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Article history: The increasing demand for achieving high-efficiency and high-quality medium-thick
Received 9 December 2022 aluminium alloy welded structures, especially for large scale aerospace components,
Accepted 24 January 2023 presents an urgent challenge to the conventional TIG arc welding process. This work
Available online 29 January 2023 proposed a novel double-pulsed variable polarity tungsten inert gas (DP-VPTIG) arc, in
which the variable polarity square wave current was simultaneously modulated into ul-
Keywords: trasonic frequency (20—80 kHz) and low frequency (0.5—10 Hz) pulses. Full penetration
Aluminum alloy welds of 6 mm thick AA2219 aluminum alloy were successfully obtained by using this
Double pulse process. The microstructure and mechanical properties of the weld produced by DP-VPTIG
Tungsten inert gas welding arc were investigated, taking the conventional VPTIG arc as a comparative study. Results
Microstructure show that the microstructure of weld zone by DP-VPTIG arc showed an alternating dis-
Mechanical property tribution of fine equiaxed grain band and slightly coarse equiaxed grain band. Compared to

VPTIG arc, the grain structure was effectively refined in the weld zone with DP-VPTIG arc,
showing a significant reduction of average grain size by 51.2% along transverse section and
61.3% along longitudinal section. The morphology of a-Al+§-CuAl, eutectics transformed
from continuously distributed netlike shape to separately distributed granular shape, and
segregation of Cu solute element was obviously improved. The average microhardness of
weld zone was increased by about 8.7% and 5.6% along transverse section and along lon-
gitudinal section. The tensile properties of ultimate tensile strength, yield strength and
elongation were increased by 6.6%, 10.6% and 20.5%, respectively. The results provide a
valuable basis for improving welding efficiency and joint quality through a hybrid pulsed
arc.
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1. Introduction

As an important structural material, AA2219 Al-6.3Cu (wt.%)
aluminium alloy has been extensively applied in the aero-
space industry, due to its excellent specific strength, fracture
toughness and stress corrosion resistance [1]. As so far, with
considerable process adaptability and economic benefits,
variable polarity tungsten inert gas (VPTIG) welding is one of
the most commonly used technologies for joining and fabri-
cation of AA2219 aluminium alloy aerospace structures [2].

Limited by the free burning of TIG arc and the consequent
low energy density, the penetration capability of VPTIG pro-
cess is relatively low in comparison to other arc welding
processes such as metal inert gas (MIG) welding and plasma
arc welding (PAW), which makes this process particularly
suitable for thin sheet (<3 mm) welding [3]. In terms of joining
of medium-thick plates (5—8 mm), multi-layer multi-pass or
high current levels welding is usually required. The former
will largely increase the process complexity and reduce pro-
duction efficiency, while the latter will bring about a signifi-
cant increase in heat input, inducing coarse grain structures
in the weld zone and a reduction in joint mechanical proper-
ties. Moreover, due to the high thermal conductivity of
aluminium alloy, the heat obtained from the diverging arc
heat source is easily conducted away, resulting in a large weld
pool in the case of high heat input welding [4]. This de-
teriorates the process stability as the tendency of weld pool to
collapse under the force of gravity is aggravated. These
shortcomings of VPTIG welding process limit its application in
the welding of medium-thick aluminium alloys. How to
improve welding efficiency under the premise of ensuring
good joint quality is a thorny challenge for the application of
VPTIG process to aluminium alloy plates.

To overcome these obstacles and to meet the growing de-
mand for high efficiency and high quality TIG welded struc-
tures of aluminium alloy plates, a great deal of effort has been
made over these years. Activated TIG, referred as A-TIG, is a
process in which the activating flux (halides or oxides) is
smeared on the surface of the base metal prior to welding [5]. In
this process, weld penetration as well as the ratio of weld depth
to width can be distinctly enhanced because the surface ten-
sion induced Marangoni convection inside the weld pool
changes from outward to inward [6]. Meanwhile, the weld
shape of different regions can be controlled separately by
applying different types and amounts of activating fluxes to the
targeted areas [7]. However, the additional smearing process
affects its production efficiency and it is difficult to guarantee
uniform spreading of the activating flux especially for the
complex structures. In addition, mixed shielding gases have
been introduced to promote weld penetration by altering the
arc characteristics and weld pool fluid flow. Traidia et al. and
Xiang et al. investigated the effects of argon-helium mixtures
on arc properties and weld geometry via different transient arc
and weld pool models [8,9]. Results revealed that with the
addition of helium to argon shielding gas, the arc temperature,
the heat flux and current density as well as the weld penetra-
tion were considerably increased. Lu et al. developed a double-
shielded TIG process using Ar + CO, mixed gases as the outer
shielding layer and CO, gas as the inner shielding layer for

