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Abstract—The influence of the rolling temperature and speed on the plasticity and deformability within con-
tinuous-cast billet of E76KhF and E76KhSF alloy rail steels is studied experimentally. The results indicate a
complex dependence of the plasticity of E76KhF steel on the deformation temperature. In particular, for the
surface layers of continuous-cast billet, the plasticity declines markedly in the range 1025–1075°C. That is
not the case for the central region of the billet. The results for E76KhF steel indicate that the absolute plas-
ticity declines considerably on moving away from the surface. This may be attributed to the larger grains in
the steel and the higher concentration of nonmetallic impurities in the central zone, as confirmed by metal-
lographic data. In particular, the mean grain size at the center of the deformed continuous-cast billet is 1.3–
2.1 times greater than in the surface layer. The central zone is characterized by high concentrations of nonde-
forming silicate inclusions Al2O3 ⋅ SiO2, FeO ⋅ SiO2, and MnO ⋅ SiO2, which greatly impair the billet plas-
ticity. Such inclusions are absent from the surface zone of the billet. With increase in deformation temperature
of E76KhSF rail steel, the resistance to plastic deformation declines exponentially. The absolute resistance to
deformation declines on moving away from the billet surface, once again on account of the larger grains in
the steel and the higher concentration of nonmetallic impurities in the central zone. Decrease in the resis-
tance to deformation from the surface layers to the center of the billet is observed at any strain rate. However,
the absolute resistance to deformation increases considerably with increase in the strain rate from 1 to 10 s–1.
Mathematical analysis of the experimental data yields regression equations that may be used in practice to
predict the plastic and deformational properties of E76KhF and E76KhSF alloy rail steels, in specified rolling
conditions. Those equations provide the basis for the development of new billet-heating conditions in rolling
and new systems for rail rolling. Their validity is confirmed by industrial trials of new production conditions
for rails on the universal rail and beam mill at AO EVRAZ ZSMK.
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INTRODUCTION
At present, complex alloy steels form an increasing

share of overall steel output, globally and in Russia.
Their applicability is expanding, and new steels are
being developed. By complex alloying, steel life may
be extended and its operational efficiency may be
increased. This approach is adopted in rail production
at AO EVRAZ ZSMK, which is Russia’s leading rail
supplier. Today, E76KhF and E76KhSF complex
alloy steels are mainly used, in place of E76F steel.

Extensive research data now show that complex
alloying decreases the plasticity [1–7] and deformabil-

ity [8–15] of steels. That impairs sheet quality and
increases production costs. Theoretical optimization
of deformation temperatures so as to maximize the
plasticity and minimize the resistance to deformation
is hindered by the complexity of the structural changes
in the steel on introducing various combinations of
alloying elements. In the production of rails, which are
characterized by a complex cross section, a further
complication is the nonuniformity of deformation on
rolling.

Thus, in terms of rail quality and the energy effi-
ciency of production, we need to investigate the plas-
384



PLASTICITY AND DEFORMABILITY OF ALLOY RAIL STEELS 385

Table 1. Actual chemical composition of rail steel melts at AO EVRAZ ZSMK

Steel
Content, wt %

C Mn Si Cr V P S

E76KhF 0.76–0.78 0.82–0.90 0.48–0.52 0.36–0.44 0.03–0.04 0.011–0.016 0.009–0.013
E76KhSF 0.75–0.79 0.78–0.87 0.32–0.55 0.52–0.57 0.05–0.06 0.005–0.015 0.012–0.017
ticity and resistance to deformation of alloy rail steels
as a function of the rolling temperature.

In the present work, we lay out the theoretical prin-
ciples for the development of new deformation condi-
tions in rolling rail steels so as to improve rail quality
and the energy efficiency of production.

EXPERIMENTAL METHODS

The research is conducted in three stages. In the
first, the plasticity of E76KhF rail steel is studied
experimentally, so as to determine the changes in its
deformability at different rolling temperatures. In the
second stage, the resistance to plastic deformation of
E76KhSF rail steel is studied and, on that basis, rec-
ommendations are developed for increasing the energy
efficiency in rolling—in particular, by distributing the
reduction between rolling passes so as to optimize the
load on the mill’s drives. In the third stage, new rolling
conditions developed by analysis of the experimental
data regarding the plasticity and deformability of the
alloy rail steels undergo industrial trials on the univer-
sal rail and beam mill at AO EVRAZ ZSMK.

