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The development of a new deformation regime
for microstructure refinement in solid railway axles by hot
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Po3po0Oka HoBOro pexumy nedopmaiii

JJIS1 BIOCKOHAJICHHSA MIKPOCTPYKTYPH B TBEPAMX 3AJI3HUYHHUX OCHAX

HIJIAX0M oNTUMi3auii rapsiuoi aegopmauii

Goal. During the production of railway axles, the main target is to obtain a uniform metal structure with a grain size not
larger than number 5 across the entire section of the produced axle. Moreover, in accordance with the demands of rail-
way axle consumers, the differences in grain size numbers should not exceed 2. However, due to multi-stage pro-
cessing and repeated heating of axle material, the fulfilment of aforesaid requirements is very difficult and the differ-
ences in grain size numbers are usually found as 4. Therefore, it is necessary to develop a special deformation regime
for controlling the sizes and the uniformities of metal grains in the finished product. Methods. We employed experi-
mental and theoretical investigations to reveal the microstructure refinement in the deformation zone of the produced
railway axle. The experimental investigation was carried out under the production conditions, whereas the theoretical in-
vestigation was performed based on the theory of plasticity and finite element method. Results. Furthermore, the regu-
larities of process parameters in the deformation zone were revealed; hence, a new deformation regime was developed,
and consequently, the quality of the finished railway axle was improved. Scientific novelty. Rolling of solid railway axle
required special de-formation regimes that differed from the deformation regimes for rolling of other types of products.
Deformations in vertical and edging directions with edging reduction were less penetrative to the central zone of the
billet as compared to surface layers, thus resulting in an increase in energy consumption and equipment load of the
rolling mill. Rolling with edging reduction caused a worse de-formation at the central zone of the billet in the box
caliber.Rolling without edging reduction caused large deformations in central layers of the billet and led to a significant
improvement in the metal structure of the axle.

Keywords: Rolling simulation, Deformation regime, Railway axle, Rolling mill, Grain refinement

Mema. [1i0 yac supobHuUUymMea 3asi3HU4YHUX 0cell OCHOBHOK MEMOIK € OMPUMaHHS 0OHOPIOHOI Memanegoi KOHCMPYKUT
3 po3mipom 3epeH He binbwe 5 Ha 8cili OinsHui sauzomoesieHoi oci. binbwe mozo, 8i0nogidHo 00 8uMO2 crioxugadyie
3ani3HUYHUX ocel, Pi3HUUS 8 KirlbKocmi 3epHa He rnosuHHa nepesuwysamu 2. OdHak yepe3 bazamocmyneHegy 06pob6-
Ky ma bacamopa3ose HazpieaHHs Mamepialy OCi 8UKOHaHHSI 8UWe3a3HaqyeHuUx eumoe € Oyxe CKIadHo i Pi3HUUs 8
qucna 3epHo8uUX pPo3mipie 3a3suyall 3Haxo0smb 51K 4. ToMy HeobxiOHO po3pobumu creyianbHul pexum Oeghopmaui
O KOHMPOJIo Po3Mipie ma oOHopiOHocmel 3epeH memarly 8 2omogomy npodykmi. Memoduka. Mu niposenu ekcrie-
pumMeHmarnbHi ma meopemuyHi 00CiOXeHHs 015 8USIBIIEHHST YMOYHEHHST MIKpOoCmpyKkmypu 8 30Hi deghopmauiii eupob-
J1eHOI 3ani3HUYHOI oci. EkcriepumernmarbHe 0ocnidx)eHHs1 npoe8oduriocs y 8UpobHUYUX yMosax, modi SK meopemuyHe
docnidxxeHHs1 Npo8oduUsIoCk Ha OCHO8I Meopii nnacmuyHocmi ma Memody CKiHYeHHUX enemeHmis. Pesynbmamu. Kpim
moeo, 8usi8/IeHO 3aKOHOMIpPHOCMI napamempig fpouecy 8 30Hi deghopmauii; omxe, 6y8 po3pobrneHuli HO8UU PEXUM
Oechopmauii, a omxKe, nokpauwjeHa siKkicmb 20moeoi 3anisHu4Hoi oci.Haykoea Hoeu3Ha. [lpokam meepdoi 3ani3HUYHOI
oci sumazag ocobnusux pexumie 0eghopmysaHHs, siKi 8iOpIsHANUCS 8i0 pexumie deghopmauii Orist MpoKamKu IHWUX 8u-
die supobis. [Jeghopmauii y eepmukaibHOMy ma KPOMOYHOMY HarpsiMKaXx i3 3MEHWEeHHSIM KDOMOK Byriu MEeHW MpoHU-
Karoyumu 00 yeHmpasibHOI 30HU 3a20MO8KU MOPIBHSIHO 3 MOBEPXHE8UMU LWapamu, W0 npu3eesio 00 3b6ifbUIeHHST eHep-
20CroXxueaHHs1 ma HagaHmaxkeHHs1 obrnadHaHHs1 npokamHo2o cmaHy.[lpokam 3 pedyKuieto KPOMOK CrpUHUHUS 2ipuie
OehopmysaHHs1 8 UeHmparsbHill 30Hi 3a20moeKuU 8 Karibpi kopobku.KoyeHHs1 6€3 3MEeHWEHHS KPOMOK CIIpUYUHUIIO 8e-
nuki dechopmauii 8 UeHmMparsnbHUX wapax 3a20moeku ma rnpusgeno 0o 3Ha4YHO20 MOJNWEHHS Memasnegoi cmpykmypu
oci.

