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Abstract: The porosity, pore size and softening of 6063 aluminum alloy CMT MIX + Synchropulse welded joint with
different welding speeds were studied. The results show that with the increase of welding speed (from 55 to 65 cm/min),
the porosity increases dramatically (from 0.1% to 3.9%) and large pores (341.1 um) appear. The pore size distributions
are mainly concentrated at 87.8 and 20.6 um in the joints produced from weld speeds of 65 and 55 cm/min, respectively.
The dissolution and transformation of the " phase in the base metal (BM) result in a significant softening of both the
fusion zone and heat-affected zone, and the latter was more serious. The effects of welding speed on the average tensile
strength of the full penetration welded joints are minor, which was about 155 MPa (67.4% that of the BM).
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1 Introduction

With the increasing pressures of energy
conservation and environmental protection,
lightweight of automobile has become one of the
most effective ways to alleviate these problems [1].
Aluminum alloys have a wide range of applications
in automotive manufacturing due to their low
density (about 1/3 of steel), high strength, fair
corrosion resistance and good capability plastic
molding [2,3]. The joining of various components
of the wvehicle inevitably involves welding
technologies, and the quality of welding directly
influences the safety of the whole structure. The
high thermal conductivity, high solidification rate,
high thermal expansion coefficient and large
solidification temperature range of aluminum alloy
tend to produce a series of welding problems in the

welding process of aluminum alloys, such as pores,
thermal cracks, and softening [4,5]. Many studies
were committed to solving these problems, and a
series of new welding processes, such as cold metal
transfer (CMT) [6] and sold state friction stir
welding (FSW) [7], have been developed for
welding aluminum alloys in recent years.

Cold metal transfer (CMT), invented by
Fronius at the beginning of the 21st century, has
become a significant technology in welding
aluminum alloys due to its “cold” characteristics [8].
It is well known that the heat input is particularly
critical for welding aluminum alloys. The softening
and thermal deformation are more serious when the
heat input is higher. However, the thickness of the
aluminum alloy made for automotive structural
parts has to be increased in certain cases so that
the heat input (welding current) is increased
accordingly. Many studies have shown that the
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droplet transfer became unstable and resulted in
welding defects when the welding current exceeded
100 A, leading to the traditional CMT process no
longer suitable for welding aluminum alloy plate
with thickness >2 mm [9]. Thus, the CMT + Pulse
welding process was developed, which greatly
increased the range of controllable heat input while
maintaining the stability of droplet transfer,
spatter-free and excellent metallurgical connection.
PANG et al [10] compared CMT + Pulse process
and traditional CMT process and revealed that the
CMT + Pulse process generated higher heat input
and had higher stability. CONG et al [11] found that
CMT + Pulse process could significantly reduce the
number and size of pores as compared with CMT
process. However, the porosity, and softening of
fusion zone (FZ) and heat-affected zone (HAZ) of
the CMT + Pulse aluminum alloy welded joint were
still observed. In our previous study [12], we found
that the porosity and pore size of FZ with Si-rich
welding wire (ER4047) were higher than those of
Mg-rich welding wire (ER5183). The high porosity
and large size pores reduced effective carrying area
of the FZ and thus reduced the performance of
the welded joints. However, when the porosity
increased, it was not clear whether the welded joint
fractured in the FZ or HAZ.

In addition, the CMT MIX + Synchropulse
welding technology, as a new welding process, was
rarely studied. There were few reports about the
interactive effects of porosity, fusion zone softening
and heat-affected zone softening on the strength of
aluminum alloy weld joints, and the mechanism of
the above three factors on the mechanical properties
of welded joints was still unclear. Therefore, the
CMT MIX + Synchropulse welding technology was
used to weld 6063 aluminum alloys with the
ER4047 filler. The relationship among the porosity,
pore distribution, softening and mechanical
properties was discussed. It was expected to
provide a new idea for welding aluminum alloys
and a necessary theoretical basis for further
improving the service performance of aluminum
alloy welded joints.

