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Gas tungsten arc (GTA) welds were prepared on 5-mm thick plates of wrought magnesium
AZ31B alloy, using an activated flux. The microstructural characteristics of the weld joint
were investigated using optical and scanning microscopy, and the fusion zone
microstructure was compared with that of the base metal. The elemental distribution was
also investigated by electron probe microanalysis (EPMA). Mechanical properties were
determined by standard tensile tests on small-scale specimens. The as-welded fusion zone
prepared using a CdCl2 flux exhibited a larger grain size than that prepared without flux; the
microstructure consisted of matrix α-Mg, eutectic α-Mg and β-Al12Mg17. The HAZ was
observed to be slightly wider for the weld prepared with a CdCl2 flux compared to that
prepared without flux; thus the tensile strength was lower for the flux-prepared weld. The
fact that neither Cd nor Cl was detected in the weld seam by EPMA indicates that the CdCl2
flux has a small effect on convection in the weld pool.
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Table 1 – Standard welding conditions used for this
program
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1. Introduction

Magnesium and its alloys are considered to be among the
most promising material categories for the 21st century [1].
Having densities 36% less than Al and 78% less than steel, Mg
alloys have excellent strength/weight ratios [2,3]. In addition
to their intrinsic characteristics of low density and high
specific strength and stiffness, their high recyclability is
attractive in reducing environmental burdens. Research
activity on the welding of Mg alloys has been published in
recent years [4–10]. Various fusion welding processes, princi-
pally tungsten inert gas [TIG, referred to here as gas tungsten
arc (GTA)]) and laser and electron beam welding, even laser-
GTA hybrid welding, were employed in these investigations;
both cast and wrought Mg alloys were evaluated. The GTA
welding of Mg alloy with an activating flux has been carried
out by several investigators [11–14]. This technique was
invented in the 1960s by researchers at the Paton Electric
Welding Institute in the Ukraine [15,16]. When using an
7.
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activating flux, a thin layer of the flux is deposited on the
surface of the joint before welding, using a brush or a
dispenser such as a spray. Using activating fluxes for steels,
increases of up to 300% in penetration capability have been
realized compared with the conventional GTA welding
process. Since microstructures in the weld determine the
properties of the joints and are important areas of interest for
Mg alloy welding research, the present paper focuses on
.
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Fig. 1 –Schematic representation of the specimen used in the
ACTIG welding of Mg alloy.
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microstructural characterization and mechanical properties
of theweld joint. The objective of the present paper is to report
the results of comparative evaluation for GTA welded micro-
structures in aMg alloy preparedwith andwithout flux, and to
provide an in-depth understanding of the weldability with the
activated flux GTA weld process. In the previous series of
experiments, the use of a cadmium chloride (CdCl2) flux has
themost pronounced effect on the increasedweld penetration
of welded magnesium alloys. In this paper, a cadmium
chloride flux was selected as the flux ingredient to investigate
the specific influence of the flux on weld penetration,
microstructural characterization and mechanical properties
of the weld joint.
Fig. 2 –Schematic drawing of the three different tensile test
specimens.
2. Experimental

AZ31B magnesium alloy wrought plates, with the average
composition of 3.10%Al, 0.65%Zn, N0.20%Mn, b0.10%Si, b0.03%
Fe, b0.10%Cu, b0.005%Ni, b0.04%Ca, balanceMg, were selected
for the welding experiments. The plates were machined into
100×50×5 mm rectangular plates to serve as the weld blanks.
AC-GTAW bead-on-plate welds were made with an automatic
control system in which the test piece was moved at a
constant speed. The standard welding conditions used for
these welds are listed in Table 1. The surfaces of the plates
were chemically cleaned with acetone before welding to
eliminate surface contamination. A single CdCl2 flux was
used to examine the mechanical properties and microstruc-
ture of the fluxed GTA weld. The flux was applied in powder
form. The flux powder was mixed with acetone and applied
with a brush to half of the top surface of a test piece (see Fig. 1).

After welding, the weld seam surface was photographed,
and weld cross-sections were prepared using standard proce-
dures including grinding, polishing, and etching. Transverse
and longitudinal cross-sections macrographs were examined,
and the penetration was measured. The microstructure of the
weld joint was characterized by optical microscopy and
scanning electron microscopy (SEM). The elemental distribu-
tion in the weld fusion zone was determined with energy
dispersive spectroscopy (EDS) and electron probe microanal-
ysis (EPMA). X-ray diffraction (XRD) analysis was used to
identify phases in the weld fusion zone. In addition, the
microhardness wasmeasured to identify softening or harden-
ing effects within the weld fusion zone and the HAZ.

