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Introduction
       The melting rate of solid wire is
one of the major factors that deter-
mines the productivity of welding and
cladding processes. There are two ways
to represent a melting rate. The first
manner is an instantaneous melting
rate with the dimension [m·s–1], [g·s–1],
or [g·h–1]. It is often used during stud-
ies concerning the melting of a con-
sumable electrode, and is used in this
manner in Ref. 1. It is defined as the
mass of the filler metal melted per the
unit of time. The second manner melt-
ing rate is represented is the specific
rate of melting. It has a dimension
[g·A–1·h–1], and it is widely used in the 

Russian welding industry and science 
literature (Ref. 2). It is known as the
coefficient of melting (CM). The coef-
ficient is frequently used during the
elaboration of technology, for exam-
ple, to calculate the deposit area of
weld bead (Ref. 3)

where Iw is the welding current, am is
the coefficient of melting, ψs is the arc
welding deposition efficiency, γis the
density of electrode material, and Vw is
the welding speed.
       In addition, the mathematical mod-
el of the CM is the major part of a sys-

tem of equations applied to calculate
welding parameters in computer-aided
design (CAD) of technology (Ref. 4). 
       There are numerous studies con-
cerning the melting rate of welding
wire and various investigations have
been carried out with the aim to un-
derstand the influence of welding cur-
rent, welding current waveform, polar-
ity, chemical composition, wire diame-
ter and electrode extension, and
shielding gas composition on the melt-
ing rate. One knows of several experi-
mental studies dedicated to deriving
relatively simple mathematical expres-
sions for the calculation of the melting
rate. 
       Lesnevich (Ref. 1) derived the sim-
ple expressions to calculate the melt-
ing rate as a function of the welding
current density and electrode exten-
sion during gas metal arc welding
(GMAW). To calculate the specific
melting rate, Demyantsevich (Ref. 3)
proposed the equations for GMAW
and submerged arc welding (SAW).
Usually, such equations consist of two
parts. The parts represent the contri-
bution of arc heat and Joule heat to
electrode melting. However, Demyant-
sevich (Ref. 3) suggested the heat
flowing from an anode region of an arc
into the electrode extension is a con-
stant value.
       Allum (Ref. 5) studied the influ-
ence of welding settings on character-
istics of wire melting (wire melting
rate and frequency transfer) during
welding of mild steel with a mixture of
Ar + 5% CO2. Amin (Ref. 6) and Amin
and Nasser-Ahmet (Ref. 7) investigat-
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ed welding in mixtures of Ar + 5% CO2

and Ar + 20% CO2 using low-
carbon wire with drop and spray
modes. Chandel (Ref. 8) investigated
the effect of welding parameters on
the characteristics of the melting of
the electrode wire of low carbon in
welding using a mixture of Ar + 25%
CO2. Also, Chandel (Ref. 9) elaborated
regression models of melting rates,
taking into account the effects of SAW
variables such as welding current, 
electrode extension, and electrode 
diameter.
       It should be noted some studies of
electrode melting rate conducted by
Erohin in argon (Ref. 10), Sannikov et
al. in SAW (Ref. 11), and Amin and
Nasser-Ahmed in a mixture of Ar + 5%
CO2 (Ref. 7) have shown the depend-
ence of the melting rate on welding
current is significantly nonlinear.

Amin and Nasser-
Ahmed have exam-
ined the relationships
between melting rate, current, and
electrode extension for de = 1.2 mm.
From the graphs of these relationships
based on Amin and Nasser-Ahmed’s
data (Fig. 1), one can see the melting
rate plots of the graph corresponding
to different types of electrode metal
transfer have different angles of incli-
nation to the axis of welding current. 
       Rykalin (Ref. 2), Mazel (Ref. 12),
Halmøy (Ref. 13), Waszink and Van
den Heuvel (Ref. 14), and Lancaster
(Ref. 15) performed studies of the
melting rate of an electrode. Using the
theory of heat transfer in an electrode,
Rykalin (Ref. 2) derived an expression
to calculate the melting rate of the
electrode as a function of the welding
current and arc voltage, the enthalpy

of a wire, and metal drops. Mazel (Ref.
12) showed a heat source electrode is
the arc regions (anode or cathode),
and he has stated the energy in these
areas is determined by the electron
work function (here and following the
dimension of electron work function is
V unless otherwise specified), the
thermal energy of electrons, and the
voltage drop in the corresponding arc
region. Halmøy (Ref. 13) studied the
relations between wire melting rate,
droplet temperature, and effective an-
ode melting potential. Halmøy as-
sumed thermal power at the anode tip
is dissipated in an effective anode
melting potential made up of the elec-
tron work function of wire metal and
part of the anode potential in the arc.
He derived from an experiment that

Fig. 1 — Melting coefficient as a function of welding current
(it is built using data from Ref. 7).

Fig. 2 — Comparison of heat power generated by different
heat sources in an electrode extension: welding in CO2, DCEP,
de = 1.2 mm, Le = 13 mm.

Fig. 4 — Droplet enthalpy vs. density of welding current:
welding in CO2, DCEP, ◊ – de = 2.0 mm, □ – de= 1.6 mm,
○ – de = 1.2 mm.

Fig. 3 — Relation between coefficient of melting and density of
welding current for different de and Le: welding in CO2, DCEP.

