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ABSTRACT. Conventional pulsed gas 
metal arc welding (GMAW-P) achieves 
stable and repeatable spray transfer by 
using correct pulse parameters. Because 
the optimal pulse parameters depend on 
welding parameters, technology is 
needed to improve the robustness of the 
transfer process respective to the varia- 
tions in welding parameters. To resolve 
this problem, active control technology 
is proposed to ensure a desirable and re- 
peatable metal transfer mode, i.e., one 
drop per pulse (ODPP) mode. It uses a 
peak current lower than the transition 
current to prevent accidental detach- 
ment and takes advantage of the down- 
ward momentum of the oscillating 
droplet to enhance the detachment. 
When the droplet moves toward the 
weld pool, the current is switched to 
peak level and the combination of in- 
creased electromagnetic detaching force 
and downward momentum ensures de- 
tachment. Hence, the metal transfer 
process becomes controllable and ro- 
bust against variations in welding para- 
meters. However, in order to ensure the 
combination of increased electromag- 
netic force and downward momentum, 
the oscillation process must be moni- 
tored. In this study, a modified method is 
proposed in which the droplet starts to 
oscillate by first moving toward the weld 
pool. As a result, the detaching pulse can 
be applied after a very short period of 
time and the combination of increased 
electromagnetic force and downward 
momentum is guaranteed. Thus, the con- 
trol system is simplified and the metal 
transfer's robustness is further improved. 
This modified active control technology 
has been used to weld titanium. 
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Introduction 

Titanium is characterized by its high 
strength and light weight. Such attributes 
make titanium a primary choice for more 
and more components and structures in 
aircraft, tanks and naval vessels (Refs. 1, 
2), as well as in certain commercial ap- 
plications (Ref. 3). In general, titanium al- 
loys have good weldability and can be 
welded with most arc welding processes. 
However, a strict atmospheric shield is 
required to ensure weld quality. Gas 
tungsten arc welding (GTAW) uses a non- 
consumable tungsten electrode and gen- 
erates a stable arc. It is an ideal process 
for titanium welding. However, its low 
productivity is not desirable for thick sec- 
tion structures and components. The use 
of a process such as gas metal arc weld- 
ing (GMAW) would significantly improve 
productivity and reduce manufacturing 
costs if adequate shielding could be 
achieved. 

GMAW of titanium has been investi- 
gated for decades. The mode of metal 
transfer plays a critical role in ensuring 
the shield. In particular, globular and un- 
controlled short-circuiting transfers gen- 
erate significant amounts of spatter, 
which cause turbulence. Also, the strong 
cathode jet in globular transfer, a unique 
phenomenon to the GMAW process with 
titanium, tends to project the droplets 
outward when they break up upon enter- 
ing the weld pool (Ref. 4), making the 
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shielding additionally difficult. On the 
other hand, spray transfer generates a low 
level of spatter and has a relatively stable 
arc. It provides a better shield. Unfortu- 
nately, however, when a constant current 
is used, spray transfer is only achieved at 
high currents in an argon shield. Low cur- 
rents will produce globular and short-cir- 
cuiting transfer, and thus, an unstable arc 
and severe spatter (Refs. 4-8). 

Pulsed GMAW uses a low base cur- 
rent to maintain the arc and a high peak 
current to melt the electrode and detach 
the droplet. It is capable of achieving 
spray transfer at low mean currents (Refs. 
9, 10). Also, GMAW-P tends to detach 
the droplet during the base current pe- 
riod. According to an earlier study by 
Eager, et al. (Ref. 4), droplets are subject 
to a rejecting force due to the plasma jet 
issuing from the weld pool, resulting in a 
condition that may eject coarse spatter. 
Because the rejecting force is propor- 
tional to the amplitude of the welding 
current, it is very low in the base current 
period of pulsed GMAW and the plasma- 
jet-related spatter is minimized. Hence, 
pulsed GMAW has been used to avoid 
globular transfer, reduce spatter and im- 
prove arcing stability in titanium welding 
(Refs. 11, 12). 

