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In the postwar period, in order to restore tens of thou-
sands of kilometers of railway tracks which were de-
stroyed or worn out during the war, it was urgently 
necessary to perform a large amount of works on rail 
welding. Some existing rail welding workshops in dif-
ferent regions of the country, equipped with imported 
machines for resistance welding of rails, could not 
cope with this task, since they did not have a sufficient 
power base and the required power to supply the resis-
tance welding machines of 400–500 kV∙A. Moreover, 
the main task was not solved: welding of rails on the 
track during construction of seamless tracks. The use of 
other well-known technologies of rail welding: electric 
arc and thermit ones did not provide the required level 
of mechanical properties of welded joints in seamless 
tracks. In addition, they were significantly inferior to 
resistance welding by the efficiency and cost of works. 
In the early 1960s, the task was put forward by the gov-
ernment to the team of the PWI to create technology 
and equipment for welding rails directly on the track 
when laying the seamless tracks. For this purpose, it 
was necessary to solve the priority tasks:

• to find the possibility of a significant reduction in 
the power of welding machine and, accordingly, the 
necessary source of power supply;

• to significantly reduce the mass of welding 
equipment, which would allow maneuvering of weld-
ing machine in welding rails laid on the track;

• to fully automate the process of welding and 
eliminate the influence of the accuracy of preparation 
of rail ends before welding on the quality of joints;

• to develop welding technology, which provides 
equal strength of welded joints with the base metal 
and high resistance to cyclic loads.

The development of the technology for resistance 
welding of rails was based on the method of metal 
heating using continuous flashing (CF). The CF pro-
cess is applied in industry for flash-butt welding of 
parts with a wall thickness of up to 10–12 mm [1]. It is 
characterized by stable energy input and high quality 
of joints in welding of thin-walled parts. In welding 
parts with larger thickness of cross-section elements, 
including rails, CF is not used in the world practice, 
because it does not provide the required heating of 
ends of the materials to be joined. In addition, for ex-
citing of CF a significant power is required.

The PWI has developed methods and devices for 
significant reducing the power required to excite CF 
[2], as well as for intensifying heating during flashing 
due to the increase in its thermal efficiency. The main 
of them is the search for processes of stable flashing at 
low specific powers due to simultaneous control of in-
stantaneous values of voltage and speed during flash-
ing using feedbacks by the value of welding current.

It was established [3] that one of the main condi-
tions for stable reproduction of a stable flashing pro-
cess is the reduction of short circuit resistance of the 
welding circuit in flash butt-welding machines (Zsh.-c). 
Due to the original design of welding circuit, where 
as its current-conducting elements, the power units 
of flash-butt welding machines are used, it was pos-
sible to significantly reduce Zsh.-c. As a result of using 
these innovations, the power consumed during weld-
ing and, accordingly, the power of supply sources was © S.I. KUCHUK-YATSENKO, 2018
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significantly (2.5–3.0 times) reduced. The welding 
process was fully automated, providing high and sta-
ble quality of welded joints. Based on this technology, 
the first mobile machines for rail welding on the track 
were developed. As a result of these works, the funda-
mentally new technologies of welding using CF with 
the programmed control of basic parameters were de-
veloped [4]. Already in the early 1960s at the PWI the 
mobile and rail welding machines of the type K155 
were designed and manufactured. The machines 
were distinguished by a small mass (2 tons instead 
of 15–20 tons) and lower power (150 kW instead of 
350–500 kW) as compared to the best stationary ma-
chines for flash-butt welding of rails. The control sys-
tem of the machines was based on the developments 
of the PWI [5]. The first model of the industrial rail 
welding machine (K355) was manufactured at the 
PWI and tested on the railways of Ukraine. On the 
base of this machine, the world’s first mobile com-
plexes for flash-butt welding of rails on the track were 
created. According to the documentation developed at 
the PWI, the industrial production of machines K355 
since 1960s was mastered by the Kakhovka Plant of 
Electric Welding Equipment (KZESO). By the end of 
the 1960s on the railways of the post-Soviet space, 
already about 100 machines K355 were in operation, 
the implementation of which was carried out by the 
PWI specialists. Taking into account the experience 

of the production operation of the first batches of 
welding machines, their design was improved, dif-
ferent mobile rail welding complexes (Figure 1) were 
created, which included, except of welding machines, 
self-propelled installations with lifting mechanisms 
on the base of mobile platforms (see Figure 1, a), as 
well as on the base of all-terrain vehicles (see Fig-
ure 1, b). In mobile complexes, standard power plants 
of 200–250 kW power were used. To increase effi-
ciency, in mobile rail welding complexes of the type 
PRSM — track rail welding self-propelled machine 
(see Figure 1, a) used in the railways of the former So-
viet republics, two welding machines were installed, 
each of which is oriented to a single rail section. Such 
a scheme of works was accepted during reconstruc-
tion of tracks with a complete replacement of rail 
sections. For repair works, the complexes with one 
machine were used. The complexes based on all-ter-
rain vehicles proved to be very efficient (see Figure 1, 
b). In this case, there is no need in power plants for 
the power supply of welding machines. Both weld-
ing machines, operating simultaneously, receive pow-
er supply from one generator connected to the diesel 
of an all-terrain vehicle. Since the early 1970s, mo-
bile rail welding machines produced by the KZESO 
began to be exported to different countries of the 
world. The first batches of machines were delivered 
to France (Matiza), Austria (Placer), USA (Holland). 
At the same time, different mobile complexes on the 
automobile and railway travel were used, developed 
on the base of the machine K355, taking into account 
different forms of works organization during recon-
struction and repair of railways. During implementa-
tion and operation of tens and hundreds of machines 
in different countries, the PWI continued its works on 
the development of the technology of welding rails 
using CF, taking into account the different types of 
sizes and chemical composition of rail steels and op-
timized welding modes and typical programs for con-
trol of welding process. One of such typical programs 
is shown in Figure 2. At the same time, algorithms for 
assessing the quality of the joints by deviations of the 
recorded values from those, preset by the programs, 
were determined. The common recommendations for 
assessing the quality of rail joints in real-time mode 
were developed immediately after performing weld-
ing according to the results of in-process control. The 
in-process control became an integral part of the tech-
nologies of flash-butt welding of rails. Such control 
was particularly relevant during works at remote ar-
eas of railway tracks. The in-process control during 
welding of rails on railroads was introduced by nor-
mative documents from the 1980s as an obligatory 
operation during welding of rails. Basing on it from 

