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Puckering Phenomenon and its Prevention 
in GMA Welding of Aluminum Alloys 

By feeding a 'cold' filler metal into a molten pool, the threshold welding current 
for puckering in aluminum alloy welds can be increased to higher values 

BY H. MIYAZAKI, H. MIYAUCHI, Y. SUGIYAMA AND T. SHINODA 

ABSTRACT. The formation of puckered 
beads at high welding currents is a well-
known phenomenon that occurs in gas 
metal arc (GMA) welding of aluminum 
alloys. It is possible to increase the 
threshold welding current at which puck
ering occurs to higher values and to ar
rest puckering by using an improved 
GMA welding technique. The technique 
uses a double wire feed in which a cold 
filler metal wire (called filler metal wire 
hereafter) is fed into the molten pool be
hind the electrode wire. 

Experimental investigations were car
ried out to clarify this phenomenon and 
the main conclusions obtained are as fol
lows: 

1) Entrainment of air is the direct 
cause of puckering. Air entrainment is 
caused by the explosive spouting and 
scattering of the molten metal, and/or by 
the molten pool being pushed behind the 
arc to form an unstable wall of liquid, 
which results in a breakdown of the gas 
shielding. 

2) The effectiveness of double wire 
gas metal arc (DW GMA) against puck
ering can be explained by the fact that in
troduction of the filler metal wire enables 
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sufficient quantities of molten metal to be 
maintained directly under the arc, which 
remains stable even at high currents. Fur
thermore, the filler metal wire addition 
reduces the temperature of the molten 
pool and increases its viscosity, thus in
hibit ing the tendency for the molten 
metal to spout. 

Introduction 

The formation of puckered beads at 
high welding current ranges is a wel l -
known phenomenon that occurs in GMA 
welding of aluminum alloys and is con
sidered to be one of the obstacles in
hibit ing high-speed welding of thick 
plates (Refs. 1, 2). In the case of welding 
currents exceeding about 500 A, it has 
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been successfully demonstrated that 
puckering can be prevented by employ
ing an improved high-current GMA 
welding method (Refs. 3-5) that includes 
the following set of modifications: 

1) Use of a welding power source with 
constant current characteristics for ob
taining better arc stability. 

2) Use of a dual nozzle for improving 
the gas shielding. 

3) Use of a thick electrode wire for re
ducing the arc force. 

4) Decrease of welding speed. 
However, many common aluminum 

alloy structures utilize plate thicknesses 
which require welding currents that are 
somewhat lower than those used in high-
current GMA welding. Furthermore, 
since high-current GMA welding uses 
large-sized welding guns, this method is 
limited at present to mechanized weld
ing in the flat position only and is not ap
plicable to robotic welding. 

One of the features of a newly devel
oped high-efficiency welding method 
was to prevent puckered bead formation 
in aluminum alloys (Ref. 6). In this DW 
GMA welding method, a filler metal wire 
is fed into the molten pool formed by the 
leading electrode wire. It was confirmed 
that the DW GMA process is not only ef
fective for shifting the threshold welding 
current at which puckering begins to 
occur toward higher values, but also that 
puckering that has already occurred in 
conventional GMA mode can be arrested 
by filler metal wire feeding in the DW 
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Fig. 1 — Principal setup of DW GMA welding process. 

GMA mode. This paper describes the re
sults of experimental investigations car
ried out to clarify the mechanisms of oc
currence of the puckering phenomenon, 
and of its arrestability by the DW GMA 
welding method. 

Development of the 
D W G M A Welding Process 

For the reasons stated above, the de
velopment of a high-efficiency welding 
process for welding aluminum alloys, 
which allows semiautomatic welding as 
well, is considered to be very important. 
In gas tungsten arc (GTA) and GMA weld
ing, there are already several practical 
examples of feeding a second wire into 
the molten pool (cold or hot wire weld
ing) in order to achieve high deposition 
rates (Ref. 7). These methods are mainly 
used for welding carbon and stainless 
steels. Hot wire welding appears not to 

have been applied to welding aluminum 
alloys. One of the reasons for this is the 
low electrical resistance of aluminum. 

