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Abstract—During the manufacturing of continuous welded rail track, the problem of the local hardened
points in the welded joint during rail joint welding is resolved by using local heat treatment of the welded joint.
As a result, the quenching structure formation is excluded. However, the appearance of new heat-affected
zones with reduced hardness is possible. During operation, such rails are characterized by increased tread sur-
face wear in these areas and rail flattening at the welded joint, which is the main reason for retiring the rails
from service earlier than the guaranteed service life. A new technology based on the dependence of the struc-
tural component dispersion (primarily perlite and carbide particles formed in the process of rail butt welding)
is proposed for the steel composition and cooling conditions. The cooling rate has a decisive influence on the
dispersion degree of the ferrite-cementite structure formed during the austenite decomposition. During the
welding rail process, the granular perlite formation is possible in a butt weld in areas with a temperature rang-
ing within points Ac; and Ac,,. To determine these critical temperatures, thermodynamic calculations were
performed using the Thermo—Calc® software (TCFE database) allowing the chemical composition of the
samples obtained by spectrometry. The iron—carbon state diagrams for rail steel 76KhSF with the minimum
and maximum alloying element content according to GOST R 51685—2013 are modeled. To obtain the min-
imum number of sections with reduced hardness, it is possible to weld rails using shot discontinuous flash
welding. In order to eliminate the formation of defective areas with a quenching structure, it is possible to
control the cooling of the welded joint by contact heating. Temperature distribution measurement during
welding according to given modes and controlled cooling confirms the theoretical conclusions.
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INTRODUCTION

The Russian Federation’s railway industry has
much strategic value. This link to its economic system
ensures the stable operation of industrial enterprises
and the timely delivery of vital goods to the most
remote areas of the country, as well as being the most
affordable transportation for millions of citizens.
According to Russian Railways in 2019, the main rail
tracks mileage was one of the longest in the world and
amounts to over 124 thousand km. One of the main
structural elements of railways are rails. Currently, the
railways of the Russian Federation and abroad are
abandoning the sectional track laying (bolted-type rail
connection). One of the main drawbacks of the sec-
tional track is the presence of a rail joint that promotes
the formation of defects and premature rail decom-
missioning. The possibility of making a continuous
railway track is a positive approach for the develop-
ment of new technologies. It should be considered that
the railway track operation in the country takes place
in difficult climatic and operational conditions (there

is a common type of tracks in the country, not as in
European countries which are separate for industrial
and passenger railways).

Welded joints are weak sections of the continuous
welded railway track for all types of movement
(express and high-speed railway operations, heavy
haul railroads). In 2018, 56% of rail fractures occurred
due to welded joint fractures; and 15% of defective
rails were revealed in the welded joint zone. This was
due to a change in the microstructure uniformity in
the welded joint zones and thermal impact; unfavor-
able internal residual stress distribution; creation of
welding conditions for the internal defect formation,
which are stress concentrators and weaken the rail sec-
tion with a welded joint; rail contraction in the welded
joint zone with subsequent deflection formation
during operation. The problem of creating rails with an
endurance of more than 1500—2000 million tons is
resolved only with the comprehensive optimization of
metallurgical quality (metal matrix structure, residual
stress distribution, linearity) and the development of
new welding technologies.
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Fig. 1. Formation process of cementite spheroidization
centers in the HAZ during weld heating: (a) the initial rail
metal structure; (b) the growth of austenite sites; (c) the
undissolved cementite, which later becomes the center of
cementite spheroidization.

Presently, rail welded joints are a weak point of a
welded continuous track, their warranty life is three
times less than the service life of rails, and there is a
tendency to increase the rail removal from the track
due to welding defects and post-welding rail heat
treatment. To improve operational performance in the
Russian Federation, welded rail joints after welding
are subjected to obligatory heat treatment at induction
plants in order to exclude the formation of quenching
structures (martensite and bainite), which cause addi-
tional stresses and cracks that lead to rail destruction.
However, the local heat treatment of the welded joint
leads to the expansion and emergence of new heat-
affected zones (HAZ) in comparison with the zones
formed by rail flash welding without heat treatment.

