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Abstract
In this study, the effect of dual-pulsed gas metal arc welding (DP-GMAW) parameters such as thermal frequency and current
amplitude on weldability, microstructural evolution, and mechanical properties of AA7075 alloy joint was investigated.
ER53356 filler metal was employed to make AA7075 alloy joints. Thermal frequency in three levels of 1, 2, and 3 Hz was used
during the welding process. And current amplitudes of 9, 27, and 45 A were used in three levels as well. After the DP-GMAW
process, the welded samples were first checked visually, by a liquid penetrant method, to make sure of their welding soundness.
No surface defect or crack was observed. An optical microscope (OM) and a scanning electronmicroscope (SEM) equipped with
energy-dispersive spectroscopy (EDS) were used for microstructural analyses. The hardness of the base metal (BM) and different
areas of the welded parts was measured by a microhardness testing method. Results showed that no visual defects were visible on
the surface of the joints made under different PD-GMAW variables. As well, microstructural analyses showed that increasing the
thermal frequency and current amplitude not only reduced the grain size of the weld metal (WM) and the heat-affected zone
(HAZ) but also increased the hardness of these regions. The most refined structure was obtained by employing 2 Hz as frequency
and 45 A as current amplitude. The average grain size under these conditions was 71 μm and 52 μm, respectively. It was also
observed that increasing the current amplitude had the highest impact in reducing the grain size of the WM. The hardness of the
WM and the HAZ, under the optimum frequency, was 91 HVN and 153 HVN, respectively. These values were 85 HVN and 38
HVN under the optimum current amplitude. Moreover, hardness was increased in the HAZ compared with the base metal in all
welding conditions. Increasing the thermal frequency not only decreased the distance between the ripples but also increased the
number of peak waves created in the fusion line. This was particularly the case in the longitudinal section of the weld and reduced
the distance between these waves. On the other hand, increasing the frequency and current amplitude has led to the reduction of
porosity in the WM. Finally, increasing the frequency from 1 to 3 Hz led to a 33% reduction in the porosity of the WM. This is
while 66% reduction of porosity in the WM was obtained by increasing the current amplitude from 9 to 45 A.
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1 Introduction

In advanced materials, welding techniques, or in other words,
the jointing processes to expand the working application are of
critical importance [1]. Special cares are needed control the
chemical composition, microstructure, and mechanical

performance of the joint for the advanced materials [2]. Of
the methods used for such a joint, arc welding techniques
are very attractive to study the microstructure and mechanical
properties of these materials [3].

AA7075, as a strategic alloy, has been used in some critical
sectors such as aerospace, and recently in automotive, indus-
tries [4]. It has been reported [5] that of the unique character-
istics of AA7075 alloy are the high ratio of strength to weight,
high strength, excellent toughness, and corrosion resistance.
One of the fundamental limitations of this alloy is its poor
weldability, especially by arc welding processes. In other
words, welding of this alloy by arc welding processes has
some serious metallurgical problems in the weldment.
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Defects such as porosity of the weld metal (WM), the presence
of cracks, and rapid reduction of strength in this region are
quite common. Solidification cracks or hot cracking is one of
the fundamental problems in the welding of age hardening
alloy [6, 7].

Besides, swift reduction of the mechanical properties of the
weld zone, compared with that of the base metal, is of critical
welding predicament for this alloy [8]. Mishra and Ma [9]
elucidated the use of friction stir welding processing for the
jointing of this alloy. Moreover, Squillace et al. [10] described
that the mentioned factors make conventional melt welding
processes of the AA7075 aluminum alloy parts relatively in-
effective. Therefore, employing new welding techniques for
the special alloys joint to avoid metallurgical defects is of the
prime focus of researchers [11].

Of the problem encountered in the welding of 7000 series
aluminum alloy is the occurrence of solidification cracks [7]. In
that sense, the presence of copper in the composition of these
alloys, particularly if more than 0.8wt%Cu is added, leads to a
wide melting range and reduction of solidus temperature and
consequently increases sensitivity to crack in in the joint region
under the influence of melting processes. Based on these, two
distinguished regions can be formed during the solidification
process: an area enriched with copper, and a region depleted of
copper. The first region solidifies faster/sooner, and the second
region, due to lower melting point, solidifies slower/later.
Taking into account the difference in the solidification rate at
the interface of solid and liquid, the probability of the occur-
rence of shrinkage stress resulting from the infilling of the weld
metal increases [12]. As well, the presence of magnesium and
zinc leads to liquid evaporation of the melt region. This effect
is due to their low vaporization temperature and high vapori-
zation pressure. Hazler et al. [13] showed that sensitivity to the
solidification crack severely increases under the condition
where 5.5 wt% and 1.5 wt% of Zn and Cu, respectively, exist
in the base metal.