welding SUS304 stainless steel [10]. It indicated that the inert
argon gas in the inner layer can effectively prevent the gas in
the outer layer from oxidizing the tungsten electrode, and the
gas in the outer layer, which played a similar role as the acti-
vating flux for the weld pool, can obviously improve the weld-
ing efficiency. The composition of the inner layer gas and the
outer layer gas can be flexibly adjusted when this process is
used for different base metals [11]. Additionally, the assistance
of external energy fields such as longitudinal magnetic field
[12], ultrasound field [13] and their hybrid [14] have been proved
to be effective in enhancing weld penetration and production
efficiency. The disadvantage of these methods is that they
require auxiliary external energy field generating devices and
fixtures attached to the motion system, which not only in-
creases the equipment cost and process complexity, but also
reduces process adaptability.

Pulse modulation (low-frequency pulse, high-frequency
pulse) of welding current waveform is considered to be one
of the most promising technologies for the improvement of
TIG welding process. Wang et al. indicated that high-
frequency pulses (normally above 5 kHz) can induce notable
arc constriction and increase arc stiffness as well as energy
density [15]. Yang et al. experimentally measured the arc force
and demonstrated that by pulsing the arc at ultrasonic fre-
quency (over 20 kHz), the average arc force was increased by
42—-57% compared to conventional welding arc [16]. Onuki
et al. compared the differences between ultrasonic frequency
pulsed arc and non-pulsed arc with an equal average power
input [17]. They identified that the arc pressure and weld
depth were 3 times as high and twice as deep as those ob-
tained by non-pulsed arc. Low-frequency pulses (typically less
than 10 Hz) have also been introduced in the arc welding
process. It was found that by flexibly adjuting pulse parame-
ters, the low-frequency pulsed arc can visibly stabilize the
weld pool and widen the current window when implementing
high penetration TIG welding [18]. The grain structure can be
refined by the stirring effect of the low-frequency pulsed arc
through breaking the dendrites during solidification [19].

Inspired by above-mentioned works, with the purpose to
further improve the TIG process by taking full advantage of
ultrasonic frequency pulse and low-frequency pulse, a DP-
VPTIG process was proposed, in which the variable polarity
square wave current was innovatively modulated into ultra-
sonic frequency (20—80 kHz) and low-frequency (0.5—10 Hz)
pulses. Our preliminary work has revealed the process char-
acteristics of DP-VPTIG including the evolution of arc profile
and weld pool geometry, the microstructural characterization
and tensile properties of 4 mm thick AA2219 aluminium alloy
welded joints [20]. Based on this, through optimal current
parameters combination, a stable “one-pulse one-keyhole”
mode full penetration high efficiency welding of 7 mm thick
AA2219 aluminium alloy has been successfully achieved, and
the mechanism of weld pool surface and keyhole evolution
under the effect of double-pulsed arc has been illuminated
[21]. However, the microstructure and mechanical properties
of medium-thick AA2219 aluminium alloy welded joints pro-
duced by DP-VPTIG process has not been fully understood.
The aim of this work is to investigate the effects of ultrasonic
frequency double-pulsed arc on the microstructure evolution
and mechanical properties of medium-thick AA2219


https://doi.org/10.1016/j.jmrt.2023.01.174
https://doi.org/10.1016/j.jmrt.2023.01.174

3050

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:3048-3061

aluminium alloy welded joints. The results will lay a solid
foundation for a better understanding of DP-VPTIG welding
process, which may provide a new approach to simulta-
neously improve welding efficiency and joint quality of
medium-thick aluminium alloy welded structures.

