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ABSTRACT. The dynamic behavior of a 
GMAW system is simulated using a short 
circuiting transfer model incorporated 
with characteristic equations for the 
power supply, welding wire, and arc. The 
wire equation, which relates the varia- 
tion of the wire extension to the wire feed 
and melting rates, is modified to include 
the effect of a mollen drop attached at the 
wire tip. With this modification, the be- 
havior of the GMAW system is described 
more precisely, and information about 
the initial bridge volume is provided to 
simulate the short circuit transfer. 

A short circuit model is proposed to 
predict the variation of short circuit para- 
meters considering the effects of surface 
tension and electromagnetic force due to 
current. Variation of welding parameters 
are continuously simulated during short 
circuit as well as free-flight transfer 
modes, and the calculated results are in 
broad agreement with the experimental 
results that occur with argon shielding. 

Introduction 

Although determining the proper 
welding condition is an important task in 
the gas metal arc welding (GMAW) 
process, it is time consuming and re- 
quires considerable trial and error. In 
order to estimate the operating range of 
welding parameters and process stability, 
the behavior of the GMAW system needs 
to be predicted in cases of free-flight and 
short circuiting transfer modes. In this 
work, the characteristic equations for the 
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GMAW system are solved using a simpli- 
fied short circuiting transfer model to pre- 
dict the dynamic behavior of the system. 
The simulation results are verified by 
comparing with the experimental results. 

Since the GMAW system consists of 
several subsystems including the power 
supply, welding arc, and wire, as illus- 
trated in Fig. 1, its characteristics depend 
on the dynamic behavior of each subsys- 
tem, which has been described clsing the 
characteristic equation. Ushio, etal. (Ref. 
1 ), predicted the dynamic behavior of DC 
and pulsed GMAW by solving the char- 
acteristic equations. The power supply 
was converted into an equivalent RL cir- 
cuit, and the wire equation was used to 
describe the rate change of the wire ex- 
tension with respect to wire-feed and 
melting rates. The welding arc character- 
istics were expressed using Ayrton's 
equation modified for the gas metal arc 
welding globular and spray transfer 
modes (Refs. 1, 2). The constants for Ayr- 
ton's equation and wire melting rate were 
experimentally determined, and these 
values are used in this work for simula- 
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tion. Richardson, et al. (Ref. 3), consid- 
ered the dynamic effects of the power 
socirce on wire melting rate in pulsed 
GMAW. Quinn, et al. (Ref. 4), proposed 
the electrode extension model based on 
heat transfer to predict the variation of 
wire extension and to determine the 
welding conditions under which short 
circuiting transfer takes place. 

In order to simulate the GMAW 
process continuously, it is necessary to 
consider the metal transfer mode. In the 
case of free-flight modes, such as globu- 
lar and spray, the static force balance 
model and pinch instability theory have 
been most widely utilized to predict drop 
detaching conditions (Refs. 5, 6). How- 
ever, few models were reported for the 
short circuit mode compared with the 
free-flight mode. Ishichenko (Ref. 7) pro- 
posed the simple analytic short circuit 
model to predict the short circuit time 
due to surface tension, but the effect of 
the electromagnetic force was ignored. 
Although numerical technique was re- 
cently employed to analyze the short cir- 
cuit as well as the free-flight modes (Refs. 
8, 9), this approach is not adequate to 
simulate the entire GMAW system be- 
cause of its complexity and computing 
time. It appears that simulation of the 
short circuiting transfer combinecl with 
the free-flight mode has not been at- 
tempted, mainly due to lack of a proper 
short circuit model. 