Currently, electric-arc, thermite, closed-gap and
electric resistance welding are used worldwide for
manufacturing continuous railway tracks. Electric-arc
rail welding is mainly used on industrial and low-duty
tracks. Since it is inefficient, the quality of the
obtained joints does not meet modern requirements
[1, 2]. Thermite welding, which is widespread abroad,
has a relatively low reliability of welded rail joints and,
accordingly, low technical and economic indicators of
the life cycle, which is why it is not widely used in Rus-
sia [3]. Closed-gap welding makes it possible to obtain
high mechanical properties of the welded joint. How-
ever, this type of welding is characterized by low pro-
ductivity and high economic costs [4]. The most wide-
spread type in Russia has been electric resistance rail
welding due to the reliability of the obtained joints,
productivity and economic efficiency [5]. At the same
time, the currently developed methods of rail welding,
especially those operating on high-speed railways, do
not fully satisfy the requirements for the welded joint
quality.

The transition from heat-hardened rails to differ-
entially heat-hardened ones from rolling heat (to
increase hardenability) led to an increase in the chro-
mium content in rail steel [6]. In electric resistance
welding, intense heating, implemented by discontinu-
ous flashing with subsequent rapid cooling, promotes
the formation of quenching structures at the location
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of microscopic volumes with a high chromium con-
tent. Martensite sections are stress concentrators and
lead to the development of fatigue cracks and brittle
fracture.

The formation problem of local hardened areas in
the process of continuous rail track welding is resolved
by using the obligatory local heat treatment of the
welded joint, which eliminates the formation of
quenching structures. However, new HAZ with
reduced hardness may appear in comparison with the
electric resistance rail welding without heat treatment.
During operation, the rails welded in this way are
characterized by increased tread surface wear in these
areas and rail flattening at the welded joint.

In pearlitic steel rails, a decrease in hardness in the
heat affected zone is associated with the formation of
granular perlite [7, 8], but the formation mechanism
of this structure is usually not discussed. This is often
considered as an obvious consequence of the delivered
heat during welding. The study of this process will
make it possible to give recommendations on mini-
mizing the negative consequences of the thermal
welding cycle.

The formation process of low hardness areas is sim-
ilar to the process of spheroidize annealing used in
production to reduce hardness and improve the steel
cutting ability [9]. To obtain granular perlite (cemen-
tite in the form of rounded grains), spheroidize
annealing is carried out, which consists of steel heating
to a temperature slightly above the eutectoid tempera-
ture (point Ac,), retardation and subsequent cooling.
Upon steel heating slightly above the critical point Ac,,
the initial austenite nuclei are formed in its structure
by shearing while maintaining coherent boundaries.
The austenite nucleus occurs at the interphase
between ferrite and cementite (Fig. 1a). As a result of
this transformation, low-carbon austenite is formed
(Fig. 1b). Cementite dissolves in the low-carbon aus-
tenite formed by the shear mechanism, and the carbon
content in austenite approaches equilibrium. The
growth of austenite sites as a result of polymorphic
o — 7y transformation proceeds faster than the cemen-
tite dissolution. Excess structural components do not
completely pass into solution. Upon subsequent cool-
ing, they become centers of cementite spheroidization
(Fig. 1c).

The introduction of chromium, vanadium, molyb-
denum, tungsten, and other carbide-forming elements
into steel delays the austenitization process due to the
formation of alloyed cementite or carbides of alloying
elements that are more difficult to dissolve in austenite
[10—16].

With subsequent cooling, cementite coagulation
occurs in the areas of the remaining undissolved car-
bide and coarsening of cementite grains—spheroidiza-
tion. Fig. 2 schematically shows two types of eutectoid
transformations: the formation of lamellar and granu-
lar perlite.
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Fig. 2. Schematic representation of the formation of lamel-
lar (a) and granular (b) perlite (austenite (y) composing
ferrite (o), cementite Fe;C).

The perlite dispersion depends on the steel compo-
sition and cooling conditions, and retarded cooling
contributes to the enlargement of carbides and vice
versa. The cooling rate, acting on diffusion transfor-
mations, has a significant effect on the structure and
properties of the ferrite-cementite mixture, which is
formed during the austenite decomposition. In the rail
welding, the granular perlite formation occurs in areas
whose temperature reaches values that fall within the
interval between the critical points Ac; and Ac,,,.

