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An Investigation on the Effects of
Gases in GTA Welding of a Wrought
AZ80 Magnesium Alloy

Argon, helium, and nitrogen, some enriched with hydrogen,
were investigated for their effects on melting and penetration

BY M. MARYA, G. R. EDWARDS, AND S. LIU

ABSTRACT. Magnesium alloy compo-
nents are frequently gas tungsten arc
welded despite magnesium’s high thermal
diffusivity. Gases such as argon, helium,
and nitrogen — enriched or not with hy-
drogen — have been investigated to de-
termine if melting, and in particular weld
penetration, can be increased. Images of
the arcs, voltage readings, dimensions, de-
fects, and microstructure of weld fusion
zones have been examined. Due to a
greater first ionization potential, helium
increased the constant-current voltage
and created more melting than argon.
With diatomic gases such as nitrogen and
hydrogen, voltage and weld dimensions
were even further increased. However, hy-
drogen caused porosity, and nitrogen in-
teracted with magnesium by leaving a ni-
tride deposit at weld surfaces. While
consequences of alloying with nitrogen
were probably not disadvantageous, hy-
drogen pores were of greater concern.
Both welding parameters and hydrogen
concentration in the arc atmosphere were
important in controlling porosity. The
two-dimensional heat-flow conditions of
fully penetrating welds were capable of
eliminating porosity and could make weld-
ing with hydrogen additions a possibility to
consider.

Introduction

The demand for vehicles with im-
proved fuel efficiency has created greater
incentives for the engineering of compo-
nents of aluminum and magnesium.
Among other attractive properties, mag-
nesium alloys have two-thirds the density
of aluminum alloys, and their strength-to-
weight ratios are greater. However, indus-
trial exploitation of magnesium alloys is
still restricted, partly due to magnesium’s
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low formability. To date, magnesium com-
ponents are mainly cast, but routes are
being developed to produce formable
magnesium alloy sheets. In the absence of
sheet products, welding has been confined
toisolated applications (Ref. 1). However,
realizing that welding, like forming, would
open a whole new range of applications,
weldability of magnesium alloys has re-
cently been investigated with a variety of
processes, particularly gas tungsten arc
welding (GTAW), laser beam welding, and
friction stir welding (Refs. 1-5). Of all
commercial magnesium alloys, those with
aluminum as the primary alloying element
are most weldable using any of these three
processes (Refs. 2-6). With arc welding
processes, lack of weld penetration is gen-
erally a limitation of the magnesium al-
loys. In arc welding with a nonconsumable
tungsten electrode (i.e., GTAW), the elec-
tric arc is struck by applying a direct cur-
rent, an alternating current, or a current
with other waveforms. For magnesium al-
loys, alternating current offers a major ad-
vantage over the direct current to initiate
a weld pool, and this advantage is the ca-
thodic cleaning of the magnesia covering
the surfaces (Ref. 6). However, compared
to direct current where the electrode is
negative and operates as a cathode, alter-
nating current lowers the heat input to the
base material and produces shallower
welds, especially when argon is selected
over helium (Refs. 6-8). Here, the addi-
tion of a diatomic gas, like hydrogen (H,)
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or nitrogen (N,), to a monatomic gas, like
argon (Ar) or helium (He), is proposed to
increase the melting of magnesium alloys
during GTA welding.

While hydrogen and nitrogen have
been safely introduced to argon or helium
for increasing weld penetration in transi-
tion-metal alloys, their use has not been
reported for joining magnesium. The
magnesium-hydrogen phase diagram
(Ref. 9) shows that hydrogen solubility in
magnesium decreases by about 25 wt-%
when magnesium solidifies at 650°C. This
characteristic alone indicates that hydro-
gen accumulates rapidly at the solid/liquid
interface, and if hydrogen partial pressure
is sufficient, gaseous bubbles will form. In
general, pores appear in welds when the
ratio of solubility at the average pool tem-
perature and at the melting temperature
(either in the liquid phase or solid phase)
is high (Refs. 8-10). The concentration of
a gas absorbed by the weld pool depends
upon its partial pressure in the the arc at-
mosphere and the temperatures at the
weld pool surface. Knowing that surface
temperatures of GTA weld pools must ap-
proach the material’s boiling temperature
(1090°C for magnesium) and that pure
magnesium solidifies at 650°C, Sievert’s
law can be applied to estimate the propen-
sity of hydrogen to generate porosity. For
liquid magnesium (Ref. 10), Sievert’s law
can be represented as:

[H]:m,pmc[,w

RT ] 1)

where [H] is the total volume of hydrogen
in the liquid metal in mL/100 g, p is the par-
tial pressure of hydrogen in the arc ex-
pressed in atmospheres, R is the universal
gas constant (8.31 Jmol-1-K-1), and T is
molten metal temperature (in kelvin).
Equation 1 predicts that the equilibrium
solubilities at 1-atm hydrogen pressure for
1090° and 650°C are 70.6 and 25.3 mL/100
g, respectively, as validated by indepen-
dent measurements by Fromageau et al.
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Fig. 1 — Arc voltage with various monatomic gases as a function of arc cur-
rent and arc length during direct current electrode negative (DCEN) gas
tungsten arc (GTA) welding of carbon steel (Ref. 7).

