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Abstract—The effect of rolling parameters for billets and grinding balls during production from the rejects of
K76F rail steel exerted on defect formation probability upon deformation has been studied. The simulation
of the rolling process for high-grade billets based on the rejects of continuously cast K76F rail steel ingots
using a DEFORM-2D software package has provided a significant effect of partial stretching (swaging) coef-
ficients throughout passes, an increased feed turning frequency and rolling temperature exerted on the defect
formation probability characterized by a maximum value of the Cockcroft–Latham criterion throughout the
feed cross-section. It has been shown that the increase in stretching (swaging) coefficients throughout passes,
due to an intensified rolling mode and to an increased turning frequency makes it possible to reduce the prob-
ability of defect formation during rolling at the expense of reduced temperature inhomogeneity throughout
the feed cross-section. The revealed effect of temperature increase on the reduction of defect formation prob-
ability is caused by an increase in the rail steel ductility. Based on the obtained data, general recommendations
have been formulated concerning the directions of improving rolling modes for billets made of trail steel
rejects, as well as the restrictions of the application of these recommendations in practice. Based on rolling
simulation for grinding balls made of rail steel rejects using a helical rolling mill, a significant effect of
increased deformation temperature on a decrease in ball crack formation in the axial zone caused by increas-
ing steel ductility has been established. Thus, a novel rolling mode for grinding balls made of the rejects of
K76F grade rail steel that provides an increase in impact resistance of grinding balls while maintaining a high
level of surface hardness has been developed. The efficiency of this mode has been confirmed by the results
of pilot testing with the use of a ball rolling mill at JSC Gur’ev Metallurgical Plant.
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INTRODUCTION
Nowadays, grinding balls having increased hard-

ness, impact and wear resistance are one of the most
popular types of rolled products [1–3]. At the same
time, providing the grinding ball productions having
such characteristics requires for an improved quality of
the initial billets [4–6], which provides an increase in
the cost of such products reducing the production
profitability and the competitiveness of grinding balls
in the sales markets [7–10].

One of the efficient ways to solve the problem of
reducing the cost of grinding ball production consists
in using the rejects of continuously cast rail steel bil-
letss as initial billets for rolling [11–13]. In recent
years, at the Russian domestic metallurgical enter-
prises that are the main manufacturers of railway rails

(JSC EVRAZ ZSMK, PJSC Mechel), there has been
a significant rejection of continuously cast billets that
do not have pronounced defects [14]. The main reason
for rejected such billets consists in much more strin-
gent requirements of internal regulatory documenta-
tion with respect to the requirements of GOSTs (State
Standards), in particular, in terms of the chemical
composition of steel.

A number of metallurgical plants, in particular JSC
Gur’ev Metallurgical Plant, have mastered the mass
production of grinding balls from rejected rail steel bil-
lets. At the same time, since a significant cross-sec-
tional area of continuously cast rail steel billets does
not make it possible to roll balls, the process f lowchart
for the production of balls, alongside with the ball roll-
ing using helical rolling mills, should involve the pro-
753
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Fig. 1. Process f lowcharts for the grinding ball productions from the rail steel rejects during ball rolling: (a) the balls with a diam-
eter of 60 mm and lower, and (b) the balls with a diameter of more than 60 mm.

Rejection

of continuously

cast billets

Rejection

of continuously

cast billets

Billets

150 × 150 mm

Billets

d ≤ 60 mm

Billets

d > 60 mm

Rail-and-beam

rolling mill

Rail-and-beam

rolling mill
Ball rolling mill

Balls

d > 60 mm

Balls

d ≤ 60 mm

Section

rolling mill

Ball

rolling mill

(a)

(b)
duction of intermediate billets. For the main assort-
ment of grinding balls (balls with a diameter of 60 mm
and below), the process f lowchart includes the rolling
of intermediate billets with the use of a rail-and beam
and a section mill (Fig. 1a), whereas for the case of the
balls of a larger diameter the process includes the roll-
ing of intermediate billets using the only rail-and-
beam mill (Fig. 1b).