2015102 May Babkin Supplement.qxp_Layout 1  4/15/16  1:56 PM  Page 164



WELDING RESEARCH

MAY 2016 / WELDING JOURNAL 165-s

effective anode melting potential es-
sentially is equal to or is less than elec-
tron work function. Thus, Halmøy
considered the effect of an anode volt-
age drop on the electrode melting is
close to zero. The Joule heating in the
electrode extension of different weld-
ing wires is calculated exactly for real
values of resistivity and specific heat
using a simple technique of graphical
integration, which yields the distribu-

tion of enthalpy and voltage along the
wire. Adding the effect of anode heat-
ing, a simple equation for the melting
rate was established.
       Waszink and Van den Heuvel (Ref.
14), and Lancaster (Ref. 15) have
found that the dominant processes of
electrode heating are Joule heating of
electrode extension and heat flow
from the arc region (anode or cathode)
through a liquid drop. Using the ener-

gy balance of the process of heating
and melting of the electrode wire,
these authors derived an expression
for the calculation of melting rate as a
function of the energy of indicated
heat sources and enthalpy of drops.
Bish (Ref. 16) proposed a single differ-
ential equation linking melting rate,
electrode extension, and current den-
sity to calculate melting rate. This
equation takes into account both the
heat transport and heat conduction
terms and makes proper allowance for
the variations with temperature of the
electrical and thermal conductivities
of the material of the wire. However,
this equation does not take into ac-
count heat flow from an anode region.
       Experimental works of other au-
thors have confirmed the theoretical

Fig. 5 — Relation between coefficient of melting and den
sity of welding current for different de: welding in CO2,
DCEP, Le = 18 mm.

Fig. 6 — Comparison coefficient of melting for different de:
welding in CO2, DCEP, Le = 18 mm.

Fig. 7 — Comparison between data calculated by Equations
13 and 14 and measured data of the coefficient of melting.
Red line shows data calculated for U* = 6.5 V. Blue line
shows data calculated for U* = 7.9 V. The dots are experi
mental data: welding in CO2, DCEP, de= 1.2 mm, Le = 18 mm.

Fig. 8 — Comparison between calculated and measured data of
the coefficient of melting during CO2 welding, DCEP, de = 2.0
mm, Le = 18 mm. Red line shows data calculated for U* = 6.5 V.
The dots show experimental data.

Table 1 —Chemical Composition of Type Sv08G2C Welding Wire (wt%)

C Si Mn Cr Ni S P

0.05– 0.70– 1.80– Not Not 0.025 0.030
0.11 0.95 2.10 more more

than than
0.20 0.25
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conclusions. The results obtained ex-
perimentally by Maruo et al. (Ref. 17)
can be summarized as follows: Wire
melting rate in GMAW is affected by
effective anode melting potential,
length and resistance of the electrode
wire extension, enthalpy of metal
droplets, and applied electric current. 
       To calculate the rate of melting, the
important information about the en-
thalpy of droplets separated from an
electrode tip, anode and cathode poten-
tial, was obtained by Rabkin (Ref. 18),
Mazel (Ref. 12), Pokhodnya (Ref. 20),
Erohin (Ref. 10), and Soderstrom (Ref.
21) et al. To the best of our knowledge,
for the first time, Rabkin (Ref. 18) has
assessed the magnitude of anode volt-
age drop Ua. He calculated Ua= 2.43 ±
0.29 V, ignoring losses of heat and using

the experimental melting rate of a steel
electrode. Lenivkin and coworkers (Ref.
19) investigated by the probe method
the anode and cathode voltage drop of
the arc. They stated the anode voltage
drop in CO2 welding is changed from 8.8
to 7.5 V as the welding current increases
from 110 to 280 A. The investigations
(Refs. 18, 19) showed an anode voltage
drop Ua is constant and very slightly de-
pends upon welding current. Pokhod-
nya (Ref. 20) determined experimental-
ly the effects of welding current, diame-
ter, and chemical composition of the
wire and shielding gas on a temperature
and an enthalpy of electrode metal
droplets in GMAW. Erohin (Ref. 10)
showed the effect of a droplet’s en-
thalpy on the relative rate of melting
during welding. 

       So, average temperature and en-
thalpy of droplets were determined by
Soderstrom et al. (Ref. 21) from calori-
metric measurements in free-flight
gas metal arc welding in argon for car-
bon steel, stainless steel, and alu-
minum electrodes. The results show a
local minimum in temperature during
the transition from globular to spray
transfer modes. In addition, it can be
seen that temperature and enthalpy of
droplets during globular transfer are
smaller than ones during spray trans-
fer modes. Nakamura and Hiraoka
(Ref. 22) determined the correlations
between equivalent anode melting po-
tential, welding current, electrode di-
ameter, and droplet superheat. In this
manuscript, an equivalent anode melt-
ing potential is the sum of an anode

Fig. 9 — Variance of the CM vs. welding current: d = 1.2 mm, L
= 15 mm, Te = 750 K, blue line for the variance of welding cur
rent 25 A2, red line for the variance of welding current 11 A2.

Fig. 11 — Variance of the CM as a function of process settings
Iw, the voltage drop Ucont at the contact tubewire, electrode
extension Le, temperature of electrode extension T, and their
variances.