Conventional GMAW process and continuous cooling
GMAW (CCGMAW) process were widely used to join alu-
minum alloys. The type of welding current is of the main
variables in these processes. Moreover, continuous current
and pulsed current are the two fundamental variables in the
GMAW process. Compared with the pulsed current, the con-
tinuous current would lead to a sensible reduction of proper-
ties in the joint. This is while using pulsed current not only
improves the solidification structure of the weld metal by
grain refinement mechanism but also enhances the mechanical
properties of the joint [14, 15].

Yi et al. [16] indicated that among the welding processes,
dual-pulse GMAW (DP-GMAW) process, as another type of
the pulse current, has gained a widespread application in differ-
ent industries for joining aluminum alloys. Da Silva and Scotti
[17] showed that, compared with the P-GMAW process, the
DP-GMAW technique has some advantages such as reduction

of theWMporosity and improvement in crack sensitivity. Also,
among the welding variables, thermal frequency and current
amplitude are the main effective parameters in the DP-
GMAWprocess. They have a significant influence on the prop-
erties of the weldment. Thermal frequency, as the most influ-
ential variable of the DP-GMAW process, substantially chang-
es the arc force and the heat input of the process. It can control
the amount of the latter parameter. As well, Liu et al. [18]
presented that an improvement in the visual appearance of the
welded region, due to the formation of very fine and continuous
structure, is another effect of the thermal frequency.
Alternatively, current amplitude, as another variable of the
DP-GMAW process, is influenced by the average current of
the pulse thermal phase (IF) and the average current of the field
phase (IS). For example, Wang et al. [19] reported that its value
is equal to half of the average current phase of the initial pulse
minus the average current of the field phase. This variable con-
trols the average cooling rate under the fixed heat input.

Various studies were performed to assess the effect of pulse
current parameters on the properties of the weldment. Based
on the findings of Mendes da Silva and Scotti [20], DP-
GMAW not only reduces the porosity of the WM but also
lowers the tendency for the solidification crack. Grain refine-
ment in the WM, under the DP-GMAW technique, is one of
the mechanisms that was introduced regarding the improve-
ment or prevention of the occurrence of solidification crack-
ing. A refined grain structure generates lower tensile strain
during the solidification contraction due to its higher percent-
age of grain boundary areas in a unit volume [17]. On the
other hand, the refined grain structure can better adapt itself
with the contraction strains. Another view is that a change in
the direction of the grains in a refined structure stops the
growth of the solidification cracks [15]. Therefore, as the
growth path of the cracks is continually changing, the cracks
cannot continue their growth.

In another study, Yao et al. [21] compared the two process-
es of DP-GMAW and P-GMAW. They reported an improve-
ment of metallurgical/mechanical properties of the weldment
produced by DP-GMAW process. Higher hardness and better
tensile properties of the weldment in aluminum alloys were
among the benefits of this welding technique. Also, based on
the findings of Nakata et al. [22], in employing DP-GMAW
process, the rate of corrosion crack of the WM of A7N01
aluminum alloy was reduced. As well, Yamamoto et al. [23]
investigated the grain size reduction of the WM under the
influence of thermal frequency. Their findings showed that
the average grain size of the WM was reduced by increasing
the thermal frequency of the process.

Current amplitude, as another important parameter of the
DP-GMAW process, is highly influential for the properties of
the weldment. In a study conducted on the effect of current
amplitude, it has been shown that increasing the value of this
parameter reduces the grain size of the WM. Furthermore,
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microstructural refinement of the WMwas achieved under the
influence of higher current amplitude when other welding
parameters were kept constant [19].

In addition, Wang and Xue [24] illustrated that the reduc-
tion of the heat input, and also increasing the shrinkage, and
the expansion of the weld pool are of the consequences of
increasing the current amplitude. In terms of the effect of the
current amplitude on the amount of porosity in the weldment
of AA7075 alloy during the dual-pulsed arc welding process
weldment of AA7075 alloy, no in-depth analysis can be found
in the literature.