Continuous simulation of the GMAW 
process is of interest in this work, espe- 
cially when the short circuit mode is in- 
volved, because process stability was re- 
ported to be dependent on short circuit 
frequency, current, and voltage signals 
(Refs. 1 0, 11 ). The conventional welding 
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Fig. 1 - -  Schematic diagram o f  G M A W  system. Fig. 2 - -  Schematics for short c i rcui t  model ing. A - -  Sequence 
o f  short c i rcui t ing transfer; B - -  br idge configurat ion wi th pr in-  
c ipal  radii. 

wire equation is modified to predict the 
system behavior more precisely and to 
provide the initial bridge volume for 
short circuiting transfer. A short circuit 
model is proposed to predict the varia- 
tion of short circuit parameters consider- 
ing the effects of surface tension and 
electromagnetic force. With the charac- 
teristic equations and short circuit 
model, it becomes possible to simulate 
the dynamic behavior of the GMAW sys- 
tem. The predicted results are compared 
with the experimental results for argon 
shielding. 

Modeling of the G M A W  System 

Characteristic Equations 

The dynamic behavior of the welding 
power supply, welding arc, and wire as 
shown in Fig. 1 is described using the 
corresponding characteristic equations. 
The power supply is converted into the 
equivalent RL circuit as 

L d l  
- -  + R I  = U o - U a 
d t  (1) 

where L and R represent the inductance 
and resistance of the welding system, I 
the welding current, U o the equivalent 
open-circuit voltage, and U a the arc volt- 
age. The welding arc characteristics are 
described using Ayrton's equation (Reg. 
1,2) 

Ua = kl + k21 + (k3 + k41)~a (2) 

where "Qa denotes the arc length and the k 

denotes the constants depending on the 
welding wire and shielding gas. The con- 
ventional wire equation has been used to 
describe the relationship between the 
rate change of the extension, wire feed, 
and melting rate 

d~e = vf  - v  m a n d  v m = a l  + b~e l  2 
d t  (3) 

where ~e represents the extension, vf the 
wire-feed rate, Vrn the wire-melting rate, 
and a and b the constants for arc and 
joule heating, respectively. 

The conventional wire equation as- 
sumes the molten portion at the wire tip 
is detached or removed as soon as it 
melts. This assumption appears to be 
valid in the spray mode, where small 
droplets are ejected at high frequency. 
However, in the globular mode, the 
molten drop grows at the wire tip for a 
relatively long period so that it affects the 
arc length and, subsequently, welding 
current and voltage. To predict the dy- 
namic behavior of GMAW more pre- 
cisely, the conventional wire equation 
needs to be modified to include the effect 
of a hanging droplet at the wire tip. The 
wire extension is described in this work 
as the sum of the solid extension length 
and molten drop length hanging at the 
wire tip as illustrated in Fig. 1 (i.e., #'e = 
~#es + ~Ted) SO that the effect of the molten 
drop is considered until its detachment. 
In this case, the rate change of the solid 
wire extension depends on the wire-feed 
and melting rates, and the drop growth 
rate is proportional to the wire-melting 

rate until its detachment 

d~es 
- -  = v f  - - V  m 

d t  (4) 

dt  = -  vm 
(5) 

where ~es represents solid wire extension, 
V d the attached drop volume, and D e the 
wire diameter. The drop length, ~#ed, is 
calculated from the drop volume by as- 
suming a spherical shape. 

Drop detachment is determined using 
the force balance model and pinch insta- 
bility theory for the globular and spray 
modes, respectively (Refs. 5, 6, 12). 
When the drop detaches, the entire drop 
volume is assumed to be ejected from the 
wire tip (i.e., ~ed = 0). The short circuit 
transfer takes place as soon as the exten- 
sion becomes equal to the contact tip to 
workpiece distance (CTWD). Since the 
arc is extinct during the short circuit pe- 
riod, the arc voltage in equation 1 and the 
constant a for arc heating in equation 3 
become O. The modified wire equation 
provides information about the initial 
bridge volume for the short circuiting 
transfer, as well as the effects of the hang- 
ing drop on welding parameters for the 
free-flight mode. 

