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Abstract. Studies of the formation of microstructure of grinding balls from the rejects of rail steel were carried out during their quenching in various
polymer media. At the first stage, based on studies of the cooling capacity of solutions of polymers PCM and Thermovit with varying concentrations
and temperatures, the authors constructed the cooling curves of grinding balls made of K76F rail steel. It was found that at concentration of these
polymers in an aqueous solution of 2 and 4 %, cooling rate of grinding balls made of K76F steel is almost identical at solution temperatures of 20
and 30 °C and significantly decreases when the temperature of the polymer solution increases to 40 °C. At the same time, the most noticeable
decrease in the cooling rate is characteristic of PCM polymer with its concentration at the level of 2 %. At the second stage, the authors carried out
metallographic studies of the microstructure of grinding balls made of K76F rail steel, which were quenched in laboratory conditions using polymers
PCM and Thermovit with concentrations of 2 — 4 % and temperature of 20 — 40 °C. As a result, it was determined that the use of the PCM solution
for quenching balls provides a significantly higher quality of microstructure and hardness of heat-treated balls compared to the use of the Thermovit
polymer. At the same time, varying the concentration and temperature of the PCM polymer quenching medium allows one to obtain grinding balls
with different performance characteristics that determine the potential areas of their application. Thus, quenching of balls in a solution of the specified
polymer with concentration of 2 % and temperature of 20 — 30 °C ensures the production of balls with high hardness (corresponding to the IV hardness
group according to the state standard GOST 7524 —2015), and the use of a solution of the same polymer with concentration of 4 % and temperature
of 20 — 30 °C for quenching creates the possibility of producing balls with lower hardness, but potentially high impact resistance.

Keywords: microstructure, grinding balls, rail steel, polymers, heat treatment, quenching medium, impact resistance
Acknowledgements: The research was supported by the Russian Science Foundation, grant No. 22-29-20170, and by the Kemerovo Region — Kuzbass.

For citation: Umanskii A.A., Baidin V.V., Simachev A.S., Dumova L.V., Safonov S.O. Formation of microstructure in rail steel grinding balls
depending on quenching medium parameters. lzvestiya. Ferrous Metallurgy. 2023;66(6):645-652.
https://doi.org/10.17073/0368-0797-2023-6-645-652

UCCNEQOBAHUA NPOLLECCOB ®OPMUPOBAHUA
MUKPOCTPYKTYPbl MENIOLWWUX LLAPOB U3 PEIbCOBOM CTANM
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AnHomayus. TlposesieHsl uccie0BaHus GOPMUPOBAHUSA MUKPOCTPYKTYPBI MENIONIIMX IIAPOB U3 OTOPAKOBKU PEIbCOBOM CTAM MpPH MX 3aKajke
B Pa3sIMYHBIX NOJMMEPHBIX cpefgax. Ha mepBom 3Tame, Ha OCHOBaHHU HCCIICNOBAHUM OXJIaXIJAIONIEH CIIOCOOHOCTH PacTBOPOB IOJIMMEPOB
«IIKM» n «TepMOBUT» IpU BapbUPOBAHUU UX KOHLIEHTPALUIl U TeMIepaTypbl IOCTPOCHBI KPUBbIE OXJIAXICHUS MEJIOIIUX [LIapOB U3 PEIbCOBOU
cranu Mapku K76®. Ilpu KOHIEHTpaluu yKa3aHHBIX MOJIMMEPOB B BOIHOM pacTBope 2 U 4 % CKOPOCTb OXJIAXJIEHHUs MENIOIIHX IIapoB U3
cramn K76® npaktudeckn uaeHTHYHA mpu Temieparypax pactBopa 20 u 30 °C u 3HaYMMO CHIIKAETCS B Cllydae YBEJIMYCHHUH TEMIIEpPaTyphbl
pactBopa nomumepa 10 40 °C. Ilpu 3ToM Hanbosee 3aMETHOE CHUKEHHE CKOPOCTH OXJIAXIEHHUs XapakrepHo it nonumepa «[IKM» mpu ero
KOHIIGHTpaluu Ha ypoBHe 2 %. Ha BTopom sTame npoBeleHbl MeTamlorpaduueckue HCcie0BaHUus MHUKPOCTPYKTYPhl MEJIOIUX MIApOB U3
penbcoBoil cramu K76®, 3akanka KOTOPHIX MPOBOIWIACH B JIAOOPATOPHBIX YCIOBHAX C HCHONb30BaHHEM mnoiuMmepoB «IIKM» u «TepmoBuT»
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¢ koHueHtpauuit 2 —4 % u Temneparypoir 20 —40 °C. McnonszoBanue pactBopa «[IKM» s 3akanku mapoB oOecriednBaeT 3HAYUTEIBHO
Goree BBICOKHE KaueCTBO MUKPOCTPYKTYpPBI H TBEPAOCTh TePMOOOPAOOTaHHBIX IIAPOB [0 CPABHEHHUIO C NMpHMeHeHHeM nomumepa « TepMoBuT.
BapbupoBaHne KOHLEHTPALNH U TEMIIEPATyphl HOIUMEpHOH 3akanouHoi cpensl «[TKM» 1mo3BosieT momydaTs MEIIOMINE MIApbl C Pa3InYHbIMU
SKCIUTyaTalIOHHBIMU XapaKTePUCTHKAMH, OIPEASIIIOIIIMI TOTCHINANIbHBIC 00IaCTH MX IPUMEHEHHUS. 3aKallka IIapoB B PACTBOPE YKa3aHHOTO
noJyimMepa ¢ KoHueHrpauueit 2 % u temneparypoit 20 — 30 °C obecriednBaeT MOJyueHHE LIAPOB C BBHICOKOH TBEPAOCTHIO (COOTBETCTBYIOIICH
IV rpynne tBepnoctu o 'OCT 7524 — 2015), a ncnonb30BaHKeE JUIs 3aKaJIKU paCTBOPA ITOTO JKe MOJIMMEPa ¢ KOHIeHTpalueil 4 % u reMneparypoii
20 — 30 °C co3maeT BO3MOXXHOCTB ITPOM3BOJICTBA IIAPOB C OOJIee HU3KOH TBEPIOCTHIO, HO MOTEHIIMAILHO BEICOKOH YIapHOI CTOMKOCTBIO.