Fig. 2 — Electrical conductivity and enthalpy (Refs. 7, 20), and thermal con-
ductivity of several pure ionized gases as a function of temperature (pressure is

one atmosphere) (Refs. 7, 19).

(Ref. 11). It follows that hydrogen solubil-
ity in solid magnesium at the melting tem-
perature, being about 25% less, is in the
vicinity of 19 mL/100 g. Although all these
values of solubility will be affected by weld-
ing, the proposed estimates using equilib-
rium conditions are valuable to assess hy-
drogen potency in porosity formation.
Equation 1 shows that the pressure re-
quired to keep all the hydrogen gas in so-
lution is (70.6/25.3)2 = 7.8 atm when the
pool cools from 1090° to 650°C. For gas
bubbles to form, which requires that the
amount of dissolved hydrogen exceeds the
equilibrium solubility at 1-atm hydrogen
pressure, the hydrogen partial pressure at
1090°C must be greater than 1/7.8 = 0.13
atm (i.e., hydrogen concentration must ex-
ceed 13% of the arc atmosphere). This cal-
culation shows that the minimum concen-
tration of hydrogen to induce porosity is
significant in magnesium. A comparable
calculation for aluminum would show that
hydrogen partial pressure is smaller by
about two orders of magnitude (Ref. 8).
This prediction that hydrogen potency to
produce pores in magnesium is far less
than in aluminum has been verified by
comparing data from various investigators
(Refs. 12, 13). However, no research to
date has established if hydrogen is always
detrimental to magnesium during welding.
Similarly, the effects of nitrogen have not
been reported. Further, since the magne-
sium-nitrogen phase diagram has not been
entirely established (Ref. 14), it is even dif-
ficult to predict the potential effects of ni-
trogen on the weld fusion zone. Based
upon work of Aizawa et al. on plasma
sprays (Ref. 15), an alloying with nitrogen
may be expected for the weld region, and
this alloying could in fact result in an im-
proved corrosion resistance. However, the
literature does not tell how nitrogen will
influence the arc and especially how nitro-
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gen compares to the other gases under
comparable welding conditions.

This research pursues complementary
objectives: 1) determine if diatomic gas ad-
ditions can increase GTA weld penetration
in magnesium alloys, 2) determine if hy-
drogen can be introduced to argon or he-
lium, and 3) investigate the role of nitrogen
during arc welding of magnesium. In this
paper, the physical properties of gases are
first discussed, followed by a description of
the experimental procedure and results.
The discussion of the results first ad-
dresses the effects of gases on the arc, and
then their effects on melting, defect for-
mation, and fusion zone microstructure.

Physical Properties of Gases

In GTA welding, the voltage estab-
lished between the nonconsumable tung-
sten electrode and the base material is
normally self-regulated to deliver a con-
stant current. With the current being ap-
proximately invariant, Ohm’s law indi-
cates that voltage and electrical
conductance of the arc are inversely pro-
portional. The conductance of the arcis a
function of its dimensions, particularly the
distance between the electrode and the
base material (i.e., the arc length), as well
as the local values of its electrical conduc-
tivity. As a simple definition, the electric
arc is a sustained discharged plasma with
physical properties that relate mainly to
the ionization of its gaseous species. In the
arc, electrical conductivity is greater
where electrons are generated at low tem-
peratures. A monatomic gas, thus a gas
only consisting of unbound atoms in their
gaseous state, has a high electrical con-
ductance when its first ionization poten-
tial (i.e., the energy barrier to release a
first electron) is small. The lower the gas
first ionization potential, the smaller is the

voltage necessary to produce a given cur-
rent, and the smaller are the energy and
thus the average arc temperature. Figure
1 (Refs. 7, 16) demonstrates that voltage
across a GTA arc decreases noticeably
when gases with a small first ionization po-
tential, as found going down the periodic
table, are selected. Helium, because of its
high first ionization potential (24.6 eV),
conducts the current least and conse-
quently requires the greatest voltage of all
monatomic gases to carry a given current.
Comparatively, arc voltages with argon
and particularly xenon are smaller as ex-
plained by the smaller first ionization po-
tential of these two monatomic gases (15.6
eV forargonand 12.1 eV for xenon). Since
the current carrying capability of the arc
depends upon its electron population, it-
self dependent upon the temperatures es-
tablished within the arc, any properties
that would affect arc temperatures are rel-
evant to GTA welding. Thermal conduc-
tivity and specific heat are therefore two
important properties that must be consid-
ered to understand the effects of the vari-
ous gases selected for this study.