Modeling of the Short Circuiting Transfer 

A short circuit model that includes the 
effects of surface tension and electro- 
magnetic force is proposed and used to 
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Fig. 3 - -  Experimental current and voltage waveforms of  spray transfer. A - -  Current waveform; B - -  voltage waveform. 
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Fig. 4 - -  Calculated results o f  spray transfer using conventional and modif ied wire equation. A - -  Current waveform; B - -  voltage waveform. 

predict variations of the welding para- 
meters during short circuiting transfer. 
The following assumptions are made to 
simplify the complex behavior of short 
circuiting transfer: 

1) The initial bridge shape is spherical 
and the contact diameter within the weld 
pool surface is equal to the wire diameter. 

2) Flow velocity within the bridge and 
pressure within the weld pool are ne- 
glected. 

3) The bridge shape is described by 
two principal radii, as illustrated in Fig. 2. 

4) The pool surface remains flat and 
metal transfer is stable. 

Once the bridge is formed, molten 
metal flows into the weld pool due to sur- 
face tension and electromagnetic force, 
and the bridge shape varies continuously 
as in Fig. 2A. The bridge shape is de- 
scribed using the principal radii of R 1 and 
R 2 in Fig. 2B, and R 2 is determined from 
the bridge volume and height, which vary 
continuously during a short circuit period. 
Given the principal radii, the average pres- 
sure on the cross section of the bridge cen- 
ter is derived (Ref. 12) as follows: 

8g'2R12 (6) 

where Po represents the permeability and 
y the surface tension. Applying the 
Bernoulli equation with assumption 2, 
the flow velocity at the contact between 

the bridge and pool surface can be cal- 
culated using the average pressure and 
bridge height as 

( 7 )  

where p denotes the mass density of 
molten metal and h the distance between 
the pool surface and bridge center. The 
volume to be transferred from the bridge 
to molten pool is calculated by multiply- 
ing the flow velocity, contact area, and 
discrete time interval At. The bridge vol- 
ume and height are used to calculate the 
principal radii, and the short circuit time 
is the sum of the discrete time intervals 
until bridge breakup. It is noted that the 
Bernoulli equation was utilized to esti- 
mate the plasma jet velocity in the arc 
welding, and it predicted the experimen- 
tal results within the order of magnitude 
(Ref. 12). Therefore, similar accuracy is 
expected for the flow velocity and short 
circuit time predicted using this short cir- 
cuit model. 

Calculation Procedure 

When the wire-feed rate, CTWD, and 
equivalent open circuit voltage (OCV) 
are given as the inputs, variations of 
welding parameters such as the exten- 
sion, drop volume, current, and voltage 
are calculated by solving the characteris- 

tic equations numerically using the 
Runge-Kutta method. The drop-detach- 
ing condition for the free-flight mode is 
determined using the force balance 
model and pinch instability theory. To 
simulate the free-flight mode, the open 
circuit voltage is selected to be equal to 
the experimental welding voltage be- 
cause of the constant voltage character- 
istics of the GMAW power source. 

When the extension becomes equal 
to the CTWD, the short circuit model is 
applied. Since the arc is extinct during 
the short circuit time, the effect of the arc 
is eliminated such that arc voltage and 
the constant a for arc heating in equa- 
tions 1 and 3 become 0. The initial bridge 
volume is given from the results of char- 
acteristic equations in the free-flight 
mode. The pressure and flow velocity are 
computed using the principal radii, 
equations 6 and 7. Assuming constant 
flow velocity during the small time inter- 
val, At, the remaining bridge volume and 
corresponding principal radii are calcu- 
lated for the next time step. For each time 
step, current and voltage are computed 
iteratively using equations 1 and 3, and 
this procedure is repeated until bridge 
breakup. When the arc is regenerated, ef- 
fects of the arc are restored in equations 
1 and 3, and half of the final bridge vol- 
ume is given as the initial drop volume at- 
tached at the wire tip, as in Fig. 2A. 
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Fig. 5 - -  Experimental current and voltage waveforms o f  g lobular  transfer. A - -  Current waveform; B - -  voltage waveform. 
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Fig. 6 - -  Calculated results o f  g lobular  transfer using convent ional  and modi f ied wire equation. A - -  Current waveform; B - -  voltage waveform. 

