
Introduction

In order to reduce fuel consumption and
emissions, the automotive industry has been
reducing vehicle weight by using lighter
structural materials including magnesium
alloys (Refs. 1, 2). Magnesium (Mg) is the
lightest metallic structural material and its
specific strength (that is, the strength/den-
sity ratio) is excellent (Ref. 3). Recently, the
use of Mg alloys has been increasing rapidly
worldwide (Refs. 1–3), and the cost of Mg
per kg has decreased below that of Al since
2004 (Ref. 3). The research interest in Mg
welding has grown rapidly recently, with
more than 100 publications in the past few
years. Reviews on recent Mg welding re-

search are available (Refs. 4–7).
Gas metal arc welding (GMAW) is not

used much for Mg alloys. In general,
GMAW is a very widely used process for
welding common materials such as Al al-
loys, steels, and stainless steels. It has both
good weld quality and high production
rate, and it is easily automated. Unfortu-
nately, Mg GMAW can suffer from severe
spatter. Spatter is the expelling of filler
metal  (i.e., welding wire) droplets from

the arc during welding. Severe spatter can
make the weld messy and irregular in
shape. The weld width and penetration
depth can vary significantly along the weld,
which may not be straight. Additionally, a
significant amount of the welding wire can
be wasted. Losses of 50% or more of the
Mg filler metal from spatter has been re-
ported (Refs. 5, 8). 
Lockwood pioneered the early work on

GMAW of Mg alloys in 1963 (Ref. 9) and
1970 (Ref. 10). He welded AZ31 Mg with
an AZ61 welding wire. He tried various
levels of wire feed rate, and hence welding
current, from spray transfer at high cur-
rents to globular transfer at intermediate
currents and short circuiting transfer at
low currents (Ref. 9). The transfer of
molten filler metal to the weld pool was
stable except for globular transfer, which
was unstable and caused spatter. Spray
transfer could not be established without
using very high welding currents, much
higher than those for GMAW of Al. Thus,
spray transfer worked only for thick sheets
(> 4.8 mm or 3⁄16 in.), and short circuiting
transfer was used for thinner sheets (1.0–
3.2 mm or 0.04–0.125 in.). In order to im-
prove the bead contours and penetration
over those with short circuiting transfer,
he welded AZ31 Mg sheets 1.6–6.4 mm
(0.063 – 0.250 in.) by pulsed-spray transfer
at intermediate currents. That is, filler
metal transfer was no longer globular but
became stable with one small droplet
transferred per pulse. After that, investi-
gation of Mg GMAW seemed to stop. 
Recently, the study of GMAW of Mg al-

loys has resumed. In 2004, in Germany,
Rethmeier et al. (Ref. 8) used short circuit
GMAW (GMAW-S) to weld AZ31 Mg and
AZ61 Mg 1.35–2.5 mm (0.053–0.098 in.) in
thickness with an AZ61 welding wire. Spat-
ter was eliminated. In the same year in
Japan, Ueyama et al. (Ref. 11) maintained
a stable droplet transfer by using pulsed
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ABSTRACT

Recently, there has been a rapid increase in the use of Mg alloys for weight reduction,
in an effort to improve fuel economy in the automotive industry. A versatile process for
welding Mg alloys is needed. Gas metal arc welding (GMAW), though widely used for
welding Al alloys, is still not used much for Mg alloys. The present study focuses on 1)
spatter, which can cause 50% or more loss of the filler metal and which has long hindered
the use of GMAW for Mg alloys, and 2) gas porosity, which has hardly been studied in
GMAW of Mg alloys. The widely used AZ31 Mg (~ Mg-3Al-1Zn) sheets were welded
with its recommended AZ61 Mg (~ Mg-6Al-1Zn) welding wire. Spatter was very severe
with conventional Mg GMAW as expected. The mechanism for spatter was established.
In order to suppress spatter, the use of CSC-GMAW for welding Mg alloys was explored,
which is an advanced GMAW process with controlled short circuiting (CSC). Spatter was
eliminated and the reason explained. However, with either process severe gas porosity was
encountered, much worse than that in Al GMAW. The porosity-formation mechanism
was established. Porosity was eliminated either by cleaning the welding wire with sand-
paper before welding or baking the welding wire before welding. The much more severe
gas porosity in Mg GMAW than Al GMAW was explained. Recommendations for pre-
venting gas porosity in Mg GMAW based on the present study were made to both the
manufacturers and users of Mg welding wires. 
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GMAW (GMAW-P). In 2010, in China,
Song et al. (Ref. 12) used AC GMAW-P to
weld AZ31 Mg 3.0 mm (1.18 in.) in thick-
ness with an extruded AZ31 Mg wire as the
filler metal. It was reported in both studies
that spatter was effectively reduced or elim-
inated. In 2012, in China, Zhang et al. (Ref.
13) reported significant spatter reduction in
conventional GMAW of 6-mm-thick AZ61
Mg plates by precoating the workpiece sur-
face with a KCl flux. The authors are un-
aware of any new published reports on
GMAW of Mg alloys conducted in the
United States since 1970.

Unlike spatter, gas porosity in GMAW
of Mg alloys has hardly been studied at all.
Lockwood (Ref. 9) reported gas porosity
caused by welding Mg without first de-
greasing the workpiece surface.

Both laser beam welding (LBW) and
electron beam welding (EBW) have been
used to weld Mg alloys. Deinzer et al. (Ref.
5) pointed out that a major limitation of
LBW and EBW is that the equipment is ex-
pensive and not readily available. Also, gas
porosity has been observed in LBW (Refs.

14, 15) and EBW
(Refs. 16, 17) of Mg
alloys. In either
case, the high weld-
ing speed and
deep/narrow weld
pool impede gas
bubbles from escap-
ing from the weld
pool before solidifi-
cation. The problem
is exacerbated when
welding as-cast Mg
alloys due to preexisting gas pores. In LBW
of die-cast AM60 Mg, preexisting pores co-
alesced into large pores in the fusion zone
(Ref. 14). In LBW of thixomolded Mg al-
loys, the air entrapped during the mold-fill-
ing process caused severe gas porosity (Ref.
15). 

Gas tungsten arc welding (GTAW) can
be used to weld Mg alloys successfully
(Ref. 4). However, GTAW in general has a
low production rate and requires a high
level of welding skill, thus is often more
suitable for repairing than mass produc-

tion. An Ar/H2 shielding gas was used in
GTAW of AZ80 Mg without a filler metal,
and gas porosity was observed (Ref. 18). 

Friction stir welding (FSW) can be used
to weld Mg alloys successfully (Refs. 19–21).
According to The Welding Institute (where
FSW was invented), the workpiece must be
rigidly clamped, a backing bar is required,
and joints that require metal deposition
cannot be made (Ref. 22). In the construc-
tion of vehicle space frames, there can be
many T-joints requiring metal deposition,
which are very easy for GMAW. Deinzer et
al. (Ref. 5) pointed out that a limitation of
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Fig. 1 — Top views of bead-on-plate welds in the as-welded condition, that
is, before removing vapor deposit and spatter. A —  Conventional GMAW
showing spatter; B — CSC-GMAW showing no spatter.