Porosity is one of the most known defects when fusion-
based methods are used for aluminum alloy [25]. This defect
can substantially deteriorate the mechanical properties of the
weldment. Extensive researches were done to eliminate or
reduce this defect and to define the reasoning for its occur-
rence. The strategies used in that respect included shielding
gas optimization [26], using two-beam technology [27], using
a modulated laser power system [28], using an oscillating laser
beam [29, 30], and the generation of Lorentz forces in the
weld pool [31].

Although numerous studies were conducted on the effect
of process parameters of the DP-GMAW process on the prop-
erties of the weldment of various aluminum alloys, no analysis
was performed to explain the impact of these process param-
eters on the welding characteristics of AA7075 alloy. As well,
the effect of dual-pulsed arc welding technique parameters on
the width of the columnar zone is another point that has not
been paid attention to date and is the subject of this study. It is
essential to mention that the occurrence of weld metal porosity

is one of the problems encountered in pulsed process welding.
To the best of the authors’ knowledge, this issue has not been
explored in detail and is, therefore, one of the main focuses of
the current study. Thus, this study aims to examine the effect
of DP-GMAW process parameters, such as thermal frequency
and current amplitude, on some the properties of AA7075
alloy such as weldability, microstructural evolution, and hard-
ness. In a sense, this study intends to achieve optimum prop-
erty combinations by changing the main parameters of the
DP-GMAW process.

2 Materials and experimental procedure

The base metal used for the DP-GMAWwelding process was
an AA7075 aluminum alloy. Figure 1 shows the microstruc-
ture of the base metal used in this study.

An ER5356 filler metal with the characteristic of AlMg5
and with the diameter of 0.5 mm was used for the welding
process. The chemical compositions of the base metal and the
filler metal are given in Table 1. Table 2 also gives the stan-
dard mechanical properties of the AA7075 alloy in the T6
aged condition.

Samples were cut to the dimensions of 150*100*5 mm. A
single V joint design with the approximate bevel angle of 36°
was made on the samples. The shape was created by a milling
machine with a diamond blade. To complete the preparation
step, and to make a uniform surface, the joints were further
refined manually by a grater. Before the welding process, all
joints were first degreased and then cleaned by acetone solu-
tion. And, a final oxide removal was applied as well. A sche-
matic of the joint is shown in Fig. 2.

The welding process was performed by a DP-GMAWma-
chine, with the characteristic of DIGI MIG-502, equipped
with a cooling system. Argon gas with the purity of 99.99
was used as the protecting atmosphere. The welding parame-
ters employed are given in Table 3. Also, Fig. 3 shows a

Fig. 1 The microstructure of the base metal; AA7075 alloy

Table 1 Chemical compositions
of AA7075 alloy and ER5356
filler metal

Zn Mg Cu Mn Fe Si Cr Ti Al

AA7075 6.21 2.17 1.66 0.07 0.194 0.08 0.191 0.0196 Balance

ER 5356 0.04 4.86 0.01 0.15 0.12 0.06 0.06 0.08 Balance

Table 2 Standard mechanical properties of the AA7075 alloy in T6
aged condition [32]

Elastic
modulus
(GPa)

EL
(%)

Yield
strength
(MPa)

Ultimate tensile
strength (MPa)

Hardness
(VHN)

71.7 11 572 503 175
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schematic of the welding wave and the parameters of the DP-
GMAW process used for different samples.

As well, a back purging gas was continuously used, similar
to the configuration shown in Fig. 4, with the flow of 20 lit/
min to protect the back of the piece against oxidation.

The microstructures of the welded joints were studied by
using an optical microscope (OM), a field emission scanning
electron microscope (FE-SEM) equipped with energy-
dispersive spectroscopy (EDS), and with a detector of
EDAX EDS Silicon Drift made in the USA. All grains were
counted in each OM micrograph and sorted based on the av-
erage diameter of the grains. The values obtained were report-
ed in the form of histograms as true values. As well, the
amount of porosity in every weld was measured based on
the counting of the number of porosities in the transfer section
of the weld.

Microhardness tests were done on the samples that were
analyzed for microstructural studies. For this purpose, The
Vickers microhardness measurements were performed by
using a Shimadzu microhardness apparatus. A 50-gr N load

was applied for 10 s on the WM, HAZ, and the base metal.
The average of five measurements was reported for the hard-
ness tests to make sure of the repeatability of the tests.