Figure 1. Mobile rail welding complexes with the machine K355: 
a — PRSM; b — RSA
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the beginning of the 1990s the computerized control 
systems for the control of basic welding parameters 
were developed, with which the new generation of 
rail welding machines of the type K900 was equipped 
(Figure  3). In the CIS countries, such machines re-
placed the machines K355. From the beginning of the 
1990s the machines K900 began to be exported to Eu-
rope, the USA and China.

Technologies and equipment for flash-butt 
welding of high-strength rails of eutectoid and hy-
pereutectoid structure. The increase in the freight 
and speed traffic on the railways in the last decade 
caused the necessity in increasing mechanical proper-
ties of the rail, their wear resistance and service life. 
The majority of high-strength rails of modern produc-
tion have a guaranteed service life of 1.5–2.0 times 
higher than in the rails of previous generations. This 
is achieved due to the application of new technologies 
for production of rail steel using a converter process 
in combination with continuous rolling and vacuum 
control. At the same time, a volumetric or differen-
tiated thermal hardening of rail rolled metal is used. 
The production of rails of eutectoid and hypereutec-
toid class was mastered, which allowed a significant 
increase in the hardness and wear resistance of the 
rail steel. The chemical composition and mechanical 
properties of such rails are given in Table 1. In flash-
butt welding of such rails by the technologies, used 
for joining rails with carbon content at the level of 
hypereutectoid steels, the required parameters of me-
chanical properties were not provided.

One of the causes for lowering the mechanical 
properties is the metal softening in the welding zone 
as a result of the formation of a coarse-grained struc-
ture in the central part of the weld, reducing the joint 
strength.. Decreasing the energy input by shortening 
the duration of flashing process has a positive effect 
on the improvement of the structure, but leads to oc-
curring defects in the zone of a joint [6], which sig-
nificantly reduces the strength and ductility of welded 
joints. The relationship was established between the 
occurrence of defects in the plane of a joint with the 
formation of a spark gap, in particular, during flash-
ing, in the sections with the maximum value of a spark 
gap ∆g max and the thickness of the melt on the flashing 
surface δl, as well as the temperature gradient in the 
near-contact layer of the part ends [7]. The formation 
of defects occurs if a melt has a time to crystallize 
before the beginning of ends deformation. For pro-
ducing qualitative joints it is necessary to fulfill the 
condition: the duration of melt crystallization tm on 
the ends of the flashed parts:
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where tm is the duration of crystallization of the liquid 
layer of the melt of thickness δl; ∆g max is the maximum 
value of the spark gap; vf is the final flashing rate be-
fore upsetting.
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where θ is the average melt temperature; A is the di-
mensionless parameter, determined by the thermo-

physical steel properties; ,d
dx

q
l  is the gradient of tem-

perature field in the near-contact layer.
With an increase in the temperature field gradient, 

the time of crystallization decreases and the probabil-
ity of defects formation increases. In order to provide 
the required crystallization conditions, it is necessary 
to increase the final rate of flashing before upsetting 
vf, or to reduce the value of ∆g max. The increase in the 
flashing rate vf is provided by the program of chang-
ing the voltage at CF, but the possibilities of this mea-
sure are largely exhausted, since a further increase 
in the vf is associated with the need in increasing the 
voltage U2 and is accompanied by an increase in the 
craters depth. At the same time the value δl is de-
creased. In the course of investigations carried out at 

Figure 2. Typical program for changing basic parameters during 
welding rails using continuous flashing

Figure 3. Mobile rail welding machine K900
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the PWI, it was found that adjusting the spark gap by 
changing the instantaneous feed rate in combination 
with a voltage change, allows suppressing the explo-
sive-like process of its flashing (at which the relief 
of the flashing surface is formed), increasing its ther-
mal efficiency and intensity of heating. At the same 
time, the value of ∆g max decreases. The process was 
called pulsating flashing (PF) [8]. Its application al-
lows changing the intensity of heating during melting 
in wide ranges, at the same time with the high gradi-
ents of temperature field, the heating to a high tem-
perature of the near-contact metal layer is provided, 
the spark gap decreases, and favorable conditions for 
the formation of joints at a decreased energy input are 
created. Figure 4 shows the dependences characteriz-
ing the change in thermal efficiency in the process of 
PF, as well as in CF of R65 rails for comparison. The 
calculation of basic parameters, characterizing heat-

ing, was performed using mathematical modeling of 
heating at CF. The calculation is based on the model 
of heating a single contact at the change in density 
of current, passing through the contact, heating tem-
perature of the ends of parts and degree of overheat-
ing. As is seen from the abovementioned diagram, the 
efficiency at CF is quite high in the initial period of 
flashing — 0.7 and it decreases as the temperature 
of the ends of parts grows to 0.45 [9]. Reducing the 
voltage in the welding process allows increasing it to 
0.5. This is the maximum possible value achieved at 
CF. From the analysis of dependence, it can be seen, 
that at CF there is a significant reserve for increasing 
the intensity of heating due to an increase in thermal 
efficiency, especially in the second period provided 
for by the program (see Figure 4). Applying PF, there 
is a possibility of increasing the mean current Iw pass-
ing through the specimens by increasing the area of 
simultaneously existing contacts, not exceeding the 
average speed of parts shortening, by adjusting the 
instantaneous values of feeding rates and voltage U2. 
Figure 5 shows the records of current values at PF and 
CF. In both cases, the same programs for changing 
the voltage U2 of the average feeding rate vfeed were 
established. By adjusting the instantaneous feed rates, 
the mean value of current and voltage is maintained 
at a preset level, and the value of the mean current 
increases significantly (by 35 % in the first flashing 
period and by 30 % in the second one) during flash-

