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Abstract: The effects of welding layer arrangement on the microstructure and mechanical properties of 5083/6005A
aluminium alloy gas metal arc welded (GMAW) joints were studied. High-quality butt joints were obtained under
different welding layer arrangements, including two layers and two passes, two layers and three passes, and three layers
and three passes. The results indicated that the softening zone located in the heat-affected zone (HAZ) of the 6005A
aluminium alloy side was the weakest part of the 5083/6005A alloy joints. The highest level of recrystallization and
precipitate dissolution was observed in the HAZ of the two-layer and two-pass joints; however, the lowest level was
verified in the three-layer and three-pass joints. With the increase in the number of welding layers and passes, grain
boundary liquation in the partially melted zone (PMZ) and strength loss of the softened zone were improved. The
tensile strength of the two-layer and two-pass joints was 161 MPa, while that of the three-layer and three-pass joints
increased to 217 MPa.
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1 Introduction

Recently, aluminium alloy applications have
been a hot spot for transportation in the field of
high-speed train manufacturing to obtain a low-mass
structure and reduce the energy consumption [1-3].
For example, the 5xxx and 6xxx series aluminium
alloys are widely used in assembling the body
frame of the new generations of China Railway
High-speed (CRH) trains. A lighter body frame will
contribute to a further increase in the train running
speed [4].

The 5xxx Al alloy belongs to the AlI-Mg-based
alloys, which are not heat-treatable and mainly
reinforced by Mg element solution strengthening
and cold-work hardening effects [5]. The Sxxx Al

alloy fusion-welded joints are slightly affected by
welding thermal cycles, and the tensile strength can
reach 90% of the base metal according to recent
studies [6,7]. The 6xxx Al alloy is an age-hardening
aluminium alloy. Its main alloying elements Mg and
Si formed a strengthening precipitate " phase [8].
The 6xxx Al alloy possesses excellent plasticity
and formability. Unfortunately, the mechanical
performance of the 6xxx Al alloy is easily affected
by the welding thermal cycles. The high peak
temperature in the weld regions will dissolve the 5"
phase and the rapid cooling restricts reprecipitation,
leading to severe softening in the heat-affected zone
(HAZ) [9]. Moreover, dynamic recrystallization in
the HAZ generally further induces strength loss.
LIU et al [10] found that the microhardness of
6005A CMT welds declined to HV 50 in the HAZ
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while reaching HV 90 in the base metal owing to
the dissolution of S” precipitates and an enlarged
grain size. LIU et al [11] demonstrated that the
softening HAZ became the weakest region in
6005A welds and the ultimate tensile strength only
reached 70% of the base metal.

The joints of dissimilar aluminium alloys have
received extensive attention because it is considered
as a good strategy to develop light-weight hybrid
component. YAN et al [12] joined 6xxx and 7xxx
Al alloys by friction stir welding and reported that
the joints failed on the HAZ of 6xxx Al alloy side in
tensile tests. GUNGOR et al [13] reported that high
heat input of MIG welding was the key factor to
cause the softening, and they successfully welded
5083 and 6082 Al alloys by adopting cold metal
transfer (CMT) welding with much low heat input.

Multilayer and multipass gas metal arc welding
(GMAW) of 5083/6005A dissimilar aluminium
alloys is very common in manufacturing the body
frame of CRH trains. In the multilayer and
multipass welding of aluminium alloys, the welded
joints experience different welding thermal cycles
under different welding layer arrangements, so the
joints may have different microstructures and
mechanical properties [6,14]. However, few studies
have been concerned about the effects of welding
layer arrangements on the microstructure and
mechanical properties of 5083/6005A dissimilar
aluminium alloy joints.

In this work, the microstructure and
mechanical properties of 10 mm-thick 5083/6005A
aluminium alloy GMAW joints under different
welding layer arrangements were investigated. First,
the influence of the welding layer arrangement on
the microstructure evolution was examined from
the perspective of grain boundary liquation,
precipitate dissolution and recrystallization. Then,
the microhardness and tensile properties were

different welding layer arrangements
discussed to analyze the softening behaviour and
microstructure evolution. This study will provide
experimental data for high-quality and efficient
welding of 5083/6005A Al alloys for high-speed
trains.