We determine the plasticity and resistance to defor-
mation of 300 × 360 mm billets produced in the elec-
trosteel shop at AO EVRAZ ZSMK. Samples are
taken from the surface of the billet and at depths of 50,
75, and 110 mm. The samples are cut so as to obtain
information regarding the plasticity and deformability
of the steel in different zones of the continuous-cast
billet.

We know that continuous-cast billet may be
divided into three zones in terms of the grain size and
distribution: the crust, columnar crystals, and the cen-
ter. In addition, with a tall deformation zone (when
the ratio of the capture length to the mean strip height
is less than 1.5), which is typical of the first passes in
rail and beam mills, the deformation is very nonuni-
form over the billet cross section [16, 17]. The defor-
mation is more intense in the surface layers than at the
center. Given the physical and chemical nonunifor-
mity of the steel and the significant difference in
deformation conditions, we need to study the plas-
ticity and deformability in different zones over the bil-
let cross section.

Note that the chemical composition of E76KhF
and E76KhSF rail steels is practically the same,
according to the requirements of State Standard
GOST R 51685–2013. The only difference is in the
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permissible content of silicon and chromium; the per-
missible ranges for the two steels overlap. Analysis of
samples from 25 melts of E76KhF and E76KhSF
steels selected for the experiments shows that their
chemical composition is very similar (Table 1). In
other words, experimental results obtained for one of
the steels may reasonably be applied to the other.

Accordingly, we investigate the plasticity for
E76KhF steel and the resistance to deformation for
E76KhSF steel.

The plasticity is investigated by hot torsion in a sys-
tem including rotating and immobile shafts with slots
to accommodate the samples; a drive for the mobile
shaft (an electric motor with a thyristor drive); a resis-
tance furnace; a unit to record the number of rota-
tions; and thermocouples. The temperature varies
over the range 900–1200°C in increments of 25°C
within the range 1000–1100°C and 50°C elsewhere,
since we know that the plasticity declines sharply at
around 1050°C for complex alloy steels [18, 19]. In the
experiments, the strain rate is 1 s–1 and does not vary,
on account of the practical constraints on the equip-
ment employed.

In analyzing the results, the plasticity is assessed in
terms of the shear deformation

where l0 is the length of the initial cylindrical samples,
mm; d0 is their diameter, mm; and z is the number of
turns to failure.

The resistance to deformation is measured in hot
upsetting by means of the Hydrawedge module of the
Gleeble 3800 system. The temperature varies over the
range 900–1150°C in increments of 50°C. The strain
rates selected are 1 and 10 s–1; that corresponds to the
actual values for rail and beam mills.

To determine the physical basis for the change in
plasticity and deformability of the continuous-cast bil-
let at rolling temperatures, we obtain metallographic
data by means of an Olympus GX-51 optical micro-
scope and a Tescan MIRA 3 LMH scanning electron
microscope with a Schottky autoemission cathode.
The phase composition is determined by means of a
Shimadzu XRD-6000 X-ray diffraction system.
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Fig. 1. Dependence of the plasticity of continuous-cast E76KhF rail steel billet on the deformation temperature Td for layers at
the surface (a) and at depths of 50 (b), 75 (c), and 110 (d) mm: (---) minimum close to 1150°C.
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RESULTS AND DISCUSSION

The results indicate a complex dependence of the
plasticity of E76KhF rail steel on the deformation
temperature for layers at the billet surface and at a
depth of 50 mm (Figs. 1a and 1b). In both cases, the
plasticity rapidly increases between 900 and 1000°C
and then declines, reaching a minimum in the range
1025–1050°C. Then the plasticity rises sharply to a
maximum at 1100°C, before declining smoothly in the
range 1100–1200°C.

Note that, in previous research on the plasticity of
E76F rail steel, no minimum was observed in the plas-
ticity close to the surface at around 1050°C [20].

