
Power Characteristics in GMAW: 
Experimental and Numerical Investigation 

Arc length proves to be a significant controlling factor 
for energy passing through the arc 
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ABSTRACT. The voltage and power dis- 
tributions in gas metal arc welding 
(GMAW) were studied both experimen- 
tally and numerically. The principal volt- 
age drop takes place in the arc, which 
also constitutes the dominant power con- 
tribution. Within the arc, the dominating 
voltage contributions are from the arc 
column and the cathode fall, while the 
anode fall and the electrode regions are 
less significant. The power input to the 
arc column increases with both increas- 
ing current and increasing arc length. 
These results indicate that it is critical to 
control the arc length in order to control 
the power input to the system. 

Introduction 

In gas metal arc welding (GMAW), a 
consumable electrode is melted, forming 
metal droplets that are then transferred to 
the workpiece where they solidify. This 
transformation affects the final shape and 
quality of the weld (Ref. 1). In order to 
control this transfer process, it is neces- 
sary to understand the influence of arc 
characteristics such as power, voltage, 
and temperature on droplet formation 
and detachment, and the general nature 
of the arc-weld pool interactions. 

Eagar (Ref. 2) concluded that the tem- 
perature of the welding arc does not have 
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a primary effect on the arc welding 
process. This conclusion was based on 
the work by Cobine and Burger (Ref. 3) 
and Quigley, et al. (Ref. 4), who showed 
that the major part of the energy trans- 
ferred to the anode from the welding arc 
is carried by the electric current, while 
convection and radiation from the 
plasma gases are responsible for only a 
minor part of the energy transferred. 
These findings show the importance of 
studying the electrical characteristics in 
the GMAW system. Some work has been 
done to address the voltage-current (U-I) 
relationship for GMAW. Jackson, for ex- 
ample, reported data on the U-I charac- 
teristics for GMAW of steel for various 
shielding gases (Ref. 5). Also, Halmoy de- 
rived the arc voltage as a function of both 
current and arc length (Refs. 6, 7). In that 
study, the arc voltage was defined as the 
welding voltage minus the voltage in the 
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electrode extension. 
The purpose of this article is to de- 

scribe our study of the power character- 
istics in GMAW of mild steel. In doing so, 
we first had to study the voltage charac- 
teristics of the system. The first part of the 
article reviews the literature and de- 
scribes our theoretical modeling work. 
Then we present the experimental pro- 
cedure, and evaluate the voltage contri- 
butions in the different parts of the 
GMAW system, and the power charac- 
teristics in the arc. 

Background 

The GMAW arc region for a conven- 
tional reverse polarity arc consists of the 
following main components, as shown in 
Fig. 1: contact tube, consumable elec- 
trode, anode fall region, arc column, 
cathode fall region, and workpiece (weld 
pool). The distribution of electric poten- 
tial between the contact tube and the 
workpiece can be divided into the fol- 
lowing separate contributions to voltage 
drops: due to the contact resistance be- 
tween the contact tube and the consum- 
able electrode (Ucont), consumable elec- 
trode (Uelec)  , anode fall region (Uan)  , a r c  

column (Ucol), and cathode fall region 
(Ucat). 

Below, we briefly discuss previous 
work dealing with these individual arc 
components. For cases where no infor- 
mation is available for GMAW systems, 
studies dealing with other arcs will be in- 
cluded for completeness. We also pre- 
sent an equation for evaluating power 
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electrode has also 
been studied by 
Waszink and van 
den Heuvel (Ref. 8). 
The voltage drop 
was 4.0 V to 4.5 V 
for a current of 150 
A, a wire speed of 
0.074 m/s (175 
in./min), and an 
electrode extension 
of 37.5 mm. 

Fig. 1 - -  The G M A W  system. 

Uan 

The anode fall 
represents a layer in 
wh ich  local ther- 
mal equ i l ib r ium 
does not exist (non- 
LTE). For gas tung- 
sten arcs the tem- 
perature of the 
heavy particles 
(ions, atoms) 

workpiece rapidly approaches 
(cathode) the temperature of 

the anode, wh i le  
the electron tem- 
perature remains 
high, to maintain a 
conduct ing path, 
even close to the 

anode surface (Ref. 9). The maximum 
thickness of the anode fall region, to 
which these nonequi l ibr ium effects are 
confined, has experimentally been deter- 
mined as 0.05 to 0.1 mm for carbon arcs 
(Refs. 10, 11). 

The anode fall voltage for metals in an 
argon atmosphere has been measured 
and estimated to range from 1 to 11 V for 
arc lengths of 1 to 10 mm and currents of 
50 to 500 A (Refs. 12-15). In these stud- 
ies, Uan decreased as the current or the 
temperature near the anode increased 
with a reduction in the arc length (Refs. 
12, 15). In another study, the anode fall 
voltage decreased wi th  a decreasing 
thermal conductivi ty of the base metal 
(Ref. 16), and finally, some analyses even 
predicted the anode fall voltage to be 
negative (Refs. 17, 18). All this work was 
carried out in GTAW systems. As far as 
we know, no similar work pertaining to 
GMAW systems has been reported in the 
literature. 

characteristics and discuss previous stud- 
ies dealing with arc power and arc radi- 
ation. 