Experience in the production of balls from rejected
continuously cast rail steels indicates the fact that
there is a number of engineering and technological
problems caused by a specific features of the structure
and chemical composition of steels [15]. At the same
time, nowadays the topic related to the processing of
rejected rail steel billets into grinding balls is almost
not being developed by Russian researchers. n fact,
there are scarce publications in this scientific field
available in the literature [16].

Thus, nowadays the studies on the effect of defor-
mation parameters on the quality of billets and grind-
ing balls made of rejected rail steels represent a rele-
vant and promising scientific direction.

INVESTIGATION METHODOLOGY

The studies on the effect of deformation parame-
ters on the defect formation in rolled products made of
rejected continuously cast rail steel billets were per-
formed by means of mathematical simulation using a
DEFORM-2D software package. The operation prin-
ciple of the mentioned software package is based on
the use of a finite element method [17–19].

A Cockcroft–Latham criterion [20] was used as the
parameter that characterizes the defect formation
probability during rolling:

(1)
0

*
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= ε

σ
where  is the accumulated plastic strain;  is the
increment of accumulated strain; σ* is the maximum
main tensile stress;  is the stress intensity.

The Cockcroft–Latham criterion represents, in
fact, an analogue of such a well-known parameter as a
level of used ductility reserve that can be expressed
according to the following relationship:

(2)

where Λ is the accumulated shear strain level; Λf is the
ultimate level of shear strain to failure; H is the shear
strain rate; tf is the time to failure.

Since the Cockcroft–Latham criterion distribu-
tion throughout the feed cross-section is uneven in
nature, a maximum value of this criterion has been
taken as the parameter characterizing the defect for-
mation probability during rolling. In constructing a
finite element grid, the number of elements amounted
to 180845, the number of nodes being of 40089.

As the objects for simulation, we used rolling
modes (Table 1) for billets and grinding balls having a
diameter of 60 mm taken at JSC Gur’ev Metallurgical
Plant (JSC GMZ) for rerolling rejected continuously
cast billets made of K76F grade rail steel.

During simulation, we used experimental data
obtained earlier for the plastic deformation resistance
of the steel under consideration depending on the
thermomechanical rolling parameters (temperature,
velocity, and strain level) [21], as well as the patterns of
changing in the plastic deformation resistance
throughout the initial billet cross-section [22], which
has made it possible to provide an increase in the accu-
racy of the obtained results.

RESULTS AND DISCUSSION
Based on the simulation results, it has been found

that under rolling the billets made of rail steel rejec-
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Table 1. A rolling mode for billets with a diameter of 60 mm used at JSC Gur’ev Metallurgical Plant (basic)

Stand
Pass 

number
Roll pass shape

Feed cross-section, mm
Swaging, mm

height width

billet 150 150

Swaging stand 700 1 Bbox-shaped pass 136 154 14

2 Bbox-shaped pass 114 160 22

90° turning

3 Bbox-shaped pass 117 134 43

4 Bbox-shaped pass 95 138 22

90° turning

5 Bbox-shaped pass 98 104 40

Stand 1 (mill 500) 1 Bbox-shaped pass 70 116.6 34

2 Bbox-shaped pass 54 124 16

90° turning

3 Vertical oval pass 85 77 44

90° turning

1 Shaped pass 61 98 16

Stand 2 (mill 500) 90° turning

2 Vertical oval pass 70 66 28

90° turning

Stand 3 (mill 500) 1 Shaped pass 54 84 12

90° turning

Stand 4 (mill 500) 1 Ccircle-shaped pass 59.8 59.8 24.2
tion, the Cockcroft–Latham criterion distribution
throughout the feed cross-section is uneven. The
highest values of the Cockcroft–Latham criterion take
place within the areas of near-surface feed zones
located near the vertical axes of the roll passes (Fig. 2).
In this case, a nonlinear increase in the Cockcroft-
Latham criterion values averaged and maximal
throughout the cross-section is observed during rolling.

Based on data processing with the use of regression
and variance analyzes, it has been found that the max-
imum value of the Cockcroft–Latham criterion
throughout the feed cross-section is significantly
affected by the stretching (swaging coefficient, by the
turning and by the rolling temperature (in the range of
900–1150°C). The increased stretching coefficient,
additional feed turning and the increase in the rolling
temperature lead to a decrease in the maximum values
of the mentioned criterion throughout the feed cross-
section, which provides a decrease in the probability of
defect formation during rolling.

