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Abstract. On the basis of metallographic studies, the authors determined the characteristic defects of grinding balls rolled from the rejects of continuously
cast billets of K76F rail steel. Relationship of the presence of internal defects of the balls with their impact resistance was established. Defects in the
form of internal cracks with accumulations of non-metallic inclusions in the area of their localization and flakes have the greatest impact on reducing
the balls’ impact resistance. Such defects are the cause of balls destruction during impact resistance tests in 62 and 17 % of cases, respectively.
The effect of internal cracks without significant accumulations of non-metallic inclusions and quenching microcracks located along the boundaries
of the phase interface was estimated to be 12 and 9 %, respectively. The regularities and mechanism of influence of the rejects’ chemical composition
of K76F rail steel billets on the probability of destruction of the balls produced from themduring impact resistance tests were established. An increase
in sulfur content in the billets of the studied rail steel reduced the impact resistance of the balls produced from them, as it contributed to the formation
of non-plastic sulfides that concentrate in the area of internal cracks. An increase in hydrogen content in rail steel led to an increased probability of
formation of flakes which significantly reduce the balls stability to shock loads. An increase in carbon content in the initial billets affected the increase
in probability of destruction of K76F steel balls during hardness drop tests. It is explained by formation of cementite-type carbides when carbon
content corresponding to the eutectoid steel is reached. In general, the relative degree of influence of the K76F rail steel chemical composition on
impact resistance of grinding balls is 48 %.
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IPH MCTIBITAHUSIX HA YIApHYIO0 CTOMKOCTh B 62 1 17 % ciyuaeB COOTBETCTBEHHO. BinsiHue BHYTPEHHHX TPEILUH 0€3 3HAYNTENbHbBIX CKOIUICHHH
HEMETAINYECKUX BKIIFOYCHUH U 3aKAJOYHBIX MHKPOTPEIINH, PACIOIOKEHHBIX IO TpaHULAM paszena (a3, oneHHBaeTcs Ha ypoBHE 12 1 9 %.
YeTaHOBIICHBI 3aKOHOMEPHOCTH M MEXaHM3M BIIHMSHMS XMMHUYECKOTO COCTaBa OTOPAKOBKM 3arOTOBOK peiibcoBoil ctamu K76 Ha BEpOSTHOCTDH
pa3pyLIeHHs IPOU3BOJMMBIX U3 HUX IIAPOB IIPH UCTIBITAHHUAX HA YIAPHYIO CTOMKOCTb. YBEJIHUEHHE COJIEPKAHHS CEPBI B 3ar0TOBKaX PacCMaTpUBAEMOi
PeNIbCOBOM CTallM CHUKAET yIAapHYI0 CTOMKOCTb ITPOU3BOIMMBIX M3 HUX LIapOB, TAK KaK CIOCOOCTBYET 00pa30BaHUIO HEIIACTUYHBIX CYIb(UIO0B,
KOTOpBIC KOHIIGHTPUPYIOTCS B 00/IACTH PACIIOI0KCHIS BHY TPEHHUX TpelIUH. [1oBbIIIeHNEe Conep kaHIs BOAOPO/A B PEIbCOBOI CTAIIN 3aKOHOMEPHO
CIOCOOCTBYET YBEJIMUYCHUIO BEPOSITHOCTH O0pa30BaHHIO (PIIOKEHOB, KOTOPBIC 3HAYUTEILHO YMEHBINAIOT YCTOHYMBOCTH INAPOB K YyAApHBIM
HarpyskaM. YBelIUMueHHE KOHIEHTPAILMU YIIEepoJa B UCXOAHBIX 3arOTOBKAX BIIMSET HA IOBBILIEHHE BEPOATHOCTH Pa3pyIlEHHs IIApOB U3 CTalH
K76® npu KONMpoBBIX UCIBITAHUAX, YTO OOBSICHSETCS 00pa3oBaHUEM KapOMIOB LIEMEHTHTHOTO THIA NPU JIOCTHKEHUH COJEpIKaHUs yIeposa,
COOTBETCTBYIOIIETO 3a9BTEKTOMIHON CTalH. B 11e70M OTHOCHTENbHAs CTENEHb BIMSHUS XMMHMYECKOTO COCTaBa PeNbCoBOi cramu Mapku K76D

Ha YIapHYIO CTOMKOCTb MEJIIOLIMX IIapoB cocTaBisier 48 %.
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B INTRODUCTION

Grinding balls are commonly used in various indust-
ries, including metallurgy, mining, and cement production,
for the milling of initial materials [1 —3]. The primary
properties that determine the operational efficiency and
lifetime of grinding balls are their hardness (both surface
and bulk) and impact resistance [4 — 6]. These specifica-
tions are typically achieved by doping initial steels with
chromium [7; 8] and applying heat treatment to the balls
after their rolling process [9 — 11].