Although the melting temperature of 
aluminum is around 933 K, the tempera
ture of the molten pool in GMA welding 
of aluminum alloys is higher than 1 500 K 
(Ref. 8). Therefore, it can be considered 
that feeding of a filler metal wire into a 
molten pool wi th surplus heat wou ld 
make it possible to increase the deposi
tion rate and improve welding produc
tivities without much risk of causing dis
continuities, such as incomplete fusion. 
The development of the DW GMA weld
ing process, which increases welding 
productivity of aluminum alloys through 
the addition of a filler metal wire, was 
based on this concept. 

In the DW GMA process, the filler 
metal wire, which is positioned behind 
and parallel to the electrode wire within 
the nozzle as shown in Fig. 1, is fed into 
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Fig. 2 — Comparison of deposition rate between conventional GMA and DW GMA 
welding. Base metal: 5083; electrode welding wire and filler metal wire: 5183. Wire 
diameters: electrode welding wire, 2.4 mm; filler metal: 1.6 mm. 

and melts in the molten pool produced 
by the electrode wire. Because of this 
arrangement, the welding gun can be de
signed to be compact, having a nozzle 
inner diameter of only 19 mm (0.75 in.), 
which is the same as that of conventional 
GMA welding guns. During welding, a 
part of the welding current flowing from 
the base metal to the earth ground con
nection of the welding power source is 
drawn through the filler metal wire. For 
this purpose, a splitting circuit was in
corporated in a 500-A inverter-con
trolled welding power source with con
stant voltage characteristics. 

Since the direction of the current flow 
in the electrode wire is opposite to that in 
the filler metal wire, the resultant repul
sive force deflects the arc in the forward 
direction. This means that even if the 
filler metal wire is positioned close to the 
electrode wire, it can be fed into the 
molten pool smoothly. If the current 
drawn through the filler metal wire is too 
high, the arc gets deflected too much and 
affects welding stability. For this reason, 
a variable resistor was included in the 
splitting circuit in order to adjust the split 
current to a suitable value. 

In the DW GMA welding method, the 
feeding rates of the electrode and the 
filler metal wires can be controlled inde
pendently. Usually, the latter is fed into 
the molten pool 4 to 5 mm (0.16 to 0.20 
in.) behind the former. When no filler 
metal wire is fed, the welding is conven
tional GMA welding. 

The foremost feature of DW GMA 
welding is increased deposition rates. 
Figure 2 shows a comparative example of 
deposition rates between conventional 
GMA and DW GMA welding processes 
together with cross-sectional profiles of 
weld beads. The cross-sectional profiles 
of DW GMA welds illustrated by full line 
were taken from the welds made with the 
deposition rate shown by arrows in the 
figure. Deposition rates obtained in DW 
GMA welding are more than twice that 
of conventional GMA welding. The bead 
width of DW GMA welds is almost unaf
fected by the increased deposition rate, 
but the height of reinforcement increases 
and the penetration decreases slightly. 

Experimental Procedure 

Bead-on-plate welds and fillet welds 
were made in the flat position on alu
minum 5083-0 plates (400 x 73 mm; 
1 5.75 x 2.9 in.), of 10, 12 and 15 mm (0.4 
x 0.47 x 0.6 in.) in thickness. Web plates 
were fixed on the center of flange plates 
to fillet welds. Plate size is specified as 
relatively small dimensions to clarify the 
tendency of puckering phenomena, and 
to compare threshold puckering welding 
current of conventional GMA and DW
GMA welding. Before welding, the spec
imens were wire-brushed to remove the 
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oxide layer and then degreased by ace
tone before final wire-brushing. 