2 Experimental

2.1 Materials

The 6063-T6 aluminum alloy plates were used
as base metals (BM) in this work, and the size of
the welding sample was 150 mm x 100 mm x 3 mm.
The chemical composition and mechanical
properties of the BM are given in Tables 1 and 2,
respectively. The welding wire used in this work
was ER4047 (Al-Si) with a diameter of 1.2 mm,
and its chemical composition is also given in
Table 1. Figure 1 shows the microstructure of the
BM. As shown in Fig. 1(a), the BM microstructure
is a typical extruded microstructure with uneven
grain size. There are two obvious second phases in
the BM, namely, the white long strip phase and the
black fine precipitated phase, as shown in Fig. 1(b).
Furthermore, through the quantitative analysis of
EDS, it is inferred that the white phase is AlFeSi
phase and the black phase is f-Mg,Si, which are
derived from Table 3.

2.2 Methods

The welding machine used in the present work
is TPS 500i produced by Fronius, Austria. The
welding control system is a Kawasaki E series
six-axis linkage robot. The surface of the sample
was polished with 400" sandpaper, and cleaned with
99.9% alcohol before welding. The sample was
then dried by cold air, and the welding experiment
was completed within 30 min. The schematic
diagram of the welding process is shown in Fig. 2.
The type I butt welding (no gap) was adopted for
welding. The protective gas is 99.99% argon, and
the angle between the welding gun and the
horizontal direction is 60°. The detailed welding
parameters are given in Table 4. In this work, three
welding speeds (55, 65 and 75 cm/min) were used
to adjust the heat inputs.

In order to observe the microstructure and
morphology of the welded joint, the cross sections
of the metallographic samples of the welded joint
were obtained by wire-electrode cutting. Then, the

Table 1 Chemical composition of 6063 aluminum alloy and ER4047 welding wire (wt.%)

Material Mg Si Zn Fe Cu Mn Cr Ti Al
6063 0.525 0.412 0.002 0.09 0.002 0.002 0.001 0.014 Bal.
ER4047 <0.1 11.0-13.0 <0.2 <0.6 <0.3 <0.15 - <0.15 Bal.
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Table 2 Mechanical properties of 6063 aluminum alloy

: Yield Tensile Elongation/
Material
strength/MPa strength/MPa %
6063 172.0 230.0 13.5

Fig. 1 Microstructures of 6063 aluminium alloy:
(a) Anodic coating and metallographic image; (b) SEM
image

Table 3 EDS analysis results of corresponding positions
of base metal

) Content/at.% Possible
Location
Al Mg Si Fe phase
Point 1 100 - - - a(Al)
Point 2 87.41 0.55 6.63 540 AlFeSi
Point 3 72.18 7.51 1035 0.04 p-Mg,Si

samples were polished by different types of
sandpaper and diamond polishing paste with
particle size of 1.5 um. Finally, SiO, suspension
with particle size of 0.04 um was used for fine
polishing. The sample was corroded with Keller
reagent (1 vol.% HF + 1.5 vol.% HCI + 2.5 vol.%
HNOj; + 95 vol.% H,0). The corrosion time of the
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Fig. 2 Schematic of CMT tailoring, drawing and
metallographic (unit: mm)

sample was 15-20s. The anode coating was
corroded by a mixed solution of sulfuric acid and
phosphoric acid (38 vol.% sulfuric acid + 43 vol.%
phosphoric acid + 19 vol.% water). The corrosion
time and current were 120—150 s and 250—350 mA,
respectively. The macroscopic morphology of the
welded joint was observed on the SZX10 type
stereoscopic microscope. The Image-Pro Plus (IPP)
software was carried on the statistics of porosity
and pore size. The macrostructure was observed and
analyzed under the GX53 metallurgical microscope.
The microstructure and the element distributions
were observed by scanning electron microscope
(SEM). The electron probe micro-analyzer (EPMA)
was used to analyze the micro-zone composition of
the welded joints. According to GB/T 4340.1 —
2009, automatic Vickers microhardness tester was
used to measure the microhardness of the welding
joint (the left and right intervals of the test points
were 150 um, and the upper and lower intervals
were 0.6 mm). The load pressure was 1.96 N, and
the loading time was 10.0 s.