For monatomic gases, electrical con-
ductivity, heat capacity, and thermal con-
ductivity all increase when first ionization
potential decreases (Refs. 7, 16). For di-
atomic gases, the physical properties are
strongly affected by the dissociation that
precedes the thermal ionization of the
gaseous unbound atoms (Refs. 7, 18-20).
The dissociation energy of diatomic nitro-
gen is greatest (9.8 eV), followed by that
of diatomic oxygen (5.1 eV) and diatomic
hydrogen (4.5 eV) (Refs. 7, 19). Figure 2
(Refs. 7, 20) compares physical properties
of argon, helium, and several diatomic
gases. The graph at the top-left corner is a
semilog representation of the electrical
conductivity as a function of temperature.
It is seen that electrical conductivity of



argon is considerably greater than that of
helium at temperatures less than about
3000 K. This is a direct consequence of
argon’s smaller first ionization potential.
However, at higher temperatures, the
population of charged particles (i.e., posi-
tive ions and electrons) rapidly levels off
in both gases (Refs. 7, 16) and the electri-
cal conductivities become comparable, at
least until secondary ionization takes
place. Compared to argon, diatomic nitro-
gen and diatomic hydrogen exhibit smaller
electrical conductivities. Beyond 2000 K,
their conductivities are also less than that
of helium. Of the properties seen in Fig. 2,
enthalpy and thermal conductivity of di-
atomic gases differ most significantly from
those of argon and helium. The top-right
corner graph reveals that enthalpies of the
diatomic gases are considerably greater
than those of argon or helium. As a direct
consequence, raising the temperature of
these gases will require more energy than
with either argon or helium, regardless of
the extents of the gas ionization. Diatomic
gases also extract thermal energy more ef-
ficiently, as well-depicted by the lower
graph. The fact that thermal conductivity
of hydrogen and oxygen rapidly decrease
after 4000 K indicates that a large fraction
of the diatomic molecules have already
split into single atoms. Due to a substan-
tially greater dissociation energy (9.8 eV),
electrical conductivity of nitrogen does
not drop before 7000 K. All the property
differences depicted in Fig. 2 between
argon, helium, nitrogen, and hydrogen
will influence GTA welding, particularly
the voltage necessary to stabilize the arc,
the heat that this arc generates, and thus
the heat input to the base material.

Experimental Procedure

To study the effects of monatomic and
diatomic gases using a limited number of
experiments, only five gases were selected.
They were commercially pure argon,
argon with 1% and 6% hydrogen, helium
with 1% hydrogen, and nitrogen with 1%
hydrogen. With the first three gases, the
influences of hydrogen additions could be
investigated. Further, considering 1% hy-
drogen, the effects of argon, helium, and
nitrogen could be compared. However, a
direct comparison of the two diatomic
gases, hydrogen and nitrogen, could not
be made. In addition to five gases, three
currents (30, 40, and 50 A) and four arc
lengths (0.5, 1.0, 2.0, and 4.0 mm) were
used, leaving a total of 60 bead-on-plate
welding experiments and, with two cross
sections per weld bead, 120 cross sections
to examine.

Bead-on-plate gas tungsten arc (GTA)
welding was completed using constant cur-
rent conditions, a travel speed of 100

LN

mm/min, and a gas

flow rate of 40
L/min. A set of 2-
mm-diameter tung-
sten electrodes was
prepared with a typ- wr
ical tip angle of 60
deg. When tip wear
was observed, the
tungsten cathodes
were replaced to Ar
guarantee consis- '

05 mm

tent and compara- I pet,
ble experimental re- n
sults. A digital
multimeter with a

precision of 0.01 V L
and a digital camera i
with a dark filter i pict.
were utilized to in- H-:
vestigate contribu-

tions of the various I
gases on the arcs. e
Visual characteris- o
tics of the arc as well I pet.
as voltages, mea- R
sured at the welding

power supply, were

captured. This volt-

age, although not i
measured directly ,
across the arc, is ';:'l”'

closely related to :
the arc voltage, and |
was therefore suffi-

I mmum 2 man & 1

cient to compare
the various gases
quantitatively. Later
in the paper, this

Fig. 3 — Digital images of the arc produced with several combinations of
shielding gases and arc lengths (current: 30 A).

voltage is referred to
as welding voltage.

All the welding specimens were fabri-
cated from a single 180-mm-diameter ex-
truded AZ80 magnesium alloy plain cylin-
der. The selection of a wrought alloy as
opposed to a cast alloy guaranteed that the
initial material did not contain any pores,
in particular hydrogen pores. The AZ80
alloy of this study had approximately 8.50
wt-% aluminum and 0.60 wt-% zinc, as es-
timated using glow discharge spec-
troscopy. In this investigation, the ex-
truded cylinder was sliced into 3.8-mm-
thick circular plates, which were then
ground to exhibit smooth and shiny sur-
faces. Depending upon welding parame-
ters and gases, partial and fully penetrat-
ing welds were obtained. On each plate,
six bead-on-plate welds were deposited
parallel to each other. No fixtures were
applied during welding, as the plates were
simply positioned on top of a flat and
bulky aluminum support, which also elim-
inated the need for a secondary root
shielding.

After bead-on-plate welding, the spec-
imens were cross-sectioned, ground, and

polished with silicon-carbide papers and
diamond pastes (6 and 1 wm), etched with
2% nital, and examined with a stereomi-
croscope at magnifications from 10 to
40 x. Dimensions of fusion zones (pene-
tration and width) were measured and
porosity (if encountered) was quantified
using conventional image analyses based
on area measurements. Optical mi-
croscopy, scanning electron microscopy,
electron dispersive spectroscopy (EDS),
X-ray diffraction (XRD), and thermody-
namic calculations were also used to com-
plement the analyses of the weld fusion
zones.

