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Abstract: 6061 aluminum alloy T-joints were welded by double-pulsed MIG welding process. Then, the post-weld heat treatment
was performed on the welded T-joints. The weld microstructure under different aging temperature and time was investigated by
transmission electron microscopy and scanning electron microscopy. The mechanical properties were examined by hardness test and
tensile test. The results showed that the micro-hardness was sensitive to heat treatment temperature and time. Increasing temperature
was beneficial to the shortening of peak aging time. There were a large number of dislocations and few precipitates in the welded
joints. With the increase of post-weld heat treatment temperature and time, the density of dislocation decreased. Meanwhile, the
strengthening phase precipitated and grew up gradually. When the post-weld heat treatment temperature increased up to 200 °C,
large Q' phases were observed. And they were responsible for the peak value of the micro-hardness in the welded joints.
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1 Introduction

Aluminum alloys have many excellent properties,
such as low density, high yield stress to tensile strength
ratio and excellent corrosion resistance [1—3]. They are
widely used in the automotive and railway transportation
industry for energy saving and emission reduction.
However, the poor weldability of aluminum alloys, such
as strong oxidation and thermal conductivity, may lead to
many defects of welded joints, for example incomplete
fusion, porosity and cracking [4]. Pulsed MIG welding is
an efficient and high quality welding method for
aluminum alloys with good droplet transfer control
capability [5]. Double pulsed MIG welding is developed
based on the pulsed MIG welding. During the welding
process, the change of the welding current between the
thermal pulse and the thermal matrix leads to the

diversification of the weld temperature and stress.
Therefore, it may lead to a typical corrugated appearance
and strong stirring effect of the weld pool, which has a
significant influence on the temperature and stress of the
weld pool during the welding process. And it would
further affect the quality of the welded joint [6,7].

After MIG welding, the strength in some sub-zones
(weld zone and heat affected zone) of the welded joint
would decrease. Such a strength softening can be
restored to a certain extent in subsequent aging
treatment. Aging treatment could promote the
precipitation in the weld zone and make the structure and
chemical composition more uniform [8,9]. And then it
also could improve the mechanical properties of the
welding joint. The post-weld heat treatment process of
6061 aluminum alloy was studied by AHMAD and
BAKAR [10]. It was found that MIG welding can
effectively improve the microstructure and mechanical
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properties of the welded joint. RAO et al [11] studied the
effect of welding process, heat treatment and filler
materials on the cracking tendency in the welding zone
of 6061 aluminum alloy. MUOZ et al [12] found that the
hardness of the joint welded by MIG was increased by
nearly 50 MPa of Al-4.5Mg—0.26Sc alloy after the
post-weld heat treatment under 300 °C for 1 h. CERRI
and LEO [13] studied the effect of post-welding-heat
treatments on the microstructure and mechanical
properties of double lap FSW joints. During exposure at
200 and 300 °C, the tensile strengths and micro-hardness
in the nugget center slightly decreased with the increase
of time and temperature. GURAL et al [14] found that
the microstructure of 1010 steel welded under controlled
atmosphere of argon was particularly more homogeneous
after intermediate quenching treatment. JEON et al [15]
studied the tensile behavior of an as-welded Nimonic
263 specimen at room temperature and 1053 K. With
increasing resolutionization time, the YS and UTS
tended to decrease along with the increase in tensile
ductility.

Post-weld heat treatment was usually carried out to
improve the strength and hardness of welded joints after
welding. In this study, 6061 aluminum alloy T-joints
were welded by double pulsed MIG welding. The effects
of single-stage artificial aging heat treatment on
mechanical properties and microstructure of the
welding joints were systematically studied by means of
hardness testing and microstructure observation. The
research results will provide guidance for the formulation
of heat treatment process for aluminium alloy welded
joints.

2 Experimental

The base material under study was a 2 mm-thick
6061-T6 Al alloy sheet and the filler wire adopted was
ER5356 Al-Mg alloy with a diameter of 1.2 mm. The
chemical compositions of the base metal are given in
Table 1. Welding operation in this work was fully done
by an automatic MIG welder at the self-made fixture.
The welding power source used was DP400 developed
by OTC to provide DP-MIG.

Table 1 Chemical composition of 6061-T6 alloy (wt.%)

Mg Si Fe Cu
0.8-1.2 0.4-0.8 0.70 0.15-0.4
Cr Mn Zn Ti Al
0.04—0.3 0.15 0.25 0.15 Bal.