Fig. 12 — The CM as function of welding current: GMAW,
argon, □ – experimental data obtained by the authors, de = 1.6
mm, SvAMg6 wire, ▪ – calculated data, d = 1.6 mm, SvAMg6
wire, ○ – processed experimental data obtained by Trinidade
and Allum (Ref. 39), de = 1.2 mm, 99.5% Al wire, ● – calculated
data, de = 1.2 mm, 4043 wire.

Fig. 10 — Variance of the CM vs. electrode extension: d = 1.2
mm, Te = 750 K, blue line for s2(Iw) = 25 A2, red line for s2(Iw) =
11 A2, solid line for Iw = 250 A, dash line for Iw = 150 A.
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voltage drop, work function, and ther-
mal energy of an electron. However,
the droplet superheat is very difficult
to calculate; thus, derived mathemati-
cal equations can be used only as ele-
ments of a numerical solution. 
       Mazel and Pampurs (Ref. 23) in-
vestigated various welding wires and
determined work function for mild-
and low-alloy welding wires as the
function of temperature. They stated
that rimmed steel has the lowest work
function, about 3.9–3.95 eV, low-alloy
steel wires containing Mn and Si have
a work function of about 4.3 eV, and
mild steel has the highest work func-
tion, about 4.8 eV.
       Information about voltage drop,
power, and temperature in a system
“contact tube-wire electrode-arc anode
region-arc-arc cathode region” has
great importance for the calculation of
the melting rate. Waszink (Ref. 24)
calculated the temperature of the wire
and the wire potential, taking into ac-
count Joule heating by the wire cur-
rent, thermal conduction from the liq-
uid drop into the solid metal, thermal
radiation from wire surface, and the

Thomson effect.
Jönsson et al. (Ref.
25) investigated volt-
age drop due to the
contact resistance between the contact
tube and the electrode as a function of
welding current, as well as total power
in the arc, power in the arc column,
and the sum of a power in the anode
and cathode fall regions as a function
of the welding current.
      Shimizu and coauthors (Ref. 26)

studied the effects of an electric contact
between the contact tube and wire on
the voltage drop Ucont and a temperature
distribution along the electrode exten-
sion. In Ref. 26, Joule heating from the
sliding of the wire against the contact
tube during welding was exactly esti-
mated. The contact resistance of the
main sliding point affected the average
temperature of the wire, and the cur-
rent branch affected the deviation tem-
perature of the wire. Also, Shimizu and
coauthors have shown using experi-
ment procedure that Ucont didn’t exceed
0.6 V when intended current was 160 A
and short-circuit current was changed
from 100 to 400 A for Cu-coated wire

and for nonCu-coated wire. 
       In certain recent work (Ref. 27),
researchers offered an expression to
calculate the rate of melting of flux-
cored wire. Richardson et al. (Ref. 28)
took into account the effect of the cur-
rent pulses at the melting rate. Never-
theless, the newly obtained equations
are similar in structure to Lesnevich’s
equation (Ref. 1). In addition, Pente-
gov (Ref. 29) derived an equation to
calculate the voltage drop in slide con-
tact tube-wire from an experiment.
       However, in the result, despite the
significant amount of research on the
issue of calculating the melting rate of
an electrode in GMAW, certain features
of the melting of the electrode wire
were not considered. In particular, the
experimental dependence of droplet en-
thalpy on welding current was not in-
cluded in formulas for calculation of
melting coefficient. In this paper, the
authors discuss a theoretical and experi-
mental study of the melting of the wire

Fig. 13 — Case numbers vs. residuals for Equation 15.

Fig. 14 — Comparison between data calculated by Equation 18
and measured data of the coefficient of melting during CO2
welding.

Table 2 — Conditions of Calculation and its Results

      Source of                  Welding          de         Le
           Iw              The kind              T, K                                       Hdr, J/g                             The CM Calculated

Experimental Data            Wire        (mm)    (mm)     A       of Transfer                             Literature                             Literature           Using Eq. 13

Trinidade & Alllum         99.5% Al        1.2       20     220           spray                400          Refs. 34, 40         3400           Ref. 21                       7.2
                                                                 1.2       15     180           spray                400                                        3400                                              7.2
                                                                 1.2       12     120           spray                400                                        2800                                              8.6
                                                                 1.2       10      85          globular             400                                        2000                                             11.8
        Authors                  Al+6%Mg       1.6       20     180           spray                400                   –                   2600           Ref. 42                       9.2
                                                                 1.6       20     150           spray                400                   –                   2400                                              9.9
                                                                 1.6       20     120           spray                400                   –                   2200                                             10.8
                                                                 1.6       20     100         globular             400                   –                   2000                                             11.8
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during CO2 welding.
       The purposes of this article were
experimental and theoretical studies
of the melting process of the electrode
wire during CO2 welding to explain the
nonlinearity dependence relative melt-
ing rate upon welding current and to
derive mathematical expressions to
calculate the relative melting rate of
the electrode wire during CO2 welding
when an electrode wire is direct cur-
rent electrode positive (DCEP). 