2. Experimental procedure

AA 2219-T87 aluminium alloy plates (6 mm thick) were
employed as the base metal, whose chemical composition is
Cu 6.3%, Mn 0.28%, Ti 0.1%, Zr 0.19%, Fe 0.2%, Si 0.17%, Al
balance (all in mass fraction). T87 represents that the material
had sequentially experienced solution heat treatment, cold
working by 7% stretching and artificial aging treatment. The
microstructure of the base metal is shown in Fig. 1. It can be
clearly observed that the grain structure as well as the second
phase had been elongated along the rolling direction, pre-
senting a thin and long morphological feature. The gauge
dimension of the work-pieces for welding was
200 mm x 100 mm x 6 mm. The shielding gas adopted was
99.99% pure argon. No filler material was used.

A self-developed DP-VPTIG welding power supply was
applied for the investigation, whose current waveform is
illustrated in Fig. 2. From the figure, the variable polarity square
wave current was simultaneously modulated into ultrasonic
frequency (20—80 kHz) and low frequency (0.5—10 Hz) pulses.
The feature current parameters of the DP-VPTIG process
include variable polarity square wave frequency (f, = 1/Ty),
duration of positive phase (t,), duration of negative phase (tyn);
ultrasonic-pulsed frequency (fup), duty cycle of ultrasonic fre-
quency pulse (6yp), ultrasonic frequency pulse value (Iyp); low-
pulsed frequency (fi, = 1/T;), duration of low-frequency pulse
peak phase (t;), duration of low-frequency pulse base phase (ty,),
duty cycle of low-frequency pulse (4.), positive current during t,,
(Ipp), negative current during t, (I,n), positive current during ty,
(Ibp), negative current during ty, (Iy,). Limited by the design of the
power supply, all pulse current parameters can be set sepa-
rately except for I, and Iy, which means that I, and L, must
be equal to I, and Iy, respectively (I = -Ipp, Ibn = -Ibp)-

Single pass butt welding experiments were carried out to
achieve full penetration welds by conventional VPTIG, served
as a comparative study, and DP-VPTIG processes. According to

preliminary parametric tests and research results [19,20,22], the
optimal combination of ultrasonic-pulsed frequency of 20 kHz
and low-pulsed frequency of 2 Hz were selected for the study.
Other current parameters of DP-VPTIG were f, 100 Hz, typityn 4:1;
dup 50%, Iup 80 A; 61, 50%, Ipp/Ipn 350/-350 A, Ipp/Ion 180/-180 A.
The current parameters of conventional VPTIG were f,- 100 Hz,
typ-ityn- 4:1, I/I,- 297/-297 A. The average current values of both
arc modes were substantially the same to avoid the effect of
differences in heat input on the results. The shielding gas flow
rate was 15 L. min~?, the electrode (cerium-tungsten) diameter
was 4 mm, and the welding speed was 170 mm min .

Prior to welding, all the work pieces were mechanically
ground and cleaned with acetone to remove surface contam-
ination. Fig. 3a schematically illustrates the position of spec-
imens used for microscopic observation and mechanical
properties testing. All specimens were taken from the middle
part of the welds. Metallographic samples were sequentially
ground, polished and etched in the Keller's reagent solution
with a chemical composition of HNO3; 2.5%, HCL 1.5%, HF 1%
and H,0 95% (all in volume fraction). Microstructure feature
was investigated by using AX10 typed optical microscope (OM)
as well as ZEISS EVO-18 typed scanning electron microscope
(SEM). Elemental analysis was conducted with energy
dispersive spectrometry (EDS), which was equipped with SEM.
The HVD-1000TEST typed digital Vickers (HV) hardness tester
was employed for microhardness testing, and the loading
force was set to 1.96 N with a duration of 15 s. As shown in
Fig. 3b, the microscopic observation and microhardness
testing were respectively carried out along the longitudinal
section and transverse section. All specimens for tensile
testing were machined based on standard metallographic
procedures, as presented in Fig. 3c. The DWD-50E typed
electronic universal testing machine was used for tensile
testing, and it was conducted at ambient temperature with a
loading rate of 2 mm/min.

