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Introduction
     Arc welding, characterized by ad-
vantages such as simple operation,
high production efficiency, and being
prone to automation, has been exten-
sively applied in welding manufactur-
ing, including in the automobile, avia-
tion, shipbuilding, national defense,
petroleum, and electron industries. As
the technology and the theory devel-
op, arc welding has become a system-
atic discipline (Ref. 1). However, with
the continuous development of mod-

ern industry and the variation in the
diversity of products, materials, and
their service conditions, the require-
ments for welding quality become
more strict. Excellent welding technol-
ogy of high efficiency and low con-
sumption is an inevitable development
trend in the field. Considering the ad-
vantages of ultrasonic, such as me-
chanical effect, acoustic streaming,
and cavitation effect, many re-
searchers have done some distinctive
work to introduce it into the process
of arc welding. 

     Dai (Ref. 2) imposed ultrasonic fre-
quency vibration to the side surface of
a workpiece to be welded in the gas
tungsten arc welding (GTAW) of 7075-
T7 aluminum alloy and found that the
grain size in the overheated and heat-
affected zones decreases. By exerting
ultrasonic to the back of the workpiece
of AL-6XN austenitic stainless steel,
Cui et al. (Ref. 3) discovered that the
corrosion resistance was improved. In
conventional gas metal arc welding
(GMAW), Watanabe et al. (Ref. 4) in-
troduced into the weld pool by the ul-
trasonic frequency oscillation of filler
metal and found that the elongation of
the stainless steel joint increased by
more than 40% compared to those ob-
tained in conventional GMAW. Wu et
al. (Ref. 5) reported this arc ultrasonic
as the result of excitation of arc by
high-frequency current. He et al. (Ref.
6) and Morisada et al. (Ref. 7) also
demonstrated the effectiveness of this
method in improving the performance
of the joint. 
     Yang et al. (Refs. 8, 9) proposed the
continuous ultrasonic-wave-assisted
arc welding method, where the non-
contact ultrasonic vibration is im-
posed along the coaxial direction of
the arc to form an acoustic radiation
field in the arc zone. The ultrasonic
field acted on the arc and the weld
pool. Under the action of ultrasonic ra-
diation force, both GTA and GMA
welding arcs can be compressed and
therefore generate certain arc acoustic
binding effects (Refs. 10, 11). During
the continuous ultrasonic-wave-assist-
ed GMAW (U-GMAW) process, it was
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found that the droplet transfer fre-
quency increased (Ref. 12). Compared
with conventional GTAW, the weld
penetration increased by more than
one time (Ref. 13), and the welding ef-
ficiency was higher. Additionally, the
weld grains were refined (Ref. 14), and
the strength of the joint could be im-
proved by more than 8% (Ref. 8).
Therefore, its application potential is
as wide as to cover many arc welding
processes. It may find the most attrac-
tive applications in welding other posi-
tions except for flat with the small
welding gun and few process 
parameters. 
     Another effective but less practiced
application of ultrasonic is ultrasonic
treatment of cast alloys. The idea of
improving the quality of cast alloys by
means of elastic oscillations produced
by mechanical vibration or shaking ap-
plied to solidifying steel was first sug-
gested by Chernov in 1878 (Ref. 15).
The effects of ultrasonic on refining
the cast microstructure and removal of
gases and oxides from the melt have
been associated with the occurrence of

acoustic cavitation and streaming in
the liquid metal (Refs. 16, 17). Increas-
ing the applied ultrasonic power gen-
erally resulted in smaller, more round-
ed, and better distributed grains and
intermetallic particles (Ref. 18). 
     The Al-Zn-Mg alloys (7XXX series)
with high strength and low density are
widely used in the aerospace field and
other engineering applications (Refs.
19, 20). In all cases, arc welding is the
primary joining method. The final
properties of the joint are attributed
to the welding procedures, welding
methods, and welding wire. Aluminum
Alloy 7A52 is a medium-strength alloy
of the 7XXX series alloys, which gains
strength from MgZn2 precipitates and
can be fusion welded with few difficul-
ties arising from melting and solidifi-
cation. The microstructure in the fu-
sion zone is related to the fusion ratio,
and there are many problems remain-
ing to be solved, such as coarse grains,
joint softening, and element loss
(Refs. 21, 22). 
     In this paper, the authors propose
the idea of applying the pulsed ultra-

sonic wave to the GMAW process to
better achieve welding the 7A52 alu-
minum alloy. Compared to continuous
ultrasonic, pulsed ultrasonic in pulsed
ultrasonic-wave-assisted GMAW (PU-
GMAW) has the characteristic of high-
er peak power output. The objective of
this study is to prove the concept and
feasibility of PU-GMAW of the 7A52
aluminum alloy.