3 Results and discussion

3.1 Visual feature of the weld

Figure 5 shows the feature of the WM made under the influ-
ence of various thermal frequencies. As can be seen in this
figure, theWMs do not display any defects. The visual feature
of the welds was transformed under the influence of the ther-
mal frequency in a way that reduction in the frequency has led
to an increase in the distance between the weld ripples. This
was more pronounced as the thermal frequency decreased
from 3 to 1 Hz. Moreover, it is observed in analyzing the
macrostructure of the longitudinal section of the WM that
the thermal frequency changes lead to the interface variation

Fig. 2 A schematic of the joint design made for the DP-GMAW process

Table 3 Welding parameters of the DP-GMAW process employed to join AA7075 alloy

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Welding current mode DP-GMAW DP-GMAW DP-GMAW DP-GMAW DP-GMAW

Thermal frequency (Hz) 1 2 3 1 1

Current amplitude (A) 9 9 9 27 45

Voltage (V) 17.9 17.9 17.9 17.9 17.9

Average current (A) 90 90 90 90 90

First phase time (S) 0.5 0.5 0.5 0.5 0.5

Second phase time (S) 0.5 0.5 0.5 0.5 0.5

Average current of the first phase (A) 99 99 99 117 135

Average current of the second phase (A) 81 81 81 63 45

Welding speed (mm.s−1) 4 4 4 4 4

Contact tube to work distance (mm) 8–10 8–10 8–10 8–10 8–10

Fig. 3 The shape of the wave and the variables of the DP-GMAW pro-
cess [20]
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of the weld metal and the base metal as well. This interface is
called the fusion line. Under such circumstances, the weld-
ment has become wavy in a way that with increasing the
frequency, in addition to an increase in the number of waves
(peaks), the distance between these peaks is reduced. As the
welding current in the first phase (thermal pulse phase or TP)
is way higher than the second phase (thermal base phase or
TB), the highest diffusion depth of the WM occurred under
this condition. On the other hand, the highest peak was seen in
the thermal base phase. In Fig. 5, the average values for the
distance between the peaks and the valleys were 3.3, 1.3, and
0.5 μm for the frequencies of 1, 2, and 3 Hz, respectively.

3.2 Microstructural analysis

The microstructures of the weldment under different thermal
frequencies are shown in Fig. 6.

It is known that the metal undergoes rapid solidification by
increasing the thermal frequency, which in turn leads to the
occurrence of surface nucleation, i.e., heterogeneous nucle-
ation. This is due to a sudden and fast decrease of the heat
input in a very short period of time. Besides, the reduction of
the temperature of the melt pool aids the nucleated embryo to
remain in the pool [33]. Therefore, the preferred locations of
the nucleation get more directionality with increasing the fre-
quency. This would lead to further grain refinement, as ob-
served in Fig. 6a, b, and c. Another important point to consider
in relation with increasing the frequency of the melt pool is the
fact that the weld pool is alternatively agitated under the in-
fluence of frequency. As a result, this agitation of the melt
pool increases with increasing the frequency. This effect leads
to a substantial heat transfer from the melt pool. This phenom-
enon results in a higher solidification rate under the condition
of higher frequency. It also results in better control of grain
growth [34].

Goyal et al. [35] reported, in their investigation of the in-
fluence of pulse parameters on the characteristics of bead-on-
plate weld deposits of aluminum and its alloys, that as the
electric arc is the cause of heat creation, the behavior of the
arc under the condition of increasing frequency will subse-
quently oscillate. Also, Engler and Hirsch [36] showed that
such a phenomenon leads to better grain refinement in addi-
tion to the removal of the bubbles from the WM, hence for an
improvement of the quality of the weldment. As well, when
the intrinsic oscillation frequency of the weld pool and the
thermal frequency of the DP-GMAW reach an equilibrium
state, the resonance of the weld pool will be the highest which
leads to the best grain refinement condition. Based on the

Fig. 4 The protection unit to apply back purging gas

Fig. 5 Visual feature of the WM
and the longitudinal section of the
weldment under different thermal
frequencies. a 3 Hz. b 2 Hz. c1 Hz

1419Int J Adv Manuf Technol (2021) 113:1415–1429



observations of this study, 2-Hz frequency provides the
highest amount of grain refinement in the structure among
the cases studied. This is due to the closeness of the intrinsic
oscillation frequency of the weld pool and the thermal fre-
quency of the process as such. Jin et al. [37] observed that in
this thermal frequency level, the WM is in equilibrium with
the intrinsic oscillation frequency of the weld pool. Figure 7
demonstrates the grain size histogram under various thermal
frequencies.

