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In the last decade, an urgent and practically significant problem has been producing of high-quality joints of high-
strength steels and alloys. For its solution the technologies are required which are distinguished by a high-concentration 
heating at a minimum energy input, including in continuous flash-butt welding of railway rails. To solve this problem, a 
mathematical model of the process of metal heating in continuous flash-butt welding was developed. The model allows 
avoiding labor-consuming and expensive experiments and significantly expanding the range of searching the ways of 
optimizing at a multifactor control of welding parameters, affecting, in particular, the formation of the temperature field 
in continuous flash-butt welding of rails. 8. Ref., 12 Figures.
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Continuous flash-butt welding (CF) is widely used in 
the leading branches of industry for joining of parts 
from steels and alloys with different cross-section 
area. In accordance with acting reference documents 
[1] this type of welding is recommended for the parts 
with limited thickness of section elements, which 
does not exceed 12–15 mm. These recommendations 
are based on the experience of commercial applica-
tion of flash-butt welding using existing technolo-
gies, which do not often allow providing heating of 
the larger thickness parts, necessary for quality joints. 
Besides, in order to excite continuous flashing of such 
parts without resistance heating it is necessary addi-
tionally to increase source supply power. Therefore, 
in flash-butt welding of the larger thickness parts it is 
recommend to use flash-butt welding with resistance 
preheating.

In scopes of investigations, which were carried 
out at the E.O. Paton Electric Welding Institute of the 
NAS of Ukraine in the previous years, there were de-
termined the main parameters of CF process, effect-
ing the heating and formation of temperature field in a 
welding zone [2]. The methods for increase of energy 
efficiency of CF processes were proposed, in particu-
lar, allowing reduction of consumed power and rise of 
heating [3]. Based on these investigations there was 
developed a technology of CF welding of the parts 
with large cross-section (more than 1000 mm2) and 
thickness of more than 200 mm. it is successfully 

used in industry for welding of different thickness 
parts of low-alloy and high-temperature steels, alumi-
num alloys.

In the last decade, an urgent and practically signifi-
cant problem has been producing of high-quality joints 
of high-strength steels and alloys. For its solution the 
technologies are required which are distinguished by 
a high-concentration heating at a minimum energy 
input [4], including based on CF. Optimizing such 
processes applicable to specific production cycles is a 
long, labor-consuming and expensive process, there-
fore, it is reasonable to use together with it different 
methods of mathematical and computer modeling of 
the processes determining weldability of the parts and 
structure elements.

Such an approach allows significantly expanding 
a range for searching the optimizing ways in multi-
factor regulation of welding parameters, effecting, in 
particular, formation of temperature field.

Aim of the present paper is development of a 
mathematical model of temperature field kinetics in 
CF taking into account multifactor effect on heat-
ing intensity of high-speed processes of formation 
and breakdown of single contacts (SC) forming in 
welding applicable to typical technological cycle of 
CF of rails.

The mathematical model of heating process in 
CF is based on modeling of heating of SC forming 
in interaction of the parts being welded approaching 
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with set speed napr. At their interference in the areas, 
having microirregularities, there is formation of con-
tacts with heating centers, where metal is melted and 
local heating of edges of the welded parts takes place. 
Heating and melting of each SC on the fusion surface 
provokes formation of deepening-craters generating a 
relief differing by nonuniform distribution of projec-
tions and deepenings (Figure 1).

Figure 2 shows a record of the welding parame-
ters, including values of current and voltage at contin-
uous flashing of rails in a mode accepted in produc-
tion during welding using K1000 machine. As can be 
seen from given data at flashing excitation current Iw 
in the welding circuit rapidly changes its value. The 
relief determined by area of SC and craters, appearing 
after their melting [5], is formed in fusion of the sev-
eral layers of the contact surfaces.

A spark gap Dg, having nonconstant value (Fig-
ure  3), is formed between the contact surfaces. 
Amount of contacts simultaneously existing in the 
flashing process significantly reduces, thus, the total 
area of the contacts and current passing through them 
are decreased. An average value of resistance Rc in 
the contact between the parts and value of current Iw 
passing through them in flashing are kept at sufficient-
ly stable level (see Figure 2). At that instantaneous 
current values Imax considerably differ form the aver-
age indices Iav. Imax/Iav relationship describing stability 
of the heating process reaches the maximum values 
in the initial period of process excitation and is sta-
bilized in the final. Also Imax/Iav value is specifically 
lower in welding of the parts with lower section thick-
ness. In turn, presence of pulses of welding current 
rise relatively to its average value is caused by forma-

tion of the large area contacts. Indicated dependencies 
of formation of the large area contacts are related with 
specifics of flashing appearing in a phenomenon of its 
self-regulation. Increase of SC area and its conduc-
tivity promotes rise of generated in it heat energy that 
facilitates its melting and reduction of area. However, 
this condition is fulfilled at unlimited power of source. 
Under real conditions the value of instantaneous pow-
er, generated in the spark gap, is determined by ac-
cepted voltage value U2xx and short-circuit resistance 
of the machine welding circuit that limits a range of 
change of contact resistance.