Analysis of the plasticity data for E76KhF rail steel
shows that the absolute plasticity declines consider-
ably on moving away from the surface (Fig. 1). This
may be attributed mainly to the difference in grain
size. As already noted, the continuous-cast billet has a
three-zone structure. At the surface (extending to
depths of 15–25 mm), the crust zone is characterized
by the smallest grains. Below that, the second zone
(at depths of 50–60 mm) contains columnar crystals
which are large and extend in the direction perpendic-
ular to the faces. The remainder of the billet consists of
the central (axial) zone, containing large crystals of
different orientation.

Metallographic data for the samples after hot tor-
sion confirm the significant increase in mean grain
size from the surface of the billet to its axis: the mean
grain size at the center of the deformed continuous-
cast billet is 1.3–2.1 times greater than in the surface
layer. The difference in grain size increases with
increase in deformation temperature (Fig. 2).

The difference in plasticity over the billet cross sec-
tion is also due to the presence of nonmetallic inclu-
sions. We know that nonmetallic inclusions lead to
localization of the deformation on account of their
interaction with moving dislocations [21, 22]. That
slows grain-boundary migration. On the basis of the
metallographic data for E76KhF rail steel samples, the
concentration of nonmetallic inclusions is greatest in
the central zone of the billet. The central zone is char-
acterized by high concentrations of nondeforming sil-
icate inclusions Al2O3 ⋅ SiO2, FeO ⋅ SiO2, and MnO ⋅
SiO2, which greatly impair the billet plasticity (Fig. 3).

Mathematical analysis of the experimental data
yields regression equations describing the dependence
of the plasticity on the deformation temperature for all
the zones of the continuous-cast billet (Fig. 1). We
STEEL IN TRANSLATION  Vol. 49  No. 6  2019
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Fig. 2. Distribution of the mean grain size over the cross
section of continuous-cast E76KhF rail steel billet.
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find that, in the two zones closest to the surface, the
dependence of the plasticity on the deformation tem-
perature may be described by second-order polynomi-
als, with a distinct maximum, except within a single
range: at 1000–1100°C, the dependence is described
by a second-order polynomial with a distinct mini-
mum (Figs. 1a and 1b). Closer to the center, the
dependence of the plasticity on the deformation tem-
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Fig. 3. Microstructure of central zone in continuous-cast E76K
(MnO ⋅ Al2O3); (c) diffraction pattern.
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perature may satisfactorily be described by second-
order polynomials, with a distinct maximum over the
whole range 900–1200°C (Figs. 1c and 1d).

The experiments with E76KhSF rail steel show
that, with increase in deformation temperature, the
resistance to plastic deformation declines exponen-
tially (Fig. 4). The absolute resistance to deformation
declines on moving away from the billet surface, once
again on account of the larger grains in the steel and
the higher concentration of nonmetallic impurities in
the central zone. Increase in grain size is accompanied
by decrease in total area of the grain boundaries. That
decreases the obstacles to extension of the grains in
deformation and improves the access of dislocations to
the grain boundaries. In turn, the nonmetallic inclu-
sions effectively block the intragrain slip at all tem-
peratures and strain rates [22].

Decrease in the resistance to deformation from the
surface layers to the center of the billet is observed at
any strain rate. However, the absolute resistance to
deformation increases considerably with increase in

the strain rate from 1 to 10 s–1 (Fig. 4). Note that con-
siderable influence of the strain rate on the resistance
to plastic deformation was also noted for rail steel of
similar composition in [23–25].

The influence of the strain rate on the resistance to
plastic deformation may be explained in that increase
hF rail steel billet: (a) alumosilicates (Al2O3 ⋅ SiO2); (b) spinels

(b)
10 μm

1
.4

2
8

 α
-
F

e

1
.7

6
3

 A
l 2

O
3
  
  · 

S
iO

2
; 

(F
e
, 

M
n

, 
C

r)
3
C

 

3
2

3
2

1
.5

7
4

 (
F

e
, 

M
n

S
; 

A
l 2

O
3
  

  · 
S

iO
2

1
.8

5
0

 M
n

S

1
.6

7
3

 A
l 2

O
3
  

  · 
S

iO
2

1
.6

9
0

 M
n

O
  

  · 
S

iO
2

32 34 36 38 40 42

2θ, deg

)