The partially melted zone (PMZ) is among the regions that
have undergone transformation under the influence of differ-
ent parameters of the pulse current. This region shows a coarse
columnar structure and is located in between the WM and the

HAZ. Fig. 6d, e, and f show the interface of the WM, the
HAZ, and the PMZ under the influence of thermal frequency.
As can be observed in these figures, increasing the frequency
from 1 to 3 Hz significantly reduced the length of the colum-
nar region in the interface of the melting region. In other
words, increasing the frequency prevented the spread of the
columnar region. Consequently, it led to the narrowness of the
columnar region under such a circumstance. The total area of
the columnar zone under the frequencies of 1 Hz, 2 Hz, and
3 Hz were 267 μm, 202 μm, and 181 μm, respectively.

It is also known that the amount of heat input is the main
factor in changing the HAZ area and causes microstructural
changes in this region [38]. Therefore, no discernible

Fig. 6 Microstructures of the
weldment. a WM-1Hz. b WM-
2Hz. c WM-3Hz. d Interface-
1Hz. e Interface-2Hz. f Interface-
3Hz
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difference was observed in the HAZ region. The average grain
size of this region under the frequency of 1 Hz, 2 Hz, and 3 Hz
were 59 μm, 54 μm, and 55 μm, respectively. In a sense, the
microstructural changes occurring in this region were not sig-
nificant. Wang et al. [39], in their study of the effect of thermal
frequency on AA6061 aluminum alloy, illustrated that this is,
in fact, due to the negligible impact of the thermal frequency
on the heat input.

Figure 8 shows the microstructure of the weldment un-
der the influence of the current amplitude. It is observed
that the grain size of the WM was reduced by increasing
the current amplitude. This can be deduced from the com-
parison of Fig. 8a, b, and c. In fact, the current amplitude is
affected by the average current of the thermal pulse phase
(IF) and the average current of the thermal base phase (IS).
Since the current is high, the thermal pulse phase (TP)
would show a higher arc force.

On the other hand, Rokhlin and Guu [40], in their study of
the arc force, pool depression, and weld penetration, reported
that, due to the current being low, the thermal base phase (TB)
has the lowest amount of arc energy due to the low current.
Therefore, the thermal pulse phase (TP) has a much higher
impact function compared with the TB phase. Additionally,
under this condition, the surface of the melt pool periodically
experiences oscillations. As a result, the agitation created by
these oscillations causes a substantial amount of heat transfer
out of the melt pool. This phenomenon increases with increas-
ing the current amplitude.

Consequently, this phenomenon affects the solidifica-
tion process and delays grain growth. Wang et al. [39]
introduced these reactions as scouring and shearing.
These phenomena lead to the breakdown of the grains.
And the broken grains act as nucleation sites the forma-
tion of new grains.

Another aspect of this phenomenon is the increase in the
solidified area due to the rise in the current amplitude, where
this parameter remarkably increases the solidification rate. In
fact, the current amplitude controls the cooling rate under
constant heat input. Wang [41] reported that increasing the
cooling rate reduces the solidification time, due to its effect
on increasing the average cooling rate, and, at the same time,
stops the grain growth. The results of this research showed
that the best condition was obtained for the current amplitude
of 45 A in a way that it reduced the grain size for 57% com-
pared with the current amplitude of 9 A. The histograms of
Fig. 9 show the grain size variation at different current
amplitudes.

The columnar PMZmicrostructure was also affected by the
changes in current amplitude. Decreasing the area of the co-
lumnar zone was another consequence of increasing the cur-
rent amplitude. The areas of the columnar zone under the
current amplitudes of 9 A, 27 A, and 45 A were 267 μm,
250 μm, and 149 μm, respectively. Moreover, the welded
samples under the current amplitudes of 27 A and 45 A
contained fined cellular zone (FCZ). They are shown by ar-
rows in Fig. 8e and f. It is important to mention that this
change in the microstructure was more severe under the cur-
rent amplitude of 45 A.

