHHast
CTPYKTYpa CO CPEIHUM pa3MepoM 3epeH 8,59 MKM, 110 IpaHUI[aM KOTOPbIX HaOroAaoTes TpelnHbl. Yactuipsl kapouaa Boabsdpama WC pacrona-
raloTCS MPEUMYIIECTBEHHO 110 TPAHHUIIAM MEJIKHX 3¢PEH U B HEOOIBIIIOM KOIMYECTBE BHYTPH CaMUX 3epeH. MeTonoM peHTIeHO(}ha30BOro aHAIN3a
yCTaHOBJICHO, 4To KoMno3ut S6GM/(W + WC(Ni)) npeumymectBenHo coctout u3 o-Fe (~80,6 06. %), Ni (~6 00. %), kapoununoii dassr WC
(~10,3 06. %) u He3HauuTenbHOH nonu y-Fe (3 06. %). Crpykrypa u cBoiicTBa HCX0aHOM cTanun 56GM U3MEHSIOTCS HE TOIbKO B 00/1aCTH HEIo-
CPEICTBEHHOTO JOOABICHHS JISTUPYIOLIEro MOPOIIKa, HO U B HIDKEIEXKAIMX CIIOSAX M3-3a AU (Y3MOHHBIX NPOLECCOB U MHPHUIBTPALIMU MTOPOLIKA
W + WC(Ni) npu nedary. 3HaueHHS MUKPOTBEPIOCTH [0 Mepe YAAJICHHS OT IOIOKKH O KOMIIO3UI[OHHOTO CJIOS YBEIHMYUBAIOTCS MPHMEPHO
ot 3,5 o 6,5 I'lla. MicniblTanus Ha OTHOOCHOE PACTSHKEHUE MOKA3aId MaKCUMaJbHbIE MPeesl IPOYHOCTH U Mpe/es TeKYyUeCTH B IPOMEKYTOUHOM
cioe, kotopsie coctasuian 1100 — 1200 n 835 MIla cooTBeTCTBEHHO.

Kawouesvle c108a: >neKTpOHHO-Ty4eBOE aJUINTUBHOE IIPOM3BOJICTBO, KOMIO3UT, ctanb S6GM, moporok Boimbdpama, nopomok WC(Ni), crpykrypa,
MEXaHHYECKUE CBOMCTBA

BaazodapHocmu: Pabota BBIIOTHEHA B paMKaxX IOCYIapCTBEHHOTo 3afaHus MHCTUTYTa (U3KMKKM NPOYHOCTH U MaTepHanoBeqeHus CHOMPCKOTo oTxe-
nennst PAH, rema nomep FWRW-2024-0001. MccnenoBanus BbinonHeHsl ¢ ucnonb3oBanueM obopynosanus LIKIT «Hanorex» Mucturyra dusuku
TPOYHOCTH U Marepuanosenenus Cubupckoro oraenenus PAH.

s yumupoeanusa: Huxonenko A.B., Boponnos A.B., Illamapun H.H., Yraranosa B.P., Cauenxo H.JI., 3bikoBa A.Il. CtpyxrypHO-(hazoBoe
COCTOSIHME M CBOWCTBaA Komrio3uTHoro cruiaBa S6GM/(W + WC(Ni)), oJIly4eHHOTO METOJIOM ITPOBOJIOYHOTO AJIEKTPOHHO-TYYEBOTO a1 ITUTHBHOTO

MPOM3BOACTBA. M38ecmus 6y306. Yepnas memannypeus. 2024;67(6):686—695. https://doi.org/10.17073/0368-0797-2024-6-686-695

- INTRODUCTION

The incorporation of reinforcing materials (such as
oxides, intermetallic compounds, nitrides, carbides,
and borides) into a steel matrix enables the production
of materials with enhanced performance characteristics
due to the synergistic properties of the reinforcement and
the matrix. These materials are known as metal-matrix
composites (MMCs) [1]. The synthesis of MMCs is a
highly effective approach to improving the mechanical
properties of steel, including hardness, strength, fatigue
life, and wear resistance [2].

Traditionally, MMCs are produced using casting or
powder metallurgy methods. These techniques are time-
consuming and challenging to control. Furthermore,
the high cost of casting molds, coarse-grained micro-
structures, and limitations associated with the formation
of undesirable interfacial compounds between the rein-
forcing particles and the matrix present significant chal-
lenges in the fabrication of MMCs [3].

Hybrid electron beam additive manufacturing tech-
nology, which involves the simultaneous or programmed
feeding of wire and powder filaments, is an advanced
additive manufacturing approach that enables the pro-
duction of metallic components and composites with
tailored microstructures. Recently, this technology has
been the subject of intensive research and holds signifi-
cant potential for creating novel metallic materials with
unique properties [4 — 6].

Tungsten carbide (WC) is well-suited as a reinfor-
cing particle for iron-based alloys due to its high mel-
ting point, thermal stability, strength, hardness, good
wettability, and a coefficient of thermal expansion similar
to that of iron. Consequently, there have been substan-
tial efforts in recent years to fabricate WC/Fe composites
using various methods, including additive manufactu-
ring [7]. Particular attention has been paid to improving
the microhardness and wear resistance of such compo-
sites, which result from the strong adhesion of tungsten
carbide particles to the iron-based matrix via a reaction
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layer. However, the development of high-performance
MMCs has revealed challenges, such as the formation
of thick, brittle reaction layers between the reinforcing
particles and the matrix, driven by the formation of car-
bides like Me,C [8]. These reaction layers frequently lead
to cracks that propagate along the tungsten carbide/matrix
interface [9]. As a result, the tungsten carbide particles
lose their ability to effectively bear the load, compromi-
sing the mechanical properties of the composite material.
Controlling the phase evolution at the interface between
tungsten carbide reinforcing particles and the iron-based
matrix must consider the diffusion of tungsten, carbon,
iron, and other alloying elements, which is particu-
larly challenging due to the non-equilibrium conditions
of additive manufacturing associated with high energy
input. Careful control of the reaction layer thickness is
essential to ensure the load-bearing capacity of the tung-
sten carbide particles [10]. Furthermore, it is crucial
to investigate how tungsten and carbon influence phase
transformations in the iron-based matrix during rapid
solidification in additive manufacturing, as they signifi-
cantly expand the stability ranges of ferritic and auste-
nitic phases, respectively [11].

It is well established that the nickel-tungsten carbide
(Ni—WC) system exhibits superior properties when used
for producing highly wear-resistant overlay deposits on
various tools employed in the oil and gas industry [12].
In the Ni— WC system, tungsten carbide particles provide
the desired wear resistance, while nickel alloys contribute
relatively high impact toughness, mitigating the embrit-
tlement of tungsten carbides [13].

It is also known that tungsten additions slow down
the kinetics of carbide precipitation from steel alloying
elements due to its low diffusion rate [14; 15]. In [16],
the authors reported that introducing tungsten into hot-
work tool steel alloyed with Cr—Mo—-V improves
mechanical properties during high-temperature tempe-
ring and increases resistance to softening by suppres-
sing the coarsening of nanoscale carbides. Similarly, [17]
demonstrated that adding tungsten to Cr—Mo alloyed
steel enhances high-temperature strength by inhibiting
dislocation recovery during tempering above 650 °C,

resulting in a reduction in the size of Me,,C, carbides.

Recently, there has been a growing demand for mate-
rials capable of withstanding complex stresses, inclu-
ding thermal, mechanical, chemical, electromagnetic,
and, potentially, neutron irradiation [18; 19]. The ability
to function under such extreme conditions poses signifi-
cant challenges in material development, often requiring
combinations of multiple materials. When two or more
materials are used, several challenges arise in integra-
ting them into a compact composite. These include
mismatched thermal and mechanical properties leading
to stress concentration at the interface, physicochemical
incompatibility, insufficient wettability or high mutual
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reactivity, and neutron-physical issues with some solders,
among others [20 — 22].

The objective of this study is to investigate the micro-
structure and mechanical properties of steel matrix com-
posites based on heat-resistant, highly alloyed steel with
two types of reinforcing particles: tungsten particles and
nickel-coated tungsten carbide particles. This composite
was synthesized using a hybrid wire-and-powder electron
beam additive manufacturing method.

[ MATERIALS AND METHODS

To produce the S6GM/(W + WC(Ni)) composite, 56GM
steel wire (equivalent to 40Kh9S2 steel) with a diameter
of 1 mm and the following chemical composition (wt. %)
was used: Fe 86.9; Cr 9.24; Si1 3.02; C 0.44; Mn 0.4.

Reinforcing powders of tungsten and nickel-coated
tungsten carbide (WC(Ni)) were used in a mass ratio
of 1:1. SEM images of tungsten powder particles and
WC(Ni) particles are shown in Fig. 1, @ and ¢. According
to X-ray phase analysis, the tungsten powder particles con-
tain a minor fraction of WO, oxide (Fig. 1, b). The X-ray
phase analysis of WC(Ni) powder identified the presence
of tungsten carbide (WC) and nickel phases (Fig. 1, d).

The 56GM/(W + WC(Ni)) composite was fabricated
as follows. Using wire electron beam additive manufac-
turing (EBAM), layers of 56GM steel were deposited on
a 12Kh18N10 stainless steel substrate (Fig. 2, a). After
depositing nine layers of 56GM, 0.3 g of W + WC(Ni)
powder was introduced onto the workpiece using a pow-
der feeder (Fig. 2, b). A layer of 56GM wire was then de-
posited, which partially melted the W + WC(Ni) powders
and the underlying 56GM layer (Fig. 2, ¢). Subsequently,
another 0.3 g layer of W+ WC(Ni) powder was applied
using the powder feeder, followed by another layer
of 56GM wire. This process was repeated three times,
resulting in three layers of W + WC(Ni) powder alternated
with layers of 56GM steel (each layer being 1 mm thick)
(Fig. 2, d). The final samples measured 72x36x9 mm.

To study the structural-phase composition and mecha-
nical properties of the 56GM/(W + WC(Ni)) composite,
samples were extracted from three zones: the matrix,
the intermediate layer, and the upper composite layer.
The samples were prepared following standard proce-
dures, which included grinding with sandpaper and poli-
shing with diamond pastes (grit sizes 14/10, 3/2, and 1/0).
To reveal microstructural elements, the polished sample
surfaces were chemically etched using a reagent composed
of CuSO, (0.008 kg) + H,0 (0.04 L) + HC1 (0.04 L).

The macro- and microstructure of the samples were
examined using an Altami Met 1S optical microscope,
an Olympus confocal laser microscope, and scanning
electron microscopy (SEM) (Thermo Fisher Scientific
Apreo S LoVac equipped with an energydispersive spect-
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Fig. 1. SEM images (a, ¢) and X-ray diffraction patterns (b, d) of the initial W powder (a, b) and WC(Ni) powder (¢, d)
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Fig. 2. Scheme of deposition of layers of the composite sample S6GM/(W + (WC(Ni))
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rometer (EDS)). Particle sizes were measured using
the secant method on prepared metallographic sections.
X-ray phase analysis (XRD) was performed on a DRON-7
X-ray diffractometer (CoK, radiation).

Microhardness was measured using a TBM 5215 A
Tochline hardness tester with a 0.5 N load and a dwell
time of 10 s. Uniaxial tensile tests were conducted on
a UTS-110M-100 universal testing machine at room tem-
perature with a crosshead speed of 1 mm/min. For tensile
testing, flat specimens were cut along and across the print-
ing direction, shaped as proportionally reduced blades ac-
cording to GOST 1497, with working section dimensions
of 12x2.7x1.5 mm. The specimens were extracted from
characteristic regions of the composite material (matrix,
intermediate layer, and upper composite layer).

[ RESULTS AND DISCUSSION

Fig. 3, a shows an optical image of the S6GM/(W +
+ WC(Ni)) composite alloy in the ZOY section, where
several characteristic zones can be distinguished:
1 — stainless steel substrate (not considered in this
study); 2— layer of 56GM steel, 3 — intermediate
layer 56GM — 56GM/(W + WC(Ni)); 4— composite
layer (W + WC(N1))/56GM. In the ZOY cross-section
of the 56GM/(W + WC(Ni)) sample (layer 2), a sig-
nificant number of melt pool boundaries, formed dur-
ing the printing of 56GM steel layers, are observed.
Layer 3, the intermediate layer, features a distinct bound-
ary between the printed matrix and the composite layers
(Fig. 3, a). According to the results of X-ray tomography
of the 56GM/(W + WC(Ni)) sample (Fig. 3, b), no macro-

scopic defects such as pores or cracks were detected in
any of the analyzed zones (/ — 3) shown in Fig. 3, a.

X-ray phase analysis revealed that the
56GM/(W + WC(Ni)) composite primarily consists
of a-Fe (~83.69 vol. %), Ni (~6 vol. %), and the WC
carbide phase (~10.31 vol. %) (Fig. 3, ¢). Additionally,
a small fraction of y-Fe was observed in the composite
layer, whereas no traces of y-Fe were detected in the base
alloy or the intermediate layer.

According to SEM analysis, the 56GM steel (layer 2)
exhibits a multidi-rectional acicular structure correspon-
ding to a ferrite-martensite state (indicated by the red
arrow, Fig. 4, a). The matrix of the composite alloy
primarily consists of ~78 at. % Fe, ~12 at. % Cr, and
~6 at. % Si, which matches the initial steel composition
(spectrum 3, Fig. 4, a, b). The concentrations of tungsten
and nickel in the base 56GM alloy are low, approximately
2 at. % each. Along the grain boundaries of the base layer
of 56GM steel, fine particles are observed, which may
result from infiltration along the grain boundaries or
microcracks, as well as diffusion during composite print-
ing (Fig. 4, a). EDS analysis of these particles shows
~66 at. % Fe, ~18 at. % Cr, ~7 at. % W, ~4 at. % Ni, and
~5 at. % Si (spectra / — 2, Fig. 4, a, b). Since the EDS
analysis captures a larger area, including both the particle
and the matrix, it can be inferred based on XRD data that
these particles are tungsten carbide (WC).

In the intermediate layer S6GM — 56GM/(W + WC(Ni))
(layer 3, Fig. 3, a), the acicular structure becomes less
pronounced (Fig. 4, ¢). However, the elemental compo-
sition of the grains in the transition zone is comparable
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Fig. 3. Macrostructure (a), fluoroscopy (b) and X-ray pattern (c¢) of S6GM/(W + WC(Ni)) composite:
1 — substrate; 2 — layer of 56GM steel; 3 — intermediate layer; 4 — 56GM/(W + WC(Ni))composite layer; 5 — sample for XRD
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1 — nopmnoxka; 2 — cnoit cranu S6GM; 3 — mpoMexyTOUHbIH CJ10ii; 4 — KOMIIO3UIMOHHBIH cioit S6GM/(W + WC(Ni)); 5 — obpasen st POA
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a, b — crans 56GM (cnoii 2); ¢, d — npomexyTouHblIi 10 (cioit 3); e, f— komno3utmoHHsIi cnoit S6OGM/(W + WC(Ni))

to that of the base layer of 56GM steel (spectrum 3,
Fig. 4, ¢, d). Similar to the base alloy, fine tungsten car-
bide (WC) particles are observed along the grain bound-
aries in the intermediate layer, with an average size
of 2.64 um (spectra / — 2, Fig. 4, ¢, d).

In the composite layer 56GM/(W + WC(N1)) (layer 4,
Fig. 3, a), an equiaxed grain structure is formed, with an
average grain size of 8.59 um. Cracks are observed along
the grain boundaries (Fig. 4, e¢). EDS analysis of these
grains also corresponds to the elemental composition
of the base layer (spectrum /, Fig. 4, e, f): ~81 at. % Fe,
~7 at. % Cr, and ~7 at. % Si. WC powder particles
are predominantly located within the cracks (along
the boundaries of small grains) and, to a lesser extent,
inside the grains (spectrum 2, Fig. 4, e, f). The volume
fraction of WC particles in the composite layer signifi-
cantly increases compared to their fraction in the base
alloy and the intermediate layer. According to XRD

data, in addition to the main phases a-Fe (~80.6 vol. %),
Ni (~6 vol. %), and WC (~10.3 vol. %), a minor frac-
tion of y-Fe (~3 vol. %) is present in the composite layer
(Fig. 3, ¢).

Microhardness measurements were conducted on
the cross-section ZOY of the 56GM/(W + WC(Ni)) com-
posite in two regions (Fig. 5, @). In all cases, microhard-
ness increased when measured in the direction from
the substrate to the composite layer (Fig. 5, @). The micro-
hardness values for the base intermediate and composite
layers were approximately 3.5, 6.1, and 6.5 GPa, respec-
tively.

Tensile tests on samples extracted from the base alloy
and intermediate layer in the ZOY and ZOX cross-sections
demonstrated ductile fracture behavior (samples 1.1, 2.1,
2.2, Fig. 5, b — d). For samples from the region of the base
layer of 56GM steel, the ultimate tensile strength and yield
strength were approximately 1000 and 650 MPa, respec-
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tively (Fig. 5, ¢, d). For samples from the intermediate
region (56GM — 56GM/(W + WC(N1))), the ultimate ten-
sile strength and yield strength reached 1100 — 1200 MPa
and ~835 MPa, respectively — representing increases
of 10 and 28 % compared to the base alloy (Fig. 5, ¢, d).
For samples extracted from the composite layer region
in the ZOY and ZOX cross-sections, the ultimate tensile
strength values were 590 and 620 MPa, respectively,
and the yield strength was ~570 MPa (samples 1.3, 3.1,
Fig. 5, b — d). Due to the high volume fraction of brittle
carbide particles located at the grain boundaries of 56GM
steel, the relative elongation decreases to 3 %. A com-
posite layer containing approximately 10 vol. % tungsten
carbide is considered typical for metal-matrix composites,
for which mechanical properties are traditionally assessed
using compression rather than tensile testing [11].

It is well known that during additive manufacturing,
significant diffusion of carbon from tungsten carbide
(WC) particles into the o-Fe-based matrix occurs due
to the formation of the melt pool. This diffusion signifi-
cantly influences the phase formation of the matrix near
the reinforcing carbide particles, as carbon is an auste-
nite-promoting element. A substantial amount of diffused
carbon likely integrates into the a-Fe matrix as intersti-
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tial atoms, driving the phase transformation from a-Fe
to y-Fe in the composite layer (Fig. 3, ¢). Furthermore,
the nickel coating on the tungsten carbide particles is also
an austenite-promoting element. For instance, additional
nickel alloying in high-chromium steels can produce
fully austenitic structures at room temperature under spe-
cific chromium-to-nickel ratios.

Numerous studies have reported that ferrite-marten-
site microstructures typically revert to austenite during
the melting of the subsequent powder layer, as the tempe-
rature in some regions of the melt pool exceeds the auste-
nite transformation finish temperature due to the constant
heat flow from the molten zones to the substrate [23]. It is
expected that the austenite would subsequently transform
into martensite due to the high intrinsic cooling rate. As
noted earlier, neither the base alloy nor the intermediate
layer exhibited traces of y-Fe, and their phase composi-
tion consisted entirely of a-Fe. However, in the compo-
site layer, a small fraction of austenite did not transform
into a-Fe during cooling due to the presence of tungsten
carbide and nickel particles (Fig. 3, ¢).

The absence of interaction between iron and tung-
sten carbide (WC) form-ing carbides such as Me,C, as
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observed in this study, can be attributed to the beneficial
effect of tungsten. Tungsten’s slow diffusion rate reduced
the kinetics of such carbide formation [14; 15].