WweEre

2 Experimental

The base metals (BM) were 6005A-T6 and
A5083P-O aluminium alloy plates used in the
high-speed train, and the filler metal was ER5356
Al-Mg alloy with a diameter of 1.6 mm. The
dimensions of the welded plates were 350 mm X
150 mm % 10 mm. The welding machine was a
Fronius TransPulse Synergic 5000 welder equipped
with an IGM robot welding system. The chemical
compositions of the base metals and filler metal are
given in Table 1. The tensile strengths of 6005A-T6
Al alloy, A5083P-O Al alloy and ER5356 filler
metal are 275, 346 and 361 MPa, respectively.

Table 1 Chemical compositions of base metals and filler
metal (wt.%)

Material Mg Si Fe Cu Mn Cr Al
5083 4.58 0.09 0.19 0.03 0.67 0.08 Bal.
6005A 0.52 0.68 0.15 0.03 024 0.13 Bal
ER5356 49 0.04 0.12 0.02 0.14 0.012 Bal

As shown in Fig. 1, the plates were assembled
and fixed horizontally with a 60° V-shaped groove
and a 1 mm assembly gap. A welding backing was
used under the aluminium plates to obtain full
penetration GMAW joints. The welding direction
was parallel to the rolling direction of the base
metal. The welding thermal cycle was measured by
using a K-type thermocouple with a data acquisition
module (NI USB-9211).

compared. Finally, the thermal cycles under In this study, the effects of the welding layer
Arc welding
< _60° ]
=
A5083P-O 6005A-T6 | | =
A
<+— Welding backing 1

Fig. 1 Schematic of GMAW of 5083 to 6005A aluminium alloy
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arrangement on the microstructure and mechanical
properties were investigated by varying the welding
layer arrangements, including two layers and two
passes, two layers and three passes, and three
layers and three passes, as displayed in Fig. 2. For
each welding layer arrangement, the processing
parameters were optimized in pre-experiments, and
the adopted parameters are listed in Table 2.

The microstructure of the joints was examined
through an optical microscope (OM, Olympus
DSX510), scanning electron microscope (SEM,
MERLIN COMPACT) equipped with an electron
backscatter diffraction (EBSD) detector, and
transmission electron microscope (TEM, JEOL—
2100). The EBSD samples were prepared by
electropolishing with a solution of 10% perchloric
acid and 90% alcohol at a voltage of 20 V for 15 s.
The TEM specimens were round foil samples with a
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diameter of 3mm and a thickness of 50 um,
prepared by the twin-jet polishing technique. A
MICRO-586 microhardness tester was used to test
the microhardness distribution of the weld joints
with a 100 g load and 10 s dwell time. The tensile
test was carried out with a strain rate of 2 mm/min
at room temperature on a UTMS5105X tester. As
shown in Fig. 3(a), a locking bottom structure is
formed in the train pillow beam consisting of a
6005A Al profile and 5083 Al plate in actual
applications. In the welding process, the role
of the locking bottom is similar to that of the
welding backing plate. The tensile test of the
welding joint was conducted with the backing
plate. The geometry of the tensile specimens is
shown in Fig. 3(b). After the tensile test, the
fracture features of the failed joints were observed
by SEM.