Kniroyosi criosa: imimauiss kodeHHs!, pexxum deghopmauil, 3anisHuYHa eicb, MpokamHuli cmaH, po3Mip 3epHa
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1. Introduction

Railway transport has profound impacts on all ar-
eas of human activities, and railway axle significantly
affects the reliability of railway transport. Klinger et al.
(Ref 1) advocated that ensuring safety to accidents
should be the top priority for any locomotive industry
and revealed that nonmetallic inclusion is the main
reason for the failure of railway axles. Odanovic (Ref
2) found that the failure of railway axle is caused by
inadequate maintenance and insufficient material
properties. Girer et al. (Ref 3) asserted that the fail-
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ure of railway axle is associated with the deteriorated
mechanical properties of the axle material. Nahlik et
al. (Ref 4) presented a new methodology for fatigue
life assessment of railway axle based on fracture me-
chanics. Wu et al. (Ref 5) developed a new model to
describe the mechanism of fatigue crack growth in
railway axle.

Cross-screw rolling is widely employed for the
production of railway axles and consists of the follow-
ing technological route: steel ingot casting, rolling on
blooming mill, two-roll rolling on billet mill, cross-screw
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rolling on three-roll mill, and heat treatment (Fig. 1).
The aforesaid production route is usually comprised
of four heating phases. The first heating is carried out
before the rolling in blooming mill, and the second
heating phase is performed before the cross-screw
rolling. The rolled billets are then slowly cooled to
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prevent the formation of flakes, and finally, one or two
normalizations are executed depending on the re-
quired quality level of the finished product. In addition,
quality control of the produced railway axle is per-
formed by ultrasonic method.

Technological scheme
of railway axles production

MNormalization | . L
MNormalization 11

The main problem of cross-screw rolling is the dis-
similarities in metal structures across the different
sections of railway axle. According to the standard
M101, grain size should not be less than number 5
(ASTM E112) along the cross-section of a railway ax-
le. However, in practice, a gradient in grain size (vary-
ing from numbers 5 to 6 at the center to numbers 8 to
9 in subsurface layers) is usually noticed. Moreover,
in accordance to the demands of railway axle con-
sumers, the differences in grain size numbers should
not exceed 2, thus grain refinement at the central ar-
ea of railway axle is the only way to meet their expec-
tations.

Grain refinement is usually adopted to increase
the strength and the toughness of steel (Ren et al.,
(Ref 6)) and can be achieved by various approaches
including ingot crystallization control, solid-state heat
treatment, large deformation, recrystallization, cyclic
heat treatment, cyclic quenching, thermal mechanical
treatment, and strain-induced dynamic transfor-
mation.

Further, deformation works significantly improve
the quality of the metal structure. However, Ren et al.
(Ref 6) found that the effect of deformation work on
ferrite grains was limited; hence, in order to overcome
this limit, it is necessary to add alloying elements to
steel.

In recent years, researchers have proposed multi-
farious theoretical approaches for the modeling of roll-
ing processes. Wang et al. (Ref 7) developed a finite
element model to simulate hot strip continuous rolling
process and adopted the proposed model for the op-
timization of rolling schedule. Bambach et al. (Ref 8)
investigated the instabilities of force and grain size
predictions during the simulation of a multi-pass hot
plate rolling process. It was found that the stable evo-
lution of predicted grain size led to static recrystalliza-
tion (SRX) after each deformation stage (or roll pass),
and it required a large amount of deformation per

Time
Fig. 1 The heat profile for steel axle production at a metallurgical plant

pass, long inter-pass time, and slow grain growth
rate.

It should be noted that the previously published
works are mostly dedicated to the study of rolling in
flat rolls, thus the rolling in shaped rolls for grain re-
finement is not well investigated. Lee et al. (Ref 9) re-
vealed that the correct calculation of average defor-
mation value had a great importance on the evolution
of metal structure during deformation and developed
a method for the calculation of average deformation
during rolling in an oval-circle system. In addition, a
comparative study on the effects of rolling on the
smooth barrel and shaped rolls was conducted, and it
was observed that the deformation scheme signifi-
cantly affected the shapes of grain microstructures
and the mechanical properties of steel. Lee et al. (Ref
10) improved their results by adding the deformed
state calculations using finite element method (a
software package ‘Deform’ was used in their study). It
was noticed that the grain size was mainly affected by
deformation rate, strain rate, and temperature, and
the obtained results were in a good agreement with
the findings reported by Choi et al. (Ref 11) and Choi
et al. (Ref 12).

