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ABSTRACT 

The essence of the process of electric arc spraying, consists in melting 
the electrodes with an electric arc and continuous separation of the 
liquid metal formed at the ends of the electrodes, a stream of 
compressed air and dispersing it on the sprayed surface 
To use the periodic removal of pulsating air flow of liquid metal from the 
ends of the electrodes, it is important to solve the problem of guaranteeing 
the exclusion of short circuits of electrodes in the complete absence of 
spray flow and constant continuous supply of electrodes to the combustion 
zone of the arc. short circuit and when the spray flow is turned on after a 
pause will ensure the separation and transportation of liquid metal from the 
ends of the electrodes on the sprayed surface. 
It is important to determine the optimal mass of liquid metal and the 
time of formation of a drop of liquid metal depending on the 
technological parameters of the sprayed electrodes and the energy level 
of the arc that melts the electrodes. 
Studies of the determining factors of this process, namely the 
parameters of the electric arc mode, diameter, material and feed rate of 
the electrodes are presented. 
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A method of electric-arc sputtering with a pulsating spraying air flow was developed at the 
department of Automation and mechanization of welding production of Priazovskyi State Technical 
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University. The method’s principle was described in previous works and the results of investigation of 
technological characteristics, a substantial decrease of spraying air consumption was reasoned, as well 
as reduction of alloying elements losses in the coating at electrode materials sputtering. 

However, the data regarding the influence of the main factors upon the particles dispersity of 
the sputtered materials are still missing. This article proposes an analytical evaluation of the mass of 
dispersed particles at electric-arc sputtering with pulsating spraying flow, with regard to the adjusted 
Electric arc metallization (hereinafter EAM) [5] diagram, also noted was the leading influence of 
electric arc energy upon the particles dispersity. 

Figure 1 represents the evaluated diagrams of the forces, acting upon the liquid metal of 
electrodes at electric-arc sputtering. 

Figure 1а – is the diagram for the cases with maximum action of the spraying flow at EAM, in 
accordance with [11, 12] data, when  

             (1) 

where Fst – is the force of surface tension of liquid metal; 

Fel –the electrodynamic force; 

Fj – the force of dynamic action of gas jet upon the liquid metal.  

 

Fig. 1. The diagram of electrodes acting upon the liquid metal at pulsating injection  
of the spraying flow. a – jet action; b – absence of jet action 

1 – sputtered electrodes, 2 – air jet; 3 –spraying air jet; 4 – electric arc; 5 – turbulence (depression) 
area; 6 – liquid metal on electrodes butts; 7 –interelectrode space; 8 – particles of sputtered metal. 

Fst – is the surface tension force; Fel – the electrodynamic force; Fj – the force of gas jet acting upon the 

liquid metal; Fв − the force of turbulence (depression) action at electrodes streamlining by the gas jet.  

In case of absence of jet action (see Fig. 1b) the following forces action at removal of 
emerging liquid metal from the surface of electrodes butts takes place: 

                                        (2) 
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The aggregate correlation of forces, acting upon the liquid metal of electrodes butts at 
pulsating spraying operation flow [7] is represented by the expression (3): 

              (3) 

or for the condition with removal of liquid metal from electrodes butts  

   (4) 

Now, let us consider the action of forces upon the liquid metal for the case when the action of 
the spraying jet at the interval is absent. We shall determine the value of the force of surface tension. 
According to the data provided by B.E. Paton and P.P. Sheyko [7] the value of the force of surface 
tension for ball surface of a drop on the electrode’s butt can be determined from equation by means (5):  

         (5) 

where    − is the radius of curvature of the surface of the drop, in cm,  

 − the electrode radius, cm 

 − the value of surface tension, cm 

The value of surface tension  is reduced nearly linearly with the temperature, turning into 

zero at the critical temperature and can be determined according to Etvesh’s formula. According to the 
data provided in the work [7] with regard to the electromagnetic system, formed by electrode stick-out 
distance and the arc column: 

 ,             (6) 

where    − is metal critical temperature, °К (is determined by Humberg’s collapse =3̸2Тkin) 

 − metal temperature at a particular time instant, °К 
 − metal specific gravity g/cm3 

− metal molecular weight. 

Taking into account the main regularities of electrodes melting at electric-arc welding and arc 
metallization and also the results, obtained by the authors in [5,6], it is possible to maintain that the 
liquid metal at electrodes melting is formed due to arc’s power parameters and it moves, under the 
action of forces towards the electrodes butts with subsequent sputtering by the gas jet. The 
photographs of electrodes butts, pictured in Figure 2 at a momentary stoppage of the electric arc action 
allow us to maintain that the liquid on the electrodes butts possesses the shape close to semi-ellipsoid.   