[ ConcLusions

The microstructure and mechanical properties
of a composite alloy based on 56GM steel, produced
using wire electron beam additive manufacturing with
the incorporation of W+ WC(Ni) powders during
printing, were investigated. The 56GM/(W + WC(Ni))
composite alloy features a gradient structure consisting
of the base layer of 56GM steel, an intermediate layer
(56GM — 56GM/(W + WC(Ni))), and a composite layer
(56GM/(W + WC(Ni))). The base layer of S6GM steel
is composed of ferrite-martensite grains with isolated
tungsten carbide (WC) particles located along the grain
boundaries. The ultimate tensile strength and yield
strength in the base metal zone were approximately 1000
and 650 MPa, respectively. In the composite layer, an
equiaxed ferrite-martensite grain structure with a small
fraction of austenite forms. was observed. Cracks were
found along the grain boundaries, where tungsten carbide
(WC) particles were concentrated. The volume fraction
of WC particles in the composite layer was significantly
higher than in the base layer of 56GM steel, resulting in
a 40 % reduction in tensile strength and brittle fracture.
Nonetheless, microhardness increased steadily from
the substrate to the composite layer, ranging from 3.5
to 6.5 GPa.

The introduction of nickel-coated tungsten carbide
(WC) particles shows considerable potential for fine-
tuning the strength and ductility of steel materials
by adjusting the volume fractions of austenitic and ferritic
phases.

The results suggest that incorporating W + WC(Ni)
powders into the surface layers of 56GM steel using
electron beam additive manufacturing can enhance
the tribological properties of the resulting composite
material. This method holds significant promise for
producing iron-based components with outstanding
performance characteristics.
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EFFECT OF 3D PRINTING MODE ON STRUCTURE
AND FATIGUE STRENGTH OF 30CrMnSi STEEL

S. A. Mantserov, M. S. Anosov, Yu. S. Mordovina, M. A. Chernigin ©
I R.E. Alekseev Nizhny Novgorod State Technical University (24 Minina Str., Nizhny Novgorod 603022, Russian Federation)

&3 honeybadger52@yandex.ru

Abstract. The desire of modern manufacturers to reduce the cost of producing goods leads to an increased search for ways to obtain the raw mate-
rials for future products more efficiently. One promising method for obtaining raw materials is electric arc surfacing (WAAM), which is discussed
in this paper. The aim of the study was to investigate the effect of electric arc surfacing on the structure and fatigue strength of 30CrMnSi steel.
To obtain the samples, two walls were surfaced according to the specified modes: /=150 A, U=25V, Q=600 J/mm (mode /) and /=110 A,
U=17V, Q=300 J/mm (mode 2). During the study of the walls microstructure after milling, it was found that when the metal is surfaced according
to the mode /, large accumulations of technological defects such as pores and bad welding form in the material. When the metal is treated according
to the mode 2, these macroscopic defects are practically not detected. During optical emission analysis, it was observed that during the surfacing
process, alloying elements are consumed and the carbon content decreases most actively. It should be noted that the burnout of elements occurs more
actively when the metal is surfaced using the mode /. This may be due to the higher energy input in this process. A predominant ferrite-sorbite structure
was found in the metal surfaced using the mode /. However, local ferritic colonies were revealed on the surface of the samples due to their height.
The microstructure of the samples produced using the mode 2 is mainly composed of ferrite and pearlite. Ferrite is isolated as closed grids along
the boundaries of the austenitic grains, and traces of a Widmanstetten structure can also be seen. Perlite is present both as highly dispersed plates and
partially spheroidized colonies. Despite the fact that the structure of the samples produced using the mode / is generally considered to be more favo-
rable in terms of material properties, the fatigue strength of the samples produced according to the mode 2 exceeds that of the mode / by an average
of 70 %. This may be due to the stronger influence of technological defects on the metal fatigue resistance than microstructural ones.

Keywords: 30CrMnSi steel, fatigue strength, structural defects, additive technologies, WAAM
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BNAUAHUE PEXXUMA 3D-NEYATU HA CTPYKTYPY
WU YCTAIOCTHYIO NPOYHOCTb CTANU 30XICA

C. A. Mauuepos, M. C. AHocos, 10. C. MopaoBuHa, M. A. YepHuruHx =

Huzxeropoackuii rocyiapcrBeHHblii Texanueckuii ynusepeurer um. P. E. AnexceeBa (Poccus, 603155, Hixuuii Hosropor,
yn. MununHa, 24)

B3 honeybadger52@yandex.ru

AnHomayus. CoBpeMEHHOE IIPOU3BOACTBO AKTHBHO 3aHUMAETCS IOMCKOM BOSMOXHOCTCH ITOTydYEHHUs 3aTOTOBOK H3/ICIHIl HanOoiee 3KOHOMUIECCKI
BBITOJIHBIMU cIIoco0amMu. OIHUM 13 IePCIIEKTHBHBIX METOIOB MOIYUECHHS 3ar0TOBOK SABJISIETCS 2JIeKTpoyroBas HarulaBka (WAAM), npumeHsemas
B JaHHOM pabote. Llenbro HccaenoBaHus SABIUIOCH H3yUCHHE BIUSHHIE PEXKUMa EKTPOAYTOBON HAILIABKU Ha CTPYKTYPY H yCTAIOCTHYIO IPOY-
HocTh 00pasioB u3 cranmu 30XT'CA. J{ns nmomydeHust 00pa3ioB ObUTH HAIUIABICHBI JBE CTCHKH IO CIeAyMmuM pexumam: /=150 A, U=25 B,
0 =600 JIx/mm (pesxum /) u [=110 A, U= 17 B, O =300 /MM (pexnm 2). B Xone u3ydeHHs MAKpOCTPYKTYPHI HAILTABICHHBIX CTEHOK II0CIIC
(pe3epoBKH yCTaHOBJIEHO, YTO IPH HAIUIABKE 110 PeKUMY / B MeTalie 00pa3yloTcs O0NbIINe CKOMICHUs TEXHOIOTHYECKHX 1e()EeKTOB, TAKUX, KaK
HOPHI ¥ HeTIpoBapsl. [1pu HamaBke MeTala 1o pexkuMy 2 Makpoae(eKThl IPaKTHICCKU He BRIABILIOTCS. ONTHKO-3MHUCCHOHHBII aHAIN3 II0KA3aJL,
YTO B IPOIIECCE HAIUIABKH MPOMCXOAUT BBIFOPAHUE JIETHPYIONIIMX 3JIEMEHTOB, Hanbolee aKTUBHO CHIDKAeTCs colep:kaHue yriaepona. Cuemyer
OTMETHTb, 4TO yrap 3JIEMEHTOB IIPOUCXOJUT O0JIce aKTHBHO IIPH HAILIABKE METaJIIa O PEKUMY /, 9TO MOKET OBITH CBSA3aHO ¢ OOJbIICH HOTOHHON
SHeprueil mporuecca. B Meraule, HalIaBIeHHOM 10 JJAHHOMY PEXUMY, BBISABICHA IPEUMYIIECTBEHHO (heppUTHO-COPOUTHAS CTPYKTYpPa, OJHAKO
0 BBICOTE O0OpPA3IIOB BBIABIIAIOTCS JIOKAIbHBIE (hepPUTHBIC KOJTOHHU. MUKpPOCTPYKTypa 00pa3LoB, H3TOTOBICHHBIX [0 PEXUMY 2, IPEHMYIIECT-
BEHHO NpejicTaBieHa heppuToM U nepiautoM. Gepput BeIIEISETCS B BUAE 3aMKHYTBIX CETOK 110 TPAHHUIAM OBIBIIErO ayCTEHHTHOTO 3epHa, TaKKe
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BBISIBJICHA BHMAHIITETTOBA CTPYKTypa. B MUKPOCTPYKTYpe NEepIuT MPEeCTaBICH KK B MJIACTUHYATON, TaK M B YACTHYHO CHEePOUAN3UPOBAHHON
dopme. CtpykTypa 00pa3sLoB, HAITABICHHBIX 10 PEXXUMY /, cauTaeTcs 6osee OaronpuaTHOH. OJHAKO yCTAIOCTHAs IPOYHOCTH 00Pa3LOB, H3r0-
TOBJICHHBIX 0 PEXHUMY 2, NMPEBBILIACT COOTBETCTBYIOIINE 3HAUCHUs Julsi pexknuma / B cpenHeM Ha 70 %. 1o Moxer ObITh 00ycioBieHo Oonee
CHJIBHBIM BJIMSIHHEM Ha CONMPOTHBIICHHE yCTAIOCTH META/LIa TEXHOIOTHIECKHUX e(DEKTOB, 4eM MHKPOCTPYKTYPHBIX.

Kniouesvwle caoea: crans 30XI'CA, ycranocTHas HPOYHOCTb, A€PEKThI CTPYKTYPBI, aJJUTUBHBIE TeXHOTOrHH, WAAM

BaazodapHocmu: ViccnenoBaHue BBIIONHEHO HpU (pUHAHCOBOM Iozepxke MUHHCTEPCTBA HAyKH U BEICLIEro oOpasoBanus Poccuiickoit dexepanyn
(FocynapcTBeHHOE 3a1anne «VIHTemIeKTyanbHas JUArHOCTHKA JeTanell 1 KOHCTPYKIHUH, MOMyYeHHBIX METOIOM aJTUTUBHOTO BBIPAIMBAHHUA B IPO-

necce ux nomydeHus u sxcruryararm»y Ne FSWE-2023-0008).

s yumupoeanus: Manuepos C.A., AnocoB M.C., Mopnosuna 10.C., Uepuurun M.A. Biusinue pexuma 3D-nieuatu Ha CTPYKTYpy M yCTaJIOCTHYIO
npounocts cramu 30XT'CA. Uzsecmus 8y306. Yepnas memannypeus. 2024;67(6):696-701. https://doi.org/10.17073/0368-0797-2024-6-696-701

B INTRODUCTION

Modern manufacturing is increasingly focused on
reducing production costs. In this context, additive manu-
facturing methods are gaining widespread adoption due
to their unique technological capabilities for producing
complex-shaped preforms from a wide range of mate-
rials [1 —3].

The main additive manufacturing methods currently
known are selective laser melting (SLM) [4; 5], laser
powder deposition (e.g., LENS/DMD) [6; 7], and wire arc
additive manufacturing (WAAM) [8; 9]. Among these,
WAAM is considered the most productive and techno-
logically straightforward method [8; 10; 11].

Despite the significant advantages of additive manu-
facturing methods over traditional approaches, the pro-
cesses occurring in the metal during surfacing (primarily
structure formation) remain insufficiently studied. Litera-
ture [12; 13] indicates substantial differences in the micro-
structure and, consequently, the properties of metals
in surfaced preforms compared to materials produced
by traditional methods. These non-standard microstruc-
tures result from crystallization under non-equilibrium
conditions during layer surfacing and the high number
of high-temperature thermal cycles involved in surfacing.
The main challenges in using WAAM for producing pre-
forms include:

— selecting surfacing parameters considering the burn-
out of alloying elements;

—ensuring structural uniformity along the height
of the surfaced metal;

— determining the optimal heat treatment (HT) mode
that accounts for the altered chemical composition
of the material after surfacing [14 — 16].

At the same time, achieving the desired combination
of properties in products without additional heat treat-
ment of preforms can significantly reduce production
costs.

30CrMnSi steel is widely used in the manufacture
of components operating at temperatures up to 200 °C.
Products made from this steel (such as shafts, axles,

levers, push rods, etc.) often work under alternating loads,
which can lead to fatigue failure of structures. Achieving
a sufficient level of fatigue strength without heat treat-
ment (tempering) in this material is a promising goal for
domestic industry.

Thus, the aim of this study is to investigate the effect
of electric arc surfacing mode on the structure and fatigue
strength of 30CrMnSi steel.

[l MATERIALS AND METHODS

The samples used in the study were surfaced as walls
on an experimental WAAM test bench, which included
a three-axis CNC gantry machine (IVCNC STL),
an Alloy 275 ME Pulse welding power source, an exhaust
hood, a welding table, and a welding torch. The 3D prin-
ting method used on this test bench is protected by patent
RU 2696121C1. NP-30CrMnSi welding wire was used
for surfacing the samples, with two walls surfaced as
part of the sample preparation. The surfacing mode was
defined by the following parameters: current (/, A), vol-
tage (U, V), arc gap (z, mm), wire feed speed (¥, mm/s),
and shielding gas flow rate. The arc gap and wire feed
speed were kept constant for all experiments at 11 mm
and 300 mm/min, respectively. The shielding gas flow
rate was also held constant.

The linear energy (Q) of the process (electrical
energy per unit length of the weld) was determined based
on the 3D printing modes as one of the key comprehen-
sive parameters, calculated according to the formula pro-
vided in GOST R ISO 857-1-2009, considering an energy
loss coefficient of 0.8:

=" (1)

Table 1 presents the surfacing modes for each surfaced
wall and the corresponding values of the linear energy
of the surfacing process.

Metallographic studies were conducted on transverse
cross-sections relative to the surfacing direction at mag-
nifications of 100x and 500x using an Altami MET1C
optical microscope. Preparation of metallographic sec-
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Table 1. Surfacing modes

Tabauya 1. Pe:xuMbI HATLIABKH

Mode I, A U,V 0, J/mm
1 150 25 600
2 110 17 300

tions followed a standard procedure involving mechani-
cal grinding with abrasive paper of various grit sizes and
polishing with paste. A 5 % alcoholic solution of nitric
acid (nital) was used as the etchant for chemical etch-
ing [17].

Fatigue test samples were cut from the preforms
along the surfacing direction. Fatigue tests were con-
ducted using a cantilever bending scheme in accordance
with the requirements of GOST 25.502-79. The sample
had a thickness of 3 mm and a working zone size
of 60x15 mm (Type IV according to GOST 25.502),
tested at a frequency of 8.3 Hz.

The chemical composition of the surfaced metal
was determined using optical emission spectrometry on
a Foundry-Master spectrometer.

- RESULTS

The results of the chemical analysis of the surfaced
metal and the composition of the initial wire are pre-
sented in Table 2.

As shown in Table 2, the surfacing process results in
a reduction in the content of alloying elements, which
is attributed to burnout, a phenomenon characteristic
of casting and welding processes. The most significant
reduction is observed in carbon content. It should be
noted that the burnout of elements is more pronounced in
samples surfaced using mode 7/, which may be associated
with the higher linear energy of the process.

The microstructures of 30CrMnSi steel samples sur-
faced using both modes are shown in Fig. 1. The micro-
structure of the sample surfaced using mode / is repre-
sented by ferrite and troosto-sorbite, which may indicate
quenching and tempering processes occurring during
the surfacing of subsequent metal layers. This structure
is favorable and, when considered layer by layer, uniform

Fig. 1. Microstructure of 30CrMgSi steel samples:
mode / (a); mode 2 (b)

Puc. 1. Muxpoctpykrypa o0pasios u3 craau 30XIT'CA:
pexum / (a); pexum 2 (b)

within a single layer. However, structural heterogeneity
is observed across the height of the sample, with distinct
areas containing large ferritic colonies (Fig. 2).

In the metal surfaced using mode 2, an anomalous
ferrite-pearlite structure was observed. Due to significant
overheating during surfacing and accelerated cooling,
ferrite is distributed as closed networks along the boun-
daries of former austenitic grains, forming a Widman-
stitten structure. Determining the morphology of pear-
lite at a magnification of 100x is challenging. At higher
magnifications, the microstructure of the sample surfaced

Table 2. Chemical composition of the surfaced metal and the initial wire

Tabauya 2. XMMUYeCKHii COCTAB HANJIABJICHHOTO MeTaJIJ1a M MCXOHOI MPOBOJIOKH

Sample name © Si Mn Cr Ni S P
Initial wire (30CrMnSi steel) | 0.291 | 1.021 | 0.931 | 0.961 | 0.099 | 0.021 | 0.016
Surfaced metal (mode /) 0.260 | 0.941 | 0.901 | 0.942 | 0.096 | 0.013 | 0.018
Surfaced metal (mode 2) 0.281 | 0.982 | 0.916 | 0.950 | 0.098 | 0.017 | 0.017
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Fig. 2. Microstructure of the sample surfaced according to the mode /

Puc. 2. MuxpocTpyKTypa 00pasiia, HallIaBIeHHOTO M0 PeXUMY [

using mode 2 (Fig. 3) clearly reveals the Widmanstitten
structure. Additionally, pearlite is observed in the form
of highly dispersed plates and partially spheroidized
colonies.

An analysis of the microstructures of samples sur-
faced under different modes (Figs. 1 —3) showed that
mode / leads to more active recrystallization of the struc-
ture in previously surfaced layers. This is attributed
to the greater amount of thermal energy delivered
to the material. Despite the more favorable structure

Fig. 4. Macrostructure of milled walls:
mode / (a); mode 2 (b)

Puc. 4. MakpoctpykTypa (ppe3epoBaHHBIX CTEHOK:
pexum / (a); pexum 2 (b)

Fig. 3. Microstructure of the sample surfaced according to the mode 2

Puc. 3. MukpocTpyKTypa 00pa3sia, HalUIaBICHHOTO 10 PeKUMY 2

achieved during surfacing, structural heterogeneity along
the height of the sample is observed, which may lead
to a reduction in the mechanical properties of the metal.
Additionally, there is an increased risk of metal spatte-
ring, elevated porosity, and other technological defects
during surfacing using mode /, which can further degrade
the overall properties of the material.

Technological macrodefects are clearly visible on
the surfaced walls after milling (Fig. 4). In the preform
surfaced using mode /, significant clusters of macro-
defects, including pores and lack of fusion [18; 19],
are evident. These defect clusters evidently contrib-
ute to a reduction in the overall mechanical properties
of the material [20; 21]. In contrast, macrodefects are
almost entirely absent in preforms surfaced using mode 2.

The data obtained from fatigue strength tests of samp-
les surfaced under different modes are presented in Fig. 5.

Although the structure of the samples surfaced using
mode / is considered more favorable in terms of mate-
rial properties, the fatigue strength of the samples pro-

530
510
490
470
450
430
410
390
370

350 1 1 1 1
0 5,000 10,000 15,000 20,000

o, MPa

25,000
N, cycles

Fig. 5. Graph of low-cycle fatigue of the samples:
1 —mode /; 2—mode 2

Puc. 5. I'paduk MaionMKIOBOH yCTalI0CTH 00pa3LoB:
1 —pexum /; 2 — pexum 2
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duced using mode 2 exceeds the corresponding values for
mode / by an average of 70 % (Fig. 5). This effect may
be attributed to the presence of macropores, bad welding,
and other technological defects in the metal (mode 7).
Based on the data in Fig. 5, it can be concluded that tech-
nological defects have a greater impact on the fatigue
strength of the metal than microstructural imperfections.

[ ConcLusions

The study revealed that the surfacing mode signifi-
cantly influences not only the metal’s structure forma-
tion but also the presence of technological macrode-
fects (such as pores, incomplete fusion, lack of bonding,
etc.). Although the structure of the metal surfaced using
mode / is more favorable for the mechanical properties
of the final product, the accumulation of macrodefects
leads to a reduction in the overall property set of the pre-
form.

Microstructural analysis showed that the structure
of the metal surfaced using mode / (/=150A, U=25,
0 =600 J/mm) is predominantly composed of ferrite
and sorbite. However, localized ferritic colonies are
observed along the height of the sample. The structure
of samples surfaced using mode 2 (/=110A, U=17Y,
0O =300 J/mm) exhibited an anomalous ferrite-pearlite
structure formed as a result of significant overheating
during surfacing and rapid cooling. In this case, ferrite
is distributed as closed networks along the boundaries
of the former austenitic grains, and a Widmanstitten
structure is also observed. Pearlite is present as highly
dispersed plates and partially spheroidized colonies.