Based on the microstructural assessment, no solidification
cracking was observed. Such a crack is a common problem in
the arc welding process of this alloy, as was observed. In terms
of the improvement mechanisms or prevention for the occur-
rence of solidification cracks, a substantial reduction of grain
size in the weldment was proposed as one of the influential
factors in the DP-GMAW technique. A refined grain structure
produces lower tensile strains during the solidification shrink-
age as a result of a higher amount of grain boundary area per
unit volume [42]. In other words, a refined grain structure can
better withstand contraction strains. Another view proposed
by Wang et al. [19] deals with the changing directionality of

Fig. 7 Variation of the average grain size of the WM under different
thermal frequencies. a 1 Hz. b 2 Hz. c 3 Hz
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the grains in the refined structure, which prevents the growth
of the solidification cracks. Therefore, cracks cannot continue
their propagation due to the constant change in their growth
direction. A significant difference between the current find-
ings and the literature is the substantial reduction in the grain
size of the weldment under the DP-GMAW process compared
with the techniques such as continuous current (CC)-GMAW
and pulsed (P)-GMAW. This can be particularly noticed by
comparing the current results with the findings of
Balasubramanian et al. [14, 15].

3.3 SEM results and EDS analysis

Figure 10 shows the SEM micrographs of the microstructure
of the joint region. The microstructure of theWMconsists of a
casting structure together with the eutectic structure distribut-
ed in the grain boundary areas. Also, the HAZ has kept its
rolling structure. Evidently, the precipitates are well-
distributed in the grain boundary areas and within the matrix
as such. As well, the distribution of the precipitates in the
microstructure of the BM is observed in this figure.

Fig. 8 Microstructural changes in
the weldment. aWM-9A. bWM-
27A. cWM-45A. d Interface-9 A.
e Interface 27 A. f Interface 45A
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EDS analyses were performed for the three regions of BM,
HAZ, and the WM generated from ER5356. Figure 11 shows
the results of these EDS analyses for the BM. It is important to
mention that the low value of Si, shown in the figure, is
unreliable.

As MgZn2 (M phase), CuAl2, and Al7Cu2Fe precipitates
are the three primary precipitates in strengthening the AA7075
alloy, these precipitates were widely seen in the microstruc-
ture. As well, Mg2Si precipitates are quite common in this
type of alloy. Moreover, the black areas, that is extensively
distributed in the structure, are indicators of the presence of
Zn-, Si-, andMg-enriched precipitates. They confirm the pres-
ence of MgZn2 and Mg2Si in the structure. Moreover, the
brighter areas in the microstructure, which are quantitatively
lower in the structure, are related to CuAl2, Al7Cu2Fe, and
possibly Al2Mg3Zn3 (T phase) precipitates. This latest precip-
itate is mostly distributed in the metal matrix. Indeed, the
highest amount of Cu to form CuAl2 precipitates was
1.6wt%, whereas higher amounts of Zn and Mg are present
in the structure to form MgZn2 precipitates. As well, at point
A, the weight percent of Al and Cu elements is substantially
higher than other alloying elements, hence for the likelihood
of the presence of CuAl2 and Al7Cu2Fe precipitates.
Therefore, this structure is indicative of the existence of Cu-
and Zn-enriched precipitates, i.e., MgZn2 enriched with Cu.

Additionally, at point B, in addition to Al, significant
amounts of Si, Zn, and Mg were seen which is suggestive of
the presence of Al-Zn-Mg-Si-enriched precipitates, i.e., α
type precipitates. It is important to mention that the transmis-
sion electron microscope (TEM) analysis is necessary to de-
fine the phase composition and the type of precipitates pre-
cisely. Such analysis was beyond the scope of this study as the
current effort was focused on understanding the effect of
welding parameters.

Fig. 9 Variation of the average grain size of the WM at different current
amplitudes. a 9 A. b 27 A. c 45 A

Fig. 10 SEM micrographs of the microstructure of the joint region
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Figure 12 shows the EDS analysis of the WM. It is impor-
tant to mention that the low value of Si, shown in the figure, is
unreliable. At point A, after Al, Cu, and Mg show highest
amounts with 12.3 wt% and 4.24 wt%, respectively. This
points to the presence of Al2Cu(Mg) type precipitates in the
microstructure. The amount of Si at this point is relatively low.
While in black point such as B on the grain boundaries, that
has about 90.53wt% Al, the amounts of Zn and Mg are
6.32 wt% and 3.14 wt% respectively. This is indicative of
the presence of Zn- and Mg-rich precipitates, i.e., strengthen-
ing precipitates. No amount of Cu was detected in the grain
boundaries showing that Cu containing precipitates were not
found in these regions. Point C, in the figure, which is essen-
tially on the eutectic phase, is enriched with elements such as
Al, Zn, Mg, Si, and Cu. Among these elements, Si has the
highest amount after Al, hence for the likely presence of α
phase along with the eutectic phase of AlCuMgZn character-
istics. Finally, point D is rich in Mg and Al. It also covers a
large area and is indicative of the matrix composition. It is
important to mention that Zn and Mg are present in most of
the WM places [43].