Experimental Procedure
Material

     Table 1 shows the chemical compo-
sitions of the commercial 7A52 alu-
minum alloy and consumable ER5356
(1.2 mm) with yield strength of 120
MPa and ultimate tensile strength
(UTS) of 260 MPa. The sheet was
sheared into sample sizes of 200  100
 8 mm3. Single V-groove angles (30
deg) were cut using an abrasive water-
jet cutting machine in the plates with
2-mm root faces for a total 60-deg in-
cluded angle between two plates. Be-
fore welding, all of the plates were
cleaned with acetone in order to make
sure the surface was free from contam-
inants. Experimental samples were
fixed tightly into a fixture to ensure a
zero root opening.

PUGMAW Procedure

     The welding setup schematic is

Fig. 1 — Schematic of the welding setup. Fig. 2 — Schematic of the realtime monitoring system.

Fig. 3 — Dimensions of the flat tensile specimens (in mm).

Table 1 — Chemical Compositions of Base Metal (Al 7A52) and Welding Wire (ER5356), (wt%)

Compositions                Zn                    Mg                       Cu                   Fe                    Mn                       Cr                     Si                        Ti                   Al

     7A52                     4.0–4.8            2.0–2.8             0.05–0.2             0.3                0.2–0.5            0.15–0.25            0.25              0.05–0.18          Bal.
   ER5356                       0.1                4.5–5.5                  0.1                  0.4               0.05–0.2            0.05–0.2             0.25               0.06–0.2           Bal.
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shown in Fig. 1. The welding gun was
fixed, and the workpiece moved at a
constant speed. The angle between the
axis of the welding gun and the work-

piece was 90 deg. It consisted of two
parts, the welding system and ultra-
sonic radiation system.The ultrasonic
radiation system included the ultra-

sonic power and ultrasonic transducer.
Synchronous mechanical vibration
generated by the ultrasonic transducer
was radiated to surrounding space in
the form of ultrasonic waves by the ul-
trasonic radiator after being amplified
by the amplitude transformer and sub-
sequently ultrasonic energy acted on
the arc. With reasonable structure de-
sign, the vibration reached maximum
amplitude when the transducer was
resonant (Ref. 23). Different reso-
nance modes could be obtained by ad-
justing the distance between the radia-
tor and workpiece. The periodic cycle
of pulsed ultrasound consists of three
parts: the establishment, stability, and
disappearance of the ultrasonic field. 
     The ultrasonic, with the same exci-
tation frequency of 19.5 kHz, includ-
ing continuous ultrasonic and pulsed
ultrasonic, was generated by the ultra-
sonic transducer using a concave
spherical surface ultrasonic radiator
with a height of 14 mm. The height of
the ultrasonic radiator was determined
by the experiment; the specific
method can be found in Ref. 24. These
geometric parameters of the ultrasonic
radiator were designed to be optimal
by the boundary element method (Ref.
25). For pulsed ultrasonic, the pulsed
current frequency (pulsed frequency)
was 5 Hz. The input power of the ul-
trasonic power source was regulated to
2000 W for both the U-GMAW and the
PU-GMAW. The welding parameters
are listed as follows: the constant volt-
age power supply was used during the
experiments, and the welding process
was performed under direct current
electrode positive conditions. The noz-
zle height was 11 mm. Argon with a
purity of 99.99% was utilized as the
shielding gas and the flow rate

Fig. 5 — Electron temperature for three welding processes.
Fig. 4 — Arc shape and droplets under different welding conditions: A —
GMAW; B — UGMAW; C — PUGMAW.

Fig. 6 — Macroscopic appearances of the weld and EBSD maps of the weld joint center:
A — GMAW; B — UGMAW; C — PUGMAW.
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through the nozzle was 15 L/min. Ex-
periments were performed at a weld-
ing speed of 0.4 m/min, wire feed
speed of 11 m/min, and welding volt-
age of 25.5 V.