Fig. 2 — Conventional GMAW of Mg alloy showing that a large globule, be-
cause of low Mg density, can be light and thus easily pushed away from the weld
pool by the arc. A nearly horizontal globule can grow much larger before touch-
ing the weld pool to short circuit than a vertical one. Frame rate: 4000 f/s. Weld-
ing conditions: those of weld 54. 
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FSW is that the best use is with long and
straight welds.  
In summary, a versatile welding process

is needed for Mg alloys in order to acceler-
ate their use as a light structural material.
GMAW, which has been widely used for Al
alloys, steels, and stainless steels, has the po-
tential to be such a welding process, but its
application to Mg alloys is still very limited.
Severe spatter has been the most frequently
mentioned problem hindering Mg GMAW.
It is very likely that severe gas porosity in
Mg GMAW, though not reported so far, has
been encountered in practice, and thus fur-
ther discourages the use of GMAW for Mg
alloys. 
The present study deals with spatter and

porosity in GMAW of Mg alloys. The mech-
anisms of the formation of spatter and
porosity were established and their elimina-
tion demonstrated. Both a conventional
GMAW and an advanced GMAW process
were used and the resultant welds com-
pared. The goal was to make GMAW a ver-
satile process for welding Mg alloys in order
to help accelerate the use of Mg alloys. 

Experimental Procedure

Materials

AZ31B-H24 Mg alloy sheets were
welded. This is the most widely used
wrought Mg alloy, and its nominal com-

position is Mg-3Al-1Zn by wt-%. The
sheet was 203 mm long, 76 mm wide, and
1.6 mm thick (8 ¥ 3 ¥ 1⁄16 in.), and was bead-
on-plate welded along the centerline in the
length and rolling direction. Before weld-
ing, the workpiece was degreased with ace-
tone, the oxide film was removed in the
area intended for welding with a stainless
steel brush, and cleaned with acetone
again. It was found that in butt joint weld-
ing of Mg alloys, the faying surfaces and
the root opening between them can affect
the porosity in the resultant weld. There-
fore, to keep them from affecting gas
porosity, it was decided to do bead-on-
plate instead of butt joint welding in the
present study. 
Two AZ61A Mg welding wires with 1.2

mm (3⁄63 in.) diameter, filler metals A and
B, were purchased from two different Mg
welding wire suppliers. The nominal com-
position of AZ61 Mg is Mg-6Al-1Zn by
wt-%. AZ61A Mg is the recommended
welding wire for welding AZ31 Mg alloy
(Ref. 23). Filler metal A, which was pur-
chased first, needed to be cleaned by the
supplier before shipping. Filler metal B,
on the other hand, was brand new and
thus required no cleaning.

Conventional GMAW

Conventional GMAW was conducted
using the Invision™ 456 power source and
the XR™-M wire feeder from Miller Elec-
tric Mfg. Co., in Appleton, Wisc. The
welding conditions were as follows: Unless
otherwise stated, the wire feed rate was
122 mm/s (288 in./min), the travel speed
7.6 mm/s (18 in./min), the voltage 19 V,
and the contact-tube-to-workpiece dis-
tance 12.7 mm (0.5 in.). The shielding gas
was pure Ar at the flow rate of 275 cm3/s
(35 ft3/h). 
The workpiece was held down by steel

clamps to prevent movement during weld-
ing. Two steel rectangular bars were
placed between the workpiece and the
clamps, one on each side of the area in-
tended for welding. Consequently, depo-
sition of Mg vapor (and perhaps some Zn
vapor as well) occurred on the workpiece
surface only in the area between the bars.

CSC-GMAW

A controlled short circuit (CSC) ver-
sion of the GMAW process was used. It is
referred to as CSC-MIG in Ref. 24. There
are other controlled short circuit GMAW
processes, for instance, CMT (cold-metal
transfer) (Ref. 25) and STT (surface ten-
sion transfer) (Ref. 26). The reasons for
selecting CSC-GMAW were as follows:
First, it was available in the welding lab at
UW-Madison. Second, little, if any, re-
search on it has been published. It has not
been used for welding Mg alloys. 
In CSC-GMAW, the process controller
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Fig. 3 — Conventional GMAW of Mg alloy showing a nearly horizontal globule growing very large be-
fore short circuiting, and its subsequent expulsion to cause severe spatter. Frame rate: 4000 f/s. Weld-
ing conditions: those of weld 54.
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coordinates the feeding and speed of the
wire electrode with the level of welding cur-
rent delivered by the power source (Ref.
24). Briefly, the welding process has two pri-
mary phases: the arc phase during which
heat is generated to melt the base metal,
and the short circuiting phase during which
the filler metal droplet is deposited when
the welding wire makes contact with the
weld pool (Ref. 24). The controller moni-
tors the voltage between the electrode and
the workpiece to determine which phase the
process is in at any given time. The con-
troller clears the short by retracting the wire
to the preset arc length level. Once the arc
is established again, the controller begins
feeding the wire toward the weld pool, and
the cycle repeats. 
The waveforms of the welding current

in CSC-GMAW can be tailored in great
detail in order to optimize the welding
process and reduce spatter. Examples of
the details that can be specified include: 1)
current levels and durations (for the start

and mid periods) of the arc phase and
those of the short circuiting phase; 2) the
wire down speed, the delay before wire
down, the wire up speed, and the delay be-
fore wire up; 3) the arc length; and 4) the
penetration delay. 
The travel speed was 7.6 mm/s,  the

contact tube-to-workpiece distance was
12.7 mm, and the shielding was pure Ar at
the flow rate of 275 cm3/s (35 ft3/h). The
same Invision 456 power source used for
conventional GMAW was used. All that
was needed was to connect the power
source to the process controller and a
welding gun with a wire-drive assembly
dedicated to CSC-GMAW. The process
controller used in the present study was
originally developed by the Miller Electric
Mfg. Co. and was manufactured by Jetline
Engineering, Irvine, Calif.

Data Acquisition

The waveforms of the welding current

and arc voltage were recorded using a
computer data-acquisition system together
with LabView software. The data-sam-
pling rate for each signal was 15,000 Hz.

High-Speed Photography

A high-speed camera was used to record
the arc and filler metal transfer during both
conventional GMAW and CSC GMAW.
The camera used, Memrecam HX-3, was
manufactured by NAC Image Technology.
The frame speed used was 4000 f/s. A close-
up lens, along with two neutral density fil-
ters, was mounted on the camera. Four
250-W Lowel VIP System Pro lamps were
used to illuminate the area outside the arc.

Examination of Welds

The top surfaces of the resultant welds
and the workpiece were examined visually
before and after cleaning with acetone.
The welds were then cut in the longitudi-
nal direction along the weld centerline,
polished and etched with a solution con-
sisting of 5 mL of acetic acid, 2.1 g of picric
acid, 5 mL of distilled water, and 35 mL of
ethanol for 2 s. The welds were then ex-
amined under an optical microscope to
check for porosity inside.
X-Ray Diffraction

To identify any compounds on the
welding wire surface that may have con-
tributed to gas porosity in the welds, pow-
der was removed from the welding wire
surface with a sharp blade for x-ray dif-
fraction (XRD). For this purpose the
Rigaku RAPID™ II curved detector XRD
system in the Geoscience Department at
UW-Madison was used. One significant
advantage of this system is that the
amount of powder available can be very
small. Conventional X-ray diffraction ma-
chines, such as the Hi-Star 2-D XRD sys-
tem with an area detector and a FTIR
system in the Materials Science Center
(MSC) of UW-Madison, did not work.