Figure 13 gives EDS point analyses of three regions in
the HAZ. It is important to mention that the low value of
Si, shown in the figure, is unreliable. At point A, which is
close to the grain boundary, there are 70.53%, 11.52, 9.51,
and 4.2% for Al, Fe, Cu, and Zn, respectively. Point B
contains elements such as Al, Cu, Zn, and Mg that are
sequentially the highest concentrations. This point features
a remnant of eutectic phase. The matrix structure of point C
contains Al, Zn, and Mg elements. Based on the results of
the analysis of different locations of HAZ, Al, Zn, and Mg
are mostly present in this region.

3.4 The effect of frequency and current amplitude on
the porosity of the weld metal

Another significant phenomenon that is observed during
the DP-GMAW process is the reduction of the porosity
of the WM. Increasing the agitation or shaking of the weld
pool is the primary mechanism for the porosity reduction
of the WM [44]. Moreover, based on the findings of Pal
and Pal [33, 45], the DP-GMAW process can be very

Fig. 11 SEM micrograph and
EDS analyses of the BM in T6
heat-treated condition for the
AA7075 alloy. a SEM
micrograph of the BM. b EDS
analysis of point A. c EDS
analysis of point B
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beneficial in reducing the porosity of the WM. Therefore,
in this study, the effect of two critical parameters of the
DP-GMAW process on the average porosity of the WM
was assessed. Figures 14 and 15 show the average porosity
of the WM at different amounts of thermal frequency and
the current amplitude, respectively. The average diameter
values of porosities were measured for each sample, which
were 53, 26, and 19 μm for the frequencies of 1, 2, and 3,
respectively. Also, these values for the current amplitudes
of 9, 27, and 45 A were measured as 55, 40, and 47 μm.

Based on these results, increasing the thermal frequen-
cy has led to a substantial reduction in the porosity of the
WM. In fact, by increasing the frequency from 1 to 2 Hz,
the porosity reduction of the WM was more sensible than
increasing the frequency from 2 to 3 Hz. It is important to
mention that hydrogen bubbles were the primary source
of the porosity in the WM. Therefore, a significant

amount of hydrogen bubbles found an opportunity to exit
from the pool by increasing the frequency and subse-
quently by maximization of the agitation of the weld pool,
thus for the lower amount of trapped porosity in the WM.
The findings of this study are well-matched with the re-
sults reported by Wang and Xue [24].

Current amplitude, as another crucial parameter of the
process, affects the amount of porosity in the WM. Since
the agitation created under the condition of increasing the
current amplitude was more than the turmoil created by
increasing the thermal frequency, the reduction in the av-
erage porosity under this circumstance was more pro-
nounced. Based on the results obtained in this study, the
current amplitude of 27 A provides the lowest level of
porosity in the WM. In a sense, increasing the current
amplitude was more beneficial in reducing the porosity
of the WM compared with increasing the thermal

Fig. 12 SEM micrograph and
EDS analyses of the WM
showing the composition of
different locations in terms of the
presence of precipitating alloying
elements. a SEM micrograph of
the WM. b EDS analysis of point
A. c EDS analysis of point B. d
EDS analysis of point C. e EDS
analysis of point D
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frequency. On the other hand, a further increase in current
amplitude from the value of 27 A results in an increase in
the amount of porosity in WM. This is due to the fact that,
as discussed earlier, the cooling rate increases by increas-
ing the current amplitude. Therefore, there would be less
time available for the gas bubbles to escape from the weld
pool. Using the average diameter of the porosities and
their numbers, the average area of the porosities was cal-
culated for each sample. Results showed that the trend of

changing the area of the porosities is well-matched with
the trend of number variation.