The electrode and filler metal wires 
were a 5183 alloy. In the case of DW 
GMA welding, the diameter of the elec
trode wire was 2.4 mm (3/32 in.) and that 
of the filler metal wire, 1.6 mm (1/16 in.). 
In the case of conventional GMA weld
ing experiments performed for compari
son, the diameter of the electrode wire 
was 2.4 mm. 

Although it is well known that the 
puckering tendency is strongly inf lu
enced by the gas shielding effect, which 
depends on shielding gas flow rate, weld
ing speed, etc., preliminary experiments 
with Ar gas flow rates of 25 L/min (4.1 7 
x 10-4 mVs) and 50 L/min (8.33 x 10"4 

m3/s) indicated that there was no signifi
cant difference in the puckering ten
dency at these two gas flow rates. There
fore, in the current series of experiments, 
the gas flow rate was kept constant at 25 
L/min. The other welding conditions 
which were maintained constant were 
welding speed (1 6.7 mm/s), electode ex
tension (20 mm; 0.79 in.) and nozzle to 
base metal distance (1 3 mm; 0.5 in.). 

The deposition rate of the electrode 
wire was 1.03 g/s at 400 A, and 1.28 g/s 
at 500 A, respectively. In the DW GMA 
welding experiments, the range of depo
sition rates of the filler metal wire was 
controlled so that at the maximum, the 
deposition rate of fi l ler metal wire 
matched that of the electrode wire. 

Threshold Welding Current for Puckering 

Bead-on-plate welds were made by 
GMA and DW GMA welding to deter
mine the threshold welding currents at 
which puckering appeared. During DW 
GMA welding, the welding current was 

gradually increased from a low initial 
value up to the threshold welding current 
in order to determine the relation be
tween the deposition rate of the filler 
metal wire and the threshold welding 
current. 

Arrest of Puckering by DW GMA Welding 

Puckering was made to occur in GMA 
welding using currents above the thresh
old value. The welding mode was then 
changed to DW GMA by feeding the 
fi l ler metal wire so as to determine 
whether puckering that has occurred 
once could be arrested by filler metal 
wire addition. The effect of arc voltage 
and push angle of the welding gun on 
puckering and its arrest were also studied 
for both bead-on-plate and fillet welds. 

Observations of Arc Phenomena 
and Molten Pool Behavior 

A high-speed video camera (500 
frames/s) was used to observe the arc 
phenomena and the molten pool behav
ior before and during occurrence of 
puckering, as well as during its arrest by 
the addition of filler metal wire. 

Relation between Preheating Temperature 
and Threshold Welding Current 

Results of the above experiments con
firmed that by using DW GMA welding, 
the threshold welding current is in
creased and that it is possible to arrest 
puckering that has once occurred. When 
puckering occurs, it was observed that 
the molten metal tends to spout from the 
molten pool due to the arc force. This 
suggests that one of the reasons for DW 
GMA being effective for arresting puck

ering is that feeding of the "cold" filler 
metal wire decreases the temperature of 
the molten pool, which results in in
creased viscosity of the molten metal. 

The temperature of the molten pool in 
GMA and DW GMA welding was mea
sured in order to confirm this point. A 
CA-thermocouple of 1 mm in diameter 
was attached to the stationary welding 
nozzle via the guide under the specimen 
traveling so that the tip of the thermo
couple entered the molten pool at a lo
cation approximately 1 mm behind the 
filler wire. With this arrangement, the 
molten pool temperature could be mea
sured continuously during welding. The 
temperature of the molten pool was first 
measured in the DW GMA mode. The 
welding was continued but the fil ler 
metal wire feed was then stopped and the 
molten pool temperature in the GMA 
mode was measured. The temperature 
measurements were performed using 
welding conditions under which pucker
ing does not occur (welding current, 360 
A; welding speed, 6.7 mm/s; 1 6 in./min). 

In addition to the above, the effect of 
molten pool temperature on puckering 
tendency was investigated by preheating 
the base metal deliberately and observ
ing how the base metal temperature af
fected the threshold welding current for 
puckering. 