Relatively smooth areas are formed in the process 
of melting of small irregularities on the contact sur-
faces. This develops the conditions for formation of 
large area SC. Before the electric contact is formed 
over the whole area of these surfaces there is filling of 
the gap between the layers by the metal melt, formed 
in heating and melting of the contacts on the neigh-
bor areas. Through this melt at sufficiently small gap 
formation and melting of the separate contacts, area 
of which is less than possible area of a new contact, 
are started. Phenomenon of the secondary melting, as 
it is shown in work [6], has considerably significant 
effect on heat balance at continuous flashing of the 
thick-wall parts.

Figure 1. Appearance of rail fused surfaces

Figure 2. Example of record of the parameters of continuous 
flash-butt welding process of rails on stationary rail welding ma-
chine K1000

Figure 3. X-ray pattern of spark gap in rail welding
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Value Dg is changed in every period of flashing 
time from 0 to Dg max. Increase of contacts area ris-
es the value of gap forming at their melting, and in 
this area formation of the new contacts is stopped 
and total number of simultaneously existing contacts 
is reduced. Thus, current drops to value Iflash.av, which 
is kept at relatively constant level and determined by 
feed rate in flashing. Therefore, the fusion surface re-
lief is continuously changed, and average value Dg is 
kept on the constant level as the average current in 
flashing, which is determined by amount of the simul-
taneously existing contacts. A distinguishing feature 
of this process is formation of craters of the maximum 
size. Depth of the craters Dg remains the same for each 
elemental area of the fusion surface. It is determined 
by thickness of welded parts and voltage U2xx.

As can be seen from Figures 2 and 3, the contacts 
of different diameters can be formed at the edges of 
thick-wall parts in process of flashing. The duration 
of heating of such contacts considerably depends on 
their area and value of current passing through them 
(Figure 4). Current value I = 10 kA and temperature 
T = 1800 °C as a final stage of SC heating were tak-
en for calculation of time of existence of 1–12 mm 
diameter single contacts with contact area from 0.79 
to 133  mm2. Following from the analysis of fusion 
surfaces it can be determined that the contacts of 20 
to 50 mm2 area are mostly formed in the flashing pro-

cess. At that current density in them (Figure 2) is kept 
in the limits of 200–300 A/mm2.

It was experimentally stated that the average val-
ue of current density Diw passing through the part in 
flashing is determined by feed rate (Figure 5) and 
depends on structure thickness. Rise of vf provokes 
increase of Diw value at similar feed rates and sec-
ondary voltage U2xx applied to the parts, and current 
density passing in the welding circuit is reduced with 
increase of part thickness. It is caused by increase of 
SC area and forming craters after their melting and, 
respectively, the average value of spark gap Dg rises 
and number of the simultaneously existing contacts 
reduces. This dependence has linear nature at increase 
of thickness of welded parts from 5 to 30 mm, where-
as, it becomes less apparent at larger thickness of the 
parts. Therefore, the contacts of 5 and 8 mm diame-
ters have been accepted for selection of typical sizes 
of simulated SC corresponding to the thicknesses of 
the parts being welded in 10–30 mm limits, for which 
CF has the widest application. The total value of cur-
rent in the secondary welding circuit in CF welding 
of such part using machines designed at the E.O. Pa-
ton Electric Welding Institute of the NAS of Ukraine 
makes 20–30 kA at 4–7 V voltages.

It was experimentally stated that the duration of 
SC heating is determined by the area and value of cur-
rent passing through it. The analysis of current and 
voltage oscillograms shows that a period of time of 
contact existence falls at heating in a liquid state ac-
companied by its melting, boiling with rapid changes 
of resistance. Therefore, for qualitative and quantita-
tive estimation of the heat balance in addition to the 
total duration of contact heating tc it is also reason-
able to consider the heating duration in solid phase 
till melting temperature tc1 of its central part at T = 
= 1550 °C and explosion-forming breakdown at T = 
= 1800 °C.