 

Fig. 2. The character of electrodes butts meltback at arc metallization  
with solid wire Св-08Г2С, 2 mm in diameter;  

1 – liquid metal on electrode butt – the anode; 2 – liquid metal on electrode butt –the cathode  

With due regard to the described above an analytical electromagnetic model with steel 
electrode and electric arc is proposed in Figure 3.  
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Fig. 3. Electromagnetic analytical model, formed by electrodes and the arc column. 
Iсв – is the welding current, L1,L2 –self-inductances, М1,2 –mutual inductance del – electrode’s 

diameter, dст – arc column diameter, вст – the bigger half-axle of the arc column, Rcuy – radius of the 
electrode’s butt curvature ,l – electrode stick-out distance, х – arc length. . 

On the basis of measuring of the parameters of electrodes butts after a momentary stoppage of 
spraying and the analysis of the films of rapid shooting it was found that the value of в could vary 
within the limits of в≈dbl...2dbl, see the diagram in Figure 4.  

The value of the half-axle of semi-ellipsoid is variable and depends upon the rate of 
electrode’s melting and the electrode’s material [7]. 
The value of the surface tension force, acting upon the liquid metal on the butt of the electrode at 
electric-arc metallization is determined from the expression below, with regard to [5 and 6] 

                  (7) 

where   − is the area of the front section of electrode melting with the shape of an ellipse with 

axes parameters  

(Figure 4)                        (8), 

 

Fig. 4. An analytical model of the butt of a solid electrode for evaluation of mliqm 

1 – is the electrode, 2 –the liquid metal on the butt of the electrode, а, в –axles of the semi-ellipsoid. 
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       (10) 

For determination of the value of electrodynamic force which compresses the electrode and 
tries to separate the molten metal from it  the method is applied, its essence being the following 
[7]:electrode’s stick out distance and the arc are considered to be two conductors with Iarc,  current 
forming the system, its magnetic energy is equal to:  

,                                            (11) 

where α = α1+ α2+2М
1,2

 – general inductivity of the system (see Figure 4). 

The electrodynamic force, tending to alter the mutual location of two conductors can be 
determined by changes in the energy of the magnetic system: 

              (12) 

where  μ0 – being the absolute magnetic air permeability; 

R – the radius of the arc column. 

It is obvious from the equation (12) that the electrodynamic force is in square dependence 
upon the arc current and is raised along with the increase of the diameter of its column and the 
decrease of the electrode’s diameter. In [8] an expression for determination of the value of the 
electrodynamic force was proposed, which largely corresponds to the applied analytical model: 

      (13) 

where  А – is the coefficient, equal to 0.005 din /А2, according to the data, provided in [10] 

Iarc – the value of the arc current, А 

rj – the radius of the arc column, cm 

rel – the radius of the electrode, cm 

ij – current density of the arc column, А/cm2  

iel –current density on the electrode, А/cm2  

With regard to the analytical model, represented in Figure 4 for a solid electrode at arc 

metallization, for elР  we may write down through current densities: 

                (14) 

For solid electrodes the current density, according to the data provided in [8] will be determined 

through rel 

                                                          (15) 

The current density of the arc column will be determined on the basis of the model, Figure 4, 
according to A view we assume the arc column possesses the shape of an ellipse, with the bigger axle 

equal to 2  2
2

pol elв в cos


=  and the smaller one equal to 2а = del, thus, we have 
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By inserting the obtained expressions into the original equation (14) we will finally have for 
our case: 

2 (1 2,3 lg
1

2

)

sin
2

el дР AI


= +    (17) 

I.e. we will get the equation for determination of the value of elP . 

On the other hand, by assuming that on the butt of the electrode (at the first stage) the liquid 
metal has the shape of semi-ellipsoid, its maximal volume being equal to [9], Figure 4: 

0,5

2
 ,
3

elv aвc=    (18) 

where  а – is the smaller half-axle of ellipsoid  

в – the bigger half-axle of ellipsoid  
2sin

eld
в


=  

Applying the obtained expressions we can determine the value of half-axles of the semi-ellipsoid of 
the liquid metal on the butt of the electrode в and  с by means of thermalphysic melting indices and 
parameters of the sputtering mod, as the half-axle а is a constant value, equal to a half of the 
electrode’s diameter. Let us, now, establish the dependence: 

 

For the case with the biggest quantity of liquid metal on the electrode’s butt, preceding separation by 
means of Рel it is possible to write down:  

                  (19) 

By inserting the value from equations (10) and (18) we will have: 