S3
s \ $3 S2
6005A 5083 6005A 5083 6005A
S1 S1 2 S1
Vv ) | L 2oL VA | L Dovavi | |

I
Three-layer and three-pass

Two-layer and three-pass

Two-layer and three-pass

Fig. 2 Schematic of welding layer and pass arrangement during GMAW of 5083 and 6005A aluminium alloy

Table 2 Processing parameters employed in this study

Arrangement Layer Current, I/A Voltage, U/V  Velocity, V/(cm'min™")  Heat input, E/(kJ-cm™)
Bottom layer 256 23.5 40 9.0
2 layers and 2 passes
Top layer 233 23.5 43 7.6
Bottom layer 243 23.5 50 6.9
2 layers and 3 passes  Top layer 1 256 23.5 52 6.9
Top layer 2 245 23.5 60 5.8
Bottom layer 256 23.5 60 6.0
3 layers and 3 passes  Filling layer 256 23.5 60 6.0
Top layer 233 23.5 60 5.5
4083
AS5083P-O
220
38 R120 Wild .38 |
Locking bottom gI I =
Unit: mm

Fig. 3 Locking bottom structure of joint (a) and geometry of tensile specimen (b)
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3 Results and discussion

3.1 Weld geometry of macrostructure

The weld appearance and cross-section of
5083/6005A GMAW joints are displayed in Fig. 4,
and high-quality butt joints were obtained under the
three types of welding arrangements. The two-layer
and two-pass joints and three-layer and three-pass
joints showed a symmetrical weld macrostructure,
while the two-layer and three-pass joints showed an
asymmetrical weld macrostructure. Moreover, the
macroscopic cross-sectional morphology of the
two-layer and two-pass joints was V-shaped in
Fig. 4(b), while the morphology of the three-layer
and three-pass joints was Y-shaped in Fig. 4(f).

3.2 Microstructure

The 5083/6005A Al alloy welded joints could
be divided into three regions, including the fusion
zone (FZ), partially melted zone (PMZ), and heat
affected zone (HAZ). The PMZ referred to the
narrow region between the FZ and the HAZ and
generally experienced thermal cycles where the
peak temperature was between the solidus line and
liquidus line [15]. As a result, the precipitates
(Mg.Si,) near the grain boundaries dissolved, and a
low melting point eutectic (e.g. a(Al)+Mg,Si)

it
Two-layer & two-pass

Two-layer & three-pass

Three-layer & three-pass

formed, which was called grain boundary liquation.
The microstructure of the PMZ is displayed in
Fig. 5. Grain boundary liquation is demonstrated in
the PMZ of the two Al alloys. Changing the
welding layer arrangements resulted in different
microstructures in the PMZ. Severe grain boundary
liquation is observed in the two-layer and two-pass
joints in Figs. 5(a, d). Moreover, those generated
eutectics with low strength led to cracking along
grain boundaries on the 6005A Al alloy side under
thermal stress, as shown in Fig. 5(d). This was
because the heat input of the two-layer and
two-pass joints was higher than that of the other
two types of welding joints, causing a severer
eutectic reaction and thicker liquation film at the
grain boundary. During the subsequent cooling
stage, the liquation film was subjected to a stronger
thermal stress, causing liquation cracking along the
grain boundary. In two-layer and three-pass joints,
liquation with few cracks was obtained, as shown in
Figs. 5(b, e). Note that little liquation is observed in
the three-layer and three-pass joints as shown in
Figs. 5(c, f), indicating that the grain boundary
liquation is closely related to thermal cycles.

In addition, the 6005A Al alloy belongs to the
Al-Mg—Si series alloys, and the main liquation
mechanism is the eutectic reaction (a(A1)+Mg:Si+
Si—L, a(A1)*MgSi—L). The 5083 Al alloy belongs

EBSD & TEM
6005A

5 mm

Fig. 4 Weld appearance (a, c, ¢) and cross-section (b, d, f) of 5083/6005A Al alloy welded joints: (a, b) Two-layer and
two-pass; (c, d) Two-layer and three-pass; (e, f) Three-layer and three-pass
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to the Al-Mg series alloys, and the main
liquation mechanism is the eutectic reaction (a(Al)+
Al,Mg, —L). Compared with the 5083 Al alloy, the
6005A Al alloy is a ternary alloy and contains a
higher content of Si element, which contributes to
the wider temperature range of solidification. As
liquation cracking is closely related to the
temperature range of the coexistence of solid and
liquid, the 6005A Al alloy has a higher liquation-
cracking sensitivity than the 5083 Al alloy.
According to metallographic analysis, the two
layers and two passes welding processes greatly
affected the microstructure in the region near the
FZ, while the three layers and three passes welding
processes caused the least variation. Therefore, the