Heat Balance on Electrode
Extension
       Admittedly, in welding with a con-
sumable electrode, the melting of an
electrode depends on two major heat
sources in large measure (Ref. 15). The
first source is the heat generated into
an anode or a cathode arc region. The
second source, in accordance with
Joule law, is the heat generated into an
electrode extension due to electric cur-
rent passing through it. 
       Mazel (Ref. 12) and Lancaster
(Ref. 15) have shown that the energy
released in an anode region of an elec-
tric arc is the function of an anode
drop voltage Ua, an electron work func-
tion ϕ, and the thermal energy of an
electron 

(k is the Boltzmann constant,
Te is the electron temperature of an arc
plasma, and e is the electron charge).
So the amount of thermal power re-
leased in an anode region one may cal-
culate as

where Iw is the welding current. The
expression in the parentheses is the
equivalent anode melting potential
(Ref. 22).

       Similarly, for the cathode region of
an arc one can write 

where Uc is the cathode drop voltage.
       Electric current passing through
an electrode extension contributes

heat, according to Joule law.

where ρ(T) is the electrical resistivity
as the function of temperature, Le is
the electrode extension, and Re is the
electrode radius.
       The electrical resistivity as the
function of temperature may be deter-
mined using Ref. 26.

Equation 5 holds for the temperature
range from 300 to more than 1033 K.
       Other sources of heat exist when
operating with electrode extension,
such as the electric contact tube-wire
(Refs. 24, 26) and the Thomson effect
(the thermoelectric effect)(Ref. 24).
Shimizu and coauthors (Ref. 26) at-
tributed the voltage drop Ucont at the
contact tube-wire with a ratio between
thermal conductivity to the electrical
conductivity of an electrode metal and
the temperature using the Wiede-
mann–Franz law, and they have shown

where L is the Lorenz number (L = 
2.44 × 10−8 WΩK−2), TERT is the electrode
temperature, and Tmax is the maximum
temperature of contact portion. 
       Pentegov and coauthors (Ref. 29)
showed that Ucont depends on wire di-
ameter and feed speed, and they 
experimentally derived the next 
equation 

where Vd is the wire feed speed [m·s–1].
       The Thomson effect occurs since
welding current is passed through a
heated electrode extension. The heat
allocated due to the Thomson effect
(Ref. 30) one can calculate as 

where ΔT is the temperature gradient
and ω(T) is the Thomson coefficient.
       The Thomson effect is the cause of
the heating of an electrode extension
in the case when the electrode is direct

current electrode negative (DCEN) or
it is the source of cooling when the
electrode is positive (DCEP).
       Taking into account the Thomson
coefficient for Armco iron is changed
from –15.3 μV⁄K at 323 K to –26.3 μV⁄K at
523 K (Ref. 30), we have calculated
that the heat evaluated due to the
Thomson effect in electrode extension
is changed from 2 to 8 W when weld-
ing current is increased from 100 to
300 A. This fact allows us to classify
this effect as insignificant. 
       The comparison of the results of
calculation for various heat sources
mentioned previously is shown in Fig.
2. To calculate the heat output of the
anode region, the following factors
were used: the plasma temperature Te

= 9000 K, taken in accordance with
our data (Ref. 31); anode drop voltage
Ua = 2.43 V in accordance with Ref. 18;
and an electron work function ϕ = 4.5
V (Refs. 32, 23). The specific electrical
resistance of the electrode metal we
adopted according to Zinoviev (Ref.
33), ρ = 91.4·10-8 Om·m, for a temper-
ature 1000 K of electrode extension.
To calculate a feed speed Vd used in Eq.
7, the equation was elaborated in the
present research (see following). One
can see the amount of heat power pro-
duced on an electric contact tube-wire
is comparable with Joule heat.
       Our calculated values of the ther-
mal power dissipated in sliding contact
tube-wire are in agreement with the
data of Shimizu et al. (Ref. 26), which
calculated the ones using the meas-
ured contact resistance and welding
current. As it was shown by Shimizu,
the Joule heating power of bulk wire is
about 900 W, so Joule heating power
of the sliding contacts can change the
average and deviation of melting
speed during welding.
       Neglecting the losses of heat
caused by the radiation from the sur-
face of an electrode extension and
from the surface of a droplet, one can
say the sum of the thermal power de-
rived in an electrode extension is used
to increase metal electrode enthalpy,
which may be calculated as

where Hm is the specific heat of melt-
ing, Tdr is the temperature of a drop
detached from an electrode tip, Tm is

Ucont = 2.55
Iw

180de
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the melting temperature, and CL is the
specific heat of electrode metal. Then,
denoting the enthalpy of separating
electrode droplets (Hm + (Tdr – Òm)∙ÑL)
as Hdr, one can write the expression for
calculation of the melting rate [ms–1]
in the case of DCEP.

       From another hand, one may write
using the definition of a melting coef-
ficient. Therefore,

       Expressing αm from the last rela-
tionship and using Equations 10 and
11, one may write the equation for cal-
culation of the melting coefficient
[g·A–1 s–1].