Table 1. Chemical composition and mechanical properties of high-strength rails of modern production

steel grade
Chemical composition. %

C Mn Si V Тi Cr

М76 0.71–0.82 0.80–1.30 0.25–0.45 – – –
K76F 0.71–0.82 0.80–1.30 0.25–0.45 0.03–0.07 – –
E76F; K76F 0.71–0.82 0.75–1.05 0.25–0.45 0.03–0.15 – –
R260 0.62–0.82 0.70–1.20 0.15–0.58 0.03 – ≤ 0.15
R350NT 0.72–0.82 0.70–1.20 0.15–0.58 0.03 – ≤ 0.15
R350NT 0.72–0.82 0.15–0.60 0.65–0.75 0.03 – 0.15
VS-350Ya; 350LTD 0.72–0.82 0.7–1.2 0.35–1.0 0.01 0.025 0.3–0.7
AREAL 136 10 SP 0.81–0.82 1.0–1.15 0.50–0.54 0.005 0.002 1.3–1.22
AREAL 136 HE370 0.99–1.00 0.69–0.71 0.50–0.52 0.002 0.001 0.21–0.22

Table 1 (cont.)

steel grade Hardness HV
Tensile strength σt, 

MPa
Yield strength σy, 

MPa
Relative elongation 

δ, %
Relative reduction 

in area ψ %
Plant-manufacturer

М76 260–280 800–1100 500–700 ≥ 6 ≥ 20
Ukraine

K76F 341–388 1300–1380 950–1050 10–15 25–35
E76F; K76F 370–410 1180 800 8 25 Russia
R260 260–300 942–980 498–540 10–15 15–25 Poland
R350NT 350–380 1240–1300 – 9–12 – France
R350NT 650–380 1240–1300 – 9–12 – Austria
VS-350Ya; 350LTD 362–400 >1240 – >9 –

JapanAREAL 136 10 SP 388–420 1350–1400 840–950 12–15 –
AREAL 136 HE370 380–430 1320–1350 850–950 12–15 22–25

Figure 4. Dependence of thermal efficiency on flashing duration 
at PF (1, 2) and CF (3): 1 — 120 s, I — 450 A; 2 — 120 s, I — 
370 A; 3 — 180 s, I —170 A
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ing. During PF the heating process quickly reaches a 
quasistationary state and heating is stabilized at this 
level. The distribution of temperature in the HAZ 
metal changes significantly. The temperature of the 
near-contact metal layers despite the reduction in en-
ergy input, increases and the width of the HAZ de-
creases (Figure 6). In this case, the ratio of the energy, 
generated in single contacts and lost at their fracture, is 
changed. The suppression of the explosive-like phase 
of heating the contact, when the metal is brought to 
boiling, reduces the fraction of lost energy and leads 
to increase in the efficiency at all the stages of contact 
heating.

Figure 7 shows the temperature fields obtained by 
calculation and experimental way at different values 
of welding current (Iw) in the process of PF of rails 
R65 made of steel M76 and K76F. The program for 
changing the basic parameters of U2, vfeed is accepted 
as the same, and the duration of flashing corresponds 
to the established quasistationary temperature state 
for each heating mode. The current value at PF was 
accepted to be higher relative to that accepted at CF. 
As can be seen from the comparison of curves, the 
transition to pulsating flashing leads to the increase in 
the mean value of welding current (Iw) and reduction 
in the duration of the process. With increasing current, 

the gradient of the temperature field increases, and 
the temperature of the near-contact layers adjacent to 
the flashing surface increases. The flashing surface is 
smoother as compared to that of CF (Figure 8). Even 
at 3 times shortened duration of heating as compared 
to CF, the temperature of near-contact layers undergo-
ing intensive deformation remains higher than that at 
CF (see Figure 7). This creates necessary conditions 
for the formation of quality joints at high gradients of 
the temperature field.

To test the possibilities of producing quality joints 
during welding of rails with a minimum energy input, 
a batch of high-strength rails M76, manufactured by 
the NKMZ, as well as rails of Azovstal, was weld-
ed. For comparison, the batches of rails M76 and KF 
were also welded at the modes accepted for CF. The 
accepted modes for welding of these batches using 
PF provided a lower energy input, characterized by 
temperature fields (see Figure 6). For comparison, the 
temperature fields are also given, corresponding to the 
accepted modes of heating using CF. The total width 
of the zone of structural transformations was small-
er than at the optimal mode of welding accepted at 
CF, and the duration of flashing process was reduced 
by 2–3 times. All the batches of M76 and KF, weld-

Figure 5. Record of basic welding parameters at PF (1) and CF (2)

Figure 6. Temperature distribution in the HAZ before upsetting 
during welding of R65 rails at different modes: 1 — with pre-
heating (tw = 200–250 s); 2 — CF with programmed voltage drop 
(tw = 180–220 s); 3 — PF (tw = 110–120s); 4 — PF (tw = 60–70 s)

Figure 7. Temperature distribution in the HAZ before upsetting 
during welding R65 rails with different values of current and 
flashing duration: 1 — PF at T = 60 s, I = 370 A (calculated); 2 — 
PF at T = 60 s, I = 370 A (experimental); 3 — PF at T = 60 s, I = 
= 450 A (calculated); 4 — CF at T = 180 s, I = 170 A (calculated); 
5 — CF at T = 180 s, I = 170 A (experimental)