Results and Discussion

Spatter and Its Elimination

As expected, severe spatter was en-
countered in welding AZ31 Mg by con-
ventional GMAW. Figure 1A shows the
top view of a weld made by conventional
GMAW in the as-welded condition. As
shown, the weld and its surrounding area
between the steel clamping bars were cov-
ered with deposited vapor and spatter.
The wire feed rate was 93 mm/s (220
in./min), the travel speed 8.5 mm/s (20
in./min), and the voltage 19 V. Unlike con-
ventional GMAW, welds made by CSC-
GMAW were essentially spatter free.
Figure 1B shows the top view of a weld

DECEMBER 2013, VOL. 92350-s

W
E
L
D
IN
G
 R
E
S
E
A
R
C
H

Fig. 4 — Power surge in conventional GMAW causing arc expansion to expel globule and cause spat-
ter. A — Top view of weld; B — waveforms of current and voltage.
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made by CSC-GMAW in the as-welded
condition. 

Excessive Growth of Globule in 
Conventional GMAW

The very low density of Mg reduces the
energy required to heat up and melt the
Mg welding wire. For comparison, the
heat of fusion and specific heat of Al are
respectively 398 J/g and 0.91 J/(g K). Mul-
tiplying them by the density of Al (2.7
g/cm3) yields a 1075 J/cm3 volumetric heat
of fusion and a 2.46 J/(cm3 K) volumetric
specific heat of Al. As for Mg, the heat of
fusion and specific heat are respectively
368 J/g and 1.05 J/(g K), which are close to
those of Al. However, the density of Mg,
1.7 g/cm3, is about one-third lower than
that of Al, 2.7 g/cm3 (Ref. 27). Upon mul-
tiplication by the density of Mg, the volu-
metric heat of fusion of Mg becomes 626
J/cm3 and the volumetric specific heat 1.79
J/(cm3 K), which are significantly lower
than those of Al. Thus, because of the sig-
nificantly lower density of Mg, the energy
required to heat up the same volume of
welding wire is 27% less for Mg than for
Al, and the energy required to melt the
same volume of welding wire is 42% less
for Mg than for Al.

The very low density of Mg, though
highly desirable for vehicle weight reduc-
tion, can cause significant problems for
GMAW. First, the globule can grow very
fast because the Mg welding wire melts
very easily. Second, the welding wire glob-
ule is light and difficult to detach from the
welding wire tip by gravity. Thus, the glob-
ule can keep on growing until it becomes
very large and touches the weld pool to
cause short circuiting, and hence spatter.
This explains why, in conventional
GMAW of Mg, a very high current is
needed to pinch off the molten filler metal
by the Lorentz force and establish spray
transfer. Unfortunately, the high current
produces too much heat input for welding
Mg sheets (thinner than 4.8 mm) (Ref. 9).

In conventional GMAW of steel with a
shielding gas such as pure Ar or Ar con-
taining CO2, the Lorentz force can push
the globule upward if the anode spot at the
globule bottom is small such that the cur-
rent in the globule converges toward it be-
fore entering the arc (Refs. 28, 29). In
conventional GMAW of steel with 100%
CO2 gas shielding, according to Kim et al.
(Ref. 29), the globule is pushed upward by
a strong cathode jet and can continue to
grow very large in size. 

Two phenomena that prolong globule
growth in conventional GMAW of Mg al-
loys before short circuiting have been re-
vealed by the high-speed videos. The
globule is pushed forward and upward
away from the weld pool by the arc and is
allowed to grow very large before it

touches the weld pool to cause short cir-
cuiting, as shown in Fig. 2. The reason the
globule is easy to push is because it is light
due to the low Mg density. The evidence
of droplet motion can be seen clearly in a
series of video frames (one frame in each
0.25 ms). Each photo in Fig. 2 is represen-
tative and illustrates one frame, in a series
of frames, during each stage of droplet
motion.

The first phenomenon is the arc push-
ing the globule forward in the welding di-
rection (from right to left in Fig. 2A, B). A
nearly horizontal globule can grow much
larger before touching the workpiece to
cause short circuiting than a vertical one.
The globule shape is pear-like instead of
either ball-like or irregular (distorted by
the cathode jet) as in conventional

GMAW of steel with 100% CO2 shielding
(Ref. 29). The arc moves slightly backward
(from left to right) from the vertical posi-
tion to become more or less normal to the
inclined pool surface, that is, to follow the
shortest path between the wire tip and the
pool surface. The arc could not have been
deflected backward by the so-called “arc
blow,” which represents an unbalanced
condition in the magnetic field surround-
ing the arc (Ref. 30). This is because the
ground cable (far back into the paper) and
the video camera (far out of the paper)
were on the opposite sides of the weld, and
the line connecting them is more or less
normal to the weld. Thus, if arc blow had
occurred, it would have deflected the arc
toward the camera instead of in the oppo-
site direction of welding (Ref. 30). When
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Fig. 4 — Power surge in conventional GMAW causing arc expansion to expel globule and cause spat-
ter. C — current surge enlarged; D — short-circuit voltage enlarged; E —  corresponding power surge.
Photos from Fig. 3 are positioned in D using the shorting-circuiting period as reference for time.
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the welding direction was reversed with-
out reversing the location of the ground
cable with respect to the workpiece, the
arc was still more or less normal to the in-
clined pool surface and the globule was
still pushed forward in the welding direc-
tion (now from left to right). 

The second phenomenon prolonging
globule growth before short circuiting is
the arcing at the bottom of the globule
(Fig. 2C, D) to push it upward (Fig.
2E–H). The videos show that this can
occur multiple times in a row. The globule
is light and thus thrown upward easily by
the arc, and the arc immediately switches
back to between the wire tip and the in-
clined pool surface (Fig. 2E, F). The light
globule keeps on rising (Fig. 2G, H) be-
fore it can descend to make another at-
tempt for short circuiting. During this
period of bouncing up and down, the glob-
ule continues to grow larger.

Possible candidates for the force push-
ing the globule forward and upward (Fig.
2) are considered as follows: As men-
tioned previously, the Lorentz force can
push the globule upward if the anode spot
is small. However, it is not clear if the
anode spot can switch back and forth be-
tween the wire tip and the globule bottom
to make the arc switch back and forth. As
mentioned previously, the globule can be
pushed upward (but not forward) by a
strong cathode jet in conventional GMAW

of steel with 100% CO2 shielding. It is not
clear if a strong enough cathode jet can
exist in conventional GMAW of Mg with
Ar shielding while switching back and
forth between the wire tip and the globule
bottom. In view of the high vapor pressure
of Mg, another possibility is the recoil
force induced by rapid Mg evaporation
from the globule surface. Rapid Mg evap-
oration may occur at the backside of the
globule, which is heated by the arc. How-
ever, the bottom of the globule is levitated
even though no arc heating is present
there to cause rapid evaporation (Fig. 2A).
Still another possibility is the pushing
force caused by the fast gas flow through
the arc (the gas being ionic within the arc
core). Because of the inclined pool sur-
face, the Lorentz-force-driven gas flow
through the arc goes around and below the
globule to push it forward and levitate it
— Fig. 2B. In the so-called static force bal-
ance theory (Ref. 29), the gas flow through
the arc is said to exert a downward drag
force on a vertical globule. The fact that
the shape of the nearly horizontal globule
is pear-like instead of ball-like or irregular
(Fig. 2A) seems consistent with the gas
flow dragging the globule forward. In the
absence of an inclined pool surface and a
globule, the flow pattern is downward
along the arc axis (and the maximum ve-
locity can be on the order of 100 m/s) and
outward as the workpiece surface is ap-

proached (Ref. 31). More than one force
might be acting on the globule.

