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The gas-tungsten arc (GTA) welding behaviors of the commercial AZ91 magnesium alloy were examined
in terms of process efficiencies and microstructure characteristics. This study focused on the effects of
GTA welding process parameters (like welding current in the range of 100/300 A and welding speed in the
range of 3.33/13.33 mm/s) on energy absorption by the substrate material. The dependences of arc and
welding efficiency on the used process parameters were presented. The measurements revealed that the
arc efficiency values ranged from 0.63 to 0.88. Melting efficiency was found to rise with both increasing
welding current and speed. The analyses revealed a strong influence of the GTA welding process on the
width and depth of the fusion zone and also on the refinement of the microstructure in the fusion zone.
The results of dendrite arm size (DAS) measurements were presented. Additionally, the presence of a

partially melted zone (PMZ) was disclosed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The AZ91 (Mg-Al-Zn) alloy is the most widely used magnesium
alloy exhibiting a good combination of high strength at room tem-
perature, good castability and excellent corrosion resistance [1-4].
A dendritic microstructure is typical for the as-cast AZ91 mag-
nesium alloy, which is characterized by very heavy segregation
of the alloying elements. A non-equilibrium solidification condi-
tion caused the formation of large crystals of a solid solution of
Al in Mg - depleted in aluminium - (an a phase with a hexago-
nal closely-packed, hcp, structure) and pushing the Al admixture
away into interdendritical spaces. In the last stage of solidification,
the o+ binary eutectic is formed at 710K. The y-phase (called
also B-phase) is an intermetallic compound with a stoichiometric
composition of Mgy7Al;; (at 43.95 wt.% Al) and an a-Mn-type cubic
unit cell [2,5-7]. In comparison to binary Mg-Al, new phases do not
appear in commercial ternary alloys with zinc (like AZ91) when the
AltoZnratio is larger than 3:1. In this case, the zinc substitutes alu-
minium in the y-Mg;7Al;; phase, creating a ternary intermetallic
compound Mg7Aly1 5Zng 5 or Mgy7(Al, Zn);; type [3,8]. In the AZ91
alloy, an AlgMns intermetallic phase is also present due to the man-
ganese addition to the alloy [9].In commercial hypoeutectic Mg-Al
alloys (with aluminium contents less than about 10 wt.% Al), the
eutectic exhibited morphologies that are generally referred to as
fully or partially divorced. Generally, in Mg-Al alloys the eutec-
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tic tends to become more divorced with an increasing cooling rate
but its morphology also depends on the location of the couple zone
and undercooling during solidification [2,4,6,7]. In commercial cast
ingots, both types of eutectic are observed depending on local solid-
ification conditions inside the ingot and also on the depth of etching
reagent penetration [2]. The two main microstructural constituents
(primary o phase and « +y binary eutectic) have different proper-
ties. In typical AZ91 ingots, the Vickers microhardness for the o +y
eutectic regions is about 190 HVy 1 whereas for the a phase, it
is only 64 HVj g (the average Brinell hardness for alloy is about
78 HB) [2]. The Young modulus of the y phase is about 80 GPA
whereas of magnesium, it is only 45 GPA [5,10]. Therefore, the mor-
phology, and particularly size, of the microstructural constituents
determines the properties of the as-cast AZ91 alloy.

Recently, the welding technology of magnesium alloys, includ-
ing friction stir welding, tungsten inert gas (TIG) welding, laser
hybrid welding or electron-beam welding processes, have been
investigated widely [11-20]. One of these methods is also gas-
tungsten arc (GTA) welding, which has been used extensively for
the advantages of utility and economy (i.e. short processing time,
flexibility operation, economy in time, energy and material con-
sumption and processing precision). The GTA welding technique
also requires only a low cost for equipment investment. Addition-
ally, GTA welding produces very high quality welds as opposed to
other methods, thus minimizing the complicating effects arising
from weld defects such as porosity, undercuts and weld spatter.
There are several reports describing the influence of GTA welding
technology on magnesium behavior [21-30] but those investiga-
tions were not concerned with process efficiencies. There are two
main dimensionless process efficiencies that can be measured as a
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Table 1
Chemical composition of AZ91 alloy according to ASTM B93-94.
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Chemical composition [wt.%]?