Figure 8. Surface of flashing rail ends before upsetting
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ed with different energy input, were tested for static 
bending in accordance with the accepted method, and 
the structure of welded joints was also examinated. 
The test results are shown in Table 2. During tests of 
batches of rails of steel grade M76 and K76F, welded 
at CF, the test results were distinguished by unstable 
and low values. Reduction in the flashing duration 
from 200 to 160 s allowed improving the structure 
and increasing the values of ductility during tests of 
single specimens, but a number of specimens with 
defects in the welding plane significantly increased. 
The values of mechanical tests of batches, welded at 
PF met the regulatory requirements, but differed de-
pending on energy input. The highest and stable val-
ues were observed in the batch welded at PF with a 
heating duration of 60 s for the rails M76 and 80 s for 
K76F. The main result of these investigations was the 
conclusion that at PF it is possible to vary the energy 
input during welding of high-strength rails in a wide 
range without fear of tdefects occurrence in the joint 

plane. In fractures of the test batches of rails, during 
tests with fracture of rails in the joint plane, no defects 
such as oxide films were detected, even at a minimum 
welding duration. The absence of defects in welding 
with high gradients of temperature fields proves the 
fact, that at PF more favorable conditions for the for-
mation of joints are created.

The carried out investigations established that at 
PF the maximum value of ∆curv decreases by 1.5–2.0 
times, and the thickness of the melt δl is more sta-
ble and its minimum values are higher than at CF. 
It is also necessary to take into account the fact that 
even at minimum energy input, the temperature of the 
near-contact layers with thickness of up to 3 mm is 
close to 1300  °C, which provides their high degree 
of deformation during welding, contributing to the 
removal of oxide structures. The microstructure in 
different areas of the HAZ differed depending on the 
value of energy input. Metallographic examinations 
of the microstructure of welded joints of rail batches 
allowed identifying common features of their forma-
tion. The total width of the heat-affected zone is more 
than 2 times decreased with a decrease in energy in-
put as compared to that accepted at CF (Figure 9, a). 
In the welding zone, an increase in hardness with its 
local decrease in the weld center and along the zone 
boundaries is observed. This is predetermined by a 
change in the metal structure in the tempering zone 
at its HAZ boundaries and a decrease in the carbon 
content in the joint plane (Figure 9, b). The width of 
these sections is negligible and does not affect the 
wear resistance of the surface of a rail contact head. 
In the areas with increased hardness, on separate ar-
eas the structure of sorbite-like pearlite is transformed 
into a bainitic structure; such structures are formed 
on welding modes of less than 40 s. At the maximum 
duration of flashing the weld center in the joint plane, 
the formation of free ferrite inclusions along the grain 
boundaries is observed (Figure 10, b). The absence of 

Table 2. Results of tests of M76 and K76F steel rails on static bending in welding using CF and PF with different energy input*

Values of mechanical tests 1 2 3 4

E76F «Evraz» (Russia)

Fracture load, t 1700–2200 
2000

1750–1900 
1850

2200–2400 
2250

1950–2100 
1900

Deflection, mm 10–30 
20

12–26 
18

32–40 
35

20–28 
24

K76F (Azovstal Iron & Steel Works (Ukraine))

Fracture load, t 1600–2000 
1800

1750–1950 
1850

2100–2400 
2250

1850–2050 
1900

Deflection, mm 18–30 
25

21–30 
22

34–50 
42

25–32 
28

*CF — 1; PF — 2–4; distribution of temperatures 1–4 see Figure 6.

Table 3. Results of tests on static bending in welding using CF 
(period II)

steel grade Fracture loading, t Deflection, mm

М76 1900–2200 
2150

34–65 
48

K76F 2100–2400 
2250

34–50 
42

E76F 2300–2600 
2400

32–42 
35

R260 2250–2500 
2400

37–50 
48

R350NT 2000–2200 
2100

34–50 
40

R350NT 2870–3100 
3000

58–66 
62

VS-350Ya 2300–2700 
2500

30–50 
40

AREAL 136 10 SP 2200–2400 
2300

35–45 
40

AREAL 136 HE370 2200–2550 
2300

34–45 
38
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defects in welding with high gradients of temperature 
fields indicates the fact that at PF, the choice of the op-
timal value of energy input can be determined based 
on the conditions for obtaining an optimal structure 
in the HAZ.

In the last decade, in the railways of many coun-
tries of the world, including Ukraine, the use of 
high-strength rails of eutectoid and hypereutectoid 
composition began. The flash-butt welding of rails is 
performed applying stationary and mobile machines 
of PWI design, which are exported to many countries 
of the world. The PWI team took part in the develop-
ments of technologies for welding rails of different 
production, including high-strength ones. The consid-
erable experience was gained in welding of rails of 
different manufacturers.

For welding of high-strength rails with eutectoid 
and hypereutectoid carbon content, the programs of 
welding using PF are used shown in Figure 11. The 
programs for changing the basic parameters are taken 
as basic and are certified. The control of energy input 
is carried out by changing the flashing duration and 
the welding current value. Since the programs are fo-
cused on using the design of the PWI in the machines, 
their adaptation to the capabilities of welding equip-
ment (resistance to Zsh.-c and power of the welding cir-
cuit, quick-response of the drive) was minimized. The 

basic elements, which determine the mechanical prop-
erties of metal in all the batches of rails, are iron, car-
bon, manganese and silicon. As the alloying elements 
vanadium, titanium, niobium, nitrogen and chromium 
were used. The mentioned elements strengthen the 
metal, including carbides and carbonitrides. The basic 
microstructure for all the investigated batches of rails 
is the quenching sorbite, which differs only by the de-
gree of dispersion in different rails. The steels R260 
and R350NT are distinguished by an increased con-
tent of manganese, which improves their calcination 
ability. When changing the energy input in sufficient-
ly wide ranges (tw = 40–80 s), the formation of defects 
in the welding plane was not observed, but a signifi-
cant effect of change in energy input on the structural 
transformations in the HAZ was revealed. In welding 
of steels R350NT of the investigated batches of rails 
on the boundary of the heat-affected zone and in the 
central part of the joint zone, a decrease in hardness 
is observed. This is predetermined by the heating of 
the HAZ metal to a high tempering temperature and 
a decrease in the carbon content in the central part of 
the weld as a result of heating the metal to the melting 
temperature. With a decrease in the energy input, the 
reduction in hardness is manifested to a lesser extent, 
and the width of the softening regions decreases. This 
effect is manifested in all the investigated rails, hav-