RESULTS AND DISCUSSION

To determine the critical temperatures for Ac, and
Ac,, of the studied rail steel, thermodynamic calcula-

tions were performed using the Thermo-Calc® soft-
ware (TCFE database) with allowance for the chemi-
cal composition of the samples obtained by spectrom-
etry (Table 1).

Using the results of the chemical composition as
input data for thermodynamic calculations, the criti-
cal point positions and the phase equilibrium region
were simulated for rail steel (Fig. 3). For steel with a
carbon content of 0.77%, calculations show that the
complete conversion to ferrite and cementite will
occur at a temperature of about 720°C and there will

Table 1. Chemical composition of the samples
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Fig. 3. Iron—Carbon state diagram obtained using thermo-
dynamic calculations showing the predicted equilibrium
between the ferrite (ot), austenite () and cementite (Fe;C)
phases.

be three phases between temperatures of 720 and
730°C. Above 730°C (up to about 770°C), there is an
intercritical region (austenite and cementite).

During this study, the change in the critical point
position and the phase equilibrium region were simu-
lated for rail steel 76KhSF with the minimum (Fig. 4a)
and maximum (Fig. 4b) content of alloying elements
according to GOST R 51685 —2013.

For steels with a carbon content of 0.71 and 0.82%,
as a result of the calculation, it was determined that the
complete conversion to ferrite and cementite will
occur at a temperature of about 725°C for two alloys
and there will be three phases up to temperatures of

Chemical composition, %

Sample

C

Mn

Si

Cr

v

P

S

Ni

Al

Cu

Ti

Nb

Sn

ppm

0.76
0.77
0.76
0.77
0.77
0.76
0.76
0.76
0.77

o S0 NN AW N~

0.77
0.77
0.77
0.77
0.80
0.78
0.77
0.78
0.80

0.53
0.53
0.53
0.53
0.56
0.55
0.53
0.55
0.56

0.37
0.37
0.37
0.37
0.38
0.38
0.37
0.38
0.38

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.010
0.012
0.010
0.012
0.008
0.010
0.009
0.010
0.008

0.010
0.009
0.010
0.009
0.006
0.006
0.005
0.006
0.006

0.08
0.08
0.08
0.08
0.06
0.07
0.07
0.07
0.06

0.003
0.003
0.003
0.003
0.002
0.003
0.003
0.003
0.002

0.12
0.10
0.12
0.10
0.10
0.10
0.11
0.10
0.10

0.002
0.003
0.002
0.003
0.002
0.002
0.002
0.002
0.002

0.006
0.007
0.006
0.007
0.006
0.005
0.005
0.005
0.006

0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.002
0.002

0.005
0.005
0.005
0.005
0.005
0.004
0.005
0.004
0.005

0.0010
0.0009
0.0010
0.0009
0.0013
0.0012
0.0009
0.0012
0.0013

0.90
0.08
0.90
0.08
1.10
0.90
1.00
0.90
1.10
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Fig. 4. Iron—Carbon state diagrams obtained using ther-
modynamic calculations showing the predicted equilib-
rium between the ferrite (o), austenite (y), and cementite
(Fe;C) phases: (a) C=0.71%; Mn = 0.75%; Si = 0.25%;
Cr=0.50%; V=0.08%; (b) C=0.82%; Mn=1.25%; Si =
0.60%; Cr=1.25%;V=0.15%.

740 and 745°C. Above 745°C, the alloy has an inter-
critical region (austenite and cementite) up to 775 and
840°C for steel 76KhSF with the minimum and maxi-
mum alloying elements, respectively (Figs. 4a, 4b).

As a result of the thermodynamic analysis, it was
determined (Figs. 3, 4) that steel 76KhSF is hypereu-
tectoid. The zone formation with reduced hardness in
the welded joint is inevitable as a result of the tempera-
ture gradient created by welding. With an increase in
the content of steel alloying elements, the temperature
region between critical points Ac; and Ac,, increases,

which leads to an increase in the length of the zone
with reduced hardness in the welded joint.

