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PECULARITIES OF MELTING AND MOVEMENT OF AN ELECTRODE METAL 

IN ARC WELDING IN AN EXTERNAL CONSTANT LONGITUDINAL MAGNETIC 

FIELD 

Statement of the problem. Melting and transfer of electrode metal through the arc are one of the 

most important technological factors of welding. It is essential to consider the problems associated 

with the melting of an electrode metal as well as the methods used in this field. Also, considera-

tions should be made of the practical ways of the implementation aimed at the development of an 

efficient welding technology, especially that of construction metal structures. 

Results. Principal factors affecting the speed of an electrode melting in arc welding are consi-

dered. It is shown that the application of an external magnetic field in welding increases the effi-

ciency of an electrode melting at a constant electric power rate. Shape and sizes of an electrode 

drops in a magnetic field are experimentally and theoretically determined. The chemical composi-

tion and mechanical properties of welding joints are experimentally determined. The practical 

guidelines on the development of technological modes of welding, particularly in the production of 

steel bridge structures are formulated. 

Conclusions. A mathematical model proposed and experimental data on melting and transfer in an 

electrode metal allows us to make the conclusions about a potentially beneficial use of external 

magnetic fields in arc welding of building metal structures. 

 

Keywords: arc welding, external constant longitudinal magnetic field, melting of an electrode, drop, characteris-

tics of welding joints, steel welded bridge structures. 

 

Introduction 

A lot of research has been done into the effects of external electromagnetic fields on welding 

processes (e.g.,  [1—5]).  
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The analysis of the research showed that the mechanism of the effect of a magnetic field on the 

transfer of an electrode metal, kinetics of the melting of an electrode has not been studied and 

current ideas and perceptions associated with the issue are largely qualitative.  

This is mostly due to the complexity involved with studying the melting processes in an elec-

trode in the immediate welding (frequent detachments of drops and the arc temperature of 

about 6000 to10000 °C, a variety of acting forces, effect of an electromagnetic field on a liq-

uid electrode metal etc.). Insufficient experimental material has been a hindrance to the qua-

litative characteristics of phenomena. 

This paper seeks to summarize the known results, study the mechanism of the effect of an ex-

ternal longitudinal magnetic field on the kinetics of the melting of an electrode and transfer of 

drops through an electric arc, investigate the efficiency of the melting of an electrode wire, 

carry out a comparative study of the chemical composition and mechanical properties of 

welded joints, provide practical guidelines for the application of magnetic fields while devel-

oping welding modes in the building industry.  

1. Major factors behind the melting rate of the electrode metal 

The nature of the melting and transfer of an electrode metal through the electric arc has a huge 

influence on enthalpy, temperature of the drops, efficiency of welding, the course of metallur-

gy reactions [1, 6—10]. It determines the stability of the process, metal loss,  joint formation 

and other technology factors. 

Lifespan and sizes of the drops have a significant effect on the heat transfer from an active arc 

spot to the solid electrode metal. 

A mathematical model is presented which describes the dependence between melting rate Vср 

of the electrode in non-consumable welding and base characteristics of drop transfer: detach-

ment rate and thickness of a droplet.  

The calculations were made according to the scheme specified experimentally in [1, 6, 7] 

(Fig. 1). 

The formation and detachment of the drop from the electrode has a linear periodical nature 

with triangle signals in the range of 0 < t ≤ T: 
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0( )t t

T

δδ = + δ ,  (1) 

where δ and δ0 is the thickness of the detached and base drop respectively; T is the period of 

the formation of the drop; t is the current time.  

Using the condition of the periodicity of the process, a ratio for the average melting rate of the 

electrode can be obtained: 

 
2срV = δν .  (2) 

 

 

Fig. 1. Calculation 

scheme for average melt-

ing rates of the electrode  

 

In order to verify the experimentally obtained dependence high-speed film footage of the elec-

trode melting from the melting wire Св-08А with the diameter of 2 mm in argon [7] was 

made with the help of an original welding burner [11]. 

The results of the experimental study of the drop transfer as well as the calculation data in the 

ratio (2) are in Table 1.  The design values of the average melting rate VP of the electrode are in 

good agreement with the experimental results Vэ. 