Knatouesble €108a: MUKPOCTPYKTYpa, METTIOIINE LIAPEI, PEIbCOBAs CTAIb, OTUMEPBI, TePMOOOPaOOTKa, 3aKaI0YHAs CPEa, yaapHas CTOHKOCTb
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- INTRODUCTION

In recent years, there has been a noticeable trend
towards the intensive development of domestic ball rolling
production. Several modern ball rolling mills have been
commissioned [1; 2], and significant efforts are underway
at various operational mills to enhance the technological
processes for grinding ball production [3 — 6]. This phe-
nomenon is attributed to the growing demand for grin-
ding balls with superior performance characteristics, spe-
cifically hardness, wear resistance, and resistance to shock
loads. This demand arises from the desire to extend the ser-
vice life of grinding balls used in the metallurgical, mining,
and cement industries. Prolonging the service life signifi-
cantly reduces the cost of the final product and enhances
its quality [7—9]. Cost reduction is achieved through
a decrease in the specific consumption of balls, while qua-
lity improvement results from minimizing the entry of bro-
ken ball particles into the crushed materials [10].

An analysis of materials from both domestic and
foreign researchers indicates that the enhancement
of hardness and impact resistance in balls is primarily
achieved through the optimization of the chemical com-
position of steels employed in ball production [11 — 13].
Additionally, improvements in heat treatment modes play
a crucial role in achieving these properties [14 — 16]. It
is noteworthy that, aside from the mentioned characteris-
tics, the impact resistance of grinding balls is significantly
affected by the quality of their macrostructure [17; 18].

The steels used for the production of grinding balls
can be categorized into two main groups based on their
chemical composition [19; 20]:

— specialized ball steel;

— steels initially designed for the production of other
types of rolled products (either carbon or alloyed).

It’s worth noting that within the second group
of steels, a substantial portion consists of rejected rail
steel blanks [21 — 23].

The technologies for the heat treatment of grinding
balls can be categorized into three main organizational
options:

1) hardening followed by self-tempering of the balls
in the air;
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2) hardening followed by low tempering;

3) “interrupted hardening” (hardening in several
stages), followed by low tempering.

The second and third options for the heat treatment
of balls are deemed more preferable, as they facilitate
the alleviation of quenching stresses [24; 25]. However,
implementing the third option is more challenging.

Irrespective of the chosen heat treatment option for
grinding balls, the development of their high-qua-
lity quenching microstructure is largely influenced by
the cooling capacity of the quenching medium employed.
Polymers emerge as the most promising type of quen-
ching medium, as their cooling ability can be effectively
regulated across a wide range by adjusting water dilu-
tion at different concentrations.

In summary, it can be affirmed that investigations
into the processes governing the formation of the quen-
ching microstructure in grinding balls made of rail steel
using polymer quenching media are currently of signifi-
cant scientific and practical interest.

[ MATERIALS AND METHODS

The research focused on grinding balls that had not
undergone heat treatment, selected from the mill line
after rolling but before hardening, sourced from the cur-
rent production of JSC Guryev Metallurgical Plant and
made from rejected rail steel grade K76F.

The research was carried out in two stages:

1 — examination of the cooling effectiveness of PCM
and Thermovit polymer quenching media on the Kompa-
ton facility, with variations in polymer concentration and
temperature;

2 — investigation of the microstructure of grinding
balls after quenching using PCM and Thermovit poly-
mer quenching media, with variations in their concentra-
tion and temperature.