Results and Discussion 

Threshold Welding Current for Puckering 

Figure 3 shows the appearance of a 
bead-on-plate weld first made by GMA 
welding, fol lowed by DW GMA. The 
welding current in this case was 470 A 
(push angle of welding gun, 20 deg), 
which was higher than the threshold 
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Fig. 3 — Appearance of puckered bead in conventional GMA welding 
and arrest of puckering by DW GMA welding process. 
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Fig. 4 — Effect of welding current and filler metal wire addition 
on puckering phenomenon for bead-on-plate experiments. 
Welding gun angle: 20 deg. 
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Fig. 5 — Oscillograms of welding current and arc voltage dur
ing puckering. Filler metal wire deposition rate: 0.78 g/s. 
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value for GMA welding. At the beginning 
of GMA welding, the bead was initially 
sound, but puckering suddenly appeared 
at point A. At point B the welding mode 
was changed to DW GMA with fi l ler 
metal wire addition of 0.58 g/s (4.6 Ib/h), 
and it could be observed that puckering 
disappeared from point C onward. (The 
weld shown in this figure was pho
tographed after it was cleaned by wire 
brushing in order to remove smut and 
make the puckered bead clearly visible 
(Ref. 9).) 

Figure 4 shows the effect of welding 
current and filler metal wire deposition 
rate on the occurrence of puckering 
when making bead-on-plate welds on 
12-mm-thick plates. In the GMA welding 
mode, the threshold welding current was 
about 440 A. In the DW GMA mode, 
however, the threshold current shifted to

ward progressively higher values with 
increasing filler wire feed. With a filler 
wire deposition rate of more than 0.4 g/s, 
which was about 40% of the wire depo
sition rate (about 1.1 g/s) in GMA weld
ing, the threshold current was increased 
by about 20 A. 

Variations in Arc Voltage and Welding 
Current on Puckering 

The variations in arc voltage and 
welding current on puckering were 
recorded and analyzed by oscilloscope. 
An example of the oscillogram is shown 
in Fig. 5. In this example, where the filler 
metal wire deposition rate was kept con
stant at 0.78 g/s, welding was begun with 
a current of 420 A and then the current 
was gradually increased til l puckering 
appeared. High-speed video observa-

Fig. 7 — Extending the 
threshold welding current 

with filler metal wire 
addition in the case of the 

DW GMA process. 
Fillet weld. 
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tions showed that puckering occurred 
suddenly when the welding current ex
ceeded 500 A, and that at this stage the 
arc length tended to fluctuate sharply. 
This is evident in the figure where both 
arc voltage and welding current are seen 
to fluctuate when puckering takes place. 
Also, there is a sharp drop in the arc volt
age (i.e., shorter arc length) at the instant 
when puckering begins, as indicated by 
the arrow in the figure. 

Arrest of Puckering in the DW CMA Mode 

Bead-on-plate welds and fillet welds 
were made in the flat position under var
ious combinations of welding current, 
arc voltage and torch inclination in order 
to confirm the effectiveness of DW GMA 
welding on arresting puckering. 

Figure 6 collates the results obtained 
from the bead-on-plate welding experi
ments. In the experiments, puckering 
was intentionally made to occur in the 
GMA mode. Filler metal wire feed was 
then begun (DW GMA), and the deposi
tion rate was progressively increased 
until the puckering stopped. The two 
lines in the figure denote the filler metal 
wire deposition rates required to arrest 
puckering. The region of puckering lies 
below these lines. 

The figure indicates that the threshold 
welding current shifts toward higher val
ues with increases in the push angle of 
welding gun and of the filler metal wire 
deposition rates, and that arrest of puck
ering becomes easier as wel l . This is be
lieved to be because the arc force that 
makes the molten metal spout toward the 
rear of the molten pool is decreased as 
the push angle is increased. However, if 
the weldinggun is inclined too much (say 
more than 30 deg), the molten metal may 
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spout in the opposite direction (i.e., to
ward the front of the arc) and the arc sta
bility could be affected adversely. For this 
reason, the welding gun incl ination 
needs to be limited to a maximum of 
about 20 deg. 