The fatigue strength of samples produced using
mode 2 is, on average, 70 % higher than that of mode /.
This difference is primarily attributed to the greater
impact of technological defects (such as pores, incomp-
lete fusion, and bad welding) on the metal’s fatigue
strength compared to microstructural imperfections.
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STRUCTURAL-PHASE COMPOSITION AND MECHANICAL PROPERTIES
OF STAINLESS STEEL — LOW CARBON STEEL METAL COMPOSITE
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Abstract. The subject of the study is a metal composite obtained by electric arc surfacing in argon of corrosion-resistant steel on low-carbon steel.
Powdered chromium-nickel steel was deposited with an increased content of silicon and molybdenum relative to the traditional composition. In this
work, we studied the elemental and structural-phase compositions, as well as the mechanical properties of both components of the material and
the composite as a whole in the initial state and after annealing at 680 °C for 3 h. The main part of the corrosion-resistant component is a two-phase
austenitic-ferritic mixture with a ratio of 65 % HCC phase and 30 % BCC phase. The material has high microhardness (more than 4000 MPa).
The highest microhardness (4550 MPa) is observed in a narrow strip of deposited metal with a width of 25 pm, where the phase composition is repre-
sented by martensite (BCC), and austenite is absent. The transition across the boundary into carbon steel is accompanied by a decrease in microhard-
ness to 1225 MPa. Here, a decarbonized zone with a width of 180 um was formed near the fusion line. The resulting non-equilibrium stress-strain state
of the composite led to low strength, low plasticity and brittle fracture of the deposited layer during tensile testing. After annealing, microstructure
of the corrosion-resistant component became more uniform in size of both austenitic and ferritic structural elements. As a result of these transforma-
tions, internal stresses decreased and microhardness decreased to 3100 MPa. At the same time, the width of the decarbonized zone in the base metal
increased. All these changes led to the fact that, although the tensile stress of the annealed material increased by 8 %, and the deformation to rupture —
by 27 %, however, nature of the fracture remained brittle and rupture still occurs along the deposited layer. This is determined by the austenitic-ferritic
phase composition of the stainless component, which, in turn, is determined by chemical composition of the deposited material.

Keywords: clectric arc surfacing, corrosion-resistant steel — carbon steel composite, microstructure, microhardness, phase composition, mechanical
properties, annealing
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UCCNEQOBAHUE CTPYKTYPHO-®A30BOI0O COCTABA
N MEXAHUYECKUX CBOMCTB METAIZIOKOMMNO3UTA
HEPXABEIOLWASA CTA/Ib — HU3KOYTNEPOAUCTAA CTAJ/Ib
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AnHomayus. Ilpeamer u3ydeHus: — METAIUINYECKUH KOMITO3UT, TOIy4EHHBIH 3JIEKTPOLYrOBON HAIUIABKOW B aproHe KOPPO3HMOHHOCTONKOHN cTaim

Ha HU3KOYIVIEPOAUCTYIO cTaiab. Hammapuanack mopomkoBas XpOMOHHKENIEBas CTallb C IOBBIMICHHBIM OTHOCHTEIBHO TPAJUIMOHHOTO COCTaBa
cojiepKaHHeM KpeMHMs U MonubaeHa. B Hacrosmeil paGoTe uccie10BaHbl SIEMEHTHBIH U CTPYKTYypHO-(a30BbIil COCTaBbI, a TAKKEe MEXaHH-
yeckHe CBOicTBa 000MX KOMIIOHEHTOB MaTepualla 1 KOMIIO3UTa B LIEJIOM B HCXOZAHOM COCTOSHMM U Tociie omxura npu 680 °C B Teuenue 3 4.
OcHOBHas 4aCTh KOPPO3HOHHOCTOIKOrO KOMIIOHCHTA SBIIIETCA IBYX(a3HOM ayCTCHUTHO-()EppUTHOH cMechio ¢ cooTHomeHueM 65 % I'LIK-
¢azer 1 30 % OLK-¢a3sl. MaTepuan obmagaeT BEICOKOH MHKPOTBepHOCThIO (6onee 4000 MIla). Haubomsmas MukporBepaocts (4550 MIla)
Ha0Ir0IaeTCsl B Y3KOM CJIO€ HAIJIABICHHOTO METaa IMUpUHON 25 MKM, rae ¢a3oBeiii coctaB npencrasineH maprencuroM (OLIK), a aycTenuT
orcytcTByeT. [lepexos uepes rpaHuily B YIIEPOAUCTYIO CTallb COMTPOBOXKIACTCS YMEHBIIEHHEM MUKpOoTBepaocTH 10 1225 MIla. 3neck BOIM3H
JIMHUM CIUTaBJICHUs oOpa3oBaiack o0e3yrieposkeHHas 30Ha mupuHoit 180 mxm. Copmuposasieecs: HEpaBHOBECHOE HAIPsKEHHO-1e(HOopMu-
POBaHHOE COCTOSIHHE KOMIIO3MTa MPUBEIO K HU3KOH IPOUHOCTH, MAJION IJIACTUYHOCTU U XPYIKOMY Pa3pyILEHUIO HAIJIABIEHHOTO CIOSI IpU
HCIIBITAHUH Ha pacTspkeHue. [loce oTxkura MEKpOCTpyKTypa KOPPO3HOHHOCTOHKOr0 KOMIIOHEHTA CTajla 0ojee OTHOPOIHOII IO pa3MepaM Kak
ayCTECHUTHBIX, TaK X EPPUTHBIX CTPYKTYPHBIX JIEMEHTOB. B pesynbrare 3THX peoOpa3oBaHUN CHU3UINCH BHYTPEHHHE HAPSKCHHUA U YMEHb-
muiIack MUKpoTBepaoctTs 10 3100 MITa. B To e Bpems yBesnnuuiach IUPHHA 00€3yIIepoXKEeHHOH 30HbI B OCHOBHOM MeTaiuie. Bee ot n3me-
HEHHUS TIPUBEJIN K TOMY, UTO, XOTsl HAIIPsKEHHUE pa3pyLIeHHs [IPU PACTSHKEHUH OTOXOKEHHOTO MaTepHaia yBenuumioch Ha 8 %, a nedopmarus
110 pa3pbiBa — Ha 27 %, OJHAKO XapaKTep pa3pylIeHUs] OCTAICA XPYIKUM H Pa3pbIB MO-IIPEKHEMY ITPOUCXOAUT MO HAIUIABIEHHOMY CJIO0. DTO
omnpeenseTcs ayCTeHUTHO-(QeppUTHBIM (ha30BBIM COCTABOM HEP)KABEIONIEr0 KOMIIOHEHTA, KOTOPBIH, B CBOIO OYepelb, 3a1acTCd XUMHUIECKIM

COCTaBOM HaIIaBJIAEMOI'0 MaTcepurasa.

Kawuesswlie caosa: DJICKTPOAYroBasi HallJlaBKa, KOMIIO3UT KOppOSHOHHOCTOﬁKa}I CTallb — ynIepoaucTas CTajlb, MUKPOCTPYKTYpa, MUKPOTBEPAOCTb,

(ha3oBbIi COCTAB, MEXAaHUYECKHE CBOMCTBA, OTXKUT

BaazodapHocmu: PaboTa BBITIONIHEHA B paMKaX rocyapCTBeHHOro 3a1aHus MHCeTHTyTa (PU3UKH POYHOCTH U MaTepralioBeieHuss CHOMPCKOTo oTiele-
uus PAH ¢ ucnions3oBannem obopynosanus LIKIT «Harotex», Tema Ne FWRW-2021-0011.

s yumupoeanus: Jlanunos B.U., Opnosa JI.B., llmsaxosa I.B., Muponos F.II., ITerposa E.JI. MccnenoBanue crpykrypHo-azoBoro cocra-
Ba M MEXaHMYECKHX CBOMCTB METAJUIOKOMIIO3HTA HepKaBelomas CTalb — HU3KOYIJepOANCTas craib. M3zeecmus ey3oe. Yepnas memannypeus.

2024;67(6):702-709. https://doi.org/10.17073/0368-0797-2024-6-702-709

[ INTRODUCTION

The strict and often contradictory requirements for
materials in specialized mechanical engineering, chemi-
cal, nuclear, electrical, and electronics industries fre-
quently make it impossible to rely on existing homo-
geneous metals and alloys. This challenge has driven
the development and widespread adoption of layered
metal composites. These composites, widely used in
mechanical engineering, are valued for their high struc-
tural strength, corrosion resistance, heat resistance, and
weldability — all achieved at relatively low cost. In large-
scale industrial production, layered metal composites are
typically manufactured as sheets, tubes, strips, and rods
through casting followed by joint hot rolling of the com-
ponents [1 —4]. For applications with limited production
volumes, various protective coatings — such as gas-ther-

mal, ion-plasma diffusion, or electroplated coatings — are
often more practical [5 — 8].

Among the most commonly used layered metal com-
posites are those featuring a base layer of low-carbon or
low-alloy steel, with cladding layers made of corrosion-
resistant steel, copper, nickel, titanium, or other metals
and alloys. This combination is designed to ensure that
the base layer provides the required strength characteris-
tics, while the cladding layer protects against aggressive
environmental conditions. A cost-effective and acces-
sible method for producing such composites is electric
arc surfacing using a consumable austenitic electrode
applied to low-alloy carbon steel [9]. This method makes
it possible to create cladding layers with the desired
physical and mechanical properties and precise geometric
parameters. The use of powdered electrodes has proven
particularly effective [10; 11]. Moreover, the process is
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compatible with standard welding machines, leveraging
well-established operating modes [12].

Despite its advantages, the production of such metal
composites is not without challenges. Issues such as resi-
dual stresses, anisotropy, and the formation of porosity
remain significant concerns. It is well known that during
surfacing or welding, the cladding layer can acquire either
a cast structure (in single-layer surfacing) or a structure
modified by additional thermal treatment in specific zones
(in multi-pass surfacing). When corrosion-resistant steel
is surfaced onto carbon steel, the fusion zone may form
martensitic or austenitic-ferritic structures, depending
on the carbon content and diffusion processes [13 — 15].
Insufficient nickel and chromium in the deposited
metal can lead to a secondary austenitic-martensitic
structure [12]. These structures inevitably contribute
to a complex stress state in and around the contact zone.
Furthermore, the degree of mixing between the base and
deposited metals significantly influences the stress-strain
state of the bimetal composite. Ultimately, these factors
play a decisive role in determining the overall perfor-
mance characteristics of the layered metal composite.

This study aimed to assess the structure and stress-
strain state of a layered metal composite made from
corrosion-resistant steel and low-carbon steel, produced
via electric arc surfacing, and to identify optimal thermal
treatment parameters to enhance the structural strength
of the material.

] MATERIALS AND METHODS

The subject of this study is a metal composite obtained
through automatic electric arc surfacing in an argon
atmosphere, performed in two passes using a consumable
powdered electrode on a plate of standard carbon steel
grade 20 (as per GOST 1050-88) [16]. The electrode
diameter was 1.5 mm, the plate thickness was 8 mm,
the width of the deposited bead was 20 mm, and the ave-
rage bead height was 10 mm. The chemical composi-
tion of the powdered electrode was as follows (wt. %:
<0.12 C; ~18.0 Cr; ~1.0 Mn; ~5.0 Si; ~9.0 Ni; ~1.0 Mo;
~0.2 Ti; <0.04 S; <0.04 P; with the balance being iron.
To prevent cracking during surfacing, the plate was pre-
heated to approximately 300 °C.

For mechanical testing, a series of “dog bone” samp-
les were cut from the resulting workpiece along the axis
of the bead using the electro-erosion method.

The sample design and the scheme for measuring
microhardness and evaluating structural-phase characte-
ristics are shown in Fig. 1. The dimensions of the work-
ing section of the sample were 40x6x2 mm. In the work-
ing area of the sample, the fractions of the deposited
metal and the base metal were approximately equal.
Some of the prepared samples were annealed in a vacuum
at a temperature of 680 °C for 3 h, followed by furnace
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Fig. 1. A sample of metal composite for mechanical testing and
determination of structural and phase characteristics:
1 — base metal; 2 — fusion line; 3 — deposited metal;
4 — line for measuring microhardness and certification of structural
and phase characteristics

Puc. 1. O6pa3er; MeTaJUIOKOMITO3UTA JUISI MEXaHUYECKHX UCIIBITAHUIN 1
OIIpENIeNICHHs CTPYKTYPHO-()a30BbIX XapaKTEPUCTHK:
1 — OCHOBHOM MeTa; 2 — JIMHUS CIUIABICHHUS;
3 — HalJIaBJIEeHHBIH MeTall; 4 — JIMHUS U3MEPEHUS MUKPOTBEPIOCTH
U aTTeCTalliK CTPYKTYPHO-(ha30BbIX XapaKTePHCTHK

cooling (the initial state of the samples without heat treat-
ment is referred to as “State /” and the state after annea-
ling is referred to as “State 2”). For structural analysis,
cross-sectional samples were prepared in accordance with
RD 24.200.04-90. The analysis of the cross-sections was
conducted using a Neophot-21 microscope (Zeiss, Ger-
many). The elemental composition of the deposited and
base metals was determined using a LEO EVO 50 scan-
ning electron microscope (Zeiss, Germany). Microhard-
ness was measured with a PMT-3 microhardness tester
(1 N load on the indenter), and phase composition was
analyzed with a DRON-8 X-ray diffractometer (copper
radiation).

Uniaxial tensile tests at room temperature were con-
ducted on a Walter + Bai AG, model LFM-125 machine
(Switzerland) at a crosshead speed of 0.2 mm/min.

[ RESULTS AND DISCUSSION

Fig. 2, a shows the macrostructure of the metal
composite sample in State /. A strongly etched fusion
boundary is distinctly visible. The deposited metal
exhibits a layered structure with well-defined bounda-
ries (Fig. 2, a). The layers are numbered starting from
the fusion boundary, and their dimensions are provided
in Table 1.

Table 1. Layers of deposited metal

Ta6auya 1. C/1o4 HAIJIABJIEHHOI0 METAJLIA

Layer thickness, mm
Sample state
1 i i 1w
Initial (1) 0.025 | 1.50 1.35 1.25
After annealing (2) | 0.050 | 1.10 1.90 1.30




I1ZVESTIYA. FERROUS METALLURGY. 2024;67(6):702-709.
Danilov VI, Orlova D.V, etc. Structural-phase composition and mechanical properties of stainless steel - low carbon steel metal composite

1V

i

11

Fig. 2. Macrostructural image of the metal composite:
a — initial state; b — state after annealing; / — IV — layer of deposited metal; /' — base metal

Puc. 2. MakpocTpyKTypHOE H300payKeHHE METAIIOKOMITO3UTA:
a — UCXOIHOE COCTOSTHUE; b — COCTOSIHUE 110CiIe OTxkKUra; [ — [V — cllou HaruIaBIEHHOro MeTaula; /' — OCHOBHOM MeTaiul

Layer [ is located immediately adjacent to the fusion
line, where the deposited metal underwent the most sig-
nificant structural and phase transformations. The mate-
rial in this layer etches poorly, giving it an unstructured
appearance. The formation of such “white zones” is typi-
cal for welded joints between high-alloy corrosion-resis-
tant steels and carbon steels. According to previous stu-
dies [17 — 19], these zones exhibit a martensitic structure.
In the macroscopic image (Fig. 2, a), layers /I and 1]
appear visually similar but are separated by a clearly dis-
tinguishable boundary.

Microstructural analysis revealed that in State 7,
the deposited metal has a cast structure, with the size
and morphology of structural elements differing across
layers 11 — IV (Fig. 3, a). In layers /I and /1, the deposited
metal displays a dendritic structure with dark inter-dend-
ritic regions. Near the boundary between layers / and /1,
the dendrites transition into polyhedral grains, while
the inter-dendritic regions transform into inter-granular
boundaries. The boundary of layer / is marked with a red
dashed line in Fig. 3. As the boundary of layer /] is
approached, the thickness of the inter-dendritic regions
increases, the transverse size of the dendrites decreases,
and dark particles begin to form within them. Overall,
in layer /II, the dendritic structure is most pronounced
and relatively uniform. The structure of layer /V is hete-
rogeneous. The transverse sizes of the dendrites can
vary significantly, differing by several times. The dark
regions between the dendrites are spatially oriented and
appear to have a phase composition distinct from that
of the dendrites themselves.

Figs. 2, a and 3, a show that the macro- and micro-
structure of the base metal (layer V) is generally typical.
The microstructure corresponds to that of high-quality
carbon steel grade 20, consisting of polyhedral ferrite
grains with a small amount of pearlite (Fig. 3, @). In
State /, the average grain size was 21 =5 pum, corres-
ponding to a grain size number of 8 +~ 9. Notable struc-

11

1l

v

Fig. 3. Microstructure in layers / — IV of the deposited metal
and base metal V-
a — initial state /; b — state after annealing 2;
dC — decarburized zone of the base metal

Puc. 3. MukpocTpykTypa B ciosix / — IV HalulaBJIeHHOTO MeTajuia
W OCHOBHOTO MeTajuia V:
a — WCXOIHOE COCTOSHUE /; b — COCTOsTHUE TIOCIIE OT)KUTa 2;
dC — o6e3ymiepoxkeHHast 30Ha OCHOBHOTO MeTaluia

705



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(6):702-709.
/Jlanunoe B.H., Opsaosa /I.B. u dp. ViccnejoBanne CTPyKTYpHO-$a30BOro COCTaBa U MEXaHUYECKUX CBOMCTB META/IJIOKOMIIO3UTA ...

tural changes were observed near the fusion line,
where a decarbonized zone (dC) formed, characterized
by the absence of pearlite. This zone is 180 um wide, with
its boundary indicated by a yellow dashed line in Fig. 3.

The microhardness of the composite varies accor-
ding to the structural characteristics of its layers (Fig. 4,
curve /). The deposited metal exhibits a microhardness
more than double that of the base metal, approximately
4000 MPa comparedto 1700 MPa. The highest microhard-
ness, 4550 MPa, is observed in the non-etching layer /.
Moving toward the middle of layer //, the microhard-
ness decreases but begins to rise again, reaching a nomi-
nal value of about 4000 MPa in layer /1. At the fusion
boundary, the microhardness measures 2550 MPa, while
its lowest value of 1225 MPa corresponds to the decar-
bonized zone (dC) in the base metal.

The structural characteristics of the deposited metal
layers and the microhardness distribution are closely tied
to changes in phase composition. Fig. 5 shows the dif-
fraction pattern obtained for the main portion of the depo-
sited metal (curve /), indicating the presence of two domi-
nant phases: FCC and BCC. At the farthest distance from
the fusion boundary (layer /V), the FCC phase (~65 %,
austenite) predominates, while the BCC phase (ferrite)
makes up no more 30 %, with no signs of tetragonal
distortions. In Fig. 3, a, the bright structural elements
in layer /V are identified as austenite, while the darker,
oriented features correspond to ferrite. The remaining
~5 % of the volume consists of a mixture of low-symme-
try phases, silicides, and carbides. Near the fusion boun-
dary, the phase composition reverses: in layer I, the BCC
phase dominates, while austenite accounts for no more
than 5 % of the volume and exhibits significant texturing.