Table I - -  Constants Used for Calculation 
(Refs. 1, 2) 

mass density, p 
kinematic 

viscosity, v 
surface tension 

coefficient, y 
permeability, 
constant for arc 

heating, a 

constant for joule 
heating, b 

system resistance, R 
system inductance, L 
kl 
k2 
k3 
k4 

7800 kg/m 3 
2.8 x 10 .7 m2/s 

1.2 N/m 

4x X 10 .7 H/m 
0.2940 mm/As 
(globular) 
0.2383 mm/As (spray) 
4.6081 x 10 -5 A-2s "1 

(globular) 
4.6 x 10 -5 A-2s -1 
(spray) 
6.27 x 10 -5 A-2s -1 
(short circuit) 
5.0 mV/A 
0.35 mH 
16.24 V 
0.02376 I 
0.553 V/mm 
6.395 x 10-4V/Amm 

Results a n d  Discussions 

Globular and Spray Transfer Modes 

The constants and parameters used for 
computation are listed in Table 1 (Refs.1, 
2). It is noted that constants a, b, and each 
k are valid only for steel welding wire 

with a 1.2-ram diameter and 100% argon 
shielding condition. Bead-on-plate 
welds were made and welding parame- 
ters such as the wire-feed rate, welding 
current, and voltage were measured. The 
welding conditions were selected as 
CTWD of 15-25 mm, welding current of 
150-350 A, and voltage of 18-34 V so 
that short circuit and free-flight transfer 
modes were produced. 

Figure 3 shows the experimental re- 
sults of current and voltage waveform in 
the spray mode under the condition of a 
wire-feed rate of 156.1 mm/s and CTWD 
of 19 mm. Average current and voltage 
from the experimental results are 343.2 A 
and 32.7 V, respectively. 

The simulated results using the con- 
ventional and modified wire equations 
are compared in Fig. 4 where the current 
and voltage waveforms are calculated 
using the same experimental parameters 
and open circuit voltage (OVC) of 32.7 V. 
When the modified wire equation is 
used, small ripples caused by droplet 
growth and detachment are calculated in 
the waveform. In the case of the conven- 
tional wire equation, constant current 
and voltage of 340 A and 30.3 V are cal- 
culated without ripples, which corre- 
spond to the average current and voltage 
for the modified wire equation. In both 
cases, welding voltage is maintained 
constant with small fluctuation, which 

demonstrates the self-regulation effect of 
GMAW in the steady state. Comparing 
with the experimental results, the current 
and voltage are predicted quite accu- 
rately using the characteristic equations. 
The droplet at the wire tip appears to 
have negligible effects because small 
droplets are ejected at high frequency in 
the spray mode. 

Measured current and voltage wave- 
forms in the globular mode are shown in 
Fig. 5 with a wire-feed rate of 104.3 mm/s 
and CTWD of 25 mm. The average cur- 
rent and voltage of the experimental re- 
sults are 207.3 A and 27 V. The calcu- 
lated results using the same experimental 
parameters are illustrated in Fig. 6. Since 
the drop grows larger in the globular 
mode, the magnitude of the ripple in- 
creases for the modified wire equation. 
Similar to the spray mode, the current 
and voltage with the conventional wire 
equation are constant at 214 A and 25.9 
V, respectively, which correspond to the 
average values with the modified wire 
equation. Although the effect of the at- 
tached drop increases in the globular 
mode, it appears to have only minor ef- 
fects on welding parameters. 