There is the possibility of minimizing these areas
with shot welding. It is obvious that continuous flash
welding will have a greater coverage of the zone with
reduced hardness compared to the discontinuous flash
method. However, upon rapid welded joint heating,
which is provided by discontinuous flashing and sub-
sequent intensive cooling of the HAZ, a high-strength
layer with a martensite structure is formed at the site of
microscopic volumes with a high content of chro-
mium, nickel and carbon. This problem in the process
of making a continuous track during rail welding is
resolved by the obligatory welded joint local heat
treatment. Local heat treatment is carried out using
induction plants. As a result, new HAZ are formed,
which have sections with reduced hardness of even
greater extent compared to electric flash welding.

To obtain the minimum length of the section with
reduced hardness, it is possible to conduct shot dis-
continuous flash rail welding. Furthermore, in order
to prevent defect formation as quenching structures, it
is possible to control the cooling of the welded joint
using contact heating. During welding, using a trans-
former from a track welding machine is proposed as a
power source for contact heating.

The experimental research is based on the planned
experiment method [17]. As a model, a linear polyno-
mial of the following form was chosen:

y=>b,+ Zn:b,»xi + Zn:b,-jx,.xj,
i=1

i<j
where y is the optimization parameter; b, b;, b; are the

coefficients; x; are the variable factors; and x.x; are the
double factor interactions.

During the steel cooling process, the austenite
transformation occurs only after its supercooling
below temperature Ar; which is explained by a change
in the free phase energy and alloy structures during
heating and cooling. During steel supercooling, aus-
tenite turns into plate perlite. With a small degree of
austenite supercooling, perlite is formed in the tem-
perature range. With a greater degree of supercooling
in the temperature range, sorbitol is formed after aus-
tenite transformation. With even greater supercooling
degrees, fine perlite comes out [18].

It is proposed to control metal cooling after weld-
ing by alternating electric current in predetermined
conditions. The investigated parameters of controlled
cooling are: X;—cooling time after upset (character-
ized by the cooling rate (degree of austenite supercool-
ing) and threshold cooling temperature 7T;); X,—heat-
ing time (characterized by threshold heating tempera-
ture 73); X;—cooling time after heating (characterized
by threshold cooling temperature 7)); X,—the number
of heating pulses (characterized by the incubation
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Fig. 5. Diagram of the austenite isothermal decomposition
with controlled workpiece cooling after welding.

period of the austenite-perlite conversion). Fig. 5
shows a schematic graph of the controlled cooling.

Holding time (X,) was selected so that the weld
joint cools down to the temperature at which the
required welded joint structure is formed. The current
transmission pulses were set at a certain interval. Pulse
duration (X,) is determined by the temperature of the
welded joint, which should not rise above the tem-
perature values required for the formation of the
required structure. The duration of interval (Xj;) is
selected so that the temperature of the weld joint does
not fall below the temperature value at which the
required welded joint structure is formed. The number
of pulses (X,) sets the time during which the average
welded joint temperature is maintained, which is nec-
essary for the formation of the required structure
during welding.

The length and the decrease in hardness in the
heat-affected zone obtained after welding were
selected as the objective function.

To select the zero level of factors and the range of
variation, the temperature distribution was calculated
during welding and controlled cooling according to
the procedure described in [19]. Table 2 presents the
initial data for calculating the temperature distribution
in the metal welded joint and heat affected zones. For
the calculation, the following initial data were used:
v =1 mm/s—flash rate; = 10 s—welding time; A =
0.2 W/(mm °C)—steel thermal conductivity; I =
11700 A—current conducting through the workpiece;
R = 8.6 x 1077 Ohms—samples resistance; AT—cur-
rent passage time (X;), s; 4 = 0.0172 m?>—surface area
of the body through which heat is transferred; 7, =
20°C—ambient temperature; m = 0.315 kg—mass of
the heated metal volume; ¢ = 0.25 kJ/(kg °C)—spe-
cific metal heat.

Figure 6 presents the calculation results of the tem-
perature distribution from the welded joint center at
STEEL IN TRANSLATION  Vol. 50
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Fig. 6. Calculated temperature distribution at various
welding and controlled cooling modes: 1—3 are the con-
trolled cooling modes (Table 2).

the time of completion of welded joint AC heating.
The factor variation levels are presented in Table 3.