Although GMAW-P is capable of re- 
ducing spatter and improving arc stability 
through spray transfer, such capability is 
conditional. To ensure a stable arc and an 
adequate shield, the transfer process must 
be repeatable and controllable. That is, 
the transfer rate, number of droplets de- 
tached in a unit of time, and the droplet 
size must be consistent and in an appro- 
priate range. For GMAW-P, an applicable 
method to ensure the repeatability and 
controllability has been to detach one, 
and only one, droplet per pulse (ODPP) 
with a droplet diameter close to that of the 
electrode (Refs. 10, 13, 14). In conven- 
tional pulsed GMAW, this is achieved by 
selecting an appropriate duration and 
amplitude for the peak current. However, 
in order to ensure the detachment or 
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Fig. 1 - -  Cur rent  wave fo rm used for  act ive d rop le t  transfer contro l .  

avoid one-droplet multiple pulses 
(ODMP), a peak current higher than the 
transition current (Ref. 14) must be used. 

The use of high current narrows the 
range of peak current duration for gener- 
ating stable ODPP. If the duration of the 
peak current period is longer than re- 
quired, multiple droplets may be de- 
tached in a single pulse (Ref. 15), result- 
ing in a streaming spray transfer. If the 
duration is shorter, multiple pulses may 
be needed to develop and detach one 
droplet (Ref. 13). In addition, such peak 
current duration depends on, and varies 
with, welding parameters and condi- 
tions. In fact, to determine the peak cur- 
rent duration, studies have been con- 
ducted to experimentally correlate wire 
feed speed, peak current level, peak cur- 
rent duration, base current level and base 
current duration for a given electrode 
material, electrode wire diameter and 
composition of shielding gas (Refs. 10, 
13, 14). However, because of the narrow 
range and its dependence on welding 
conditions, such an open-loop selection 
of duration is often not robust with re- 
spect to welding parameters and condi- 
tions. Repeatable and controllable metal 
transfer and adequate shielding are not 
guaranteed. 

Modified Active Control 

Active Control 
To achieve a robust control technol- 

ogy for repeatable and controllable metal 
transfer, the authors have proposed oscil- 
lating the droplet, utilizing the down- 

I I  

ward momentum of the oscillating 
droplet to enhance detachment control- 
lability (Refs. 17-19). As seen in Fig. 1, 
during period T 1 , the droplet grows grad- 
ually and is dragged in the weld pool di- 
rection by a downward electromagnetic 
force generated by the exciting pulse. 
During period T2, the current is 
switched to a low level and, therefore, 
the electromagnetic force is decreased 
significantly. As a result, the droplet 
moves towards the electrode and then 
springs back toward the weld pool due to 
the surface tension of the melted droplet. 
DuringT 3 period, the current is switched 
to a higher level (detaching pulse). With 
the assistance of downward momentum, 
the increased electromagnetic force en- 
sures the droplet is detached with a cur- 
rent lower than the peak current needed 
in conventional pulsed current GMAW. 
This method has been referred to as ac- 
tive control of metal transfer (Refs. 
1 7-19). 

Analysis 
Although satisfactory droplet transfer 

can be achieved with active metal trans- 
fer control technology, further improve- 
ments will be beneficial for production of 
high-quality GMAW, especially for tita- 
nium welding. Specifically, analysis 
shows that the free oscillation period T 2 
is critical in ensuring detachment. 
Droplet mass, electrode material prop- 
erty and excitation level (the difference 
between the exciting pulse and the base 
current) all influence the selection of T 2 
and the efficiency in using the downward 
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Fig. 2 - -  A rc  d is t r ibut ion a n d  arc force. A - -  L o w  current ;  

B - -  h igh  current. 

momentum. To take advantage of the 
downward momentum, the phase match 
condition must be satisfied, i.e., the de- 
taching pulse must be applied when the 
droplet moves toward the weld pool. To 
take maximal advantage of the down- 
ward momentum, the detaching pulse 
was applied when downward motion of 
the droplet was first detected [based on 
analysis of vertical coordinates of the 
electrode tip after oscillation was excited 
in our previous work (Ref. 1 7)]. 