Results and Discussion
Arc Morphology

Figure 3 displays digital images of the
arc produced using various combinations
of gases and arc lengths, as the arcs were
viewed from the side. For the purpose of
photographing the arc, the welding cur-
rent of 30 A was preferred. Of the three
selected currents, this current generated
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Fig. 4 — Voltage vs. current characteristics for the five gases (arc length: 0.5  Fig. 5 — Welding voltage vs. arc length for the five selected gases (current:

mm).

30A).

the least heat, and therefore minimized
the brightness of the arc on the captured
images. With a few exceptions, the images
exhibited good contrast and they were
clear enough for analyses.

By first examining the images of Fig. 3
from top to bottom, the influence of each
gas can be examined. The color of the arc
was found to vary with the composition of
the gases. Since temperatures, radiation
wavelength, and color are related, as
proven by emission spectroscopy, the col-
ors captured on the images were impor-
tant features to examine. Behind the dark
filter, the arcs with pure argon were yel-
low. The additions of hydrogen caused
the yellow arcs of argon to become in-
creasingly green. The substitution of
argon by helium and nitrogen produced
entirely green arcs. The arcs were also
considerably larger. A comparison of the
various argon arcs reveals that hydrogen
did not broaden the arc, as could have
been expected from the arc colors ob-
served with helium and nitrogen. On the
contrary, the argon-hydrogen arcs ap-
peared as if they were constricted, which
was particularly apparent by examining
the brightest region of the 2.0- and 4.0-
mm arcs. Based upon this observation,
the possibility was raised that fusion zone
penetration might be improved by the use
of hydrogen additions, likely through an
increase in current density and thus
Lorenz electromagnetic force.

The observation that arcs were nar-
rower in the presence of hydrogen is con-
sistent with Fig. 2, where both thermal
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conductivity and specific heat are signifi-
cantly increased by hydrogen, especially at
the low temperatures where hydrogen is
still in its diatomic form. In the arc pe-
riphery, where temperatures are lower
than in the arc central region, hydrogen is
therefore most effective in restraining the
arc from expanding. In the case of the he-
lium enriched with 1% hydrogen, the arcs
did not appear to be as bright as the argon
arcs. The arcs were also distinctively de-
flected in the direction opposite to the dis-
placement of the tungsten electrode. This
arc deflection was most evident when the
arcs were longer, as seen by comparing the
pictures of Fig. 3 from left to right.

Compared to the other gases, the arcs
produced with the nitrogen-rich gas were
noticeably different. Figure 3 does not in-
dicate that these arcs were deflected. On
the contrary, they were quite symmetrical,
and therefore the direction of electrode
displacement, thus arc deflection, could
not be determined, as was found with the
other gases. As shown in Fig. 3, the digital
images of the arcs with the nitrogen-rich
gas were also all blurry irrespective of the
welding parameters. These hazy images
were attributed to the heavy fumes en-
countered when welding was conducted
with this diatomic gas. Figure 3 shows that
the images corresponding to arc lengths of
0.5 and 1.0 mm exhibited the brightest fea-
tures. This observation could be indicative
of exceptionally high arc temperatures,
and most probably high welding voltages,
since these two characteristics are largely
related, as explained previously.

Voltage

Figure 4 shows five voltage-current
lines, all constructed from average voltage
readings with the different gases and all
accompanied with a least-square root
equation. The error bars indicate that
voltage readings were dispersed within a
range that represented about 10% of their
values. Due to scatter, the voltage mea-
surements made with the different gases
occasionally overlapped. However, the
data points could still be properly fit using
five distinct straight lines. These five sep-
arate lines are proof that electrical con-
ductance (defined as the ratio of current
over voltage) for the various arcs differed
noticeably. Also, the fact that the five lines
were parallel (with a constant slope of 0.04
V/A) indicates that voltage and current
varied at a constant rate, and this rate did
not depend on the gas.

Regardless of the current, the arcs with
pure argon exhibited the smallest volt-
ages, followed by the arcs with argon con-
taining 1% and 6% hydrogen, respec-
tively. On average, the addition of 1%
hydrogen increased voltage by about 15%
over that of argon, and the addition of 6%
hydrogen doubled this voltage increase.
The helium enriched with 1% hydrogen in-
creased the voltage even further, leading to
an average 25% increase in voltage over
the 1% hydrogen-enriched argon gas, and
about 40% over the pure argon gas. With
nitrogen as a substitute to argon and hy-
drogen concentration still at 1%, the volt-
age was increased by 45% beyond that of
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Fig. 6 — Optical macrographs of bead-on-plate welds as seen in top views

(current: 30 A, arc length: 4 mm).

and welding parameters.