For a given filler metal wire deposi
tion rate, the puckering tendency is 
strongly influenced by the arc voltage. 
For example, the symbol • in Fig. 6 indi
cates that puckering occurs at 420 A 
when the arc voltage is 30 V and the push 
angle of the welding gun is 10 deg. But 
when the arc voltage is reduced to 29 V, 
the threshold welding current increases 
to 440 A. 

Figure 7 shows the results with respect 
to flat position fillet welding, and it is 
clear that in this case too much fil ler 
metal wire feeding in the DW GMA 
mode extends the threshold welding cur
rent to higher values. It was possible to 
arrest puckering at all welding conditions 
by increasing the filler metal wire depo
sition rate sufficiently, provided that the 
welding current is 520 A or less. It was 
also found that increasing the torch incli
nation resulted in an increase in the 
threshold welding current, as in the case 
of bead-on-plate welding. 

The data of the bead-on-plate welding 
experiment for an arc voltage of 29 V and 
push angle of 20 deg is shown by the bro
ken line in Fig. 7, and it can be seen that 
for the same arc voltage and welding gun 
incl inat ion, fi l let welds can tolerate 
higher currents than bead-on-plate welds 
before puckering occurs. Lower arc volt
ages and larger push angles of the weld
ing gun lead to higher threshold welding 
currents, as in the case of bead-on-plate 
welding. In general, it is evident that f i l 
let welds exhibit somewhat higher 
threshold currents compared to bead-on-
plate welds. In addition, puckering can 
be arrested by smaller amounts of filler 
metal wire feed. The reason for this is be
lieved to be related to the fact that it is 
easier to keep the molten metal under the 
arc to maintain the stable arc, in addition 
to better gas shielding in the case of fillet 
welding. 

As is evident from Figs. 6 and 7, the 
higher the welding current at which 
puckering occurs, the larger amount of 
filler metal wire feed is required for its ar
rest. Also, it is found that when the puck
ering in GMA welding is arrested by 
switching to DW GMA, the filler metal 
wire deposition rate required for its arrest 
is higher than that required (for welding 
without puckering) in the case when DW 
GMA is employed from the commence
ment of welding. 

For example, in bead-on-plate DW 
GMA welding with 470 A and a welding 
gun push angle of 20 deg, no puckering 
occurs if the filler metal wire deposition 
rate is more than 0.58 g/s — Fig. 4. In 
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Fig. 8 — High-speed video photographs of the arc and weld pool during recovery from 
puckering by filler metal wire feed in the DW GMA welding mode. 

contrast, once puckering has occurred in 
GMA welding, the filler metal wire de
position rate required for its arrest is 0.87 
g/s as shown in Fig. 6. 

Observation of Arc Phenomena 
and Molten Pool Behavior 

Figure 8 shows typical high-speed 
video photographs of the arc and molten 
pool taken before, during and after the 
occurrence of puckering. The welding 
conditions were: welding current, 470 A; 
arc voltage, 29 V; and filler metal wire 
deposition rate, 0.58 g/s. The time 
elapsed after commencing welding is 
shown at the top of each frame. The eight 

frames, from 4.808 s up to 1 6.838 s after 
commencing welding, are illustrated in 
the figure. 

Figure 8-1 (4.808 s after commencing 
welding) shows the condition in "single 
electrode wire" GMA welding with spray 
transfer. The molten pool is stable and its 
surface is stationary. After 7.1 32 s (Fig. 8-
2), the rear wall of the molten pool is seen 
to rise up and the molten pool has be
come sharply depressed directly under 
the electrode wire. In Fig. 8-3 (7.140 s), 
the arc is observed to have been blown 
slightly toward the front of the molten 
pool and at the same time, the rear wall 
of the molten pool is beginning to fall 
down. Hereafter, puckering appears 
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Fig. 10 — Effect of preheating temperature of the base metal 
on puckering phenomenon. 