3. Results
3.1 Grain morphology of weld zone

Representative macrographs of the weld zone along the
transverse section with VPTIG arc and DP-VPTIG arc are

Fig. 1 — Microstructure of AA2219-T87 aluminium alloy plate. (a): OM image; (b): SEM backscattered electron image.
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Fig. 2 — Gurrent waveform of DP-VPTIG process. (a): Schematic

pulses (20 kHz).

diagram; (b): Actual waveform; (c): Ultrasonic frequency

shown in Fig. 4. The VPTIG weld zone exhibited a typical
dendritic microstructure, which was comprised of coarse
columnar and equiaxed dendrites. A large number of eutectic
phases existed between the dendrite arms, as shown in the
enlarged view of Fig. 4c. In contrast, the microstructure of DP-
VPTIG weld zone was refined significantly, consisting of fine

equiaxed and columnar grains. The enlarged view (Fig. 4f)
indicated those refined o-Al grains were without dendrite
growth characteristics. Observable porosity defects were not
found in these two weld zones.

On the longitudinal sections, representative grain mor-
phologies of the weld zone produced by conventional VPTIG
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Fig. 3 — Schematic illustration of the specimens. (a): Position for testing; (b): Microstructure and microhardness test (c):

Dimension of tensile specimens.
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2 mm

Fig. 4 — Montages and optical micrographs with different magnifications showing the typical microstructure along the
transverse section. (a)—(c): Weld zone by VPTIG arc; (d)—(f): Weld zone by DP-VPTIG arc.

arc and DP-VPTIG arc are displayed in Fig. 5. From Fig. 5a—c, it
can be clearly observed that the microstructure with VPTIG
arc was mainly characterized by coarse columnar dendritic
grains, which exhibited the same grain orientation along the
welding direction as well as along the weld bottom to weld
surface. Obvious segregation of the solute element can be

recognized between the dendrites and on the surface of grains
in the form of diffusely distributed particles. For DP-VPTIG
process, the microstructure of weld zone presented a band-
like distribution of fine equiaxed grain band (FEGB) and
slightly coarse equiaxed grain band (CEGB), as shown in
Fig. 5d—f. These two grain bands alternated regularly along
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Fig. 5 — Optical micrographs of weld zone along longitudinal section. (a)—(c): Weld zone by VPTIG arc; (d)—(f): Weld zone by

DP-VPTIG arc.

the welding direction, accompanied by high and low fluctua-
tion of weld surface, which has been proved to be caused by
low-frequency pulsed current as reported by our previous
research on bead formation characteristics of DP-VPTIG arc
[19].

The grain misorientation on the transverse and longitudi-
nal sections of the weld zone produced by conventional VPTIG
arc and DP-VPTIG arc is characterized by EBSD inverse pole
figures mapping and pole figures, as shown in Fig. 6. Large-
scale columnar dendrite grain domains with preferential ori-
entations of <101> and <111> can be observed clearly from
the inverse pole figure mapping of the transverse VPTIG weld
zone. The maximum values of the multiples of uniform dis-
tribution (MUD) of the VPTIG weld zone along the transverse
and longitudinal sections were 2.578 and 1.738, respectively.
Comparatively, the maximum values of MUD of the trans-
verse and longitudinal weld zones via DP-VPTIG arc were 1.519
and 1.614, and lower than those of the VPTIG weld zone. Ob-
tained EBSD results indicate that the VPTIG weld zone pos-
sesses a stronger preferred orientation compared with the DP-
VPTIG weld zone.