This study reveals the active control 
method may be modified to further im- 
prove robustness of metal transfer re- 
peatability and controllability. Such im- 
provements could be particularly 
beneficial for titanium welding. As can 
be seen, in the previous method (Ref. 1 7), 
the droplet is dragged toward the weld 
pool by the electromagnetic force in the 
exciting pulse period. The droplet starts 
to oscillate toward the electrode when 
the current is switched from the exciting 
level to the base current level. When the 
droplet starts moving toward the weld 
pool, the detaching pulse is applied to 
detach the droplet. Because of the damp- 
ing force, the oscillation energy de- 
creases gradually. The downward mo- 
mentum, which can be used to enhance 
the detachment, also decays. Because 
the droplet first moves toward the elec- 
trode after the current is switched to the 
base level, the detaching pulse can only 
be applied after the oscillation energy de- 
cays for a half oscillation period. As a re- 
sult, the effective downward momentum 
for detachment decreases, and the re- 
quired amplitude of the detaching pulse 
increases. If the droplet begins the oscil- 
lation by first moving toward the weld 
pool, such decrease in the effective 
downward momentum and increase in 
the amplitude of the detaching pulse will 
be eliminated. In this paper, such a 
scheme is referred to as modified oscilla- 
tion. The resultant control is referred to as 
modified active control. 

In addition to the increase in effective 
downward momentum and the decrease 
in the detaching current, the modified os- 
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Fig. 3 - -  Comparison of  current waveforms for active control and its modification. 
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Fig. 4 - -  Experimental apparatus diagram. 

Fig. 5 - -  Droplet detachment with pulsed current 200/35 A, 50 Hz, 22 V and electrode pos- 
itive. The electrode is 0.9-ram (0. 035-in.) ER-fi- 1, 800 frames per second. 

cillation scheme also generates two ad- 
ditional and important advantages. First, 
in active control, the droplet is not de- 
tached until half an oscillation period has 
gone. Such a mandatory waiting period 
lowers the upper limits of the transfer rate 
and achievable welding current. For ex- 
ample, when 0.9-mm (0.035-in.) wire is 
used, the upper limit of the metal transfer 
rate is 80 Hz, lower than it is in conven- 
tional GMAW where the typical range of 
transfer is from 40 to 120 HZ. If a greater 
diameter wire is used, the frequency limit 
will be further lowered. Second, the fre- 
quency of oscillation depends on the 
mass of the droplet (Ref. 17). In active 
control, the detaching current is applied 
after half an oscillation cycle. To ensure 
the phase match, the oscillation must be 
monitored. If the phase match condition 
is not satisfied when the detaching pulse 
is applied, the droplet cannot be de- 
tached. In that case, the performance of 
the active control would be even worse 
than conventional-pulsed GMAW. In 
previous studies, the oscillation was 
monitored by high-frame camera (Ref. 
17) or the arc voltage signal (Ref. 19). If 
the modified oscillation scheme is used, 
the detaching pulse can be applied 
shortly after oscillation. The phase match 
is guaranteed. The monitoring system be- 
comes unnecessary, the control system 
becomes simpler and the process be- 
comes more robust. 

Depending on the amplitude of the 
exciting pulse, the droplet can either be 
lifted towards the electrode or dragged 
downwards to the weld pool, as shown 
in the previous studies (Refs. 20, 21). In 
fact, when the welding current is low, the 
arc force pushes the droplet back to the 
electrode, as shown in Fig. 2A. The elec- 
tromagnetic force directs to the elec- 
trode. As the welding current increases, 
the arc root covers more and more of the 
surface of the droplet. When approxi- 
mately half the droplet is covered by the 
arc root, the arc force changes its direc- 
tion, pointing to the weld pool, as illus- 
trated in Fig. 2B. For a given diameter of 
electrode, the welding current can be se- 
lected to fully control the direction of the 
electromagnetic force, either toward or 
away from the electrode. For example, 
for the titanium electrode used in this 
study, a 100-A or lower current always 
produces an electromagnetic force point- 
ing toward the electrode, despite the size 
of the droplet and other welding condi- 
tions. A 140-A or higher current always 
generates an electromagnetic force away 
from the electrode. That is, the direction 
of the electromagnetic force is control- 
lable. Hence, the authors propose a 
method, as illustrated in Fig. 3, to realize 
the modified oscillation scheme. As 
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shown in Fig. 3, the modified active con- 
trol uses a relatively low exciting current 
to lift the droplet toward the electrode. 
After the current is switched from the ex- 
citing level to the base level, the droplet 
moves toward the weld pool because of 
the reduction in the lifting electromag- 
netic force. After a short period, the de- 
taching pulse current is applied. The de- 
taching current has been designed to 
ensure the electromagnetic force is away 
from the electrode. The combination of 
the detaching electromagnetic force and 
the downward momentum of the droplet 
ensures detachment. Hence, the modi- 
fied oscillation scheme and modified ac- 
tive control are realized. 