The last expression can be rewritten
using the density of welding current J

       Analogously, one can write similar
equations for the case of DCEN.
       However, the use of Equations 10
and 13 in practice is difficult for the fol-
lowing reasons. First, very little is
known about the magnitude of anode
and cathode voltage drop. There are
conflicting experimental data of Refs.
18, 19, and 13 for carbon steel elec-
trode. Second, enthalpy, electrical resis-
tivity, the work function of an electrode
material and a droplet temperature, is
measured by the functions of arc tem-
perature and the chemical composition
of a material, and their values are not
known with sufficient accuracy now.
       It was the purpose of this research,
therefore, to make quantity descrip-
tion of the melting rate of an electrode

wire devoid of the above-mentioned
drawbacks. The relationships between,
on one hand, the CM and, on another
hand, welding current, an electrode di-
ameter, its extension, and also the en-
thalpy of electrode metal were investi-
gated using statistical methods. The
regression analysis confirmed the re-
peatability of the experimental data. A
simple regression model was devel-
oped based on the known welding pa-
rameters to determine the CM. 
       The following section describes the
materials, equipment, and procedures
employed in this study.

Experimental Details

Materials

       Sheets of 10-mm-thick mild steel
were used. A Sv-08G2S (1.2, 1.6, 2.0
mm diameter) welding wire was used
as filler metal for the welds on the
sheets. The chemical composition of
Sv-08G2C welding wire, according to
Russian standard GOST 14771, is
shown in Table 1. Pure carbon dioxide,
according to Russian standard GOST
5226, was used for a shielding arc. 

Welding Procedures

       A transformer-rectifier type VDU-
504 and an automatic tractor type
ADG-504 were used. During welding,
the electronic device was embedded in
an electrical welding circuit and con-
nected to an IBM-PC that recorded arc
voltage and welding current. The weld-
ing procedure consisted of manually
setting preselected welding variables,
such as welding current, arc voltage,
speed, the diameter of a wire and an
electrode extension, starting the car-
riage and wire feed motors, plus initi-
ating the arc. Direct current electrode
positive was used for making all of the
welds. Melt runs were made using
welding current between 100 and 400
A and at four values of electrode ex-
tensions: 13, 18–20, 23, and 25 mm.
       In studies of the CM, the impor-
tant factor is the electrode extension.
Many researchers have noted the diffi-
culty of precisely determining an elec-
trode extension. This is due to the dif-
ficulty of determining the place of cur-
rent supply in contact tube-wire and
the effect of a droplet’s transition
from an electrode tip to a weld pool on

the electrode extension. Electrical pa-
rameters of a welding process were
written by an oscilloscope, and the
transfer process of droplets was pho-
tographed with the aim of determin-
ing the kind of droplet transfer and
the electrode extension. 
       Experimental data obtained by De-
myantsevich (Ref. 3) in the same con-
ditions were included in the mathe-
matical processing and analysis as our
own data.

Results and Discussion 
       Figure 3 shows the series of graphs
describing the influence of the welding
current density J, the electrode exten-
sion Le, and a wire diameter de on the
coefficient of melting αm. The influ-
ence of the welding current density J
on the CM is not linear. Moreover,
some curves have the minimum,
which is more perceptible with the 1.2-
mm-diameter wire and a small elec-
trode extension (up to 20 mm). This
trend has the close agreement with the
theoretical Equations 10–13. From
these equations, one can see that the
higher the droplet temperature, the
less arc heat conducts to an electrode
through a droplet. An anode voltage
drop and enthalpy could influence the
CM in the same way, but to the best of
our knowledge (Refs. 18, 19, 13), an
anode voltage drop is slightly changed
during a current changing, so it may
be considered as a constant value.
       From the obtained results using
the small wire diameters and the short
electrode extensions, it appears the
CM is degraded when welding current
is increased, but after some current
value, the CM is increased again.
Pokhodnya (Ref. 20) showed the
changing of droplet enthalpy might
cause this fact. Figure 4 shows the
droplet enthalpy is increased from
1600 to 2150 Jg–1 when the welding
current is increased. In addition, one
can see from Fig. 4 that the curves of
droplet enthalpy have the turning
points. Pokhodnya (Ref. 20) attributed
the decrease in droplet enthalpy with
the heating of electrode extension due
to Joule (or resistive) heating. One can
see the maximum points of the en-
thalpy curves correspond to the mini-
mum points of the CM curves, which
are shown in Fig. 4.
       However, the droplet enthalpy of
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the 2-mm-diameter electrode is
abruptly increased from 1750 Jg–1 at
100 A to 2050 Jg–1 at 150 A. More-
over, this curve grows onward monot-
onically without any turning point. In
this case, the absence of a turning
point agrees well with our experimen-
tal data presented in Fig. 3. 
       The effect of the reduced CM when
welding current is increased is only
noticeable when the small welding cur-
rent (with suitable arc voltage) and the
small electrode extension are used,
namely, up to 18-mm extension for
1.2- and 2.0-mm-diameter wires, and
up to 15-mm extension for the 1.6-
mm-diameter wire. Only in these cases
is the amount of Joule heat reduced
and its contribution to the heating of
the electrode small, so the effect of re-
ducing the amount of heat transferred
from the anode region into an elec-
trode extension is manifested.
       The nonlinear dependence of the
CM on welding current was also men-
tioned by Pokhodnya (Ref. 20), who
investigated carbon dioxide welding,
and by Sannikov and colleagues (Ref.
11), who studied submerged arc weld-
ing. Figure 5 shows the curves of de-
pendence of the CM upon the density
of welding current, which have been
obtained by processing Pokhodnya’s
experimental data (Ref. 20). 
       One can see the curve correspon-
ding to the 2-mm-diameter wire has the
minimum; however, the curve corre-
sponding to the 1.2-mm-diameter wire
has not. There is only the ascending
branch for de = 1.2 mm, which corre-
sponds to our data shown in Fig. 3. The
observable explicit minimum of the
curve for de = 2 mm is due to the use of
the small 18-mm electrode extension.
One can see the CM is decreased on ac-
count of the increase in droplet en-
thalpy and the negligible amount of
Joule heat as the consequence of the
small electrode extension, despite the
growth of current density in the range
35 A·mm-2 to 80 A·mm–2. The ascending
branch of this curve corresponds to our
data shown in Fig. 3.
       Figure 3 shows that, under the
same conditions, the CM of larger di-
ameter wires may be equal to or bigger
than that of smaller diameter wires.
An example of this can be seen in 
Fig. 6; at J = 120 A·mm–2, the 
CM of de = 1.6 mm is equal to the one
of de = 1.2 mm provided the electrode