Choi, Lee, and Hodgson (Ref 13) considered the
conditions of recrystallization during deformation and
expounded that the differences in strain path caused
by monotonic loading (plate rolling) and cross-loading
(bar rolling) significantly influenced the microstruc-
tures and the mechanical properties of steel. It was
found that during multi-pass rolling at higher speeds,
the recrystallization behavior of steel and the evolu-
tion of austenite grains were strongly influenced by
the modeling method of partial recrystallization. The
modified model considered the microstructural heter-
ogeneity (recrystallization and non-recrystallization) in
steel during multi-pass rolling. It is worth noting that
the afore-described studies were executed for rolling
profiles with small sizes.
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Nalawade et al. (Ref 14) investigated the rolling
process of a bloom (initial and final cross-sections
were 320 mm % 400 mm and 208 mm x 270 mm, re-
spectively) using the ‘Forge’ program, and the metal
flow behavior expressed that the amount of strain
penetration increased with the increasing degrees of
deformation. Moreover, the corners of the bloom pos-
sessed the highest strain, whereas the core section
had the least strain. The macrostructure of the rolled
bloom vyielded a decrease in central porosity with the
increasing degrees of deformation. Further, the grain
size number after eight passes varied from 4-6
(large) in surface layers to 68 (small) at the center. It
was noticed that the overall deformation degree of
0.56 (43%) after eight passes was not enough to con-
solidate the porosities in the rolled bar; hence, a fur-
ther deformation was needed for removing these cen-
tral porosities. Ginzburg (Ref 15) posited that critical
strain required for the recrystallization and the modifi-
cation of micro-alloyed steel was of the order of 0.1
(9.5%)-0.2 (18%).

Qinggiang et al. (Ref 16) developed a set of
mechanism-based constitutive equations to analyze
the effects of microstructure evolution on the elastic-
plastic flow of Q235 steel, and the equations were
implemented into the finite element solver ABAQUS
to simulate the multi-pass H-shape rolling process.

Sen-dong Gu et al. (Ref 17) developed a multi-
field (thermal, mechanical, and microstructural phe-
nomena) coupled finite element model in MSC Marc
software in order to investigate the 18-pass hot rolling
process of GCr15 steel rod. It was found that the mi-
crostructure evolution during the multi-pass hot rolling
process was more complicated as compared to hot
compression tests which could not reflect the real
evolution of microstructure during the hot rolling pro-
cess of GCr15 steel rod.

It is well known that the modification of metal
structure strongly depends on temperature, the de-
gree of deformation, strain rate, and deformation
scheme. Serajzadeh et al. (Ref 18) revealed that the
unevenness of deformation during rolling on a flat roll
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caused a temperature drop at the center of the de-
formation zone and the temperature of strip surface
dropped to 490 °C. The structural changes in steel
during flat rolling were investigated based on different
degrees of deformation, temperature, and friction. At
the same time, friction was strongly influenced by the
material from which the deforming tool was made
(Efremenko et al., Ref 19).

The deformation behavior of steel during rolling
depends on various conditions, such as caliber
shape, geometrical sizes of the center of deformation,
and rolling speed. However, the complete under-
standing of the processes occur in calibers during roll-
ing is still unexposed because of the fact that more
than 3000 profiles of different configurations are used
for rolled steel production (Skorohodov et al. (Ref 20);
Lempitskyi et al. (Ref 21); lljukovich et al.( Ref 22)). It
is practically impossible to carry out the experimental
study for each type of rolling profile. The problem of
optimizing the rolling parameters still exists for com-
plex profiles (such as angular, channel, and beam)
and calibers (such as box caliber, oval caliber). Alt-
hough the theory of rolling in flat rolls is considered to
be well developed (Wusatowski (Ref 23); Vidrin et al.
(Ref 24); Tcelikov (Ref 25); Grudev (Ref 26); Nikitin
(Ref 27)), the theory of rolling in shaped calibers is
only partially understood (Tarnovskyi et al. (Ref 28);
Vorontcov et al. (Ref 29); lljukovich et al. (Ref 22)).

The present paper was dedicated to the develop-
ment of an optimal regime for ingot rolling of steel ax-
les on a blooming mill. In the current research, exper-
imental methods, as well as finite element analysis,
were employed to reveal the microstructure refine-
ment in the deformation zone of the produced railway.

2. Experimental Procedures

2.1 Rolling on An Industrial Rolling Mill

Steel ingots with the geometric dimensions of
712mm x 800mm/608mm x 695mm were deformed
in a blooming rolling mill for the production of billets
with the geometric dimension of 290mm x 290mm.
The pictorial representation of the caliber used for roll-
ing is displayed in Fig. 2.

R 270 _

Fig. 2 The calibers used for rolling
The produced billets were further deformed and heat treated using the following route: rolling on the billet mill
900, cooling in an unheated chamber, rolling on the mill 250, and first and second normalization.

2.2. Microstructure of Steel

The metallographic studies and the quantitative
analysis of steel samples were performed using the
microscope "Axiovert 200 M MAT" by Carl Zeiss and
the program "AxioVision 4.6.3", respectively. In addi-

tion, the microstructures of the samples were evalu-
ated according to GOST 5639 and ASTM E 112
standards.

