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Abstract 
 

The paper describes complex thermal-mechanical-microstructural model of rolling and cooling of rails. The equations 
describing microstructure evolution and phase transformations in rail steels were implemented in the Finite Element code, 
which simulates thermal and mechanical phenomena. Numerical tests of the model were performed. Simulations covered 
last three passes of the rolling process followed by controlled cooling of the rail head. The results included changes of the 
temperature during the whole manufacturing cycle, as well as changes of the austenite grain size during rolling and kinet-
ics of the phase transformations during cooling. Numerical tests confirmed good predictive capabilities of the model. 
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1. INTRODUCTION 

The constant development of rail transport is 
specifically connected with an increase in train 
speed, application of greater axle loads due to an 
increase in the weight of materials carried by rail 
transport, as well as linking of the railway networks 
with the tram infrastructure. Over the last decades 
a constant progress has been made in the rail trans-
portation sector. The rail transport capacities depend 
strongly on such track parameters as car stability, 
geometry of the contact with running wheel, and 
possibility to sustain greater loads (Kuziak & Zyg-
munt, 2012). Quality of rails is characterized by the 
increased  wear resistance, fatigue strength and re-
sistance to contact-fatigue defects occurrence. This 
features can be obtained for the pearlite structure 
after accelerated cooling with small distance be-
tween the cementite lamellae (S0 around 0.10-
0.12μm), as compared to the structure after the natu-
ral cooling in the air (S0 around 0.2-0.3 μm) (Kuziak 
& Zygmunt, 2012). Reduction of the distance be-
tween lamellae results in an increase of pearlite 

strength/hardness (Kuziak et al., 1997; Kuziak & 
Zygmunt, 2012). Simultaneously, it results in thin-
ning of cementite lamellae, which increases plastici-
ty of this phase.  

Problem of heat treatment of rails directly after 
hot rolling has been in the field of interest of scien-
tist for some time. Numerous papers dealing with the 
phenomena of heat transfer (Ackert & Nott, 1987; 
Morales et al., 1990; Sahay et al., 2009) microstruc-
ture evolution (Perez-Unzueta & Beynon, 1993) and 
thermal stresses (Boyadiev et al., 1996) can be found 
in the scientific literature. Intensive researches, 
aimed at designing of new method of pearlitic rails 
head hardening process giving rise to substantial 
progress in reducing of the interlamellar spacing of 
cementite lamellae and the size of pearlite colony as 
compared to the these parameters after cooling in 
still air, have been conducted by (Kuziak & Zyg-
munt, 2012). Physical simulations of the controlled 
cooling system designed by (Kuziak & Zygmunt, 
2012) were performed in (Kuziak et al., 2014). Be-
yond this, various researchers have developed mod-
els describing kinetics of phase transformation for 
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eutectoid steels to be adopted into the continuous 
cooling conditions using additivity rule. These mod-
els allow description of such features of the austenite 
decomposition in eutectoid steels as the transfor-
mations start and end temperature, as well as  vol-
ume fractions of structural components. Application 
of models based on solution of the diffusion differ-
ential equation allows accounting for arbitrary 
changes of the temperature (Pernach, 2014). More 
advanced models can predict such specific features 
of the pearlitic microstructure as grain size, colony 
size and interlamellar spacing, see for example (Pie-
trzyk & Kuziak, 2000). This model was applied by 
(Pietrzyk & Kuziak, 2012) to simulation of con-
trolled cooling of rail head.  

Discussed models focus mainly on phase trans-
formations during cooling. Separately researchers 
were developing models combining thermal-
mechanical FE code with equations describing mi-
crostructure evolution during hot rolling of rails 
(Głowacki, 2000; Ma et al., 2014). The main objec-
tive of this paper was combining models for rolling 
and cooling and development of the thermal-
mechanical-microstructural model for the whole 
manufacturing cycle for rails.  

