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Abstract

The gas-tungsten arc (GTA) welding behaviors of the commercial AZ91 magnesium alloy were examined in terms of microstructure
characteristics. This study focused on the effects of the GTAW process parameters (like welding current, welding speed and method of
additional cooling of the welded samples) on the size of the fusion zone (FZ) and partially melted zone (PMZ). The PMZ morphology of
the eutectic regions changed from less to more divorced in the direction from the FZ to the base metal. The largest PMZ was obtained at a
low welding speed (3.33 mm/s) and without additional water cooling of the samples.
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1. Introduction

Recently, the welding technology of magnesium alloys,
including friction stir welding, tungsten inert gas (TIG) welding,
laser hybrid welding or electron-beam welding processes, have
been investigated widely [1-8]. One of these methods is also gas-
tungsten arc (GTA) welding [9-11], which has been used
extensively for the advantages of utility and economy (i.e. short
processing time, flexibility of operation, economy in time, energy
and material consumption and processing precision). The GTA
welding technique also requires only a low cost for equipment
investment. Additionally, 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. Earlier studies [11] allowed one to
determine the effects of GTA welding process parameters (like
welding current and welding speed) on the energy absorption by
the substrate material. The dependences of arc and welding
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efficiency on the used process parameters were presented. In the
present work, the depth and microstructure of the partially melted
zone in the AZ91 magnesium alloy employing the GTA welding
process was presented.

2. Experimental procedures

Commercial ingots of AZ91 magnesium alloy were used as
the starting material. 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 x 50 x
15 mm. The gas-tungsten arc (GTA) welding method was
conducted by using a Falting 315 AC/DC instrument, described in
[11], with and without water flow. 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 20
I/min.
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Table 1.
Chemical composition of AZ91 alloy according to ASTM B93-94

Alloy Chemical composition [wt.%]"
Al Zn Mn
AZ91 8.5-9.5 0.45-0.9 0.17-0.4

“Mg rest (Impurities: Si — max 0.05, Fe — max 0.005, Cu —
max. 0.003, Ni — max. 0.002, others — max. 0.02)

The specimens for microstructure investigations were
prepared by standard metallographic procedures including wet
pre-polishing and polishing with different diamond pastes without
contact with water. The samples were etched in a 1% solution of
HNO; in C,HsOH for about 60 s. The microstructure was
observed using light (Axiovert 25, CarlZeiss-Jena) and scanning
electron microscopy (JSM-6610LV, Joel) techniques.

3. Results and discussion

Fig. 1 shows a typical microstructure of the as-cast AZ91
alloy (base material). It indicates that the AZ91 alloy is mainly
composed of the dendrite phase — a primary a solid solution of the
alloying elements in magnesium (points A and B in Fig. 1) and
divorced eutectic in the interdendritical spaces. Strong dendritic
segregation of the alloying elements is characteristic for the
majority of as-cast magnesium alloys. In Mg-Al type alloys, the
divorced eutectic is composed of a y-Mg;7Al;, phase (points E in
Fig. 1) and a near-eutectic o phase surrounding the y phase
(points C and D in Fig. 1). The aluminum concentration in point C
indicates that a eutectic o phase is also present inside visible y
phase islands. The presence of Zn especially in the y phase was
also revealed. 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 eutectic 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. In commercial cast ingots,
both types of eutectic are observed depending on the local
solidification conditions inside the ingot and also on the depth of
the etching reagent penetration [11].

The values of the width and depth of the fusion zone obtained
using different GTAW parameters are presented in Table 2. As
was described in the previous work [11], 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, if the welding power increases or
the welding speed decreases, the energy per unit length will rise
and at the same time the fusion zone will be wider.

The low-melting point nature of the eutectic, only 710 K (and
also of the y phase — about 723 K) coupled with the high thermal
conductivity and low heat capacity 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 with different parameters, partially melted
zones were observed. Figs. 2 and 3 show the microstructure of the
fusion zone, PMZ and base metal for samples GTA welded at a
current of 200 A. In the figures, detailed microphotographs of the
microstructure changes from the fusion zone to the base metal are
presented. (In Fig. 1b the black areas at the bottom of the image
are the stronger etched eutectic regions.)

(@
SET{;OkV WD12mm SS60 ) x270 Sl 50pum —
Sample 0000 24 Jan 2013
() Point Chemical Chemical
composition composition
[wt.%] [at.%]
Mg Al Zn Mg Al Zn
A 97.61 2.39 97.84 2.16
B 96.35 3.65 96.70 3.30
C 86.97 13.03 88.11 11.89
D 87.30 1158 1.11 8894 10.63 042
E 60.57 3451 492 6478 3326 1.96

Fig. 1. Microstructure of as-cast AZ91 alloy (base material); SEM
(a) and results of EDS analysis for marked points (b)

Table 2.

Applied GTAW parameters with obtained results of geometry of
FZ and depth of PMZ

Welding Water Width Depth Depth

Weldin
arenc T w58
[mm/s] [mm] [mm] [mm]
200 3.33 yes 10.61 2.12 2.24
200 3.33 no 16.22 4.5 7.76
200 13.3 yes 7.47 1.27 1.63
200 13.3 no 10.27 2.37 1.66
300 13.3 yes 10.93 2.49 1.67
300 133 no 10.84 3.64 1.73
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Fig. 3. Microstruture of fusion zone (a), partially mled zone (b-
e) and base material (bottom of e image) after GTA welding of

Fig. 2. Microstructure of AZ91 alloy after GTAW at 200 A AZ91 alloy at 13.3 mm/s welding speed and 200 A current (with
current and (a) 13.3 mm/s welding speed and (with water flow), water flow), SEM

(b) 3.33 mm/s welding speed and (without water flow)
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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. Additionally, 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 the PMZ, melting was
extensive in the interdendritic regions of the original cast
structure. Near the fusion zone, the amount of resolidified areas
increased due to the higher temperature during welding. In this
region, the remelted areas were visibly wider which indicated that
the eutectic o phase surrounding the interdendritical regions was
also remelted. Detailed morphology of PMZ is also presented in
Fig. 3. The thermal property of the base metal, energy input and
cooling rate of the weld determine the temperature distribution
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 the values
presented in Table 2, the depth of the PMZ corresponded to the
dimension of the fusion zone. Although the depth of FZ increase
with a rise in welding current, this influence on the depth of PMZ
is not so strong. The largest PMZ was obtained at a low welding
speed (3.33 mm/s) and without water cooling of the samples.
Although the process parameters influence the depth of PMZ,
their influence on the morphology in PMZ was not observed.
Additionally, significant changes in the chemical composition of
the remelted eutectic areas were not revealed (Fig. 4).

@)

(b)

© Element wt.% at.%
Mg 63.07 66.80
Al 33.27 31.75
Zn 3.66 1.44

Fig. 4. Microstructure of partially melted zone (a) and SEM+EDX
analysis results from observed area (b-c) after GTA welding of
AZ91 alloy at 3.33 mm/s welding speed and 200 A current
(without water flow)

4. Summary

Due to the low-melting nature of the eutectic in the AZ91
alloy, the presence of a partially melted zone was formed in the
alloy after GTA welding. The partially melted zone morphology
changes from more to less divorced in the direction from the base
metal to the fusion zone. What is more, the width of the local
remelted areas decreased in this direction. The welding speed had
the largest influence on the depth of the partially melted zone
(especially in the samples without additional water cooling from
the bottom).
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