As mentioned previously, Zhang et al.
(Ref. 13) used conventional GMAW to weld
AZ61 Mg plates 6 mm in thickness (with a
1.6-mm welding wire extruded from AZ61
Mg) with and without a flux. Without the
flux, the large globule was also nearly hori-
zontal. However, instead of being pushed
forward in the welding direction, it was ob-
served to “swing back and forth around the
wire.” The welding current was much higher
(~ 185 A vs. 40 A as is shown in Fig. 4C in
the absence of short circuiting), the arc volt-
age was significantly higher (23 V vs. 19 V
here), and the wire diameter was signifi-
cantly larger (1.6- mm AZ61 Mg vs. 1.2-mm
AZ31 Mg here). It is possible that one or
more of the aforementioned pushing forces
became so much stronger as to make the
globule swing back and forth around the
wire. The higher voltage and hence larger
arc gap could also decrease the chance for
the drag force to keep the globule forward
pointing.

Mechanisms of Spatter Formation and
Elimination

The mechanism of spatter in conven-
tional GMAW was established based on
both the transfer of the filler metal and the
waveforms of the current and voltage
recorded during welding. In fact, unlike
previous studies, the waveform of power
was also shown to further explain the spat-
ter mechanism.

The high-speed videos of spatter indi-
cate that severe spatter occurs mainly be-
cause of excessive globule growth before
short circuiting, that is, to provide a very
large globule for the arc to expel and cause
spatter. As explained previously, the ex-
cessive growth is caused by the very low
Mg density. Figure 3 shows a series of pho-
tos taken from a video. As mentioned pre-
viously, the globule is pushed forward by
the arc to nearly horizontal — Fig. 3A.
Unlike the vertical position, the horizon-
tal position provides unlimited space for
the globule to grow longer. As can be ex-
pected, as the globule grows longer, it also
grows fatter to approach the workpiece —
Fig. 3B. Short circuiting occurs when the
globule touches the weld pool or the work-
piece — Fig. 3C. The arc reinitiation (Fig.
3D) after short circuiting is followed im-
mediately by a sudden arc expansion (Fig.
3E) to expel the globule — Fig. 3F. 

Sometimes spatter was significantly less
than expected in spite of the very large glob-
ule formed during welding. A nearly hori-
zontal globule could grow so far ahead of
the weld pool as to land on the solid work-
piece instead of the weld pool. The globule,
being farther away from the arc heat, and
hence cooler, could solidify quickly upon
contact with the solid workpiece before arc
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Fig. 5 — Mechanisms of spatter formation and elimination in GMAW of Mg alloys. A — Spatter   in
conventional GMAW; B — no spatter in CSC-GMAW.
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expansion. Since the solidified globule was
elongated and in line with the welding di-
rection, it was subsequently remelted com-
pletely by the advancing weld pool. This
made the weld bead nonuniform, that is,
higher and wider than average where this
occurred, and lower and narrower than av-
erage just before it. 

The current and voltage waveforms in-
dicate a current surge during short circuit-
ing, which is typical of GMAW in the
constant-voltage mode. Figure 4 shows a
weld made by conventional GMAW and
the waveforms recorded under welding
conditions identical to those in Fig. 3. The
spatter has been removed from the work-
piece surface to show the weld — Fig. 4A.
Each large spike in the current waveform
represents a current surge caused by short
circuiting — Fig. 4B. The current and volt-
age waveforms associated with the first
large spike in the figure are enlarged —
Fig. 4C. Video recording of the globule/arc
was not synchronized with that of the
waveforms. Thus, the photos in Fig. 3 are
positioned in the enlarged voltage wave-
form using the short circuiting period as
the reference for time. 

A current surge occurs (Fig. 4C) when
the voltage drops suddenly during short cir-
cuiting (Fig. 4D), which is typical of con-
ventional GMAW in the widely used
constant-voltage mode. This mode is set up
to rapidly change the welding current in
order to maintain a constant voltage and
hence arc length during welding. When the
arc length, and hence arc voltage decrease
suddenly, the current will spontaneously in-
crease sharply to instantaneously melt back
the welding wire, and quickly bring the arc
length back to normal (Ref. 32). When the
globule touches the pool surface and the
voltage drops suddenly to nearly zero (Fig.
4D), the current rises sharply to about 300 A
(Fig. 4C) to induce a Lorentz force to al-
most completely pinch off the liquid bridge
between the globule and the pool surface
(at either the droplet bottom or neck), the
remaining material becomes too thin to sus-
tain the current density. This material is
then vaporized and the arc is reinitiated. 

Unlike in previous studies (Refs. 33–36),
the waveform of the power (power = cur-
rent ¥ voltage) is also presented, and it
shows a power surge immediately following
arc reinitiation — Fig. 4E. This is because
the voltage has recovered and, in fact, over-
shot somewhat (Fig. 4D), but the current is
still very high though falling — Fig. 4C. This
power surge heats up the arc plasma, which
is a gas containing ionic as well as neutral
species. Since gas expands upon heating, the
arc expands suddenly, causing expulsion of
the globule and hence spatter (Refs. 37, 38).
The short-circuiting time (~ 2 ms) is too
short for the large light globule to enter the
weld pool before arc expansion

Thus, based on the videos of filler metal

transfer and the waveforms of current and
voltage recorded during welding, the mech-
anism of spatter formation in conventional
GMAW of Mg alloys can be summarized
with the help of Fig. 5A. Essentially, the
very low density of Mg makes it very easy
for the welding wire to melt and for the melt
to keep hanging onto the wire tip as a glob-
ule. Consequently, the globule can become
excessively large by the time it touches the
weld pool to short circuit. The sudden arc
expansion immediately following arc reini-
tiation from the short circuit expels the large
globule into severe spatter.

Before leaving the subject of spatter,
the high vapor pressure of Mg is discussed
further. It has been pointed out that 1) the
vapor pressure of Mg is about three orders
of magnitude higher than that of Al in the
temperature interval relevant to arc weld-
ing, 2) the energy input into the welding
wire has to be regulated in such a way that
the wire will melt but not vaporize, and 3)
severe spatter loss (> 50%) can occur if
the temperature of the filler metal exceeds
~ 900°C (Refs. 5, 8). It is likely that the
power surge (Fig. 4E) can cause a sudden
rapid Mg evaporation from the globule
and that this may induce a recoil force.
However, it is not clear if the recoil force
can be large enough to cause the expulsion
or explosion of the globule and hence
spatter. Also, Figure 3 shows no inflight
explosion caused by an internal vapor
burst like that in spray transfer GMAW of
Al alloys containing high-vapor pressure
elements such as Zn and Mg (Ref. 39).  