In order to avoid the influence of the base metal (the weld
joint is a partial penetration bead), only those parts of the joint
which had beenmelted weremachined into tensile specimens,
in the form of a gauge section 15 mm long and 4 mm wide, as
illustrated in Fig. 2. This enabled preparation of at least three
specimens from each welded plate. Four types of tensile test
specimensweremachined fromthe joint: (i) basematerial in the
rolling or parallel direction (H specimen); (ii) basematerial in the
transverse or vertical direction (V specimen); (iii) transverse
specimens containing theweld in the center of the gauge length
with and without flux (T specimen); and (iv) longitudinal
specimens machined along the weld metal with and without
flux (L specimen). First, the upper surface was minimally
machined in order to achieve a smooth surface. Then, the
plate was machined from the other side to the thickness as the
tensile test specimen (1–2mm). Each data point reported below
represents an average for least two to three specimens, which
were tested to fracture in a hydraulic tensile-machine.
3. Result and Discussion

3.1. Weld Seam Morphology

Fig. 3 shows optical macrographs cross-sections, the longitudi-
nal cross-sections and weld seam surfaces of welds made with
and without the CdCl2 flux at the standard welding condition.
The increased weld penetration and more lustrous surface of
welding with the CdCl2 flux can be seen. The weld penetration
(D) andwelddepth/width (D/W) ratiowith the fluxwasobviously
higher than that of the welds prepared without the flux.



Fig. 3 –The cross-sections, longitudinal cross-sections and weld seam surfaces of welds.
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3.2. Microstructural Measurement

The typical overall optical microstructure of the GTA welded
Mg-AZ31B alloy with and without CdCl2 flux is shown in Fig. 4.
The HAZ and the weld seam are indicated. The as-welded
fusion zone without flux (Fig. 4a) and with the CdCl2 flux (Fig.
4b) all exhibited dendritic structure in the weld interior. Welds
were found to be free from HAZ microfissuring both with and
without the use of the flux (Fig. 4c, d). In a previous study, the
arc voltage was found to be higher when the CdCl2 flux is used
in GTA welding of Mg-AZ31B alloy [12,14]. The heat input
increases when the CdCl2 flux is used under for the same
welding speed and current used for conventional GTA
welding. The HAZ was observed to be slightly wider with the
CdCl2 flux than for GTA welds prepared without flux; this is
due to the increased heat input.
Fig. 4 –Optical macrostructure of GTA welded Mg-AZ31B allo
Optical micrographs, illustrating the crystal grain size of
basemetal, the weld seam and the HAZ, is shown in Fig. 5. The
as-welded fusion zone prepared without the use of flux
exhibited a finer grain size – about 20 μm – compared to the
approximately 30 μm grain size for the flux-welded specimen,
Fig. 5a, b. Fig. 5c shows themicrostructure of the basemetal. It
is a typical wrought structure, with non-uniform grain size.
During the welding process, the grain size in the HAZ grows.
The microstructures in the HAZ of the welds prepared with
andwithout the use of the flux are similar (Fig. 5 d,e). The HAZ
structures are also non-uniform, with grain sizes varying from
about 10 μm to 60 μm.

Fig. 6 presents secondary electron images of the weld
fusion zone prepared with a flux. A number of white dots and
black pits are visible inside the grain and occasionally at grain
boundaries. According to the Mg–Al binary phase diagram, the
y prepared without flux (a, c) and with a CdCl2 flux (b,d).



Fig. 5 –Optical macrostructure of GTA welded Mg-AZ31B alloy with and without CdCl2 flux.
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low melting temperature (≈450 °C) β-Mg17Al12 phase will form
due to the eutectic reaction L→α-Mg+β-Mg17Al12. During the
GTAwelding process, the solidification process of themetal in
the weld seam is a non-equilibrium process, and the β-
Mg17Al12 could appear under the rapid cooling rate. Energy
dispersive spectroscopy (EDS) indicated that the white dot
regions contain up to 12.65 and 13.05 wt.% of Al and Zn,
respectively, while the black pit contains 100 wt.% Mg. The
black pits are presumably formed when the white dots are
etched and pulled out of the surface; thus, the black pit regions
are primarily the Mg alloy matrix. The white dot phase is
predominantly comprised of Al and Zn, and was identified as
the Mg17(Al,Zn)12 phase by X-ray diffraction, as shown in Fig. 7
[the Zn contribution is not indicated in the legend].