LR > LN

Fig. 5 Microstructure of PMZ on 5083 Al alloy side (a—c) and on 6005A Al alloy side (d—f): (a, d) Two-layer and
two-pass; (b, €) Two-layer and three-pass; (c, f) Three-layer and three-pass

above two joints were selected for further
comparison. To study the evolution of the grain
structure, EBSD analysis was conducted for the BM
and HAZ, and the results are shown in Fig. 6.
Cold-rolled grains with obvious crystallographic
orientations were verified in the BM, as depicted in
Figs. 6(a, d). In the HAZ, the grain size and shape
were affected by the welding thermal cycles. On the
5083 Al alloy side, coarse equiaxed grains were
obtained, as shown in Figs. 6(b, c). The original
cold-rolled grains recrystallized, which was driven
by strain and thermal effects. In addition, equiaxed
grains that evolved from cold-rolled grains were
also observed on the 6005A Al alloy side, as shown
in Figs. 6(e, f).
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Fig. 6 Grain structure of welded Jomts in 5083 alloy (a, b, ¢) and 6005A alloy (d e, f) (a, d) BM (b e) HAZ in
two-layer and two-pass joints; (c, f) HAZ in three-layer and three-pass joints

The statistical results of the grain size are
displayed in Fig. 7. Before welding, the grain sizes
of the base metal in the 5083 and 6005A Al alloys
were 8.56 and 11.48 pm, respectively. In the
two-pass and two-layer joints, the average grain
size increased to 15.33 pm in the HAZ of 5083 Al
alloys and to 12.28 um in the HAZ of 6005A Al
alloys, respectively. However, adopting the three
layers and three passes welding processes reduced
the grain size to 13.34 and 11.21 um, respectively.
The results indicated that increasing the number of
welding layers and passes weakened the extent of
recrystallization in the HAZ. Smaller grains
benefited the tensile properties. Additionally, a
higher level of recrystallization was demonstrated
in the HAZ of the 5083 Al alloy. This was because a

higher level of the rolling process in 5083 Al sheets
caused severer lattice distortion in individual grains
as shown in Fig. 6(a), which provided an external
driving force for recrystallization.

Considering the great variation in grain
structure under different welding arrangements, the
precipitates of the welded joints were suggested to
be observed because they were thermally sensitive.
Transmission electron microscopy (TEM) was used
and the results are shown in Fig. 8. Before
welding, lath and rod precipitates Al{(Mg,Mn)
were observed in 5083 Al alloy, as depicted in
Fig. 8(a). After welding, moderate changes were
obtained in the HAZ of the 5083 Al alloy, as shown
in Figs. 8(b,c), because MgyAl; was stabler
than Mg,Si and was slightly affected by the thermal
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Fig. 7 Grain size of welded joints in 5083 alloy (a, b, ¢) and 6005A alloy (d, e, f): (a, d) BM; (b, ¢) HAZ in two-layer
and two-pass joints; (c, f) HAZ in three-layer and three-pass joints

(a)
v

Al (Mg, Mn, Cr)
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Fig. 8 Bright-field TEM images of second phase in 5083 alloy (a, b, c) and 6005A alloy (d, e, f): (a, d) BM; (b, ¢) HAZ
in three-layer and three-pass joints; (c, f) HAZ in two-layer and two-pass joints

cycles [16]. However, great changes were observed
in the HAZ of 6005A Al alloy. In the base metal of
the 6005A Al alloy, thin needle-shaped precipitates
p" (Mg.Si,) were examined, as shown in Fig. 8(d),
producing strong precipitation strengthening effects.
After welding, most " precipitates dissolved in the
matrix and transformed into coarse round £ (Mg,Si)
phases in the HAZ of the three-layer and three-pass

joints, as shown in Fig. 8(e). This was because the
" precipitates were unstable and transformed into
the coarse f phase [17]. Meanwhile, the quantity of
" precipitates further decreased, and the size of f
phase further increased in the HAZ of two-layer and
two-pass joints as shown in Fig. 8(f). The reduction
of the strengthening " precipitates significantly
influenced the mechanical properties of the welded
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joints because precipitation strengthening effects
played an important role in enhancing the strength
of the 6005A Al alloy.