EBSD grain size mappings and statistical distribution of
grain size with VPTIG arc and DP-VPTIG arc are provided in

Fig. 7. The weld zone with VPTIG arc exhibited a relatively
uniform grain size distribution along the transverse and lon-
gitudinal sections, corresponding to the uniform distributed
blue and green color, respectively. EBSD grain size mappings
of the DP-VPTIG weld zone indicated a distinct band-like dis-
tribution alternating with FEGB and CEGB along transverse
and longitudinal sections, which is consistent with the optical
metallographic results of Figs. 4 and 5. From the quantitative
statistical results of grain size, it reveals that the average grain
diameter of the weld zone with VPTIG arc was 109.9 pm along
the transverse section and 136.3 pm along the longitudinal
section. Additionally, the area fraction of grains smaller than
50 pm was 23.9% and 6.5%, respectively. Comparely, the grain
structure was remarkably refined by DP-VPTIG arc, whose
average grain size of weld zone was decreased by around
51.2% and 61.3% in comparison to that of VPTIG arc along the
transverse and longitudinal sections. In addition, the area
fraction of grains with a diameter less than 50 um reached up
to 59.7% and 55.6% with DP-VPTIG arc along the transverse
and longitudinal sections.

The grain boundary characteristics of the VPTIG and DP-
VPTIG weld zones were investigated by EBSD and presented
in Fig. 8. For the results of grain misorientation angle, its
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Fig. 6 — Inverse pole figures mapping and pole figures of weld zone. (a) and (b): Transverse and longitudinal section via
VPTIG arc; (c) and (d): Transverse and longitudinal section via DP-VPTIG arc.

average value was respectively 21.7° and 16.7° with VPTIG arc
along the transverse and longitudinal sections. The grain
misorientation angle with DP-VPTIG arc increased remarkably
compared with that of VPTIG arc. Both of the average values
along the transverse and longitudinal sections reached up to
36.2°. In addition, the density of low angle grain boundary
(LAGB) in the weld zone with DP-VPTIG arc was reduced
prominently compared with the one with VPTIG arc. Thus, a
high-density high angle grain boundary (HAGB) became
dominant in the DP-VPTIG weld zone, as shown in Fig. 8c and
d. From the statistical results, the number fraction of the LAGB
was 54.4% and 64.1% with VPTIG arc along the transverse and
longitudinal sections, but only 15.9% and 16.1% with DP-VPTIG
arc along the corresponding sections. The high-density LAGB
observed in the weld zone with VPTIG arc is closely related to
the dendritic characteristics.

3.2. Second phase in weld zone

To figure out the second phase morphology and distribution of
Cu solute element in the weld zone, SEM observation and EDS
analysis were carried out. SEM micrographs of the weld zone
showing the second phase morphology with VPTIG arc and
DP-VPTIG arc are demonstrated in Fig. 9. Clearly, it can be seen
in Fig. 9a and b that there were a great number of white netlike
shape and coarse «-Al+6-CuAl, eutectics continuously
distributed at grain boundaries in the VPTIG weld. Also,
numerous fine granular «-Al+0-CuAl, eutectics and dispersive
6-CuAl, particles scattered on the grain surface can be detec-
ted. In contrast, there were much less continuously distrib-
uted netlike shape a-Al+6-CuAl, eutectics but more separate
granular §-CuAl, particles existed in the weld zone with DP-
VPTIG arc, which can be clearly observed in Fig. 9d and e.
Besides, the area fraction of second phase was calculated by
using binarized images (Fig. 9c and f) through counting the
number ratio of pixel points with a gray value of 1 to the total
number of pixel points. Results showed that the second phase

area fraction of VPTIG weld was 6.2% and it decreased to 2.4%
in DP-VPTIG weld, revealing that the number of «-Al+6-CuAl,
eutectic structures was greatly decreased and their sizes were
all distinctly reduced.