The temperature of the cooling medium varied in
the range of 20 — 40 °C with increments of 10 °C, and
the concentration of each studied polymer was set at 2
and 4 %.

The Kompaton facility used in the research is equipped
with a digital thermometer featuring a temperature sensor.
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The temperature was recorded at specified intervals in
automatic mode, and the TC Soft program was employed
for data processing, enabling the construction of cooling
curves.

To assess the cooling effectiveness of polymer quen-
ching media, grinding balls were heated in a laboratory fur-
nace to the quenching temperature and subsequently cooled
in a tank filled with the respective quenching medium.
The hardening temperature was maintained 30 °C higher
than the Ac, point, taking into account the actual chemi-
cal composition factoring in the actual chemical com-
position of the samples, as determined by X-ray spectral
analysis using the Shimadzu XRF-1800 spectrometer.
The actual heating temperature of the samples for quench-
ing fell within the range of 790 — 802 °C, with a low tem-
pering temperature ranging between 195 — 215 °C.

Microstructure and hardness studies of the balls were
conducted on samples that underwent heat treatment.
For each ball, one portion underwent quenching, while
the other underwent quenching followed by low temper-
ing. The microstructure analysis utilized an OLYMPUS
GX-51 optical metallographic microscope, and hardness
was determined using a TK-2M hardness tester.
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Fig. 1. Cooling curves of K76F rail steel during quenching
in an aqueous solution of polymers PCM (@) and Thermovit (b)
with concentration of 2 % depending on the quenching
medium temperature

Puc. 1. KpuBsle oxnaxaenus penbcoBoit ctanu K76d npu 3akainke
B BosiHOM pactBope nonumepoB «ITKM» (a) u «Tepmosut» (b)
C KOHILIeHTpauuei 2 % B 3aBUCUMOCTH OT TEMIIEPATYPbl
3aKaJIOYHOMN CpeJibl

[ RESULTS AND DISCUSSION

The analysis of the obtained cooling curves for grind-
ing balls made of K76F rail steel suggests that, with both
PCM and Thermovit polymer quenching media, the cool-
ing rate remains practically identical at solution tempera-
tures of 20 and 30 °C, regardless of their concentrations
(2 or 4 %). However, a noticeable decrease in the cooling
rate is observed when the polymer solution temperature
is increased to 40 °C (Figs. 1 and 2). Notably, the most
pronounced decrease in the cooling rate is observed with
the PCM polymer at a concentration of 2 %.

Examination of the microstructure of grinding balls after
a complete heat treatment cycle (quenching + low tempe-
ring) reveals that the most optimal microstructure, compris-
ing martensite + carbides with some residual austenite, is
achieved under specific quenching medium parameters:

1) at a PCM concentration of 2 % and a solution tem-
perature of 20 and 30 °C (Fig. 3, a, b);

2) at a PCM concentration of 4 % and a polymer tem-
perature of 40 °C (Fig. 3, ¢);

3) at a Thermovit polymer concentration of 4 % and
a temperature of 20 °C (Fig. 3, d).
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Fig. 2. Cooling curves of K76F rail steel during quenching
in an aqueous solution of polymers PCM (@) and Thermovit (b)
with concentration of 4 % depending on the quenching
medium temperature

Puc. 2. Kpussle oxnaxaenus penbcoboit cranu K76@ npu 3akanke
B BOjiHOM pactBope nonumepoB «ITKM» (a) u «TepmoBut (b)
¢ KOHLeHTpauuen 4 % B 3aBUCUMOCTHU OT TEMIIEPATYPbI
3aKaJIOYHON cpelibl
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Simultaneously, the highest hardness, aligning with hard-
ness group IV as per the state standard GOST 7524-2015
(refer to the Table), is exhibited by balls hardened using
the first set of hardening medium parameters (PCM
concentration 2 %, solution temperature 20 and 30 °C).
Grinding balls hardened by employing the parameters
of the quenching medium according to the second and
third options only meet the criteria for hardness group II,

as per GOST 7524-2015 (PCM concentration 4 %, tem-
perature 40 °C; Thermovit concentration 4 %, tempera-
ture 20 °C).

When a 4 % PCM polymer solution is utilized for har-
dening balls at temperatures of 20 and 30 °C, a microstruc-
ture in the form of troostomartensite + carbides + resi-
dual austenite is formed (Fig. 4). Although the hardness
of such balls falls within hardness group II according

Fig. 3. Microstructure of grinding balls made of K76F rail steel after quenching with subsequent low tempering:
a, b — PCM polymer concentration of 2 % at 20 and 30 °C; ¢ — PCM polymer concentration of 4 % at 40 °C;
d — Thermovit polymer concentration of 2 % at 20 °C

