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Abstract: The dissimilar joints of AZ61 and ZK60 magnesium alloys were obtained by tungsten inert gas arc (TIG) welding and
activating tungsten inert gas arc (A-TIG) welding processes. Microstructure characterization shows that, the fine a-Mg equiaxed
dendrite crystals contained Mg;,Al;, and MgZn, particles in the fusion zone. The average size of the a-Mg grains in the fusion zone
was refined to 19 pm at welding current of 80 A, which resulted in the largest tensile strength of 207 MPa. The tensile strength and
the width of the beam of the A-TIG welded AZ61/ZK60 joints showed strong dependence on the amount of TiO,. However, the
inhomogeneity of the heat-affected zone near different base metals presented no significant effect on the mechanical properties of the

welded joint.
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1 Introduction

Magnesium alloys have attracted tremendous
interests and potential applications in lightweight
structure manufacturing due to their low density, high
specific strength, excellent castability, and good thermal
conductivity [1—4]. Due to the fact that the welding of
magnesium alloy joints is difficult, the applications of
complex structural components of the magnesium alloy
are limited. For example, the pores and hot cracks as
well as welding deformation occur during the welding
process of magnesium alloy and then degrade the
mechanical properties of the joints [5]. In order to obtain
a high-quality magnesium alloy welded joint, reliable
and effective welding technologies have been developed
for magnesium alloys in recent years [6,7].

So far, numerous experimental studies concerning
the welding technique for the joining of magnesium
alloys have been reported [8—10]. The developed
welding methods include laser welding [11], friction stir

welding [12], and laser—tungsten inert gas hybrid
welding [13]. Due to its great flexibility, adaptability and
controllability, tungsten inert gas arc (TIG) welding has
been demonstrated to be an efficacious way to form high
quality welding joints of magnesium alloys [14]. For
example, SHEN and XU [15] studied the effects of
preheat treatments on the microstructures and
mechanical behaviors of AZ61 magnesium alloy joints
by the TIG welding. The results indicated a positive
correlation between the microhardness of the fusion zone
(FZ) and the ultimate tensile strength of the welded joints
with the preheat process. In addition, the TIG welding
technology integrated with the long-wave ultraviolet A
(UVA) treatment promoted the grain refinement of the
magnesium alloy joints [16]. YANG et al [17] reported
the effects of ultrasonic vibration-assisted TIG welding
on the microstructures and mechanical properties of
MB3/AZ31 dissimilar magnesium alloy joints. Welding
pores were eliminated and the a-Mg grains in the fusion
zone were defined by the UVA treatment. However, few
systematic studies have focused on the inhomogeneity of
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the microstructures and mechanical properties of
TIG-welded dissimilar joints. It is expected that such
studies will contribute to optimizing the processing
parameters for the development of high-performance
magnesium alloy structural components.

Although high-quality TIG-welded magnesium
alloy joints have been obtained in the researches,
well-welded dissimilar magnesium alloys by an
activating TIG (A-TIG) welding technology are currently
scarce. Potential problems such as molten pool deflection
and uneven mechanical properties may exist between
dissimilar magnesium alloys due to their compositional
differences [18,19]. Therefore, research on the joining of
dissimilar magnesium alloys by an A-TIG welding
process is technologically important for practical uses
and applications. So, the present study is focused on the
AZ61/ZK60 dissimilar magnesium alloy joints prepared
by TIG and A-TIG welding technology. The tensile
strength, microhardness, microstructure, and phase
composition of the dissimilar wrought magnesium alloy
welded joints were systematically investigated. The
relationship between compositional differences and joint
performances of the A-TIG welded AZ61/ZK60
dissimilar magnesium alloy joints was also discussed in
details.

2 Experimental

AZ61 and ZK60 magnesium alloys were selected as
the targets of interest. Both dissimilar magnesium alloy
plates were cut into specimens with dimensions of
80 mm x 40 mm X 3 mm for the TIG/A-TIG welding
tests. The chemical composition of the alloy is given in
Table 1. A differential scanning calorimeter (DSC;
DSC404F3) was utilized to analyze the solidus and
liquidus temperatures of the AZ61 and ZK60 magnesium
alloys. Each sample was heated in a temperature range
from 300 to 973 K and held for 10 min. Finally, the
samples were cooled to room temperature at a cooling
rate of 10 K/min.

Table 1 Nominal chemical compositions of AZ61 and ZK60
magnesium alloy plates (wt.%)

Alloy Al Zn Zr Mn Cu Mg
AZ61 5.8 1 - 0.18  0.003  Bal.
ZK60 - 55-6.0 >045 - - Bal.