2. MODELLING OF ROLLING AND 
COOLING OF RAILS 

All models, which were used in simulations of 
the rolling-cooling sequence, are described in this 
Chapter. The models are general but all the coeffi-
cients in these models were obtained for the pearlitic 
steel 900A containing 0.71%C, 1.05%Mn, 0.31%Si, 
and 0.03%Cr. 

 
2.1. Thermal-Mechanical model of rolling and 

cooling 
 
Rolling of rails requires fully 3D simulations, 

which are time consuming. Since this process is 
composed of several passes, problem of computing 
costs becomes particularly important. Therefore, 
researchers have been searching for the simplified 
approach, which will allow maintaining the accuracy 
of simulation on a reasonable level. In the mechani-
cal part of the model so called generalised plane-
strain approach (2.5D) appeared to be very efficient 
(Głowacki, 1996). This approach simplifies the 
strain and strain rate tensors and significantly saves 
computing time and computer memory requirements 
without decreasing accuracy of the solution. The 
main assumption of the theoretical model is the de-

composition of the process into several steps related 
to subsequent material locations in the roll gap. It is 
assumed that the strain tensor components related to 
the rolling direction are distributed uniformly across 
the sample cross-section, which is perpendicular to 
the rolling axis. This assumption results in constant 
strains and strain rates in the rolling direction and it 
reduces the related to that direction shear compo-
nents of strain and strain rate tensors. Only a cross-
section of the strip is analysed using non-steady state 
approach keeping in mind that the whole process is 
spatial. In the thermal part of the model 2.5D as-
sumption leads to neglecting of the conduction along 
the rail. 2.5D approach was combined with the mi-
crostructure evolution model and became very effi-
cient tool for simulations of rail rolling (Głowacki, 
2000; 2005). 

Significant increase of the computing power dur-
ing last decade allows now fully 3D simulation of 
rail rolling, which involves reasonable computing 
times (Pei et al., 2014). Much of effort was put on 
modelling of the rolling contact fatigue (RCF) and 
crack growth (Wen et al., 2011; Pletz et al., 2014), 
which are now crucial problems from the point of 
safety of passengers. These phenomena were also 
considered also by (Garnham & Davis, 2011) and by 
(Franklin et al., 2011), who performed 3D modelling 
of rail steel microstructure as well as crack initiation 
and propagation. In the present paper 3D simulations 
of rolling are performed to supply data regarding the 
state of the microstructure at the beginning of con-
trolled cooling.  

3D FE code ABAQUS was used in thermal-
mechanical simulations of rail rolling. The constitu-
tive law was based on the rigid-plastic Levy-Mises 
flow rule: 

 

2

3
p

i

σ
ε

=σ ε


 (1) 

where: σ, ε  – stress and strain rate tensors, σp - flow 

stress,  iε  - effective strain rate. 

Flow stress in equation (1) was determined on 
the basis of compression tests performed on the 
Gleeble 3800 simulator in the Institute for Ferrous 
Metallurgy in Gliwice. Hansel-Spittel (1979) equa-
tion was used to describe relation of the flow stress 
on strain, strain rate and temperature. Inverse analy-
sis performed for the results of the compression tests 
gave the following values of coefficients in the Han-
sel-Spittel equation: 
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where: σp – flow stress,  εi– effective strain, ε i – 
effective strain rate, T – temperature in oC. 

The FE heat transfer model during cooling of 
rails in the FE code, described by (Lenard et al., 
1999), was used and it is not presented in this paper. 
The remaining microstructure evolution models are 
also described in previous publications (Kuziak et 
al., 1997), but they repeated briefly below.  

 
2.2. Microstructure evolution model during 

rolling 
 
Many microstructures evolution models can be 

found in literature. The great part of them are based 
on fundamental works of (Sellars, 1979) and devel-
oped by dealing with new coefficients and issues. 
New modelling technologies take into account not 
only deformation history, recrystallized volume 
fraction and grain size distribution but also disloca-
tion density to predict microstructure evolution dur-
ing and after hot deformation (Lin et al., 2005). The-
se technologies allow to consider, besides micro-
structure evolution, also model of damage evolution  
process related to the inclusion size and spacing 
(Foster et al., 2007). 