Puc. 3. MukpocTpyKkTypa MEIIOMUX MIapoB U3 perabcoBoii cTanu K76d mocine 3akanku ¢ MOCIEAYIOUMM HU3KUM OTITYCKOM:
a, b — xonuenTpanus nomumepa «IIKM» 2 %, remneparypa 20 u 30 °C; ¢ — koHuenTpanus noaumepa «[IKM» 4 %, remneparypa 40 °C;
d — xoHuenTpanus nonumepa « Tepmosur» 2 %, remmneparypa 20 °C

Fig. 4. Microstructure of grinding balls made of K76F rail steel after quenching in a solution of PCM polymer
with concentration of 4 % at 20 («) and 30 °C (b)

Puc. 4. MukpocTpyKTypa MEIOIIKX MapoB U3 pesibcoBoi ctanu K76® nocie 3akaiku B pactBope noiaumepa « [ TKM»
¢ xoHueHrpauueii 4 %, remneparypa 20 °C (a) u 30 °C (b)
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Comparative analysis of hardness of the balls after heat treatment using various quenching media

CpaBHUTeIbHBIN aHAJIN3 TBEPIOCTH HIAPOB MOCJIe TEPMO0OOPadOTKH
TPH HCIOJIb30BAHUH PA3JIMYHBIX 3aKAJTOYHBIX CpPejt

Ball hardness after heat treatment using various quenching media and their

T;mpera}?lre concentrations, HRC
e e
2 % 4% 2 % 4%
Surface
20 54 -56 48 — 51 48 — 50 43 —-45
30 53-55 47-49 44 — 46 38 —-45
40 50-52 48 - 50 44 —45 46 - 48

Requirements of GOST 7524-2015 for balls 60 mm in diameter by groups

Group [

at least 43 HRC

Group II

at least 48 HRC

Groups III, IV

at least 53 HRC

At the depth of 1/2 ball radius

20 52-54 48 - 51 48 - 50 39-41
30 51-53 47-49 44 - 46 38-45
40 50-51 48 - 50 44 - 45 38-42

Requirements of GOST 7524-2015 for balls 60 mm in diameter by groups

Groups L, 11, IIT

Group IV

at least 43 HRC

to GOST 7524-2015 (refer to the Table), they exhibit
potentially higher impact strength owing to the properties
of the troostomartensite phase.

However, quenching balls according to other com-
binations of quenching medium parameters results in
a defective microstructure. In addition to martensite,
there is the presence of quenching troostite in various
forms: acicular, spheroidal, and in the form of a net-
work (Fig. 5). The existence of troostite in the structure
indicates a lower cooling rate, signifying inadequate
cooling capacity of the quenching medium. Regardless
of the type of troostite, its negative impact on the hard-
ness of the grinding balls is evident (refer to the table).
Notably, the more pronounced negative influence is nat-
urally exerted by the spheroidal troostite and the form
of a grid.

In general, it is noteworthy that the quality
of the microstructure in balls hardened with PCM solu-
tion is significantly superior compared to those hardened
with Thermovit polymer solution. For instance, balls
hardened in a PCM solution with a 2 % concentration at a
temperature of 40 °C exhibit only acicular troostite in
the structure (Fig. 5, a); balls hardened with Thermovit
polymer at a similar concentration and temperature dis-
play spheroidal troostite and troostite in the form of a grid
(Fig. 5, ¢). Moreover, the hardness of balls hardened using
PCM polymer with the specified concentration and tem-
perature, both on the surface and in the core, is, on ave-

rage, 6 — 7 HRC higher than the hardness of balls harde-
ned in Thermovit polymer medium (refer to the Table).

In conclusion, it can be inferred that altering
the parameters of the polymer quenching medium enables
the variation of performance characteristics in grinding
balls made of rail steel, thus determining potential appli-
cations. For example:

e quenching balls in a PCM polymer solution with
a 2% concentration at a temperature of 20-—30°C
ensures the production of balls with high hardness (hard-
ness group IV as per GOST 7524-2015).

* employing the same polymer solution for quenching
with a 4 % concentration and a temperature of 20 — 30 °C
creates the possibility of producing balls with lower hard-
ness but potentially high impact resistance.

However, caution is advised as certain combinations
of PCM and Thermovit polymer concentrations and tem-
peratures may lead to a high risk of obtaining a defective
microstructure.

- CONCLUSIONS

Based on laboratory experimental studies, cooling
curves were constructed for hardening of the balls made
of K76F rail steel in solutions of PCM and Thermovit
polymers, each with a concentration of 2 and 4 % and
temperature ranging from of 20 to 40 °C. The experimen-
tal research in the laboratory has elucidated the patterns
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Fig. 5. Defective microstructure of grinding balls made of K76F rail steel after quenching and low tempering:
a—PCM polymer concentration of 2 % at 40 °C;
b, ¢ — Thermovit polymer concentration of 2 % at 30 and 40 °C;
d, e, f—Thermovit polymer concentration of 4 % at 20, 30 and 40 °C

Puc. 5. JlepexTHast MUKpOCTPYKTypa METIOMINX IAPOB U3 pesbcoBoii ctani K76® nocine 3akaaku 1 HU3KOTO OTITyCKa:
a — xoHneHTpanus nomumepa «[IKM» 2 %, temmnieparypa 40 °C;
b, ¢ — xonuenTpamms nomumepa « Tepmout» 2 %, Temmeparypa 30 u 40 °C;
d, e, f— xonuentpaius nojaumepa «Tepmosut 4 %, Temneparypa 20, 30 u 40 °C

governing the formation of the microstructure in grind-
ing balls from the specified steel when utilizing PCM
and Thermovit polymer quenching media with varying
heat treatment parameters.