According to [12], the heat conductivity of molten metal rapid drops by 30-40 % compared to 

the heat conductivity of the same metal in the molten state. An electrode metal drop is there-

fore a heat-insulating layer that prevents the heat from transferring from the arc to the solid 

metal electrode. It is thus necessary in melting arc welding to reduce the time a drop is in the 

end and simultaneously increase the sizes of the transferred drops.  
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Table 1 

The detachment rate and comparative melting rates of the electrode  

(experimental and design ones) 

δ, mm v, 1/sec Vэ, m/h VP, m/h 

Reverse polarity  

1.95 11 99 109 

0.78 29 107 115 

0.59 43 125 129 

0.48 58 135 141 

Direct polarity 

2.45 19 215 226 

1.39 32 232 236 

1.12 47 250 267 

1.00 64 295 325 

 

2. Determining the shape of a free surface of the electrode droplet in a stable longitu-

dinal magnetic field and melting coefficient of the electrode metal 

During a welding process taking place in the external magnetic field heat transfer from the 

arc through a molten drop to the electrode solid metal changes [7]. The high-speed film foo-

tage showed that a drop at the end of the electrode starts rotating affected by the electro-

magnetic forces and takes the shape of a flat rotational ellipsoid. The rotation time and its 

thickness on the end of the electrode decrease as the induction of the magnetic field is on 

the rise (Fig. 2).  
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The maximum detachment rate is 60 Hz in the induction of the magnetic field in the weld-

ing area of about 50 mT. Further increase in the induction of the magnetic field has no ef-

fect on the melting rate of the electrode [10]. 

In order to give a mathematical description of the shape and physical processes taking place 

in the rotating droplet (Fig. 3), let us write the Euler equation as a projection of mass forces 

onto the Оxyz coordinates: 

2X x= ω , 2Y y= ω , 
z

Z g
R

= − , 

where ω is the angular rotation speed of the drop; X, Y, Z are projections of the forces onto the 

coordinates; x, y, z are current axis of the point in question within the drop.  

The pressure of the mass forces that affect the elementary volume of the rotating drop is given 

by the equation  

( )dP Xdx Ydy Zdz= + + ρ , 

where ρ is the density of the molten metal electrode. 

 

 

 

 

Fig. 2. Dependence of the maximum thick-

ness of a molten layer δ on the end of the 

electrode (1) and drop transfer rate v (2) on 

the induction of the magnetic field 

  

Fig. 3. Schematic of a drop rotat-

ing on the end of the electrode in 

the longitudinal magnetic field 
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Following the integration of the Euler equations, the general solution looks as follows  

 

2 2 2 2 21

2

g
P x y z C

R
 = ω + ω − ρ + 
 

.  (3) 

The expression (4) is the equation of the flat rotational ellipsoid [7]. 

Equation (3) yields the ratio [7] for the thickness of a molten drop on the end of the electrode: 

 
3

8
r

IB

πσδ = .  (4) 

In order to determine the productivity of the electrode metal welding in the longitudinal mag-

netic field, it is necessary that heat losses in the molten droplet are known.  

Let us examine the heat balance equation in the phase transition (Stefan problem) assuming 

that in the first phase the temperature in the droplet is given by the following conditions: on 

the surface of the phase transition to the solid to molten metal it is abstained at the welding 

temperature (1812°К). On the droplet surface (liquid-gas phase transition) from the arc it is 

equal to the boiling temperature which is 3013 °К.  

Besides, let us assume that within the droplet the temperature is distributed linearly [13]. 

According to the heat transfer equation from the arc to the electrode [14], we can write: 

 1 2

0

( ( ) )
пл пл

q q c T z T dz Q
δ

− = − + δ∫ ,  (5) 

where 1q UI= η  and 2
2 эq r Vc T= π ρ  are densities of the heat flux coming and going out of the 

droplet  respectively, Watt sec/m²; с is the specific heat capacity, J/kg К; Qпл is the latent 

melting heat, J/kg; η is the coefficient of the efficiency of the power supply of the electric 

welding arc; U is the arc voltage (35 W); 2
р э

V I r= α πρ  is the melting rate of the electrode; 

αp is the melting coefficient of the electrode metal, g/А h. 

Following the integration of (5) considering [13] and simple transformations, we get the ex-

pression for the melting coefficient of the electrode metal αp: 
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δ + − δ
η − δ − − δ

δ +
α =

∆
  (6) 

where ∆T is the average temperature of the droplets [13]. 