Previous research [12; 13] has established that inter-
nal defects can significantly affect the impact resistance
of grinding balls. However, current regulations regarding
the fabrication of these products do not include specifica-
tions for quality control of the ball macrostructure, and
such control is not typically performed. As a result, there
is a lack of substantiated information regarding the charac-
teristic defects that may cause a decrease in the opera-
tional lifespan of grinding balls due to breakage under
impact loads.

Therefore, studies on the characteristic defects
of grinding balls in relation to their impact resistance are
necessary.

This study focuses on grinding balls produced
at OAO Gurievsk Metallurgical Plant (OAO GMZ) from
rejects of continuously casted billets of rail steel supp-
lied by Mechel company. In recent years, reprocessing
of these billets into grinding balls has become increas-
ingly popular due to the rising number of rejects [14 — 17],
which is caused by more stringent rail quality require-
ments [18; 19]. Currently, OAO GMZ is one of the lead-
ing producers of grinding balls in Russia, annually roll-
ing 25-40 thousand tones of balls from rejects of K76F
rail steel, which account for 30 — 50 % of the total yield
of these products. The results of studies on the defects
of grinding balls produced from rejected billets of rail

steels provide a scientific foundation for improving their
impact resistance in the context of mass production.
The practical application of these results is associated
with significant economic benefits.

[ EXPERIMENTAL

The defects of grinding balls produced from rejected
rail steel were analyzed using metallography, specifically
an OLYMPUS GX-51 optical microscope, and X-ray
structural analysis, specifically a Shimadzu XRD-6000
diffractometer. The study focused on grinding balls with
a diameter of 60 mm made from K76F rail steel that were
rejected after hardness drop tests. Twenty batches of balls
were analyzed.

The study analyzed the microstructure parameters,
liquation of the main chemical elements, and the distri-
bution of hardness over the cross-section of the rejected
grinding balls.

The liquation of chemical elements over the cross-
section was analyzed through spectral analysis, spe-
cifically X-ray fluorescent analysis according to State
Standard GOST 28033-89 using a Shimadzu XRF, and
photoelectric spectral analysis according to State Standard
GOST 18895-97 using a DFS-71 spectrometer.

Furthermore, the study analyzed the influence
of the steel-making stage parameters on the probability
of unsatisfactory results of the hardness drop tests using
multiple regression analysis. The research object con-
sisted of a random selection of 50 batches of balls with
a diameter of 60 mm.

[ RESULTS AND DISCUSSION

The distribution of defects leading to the destruc-
tion of grinding balls made from K76F rail steel in impact
resistance tests is presented in Fig. 1. The majority

223


https://fermet.misis.ru/index.php/jour/search/?subject=внутренние дефекты
https://fermet.misis.ru/index.php/jour/search/?subject=макроструктура
https://fermet.misis.ru/index.php/jour/search/?subject=мелющие шары
https://fermet.misis.ru/index.php/jour/search/?subject=ударная стойкость
https://fermet.misis.ru/index.php/jour/search/?subject=рельсовая сталь
https://fermet.misis.ru/index.php/jour/search/?subject=непрерывнолитые заготовки
https://fermet.misis.ru/index.php/jour/search/?subject=металлографические исследования

N3BECTUSA BY30B. YEPHASI METAJLJIYPTUA. 2023;66(2):222-228.
Ymanckuil A.A.,, Mopo3zos H.C. u dp. AHaIM3 TPUPOABI TPOUCXOMKAEHUS XapaKTEPHBIX ePEKTOB MEJIOIUX IIAPOB U3 OTOPAKOBKHM ...

Cracks w/o clusters Quench
of metallic inclusions microcracks
>12 % 9 %

Cracks with clusters
of metallic inclusions
>62 %

Flakes
17 %

Fig. 1. Distribution of defects of grinding balls
produced from rail steel rejects, by type

Puc. 1. Pacnipenenenue neekToB METIOMINX LIAPOB,
MIPOM3BEICHHBIX M3 OTOPAKOBKH PEJILCOBOM CTAJH, IO BUJIAM

of the defects are cracks with clusters of nonmetallic
inclusions, as shown in Fig. 2. The nonmetallic inclusions
observed in the region of defect localization are primarily
composed of complex oxides such as Al,0,—CaO-MgO,
ALO,-Ca0, Al,0,—MgO, which are classified as
non-plastic or fragile (capable of expanding into lines
upon plastic deformation, but destructed after reaching
a certain degree of deformation), as well as manganese
and iron sulfides. The main bulk of nonmetallic oxide
inclusions is formed during steel deoxidation.