Figure 9. Macrosections during flashing of welded joints of rails M76, using CF (a) and PF (b)



32 ISSN 0957-798X THE PATON WELDING JOURNAL, Nos 11–12, 2018

PATON 100

                                                                                                            

                                                                                                                                                                                                    

ing a hardness of 380–400 MPa. Completely different 
is the influence of reduction in energy input on the 
HAZ structure of steels R260. The hardness at a de-
crease in the energy input increases sharply over the 
entire width of the HAZ, and at its boundary and in 
the center the softening is manifested, but to a lesser 
extent. This is explained by the fact that steel R260 

with eutectoid carbon content is strengthened (during 
manufacture) to a lesser extent, not reaching the max-
imum possible value for obtaining higher values of 
plasticity. During welding, a repeated quenching with 
increased strength and hardness occurs. According to 
the technical conditions regulating the requirements 
to welded joints, it is necessary that during welding 
the steels of the specified class, the values of hard-
ness deviations in the HAZ should not be higher than 
+60 НV and below –30 НV of the base metal hard-
ness. This complicates the determination of optimal 
welding conditions, especially for the rails R260. The 
distribution of hardness in the HAZ during welding 
the rails R260 at different energy input is shown in 
Figure 10. To obtain the required hardness, it is nec-
essary to dose the energy input during welding more 
accurately (see Figure 10, a). The distribution of hard-
ness in the welds of steel R260 at changing the energy 

Figure 10. Macro-, microstructure (×100) of hardness distribution (HV) of welded joints of R260 rails with different heat input: a — 
Tw = 65–75 s; b — 90–100 s

Figure 11. Basic program for changing basic parameters in weld-
ing using PF of different rails (I, II, III — periods of program)
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input differs from the optimum value specified by the 
program. In the specimens of steel R260, the width of 
the HAZ is determined by the distance between the 
boundaries of the high tempering areas. The structure 
of these areas represents a tempering sorbite, in the 
weld center the structure of primary austenite has a 
grain size number 3–4, along the boundaries of these 
grains, the areas of free ferrite are detected. With an 
increase in the energy input, their thickness increases, 
which is accompanied by a decrease in hardness at the 
weld center and mechanical properties during testing. 
A change in the energy input duration within relative-
ly small limits (10 s) leads to noticeable changes in 
hardness in the HAZ (see Figure 10). In the speci-
mens of the steel R350NT (Figure 12), the width of 
the HAZ is greater. At its boundaries and in the center, 
a decrease in hardness is observed, which is prede-
termined by the softening at the boundaries and the 

formation of the pearlite-sorbite structure in the cen-
ter with precipitations of free ferrite along the grain 
boundaries of the primary austenite. Unlike the steel 
R260, with the change in energy input, the hardness 
in the HAZ increases slightly and remains at the level 
of the base metal. In the center, the degree of hardness 
reduction is determined by the amount of free ferrite. 
In the considered specimens, the ferrite is not formed 
in the form of a solid network around the grains of 
primary austenite, which guarantees a high level of 
value during bending tests.

The steels ARIEL13610SP and ARIEL136HE370 
are distinguished by their high mechanical properties 
and wear resistance [10].

In the base metal of these steels (Figure 13), at 
the boundary of the primary austenitic grains of the 
pre-eutectoid ferrite, the precipitations of the carbide 
phase are present. At the size of the colonies of sorbite 

Figure 12. Macro-, microstructure (×100) and hardness distribution (HV) in the welded joint of rails of grade R350NT with different 
heat input: a — Tw = 65–75 s; b — 90–100 s
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of 10–15 mm, the thickness of precipitations of the 
carbide phase amounts to tenths fractions of a micron. 
The presence of this phase increases the wear resis-
tance [11]. In welded joints of these steels, produced 
at optimal conditions, the carbide phase is absent, and 
along the joining line, as in the other given examples 
of high-strength steels, the hardness decreases as 
compared to the level of the base metal. The degree 
of reduction is determined by the amount of energy 
input. During welding of such steels at the accepted 
mode, the width of the heating zone is larger than in 
the steel R350NT and amounts to (about 30 mm), 

which allows withstanding the required tolerances for 
deviations of hardness values in welded joints.

The welding of rails of the mentioned steels was 
carried out in the mobile machines K922 of the PWI 
design, which are used in the railways of Ukraine and 
other countries. The technology of welding using PF 
was based on the program of energy input (see Fig-
ure 6). Its basic parameters are the following: the val-
ue of open-circuit voltage U2, upsetting forces were 
taken the same for the rails of all the batches. The 
energy input was regulated by changing the flashing 
duration and the value of welding current Iw in the pe-

Figure 13. Macro-, microstructure (×100) of the joint zone and hardness distribution (HV) in the welded joint of rails of grade AREAL 
136 10 SP (a) and AREAL 136 HE370 (b)
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riod II, specified by the program. The optimal modes 
for welding each rail batch were established and the 
reference batches in the amount of 10 butt joints were 
welded, which were subjected to tests in accordance 
with the requirements of the EU and Ukrainian stan-
dard. The test results are given in Table 3. All the weld-
ed joints of reference batches satisfy the requirements 
of the mentioned standards not only by the results of 
mechanical tests, but also during testing the quality 
of joints using nondestructive methods of testing. The 
rails of the type R260 and R350 were tested for fa-
tigue and withstood 5 mln cycles without fracture. It 
should be noted that all the welded joints of reference 
batches were not subjected to heat treatment after 
welding. In the process of investigations and gained 
experience of the production use of the developed 
technologies, it was established that during welding 
at the modes characterized by a low energy input, a 
more strict limitation of the admissible deviations of 
the preset welding parameters is necessary, especially 
those affecting the energy input. Therefore, the im-
plementation of PF welding technology in production 
conditions became possible after the development of 
the new systems and algorithms for automatic con-
trol of the welding process at the PWI. Instead of us-
ing rigid programs for changing the basic parameters 
accepted during welding of standard rails, a self-ad-
justing system for control of parameters was devel-
oped (Figure 14). The system allows maintaining the 
optimum mode of stable flashing and heating in real 
industrial conditions, largely regardless the changes 
in operating conditions (voltage mains fluctuations, 
changes in ambient temperature as compared to the 
calculated one, being 20 °C).