The calculation results for the thickness of the molten drop δ and melting coefficient of the 

electrode metal αp in comparison with the experimental data are identified in Table 2. The 

results below show the calculation results are consistent with the experimental data.  

 

Table 2 

Dependence of the thickness of the droplet and melting coefficient on the induction of the 

magnetic field 

Note: welding current is 225 А; surface tension coefficient is 1.2 N/m; electrode radius is 

1 mm. 

3. Experimental study of the shape of the droplet and melting rate of the metal electrode 

in arc welding in the external longitudinal magnetic field 

The melting rate of the electrode wire with the diameter of 2 or 5 mm was investigated in au-

tomatic flux-cored welding in the current range of  200—1000 А. The melting rate was esti-

Induction of the 

magnetic field in the 

droplet,  

W mТ 

Thickness of the droplet δ, mm 
Melting coefficient 

αp, g/А h 

calculational experimental calculational experimental 

25 

55 

110 

140 

1.8 

1.3 

1.1 

1.0 

1.9 

1.4 

1.1 

1.0 

8.9 

12.0 

13.3 

13.9 

12.0 

13.4 

14.4 

14.8 
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mated using the melting coefficient αp. The study was carried out by welding of 10ХСНД 

steel plates of 12×200×500 mm used in bridge construction with the help of АДФ-1002 and 

АН-248А flux-cored Св-08А wire. The external longitudinal magnetic field was generated in 

the weld fusion using an electric magnet fitted on the welding end in alignment with the elec-

trode wire [11]. The induction of the magnetic field varied in the range of 0 to100 mТesla. 

For the specified current the wire was supplied at the rate that would ensure a stable weld fu-

sion and the voltage was measured. After the magnetic field was switched on, the melting rate 

of the electrode started to increase which resulted in a longer arc and greater voltage with the 

current decreasing respectively and the rate at which the wire was supplied was therefore in-

creased causing the arc voltage and current to reach their initial values.  

The mass of the welded electrode wire was identified as the difference between the results of 

its weighing before and after the welding. The productivity of the electrode welding was as-

sessed using the melting coefficient αp, g/А h: 
р m Itα = where m is the mass of the melted 

wire over the time t; I is the welding current, А. 

The results of the study are identified in Fig. 4 and 5 that indicate that in the external longitu-

dinal magnetic field the melting rate of the electrode wire increases while the arc power 

supply rebases unchanged.  The induction up to 40 mT shows an almost linear growth of the 

productivity of the melting of the electrode wire (a further induction increase has no effect on 

the productivity). 

The melting rate is mostly influenced by the magnetic field at the direct current (up to 50 %) 

and is least influenced at reverse current (25—30 %). When the arc was supplied with an al-

ternating current, the electrode wire performance was 10—12 % higher than with the constant 

reverse current. The experimental results are consistent with the previously made assumption 

on the magnetic field being conducive to the improvement of the heat productivity observed 

in the active spot.  

Fig. 4 shows the experimental dependencies of the melting coefficient of the electrode wire 

on the induction of the external longitudinal magnetic field for different welding currents and 

electrode diameters. During the welding with the inductions of the magnetic field ranging up 

to 40 mT, the rate of the coefficient growth decreases as the magnitude of the welding current 
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increases, which causes the intersection point to appear. As the welding current hits some val-

ue which is called a critical one, the magnetic field does not influence αp any longer since the 

globular transfer means a high productivity of the electrode melting which relates to the hori-

zontal dashed line in the graphs in Fig. 4.  

 

Fig. 4. Dependence of the melting coefficient of the electrode wire on the induction of the 

longitudinal magnetic field for different diameters of the electrode:  

а — d is the diameter of the electrode 2, 3, 4 and 5 mm respectively;  

1—9: I is 200, 300, 400, 500, 600, 700, 800 and 900 А respectively;  

I, II is the direct and reverse polarity 

 

Fig. 5. Dependence of the critical weld-

ing current on the diameter of the elec-

trode wire: 1 is the direct polarity; 2 is 

the reverse polarity 
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Excessive critical currents are accompanied by a transition from the droplet to flux transfer of 

the electrode metal. No effect of the magnetic field on the coefficient αp is caused by a change 

of the nature of the droplet transfer.  