Notably, the use of PCM solution for ball harden-
ing ensures a significantly higher quality of the micro-
structure and hardness of the balls compared to utiliza-
tion of Thermovit polymer. As a result, recommendations
have been developed for optimal combinations of con-
centration and temperature of PCM polymer. These rec-
ommendations aim to ensure the production of balls with
increased hardness as well as the production of balls with
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lower hardness but with a heightened level of impact
resistance.

[ REFERENCES / CNUCOK NUTEPATYPbI

1. Ulegin K.A., Shvedov K.N., Borodin A.N., Rubtsov V.Yu.
The new ball-rolling mill of EVRAZ NTMK — new possibili-
ties for customers. Ferrous Metallurgy. Bulletin of Scientific,
Technical and Economic Information. 2020;76(6):602—608. (In
Russ.). https://doi.org/10.32339/0135-5910-2020-6-602-608

Vnerun K.A., llIsenos K.H., bopoaun A.H., Py6ros B.IO.
Hogerit mapomnpokarasiii cran EBPA3 HTMK — HoBble BO3-


https://doi.org/10.32339/0135-5910-2020-6-602-608

I1ZVESTIYA. FERROUS METALLURGY. 2023;66(6):645-652.
Umanskii A.A., Baidin V.V, etc. Formation of microstructure in rail steel grinding balls depending on quenching medium parameters

10.

11.

12.

MOXXHOCTH JUIsl IoTpedureneit. Yepuaa memannypeus. broa-
Jlemenb HAYYHO-MEXHUYECKOU U IKOHOMUYecKol ungopma-
yuu. 2020;76(6):602—608.
https://doi.org/10.32339/0135-5910-2020-6-602-608
Shvedov K.N., Galim’yanov 1.K., Kazakovtsev M.A. Pro-
duction of grinding balls of high surface and normalized
volume hardness. Metallurgist. 2020;64(5-6):499-507.
http://dx.doi.org/10.1007/s11015-020-01019-3

Stalinskii D.V., Rudyuk A.S., Solenyi V.K., Yudin A.V,
Volkov K.V., Atkonova O.P. Improving the produc-
tion of steel grinding balls at AO EVRAZ ZSMK. Steel in
Translation. 2016;46(7):525-528.
https://doi.org/10.3103/S0967091216070135

Lam M.M., Serov A.l., Smyrnov Y.N., Ternavskii A.N.,
Mykheiev V.V. Production of hard (class V) grinding balls
at PISC “DMPZ”. Steel in Translation. 2017;47(5):325-329.
https://doi.org/10.3103/S0967091217050072

Adigamov R.R., Nikishin .A., Zhitelev P.S., Andreev A.R.,
Karlina A.R. Experience in mastering the production of steel
grinding balls in PJSC SEVER-STAL. Stal’. 2022;(3):13-18.
(In Russ.).

AnuramoB P.P., Huxkwmmua H.A., Xwurtenep I1.C., Aun-
peeB A.P., Kapnuna A.P. OnbeIT ocBOEeHMS NPOU3BOACTBA
cranpHbIx Memomux mapoB B [TAO «CEBEPCTAJIby.
Cmanb. 2022;(3):13-18.

Lam M.M., Serov A.l, Smirnov E.N., Ternavskii A.A.,
Bazarova G.S. Mastering the production of 40- and
60-mm-diam. grinding balls in hardness classes III and IV
at the Donetsk Metal-Rolling Plant. Metallurgist. 2016;60(3-
4): 440-446. http://dx.doi.org/10.1007/s11015-016-0311-x
Aldrich C. Consumption of steel grinding media in mills —
A review. Minerals Engineering. 2013;49:77-91.
http://dx.doi.org/10.1016/j.mineng.2013.04.023

Umucu Y., Deniz V. The effect of ball type in fine particles
grinding on kinetic breakage parameters. Inzynieria Mine-
ralna. 2015;16(1):197-203.