Short Circuiting Transfer Mode 

Effects of the initial bridge volume and 
current on the principal radius and short 
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circuit time as predicted using the pro- 
posed short circuit model are shown in 
Figs. 7 and 8. The principal radius R 1 
varies during the short circuit period be- 
cause the bridge volume decreases con- 
tinuously until bridge breakup. Varia- 
tions of the principal radius, R 1, during 
the short circuit period are illustrated in 
Fig. 7. When the current is kept constant 
at 300 A during short circuiting transfer 
and imposed on the bridge with the ini- 
tial bridge radius of 0.75, 1, and 1.25 
mm, the short circuit time increases with 
larger bridge radius in Fig. 7A. When the 
constant currents of 150, 300, and 450 A 
are applied to a bridge with an initial ra- 
dius of 1 mm, the short circuit time de- 
creases with the higher current in Fig. 7B. 
The principal radius decreases linearly 
up to the wire radius of 0.6 mm, and it 
decays rapidly afterward because the 
pinch force increases due to reduction of 
the current-conducting area. 

The effects of the initial bridge radius 
and current on short circuit time are illus- 
trated in Fig. 8 where constant current is 
used during the short circuit period. 
While the short circuit time decreases 
with the higher current and smaller initial 
bridge radius, the initial bridge radius ap- 
pears to have more influence on the short 
circuit time than the current. In practice, 
the relationships between the bridge vol- 
ume, current, and short circuit time are 
coupled so that larger bridge volume in- 
duces longer short circuit time and higher 
current, which acts to accelerate bridge 
breakup. During continuous simulation, 
the initial bridge volume is given by solv- 
ing the characteristic equations. 

Figure 9 shows the experimental cur- 
rent and voltage waveforms in the short cir- 
cuit mode with a wire-feed rate of 82.1 
mm/s, welding voltage of 21.2 V and 
CTWD of 19 mm. Average current and 
voltage are 184.6 A and 18.9 V, and the 
short circuit frequency becomes 65.8 Hz 
with a short circuit and arcing time of 2.3 
and 12.9 ms, respectively. The calculated 
results using the same experimental para- 

meters with OCV of 21.2 
V are illustrated in Fig. 
10. Average current and 
voltage are 174 A and 
20.3 V, and the short cir- 
cuit frequency becomes 
55 Hz with short circuit 
and arcing time of 1.1 
and 16.9 ms. Compared 
with the experimental re- 
sults, there exists signifi- 
cant discrepancy in short 
circuit time (2.3 vs. 1.1 
ms). However, arcing 
time and short circuit fre- 
quency are predicted 
with reasonable accu- 
racy (12.9 vs. 16.9 ms, 
66 vs. 55 Hz). Since the 
arcing time is much 
longer than short circuit 
time, the discrepancy in 
short circuit time has 
minor effects on the fre- 
quency. While experi- 
mental peak current is 
higher than calculated 
peak current by 50 A due 
to longer short circuit 
time, the predicted aver- 
age current and voltage 
show reasonably good 
agreement with the ex- 
perimental results. 

Since the behavior in 
the free-flight mode is ac- 
curately predicted, the 
larger discrepancy in the 
short circuit time appears 
to stem from the short cir- 
cuit model. Among sev- 
eral reasons, assumption 
2 appears to be the major 
cause of error because it 
may oversimplify the 
complex behavior of 
metal flow within the 
bridge and pool. Another 
assumption of the spher- 
ical bridge shape and 
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time. 
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Fig. 9 -  Experimental current and voltage waveforms of  short cir- 
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contact condition may 
not be appropriate, espe- 
cially when the initial 
bridge volume becomes 
smaller. Oversimplifica- 
tion of the proposed 
short circuit model in- 
cludes the simple bridge 
shape during the short 
circuit period and re- 
maining bridge volume 
at the bridge breakup. 
Further development of 
the short circuit model is 
needed for accurate pre- 
diction of the short cir- 
cuit time. 