6000

dc~ | 1
11 i 4
5000 |- /
%‘f 4000 /%
= 3000 Tﬁ\i
1
2000 +
<
L
1000 1 1 1 1 1 1
-4 -3 -2 -1 0 1 2 3 4

L, mm

Fig. 4. Microhardness in different layers of the metal composite
in initial state (/) and after annealing (2):
1 — IV — numbers of layers of deposited metal;
dC — decarburized zone of the base metal

Puc. 4. MuxpoTBepA0OCTb B pa3HbIX CJI0SX METAJUIOKOMIO3UTA
B UCXOIHOM COCTOSIHUU (/) M B COCTOSIHHHM TIOCTIe OTKuTa (2):
[ — IV — ciou HarUIaBJICHHOTO METaJljIa;
dC — obe3ymeporkeHHas 30Ha OCHOBHOTO MeTaluia
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Fig. 5. X-ray diffraction patterns of the deposited layer
in initial state (/) and after annealing (2)

Puc. 5. PentreHoBckue An(pakTorpaMMbl HAIUIABICHHOTO CIIOS
B UCXOJIHOM COCTOSIHUHM (/) ¥ B COCTOSIHUU TOCJIe OTKuUTa (2)

The proportion of low-symmetry phases also decreases
to around 2 %. As expected, the base metal consists
primarily of the BCC phase. However, near the fusion
boundary, the 220 diffraction peaks exhibit significant
broadening, likely caused by tetragonal lattice distortions
and internal stresses. This observation aligns with pre-
vious studies [17; 18] which describe a martensitic struc-
ture in the non-etching zone near the fusion boundary.

The observed structural-phase characteristics and
microhardness distribution are driven by the diffusion-
driven redistribution of carbon and alloying elements near
the fusion line (between the base and deposited metals).
This is supported by the results of elemental analysis
(Table 2).

In layers /Il and IV of the deposited metal, the alloy-
ing element content closely matches the chemical com-
position of the powdered electrode. Using the concepts
of Creq and Nieq and the A. Schaeffler structural dia-
gram for chromium-nickel stainless steels [20], the two-
phase structure of these layers becomes clear. According
to this diagram, the FCC phase corresponds to austenite,
while the BCC phase corresponds to ferrite. In layer /7,
the nickel content decreases by a factor of three, silicon
content by nearly half, and chromium content by half.
As a result, the phase composition is a mixture of mar-

Table 2. Chemical composition of the deposited metal

Tabauya 2. JieMEeHTHBII COCTAB HAIIABJIEHHOT0 METAJLJIa

Metal Content of alloying elements, wt. %
layers Si Cr Mn Ni
mar-mw 5.4 15.3 1.3 10.3
Vi 33 7.6 1.6 3.6
I 1.8 5.2 1.5 1.8
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tensite and austenite, consistent with microstructural
analysis findings. In layer /, the chromium and silicon
content drops by a factor of three, and the nickel content
decreases by a factor of 5.5, leaving only martensite. This
result aligns with both microstructural observations and
X-ray diffraction analysis.

The analysis of structure, microhardness, X-ray dif-
fraction, and elemental composition in the initial State /
reveals a significant heterogeneity in the material’s stress-
strain state, which adversely affects the composite’s
structural strength. The stress-strain curve from uniaxial
tensile testing is shown in Fig. 6 (curve /). The material
displays low plasticity, which is unusual for both carbon
and stainless steels. At a strain of € = 3.6 %, the deposited
layer fails, forming a crack that extends through the entire
layer. The crack opening reaches up to 1 mm. The dia-
gram shows that the stress calculated for the full cross-
section of the composite drops from 554.2 to 219.5 MPa.
The base metal layer remains intact and continues
to deform plastically. The remaining undamaged cross-
sectional area of the sample is 6.33 mm?, meaning that
the stress acting in this area equals the stress in the entire
sample at the moment the crack forms. This indicates that
the failure of the deposited layer is brittle. The low frac-
ture toughness of the deposited layer is likely due to high
internal stresses. This issue can be addressed by annea-
ling, which, as described earlier, was performed for 3 h
at 680 °C.

The macroscopic image of the annealed material
(Fig. 2, b) shows that the layered structure of the depo-
sited metal is largely preserved, although the boun-
dary between layers /I] and IV is noticeably blurred.
The width of layer / has increased to 50 um (Table 1).
Layer / remains non-etching (Fig. 3, »). The adjacent
layer /1, as in State I, exhibits a grain structure that gra-
dually transitions into a dendritic structure. The evolution
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Fig. 6. Loading curves for the composite in initial state (/)
and after annealing (2)

Puc. 6. JlnarpamMbl Harpy»eHust KOMIIO3UTA B UCXOHOM COCTOSIHUM (/)
U B OTOXXIKEHHOM COCTOSIHUH (2)

of'the microstructure from layer //to layer //] after anneal-
ing follows the same pattern observed in the initial state.
The dendritic structure of layer /// remains unchanged
between the initial and annealed states. However, sig-
nificant changes occur in the microstructure of layer 7V
(Figs. 3, a and 3, b). The microstructure becomes more
uniform, with the bright austenitic structural elements
becoming more consistent in size, while the dark ferritic
elements thicken and lose their preferred orientation.

The microhardness distribution of the composite after
annealing (State 2) is shown in Fig. 4, curve 2. The most
notable changes are observed in layer /V, where the micro-
hardness decreases from 4700 to 3100 MPa. Conversely,
the microhardness of layer / increases by 400 MPa
compared to the initial state, while the microhardness
of the base metal shows a slight decrease. It is also note-
worthy that, while the microhardness of the decarbonized
zone remains unchanged after annealing, the width of this
zone expands to approximately 500 pm.

The phase composition in layers //I and IV remains
unchanged after annealing (Fig. 5, b), consisting of aus-
tenite, ferrite, and less than 5 % of low-symmetry phases.
The half-width of the main peaks for the BCC and FCC
phases decreases compared to the initial state, indicating
a reduction in second-order internal stresses. Further-
more, in layer /, the content of the FCC phase decreases
significantly (to about 2 %), and the proportion of low-
symmetry phases drops to less than 2 %. After annealing,
the base metal consists of a more refined BCC phase,
reflecting the absence of elastic distortions.

Overall, the deposited metal, fusion boundary, and
the composite as a whole transition to a more equilibrated
stress-strain state, which has a positive effect on the mate-
rial’s structural strength. As shown by curve 2 in Fig. 6,
while the deposited metal still fractures in a brittle man-
ner, the tensile stress at failure increases to 603 MPa, and
the relative elongation improves to 4.56 %.

- CONCLUSIONS

Studies of the composite produced by electric arc sur-
facing in an argon atmosphere, combining stainless steel
and low-carbon structural steel, showed that the cor-
rosion-resistant component has a two-phase austenitic-
ferritic structure. The component features a dendritic
structure, with an elemental composition matching that
of the electrode wire. The ferritic phase is concentrated in
the inter-dendritic regions. Closer to the fusion boundary,
the dendritic structure transitions into a grain structure,
and the FCC phase content decreases to zero. At the same
time, the concentration of alloying elements drops
by a factor of 3 to 5, resulting in the formation of a mar-
tensitic structure within a few micrometers of the fusion
boundary. Overall, the deposited layer exhibits high hard-
ness and brittleness due to significant internal stresses.
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Annealing at 680 °C for 3 h improves the microstructure
of the deposited layer, reduces hardness, and increases
relative elongation at failure. However, the composite
remains brittle.

During electric arc surfacing of the corrosion-resistant
layer onto low-carbon steel grade 20, a porosity-free layer
is formed that is strongly bonded to the base metal. This
layer exhibits an austenitic-ferritic phase composition
with substantial internal stresses, leading to brittle frac-
ture under load. This brittleness is attributed to the ele-
vated silicon and molybdenum content in the powdered
electrode wire compared to traditional compositions for
chromium-nickel stainless steels. Although annealing
relieves internal stresses in the deposited layer, it does
not fully eliminate the composite’s brittleness.
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Abstract. The authors investigated the microstructure and mechanical properties of wear-resistant coatings applied by the method of gas-thermal
spraying with heating of the metal to a liquid state and its subsequent spraying with a gas jet. Nowadays, thermal spraying is increasingly an alter-
native to various methods of surfacing due to the high costs of consumables, the complexity of maintenance and safety during repairs. By this
method, it is possible to reliably solve a variety of technological tasks, which include spraying of wear-resistant, antifriction and corrosion-resistant
coatings; alitizing by spraying (increasing heat resistance); increasing the size of products; surfacing and soldering; elimination of casting defects;
manufacture of molds, etc. The tribotechnical properties of the vibration damper rod of a railway carriage with reinforcing surface layers applied
to the working surface by methods of gas-thermal spraying with 40Kh13 steel and galvanic chromium plating were investigated. Structure and
thickness of the coatings, microhardness distribution in the coating-substrate zone, as well as the features of the coatings destruction under
the same test conditions were studied. The criterion for comparing the coatings’ wear resistance was the operating time of the samples before
the beginning of the coating destruction. Wear of the rollers was determined by the change in diameter, and wear of the pads — by the depth and
width of the grooves formed on their surface during the experiment. The coating applied to the vibration damper rod by spraying 40Kh13 steel wire
has high wear resistance in conditions of boundary friction with grease and can be an alternative to electroplated chrome coating. The high wear
resistance of the coating makes it possible to recommend it for restoring the dimensions of worn parts and increasing the durability of new ones,
as well as for replacing special anti-friction bearing alloys.
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CTPYKTYPA U CBOUCTBA NOKPbITUMA,
NONYYEHHbIX CMOCOBOM FASOTEPMMUYECKOTO HAMbIJIEHUA

A. B. Kosy6aes |, 0. B. CusoBa®

HuerutyT Qu3uku npoyHocTy U Matepuajosenenus Cudupckoro oraenenuss PAH (Poccust, 634055, Tomck, np. Akagemudec-
Kui, 2/4)

&) ovs@ispms.tsc.ru

AnHomayus. B pabore mcCieoBaINCh MUKPOCTPYKTYpa M MEXaHHYECKHE CBOWCTBA M3HOCOCTOMKHX ITOKPBITHH, HAHECEHHBIX CIIOCOOOM Tra3o-
TEPMUYECKOTO HAIBUICHUS! C HATPEBOM METAJUIA JI0 JKMAKOTO COCTOSHHS U IOCIEYIOUIMM €ro paciblUIeHHEM ra3oBoil cTpyei. ['azorepmuue-
CKOE HaIlbUICHHE B HACTOSIIEE BPEMsI BCE Yallle BHICTYIAET aJbTEPHATHBOM pa3IMYHBIM METO/aM HAIUIABKM HM3-32 BBICOKHMX 3aTpaT Ha Pacxo-
JlyeMbI€ MaTepHaJIbl, CIIOKHOCTh 00CITyKUBaHHs U 0OecredeHust 6e30MacCHOCTH MPH BBINOJIHEHUH peMOHTa. C MOMOIIBIO 9TOr0 CrIoco0a MOKHO
HAJIOKHO pelIaTh Pa3HOOOPa3HbIC TEXHOIOTMUSCKUE 3a/1a49i, K KOTOPbIM OTHOCSTCS: HANbUICHHE U3HOCOCTOMKNX, aHTH()PUKIIMOHHBIX U KOPPO-
3MOHHOCTOMKHMX MOKPBITHI; aTUTUPOBAHHE HAMbUICHUEM (TIOBBIILICHHE KAPOCTONKOCTH); HapallMBaHUE Pa3MEPOB M3/ICNNii; HAIIaBKa U MaiKa;
yCTpaHEHHE JIUTEHHBIX Je()EeKTOB; N3roTOBJICHHE Hpecc-GopM U Ap. ABTOPBI HCCICAOBAIN TPHOOTEXHUYECKHUE CBOMCTBA IITOKA BUOPOracHTEIst
HKEJIC3HOJOPOKHOTO BarOHa ¢ HAHECEHHBIMHM Ha Pabo4yl0 MOBEPXHOCTb YIPOUHSIONIMX MOBEPXHOCTHBIX CIOEB CIOCOOAMH ra30TePMUUYECKOTO
HambuieHus cramn 40X13 ¥ rajpBaHNYECKOTO XPOMHPOBAHUS. V3ydann cTpoeHHe W TONIIMHY MOKPBITHH, pactpenesieHHe MUKPOTBEPIOCTH B
30HE MOKPBITHE — MOIOKKA, A TAKKE 0COOCHHOCTH Pa3pyIICHUs HOKPBITHIH MTPU OJMHAKOBBIX YCIOBHSX McHbITaHui. Kpurepuem nis cpaBHeHus
HM3HOCOCTOWKOCTH TIOKPBITHH SIBIISICTCS BpeMst pabOThI 00pa3IoB 10 Hadasla pa3pyIeHHs TOKPHITUS. MI3HOC pOIMKOB ONpeersiicst 0 M3MEHEHUIO
JIMaMeTpa, a KOJIOAOK — 10 NIyOHHEe U LIMPUHE KaHABOK, 00PAa30BaBILIMXCS HA MX TIOBEPXHOCTH 3a BPeMsl IPOBE/IeHHs dKcnepumenTa. [Tokpeitue,
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HAHECEHHOE Ha IITOK BHOporacuTess pacnbuieHHeM npoBosiokn u3 ctainu 40X13, obnasaeT BBICOKOH M3HOCOCTOWKOCTBIO B YCIIOBUSIX TPaHHY-
HOTO TPEHHUSI CO CMA3KOH M CHOCOOHO OBITH AIBTEPHATHBOW TaJIbBAHMYECKOMY XPOMOBOMY MOKPBITHIO. BBICOKasi M3HOCOCTOWKOCTD MOKPBITHS
MI03BOJISIET PEKOMEH/I0BATh €T JJIsl BOCCTAHOBJICHHUS Pa3MEPOB N3HOIICHHBIX JIETAJICH U MTOBBIIICHUS J0JITOBEYHOCTH HOBBIX, & TAKIKE ISl 3aMEHBI

CII€IHaJIbHBIX aHTI/ICpr/IKI_II/IOHHLIX TIOAUIMITHUKOBEIX CIIIIABOB.

Kawuessie cnoesa: KOHCTPYKIIMOHHAA CTallb, pa3MepHLIﬁ L[e(bCKT, M3HOCOCTONKOE IIOKPBITHUE, Ia30TEPMUICCKOC HAIIBLJICHUEC, TpI/I60TCXHI/I‘I€CKI/IC

CBOMCTBA, TPEHUE CKOJIbKECHHS

BaazodapHocmu: PaboTa BbITIONIHEHA B paMKaX roCcy/1apcTBEHHOTO0 3aaHust HCTHTYTa (DM3UKK NIPOYHOCTH U MatepuanoBeiennss CHOMPCKOro oTiene-

nust PAH, nomep tembr FWRW 2021-0006.

s yumupoeaHnus: Kony6ae A.B., Cuzosa O.B. Ctpykrypa 1 CBOICTBa ITOKPBITHIA, MOITYYSHHBIX CIIOCOOOM ra30TepMHUUECKOTO HAIbIICHUS. HM36ec-
mus 6y306. Yepnas memannypeus. 2024;67(6):710-715. https://doi.org/10.17073/0368-0797-2024-6-710-715

- INTRODUCTION

Structural steels of various chemical compositions
are traditional materials for manufacturing compo-
nents of mechanisms and equipment. During operation,
under conditions of sliding friction on working surfaces,
the geometric dimensions of such components change,
which consequently leads to disruptions in the operating
modes of mechanisms and the occurrence of hazardous
situations. The intensity of the wear process depends
on several factors: chemical composition of the steel,
its operational characteristics, load, and sliding speed
of the working surface against the counterbody. A criti-
cal task in modern mechanical engineering is to develop
a scientifically grounded set of measures for creating tech-
nologies to restore the working surfaces of machine com-
ponents and tooling. One of the most promising methods
is gas-thermal restoration of worn surfaces by applying
metallic, non-metallic, and composite coatings. This
involves heating the source material to a liquid or plastic
state and spraying it with a gas jet. This method includes
the previously known metallization process by spray-
ing and similar processes for applying various materials.
The spraying process consists of several stages: the initial
stages ensure the atomization of the source materials, and
in the final stage, they are deposited onto a target.

The gas-thermal spraying process is defined by dis-
tinct thermodynamic and aerodynamic characteristics [1],
which are of practical importance as they directly influ-
ence the quality of the deposited material layer and its
functional performance [2 — 9].

The gas-thermal spraying (GTS) process consists
of four sequential stages: melting the source material in
quantities sufficient to ensure continuous and uninter-
rupted spraying; atomizing the molten material into fine
particles using jets of compressed air or other gases; crea-
ting a directed flow (spray plume) of these molten and
atomized particles; and depositing the particles to form
a material layer. During deposition, the particles, pro-
pelled by their kinetic energy, bombard the target surface,
embedding themselves in its irregularities and adhering
to previously deposited particles. Gas-thermal spraying
is increasingly emerging as an alternative to traditional

surfacing methods, which are often associated with high
consumable costs, complex maintenance requirements,
and significant safety challenges during repairs [10 — 16].

This study presents a comparative analysis of the struc-
ture and properties of gas thermal coatings made from
high-chromium steel, applied to the working surface
of a vibration damper rod in a passenger railway carriage.
The coatings were applied using GTS, where the metal
was heated to a liquid state and sprayed with a gas jet, and
electroplated chrome coatings for comparison.

[l MATERIALS AND METHODS

The tribotechnical properties of the vibration damper
rod of a railway carriage were investigated, with reinfor-
cing surface layers applied to the working surface using
gas-thermal spraying with 40Kh13 steel and electroplated
chrome coatings. The chemical composition of the coa-
tings was determined by X-ray fluorescence analysis, and
the results were compared with the chemical composition
of 40Kh13 steel according to GOST 5632 — 72. The study
examined the structure and thickness of the coatings,
the distribution of microhardness in the coating-sub-
strate zone, and the characteristics of coating destruc-
tion under identical test conditions. Metallographic
studies of the friction surfaces were conducted using
a NEOPHOT-21 optical microscope, and the microhard-
ness was measured with a PMT-3 microhardness tester.

The chemical composition of the coating obtained
by gas-thermal spraying of 40Khl13 wire was as fol-
lows (wt. %): C 0.38, Si 0.21, Mn 0.64, Cr 0.87. A com-
parison of the primary element content, particularly chro-
mium, showed that the coating material after spraying
corresponded to the standard composition of 40Kh13
steel as per GOST 4543 — 71.

The wear of the rollers was determined by measuring
the change in diameter, while the wear of the pads was
evaluated based on the depth and width of the grooves
formed on their surface during the experiment. A compa-
rative analysis of the tribotechnical properties of electro-
plated and gas-thermal coatings was performed using
a SMT-1 tribometer, following a roller-to-pad configu-
ration. The rollers were the test samples, and the pads
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were made of SCh 32-52 grade cast iron. The test con-
ditions closely simulated the real operating conditions
of vibration dampers, including the lubricant used in this
design (VMGZ oil). Tests were conducted until the onset
of coating destruction, which was monitored by obser-
ving changes in surface topography and detecting initial
signs of coating failure. After every three hours of experi-
mentation, the structure of the coating and substrate was
analyzed, microhardness was measured, and changes in
the dimensions of rollers and pads were recorded.

The implementation of new high-velocity gas-flame
spraying systems offers significant potential for further
development of this method, particularly in protect-
ing critical machine and mechanism components from
abrasive wear, corrosion, and other types of degrada-
tion [6 — 12]. One such critical component is the vibra-
tion damper of a railway carriage (Fig. 1), a large oilfilled
shock absorber designed to dampen carriage oscillations
during motion. A passenger carriage typically has four
vibration dampers. Generally, within six months of ope-
ration, these dampers begin to fail due to the destruction
of the chrome coating and oil leakage. The cumulative
costs of oil loss, rod replacement, and carriage down-
time are substantial. It should be noted that worn rods are
typically not repaired but discarded. Improving the wear
resistance of these critical components can significantly
reduce railway maintenance costs and enhance the safety
of railway operations [13 — 16].