It should be noted that the rail steels are not deoxi-
dized by aluminum in accordance with the current
production technology, and the primary source of its
addition to steel is ferroalloys, where aluminum is pres-
ent in the form of residual impurity. The concentra-
tion of sulfide inclusions, which mainly formed during
steel crystallization, is directly determined by sulfur
content. Iron sulfides have a negative impact on the qua-
lity of rolled products, and their concentration can be
reduced by increasing the manganese content in steel.
The second most common type of defect are flakes,
which are identified in accordance with the generally
accepted classification of fractures [20]. On the destruc-

10 um

W

Fig. 2. Internal crack in grinding ball
with clusters of non-metallic inclusions

Puc. 2. BHyTpeHHss TpemnHa B MEIONIEM 1Iape
CO CKOIIJICHUSIMU HEMETAJLIMYECKUX BKIIFOUCHUH

tion surface, there are segments in the form of light spots,
characterized by a coarser crystalline structure in rela-
tion to the main metal, as shown in Fig. 3.

Cracks without clusters of nonmetallic inclusions
(Fig. 4) in the region of their localization were the cause
of unsatisfactory impact resistance tests of grinding balls
in 12 % of cases.

Based on the above, it can be concluded that the defects
that determine the impact resistance of grinding balls from
made from K76F rail steel are primarily of steelmaking
origin.

To validate the results, further statistical analyses were
conducted to examine the impact of billet chemical com-
position on the rejection rate of balls after hardness drop
tests. The findings revealed that an increase in the content
of sulfur, hydrogen, and carbon within the existing range
of their concentration (as shown in Table 1) significantly

Fig. 3. Flakes in the balls fracture after impact resistance tests

Puc. 3. ®rnokeHs! B H370Me MIAPOB MOCIE UCTIBITAHUN HA YIAPHYIO CTOMKOCTH
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Fig. 4. Internal crack in the ball splitted up after 24 impacts

Puc. 4. BayTpenHss TpemuHa B mape,
packosioBLieMcst mocie 24 ynapos

contributed to the higher rate of ball rejection during
impact resistance tests:

R, =-12.9+3.7[H] + 102.3[S] + 11.8[C],

drop -

where R, is the rejecting of balls based on the results
of hardness drop tests, %; the variables [C], [S], and [H]
represent the content of carbon and sulfur in steel, %, and
hydrogen content in steel, ppm, respectively.

Based on the metallographic studies presented, it
can be concluded that the concentration of hydrogen
in steel has an impact on the probability of ball destruc-
tion during hardness drop tests, as evidenced by the for-
mation of flakes detected in the fracture of some broken
balls. Similarly, the concentration of sulfur has an impact
on the formation of non-plastic sulfides.

According to the metallographic studies, microcracks
were found along the interface boundaries of martensite
and troostite in the structure of the remaining 9 % of balls
that did not pass the impact resistance tests (as shown
in Fig. 5,a and b). The presence of troostite indicates
deviation from the optimal thermal processing condi-
tions, specifically a decreased cooling rate during cool-
ing. The two-phase structure obtained is defective due
to the significant difference in mechanical properties
between martensite and troostite, leading to an increased
probability of item destruction under impact loads.
The hardness variation range in the ball core with mar-
tensite + troostite structure is 7 — 8 HRC, which con-
firms the aforementioned thesis about the heterogeneous
distribution of mechanical properties. It is worth noting
that this heterogeneity of properties is further exacerbated
by the presence of cementite-type carbides in the core
of such balls in addition to martensite and troostite (as
shown in Fig. 5, ¢). The existence of carbides indicates
an increase in carbon content, particularly in hypereutec-
toid compositing, as evidenced by liquation (as shown
in Table 2). It is worth noting that the liquation of other
chemical elements is negligible in comparison.