RealTime Monitoring System

     A high-speed camera was posi-
tioned toward the welding arc and

vertically to the welding direction to
simultaneously acquire the shape of
the arc and droplet. To characterize
the arc temperature, a spectrograph
was used to acquire the spectrum of
the arc plasma. A computer was used
to simultaneously control the high-
speed camera and the spectrograph,
and manage the information ac-
quired. The schematic of the real-

time monitoring system is shown in
Fig. 2.
     In this experiment, the fiber head
was accurately parallel with the work-
piece and all the spectrum data were
gained under the same acquiring con-
dition. The electron temperature dur-
ing the welding process was calculated
based on the spectral emission of ele-
mental aluminum detected within the
arc. Under the welding conditions, the
local thermodynamic equilibrium
could be satisfied and the electron
temperature was approximately equal
to the excitation temperature (Ref.
26). Therefore, the same kinds of
atoms or ions met the Boltzmann dis-
tribution on two levels (Em and En). For
two close spectral lines of the same
kind of atom or ion, the following rela-
tionship could be obtained:

where I and  are the emission line rel-
ative intensity and wavelength, respec-
tively, A is the transition probability of
electron from upper level m to lower
level n, k is the Boltzmann constant, E
is the emitted energy, and Te and g are
the electron temperature and the sta-
tistical weight of the upper transition
level, respectively. In order to improve
the estimation accuracy, the spectral
lines used for calculation should be
carefully chosen. 

Weld Quality Analysis and 
Mechanical Property Testing
     To evaluate weld quality, the weld
samples were sectioned, mounted,

In
Im

= Angn m
Amgm n

exp –
En –Em
kTe

(1)

Fig. 7 — Distribution of the secondphase particles for different welding processes: A —
GMAW; B — UGMAW; C — PUGMAW.

Fig. 9 — EDS results of the weld joint obtained with GMAW.

Fig. 8 — XRD analysis of the second
phase particles for different welding
processes: A — GMAW; B — UGMAW;
C — PUGMAW.

Table 2 — Mg and Zn Contents (wt%) in Different Welding Processes and Different 
Locations to the Same Weldment

     Processes                               Locations                                    Mg                                  Zn

                                                         Upper                                      03.53                             00.98

        GMAW                                    Middle                                     03.56                             01.02

                                                         Lower                                      03.86                             01.60

                                                         Upper                                      03.54                             02.24

     UGMAW                                  Middle                                     03.51                             02.48

                                                         Lower                                      03.50                             02.62

                                                         Upper                                      03.54                             03.23

    PUGMAW                                 Middle                                     03.95                             03.79

                                                         Lower                                      03.60                             04.10

A B C
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and polished applying standard met-
allographic techniques to provide a
cross-sectional view, and subsequent-
ly etched using a 2% nital etchant for
metallographic study. Microstructur-
al and composition analysis of the
weld metal were performed using op-
tical microscopy (OM), electron
backscatter diffraction (EBSD), scan-
ning electron microscope (SEM), x-
ray diffraction (XRD), and energy dif-
fraction x-ray spectrum (EDS) ana-
lyzers. To test the mechanical proper-
ties of the welds, tensile and micro-

hardness tests were performed. The
tensile test coupons were cut from
the metal sheets using an abrasive
waterjet cutting machine. The tensile
specimens comprising the welded
joints were machined to the required
dimensions (Fig. 3) as per ASTM
E8M-04 guidelines (Ref. 27). Micro-
hardness testing was carried out by
applying a 200-g load and a dwell
time of 10 s followed by optical
measurements of the resulting in-
dentation. 

Experimental Results 
and Analysis

Arc and Metal Transfer Process

     There are three basic metal transfer
modes: short-circuiting, globular, and
spray (Ref. 28). At low current and low
voltage levels, short-circuiting transfer
occurs. At a slightly higher voltage lev-
el, globular transfer occurs. The drop
size is greater than the diameter of the
welding wire, and the detachment is
mainly controlled by gravity.
     When the welding current further
increases to a higher level that is above
a critical value, called the “transition
current,” transfer occurs in the form of
relatively small drops that are trans-
ferred at the rate of hundreds per sec-
ond. This spray transfer becomes the
predominant mechanism. These metal
transfer modes show different arc sta-
bilities, weld formation, spatter levels,
and so on.
     Figure 4 shows the arc and a typical
globular transfer process under differ-
ent welding conditions. The first im-
age shows the end of the last transfer
cycle, at the moment prior to the
droplet detachment, and the last im-
age shows the droplet prior to detach-
ment in the current transfer cycle. 
     When the experiment was carried
out without ultrasonic, the detaching
force, mainly the gravitational force,
was not large enough to balance out
the retaining force for rapid detach-
ment, so the droplet size gradually
grew, and the diameters of the
droplets prior to detachment were

Fig. 10 — Schematic of the test sections of element distribution by
EDS analysis.