Video recording during CSC-GMAW
shows no evidence of excessive globule
growth, sudden arc expansion, globule ex-
pulsion, and hence spatter, as shown by
Fig. 6. As in conventional GMAW, the
globule is pushed forward by the arc (Fig.
6A, B), and it touches the weld pool to
cause short circuiting — Fig. 6C. However,
the globule is smaller, the period of short
circuiting is much longer (~ 18 ms), and
the globule has much more time to enter
the weld pool before arc reinitiation —
Fig. 6D. Furthermore, the arc expansion is
more gradual and more restricted — Fig.
6E, F. Consequently, there is no expulsion
of the globule to cause spatter.

The waveform of the welding current in
CSC-GMAW shows no large periodic
spikes like those in conventional GMAW.
Unlike the constant voltage mode, the CSC
mode of GMAW is set up to control the cur-
rent rather than voltage. Figure 7 shows a
CSC-GMAW weld and the waveforms
recorded under welding conditions identi-
cal to those in Fig. 6. There is no spatter —
Fig. 7A. The short-circuiting phase and the
arc phase are both visible in the current and
voltage waveforms — Fig. 7B. The voltage
during the short-circuit ing phase is essen-
tially zero, but the current is still under con-
trol. There are current spikes when the
voltage drops, but the height and width of
the spike are much less than those in con-
ventional GMAW  — Fig. 4B. When the arc
reinitiates after short circuiting (red line in
Fig. 7C), the voltage rises but the current
falls and, consequently, the power wave-
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Fig. 6 — CSC-GMAW of Mg alloy showing absence of excessive globule growth, sudden arc
expansion, globule expulsion, and hence spattering. Frame rate: 4000 f/s. Welding conditions:
those of weld 50.
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form (Fig. 7D) does not show power surges
like those in conventional GMAW (Fig. 4E)
to cause sudden arc expansion and expul-
sion of the globule. 

Thus, based on the videos of filler metal
transfer and the waveforms of current and
voltage recorded during welding, the mech-
anism of spatter elimination by CSC-
GMAW can be summarized with the help
of Fig. 5B. As shown, the current is under
tight control even during short circuiting
and immediately after arc reinitiation.
There is neither a huge globule to expel nor
a sudden arc expansion to do it. It is worth
mentioning that the welding wire can be
pushed down to cause short circuiting and
pulled back to reestablish the arc (Ref. 24).
Although a conventional GMAW machine
can also be operated in the short-circuiting
mode (where the voltage is no longer con-
stant), the welding wire is only pushed down
and not pulled back. 

It should be mentioned that, for the pur-
pose of comparison, the weld in Fig. 7 made
by CSC-GMAW and that in Fig. 4 made by
conventional GMAW had similar heat in-
puts per unit length of the weld. They are
126.3 J/mm (3209 J/in.) for the CSC-GMA
weld and 125.4 J/mm (3184 J/in.) for the
conventional GMA weld. The heat input
per unit length of the weld Q was calculated
using the following equation:

(1)

where I is the current, E is the voltage, t is
the welding time, and U is the travel speed.

Porosity Caused by Welding Wire A and 
Its Elimination

Severe gas porosity was observed in

welds made with as-received welding wire
A, by both conventional GMAW and CSC-
GMAW. Figure 8 shows the porosity in a
weld made by conventional GMAW with
welding wire A. Some pores tend to have
large openings at the weld surface  — Fig.
8A. Small openings of pores are visible in-
side the large opening — Fig. 8B. Porosity
exists throughout the weld metal, that is, in
the fusion zone — Fig. 8C. During cutting
of the weld for metallography, roofs of some
large holes broke off, leaving behind large
open pits on the weld surface. 

As shown in Fig. 9, porosity also exists
throughout the weld made by CSC-
GMAW with welding wire A. The weld is
irregular in shape. In fact, some spatter
can be seen, even though it is supposed to
be eliminated by CSC-GMAW. The coex-
istence of porosity and spatter seems to
suggest that the conditions causing severe
porosity may also make the arc erratic to
cause spatter. It can be seen in Figs. 8C
and 9B that the pores tend to grow upward
and forward (in the welding direction),
that is, essentially normal to the solidifica-
tion front during welding.

With both spatter and porosity being
severe, it is not difficult to imagine why
GMAW has not been used much for weld-
ing Mg alloys. The level of gas porosity in
the welds is far beyond that encountered
in normal GMAW of common Al alloys.  

Examination of welding wire A reveals
dark areas on the wire surface as shown in
Fig. 10, where the wire segment is rotated
to show how the dark areas vary on the
surface. The 90- and 270-deg angles cor-
respond to the inward- and outward-fac-
ing surfaces of the wire segment
respectively before it was cut and removed
from the spool for photography. The par-
tially dark surface of welding wire A indi-
cates its supplier did not or could not clean
it thoroughly before shipping.  

To determine whether the dark areas
on the surface of welding wire A were re-
sponsible for causing severe gas porosity,
the areas were removed by polishing the
wire surface with sandpaper followed by
acetone cleaning. The cleaned wire is
shiny, as shown at the bottom of Fig. 10.

Removing the dark areas from the sur-
face of welding wire A eliminated porosity
from Mg welds made by both conventional
GMAW and CSC-GMAW. Figure 11 shows
a weld made by conventional GMAW with
welding wire A cleaned with sandpaper be-
fore welding. This weld, in fact, is the same
weld shown previously in Fig. 4A. The weld
is essentially free of porosity. Figure 12
shows a porosity-free weld made by CSC-
GMAW with welding wire A cleaned with
sandpaper before welding. 

It is clear that the dark areas on the
welding wire surface caused severe gas
porosity in welds made by both conven-
tional GMAW and CSC-GMAW. The au-

�Q I E dt t U/
t

0
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Fig. 7 — CSC-GMAW showing no power surge to cause arc expansion and hence spatter. A —Top
view of weld; B — waveforms of current and voltage.
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thors have used various commercial weld-
ing wires for GMAW, including Al alloys,
steels, and stainless steels, and have not
experienced any problems caused by not
cleaning the welding wire before welding.
Thus, Mg welding wires are an exception. 
Surprisingly, the dark surfaces of the

AZ61 Mg sheets did not cause severe gas
porosity, at least the sheets used in the
present study. A CSC-GMA weld was
made under welding conditions identical
to those for the porosity-free weld in Fig.
12, except the workpiece surface was de-
greased by acetone alone, without remov-
ing the oxide film with a stainless steel
brush before welding. The resultant weld
has hardly any porosity as shown in Fig. 13. 
Baking welding wire A at a sufficiently

high temperature also eliminated gas poros-
ity. Since a spool of welding wire is very
long, it is much easier to bake the whole
spool of wire in a furnace than to polish it
manually. Welding wire A was baked in air
at 300°C for 24 h before welding, and poros-
ity was reduced but not eliminated. Baking
at 324°C for 2 h was also tried, but again
porosity was reduced, but not eliminated.
However, baking at 380°C for 11 min elim-
inated porosity as shown in Fig. 14.