Voltage Characteristics 

Ucont 

The voltage drop due to the contact 
resistance between a contact tube and a 
stainless steel electrode was experimen- 
tally determined by Wassink and van den 
Heuvel (Ref. 8). A voltage drop of 0.3 V 
to 0.6 V was measured for currents of 100 
to 250 A, arc lengths of 6 to 10 mm (0.24 
to 0.4 in.), and electrode extensions of 
27.5 to 37.5 mm (1.1 to 1.5 in.). 

Uelec 

Halmoy (Ref. 7) presented an expres- 
sion for the total voltage in the consum- 
able electrode Uelec in GMAW given as 

Ue M Hrn Vw 

J (1) 
where H m is an experimental constant 
representing the total heat input per unit 
volume of wire necessary to melt and de- 
tach the droplets, v w is the wire feed 
speed, J is the current density, and go is the 
work function of the electrode material. 
The voltage drop in a consumable steel 

Ucat 

Similar to the anode region, the cath- 
ode fall region also represents an area 
where non-LTE exists. For gas tungsten 
arcs, the temperatures of the heavy parti- 
cles approach the temperature of the 
cathode surface, whi le the electron tem- 
peratures remain higher. The electrons 

are responsible for provid ing electr ic 
conduct iv i ty  (Refs. 19-21). The maxi- 
mum thickness of the cathode boundary 
layer has been experimentally estimated 
as 0.1 mm for thermionic cathodes found 
in GTAW (Ref. 10). 

The physics of the cathode fall region 
in GMAW of iron-based alloys is not well 
understood. Guile lists iron as an element 
for which it is not clear whether cathodic 
emission of electrons is thermionic or 
nonthermionic (Ref. 22). However, sev- 
eral observations indicate that iron be- 
haves more nonthermionic  than 
thermionic.  First, Essers and Walter 
found that the calculated value of the 
current density, as a result of thermionic 
emission, is very low (Ref. 23). Second, 
calculated values of the current density, 
as a result of thermionic emission, have 
shown good agreement only with exper- 
imental data on materials with boi l ing 
points of at least 4000 K (Ref. 16) The 
boi l ing point of iron is approximately 
3273 K. Finally, a mobile cathode be- 
havior, similar to what is usual ly ob- 
served for nonthermionic cathodes such 
as aluminum (Ref. 24), is also observed 
in GMAW of steel (Ref. 25). 

Though there has not been extensive 
research on the voltage drop in the cath- 
ode region (Ucat) a few studies do exist. 
Lancaster (Ref. 25), for example, esti- 
mated the cathode fall voltage for 
GMAW of steel as 15 V for a 118-A cur- 
rent. This value was derived from Pin- 
tard's (Ref. 26) measured voltage of ca. 
19 V at an arc length of zero, along with 
the assumptions of a 2-V drop in both 
the electrode and the anode fall region. 
Other data of the cathode fall voltage, 
valid for arcs in general, are given by 
Gui le (Ref. 27) as 10 to 20 V. Also, Vijh 
has calculated the cathode fall voltage 
for pure iron as 16.2 V (Ref. 28). This 
value agrees well  with the experimental 
values of 17.1 to 18.0 V given by 
Grakov (Ref. 29), for current levels of 5 
to 25 A. 

Arc Power 

The arc length determines the current 
and arc pressure distribution on the weld 
pool, which in turn determines the size 
and the shape of the weld fusion zone 
(Ref. 30). When the arc length is too 
short, the electrode can contact or short- 
circuit to the weld pool, which results in 
reduced base metal melting, a high, nar- 
row weld deposit, variations in the heat 
input, and increased chances of forming 
weld defects. Excessive arc length causes 
a flat, shallow deposit, allows the arc to 
wander and increases spatter, and may 
cause porosity from air aspirated into the 
shielding gas. 
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The power P can be calculated using 
the expression 

P = UI (2) 

where U is the voltage and I is the weld- 
ing current. 

The total process voltage Uto t can be 
expressed as 

Uto t = Ucont + Uelec + Uar c (3) 

where Ucont is the voltage drop due to the 
contact resistance between the contact 
tube and the consumable electrode, 
Uelec is the voltage drop in the consum- 
able electrode, and Uar c is the voltage 
drop in the arc. Because of the compos- 
ite nature of the total process voltage, a 
measure of the true arc voltage alone 
cannot be obtained. Therefore, control- 
ling the total process voltage does not en- 
sure a constant arc length. Other work, 
however, has shown that arc radiation 
may be used to control the arc length 
(Refs. 31, 32). 

The study of how arc radiation is re- 
lated to arc geometry and welding para- 
meters has been limited to the GTAW 
process (Refs. 33-35). Studies of the 
GMAW process have concentrated on the 
fraction of the total power that is input to 
the work (Reg. 36, 37). The fraction of 
power leaving the arc by radiation Pr in 
GTAW (Ref. 33) and other high current 
arcs (Refs. 38, 39) has been modelled as 

Pr = 0lUar c (4) 

where 0 is the fraction of arc power lost 
by radiation. An upper boundary for Pr 
can be calculated as the total power less 
the amount of power delivered to the 
workpiece. Using Ref. 36, the maximum 
Pr is 15% of the total power input to the 
process. 