Microstructure evolution model is based on the 
fundamental works of (Sellars, 1979) and coeffi-
cients in this model were determined on the basis of 
stress relaxation tests. This model for the steel 900A 
was proposed first in (Kuziak et al., 1997) and the 
main equations are presented below: 

Recrystallized volume fraction 

 

1.7

0.5

1 exp 0.693
t

X
t

  
 = − −  
   

 (3) 

 (4)

 

 
 

Recrystallized grain size 

( )
0.65 0.1 0.54

0

17540
9.91 exp

273RXD D
R T

ε ε− −  −=  + 
  (5) 

 
 

Grain growth 

( )
2 2 5900

10 7.0
273

A
RXD D t A

T
= + = −

+
  (6) 

where: t – time, ε – strain, ε  – strain rate, D0  – 
austenite grain size prior to deformation, T – tem-
perature in oC, R – gas constant, D – austenite grain 
size after growth in μm. 

The model was chosen to be easily implemented 
and integrated with numerical software and phase 
transformation model to predict microstructure evo-
lution not only after hot rolling process but at the 
end of whole manufacturing hot rolling sequences 
and controlled cooling cycle. 

 
2.3. Phase transformation model during cooling 

 
Detailed description of the phase transformation 

model during cooling after rolling is given by (Pie-
trzyk & Kuziak, 2000; 2012). The kinetics of the 
pearlitic and bainitic transformations is described by 
the JMAK (Johnson, Mehl, Avrami, Kolmogorov) 
type equation: 

 
( )1 exp nX kt= − −  (7) 

where: X – transformed volume fraction, k, n – coef-
ficients, t – time. 

Equation (7) describes transient state between 
two equilibrium states. ThermoCalc software was 
used to determine equilibrium carbon concentrations 
in the austenite and the following relations were 
obtained for the investigated steel: 

 

4.8513 0.005776

1.46583+0.002887

c T

c T
γα

γβ

= −

= −
 (8) 

where: cγα – carbon content at the γ/α interface, cγβ  
– carbon content at the γ/cementite interface, T - 
temperature in oC. 

Scheil (1935) additivity rule was applied to ac-
count for the temperature changes during transfor-
mations. Incubation time for pearlitic and bainitic 
transformation is accounted for.  

pearlite: 
( ) ( )3

3
1 2

1

10
exp

273Ae
P a

a a

R TT
τ

 ×=  +−  
 (9) 

bainite: 
( ) ( )11

3
9 10

12

10
exp

273b a

a a

R Ta T
τ

 ×=  +−  
 (10) 

where: T – temperature in oC, R – gas constant. 

 ( )0.237 0.1325843.3 exp 0.347p i i iσ ε ε ε= − 

( )exp 0.00342T−

 

( )
8 0.288 0.2

0.5 0

160420
2.403 10 exp

273
st D

R T
ε ε− − − −  

= ×  + 
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Constant value of coefficient n in equation (7) is 
used. The values of n are introduced in the model as 
a4 and a13 for pearlitic and bainitic transformations, 
respectively. Coefficient k is defined as a tempera-
ture function: 

pearlite: 
8

7 5
6exp

100a

a a T
k a

Dγ

 = − 
 

 (11) 

bainite: 15
17 16exp

100

a T
k a a

 = − 
 

 (12) 

where: D  – grain size. 
Remaining equations in the model are: 

− Start temperature for bainitic transformation: 

 13 425[C] 42.5[Mn] 31.5[Ni]sB a= − − −  (13) 

− Start temperature for martensitic transformation: 

 18 19sM a a cγ= −  (14) 

Volume fraction of the martensite is calculated 
according to the model of Koistinen and Marburger 
(1959), described also in (Umemoto et al., 1992): 

( ) ( ){ }1 1 exp 0.011m p b sF F F M T= − − − − −    

  (15) 

where: Fp, Fb – volume fractions of pearlite and 
bainite with respect to the whole volume of the sam-
ple, Ms – martensite start temperature. 