In the most of cases there is a gap Dg at the contacts 
boundary, the value of which can very depending on 
thickness of fused parts. The central part of the contact 
being heated to the melting temperature represents it-
self an ellipsoid limited by Tml isotherms. In SC melt-
ing the part of liquid melt at the core boundary is kept 
by surface tension forces and remains on the crater 
surface after the contact breakdown. The contact be-
ing a current conductor in the welding circuit is sub-
jected to effect of the electromagnetic forces creating 
in it compression and interacting with the powerful 
electromagnetic field of the welding machine. The 
compression forces can keep liquid metal in the con-
tact area increasing the duration of its heating. They 

Figure 4. Time of SC existence depending on its area

Figure 5. Dependence of value of current density on feed rate of 
fused surfaces
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can also promote its displacement in the spark gap 
that is observed unders specific flashing conditions 
[7]. Effect of these forces rises with increase of Dg 
adjacent to the contact area. In the most cases flashing 
provokes explosion-like breakdown of the SC. It is 
experimentally determined that temperature of metal 
outbursted in contact breakdown can vary from 1550 
to 1800 °C that corresponds to a core heating tem-
perature. It is also determined that the lower metal 
temperatures correspond to heating of large area SC 
(Fc = 50 mm2) at low voltages U2xx and the extremely 
high were observed in heating of small contacts ac-
companied by intensive evaporation. These data make 
the basis for taking into account in the calculations 
that the SC central part in heating to Tml temperature 
will be in a solid state, and its breakdown can start at 
the temperatures exceeding Tml.

A section of Lx, Ly size (Figure 6) was considered 
in development of a mathematical model of kinetics 
of temperature field change T(x, y, t) in the SC area.

Since the main physical mechanism of heat transfer 
in the considered case is a heat conductivity process, 
then the kinetics of temperature field is described by 
the following relationship [8]:

	
,T T Tcx x y y t

∂ ∂ ∂ ∂ ∂   l + l = g   ∂ ∂ ∂ ∂ ∂    	
(1)

where cg, l are the volumetric heat capacity and heat 
conductivity of material, respectively.

A convective heat exchange with the environment 
can be described using Newton equation, i.e. bound-
ary conditions for considered problem (1) are the fol-
lowing:

	
( )0 ,

s

T = T T qn
∂

l −a − +
∂ 	

(2)

where n is the normal line to the surface; T0 is the 
ambient temperature; a is the coefficient of surface 
heat emission; qs is the specific heating power on the 
contact surface.

An uniform distribution of the ambient tempera-
ture T0 over the whole considered volume was taken 
as an initial condition:

	 T(x, y, t) = Т0 at t = 0.	 (3)

When reaching in the contact place some critical 
temperature Tobt, part of liquid metal was removed 
(outburst took place).

The solution (1) is based on the finite element 
method grounded on successive tracing in time with 
step Dt of temperature distribution in the welded struc-
ture. For each tracing step (at the moment of time t) 
there was a solution of system of algebraic equations 

obtained as a result of minimization of functional ET 
on temperatures in the nodes of finite element parti-
tion mesh (Lagrange variation principle):

	
( ) ( )* 0
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1 ,2 s
    

Ò
S

T TE x x y y

c T T dS T T q dt
Γ

 ∂ ∂ ∂ ∂   = − l + l −   ∂ ∂ ∂ ∂   

g   − − + a − − Γ  D 

∫

∫
	

(4)

where T* = T(x, y, t – Δt) is the temperature field 
at the moment t – Δt; S is the considered total area 
of section in SC region; G is the outer boundary of 
calculation area.

Derivatives ∂T/∂x, ∂T/∂y are expressed for each 
finite element through the temperatures is the nodes.

Therefore, area integral S is replaced with sum 
of area finite element integrals DS. Minimization of 
(4) means equality to zero of ∂ET/∂Tij derivative, i = 
= 1, … , M; j = 1, … , N, where M is the number of 
partition elements on axis 0x, N is the amount of ele-
ments on 0y axis.