Mode 2 was selected as the zero level of factors.

To search for optimal isothermal conditions, a full
factorial experiment N =2 % 3 was carried out (Table 4).
To eliminate a systematic error in determining the
optimization parameters, randomization was per-
formed using random number tables. The order of the
tests was as follows: &, 9, 2, 6, 5, 3, 7, 4, L

Table 2. Values of the controlled cooling parameters for
calculating temperature distribution

Factor values
Mode
Xi,s | Xp,s | X3, s |Xy, number of pulses
1 20.0 0.6 10 4
2 22.5 0.4 15 3
3 25.0 0.2 20 2

Table 3. Factor variation levels

Factor values
Indicator
Xos | Xos | Xas X4, number
of pulses
Zero level x; 225 | 04 15 3
Interval of variation hj 251 0.2 5 1
Upper level (+1) 25 0.6 20 4
Lower level (—1) 20 0.2 10 2
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Fig. 7. Temperature distribution during sample / welding.

Using the technique described in [20], a measure-
ment of the welding temperature distribution was car-
ried out. The welding mode of laboratory samples was
as follows: transformer tap 10; K, = 65; U, = 5.76 V;
5, = 11700 A; Aggp = 10 mm; Ay = 4 mm; v =1 mm/s.
The experiments were carried out according to the spec-

ified welding and controlled cooling mode (Table 4).

Figure 7 shows a thermal flash welding cycle fol-
lowed by controlled cooling and the instantaneous
temperature fields distribution in the heat-affected
zone after the end of the controlled cooling cycle for
sample 1 (the same data were determined for the other
samples).

In accordance with the welding and controlled
cooling modes, the heating process and subsequent
pulse heating is 30.4 — 90.8 s, depending on the mode.
On the thermal cycle diagrams of welded samples 1,
5-9, it is possible to observe heating up to 1020—
1320°C and subsequent sharp cooling of the welded
metal joint. This type of change in the welded joint

Table 4. Experiment planning matrix N =2 x 3%

Factor values
Sample Xas
X s Xy, 8 X3, s number
of pulses
1 25 (+) 0.4 (0) 20 (+) 2(—)
2 25 (+) 0.2 (-) 15 (0) 3(0)
3 20 (—) 0.2 (-) 10 (—) 2(—)
4 20 (-) 0.2 (-) 20 (+) 4 (+)
5 20 (—) 0.4 (0) 15 (0) 4(+)
6 20 (—) 0.4 (0) 10 (—-) 3(0)
7 20 (—) 0.6 (+) 20 (+) 3(0)
8 25 (+) 0.6 (+) 10 (=) 4(+)
9 20 (—) 0.6 (+) 15 (0) 2(—)

temperature leads to the quenching structure forma-
tion inside it.

In samples 1, 5—9, an analysis of the instantaneous
temperature fields distribution in the heat-affected
zone shows that the heat propagates from the short-
term heating source to a greater distance relative to the
welding heat propagation.

In samples 1, 5, 6, 9, the temperatures between
critical points Ac,, (770°C) and Ac, (720°C) corre-
spond to the maximum linear dimensions of this
region (from 5 to 8.5 mm). In samples 2—4, 7, &, the
temperatures between critical points Ac,, and Ac, cor-
respond to the minimum (from 2.5 to 3.2 mm) linear
dimensions.

CONCLUSIONS

The use of local heat treatment of the welded rail
joint by the flash welding method eliminates the for-
mation of sections containing quenching structures.
Local heat treatment leads to an increase in HAZ.

During rail structure welding, the granular perlite
formation occurs in the sections with a temperature
corresponding to the interval between points Ac; and
Ac,,. Using thermodynamic calculations based on the

Thermo-Calc® software, the temperatures of critical
points Ac; and Ac,, and the equilibrium phases for var-
ious rail steel 76KhSF composition under consider-
ation were determined.

In order to obtain the minimum length of the sec-
tion with reduced hardness, it is possible to conduct
shot rails welding by the flash method using a discon-
tinuous method. In order to prevent defect formation
as quenching structures, it is possible to control the
cooling of the welded joint using contact heating. A
rail welding machine transformer is recommended to
be used as a power source for contact heating.
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