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Abstract: A device for superimposing vibration on workpiece in both horizontal and vertical directions during tungsten-arc inert gas
(TIG) welding was developed, with maximum power output of 2 kW at frequency of 15 kHz. AZ31 sheets with thickness of 1 and 3
mm were used in the vibratory welding. Microstructures along with the mechanical properties of the weld joints under different
vibrating conditions (vibration direction, vibration amplitude and groove angle) were examined. It is observed that the grain size in
welding zone decreases remarkably with the application of vibration, while the amount of second phase -Mg;;Al,, within the zone
decreases slightly; meanwhile, microhardness of the weld joints, macroscopic tensile strength and elongation of the weldment
increase. Vibration, especially the one along vertical direction, has more impact on the performance of the thick weldments. Influence
of vibration on microstructure and mechanical properties of weldments is affected by wave energy transferring in the melt and
depends on the processing and geometric parameters including amplitude and direction of vibration, thickness, and groove angles.
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1 Introduction

Welding methods of magnesium alloys include TIG
welding [1-3], MIG welding [4], friction welding [5],
laser welding or laser-TIG hybrid welding [6,7], electron
beam welding [8], resistance welding [9], and so on.
Among these technologies, TIG welding is the most
widely used one due to large penetration and small
consumption of electrodes. During TIG welding of Mg
alloys, clean surface of the plate can be obtained by
destructing, evaporating and removing the oxide film
with cathode spots. In general, however, due to the
inherent properties such as strong affinity with oxygen
and nitrogen, low melting point, high thermal
conductivity and expansion coefficient, welding of Mg
alloys is more difficult than that of the ordinary steels.
Oxidation burning, porosity, crack, wide heat-affected
zone (HAZ) and large welding deformation, etc., are
prone to occur in the welding course, and it is difficult to
obtain weld joints that can match the performances of
base metal [2—4]. In the industrial environment, it is
important to develop proper welding methods of Mg
alloys.

For a long time, vibration, either at low or high
frequency, has been utilized in the field of welding for
specific purposes such as developing particular welding
processes and improving quality of the welding
structures. To date, numbers of researches have been
carried out on the topic, for example, the utilization of
vibration on welded parts to release the residual stress
[10]. Vibration can also be used as energy input for the
direct joining between sheets of similar or dissimilar
materials [11-14]. Recently, PATEL et al [15,16]
investigated the influence of ultrasonic spot welding on
microstructure in a magnesium alloy.

Generally, there is insufficient energy available for
activation of the microstructural changes when vibrating
after the welding, whereas vibration has significant effect
on the microstructure and properties of metal if it is
applied during the solidification of melt [17—-19]. Based
on the knowledge, vibratory welding or vibratory weld
conditioning (VWC), which makes the workpiece vibrate
during the welding process via superimposing periodic
external force on the workpiece, was developed to reduce
welding residual stress and to improve the quality of
weldment [20—23].

Nevertheless, as an emerging technology, vibratory
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welding still requires further in-depth examination, from
excitation equipment to factors that affect the welding
process, together with the intrinsic mechanisms. In the
joining of magnesium alloys, fundamental understanding
on the welding with the application of vibration is
lacking, and so far the effect of high frequency vibration
on the fusion welding of AZ31 alloy is unknown. To this
end, in the current work, a device by which high
frequency vibration can be imposed on the workpiece
during TIG welding was designed, and the effect of
vibration on the and mechanical
properties of the TIG weld joints of AZ31 sheets was
investigated.

microstructure

2 Experimental

Ultrasonic vibration based on piezoelectric effect is
commonly used in practice since it is relatively easy to
conduct and control. Furthermore, ultrasonic vibration
has characteristics such as no noise emission and special
functions in the fields including materials handling [24].
Figure 1 illustrates the ultrasonic-vibration apparatus
designed for vibratory welding in the current work. The
excitation parts include an ultrasonic generator operating
at a frequency of 15 kHz with a maximum output of
2 kW, a piezoceramic vibration transducer, a tapered
horn resonator and a frame. Energy (or amplitude) of the
ultrasonic vibration output can be modified by adjusting
position of the amplitude knob on the ultrasonic
generator. When power output reaches the maximum of
2 kW, maximum amplitude along the vertical direction is

about 0.003 mm at the end of tapered horn resonator [24].

The vibration transfers from the piezoceramic vibration
transducer, through the tapered horn resonator and then
the cushion plate, finally reaches the workpiece that is
held firmly on the cushion plate with bolts.

As shown in Fig. 1, horizontal vibration (H-vib) and
vertical vibration (V-vib) can be superimposed on the

(a) 0

(b)
Electrode \

workpieces during the TIG welding, where the H-vib
parallels to the welding line. Since rebound of the
welding wire and splash of the melt were found in the
preliminary test when energy output exceeded 40%4
(A4 denotes amplitude under the maximum output),
ultrasonic excitations at amplitude knob positions of
12.5%A, 25%A and 37.5%A were selected in the test.