The chemical composition of steel sample is pre-
sented in Table 1.
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Table 1 Chemical composition of the samples used in the study

Content of elements,%

C Mn Si S P Cr Ni Cu Al
048 086 021 0,020 0,018 0,01 0,01 0,01 -
The samples for metallographic analysis were tak- cjii =0, 1)
en after the completion of the each stage of tech- . ) o ]
nologikal process. Further, the samples were cut from Saint-Venant's compatibility equations:
the head part of the ingot. After processing through 1( )
the blooming mill, the samples were cut from the cen- Gjj = 2 Vi, j T Vi), )
ter, the surface layer and 4 of thickness and at the o ]
next stages of the production chain, it was cut from % Constitutive IEW'
of the radius. G'__ _ 2_0(2 3)
It is well known that dendritic structure is charac- L 3% -
terized by two main parameters: chemical heteroge- The differential form of incompressibility condition:
neity (the index of it defines the coefficient of dendritic '
liquation) and the average size of dendritic arms; Vi j =0, 4)
hence, a smaller value of the latter parameter yields a The analytical equation of the flow stress model:
highly-dense dendritic structure with less chemical ___(_ = t) 5
heterogeneity (Golikov et al. (Ref 30)). Moreover, the o =08 &1, ®)

thermal treatment of billets cannot eliminate the trac-
es of dendritic structure. Therefore, the assessment
of the structural deformation of billets on blooming mill
was conducted based on the changes in the parame-
ters of the dendritic structure.

The thicknesses of linear elements in the volume
of the metal can be considered as the indicator of
structural deformation. In our experiment, the "former"
dendritic arms (light bands without segregation) and
interdendritic spaces (dark liquation bands) were con-
sidered as the linear elements. It is worth to note that
these two elements represent a system of lines paral-
lel to each other (Saltikov (Ref 31)). Thus the density
of a system of lines having a full linear orientation in
space is equal to the average number of tracks of
these lines per unit area of secant plane, which lies
perpendicular to the axis of orientation.

The traces of dendritic structure were detected by
etching in sodium picrate in a hot solution, and the
reagent revealed the chemical micro-heterogeneity of
silicon (dendritic segregation and solid-phase segre-
gation). The optimal etching times of the samples
were about 1~2 h.

2.3. Mechanical Properties of Steel

The determination of mechanical properties of
steel samples was carried out according to the stand-
ard procedure of tensile test (GOST 1497).

The samples for the impact bending test were cut
out from the axle part with a diameter of 230 mm at a
distance Y2 of the radius according to DSTU GOST
31334:2009, and the values of impact strength were
determined according to GOST 9454.

2.4. Mathematical Model

The basic principles of the theory of plasticity were
adopted for mathematical modeling of the rolling pro-
cess, and the properties of the incompressible mate-
rial were formulated according to the basic rules of
flow theory (Milenin and et al. (Ref 32)).

The differential form of equilibrium:

where Gjj and ‘gij signify stress and strain rate
tensors, respectively, vjis the velocity component,
Gjj is the deviator of the stress tensor, t is tempera-

ture,and G, €, E signify effective stress, effective

strain, and effective strain rate, respectively. Further,
Equations (1)—(4) were transformed into their discrete
forms using virtual work principle and finite element
method. The nodal values of velocity were considered
as independent variables and 8-node isoparametric
finite elements were used for the solution. The in-
compressibility of finite elements was solved by the
method of penalty functions. The mechanical proper-
ties of steel were determined using the dependence
(5) constructed on the basis of experimental data re-
ported by Xenzel et al. (Ref 33). In addition, the simu-
lation parameters were considered as follows: tem-

perature = 1150 °C, rolling speed = 4.8 mps, and co-
efficient of friction = 0.3.

3. Theoretical Study of The Deformed State

The main concern during any rolling process is the
issue of changing deformation modes in different
passes, thus sometimes it is difficult to understand
how much degrees of deformation should be as-
signed in different passes, which deformation mode
needs to be employed, and which caliber shape
should be adopted. Hence, in metallurgical industries,
it is often noticed that while a caliber yields excellent
material quality in a certain rolling process, the same
caliber causes poor material quality in other rolling
processes (Yershov et al. (Ref 34)).

In order to produce high-quality railway axles, both
experimental and theoretical studies were carried out
in our research. The results reveal that in order to
achieve a proper deformation at the central zone of a
billet, a special deformation regime along with a spe-
cial deformation mode should be adopted. It was
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found that rolling on flat rolls and rolling in box cali-
bers manifested different efficiencies, and rolling in
box calibers with edging reduction was less effective
in comparison to rolling in flat rolls (Fig. 3). In the first
case, rolling of a billet with 480 mm x 390 mm size
and 100 mm reduction was carried out in a box cali-
ber, whereas, in the second case, the size of the billet
was 530 mm x 345 mm and the value of reduction
was 105 mm. It is worth to note that the aforesaid re-
duction values were calculated at the middle of the
width of the box caliber No. I. Moreover, the value of

JITeopis i NPaKMuUKg Memarypeii

edging reduction of the caliber was 80 mm in the first
case, whereas it was 85 mm for the second case.

In the first case, the value of edging reduction of
the strip was 40 mm, whereas in the second case,
rolling was performed without edging reduction. It was
observed that rolling with edging reduction caused
7% higher deformation in the surface layers as com-
pared to rolling without edging reduction. However, at
the central zone of the billet, rolling with edging reduc-
tion yielded lower deformation (1.1%) as compared to
rolling without edging reduction.