0.01 2 s later, and Fig. 8-4 (7.152 s) shows 
the state of the arc and molten pool at this 
instant. The surface of the molten pool 
has sunken sharply and cathode spots are 
recognized to have formed at the rear 
wall of the molten pool. This is believed 
to happen due to a breakdown of the gas 
shielding. As a result, the tip of the elec
trode wire, which was sharply pointed in 
the spray transfer mode in Fig. 8-1, has 
become rounded and the arc has become 
narrower. 

After 7.156 s (Fig. 8-5), the condition 
is not altered much, but the arc is being 
blown toward the rear of the molten pool 
and the liquid surface at the rear of the 
molten pool is collapsing. After 7.164 s 
(Fig. 8-6), the arc is being blown toward 
the front end of the molten pool again, 
the height of the wall at the rear of the 
molten pool has increased and the col
lapse of the liquid surface is sharply evi
dent. 

The welding was changed to the DW 
GMA mode by feeding the filler metal 
wire while puckering was taking place. 
In Fig. 8-7 (1 6.834 s), puckering has been 
arrested by the filler metal wire feed and 
the tip of the electrode wire has returned 
to the original pointed state in the spray 
transfer mode. The rear wall of the 
molten pool has become smooth and its 
height has decreased. Almost immedi
ately after this, a wall with a small height 
difference can be noticed at the rear of 
the molten pool — Fig. 8-8 (16.838 s). 
The crater into which the filler metal wire 
is being fed is very smooth and stable. 
The bead has become smooth without 
any sign of wrinkles, which are typical of 
puckering. 

The above observations suggest that 
the sequence of events leading to puck
ering is as follows: 

Under high currents where the arc 

force is great, the molten metal is pushed 
up toward the rear of the molten pool. 
This upward force is opposed by gravita
tional force, and as a result, the liquid 
surface starts to oscillate, which in turn 
causes the arc to oscillate back and forth. 
When the arc moves forward, the arc 
length becomes shorter and immediately 
after this the molten metal spouts toward 
the rear of the molten pool in an explo
sive manner, causing puckering. The 
shortening of arc length immediately be
fore puckering occurs corresponds to the 
drop in arc voltage indicated by the 
arrow in Fig. 5. 

Measurements of Molten Pool Temperature 

It can be presumed that because of the 
cold wire feed, the temperature of the 
molten pool in DW GMA would be 
lower than that in conventional GMA 
welding. Figure 9 shows the results of 
molten pool temperature measurements 
when bead-on-plate GMA and DW 
GMA welds were made on 1 5-mm-thick 
(0.6-in.) plates using 360 A, 28 V, and 6.7 
mm/s. After welding initially in the DW 
GMA mode with a filler metal wire de
position rate of 0.58 g/s, the welding was 
changed to the GMA mode by stopping 
the filler metal wire feed. 

It is not possible to compare the 
molten pool temperatures of the two 
cases directly because the points of mea
surements are different due to differing 
shapes of the molten pools. Neverthe
less, Fig. 9 shows that the temperature in 
DW GMA is around 1070 K and is about 
200 K lower than that measured in GMA 
welding. It can be inferred from this that 
in DW GMA welding, because of the 
lowering of temperature caused by cold 
wire feeding, the viscosity of the molten 
metal is increased (Ref. 10), and the 

lower temperature and higher viscosity 
help to restrain the spout of the molten 
metal caused by arc force, thus prevent
ing puckering. 