The welded joint reinforcement was removed
through mechanical processing for obtaining
accurate mechanical properties of the welded joints.
The details of tensile specimen size are shown in
Fig. 2. In order to ensure the accuracy of the
measured data, three tensile samples were made for
the tensile test. The tensile test was completed
on the universal testing machine according to
the standard of GB/T 2651—2010, and the tensile

Table 4 Welding parameters for CMT MIX + Synchropulse process

Wire feeding speed/  High current time Low energy Duty Peak arc length Valley arc length
(m-min”") correction period cycle/% correction correction
5.2 6.0 6.0 60 -3.0 -1.5
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speed was 3.0 mm/min. After the tensile test, the
fracture surface was washed by a ultrasonic cleaner
with  99.9% alcohol, and then the fracture
morphology of the tensile specimen was observed
by SEM.

3 Results and discussion

3.1 Characteristics of porosity size and
distribution of pores in fusion zone

The upper and lower surface views and
cross-section morphologies of the welded joint with
three different welding speeds are shown in Fig. 3.
There are obvious fish scale patterns on the upper
surface. The cross-section morphology presents
obvious characteristics in different zones, which are
respectively defined as fusion zone (FZ), partially
molten zone (PMZ) and heat-affected zone (HAZ),
respectively [13]. The cross-section morphology of
the welded joint with three welding speeds is
obviously different. When the welding speed is
75 cm/min, the welded joint is partially penetrated,
and the width of the middle weld (LA2) is
significantly smaller than that of the other two
welding joints, as shown in Fig. 3(a). When the
welding speed is decreased to 65 cm/min, the full

Top view and bottom view

(2)

75 cm/min

penetration welded joint is obtained, and the widths
of the middle (LA2) and bottom (LA3) weld
(5.39 mm and 5.33 mm) increase significantly, as
shown in Fig. 3(b). However, when the welding
speed is reduced to 55 cm/min, the widths of the
middle and bottom weld (5.87 mm and 5.94 mm)
further increase, which can be seen in Fig. 3(c).

In addition, there are a large number of pores
in the FZ with different welding speeds. Most of the
pores present elliptical or oval shapes, which are
typical metallurgical pore morphology features [12].
At the temperature of 600 °C and 1.013x10° Pa, the
solubility of hydrogen in pure aluminum drops from
6.9x107 to 3.6x10*mL/g, with a difference of
about 20 times [14]. The sharp drop of hydrogen
solubility leads to significant supersaturation of
hydrogen in the molten pool, which cannot escape
under the rapid cooling rate during welding process,
and finally porosity is formed in the FZ, as shown
in Fig. 3. The differences of pore size and porosity
between the two kinds of full penetration welding
joints are obvious. Further statistics and analysis of
the pore size and porosity were carried out by using
IPP software, and the results are shown in Fig. 4. It
can be seen that when the welding speed is
65 cm/min, there are obvious macroscopic porosity

Cross-section morphology

(b)

65 cm/min

(©)

55 cm/min

Bottom view

Fig. 3 Macroscopic morphology comparison of welded joints with different welding speeds: (a) 75 cm/min;

(b) 65 cm/min; (¢) 55 cm/min
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(>200 pm) in the FZ. However, the largest pore size
is only 60.1 um at low welding speed (55 cm/min).
From the distribution of the data points in Fig. 4,
the pore size distributions are mainly concentrated
at 20.6 pm (55 cm/min) and 87.8 pm (65 cm/min).
Furthermore, it is found that as the welding speed is
increased from 55 to 65 cm/min, the porosity has a
significant increase (from 0.1% to 3.9%), which can
be observed in Fig. 4(b).

The variations of FZ size characteristics,
porosity and pore distribution are closely related to
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droplet transfer and the solidification of the molten
pool. As compared to the traditional CMT, the heat
input of CMT + Pulse process is mainly provided
by the pulse stage.