Before welding, the surfaces of the samples were
polished to 800 grit using SiC sandpaper and then
decreased with acetone. For A-TIG welding, TiO,
particles were pre-coated on the magnesium alloy plates.
Dissimilar magnesium alloy samples were fixed on the
steel plate and then welded under the TIG condition of

AVP-360 welding machine. A distance of 2 mm was
maintained between the tungsten pole and the surface of
the magnesium alloy plates. The welding process
adopted 99.99% argon gas flow at a flow rate of
7.5 L/min. Welding speed was held at 180 mm/min, and
the heat input of the welding process was changed by
adjusting the welding current (/), as listed in Table 2.

Table 2 Applied welding parameters
Sample 1 2 3 4 5
Welding current/A 60 70 80 90 100

Welded samples with good weld appearances were
chosen for further testing. Prior to tests, the cross-
sections of the welded samples were polished to 3000
grit and etched with a solution containing about 10 mL
of picric acid, about 2 mL of ethyl alcohol, and about 3
mL of acetic acid in distilled water for 10-20 s. The
microstructural features and morphology were analyzed
by optical microscopy (Axiovert Al, OM) and a
scanning electron microscopy (SEM; VEGA 3 LMH).
The phases formed in the welded
characterized using an X-ray diffraction
(Empryean) and through an energy dispersive X-ray
spectroscopy (EDS; OXFORD, Inc. ISIS300). Selected
welded samples were cut into dog-bone shape for tensile
strength measurement tests, which were carried out by
using a tensile test machine (SANS XYA105C) under a
velocity of 1 mm/min at room temperature. The
microhardness of the cross-sections were then
determined using a Vickers hardness tester (V—1000) in a
period of 20 s, with a load of 0.49 N and a step size of
0.5 mm.

seams were
system

3 Results and discussion

3.1 Microstructural analysis

Figure 1 presents the microstructures of the
AZ61/ZK60 TIG welded joints. The magnesium alloy
base metal, heat affected zone (HAZ), and the fusion
zone (FZ) are separated by the fusion line. On the side of
AZ61, the HAZ exhibited larger grains and the FZ
presented more refined grains as compared to the grains
of the AZ61 base metal. The evolution of the grains on
the side of ZK60 was similar to that on the side of AZ61
alloy. The microstructure of the AZ61/ZK60 joints
consisted of a-Mg phase and secondary phase. Small
equiaxed dendritic crystals and secondary phase were
observed in the FZ also. An inverse correlation was
observed between the quantity of the secondary phase
(black particles) and the decreasing distance from FZ. A
portion of the secondary phase precipitated as divorced
eutectic during the solidification of the liquid phase, and
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then the remaining portion was generated due to the solid
phase transformation of the o-Mg matrix after
solidification [9].

Figures 2(a—e) show the microstructures of the FZ
of the AZ61/ZK60 magnesium alloy welded seams at
different welding currents. The FZ presented fine
equiaxed grains and dispersed globular or lamellar-like
secondary phase particles [11,20]. A positive correlation
was observed between the welding current and both the
secondary phase particle sizes and the solidification time
of the magnesium alloy weld pool, thus resulting in the
increased precipitation of secondary phase particles
during solidification. This feature indicates that the
secondary phase particles in the FZ primarily generated
through the solidification of the liquid phase. The
average size of the grains in the FZ performed at varying
welding currents was measured (Image J) and the results

200 pm

are presented in Fig. 2(f). The size of the grains in the FZ
initially decreased with the increase of welding current
and attained a minimum value at 80 A, and then
increased with further increase in the welding current,
which indicated that the grain size of the FZ was greatly
refined at the welding current of 80 A. The refined grain
size in the FZ of the TIG welded AZ61/ZK60
magnesium alloy joints was evaluated to be about 19 pum.
In fact, the grain size in the FZ mainly depended on the
synergistic effect of the cooling rate and the heat input.
The cooling rate dominated the refinement of the grain
size as the welding current was decreased to a level
below 80 A. Conversely, the heat input became the main
factor for the grains size evolution in the case of the
welding current exceeding 80 A. These two factors
reached a compromise at a welding current of 80 A. In
addition, due to the high cooling rate, more secondary

P ~ 200 pm

Fig. 1 Typical structure of TIG welded AZ61/ZK60 magnesium alloy joints at welding current of 80 A: (a) Macroscopic joint image;

(b) Transition zone near AZ61 base metal; (c) Transition zone near ZK60 base metal
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phase particles were impelled by the segregation of the
Al or Zn atoms at the liquid—solid interface. The
nucleation of a-Mg and the secondary phase accelerated
in this condition, so that the grain size decreased
markedly and then the smallest grains formed.