Fig. 12 — A — Fracture surface of BM and welding joints; B — GMAW; C — UGMAW; 
D — PUGMAW.

Fig. 11 — UTS, yield strength, and elongation of the base plate
and the joints obtained with different conditions.

A B
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about three times the diameter of the
welding wire — Fig. 4A. As a result,
the metal transfer cycle lasted a long
time, 203 ms. When the continuous
ultrasonic was used, the diameters of
the droplets in U-GMAW were small-
er than their respective counterparts
in GMAW — Fig. 4B. The metal
transfer cycle lasted a short time,
144 ms. Under the action of pulsed
ultrasonic, the most characteristic
feature was the deformation of the
droplet. At first, the droplet size was
small, and the droplet shape was ap-
proximately spherical. 
     When the droplet diameter exceed-
ed the wire diameter, the droplet start-
ed to burst spontaneously — Fig. 4C.
The explosion process lasted until the
end of the transfer cycle. The resultant
droplet shape was approximately
columnar. Although the droplet size
could not be directly measured due to
explosion, the droplet size in PU-
GMAW was apparently smaller than
that in U-GMAW. Since the wire feed
speeds were constant in three welding
processes, the decrease of the droplet
size resulted in a decrease of metal
transfer time and an increase in metal
transfer frequency. The cycle time was
reduced from 144 to 64 ms, while the
metal transfer frequency increased
from about 8 to about 20 Hz. 
     From Fig. 4, it can also be seen that
there is the shortest arc length and the
brightest arc to PU-GMAW. According
to this calculation result from the
spectrum experiment, as shown in Fig.
5, the average electron temperature

for the PU-GMAW arc could reach
17,000 K and was the highest in the
three welding processes. For this rea-
son, it was primarily the result of the
plasma particle agglomeration. It
shows that PU-GMAW was an efficient
and stable welding process. The stabil-
ity could also reduce the spatter and
ejection from the molten metal. This
caused a higher concentration of
molten metal in the plasma region,
which led to an elevated electron tem-
perature in turn. 

Weld Properties

     With the help of analysis and meas-
urement of photographs, compared
with the GMA weld, it could be ob-
served that when ultrasonic was ap-
plied, the weld areas were increased, as
shown in the left side of Fig. 6. Ultra-
sonic could change the arc pressure
distribution (Ref. 13), while the pulsed
ultrasonic further enhanced the force
acted on the the arc and droplet. That
was the reason why the application of
pulsed ultrasonic could increase the
weld area much more severely, while
the dispersion of the arc and the low
additional force acting on the droplet
could not bring a larger melt zone. 
     Selected portions of EBSD maps
taken from the center of different fu-
sion zones are given in the right side
of Fig. 6. The typical solidification
structure consisting of an equiaxed
structure was confirmed for the 7A52
aluminum weld. The significant differ-
ence in grain size was observed for the

joints obtained under different weld-
ing conditions. For the weld grain of
the PU-GMAW joint, the refinement
effect was most obvious in the three
joints. The size of the grains decreased
by the ultrasonic treatment, which
should produce complicated heat flows
and increase the nucleus number by
the cavitation effect. 

Microstructure

     The weld center zone was mainly
composed of an aluminum matrix sol-
id solution, but also the composition
of the wire. The remarkable character-
istic in the microstructures at the
vicinity of the weld area is shown in
Fig. 7. The number density of the pre-
cipitated phase particles in the PU-
GMAW joint obviously decreased com-
pared to that of the conventional
GMAW joint. 
     To identify the variation of the
identities and intensity of the precipi-
tated phases at different processes,
XRD characterization of the welded
joint was performed, and the results
are shown in Fig. 8. The phase parti-
cles mainly consisted of MgZn2 ()
and Al2CuMg (S) phases. The intensity
of the peak of the  phase decreased
with the addition of the ultrasonic, in-
dicating that the -phase particles
were dissolved into the matrix. Simi-
larly, the intensity of the peak of the S
phase reached the maximum for the
GMA weld. It was also suggested that
the S phase particles did not dissolve
into the matrix of the GMA weld. 