Percent reduction in the thickness direction

45
° -
B: a0 L Box calibers
:35 B . .
o o= Edjing reduction
d
030
3 M~
] 25 \
‘-520 " o _
15 L8 ) . 2
@0l 5 Without edjing reduction S
a (7] o
n_ 5 | I I I I |
o o o o o o o
& 2 ﬁ @D © ™

Distance from center to surface, mm

Fig. 3. The distribution of the degree of deformation

It is evident that deformation in the vertical direc-
tion was less penetrative to the central zone of the bil-
let as compared to surface layers, thus resulting in an
increase in energy consumption and equipment load
of the rolling mill.

4. Development of New Deformation Modes

Two different types of regimes of reduction were
developed for the proposed rolling process without
changing the shape of the calibers. The first regime
was soft and the second regime was rigid in terms of
the operating conditions of rolling mill.

Increase in the reduction in the first passes where
rolling is carried out on flat rolls were used. However,
an increase in reduction during pass Nos. 1 and 2 is
not advisable because it may degrade the surface
quality of the finished products (Baimov (Ref 35) and
Getmanetc et al. (Ref 36)). In our experiment, the
quality of the metal casting process was controlled
very well; therefore, the change in reduction regime
did not significantly affect the surface quality of the
produced steel axles. Further, it is also recommended
to leave the turning after pass No. 2 because this
technique can produce rolling billets with a minimum
number of surface defects.

It was found that rolling on the blooming mill 1150
caused a reduction of up to 130 mm in the first two
passes and resulted in an entering angle of 28°; how-
ever, this value is close to the maximum allowable
angle for rolls with a coarse surface (32°). Therefore,
a reduction of 110 mm was recommended to pass

No.3. In the remaining passes including pass No.6, it
is recommended to increase reduction value on
10~15 mm, and the angle of entrance for pass No.3
was 25°. Furthermore, rolling in pass Nos. 3-8 was
performed without a turning and caused an increase
in the degree of deformation of the central zone of the
produced billet, thus after pass No0.8, the thickness
and the height of the strip was found as 260 mm and
630 mm, respectively. Therefore, it can be inferred
that this type of rolling is impossible on flat rolls be-
cause of the high probability of loss of stability. Fur-
ther rolling with an increased degree of deformation
(105~120 mm) was carried out during passes 9 and
10 using box caliber No. Il. In this case, a secure en-
trance in the caliber was guaranteed by the presence
of edging reduction in the caliber. Further, in order to
achieve the correct geometric shape of the billet, roll-
ing in passes 11 and 12 was carried out in flat rolls
with 10 mm and 15 mm reductions, respectively. Fi-
nally, rolling in pass No.13 was executed with a re-
duction of 125 mm.

The first mode A was considered as the basis for
the second deformation regime B. During passes 3-8,
deformations were distributed accurately in order to
allow a reduction of 170 mm in the 9th pass. Thus the
degree of deformation at the central zone of the billet
was found to be 35% (Severdenko et al. (Ref 37);
Zhadan (Ref 38); Florov et al. (Ref 39); Lezinskaja
(Ref 40); Akimova et al. (Ref 41); Romantcev et al.
(Ref 42)); however, the main disadvantage of this
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technique was the large entrance angle 33°. It is well
known that large entrance angle is critical for rolling
without edging reduction, thus the edging reduction of
the billet did not achieve the maximum effect of the
increase in height reduction.

The schedules of the deformation regimes A and
B are depicted in Table 2. Moreover, rolling is carried
out in metallurgical industries according to the reduc-
tion regime C.

5. Results and Discussion

The heating parameters for steel ingots are pre-
sented in Fig. 1. The first 11 ingots were rolled ac-
cording to mode A, whereas the rest was processed
according to regime C. It was found that regime A did
not manifest effective results for structural refinement
of the central part of the produced axle; therefore, the
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results obtained from regime B were used in our
analysis.

Fig.4 displays the change in dendritic structure
along the cross-section of the billet (rolled according
to regimes B and C) with 290 mm x 290 mm size.
The microstructures of the samples are exhibited in
Figs.5 and 6, and the results of the metallographic
analysis are depicted in Table 3.

It was observed that the thickness of the dendritic
structure was minimal for the most deformed surface
layers, thus the dendritic bands close to the central
layer manifested lower thickness values. However,
the liquation zones of higher densities were evenly
distributed in the billets obtained from regime B, thus
indicating a better deformation of the structure (Fig.
7).

Table 2 Schedules of used deformation regimes

Schedule for regimes of deformations

No. of A B C

ass i- g - - =

p Type of cali- Reduction, Type of cali- Reduction, Type of cali Reduction, mm

bers mm bers mm bers

1 110 110 110

2 110 110 65
turning turning turning

3 110 95 Flat rolls 100

4 100 95 90

5 Flat rolls 100 Flat rolls 100 95

6 100 105 85

turning

7 25 35 45

8 25 30 65
turning turning

9 Box caliber 1(2)2 Box caliber ;;0 Box caliber ;8

10 No. Il . No. Il . No. | .
turning turning turning

11 10 15 55

12 Flat rolls 15 Flat rolls 15 50
turning turning turning

Box caliber Box caliber Box caliber
13 No. Il 125 No. Il 125 No. Il 110

Further, it was found that rolling on blooming mill,
slow cooling rate, rolling on mill 250, and first and se-
cond normalization had no profound effect on the vol-
ume fractions of dendritic bands with and without seg-
regation; however, their average dimensions de-
creased due to deformations (Table 2).