A distinctive feature of the developed technologies 
is the presence of feedback by the basic parameters 
in the control systems, automatically correcting their 
value preset by the program during deviation from the 
preset values. In the process of flashing, short-term 
corrections of the preset values are carried out in order 
to stabilize their preset mean values. The algorithms 
for control of this process were developed for each 
of the parameters, for example, the value of welding 
current and energy are regulated by the feed speed so, 
that their mean values maintained at a preset level. At 
the same time, the level of the voltage is taken into 
account, supplied to the parts to be welded, resistance 
of the welding circuit and the force, generated by the 
hydraulic drive of the machine (during welding with 
tension). The similar multifactor algorithms for regu-
lation are also used by the other flashing parameters. 
In some cases, the accumulation of short-term chang-
es of the values preset by the program, can lead to 
correction of the program itself, for example, to in-
crease in flashing duration in each of its periods. If 
these changes do not exceed the admissible ones, then 
they are acceptable. The algorithms for assessing the 
effect of changes on the quality of joints were deter-
mined. They allow expanding the range of admissible 
deviations and provide a high reproducibility of the 
preset welding programs.

The capabilities of the automatic system for con-
trol of welding parameters are not infinite and cannot 
prevent rough violations of the operating conditions 
of welding equipment.

The registration of programs for changing basic 
parameters during welding of a butt joint provides an 
effective use of the developed algorithms for evalua-

Figure 14. System of automatic multifactor control of parameters of welding process in welding of high-strength rails K76F
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tion of the joint quality according to the value of de-
viations in a real time of works. For each welded butt 
joint, the computer system for control of the weld-
ing machine issues a certificate, where the change 
in the basic parameters, as well as their actual devi-
ation from the optimal values is shown in textual and 
graphical form. The algorithms of control were de-
veloped, on the basis of which the system provides a 
quality evaluation of a welded butt joint in real time 
and includes it to the certificate. The test results are 
issued simultaneously after the end of welding on the 
machine display for information to the operator and 
simultaneously to the diagnostic center, where a more 
thorough analysis is carried out taking into account 
the results of destructive testing of butt joints and ul-
trasonic inspection. The specialists of the PWI togeth-
er with the PrJSC «Ukrzaliznytsia» performed a large 
amount of works (several tens of thousands of weld-
ed butt joints). On the basis of this information, the 
algorithms for assessing the quality of joints during 
in-process control and the normative documents regu-
lating the quality assessment [11] were specified.

The multifactor system for control of welding ma-
chines (see Figure 14) is used in stationary and mobile 
machines of the PWI design. In the design version for 
mobile machines, it is combined with a drive, provid-
ing welding of rails with tension, where additional feed-
backs are used, providing the fulfillment of programs for 
moving welded rails combined with their tension.

These operations are controlled by a common 
computer, which simultaneously performs welding 
programs, in-process control and rail tension by the 
mobile machines.

Welding of long-length rails with tension. 
During repair of seamless railroad tracks after cutting 
out of defective or worn-out sections of rails, as well 
as during reconstruction of tracks, it is necessary to 
weld long-length rail sections attached to the cross-
ties between them. For this purpose, instead of a cut-
out section of rails between the ends of the joined sec-
tions, a rail-insert is installed, which is welded-on to 
the ends of the rail sections [12]. During welding of 
the second closing butt, in accordance with the stan-
dards, it is necessary to restore the temperature-stress 
state on the section where welding was performed. 
This is achieved by adjusting the length of the rail-in-
sert due to its elongation or shortening by the value 
Lt = f(∆T), where ∆T = θfix – θw (θfix is temperature of 
the fixing welded plates, θw is the temperature at the 
moment of welding rails). For railways of Ukraine, 
the temperature of fixing the rails is θfix = 30 °С. Most 
of such works are carried out at the ambient tempera-
tures θfix w (θfix w < θfix), respectively, it is at the same 
time necessary to shorten the length of the insert-rail. 

In order to obtain the required increment of Lt and also 
to provide allowances for welding, the insert and a 
part of the rail track of the released section are bent. 
After welding the section is returned to its initial po-
sition. This operation is very labor-intensive. It is per-
formed using a set of mechanisms (lifting, tension) 
and a large number of auxiliary workers. The railway 
traffic in the period of repair is stopped, which is as-
sociated with great material losses. The PWI special-
ists together with the USA companies, engaged in 
reconstruction and repair of railways, developed the 
technology and equipment which allowed combining 
welding with restoration of temperature-stress state of 
the track. It is based on the idea of creating such a lev-
el of tensile stresses in the process of welding in the 
joined rail sections, at which, at a preset temperature 
range (–40–+50 °C), the possibility of the formation 
of compression stresses is excluded. The carried out 
calculations showed that to solve this problem, it is 
necessary, that the level of tensile stresses does not 
reach the limit values, exceeding 16 % of the yield 
strength of rail steel, which is acceptable. To perform 
the tension, it is proposed to use a hydraulic drive for 
flash-butt welding machines of the PWI design, per-
forming flashing and upsetting. The process of flash-
butt welding was proposed to be carried out using 
programs involving two stages. At the first stage, the 
high-speed movement of the end of the welded insert 
is provided to the size of the preset gap ∆g. The du-
ration of this stage does not exceed a few seconds. 
After contact of the ends of the rails and the exciting 
of flashing, the program of welding rails accepted for 
the rails of this type with their simultaneous tension 
is performed. During welding, the rails are shortened 
and their tension is continuing. After the end of weld-
ing, the required shortening is provided Lt = Lw t + ∆g, 
where Lw is the shortening of the rail during weld-
ing (lw = lflash + lupsett)∆g is the gap between the ends 
of rails, preset before welding. The regulation of the 
tension value is carried out by setting the gap ∆g. In 
the considered variant, the rails adjoining the welded 
joint are not stretched and the whole tension Lt is car-
ried out due to the elongation of a rail-insert. In many 
cases, the forces required for tension of a rail-insert 
of the standard length of 24 m cannot be provided. 
In this case, the required value of tension is provided 
due to additional jointing of rail ends from the cross-
ties adjacent to the weld to the value Lcr.-t, T. The total 
force Lt is formed due to the choice of the value Lcr.-t 
and ∆g, i.e. Lt = Lcr.-t + ∆g + Lw.