Figure 1 shows the schematic diagram of the
T-joint. The dimensions of the web and the flange were
200 mm x 50 mm and 200 mm x 80 mm, respectively.

During the welding process, the arc was welded in the X
direction on one side.

In order to investigate the effect of welding
parameters on the mechanical properties of the welded
joints, hardness tests were carried out. Hardness
measurements on the upper surfaces of polished samples
were conducted on a HXD-1000T Vickers hardness
testing machine under a load of 4.9 N and a duration
time of 10 s. In order to study the tensile properties of the
alloy under different aging treatments, ambient uniaxial
tensile test was carried out on an Instron 3369 electrical
testing machine. Test parameters were also defined
according to ASTM: E8-M-04 standard; the tensile speed
was set as 2 mm/min. The tensile test sample and
dimensions of the tensile test sample are shown in Fig. 2.
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Fig. 1 Schematic diagram of T-joint
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Fig. 2 Tensile test sample (a) and its dimensions (b), and
clamping apparatus for tensile tests (¢) (unit: mm)

The metallographic structure and precipitate
morphology of the cross-section of welded joints were
observed by means of transmission electron microscopy
(TEM) and high resolution TEM (HRTEM). Specimens
for TEM were slowly sliced perpendicularly to the seam
to about 2 mm in thickness by wire cut electrical
discharge machining from different subzones of the joint,
i.e., the base metal, the weld toe (namely the fusion line),
the HAZ zones. All these specimens were first
mechanically ground to about 100 um in thickness and
then further thinned by twin-jet electro-polishing with a
solution of 25 vol.% nitric acid and 75 vol.% methanol at
—25 °C, 18 V and 40 mA. TEM observations were
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performed on a Tecnai F20 TEM system (FEI, Hillsboro,
OR, USA) operated at 200 kV.

3 Results and discussion

3.1 Aging hardening behavior

The hardness of the welding zone increased with the
increase post-weld heat treatment time and temperature,
as shown in Fig. 3. After reaching the peak value,
hardness in the welding zone entered a stable stage. It
can be seen that there was a remarkable difference of
aging hardening at different aging temperatures. And the
time reaching the peak value of the hardness shortened
with the increase aging temperature. At the same time,
the peak hardness increased until the temperature
reached up to 200 °C. At the aging temperatures of 160,
180 and 200 °C, the time corresponding the peak
hardness was 12, 8 and 4 h, respectively. And the peak
hardness values were HV 76, HV 84 and HV 82,
respectively. The above results showed that the
precipitation hardening process in the welding zone
depended on the post-weld heat treatment time and
temperature. The whole precipitation process was carried
out by the diffusion of the solute atoms in aluminum
matrix. The diffusion coefficient (D) is a measure of the
mobility of the diffusing species, which is related to the
temperature, and can be written as

0

D =D, exp(———
o exp( RT

) (1)
where D, is the diffusivity constant, Q is the activation
energy for diffusion, T is the temperature, R is the gas
constant (8.31 J/(K'mol)).
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Fig. 3 Varation of microhardness of joint at different post-weld
heat treatment temperatures

It can be seen from Eq. (1) that the diffusion
coefficient increased exponentially with the increase of
temperature. Therefore, the temperature has a great
influence on the whole diffusion process. Increasing the
heat treatment temperature would greatly increase the

diffusion coefficient, leading to accelerating the diffusion
process of the solute atoms. Thus, the time for the peak
aging was shortened. However, the precipitation
hindering the dislocation movement tended to aggregate
and coarsen as the temperature increased, resulting in the
decrease of the mechanical properties. The peak hardness
decreased from HV 84 at the temperature of 180 °C to
HV 82 at the temperature of 200 °C. The peak aging
hardening was not achieved at 140 °C for 24 h. This was
mainly due to the fact that decreasing the aging
temperature would greatly reduce the diffusion rate and
thus influence the precipitation. Therefore, the time for
peak aging would be longer at lower temperature. The
highest hardness was HV 84 at 180 °C, as shown in
Fig. 3. Thus, the optimum aging process for obtaining
the highest mechanical property of 6061 aluminum alloy
welds was aged at 180 °C for 8 h.

Figure 4 shows the hardness of the weldment. It can
be seen that the hardness in the welding zone increased
with the increase of heat treatment temperature and time.
After heat treatment at 180 and 200 °C, the highest
hardness values in the welding zone were HV 84 and
HV 82, respectively. The hardness in the welding zone
was far lower than that in the matrix zone.