3.3 Thermal cycles

The evolution of the grain structure and
precipitates indicated that the welding thermal
cycles were not identical when different welding
layer arrangements were utilized. To reveal the
difference, welding thermal cycles were measured
by a K-type thermocouple. To prevent the thermo-
couple from being melted by arc heat, the thermo-
couple was inserted in the aluminium plates 10 mm
away from the weld toe with a depth of 2 mm, as
depicted in Fig. 9(a). As shown in Fig. 9(b), the
two-layer and two-pass joints experienced two
thermal cycles and the peak temperature reached
370 °C. In the two-layer and three-pass joints, three
cycles with a lower peak temperature of 270 °C
were obtained. It further declined to 245 °C in the
three layer and three passes joints. According to
ROBSON and CAMPBELL [18], recrystallization
of aluminium alloys generally occurred when the

300
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temperature proceeded 300 °C. In addition, the
dissolution temperature of f" (Mg,Si,) was lower
than 350 °C [19]. The highest temperature in the
two-layer and two-pass joints at the test point
reached 370 °C. Under this condition, the welding
heat input would drive significant recrystallization
and precipitate dissolution in the high-temperature
region between the test point and fusion line. The
decrease in the peak temperature implied a short
retention period at high temperatures, resulting in
varied degrees of recrystallization and precipitate
dissolution. Consequently, the microstructure of the
joints was changed differently by adopting different
welding layer arrangements.

3.4 Microhardness

Figure 10 shows microhardness distribution in
the welded joints under different welding layer
arrangements. The microhardness of FZ (HV 67-73)
slightly fluctuated due to the same filler metal
ERS5356. However, the microhardness profiles in
the HAZ of 5083 and 6005A Al alloys were
different.

400
350
300
250
200 -
150 -
100 -
50

(®) 370 °C~

The second

The first

60 80

Time/s

100

200
164 °C

150 1 The third

100
The first

50 The second

0 20 40 60

Time/s

80 100

Fig. 9 Thermal cycles of different welding layer arrangements: (a) Position of thermocouple; (b) Two layers and two
passes; (c) Two layers and three passes; (d) Three layers and three passes
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Fig. 10 Distribution of microhardness in 5083/6005A
dissimilar aluminium alloy joints under different welding
layer arrangements

On the 6005A Al alloy side, the microhardness
of the HAZ sharply decreased to HV 50—60 and
then gradually increased to HV 105, implying the
formation of a softening zone as depicted in Fig. 10.
In the two-layer and two-pass joints, the micro-
hardness of the softening zone was the lowest, only
HV 50. However, when applying the three layers
and three passes welding processes, the softening
was improved, and the lowest microhardness
rose up to HV 60. The results indicated that
the HAZ in 6005A Al alloys became the weakest
region in the joints, while adopting a proper
welding layer arrangement could improve the
microhardness loss.

On the 5083Al alloy side, the microhardness
of the HAZ was only slightly lower than the BM of
HV 85, and the main reason for the decrease in
microhardness was the change in grain structure
caused by recrystallization.

Comparing the hardness profiles of the 6005A
and 5083 Al alloys, it could be seen that the
softening zone only distributed on the 6005A Al
alloy side, but no obvious softening was observed
on the 5083 Al alloy side. The difference in
softening behaviour was attributed to the different
strengthening mechanisms of the 6005A and 5083
Al alloys. The strengthening mechanism of the
6005A Al alloy was precipitation strengthening
effects, and the p" precipitates were the main
strengthening phase. Specifically, the S" phase
formed at 160—240 °C. However, f" precipitates
were unstable and transformed to the £’ or § phase

when the HAZ rapidly cooled down. Then, the
precipitation strengthening effect of f” was much
better than that of the S phase. In multilayer
GMAW, multiple thermal cycles further promote
the above process. Consequently, the HAZ of the
6005A Al alloy severely softened.