Coefficients in the model for the 900A steel 
were determined on the basis of dilatometric tests 
using procedure described by (Pietrzyk et al., 2000) 
and are given in  

Table 1. This model was connected with the FE 
code and was applied to simulations of controlled 
cooling of rails. 

Table 1. Coefficient in the phase transformation model for the 
900A steel. 

a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 

0.0779 122.8 2.634 0.0632 0.134 8.913 0.013 0.862 1399 61.98

a11 a12 a13 a14 a15 a16 a17 a18 a19  

2.537 887.6 1.083 887.6 0.942 0.399 0.386 218.1 1.646  

 
2.4. Model of final microstructure and  

properties 
 

Details of this model are given in publications 
(Kuziak et al., 1997; Pietrzyk & Kuziak, 2000; 
2012). The model includes equations, which de-
scribe microstructural parameters of eutectoid steel 

after cooling from austenite stability temperature to 
the room temperature. The resulting microstructure 
is composed of pearlite grains subdivided into colo-
nies in the process of pearlite growth. Typically, 
there are several colonies in a single pearlite grain, 
characterized by parallel orientation of the cement-
ite/ferrite lamellae within each colony. Pearlite mi-
crostructure composed of grains and colonies is 
formed when austenite grains before the transfor-
mation are relatively large (≥ 20 μm), and pearlitic 
transformation occurs with minor undercooling with 
respect to the temperature Ae1. For smaller austenite 
grains and considerable undercooling of austenite at 
the beginning of transformation, the difference be-
tween the nodes and pearlite colonies disappears and 
such pearlite was called a colonial pearlite by (Gar-
barz & Pickering, 1988).  

The spacing between cementite lamellae is the 
most important parameter characterizing pearlite 
microstructure. The surface layer of rail head is of 
particular interest. Fine pearlite should be a domi-
nant component of this layer. The interlamellar spac-
ing in pearlite, in μm, is calculated as: 

0

1

129.3 54.4[Mn] 4.38[Cr] 17.5[Si]

0.178 0.072[Mn] 0.012[Cr] 0.0274[Si]

p

S
a bT

a

b

=
−

= − − −
= − − −  

  (16) 

where: Tp – temperature of pearlitic transformation 
in ºC, [Mn], [Cr], [Si], [C] – manganese, chromium, 
silicon and carbon content in wt%. 

Since the temperature varies during cooling, the 
interlamellar spacing is calculated for weighted av-
erage temperature during the transformation. Pearlite 
grain size (Dp) and pearlite colony size (Dc) are two 
additional parameters included in the model. They 
are calculated from the following equations (Pie-
trzyk & Kuziak, 2000; 2012):  

 

( ) 0.6

1

6500 1 exp 0.016

Aep
p

D
D

T

γ − − =
−

 (17) 

 

1

0.857 0.00119c
p

D
T

=
−

 (18) 

where: Tp – average temperature of pearlitic trans-
formation in ºC. 

The equations, which describe mechanical prop-
erties of eutectoid steel in the room temperature, are 
included in the model, as well. Yield stress (R0.2) and 
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tensile strength (Rm) in MPa for eutectoid steel are 
calculated as (Pietrzyk & Kuziak, 2012; Kuziak & 
Zygmunt, 2013): 

  

 Rm  

 
(19) 

where: χ = (2S0 – t) – the mean free path for disloca-
tion glide in pearlitic ferrite, t – thickness of the 
cementite plate calculated as 0.015S0[C], [Si], [C] – 
silicon and carbon content in wt%.  

The wear resistance of pearlitic rails is directly 
linked with their hardness. Increasing the hardness 
causes the wear resistance increase. The hardness 
can approximately be calculated as HV = 0.27Rm 
(Kuziak & Zygmunt, 2012). 