With the increase of heat treatment time, the
hardness in the welding zone increased and reached
stable stage after aging for 1 h. The supersaturated solid
solution state near the welding zone was obtained due to
the high thermal cycling temperature. Thus, the hardness
near the welding zone increased with the increasing
aging time. The peak hardness values at 140, 160, 180
and 200 °C were HV 94, HV 95, HV 94 and HV 96,
respectively. Mg and Si solute precipitates from the
supersaturated solid solution and forms fine dispersed
phase in the aging process of Al-Mg—Si aluminum
alloy [16—18]. The two important parameters affecting
the precipitation behavior were temperature and time in
the same alloy [19]. In the aging process, controlling the
heat treatment temperature and time could improve the
structure, quantity, size and distribution of secondary
phase and the mechanical property of the alloy [20—22].
Therefore, it is important to establish a reasonable aging
process to improve the mechanical property of aluminum
alloy.

3.2 Effect of aging processing on microstructure
According to the results of the hardness, it can be
seen that the weakest zone of the welded joints was
located in the heat affected zone. In order to further study
the microstructure of the heat affected zone, TEM was
used to characterize the microstructure of the welding
zone without post heat treatment and the softening zone
after post-weld heat treatment at different temperatures.
Figure 5 shows the TEM field image and electron
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Fig. 4 Microhardness of joint at different post-weld heat treatment temperatures: (a) 140 °C; (b) 160 °C; (c) 180 °C; (d) 200 °C
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Fig. 5 TEM image (a) and diffraction pattern (b) of joint under [001]4; zone axis in welding zone without heat treatment

diffraction pattern in the welding zone without post-weld
heat treatment. There were a large number of
dislocations in the welding zone, and no precipitation
was observed, as shown in Fig. 5(a). Based on the
electron diffraction, as shown in Fig. 5(b), there were
only diffraction spots of aluminum matrix, which also
indicated that there was no precipitation in the welding
zone. From the results of TEM, it can be concluded that
the precipitation completely redissolved into the

aluminum matrix at the effect of high temperature
welding cycle, leading to a significant decline of the
mechanical properties. In addition, there were a large
number of dislocations in the matrix. This was because
that there was no enough time to make the dislocations
completely degenerate during the rapid welding process.
Figure 6 shows the bright field image and the high-
resolution of TEM in the softening zone after post-weld
heat treatment at 140 °C for 24 h. There were a large



Jie Y1, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2035-2046 2039

200 nm

Fig. 6 Microstructures of softening zone after post-weld heat
treatment at 140 °C for 24 h: (a, b) TEM images; (c) HRTEM
image

number of dislocations in the matrix zone, and the
amount of dislocations did not decrease compared with
that in the matrix without post-weld heat treatment. This
was due to the low temperature of 140 °C, which cannot
make the dislocations recover and degenerate. However,
it can be clearly seen that there were precipitations after
heat treatment at 140 °C and the length of the
precipitation was about 100 nm, as shown in Fig. 6(b).
High resolution observations were performed on the
precipitation, as shown in Fig. 6(c). It was found that the
precipitation grew along the [100] direction of the
aluminum matrix, and its Fourier transform was inset in
Fig. 6(c). According to Refs. [23—25], the precipitation
may be L/Q phase.

Figure 7 shows the bright field and high resolution
images of the softening zone after aging at 160 °C for
12 h. It can be seen that there were still a few
dislocations in the matrix zone. But the degradation of
the dislocations was more serious than that without heat
treatment or aging at 140 °C for 24 h. This indicated that
there were enough energy at 160 °C for the recovery and
degeneration of dislocations. Lath-shaped and needle-
shaped phases were observed after aging at 160 °C for
12 h, as shown in Fig. 7(b). High resolutions of the
phases were performed, as shown in Fig. 7(c). Lath-
shaped phase grew along the [100] direction of the
aluminum matrix. According to Refs. [23-25], the
precipitation may be L/Q phase. The needle-shaped

Fig. 7 Microstructures of softening zone after post-weld heat
treatment at 160 °C for 12 h: (a, b) TEM images; (c) HRTEM
image
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phases were completely coherent with the aluminum
matrix, as shown in Fig. 7(c).

Figure 8 shows the bright field and high resolution
images of the softening zone after aging at 180 °C for
8 h. As shown in Fig. 8(a), there were also a few
dislocations in the matrix zone and the degradation
of the dislocations was more serious. It can be seen that
the size of the precipitation was much larger than that
in the softening zone after aging at 160 °C, as shown in
Fig. 8(b). High resolutions of the phases were performed,
as shown in Fig. 8(c). The precipitation grew along
the [510] direction of the aluminum matrix. According
to Refs. [23—25], the precipitation may be Q' phase.