The features of the stretching coefficient effect on
the Cockcroft–Latham criterion are caused by the
fact that the increase in the swaging rate leads to the
metal heating during rolling, especially the surface
STEEL IN TRANSLATION  Vol. 52  No. 8  2022
layers, which promotes a decrease in the uneven char-
acter of temperature distribution throughout the
cross-section of the feed. The feed turning also pro-
motes a decrease in the uneven distribution of tem-
perature fields, since the metal layers that are in direct
contact with the rolling rolls are renewed.

The effect of rolling temperature on the Cock-
croft–Latham criterion is caused by the fact that the
ductility inherent in rail steel exhibits an increase with
increasing deformation temperature. The obtained
regression equations characterizing the effect of roll-
ing parameters on the maximum value of the Cock-
croft–Latham criterion throughout the feed cross-
section have the following form:

— in the absence of preliminary feed turning:

(3)

— in the case of preliminary feed turning:

(4)

where λ is the stretching coefficient; n is the pass num-
ber from the beginning of rolling (considering all the
passes); t is the rolling temperature, °C.

0.0015

max 3.986 1.012 ( 0.0523 0.5183);
n t

D e
−= × − λ +

0.0017

max 7.521 1.012 ( 0.0283 0.2942),
n t

D e
−= × − λ +
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Fig. 2. Distribution of the Cockcroft–Latham criterion by
cross-section of the feed in the manufacture of billets with
a diameter of 60 mm based on the rejects of K76F grade
rail steel (Table 1): (a) second passage in stand 1 (mill 500);
(b) passage in stand 3 (mill 500).
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Fig. 3. Cockcroft–Latham criterion distribution through-
out the ball cross-section during rolling based on the
rejects of K76F grade rail steel.
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Fig. 4. Effect of ball rolling temperature made of K76F
grade steel on the maximum value of Cockcroft–Latham
criterion in the axial zone.
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According to the obtained results, the efficient
ways to improve the quality of billets rolled based on
rejected continuously cast rail steel billets consist in
the following:

— intensifying the mode of rolling (increase in the
partial stretching coefficients with an overall decrease
in the number of passes);

— increasing the feed turning frequency in the roll-
ing process;

— increasing deformation temperature.

It should be noted that the technical feasibility and
expediency of implementing the listed directions for
improving the rolling modes in practice is determined
based on the conditions of a particular rolling mill. In
particular, the analysis carried out for the conditions
of the section rolling mill of the JSC GMZ have shown
the absence of any reserve for intensifying the rolling
modes for billets made of rail steels. It has been also
shown that it is inexpedient to increase the rolling
temperature, since in the passes with the highest swag-
ing level, the rolling temperature almost corresponds
to the maximum ductility temperature (see Table 1)
inherent the rail steel under (1100–1150°C) consider-
ation.

The simulation of metal SSS during ball rolling
having a diameter of 60 mm has been carried out in a
deformation temperature range of 900–1250°C. The
choice of the lower bound of the range under consid-
eration is determined by the actual temperature of the
beginning of ball rolling (900–980°C). According to
the obtained results, the maximum value of the Cock-
croft-Latham criterion takes place in the zone under
the f lange (Fig. 3), which is caused by the features of
the helical rolling process. When the balls are sepa-
rated in the mentioned zone, the Cockcroft–Latham
criterion increases until the jumper breaks, reaching
unity. Thus, it is more reasonable to determine the
defect formation probability in the course of ball roll-
ing based on the maximum value of the Cockcroft-
Latham criterion outside the f lange impact zone.

According to the obtained data (Fig. 4), increasing
deformation temperature in the considered tempera-
ture range causes a significant decrease in the maxi-
mum value of the Cockcroft–Latham criterion in the
axial zone of the balls, which is consistent with the
results of other studies [23, 24] concerning the effect of
deformation temperature on the defect formation in
the central zone of the balls upon cross-helical rolling.