AZ31 sheets with thickness of 1 mm and 3 mm
were used in the one side TIG butt welding and the
welding wire was the same alloy, which has a nominal
chemical composition of Mg—2.8A1-0.9Zn—0.24Mn—
0.004Fe—0.08Si (mass fraction, %). Specimens were
machined to a plane size of 50 mmx40 mm, and as
shown in Fig. 1(a), the weld groove angles & are 0°, 20°,
40° and 60°, respectively. Before the operation,
oxidation layers on sheet surface were wiped out with
polishing and then cleaned with acetone.

Figure 2 shows the excitation device and the
Panasonic YC-300WP welding machine used in the
experiment. Welding speed is 20 cm/min. The alternating
current is 100 A for welding AZ31 sheets with thickness
of 3 mm, and is 45 A for 1 mm thickness. The specimen
was fixed on a cushion plate which was connected to the
excitation device. There was no preheating before
welding.

3 Results and discussion

3.1 Structures of welding joints

Figure 3 shows the macroscopic topography of the
TIG welding joints of AZ31 sheets. It can be found that
the sheets are penetrated, whether there is vibration or
not in the welding. Figure 4 gives the microstructures of
the base metal and the welded zone of AZ31 sheets with
3 mm thickness under vibration amplitude of 25%4.
Figure 5 shows the microstructures of the welded zone of
sheets with 1 mm thickness under different vibration
amplitudes.
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Fig. 1 Schematic diagrams of set-up for welding with high-intensity ultrasonic emission: (a) Shape and dimension of welding groove;

(b) For H-vib; (c¢) For V-vib
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Fig. 4 Microstructures of base metal and joints welded with 25%4 vibration amplitude, /=3 mm: (a) Base metal; (b) V-vib, 8=20°,
welding line border; (c) No vibration, =0°, welding line; (d) V-vib, 6=0°, welding line; (¢) H-vib, £#=0°, welding line; (f) V-vib,
6=40°, welding line
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Fig. 5 Microstructures of TIG welded joints of AZ31sheet with different vibration amplitudes, =1 mm: (a) No vibration; (b) V-vib,
12.5%4; (c) V-vib, 25%4; (d) V-vib, 37.5%4; (e) H-vib, 12.5%4; (f) H-vib, 37.5%4

It can be found that the main structure of the base
metal is equiaxed grains of Mg solid solution, while in
fusion zone the main structure is the quenched casting
organization of small columnar crystals due to the fast
cooling and crystallization. No obvious coarse structure
is observed near the fusion line, indicating that the HAZ
is limited. Aluminium element in AZ31 alloy is also
helpful to the refinement of grains [25].

During the liquid—solid transformation of molten
AZ31 alloy in the weld pool, in addition to primary
o-Mg, p-phase of eutectic Mg;;Al;, precipitates, as the
small dispersion particles, are presented in Figs. 4 and 5.
The hard and brittle f-phase can enhance the strength
and lower the toughness of AZ31 alloy [25]. It can be
observed that less f-phase precipitates after vibration are
presented, indicating that mechanical vibration is
conducive to the spread of Al element during the
solidification of AZ31 alloy.

Software Image-pro® was utilized to analyze the

grain size. As can be clearly seen from Fig. 6, the
average diameters of grains within the joints welded with
vibration are far smaller than those welded without
vibration, demonstrating that vibration can greatly refine
the microstructure of weldments. As shown in Fig. 6(a),
minimum grain size was obtained under V-vib with
groove angle of 20°. Furthermore, as shown in Fig. 6(b),
level of microstructure refining increases with vibration
amplitude. The phenomenon is more obvious in the
welding of thick sheet, especially with the excitation of
V-vib.

When external excitation is imposed on the
workpiece, forced vibration of the molten metal takes
place through the action of pool wall on the melt,
bringing about complicated changes of thermal condition
and solidification behavior of melt in the liquid pool.
Theoretically, mechanism of such an action is similar to
those in the vibratory casting, namely, the
microstructural effects are mainly attributed to the
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Fig. 6 Grain size of weld line under different welding
conditions: (a) =3 mm, 25%4; (b) =1 mm, 6=0

cavitation and streaming phenomena that take place
during ultrasonic treatment in the melt [17-20]. However,
there are differences between vibratory welding and
vibratory casting. For example, cooling time of the weld
joints is very short and the HAZ is small. Meanwhile,
welding arc varies periodically with the oscillation of
weldment, leading to a complex thermal situation during
the fusion welding. Geometry of the welding groove also
affects wave transmission, e.g., different incident angles
of acoustic emission lead to varying amplitudes of
reflected ultrasonic L-wave (longitudinal wave) and
SV-wave (vertical-shear wave) in the material, resulting
in different energy transmission and attenuation
contributing to the thermal condition. DAI [23]
postulated that the L-wave dominates the heat transfer
because of rapid energy transmission, and the SV-wave
governs the heat generation due to the viscous losses
associated with the energy dissipation.