Even though Equation 4 was devel- 
oped for GTAW, which does not include 
the complication of metal transfer across 
the arc, it can be applied to GMAW to 
obtain a measure of the power radiated 
by the arc. 

Theoretical Model ing 

The voltage drops in the arc column 
and in the electrode were calculated 
using a two-dimensional  steady-state 
model and a one-dimensional steady- 
state model, respectively, as described in 
the fol lowing. 

Calculation of the Voltage 
Drop in the Arc Column 

A two-dimensional steady-state math- 
ematical model has been developed to 

predict properties 
(for example: ve- 
locity, temperature, ~ r,u 
pressure, voltage) 
in the arc region of 
the GMAW z , w  : ,, 
process .  In an ear-  , 
l ier  s tudy,  t h e  
m o d e l  w a s  app l i ed  
to G M A W  of  a lu -  

a n o d e  m i n u m  in an argon B'. 
a t m o s p h e r e  (Ref. 
40). Calculated val- 
ues for tempera- 
tures at a location 
hal fway between 
the electrode and 
the workpiece dif- 
fered by 0 to 6.1% 
for current values of 

I 150 A and 0 to 
3.8% for 250 A, in 
comparison wi th  
spectroscopically 
measured tempera- 
tures (Ref. 41). For 
this investigation, the model is applied to 
GMAW of mild steel. 

The primary difference from the ear- 
lier model application to GMAW of alu- 
minum (Ref. 40) is that the arc column is 
modeled under the assumption of local 
thermal equi l ibr ium (LTE). Thus, the sim- 
plified approach to account for non-LTE 
conditions in the anode and cathode fall 
regions (through source terms in the 
plasma region close to the anode and 
cathode) is not used. The purpose of this 
approach is to focus on modeling the 
electric characteristics taking place in 
thermal equi l ibr ium.  As a result, the 
equi l ibr ium voltage drop in the arc col- 
umn can be calculated more accurately. 
The anode and cathode fall voltage are 
estimated by the combined theoretical 
and experimental approach used in this 
study. 

The fol lowing paragraphs summarize 
the important assumptions, equations, 
and boundary condit ions used in the 
model. A more detailed description of 
the mathematical model can be found in 
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Fig. 2 - -  Region o f  integration for arc model. 
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G 

an earlier publication (Ref.40). 

Mathematical  Formulation 

The outl ine of the computational do- 
main for the welding arc is shown in Fig. 
2, and the variables used in the figure are 
defined in the Appendix and Table 1. The 
system is assumed to be axisymmetric 
and steady. The gas f low is assumed to be 
laminar. This can be justified in a similar 
way used by McKelliget and Szekely for 
a GTAW system on the basis of laminar- 
turbulent transition of a free jet (Ref. 42). 
The plasma is assumed to be pure argon 
at atmospheric pressure, although the 
calculations are simulating experiments 
where a 95% argon - 5% carbon dioxide 
gas mixture is used. This assumption is 
necessary due to the lack of high-tem- 
perature thermophysical data for this gas 
mixture. The validity of this assumption 
is probably good, since additions of 5% 
oxygen (which is also an ox id iz ing 
reagent as carbon dioxide) to an argon 
plasma were found to have a negligible 

Table 1 --  Boundary Conditions for the Arc 

Fig. 2 u w h, T(K) ¢' 

BC, CD, AD 0 0 1810 0 (AD) 
DE 0 8pw 300 8{ 

- - = 0  - - = 0  8z 8z 
EF, FG 0pu 0w 300 (inflow) 0~ 

o-7- = o or- = o Oh Or = 0 
O-r = O(outflow) 

I IH 0 0 1810 lc = 

HG 0 0 1000 0 

Integration domain shown in Fig. 2 
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Fig. 3 - -  Outline of the welding equipment. 

effect on the calculated arc parameters 
(Ref. 43). Also, the plasma is assumed to 
be in local thermal equi l ibr ium (LTE)(i.e., 
the electron and heavy particle tempera- 
tures are very similar). Hsu and cowork- 
ers (Refs. 44, 45) showed that this as- 
sumption is accurate through most of a 
gas tungsten arc, except near the anode 
and cathode surfaces and in the fringes. 
The plasma is optically thin so that radi- 
ation may be accounted for by using an 
optically thin radiation loss per unit vol- 
ume. The influence of metal droplets is 
neglected. The consumable electrode is 
assumed to be cylindrical. Finally, the tip 
of the electrode and the workpiece sur- 
faces are assumed to be flat. 

In applying these assumptions, the 
equations (written in cylindrical coordi- 
nates) that need to be solved are conser- 
vation of mass, radial and axial momen- 
tum, thermal energy, and charge 
continuity (expressed in the form of the 
electrical potential). The definit ion of the 
electric potential is used to calculate the 
current densities, and Ampere's law is 
used to obtain the self-induced magnetic 
field. 