Its critical values resulting from direct and reverse current welding that make the magnetic 

field no longer affect the productivity of the melting of the electrode wire are graphically pre-

sented in Fig. 5. These dependencies are linear.  

A longitudinal magnetic field is more advisable to be used for when extra weld metal is ne-

cessary in the joint (for the edges of joints, welding works, angular joints, etc.), e.g., in bridge 

construction.  

4. Influence of the external longitudinal magnetic field on the composition of the welded 

metal joint.  

During flux-cored welding the rotation of the droplets increases the time and area of the inter-

face of the molten metal and flux which gives rise to more alloying elements in the joint met-

al. This is why the chemical composition of the welded joints carried out using a conventional 

technology [15] (mode № 1) and joints obtained in the longitudinal magnetic field (mode 

№ 2—4). 

The angular joints were carried out with 7 mm cathetuses of 10ХСНД steel welded alloys in 

the lower position with a 5 mm Св-08ГА wire using АН-348А flux with 41—44 % SiO and 

34—38 % MnO. A constant magnetic field was generated using an electric magnet [11]. 

Welding modes in the magnetic field (Table 3)  reverse currents were selected according to 

[10, 15] while the ratios of the base and electrode metal rebases unchanged.  

The distribution of Cr and Mn in the metal joint were investigated using the local X-ray spec-

trum analysis. The research suggests that in welded alloys these elements were distributed 

evenly along the entire joint. Further on, the quantitative values of the alloy elements Cr, Mn, 

Ni, Si, Cu as well the harmful sulphur impurity were calculated with the help of the spectrum 

method.  The amount of C and S were determined by burning of chips in the oxygen flow fol-

lowed by the estimation of the carbon gas and sulphurous antihydride using an infrared cell. 

The results of the research are in Table 4. 
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Table 3 

Welding modes 

Mode number 
Induction of the magnetic 

field, mT 

Melting rate of the 

electrode, m/h 
Welding rate, m/h 

1 0 72.5 46 

2 10 78.0 51 

3 30 85.0 55 

4 40 91.0 59 

 

Here is the calculated chemical composition of the metal joint. The elements [Э]р  in the joint 

are given by the expression:  

[ ] [ ] [ ]р о эЭ Э m Э n= + , 

where [Э]о and [Э]э are the amounts of the component in the base and electrode metals re-

spectively; m = 0.6, n = 0.4 are the amounts of the base and electrode metals in the joint.   

The actual amount of C, Cr, Ni, Cu in the metal joint during ordinary welding is smaller than 

the computational one (Table 4) which is obviously caused by burning-out of the above ele-

ments under the action of the electric arc. 

During the magnetic pulse welding (Table 4) the amount of the elements in the metal joint 

increases and approaches the computational value as so does the induction. First of all, this is 

caused by a larger melting rate of the electrode which results in the overheating of the droplet 

and burning out of alloy elements. Secondly, the centrifugal force gives rise to the split of the 

electrode droplets that result in the increasing time and area of the interface of the molten 

metal and the flux. Thirdly, alignment of the temperatures of the axial and periphery areas in 

the welded metal due to the rotation [16] promotes blending and cooling of the latter. The 

amount of S does not almost change as the induction of the magnetic field increases.  
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Table 4 

Computational and experimental amount of alloy elements in the metal joint depending  

on the induction of the magnetic field 

V, mT 
Amount of the elements, % 

C Si Mn Cr Ni Cu S 

Experimental values 

0 0.06 0.50 0.92 0.40 0.10 0.32 0.030 

10 0.08 0.50 0.94 0.42 0.12 0.32 0.018 

30 0.08 0.55 0.99 0.47 0.20 0.36 0.015 

45 0.08 0.60 1.00 0.48 0.23 0.35 0.020 

Computational values 

- 0.10 0.49 0.80 0.47 0.34 0.30 0.018 

 

The distribution of microsolidity across the alloy joint carried out in an ordinary welding in 

the magnetic field. Micorsolidity of the specimens in the welded alloy areas is not much dif-

ferent and is 2500—2700 МPa for the base metal, 3000—3300 МPа in the vicinity of the 

joint, 2800—3000 МPа for the joint metal.  

The sizes of the metal grain in the vicinity of the joint is 4.5—9.0 mkm and 18—22 mkm in 

the base metal.  