Surface to be restored

M42x2
3%
48rom7

20+05

275+£0.5

b

Fig. 1. General view (a) and diagram (b) of the vibration damper rod
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Samples for the structural and tribotechnical studies
were prepared from two types of vibration damper rods:
the first was a worn rod restored using GTS with 40Kh13
steel wire, and the second was a rod coated with a pro-
tective layer applied through standard electroplating in
a liquid electrolyte.

The wear rates of the electroplated and gas-thermal
coatings on the test samples were determined through
comparative wear tests conducted on a 2070 SMT-1
tribometer, following the previously described roller-to-
pad configuration. The experimental scheme is shown in
Fig. 2.

The performance criterion for comparison was
the duration of sample operation until the onset of coa-
ting failure under a load of P =400 N and a shaft rota-
tion speed of ® =350 rpm. The degree of wear was
evaluated using the following parameters: for the rollers,
by the change in diameter; and for the pads, by the depth
and width of the grooves formed on their surface during
the experiment.

- RESULTS

The structural analysis of the coatings revealed notable
differences. The thickness of the dense electroplated
chrome coating did not exceed 0.1 mm, with a sharp and
well-defined boundary observed between the coating
and the substrate (Fig. 3, @). In contrast, the thickness
ofthe coating applied through GTS reached approximately
2 mm, with a similarly distinct boundary evident in this
case. The metal structure within the gas thermal sprayed
coating zone comprised mixed layers of the sprayed
metal, varying in thickness (Fig. 3, b). Discontinuities,
such as cracks and pores, were observed at the boun-
daries between these layers. The calculated porosity
of the material was determined to be 5 — 6 %. Microhard-

| Test sample

I — Tribometer shaft

— VMGZ oil

Fig. 2. Experimental scheme
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ness measurements indicated that the chrome coating
exhibited a hardness of approximately 700 HV, while
the gas-thermal sprayed coating demonstrated a hardness
range of 340 — 400 HV. The substrate material (45 steel)
had a hardness within the range of 150 — 180 HV.

During the first three hours of testing, no signifi-
cant changes were observed in either sample. However,
after six hours of testing, the sample with the chrome
coating began to exhibit the initial signs of substrate
material deformation and localized chipping of the coa-
ting. These signs included the formation of a deformed
layer beneath the coating, measuring 0.8 — 0.9 mm in
depth, and the detachment of coating fragments along
the boundary (Fig. 3, ¢). The image clearly illustrates
that the failure of the chrome coating occurred through
the detachment of small particles in areas where sub-
strate material (the rod) deformation had occurred
beneath the coating.

The coating applied through GTS retained its original
structure throughout the entire testing period (9 h) with-

out any visible signs of damage. Wear occurred gradually,
with the removal of thin surface layers, avoiding the for-
mation of localized areas with significant material loss.

[ ANALYSIS AND DISCUSSION OF RESULTS

The analysis of the results revealed that the coat-
ing applied to the vibration damper rod through GTS
of 40Kh13 steel wire demonstrated excellent wear resis-
tance under conditions of boundary friction with lubrica-
tion. This highlights its potential as a viable alternative
to electroplated chrome coatings. The exceptional wear
resistance of the gas thermal coating makes it suitable
not only for restoring the dimensions of worn compo-
nents and enhancing the durability of new ones but also
as a replacement for specialized anti-friction bearing
alloys. The findings suggest that, in most cases, GTS is
the most economically viable method for applying anti-
friction coatings on components operating under sliding
friction with either limited or abundant liquid lubrica-
tion [17 — 20].

ﬁ""""\’f.

C, RO g ,“& ,.,;J’ 250 pm
e S L —

Fig. 3. Microstructure of the samples in cross section:
a — chrome coating applied by galvanic method; b — coating obtained by gas-thermal spraying;
c and d — destruction of chrome and of sprayed coatings

Puc. 3. MuKpocTpyKTypa 00pa3sLoB B IIONEPEYHOM CCUCHHH:
a — XpOMOBOE MOKPBITHE, HAHECEHHOE ralIbBAHUYECKUM CIIOCOOOM; b — MOKPBITHE, MOIYYEHHOE ra30TePMUYECKUM HAIIBUICHUEM;
¢ 1 d — pa3pyleHHe XpPOMOBOI'O M HAMBUICHHOTO MTOKPBITHS
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- CONCLUSIONS

It has been established that the GTS method, which

involves heating the metal to a liquid state followed by its
atomization using a gas jet, can be effectively employed
to restore the worn surfaces of steel components.

Comparative studies of the tribotechnical properties

of coatings applied through GTS and electroplating indi-
cate that the gas thermal method reliably addresses a wide
range of technological applications, including application
of wear-resistant, anti-friction, and corrosion-resistant
coatings; alitizing through spraying (to enhance heat
resistance); increasing the dimensions of components;
surfacing and soldering through spraying; rectification
of casting defects.
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IMPACT STRENGTH AND FRACTURE FEATURES
OF 12 % CHROMIUM FERRITIC-MARTENSITIC STEEL EP-823
IN TEMPERATURE RANGE FROM =196 10 100 °C
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Abstract. The authors investigated the patterns of fracture during impact bending tests and determined the values of impact strength and temperature
of the ductile-brittle transition in temperature range from —196 to 100 °C of heat-resistant 12 % chromium ferritic-martensitic steel EP-823 in struc-
tural states after traditional heat (THT) and high-temperature thermomechanical (HTMT) treatments. After THT, temperature of the ductile-brittle
transition T is approximately —45 °C, after HTMT — approximately —40 °C. At these temperatures, the impact energy (KCV) after THT is approxi-
mately 36 J/cm?, after HTMT — 32 J/em?. Fractographic studies conducted by scanning electron microscopy of the fracture features of impact steel
samples after two treatments (THT and HTMT) in the low-temperature test area (at cryogenic temperatures) showed a predominantly brittle nature
of fracture, while fracture occurs by the mechanism of a transcrystalline quasi-cleavage. In the temperature range of the ductile-brittle transition,
a mixed nature of fracture is observed, which passes through the mechanism of a transcrystalline quasi-cleavage with elements of ductile dimple
fracture. In the temperature range from 50 to 100 °C, the extremely ductile nature of the fracture was detected, realized by the transcrystalline dimple
fracture mechanism. After HTMT, there is a slight decrease (relative to THT) in the steel impact strength in almost the entire temperature range under
consideration and, accordingly, an increase in the temperature of its ductile-brittle transition. This is due to the tests” geometry, in which the direction
of impact occurs in the plane of the layered structure, and it facilitates the formation of delamination cracks.

Keywords: ferritic-martensitic steel EP-823, microstructure, impact test, impact strength, ductile-brittle transition temperature, fracture features
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YOAPHAA BA3KOCTb U OCOBEHHOCTU PA3PYLUEHMUA
12 % XPOMUCTOU GEPPUTHO-MAPTEHCUTHOM CTANU IMN-823
B TEMMNEPATYPHOM MHTEPBAJE OT -196 0 100 °C
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AHHomayusa. B Hacrosme# paGoTe McCleIOBaHBI 3aKOHOMEPHOCTH Pa3pyIICHHS IIPU UCIBITAHUAX HA YHApHBI H3THO, ONIpeleieHbl 3HAYCHUS

VIAApHOH BSI3KOCTH M TEeMIleparypa BsI3KO-XPYIIKOTO Tepexoia B TemreparypHoMm uHTepBasie oT —196 mo 100 °C sxaponpouHoit 12 %-Hoit
XpOMHUCTOH (heppuTHO-MapTeHCHTHON cTanu JI1-823 B CTPYKTYPHBIX COCTOSHHAX MOCIe TpaauiuoHHoil Tepmudeckoii (TTO) u BricokoTeMIIEpa-
TypHo# TepmMomexanndeckoii (BTMO) o6pabotoxk. ITocie TTO Temneparypa Basko-xpymnkoro nepexoza I, coctapisieT npubnusurensho —45 °C,
nociie BTMO — npu6Gnusurensuo —40 °C. Tlpu stux Temueparypax sueprus yaapa (KCV) nociae TTO cocrasisier npubnusurensto 36 Jhx/cm?,
nocie BTMO — 32 Jlx/cm?. TIpoBeieHHbIE METOZIOM PACTPOBOIi BIEKTPOHHOI MUKPOCKONUH (paKTorpapuuecKue UCCIe0BaHUs 0COOEHHOCTEMH
paspymieHus yrapHeix o0pasios craiu nocie n8yx oopadorok (TTO u BTMO) B Hu3koTeMnepatypHo# 001acT UCIIBITAHUI (IIPH KPHOTEHHBIX
TeMIepaTypax) MOKa3aan MPEeMMYIIECTBEHHO XPYIKUH XapakTep pa3pyIleHust, IPU TOM pa3pyIIeHHe IPOMCXOJHUT 110 MEXaHU3MY TPAaHCKpUCTal-
JIMTHOTO KBa3MCKOJIa. B obnmacTu TeMneparyp BsI3KO-XPYIKOTO Hepexo/ia HabloaaeTcsl CMEIIaHHbIH XapakTep pa3pyleH s, KOTOPbIH TPOXOIUT 10
MEXaHU3MY TPAaHCKPHUCTAJUIMTHOTO KBAa3KMCKOJIA C 3JIEMEHTAMHU BS3KOTO SIMOYHOTO paspyueHus. B nateppaie temmeparyp ot 50 go 100 °C obOHa-
PY’KEH IPEenMyIIEeCTBEHHO BA3KUI XapaKkTep paspyIlieHuUs], peaIu3yeMblii 10 TPAaHCKPUCTAJUTUTHOMY SIMOYHOMY MeXaHu3My paspyuenus. [Tocne
BTMO nabmtonaercs He3HauuTeIbHOE CHIbKeHHE (oTHOcHTenbHO TTO) ynapHoi BA3KOCTH CTaIN IPAKTHYECKH BO BCEM PACCMaTPUBAEMOM TeMIIe-
paTypHOM JMana3oHe U, COOTBETCTBEHHO, MOBBIIICHHE TEMIEPATyPhl €€ BI3KO-XPYIKOIO Mepexoia. DTo 00yCIOBICHO reOMETpUeH UCIIBITAHHI,

IPH KOTOPOH HAIPaBICHHE yaapa MIPOUCXOANUT B INIOCKOCTH CIIOUCTON CTPYKTYPBI, YTO OOJIEr4acT 3aposkICHHE TPEIIMH PACCIOCHYIS.

Kawuesvle cnosa: peppurHo-mapreHcuTHas ctanb D11-823, MUKPOCTPYKTYpa, yAapHbIe UCIIBITAHNS, YAapHas BSI3KOCTh, TEMIIEPATypa BI3KO-XPYIKOTO

nepexoza, 0COOEHHOCTH Pa3pyICHHS

BbaazodapHocmu: Pabora BbIIIONHEHA B paMKaX rOCYIapCTBEHHOTO 3a/1anus MHCTHTYTA (DU3UKU TIPOYHOCTH U MarepranioBeneHus CHOMPCKOro oT/e-
nenus PAH, tema Homep FWRW-2021-0008. MccnenoBaHus BBITONIHEHBI ¢ HCIIOIb30BaHUEM 000PYIOBAHHS IEHTPA KOJUIEKTUBHOTO MOJIb30BAHUS
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- INTRODUCTION

In recent decades, ferritic-martensitic steels contain-
ing 9 — 12 % chromium have been considered as struc-
tural materials for next-generation reactors [1 — 6]. Stu-
dies [7 — 10] on this class of steels have shown that they
exhibit a combination of favorable mechanical proper-
ties, high creep resistance, corrosion resistance, thermal
conductivity, resistance to radiation-induced swelling,
and relatively low thermal expansion compared to pre-
viously used austenitic steels [11 — 15].

The key challenges in the development of ferritic-
martensitic steels are improving their high-temperature
strength above 600 °C and reducing their susceptibi-
lity to low-temperature embrittlement. Special attention
is given to the phenomenon of cold brittleness in these
steels, as body-centered cubic (BCC) metals transition
from a high-energy ductile fracture mode to a low-energy
brittle fracture mode via quasi-cleavage as the test tem-

perature decreases [16; 17]. This transition is associa-
ted with the ductile-brittle transition temperature (7, ).
Moreover, under operating conditions, radiation exposure
can lead to a reduction in fracture toughness and a shift
of T, to higher temperatures (300 —400 °C) [17; 18],
increasing the risk of premature structural failure. There-
fore, developing methods to mitigate embrittlement and
enhance the material’s resistance to low temperatures
remains a critical research objective.

One of the Russian representatives of the ferritic-
martensitic steel class with 12 % chromium is EP-823
steel (Fe—12Cr—Mo—-Nb—W-V-B) [8]. This steel has
been studied after different treatment methods, inclu-
ding traditional heat treatment (THT) and high-tempe-
rature thermomechanical treatment (HTMT) [8; 12; 19].
According to [8], HTMT enhances the strength and plastic
properties of EP-823 steel over a wide temperature range
(from =70 to 720 °C) compared to THT. The improvement
in mechanical properties after HTMT is correlated with
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the following microstructural changes: a 1.5 — 2.0-fold
reduction in the average size of martensitic blocks
and ferritic grains; a threefold decrease in the aver-
age size of martensitic lamellae; an increase in disloca-
tion density to (3 —6):10'° cm™ in the ferrite phase and
to (6 — 9)-10'° cm™ in the martensite phase; and a 1.5-fold
increase in the volume fraction of nanoscale MeX-type
particles (Me = Nb, Mo; X = C, N) compared to THT [8].
It is important to note that, regardless of the treatment
method, the primary hardening mechanisms of EP-823
steel include: dispersion hardening by nanoscale MeX
carbonitrides via the Orowan mechanism; grain boun-
dary hardening due to martensitic block boundaries and
ferrite grain boundaries; and substructural hardening
due to low-angle boundaries of martensitic lamellae and
an increased dislocation density [19].

Itis well known that the strength, plasticity, and impact
properties of a material are interrelated. The mechanical
properties of EP-823 steel under tensile testing conditions
have been sufficiently studied [8]; however, the effect
of processing regimes on its impact properties has not
been previously investigated.

It is worth noting that when examining samples
after hot rolling (specifically, those cut perpendicular
to the rolling plane), a layered structure is observed
(referred to in international literature as a “pancake struc-
ture”) [8; 15; 20 —22]. This structure is characterized
by areduction in the effective grain size. It has been shown
that this structural feature has a positive effect on impact
toughness and the ductile-brittle transition temperature
when the impact direction is perpendicular to the layers
and, in particular cases, to the rolling plane, due to crack
arrest within the layered structure [15; 20 — 22].

To investigate the effect of low-temperature embrittle-
ment, Charpy impact tests were conducted in this study
on 12 % chromium ferritic-martensitic EP-823 steel in
structural states after THT and HTMT.

] MATERIALS AND METHODS

EP-823 steel has the following chemical compo-
sition (wt. %): C0.14; Cr 11.56; Mn 0.58; Mo 0.74;
Nb 0.40; V 0.34; W 0.68; Ni0.68; N 0.03; Sil.09;
Ce 0.10; T1 0.01; B 0.006; Al 0.02; with iron as the ba-
lance [8; 10; 12; 19]. The processing schemes are as fol-
lows:

* THT consisted of heating to 7= 1100 °C, holding
for 1 h, air quenching, and tempering at 7= 720 °C for
3 h;

* HTMT involved austenitization at 7= 1100 °C for
1 h, followed by hot plastic deformation via rolling in
the austenitic region to € =50 % in a single pass, with
subsequent water quenching. After deformation, the steel
was tempered at 7= 720 °C for 1 h [8; 12; 15; 19].
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Impact direction

I———SSmm———ﬁ —————
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Fig. 1. Scheme of cutting samples for impact tests:
ND — direction normal to the rolling plane; RD — rolling direction;
TD — transverse direction

V- notch

Puc. 1. Cxema BbIpe3anus 00pa3ioB UL UCIIBITAHUI Ha yjap:
ND — HanpaBiieHne HopMalu K TNIOCKOCTH MTPOKATKH;
RD — nanpasnenue npoxarku; TD — nonepednoe HanpasieHne

Impact toughness tests were carried out on an auto-
mated Instron 450MP pendulum impact tester using
V-notched Charpy samples in structural states after
THT and HTMT over a temperature range from —196
to 100 °C. According to GOST 9454-78, the sample
dimensions were 55.0x2.0x8.0 mm, with a notch depth
of 2.0 mm. Samples after HTMT were cut according
to the designated scheme (Fig. 1), and the pendulum
impact was applied in the transverse direction (TD).
Cooling was performed in a KO-70 metal sample cool-
ing chamber for 10 min immediately before testing. The
testing time for cooled samples did not exceed 5 s. At test
temperatures of 50—100 °C, the samples were addition-
ally preheated. The impact toughness values were avera-
ged based on the test results of at least three identical
samples. The variation in the obtained impact toughness
values did not exceed £5 %.

The temperature dependence of impact toughness
KCV(T) exhibits two plateaus: the upper plateau KCV
and the lower plateau KCV_. . The ductile-brittle tran-
sition temperature (7, ) is defined as the average value

between KCV_ and KCV . .

Fractographic analysis of the fracture surfaces
of the tested steel samples was conducted using scan-
ning electron microscopy with an Apreo 2S microscope.
Additionally, in accordance with ASTM E23-05, the rates
of brittle and ductile fracture components in EP-823 steel
were calculated across the entire investigated tempera-
ture range, and the brittle transition temperature 7, was
determined, corresponding to the temperature at which
the rate of brittle fracture reaches 50 %).

B ResuLts

The results of Charpy impact tests for EP-823 steel in
structural states after THT and HTMT over a temperature
range from —196 to 100 °C are presented in Fig. 2.

At elevated temperatures, the maximum impact tough-
ness values are observed in EP-823 steel samples after
both treatment methods. Specifically, the upper plateau
energy (at 7= 50 — 100 °C) is approximately 65 J/cm? for
THT-treated steel and 60 J/cm? for HTMT-treated steel.
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Fig. 2. Temperature dependences of EP-823 steel after THT (/) and HTMT (2) in the temperature range from —196 to 100 °C:
a — impact strength; b — brittle fracture rate

Puc. 2. Temnieparypusie 3aBucumoctu ctanu DI1-823 mocne TTO (/) u BTMO (2) B untepsaie Temneparyp ot —196 1o 100 °C:
a — ynapHast BI3KOCTb; b — JI0JIsl XPYIIKOTO pa3pyIIeHUst

As the test temperature decreases, the impact toughness
declines, reaching approximately 7.7 J/cm? at cryogenic
temperatures (7 =-196 °C) for both treatments. Across
almost the entire investigated temperature range (except
at 7=-196 °C), the KCV values of steel after THT are
higher than those obtained after HTMT.

The ductile-brittle transition temperature of EP-823
steel after THT and HTMT is —45 and —40 °C, respec-
tively, with KCV values of approximately 36 and 32 J/cm?,
respectively.

To establish a correlation between impact toughness
values and fracture mechanisms, fractographic studies
were conducted on EP-823 steel samples after impact

tests in structural states following THT and HTMT, with
fractures occurring within the temperature range of —196
to 100 °C. It is important to note that, after both treat-
ments, the fractographic features and fracture mecha-
nisms of EP-823 steel are qualitatively similar.