In welding of rails with tension, the technology 
of welding rails with PF is used. The programs for 
control of welding process are stored the same as 
during welding of separate rails without tension us-
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ing common systems for automatic control of flashing 
parameters and introduction of additional feedbacks 
of parameters controlling energy input. The change 
of stress forces during welding affects the operation 
of the hydraulic drive of welding machines. Except 
of the data determining the parameters of welding 
modes, the development of additional systems of au-
tomatic control, stabilizing the energy input, was re-
quired.

In welding with a tension, the data on the tempera-
ture of rails, at which their welding is performed, are 
entered into the computerized control system: θw, the 
total length of sections areas released from the fasten-
ers (Lcr.-t), the length of the rail-insert, as well as the 
size of the gap between rail section and the insert ∆g. 
In addition, the value of the fixing temperature on the 
welded area θfix is separately entered.

In welding with tension after the end of welding, 
the weld metal is heated to the temperature of 1100–
1200 °C and is maintained in a compressed state by 
the drive of the welding machine. At the same time, 
the control systems, mounted into the machine, con-
trol the duration of cooling the weld to the tempera-
ture of 100–200 °C. Simultaneously, the flash, formed 
during welding, is cut out automatically. After per-
forming these operations, the rails are unclamped and 
the welding machine is removed from the butt. The 
duration of rail welding does not exceed 2 min, and 
the auxiliary operations largely depend on the chosen 
scheme of works organization during welding. Per-
forming the tension according to the variant, when 
preparation of a rail-insert of a preset length is used 
without jointing the adjacent areas of the sections, 
the maximum efficiency of rail welding complexes is 
provided, and using the variant, requiring the jointing 
of a certain section of the track, the duration of auxil-
iary operations increases and depends on the length of 
the section, released from the cross-ties.

Figure 15 shows the dependence of the force (1) 
and the value of the travel of the movable clamp of the 
welding machine (2), necessary for the implementa-
tion of the rails tension, corresponding to ∆T = 30 °C 
at different length of their section, released from the 
cross-ties. If the tension is carried out only with the 
help of the rail-insert of 24 m length, a tension force 
of 100 t and the travel of the movable clamp of about 
150 mm are required. At the condition that the ends of 
rails are released from fastenings at different length, 
the force is significantly reduced. An increase in the 
travel of the movable clamping machine has a much 
smaller effect on the weight of the rail welding ma-
chine than the effect of the upsetting force. There-
fore, the rational relationship of these parameters 
of the machines determines their capabilities during 

operation in different conditions. The rail welding 
machines of previous generations of the type K355, 
K900, available at the railways, cannot be used for 
welding with tension, primarily due to the insufficient 
upsetting force and the limited travel of the movable 
clamps. In addition, during development of new gen-
erations of mobile rail welding machines for welding 
with tension, a significant change in their basic units, 
systems of hydroelectric control, design of the drive 
for welding circuit and flash remover were required.

In recent years, the PWI developed several genera-
tions of machines for flash-butt welding with tension. 
Unlike the machines of previous generations, a num-
ber of new solutions was applied in them, namely:

• machines have upsetting forces and, accordingly, 
clamping forces which are 2–3 times higher. The upset-
ting forces and clamps are increased with an increase in 
the movement travel of the movable clamping;

• machines have a multifactor system for the con-
trol of basic parameters of the welding process, pro-
viding a stable reproduction of preset welding pro-
grams regardless of the change in the tension forces;

• welding circuit of the machines despite the increase 
in the sizes of the force drive for feed the mechanical 
part, provides the required minimum level of Zsh.-c;

• cutting of flash during welding is carried out by 
the mechanism of flash remover, built-in to the body, 
which is controlled in the clamped state up to the full 
cooling of the butt joint. This eliminates the probabil-
ity of rupture of a heated butt joint during unclamping 
of the machine.

The developed new generation of rail welding ma-
chines allows welding long-length rail sections, com-
bined with their tension. The technical characteristics 
of the machines are given in Table 4. The machines 
are distinguished by an increased upsetting force, 
exceeding the values of previous generations of ma-
chines by 2–3 times. In addition, the movement drive 

Figure 15. Dependence of tension forces (1) and tension value 
(2) of travel of moving clamp of the machine on the length of the 
jointing section of the rail fastening on the cross-ties at ∆T = 30 °С
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has a 2–4 times increased travel of the movable part of 
the machine, taking into account the different values 
of tension during welding.

The machines provide different PF processes to a 
full extent, adapted to the specifics of flashing drive 
loads while performing a pulsating process of mov-
ing welded parts in combination with their tension. 
The drive is characterized by a high quick-response, 
providing a change in the value of spark gap with an 
accuracy of tenths of millimeters. With an increase in 
the upsetting and clamping force, the weight of the 
machines increases, which defines the design of the 
auxiliary equipment used in flash-butt welding of 
rails. The power part of mobile complexes is deter-
mined by the power of diesel generators. It remains 
the same as for previous generations of machines 
of 250–300 kV∙A. With an increase in the weight of 
welding machines, more powerful lifting devices of 
the complexes are required, which reduces their mo-
bility. During the use of the machines K900 of previ-
ous generations, a large number of such complexes 
were manufactured in different countries. Therefore, 
the demand for flash-butt welding machines with ten-
sion appeared, having a lower weight and adapted to 
the existing mobile rail welding complexes of previ-
ous production.