Fig. 8 Microstructures of softening zone after post-weld heat
treatment at 180 °C for 8 h: (a, b) TEM images; (c) HRTEM

image

Simultaneously, there were much larger number and
bigger size of S phases.

Figure 9 shows the bright field TEM and high
resolution images of the softening zone after aging at
200 °C for 4 h. As can be seen from Fig. 9(a), there were
a few number of dislocations in the matrix zone. Most
of the dislocations have been degenerated during heat
treatment, which was similar to the softening zone after
heat treatment at 180 °C for 8 h. The size of precipitation
after aging at 200 °C for 4 h was bigger than that in the
softening zone after aging at 180 °C for 8 h. High
resolutions of the phases were performed, as shown in

Fig. 9 Microstructures of softening zone after post-weld heat
treatment at 200 °C for 4 h: (a, b) TEM images; (c) HRTEM
image
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Fig. 9(c), and found that the precipitation grew along the
[150] direction of the aluminum matrix. According to
Refs. [23—25], the precipitation may be Q' phase. At the
same time, the number of the precipitation was larger and
the size was bigger.

According to above analysis, the microstructure
evolution at different temperatures was mainly reflected
by two aspects: the precipitation evolution and the
dislocation evolution. There were a large number of
dislocations in the welded parts. Although the welding
zone was affected by the welding thermal cycle during
welding process, the dislocations did not change
significantly because of the short duration of the welding
heat. That is to say, the dislocations containing in the
base metal were still stored in the matrix. With the
increase of post-weld heat treatment temperature, the
number of dislocations decreased. At the post-weld heat
treatment temperature of 140 °C, the number of
dislocations did not change significantly. However, the
number of dislocations decreased significantly after
post-weld heat treatment at 160 and 180 °C. After the
post-weld heat treatment at 160 °C, the dislocations
almost disappeared.

There was no precipitates in the welding zone after
welding process. This indicated that the precipitates
existing in the base metal could be dissolved back into
the matrix due to the influence of welding heat during
the welding process. During the post-weld heat treatment
at different temperatures, the secondary phase precipitated
continuously with the decrease of dislocations and the
size of secondary phase increased with the increase of
heat temperature. Some lath-like L/Q" phases
precipitated after heat treatment at 140 °C for 24 h. After
heat treatment at 160 °C for 12 h, there were not only the
L/Q" phases, but also small size, needle-like phases were
observed. The needle-like phases were coherent with the
matrix. During the heat treatment at 180 °C for 8 h, the
number of the dislocations decreased and the
precipitations grew up, forming the larger Q' phase.
Increasing the heat treatment temperature up to 200 °C,
the dislocations completely disappeared and the
precipitation was mainly the Q' phase. The size of the
precipitation was bigger than that heat treated at 180 °C
for 8 h. The profiles after heat treatment at 200 °C for 4 h
exhibited the highest micro-hardness, which was
attributed to the precipitation of the Q' phase.

3.3 Mechanical properties

By means of uniaxial tensile tests at ambient
temperature, the engineering stress versus displacement
curves for the specimens under different heat treatment
conditions were obtained, as shown in Fig. 10. It can be
seen that the welded alloy exhibited poor tensile
properties. The engineering stress was only 157 MPa.

After heat treatment, the engineering stress of the welded
joints improves considerably with limited increase of
the elongation. As aging temperature extended, the
engineering stress and elongation increased. This result
indicates that the aging heat treatment was beneficial to
improving engineering stress of the welded joints.
However, the engineering stress increased with the aging
temperature increasing to 200 °C, while the elongation
declined. The welded joints aged at 180 °C for 8 h
exhibit high tensile strength and elongation. As we know,
keeping large ductility at the high strength can result in a
significant increase in toughness [26,27]. Therefore, the
welded joints aged at 180 °C for 8 h can better cover the
needs for high damage tolerance and high durability
industry.