At a test temperature of —196 °C, after both treatment
modes, the unstable crack propagation zone occupies
the entire fracture surface. At this temperature, the frac-
ture occurs by the transcrystalline (brittle) quasi-cleavage
mechanism, with no ductile fracture regions observed
(Fig. 3). The fracture surface exhibits quasi-cleavage
facets, differing in size, shape, and orientation. A river
-like pattern is frequently observed. The average facet

Fig. 3. SEM fractographic images of steel samples after impact tests at —196 °C after THT (a, b) and after HTMT (c, d)

Puc. 3. ®paxrorpadudeckre n300paxeHus 00pa3LoB CTAIH IOCIC YIapHbIX HcnbITaHuil npu —196 °C,
noiy4deHHsie metogoM POM, mocne TTO (a, b) u nociae BTMO (¢, d)
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width ranges from 3 to 7 pum, and additionally, narrow
elongated facets approximately 10 um in length are pre-
sent on the fracture surface.

At test temperatures near 7, , the unstable crack pro-
pagation zone is significantly reduced compared to that
at lower temperatures. In this zone, the fracture exhi-
bits a mixed character, occurring through a combination
of the transcrystalline quasi-cleavage mechanism and
ductile dimple fracture elements (Fig. 4). Within the tem-
perature range of —70 to 22 °C, multiple delamination
microcracks are observed in HTMT-treated samples,

propagating in the direction of the pendulum impact.
These microcracks can reach lengths of up to 500 pm,
with their widths not exceeding 0.2 um. In contrast, THT-
treated samples display only isolated cracks, oriented
perpendicular to the fracture plane.

At the upper plateau of the impact toughness curve,
the fracture occurs predominantly through the duc-
tile transcrystalline dimple fracture mechanism, which
involves the nucleation, growth, and coalescence
of micropores. The average dimple size ranges from 1
to 5 um, with some dimples reaching up to 10 pm in size

Fig. 4. SEM fractographic images of steel samples after impact tests at — 50 °C, after THT (a, b) and after HTMT (c, d)

Puc. 4. dpaxrorpadudaeckue n300paxeHs 00pa3LoB CTAIH II0CIE YIAPHBIX HCIBITaHu Ipu Temneparype —50 °C,
noryueHHsie meroyioM POM, nocie TTO (a, b) n nociie BTMO (c, d)

Fig. 5. SEM fractographic images of steel samples after impact tests at 100 °C, after THT (a, b) and after HTMT (c, d)

Puc. 5. ®paxrorpaduueckie n300paxeHus 00pasLoB CTaly HociIe yrapHbIX ucnbitanuii npu 100 °C,
nony4eHHbie MmetogoM POM, nocne TTO (a, b) u mocae BTMO (¢, d)
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(Fig. 5). Non-metallic inclusions are commonly found
at the bottom of the dimples, while delamination cracks
are absent at these elevated temperatures.

Fig. 2, b shows the brittle fracture fraction across
the temperature range from —196 to 100 °C, based on frac-
tographic analysis. The 7 temperature, where the brittle
fracture fraction reaches 50 %, is —9 °C for THT-treated
EP-823 steel and —22 °C for HTMT-treated steel. These
findings suggest that the transition in fracture mechanism
occurs at higher temperatures in THT-treated steel com-
pared to HTMT-treated steel.

[l DiSCUSSION OF THE RESULTS

After HTMT, a slight decrease in impact toughness
and an increase in T, are observed compared to THT
(Fig. 2, a). This behavior is clearly related to the micro-
structural features of the steel formed as a result of HTMT.
It has been shown [8] hat in EP-823 steel after THT,
the microstructure consists of equiaxed prior-austenite
grains containing martensitic blocks and lamellae. After
HTMT, the prior-austenite grains and martensitic blocks
become elongated in the rolling plane, with a reduc-
tion in their average cross-sectional size. Fig. 6 presents
EBSD images of the microstructure (the EBSD method
using SEM is described in detail in [8]) of EP-823 steel
in a section parallel to the rolling plane (Fig. 6, a) and
in a section perpendicular to the rolling plane (Fig. 6, b),
along with a schematic representation of the microstruc-
ture indicating the direction of the pendulum impact used
in this study. Notably, after HTMT, the average grain size
in the transverse section (Fig. 6, ) decreases by a factor
of 2.2 (d = 1.4 pm) compared to the corresponding value
after THT (d = 3.1 um) [8].

Numerous studies [20 — 23] have reported that reduc-
ing grain size leads to an increase in impact toughness.
The formation of a high density of grain boundaries
helps to retard quasi-cleavage crack propagation, thereby
enhancing the material’s toughness.

Another critical factor influencing impact tough-
ness and T, , is the test geometry relative to the laye-
red structure formed during HTMT. When the impact
direction is perpendicular to the layers (i.e., the rolling
plane), the layered structure acts as a crack — arrester,
inhibiting the propagation of the main crack and promo-
ting the formation of secondary cracks along the layers
(crack — arrester — type  delamination) [20; 24 — 26].
This mechanism results in an increase in impact tough-
ness and a decrease in 7, . Conversely, when the impact
is applied along the layers, the crack propagates in
a crack — divider, where the main crack splits mode
(crack — divider — type delamination), leading to rela-
tively low fracture toughness values [20 — 22; 24 — 26].

<

—

i Rolling direction | ==
T

I

Impact

ND direction

RD

=/

Fig. 6. Microstructure of EP-823 steel after HTMT,
obtained by the SEM EBSD method:
a and b — in a section parallel and perpendicular to the rolling plane;
¢ — scheme of a sample for impact tests with illustrated layered structure

TD

Puc. 6. Muxpoctpyxrypa cranu O11-823 nocie BTMO,
nony4deHHast merogom POM EBSD:
a1 b — B cedeHNH, NapalIeIbHOM U HEPICHINKY/IPHOM IIIOCKOCTH
NPOKATKH; ¢ — cxeMa o0pasna [UIsl yIapHbIX UCHIBITAHUI ¢ TPONILIIO-
CTPUPOBAHHOM CIIONCTON CTPYKTYpOi
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In the present case, the impact toughness of EP-823
steel after HTMT is determined by the interaction of two
competing factors: the reduction in grain size compared
to THT may contribute to an increase in impact toughness,
while the formation of delamination cracks in the direc-
tion of the pendulum impact, parallel to the layered struc-
ture, tends to reduce it. The predominance of the second
factor results in a slight reduction in impact toughness
after HTMT and an increase in 7 compared to THT
(Fig. 2, a).

Thus, despite the anisotropy of the microstructure
formed after HTMT, the steel demonstrates satisfactory
impact toughness under the selected unfavorable impact
test geometry.

- CONCLUSIONS

Based on Charpy impact tests conducted on EP-823
steel in structural states after THT and HTMT over
the temperature range of —196 to 100 °C, the impact
and the ductile-brittle transition temperature were deter-
mined. The results showed that after THT, 7, =45 °C
with KCV =36 J/cm?, while after HTMT, T, ~—40 °C,
KCV =32 J/cm?.

Fractographic analysis using scanning electron
microscopy revealed that in the low-temperature region
(T =-196 °C), the steel exhibited a predominantly brittle
fracture mode characterized by the transcrystalline quasi-
cleavage mechanism. In the ductile-brittle transition
region (7=-70 to 20 °C), a mixed fracture mode was
observed, while at higher temperatures (50 — 100 °C),
the fracture demonstrated a predominantly ductile cha-
racter.

The slight reduction in impact toughness and
the increase in T, observed after HTMT, compared
to THT, are attributed to the formation of multiple
delamination cracks under the specific impact test geom-
etry, where the impact direction is parallel to the planes

of the layered structure.

Regardless of the treatment method (THT or HTMT),
the investigated EP-823 steel demonstrates sufficiently
low T, values and satisfactory impact toughness, even
under unfavorable impact test conditions.
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Abstract. Currently, a promising area is the development of technologies for sintering or briquetting of converter sludge. Recycling of this sludge into
production will allow solving a number of important tasks for modern metallurgy in the utilization of man-made waste, saving raw materials and
reducing the cost of steel. The efficiency of utilizing useful components in the composition of briquettes is significantly higher than in any other state
(in a fine or polydisperse fraction, in sorted form). In this paper, we consider the development and justification of an integrated approach to thermo-
chemical sintering of converter sludge based on conditioning of iron-containing sludge by non-thermal adsorption dehydration and thermochemical
sintering with simultaneous reduction of iron from oxides. Adsorption dehydration to a moisture content of 2 — 3 % is provided by a short-term contact
of iron-containing slimes with a porous energy carrier, brown coal semi-coke, which is separated by pneumoseparation and sent for energy techno-
logical use, and the iron-containing product mixed with coals is subjected to thermo-oxidative coking. Coking is carried out in an annular furnace with
a rotating hearth, where, when temperatures reach 1050 — 1100 °C, a large and durable lump material is formed with 55 — 60 % of the iron-containing
product with almost complete reduction. Thermodynamic modeling of converter sludge sintering with coals was carried out. A tool for performing
computational experiments using methods of thermodynamic modeling of the studied object was the Terra software package designed to calculate
the thermodynamic properties and composition of the phases of equilibrium state of arbitrary systems with chemical and phase transformations.
The results of thermodynamic modeling were fully confirmed by the experimental studies. The obtained material is an analog of ferrocox containing
35 -39 % of iron and 45 — 49 % of carbon, while the zinc oxide content does not exceed 0.017 %.

Keywords: converter sludge, thermochemical sintering, thermodynamic modeling, instrumental system, ferrocoke
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TEPMOAUHAMMUYECKOE MOAE/NNPOBAHUE
NMPOLECCOB OKYCKOBAHUA KOHBEPTEPHOIO W/IAMA

E. B. [IpoTonomnos <, U. A. Pri6eHKo, E. A. Be/ieHeKui

Cubupckuii rocyrapcTBeHHbINH HHAYCTpUAIABLHBIH yHUBepeuTeT (Poccus, 654007, Kemeposckas 061. — Kyszbacc, HoBokysHenk,
yn. Kupoga, 42)

&) protopopov_ev@sibsiu.ru

AHHomayus. B nactosiiee BpeMs NEPCIEKTHBHBIM HATIPABICHUEM SIBISICTCSI Pa3paboTKa TEXHOJIOTHH OKYCKOBAaHHs MM OpHUKETHPOBAHUS KOHBEP-
TEPHBIX NUIAMOB. PEIMKIMHT 3THX IIJJAMOB B MPOMU3BOJCTBO ITO3BOJIUT PEIINTH sl BAXKHEHIINX Ul COBPEMEHHOM METaJUTypIruyl 3a1ad yTHIH-
3alMU TEXHOTEHHBIX OTXO/I0B, SKOHOMHUH ChIPbS M CHIDKEHMSI C€0eCTOMMOCTH cTaau. DPPEKTUBHOCTh UCIIOIB30BAHUS MOJIE3HBIX KOMIIOHEHTOB
B COCTaBe OPHUKETOB 3HAYMTEIIFHO BBINIE, YEM B KAKOM-THOO JIPyroM COCTOSIHUM (B MEJIKOHM WM MOJIHIUCHEPCHON (ppaKiHu, B COPTHPOBAHHOM
Bujzie). B HacTosiiel pabore paccMarpuBaloTCsl pa3BUTHE U 00OCHOBAaHUE KOMIUIEKCHOTO MOX0/Ia TEPMOXMMHYECKOTO OKYCKOBAaHHUSI KOHBEPTEP-
HOTO IIUIaMa, OCHOBAaHHOTO HA KOHIWIIMOHMPOBAHHH JKEJIE30COACPIKAIIMX [IUIAMOB HETEPMUYECKUM aJICOPOLIMOHHBIM 00€3BOKMBAHUEM U TEPMO-
XMMHYECKUM OKYCKOBAaHHEM C OTHOBPEMEHHBIM BOCCTAHOBJICHUEM Kelle3a U3 OKCUIO0B. AZCOPOLIMOHHOE 00€3BOKMUBAHKE 10 COACPIKAHMS BIIATH
2 —3 % obecrieunBaeTCs KPaTKOBPEMEHHBIM KOHTAKTOM JKEJIC30COJCPIKAIINX IJJAMOB C HOPUCTBIM YHEPrOHOCHTEIIEM — OYpOYTOIBHBIM ITOJTY-
KOKCOM, KOTOPBIH OT/EJIAETCS THEBMOCETAPAlMOHHBIM CIIOCOOOM U HATIPABIISIETCS ISl SHEPrOTEXHOJIOTHYECKOTO HCIIOIb30BaHMS, a KENe30Coziep-
KAl MPOAYKT B CMECH C YIIISIMH — HAa TEPMOOKHCIIMTEIEHOE KOKCOoBaHME. KoKkcoBaHMe OCYIIECTBISETCS B KOJIBLIECBOM MEYH C BPAIarOLIHMCS
ozioM, Tie npu foctmwkennu temneparyp 1050 — 1100 °C npoucxoant GopMHpoBaHKE KPYITHOTO M MPOYHOTO KyCKOBOTO Marepuaia ¢ 55 — 60 %
JKEJIe30COEPIKALLETO IPOAYKTA C IPAKTUYECKH MOJIHBIM BOCCTaHOBIEHHEM. [IpoBeieHO TepMOIMHAMUYECKOE MOJIEIMPOBAHUE IPOLIECCa CIIEKaHUs
KOHBEPTEPHOTO LIJIaMa ¢ yIIsIMU. VIHCTPYMEHTOM IPH BBINOJIHEHUH BBIYUCIUTEIBHBIX SKCIIEPUMEHTOB C UCIIOJIb30BAHHEM METOI0B TEPMOJINHA-
MHYECKOTO MOJICTTMPOBAHUS 00OBEKTA MCCIICJOBAHMS SBISIICS MIPOrPaMMHBIN KoMImieke «Teppa», mpeqHa3sHAYCHHBIH IS pacyeTa TePMOJMHAMHU-

© E. V. Protopopov, . A. Rybenko, E. A. Belenetskii, 2024 725


https://doi.org/10.17073/0368-0797-2024-6-725-730
mailto:protopopov_ev%40sibsiu.ru?subject=
mailto:protopopov_ev%40sibsiu.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=converter sludge
https://fermet.misis.ru/index.php/jour/search/?subject=thermochemical sintering
https://fermet.misis.ru/index.php/jour/search/?subject=thermodynamic modeling
https://fermet.misis.ru/index.php/jour/search/?subject=instrumental system
https://fermet.misis.ru/index.php/jour/search/?subject=ferrocoke
mailto:protopopov_ev%40sibsiu.ru?subject=
mailto:protopopov_ev%40sibsiu.ru?subject=

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2024;67(6):725-730.
Ilpomononos E.B., Pvibenko U.A., beaeneykuii E.A. TepMmoariHaMHU4ecKoe MOZIeJIMPOBAHKE TPOIECCOB OKYCKOBAHUS KOHBEPTEPHOI'O LJIlaMa

YEeCKUX CBOMCTB M cocTaBa (pa3 paBHOBECHOTO COCTOSIHHUSI POU3BOJIBHBIX CHCTEM C XHMHYECKMMH U (Da30BBIMHU MPEBpAICHUAMU. Pe3ybrarhl
TEPMOIMHAMUYCCKOTO MOJICIHPOBAHHS MOTHOCTHIO TMOATBEPIIIIN SKCIICPUMEHTAIBHBIC HCCIenoBaHus. [[0MyueHHBII MaTepral MpeCTaBIsieT
co0oii aHasor gpeppokokca, coxepxarnii 35 — 39 % xenesa u 45 — 49 % yriuepona, mpu TOM coJiepkaHue oKkcuaa IMHKa He npesbimaet 0,017 %.

Karuesvle cn108a: xoHBEpTEPHBIN 1IIIaM, TEPMOXUMHUUYECKOE OKYyCKOBaHUE, TEPMOJMHAMHUECKOE MOJEINPOBaHNE, MHCTPYMEHTAallbHAs CUCTEMA,

(heppokoke

Jns yumuposanus: Iporononos E.B., Peidenko U.A., benenenxuii E.A. Tepmonuaamiaeckoe MOJEIMPOBAHNE TIPOIIECCOB OKYCKOBaHUS KOHBEP-
TepHOTO 1uTama. Mzeecmus 6y306. Yepnas memannypeus. 2024;67(6):725-730. https://doi.org/10.17073/0368-0797-2024-6-725-730

- INTRODUCTION

In modern practices, the oxygen-converter process
plays a dominant role in global steelmaking [1 —4].
The development and refinement of converter unit
designs, coupled with accumulated knowledge on the use
of combined melt blowing, have significantly enhanced
the versatility of the converter process. This includes
smelting technologies involving liquid-phase reduction
of industrial waste and the use of multipurpose additives
or briquettes [5 — 8].

Studies [9 — 12] indicate that steel production in oxy-
gen converters generates approximately 12 — 25 kg of fine
dust per ton of steel, which is a valuable iron-containing
industrial by-product. For example, converter sludge
from EVRAZ United West Siberian Metallurgical Plant
JSC (EVRAZ ZSMK) contains up to 57 — 63 % Fe,0O,
and 46.8 % total Fe [13]. Recycling this sludge back into
production addresses critical metallurgical challenges,
including waste utilization, raw material conservation,
and steel production cost reduction [14 — 15]. However,
despite the clear potential of converter sludge recycling,
its direct introduction into the charge of oxygen conver-
ters or blast furnaces in fine-dispersed form is infeasible.

Iron-containing materials for the blast furnace or con-
verter are typically introduced in lump form. Therefore,
industrial waste (e.g., mill scale, dust, and dewatered
sludge) is traditionally utilized, for instance, by adding it
to charge [13]. However, introducing fine-particle mate-
rials into the charge in significant quantities is generally
accompanied by a decrease in process productivity and
a deterioration in the strength characteristics of the final
sinter [14].

For this reason, the development of technologies for
sintering or briquetting converter sludge remains a promi-
sing direction. Briquetting has several advantages: it
enables the conversion of industrial waste with diverse
chemical compositions and properties into standard pro-
ducts with controlled fraction sizes and technological
characteristics. This increases the density of the compo-
site material, prevents caking and blockages of fine
waste in hoppers and dosing equipment, and reduces dust
during transportation and use [14]. Moreover, the effi-
ciency of utilizing valuable components in briquettes is
significantly higher than in fine or polydisperse fractions,
sorted forms, or other states.
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Thus, briquetting converter sludge for subsequent
recycling has distinct advantages over its use in sinter
mix. However, the sludge must first undergo dehydration.
Currently, various sludge dehydration methods exist, but
they are typically bulky, complex, and energy-intensive,
involving preliminary mechanical moisture removal
(to below 20 — 25 %) through thickening or filtration, fol-
lowed by thermal drying [14].

This paper proposes a new integrated approach
to the thermochemical sintering of converter sludge, based
on conditioning iron-containing sludge through non-ther-
mal adsorption dehydration and thermochemical sintering
with simultaneous reduction of iron from oxides.

Adsorption dehydration to a moisture content
of 2—-3 % is achieved by short-term contact between
iron-containing sludge and a porous energy carrier —
brown coal semi-coke (BCSC). After dehydration,
BCSC is separated by pneumoseparation and directed
for energy-technological use, while the iron-containing
product, mixed with coal (grades GZh or Zh), under-
goes thermo-oxidative coking in an annular furnace with
a rotating hearth. At temperatures of 1050 — 1100 °C,
a large, durable lump material is formed containing
55 — 60 % iron with almost complete reduction.

Brown coal semi-coke is a relatively new product for
metallurgy, but numerous laboratory and industrial stu-
dies have demonstrated its effectiveness in pig iron and
steel production, thermal energy generation, and recyc-
ling of high-moisture waste. In this case, BCSC is a low-
ash, low-sulfur product with high energy potential and
increased reactivity and adsorption capacity, making
it suitable for preliminary dehydration of converter
sludge [15; 16]. After preliminary dehydration, the pro-
posed technological scheme suggests a thermochemical
sintering method in a mixture with sinterable coals in an
annular furnace with a rotating hearth.