Further analysis of the second phase, and the distribution
of Al and Cu elements using EDS mapping and line scanning
taking the marked areas in Fig. 9 are illustrated in Fig. 10.
Typical eutectic phase with a mixture of a-Al and §-CuAl, can
be found obviously in the weld zone with VPTIG arc. While, a
typical divorced eutectic phase, consisting only of #-CuAl,
phase, formed in the DP-VPTIG weld zone. From the EDS
mapping results in Fig. 10a and c, serious enrichment of Cu
element in the eutectic and divorced eutectic phase can be
obviously recognized with both VPTIG arc and DP-VPTIG arc.
Line scanning results revealing the detailed distribution curve
of Al and Cu elements from «-Al matrix across the a-Al+6-
CuAl, eutectics are shown in Fig. 10b and d. From the curve,
there was a steep drop in Cu concentration as it moved from
the «-Al matrix to the eutectic structure. In Fig. 10b with
conventional VPTIG arc, the «-Al matrix contained Al 98.4 at%
and Cu 1.6 at%, and the eutectics contained Al 79.5 at % and Cu
20.5 at %, indicating that severe Cu solute element segregation
existed in the weld zone. As for DP-VPTIG arc, the Al con-
centration was 97.3 at% and Cu concentration was 2.7 at% in
the «-Al matrix, and they were 70.1 at% and 29.9 at%,
respectively, in the eutectics. This suggested that the segre-
gation of Cu element was significantly improved with DP-
VPTIG arc compared with VPTIG arc.

3.3. Microhardness

Microhardness distribution of weld zone along the transverse
section by VPTIG and DP-VPTIG processes is depicted in
Fig. 11a. From the results, it can be found that the average
microhardness was 69 HV with VPTIG arc, while itincreased up
to 75 HV with DP-VPTIG arc, which means that there is an
increment of around 8.7% along the transverse section. Fig. 11b
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shows the microhardness distribution of the weld zone along
the longitudinal section. For the weld zone with VPTIG arc,
microhardness values were distributed between 69 HV and 75
HV, and the variation range (6 HV) was comparatively wide. In
comparison, the weld zone with DP-VPTIG arc showed an
improvement in the uniformity of microhardness distribution,
as its variation range decreased to 5 HV, ranging from 73 HV to
78 HV. The average microhardness of VPTIG and DP-VPTIG
were 72 HV and 76 HV, respectively, suggesting there was an
increment of around 5.6% in average microhardness of the
weld zone along the longitudinal section by DP-VPTIG arc.
Comparison results of average microhardness between trans-
verse section and longitudinal direction indicate that the dif-
ference of these two directions with VPTIG arc is more

significant than that of DP-VPTIG arc, reflecting better isotropy
of mechanical property can be achieved by DP-VPTIG arc.

3.4. Tensile properties

Fig. 12 displays the tensile properties, involving the ultimate
tensile strength (UTS), yield strength (YS) and elongation, of
the joints fabricated by VPTIG and DP-VPTIG processes. All the
fractures occurred in the weld zone. Compared with the ten-
sile properties of base metal (UTS 458 MPa, YS 251 MPa and
elongation 12.3%), the joints of both VPTIG arc and DP-VPTIG
arc showed significant reductions in all three indicators.
This is mainly because of the solidification microstructure
formed in the weld zone. As described in Section 2, AA2219-
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Fig. 9 — SEM backscattered electron micrographs of weld zone. (a): X200 VPTIG; (b) and (c): X500 VPTIG and its binarized
image; (d): X200 DP-VPTIG; (e) and (f): X500 DP-VPTIG and its binarized image.
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T87 aluminium alloy is a working hardened and heat treat-
ment strengthened material. After the process of melting and
solidification, the original hardening effect completely dis-
appeared. Meanwhile, the segregation of Cu alloying element
in the weld zone significantly decreased the solution and
precipitation strengthening effects. UTS, YS and elongation of
the joints with VPTIG arc were 256 MPa, 141 MPa and 4.4%,
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respectively. The joints with DP-VPTIG arc presented a UTS of
273 MPa, YS of 156 MPa and elongation of 5.3%, which exhibits
an increment of 6.6%, 10.6% and 20.5%, respectively,
compared to those of VPTIG arc.

Fig. 13 demonstrates SEM micrographs of fracture mor-
phologies for the specimens created by conventional VPTIG
and DP-VPTIG processes, respectively. In the fractography
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with VPTIG arc, cleavage steps and dimples can be observed
on the surface of the fracture, indicating mixed fracture
characteristics of brittle and ductile. Analysed by EDS, the
small particles at the bottom of the dimples are ¢ phase (point
G: Al 69.81 at% and Cu 30.19 at%), and the large fractured
phases were eutectics (point H: Al 85.39 at% and Cu 14.61 at%,
point I: Al 89.12 at% and Cu 10.88 at%). Secondary cracks and
micro-voids can also be found on the fracture surface, which
may become the fracture source under static load. In the
fractography with DP-VPTIG arc, there were plenty of dimples
and tearing ridges uniformly distributed on the surface of the
fracture, showing typical ductile fracture characteristics.