The boundary condi t ions for the 
welding arc are listed in Table 1, and the 
variables used in Table 1 are defined in 
the Appendix. In the anode region (BC, 
CD in Fig. 2) a no-slip condit ion is used 
for the momentum boundary conditions. 

A no-slip condit ion means that the axial 
and radial plasma velocities very close to 
the anode and the cathode are very small 
(zero). The anode's enthalpy was calcu- 
lated by considering a value correspond- 
ing to the melting temperature of pure 
iron, 1810 K. The equation for the con- 
servation of charge continuity is the only 
equation to be solved wi th in the elec- 
trode region, and therefore, the electric 
potential is set to be constant in region 
DA - -  Fig. 2. In region DE, a zero mass 
f low gradient oqpw/~3z was postulated, to- 
gether wi th an inlet enthalpy corre- 
sponding to a temperature of 300 K. 
Since it is not clear where inf low EF and 
outf low FG wi l l  take place in the fringes 
of the arc column, zero radial mass f low 
r3(pu)/oqr and zero electric potential oq~/c-)r 
gradients were specified. 

Furthermore, the enthalpy is assumed 
to correspond to a temperature of 300 K 
for the gas entrained into the system, and 
the enthalpy gradient 3h/oqr is assumed to 
be zero for mass f lowing out of the sys- 
tem. Finally, in the cathode region GHI, 
a no-slip condit ion is used for the mo- 
mentum equations. The cathode surface 
enthalpies wi thin and outside the weld 
pool (cathode spot) region are taken at 
temperature values of 1810 and 1000 K, 
respectively. Here, an average value of 
the cathode spot radius R c, representing 
the movement of the cathode spot, is 
chosen as 2.7 mm. Constant values of the 
current density Jc are used wi th in  and 
outside the cathode spot region: 

/ 
J' zrR~- r <_ R, (5) 

Ic = 0 r >R c (6) 
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[ Analog data 

I 0 0 0 0 0 
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Fig. 4 - -  The image processing system 
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Fig. 5 - -  Outline of experimentally measured and numeri- 
cally calculated voltage drops. The methods of evaluation 
of the voltage drops are given in Table 2. 
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Method of Solution 

The solution of the governing equa- 
tions and boundary condi t ions is ob- 
tained by using a modif ied version of 
2EFIX, a two-dimensional steady-state 
code based on a finite volume scheme 
(Ref. 46). The difference equations are 
solved by iteration until the residuals are 
less than 1%. The current balance is sat- 
isfied within 1% for all calculations. 

Experimental input to the model con- 
sists of current, arc length La, contact 
tube-to-workpiece distance Cwd, and 
electrode diameter d. Theoretical input 
in the form of thermophysical gas prop- 
erties are taken from the publications by 
Liu (Ref. 47), Devoto (Ref. 48) and Evans 
and Tankin (Ref. 49). The value of the 
electrical conductivity of iron at its melt- 
ing point is taken from a publication by 
Touloukian (Ref. 50). 

Calculation of the Voltage Drop 
in the Consumable Electrode 

A one-dimensional  heat transfer 
model of the melting electrode is used to 
predict the voltage drop in the electrode. 
The same model has also been used to 
predict the electrode extension in an ear- 
lier publication (Ref. 51). The model of 
the electrode accounts for the fol lowing 
heat transfer processes: Joule heating in 
the electrode, heat absorption due to 
electrons condensing at the tip of the 
electrode, and heat transferred from the 
droplet together with conduction in the 
electrode. The electrical resistivity and 
the other thermophysical properties of 
the electrode were allowed to vary with 
temperature. Also, an unknown con- 
stant, representing the fraction of elec- 
trons that directly condense on the solid 
electrode and not on the droplet, is in- 
cluded in the model. This constant was 
experimentally determined for the spray 
transfer region by minimizing the error 
between the measured and the calcu- 
lated value of the electrode extension 
(Ref. 51). The heat transfer model also 
predicted the steady-state temperature 
profile in the electrode, and the local re- 
sistivity was calculated using the data in 
Ref. 50. Finally, the voltage drop in the 
electrode was calculated as the integral 
of the resistivity multipl ied by the current 
density. 

Experimental Work  

Welding equipment 

As shown in Fig. 3, the welding equip- 
ment consists of a conventional constant 
voltage power source (650-A, si l icon- 

Table 2 -  Vollage Contributions in GMAW System 

Voltage Drop 

Dan+ Sum of anode and cathode 
Uca t fall regions (non-LTE) 
Uar c In arc 
Ucol In arc column 
Ucont Due to contact resistance 

between contact tube 
and electrode 

Ue In electrode: between 
contact tube and 
tungsten probe 

Uelec In electrode 
Um Between tungsten probe 

and workpiece 
Uto t Between contact tube and 

workpiece 

Method of Evaluation 

Derived using Equation 8 

Derived using Equation 3 
Calculated with 2-D model 
Derived using Equation 7 

Calculated with 1-D model 

Calculated with 1-D model 
Measured 

Measured 

Some shown in Fig. 5. 