Fig. 7 — Relationship between fusion zone dimensions regardless of gases

the 1% hydrogen-enriched argon and
about 65% over that of the pure argon gas.
The dramatic increase in voltage observed
with nitrogen compared to argon was well
substantiated by Fig. 2, where enthalpy and
thermal conductivity of the nitrogen are
considerably greater than those of argon
and helium. These characteristics suggest
that the elevated temperatures needed to
ionize and thus create an electrically con-
ductive arc gap require more heat genera-
tion with nitrogen. Such a heat generation,
and thus heat input to the material, was
confirmed by the voltage readings, the
fumes observed during welding (which ex-
plained the hazy images seen in Fig. 3 with
nitrogen), and the bright spots revealed in
the same images.

Figure 5 directly complements the set
of photographs of Fig. 3 by also describing
the effects of both arc length and gas. In
agreement with Fig. 3, the voltage (thus the
heat generated by the arc) increased with
the arc length. As in Fig. 4, the voltage was
minimum with argon and increased with
the other gases, as given by the sequence
shown from top to bottom in Fig. 3. Figure
5 also demonstrates that voltage reached
about 21 V when electrode and base mate-
rial were 4 mm apart, and when 1% hy-
drogen was added to nitrogen. When ex-
amining the effects of arc length, note that
voltage appeared to increase at a greater
rate in the presence of short arcs.

With both Figs. 4 and 5, the effects of
hydrogen could be further analyzed. In
both figures, the argon gas containing 1%
hydrogen is located about halfway between

the pure argon and the argon with 6% hy-
drogen. This result indicates that the first
1% hydrogen was about as effective in in-
creasing the voltage as the 5% hydrogen
that was subsequently added. Conse-
quently, the arcs produced with hydrogen
were conceivably sustained with both a
limited dissociation of the diatomic mole-
cules and a slight ionization of the hydro-
gen atoms. If that is the case, the major
contribution of hydrogen would be to cool
the arc central region, which would be
made possible by increasing thermal con-
ductivity and specific heat of the arc at-
mosphere.

Weld Fusion Zone Morphology

Figure 6 reproduces optical macro-
graphs of five bead-on-plate welds for
which the arcs were presented in the last
column of Fig. 3. The welds gathered in
Fig. 6 have striking differences. First, start-
ing with the weld made with argon, the
presence of transverse striations at its sur-
face as well as frequent lateral deviations
suggest that the heat input to the base ma-
terial was unsteady and insufficient to form
a stable and penetrating weld pool. In con-
trast, the introduction of 1% hydrogen to
argon clearly improved arc stability, as the
welds were straight and rather indistin-
guishable from beginning to end. Since the
striations at the weld surface were still pre-
sent, melting also probably occurred
within a shallow depth under the surface.
However, with an addition of 6% hydro-
gen, the welds were distinctly wider, as ex-

pected from the voltage measurements
presented previously. With 6% hydrogen,
spherical-like protrusions, perhaps repre-
senting subsurface pores caused by the re-
jection of hydrogen during solidification,
also became visible. When helium was re-
placed by argon, the widths of the welds
were further increased. The surface of the
welds was also smooth, a condition that sig-
naled the presence of lesser defects. If that
was indeed the case, the 1% hydrogen
added to helium could be advantageous.
When nitrogen was selected as replace-
ment to argon or helium, weld surface
looked noticeably different. As seen in Fig.
6, the coloration of the nitrogen-rich welds
was darker. Closer examination by scan-
ning electron microscopy revealed that an
agglomerate of fine particles, as shown by
the inset image, covered the entire weld
surface. Such proof of chemical interac-
tions between the weld fusion zone and ni-
trogen will be further developed later
where the bulk of the fusion zone will be
examined in great detail.

Relationships between penetration and
width of fusion zones were searched to fur-
ther characterize the morphology of the
produced bead-on-plate welds. As shown
in Fig. 7, widths, as seen in Fig. 6, and pen-
etration of the fusion zones were mathe-
matically related irrespective of the gases.
Since dimensions of fusion zones were at
afirst estimate interdependent, the results
of Figs. 6 and 7 infer that fusion zone pen-
etration with the hydrogen additions was
greater than those made with pure argon,
and the same ranking of gases seen for the
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Fig. 9 — Fusion zone penetration vs. arc length for the five gases (current: 30

voltage probably applied to the fusion
zone penetration.