Therefore, it was observed that the best defor-
mation for the dendritic structure was achieved after
the rolling on blooming mill in accordance with regime
B (Fig. 8).

The samples obtained after rolling on blooming
mill (regime B) were characterized by a fine-grain
structure (1474 pm, grain number 3.9), whereas the
samples found in regime C manifested an average
grain size of 2140 ym (grain number 5.1) (Fig. 9).

In the hot-rolled state, steel samples obtained from
regime C yielded a more coarse-grained and uneven
structure in comparison to the samples found in re-
gime B (Fig. 10).

The samples obtained from the first normalization
process manifested a uniform fine-grained structure.

10

According to the standard M101, the grain numbers of
the samples found in regimes B and C were 8 and
7.5, respectively. In addition, the average grain size in
the axle found in regime C was 72 ym (grain number
4.5) (Fig. 11).

The second normalization process did not change
the structure of the axle obtained from regime B, thus
the structure became more equiaxial and the average
grain size number was found to be 8. However, the
second normalization process improved the structure
of the axle found in regime C, consequently, larger
pearlite grains disappeared and the structure became
more uniform (average grain size number was 8.4)
(Fig. 11).

Moreover, it was found that mechanical properties
of the specimens obtained in both regimes were not
affected by second normalization (Table 4).

Further, the results reveal that the desired struc-
tural and mechanical properties of the axles (for both
regimes) were achieved after the first normalization
process.
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Regime B Regime C

Fig. 4 Changes in the dendritic structure along the section of the billet 290 x 290 mm
after rolling at the blooming rolling mill: (a), (b) surface; (c), (d) ¥4 of height; (e, f) center. x 7
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Fig. 5 The structure of the billet after treatment according to schedule B and C: (a), (b) after billet rolling mill,

before slow cooling; (c, d) after slow cooling chamber; (e, f) samples from axle neck @ 180 mm after rolling
on rolling mill 250. x 7
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Regime B Regime C
Fig.6 Traces of the dendritc structure in the neck of axle @ 180 mm
after the first and second normalizations: (a, b) after | normalization: (c, d) after Il normalization. x 7.

Table 3 The results of the metallographic analysis

The average size of bands,
Place in cross _um

The stage of production Regime section Without liqua- With liqua-
tion tion
Surface 54,2 42,4
B %R 72,9 63,0
. . . . Center 79,7 69,0
After rolling at blooming rolling mill Surface 725 60.3
C %R 109,5 72,4
Center 131,5 103,3
. . . B 72,1 61,4
After billet mill, before slow cooling C 101.3 71.8
. B 71.9 55,0
After slow cooling C 92.5 70.4
. . . B %R 67,5 55,6
After rolling at rolling mill 250 C 96.4 67.7
— B 66,8 66,4
After | normalization C 898 713
I B 68,7 70,5
After Il normalization C 88,3 73.2

13
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Fig. 7 The alteration in the average size of bands with liquation and bands without liquation along the
cross-section of the billet after rolling on the blooming mill.
B — proposed regime, C — used in the enterprise regime

The average size of bands with liquation The average size of bands without liquation
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70 100

6
i 50 Regime Regime
g .
@« 30

2
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1
0 0

Fig. 8 The changes in the average size of bands with liquation and bands without liquation after the follow-
ing stages of the axle production: 1 — rolling at the blooming mill; 2 — rolling at the billet mill, before the slow
cooling; 3 — after the slow cooling; 4 — after roling at the mil 250;
5 - after the I normalization; 6 - after the Il normalization.
B — proposed regime, C — used in the enterprise regime
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Fig. 9 Structure of samples of the axle billet (1/4 thickness) after rolling at the blooming mill according to
the proposed regime B (a) and the existing regime C (b). x10
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Regime C

Fig. 10 The structure of the samples of the axle after rolling on mill 250 (hot rolled state) that was rolled in
proposed

the blooming mill
and the existing regime C (b). x10

100 umJ
it

Regime B
Fig. 11 The structure of the samples of the axle neck that has passed the | (a, b) and Il normalizations (c,
d). x100. Proposed regime B (a, c), existing regime C (b, d)

Ultrasonic testing of billets (diameter 250 mm)
found in regimes B and C as well as of the rough axle
(as a reference sample) obtained after the first nor-
malization was carried out. For each billet, tests were
carried out in three sections and five points (Table 5).

No radial monitoring signal from internal defects
was observed and the sound quality of the billet rolled

according to

the regime B (@)

- -l [~ ——— -

Regime C

in regime B was enhanced by 3~5 dB. However, with
respect to the reference sample, the sound quality of
the billets obtained in regimes B and C was degraded
by 8~13 dB and 11.4~14.2 dB, respectively.