Table 

6 

6 
6 
5 

5 

6 
5 

3 

Table 3 --  Measured Values of Current, Voltage and Wire Feed Speed 

I Utot Vw 
Exp. No. (A) (V) (m/s) 

1 201.9 (0.83) (a} 28.390 (0.91) la} 0.0928 (0.0026) (a) 
2 224.3 (0.67) 29.046 (0.65) 0.1089 (0.0028) 
3 250.3 (0.61) 28.959 (0.74) 0.1222 (0.0034) 
4 275.4 (0.49) 29.253 (0.36) 0.1346 (0.0037) 
5 298.4 (0.56) 30.281 (0.46) 0.1536 (0.0039) 
6 326.2 (0.53) 30.796 (0.39) O. 1650 (0.0042) 

(a) Standard deviation 

controlled rectifier with an open circuit 
voltage of 54 V), a wire feeder, and a 
straight-body machine torch. The output 
of the power source is controlled by a se- 
ries-linear regulator to provide smooth 
welding power. The current regulator has 
a flat frequency response to 3 kHz and 
when run in constant current mode has a 
nearly infinite current-voltage slope. The 
torch is held stationary, whi le the base 
plate is moved by a motorized travel car- 
riage. 

Instrumentation 

A high-speed video camera and a 
laser i l lumination system were used to 
obtain images of the contact tube, elec- 
trode, and weld pool surface, as is illus- 
trated in Fig. 4. Instantaneous values for 
the electrode extension, arc length, and 
contact- tube-to-work distance were 
measured automatically frame by frame 
from videotapes of the welds using an 
image processor. More specifically, the 
image processor was used to detect the 
outl ine of the electrode and its location 
relative to the weld pool surface. 

A Hall-effect transducer located in the 
welding circuit (Fig. 3) measured current. 
An optical encoder driven by pinch 
rollers measured electrode feed rate. 
Total process voltage was measured be- 
tween the contact tube and the work- 
piece. The drop between the contact 

tube and the electrode was obtained by 
measuring the voltage between the con- 
tact tube and a 1.5-mm-diameter tung- 
sten wire in sliding contact with the elec- 
trode, as shown in Fig. 5. 

Filtered signals from the current, volt- 
age and wire feed speed were sampled 
by a computer equipped with a multi- 
channel analog-to-digital converter, and 
sensor data were synchronized with the 
video system data. 

Experimental Procedure 

Welds were made on low-carbon 
steel plates using a 1.14-mm-diameter 
ER100S-1 (low carbon, uncoated) elec- 
trode with a shielding gas of 95% argon 
- 5% carbon dioxide, a nominally 19-ram 
(0.75-in.) contact-tube-to-workpiece dis- 
tance, and a constant current. As defined 
in Ref. 52, the cast of an electrode is the 
diameter that one loop of unrestrained 
electrode assumes. When the unre- 
strained loop of electrode is placed on a 
horizontal surface, the helix is the verti- 
cal distance the end of the electrode is 
above the surface. Here, the cast of the 
electrode varied from about 760 mm (30 
in.) for electrode taken near the outside 
of the spool to about 660 mm (26 in.) for 
electrode taken near the inside. The helix 
of the electrode varied from about 6 mm 
for the electrode taken near the outside 
of the spool to about 30 mm (1.2 in.) for 
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Table 4 - -  Results from Image Analysis 

La Ee Cwd 
Exp. No. (mm) (mm) (mm) 

1 8.49 10.30 18.79 
2 8.12 11.39 19.51 
3 7.26 11.63 18.89 
4 6.83 11.00 17.83 
5 7.15 12.07 19.22 
6 8.26 10.13 18.39 

wire taken near the inside. Workpiece 
travel speed was set from 4.6 to 7.3 mm/s 
(11 to 17. in./min) depending on the 
welding current. The inside diameter of 
the contact tube was 1.37 mm (0.05 in.), 
and the tube was 35.0 mm (1.4 in.) long. 

Sensor data were collected at 1000 
samples per second, and video data were 
taken at 1000 frames per second. For 
each welding condition, 15 sets of data, 
each lasting 0.2 s, were recorded. 

R e s u l t s  a n d  D i s c u s s i o n  

Voltage Characteristics 

In order to study the voltage distribu- 
tion in GMAW, a total of six experimen- 
tal runs were carried out using the spray 
mode. The different voltage contr ibu- 
tions and the methods of evaluation are 
given in Table 2. Figure 5 shows how 
some of the separate voltage contribu- 
tions are derived experimentally and nu- 
merically. The current and arc length 
ranges are 202 to 326A and lOto  12 mm 
(0.4 to 0.48 in.), respectively. Measured 
data and the standard deviation of cur- 
rent, total process voltage, and wire feed 
speed are given in Table 3. The values of 
arc length, electrode extension E e and 
contact-tube-to-work distance are listed 
in Table 4. 