 
 
 

 
Fig. 1. Initial shape of the rail. 

 

 

 

 

 1
0.2 259 0.087R χ −= +

 1793 0.07 122[Si]χ −= + +

 

Fig. 2. Temperatura field and data transfer between the simulations of subsequent passes. 
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3. RESULTS 

Rail rolling process involves nine passes. Due to 
a complex shape of the deformation zone simulation 
of a single pass is very time consuming. Therefore, 
since the microstructure of the final product is de-
termined at the final stage of the rolling process, 
only last three passes of the rail rolling were consid-
ered and separated into individual problems. Each of 
them was divided into two sequences: hot rolling 
and cooling in the air after the rolling. Initial shape 
of rail is presented on figure 1. At the beginning of 
the simulation there were homogeneous temperature 
distribution (1000oC) and initial grail size distribu-
tion (80 μm) assumed. 

Temperature, material data and FE mesh were 
transferred between subsequent parts of the process 
(figure 2) without necessity of interpolation, as it 
was shown by (Pei et al., 2014). Because of the full 
recrystallization, the strains were equalled to zero at 
the beginning of each individual pass. The uniform 
temperature distribution in the whole volume of the 
workpiece was assumed at the beginning of the sim-
ulation. 

 
3.1. Hot rolling 

 

Models of the workpiece and the rolls were pre-
pared in the SolidWorks software and exported to 
Abaqus, where they were meshed and prepared for 
the simulation. The boundary conditions and materi-
al data have been added to the simulation of the first 
pass and next the data ware transferred to subse-
quent passes. Results are presented for a slice of 
elements in the central part of the sample workpiece. 
Thermal and mechanical parameters such as strain 
and stress distribution and temperature fields were 
calculated during the hot rolling. The results ob-
tained for the pass 7 are shown in figure 3. 

Temperature field at the entry to the 8th pass 
was calculated by simulation of cooling in the air 
between the two passes. These data were used as 
input to the next hot rolling pass (figure 4). 

Described procedure has been repeated for each 
pass and the results are shown in figure 5 for the 
pass 8 and in figure 6 for the last pass. Since the 
microstructure in the rail head is of major im-
portance, the results are presented only for this part 
of the cross section. 

 
 
 

a) 

  

b) 

 

c) 

  

Fig. 3. Distribution of the entry temperature (a), equivalent 
stress (b) and effective plastic strain (c) in the 7th pass. 
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Fig. 4. Temperature field after cooling in the air after the pass 
7. 

a) 

  

b) 

  

c) 

 
Fig. 5. Distribution of temperature (a), equivalent stress (b) and 
effective plastic strain (c) in the second pass. 

 

 

a) 

 

b) 

 

c) 

 
Fig. 6. Distribution of temperature (a), equivalent stress (b) and 
effective plastic strain (c) after the last pass. 

Data from the sequences of hot rolling and cool-
ing process were used to calculate microstructure 
evolution during hot rolling process. A uniform 
grain size for the whole volume of the rail was as-
sumed after the 6th pass. Based on the equations (3)-
(6) the changes of the austenite grain size were cal-
culated. The results for the changes of the tempera-
ture and the grain size are presented in figure 7 for 
three points at the cross section of the rail head, lo-
cated at the vertical axes of symmetry at the distance 
of 2 mm (point A), 5 mm (point B) and 26 mm 
(point C) from the top surface.   
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a) 

  

b) 

 
Fig. 7. Changes of the temperature (a) and the austenite grain 
size (b) in the three locations at the cross section of the rail 
head.   

3.2. Laminar cooling 
 
The system for cooling of rail head by immer-

sion in the polymer solution was considered in the 
present paper. This system was proposed by (Kuziak 
and Zygmunt, 2012). Description of this system, as 
well as results of simulations of cooling, can be 
found in publications (Pietrzyk & Kuziak, 2012; 
Kuziak et al., 2014). Optimization of the cooling 
technology in this system was presented in (Szeliga 
et al., 2014). 