Figure 7 shows the dependencies of time of ex-
istence of different area SCs, from the moment of 
appearance and to their explosion, on density of the 

Figure 6. Typical scheme of heating of 5 and 8 mm diameter sin-
gle contacts

Figure 7. Dependence of time of 5 and 8 mm diameter SC exis-
tence on current density Dic
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passing current. A range of change of Dic was select-
ed within the limits of the experimental data given in 
work [3], temperature of edges of the contacting parts 
in the initial period of heating T0 = 20°C. Provided 
data allow making a conclusion on nonlinear effect 
of the current density on contact existence time, since 
change of the SC area does not significantly change 
time of its existence. It can be explained by locality of 
the heating process before the outburst temperature. 
Duration of existence of the different area contacts is 
reduced with rise of the current density. At the current 
density more than 400 A/mm2 the duration of contact 
heating makes centiseconds and breakdown of heated 
volume is accompanied by intensive vapor formation. 
At lower current densities there is increase of the con-
tact duration existence that demonstrates larger effect 
of the heat transfer processes into the edges of the 
contacting parts and decrease of the heating rate. At 
the current densities less than 100 A/mm2 the dura-
tion of contacts heating rise so that successive melting 
of the forming contacts with a set rate of part edges 
approaching becomes impossible. The melting pro-
cess turns to resistance heating, at which area of the 
contacting sections demonstrates progressive increase 
and propagates along the whole area of the contacting 
parts. Therefore, values of Dic less than 100 A/mm2 
for the indicated welding power sources shall be con-
sidered as minimum ones, at which excitation of CF 
without heating of the part edges is possible. Thus, 
flashing in current density range 100–400 A/mm at the 
contacts can be considered the most perspective from 
point of view of welding heating intensification with-
out additional effect on approaching rate of the parts. 
It is traditionally used mean for regulation of heating 
in flashing. Increase of the duration of contacts exis-
tence in preservation of their total amount and area 
results in rise of welding current and termination of 
melting, transfer of heating into a short-circuit mode. 
Therefore, a field of current density values, noted in 
Figure 7, can be determined as the field of unstable 

flashing in the absence of the system for automatic 
regulation of resistance in the contact between the 
parts, in particular, in initial period of flashing, when 
temperature of part edges is low. For given conditions 
of contact heating this zone corresponds to current 
densities 150–200 A/mm2.

Provided calculation was carried out for the initial 
conditions of flashing, when unheated edges of the 
welded parts are in contact. Increase of their tempera-
ture changes the conditions of contacts heating and 
less energy is necessary for their heating, therefore, 
duration of contacts existence reduces (Figure 8). 
In heating of part edges to 800–900 °C the range of 
working current densities in the welding circuit can be 
reduced from 150 to 200 A/mm2. This method is suc-
cessfully used in selection of the optimum programs 
of voltage decrease in continuous flashing. Program 
development is based on the principle of flashing at 
minimum possible voltage in each period of welding. 
This provides flashing at current densities in a range 
of 200–300 A/mm2 and in separate cases at the final 
period of flashing at 150 A/mm2 density.

The developed approach can be used for solu-
tion of the practical tasks for optimizing the indus-
trial welding cycles, in particular, at estimation of 
efficiency coefficient of the process. For this it is 
additionally necessary to estimate heat loss qlos in a 
process of welding. The main mechanisms of heat 
loss are dissipation of heat energy into environment 
according to (2) as well as heat content of outburst-
ed liquid metal. i.e.

	

( )
0

0 ,
obt

nom obt

T

T t

q V c dT T T d dt
Γ

= g + a − Γ∫ ∫ ∫
	

(5)

where Vobt is the sum outbursted volume of metal.
Thus, the efficiency of heat source h in the process 

of welding is calculated as

	

nom ,sour

sour

q q
q
−

h =
	

(6)

where d
sour

t

q = W t∫ , W is the heat power of source in the 

area of single contact, which was taken equal 0.035IU 
W, that corresponds to observed modes in experimen-
tal investigations of temperatures during welding (I, U 
are current and voltage supplied on welded structure).

For calculation of time of existence of 5 and 8 mm 
diameter SC there was taken a current density value 
of Di = 250 A/mm2 and temperature T = 1800 °C as 
a final heating stage. The heating modes in 100–
400  A/mm2 ranges are of significant interest from 
point of view of intensification of heating in flashing 

Figure 8. Dependence of time of 5 and 8 mm diameter SC exis-
tence on temperature of fused edges
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since they allow rising welding current and process 
thermal efficiency. Figure 9 shows the dependencies 
of thermal efficiency of flashing process according to 
(6) in variation of current density in the contacts. The 
highest values of thermal efficiency can be reached in 
Di = 100–400 A/mm2 value range independent on the 
contact area.