4. Discussion
4.1. Mechanism of microstructure refinement

According to the classical solidification principle, grain
morphology is principally determined by the thermal gradient
(G) and cooling rate (R) at the front of solid-liquid interface
during solidification process. Higher G and slower R tend to
form a columnar grain structure, while lower G and faster R
contribute to the formation of an equiaxed grain structure [23].
In this study, with the purpose of achieving the fully penetrated
single-pass weld of 6 mm thick AA2219 aluminum alloy, a high
current level is inevitably applied to the conventional free
diverging VPTIG arc. Consequently, excessive heatinputbrings
about a high tendency of coarse columnar structures in the
weld zone, due to the high thermal gradient and slow cooling
rate at the front of solid-liquid interface. By introducing DP-
VPTIG arc, the conventional variable polarity current wave-
form is simultaneously modulated into low frequency pulses
and ultrasonic frequency pulses. Their combined effect not
only significantly affects bead geometry by adjusting the
characteristics of arc profile [20], but also changes the molten
pool flow and the thermal history of the weld zone as discussed
below.

On the one hand, regarding the effect of low frequency
pulsing of arc, the arc profile as well as arc energy vary cycli-
cally between high and low, accompanied by the pulse peak
and pulse base current, as illustrated in Fig. 14. During the low
frequency pulse peak stage (tp), the transient arc profile is
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Fig. 12 — Tensile properties of joints by VPTIG arc and DP-
VPTIG arc.

expanded and the arc energy is relatively high on account of
the high current value (Fig. 14a). This leads to a higher thermal
gradient (G) and a slower cooling rate (R) at the solid-liquid
interface, which corresponds to the formation of CEGB in the
DP-VPTIG weld zone. In low frequency pulse base stage (ty),
thereis a dramatic reduction in the transient arc profile and arc
energy attributed to the deep drop in the current value
(Fig. 14b). As aresult, the thermal gradient (G) at the solid-liquid
interface is reduced and its cooling rate (R) is accelerated to a
large extent, inducing the formation of FEDB in the weld zone.
The spatially close correspondence between the band-like
distribution of grain structure and the high and low fluctua-
tion of the weld surface shown in Fig. 5 can verify this clarifi-
cation. Compared with conventional VPTIG process, the
generation of FEGB and FCGB via DP-VPTIG arc prominently
interrupts the continuous growth of grains, which is consid-
ered to be an important mechanism for the refinement of grain
structure by DP-VPTIG arc.

On the other hand, the periodical variation of the arc force
along with the low frequency pulse simulates a “one-pulse
one-keyhole” flow mode in the molten pool, as stated by ?*. In
tp, the arc force acting on the molten pool is relatively strong,
resulting in a deep depression on the surface of molten pool
(Fig. 14a). The opening of keyhole pushes the liquid metal away
from the center of molten pool to its rear and side. As the
current switches to ty, the depression of molten pool surface is
considerably weakened because of the significant reduction in
arc force (Fig. 14b). In this stage, the liquid metal flows back
from the rear and side of molten pool and refills the keyhole. By
this unique “one-pulse one-keyhole” flow mode, the molten
pool fluidity is greatly facilitated. With respect to ultrasonic
frequency pulsing of arc, a great deal of research work have
proved that the arc profile is substantially contracted and the
arc stiffness is notably increased when ultrasonic frequency
pulsed currentis employed. Yangetal. investigated the surface
depression of molten pool under the effect of ultrasonic fre-
quency pulsed arc, and identified that double circulation flow
can be created in the molten pool, which undoubtedly pro-
motes the fluidity of molten pool [24]. Yuan et al. suggested that
ultrasonic waves generated by the high frequency pulsing arc
can cause cavitation and acoustic streaming in the molten
pool, which will further enhance the vibration and fluidity of
molten pool [25]. With the combination stirring effect of the
abovementioned low frequency pulsing and ultrasonic fre-
quency pulsing of arc, the fluidity of molten pool is greatly
promoted. In this case, the existing dendrites at the rear of
molten pool might be broken into small particles, and their
fragmentations can serve as the nucleation sites grow into fine
equiaxed grains, as schematically illustrated in Fig. 14. This
phenomenon has already been experimentally observed by
Yuan et al. [26], where the stirring effect of molten pool was
provoked by transverse arc oscillation. The promotion of
dendrite fragmentation is considered to be another mecha-
nism for the refinement of grain structure by DP-VPTIG arc.