Alloy Al Zn Mn Si Fe Cu Ni Others each
max max max max max

AZ91 8.5/9.5 0.45/0.9 0.17/0.4 0.05 0.005 0.03 0.002 0.02

a Mg rest.

function of controllable processing variables, i.e. arc efficiency ()
and melting efficiency (nm). Arc efficiency is used to describe the
ratio of energy that is absorbed by the workpiece over the energy
generated by the heat source. For the case of the GTA welding pro-
cess, arc efficiency can be defined as the ratio of heat absorbed by
the workpiece to the incident arc energy. This fraction is always
less than the unity because not all of the energy generated by the
heat source is absorbed by the welded material. On the other hand,
melting efficiency is used to describe the amount of energy that is
used to create a molten weld pool from the energy delivered to and
absorbed by the workpiece. Only a small portion of the energy is
actually used for melting the fusion zone. The rest of it is dissipated
to the surrounding area by thermal conductivity. Melting efficiency
depends on the process parameters (i.e. arc power and welding
speed), heat flow geometry and the base material thermophysi-
cal properties. The experimental data obtained from calorimetric
methods allowed the evaluation of the real values of both these effi-
ciencies. In the present work, the arc and melting efficiency for the
AZ91 magnesium alloy employing different GTA welding process
parameters were investigated. Additionally, the influence of GTA
welding parameters on microstructure changes was examined.

2. Experimental material and procedures

Commercial ingots of AZ91 magnesium alloy were used as the starting mate-
rial. The nominated chemical composition of the AZ91 alloy according to the ASTM
B93-94 standard is given in Table 1. Welding plates were machined to the size of
250 mm x 50 mm x 15 mm. The gas-tungsten arc (GTA) welding method was con-
ducted by using a Falting 315 AC/DC instrument. A set of 2.4 mm diameter tungsten
electrodes were used (WT20 according to the DIN Standard). The shielding gas was
helium with a flow rate of 201/min. This shielding gas was chosen because helium
due to its high first ionization potential (24.6eV) increases the constant-current
voltage and creates a larger fusion zone than argon (15.6eV) [21]. Investigations
were conducted utilizing different welding parameters: 12/15V voltage, 100/300 A
current and 3.33/13.3 mmy/s welding speed. The total heat content absorbed by the
material (Qn, ) was obtained by the calorimetric method using the flow type calorime-
ter (Fig. 1). The water flow rate was 7.51/min. Arc efficiency (1) was obtained from
the equation:

Qn

= (1)

n

where U is the welding voltage [V], I - welding current [A], t - time of welding [s].

MT

Fig. 1. Equipment for determination of arc efficiency: 1 - flow calorimeter, 2 -
sample, 3 - GTA torch, 4 - current source, 5, 6 - thermocouples, 7 - temperature
recorder.

Melting efficiency (nm) was calculated from the relationship:

Vap (QF + f;z Cp dT)
Qm

where V;, - total volume of the fusion zone [cm?], p - density [g/cm?], T; - ambient
temperature [K], T> - liquidus temperature [K], Qr - melting heat [J/g], ¢, - specific
heat [J/gK].

(2)
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Fig. 2. Influence of welding current (a) and speed (b) on arc efficiency during GTA
welding of AZ91 alloy.
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Table 2
Applied GTA welding parameters with obtained results of process efficiencies and width and depth of fusion zone.

Welding Welding speed, Welding Arc efficiency, Melting Width of fusion Depth of fusion
current, I [A] vs [mm/s] voltage, U [V] n efficiency, nm zone, dgz [mm] zone, hgz [mm]
100 3.33 12 0.63 0.04 5.78 1.17
200 3.33 13 0.73 0.06 10.12 337
300 3.33 15 0.88 0.10 15.18 7.89
100 6.67 12 0.59 0.06 4.80 0.76
200 6.67 13 0.68 0.11 8.68 2.49
300 6.67 15 0.80 0.20 13.43 6.20
100 133 12 0.54 0.09 2.95 0.31
200 13.3 13 0.61 0.21 5.92 1.44
300 133 15 0.72 0.41 10.00 3.80

The total volume of the fusion zone (V,) was determined by multiplying the
cross-sectional area of the fusion zone by its length. The specimens for measuring
the geometry of the fusion zone (they width and depth) and also for microstruc-
ture investigations were prepared by standard metallographic procedures including
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Fig. 3. Influence of welding current (a) and speed (b) on melting efficiency during
GTA welding of AZ91 alloy.