Table 5 - -  Derivation of Voltage Drop Due 
to Contact Resistance (Ucom) 

Um Ue Ucont 
Exp. No. (V) (V) (V) 

1 26.940 (1.07) (a) 0 .087  1.363 
2 27.516 (0.83) 0.096 1.434 
3 27.154 (0.87) 0.126 1.679 
4 27.338 (0.43) O. 145 1.770 
5 28.397 (0.46) 0.167 1.717 
6 28.883 (0.43) 0.179 1.734 

(a) Standard deviation 

Uelec 

As mentioned earlier, the voltage drop 
in the electrode Uetec is calculated using 
the one-dimensional model. The voltage 
drop in the consumable electrode is 
shown as a funct ion of axial distance 
from the contact tube in Fig. 6. Here, 
Uelec ranges from 0.46 to 1.1 2 V for the 
studied range of currents. Specific data 
on the calculated voltage drops in the 
electrode for all experiments are summa- 
rized in Table 6. Our calculations of the 
voltage drops in the electrode are lower 
than the 4 to 5 V reported by Waszink 
and van den Heuvel (Ref. 8). However, in 
their experiments, the electrode exten- 
sions were approximately three times 
longer than the measured electrode ex- 
tensions in our study. A longer electrode 
extension increases the electrical resis- 
tance of the electrode, so the voltage 
drop in the electrode is larger. This is due 
to the fact that the voltage is derived as 
the integral of the resistivity multipl ied by 
the current density. Therefore, the mea- 
sured values of Uelec by Waszink and van 
den Heuvel (Ref. 8) are higher than the 
corresponding values in our study. 

Uelec calculat ions from the one-di- 
mensional model are also compared 

with results from Equation 1 (derived by 
Halmoy, Ref. 7) in Fig. 7. Here, the para- 
meters H m and q~ in Equation 1 are taken 
as 11.1 x 109 J/m 3 and 3.5 V, respectively 
(Ref. 7). The current density in Equation 
1 is calculated from Equation 5, using an 
electrode of radius 0.57 mm and currents 
from Table 3. Figure 7 shows a similar de- 
pendence of the voltage drop in the elec- 
trode on the current from the one-di-  
mensional model and the results derived 
using Equation 1. However, the results 
calculated using Equation t are about 1 
to 1.5 V higher than the results from the 
one-dimensional model. One explana- 
tion could be the somewhat low value of 
the work function of iron of 3.5 V used in 
Equation 1, as recommended by Halmoy 
(Ref. 7). Michaelson (Ref. 53) reported 
that the work function for iron is 4.5 V. 
Substituting this value into Equation 1 re- 
sults in a 1 V decrease of the voltage in 
the electrode and gives fair agreement 
(19% to 55%) with the derived value of 
Uelec using our one-dimensional model. 

Ucont  

The voltage drop due to the contact 
resistance between the contact tube and 
the consumable electrode (Ucont) is de- 
rived from the expression 

Ucont = Utot-Um-Ue (7) 

where U m is the voltage measured be- 
tween the tungsten probe and the work- 
piece, and U e is the calculated (Table 2) 
voltage drop in the electrode between 
the contact tube and the tungsten probe, 
as shown in Fig. 5. The values of U m and 
U e are given in Table 5, along with data 
derived for Ucont. The voltage drops due 
to the contact resistance are in the range 
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Fig. 6 - -  Voltage drop in the electrode Uele( as a function of 
axial distance from the contact tube, and of welding current. 
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Fig. 8 - -  Voltage drop due to the contact resistance between 
the contact tube and the electrode Ucont as a function of  
welding current. 

of 1.36 to 1.77 V, as shown in Fig. 8. 
These results are greater than the values 
of 0.3 to 0.6 V for stainless steel reported 
by Waszink and van den Heuvel (Ref. 8). 

U.rc 

Knowing Utot, Uelec, and Ucont , we  
can calculate the voltage drop in the arc 
using Equation 3. The calculated values 
of Uar c are shown in Table 6 and plotted 
with the data on Uelec, Ucont, and Uto t in 
Fig. 9. The dominant voltage drop in the 
GMAW system occurs in the arc region. 

The voltage distribution in the arc be- 
tween the consumable electrode (anode) 
and the workpiece (cathode) can be di- 
vided into three main regions, the anode 
fall Uan, the arc column Uco I, and the 
cathode fall Ucat: 

[-' I . . . .  I . . . .  I ' ' ' 

30 1 ~ ~: ~c 

2 0  ~','~ = Uto t 

• I o = U~.c 
× = Ucont 
[ ]  = Uele¢ 

o lO > 

Uar c = Uan + Uco I + Uca t 

~ .~, ~ , , ~ , ~  ~ ,~, , 
2 0 0  2 5 0  3 0 0  3 5 0  

C u r r e n t  (A)  

Fig. 9 - -  Uto t, Uar c Uelec and U(ont as a function of  welding 
current. 

(8) 

The calculated arc column (Table 2) is 
in local thermal equi l ibr ium, and the 
electric field strength (voltage gradient), 
as illustrated in Fig. 10, is relatively uni- 
form. Figure 10 shows the electric field 
strength to be about-1 V/mm. However, 
the absolute value of the electric field 

T a b l e  6 - -  V o l l a g e  D r o p s  

strength significantly increases in the arc 
regions close to the anode and the cath- 
ode. This has also been observed for gas 
tungsten arcs (Refs. 23, 24). 