388 UMANSKII et al.

Fig. 4. Dependence of the resistance to plastic deformation of E76KhSF rail steel billet on the deformation temperature at strain
rates of 1 (a) and 10 (b) s–1 at the surface (1) and at a depth of 50 mm (2).

y = 3613.3e–0.0035x

R2 = 0.992

y = 2624.0e–0.0029x

R2 = 0.9907

y = 3163.9e–0.0034x

R2 = 0.9961

y = 2551.2e–0.0029x

R2 = 0.9821

1

1

2

2

850

Deformation temperature, °C

R
e
si

st
a

n
c
e
 t

o
 d

e
fo

rm
a

ti
o

n
, 

M
P

a 220 (a) (b)

200

180

160

140

120

100

80

60

40
900 950 1000 1050 1100 1150 1200 850

Deformation temperature, °C
900 950 1000 1050 1100 1150 1200
in strain rate accelerates hardening processes associ-
ated with the increase in the density of dislocations
and point defects and with increase in internal fric-
tional forces [26, 27]. The rate of softening processes
remains the same.

PRACTICAL APPLICATIONS

The plots of the plasticity and the resistance to
plastic deformation against the deformation tempera-
ture in Figs. 1 and 4 provide the theoretical basis for
the improvement of billet heating in the rolling shop
and for the design of rail-rolling systems. On that
basis, it is expedient to select the billet temperature
and to redistribute billet reduction among the passes
so as to maximize the reduction in the range 1100–
1150°C where the plasticity is a maximum and to min-
imize rolling in the range 1025–1075°C where the
plasticity is a minimum.

In addition, given the complexity of the grooves in
rail rolling, we must take account of the nonuniform
distribution of plasticity between the surface and axis
of the billet. That is especially important for grooves
shaping the individual elements of the rail profile
(head, neck, base), where the distribution of the reduc-
tion over the groove width is least uniform. The potential
increase in the reduction is limited by the permissible
loads on the mill equipment, including the drives of
the individual stands. These loads are determined by
the rolling force, which, in turn, is directly propor-
tional to the resistance to plastic deformation.

On the basis of the dependence of the steel’s resis-
tance to plastic deformation on the deformation rate
and temperature, the change in the loads on the equip-
ment with redistribution of the reduction among the
passes may be assessed. That permits the avoidance of
elevated equipment wear and decreases the risk of
accidents.
The experimental results regarding the plasticity
and deformability of the alloy rail steels are verified by
means of industrial trials of the modified production
conditions for long R65 E76KhF steel rails on the uni-
versal rail and beam mill at AO EVRAZ ZSMK. The
proposed modification is to decrease the billet tem-
perature from 1200 to 1170–1180°C and to use fewer
passes in the reduction stands. As a result, the billet is
rolled in the shaping grooves at the temperature corre-
sponding to maximum plasticity (around 1100°C).
Oscillographic data show that, in such intensified roll-
ing conditions, the torques on the motor shafts in the
reduction stands are within the permissible range.
That indicates that the predicted resistance to plastic
deformation is satisfactory.

The new rolling conditions result in lower rejection
rates of the rails for surface defects. This confirms that
the new rolling temperatures are advantageous. In addi-
tion, the trials indicate decrease in the fuel consump-
tion for billet heating and in the energy consumption for
rolling, while the productivity is increased.

In economic terms, the new heating and rolling
conditions in rail production are expected to provide
savings of 120 million rub/yr.

CONCLUSIONS

On the basis of experimental data, we have estab-
lished the influence of the rolling speed and temperature
on the plasticity and resistance to deformation of contin-
uous-cast E76KhF and E76KhSF rail steel billet.

Mathematical analysis of the experimental data
yields regression equations that may be used in prac-
tice to predict the plastic and deformational properties
of E76KhF and E76KhSF alloy rail steels, in specified
rolling conditions. Those equations provide the basis
for the development of new billet-heating conditions
and new systems for rail rolling. Their validity is con-
STEEL IN TRANSLATION  Vol. 49  No. 6  2019
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firmed by industrial trials of new production condi-
tions for rails on the universal rail and beam mill at
AO EVRAZ ZSMK.
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