Fig. 13 — Microhardness distribution of the weld joint obtained with
different welding processes.

Fig. 14 — A — Film model of weld pool; B —stress analysis of
liquid film.

Fig. 15 — Schematic of the metal composition of the weld pool.

A B
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     Figure 9 shows the microstructure
of the weld joint obtained with the
GMAW process under SEM. The distri-
bution of the main compositional
phases in the microstructure could be
identified. Region 1 was chosen to test
the chemical composition of intra-
granular coarse bulky particles, Region
2 for the intragranular elliptical parti-
cle, Region 3 for the matrix phase, and
Region 4 for the chemical composition
of discontinuous intergranular strip.
The SEM/EDS revealed that the coarse
bulky particles in Region 1 contained
Al, Cu, Mg, and trace Zn, and their
weight percentages corresponded to
51.95, 25.86, 11.59, and 10.60%, re-
spectively. The composition was close
to the stoichiometric of the Al2CuMg
phase (S phase). Thus, it was believed
that the coarse second-phase particles
were S phase, consistent with the re-
sults of XRD.

Element Loss

     It is known that the 7XXX series
aluminum alloy achieves its high
strength from a series of precipitates
such as typical  (MgZn2) and T
(Al2Mg3Zn) (Ref. 29). The content and
gradient of the alloying elements dis-
tinctly change in welds and play a pri-
mary role in the microstructure and
resulting properties. Few studies have
examined the softening mechanism
from the elemental perspective. There-
fore, the alloying elements distribu-
tion was focused. 
     Figure 10 is the schematic of the
test section. From the top to bottom
of the weld axis at intervals of 3 mm, a
region was selected to analyze element
content by EDS.
     Table 2 shows the distribution of
the major Mg and Zn strengthening el-
ements. It can be seen that, in general,
the weld of the PU-GMAW sample has
a higher percentage content of Zn ele-
ment than the weld of GMAW and U-
GMAW. The primary metallic ele-
ments of 7A52 aluminum alloy were Al
and Zn, while ER5356 welding wire
was Al and Mg. On the premise of the
initial alloying elements’ content being
constant, if some elements were re-
duced, it was mainly due to the effect
of strong gasification burning. As the
boiling point of Zn and Mg were 1180
and 1380 K, respectively, well below
the boiling point of 2740 K of Al the

gasification burning of the Al element
was relatively small. The gasification
burning of Zn and Mg elements main-
ly occurred under the welding heat
source. According to experimental re-
sults, it can be speculated that the
GMAW sample produced a more in-
tense gasification burning of the Zn el-
ement, while the pulsed ultrasonic had
a significant inhibition in the gasifica-
tion burning.

Tensile Properties

     In order to evaluate the effect of ul-
trasonic on the mechanical properties
of the welds, tensile testing was per-
formed, including base metal (BM)
and the welded sample. All welded
samples broke in the weld location. 
     Figure 11 shows the experimental
average strength value. The UTS, yield
strength, and elongation efficiency of
the BM were 525 MPa, 471 MPa, and
13.2%, respectively, in the as-welded
condition. The UTS, yield strength,
and elongation efficiency of 375.5
MPa, 322 MPa, and 8.75% as-welded
condition were obtained in PU-GMAW
condition. The GMAW joints showed
the lowest tensile strength (305.9
MPa), yield strength (277.6 MPa), and
elongation efficiency (5.4%). Com-
pared to the UTS, yield strength, and
elongation of the GMAW joint, those
of the PU-GMAW joint increased 23,
16, and 62%, respectively, while those
of the U-GMAW joint only increased
13, 7, and 37%, respectively.
     Fracture surfaces of the BM (rolling
state without recrystallization) and
the different welding joints can be
seen in Fig. 12. A scanning electron
microscope study of the tensile frac-
ture surfaces was done to investigate
the mode of fracture and to under-
stand the effect of ultrasonic treat-
ment on the mode of failure of weld-
ing joints — Fig. 12B–D. 
     Tensile fractured surface of the BM
was mainly composed of cleavage
steps and tearing edges that were
characteristic of transgranular fracture
— Fig. 12A. The mode of fracture was
brittle or locally ductile and in agree-
ment with low (5.4%) elongation effi-
ciency of the GMAW condition. The
fracture surfaces were covered with
fine dimples and large tearing ridges
— Fig. 12B. Comparatively, fracture
surface of U-GMAW joints invariably