Song Z., Pu Y., Liu Z., Wang B. Analysis of failure of grind-
ing balls during service. Metal Science and Heat Treatment.
2022;64(1-2):127-133.
https://doi.org/10.1007/s11041-022-00772-3

Rakhutin M., Boiko P. Ways to improve assessment me-
thods of the main characteristics of grinding balls. Ugol’.
2017;(12):49-52.
http://dx.doi.org/10.18796/0041-5790-2017-12-49-52
Paxytun M.T., Boiiko I1.®. [TyTu coBepiieHCTBOBaHUS METO-
JIOB OIICHKH OCHOBHBIX XapaKTEPUCTHK MEIIOIIUX IIapoB.
Yeonw. 2017;12:49-52.
http://dx.doi.org/10.18796/0041-5790-2017-12-49-52
Naizabekov A.B., Mukhametkaliev B.S., Arbuz A.S., Lezh-
nev S.N. Reducing the consumption of steel grinding balls by
improving their production technology. Vesti vysshikh ucheb-
nykh zavedenii Chernozem’ya. 2016;4(46): 78-86. (In Russ.).

HaiizabexoB A.b., MyxamerkanueB b.C., Apoy3 A.C., Jlex-
HeB C.H. CHmxeHue pacxona CTalbHBIX MEIIOIIUX LIapOB
ITyTeM YTy4IIeHHs TEXHOJIOTHHU MX TIPOU3BOICTBA. Becmiu 6bic-
wiux yuebHwix 3a6edenutl Yeprozemws. 2016;(4(46)):78-86.
Sychkov A.B., Steblov A.B., Bereznov S.N. The choice
of material and heat treatment regimes of steel grinding balls,
meeting the requirements of the modern global market. Lit’e
i metallurgiya. 2013;(3(71)):30-32. (In Russ.).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

CrrukoB A.B., CreonoB A.b., Bepesnos C.H. O BbiOope
Marepuaga M pPeKUMOB TEPMUYECKOH 0OpabOTKH CTajb-
HBIX MEJIOIIUX I[IapOB, OTBEYAIOMIMX TPEOOBAHUSIM COB-
PEMEHHOTO MHPOBOTO PBIHKA. Jlumve u Memannypeus.
2013;(3(71)):30-32.

Umansky A.A., Golovatenko A.V., Prudnikov A N. Anal-
ysis of the main trends in the development of the pro-
duction of grinding balls in Russia and abroad. IOP
Conference Series: Materials Science and Engineer-
ing. 2020:866(1):012032. http://dx.doi.org/10.1088/1757-
899X/866/1/012032

Bai X., Jin Y. Heat treatment of wear resistant steel ball for
large ball mill. Jinshu Rechuli/Heat Treatment of Metals.
2017;42(5):193-196.
https://doi.org/10.13251/.issn.0254-6051.2017.05.040
Bouhamla K., Bourebia M., Gharbi A., Maouche H.,
Chaour M., Belhadi S. Effect of heat treatment on tribological
behavior of forged steel balls. AIP Conference Proceedings.
2019;2123(1):030004. https://doi.org/10.1063/1.5117035
Titov S.S., Meshcheryakov V.N., Leushin 1.O., Fedorov O.V.
Development of technology and equipment for induc-
tion axisymmetric hardening of grinding steel balls. Chernye
metally. 2020;(6):11-16. (In Russ.).

Turos C.C., Memepsikos B.H., Jleymmn 1.0., ®enopos O.B.
Pa3paboTka TeXHOJNOTHMM ¥ OOOPYAOBAHUS Ul WHIYKIIH-
OHHOM OCECHMMETPUYHOI 3aKaJIki MEIIOIINX CTaJIbHBIX
mapoB. Yeproie memannwvt. 2020;(6):11-16.

Smirnov E.N., Smirnov A.N., Mikheev V.V., Sklyar V.A.,
Belevitin V.A., Verzilov A.P., Orlov G.A. The explora-
tion of the possibility of using continuous-cast 55 grade steel
in the manufacturing of 40-mm-in-diameter grinding balls
of IV and V hardness class. Steel in Translation. 2020;50(4):
2770-276. https://doi.org/10.3103/S0967091220040099
Stalinskii D.V., Rudyuk A.S., Solenyi V.K. Development
of production and estimation of the efficiency of using
high-quality grinding balls. Report 1. Mastering the produc-
tion of balls from chromium—molybdenum steel. Steel in
Translation. 2021;51(11):822-826.
https://doi.org/10.3103/S0967091221110127

Efremenko V.G. Metallographic analysis of the causes
of destruction of steel rolled bodies for drum mills. Vestnik
Priazovskogo gosudarstvennogo tekhnicheskogo univer-
siteta. 2000;(9):89-91. (In Russ.).

Edpemenxo B.I. Meramnorpagudyeckuii aHaau3 NpUIUH
pa3pyIICHHs CTATBHBIX KaTAHBIX TEI JJIsl 0apaOaHHbBIX MeIlb-
HUL. Becmuuk [Ipuazoeckoco eocyoapcmeenno2o mexuuye-
ckoeo yrusepcumema. 2000;(9):89-91.