As mentioned earlier, the voltage drop 
in the arc column is calculated by the 
two-dimensional arc model (Table 2). It is 
shown as a function of welding current in 
Figure 11, whi le the calculated specific 

Uelec Uarc Uco I Uan "1- Ucat 
Exp. No. (V) (V) (V) (V) 

1 0.465 26.56 11.63 14.93 
2 0.645 26.97 12.09 14.88 
3 0.787 26.49 12.16 14.33 
4 0.837 26.65 12.56 14.09 
5 1.120 27.44 13.38 14.06 
6 0.974 28.09 14.77 13.32 
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Fig. I0  - -  Electric field intensity in the arc column vs. the 
axial distance from the contact tube. The current and arc 
length are 274.4 A and 6.9 ram, respectively. 

> 

16 

15 

14 

13 

12 

11 

tO 

. I  I . . . .  I . . . .  I ' ' ' 
I 

, I . . . .  I . . . .  [ . . . .  
2 0 0  2 5 0  3 0 0  3 5 0  

C u r r e n t  (A)  

Fig. 11 - -  Voltage drop in the arc column Ucolas a function of  
welding current. 

W E L D I N G  RESEARCH SUPPLEMENT I 99-s 



v 

6 0  

5 5  - 

5 0  - 

4 5  

4 0  

3 5  ' 

I . . . .  I . . . .  I ' ' ' 

= Uco l 
o = Ucat+Uan 

, I . . . .  I . . . .  L . . . .  
2 0 0  2 5 0  3 0 0  3 5 0  

C u r r e n t  (A)  

Fig. 12 - -  Percentage of  the voltage drop in the anode and cath- 
ode fall regions Uca t + Uan and the arc column Uco I relative to 
the total process voltage Uto t, as a function of  the welding cur- 
rent. 

v 

1 2 0 0 0  

10000 

8 0 0 0  

6 0 0 0  

4 0 0 0  

2 0 0 0  

0 

I . . . .  l . . . .  I ' ' 

---~ P a r c  

o = P¢o! 
D = peat+p~m ~ '  

, ] . . . .  I . . . .  I . . . .  
2 0 0  2 5 0  3 0 0  3 5 0  

C u r r e n t  (A) 

Fig. 13 - -  Total power in the arc Parc, power in the arc col- 
umn P~ol, and sum of  power in the anode and cathode fall 
regions Pan ÷ Pcat, as a function of  the welding current. 

values of Uco I for each experiment are 
given in Table 6. The voltage in the arc 
column increases with an increased 
welding current, especially at currents 
above 250 A. 

U a n  + U c a  t 

The sum of the voltage drops in the 
cathode and anode fall regions (non-LTE 
regions) Uan + Uca t is calculated from 
Equation 8 using Uar c as derived from 
Equation 3 and Uco I as calculated with 
the two-dimensional arc model - -  Table 
6. The percentage of the total voltage 
drop in the anode and cathode fall re- 
gions relative to  Uto t is plotted in Fig. 12 
along with the corresponding percentage 
of Uco I relative to Utot, as a function of the 
welding current. Below current values of 

about 307 A, the combined voltage drops 
of the anode and cathode fall regions 
dominate. Furthermore, while the per- 
centage of voltage drop in the arc column 
increases with an increased current, the 
percentage of the voltage drop in the 
anode and cathode fall regions decreases 
with an increased current. The decrease 
of the voltage drop in an anode fall re- 
gion with an increased current has been 
reported previously (Ref. 15). 

The sum of the voltage drops in the 
anode and cathode fall regions varies 
from 13.32 to 14.93 V, as shown in Table 
6. Most of this total voltage drop takes 
place in the cathode region, since energy 
needs to be supplied to the metal cath- 
ode in order to emit the electrons. A 
smaller voltage drop probably occurs at 
the anode, since the electrons condense 

on the anode and, in turn, release energy. 
Moreover, a comparison of our results 
with the theoretical value of the cathode 
fall voltage of 16.2 V by Vijh (Ref. 28) in- 
dicates that the anode fall voltage is in- 
deed very small. It might even be nega- 
tive, as Pfender and coworkers (Refs. 17, 
18) reported for gas tungsten arcs. 

The derived voltage drops represent- 
ing the non-LTE regions of 13.32 to 14.93 
V are also lower than the experimental 
cathode fall values of 17.1 to 18.0 V re- 
ported by Grakov (Ref. 29). Our derived 
voltage drops of the anode and cathode 
fall regions are also lower than the ex- 
perimental voltage at zero arc length of 
19 V, as measured by Pintard (Ref. 26). 
Pintard's measurements included the 
voltage drop in the electrode. Even if we 
subtract a 1.5 to 2 V contribution of Uelec 
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Fig. 14 - -  Power in the arc column Pcol as a function of  weld- 
ing current. The arc length is 6.9 mm. 
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from Pintard's result, our derived values 
of the voltage in the non-LTE regions are 
lower than Pintard's measurements. 
However, Pintard's and Grakow's exper- 
iments were done using current values of 
118 A and of 5 to 25 A, respectively. 
These currents are lower than the range 
of currents of 201.9 to 326.2 A that are 
used in this study. Figure 12 shows that 
the sum of the voltage drop in the anode 
and the cathode fall regions decreases 
with an increasing current. Therefore, it 
is understandable that our results of the 
sum of the anode and cathode fall volt- 
ages could be lower than the data that 
have been reported by Pintard (Ref. 26) 
and Grakov (Ref. 29). 