showed few elongated dimples of vary-
ing size and shape uniformly distrib-
uted over the surface along with sec-
ondary cracks — Fig. 12C. Dimples
were shallow and more. The mode of
fracture was ductile as evident from
the dimpled fracture surface. These
observations are in agreement with
high elongation efficiency of the joint
(7.4%). Similar behavior was observed
for PU-GMAW joints, which also ex-
hibited a dimpled fracture surface. 
     The fracture surfaces were covered
with deeper and larger dimples, as well
as a few flat regions — Fig. 12D. More-
over, some deep pits with relatively
featureless surfaces can be seen on the
fractured surface, which showed the
highest elongation efficiency (8.75%)
in the as-welded condition.

Microhardness

     Results of the microhardness test
for the joints obtained with GMAW, U-
GMAW, and PU-GMAW were plotted
in Fig. 13. The average microhardness
was evidently lower in the fusion zone
and higher in the heat-affected zone
than that in the BM. Hardness of the
fusion zone was the highest when the
pulsed ultrasonic was used. Thus, cor-
responding to the three kinds of joint
hardness values over the fusion zone
were three groups, which ranged from
HV118 to HV125, HV100 to HV115,
and HV90 to HV100, respectively. The
hardness of the BM was within HV140
and HV160. So the hardness of the fu-
sion zones was about 80, 70, and 65%
of the BM, respectively. After PU-
GMAW, the average microhardness in
the weld obviously increased by 7.4
HV compared with that of the U-
GMAW sample. The variation of the
hardness values also approximately
reflected the precipitation and dissolu-
tion of the second-phase particles dur-
ing welding. 
     The precipitation of the coarse 
second-phase particles from the weld
of the aluminum alloy under the ac-
tion of large heat input without ultra-
sonic agitation reduced the lattice dis-
tortion of aluminum crystal and was
favorable for the movement of the dis-
locations, resulting in the decreased
hardness and producing a wider soft-
ening region. In contrary, the dissolu-
tion of the coarse second phase in-
creased the lattice distortion of alu-
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minum crystal and hence the 
hardness.

Analysis of the 
Ultrasonic Effect

Ultrasonic Effect on the Weld 

     The weld pool was assumed to be a
multilayer film, and stress analysis of
the liquid film on the surface was con-
ducted. Under the action of the exter-
nal force, the film was forced to vi-
brate. The surface microelement was
extracted, as shown in Fig. 14. The
tension in the unit length of film is re-
garded as a constant force (T), p repre-
sents the axial pressure. The arc axial
force acting on surface microelement
can be obtained that

                        FF = pdxdy                      (2)

     This surface microelement consists
of several line microelements with the
length of dx and the width of 1. S is
the displacement in the vertical direc-
tion. The corresponding resultant
force of film in the vertical direction is
then given by

According to Newton’s second law, the
forced vibration equation of the weld
pool can be obtained (Ref. 30):

where  is the mass per unit area.
Equation 4 is integrated into polar
form, and when the boundary condi-
tions meet r = a, S(t,a) = 0 is substitut-
ed into the equation

      S(t,r) = SAejwt (5)

where SA is the vibration amplitude. By
integrating the displacement ampli-
tude, we can obtain the average ampli-
tude of the entire film (SA):

where J0(ka) and J2(ka) are the zero-
order and second-order cylindrical
bessel function, respectively. pA is the
resultant force, including the arc pres-
sure and the droplet impact force. 
     As the determining factor of the
weld pool boundary, SAcan be obtained
the amplitude maxima when ka = Mn

(Mn is a series of root values about
J0(ka)), the resonant of weld pool may
be considered to occur. SA is proportion-
al to pA, the greater the increase degree
of SA is, the larger the weld. When the
ultrasonic is applied to the GMAW
process, the increase of the arc pressure
and droplet impact force will result in
an increase in pA. The arc pressure is as-
sociated with the degree of compression
of the welding arc, the droplet impact
force is closely related to the droplet vol-
ume and the droplet transfer frequency,
while the arc and the droplet are ulti-
mately controlled by the ultrasonic
power, as shown in Fig. 4.