The effect of heat input on the microstructure of the
FZ is shown in Figs. 3(a—c). a-Mg in the FZ was
identified by fine equiaxed dendrites with surrounding
secondary phase. At a welding current of 80 A, more
secondary phase particles were observed in the FZ, as
shown in Fig. 3(b). The microstructures of the AZ61 and
ZK60 base metals are presented in Figs. 3(d) and (e),
respectively. And the secondary phase in AZ61 and
ZK60 was Mg;Al;, (white particles) and MgZn, (gray
particles), respectively. Both the Mg;;Al;; and MgZn,
phases were observed in the FZ of the TIG welded
AZ61/ZK60 joints. Furthermore, the amount of the
secondary phase in the FZ was more than that in the base
metal (either AZ61 or ZK60). Given that the FZ
underwent melting and solidification, the formed
Mg,;Aly, particles distributed along the grain boundaries
of a-Mg during solidification. A high welded seam
temperature was maintained during solidification,
thereby precipitating Mg;;Al;, particles in the base metal
until the temperature decreased to a level below the
transition temperature. The MgZn, particles were
performed in the same process. Also, the number of
secondary phase particles was influenced by the
nucleation rate, which was associated with the solid-state
phase transformation driving force, solid-state phase

transformation resistance, and Al atom diffusion rate [21].
The driving force of the solid-state phase transformation
enhanced as the cooling rate reached its maximum value
(welding current of 80 A). Thereby, this promoted the
nucleation of more secondary phase particles. Hence,
more secondary phase particles were found in the FZ as
the welding current was set at 80 A. To determine the
composition of the secondary phase particles in the
welded joints at a welding current of 80 A, the element
distribution across the fracture was recorded by linear
EDS (Fig. 3(f)). The relative intensity of the Mg element
was obviously inversely correlated with increasing
distance from the central FZ, which indicated that the
a-Mg phase content decreased at farther distances from
the central FZ. As previously mentioned, a-Mg in the FZ
was surrounded by a secondary phase. Hence, it can be
assumed that the amount of secondary phase in the
welded joints increased with decreasing distance from
the central FZ.

The amounts of Mg;;Al,, particles and the MgZn,
particles are different in the FZ. SHI et al [22] reported
that if the magnesium—aluminum binary solution is a
regular solution with infinite dilutions, the interaction
coefficient of the two metals can be estimated by the
enthalpy of mixing. The enthalpy of mixing can be
expressed as A; = (AH ;) +AH 7)) 12, wh_eES: AH ()
is the enthalpy of mixing of i in j, and AH () is the
enthalpy of mixing of j in i. As reported by ZHANG
et al [23], the interaction coefficient of magnesium
and aluminum is Ayg o=—4.764 kJ/mol. In this study, the

10
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Fig. 3 SEM images of FZ at welding currents of 60 A (a), 80 A (b) and 100 A (c), AZ61 (d) and ZK60 (e) magnesium alloy, and
relative amount of Mg varied from AZ61 to ZK60 at welding current of 80 A (f)
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interaction coefficient of magnesium and zinc can be
calculated as Ayig-a=—7.272 kJ/mol. Since the affinity of
the two metals is reflected by the interaction coefficient
Ay large negative interaction coefficient 4; indicates a
greater affinity between two metals. Therefore, the
interaction coefficient of Mg—Al is less than that of
Mg—Zn.

3.2 Phase identification

Figure 4 shows the DSC measurement results of the
AZ61 and ZK60 magnesium alloys performed at
different temperatures. The solidus temperature of the
AZ61 magnesium alloy was obtained during the heating
process and the liquidus temperature of AZ61
magnesium alloy was measured by the DSC thermogram
during the cooling period. So, the molten temperature
region of the AZ61 and ZK60 magnesium alloys could
be determined. The results indicated that the molten
temperature region of the ZK60 magnesium alloy was
smaller than that of the AZ61 magnesium alloy.

ZK60
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Fig. 4 DSC curves of AZ61 and ZK60 magnesium alloys

The solidus temperature of the AZ61 magnesium
alloy was lower than that of the ZK60 magnesium alloy.
However, both magnesium alloys exhibited small
differences in their liquidus temperatures. This indicated
that the AZ61 magnesium alloy had a longer
solidification time compared with that of the ZK60
magnesium alloy during welding. As a result, more
Mg ;Al,, particles formed in the molten AZ61
magnesium alloy. Due to the low affinity of the Mg—Al,
the AZ61 magnesium alloy around the ZK60 magnesium
alloy remained as a liquid when the temperature of the
weld beam was below the solidus temperature of the
ZK60 magnesium alloy. MgZn, particles precipitated in
the FZ and also the amount of them is similar to that of
the Mg,;Aly, particles.