Table 1

Statistical characteristics of functions and optimization parameter
for grinding balls made of K76F rail steel

Tabnuya 1. CTaTucTHYECKHE XaPAKTePUCTHKH GYHKIUI U HapaMeTpa ONTHMU3ALUT
JUIS1 MeJTIOIIMX IAPOB U3 peiibceoBoii cranu K760

e pin Units of Variation e Star.lde.trd
measurements range deviation
Reject after hardness drop tests % 0-152 3.8 1.1
Content in steel:
carbon % 0.75-0.87 0.78 0.09
hydrogen ppm 1.2-2.0 1.7 0.3
sulfur % 0.008 - 0.018 0.012 0.003
phosphorus % 0.011 -0.020 0.015 0.004
vanadium % 0.07-0.11 0.09 0.01
silicon % 0.28 -0.41 0.35 0.04
nickel % 0.04 - 0.07 0.05 0.01
chromium % 0.04 - 0.09 0.07 0.01
copper % 0.01 -0.05 0.03 0.01
titanium % 0.001 —0.006 0.003 0.001
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Fig. 5. Microstructure of the ball splitted up after 29 impacts:
a — a microcrack between two destroyed parts of the ball surface;
b — formation of a microcrack along the grain boundaries (location of the troostite component);
¢ — central zone of the ball

Puc. 5. MukpocTpyKTypa 1mapa, pacKoJ0oBLIErocs mnocie 29 ynapos:
a — MUKPOTpEILIHA MEXTy JIByMs pa3pyLIEHHbIMH YacTsIMU OBEPXHOCTH 111apa;
b — 06pa3zoBaHNe MUKPOTPEIIMHBI 10 TPAHUIIAM 3ePeH (MECTO HAXOXKICHHUSI TPOOCTUTHON COCTABIISIONIEH );
¢ — LEHTpallbHAas 30Ha I1apa

Therefore, the formation of cementite-type carbides
after reaching the carbon content corresponding to hyper-
eutectoid steel is the main factor contributing to the nega-
tive influence of increased carbon content on the impact
resistance of balls.

The relative cumulative degree of influence of the con-
centration of these chemical elements on the rejec-
tion of balls after hardness drop tests was found to be 48 %.
Based on these results, the remaining 52 % of the relative
influence on the impact resistance of balls is related to
the parameters of steel deoxidation and the heat treat-

ment of balls after rolling. One efficient method to reduc-
ing the concentration of alumina oxide inclusions is
the use of new grades of ferroalloys with decreased alu-
minum content. This is particularly relevant since some
common types of ferroalloys can have significant levels
of aluminum content, such as 1.0 — 3.5 % in ferrosilicon.
Moreover, decreasing the concentration of nonmetallic
inclusions is naturally promoted by reducing the oxida-
tion degree of steel during tapping from melting facilities,
which can be achieved through of improved blowdown
modes. With regards to the influence of heat treatment

Table 2

Distribution of content of the main chemical elements over cross section of K76F rail steel balls

Tabnuya 2. Pacupenesienne copep:KkaHusi OCHOBHBIX XUMHYECKHX YJIEMEHTOB 110 CeYeHH IO 1IAPOB U3 pesibcoBoii ctanmu K76D

Sampling point
Amount Ofo Distance of 1/4 diameter State standard
e from the surface Core | GOSTR 51685 - 2013

C 0.78 0.82 —-0.83 0.84 —-0.85 0.71 - 0.82*
Si 0.26 - 0.27 0.26 - 0.27 0.27 0.25-0.60
Mn 1.03-1.04 1.02-1.04 1.04 - 1.05 0.75-1.25
Cr 0.08 0.08 0.08 <0.20

Ni 0.04 —0.05 0.05 0.05 <0.20

Cu 0.01-0.02 0.01 0.01 <0.20

Ti 0.001 —0.002 0.001 —0.003 0.003 <0.010

A% 0.085—0.086 0.086 —0.088 0.089 —0.092 0.03-0.15
Mo 0.005 0.003 —0.004 0.005 - 0.006 —
Nb 0.003 - 0.004 0.003 0.003 —

S 0.016-0.017 0.014-0.015 0.013-0.016 <0.020

P 0.015-0.017 0.014-0.016 0.015 <0.020

* allowable deviations: £0.02 %.
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parameters on defect formation in grinding balls, it
can worth noting that an effective approach to decreas-
ing the probability of quench cracks is through the use
of quenching media with high cooing capacity.

- CONCLUSIONS

Based on a series of metallographic and statistical
studies, characteristic defects were identified that cause a
decrease in the impact resistance of grinding balls made
from rejects of K76F rail steel. Analysis of the nature
of these defects revealed that they are mainly attributed
to the steelmaking process, such as internal cracks with
clusters of nonmetallic inclusions and flakes. The forma-
tion these defects is directly related to the sulfur, hydro-
gen, and carbon content in the steel. The relative influ-
ence of these chemical elements on the impact resistance
of grinding balls made from K76F rail steel in actual range
of variation of their concentration was found to be 48 %.
Furthermore, significant influence of the parameters
of the thermal treatment on the impact resistance of grind-
ing balls was identified. This was confirmed by the exis-
tence of quench cracks in the fracture of 9 % of balls
that failed to pass hardness drop tests.
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