Umanskii A.A., Temlyantsev M.V., Oskolkova T.N., Sima-
chev A.S., Golovatenko A.V. Study of grinding ball quality
properties during manufacture in a screw rolling mill. Metal-
lurgist. 2019;63(5-6):578-584.
http://dx.doi.org/10.1007/s11015-019-00863-2

Pater Z., Tomczak J., Bulzak T., Andrietti S., Barbelet M.
An innovative method for producing balls from scrap rail
heads. The International Journal of Advanced Manufactur-
ing Technology. 2018;97(1-4):893-901.
https://doi.org/10.1007/s00170-018-2007-9

Tomczak J., Pater Z., Bulzak T. The flat wedge rolling mill
for forming balls from heads of scrap railway rails. Archives
of Metallurgy and Materials. 2018;63(1):5—-12.
http://dx.doi.org/10.24425/118901

651


https://doi.org/10.32339/0135-5910-2020-6-602-608
http://dx.doi.org/10.1007/s11015-020-01019-3
https://doi.org/10.3103/S0967091216070135%20
https://doi.org/10.3103/S0967091217050072
http://dx.doi.org/10.1007/s11015-016-0311-x
http://dx.doi.org/10.1016/j.mineng.2013.04.023
https://doi.org/10.1007/s11041-022-00772-3
http://dx.doi.org/10.18796/0041-5790-2017-12-49-52
http://dx.doi.org/10.18796/0041-5790-2017-12-49-52
http://dx.doi.org/10.1088/1757-899X/866/1/012032
http://dx.doi.org/10.1088/1757-899X/866/1/012032
http://dx.doi.org/10.13251/j.issn.0254-6051.2017.05.040
https://doi.org/10.1063/1.5117035
https://doi.org/10.3103/S0967091220040099
https://doi.org/10.3103/S0967091221110127
http://dx.doi.org/10.1007/s11015-019-00863-2
https://doi.org/10.1007/s00170-018-2007-9
http://dx.doi.org/10.24425/118901

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(6):645-652.
Ymanckuii A.A., Baiidun B.B. u dp. UcciefoBanus mporeccoB GopMUPOBAHUS MUKPOCTPYKTYPbI MEJIOLIMX LIAPOB U3 PEJIbCOBOH CTAJH ...

23. Umanskiy A.A., Simachev A.S., Dumova L.V. Develop-
ment of technology for production of grinding bodies with
improved performance properties from the rail steels rejec-
tion. Chernye Metally. 2021;(5):57-61.
http://doi.org/10.17580/chm.2021.05.10

VYmanckuii A.A., CumaueB A.C., Iymosa JI.B. Pazpaborka
TEXHOJIOTHH TIPOU3BOICTBA MEJFOIIHUX TEJT C TIOBBINIEHHBIMA
9KCIUTYaTallHOHHBIMH CBOMCTBAMH M3 OTOPAKOBKH PEITHCO-
BbIX crajneid. Yepuvie memannvr. 2021;(5):57-61.
http://doi.org/10.17580/chm.2021.05.10

24. Efremenko V.G., Popov E.S., Kuz’min S.O., Trufanova O.I.,
Efremenko A.V. Introduction of three-stage thermal harden-
ing technology for large diameter grinding balls. Metallur-
gist. 2014;57(9-10):849-854.
http://doi.org/10.1007/s11015-014-9812-7

25. Zurnadzhy V.., Efremenko V.G., Wu K.M., Lekatou A.G,
Shimizu K., Chabak Yu.G., Zotov D.S., Dunayev E.V.
Quenching and partitioning—based heat treatment for rolled
grinding steel balls. Metallurgical and Materials Transac-
tions A.2020;51(1-4):3042-3053.
https://doi.org/10.1007/s11661-020-05737-w

Aleksandr A. Umanskii, Dr. Sci. (Eng.), Prof. of the Chair of Ferrous
Metallurgy, Siberian State Industrial University

ORCID: 0000-0003-4403-9006

E-mail: umanskii@bk.ru

Vadim V. Baidin, Candidates for a degree of Cand. Sci. (Eng.) of the Chair
of Ferrous Metallurgy, Siberian State Industrial University
E-mail: 5745426@gmail.com

Artem S. Simachev, Cand. Sci. (Eng.), Assist. Prof. of the Chair “Metal
Forming and Metal Science. “EVRAZ ZSMK’, Siberian State Industrial
University

ORCID: 0000-0002-9712-3757

E-mail: simachev_as@mail.ru

Lyubov’ V. Dumova, Candidates for a degree of Cand. Sci. (Eng.) of the
Chair of Ferrous Metallurgy, Siberian State Industrial University
E-mail: doumova@bk.ru

Sergei 0. Safonov, Assistant of the Chair of Ferrous Metallurgy, Siberian
State Industrial University
E-mail: sergey.safonov.1950@mail.ru