The amplitude ratios of L-wave and SV-wave under
different groove angles & of the specimens can be
calculated by using the equations in terms of wave
propagation in elastic solids [23,26]. The characteristic
curves of relative amplitude ratios 4,/4, and 4,/4, versus
the incident angles for AZ31 alloy under free boundary
condition and V-vib are shown in Fig. 7, where A4, is the

amplitude of the incident L-wave, 4; is the amplitude of
the reflected L-wave and 4, is the amplitude of the
reflected SV-wave.
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Fig. 7 Relative amplitude ratios 4,/4, and 4,/4, versus incident

angles for AZ31 alloy

It can be found that the 80° incident L-wave (equal
to groove angle 6 of 20°) creates the largest reflected
amplitude of L-wave (4,/4;=0.604) and lowest
reflected amplitude of SV-wave (4,/4¢=0.489). Therefore,
average grain size in the joint with 8=20° is the smallest
since the highest cooling rate is generated.

3.2 Mechanical properties

According to the Hall-Petch formula, strength of
metal is directly associated with its grain size. Hence,
mechanical properties of the weldment would be
improved since the microstructure is refined after the
vibration is applied. Figure 8 illustrates the
microhardness around the fusion zone of AZ31 sheet
with thickness of 3 mm, from weld line center to HAZ
along the transverse direction. It can be found that
microhardness is improved under both horizontal and
vertical vibrations, while V-vib improves the
microhardness more. Therefore, though less phase S
precipitates with the application of vibration in welding,
it is insufficient to reduce the strength improved by
grain-refinement.

Tensile test was employed to compare the
mechanical properties of weld zone. The tests were
conducted on a SANS CMT 5015 electronic universal
testing machine with constant tensile speed of 2 mm/min.
To eliminate the effect of geometry irregularity of weld
seams on the testing results, positions of weld seams
with full welding penetration on the plate were selected
and the joints were polished smooth to obtain the same
shape and size of the tensile samples, as shown in
Fig. 9(a).

Figures 9(b) and (c) present the tensile curves of
AZ31 weldments with thickness of 1 mm. Figure 10
shows effect of vibration (25%4A) on tensile properties
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Fig. 8 Microhardness of TIG weld joints of AZ31 sheet with /=3 mm under different vibrating conditions and 25%4: (a) H-vib;
(b) V-vib
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Fig. 10 Effect of vibrating parameters on tensile performance of weldments AZ31 sheet with thickness of 1 mm at 25%4: (a) Tensile

strength; (b) Elongation

of AZ31 sheets with 1 mm thickness under different
welding conditions. Average value from three samples
are used in the statistics. Almost all the fracture positions
locate in the HAZ near fusion lines and the ultimate
strength and elongation of the welded samples drop in
comparison with those of the parent metal. Nevertheless,

the ultimate strength and elongation of welded samples
are improved by the adoption of vibration. Moreover, the
strength and elongation increase more with V-vib.
Corresponding to the microstructure variations,
mechanical properties of the welded samples reach the
largest at welding groove angle of 20°.
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The improvement of mechanical properties of weld
joints is mainly a result of grain refinement. Besides,
vibration would speed up the convection of melt in the
weld pool and hence, bubbles and impurities are easy to
rise and removal of hydrogen is thorough during the
crystallization. Consequently, such defects as porosity
and slag are reduced and macro segregation in the fusion
zone decreases due to the wider turbulent layer.

4 Conclusions

1) With the application of vibration, microstructure
of the AZ31 TIG welding joints is markedly refined.
Average diameters of the grains within the joints
decrease from 49.4 pum (welded without vibration) to
27.3—34 um (welded with varying vibration conditions).
Meanwhile, the amount of the second phase § within the
fusion zone decreases slightly, and the microhardness of
the joints, macroscopic tensile strength and elongation of
the weldments increase.

2) The degree of microstructure refining increases
with  increasing the amplitude of vibration.
Corresponding to the microstructure, mechanical
properties of the welded samples reach the largest at
welding groove angle of 20° under V-vib due to the
highest cooling rate. The effect of vibration on the
microstructure and mechanical performances of weld
joints is more obvious for thick plate.

3) As a whole, the influence of vibration on
microstructure and mechanical properties of weld joints
is intrinsically related to the thermal condition and
solidification behavior of the molten metal. It is affected
by the wave energy transferring in the molten pool and
depends on the processing and geometric parameters
such as vibration amplitude, vibration direction,
thickness and groove angles of the sheets.
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