Figure 5 shows the images of droplet transition
in the pulse stage with the welding speed of
55 cm/min, taken by using a high-speed camera. As
shown in Fig. 5(a), the welding wire is first melted
by arc and a spherical droplet is formed at the end
of the welding wire. The surface of the molten pool
is obviously concave under the action of plasma

4.5
4.0r
35
3.0F
25F
20F

(b)

Porosity/%

1.51
1.0r
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0

65
Welding speed/(cm+min")

Fig. 4 Effects of welding speed on size and distribution of FZ pore (a) and porosity (b)
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Fig. 5 Images of droplet transfer of welded joint taken by high-speed camera: (a) Arc striking stage; (b) Droplet starting
to separate from welding wire; (c) Droplet completely detaching from welding wire; (d) Droplet completely entering

into molten pool



806 Qing-tao WANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 801811

fluid force. When the droplet diameter reaches a
certain size (about 1.3 mm), the droplet falls off
from the end of the welding wire under the actions
of the electromagnetic contraction force and the
gravity. Meanwhile, the molten pool is continuously
affected by the plasma fluid force, and the width of
the depression on the surface of the molten pool is
increased. As shown in Figs. 5(b, c), the droplet
falls off from the end of the welding wire and enters
in the molten pool, while the surface of the molten
pool is significantly rippled by the Marangoni flow.
When the droplet completely enters in the molten
pool, the molten pool in contact with the droplet
fluctuates obviously under the action of droplet
impact force. Meanwhile, the flow around the
molten pool generates large ripples with the contact
point at the center, as shown in Fig. 5(d). When the
droplet enters in the molten pool, the molten pool in
turn exerts a reverse force on the droplet, which
causes the droplet to break. The final size difference
of FZ with different welding speeds is mainly
caused by the heat and convection of the molten
pool. In general, with the decrease of welding
speed, more welding wire can be melted per unit
time and more droplets are formed. When more
droplets enter the molten pool, the total heat of the
molten pool increases, and the FZ depth and width
are increased accordingly.

The formation and growth processes of pores
are complicated, and there are many factors that
affect the distribution and size of pores. Generally,
when other conditions remain unchanged, the final
size and distribution of pores are determined by the
floating velocity and solidification speed of the
molten pool [15]. The solidification rate of the
molten pool has a great influence on pore. The
higher the solidification rate is, the more difficult it
is for pore to escape, so that the possibility of pore
formation becomes greater [16]. When the pore
floating velocity is larger than the molten pool
solidification rate, the pore is easy to escape.
Otherwise, the pore eventually remains in the
molten pool. The low welding speed (high heat
input) leads to prolonged solidification time of
molten pool, which promotes more hydrogen to
escape from the molten pool. In addition, due to the
intensified flow in the molten pool in the CMT
MIX + Synchropulse process, the pores are difficult
to converge and grow, and the pores are dispersed
in the FZ. The average size of the pores is small.

3.2 Microstructure and segregation of welded
joint

When the welding wire and part of the BM are
melted by arc to form a high temperature molten
pool, the heat is conducted to the other base metal
nearby and then solidification occurs. This process
inevitably causes the BM to undergo a heat
treatment process at different peak temperatures.
Therefore, at different distances from the weld
center, the microstructure of each area in the welded
joint may change significantly [5,12]. The rules of
microstructure and element segregation of the
welded joint with different heat inputs are similar,
and the welding joint with welding speed of
55 cm/min is taken as an example to study the rule
of microstructure and element segregation of full
penetration welded joint [17].

Figure 6 shows the microstructure and
metallographic diagram of different areas of the
welded joint with a welding speed of 55 cm/min.
Figure 6(a) shows the FZ center microstructure
after anodic coating, which is composed of a large
number of equiaxed grains. Figure 6(b) shows the
metallographic diagram of FZ center microstructure
after being corroded by Keller’s reagent, which
is composed of a gray colored a(Al) matrix and

Fig. 6 Microstructures of FZ and PMZ with welding
speed of 55 cm/min: (a, b) FZ; (c, d) PMZ
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intermittent dendrites. The PMZ microstructure
consists of obvious columnar crystals, as shown in
Figs. 6(c, d). The variation of grain morphology in
different regions of welded joint is related to the
component supercooling. At the beginning of
solidification crystallization, the temperature
gradient near PMZ is large and the supercooling of
the components is low. With the solidification
process going on, the concentration of liquid solute
in the front of crystallization is increased and the
supercooling zone is also increased, which causes
the crystal in the molten pool to change from
columnar crystal to equiaxial crystal [18,19].