Fig. 8 shows high-magnification compositional maps from
EPMA analyses of the weld seam of the GTA weld prepared
with the CdCl2 flux. The images in the lower right show back-
scattered images of the microstructure over a 256 μm×256 μm
area. The other images show the elemental distributions for
Mg, Al, Zn, Cd and Cl. In the compositional maps, bright colors
indicate regions of high concentration. The back-scattered
images show the presence of a second phase in the micro-
structures; this is identified as the Mg17(Al,Zn)12 phase
indicated by the optical micrographs in Figs. 6b and 7. In
activated flux GTAwelding, a thin layer of the flux is deposited
on the surface of the joint before welding. During the welding
process, the flux containing element may be transferred into
the weldmetal. Elements contained in the flux can change the
temperature coefficient of the surface tension from negative
to positive and further change the direction of the fluid flow in
the weld pool. In that case, a relatively deep and narrow weld
will be produced. In the present experiments, the distributions
of cadmium, chlorine in the weld were measured with EPMA.
The regions measured included the top, bottom andmiddle of
the weld fusion zone, and the zone adjacent to the fusion
boundary. Neither Cd nor Cl was found in the weld zone;
results for the other zones were similar. The results shown in
Fig. 8 are representative; the CdCl2 flux has a small effect on
convection in the weld pool.

3.3. Tensile Properties

The strength of the base material and the weld prepared with
and without the CdCl2 flux are shown in Fig. 9. These results
show that: (i) the base material strength is considerably higher
than that of the weld metals and HAZs, (ii) the strength of the



Fig. 6 – (a) Secondary electron images, and (b) EDS analysis
fusion zone of the GTA weld prepared with a CdCl2 flux.
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weldmetal preparedwithout theuseof the fluxare a littlehigher
than that prepared with the CdCl2 flux, and (iii) the L specimen
tensile strength is a little higher than that of the T specimen.
Fig. 7 –XRD analysis of the fusion zone of th
The base metal used in our experiment is a wrought Mg
alloy, in which the grainmicrostructure appears fibrous (see
Fig. 5c). This means that the mechanical properties of base
metal are orientation-dependent. The tensile strength of
the rolling/parallel fiber (H specimen) is higher than that of
the transverse/vertical fiber (V specimen). The wrought
metal has higher properties than the as-cast metal because
of this orientation strengthening effect. It can be seen in
Fig. 9 that the tensile strength of the GTA welded joint
without flux is about 94% of the basemetal strength, and the
tensile strength of the flux-welded joint is about 91% of the
base metal strength. From the microstructure of the weld
joints (Fig. 5), the grains in the fusion zone are relatively fine
compared to the coarser grain size in the HAZ. In the tensile
tests fracture always occurred in the HAZ zone, a relatively
weak zone in welded joints of the Mg alloy. In the GTA weld
prepared with CdCl2 flux, the HAZ was slightly larger than
that of the weld prepared without flux. This further
decreased the tensile strength of the weld joint prepared
with flux. Also, when the weld metal was located in the
center of the gauge length (T specimen), the tensile strength
was lower than that of the L specimen. This can also be
explained based on microstructural refinement caused by
the relatively high cooling rates that occur in the fusion
zone and the microstructural coarsening that occurs in the
HAZ.

3.4. Hardness

Particular attention was also given to weld metal mechanical
properties by monitoring the hardness. The results of
microhardness measurements in the weld fusion zone, the
HAZand the basematerial in as-weld specimens are shown in
Fig. 10 (without flux) and Fig. 11 (with CdCl2 flux). A hardness
reduction in the weld metal and the HAZ compared with the
base metal is evident. The base metal possessed a hardness
that remained fairly constant around 62 Vickers. The micro-
hardness of the weld metal shows some variability, and it
appears that there is little change in themicrohardness of the
e GTA weld prepared with a CdCl2 flux.



Fig. 8 –Back-scattered electron images and compositional maps in the weld seam of the GTA weld prepared with a CdCl2 flux.
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welded zone for the GTA welds prepared with and without
flux.
4. Summary and Conclusions

Gas tungsten arc (GTA) welds were prepared on 5-mm thick
plates of wrought magnesium AZ31B alloy, using an activated
flux. The welds were subjected to a number of metallographic,
tensile and microhardness examinations in order to deter-
mine differences in the welds prepared by the two different
processes. This study yielded the following results:

• Theweld penetration of the GTAweld preparedwith a CdCl2
flux is twice that for a weld prepared without flux. No
Fig. 9 –Room temperature tensile test results.
defects were observed in either weld or their heat affected
zones.

• Larger grain sizes were observed in the as-welded fusion
zone prepared with a CdCl2 flux; the HAZ was also slightly
wider. These characteristics led to lower tensile strength
compared to that of the welds prepared without the use of a
flux.

• In the as-welded condition, the fusion zone microstructure
consisted of matrix α-Mg, eutectic α-Mg and β-Mg17Al12, as
identified by XRD, EDS and EPMA.

• Neither Cd nor Cl was detected in the weld seam by EPMA,
indicating that the CdCl2 flux has little effect on convection
in the weld pool.

• The results of microhardness measurements shows a
hardness reduction in the weldmetal and HAZ as compared
with the base metal is evident; however, there was little
Fig. 10 –Microhardness of the weld joint prepared without
flux.



Fig. 11 –Microhardness of the weld joint prepared with a
CdCl2 flux.
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difference in the microhardness of the GTA welds prepared
with and without flux.
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