Experiments revealed the time interval 
for "free" oscillation (the base current 
level is very low), i.e., T 2 in Fig. 3, deter- 
mines the efficiency of the detaching 
pulse. A correct time interval maximizes 
the efficiency of the downward momen- 
tum, which offers the advantage of reduc- 
ing the amplitude of the detaching pulse 
to guarantee the detachment. The rela- 
tionship between the downward momen- 
tum and exciting pulse current value and 
period was investigated as well. The cur- 
rent waveform was modified based on all 
these results, as shown in Fig. 3. The de- 
tails will be discussed later in this paper. 

Experimental Procedure 

All experiments were performed with 
bead-on-plate welding. Titanium alloy 
(ERTi-1) workpiece and 0.9 mm (0.035 
in.) titanium wire (ERTi-1) were used. The 
shielding gas was pure argon (99.999% 
purity) with a flow rate of 20 L/min. The 
power supply was an inverter welding 
power source with current output range 
from 5 to 450 A (pulse current). This 
power supply can be used for either con- 
stant current (CC) or constant voltage 
(CV) mode. In this study, the welding cur- 
rent was produced by CC mode. The 
welding equipment was computer con- 
trolled to produce a specific pulsed cur- 
rent waveform and constant arc length. 
The workpiece was clamped on a trans- 
versing weld table, allowing the welding 
torch to remain stationary. The experi- 
mental set-up is shown in Fig. 4. 

Observation of the droplet was facil- 
itated by a laser backlighting system. A 
high-speed camera, 800 frames per sec- 
ond, was positioned to record the trans- 
fer of the droplet. The camera's resolu- 
tion is 128 x 128. For monitoring the 
droplet transfer process, a 15 x 15 mm 
field of view surrounding the end of the 
wire was selected. The corresponding 
resolution of the camera is about 0.12 
mm (0.0048 in.). It can be seen from the 
images given in this work that the reso- 

Fig. 6 - -  Droplet detachment with pulsed current 200/35 A, 50 Hz, 22 V and electrode pos- 
itive. The electrode is 0.9-ram (0.035-in.) ER77-1, 800 frames per second. 

Fig. 7 - -  Droplet detachment with active detachment control method, detaching current 165 
A, base current 35 A, 50 Hz, 20 V and electrode positive. The electrode is 0.9-mm (0.035- 
in.) ERTi-1, 800 frames per second. 

Fig. 8 - -  Droplet detachment with pulsed current 230/35, 40 Hz, 22 V and electrode posi- 
tive. The electrode is 0.9-ram (0.035-in.) ERTi-1, 800 frames per second. 
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Fig. 10 - -  Droplet detachment with modified active control, detaching current 160 A, base 
current 35 A, 50 Hz, 22 V and electrode positive. The electrode is 0.9-ram (0.035-in.) ERTi- 
I, 800 frames per second. 

lution of the camera is sufficient to ex- 
tract the geometrical parameters of the 
droplet. Thus, the droplet can be moni- 
tored at least 6 times per cycle during os- 
cillation. Under this monitoring rate, the 
oscillation phase of the droplet can be 
monitored reliably. During experiments, 
the computer output the specific current 
form and grabbed the images. The im- 
ages were processed later to investigate 
the effect of modified active control on 
droplet detachment. 