The acoustic characteristics of the rough axles ob-
tained after the first normalization (for both regimes B
and C) are presented in Table 6.

15
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Table 4 Mechanical properties

o x v ISSN 1028-2335 Nel, 2020

. Yield Ten- Ultimate
The  production : A . Impact tough-
. . sile tensile . Reduction
condition Regime Elongation,% ness, KU,
strength strength, of area,% 2
of axle 2 2 Jicm
H/mm H/mm
B 352 704 15 27 -
Hotdeformed o 360 723 21 27 -
After | normaliza- B 360 685 245 47 56
tion C 360 682 24 49 58
After Il normaliza- B 341 671 25 50 52
tion C 331 657 24 50 54
The requirements of M 101
standard 345 608 22 37 -
(not less)

No significant difference was noticed between the
axles obtained from regimes B and C. However, in
the first case, the result of ultrasonic testing along the
circumference was slightly better.

Therefore, it can be inferred that in spite of insig-
nificant effects on mechanical properties, the experi-
mental deformation regimes positively influenced the
structure of the produced axle.

Table 5 Results of ultrasonic inspection of blanks in the mill 250

The number of cross

The mean sound intensity

section Regime (dB)
B 53,6
I C 53,8
Reference sample 59
B 56,8
I C 52,6
Reference sample —
B 57,2
1 C 52,4
Reference sample 66,4

Table 6 Results of ultrasonic inspection of axles after | normalization

Mean sound intensity, (dB)

Regime

Center Surface (along a circle)
B 26,5 37,0
C 26,5 36,7

6. Conclusions

Rolling of solid railway axle required special de-
formation regimes that differed from the deformation
regimes for rolling of other types of products.

Deformations in vertical and edging directions with
edging reduction were less penetrative to the central
zone of the billet as compared to surface layers, thus
resulting in an increase in energy consumption and
equipment load of the rolling mill.

Rolling with edging reduction caused a worse de-
formation at the central zone of the billet in the box
caliber.

Rolling without edging reduction caused large de-
formations in central layers of the billet and led to a
significant improvement in the metal structure of the
axle.

Acknowledgements

The authors are grateful for the financial support
from the Natural Science Foundation of Hubei Prov-
ince (Grant Nos. 2016CFA004 ) and the 111 Project.

References.

wnh e

Failure Analysis, 2018, 84, p 151-166

C. Klinger, D. Bettge. Axle fracture of an ICE3 high-speed train. Engineering Failure Analysis, 2013, 35, p 66—-81
Z. Odanovic. Analysis of the railway freight car axle fracture. Procedia Structural Integrity, 2017, 4, p 56—63
G. Gurer, C.H. Gur. Failure analysis of fretting fatigue initiation and growth on railway axle press-fits. Engineering

4. L. Nahlik, P. Pokorny, M. Sevéik, R. Fajko$, P. Matugek, P. HutaF. Fatigue lifetime estimation of railway axles.

Engineering Failure Analysis, 2017, 73, p 139-157

5. S.Wu,Y. Liu, C. Li, G. Kang, S. Liang. On the fatigue performance and residual life of intercity railway axles with
inside axle boxes. Engineering Fracture Mechanics, 2018, 197, p 176-191
6. X. Ren, Z. Wang. Study on model of metal structure refinement during hot deformation. Journal of Materials

Processing Technology, 2004, 151, p 115-118

16



Nol, 2020 ISSN 1028-2335 & e sommenmisriniink

7.

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

JITeopis i NPaKMuUKg Memarypeii

W. Min-ting, Z. Xin-liang, L. Xue-tong, D. Feng-shan. Finite Element Simulation of Hot Strip Continuous Rolling
Process Coupling Microstructural Evolution. Journal of Iron and Steel Research International, 2007, 14 (3), p 30—
36

M. Bambach, S. Seuren. On instabilities of force and grain size predictions in the simulation of multi-pass hot
rolling processes. Journal of Materials Processing Technology, 2015, 216,
p 95-113

Y. Lee, S. Choi, H. Kim, W. Yong-choo. An Experimental study of the mean effective strain in rod (or bar) rolling
process. Metals and Materials, 2000, Vol. 6, No. 6, p 525-531

Y. Lee, S. Choi, P. Hodgson. Analytical model of pass-by-pass strain in rod (or bar) rolling and its applications to
prediction of austenite grain size. Materials Science and Engineering, 2002, A336, p 177-189

S. Choi, Y. Lee, S. Lee. A Study of the Influence of Strain Path Change on the Microstructure and Mechanical
Properties of Low Carbon Steel Using Plate and Bar Rolling. Metals and Materials International, 2001, Vol. 7,
No. 2, p 115-121

S. Choi, Y. Lee, P. Hodgson. A comparative study of microstructures and mechanical properties obtained by bar
and plate rolling. Journal of Materials Processing Technology, 2002, Volume 124, Issue 3, p 329-336

S. Choi, Y. Lee, P. Hodgson, J. Soo-woo. Feasibility study of partial recrystallization in multi-pass hot deformat -
on process and application to calculation of mean flow stress. Journal of Materials Processing Technology, 2002,
125-126, p 63-71