Figures 8 and 9 specifically show how
fusion zone penetration with the differ-
ent gases varied as a function of arc
length and current. Despite scatter
caused by measurements on different
cross sections, the scatter was small
enough to guarantee excellent compar-
isons. Both Figs. 8 and 9 appear to sub-
stantiate the ranking earlier established
with the voltage readings, except that the
helium with 1% hydrogen gas produced
slightly greater voltages than the 1% en-
riched nitrogen gas. As found for the volt-
age, fusion zone penetration increased
with both arc length and current. In con-
trast with voltage readings, however, the
slopes for each line seen in Figs. 8 and 9
varied differently from one gas to the
other. The argon line exhibited the small-
est slope, followed by that of the argon
with 1% hydrogen and that of the argon
with 6% hydrogen. The lines for the he-
lium and nitrogen gases were noticeably
steeper, although precise values for their
slopes could not be determined from the
two data points only available. Figures 4,
7, and 8, among others, clearly reveal that
enlargements of the fusion zones are to
some extents related to the voltage read-
ings. Despite significant scatter, Fig. 10
confirms that such a correlation between
fusion zone penetration and voltage ex-
isted. Figure 10 not only describes the ef-
fects of both voltage and current on fu-
sion zone penetration, it also clearly
shows that differentiating between gases
becomes practically irrelevant when the
voltage is considered.
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Figures 8-10 also reveal that the fu-
sion zones left by the nitrogen enriched
with 1% hydrogen were slightly smaller
than those anticipated from the voltage
readings — Figs. 4, 5. An explanation can
perhaps be found by considering the dis-
tinct arc profiles seen in Fig. 3 for the ni-
trogen-rich gas. With nitrogen as a sub-
stitute for argon or helium, both the arcs
and the fusion zone penetrations indicate
that more heat must have been dissipated
into the surrounding of the arc. In other
words, nitrogen likely created less energy
density than the other gases, although
overall heat generated within the arc was
greater, as indicated by voltage. This pos-
sibility is also strongly suggested by Fig. 2,
which indicates that nitrogen had the
greatest electrical conductivity of all the
gases, in addition to a particularly high
enthalpy.

Similar to the effects of nitrogen, the
effects of the hydrogen concentration
added to argon could also be further ex-
amined. As mentioned earlier for the
voltage, the line for the 1% hydrogen
argon gas was located approximately
halfway between the lines of the pure
argon and the argon with 6% hydrogen.
Figures 8 and 9 indicate that the contri-
bution of 1% hydrogen on the fusion zone
dimensions was closer to that of pure
argon than to that of the argon with 6%
hydrogen. This result, which might ap-
pear counterintuitive at first, could also
simply suggest that the heat flow had
changed, as voltage started to exceed
some critical values from which heat flow
quickly changed from three-dimensional
to two-dimensional (Refs. 6, 22, 23). Fig-

ure 10 confirms that fusion zone penetra-
tion and voltage were not proportional to
each other, but that fusion zone penetra-
tion appeared to increase at a greater rate
with the voltage.

Weld-Gas Interactions

The cross-sectional views of Fig. 11
demonstrate that hydrogen is a source of
porosity, as theorized previously, whereas
nitrogen created weld fusion zones with
two distinct regions, which for conve-
nience were designated as FZ1 and FZ2.
The first region, FZ1, possessed the nor-
mal composition and microstructure of
welds made with the monatomic gases,
and therefore will not be described in this
article. However, the second region
found in the upper part of the weld fusion
zone, FZ2, revealed an unusual mi-
crostructure, as already detected in Fig. 6.
In this section, interactions between the
AZ80 magnesium alloy and gases like hy-
drogen and nitrogen are discussed.

Effects of Hydrogen

As suggested in Fig. 6 with the weld
produced with 6% hydrogen, Fig. 11 con-
firms that large spherical pores were en-
countered when hydrogen was present in
the arc atmosphere. However, based
upon Figs. 6 and 11, the size and perhaps
amount and concentration of pores ap-
peared to be influenced by the concen-
tration of hydrogen, the gas that is mixed
with hydrogen, as well as the current that
is selected. In this section, the influence
of welding parameters is therefore pri-
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Fig. 11 — Optical micrographs of bead-on-plate welds produced with var-
ious combinations of current and gas (arc length: 0.5 mm).

mary to discuss. Since porosity is the re-
sult of a nucleation and growth process
depending upon mass transport and solu-
bility of hydrogen (Ref. 21), the effects of
process parameters that affect hydrogen
transport, particularly the arc length and
the current, were studied. Further, rela-
tions with weld fusion zone morphology,
already discussed, were searched.

In Fig. 12, the concentration of hydro-
gen pores (defined in percent of fusion
zone area) at currents of 30 and 40 A is
graphically represented as a function of
the arc length for each of the hydrogen-
enriched gases. Due to variations be-
tween weld cross sections, the data were
considerably dispersed. While the contri-
bution of current to porosity could not be
established using the two currents shown
in Fig. 12, a clear correlation between
pore concentration, arc length, and hy-
drogen concentration was found. Figure
12 shows that porosity decreased when
the arclength was increased and when hy-
drogen concentration was reduced.

To understand this last result, some of
the results already presented must be re-
viewed. First, recall that voltage stepped
up significantly when the arc length was
increased (Fig. 5) and that resulted in
wider and deeper weld fusion zones —
Figs. 7 and 9. Also, full penetration oc-
curred with a shorter arc when the 1% hy-
drogen-enriched helium gas was used
with a current measuring at least 40 A —
Fig. 8. When these conditions were satis-
fied, porosity was reduced to the greatest
extent. In fully penetrating welds, and in
welds where fusion zone penetration was
over two-thirds of the workpiece thick-

ness (Refs. 22, 23), the heat flow could be
categorized as two-dimensional. A conse-
quence of two-dimensional heat flow is
that cooling rates are typically one to two
orders of magnitude smaller (Refs. 4, 6, 8,
22, 23). Based upon Fig. 12, in welds as-
sociated to two-dimensional heat flows,
the hydrogen dissolved in liquid magne-
sium had sufficient time to diffuse out of
the pool and effectively reduce porosity.
The concentration of pores was consider-
ably different when the arc length was re-
duced. The fusion zone then partially
penetrated into the base material (Fig. 9)
and established three-dimensional heat
flow conditions, where cooling is com-
paratively faster.

