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Аннотация. На основании металлографических исследований определены характерные дефекты мелющих шаров, прокатанных 

из отбраковки непрерывнолитых заготовок рельсовой стали марки К76Ф. Установлена взаимосвязь наличия внутренних дефектов шаров 
с их ударной стойкостью. Наибольшее влияние на снижение ударной стойкости шаров оказывают дефекты в виде внутренних трещин 
со скоплениями неметаллических включений в области их локализации и флокены. Такие дефекты являются причиной разрушения шаров 

  umanskii@bk.ru
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 %. 

Keywords: internal defects, macrostructure, grinding balls, impact resistance, rail steel, continuously cast billets, metallographic studies

Acknowledgements: The research was supported the Russian Science Foundation (grant No. 22-29-20170) and the Kemerovo Region – Kuzbass.

For citation: Umanskii A.A., Morozov I.S., Protopopov E.V., Simachev A.S., Dumova L.V. Occurrence of characteristic defects of grinding balls from 
rejects of continuously cast billets of rail steel. Izvestiya. Ferrous Metallurgy. 2023;66(2):222–228. 

 https://doi.org/10.17073/0368-0797-2023-2-222-228

Occurrence of characteristic defects 
of grinding balls from rejects of continuously 

cast billets of rail steel
A. A. Umanskii , I. S. Morozov, E. V. Protopopov, 

A. S. Simachev, L. V. Dumova

Сибирский государственный индустриальный университет (Россия, 654007, Кемеровская обл. – Кузбасс, Новокузнецк, 
ул. Кирова, 42)

Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region – Kuzbass 654007, Russian Federation)

Original article 
Оригинальная статья

Анализ природы происхождения 
характерных дефектов мелющих шаров из отбраковки 

непрерывнолитых заготовок рельсовой стали
А. А. Уманский , И. С. Морозов, Е. В. Протопопов, 

А. С. Симачев, Л. В. Думова

©  A. A. Umanskii, I. S. Morozov, E. V. Protopopov, A. S. Simachev, L. V. Dumova, 2023

Innovation in metallurgical 
industrial and laboratory equipment, 

technologies and materials

Инновации в металлургическом
промышленном и лабораторном 
оборудовании, технологиях и материалах

mailto:umanskii@bk.ru
mailto:umanskii@bk.ru
https://fermet.misis.ru/index.php/jour/search/?subject=internal defects
https://fermet.misis.ru/index.php/jour/search/?subject=macrostructure
https://fermet.misis.ru/index.php/jour/search/?subject=grinding balls
https://fermet.misis.ru/index.php/jour/search/?subject=impact resistance
https://fermet.misis.ru/index.php/jour/search/?subject=rail steel
https://fermet.misis.ru/index.php/jour/search/?subject=continuously cast billets
https://fermet.misis.ru/index.php/jour/search/?subject=metallographic studies
mailto:umanskii%40bk.ru?subject=
mailto:umanskii%40bk.ru?subject=


Izvestiya. Ferrous Metallurgy. 2023;66(2):222–228.
Umanskii A.A., Morozov I.S., etc. Occurrence of characteristic defects of grinding balls from rejects of continuously cast billets of rail steel

223

 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 scien tific 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 

при испытаниях на ударную стойкость в 62 и 17 % случаев соответственно. Влияние внутренних трещин без значительных скоплений 
неметаллических включений и закалочных микротрещин, расположенных по границам раздела фаз, оценивается на уровне 12 и 9 %. 
Установлены закономерности и механизм влияния химического состава отбраковки заготовок рельсовой стали К76Ф на вероятность 
разрушения производимых из них шаров при испытаниях на ударную стойкость. Увеличение содержания серы в заготовках рассматриваемой 
рельсовой стали снижает ударную стойкость производимых из них шаров, так как способствует образованию непластичных сульфидов, 
которые концентрируются в области расположения внутренних трещин. Повышение содержания водорода в рельсовой стали закономерно 
способствует увеличению вероятности образованию флокенов, которые значительно уменьшают устойчивость шаров к ударным 
нагрузкам. Увеличение концентрации углерода в исходных заготовках влияет на повышение вероятности разрушения шаров из стали 
К76Ф при копровых испытаниях, что объясняется образованием карбидов цементитного типа при достижении содержания углерода, 
соответствующего заэвтектоидной стали. В целом относительная степень влияния химического состава рельсовой стали марки К76Ф 
на ударную стойкость мелющих шаров составляет 48 %. 

Ключевые слова: внутренние дефекты, макроструктура, мелющие шары, ударная стойкость, рельсовая сталь, непрерывнолитые заготовки, 
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Благодарности: Исследование выполнено за счет гранта Российского научного фонда, проект № 22-29-20170 и гранта Кемеровской области – 
Кузбасса.

Для цитирования: Уманский А.А., Морозов И.С., Протопопов Е.В., Симачев А.С., Думова Л.В. Анализ природы происхождения харак-
терных дефектов мелющих шаров из отбраковки непрерывнолитых заготовок рельсовой стали. Известия вузов. Черная металлургия. 
2023;66(2):223–228. https://doi.org/10.17073/0368-0797-2023-2-223-228

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


Известия вузов. Черная металлургия. 2023;66(2):222–228.
Уманский А.А., Морозов И.С. и др. Анализ природы происхождения характерных дефектов мелющих шаров из отбраковки ...

224

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 Al2O3 – CaO – MgO, 
Al2O3 – CaO, Al2O3 – 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-

tion surface, there are segments in the form of light spots, 
charac terized 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. 1. Distribution of defects of grinding balls 
produced from rail steel rejects, by type

Рис. 1. Распределение дефектов мелющих шаров, 
произведенных из отбраковки рельсовой стали, по видам

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

Рис. 2. Внутренняя трещина в мелющем шаре 
со скоплениями неметаллических включений

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

Рис. 3. Флокены в изломе шаров после испытаний на ударную стойкость
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contributed to the higher rate of ball rejection during 
impact resistance tests:

Rdrop = –12.9 + 3.7[H] + 102.3[S] + 11.8[C],

where Rdrop 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, c). 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. 

T a b l e  1

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

Таблица 1. Статистические характеристики функций и параметра оптимизации 
для мелющих шаров из рельсовой стали К76Ф

Description Units of 
measurements

Variation
range Average Standard

deviation
Reject after hardness drop tests % 0 – 15.2 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

Fig. 4. Internal crack in the ball splitted up after 24 impacts

Рис. 4. Внутренняя трещина в шаре, 
расколовшемся после 24 ударов
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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 

T a b l e  2

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

Таблица 2. Распределение содержания основных химических элементов по сечению шаров из рельсовой стали К76Ф

Amount of 
elements, wt. %

Sampling point

Surface Distance of 1/4 diameter 
from the surface Core State standard 

GOST R 51685 – 2013
С 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
V 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 %.

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); 
c – central zone of the ball

Рис. 5. Микроструктура шара, расколовшегося после 29 ударов:
а – микротрещина между двумя разрушенными частями поверхности шара; 

b – образование микротрещины по границам зерен (место нахождения трооститной составляющей); 
c – центральная зона шара
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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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