The advantages of flash-butt welding with tension 
are fully realized in the machines K921 (Figure 16) 
designed by the PWI. The upsetting force of 150 t, 
developed by the drive of the machine, allows car-

rying out welding with tension during reconstruction 
of railway tracks with their transfer to the high-speed 
mode of operation. During welding, the section re-
gions, adjacent to a welded butt for not more than 15–
20 m, are released. The machines K921 are used in the 
USA, where more than 10 thou of high-speed racks 
are welded using such machines. The machines K922 
(Figure 17), designed at the PWI in accordance with 
license agreements, which are adapted to the already 
operated complexes in many countries of the world, 
are used in different mobile complexes equipped 
with flash-butt welding machines K922 of the KZE-
SO production. About 20 of such machines operate 
at the railways of Ukraine. A successful combination 
of upsetting force (up to 120 t) and the travel of the 
moving clamp (150 m) provides minimization of the 
length of the section, released from the cross-ties, and 
allows using these machines in different conditions. 
At the same time, the machines K920, K930 with up-
setting force of 100 t are being developed and they are 
adapted to the mobile rail welding complexes of the 
machines (K900) of previous generation, available in 
many countries of the world.

In accordance with the license agreement with the 
Holland company, the PWI developed the machines 
K930 and K945 (Figure 18), which have an increased 
travel of the mobile clamping of up to 450 m with an 
upsetting force of 120 tons. This allows welding long 
length rail sections during reconstruction of railway 

Table 4. Technical characteristics of stationary and mobile rail welding machines developed by the E.O. Paton Electric Welding Insti-
tute and manufactured by the PJSC «KZESO»

Technical parameters
Types of machines of the OJSC «KZESO»

K900 K920 K921 K922-1 K930 K950 K945 K960-1 K1045 K1000

Rated voltage of mains, V 380 380 380 380 380 380 380 380 380 380
Highest secondary current, not lower than, kA 60 67 67 67 67 67 67 67 60 84
Rated power, (DC 50 %), kV∙A 150 211 236 210 210 210 210 210 150 300
Upsetting force, kN 450 1000 1500 1200 1200 1200 1200 2000 600 900
Clamping force, kN 1350 2500 2900 2900 2900 2900 2900 4650 1500 2000
Travel of moving column of the machine, mm 70 100 150 100 200 250 400 280 100 100
Weight of the machine, kg 2700 3000 4100 3450 3600 3650 3700 5670 3500 8800

Figure 16. Appearance of the machine K921 Figure 17. Appearance of the machine K922
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tracks. Accordingly, the mobile complexes for oper-
ation with such machines were developed. The min-
imization of weight and expanded capabilities of up-
setting drive allowed creating highly-manouevrable 
complexes using the machines K945 (Figures 19–22). 
Ten such complexes have been operating since 2014 
at the railways of the Great Britain. They use the ma-
chines K945, developed at the PWI and manufactured 
at the KZESO.

Conclusion

The many-year developments of the PWI technolo-
gies and equipment for flash-butt welding of rails 
made a significant contribution to the development of 
railway roads in the countries of the former CIS and 
the world. According to the data of the plant KZESO, 
at present more than 2,500 machines is operating, de-
veloped by the PWI, manufactured and supplied by 
the plant in accordance with license agreements and 
contracts to different countries of the world. Only 
in the last 5 years, such rail welding machines were 
exported to the USA, Canada, China, France, Iran, 
Malaysia, Austria, Morocco, Poland and other coun-
tries, which accounts for 60 % of the world stock of 

flash-butt rail welding machines and 90 % of mobile 
rail welding machines [13]. Their use contributed to 
the acceleration of construction and reconstruction of 
railways, including high-speed railroads. Only at the 
railways of China more than 100 machines K922 are 
used, which contributed to the acceleration of the con-
struction of high-speed railroads there. At the USA 
railways, the machines K900, K920, K930, K922, 
K921 are used.

The PWI continues to develop the technologies 
and equipment for flash-butt welding of high-strength 
rails, the demands for which are continuously sent to 
the Institute. This is predetermined by the increase 
in the traffic volume of railroads and the need in in-

Figure 18. Appearance of the machine K945

Figure 19. Mobile rail welding complex KSM 007 with welding 
head K922-1 based on a Volvo machine

Figure 20. Mobile rail welding complex KRS-1 with welding 
head K922-1

Figure 21. Mobile rail welding complex (USA)

Figure 22. Mobile rail welding complex (UK)
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creasing the life of rails in operation. The metallurgi-
cal industry begins to master the production of high-
strength rails with a guaranteed service life, which 
exceeds the average level of achieved wear resistance 
by 2–3 times. The existing experience shows, that the 
rails of such quality are difficult to weld. The new 
technologies of their welding and automatic system 
for the control of welding process are needed.

Along with the developments of new technolo-
gies, the PWI continues to develop new equipment 
for welding of rails on the track and in stationary con-
ditions.

In accordance with a licensing agreement with the 
Progress Rail, USA, an experimental model of the 
machine K960 with an upsetting force of 200 tons was 
designed and manufactured, which is being tested, as 
well as the machine K963 for welding rails with rail 
frogs. The machine K960 is characterized by unique 
capabilities for the further development of technolo-
gies of welding with tension, and the new machine 
K963 allows for the first time to weld-in the rails with 
the ends of railway frogs on the track.

The further improvement of the system of remote 
quality monitoring of rail joints in real time is very 
promising. The use of modern means of information 
technology opens up broad opportunities for the fur-
ther development of an effective type of quality con-
trol of welded rail joints. The development of new 
technologies, systems for automated control of the 
process of flash-butt welding of rails continues.
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