Calculated distributions of the temperature and 
the austenite grain size were used as input data for 
further simulations of the controlled cooling. The 
finite element program developed at the Department 
of Applied Computer Science and Modelling AGH 
and described in (Pietrzyk & Kuziak, 2000; 2012) 
was used for these calculations. The process com-
posed of four subsequent immersions of the rail head 
in the polymer solution was considered. Calculated 

changes of the temperature during cooling are shown 
in figure 7a as continuation of the plots obtained for 
the rolling process. 

a) 

  

b) 

 

c) 

 

Fig. 8. Changes of the temperature and kinetics of phase trans-
formations in three locations at the cross section of the rail 
head. The symbols are the same for all three plots. 
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Results of calculations of the kinetics of phase 
transformation are shown in figure 8. It is seen that 
purely pearlitic microstructure was obtained in the 
central part of the rail head – the point C was located 
26 mm below the surface of the rail. Figure 8a and b 
show that cooling of the surface of the rail head was 
slightly too intensive and around 10% of the bainite 
was predicted for the points A and B. 

Since equations (16), (17) and (18) describing 
microstructure and equations (19) describing me-
chanical properties were implemented in the FE 
code, calculations of the distribution of these proper-
ties at the rail cross section were possible. Selected 
results of these calculations showing distributions of 
the pearlite grain size, pearlite colony size, interla-

mellar spacing and hardness are shown in figure 9. It 
is seen in this figure that due to presence of some 
bainite in the surface area high values of the hard-
ness were obtained. 

4. CONCLUSIONS 

Microstructure evolution model and phase trans-
formation model were implemented into the ther-
mal-mechanical FE code and simulations of the 
manufacturing chain for rails were performed. Simu-
lations confirmed good predictive capabilities of the 
developed program. The analysis of results allowed 
drawing of the following conclusions: 
− Multiscale simulation of the manufacturing 

chain for rails is possible. Transfer of the history 

a) 

 
 

b) 

 

c) d) 

Fig. 9. Selected results of the calculations of distributions of the pearlite grain size in μm (a), pearlite colony size in μm (b), 
interlamellar spacing in μm (c) and hardness HV (d). 
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dependent data (temperature distribution and 
microstructure distribution) between subsequent 
operations was developed in the paper. 

− Hot rolling process for rails was simulated using 
Abaqus software. 3D simulations were per-
formed and computing costs were very high. 
Microstructure evolution equations were solved 
during post processing. Results of calculations 
including temperature and grain size distribution 
were transferred to the FE thermal software for 
controlled cooling. 

− Full coupling between thermal FE software and 
models describing phase transformations and 
product microstructure was possible. These cal-
culations were very fast. It means that optimiza-
tion of the controlled cooling process, using mi-
crostructure and properties of the product in the 
objective function, can be performed in an effi-
cient way.  
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CIEPLNO-MECHANICZNO-MIKROSTRUKTURALNY 
MODEL WALCOWANIA I CHŁODZENIA SZYN 

Streszczenie 
 
W artykule opisano cieplno-mechaniczno-mikrostrukturalny 

model walcowania i kontrolowanego chłodzenia szyn. Modele 
opisujące rozwój mikrostruktury i przemiany fazowe w stalach 
szynowych zostały zaimplementowane w programie z metody 
elementów skończonych, który symuluje zjawiska cieplne i me-
chaniczne. Przeprowadzone zostały numeryczne testy opracowa-
nego programu. Symulacje objęły ostatnie trzy przepusty w proce-
sie walcowania oraz proces kontrolowanego chłodzenia główki 
szyny po walcowaniu. W pracy przedstawiono wyniki w postaci 
rozkładów odkształceń i naprężeń oraz zmian temperatury 
w procesie walcowania, a także zmian wielkości ziarna austenitu 
w poszczególnych przepustach i kinetyki przemian fazowych 
w czasie chłodzenia. Numeryczne testy potwierdziły duże możli-
wości obliczeniowe modelu. 
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