Resul ts  a n d  D i s c u s s i o n  

Stability plays a critical role in reduc- 
ing spatter and improving the shielding of 
the weld area in GMAW of titanium. In 
the conventional-pulsed GMAW process, 
if a constant ODPP transfer is obtained, 
the process is stable because the variation 
of arc length caused by droplet transfer is 
small. Furthermore, the droplet is de- 
tached in the base current period, result- 
ing in a low rejecting force (Ref. 4). Figure 

5 shows images taken during a constant 
ODPP transfer. The droplet was detached 
after the peak current period. The rejec- 
tion effect is not observed. 

However, the range of pulsed current 
parameters for achieving ODPP mode 
under a certain condition is narrow. Al- 
though parameters were tuned carefully, 
random interruption always impairs the 
stable droplet transfer process, such as 
the variation of arc length or contact tube 
wear. As shown in Fig. 6, with the same 
parameters for the process shown in Fig. 
5, after the droplet detached from the 
wire tip, it returned to the wire due to rel- 
atively insufficient pulse energy. It ap- 
pears the energy required by each pulse 
to detach the droplet reliably may vary 
according to the welding conditions. If 
pulse energy is relatively low, the droplet 
cannot transfer until its gravity is larger 
than the surface tension after several 
pulses. The process becomes unstable, 
especially for thin wire, because the vari- 
ation of arc length is larger due to the rel- 

atively large surface tension. In order to 
ensure detachment, high peak current 
value and long peak current period may 
be used. However, in addition to high 
droplet impact speed, the corresponding 
detachment process tends to proceed 
asymmetrically. Also, due to the violence 
of the detachment, the droplet sometimes 
breaks apart, resulting in coarse spatter. 

Stable droplet transfer has been en- 
sured by using the active droplet transfer 
control technique. As shown in Fig. 7, 
during the exciting pulse, the droplet 
moves downwards to the weld pool due 
to electromagnetic force. The droplet 
moves symmetrically or asymmetrically 
about the electrode's axis, depending on 
the distribution of arc root on the droplet 
surface. Equilibrium is established be- 
tween the electromagnetic force, gravity 
and the retaining force due to surface ten- 
sion. When exciting pulse current is 
switched to the base current level, the 
droplet begins to oscillate because of the 
decrease of electromagnetic force, which 
is proportional to the welding current's 
power. The spring force derived from sur- 
face tension and the damping force from 
viscous stresses dominate the movement 
of the droplet. Because they are symmet- 
rical, the motion of the droplet tends to 
be symmetrical about the electrode's 
axis. When the droplet starts to move 
downward, the current is switched to the 
detaching level and the droplet is de- 
tached reliably and axially. The oscilla- 
tion of the droplet is beneficial for 
achieving a stable transfer process from 
two points of view. The oscillation re- 
trieves the droplet's symmetric shape, 
and the downward momentum de- 
creases the peak current needed for con- 
stant ODPP process. In Fig. 7, the 
droplet's form was asymmetrical when 
the exciting pulse was applied. After the 
oscillation, the motion of the droplet 
tends to be symmetrical and then it is de- 
tached axially. The detaching current 
needed is only 165 A. However, in the 
conventional-pulsed current GMAW 
process of titanium, the droplet is some- 
times asymmetrical and when pulsed 
current is applied, the droplet does not 
move axially. The droplet may be de- 
tached away from the wire to produce 
coarse spatter, as shown in Fig. 8. The 
peak current needed is about 230 A for 
constant ODPP transfer mode. 

Besides constancy, another character- 
istic of the transfer process with active 
control is the speed of the droplet de- 
creases significantly, to only half of that 
in conventional pulsed current welding. 
As shown in Fig. 9, the average speed of 
the droplet in GMAW-P is 816mm/s for 
0.9-mm (0.35-in.) wire with ODPP mode 
using 230-A pulsed current. The average 
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speed of the droplet with the active con- 
trol technique is 423 mm/s, with the 
same detaching current value. Further- 
more, the active control uses a much 
lower detaching current than the peak 
current in conventional-pulsed GMAW, 
resulting in a droplet transfer speed de- 
crease to 345mm/s. 