extension is equal to 23 mm in both
cases. The sharp increasing of CM for
de = 2 mm starts at J = 160 A·mm–2

that corresponds to the turning point
of droplet enthalpy for wire de = 1.6
mm.
      Thus, theoretically and experimen-

tally, the enthalpy of drops has a sig-
nificant impact on the melting of an
electrode wire. 

Elaboration of 
Mathematical Models

       Two kinds of mathematical models
for calculation of the CM were elabo-
rated. The first model was established
by using Equation 13. The equation
used multiple regression analysis of
experimental data obtained during
welding in carbon dioxide (Ref. 20) to
elaborate on the relation connecting
the droplet enthalpy, H, with the weld-
ing current density, J, and de . The rela-
tion has quadratic form

where ai are the coefficients deter-
mined during the experimental study.
This equation has the Pearson coeffi-
cient R = 0.9 and explains the 95%
variation of experimental data.
       Figures 7 and 8 show the compari-
son of the data calculated by Equations
13 and 14 with the measured data (Ref.
20) of the CM during CO2 welding for 
de = 1.2 mm and de = 2.0 mm. At calcula-
tions using Equation 13, we have as-
sumed that Ua = 2.43 V, according to
Ref. 18. The temperature of plasma arc
welding in CO2 is equal to 9000 K, ac-
cording to the experiments of Babkin
and coauthors (Ref. 31). Standard mag-
nitude of the work function ϕ for steel
Sv-08G2C is 4.25–4.3 V at 1100° 
– 1200°C (Ref. 23), but Lancaster (Ref.
15) has estimated the magnitude of the
work function ϕ of from 3 to 3.5 V. So
the effective cathode potential U* calcu-
lated from Equation 2 is in the range
6.5–7.9 V. To calculate the electrical re-
sistivity of the electrode alloy using
Equation 5, we must know the average
temperature of electrode extension Tmidl.
One may estimate Tmidl = 750°C for 
de = 1.2 mm (Ref. 34) and Tmidl = 400°C
for de = 2 mm. 

       One can see from Figs. 7 and 8, the
proposed equations allow for calcula-
tion of the CM with acceptable errors.
In consideration of enthalpy as the
function of welding current density,
we have calculated the CM with suffi-
cient accuracy: the absolute error does
not exceed 3g·A–1·h–1, and the relative
error is not bigger than 10% (in case
U* = 6.5 V). 

The Variance of the CM
Calculation and Using the
Equation in Another Area
of GMAW
       It is known (Ref. 35) that neglect-
ing correlations or assuming inde-
pendent variables of the function f(x,
y, z,…) yields a common formula to
calculate error propagation, the vari-
ance formula 

where s(f) represents the standard de-
viation of the function f, s(x) repre-
sents the standard deviation of x, s(y)
represents the standard deviation of y,
and so forth.
       In our case, given the accepted
variances of welding parameters, the
calculated values of the variance s2(αm)
were defined using 

       Taking into account the welding
process settings are subject to random
perturbations, random error calculation
of the CM has been determined by
means of mathematical statistics. We
assumed the variance calculation result
CM from Equations 12 and 13 is a func-
tion of process settings such as welding
current, the voltage drop Ucont at the
contact tube-wire, electrode extension,
temperature of electrode extension, and
their variances (Ref. 35).
       The “three sigma rule” (Ref. 38)
was used to estimate the standard de-
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viation (SD) of each parameter mode.
Direct welding current during CO2

welding is changed periodically due to
melted droplet transfer. However, gen-
erally one can consider that mean or
MSR welding current is changed
slightly (Ref. 37) during the stable
process. In accordance with Adolfs-
son’s data (Ref. 37), the welding cur-
rent maximum deviation from the av-
erage is in the range from 10 to 15 A.
So we have defined SD = 15/3 = 5 A
and then the variance of the welding
current s2(I) will be equal to 25 A2. If
the maximum deviation of welding
current is 10 A, then the s2(I) is equal
to 11 A2. We have assumed the maxi-
mum deviation from the average 
electrode extension is 0.3 cm, then 
SD = 0.3/3 = 0.1 and variance s2(L) =
10–2 cm. Assuming that the tempera-
ture of electrode extension has the
maximum deviation from the average
30 K, we have SD = 30/3 = 10 K. Then
the variance s2(T) will be equal to 
100 K2.
       The calculations using Equation 15
show (Fig. 9) the change of welding
current from 100 to 300 A for 1.2-
mm-diameter welding wire leads to an
increased variance of the CM from 0.1
to 0.2 until 0.9 to 1.7 g2A–2h–2. More-
over, for the welding current in the
range from 100 to 270 A, the variance
of the CM is almost constant and does
not exceed 0.2 g2A–2h–2. The sharp in-
crease in the variance of the estimated
value of the CM occurs at currents
over 300 A.
       As shown in Fig. 10, the variance of
electrode extension has a small effect
on the variance of the CM, when the
changing of electrode extension is in the
range from 10 to 20 mm. It also shows
that, when using low currents (150 A),
the variance of CM even decreases with
increasing electrode extension. 
       To determine the confidence inter-
vals of calculated value of the CM, the
next expression was used (Ref. 38)