For the 5083 Al alloy, the dislocation at the
grain boundary due to lattice distortion by work
hardening was the main strengthening mechanism.
Under the effects of welding thermal cycles, the
loss of mechanical properties due to the change in
grain structure by recrystallization was slight, so
there was no obvious softening zone in the HAZ of
the 5083 Al alloy.

3.5 Tensile properties

Figure 11 shows the tensile strength of the
5083/6005A welded joints under different welding
layer arrangements. The tensile strength of the
two-layer and two-pass joints was 161 MPa. In
addition, the tensile strength of the two-layer and
three-pass joints reached 178 MPa. When applying
three layers and three passes welding processes, the
tensile strength of the welded joints further
increased to 217 MPa, reaching 79% of the
6005A-T6 Al alloy BM. As shown in Fig. 12, all
joints fractured in the HAZ of the 6005A Al alloy,
which corresponded with the microhardness profile
variation results.

300
— Two-layer and two-pass

250 L Two-layer and three-pass
o — Three-layer and three-pass
o
= 200
<
=
e 150
: )
z 100 -
Q
=

50+
0 2 4 6 8 10

Strain/%
Fig. 11 Stress—strain curves of 5083/6005A Al alloy
welded joints under different welding layer arrangements

The fracture surface of the dissimilar joints
was characterized by a number of dimples, as
displayed in Fig. 13. Changing the welding layer
arrangements promoted different dimple shapes and
sizes. Large and shallow dimples appeared on the
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6005A.

Fig. 12 Fracture positions of 5083/6005A Al alloy
welded joints under different welding layer arrangements:

(a) Two-layer and two-pass; (b) Two-layer and three-pass;
(c) Three-layer and three-pass

fracture surface of the two-layer and two-pass joints
in Figs. 13(a, b), while small, deep and dense
dimples were discovered in Figs. 13(c, €). This was
attributed to the smaller grain size when more
welding layers and passes were adopted. The
fracture surface of the three-layer and three-pass
joints possessed the most dimples, revealing that
their toughness was better than that of the other
joints.

The formation of liquation cracking, coarse
grains and the decrease in the quantity of
precipitates " were believed to be responsible for
the failure in the HAZ of the 6005A Al alloy under
tensile loading. Although the softening zone could
not be avoided and the HAZ of 6005A Al alloy was
the weakest part of the joins, optimizing the
welding layer arrangements was an effective way to
enhance the mechanical properties.

e

\-Ticaring ridge

Fig. 13 Fracture surface of 5083/6005A Al alloy welded joints under different welding layer arrangements: (a, b) Two-

layer and two-pass; (c, d) Two-layer and three-pass; (e, f) Three-layer and three-pass
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4 Conclusions

(1) Welding thermal cycles significantly
changed when different welding layer arrangements
were adopted. With the increase in the number of
welding layer and pass, the peak temperature of the
welding thermal cycles gradually decreased.
Consequently, the grain boundary liquation,
recrystallization and precipitate dissolution were
suppressed. The three-layer and three-pass joints
possessed the lowest extent of recrystallization and
precipitate dissolution.

(2) The precipitates in the HAZ of the 5083 Al
alloy were slightly affected by welding thermal
cycles. Nevertheless, " precipitates were reduced
and coarsened in the HAZ of the 6005A Al alloy.
Changing the welding layer arrangement affected
the evolution of the precipitates. The fewest
precipitates with the largest size were discovered in
the two-layer and two-pass joints, leading to severer
softening in the HAZ of the 6005A Al alloy.

(3) The three-layer and three-pass joints
exhibited a high tensile strength of 217 MPa,
reaching 79% of the strength of 6005A Al alloy BM.
Although the softening zone could not be avoided,
optimizing the welding layer arrangement was an
effective way to enhance the mechanical properties.
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