Effect of Initial Temperature of the 
Base Metal on Puckering 

Since the above suggests that the tem
perature of the molten pool is one of the 
factors that exert strong influence on 
puckering, increasing the temperature of 
the molten pool by preheating the base 
metal should result in a greater tendency 
for puckering. This is confirmed by the 
experimental results of Fig. 10 showing 
the relation between preheating temper
ature and threshold welding current for 
puckering. Clearly, higher preheating 
temperatures (i.e., higher molten pool 
temperatures) result in puckering being 
initiated at lower welding currents. This 
confirms that puckering tendency is in
fluenced by molten pool temperature. 

It must be mentioned, however, that 
in the case of the preheated specimens, 
the occurrence of puckering was inter
mittent, and it could be arrested with rel
ative ease. Even if spouting of the molten 
metal and temporary breakdown in 
shielding cause puckering, the break
down soon recovered presumably be
cause low welding currents were used in 
this experiment for welding the pre
heated specimens. 

The Mechanism of Puckering and its Arrest 

Considering the experimental obser
vations made above, the phenomenon of 
puckering and its arrest by DW GMA 
welding can be explained as follows: 

The results of the observation on oc
currence and arrest of puckering are i l
lustrated in Fig. 11. In conventional GMA 
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welding, viscosity of the molten pool is 
lowered due to its comparatively high 
temperature (Ref. 10) and the digging ef
fect of the arc is pronounced. As a result, 
penetration becomes deep, the height of 
the rear wall of the crater increases and 
its incl ination becomes sharper, as 
shown schematically in Fig. 11 A. 

Puckering is believed to be caused by 
air entrainment brought about by the ex
plosive spout of the molten metal, and/or 
by the molten pool being pushed behind 
the arc to form an unstable wall of liquid, 
which results in a breakdown of the gas 
shield, and consequently, air entrain
ment. In any event, once air entrainment 
occurs, oscillation of the arc and air en
trainment are repeated as chain reactions 
resulting in puckering. 

When welding is performed at cur
rents higher than the threshold value, 
puckering occurs a few seconds after arc 
start. If the welding current is still higher, 
puckering wi l l occur immediately after 
arc start. The time lag between arc start 
and initiation of puckering is believed to 
be dependent on the increasing rate of 
the molten pool temperature. 

DW GMA welding is illustrated 
schematically in Fig. 11 B. The following 
reasons can be adduced for the increase 
in the value of the threshold current in 
the case of DW GMA welding compared 
to GMA welding. 

1) Feeding of filler metal wire behind 
the electrode wire impedes the tendency 
for the molten metal to spout toward the 
rear of the molten pool and helps to 
maintain a sufficient amount of liquid di
rectly under the arc. 

2) Filler metal wire feeding reduces 
the temperature of the molten pool and 
increases its viscosity. This restrains the 
spout of the molten metal. 

In the case of puckering that has oc
curred at higher welding currents, the arc 
force is stronger and the molten pool 
temperature is higher. Therefore, unless a 
larger amount of fi l ler metal wire is 
added, the temperature of the molten 
pool cannot be decreased sufficiently to 
arrest puckering. 

Results of Electron Probe Microanalysis 

Figure 12 shows a specimen cut out 
from a puckered bead and used for elec
tron probe microanalysis (EPMA) after 
embedding in synthetic resin. The weld 
surface is very irregular and the weld 
metal seems to be heavily oxidized and 
nitrified. EPMA was carried out on the 
area marked by the circle where there 
was a fold adjacent to a void. 

Figure 1 3 shows the distribution of Al , 
Mg, O and N mapped with a color scale. 
The relative concentrations are indicated 
by the color bar shown below the pho
tographs. Compared to the base metal 

0 Welding direction 

I 
' • J 

Xi 
Base metal 

n v , 

V Weld 
metal 

Weld metal 

Base metal 

A: GMA Welding B: DW GMA Welding 

Fig. 11 — Schematic comparison of puckering phenomenon in DW GMA 
and conventional GMA welding processes. 