AnekcaHdp Anekcandposuy YmaHcKuil, 0.m.H., npogpeccop kagedpul
Memanaypauu 4YepHbix Memannos, CHOMPCKHHA TrocysapcTBEHHBIH
WH/yCTPHATbHBIN YHUBEPCUTET

ORCID: 0000-0003-4403-9006

E-mail: umanskii@bk.ru

Badum Bukmoposuu BaiiduH, couckameab cmeneHu k.m.H. kagedpwl
Memanaypauu 4YepHbix Memannos, CHOGHPCKHHA TrocygapcTBEHHBIH
HH/yCTPHANbHBIA YHUBEPCUTET

E-mail: 5745426@gmail.com

Apmem Cepzeesuu Cumaues, k.m.H., doyeHm kagedpvl «Obpabomka
Memannos dagaeHuem u memannogedenue. EBPA3 3CMK», Cu6upckuit
roCyapCTBEHHBIH HHAYCTPUAIbHbIA YHUBEPCUTET

ORCID: 0000-0002-9712-3757

E-mail: simachev_as@mail.ru

Jllo608b BasepveaHna /lymoea, couckame/b cmeneHu K.m.H. kagedpel
Memasaaypauu 4epHbvix memaanos, CHUGUPCKUHA TroCyapCTBeHHbIN
WH/YCTPUAIbHbII YHUBEPCUTET

E-mail: doumova@bk.ru

Cepeeii Onezosuu CaghoHos, accucmenm Kagedpvl Mmemasnypauu
yepHuIX Mema.a108, CHOUPCKUI TOCYAApCTBEHHBIM HHAYCTPUAIbHBIH
YHUBEPCUTET

E-mail: sergey.safonov.1950@mail.ru

A. A. Umanskii - development of a research plan, analysis of mecha-
nisms of formation of the microstructure and mechanical properties of
grinding balls, formulation of conclusions.

V. V. Baidin - generalization of the results of experimental studies on
cooling capacity of polymer quenching media and microstructure of
grinding balls.

A. S. Simachev - metallographic studies of microstructure and hard-
ness analysis of grinding balls before and after heat treatment.

L. V. Dumova - conducting an analytical review on the article topic,
design of the article.

S. 0. Safonov - conducting studies of cooling capacity of polymer
quenching media with varying concentrations and temperatures.

A. A. YmaHckuil - pa3paboTKa IJIaHa UCC/e[J0BaHUH, aHa/lINU3 Mexa-
HU3MOB GOPMHUPOBAHUA MUKPOCTPYKTYPbl U MEXaHUYECKUX CBOMCTB
MeJIIOIIUX 1apoB, popMyTUpOBaHHE OCHOBHBIX BbIBOJIOB.

B. B. BaiiduH - 0606111eH1e Pe3y/IbTaTOB 3KCePUMEeHTaIbHbBIX HCCITe-
JIOBaHUH oOx/Iaxjamlled CIocO6GHOCTH MOJUMEPHbIX 3aKaJOYHbIX
cpe/i U MUKPOCTPYKTYPbl MeJIIOLIMX IIapoB.

A. C. Cumauyes - npoBeJieHNe MeTa/uIorpadpUuecKuxX UCCIeJOBaHUM
MHUKPOCTPYKTYPbI U aHa/IM3a TBEP/JOCTH MeJIIOIMX LapOB JI0 U Noc/1e
TepMO0GpPabOTKH.

JI. B. /lymoea - npoBeJieHHe aHAJIUTUYECKOT0 0630pa 10 TeMaTHKe
ucciefoBaHus, 0GopMIeHHe MaTepUaloB CTaTbU.

C. 0. CagboHoe - IpoBeJieHNe HUCCIeIOBAaHUH OXIXKAatolIel crnoco6-
HOCTH HOJIMMEpPHBIX 3aKaJOYHbIX CpeJ IPU BapbUPOBAHUU UX KOH-
LieHTpalMi U TeMInepaTyphbl.

Received 28.08.2023
Revised 11.09.2023
Accepted 29.09.2023

IToctynuna B penakuuto 28.08.2023
IMocne nopabotku 11.09.2023
IIpunsra k my6nukanuu 29.09.2023

652


http://orcid.org/0000-0003-4403-9006
mailto:umanskii@bk.ru
mailto:5745426@gmail.com
http://orcid.org/0000-0002-9712-3757
mailto:simachev_as@mail.ru
mailto:doumova@bk.ru
mailto:sergey.safonov.1950@mail.ru
http://orcid.org/0000-0003-4403-9006
mailto:umanskii@bk.ru
mailto:5745426@gmail.com
http://orcid.org/0000-0002-9712-3757
mailto:simachev_as@mail.ru
mailto:doumova@bk.ru
mailto:sergey.safonov.1950@mail.ru
http://doi.org/10.17580/chm.2021.05.10
http://doi.org/10.17580/chm.2021.05.10
http://doi.org/10.1007/s11015-014-9812-7
https://doi.org/10.1007/s11661-020-05737-w