Porosity Caused by Welding Wire B and Its
Elimination

In view of the porosity caused by the
partially dark surface of welding wire A, a
brand-new spool of welding wire with a
shiny surface was used and the welds were
porosity free as shown by the CSC-GMA
weld in Fig. 15. This wire, called welding
wire B hereinafter, was a 1.2-mm AZ61A
welding wire ordered from a different sup-
plier. The as-received welding wire was
clean, free of any dark surface. 
However, welds made after welding

wire B had been exposed to air for a few
months show considerable porosity, as can
be seen in Fig. 16. Examination of welding
wire B, as shown in Fig. 17, indicated that
dark areas had formed on the wire surface.
Again, the 90- and 270-deg angles corre-
spond to the inward- and outward-facing
surfaces of the wire segment, respectively,
before it was cut and removed from the
spool for photography. The outward-fac-
ing surface of the wire appears darker be-
cause it was exposed to air and hence
subjected to atmospheric corrosion.  
Removal of the dark areas from the

surface of welding wire B eliminated
porosity from welds. The cleaned wire sur-
face was shiny and free of dark areas as
shown at the bottom of Fig. 17. Baking
welding wire B at 380°C for 11 min elimi-
nated porosity as well, as shown in Fig. 18.

Mechanism of Porosity Formation

The mechanism for the formation of

gas porosity in GMAW of Mg alloys is pro-
posed in Fig. 19A. As shown, hydrogen
can come from three different places: the
welding wire surface, the workpiece sur-
face, and the workpiece interior. Firstly, if
the welding wire is covered with hydrogen-
containing compounds, the compounds
can decompose upon heating by the arc
and release hydrogen into the arc. This hy-
drogen can dissolve in both the welding
wire droplets and the weld pool. Hydrogen
dissolved in metal is denoted as H. Since
the surface area per unit volume of Mg is
much larger with the welding wire than
with the workpiece, the welding wire can
easily be the primary source of hydrogen
porosity if it is indeed covered with hydro-
gen-containing compounds. Secondly, if
the workpiece is covered with hydrogen-
containing compounds (such as grease,
moisture, etc.), hydrogen can enter the
weld pool. Lastly, if pores preexist inside
the workpiece (such as air bubbles trapped
in liquid Mg during mold filling in die cast-
ing), they can enter the weld pool as bub-

bles upon melting the workpiece during
welding. Unlike in laser or electron beam
welding, the weld pool in GMAW is rela-
tively big and slow freezing. Consequently,
hydrogen bubbles from either the work-
piece surface or interior may have a fairly
good chance to escape. 
When the weld pool solidifies, the H re-
jected by the weld metal into the weld pool
forms a H-rich layer at the solidification
front, causing the reaction 2H →� H2 (g)
to occur, and hence hydrogen bubbles to
nucleate at the solidification front — Fig.
19A. The H rejection is caused by the sud-
den solubility drop upon solidification, as
shown by the hydrogen-solubility curve in
Fig. 19B (Ref. 40). The drop indicates that
at the melting point, Tm, Mg(S) can ac-
commodate less H than Mg(L) and thus
has to reject H into Mg(L). Since diffusion
is slow and fluid flow diminishes near the
solidification front, a H-rich layer exists in
the weld pool at the solidification front,
providing highly concentrated H to cause
2H→� H2 (g) at the solidification front. As
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Fig. 7 — CSC-GMAW showing no power surge to cause arc expansion and hence spatter. C — enlarged
waveforms; D — corresponding power waveform. Photos refer to those in Fig. 6. Current levels during
“start,” “mid,” and “end” periods of short-circuiting phase and arc phase are indicated.
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known from fluid mechanics, fluid flow is
slowed down near a solid wall (Ref. 41).
This is true even when the solid wall con-
tains some liquid, such as the dendritic so-
lidification front of the weld metal.  
The bubbles at the solidification front, if

they fail to rise and escape in time, can be
engulfed by the advancing solidification
front as gas pores in the weld metal. Since
solidification of the weld metal is essentially
normal to the solidification front (Ref. 42),
the pores also grow essentially normal to the
solidification front as illustrated in Fig. 19A
and observed in Figs. 8C, 9B, and 16B.
There is little porosity at the fusion bound-
ary, where the growth rate, and hence H re-
jection, are essentially zero (Ref. 42). Near
the top of the weld, the pores are mostly
small because solidification of the weld
metal is already near the end when pores

begin to form. How-
ever, if the solidifica-
tion front happens to
be nearly vertical at
the pool surface, solid-
ification may continue
in the horizontal direc-
tion and hence cause a
long and nearly hori-
zontal pore — Fig.
16B.  
As mentioned pre-

viously, in GTAW of
AZ80 Mg without a
welding wire, an
Ar/H2 shielding gas
caused porosity (Ref.

18). This is consistent with the proposed
mechanism (Fig. 19A), but not sufficient
to verify it because in the present study the
shielding gas was pure Ar instead of an
Ar/H2 mixture. 
The proposed mechanism was verified by
the identification of Mg(OH)2 on the Mg
welding wire. The result of X-ray diffrac-
tion (XRD) in Fig. 20A shows Mg(OH)2
was present in the dark areas. Since the
amount of dark material that could be re-
moved from the wire surface is very small,
the peaks corresponding to Mg(OH)2 are
very small, though still clear for its identifi-
cation. Fortunately, the Rigaku RAPID II
curved detector XRD system worked even
with a very small amount of powder. The
Mg peaks are much larger because for each
tiny area on the wire surface removed,
much more material underneath was re-

moved along with it.  
Mg can corrode by reacting with mois-

ture in the air to form Mg(OH)2 (Refs. 43,
44). Mg(OH)2 decomposes upon heating
as follows: Mg(OH)2(s) →� MgO(s) +
H2O(g) (Refs. 45, 46). The H2O(g) enters
the welding arc, wherein it decomposes to
release hydrogen. This hydrogen can dis-
solve in the filler metal droplets and the
weld pool.
The workpiece surface, which was dark

everywhere (Fig. 13A), was identified by
XRD as MgO as shown in Fig. 20B. Re-
moving powder from the workpiece was
much easier than from the wire surface. A
sharp peak of MgO exists at about 20 deg.
The fact that the workpiece surface was
covered with MgO instead of Mg(OH)2
explains the essentially porosity-free weld
made with the welding wire that was sand-
paper cleaned before welding and the un-
cleaned workpiece — Fig. 13. It is not
clear why the MgO on the workpiece did
not change to Mg(OH)2 by reacting with
moisture in the air.
The mechanism of porosity elimination

by baking the Mg welding wire before weld-
ing is proposed as follows: When the weld-
ing wire is baked at 380°C for 11 minutes,
the reaction Mg(OH)2(s) →� MgO(s) +
H2O(g) occurs and the wire surface is no
longer covered with a hydrogen-containing
compound to cause porosity.  Thermogravi-
metric analysis of Mg(OH)2 powder has
shown that 90% of Mg(OH)2 can decom-
pose in air in about 80 min at 350°C, 10 min
at 400°C, and 5 min at 450°C (Ref. 46).
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Fig. 8 — Porosity in weld made by conventional GMAW with as-received
welding wire A. A — Top view; B — close-up view; C — longitudinal cross-
section (roof of pore opening broke off during cutting). 