200 |

150 -

100 -

Engineering stress/MPa

Without aging
50 treatment
0 -
0 0.5 1.0 1.5 2.0 25
Displacement/mm

Fig. 10 Ambient uniaxial tensile stress—displacement curves of
welded alloy at different heat treatment temperatures

3.4 Fracture morphology

Figure 11 shows the fracture morphologies of
tensile specimens of the welded alloy without heat
treatment. In the low magnification image presented in
Fig. 11(a), the fractured cross section exhibits a planar
area. The fracture surfaces of the tensile specimens are
relatively smooth and have a lot of dimples with different
sizes and depths on the upper surface. The average
diameter of the dimples was approximately 10 pum, as
shown in Figs. 11(c) and (d). These shallow and small
dimples correspond to the inferior ductility of the welded
joint. While the river pattern fracture surface which
indicated the brittle fracture was observed on the bottom
surface. According to the fracture surface, it can be seen
that the crack may originate from the upper surface of
the tensile sample. After a relatively strong plastic
deformation, the crack extended to the center of the
fracture surface through the dimples, and finally led to
the fracture of the tensile sample by brittle fracture.

A detailed view of the fracture surface morphology
analyzed by scanning electron microscopy is presented in
Fig. 12 for a sample aged at 140 °C for 24 h. In the low
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magnification image presented in Fig. 12(a), the fracture
surfaces of the tensile specimens are unsmooth and shear
crack characteristics was observed. Closer inspection
inside the fracture surface, there existed uniform rip
edges and equiaxed dimples, which indicated that a large
plastic deformation was achieved during the process of
tensile due to the high energy characteristics of shear
crack and rip edge. The average diameter of the dimples
was approximately 10 um, as shown in Figs. 12(c) and
(d). Compared with the fracture morphology of the
sample without aging, the fracture morphology of the
sample aged at 140 °C for 24 h was more uniform, which
showed that recrystallization might occur in this alloy at
this aging treatment.

For the sample aged at 160 °C for 12 h, the fracture
morphology is shown in Fig. 13. In the low
magnification image presented in Fig. 13(a), the fracture
surfaces of the tensile specimens are unsmooth and a
fairly wide range of dimple sizes covers this surface. The
diameters of the shallow dimple ranged from 10 to
30 um. Closer inspection inside the fracture surface,
there was no rip edge, which indicated the low yield
strength, as shown in Figs. 13(c) and (d).

Figure 14 shows the fracture morphology of the
tensile sample aged at 180 °C for 8 h. In the low
magnification image presented in Fig. 14(a), the fracture

morphology exhibited a markedly different fracture
surface morphology in comparison to the fracture
morphologies shown in Figs. 11—13. The fracture surface
of the tensile specimens at 180 °C for 8 h was relatively
smooth. The typical intergranular fracture characteristic
was observed, as shown in Fig. 14(d). This intergranular
character was also observed in the fracture morphology
of the tensile sample aged at 200 °C for 4 h in Fig. 15(d).
However, a clear distinction in high magnification
fracture morphologies can be found, as shown in
Figs. 14(d) and 15(d). There are a number of fine and
shallow dimples covering the intergranular fracture
surfaces of the tensile sample aged at 200 °C for 4 h
(Fig. 15(d)), while the fracture surface of the tensile
specimens aged at 180 °C for 8 h is very smooth
(Fig. 14(d)). This distinction is mainly attributed to the
different grain boundary microstructures in two aging
conditions. According to the study of WANG et al [27],
the precipitate free zone as well as the continuous and
coarse grain boundary precipitates weakens the grain
boundary and leads to the intergranular fracture with
smooth surfaces under the treatment of T6. For the
over-aged specimen, micro-voids nucleate primarily at
the discontinuous and coarse grain boundary precipitates
during tensile test, and then grow and coalesce within
the wide precipitate free zone, which form the fine and

Fig. 13 Tensile fracture morphologies of sample aged at 160 °C for 12 h
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1

Fig. 15 Tensile fracture morphologies of sample aged at 200 °C for 4 h
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shallow dimples covering intergranular fracture surface.
It can be seen from the above analyses that aging heat
treatment has significant influences on the microstructure
and mechanical properties of the welded joints.

4 Conclusions

(1) In the aging heat treatment process, the
micro-hardness is sensitive to post-weld heat treatment
temperature and time. Increasing temperature is
beneficial to the shortening of peak aging time.

(2) The mechanical properties of the welded joints
are greatly improved after heat treatment due to
precipitates. The profiles after heat treatment at 200 °C
for 4 h exhibit the highest micro-hardness, which is
attributed to the precipitation of the Q' phase.

(3) In the welded joints without heat treatment,
there are a lot of dislocations and few precipitations in
the welding zones because of the short duration of the
welding heat. With the increase of post-weld heat
treatment temperature and aging time, the density of the
dislocation in the heat affected zone decreases.
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