wet prepolishing and polishing with different diamond pastes without contact with
water. To reveal the microstructure, the samples were etched in a 1% solution of
HNOj3 in C;Hs50H for about 60s. The microstructure was observed using light and
scanning electron microscopy techniques. In order to determine the influence of
the GTA welding process on microstructure changes, the dendrite arm size (DAS)
of the base material and the fusion zone was obtained using the linear method as
a quotient of the mean distance between the dendrite cross-section centers by the
number of arms. The results were obtained from about 120 measurements for each
sample.
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Fig.4. Width (a) and depth (b) of fusion zone as a function of energy per unit length.
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Fig. 5. Microstructure of base metal (a) and fusion zone (b-d) after GTA welding of AZ91 alloy at current of 300 A with corresponding DAS results.
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3. Result and discussion
3.1. GTA welding process efficiencies and fusion zone geometry

The values of arc and melting efficiency obtained from the con-
ducted investigations are presented in Table 2. For the GTA welding
parameters used in this study, the arc efficiency values ranged
between 0.63 (with 100 A current and 3.33 mm/s welding speed)
and 0.88 (with 300 A current and 3.33 welding speed). This indi-
cates that 40/10 pct of the arc energy was never transformed to the
substrate. Fig. 2a and b presents the arc efficiency as a function of
the welding current and speed, respectively. As can be seen from
the presented dependences, arc efficiency rose with an increase
in welding current and fell with an increase in welding speed. As
could be expected, by using a higher welding current or lower weld-
ing speed, more heat was absorbed by the workpiece. The effects
of the welding current and speed on melting efficiency are dis-
played in Fig. 3a and b, respectively. In this case, melting efficiency
rose with an increase in both the welding current and speed. The
maximum value of melting efficiency was 0.41 using a welding
current of 300 A and speed of 13.33 mm/s. From the total energy
that is transformed to the workpiece, only a small fraction of it
was used to create a molten pool. Melting efficiency rose with the
increasing rate of energy (i.e. welding power defined as a product
of current and voltage) delivered to the material. When the energy
was distributed to a localized region at a slower rate (i.e. lower
welding power), there was effectively more time available for the
energy to be transformed away from the molten region by thermal
conduction to the surrounding material. On the other hand when
melting occurred at a faster welding speed, less time was avail-
able for the heat to be transformed away from the localized melted
region. In consequence of this, more total energy was used to cre-
ate the molten weld pool. Therefore, an increase in welding speed
results in an increase in melting efficiency. The obtained kinds of
relationships are typical for welding technology.

As should be expected, when arc and melting efficiency
increased, the amount of heat introduced to the workpiece
increased as well. Therefore, the width and depth of the fusion zone
were enlarged. The values of the width and depth of the fusion zone
obtained using different GTA welding parameters are presented in
Table 2. As can be seen from those results, both the width and depth
of the fusion zone increased with an increase in the welding current
(at constant welding speed) and fell with an increase in welding
speed (at constant welding current). Fusion zone geometry depends
obviously on linear energy (i.e. energy per unit length, which is
defined as the quantity of energy incident upon the workpiece per
unit length and is given by the ratio of input power to welding
speed). Therefore, it is clear that if the welding power increases or
welding speed decreases, the energy per unit length will rise. Fig. 4a
and b presents the width and depth of the fusion zone, respectively,
as a function of the energy per unit length for all the GTA welding
parameters used in this study. As can be seen, by increasing the
energy per unit length, both the geometry parameters of the fusion
zone became larger. Hence, a wider fusion zone could be obtained
by using a higher welding power or lower welding speed.

3.2. Microstructure analysis

In the presented study, the influence of the GTA welding process
on AZ91 alloy microstructure changes was also investigated. Fig. 5
presents the microstructure differences between the base material
and fusion zones after GTA welding with a current of 300A and
at different welding speeds. It is visible that the DAS was consider-
ably reduced after GTA welding. The reason for the forming of a fine
microstructure was that the rapid cooling induced by good thermal
conductivity (51 Wm~1K-1) and low capacity (1.02k]kg=1K~1) of
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Fig. 6. Dependence of DAS and fusion zone depth on welding speed.