where tβ = 3, tβ = 1.96 when probabil-
ity equals 99.73 and 95%, respectively. 
       As shown in Fig. 11, when the vari-
ance of all above welding parameters is
taken into account, the variance of the
CM tends to a deviation from the de-
sign value of CM from 
0.5 g/(A·h) at low currents up to 2

g/(A·h) at 330 A. Thus, in the worst
case, the relative error of calculation is
not more than 8%. This result can be
considered quite acceptable for practi-
cal calculations.
       In addition, Equations 12 and 13
can be used to calculate the CM in
GMAW when other shielding gases and
wires of other chemical compositions
are used. Following are two examples of
the application of Equations 12 and 13.
       As the first example of the use, we
have calculated values of the CM using
experimental data obtained in Ref. 39
when 1.2-mm aluminum wire contain-
ing 99.5% Al was used during welding in
argon. Steady direct current electrode-
positive (DCEP) welding was per-
formed. Figure 12 shows the results of
experimental data processing (Ref. 39)
and the results of calculation using
Equation 13. Conditions and results of
the calculation of the CM are shown in
Table 2. 
       Due to a lack of data for pure alu-
minum wire, the enthalpy of aluminum
drops was accepted according to Ref. 21
despite using in this work the 4043 wire
containing 5% Si. The temperature of
electrode extension was adopted in ac-
cordance with Refs. 34, 40. Considering
that the work function of Al is equal to
4.05 eV (Refs. 30, 32), electron thermal
energy at arc temperature 104K (Ref.
41) is about 1 V, and the lower estima-
tion of anode drop voltage is 1.5 V (Ref.
18), we have determined the equivalent
anode melting potential U* = 6.55 V.
The values of the resistivity and the for-
mula for the temperature dependence
of the resistivity of aluminum were tak-
en in accordance with Ref. 42. One can
see in Fig. 12 that the calculated values
of the CM are in satisfactory agreement
with the experimental data of Trinidade
and Allum (Ref. 39) in a spray area. 
       The second example of an applica-
tion of Equation 13 was carried out to
calculate the CM using the authors’ ex-
perimental data. The authors obtained
data concerning the CM of 1.6-mm-
diameter wire Sv-AMg6 (essentially
Al-6Mg) during welding in argon. Ex-
periments were carried out over the
steady current range 100 to 300 A
DCEP, with an electrode extension of
20 mm. A transformer-rectifier type
VDU-504 was used.
       When calculating, we tentatively
adopted the temperature of electrode
extension for d = 1.2 mm in accordance

with (Refs. 34, 40) due to lack of tem-
perature data for wire with a diameter
of 1.6 mm. In addition, we have accept-
ed the droplet enthalpy of Sv-AMg6
wire using data from Ref. 43, which in-
vestigated the commercial 4043 alu-
minum (essentially Al-5Si) filler metal
wire with a diameter of 1.6 mm. Assum-
ing that the electron work function can
be attributed to the additive properties,
we have identified an equivalent anode
melting potential U* of wire, given its
chemical composition. 
       So, knowing the work function of
Alϕ = 4.25 eV and Mg ϕ = 3.66 eV
(Refs. 30, 32) and their shares in the
wire as 0.93 and 0.07, respectively, elec-
tron thermal energy at arc temperature
104K (Ref. 41) is about 1 V, as well as the
lower estimation of anode drop voltage
Ua = 1.5 V (Ref. 18), we have calculated
U* = 6.52 V for the wire Sv-AMg6. Be-
cause of the lack of data about the value
of voltage drop in contact tube-wire one
accepted Ucont = 0. Figure 12 shows that
the calculated values of the CM are in
good agreement with the experimental
data in a spray area. At the same time,
the calculated values described changes
of the CM qualitatively well in all areas
of transfer.
       Some deviations of the calculated
values from the experimental data, es-
pecially for d = 1.2 mm, have occurred
probably due to the mismatch between
the areas of droplets’ transfer modes
and therefore between the values of
droplet enthalpy of the wires studied
and adopted for the calculation by rea-
son of their different chemical composi-
tion. In addition, the great difference
between the work function of silicon
(4.6 eV) and magnesium (3.6 eV) can
have a significant impact on the work
function of the wires applied respective-
ly in Ref. 43 and in our study.
       Thus, it was shown in two examples
that in spite of the lack of accurate data
on the enthalpy of droplets and elec-
trode extension temperature of studied
welding wires, the equations derived in
this study allow us to qualitatively and
correctly describe the change in the co-
efficient of the melting as a function of
welding current. 
       In connection with the previously
mentioned difficulties of calculating the
CM, following the more simple equa-
tions are offered for industrial 
applications.
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Experimental Formulas 
       The enthalpy of electrode drop is
not known for many cases of arc weld-
ing; therefore, one needs to develop a
regression equation to calculate the
CM. The second model was elaborated
using simplification of Equation 13 to