5. Mechanical properties of welded alloys in the longitudinal magnetic field welding 

Comparative research of T-shaped alloys welded in the longitudinal magnetic field using an 

ordinary technology. That was mechanic welding in the plant manufacture of steel bridge 

structures [15]. For this purpose specimens were made from a 12-mm sheet steel 10ХСНД 
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using automatic АН-348АМ flux-cored welding (electrode wire Св-08А with the diameter of 

2 mm). Angular single-pass joints with 6 mm cathetuses using a welding machine АДФ-1002. 

The arc was power supplied by reverse current from a wire feeder ВС-600. 

The limit of fluidity δT and strength σВ, relative extension δ10 was determined using a standard 

method on the tensile machine with the tension of no less than five specimens (Table 5).  

Table 5 

Comparative mechanical properties of welding joints 

Welding 

Melting rate of 

the electrode, 

m/h 

Induction of 

the magnet-

ic field, mT 

Welding 

rate, m/h 

δT, 

МPа 

σВ, 

МPа 
δ10, % 

According to the 

plant specifications 

[11] 

146 - 26 545 625 24 

In the longitudinal 

magnetic field 
250 50 36 520 660 24 

In modes specified 

in the instructions 

[11] 

   ≥325 ≥470 ≥16 

 

The strength HV of the base metal is 158 and for the joint metal is 177 and 186, and in the vicinity 

of the joint is 177 and 200 according to the plant specifications in the magnetic field respectively. 

In the modes specified in the instruction [15] the strength should be more than  350 HV. 

Mechanical properties of 10ХСНД steel T-shaped joints produced according to both of the 

technologies are completely in accordance with the industry specifications [15]. It is therefore 

to be noted that the melting rate in the magnetic field is 38 % higher. Structural components 

of the  joint metal and in the vicinity of the joint as well as the extension of the latter in the 
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weld specimens are quite identical. However, the joint metal crystallized in the longitudinal 

magnetic field has a more fine-grained structure [17]. 

The tensile tests were carried out at the loading of 10 Hz in 2000000 cycles and asymmetry 

coefficient of the cycle of 0.25, which is in accordance with the actual operation of bridge 

structures. The regressive analysis found the linear dependence between the logarithm of the 

number of the cycles N prior to the failure and maximum strain σmax of the cycle (Fig. 6). The 

results of the tensile tests show that the durability of the welding alloys made in the longitu-

dinal magnetic field is on average 5—10 % higher than that of the alloys made in accordance 

with the plant specifications [15]. 

 

Fig. 6. Results of the tensile tests: 

1 is the welding in the longitudinal magnetic 

field; 2 is in accordance with the plant specifica-

tions [15] 

 

A rise in the resistance to tension in T-shaped joints of bridge structures during magnetic field 

welding is due to the conditions giving rise to the formation of a joint, high amount of alloy-

ing elements [9] as well as a fine-grained disoriented structure of the crystals.  

Conclusions 

1. It was experimentally and theoretically found that an average melting rate of the electrode 

is determined by the frequency and size of the transferred droplets.  

2. A longitudinal magnetic field improves the productivity of melting of the electrode metal in 

arc welding. The maximum increase in the melting coefficient is 50 % (30 %) in direct current 

reverse polarity welding and is 40% for alternating polarity welding.  
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3. The obtained experimental dependencies are consistent with the theoretical calculations and 

permit to determine a necessary melting rate of the electrode wire using the longitudinal mag-

netic field in the development of technological processes in the welding arc and in particular 

welding of steel bridge structures.  

4. In welding in the longitudinal magnetic field as a result of less great burning and more in-

tense chemical reactions taking place between the molten metal and the flux there is alloy 

enrichment of the joint metal which should promote technological and mechanical properties 

of welding joints.  

5. In magnetic field welding as a result of less great burning and more intense chemical reac-

tions between the molten metal and the flux there is alloy enrichment of the joint metal which 

should promote technological and mechanical properties of welding joints.  

6. The comparative research suggests higher properties of welded joints carried out in the 

longitudinal magnetic field compared to the similar specimens welded according to the tradi-

tional technology.  

Despite a great number of publications [1—17, etc.] and stable analysis, potential importance 

as well as the examined physical and chemical phenomena taking place in the vicinity of the 

triple point are the reason why the field needs further scientific and practical attention.   
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