The distribution of the main elements in the
FZ is shown in Fig. 7. Significant segregations of
elements Si and Mg are observed in the FZ. During
solidification process, Mg and Si elements are
rejected into the liquid phase, which causes the
solute concentration in the liquid phase to enrich
and segregations of Si and Mg finally are formed at
the end of solidification [20]. Continuous eutectic
Si exists in dendrites around a(Al) in the FZ, as
shown in Figs. 7(b, ¢). In addition, Mg and Si
elements have some overlap areas, which is
presumed to be the p-Mg,Si phase, as shown in
Figs. 7(c,e). In order to further determine the
precipitation phase in the FZ, EDS quantitative
analysis was performed, as shown in Fig. 8. The
contents of three typical regions (A, B, and C) are
given in Table 5. According to the EDS results, the

AlFeSi
Eutectic silicon

a(Al)

white elongated needle-like phase in Zone A is the
AlFeSi phase, and the black spherical precipitate in
Zone B is p-Mg,Si phase. During the welding
process, the welding wire and part of the BM are
melted by arc and the molten pool is formed. The
temperature of the molten pool already exceeds the
dissolution temperature of the £’ and p" phases,
which causes the nano-scale £’ and " phases of the
BM to completely dissolve and then precipitate out
in the form of the large f-Mg,Si phase during the
subsequent cooling process. The f-Mg,Si phase is
completely noncoherent with the a(Al) matrix
and has little strengthening effect, resulting in a
significant softening of FZ.

3.3 Microhardness and tensile properties of

welded joints

Figure 9 shows the distribution of micro-
hardness on the two-dimensional surface of the
welded joint. As shown in Fig. 9, the microhardness
of FZ and HAZ is significantly lower than that of
the base material, and obvious softening appears in
the welding joint (the microhardness of the base
material is about HV 75). The softening of HAZ is
the most serious, and the minimum microhardness
of the welded joint appears in the HAZ near the BM
side (only 64% of the base metal), as shown in
Fig. 9(a). With the decrease of welding speed, the
width of HAZ increases (from 7.7 mm to 10.0 mm).
In order to understand the microhardness distribution

Fig. 7 EPMA results of FZ with welding speed of 55 cm/min: (a) SEM image; (b) Al; (¢) Si; (d) Fe; (¢) Mg
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AlFeSi

"¢

Fig. 8 SEM images of FZ with welding speed of
55 cm/min

Table 5 EDS quantitative analysis results of different
positions of FZ with welding speed of 55 cm/min

Zone in Content/at.% Possible
Fig. 8 Al Mg Si Fe phase
A 87.6 0.7 8.2 3.5 AlFeSi
B 83.6 19 131 14 pMgSi
C 98.77 0.13 1.06 0.04 a(Al)

law of the welded joint, the three-dimensional
micro-hardness distribution map of the welded joint
with the 55 cm/min welding speed is drawn in
Fig. 9(b).

Three-dimensional microhardness distribution
map shows that the FZ and HAZ are obviously
softened. In addition, there are two obvious peaks
in PMZ and an obvious trough in the overaging
zone of the HAZ. The material used in this study is
6063-T6 aluminum alloy (Al-Mg—Si). The
precipitation sequence of the AlI-Mg—Si aluminum
alloys is SSSS — GP (spherical) — f” (needle) —
' (rod) — f (Mg,Si) [21]. The transformation law
of the main strengthening phase (f") in the BM
during the welding thermal cycle is the fundamental
reason for softening. The results of relevant
literatures showed that the " (coherent relationship
with matrix) and £’ (semi-coherent relationship with

90
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Fig. 9 Two-dimensional microhardness distribution of
full penetration welded joint (a) and three-dimensional
distribution of welded joint with welding speed of
55 cm/min (b)