Fig. 9 — Porosity in CSC-GMAW made with as-received welding wire A. A
— Top view; B — longitudinal cross section. 
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Porosity Formation in Mg GMAW vs. 
Al GMAW

The mechanism of gas porosity forma-
tion in GMAW of Al alloys can be ex-
pected to be similar to that in GMAW of
Mg alloys, though the presence of
Al(OH)3 on the surface of the Al welding
wire has not been verified yet. The simi-
larity is based on the following facts. First,
Al reacts with moisture in the air to form
Al(OH)3 on the surface, and Al(OH)3 de-
composes upon heating by 2Al(OH)3→�
Al2O3 + 3H2O (Ref. 45). These reactions
are similar to those of Mg mentioned pre-
viously. Second, as in Mg welding, H2 (or
H2O) has been added to the shielding gas
and porosity was observed (Refs. 47–49).   

The Mg welds made by GMAW in the
present study show that gas porosity can
be much more severe in Mg GMAW than
in Al GMAW. The difference between the
two cases can be explained as follows
based on three factors: 1) the tendency for
metal hydroxide to form, 2) the hydrogen
solubility as a function of temperature,
and 3) the density of the liquid metal.

First, Mg(OH)2 forms much more easily
on the Mg welding wire than Al(OH)3 can
on the Al welding wire. This means much
more hydrogen can be supplied to the Mg
weld pool to cause porosity. Figure 21 shows
two wire spools. The 5356 Al (~ Al-5Mg)
spool (Fig. 21A) has been exposed to air for
14 years, and the AZ61B Mg spool (Fig.
21B) 3 years. As shown, the Mg welding
wire turns dark, but the Al welding wire re-
mains as shiny as brand new.

Second, the hydrogen solubility is much
higher in Mg(L) than in Al(L) as shown in
Fig. 22 (Ref. 50). For instance, the hydrogen
solubility at the melting point is about 60
times higher in Mg(L) than in Al(L) (1.0 ¥

10–3 vs. 1.6 ¥ 10–5). This
means much more hy-
drogen, if supplied, can
enter the Mg weld pool
than the Al one. Fur-
thermore, the hydro-
gen-solubility drop
upon freezing is about
twenty times higher with Mg(L) than with
Al (L) (3.6 ¥ 10–4 vs. 1.5 ¥ 10–5). Thus, much
more H is rejected by the weld metal into
the weld pool at the solidification front to
trigger the reaction 2H �→H2(g) and cause
porosity. 

Third, as mentioned previously, the
density of Mg (1.7 g/cm3) is about one-
third lower than that of Al (2.7 g/cm3).
Consequently, in view of Stokes’s law
(Ref. 41), hydrogen bubbles can be ex-
pected to rise more slowly in a Mg weld
pool to escape than in an Al weld pool.
Thus, all three factors favor the formation
of more gas porosity in Mg GMAW than
in Al GMAW. 

Effect of Welding Conditions on Porosity

It is worth mentioning that the welding
conditions can affect gas porosity in
GMAW of Mg alloys, though this is be-
yond the scope of the present study. The
welding wire feed rate can affect the rate
at which hydrogen is released into the arc.
Also, the cooling rate can affect the
growth of bubbles by H diffusion to bub-
bles or by coalescence of smaller bubbles.
It can also affect the escape of bubbles
from the weld pool. A maximum porosity
has been observed at an intermediate
cooling rate in Al GMAW (Ref. 47). At a
very high cooling rate (high travel speed
and low heat input), the gas bubbles nu-
cleated have little time to grow. At a very

low cooling rate (low travel speed and high
heat input), on the other hand, most gas
bubbles can escape easily. 

Butt and Lap Joint Welding by CSC-GMAW

It is worth mentioning that butt and lap
joint welds have been made by welding
AZ31 Mg with an AZ61 welding wire by
CSC-GMAW. The welds were straight,
smooth, and free of spatter and porosity.
The results will be published elsewhere,
including the effect of porosity on the weld
mechanical properties. Here, the effect is
only illustrated by the tensile testing re-
sults of two specimens as shown in Fig. 23.
The specimens were taken from a butt
joint weld made with as-received wire A at
two different locations with different
porosity levels. The specimen with more
porosity is weaker and much less ductile.
Thus, it is essential to prevent porosity in
Mg welds.

Recommendations to Manufacturers and
Users of Mg Welding Wires

To prevent gas porosity in GMAW of
Mg alloys, the following things are recom-
mended to the manufacturers and users of
Mg welding wires: 

1) The manufacturers can at least vac-
uum seal the Mg welding wire spool in a
plastic bag soon after the wire is manufac-
tured, which was not the case when the au-
thors purchased their Mg welding wires.
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Fig. 10 — As-received welding wire A (AZ61A Mg 1.2 mm in diameter)
shown at different angles to reveal dark areas (arrows) on the surface and
right after cleaning with sandpaper (bottom).

Fig. 11 — Porosity-free weld made by conventional GMAW with welding
wire A cleaned with sandpaper before welding. A — Top view; B — longi-
tudinal cross section.
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This can help prevent atmospheric corro-
sion before the bag is opened for use.
Coating the wire with a thin layer of a
metal that resists atmospheric corrosion
better than Mg while causing no additional
welding problems may be worth consider-
ing though the cost may be a concern. 

2) The manufacturers can also consider
allowing the users to bake the wire-reel as-
sembly. A plastic reel such as that shown
in Fig. 21B cannot be baked at tempera-
tures near 350°C. A reel made of welded
steel or stainless steel wires may be one
possibility if galvanic corrosion does not
become too much of a problem. 

3) For users that consume a large vol-
ume of welding wires routinely, such as the
automotive industry, the welding wires will
be used up before any atmospheric corro-
sion can occur. For small-volume users,
however, the protection against atmos-
pheric corrosion may be needed if the left-
over wire is not to be used again soon. One
possibility is to store the welding wire
spool in a commercially available storage
or in a rebaking oven, for either flux cored
wires or covered electrodes, at a tempera-
ture that is high enough to keep atmos-
pheric corrosion from occurring. This
temperature needs to be determined. An-
other possibility is to vacuum seal the
welding wire spool in a plastic bag until it
is to be used again. There might be other
ways as well. Any extra efforts taken to
avoid atmospheric corrosion may be

worthwhile because Mg welding wires are
expensive. 

4) The Mg welding wire users can in-
spect it before welding. If the wire surface
is already partially dark, porosity is likely
to occur. If the welds to be made are rela-
tively short and small in number, the wire
can be cleaned. Polishing the wire surface
with sandpaper is one possibility. Other-
wise, baking the welding wire spool can be
considered.  

Conclusions

The present study on GMAW of Mg-
alloy sheets aims to both establish the fun-
damental mechanisms of spatter and
porosity formation and offer practical so-
lutions to eliminate them. This will help
make GMAW a versatile process for weld-
ing Mg alloys, which is still not available in
spite of the rapidly increasing use of Mg
alloys for weight reduction. The conclu-
sions are as follows:

1) Exploration of the use of CSC-
GMAW for welding of Mg sheets has shown
that spatter, which is often severe with con-
ventional GMAW, can be eliminated. 