The secondary phases in the AZ61 magnesium alloy
and ZK60 magnesium alloy were identified as Mg;Al,
and MgZn, phases, respectively, by the XRD pattern in

Fig. 5. Both the Mgj;Al;; and MgZn, phases were
observed in the TIG welded AZ61/ZK60 joints.
According to the diffraction peak intensities of the
welded joints (either AZ61 side or ZK60 side), the Mg
content in the welded joints decreased compared with
that of the magnesium alloy base metal. This is mainly
due to the evaporation of Mg during the welding process.
The inverse correlation between the intensity of the
welded joints and the increase of the welding current
suggested that Mg evaporation in the welded seam
increased with the increase of the welding current.

" '—Mg
* —Mgj,Al,
*—MgZn,
AZOl = . Y
zK60 | «, .
\.LL X [T =60 A
ok =80 A
A \ =100 A

20 30 40 50 60 70 80 90
200°)

Fig. 5 XRD patterns of base metal and welded joints

3.3 Mechanical properties

Figure 6 shows the tensile strength of the base
metals (AZ61 and ZK60) and the TIG welded joints of
the dissimilar magnesium alloys as a function of the
welding current. The tensile strength of the AZ61/ZK60
welded joints initially presented a positive correlation
with the welding current up to its maximum (207 MPa).
After that, the tensile strength dropped. The maximum
tensile strength was observed at a welding current of
80 A. In addition, tensile strength of ZK60 magnesium
alloy was lower than that of the AZ61 magnesium
alloy. The tensile strength of TIG welded AZ61/ZK60

260
2407 AZ61 AT ZK6O
£ 220 AZ61 2 _ZK60
= :
= 200t =
g
£ 180} .
]
2160 &
& - '
& 140 =~ Welded sample
120+ [ Base metal .
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AZ61 60 70 80 90 100 ZK60

Welding current/A

Fig. 6 Tensile strength of base metal and welded joints
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magnesium alloy joints at different currents was lower
than that of both AZ61 and ZK60 magnesium alloys.

The transverse microhardness distribution of the
TIG welded AZ61/ZK60 joints at a welding current of
80 A is shown in Fig. 7(a). The microhardness of the
AZ61 magnesium alloy was higher than that of the ZK60
magnesium alloy. The microhardness of the HAZ near
the AZ61 or ZK60 magnesium alloys was lower than that
of the base metals. Figure 7(b) presents the transverse
microhardness of the FZ in a welding current range of
60—100 A. A positive correlation was initially observed
between the microhardness of the FZ and welding
current until the welding current arrived to 80 A. After
that, the microhardness deceased with the increase of the
welding current.
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Fig. 7 Microhardness across weld cross-section at welding
current of 80 A (a) and microhardness of FZ at different
welding currents (b)

As discussed in Section 3.1, the grains of the FZ
were refined under a welding current of 80 A, and then
the microhardness of the welded joints was increased.
When the welding current exceeded 80 A, grain
coarsening caused the microhardness of the welded joints
to decrease due to slow heat dissipation at high heat
input.

The microstructures of the A-TIG welded
AZ61/ZK60 joints are shown in Fig. 8. A significant

1869

difference was observed in the microstructure of the
transition zone near different magnesium alloy base
metals. The HAZ near the ZK60 side was wider than that
near the AZ61 side. This is because the active
flux-induced deflection of the molten pool enhanced the
heat input on one side of the joint. Moreover, the phase
distribution generated local unevenness in the A-TIG
welded AZ61/ZK60 joint. More secondary phases
precipitated in the transition region near the AZ61 side
than the ZK60 side.