matrix) phases play the main roles in strengthening,
while f-Mg,Si is completely incoherent with the
matrix and has almost no strengthening effect on
the matrix [22]. VARGAS et al [23] studied the
transition temperature range of ", f" and S phases,
which were 160—240, 240—-380 and 380—480 °C,
respectively. The peak temperature in the welding
process has far exceeded the transformation
temperature of strengthening phase. In the FZ, the
welding wire and part of the base metal are melted
rapidly by electric arc and the molten pool is
formed. The f" phase completely dissolves in
molten pool and then precipitates in the form of
[-Mg,Si phase during the subsequent cooling
process [24]. This result has been confirmed in
Section 3.2. In addition, a certain extent of element
Mg in the base metal is burned in the welding
process, which also leads to the softening of FZ.
Therefore, the precipitation of f-Mg,Si phase and
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the burning loss of Mg element contribute to the
softening of FZ. The increase of microhardness in
the PMZ is due to the fact that the position is close
to the molten pool, and the heating and cooling
speeds are very fast during the welding process,
which is equivalent to the effect of solution
quenching [25,26]. The peak temperature of HAZ
also exceeds the dissolution temperature of S
phase. The partial or complete dissolution of £”
phase occurs during the welding thermal cycle, and
the transformation of S phase to f’ phase and £
phase results in the sharp decrease of microhardness
of HAZ. This result is consistent with the work
of YAN et al [27], ZHANG et al [28] and YAN
et al [29].

Figure 10 shows the morphology and
engineering stress—strain curves of tensile test
samples of full penetration welded joints with
different welding speeds. It can be seen from
Fig. 10(a) that the welded joints are all fractured in
HAZ (besides the partial penetrated welded joint).
The average tensile strength of the full penetration
welded joints with different welding speed is
equivalent, which is about 155 MPa (67.4% that of
the BM), as shown in Fig. 10(b). The tensile
fracture surfaces of the two full penetration welded

(a) | g

. :
75 cm/min |.[|<_ Fracture

180
160
140
120
100

Engineering stress/MPa

Engineering strain/%
Fig. 10 Morphologies of tensile testing samples (a) and

engineering stress—strain curves (b)

joints are further characterized, as shown in
Fig. 11. The fracture surface of tensile specimens
with different welding speeds present obvious
dimples, which denote obvious ductile fracture
characteristics. There are two main reasons for the
fracture of full penetration welded joint in HAZ
rather than in the FZ. The first reason is that the
softening of HAZ is more serious than that of FZ.
On the other hand, although there are a larger
number of pores in the FZ, especially in the case of
high welding speed, the pores are uniformly
distributed and there are no continuous pores with
dense distribution. These indicate that although
there are softening and porosity in the FZ, it is not
the weakest area of the whole welded joint. The
softening degree of HAZ is the main factor
affecting the mechanical properties of the 6063
aluminum alloy CMT MIX + Synchropulse welded
joints.

W L o ;Y e
Fig. 11 SEM morphologies of tensile fracture of welded

joints with different welding speeds: (a) 65 cm/min;
(b) 55 c/min

4 Conclusions

(1) With the increase of welding speed, the
porosity of weld increases rapidly (from 0.1% to
3.9%) and large pores (341.1 um) are formed. The
pore size is about 87.8 and 20.6 um in the joints
produced using a weld speed of 65 and 55 cm/min,
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respectively.

(2) Significant segregation of elements Si and
Mg are observed in the FZ with different welding
speeds. The dissolution and transformation of "
phase result in obvious softening of FZ and HAZ.
The average tensile strength of the full penetration
welded joints with different welding speeds are
equivalent (about 155 MPa, 67.4% that of the BM).

(4) The pores distribute uniformly in FZ and
the softening degree is lower than that of HAZ,
which implies that FZ is not the weakest zone in the
whole welded joint. The softening of the HAZ is the
main factor affecting the mechanical properties of
the welded joints.
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1. JFMKE VAR 2=, Z5 1 215002;
2. PR RS MUk 52 2=be, B 650224;
3. HRAEK2E FLHIROESL A ML E X E AL =, LB 110819

B E: PHAAFBREEET 6063 fafs

“CMT MIX+ Synchropulse” #4547k R4S ALEE . SALRT BARAR

S ANIFEIH X IR AL o 45 LB, B IR HEE Y M 55 cm/min 2553 65 cm/min, #2858 FLEM 0. 1% INZE 3.9%,
HHIKRSSFB41.1 pm)e 65 em/min BIREESILR T EZEE P HAGLE 87.8 pm, 11 55 cm/min B FLR

FELEFPAAE 20.6 pmo BATH pUARTEAR S H AL S BUR 48

AR X BT R R, G X R AL EE

FEE ., AFEEBSEE RSP SR EA 2, 29 155 MPa(A B BEA 11 67.4%).
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