          (20) 

Having expressed we will obtain that в – the bigger half-axle of the ellipsoid will be 

determined from the equation:  
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с – is the second small half-axle of the ellipsoid. 
The value of с – can be determined as the thickness of the liquid layer at the discharge 

(pushing out) of the liquid metal from the electrode’s butt. According to the data, provided in [9] the 
thickness of the liquid layer on the electrode’s butt can be determined from this equation:  

,               (22) 

where   − is the arte of feeding of dispersed electrodes, cm/sec; 
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f − the frequency of liquid metal discharging (determined according to oscillograms or shooting 

data). The discharging frequency can be taken with regard to the data, provided in [17], the discharging 

time at being equal to sec, then rev/sec.  

value can fluctuate within the limits:  
For evaluation of с we have: 

                  (23) 

By inserting the obtained expressions into the original equation (18) we’ll get, with due regard 

to the fact that the liquid metal on the electrode’s butt acquires the shape of a semi-ellipsoid (V0,5el) 

               (24) 

The mass of the liquid metal pushed out upon the electrode’s butt will be equal to (assuming 

that ) for a solid electrode  

            

(25) 

In the expression above the values represent physical characteristics of the electrode or 

parameters of the sputtering mode. The value Тliqm can be found in literature [7, 8]. 

It is not difficult to see that , i.e. it depends upon the value of the 

liquid layer of the angle between the sputtered electrodes and the diameter of the sputtered electrodes, 
with regard to [7].  

Applying the diagram pictured in Figure 4 we can determine:  

       (26) 

Thus, we have received the equation that enable us to determine the radius of the curvature of 
liquid metal, depending upon the rate of electrodes feed, their diameter and the angle between them. 

It follows from the data, contained in formula 26 that with growth of the angle between the 

electrodes −  − the value of the curvature radius decreases, it leading to an increase in the thickness 

of the liquid layer upon the butt, a similar influence has acceleration of the rate of electrode feeding as 
acceleration of the feeding rate, as a rule leads to an increase in mass of the molten electrode metal as 
well as in the thickness of the liquid layer. 

An increase in the frequency of spills and in electrodes diameter leads to growth of the 
curvature radius of the surface of the liquid metal on the electrodes butts, it, probably, being connected 
with a decrease in the thickness of the liquid layer. The performed investigations showed that the 
obtained equation reflected actual conditions of electrodes melting and could be applied for 

calculations. By inserting the received value of Rcuy from (26) into the original equation (25) and after 

rearranging it we will have: 

         

(27) 

where А – is a coefficient, equal to 0.005din /А2 (the data obtained from [10]); 

 – the value of arc current, А; 

 – the density of electrode metal, g/cm3 (for Fe= 7,6 g/cm3);  
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 – the angle between the sputtered electrodes, =300; 

 − the spills frequency, assumed to be, =1,100 sp/sec, sec.(Al) or 

according to the data, provided in [17] sec (for steel), =1740 sp./sec; 

 − intensity (26.9) 

 − boiling temperature (-2,5500К, Al – 10000К) 

 − liquid metal temperature (for Fe – 1,5350С) 

 − electrode feeding rate, cm/sec (the main rate 5 cm/sec) 

The obtained expression can be applied for determination of the mass of metal, accumulating 
on the electrode butt at arc melting. 

It can be clearly seen from the determined expression (27) for evaluation of the mass of the 

liquid metal upon the butts of the electrodes that  depends on the parameters of the mode of 

electric arc sputtering, the liquid metal temperature on the electrodes butts and properties of metal. 
The results of calculations and graphical plotting are summarized in the nomogram of dependence 

of  for electrodes the cathode and the anode upon the parameters of electric arc sputtering, pictured in 

figure 7. It can seen in the nomogram that with an increase in arc current the mass of liquid metal on the 
electrodes butts is increased at the same spillage frequency, it being caused by energy increase, generated in 

the arc. On the cathode the value of liquid metal is by ≈3,5∙10-6 kg greater than on the anode for electrodes 

2mm in diameter and by ≈5∙10-6 kg for electrodes 2.5mm in diameter, this is likely to be caused by 
different temperature level. For optimal current values for electrodes 2mm in diameter (Iд=200 А) the value 

of liquid metal mass on the cathode is ≈16,5∙10-6 kg and on the anode ≈13,5∙10-6 kg, for 

electrodes 2.5mm in diameter (Iarc = 250 А) these values are =31,6∙10-6 kg and =28,4∙10-6 kg 

respectively. The level of values of liquid metal mass on the electrodes butts is increased with an increase 
of the electrode diameter. 