To address the mechanisms of pore
formation, pore diameters were mea-
sured, and pore size distributions were es-
tablished for various welding parameters
and the 6% hydrogen gas. Figure 13
shows that the nucleation and growth of
pores within the liquid pool did not ap-
pear to be measurably restricted by the
faster cooling of partially penetrating
welds. In fact, Fig. 13 shows that the shal-
low fusion zones produced with the 0.5-
mm arcs and the current of 30 A, where
heat flow was three-dimensional, in-
cluded more pores of any sizes than any
other welds considered in Fig. 13. In con-
trast, population and size of pores were
considerably less when the heat flow was
two-dimensional, as promoted by the 4-
mm arc length. Regardless of welding pa-
rameters, Fig. 13 reveals that the popula-
tion in any given pores gradually
decreases as their average diameter in-
creases. This trend demonstrates that

there was always sufficient hydrogen to
nucleate small hydrogen pores regardless
of the welding parameters. With both
large currents and extended arc lengths
(i.e., two-dimensional heat flow condi-
tions), the larger pores were eliminated.
Porosity was practically eliminated, not
because nucleation and growth of pores
were restricted, but because hydrogen
could leave the weld pool.

Effects of Nitrogen

Figure 14A-D depicts optical and sec-
ondary electron images with EDS and
XRD results for the region in Fig. 11 that
has been designated as FZ2. This new re-
gion demonstrates that a measurable
amount of nitrogen had permanently en-
tered the weld, most particularly its upper
part, FZ2. In one of two reasonable ex-
planations, nitrogen interacted with the
weld pool well before its dimensions
reached that of the fusion zone. The pres-
ence of nitrogen at the weld pool surface,
either in solution or as a nitride layer cov-
ering the pool, could explain why hydro-
gen did not induce porosity. In this situa-
tion, the contribution of nitrogen would
have been to prevent hydrogen to enter
the weld pool. Alternatively, nitrogen
could have been dissolved in the entire
fusion zone, implying that during solidifi-
cation, hydrogen would have been gradu-
ally rejected by the fast-growing magne-
sium solid phase. In this second
explanation, FZ2 would have formed the
last, after the material in FZ1 would have
solidified without being effectively influ-
enced by hydrogen or nitrogen. To vali-
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Fig. 12 — Porosity vs. arc length for the hydrogen-containing gases (current:

30 A).

13 — Pore size distribution as a function of arc length and current for the

welds produced with the 6% hydrogen-enriched argon gas.

date this second explanation, hydrogen
would have been dissolved in restricted
amounts in the magnesium liquid phase.
Reduced hydrogen solubility, thus low
hydrogen partial pressure for pore nucle-
ation, could well explain the absence of
pores in all the fusion zones made with ni-
trogen. Although a complete understand-
ing of the interaction between the mag-
nesium weld pool, nitrogen, and
hydrogen might be out of reach given the
initial purposes of this study, the data of
Fig. 14 are worth examining to better un-
derstand weld formation with the nitro-
gen-rich gas.

Figure 14A and B clearly shows that
FZ2 exhibited an uncharacteristic
banded microstructure. Such microstruc-
ture is as intriguing and puzzling as the
presence of the two regions, FZ1 and
FZ2. The banded microstructure of FZ2
indicates that nitrogen had entered the
weld pool, and had possibly partitioned
from a magnesium-rich phase to periodi-
cally reach concentrations large enough
to stabilize at least one new nitrogen-rich
phase. If that is the case, the rejection of
nitrogen from a magnesium-rich phase
would demonstrate that this magnesium
alloy has no solubility for nitrogen. Ther-
modynamically, this would mean that en-
thalpy of mixing for a solution comprising
magnesium, its alloying elements, and ni-
trogen is strongly positive, at least when
the solution composition is far from that
of the new nitrogen-rich phase. If the mi-
crostructures of Fig. 14A and B are the
result of normal partitioning, the new ni-
trogen-rich phase must have formed after
the magnesium-rich phase, as would be
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seen in a eutectic transformation. In the
presence of a eutectic transformation, the
temperatures where the alloyed region,
FZ2,would be liquid would be lower than
that of the AZ80 alloy (i.e., the material
of FZ1). The presence of a lower melting
point eutectic mixture, although not vali-
dated by other measurements or a com-
plete binary phase diagram (unavailable),
is in agreement with the observation that
FZ2 is located near the weld upper sur-
face, where it would be expected if it had
solidified at last.