The modified active control inherits all 
of the advantages of the active control 
method. In addition, the modified control 
technique further eliminates remaining 
problems in its origin. As seen in Fig. 10, 
the droplet is first lifted toward the elec- 
trode by the exciting pulse current. Then 
it springs downwards to the weld pool 
after the exciting pulse current switches to 
base current level. After a short period, 
the detaching pulse current is applied to 
detach the droplet. 

The modified method results in sev- 
eral advantages. First, because the de- 
taching current is applied after less than 
half the period of droplet oscillation, the 
time needed for each droplet detach- 
ment cycle is decreased significantly. 
The upper limit of the frequency is in- 
creased to 120 Hz, reaching the same 
range as conventional-pulsed GMAW 
process. Thus, the welding current range 
is enlarged, especially for thicker wire, 
which has a longer oscillation period 
(Ref. 17). Second, the exciting current 
decreases to 100 A, which is much 
smaller than that used by the previous 
method (140 A). The duration of the ex- 
citing pulse is not correspondingly in- 
creased. Therefore, the energy used for 
exciting the oscillation of the droplet de- 
creases significantly and less heat input 
is produced by the exciting pulse. This 
characteristic is useful for many applica- 
tions that need low input energy. Third, 
the controllability of the droplet detach- 
ment is improved. As shown in Fig. 11, 
in conventional-pulsed GMAW, the 
droplet is detached only by the electro- 
magnetic force. There is a trade-off be- 
tween the robustness and the high pulse 
current. In the previous active control 
method, the droplet is detached by elec- 
tromagnetic force and downward mo- 
mentum. With the assistance of the 
downward momentum, the requirement 
for the detaching current is decreased 
and the allowance of the detaching cur- 
rent is increased. Thus, the controllabil- 
ity is improved. However, because in 
the exciting pulse current, the droplet is 
dragged down by electromagnetic force, 
the energy difference that assists the 
droplet detachment is not large. In the 
modified active control method, the 
electromagnetic force caused by the ex- 
citing pulse lifts the droplet. Hence, the 
energy difference caused by the detach- 
ing action and the exciting action is 
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Fig. 11 - -  Comparison of controllability in different control methods. 
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Fig. 14 - -  Droplet transfer with 25-ram (l-in.) contact-tube-to-workpiece distance with mod- 
ified active control, 400 frames per second. 

Fig. 15 - -  Droplet transfer with 12-mm (0.5- in.) contact-tube-to-workpiece distance with 
modified active control, 400 frames per second. 

l 4 

Fig. 16 - -  Droplet transfer with 9-mm (0.36- in.) arc length with modified active control, 400 
frames per second. 

larger. This difference eases the preven- 
tion of accidental detachment. As a re- 
sult, the controllability is increased fur- 
ther, and both the size and transfer 
instant of the droplet become more con- 
trollable. Fourth, the robustness of the 

detachment process is improved be- 
cause after the exciting pulse current 
switches to base current, the droplet 
must spring back due to surface tension. 
The detaching current is applied after a 
short period. The downward momentum 

must be in phase with the detaching arc 
force. Therefore, this method eliminates 
the necessity for real-time monitoring 
and analysis of the oscillation process. 

Experiments have also been con- 
ducted to investigate the influence of the 
exciting pulse period on oscillation am- 
plitude. It was found that the exciting 
pulse current value determines the maxi- 
mum amplitude of the droplet movement. 
As can be seen in Fig. 12, for a certain ex- 
citing current value and electrode diame- 
ter, there is an optimal exciting pulse pe- 
riod. If the exciting period is set at this 
optimal period, the droplet can be lifted 
to maximum amplitude. The exciting 
pulse current period has been set slightly 
higher than the optimal period to ensure 
robustness of the process in this study. 