 

Fig. 5. Nomogram for evaluation of liquid metal mass on the butts of electrodes (anode and cathode) 

in dependence of the mode parameters of electric arc sputtering, the wire 06Х18Н9Т dbl =2,0; 2,5 mm. 
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The dash-and-dot lines on the nomogram show the values liquid metal mass on the cathode. At 
the raised current values, when the spillage frequency of liquid metal is increased the value of the 
mass of liquid metal is less than on the anode at the equal mode parameters and is for electrodes 2mm 

in diameter Iarc =220…320 А =15…34∙10-6 kg. 

This investigation does not take into account the influence of the spraying stream upon dispersity 

of the coating particles. Still, in [11,12,14,15 et al.] works there are expressions, that take into account 

the influence of the spraying stream upon the dimensions and mass of the sputtered material. 

Represented below are the results of investigation of the frequency of pulsations of the 

spraying flow upon the particles dispersity, with the objective of determining the influence of the 

frequencies of pulsations of the spraying stream upon the value of particles mass: 
 

 
a     b 

 
c     d 

Fig. 6. The microstructure of coatings depending upon the number of pulsations of compressed 

air,×50: a – without pulsations, b –pulsations equal to 43 Hz, c – pulsations 65 Hz, d – pulsations 

105 Hz (powder wire ПП-ММ-2) 

The microstructure of coatings obtained at different frequency of the pulsating air-spraying jet 

with application of powder wire ПП – ММ – 2 is shown in Figure 6. It can be easily seen in the 

photographs that the coating microstructure is practically not changed when the number of pulsations 

is altered. The coating structure is not homogeneous when there are no pulsations in the air-spraying 

flow and has a lot of particles of different shape. Particles dispersity was also determined using the 

method, described in [16], by trapping the sprayed material in a vessel with water. The sprayed 

material was collected, dried and sieved through a set of sieves with different diameter of holes. 

We determined the weight of each fraction in the experimental portion of the sprayed material  

,     (26) 

where  –is the material mass determined on the basis of the results of the experiment, in g 

– the mass of fraction particles, g 

The experiments were conducted for jet pulsation frequencies 0, 20, 40, 60, 80, 100, 120 Hz. 

The results of the fractional analysis for 10Г2ФБ steel grade are shown in Figure 7. 

The character of changes in fractional particles dimensions at spraying of solid section wires is 

not essentially changed at approximately equal ratio of fractions n for different frequencies, as energy 

indices of the material spraying remain unchanged as it was shown earlier.  
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Fig. 7. The character of changes in particles dispersity of particles, depending on the frequency 

pulsations at EAM with application of a pulsing spraying jet, the sprayed material being -10Г2С 

The represented results allow us to arrive at the conclusion that the energy of an electric arc is 

the factor determining the particles dispersity at electric arc sputtering with a pulsating spraying 

stream. At collecting of liquid metal on the butts of the sputtered electrodes, when Fst ≤ Fel the liquid 

metal due to the acting Fel is pushed into the sprayed air flow. At low frequencies (20-30 Hz) of air 

supply an increased collecting of liquid metal is possible in the absence of the flow acting, it leading to 

growth in particles dimensions or to a short circuit. At medium frequencies (40-60 Hz) the time of 

formation of liquid metal on the butts of the electrodes coincides with the frequency of impulses of the 

spraying stream, the dimensions of the particles being optimal, just like at impulse-free spraying. At 

increased frequencies the flow action apparently takes place when the liquid metal has not been 

accumulated yet during the pause and its tearing off with an air stream is done at the recurring 

(repeated several times) action of the spraying stream. At that the value of the mass of liquid metal is 

determined by the arc energy and no essential influence of the frequency of the pulsating stream upon 

the particles dispersity is supposed. It also should be taken into account that the level of the energy of 

the spraying stream is not changed, as the shape and size of the jet of the metallizer, gas temperature 

and pressure, flow conditions remain constant at pulsating electric arc sputtering. 

Conclusions. 

1. The method of melting of sprayed material is proposed at pulsating action of the sprayed stream 

as well as a scheme of electrodes butts action upon the liquid metal with and without air spraying flow. 

2. It was found the level of electric arc energy at constant jet parameters and characteristics of 

gas flow was the critical factor for the coating particles dispersity.  

3. Metallographic analysis and the methods of fixation of dispersed particles in a vessel with 

water allowed us to assert that at sputtering of wires with solid section application of a pulsating 

stream could not exert any essential influence upon the fractional composition of the sprayed material, 

as the mass of particles was determined mostly by energy indices of the electric arc.   
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