R. Nalawade, A. Puranik, G. Balachandran, K. Mahadik, V. Balasubramanian. Simulation of hot rolling
deformation at intermediate passes and its industrial validity. International Journal of Mechanical Sciences, 2013,
77, p 8-16

B. Ginzburg. Metallurgical design of flat rolled steels. Marcel Dekker, New York, 2004

H. Qinggiang, S. Jia, Y. Chengxin, Z. Junyou, Z. Zongbo. Thermo-mechanical modeling and simulation of
microstructure evolution in multi-pass H-shape rolling. Finite Elements in Analysis and Design, 2013, 76, p. 13—
20

S. Gu, L. Zhang, C. Yue, J. Ruan, J. Zhang, H. Gao. Multi-field coupled numerical simulation of microstructure
evolution during the hot rolling process of GCr15 steel rod. Computational Materials Science, 2011, 50, p 1951—
1957

S. Serajzadeh, A. Taheri, M. Nejati, J. Izadi, M. Fattahi. An investigation on strain inhomogeneity in hot strip
rolling process. Journal of Materials Processing Technology, 2002, 128, p 88—99

V. Efremenko, Yu. Chabak , A. Lekatou, A. Karantzalis, A. Efremenko. High-temperature oxidation and
decarburization of 14.55 Cr-cast Iron in dry air atmosphere. Metallurgical and Materials Transactions A, 2016,
47A (2), p 1529-1543

N. Skorohodov, B. lljukovich, I. Shulaev. Roll design of complex shape. Metallurgy, Moscow, 1979

V. Lempitskyi, |. Shulaev, |. Trishevskyi. The shaped profiles. Handbook. Metallurgy, Moscow, 1981

B. lljukovich, N. Nehaev, V. Kapeljushnyj. Rolling and calibration, 6 vols., Dnipro-Val, Dnepropetrovsk, 2004

Z. Wusatowski. Fundamentals of rolling. Pergamon Press, London, 1969

V. Vidrin, A. Fedosienko, V. Krainov. The process of continuous rolling. Meatllurgy Press, Moscow, 1970

A. Tcelikov, G. Nikitin, S. Rokotian. The theory of longitudinal rolling. Metallurgy, Moscow, 1980

A. Grudev. The theory of rolling. Metallurgy, Moscow, 1988

G. Nikitin. The theory of continuous longitudinal rolling. MGTU of Baumana, Moscow, 2009.

I. Tarnovskyi, A. Skorohodov, B. llukovich. The elements of the theory of complex profiles rolling. Metallurgy,
Moscow, 1972

V. Vorontcov, P. Poluxin, V. Belevitin. Experimental methods of mechanics of deformable solids. Metallurgija,
Moscow, 1990

I. Golikov, O. Maslenkov. Dendritic liquation in steels and alloys. Metallurgy, Moscow, 1977.

S. Saltikov. Stereometric metallography. Metallurgy, Moscow, 1976

A. Milenin, P. Kustra, T. Furushima, P. Du, J. Némecek. Design of the laser dieless drawing process of tubes
from magnesium alloy using FEM model. Journal of Materials Processing Technolpgy, 2018, 262, p 65-74

A. Xenzel, T. Spittel. Calculation of power parameters in metal forming processes. Handbook. Translation from
German. Meatllurgy Press, Moscow, 1982

S. Yershov, G. Levchenko, S. Melnik. The role of roll design in the formation of surface cracks in the rolling
production. Processing of materials by pressure. Collection of scientific papers. Kramatorsk, DGMA, 2009, 20, p
338-342

N. Baimov. The optimization of rolling processes in rolling on breakdown mills. Metallurgija, Moscow, 1974

V. Getmanetc, V. Shevchuk. Rational modes of blooming mills. Metallurgija, Moscow, 1974.

V. Severdenko, L. Gurskiy. Some of the features of fractional rolling. lzvestiya. Ferrous Metallurgy, 1965, 5, p
119-123

V. Zhadan. Influence of deformation-speed parameters of rolling at high temperature thermo-mechanical
treatment on the structure and properties of steel. Steel, 1975, 10, p 904—908

V. Florov, S. Shubina. The influence of rolling on the formation of austenitic grain of steels for the tube billet and
universal strip. Metallurgical and Mining Industry, 1977, 1, p 33-36

E. Lezinskaja, L. Shevchenko. Regulation of grain size in hot-deformed pipes made of stable austenitic steel.
Steel, 1976, 3, p 264—-265

E. Akimova, O. Viliams, E. Lezinskaja. Features of production of hot-deformed pipes with regulated grain size.
Metallurgical and Mining Industry, 1980, 1, p 20-22

B. Romantcev, |. Morozova, A. Lisovskyi. To the question of formation of the structure and properties of metal
materials in screw rolling. Izvestiya. Ferrous Metallurgy, 2002, 11, p 28-30

Cmamms nocmynuna:15.11.2019

17


https://www.sciencedirect.com/science/article/pii/S0924013602002224#!
https://www.sciencedirect.com/science/article/pii/S0924013602002224#!
https://www.sciencedirect.com/science/article/pii/S0924013602002224#!
https://www.sciencedirect.com/science/journal/09240136/124/3