[ RESEARCH METHODS

To address optimization tasks, thermodynamic mode-
ling of the converter sludge sintering process with coals
was conducted. The Terra software package, developed
at Bauman Moscow State Technical University, was
selected as the tool for computational experiments using
thermodynamic modeling methods for the studied sys-
tem. This software is designed to calculate the thermo-
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dynamic properties and phase composition of equilib-
rium states in arbitrary systems with chemical and phase
transformations [17; 18]. The program demonstrates
consistently good convergence when modeling processes
in elementary systems, including the direct reduction
of metals in complex multicomponent heterogeneous sys-
tems [19; 20].

Computational experiments were conducted for two
types of mixtures:

— 50 % Kuznetsk enrichment plant concentrate (coal
grades Zh and GZh) and 50 % converter sludge;

— 50 % concentrate of grade Zh coal from the Mezhe-
gey deposit and 50 % converter sludge.

The composition of the converter sludge is as follows
(wt. %): Fe,0, 64.05; FeO 1.82; MgO 4.59; CaO 16.68,;
Si0, 5.75; K,00.19; V,0,0.07; Cr,0,0.10; C0.63;
S0.24; ZnO 1.11; CuO 0.06; PbO 0.11; MnO 1.08;
AlL O, 1.93; Na,0 0.88; P,0,0.32; TiO, 0.21; W 1.35.
The table below presents the characteristics of the coal
concentrates, where W’ is moisture content; 4%is ash con-
tent; %/ is volatile matter yield; S¢ is sulfur content [14].

[ RESULTS AND DISCUSSION

The results of the thermodynamic modeling (Fig. 1)
were nearly identical for the tested conditions and

50
45 >
o M‘M
BrFc ‘..—--(—‘—*__h
30

25 1
20
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Composition, %

Composition, %

873

973 1073 1173

Temperature, K

Characteristics of coal concentrates

XapakTepuCTHKA YIoJbHbIX KOHIIEHTPATOB

Concentrate W, % A%, % Ve, % S %
GZh + Zh 10.5 7.8 38.0 0.56
Zh 8.6 8.1 38.2 0.67

demonstrated that the reduction of iron begins at a tem-
perature of approximately 873 K. At temperatures above
1073 K, the chemical composition of the briquettes sta-
bilizes. The iron content reaches a maximum of approxi-
mately 39 %, and the carbon content is 45 %. Addi-
tionally, the semi-product contains, (wt. %): CaO 6.9,
MgO 4.3, MgAl,0O, 1.0. The briquette mass amounts
to 0.6 kg per kg of the initial mixture.

The zinc and lead content drops to nearly zero at tem-
peratures above 1073 K, as compounds of these elements
presumably transition to the gas phase. Copper content
remains at approximately 0.04 %. Other elements (tita-
nium, chromium, vanadium, sodium, potassium) are
present in the system in trace amounts as oxides (less
than 0.1 %).

This information is fully supported by experimental
studies, where the mixtures were heated in an annular
furnace to a temperature of 1003 K and then in a Tam-
man furnace for 30 min at the final process temperature

0,7

Composition, %

| W

d

Yield, kg/kg of mixture

05 1 1 1 1 1
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1273
Temperature, K

Fig. 1. Results of thermodynamic modeling of converter sludge sintering with coal
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of 1373 K. The data indicate that the briquetted material
resembles ferrocoke (Fig. 2), containing 35 — 39 wt. % Fe
and 45 -49 wt. % C, while the zinc oxide content
does not exceed 0.017 wt. %.

Further studies using the Terra software investigated
the parameters of the semi-product at various ratios
of converter sludge to coal in the composite charge
within a temperature range of 873 — 1273 K. The results
(Fig. 3) indicate that the carbon content in the product
stabilizes at temperatures above 1073 K, reaching 50,
45 and 27 % for converter sludge proportions of 40, 50
and 60 % in the charge, respectively. The iron content
is 26.5 % for a sludge proportion of 40 % in the charge
and remains nearly constant at approximately 39 — 40 %
for sludge proportions of 50 and 60 % at temperatures
above 1073 K. Similar trends are observed for the yield
of ferrocoke-type briquettes as a function of tempera-
ture at different ratios of charge components. The yield
of the semi-product at the final reduction temperatures
is 0.6 kg per kg of charge for a sludge proportion of up
to 40 %. For sludge proportions of 50 and 60 %, the pro-
duct yield shows only slight variation, ranging between
0.67 and 0.69 kg per kg of charge.

Thus, the optimal ratio of converter sludge to charge
for achieving the desired yield and composition
of the semi-product should be 1:1. Increasing the propor-
tion of sludge in the charge results in only minor changes
to the amount of reduced iron and product yield; howe-
ver, it leads to a decrease in carbon content in the semi-
product.

Fig. 2. Experimental samples of ferrocox briquettes

Puc. 2. OnbiTHBIE 00pa3iibl OPUKETOB THIA (PEePPOKOKCA
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The practical application of the resulting briquettes
lies in their use as additives to the charge in the converter
process, serving as an iron-containing material, an addi-
tional heat carrier, and a reducing agent.

- CONCLUSIONS

The issues of thermochemical sintering of converter
sludge with simultaneous iron reduction from oxides
were analyzed. Thermodynamic and physical modeling
of the processes of sludge sintering with various coals
allowed us to consider the resulting material as an effec-

Carbon content, %

Iron content, %

Product composition, kg/kg of mixture

0.5 1 1 1 1 1

673 773 873 973 1073 1173 1273

Temperature, K
Fig. 3. Results of the study of converter sludge sintering

with coal using the Terra software package:
1—40%; 2 -50%; 3—60 %

Puc. 3. Pe3ynbrarhl HCCIIEI0BaHUS IPOLIECCa CIICKAHHsI KOHBEPTEPHOTO
[IIaMa ¢ yIjieM C UCIIOIb30BaHUEM IporpaMMHOro komriekca « Teppay:
1—40 %; 2—50 %; 3—60 %
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tive heat carrier and reducing agent for converter smelt-
ing. The rational composition of the initial charge for
composite briquettes of the ferrocox type was determined.
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Abstract. The report considers the purpose of drawing mills and possible violations of the technological process associated with the design flaws
of drawing mill drive. We analyzed the design of a planetary gearbox with a common carrier used in the drive of the stretching drum of a drawing
mill. During the operation of such a transmission, there are disadvantages: due to the imbalance of links of the mechanism relative to the central axis,
additional dynamic forces arise. This design transmits movement from the leading link to the carrier only through one satellite, the teeth of which
perceive all the force transmitted by the torque, which reduces the reliability of the gearbox and the drive as a whole. The design of a three-satellite
balanced self-aligning planetary gearbox, free from these disadvantages, is described.

Keywords: drawing mill, drive, planetary gearbox, torque, dynamic force, carrier, satellite, reliability
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AHHOmﬂuuﬂ. B COO6IIICHI/II/I paccMaTpuBacTCs Ha3HAYCHUE BOJIOYUIIBHBIX CTAHOB U BO3MOXKHBIC HAPYIICHUS TEXHOJIOTUYCCKOI'O ITpoLecca, CBsI3aHHbIC
C HEI0CTaTKaMU KOHCTPYKIUU MPHUBOAA BOJIOYUIIBHOTO 6apa6aHa. HpOBCZ[eH AHaJIN3 KOHCTPYKLHUHU IJIAHETApPHOI'0 peAyKTOpa € 06LLII/IM BOIUIIOM,
HCIIOJIb3YEMbIM B IIPUBOAC NPOTATrHUBAIOLICIO 6apa6aHa BOJIOYMJIBHOTO cTaHa. B rpouecce paGOTBI TaKou Tnepeaai BO3HUKAOT HEAOCTATKH:
H3-3a HCYPABHOBCUICHHOCTHU 3BCHLEB MEXaHU3Ma OTHOCUTEIILHO HeHTpaJ’ILHOﬁ OCH BO3HUKAIOT JIONOJIHUTEJIbHBIC JUHAMHUYECKUE CHJIBI. Takas
KOHCTPpYKLMS epeaacT ABUKCHUE OT BEAYLICTO 3B€HA Ha BOAWJIO JIMIIb 4Y€PE3 OAUH CATCIIINT, 3y6I>$I KOTOPOI'0 BOCIIPUHUMAIOT BCIO CUITY, II€peaa-
BaCMYIO KPYyTALIUM MOMEHTOM, YTO CHMIKACT HAJACIKHOCTb PEAYKTOpaA U IPUBO/JA B LICJIOM. Ornucana KOHCTPYKIHS TPEXCATCIIIUTHOTO YpaBHOBEC-
HICHHOI'0 CaMOYCTaHaBJIMBAIOLICTOCH IIJIAHETApPHOI'O0 PpEAYKTOpa, CBO6OI[H01"O OT YKa3aHHbIX HEJOCTATKOB.

Kawuesvle c108a: BOTOUNIBHBIN CTaH, IPUBOJ, INIAHETAPHBIN PELyKTOp, KPYTAIIMNA MOMEHT, ANHAMUYECKas CHJIa, BOAMIIO, CATEIUTHT, HaJIS)KHOCTh

s yumuposanus: Hukutun A.T., @acteikoBekuit A.P., I'epacumoB C.I1. CoBepiieHcTBOBaHHE pabOThl BOJIOYMIBHOTO CTaHa. M3gecmus 8y308.
Yepnas memannypeus. 2024;67(6):731-734. https://doi.org/10.17073/0368-0797-2024-6-731-734

Drawing represents the fourth stage of metallurgical in the drawing die under the influence of a pulling force.
production and is used to create cold-drawn products This reduces the cross-section of the material, shaping it
such as wire, shaped profiles, and tubes. The process to match the die’s outlet. Drawing dies are manufactured
involves pulling an initial billet through a tapered channel ~ with high precision using tungsten carbide hard alloys.
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The drawing process is performed in a cold state with
mandatory lubrication. The stability of the drawing pro-
cess, product quality, and scrap generation largely depend
on the application of the external force needed to exe-
cute the operation. This force is supplied by the drum
of the drawing mill, which is typically driven by an elect-
ric motor through a cylindrical gearbox. The drum drive
system plays a critical role in influencing friction condi-
tions in the die, ensuring stable load application during
acceleration and steady-state operation, and ultimately
determining the overall feasibility of the drawing pro-
cess [1; 2].

Currently, the drawing process is used to produce
wires, small-diameter tubes, and certain types of specia-
lized profiles. The primary equipment for this operation is
the drawing mill, whose main components include the die
and the stretching drum. The drum receives rotation from
an electric motor via a gearbox [3; 4].

An analysis of the AZTM VN 2-550 drawing mill,
operated in the steel rolling shop of EVRAZ United
West-Siberian Metallurgical Plant JSC (EVRAZ ZSMK),
identified the need for modernization to extend its ser-
vice life and enhance productivity. The modernization
involved replacing the existing drive system — compris-
ing two bevel gears, a cylindrical gearbox, and a belt
transmission — with a three-satellite planetary gearbox,
model MPO-1M-10-5.74-7.5/250 [5].

However, the newly installed three-satellite planetary
gearbox with a common carrier exhibited significant short-

comings. The imbalance of the transmission components
relative to the central axis caused additional dynamic
forces. Furthermore, the design transmitted motion from
the driving link to the carrier through a single satellite,
whose teeth bore the full torque-transmitted load. These
drawbacks reduced the reliability of the gearbox and
the drive system overall [6; 7]. Consequently, critical
technological challenges remained unresolved, such as
shortening profile changeover times, achieving smooth
acceleration to steady-state drawing speeds, and reducing
the occurrence of breakages.

To address these shortcomings, researchers at the Sibe-
rian State Industrial University developed a design for
a three-satellite balanced self-aligning planetary gear-
box [8] (see Figure).

The three-satellite planetary gearbox consists
of a central input drive wheel (1), satellites (2 — 4), an
output link (carrier) (5), three-pair articulated levers
(6,7), and a central wheel with internal teeth (&),
around which motion occurs. Since the mass centers
of the three-pair articulated levers are located along
the axes of the satellites they connect, the system
becomes balanced, reducing dynamic forces in the gear
meshing zones.

The three-satellite balanced planetary gearbox opera-
tes as follows: rotation from the electric motor is trans-
mitted to the central input drive wheel (/), which evenly
transfers motion to all satellites (2 — 4) through the three-
pair articulated levers (6, 7) connected with the output

==
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/I —
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== -|-__-| Ll
|3 871
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General view (@) and kinematic scheme (b) of a balanced three-satellite planetary transmission:
1 — central input drive wheel; 2 — 4 — satellites; 5 — output link (carrier);
6, 7 — three-pair articulated levers, which are connected with satellites 2 — 4 and with the carrier 5 by five rods;
8 — central wheel with internal teeth; 9 — additional hinge

OOt BuA (@) M KMHeMaTH4yeckas cxema (b) ypaBHOBELICHHOH TPeXCaTeJUIMTHOH IIIaHeTapHOM TTepeain:
I — eHTpaIbHOE BXOIHOE BeIyllee KoIeco; 2 — 4 — CaTeJUIUThL; 5 — BBIXOZHOE 3BEHO (BOAMIIO);
6, 7 — TpexmapHbIe MAPHUPHBIE PHIYArH, KOTOPBIE MATHIO MIAPHUPAMH COCIHMHEHBI C CATEIITUTaMU 2 — 4 1 C BOIUJIOM J;
8 — HeHTpaIbHOE KOJIECO C BHYTPEHHUMH 3yObsIMU; 9 — IOTIOIHUTEIILHBIH [IAPHUD
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link (carrier) (5). In this process, the torque from the cent-
ral input drive wheel (/) is uniformly distributed among
all satellites.

The mobility of the developed gearbox design is deter-
mined using P.L. Chebyshev’s formula:

W=3n —2p5 — Py

where W is the degrees of freedom (mobility) of the mecha-
nism; 7 is the number of links; p, and p, are the numbers
of fifth-class (hinge) and fourth-class (gear meshing)
pairs.

The kinematic chain of the transmission contains
seven links (n = 7), connected by seven hinges (p;=7)
and six gear meshes (p, = 6). Substituting these values
yields W= 1. This indicates that the planetary transmis-
sion is statically determinate, and all three satellites reli-
ably participate in transmitting power from the central
wheel to the output link. This reduces forces and, conse-
quently, stresses in the gear teeth.

Integrating the three-satellite balanced self-aligning
planetary gearbox into the drawing mill drive system
can significantly reduce profile changeover times, lower
scrap rates and downtime caused by breakages, increase
drawing speed, and enhance the overall productivity
of the drawing mill.

[ ConcLusions

The analysis of the drawing mill operation revealed that
to improve its productivity, the drive of the drawing drum
must be modernized. The developed design of the draw-
ing mill drive, featuring a three-satellite balanced self-
aligning planetary transmission, extends the service
life, reduces profile changeover time, increases drawing
speed, minimizes equipment downtime due to failures,
and decreases scrap rates, thereby enhancing the overall
productivity of the mill.
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RE-ENGINEERING OF BALL MILL
AT NOVOTROITSK PLANT OF CHROMIUM COMPOUNDS

A. V. Nefedov?, R. E. Ishmukhametov?, N. A. Chichenev?®
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Region 426359, Russian Federation)
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Abstract. Novotroitsk Plant of Chromium Compounds (NPCC) specializes in the processing of chromite and dolomite ores. Operating experience showed
that the loss of operability of the ball mill installed in this workshop leads to unplanned downtime due to the failure of drive elements, which account
for 11.3 % of the rated operating time of the workshop. To improve the reliability of technological equipment, it was proposed to replace the existing
electric drive with a modern geared motor, which transmits rotation to the mill drum through a gear coupling. As a result of the new drive engi-
neering, it was possible to simplify its design and reduce the labor intensity of maintenance and repair. Additional capital expenditures do not exceed
RUB 3.4 million and pay off in less than 3 months.

Keywords: foundry, beneficiation production, crushing and grinding processes, tube ball mill, electromechanical drive, geared motor
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PEMHXXWUHUPUHT LUAPOBOW ME/IbHULLbI
HOBOTPOULIKOIO 3ABOA XPOMOBbIX COEAUHEHWUIA

A.B. Hedegonl, P. 3. UmmyxameTtoB!, H. A. Ynuenen? ®

'HoBorpounkuii puianan HanuoHa LHOTr0 HCCIEI0BATEIHCKOTO TEXHOIOrHYeckoro ynusepentera «MUCHC» (Poccus,
426359, OpenOyprckas ooi., HoBorpouiik, yin. dpysse, 8)
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AHHomayusA. HoBOTPOHIKUI 3aBOJ] XPOMOBBIX COCAMHCHHI CHEHAIN3UPYeTCs Ha epepaboTKe XPOMHTOBBIX U JIOJIOMUTOBBIX pyA. OIBIT 3KCILTY-
aTalUy IMoKa3aj, YTo MOoTepsl pabOTOCIOCOOHOCTH LIAPOBOM MEIbHMIIBI, YCTAHOBJIEHHOW B JIJAHHOM IieXe, NPUBOJAUT K He3allIaHUPOBAHHBIM
IIPOCTOSIM U3-3a OTKa3a 3IEMEHTOB IIPUBOJA, KOTOPhIe COCTaBIAOT 11,3 % OT HOMHHAIBHOTO BPEMEHH PaOOTHI 1ieXa. J|JIt IOBBIICHHS HANEK-
HOCTH TE€XHOJIOTUYECKOr0 000py/10BaHuUsI TIPEJUIOJKEHA 3aMeHa JeiCTBYIOIIEro 21eKTPOIPHUBO/Ia HA COBPEMEHHBIH MOTOP-PEYKTOD, NepelatoIuil
BpamieHue OapabaHy MeIBHHIBI depe3 3yOuaryio MydTy. B pesynsrare pa3paGoTKuM HOBOTO IIPUBOIA YNAIOCh YHPOCTHUTH €r0 KOHCTPYKIIHIO
U YMEHBIIHUTH TPYJOEMKOCTh TEXHHMYECKOIro 00CIyKUBAaHHsA U PEMOHTA. JIOMONHUTENbHBIE KalUTAIbHBIC 3aTPaThl HE NPEBbILIAIOT 3,4 MIH pyo
U OKYTAIOTCsl MEHEE, YEM 3a TPU MeCALa.

Kawouesble ca108a: 06oraTutenbHOE IPOU3BOICTBO, IPOLECCH APOOICHHUS M U3MEIBUCHHUS, TpyOUuaTas mapoBasi MEJIbHHIA, JIEKTPOMEXaHHIECKUil Ipu-
BOJI, MOTOP-PEIYKTOP

/s yumuposanus: Hedenor A.B., Ummyxametos P.O., Unuenes H.A. PerrxuHUpHHT 11apoBOil MenbHUII HOBOTPOHUIIKOTO 3aBOa XPOMOBBIX
coenuHeHni. Uzsecmus 6y306. Yepras memannypeus. 2024;67(6):735-737. https.://doi.org/10.17073/0368-0797-2024-6-735-737
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Modern metallurgical enterprises place significant
emphasis on re-engineering existing equipment [1 —3].
This includes the introduction of advanced technologies,
automation of metallurgical process management using
modern computer systems, improvements in labor organi-
zation, and enhancement of personnel qualifications [4 — 6].

Novotroitsk Plant of Chromium Compounds (NPCC)
specializes in the processing of chromite ore. After
the initial crushing of large pieces, the ore is transported
via conveyor to a dry grinding mill, where chromite and
dolomite ores are ground. From the ball mill, the material
is conveyed to the next elevator and, finally, to a hopper
in the batch preparation area.

Currently, the grinding section operates a ball mill
model SMM2061, equipped with a 4A series electric
motor, which is now discontinued, and a special gear-
box. Physical and functional obsolescence results in
unplanned downtime due to failures in the drive compo-
nents, which account for 11.3 % of the nominal operating
time of the workshop.