Jaia & _200 pm
Fig. 8 Microstructural images of A-TIG welded AZ61/ZK60

magnesium alloy joints: (a) Transition zone near AZ61 base
metal; (b) Transition zone near ZK60 base metal

The welding current of 80 A was chosen to examine
the influence of TiO, on the welding of AZ61/ZK60
joints. Three different amounts of TiO, (5, 15 and
20 mg/cm?®) flux were pre-coated onto both sides of the
AZ61 and ZK60 magnesium alloy plates with the width
of 10 mm. The tensile strength, grain size, and weld
beam width of the coated and uncoated joints were
compared in Fig. 9. The tensile strength was inversely
correlated with the amount of TiO, obviously due to the
increased grain size in the FZ. The shape of the molten
pool was randomly deflected following an increase in the
coating amount while the width of the weld beam
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decreased compared to the uncoated samples. Increases
in the amount of TiO, resulted in increased arc shrinking
and decreased welded beam width. With the increase of
TiO, amounts, the heat dissipation suppressed in the
weld beams, then the FZ grains were coarsened and the
tensile strength of the welded joints was deceased. The
TiO,-coated samples exhibited a maximum tensile
strength of 156 MPa, which was 24.5% lower than that
of the uncoated samples (207 MPa). In addition, the
tensile fracture across the fusion zone of the A-TIG
welded AZ61/ZK60 joints indicated that a relatively

Bo QIN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1864—1872

uniform microstructure of the joint formed because of
the vigorous stirring of the molten pool. Therefore, the
formation of uneven heat-affected zone had no
significant effect on the overall joint performances.

The SEM images of the typical tensile fracture
surfaces of the AZ61 magnesium alloy, the ZK60
magnesium alloy, the TIG welded joint (80 A) and the
A-TIG welded joint (80 A) are shown in Fig. 10. The
fracture surface of the base metals (AZ61 and ZK60)
mainly exhibited the features of ductile fracture,
which was characterized by the formation of dimples and
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Fig. 9 Tensile strength, grain size of FZ, and width of weld beam of A-TIG welded joint with different amounts of TiO, additions

welded joints
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tearing fibers. Both cleavage surfaces and dimples were
observed in the welded joints, which had typical
mixed-fracture features. The observed fracture of the
TIG welded AZ61/ZK60 magnesium alloy joint
indicated that it suffered both ductile and brittle
deformation during the tensile tests. Obviously, the
fracture of TIG welded joint was located in the HAZ as it
is the weakest zone in the TIG welded joint of the
magnesium alloy. Due to the thermal cycling effect, the
grain coarsening in the HAZ resulted in a decrease in the
tensile strength of the welded joint. Furthermore, the
local stress concentrations were generated in the
HAZ by the secondary phase particles along the grain
boundaries [24], which suggested that the possible
initiation of cracks formed at the brittle secondary phase
along the grain boundaries. Similar mixed fracture
features were observed in the fracture surface of the
A-TIG welded joint due to the coarsening of the grains
with distinct cleavage fracture morphology and the
presence of the TiO, particles.

4 Conclusions

(1) Both Mg;Al;; and MgZn, particles were
observed in the microstructures of the fusion zone, which
was incorporated with the fine a-Mg equiaxed dendrite
crystals. The volume fractions of the Mg;;Al;; and
MgZn, particles in the central fusion zone were similar.
Moreover, the distance from the central fusion zone was
inversely correlated with the volume fraction of the
secondary phase particles.

(2) For the TIG welded AZ61/ZK60 joints, a refined
grain size of 19 um and a maximum tensile strength of
207 MPa were achieved at a welding current of 80 A.
The tensile strength of the AZ61/ZK60 joints was
inversely correlated to the amount of TiO, in A-TIG
welding. The TiO,-coated samples (5 mg/cm?) exhibited
a maximum tensile strength of 156 MPa.

(3) The TIG/A-TIG welded AZ61/ZK60 magnesium
alloy joints did not present any obvious performance
inhomogeneity due to molten pool stirring. However,
narrower weld beam was observed with the increase of
TiO, amount in A-TIG welding.
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AZ61/ZK60 RS € TIG 5
A-TIG EESLY4R2R K M RE

B ok, PHAR,

FO,OMERS, %R

1. ME K MRS TR, #ME 411105;
2. Wi LA RS 5B RS MR A B R seih =, WIE 411104,
3. ERKYE MERES TR ERESESME TSR L, ER 400044

1 B RAEIEINTIG)E 5iE R S I A-TIG X F & 4 AZ61/ZK60 BT . S5 RE, 1R
kT BHAM/NIEMME RS MgsAlL,. MgZng SR H . MEBEBETN 80 A I, Bk BRMURERLK, &
FLRSE 9 19 pum, HTHLIR A F] 207 MPa. {5 A-TIG RIR1F (10 7 8 & 4 4 Sk b o B AR 4% 52 5 5 S22 TiO,
TEHEANR G O, JRAEPIIAS R BEM S B # i (X H 2R 22 e JE AN i SR 4 B

EIR: AZ61; ZK60; Fffdsk; MMREINTIGNE; EHAREINA-TIG)E; Aotk
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