Prediction of Metal Transfer Mode 

A mixed metal transfer mode is calcu- 
lated using the parameters at the bound- 
ary between short circuit and free-flight 
modes. Figure 11 shows the experimen- 
tal results with the wire-feed rate of 82.1 
mm/s, welding voltage of 22 V and 
CTWD of 19 mm. It is noted welding 
voltage is increased slightly higher than 
that in Fig. 9 (21.2 vs. 22 V). Average cur- 
rent and voltage are 175.7 A and 22 V, 
the short circuit frequency and time are 
11 Hz and 4.9 ms, respectively. The sim- 
ulated waveforms using the same exper- 
imental parameters with OCV of 22 V are 
illustrated in Fig. 12 where the average 
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current and voltage are 180 A and 21 .I 
V, and short circuit frequency and time 
are 13 Hz and 6.1 ms, respectively. The 
predicted results show reasonably good 
agreements with the experimental re- 
suits. In addition to the short circuit 
mode, the drop is calculated to be de- 
tached in the free-flight mode just after 
bridge breakup, which demonstrates that 
both free-flight and short circuit modes 
take place in a mixed way under this 
welding condition. 

Figure 13 shows the metal transfer 
modes identified using the fixed CTWD of 
19 mm. The metal transfer mode including 
the mixed mode is predicted using the 
welding parameters equal to the experi- 
mental condition, and the narrow region of 
the mixed mode exists between the free- 
flight and short circuit modes. The pre- 
dicted mixed and short circuit modes are 
in broad agreement with the experimental 
results. It appears the metal transfer mode 
as well as the variation of welding para- 
meters can be predicted through simula- 
tion when the wire-feed rate, CTWD, and 
equivalent open circuit voltage are given as 
the inputs. 

Conclusions 

The dynamic behavior of the GMAW 
system is continuously simulated using 
the modified wire equation and short cir- 
cuit model. Although the system behav- 

ior is predicted more precisely using the 
modified wire equation, it has only minor 
effects in the free-flight mode. The im- 
portance of the modified wire equation is 
to provide the initial bridge volume for 
the short circuit model. The short circuit 
model needs further improvement to 
yield more accurate short circuit time 
predictions. Combining the characteris- 
tic equations with the short circuit 
model, the welding current, voltage, and 
metal transfer mode, including the mixed 
mode, are predicted with reasonable ac- 
curacy for argon shielding. 
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Call For Papers 

The two-day international conference, Supermartensitic Stainless Steels 2002, organized by the Belgian Welding 
Institute, is now solicit ing abstracts of papers for oral presentation. The conference wi l l  be held October 3-4, 2002, 
in Brussels, Belgium. 

The supermartensitic stainless steels are also known as the weldable martensitic stainless steels or super 13 Cr 
steels with low carbon content. Paper topics can include overviews, research, case histories, applications, new 
technology, failure reports, service experience, or anything relevant to the subject. Sales pitches promoting particular 
products or services wi l l  not be accepted. Main topic areas include, but are not l imited to, service and applications, 
metallurgy, welding, fabrication, manufacturing, toughness requirements, and corrosion. The conference language 
wi l l  be English. 

Abstracts of 300-500 words on a single A4 page should be submitted by mail, fax, or e-mail before November 1, 
2001, to the Conference Secretariat. The submission should be single-line spaced, headed by the title, name(s), and 
affiliation(s) of all authors, along with the full address, telephone, fax, and/or e-mail of the corresponding author. 
Papers are accepted on the understanding the author(s) wi l l  attend the conference. 

Contact information is as follows: Conference Secretariat, Marie-Anne Sorgeloos; telephone: +32 (0) 9 264 32 54; 
FAX: +32 (01 9 223 73 26; e-mail: marieanne.sorgeloos@soete043.rug.ac.be. The Belgian Welding Institute, Prof. ir. 
A. Dhooge; telephone: +32 (0) 9 264 32 50; FAX: +32 (0) 9 223 73 26; e-mail: alfred.dhooge@rug.ac.be. Updates 
on the conference can be obtained from the Web site, www.stainless-steel-world.net. 
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