Fig. 12 — Cross-section of puckered bead and location of EPMA. 

and sound weld metal, higher concen
trations of O and Mg were observed in 
the analyzed area, but the relative con
centration of Al was lower. In other re
gions of puckering, O, N and Mg were 
detected in higher amounts with lower Al 
compared to the base and sound weld 
metals, showing that the cause of puck
ering is air entrainment, which results in 
the formation of oxides and nitrides that 
interfere with wettability of metals. 

Conclusions 

By using the DW GMA welding tech
nique in which a cold filler metal wire is 
introduced into the molten pool behind 

the electrode wire, it is possible to extend 
the threshold welding current for puck
ering to higher values and to arrest puck
ering that has already occurred in the 
conventional GMA welding mode. Ex
perimental investigations carried out to 
clarify these phenomena led to the fol
lowing conclusions: 

1) Entrainment of air is the direct 
cause of puckering. Air entrainment is 
caused either by the explosive spout of 
the molten metal, or by the molten pool 
being pushed behind the arc to form an 
unstable wall of liquid, which results in a 
breakdown of the gas shielding. 

2) DW GMA is effective in increasing 
the level of threshold current at which 
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Fig. 13 — 
Distributions of 
Al, Mg, O and 
N in puckered 

bead. Bar 
indicates 

relative contents 
of elements. 

pucker ing occurs in conven t iona l G M A 
w e l d i n g . 

3) The reasons for the effectiveness of 
D W G M A w e l d i n g in i nc reas ing the 
threshold current and in arresting puck
er ing are be l ieved to be: the in t roduc t ion 
of the f i l ler metal w i r e enables suff ic ient 
quan t i t i es o f the m o l t e n me ta l t o be 
ma in ta ined d i rec t ly under the arc, w h i c h 
remains stable even at h igh currents; and 

the f i l ler metal w i r e reduces the temper
ature of the mo l ten metal and increases 
its viscosity, thus restraining the tendency 
for the mo l ten meta l to spout. 

References 

1. Needham, |. C , and Smith, A. A. 1958. 
Arc and bead characteristics of the aluminum 
self-adjusting arc. The effect of wire feed rate 

at constant voltage in argon. British Weld Jour
nal 5(2): pp. 66-76. 

2. Smith, A. A., and Houldcroft, P. T. 1958. 
High-current inert-gas metal arc welding of 
aluminium. British Weld.J. 5(9): 421-426. 

3. Kuriyama, Y. 1977. Automatic welding 
of cryogenic storage tanks. Metal Construction 
7(9): 298-301 . 

4. Kiyohara, M., Okada, T., Wakino, Y., 
and Yamamoto, H. 1977. On the stabilization 
of CMA welding of aluminum. Welding Jour
nal 56(3): 66-76. 

5. Kitani, T., Gotoh, H., and Wakino, Y. 
1970. Study on MIG welding of aluminum al
loys with heavy sections-1. Journal of Light 
Metal Welding & Construction (Keikinzoku 
Yousetu) 8(95): 473-482. 

6. Takano, H., Nakata, )., Nakahara, Y , 
and Miyauchi, H. 1991. Development of dou
ble-wire welding process. Welding Technique 
(Yousetu Gizyutu) 39(7):82-85. 

7. Welding Handbook, 8th Edition. 1991. 
American Welding Society, Miami, Fla., p. 83. 

8. Ando, K., and Nishiguchi, K. 1968. Av
erage temperature of the molten pool in TIG 
and MIG arc welding of steel and aluminum, 
IIW Doc. 212-161-68. 

9. Sugiyama, Y., Nakata, J., and Miyauchi, 
H. 1993. Reducing smut in aluminum alloy 
welds using double wire MIG (DWM) weld
ing. Welding International 7(3): 177-182. 

10. Jones, W. R. D., and Bartlett, W. L. 
1952-53. The viscosity of aluminum and bi
nary a luminum alloys. J. Inst. Metals 8 1 : 
145-152. 

284-s I DECEMBER 1994 