Ultrasonic Effect on 
Element Loss

     Through EDS analysis, we found
that the pulsed ultrasonic had a signif-
icant inhibition in the gasification
burning of the Zn element. Although
the electron temperature of the PU-
GMAW arc is the highest compared
with that of the GMAW and PU-
GMAW arcs, this experimental result
could not just be simply attributed to
the fact that PU-GMAW produced a
more constrained arc and reduced sig-
nificantly weld spatter whereas the
conventional GMAW process did not. 
     From Fig. 6, it can be seen that the
largest weld area is obtained in PU-
GMAW. The total welding heat input is
consistent in three welding processes,
so this means that the heat input per
unit volume is reduced. Additionally,
welding parameters are constant in
three experiments. They are the same
for the melting volume of welding wire
in three weld pools and the most metal
from BM entering the welding pool of
PU-GMAW, while the Zn element is
mainly from the BM of 7A52 aluminum
alloy. The schematic of the metal com-
position of the weld pool is shown in
Fig. 15.
     At last, the effect of ultrasonic
streaming within the weld pool should
also be considered except the mechani-
cal effect of ultrasonic. When the ultra-

sonic is applied to deal with the weld
pool, acoustic streaming induced by the
ultrasonic field is the major form of liq-
uid flow (Refs. 31–33). According to
Darcy’s law, the differential form of liq-
uid flow velocity (U) is then given by

where K is the liquid penetration coef-
ficient, g is the acceleration, P is the
pressure, L is the liquid density,  is
dynamic viscosity, and L is volume
fraction for liquid phase. From Equa-
tion 7, it can be seen the size of veloci-
ty is determined by the input power of
the ultrasonic wave. If the velocity is
large enough so that the time of the
arc directly acting on the elements
could be shortened, it can also effec-
tively reduce the element loss from the
gasification burning.

Ultrasonic Effect on Grain
Refinement

     The acoustic pressure characteris-
tics of pulsed ultrasonic is different
from that of continuous ultrasonic,
the pulse power supply can output
higher peak power, there is the higher
ultrasonic power input weld pool, and
the stronger cavitation can be ob-
tained in the PU-GMA weld pool. The
cavitation can reduce the freezing
point of the melt, increase mobility,
and better refine grain structure.

Conclusion

     The mechanical behavior and the
mechanism were comparatively stud-
ied for arc shape, droplet transfer, and
welds obtained with PU-GMAW in this
paper. The following conclusions may
be obtained:
     1. Under three welding conditions,
the arc length, droplet size, and elec-
tron temperature in PU-GMAW were
the shortest, smallest, and highest, re-
spectively. The cycle time of droplet
transfer was reduced from 203 ms in
GMAW to 64 ms in PU-GMAW, while
the metal transfer frequency increased
from about 3 to about 20 Hz.
     2. By the analysis of weld proper-
ties, it could be found that when ultra-
sonic was applied, the fusion zone area
of the 7A52 aluminum alloy joint in-

U = – K
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creased. The typical solidification
structure consisted of equiaxed grains
in the center of welds and the grains
were significantly refined by the
pulsed ultrasonic treatment.
     3. Welding with a more constrained
arc and stronger acoustic field could
reduce the number density of coarse
second-phase particles (S-phase) and
produce a higher energy density distri-
bution of electron beam acting on alu-
minum alloys, but would not result in
stronger gasification burning of the Zn
element than with the conventional
arc. It is generally thought that the ul-
trasonic streaming plays a pronounced
effect on the redistribution of
strengthening elements.
     4. The joint properties of PU-GMAW
were better than that of the other two
welding processes, and tensile proper-
ties ranking was PU-GMAW > U-GMAW
> GMAW, which was attributed to the
deeper and larger dimples. The average
microhardness of the fusion zones cor-
responded to GMAW, U-GMAW, and
PU-GMAW were about 65, 70, and 80%
of the BM, respectively. With the help of
pulsed ultrasonic, the weld softening
phenomenon was obviously improved.
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