With the growing demand for NPCC products, it has
become necessary to increase the productivity of tech-
nological equipment, including enhancing the power
of'the electric drive and the drum rotation speed of the ball
mill. Operational experience with ball mills indicates that
productivity increases (without altering the drum design)
are possible within a range of 10 — 15 %. This technical
solution will allow NPCC, a chemical-metallurgical com-
pany, to increase the production of sodium monochromate
by processing a larger volume of chromite and dolomite
ores in the first shop’s crushing section, thereby reducing
production costs.

To achieve this, a replacement of the existing elect-
ric drive with a modern R167DV280V4/BVG122 geared
motor with a power of 30 kW and a low-speed shaft rota-
tion frequency of 22 rpm has been proposed. The drive
is mounted on a welded sheet metal frame. A general-
purpose gear coupling is used to connect the transmission
shaft between the output shaft of the geared motor and
the mill’s drive shaft.

To assess the economic efficiency of implementing
the upgraded drive for the tube ball mill, a capital cost
estimate was prepared. The total investment required,
including the cost of purchasing and installing the new
equipment, amounts to approximately RUB 3.4 million.
The expected economic effect of implementing the new
drive is associated with a reduction in the time required
for capital and routine repairs, leading to an increase in
the ball mill’s productivity by 3 t/h. The proposed moder-
nization of the drive will reduce the cost of processing
1 ton of ore by 0.02 %, increase production profitability
by 1.37 %, and boost sales profit by 1.29 %. At the current
production volume, this will result in a significant eco-
nomic benefit. The costs of implementing the proposed
equipment will be recouped in less than three months
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from the start of its operation. These indicators demonst-
rate the economic efficiency of the developed project.

- CONCLUSIONS

As a result of the modernization of the tube ball mill
drive, its design was simplified, and the labor intensity
of maintenance and repair was reduced. Replacing the old
drive, which included an electric motor and a gearbox,
with a new drive consisting of a geared motor and a gear
coupling, allows for an extended maintenance interval,
thereby reducing operational costs. Calculations show
that the implementation of the proposed design solutions
leads to a 0.02 % reduction in the cost of processing 1 ton
of ore, a 1.37 % increase in production profitability, and
a 1.29 % increase in sales profit. Additional capital expen-
ditures do not exceed RUB 3.4 million and are recouped
in less than three months.
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Abstract. Using the example of the steelmaking production of JSC EVRAZ United West Siberian Metallurgical Plant, the paper considers the task
of synchronous calendar planning in the interval of several planned periods of operation of basic oxygen furnace (BOF), BOF shops, produc-
tion as a whole, as well as ongoing repairs of BOF for steelmaking production (two BOF shops with two and three BOFs). Scheduled stops
of the BOF for repair depend on the actual achieved duration of the lining campaign and production schedules of the units and are performed
when the current duration of the BOF campaign reaches a given standard value. Thus, the current duration of the BOF campaign is described
by a discrete, nonlinear quasi-periodic function that does not have a fixed period, but has some regularity. Technological limitations were forma-
lized, determining the minimum and maximum values of the number of melts per day that each of the workshops can produce with one or two
BOFs operating simultaneously. The authors formulated the conditions to avoid performing two “cold” repairs in one shop in one planned period
and ensuring daily processing by BOF shops of all cast iron coming from the blast furnace shop. In the proposed mathematical formulation
of the problem, it is required to find such schedules of BOF repairs and such calendar plans of their work that satisfy the formulated constraints and
optimize the non-linear criterion. The proposed criterion is aimed at ensuring the constant readiness of the shops for implementation of the produc-
tion program and design productivity. The task is formulated for the conditions of trouble-free operation and stable provision of the shops with
liquid cast iron as the main component of the metal charge of BOF smelting.

Keywords: steelmaking, BOF, campaign duration, BOF shop, quasi-periodicity, calendar plan, design productivity
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AnHomayus. Ha npumepe craneraBuibHoro npousBonctsa AO «EBPA3 O6wvenuuenusiii 3anaaHo-CHOMpCKUil METaTypru4eckiuii KoMOuHaT»
paccmarpuBaeTcs 3ajjada CHHXPOHHOI'O KaJICHJAPHOTO IIIAHUPOBAaHMS B MHTEPBAJIC HECKOJBKUX IUIAHOBBIX IMEPHOIOB pabOTHI KOHBEPTEPOB,
KOHBEPTEPHBIX I[EXOB, IPOM3BOJICTBA B 1IEJIOM, a TAKXKE TEKYIINX PEMOHTOB KOHBEPTEPOB CTAJICIUIABHIBHOTO MPOU3BO/CTBA (J1Ba KOHBEPTEPHBIX
nexa c JByMsl U TpeMsi KoHBepTepamu). [I;1aHOBbIe OCTaHOBKM KOHBEpTEpa Ha PEMOHT 3aBUCAT OT PEeajibHOM JIOCTUTHYTOH MPOIOKUTEIEHOCTH
KaMITaHUK 110 (DYyTEPOBKE U MPOMU3BOICTBEHHBIX KAJICHIAPHBIX IJIAHOB PabOThI arperaToB. PEMOHTBHI BBIMOIHSIOTCS MPU JOCTHKCHUH TEKYIIEH
JUINTEIIbHOCTH KaMIIAHWM KOHBEpPTEpa 3a/IaHHOTO HOPMATHBHOTO 3HaueHMs. TakuM o0pa3oM, TeKylas JUIUTEIBHOCTh KaMIIaHHHM KOHBEpTepa
OIUCBIBACTCS AUCKPETHOW, HETMHEWHOH KBa3UIepuoanueckoil GpyHKiuel, He nmeronel puKCHpoBaHHOTO MepUosa, HO 00Jaalomei HeKOTOPOoi
perynsipHocThio. DOpMaNIN30BaHbl TEXHOJOIMYECKUE OTPAaHWYEHHS, ONPEACISIONINE MHUHUMAJIbHBIE U MaKCHMaJbHBIC 3HAYCHUS KOJIMYECTBA
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IUIABOK B CYTKH, KOTOPOE MOXET ITPOBECTH KaXK/IbIi M3 1IEXOB MPH OTHOM MJIM JBYX OJHOBPEMEHHO padoTalomux kouseprepax. ChopMynupoBaHsl
YCIIOBHS, TIO3BOJIAIOMINE M30€KATh BHIIOTHEHHS B OJHOM II€Xe IBYX «XOJIOHBIX» PEMOHTOB B OJHOM ITAHOBOM IIEPHOAEC U 00ECIICUHBAIOIIIE
©KECYTOUHYIO TepepaboTKy KOHBEPTEPHBIMU LI€XaMM BCEro IMOCTYIAIOLIEro M3 JOMEHHOIo Iexa 4yryHa. B mpemnaraemoii maremarnueckon
IIOCTAHOBKE 3a1a4X TpeOyeTcsl HalTH Takue TpadUKyu peMOHTOB KOHBEPTEPOB U TaKHe KaJeHIapHbIE INIAHBI HX PaOOTHI, KOTOPHIE YAOBICTBOPSIOT
copMyIUPOBAHHBIM OTPAHUYCHUSIM U ONTHMH3UPYIOT HEJIMHEHHBIH KpuTepuil. [IpennoxeHHblil KpUTEpHid HarpaBieH Ha 0OecreyeHue mocTo-
SHHOH HOATOTOBICHHOCTH II€XOB JUIS BHIIOIHECHHS NIPOU3BOACTBEHHON IMPOTpaMMbl M IPOCKTHOH IPOU3BOAUTENBHOCTH. 3agada copMynupo-
BaHa JUIS yCIIOBUIT Oe3aBapuitHON paboThl M CTAOMIBHOTO 00EeCIIeUEeHMS! LIEX0B KUAKUM YyTYHOM KaK OCHOBHOW COCTaBIISIOIICH MeTa/l103aBaIK1

KOHBEPTEPHOH ILIaBKH.
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[ INTRODUCTION

The basic oxygen furnace (BOF) process is widely
regarded as the most effective method for improving eco-
nomic efficiency and enhancing the quality of metallurgi-
cal products [1 — 3].

In Russia, BOF production mirrors the key challenges
faced globally, including optimizing the composition
of processed charges and reducing losses and resource
consumption in the process [4 —6]. Modern economic
conditions demand improvements in production plan-
ning, technological advancements, the development
of new refractory materials, and innovative BOF lining
repair methods. These efforts aim to significantly extend
unit campaign durations and reduce refractory consump-
tion [6 —9]. As a result, planning production metrics,
along with the maintenance and repair of equipment and
auxiliary systems, remains a critical focus for achieving
the highest possible technical and economic performance
in BOF shops [10 — 12].

Planning BOF repairs in steelmaking production pre-
sents unique challenges, as it requires multifactorial solu-
tions when developing a calendar plan for BOF opera-
tions. In the case of other metallurgical units, the BOF
repair schedule is a key input for their overall calendar
planning [13 — 15]. This distinction stems from the fact
that BOFs are taken offline for repairs once the number
of melts conducted on a given lining reaches the defined
standard campaign duration [16; 17]. The timing of this
milestone depends on the unit’s operational calendar and
often results in repairs being carried out at irregular inter-
vals under production conditions [18 — 20].

[ KEY CONCEPTS AND NOTATIONS

Let O={0,, O} represent the structure of the steel-
making production, which includes two BOF shops:
0,={0,,0,,0,} and O, = {0,, o, }. The first shop opera-
tes three BOFs of the same type, while the second shop
operates two. The planning interval for BOF repairs
depends on the standard campaign durations of the BOFs,

their charge capacities, and the monthly volumes of cast
iron supplied for processing. Let (7|, 7,, ..., Tj, e Tp)
denote the sequence of months in the BOF repair plan-

ning interval; T, :<Atsj\sj :L_S_/); and Sj represent

the number of days in the j-th month. The volumes of cast
iron processed per melt cycle by the BOFs in the first
and second shops are denoted as g(O,) and g(0O,,) respec-
tively. The cast iron consumption coefficients for pro-
ducing one ton of steel in the corresponding shops are
p,» p,; and the standard campaign durations of the BOFs

are K, and K. Let {(s;’?, s:ffj|c:1,2,,..}, i:l,_5 re-

present the planned intervals for BOF repairs, where

e
r.
i

s and s;’f are the days when the c-th repair of the i-th

BOF begins and ends, respectively. If j =, the repair
starts and finishes within the same planning period j.
Ifj #j', the repair begins in period j and ends in period j’,

with the repair lasting (S ; —s:fC) days in period j and

r.
I : ; o
s # days in period j".

It is important to note that the reduction in scrap metal
supply under current market conditions has made scrap
metal prices comparable to the cost of cast iron produc-
tion. As a result, the cast iron consumption coefficients
p, and p,, are no longer considered constants and are now
given as interval-based estimates:

min max )
b

Pr e(p, > Py
(D

min max )

Pu E(pl > Py

Advancements in BOF production technology — such
as the introduction of secondary steelmaking, real-time
monitoring of BOF lining conditions, and periodic “hot”
repairs between scheduled overhauls involving lining
replacement — have significantly extended BOF cam-
paign durations, which now often exceed 6000 melts.
At the same time, the total number of “cold” BOF repairs
has decreased. Additionally, different suppliers of specia-
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lized materials for “hot” repairs offer varying guarantees
on BOF campaign durations, leading to the widespread
use of the term “guaranteed BOF durability.” In modern
practice, campaign duration is typically determined
by the refractory supplier under a specific contractual
agreement:

K] — (Klmm’ Klmax);
()
K (Kll’?ln’ Kmax).
The understanding of “cold” repairs has also evolved.
Previously, this term referred exclusively to the time
required to replace the BOF lining. Today, such repairs
are generally combined with maintenance of auxiliary
equipment and other metallurgical units. As a result, BOF
stop for repairs may exceed the duration of the current
planned production period.

Unless otherwise specified, the evaluations of the
parameters introduced will be treated as point estimates
rather than interval estimates.

Let us denote the number of melts produced daily by
BOF i in shops O, and O, as mi/(AtSj), m ”(Atsj), m,,j(Atsj).
It is evident that:

im,j(m )= m, (a0, ):

i=

5
z my (Atxj) =my; (Atsj).

i—4

3)

The calendar plan for the operation of the i-th BOF
in the j-th month is defined as the sequence

my (8, ) s =15, 4

The joint operation of BOFs in the shops is governed
by technological constraints that define the range of daily
melts in each shop, depending on whether one or two
BOFs are operating simultaneously:

my <my(Ad)) <mj, i =13, = LP; (5)
m_}l = mij (Atsj) < m_}l.ﬁ i= 47’ J = T’ (6)

(7

J
2myy < (my (A1) +my,(AL)) < 2myy, j=1P,  (8)
o1 1 T 1 1 1 1
where m,;, m;, m;, my, 2m,, 2m;, 2m;, 2m, are the
minimum and maximum numbers of melts produced in

the first and second shops, respectively, when operating
a single BOF, as well as the minimum and maximum

740

numbers of melts produced when two BOFs are in opera-
tion.

Operating three BOFs in the first shop is technologi-
cally challenging to implement.

We define the function kij(sj), which represents
the number of melts produced by the i-th BOF by the end
of day s in the j-th period. The number of melts is limited
by the campaign durations of the BOFs

ky(st{K” s ©)

The set of possible start times s/rfc for BOF repairs is
determined by the following relationships

{sj Ik, (s;) > K,}, i=13;
[Futefen ) i-is

e

r.
The completion time s for repairs is determined

(10)

by their specified duration .= 1,2,...

In steelmaking production, the design and repair
management system ensures that no two “cold” repairs
are carried out in the same shop during a single planned
period. Additionally, the first shop is designed to maintain
the continuous operation of two BOFs, while the third is
either under repair or held in reserve. As a result, during
each planned period T one of the following four opera-
ting modes is 1mplemented in each shop:

1. No repairs are performed on either of the two opera-

tional BOFs
[Sr"‘ s J(ZT

2. One of the operational BOFs is undergoing repairs

er re
i i
s;58 |

3. Repairs on one of the operational BOFs, started
in a previous period, are completed

an

(12)

TJ I(S] 1> ]ﬂT _lsxc' (13)

4. Repairs on one of the operational BOFs are initiated
and will be completed in a subsequent period

TH_][S’L SlilJﬂT 1+1,S (14)
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Let k; represent the number of melts produced
by the i- th BOF at the beginning of the j-th planmng
period. Based on expression (4), the number of melts &,
produced by the i-th BOF by the end of the j-th planning
period, for each operating mode, is described by the fol-
lowing functions

Sj
ki =l + > (A, );

(15)

=1

nZ 5,
ke - k"+lZ]:m(At )+ Z m(an): (16)
I=s}¢ +1

Sj
ko=kre S mi(Atsj); (17)
ke = k"+§:mi(Atg) (18)

The function k;(s), which represents the number
of melts produced by the i-th BOF by the end of day s,
exhibits quasi-periodic behavior (irregular periodicity).

It has a “sawtooth” shape, with a maximum value of K,

for BOFs in the first shop and K, for BOFs in the second
shop. The length of the “sawtooth base” depends
on the number of melts produced daily by the BOF
until the function reaches its maximum value, at which
point it resets to zero. The spacing between the “teeth”
of the saw corresponds to the BOF repair duration, during
which the function also equals zero.

The oscillations of kij(sj) follow a regular pattern but
lack a fixed period.

Using the sequences

(g}}}(Ats/_)Bj = I,Sj)

we can describe the daily inflow of liquid iron from
blast furnace production to the steelmaking facilities as
a whole, as well as to the first and second shops during

the j-th period. It is evident that g};‘ (Azs )+ g (At )
=g"(Ar, ), 5, =18 Let

ng(At ) GiT';,

so=1

where G‘n is the monthly volume of cast iron requiring

processmg Similarly, we define the values G‘n and G}}‘T )

Gh + G =G To calculate the number of melts
J J J

required to process the incoming cast iron on day 5

described by the sequence (g'l;‘(AtSj)|sj =1,Sj), we use

the following recursive procedure:

in g]/ (Atl)
7y (84) = { 2(0,) }
_ _ : (19)
gy (Aty) +g)' (At)  my (A)g(O;)p,
m], (Atz) -
g(0;) g(0y)

continuing until s5; =S,
This results in a sequence(m, (At )|s/. =1,S]-),

that describes the daily number of melts the first shop
must produce. A similar sequence can be calculated

(m}?j (Azﬂ,) |s; = I,_S) for the second shop. Let us represent

the monthly Volumes of cast iron requlrlng processing
in the M, Zm}“(At ) and M, Zm}?(At ) first

and second shops, respectively, expressed as the number
of melts. It is evident that M g(O;) + M7, 8(Oy) = G‘T‘j‘

The current campaign durations of the BOFs are sig-
nificantly higher than the monthly production volume
of their respective shops:

M, < K;; MHT <K,. (20)

Now, let us define a condition to prevent two “cold”
repairs from being carried out in the same shop during
a single planning period. We will start with the second
shop, which operates two BOFs. Due to the quasi-perio-
dic nature of the functions £, (s ) and k; (s ), and because
the campaign durations K, of the BOFs are identical,
the maximum possible dlfference between the values
k4j(sj) and ksj(sj) of these functions is K ,/2:

[k (5,) = ks (s, )| < K 2 1)

Therefore, the best way to stagger the repairs of the
fourth and fifth BOFs is to maintain the approximate
equality

[k () = (5))] = K /2. (22)

Equation (20) also indicates that if one BOF is taken

offline for repair, the remaining BOF has enough capacity

to handle the entire production plan for the current plan-
ning period.

For the first shop, which operates three BOFs,
the design provides for the continuous operation of two
BOFs, while the third is either under repair or held in
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reserve. The reserved BOF is brought online whenever
one of the operating BOFs is taken offline for repair.
Under this scheme, with two BOFs operating con-
tinuously, the condition for staggering their repairs, simi-
lar to that of the second shop, can be written as

|ky(s) =~k s) [~ K, /25 . e 1,2,3), (23)
where 7, i € {1, 2, 3} are the BOFs operating in the first
shop on day 5;-

-TASK FORMULATION FOR PLANNING BOF REPAIRS
AND OPERATIONS ACROSS PLANNED PERIODS
(T].I TZI seey Tji eeey TP)

The objective is to determine sequences

(m,.j(Asz) 5, =18} i=15,j=1P (@4
and BOF repair schedules
Ee r —
(s]ff,sj"‘chTj,i:I,S, c=12,.., (25)
J=1

that satisfy equations (5) — (8), the constraint
3 5 A
g(O,);mij(Atsl_) + g(OH);mij (a,) = g7 (a1, ). 26)

and conditions (11) — (14) for performing repairs under
specific operational modes, while minimizing criterion

0-3{
o

where i, i' € {1, 2, 3} denote the indices of the BOFs
operating in the first shop on day S, and the values k;; are
determined in accordance with rules (15) — (18).

e e

—O,5K1)+

e e
4j_k5j

- 0,5K,,)} 5 min, 27)

The criterion is designed to ensure conditions that
enable the shops to achieve their design production
capacities during each planning period.

[ ConcLusions

Using the steelmaking production at JSC EVRAZ
United West Siberian Metallurgical Plant as an example,
the problem of synchronous calendar planning is exam-
ined. This planning covers multiple periods, including
the operation of BOFs, BOF shops, and the production
process as a whole, as well as ongoing BOF repairs.
Scheduled BOF stops for repairs depend on the actual
duration of the lining campaign achieved and the produc-
tion schedules of the units. Repairs are carried out when
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the current campaign duration of a BOF reaches the spe-
cified standard value.
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