In order to confirm the obtained data using the
standard method of regression analysis, we have stud-
ied an effect of the ball rolling temperature on the
impact resistance of the balls under the conditions of
the ball-rolling mill at the JSC Gur’ev Metallurgical
STEEL IN TRANSLATION  Vol. 52  No. 8  2022
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Fig. 5. Effect of the rolling temperature of K76F steel balls
exerted on the productivity of a ball rolling mill (1) at a
quenching temperature of 780 and (2) at a quenching tem-
perature of 860°C.
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Plant. It has been found that increasing ball rolling
temperature in the actual range of its change (900–
980°C) causes a decrease in rejected balls according to
the results of drop-hammer impact testing, that is, this
procedure provides an increase in impact resistance
Rimp according to the following relationship:

(5)

Here, Rimp is the rejection level for balls according to

the results of drop-hammer impact testing, %; t is the
onset temperature of ball rolling, °C.

The results obtained earlier indicate the fact that
the maximum ductility of K76F grade rail steel is
observed at a deformation temperature ranging from
1100 to 1150°C [15]. However, the analysis have shown
that the increase in the rolling temperature to 1100–
1150°C should lead to a significant decrease in the
productivity of the rolling mill, since the cooling time
of the balls on the conveyor should increase until the
required quenching temperature (780–860°C) is
reached.

At the same time, according to the calculated data
(Fig. 5), the mill productivity depends on the ball roll-
ing temperature in a nonlinear manner, which is could
be caused by a simultaneous effect of the rolling tem-
perature exerted on operation cycles in the section of
billet heating in the section of ball heat treatment.
Thus, each 10°C increase in the rolling temperature in
the range of 900–1030°C causes an approximately
1.0–1.2% decrease in the productivity of the ball roll-

imp 17.9 0.015[ ],R t= −
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Table 2. Effect of the rolling temperature of K76F grade rail s

Temperature rolling mode
Fraction of balls withstood 

75 impacts, %

Basic mode (rolling 

temperature 980°С)

86

Novel mode (rolling 

temperature 1030°С)

100

Table 3. Influence of the rolling temperature of K76F grade
treatment

Temperature rolling mode

Grain number according t

5639

maximum

Basic mode (rolling 

temperature 980°С)

6

Novel mode (rolling 

temperature 1030°С)

5

ing mill, whereas further each 10°C increase in tem-

perature in the range of 900–1030°C leads to a 2.2–

2.5% decrease in the productivity of the mill.

Based on the above-mentioned results of studies

and calculated data, a novel grinding ball rolling mode

characterized by an increased deformation tempera-

ture up to 1030°C has been developed. The pilot test-

ing of the novel temperature rolling mode has shown

an increase in the impact resistance of grinding balls

when using this mode, which is caused by a decrease

in the crack formation during deformation (Table 2).

At the same time, the increase in the rolling tem-

perature has not led to any significant increase in the
teel balls on the impact resistance thereof

Fraction of balls failed the 

testing, % (the number of 

impacts to failure)

Fraction of balls having 

internal cracks after rolling 

(before quenching), %

14 (12–29) 12

0 0

 rail steel balls on the microstructure and hardness after heat

o GOST (State Standard) 

–82
Surface hardness, HRC

averaged

6.3 56

5.2 56
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grain size and decrease in the hardness of the balls
after heat treatment (Table 3).

CONCLUSIONS

Based on the mathematical simulation of rolling
intermediate billets and grinding balls made of
rejected continuously cast rail steel billets, using a
DEFORM-2D software package, we have established
regularities in the effect of deformation parameters
exerted on the defect formation probability during
rolling determined by the maximum value of Cock-
croft–Latham criterion for the feed cross-section.

As applied to the production of billets, a significant

effect of the increase in partial swaging, the increase in

the turning frequency and the increase in rolling tem-

perature exerted on a decrease in the defect formation

probability under rolling has been determined. For

grinding ball rolling conditions with the use of a heli-

cal rolling mill, it has been found that rolling tempera-

ture increase results in a decrease in crack formation

under straining.

With the use of the obtained simulation results, a

novel temperature mode for the rolling of grinding

balls made of K76F grade rail steel reject has been

developed, the pilot testing of which in at the JSC

Gur’ev Metallurgical Plant have shown an increase in

the impact resistance of the produced balls alongside

with a consistently high level of surface hardness.
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