This study has also investigated the op- 
timal time to apply the detaching current. 
It was found the time used in the previous 
active method is not optimal. As shown in 
Fig. 13, the needed detaching pulsed cur- 
rent for reliable detachment varies with 
the instant to apply it during the droplet's 
downward motion. At a certain instant, 
the needed detaching pulse current 
reaches minimum value. The phenome- 
non is complicated. Oscillation of the 
droplet is like as a vibration system with 
viscous damping. If the detaching pulse 
current is applied as soon as the droplet 
moves downwards, the velocity of the 
droplet is additionally accelerated, result- 
ing in an excessive increase of the dump- 
ing force, which is proportional to veloc- 
ity. Thus, excessive energy provided by 
the detaching current is consumed during 
downward movement of the droplet. In 
order to detach the droplet reliably, either 
higher detaching current or longer de- 
taching period should be used. If the de- 
taching force is applied too late, phase 
mismatch may occur. In the modified 
method, the detaching current is applied 
shortly after the current is switched to the 
base level, so the phase match is guaran- 
teed. Also, the efficiency of the detaching 
pulse is improved and the need for de- 
taching pulsed current is decreased. 

Robustness 

In order to demonstrate the stability of 
the modified active control method, ex- 
periments were conducted to investigate 
droplet transfer under varied conditions. 
Welding parameters selected as variables 
include arc length and contact-tube-to- 
workpiece distance because they have 
significant influence on the droplet trans- 
fer process. Additionally, they are prone 
to variations during production welding, 
especially in semiautomatic welding. 
Variation in contact-tube-to-workpiece 
distance and arc length changes the heat 
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generation and arc efficiency. If the al- 
lowance of the controllability of a droplet 
is small, the process cannot withstand 
change of conditions. Multidroplet per 
pulse or multipulse per droplet mode wil l  
occur. However, with improved control- 
labil ity, the modif ied active control 
method does not have these problems. As 
shown in Figs. 14 and 15, with quite dif- 
ferent contact-tube-to-workpiece dis- 
tance, the droplet transfer process re- 
mains constant even though the heat 
generation conditions change. As seen in 
Figs. 1 6 and 17, the arc length changed 
from 9 mm (0.36 in.) to 3 mm (0.12 in.), 
but the active control method still de- 
tached the droplet constantly and reli- 
ably. The modified active control does 
withstand variation in the welding con- 
dition within a reasonable range. 

Conclusions 

By util izing active control technology, 
the robustness of the metal transfer 
process in GMAW of titanium is signifi- 
cantly improved in comparison with the 
conventional-pulsed GMAW process. 
The use of downward momentum de- 
creases the peak current needed for con- 
stant ODPP process. The process is sta- 
ble and free from spatter, which is highly 
desirable in GMAW welding of titanium. 

The major difference between active 
control and modified active control lies 
in the method for oscillation generation. 
In active control, both the exciting and 
detaching pulses are selected to be at 
peak level. Hence, oscillation is gener- 
ated by switching current from the peak 
level to the background level. The elec- 
tromagnetic force corresponding to peak 
current is a detaching force. After the cur- 
rent is switched from peak level to back- 
ground level, the droplet init ially moves 
toward the electrode. The detaching ac- 
tion can be taken only after half of the os- 
cil lation cycle. Because oscillation de- 
pends on welding parameters such as 
material and diameter of the electrode, 
the oscillation process must be moni- 
tored. The system is complicated and ro- 
bustness of the metal transfer depends on 
the reliability of the monitoring system. 
In the modified active control, the oscil- 
lation is generated by switching the cur- 
rent from the exciting pulse level to back- 
ground level. Because the exciting pulse 
in this case is much lower than the de- 
taching pulse, it can be so selected that 
the resultant electromagnetic force is a 
retaining force or support force. As a re- 
sult, before the current is switched to the 
background level, the electromagnetic 
force pushes the droplet toward the elec- 
trode. After the current is switched, the 
droplet oscillates by immediately moving 

Fig. 17 - -  Droplet transfer with 3-mm (0.12- in.) arc length with modified active control, 400 
frames per second. 

toward the weld pool. Hence, the de- 
taching pulse can be applied after a short 
period of time, and the phase match be- 
tween oscillation a nd the detaching force 
is guaranteed. Consequently, the need to 
monitor oscil lation is eliminated. The 
control system is simplified and robust- 
ness is improved. Of course, because of 
the elimination of a half cycle of waiting 
time, the modified active control also im- 
proves the range of the metal transfer 
rate. Because modified active control in- 
herits all other advantages of active con- 
trol, modified active control is a better so- 
lution for applications where highly 
repeatable metal transfer is desirable. 
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