3.5 Mechanical properties

In terms of the mechanical properties, the effect of changing
thermal frequency and current amplitude of the DP-GMAW
process was studied on changing the hardness of the WM,
HAZ, and BM. Figures 16 and 17 show the effect of thermal
frequency and current amplitude on the hardness variation of
the weldment of AA7075, respectively. Also, Table 4 gives

Fig. 13 SEM micrograph and
EDS results for the chemical
composition analysis of the HAZ
zone of S1 sample. a SEM
micrograph of the HAZ zone. b
EDS analysis of point A. c EDS
analysis of point B. d EDS
analysis of point C

Fig. 14 The effect of thermal frequency of the DP-GMAWprocess on the
porosity of the WM

Fig. 15 The effect of the current amplitude of the DP-GMAW process on
the porosity of the WM
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the hardness variation of the weldment at different thermal
frequency and current amplitude.

The results of the hardness test indicate that hardness de-
creases by moving from the BM towards the WM. The first
mechanism to propose for such a decrease in the hardness of
the WM is the grain growth in this region. Based on the Hall-
Petch equation (σ ¼ σi þ k

ffiffiffi

D
p ), such a reduction is not uncom-

mon. Moreover, the filler metal used for the AA7075 joints
was an AlMg5-type alloy. Therefore, the existence of this
difference in the chemical composition makes it impossible
for the filler metal to provide the required alloying elements to
match with that of the AA7075 composition [46]. As well,
part of the alloying elements vaporizes during the welding
process. In other words, it is the reason for the reduction in
the hardness of the melted region of this alloy [47]. They
showed that the segregation of alloying elements such as Zn,
Mg, and Cu in the grain boundaries, during the melting and
solidification process, is the leading cause of such a reduction
in hardness.

Based on Fig. 16, the HAZ has higher hardness compared
with the BM. About 13% increment in hardness was observed

in this region. Also, under the thermal frequency of 2 Hz, the
highest amount of hardness was obtained in the WM. The
hardness increment of the HAZ can be explained by the for-
mation of very fine grains due to the recrystallization phenom-
enon occurring under the influence of welding sequences. The
results of this study were in accordance with the results of
Wang et al. [19]. As well, the results are also matched with
the findings of Ishak et al. [43]. The average grain size in the
HAZ region was even lower than the grain size in the BM.
Also, in assessing the effectiveness of the current amplitude
on the hardness of the weldment in Fig. 17, the highest amount
of hardness was obtained in the HAZ region. Moreover, the
highest amounts of hardness for the HAZ and the WM were
obtained under the current amplitude of 45 A. In that sense,
about 8% increase in hardness was obtained in these two re-
gions compared with the BM.

4 Conclusions

The following conclusions were drawn by studying the effect
of the DP-GMAW process parameters during the welding of
AA7075 alloy. The parameters included thermal frequency
and current amplitude. Their impact on the weldability, mi-
crostructural evolution, and mechanical properties were inves-
tigated. The following conclusions were drawn:

1. Results showed that the variation of thermal frequency
leads to the variation of the fusion line. In that sense, an
increase in the thermal frequency led to the closeness of
the ripples in the weld metal and reduced the distance
between the peaks.

2. The microstructure of the partially melted zone (PMZ)
showed a coarse columnar structure which was located
between the WM and the HAZ regions. Increasing the
frequency from 1 to 3 Hz and also increasing the current
amplitude from 9 to 45 A significantly reduced the length
of the PMZ.

3. During the DP-GMAW process, cracking was not ob-
served in the joint area at thermal frequencies of 1, 2,
and 3 Hz, and current amplitude of 9, 27, and 45 A.
This was ascribed to the substantial reduction of grain size
in this region. Results showed that there is an optimal
value of 2 Hz for the thermal frequency, and 45 A for
the current amplitude to obtain the finest grain size.

4. Increasing thermal frequency and current amplitude re-
duced the porosity of the WM. Among these parameters,
the current amplitude was more effective in reducing the
porosity of theWM. It was found that there is an optimum
value of the current amplitude to achieve minimum

Fig. 16 Hardness variation of the weldment of the AA7075 alloy under
different thermal frequencies

Fig. 17 Hardness variation of the weldment of the AA7075 alloy under
different current amplitudes
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porosity. A further increase in current amplitude from this
optimum value led to a rise in the amount of porosity.

5. Results showed that, compared with the BM, about 13%
increment in hardness was achievable in the HAZ. On the
other hand, the highest amount of hardness in the WM
was obtained under the thermal frequency of 2 Hz.

6. Increasing the current amplitude increased the hardness of
theWM. The highest hardness values for the HAZ and the
WM were obtained under the current amplitude of 45 A.
In that regard, compared with the BM, about 8% increase
in hardness was obtained in the HAZ and the WM
regions.
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