2) Based on both the high-speed videos
(at 4000 f/s) of molten-metal transfer from
the welding wire tip to the weld pool and
the detailed waveforms of current and
voltage recorded during welding, the
mechanism of spatter has been established
and the elimination of spatter by CSC-

GMAW has been explained.
3) The mechanism of spatter formation

in conventional GMAW of Mg alloys is as
follows: The low density of Mg is good for
vehicle weight reduction but, unfortunately,
bad for GMAW. Because of the very low Mg
density, the welding wire melts easily and
the melt keeps hanging onto the wire tip to
grow into an excessively large globule by the
time it touches the weld pool to short cir-
cuit. This provides considerable amounts of
molten filler metal to be expelled as severe
spatter by the sudden arc expansion imme-
diately following arc reinitiation from the
short circuit.

4) Because of the very low density of Mg
(about one-third less than that of Al), the
energy required for melting the Mg welding
wire is very low (42% less than that for melt-
ing an Al welding wire of the same diame-
ter) and the globule is light and thus difficult
to detach by gravity. Consequently, the
globule can be expected to form easily and
keep on growing until it touches the weld
pool to cause short circuiting. 

5) To make matters worse, the low Mg
density allows the light globule to be
pushed away easily from the weld pool and
thus continue to grow until it becomes ex-
cessively large. Without being pushed
away, the globule can only grow vertically
down to the size limited by the distance
between the wire tip and the pool surface.
6) Conclusions 4 and 5 explain the very

high current needed to pinch off the
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Fig. 12 — Porosity-free weld made by CSC-GMAW with welding wire A
cleaned with sandpaper before welding. A — Top view; B — longitudinal
cross section.

Fig. 13 — Essentially porosity-free weld made by CSC-GMAW with welding
wire A cleaned with sandpaper before welding. A — Top view; B — longitudi-
nal cross section. Workpiece: degreased with acetone but not cleaned with a
stainless steel brush.
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molten filler metal by the Lorentz force
and establish spray transfer in conven-
tional GMAW of Mg, which unfortunately
provides too much heat for welding Mg
sheets (Ref. 9).  

7) The current and voltage waveforms

show a large current
surge during short cir-
cuiting, typical of con-
ventional GMAW
designed to sponta-
neously increase the

current sharply to instantaneously melt back
the welding wire, which quickly brings the
arc length back to normal automatically and
thus makes manual GMAW easy (much
easier than manual GTAW). Unlike in pre-
vious studies, however, the waveform of

power (= current ¥ voltage) is also pre-
sented, and it reveals a power surge imme-
diately after arc reinitiation, when the
voltage has already recovered but the cur-
rent, though falling, is still very high.

8) The power surge heats up the arc
plasma instantaneously and causes a sud-
den arc expansion to expel the globule.
The short-circuiting time (~ 2 ms) is too
short for the large light globule to enter
the weld pool before arc expansion. 

9) Unlike the constant voltage mode,
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Fig. 14 — Porosity-free weld made by CSC-GMAW with welding wire A
baked at 380°C for 11 min before welding. A — Top view; B — longitudinal
cross section. 

Fig. 15 — Porosity-free weld made by CSC-GMAW with welding wire B
when it was still clean. A — Top view; B — longitudinal cross section.

Fig. 16 — Porosity in CSC-GMA weld made with welding wire B after ex-
posure to air for months before welding. A — Top view; B — longitudinal
cross section.

Fig. 17 — Welding wire B (AZ61A Mg 1.2 mm in diameter) after being ex-
posed to air for months, shown at different angles to reveal dark areas (ar-
rows) on the surface and right after cleaning with sandpaper (bottom). 
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the CSC mode of GMAW is set up to con-
trol the current instead of voltage. The
globule is smaller, and the much longer
short-circuiting time (~ 18 ms) allows the
globule to enter the pool. More impor-
tantly, the large current surge upon short
circuiting can be limited, thus eliminating
the power surge and hence spattering. In
CSC-GMAW, the waveform of the weld-
ing current can be tailored in great detail
to optimize the welding process.

10) Unlike in Al GMAW, severe gas
porosity can occur in Mg GMAW, either
conventional GMAW or CSC-GMAW, if
the welding wire has been exposed to open
air for an extended period of time. 

11) Based on X-ray diffraction of the
surface layer removed from the welding
wire and the solubility of hydrogen in Mg
as a function of temperature, the mecha-
nism of porosity formation has been es-
tablished.

12) The mechanism of porosity forma-
tion in GMAW of Mg alloys is as follows:
With its large surface area per unit volume,
a welding wire covered with Mg(OH)2 can
carry a significant amount of Mg(OH)2 into
the arc, where it decomposes by Mg(OH)2
�→MgO + H2O. The H2O further decom-
poses to hydrogen to dissolve in Mg(L) as
atomic hydrogen H. Since Mg(S) can dis-
solve much less H than Mg(L), it rejects H
to form a H-rich liquid layer at the solidifi-
cation front, where the high H concentra-
tion can push the reaction 2H→� H2(g) to
the right and form hydrogen porosity. 

13) Mg(OH)2 has been identified on

the surfaces of the
welding wires that
caused severe gas
porosity, by using a
special X-ray dif-
fraction system that
works even with a
very small amount
of powder  removed from the wire surface.
The surface appears dark where Mg(OH)2
exists. Mg welding wires can react with
moisture in the air to form Mg(OH)2, that
is, atmospheric corrosion.   

14) The much more severe gas poros-
ity in Mg GMAW than in Al GMAW is
caused by: 1) much more hydrogen is
available to dissolve in the Mg weld pool
because Mg(OH)2 forms much more eas-
ily on a Mg welding wire than Al(OH)3
does on an Al welding wire, 2) much
more hydrogen can actually dissolve in
the Mg weld pool because of the much
higher hydrogen solubility in Mg(L) than
Al(L) (by about 60 times at the melting
point), 3) much greater hydrogen-solu-
bility drop occurs upon solidification of
Mg (L) than Al (L) (by about 20 times),
causing much more H rejection into the
liquid at the solidification front to trig-
ger the reaction 2H →� H2(g), and (4)
H2(g) bubbles rise to escape from a Mg
weld pool more slowly than an Al weld
pool because of the lower density of Mg. 

15) Cleaning the Mg welding wire
with sandpaper before welding can elim-
inate gas porosity by eliminating
Mg(OH)2. Baking the Mg welding wire

in air at 380°C for 11 min before welding
can eliminate gas porosity by making the
reaction Mg(OH)2 �→ MgO + H2O
occur before, instead of during, welding.

16) Recommendations for porosity
prevention in GMAW of Mg alloys have
been made, based on the results of the
present study, to both the manufacturers
and users of Mg welding wires.
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Fig. 18 — Porosity-free weld made by CSC-GMAW with welding wire B
baked at 380°C for 11 min after exposure to air for months. A — Top view;
B — longitudinal cross section. 

Fig. 19 — Mechanism of gas-porosity formation in GMAW of Mg alloys. A —
Mechanism; B — hydrogen solubility in Mg (Ref. 40).
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Fig. 22 — Solubility of hydrogen in Mg and Al (Ref. 50) used to explain
the much more severe porosity in GMAW of Mg than Al. 

Fig. 23 — Tensile testing curves showing porosity can significantly reduce
the joint strength and ductility. Workpiece cleaned; welding wire: as-re-
ceived wire A.
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