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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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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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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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