       Many researchers proposed using
regression theory for deriving an
equation to calculate CM due to the
uncertainty of U* and ρ. Thus, Suban
and Tušek (Ref. 27) proposed the
equation to calculate a melting rate α ̅
with dimension [g·s–1]

where the coefficients a, b are deter-
mined during an experimental study. 
       As Korinets (Ref. 44) did in the
last equation, one can derive the ex-
pression for calculation of the CM
with dimension [g∙A–1∙h–1]

However, the error of this equation
reaches 50% in CO2 welding (Ref. 44). 
Taking into account the nonlinearity
of the relationship αm–J, the last equa-
tion may be written in a nonlinear
form as

where the coefficients a1 = 0.675 ±
0.214, a2 = 0.431 ± 0.052, and a3 = 0.349
± 0.076 were determined by authors us-
ing experimental data of GMA welding.
The electrode diameter and electrode
extension have dimensions in mm. The
density of the welding current has di-
mension A/mm2.
       The analysis of variance (ANOVA)
technique has been used to check the
adequacy of the developed model. Vari-
ance tests for the model, t-test, p- value,
standard error of estimate, and coeffi-
cient of multiple correlations have been
estimated. This equation has the Pear-
son coefficient R = 0.83 and explains
69% variation of experimental data. 
       It should be mentioned (Fig. 13)
that the maximum errors of calculation
using Equation 15 occurred in the range

of little current (before the turning
points): the absolute errors do not ex-
ceed 4 gA–1 h–1 and the relative error is
not bigger than 15%.
       In practice, welding processes often
are carried out at welding currents that
are higher than that which corresponds
to the CM minimum; therefore, for
practical application, it is necessary to
accurately describe the ascending
branch of the curve αm–J. Noting that
the ascending branches of the relation-
ships, αm–J are exponential in nature,
we have proposed the following formula

where the coefficients a1 = 3.456 ±
0.706, a2 = 0.00295 ± 3.13·10–4, and
a3 = 0.363 ± 0.07 were determined by
authors using experimental data of CO2

welding. The dimension of electrode ex-
tension is in mm, and the J is A/mm2.
In fact, the positive correlation was re-
ported by the Pearson coefficient R = +
0.86 and determination coefficient R2 =
0.74. 
       Figure 14 presents examples of the
comparison between data calculated by
Equation 18 and measured data of the
coefficient of melting for different elec-
trode diameters. 
       In addition, we have derived a for-
mula for calculating the wire feed speed
[m/min] using regression analysis of
our experimental data 

where k = 6000 when the electrode size
is set in centimeters. The dependence
obtained was in good agreement with
the data of many studies. Comparison
of the calculated data to the known
studies shows that the relative error
does not exceed 5%.

Conclusions
       1) It was shown that the coefficient
of melting has nonlinear dependence
upon density of welding current. The
nonlinear dependence one can explain
by the influence of changed enthalpy of
electrode droplets, which in its turn is
caused by the changing of welding cur-

rent. The existence of the minimum of
the coefficient of melting is caused by
the maximum of the enthalpy of elec-
trode droplets. 
       2) The deterministic and stochas-
tic expressions were elaborated to cal-
culate a coefficient of solid wire melt-
ing during CO2 welding. The determin-
istic expression describes the heat
processes developing in three major
heat sources: an anode arc region, an
electrode extension, and a contact
tube-wire. The regression relationship
was derived to describe the processes
of heat absorption in an electrode ex-
tension. Simple stochastic expressions
described an influence of welding cur-
rent, an electrode diameter, and an
electrode extension on the coefficient
of melting. 
       3) During welding, the variance of
such parameters as welding current,
electrode extension, and its tempera-
ture leads to the variance of the coeffi-
cient of melting, which in its turn
leads to a deviation from the design
value of the coefficient of melting. As-
suming that the variance of the weld-
ing current is equal to 25 A2, the vari-
ance of electrode extension is equal to
10–2 cm, and the variance temperature
of electrode extension is equal to 100
K2, the calculations of the deviation
from the design value of the CM have
been made for welding wire d = 1.2
mm. It was shown that deviation of
the CM changed from 0.5 g/(A⋅h) at
low currents up to 2 g/(A⋅h) at 330 A.
Thus, in the worst case, the relative er-
ror of calculation is not more than 8%.
This result can be considered quite ac-
ceptable for practical calculations.
       4) In spite of the lack of accurate
data on the enthalpy of droplets and
electrode extension temperature of
studied welding wires, the equations
derived in this study allow us to quali-
tatively and correctly describe the
change in the coefficient of melting as
a function of welding current. 
       5) The deterministic expression of
the coefficient of melting, including
the connection between the enthalpy
of electrode droplets and welding pa-
rameters (electrode diameter and den-
sity of welding current), allows one to
calculate it with the relative error,
which is no bigger than 10%. The rela-
tive error of calculating the coefficient
of melting by using the stochastic ex-
pression does not exceed 13%. 
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