Power Characteristics 

The power characteristics in the arc, 
calculated using Equation 2, are illus- 
trated in Fig. 13. Data for the current and 
arc voltage are taken from Tables 3 and 
6. The figure shows that the total power 
in the arc increases with an increasing 
current. The sum of the power in the 
anode and cathode fall regions increases 
more slowly with increased current than 
does the power in the arc column. How- 
ever, the sum of the powers in the anode 
and cathode fall regions is higher than 
the power in the arc column for currents 
lower than about 307A. 

The variation of the experimental arc 
lengths of 10.1 to 12.1 mm (Table 4) is 
bel ieved to affect the derived power 
characteristics. Therefore, a series of cal- 
culations was performed (using the two- 
dimensional arc model) to study the sep- 
arate dependence of the power in the arc 
column on welding current and arc 
length. Figure 14 shows that the power in 
the arc column increases with increased 
current at a constant arc length of 6.9 
mm. Also, Fig. 15 shows that the power 
in the arc column increases with an in- 
creased arc length at a constant current 
of 275 A. 

As shown in Fig. 16, the power input 
affects the melting and tapering of the 
electrode, as well as the formation and 
detachment of the droplets from the elec- 
trode. As a result the power input also af- 
fects the size and frequency of the 
droplets, and the sol idi f icat ion of the 
weld pool, along with the resulting mi- 
crostructure and mechanical properties 
of the weld. Since the power varies with 
both arc length and current, it is critical 
to control these parameters in order to 
sustain a constant input of power to the 
system. 

As indicated in Figs. 14 and 15, the 
power in the arc column increases with 
increasing currents and arc lengths. 
Based upon Equations 2 and 4, the frac- 

tion of power leaving the arc by 
radiation also increases with in- 
creasing currents and arc 
lengths. The radiative power 
(arc light intensity) can be mea- 
sured with a photodiode. Madi- 
gan and Quinn (Ref. 32) 
showed that measurements of 
arc current and arc light inten- 
sity can be used to measure arc 
length, for the specific shielding 
gas and electrode composition 
used during those experiments. 

Conclusions 

The most significant findings 
of this study can be summarized 
as: 

1) Voltage characteristics: A 
dominant  voltage drop takes 
place in the arc region. In the 
arc region, the voltage drop in 
the non-LTE regions decreased 
with increasing current and 
dominated the voltage drop for 
currents be low about 307 A. 
The voltage drop in the arc col- 
umn increased with increasing 
current and became the domi- 
nating voltage drop in the arc 
for currents exceeding about 
307 A. Small voltage drops oc- 
curred in the electrode and in the region 
of contact between the contact tube and 
the electrode. 

2) Power characteristics: Arc power 
increased with increasing current. Simi- 
lar to the results for the voltage distribu- 
tion in the arc, the dominating contribu- 
tions of the power occurred in the anode 
and cathode fall regions for currents 
below about 307 A. A numerical study 
showed that the power characteristics in 
the arc increase both with increasing arc 
length and increasing current. From 
these results we conclude that it is criti- 
cal to control the arc length in order to 
control the power in the arc, whi le weld- 
ing in the constant current mode. 
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Appendix 

Nomenclature 

Contact - tube- to-workp iece 
distance (mm) 
Electrode d iameter  (mm) 
Electrode extension (mm) 
Plasma enthalpy (J/kg) 
Experimental  constant 
representing the total heat 
input per unit  vo lume of w i re  
necessary to melt  and detach 
the droplets (J/m 3) 
Weld ing current (A) 
Current density (A/m2) 
Cathode current density (A/m 2) 
Arc length (mm) 
Power(W) 
Power in the anode fall 
region(W) 
Power in the arc (W) 
Power in the cathode fall 
region (W) 
Power in the arc co lumn (W) 
Power leaving the arc by 
radiat ion (W) 
Radial distance (m) 
Cathode spot (weld pool) 
radius (m) 
Temperature (K) 
Radial veloci ty  (m/s) 
Voltage (V) 
Voltage drop in the anode fall 
region (V) 
Voltage drop in the arc (V) 
Voltage drop in the cathode 
fall region (V) 
Voltage drop in the arc 
co lumn (V) 
Voltage drop due to contact  
resistance between contact 
tube and electrode (V) 
Voltage drop in the electrode 
between the contact tube and 
the tungsten probe(V) 
Total vol tage drop in the 
electrode (V) 
Measured voltage between the 
tungsten probe and the 

workp iece  (V) 
Measured voltage between 

the contact tube and the 
workp iece  (V) 
Axia l  veloci ty  (m/s) 
Wire feed speed (m/s) 
Axial  distance (m) 

Greek symbols 

Density (kg/m 3) 
Electric potent ial  (V) 
Work funct ion (V) 
Fraction of arc power  lost by 
radiat ion (-) 
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