Besides, effect of temperatures of edges being fused 
on the value of thermal efficiency of welding process 
was investigated using numerical analysis of tempera-
ture distribution in the welding process. For this the SC 
with passing through it current of 250 A/mm2 density 
was considered. As it is shown in Figure 10, increase 
of temperature of a near-contact metal layer, where 
SC appears, provokes decrease of thermal efficiency 
of the process. It is caused by the fact that the energy 
transferred into the part edges continuously decreases 
with temperature increase, and lost with melted metal 
remains constant and even rises. Thermal efficiency 
in flashing heating respectively reduces.

Obtained results of the numerical analysis of tem-
perature field kinetics in SC area can be used for con-
sideration of a complex of problems on optimizing 
the specific industrial cycles, in particular, applicable 
to flash-butt welding of rails. Calculation of the tem-
perature kinetics T in continuous flash-butt welding of 

rails, the same as for SC, is based on the algorithm of 
numerical solution of 3D heat conductivity equation 
in Cartesian coordinate system x, y, z:

	
.T T T Tcx x y y z z t

∂ ∂ ∂ ∂ ∂ ∂ ∂     l + l + l = g     ∂ ∂ ∂ ∂ ∂ ∂ ∂      	
(7)

Convective heat exchange with the environment 
and initial conditions were taken the same as in SC 
calculation according to relationships (2) and (3). 
The functional, minimizing of which allows form-
ing the necessary system of linear algebraic equa-
tions in scope of finite element solution of heat con-
ductivity problem, for this case will be presented in 
the next form:

	
( ) ( )0

1
2

1 ,2    

T
V

s

T T TE x x y y z z

c T T dV T T q dt ∗
Γ

 ∂ ∂ ∂ ∂ ∂ ∂     = − l + l + l −     ∂ ∂ ∂ ∂ ∂ ∂     

g   − − + a − − Γ  D 

∫

∫
	

(8)

where V is the considered volume in the welded 
structure.

The real data, obtained in continuous flash-butt 
welding of rails on stationary rail welding machine 
K1000 was used for calculation of the temperature 
field. Besides, measurement of the temperature field 

Figure 9. Dependence of thermal efficiency of heating of 5 and 
8 mm diameter contacts on Di passing through SC

Figure 10. Dependence of thermal efficiency of heating of 5 and 
8 mm diameter contacts on temperature of near-contact layer of 
metal adjacent to fusion surface

Figure 11. Distribution of temperature along rail axis in contin-
uous flashing

Figure 12. Change of thermal efficiency in process of continuous 
flashing of rails
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using thermocouples was carried out in welding of 
this joint.

As can be seen from Figure 11, the developed 
model allows with sufficiently high accuracy predict-
ing the kinetics of temperature field in the considered 
case that permits its later on application for selection 
of the optimum temperature modes without perfor-
mance of expensive experiments. In particular, cal-
culation of efficiency for continuous flashing of rails 
was carried out based on (6). The results of numerical 
prediction (Figure 12) show that welding efficiency 
is sufficiently high in the initial period, but it drops in 
process of flashing.

It is caused by the fact that the temperature of 
edges of fused surfaces rises, and thermal efficiency 
varies as in the case of SC heating (see Figure 10). 
Application of this model allows significantly ex-
panding the range of searching the ways for inten-
sification of heating in multifactor regulation of 
the welding parameters, effecting formation of the 
temperature field as well as make easier search of 
the optimum thermal cycles in continuous flash-
butt welding of thick-wall parts.

Conclusions

1. Analysis of the records of welding parameters and 
rail fusion surfaces showed that continuous flashing 
of thick-walled parts can provoke formation of the 
contacts of different diameters, but their maximum 
area does not exceed area corresponding to 5 and 
8 mm diameter contacts.

2 Duration of heating of different area contacts 
with continuous flashing depends on the value of cur-
rent density passing through the contact.

3 There is noticeable dependence of the time of 
contacts heating on the value of current density in 
100–400 A/mm2 current density range.

4. Increase of temperature of the contact surface 
provokes significant reduction of the duration of its 
heating.

5. There were determined the general dependen-
cies of thermal efficiency at continuous flashing on 
current density passing through the contact, and tem-
perature in the contact zone. It is determined that in-
crease of the current density and temperature of the 
contact promotes decrease of thermal efficiency.

The temperature field in continuous flash-butt 
welding of R65 type rails at optimum mode was deter-
mined by calculation. The calculation result is close to 
the experimental one.
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