the AZ91 magnesium alloy hampered the growth of dendrites in
the fusion zone. The differences of the DAS parameter between the
samples welded employing different parameters were not so great.
For all the investigated fusion zones, the DAS results exhibited
Gaussian distribution. The results presented in Fig. 5 show that the
DAS (and its standard devotion) of melted material decreased with
anincrease in welding speed. It is well known, that DAS parameters
depend on the solidification conditions, especially the cooling rate.
Adecreasein welding speed (and the same increase in energy input)
results in a decrease in the cooling rate. Moreover, a slower cool-
ing rate during solidification results in a longer time available for
primary dendrite growth. Therefore the choice of suitable welding
parameters allowed the achievement of different DAS. It should also
be noted, that the differences in the cooling rate were too small to
exert influence on eutectic morphology. As can be seen from Fig. 5b
to d, the eutectic inside the fusion zone had the same morphology
in all the samples welded using different process parameters. On
the other hand, a lower welding speed created a higher heat input,
which resulted in a wider fusion zone (Fig. 4). The influence of the
welding speed on both the DAS and depth of the fusion zone is
shown in Fig. 6.

It should also be noted that the low-melting point nature of
the eutectic, only 710K (and also of the y phase - about 723 K)
coupled with the high thermal conductivity and low heat capac-
ity of the AZ91 alloy, lead to the formation of a wide partially
melted zone (PMZ), which was located from the fusion boundary
to the base metal. For all the samples GTA welded utilizing differ-
ent process parameters, partially melted zones were observed. The
presence of partially melted zones was also been reported in a pre-
vious study for welded magnesium [22,23,28-30] and aluminium
alloys [31]. Figs. 7 and 8 show the microstructure of the fusion zone,
PMZ and base metal for samples GTA welded at a welding speed of
13.33 mm/s and using a current of 200 and 100 A, respectively. In
both figures, detailed microphotographs of microstructure changes
from the fusion zone to the base metal are presented. As can be
seen, the PMZ morphology of the eutectic regions changed from
less to more divorced in the direction from the fusion zone to the
base metal. Also the width of the local remelted areas decreased in
this direction. Near the base metal, the amount (and width) of the
melted and resolidified eutectic in the PMZ was comparable to the
amount of eutectic in the base metal. This indicated that the rate
of dissolution in a solid state was low and once melting starts in
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Fig. 7. Microstructure (with detailed microphotographs) of fusion zone, partially melted zone and base metal after GTA welding of AZ91 alloy at 13.3 mm/s welding speed
and 200 A current.
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Fig. 8. Microstructure (with detailed microphotographs) of fusion zone, partially melted zone and base metal after GTA welding of AZ91 alloy at 13.3 mm/s welding speed
and 100 A current.

Fig. 9. SEM images of fusion boundary (a) and partially melted zone (b-c) after GTA welding of AZ91 alloy at 3.3 mm/s welding speed and 200 A current.
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the PMZ, melting was extensive in the interdendritic regions of the
original cast structure. Near the fusion zone, the amount of resolid-
ified areas increased due to a higher temperature during welding.
In this region, the remelted areas were visibly wider which indi-
cated that the eutectic a phase surrounding the interdendritical
regions was also remelted. Detailed morphology of the PMZ is also
presented in Fig. 9. The thermal property of the base metal, energy
input and cooling rate of the weld determine the temperature dis-
tribution established from the fusion boundary to the base metal.
The gradient of temperature distribution also determines the depth
of the PMZ. As can be seen from a comparison of Figs. 7 and 8, the
depth of the PMZ corresponded to the dimension of the fusion zone.

4. Conclusions

The influence of GTA welding parameters on process efficien-
cies and microstructure characterization were investigated and the
following results were revealed:

1. For the commercial AZ91 magnesium alloy, the arc efficiency
values ranged between 0.63 and 0.88 and rose with an increase
in welding current and fell with an increase in welding speed.

2. Melting efficiency rises with both an increased welding current
and speed to the maximum value of 0.41 using a welding current
of 300 A and speed of 13.33 mm/s.

3. The GTA welding process strongly influenced the width and
depth of the fusion zone and also the refinement of the
microstructure in the fusion zone. The DAS of the remelted mate-
rial dropped with an increase in welding speed.

4. Due to the low-melting nature of the eutectic in Mg-Al type
alloys, the presence of a partially melted zone (PMZ) was formed
inacommercial AZ91 magnesium alloy, GTA welded using all the
process parameters presented.
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