4.2. Strengthening mechanism
The improvement of microhardness and tensile properties

with DP-VPTIG arc can be explained by the refinement of grain
structure and the reduction in segregation of Cu alloying
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Fig. 13 — SEM secondary electron images of fracture morphology. (a): VPTIG arc; (b): DP-VPTIG arc.

element in the weld zone. On the one hand, it is well-known
that the grain boundary plays an important role in hindering
the motion of dislocation, thus enhancing the strength of the
material. Refinement of the grain structure is able to effec-
tively increase the density of grain boundaries, especially
HAGBS, and further enhance the deformation resistance and

(a) Pulse peak ¢

Expo

Molten pool

Base metal

Welding direction
-

reduce the stress concentration via increasing the uniformity
of grain deformation [27]. On the other hand, solid solution
strengthening and precipitation strengthening are another
two crucial factors for the deformation behavior of AA2219
aluminium alloy. Severe segregation of Cu solute element can
significantly reduce the amount of solid solution in «-Al

Resolution: 1024%1024

(b)

Molten pool

Electrode O yT
Arc <

Mushy, zone

Molten pool

Base metal

Welding direction

-

Fig. 14 — Mechanism of microstructure evolution by DP-VPTIG arc. (a): Low frequency pulse peak stage; (b): Low frequency

pulse base stage.
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matrix, bringing about a reduction in solid solution strength-
ening effect [28]. Furthermore, the existence of large and
continuous a-Al+0-CuAl, eutectics induces a high tendency of
stress concentration and brittleness, which is detrimental to
uniform plastic deformation and reduces elongation [29]. The
obtained microstructural characterization results provide ev-
idence that the DP-VPTIG arc can effectively inhibit the for-
mation of coarse eutectic structures. Therefore, the DP-VPTIG
arc can improve the uniform deformation capacity and
strength. In a word, the DP-VPTIG arc provides a promising
approach to simultaneously improve the microstructure of
weld zone and mechanical properties of welded joints, espe-
cially for the high efficiency welding of medium thickness
aluminium alloys.

5. Conclusions

In the present study, an evaluation of microstructure and
mechanical properties of medium-thick AA2219 aluminium
alloy weld produced by DP-VPTIG arc was carried out. The
conventional VPTIG arc was employed as a comparative
investigation. The main conclusions can be drawn as follows.

(1) Microstructure of weld zone by DP-VPTIG arc presented
an alternating distribution of fine equiaxed grain band
(FEGB) and slightly coarse equiaxed grain band (CEGB).
Compared to VPTIG arc, the grain structure was effec-
tively refined in the weld zone of DP-VPTIG arc, showing
a significant reduction in average grain size by 51.2%
along the transverse section and 61.3% along the lon-
gitudinal section.

(2) The morphology of «a-Al+6-CuAl, eutectics transformed
from continuously distributed netlike shape by VPTIG arc
to separately distributed granular shape by DP-VPTIG arc,
and the number of eutectics decreased significantly in
the weld zone. Also, the segregation of Cu solute element
was obviously improved by DP-VPTIG arc.

(3) Compared to VPTIG arc, the average microhardness of
weld zone by DP-VPTIG arc was increased by about 8.7%
and 5.6% along transverse section and along longitudi-
nal section, respectively. The tensile properties of ulti-
mate tensile strength, yield strength and elongation
were increased by 6.6%, 10.6% and 20.5%, respectively.
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