However, the fact that nitrogen accu-
mulated along concentric bands, well fol-
lowing the solid/liquid interface, also ap-
pears to be untypical of eutectic
decompositions, and this last explanation
may therefore be invalid. Although no
data are provided to support this discus-
sion, the unusual phase morphology seen
in Fig. 14A and B may be better explained
if capillarity is considered. Rejection of
nitrogen from magnesium-rich growing
dendrites and transport of nitrogen along
the dendrite boundary toward the den-
drite tips (driven by capillarity) would be
a satisfactory explanation for the banded
microstructures of Fig. 14A and B, if sup-
porting data were available. In that par-
ticular situation, nitrogen would con-
stantly advance at the same time as the
solid/liquid interface until the nitrogen
buildup would become enough for a new
phase to form and magnesium to con-
tinue solidifying beyond the magnesium
nitride phase.

Figure 14C presents a typical energy
dispersive spectrum for the darker phase
seen in the banded microstructure of Fig.

14A and B. The inset secondary electron
image, accompanying the energy spec-
trum, reveals that this new phase is less
conductive than magnesium (because
brighter in the SEM), and also hard and
brittle, as revealed by its granular ap-
pearance. The EDS measurements re-
vealed that nitrogen constituted 40 at.-%
of this brittle-looking phase, whereas ni-
trogen was not present in the magnesium-
rich phase, as was suspected from previ-
ous analysis. These measurements not
only confirm that magnesium and nitro-
gen did not mix, but that nitrogen and
magnesium formed a stochiometric com-
pound with 40 at.-% nitrogen. Measure-
ments by XRD, presented in Fig. 14D,
identified this phase as the normal mag-
nesium nitride phase, MgzN,. Compared
to other nitrides, magnesium nitride
could have been expected. Of the ele-
ments present in an AZ80 alloy (i.e., mag-
nesium, aluminum, and zinc), magne-
sium’s interaction with nitrogen is the
strongest, as indicated by comparing
Pauling’s electronegativity differences
with nitrogen, or comparing free energies
of magnesium nitride, aluminum nitride,
and zinc nitride.

To determine when during welding ni-
trogen interacted with magnesium, ther-
modynamic calculations of the equilib-
rium state of an equi-molar mixture of
magnesium, nitrogen, and hydrogen were
conducted. Although the proposed sto-
chiometry is likely different from those
found in the weld, results of this calcula-
tion were sufficient to incorporate tem-
perature in the analysis. Results of the
thermodynamic calculation are graphi-
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Fig. 14 — Microstructures of the FZ2 region shown in Fig. 11. A and B
— Optical micrographs; C — secondary electron image with an EDS

spectrum; D — X-ray diffracted intensities of the surface of a weld made
with nitrogen enriched with 1% diatomic hydrogen gas.

Fig. 15 — Equilibrium products of the equi-molar reaction between mag-
nesium, hydrogen, and nitrogen as a function of temperature..

cally represented as a function of tem-
perature in Fig. 15. In this figure, it is con-
firmed that the magnesium nitride phase,
Mg;N,, was the most stable equilibrium
product. However, it is also shown that
the Mg;N, phase formed at much higher
temperatures than anticipated (about
1500 K), and certainly at temperatures
where magnesium was still in a gaseous
state. This new result therefore strongly
indicates that some unknown fraction of
the magnesium nitride seen in Fig. 14 had
formed in the arc atmosphere before con-
densing on top of the weld. Conse-
quently, the first analysis, suggesting that
hydrogen was prevented from entering
the weld pool because of nitrogen at the
weld surface, is validated. This new result
still does not mean that the second expla-
nation, invoking the nitrogen partition-
ing, is invalid. It simply means that un-
derstanding weld pool formation in the
presence of nitrogen is more complicated
than initially thought and requires further
research.

Conclusions

The effects of gases, in particular hy-
drogen and nitrogen, have been investi-
gated with the general objective of in-
creasing melting during GTA welding of
magnesium alloys. The following conclu-
sions were reached:

e The weld fusion zone dimensions,
particularly the penetration (Fig. 7), were
increased with gases having a high first
ionization potential, because voltage and
thus heat input (under a constant current
condition) were increased — Figs. 4, 5.

Helium, due to its high first ionization po-
tential (24.5 eV), produced deeper fusion
zones than argon (15.9 eV).

e When 1% hydrogen was added to ei-
ther argon or helium, the fusion zones
were more penetrating than with only the
monatomic gases. Also, nitrogen substi-
tuted for either argon or helium, gener-
ated even more melting, although its first
ionization potential is less than that of ei-
ther argon or helium. The properties of
diatomic gases (Fig. 2), particularly en-
thalpy and thermal conductivity, could
well explain the increased voltage and
penetration observed with these gases —
Figs. 4, 5.

e Despite desirable increase in melt-
ing, hydrogen was also a powerful source
of porosity — Fig. 13. However, porosity
could be prevented by establishing fully
penetrating welds, where heat flow is two-
dimensional. Due to a slower cooling
than in partial-penetration welds, pores
could nucleate, grow, and leave the weld
pool.

e Regardless of the welding parame-
ters, nitrogen stabilized a second phase
near the weld surface — Fig. 14. Al-
though examined in this paper, the inter-
action between magnesium and nitrogen
is not yet well understood.

e Minor additions of hydrogen to
argon or helium could be recommended
to increase melting. With nitrogen, the
properties of the nitride layer must be
further investigated.
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