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Abstract: In this paper, 3 mm 6061 aluminum alloy sheets were welded by laser MIG hybrid welding. Based on the
experiment, the best welding parameters were determined to ensure the penetration welding. The detailed microstructure,
tensile and fatigue fracture morphology and surface fatigue damage of the welded joints were analyzed by optical
microscope (OM), scanning electron microscope (SEM) and energy dispersive spectrometer (EDS). The results show that
there are two main kinds of precipitates, one is the long Si rich precipitates at the grain boundaries, the other is the
intragranular Cu rich precipitates. The tensile test results show that the tensile strength of the joint is 224 MPa, which is
only 70.2% of the base metal. Through the analysis of tensile fracture, there are great differences in the formation of
tensile dimple. In the tensile-tensile fatigue test with a stress rate of 0.1, the conditional fatigue limits of base metal and
welded joint are 101.9 MPa and 54.4 MPa, respectively. By comparing the fatigue fracture of the welded joints under
different stress amplitudes, it was found that the main factor leading to the fracture of the joint is porosity. Through
further analysis of the pore defects, it was found that there are transgranular and intergranular propagation ways of
microcracks in the pores, and the mixed propagation way was also found.
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high-speed rail, and other structural parts due to its
high specific strength, high corrosion resistance and
good weld ability [2 — 4]. In the manufacturing
process of this kind of structure, welding is the

1 Introduction

The demand for high-strength, lightweight

materials in modern aviation, automotive, and high-
speed rail manufacturing is increasing due to energy
consumption around the world [1]. 6xxx series heat-
treated aluminum alloys, represented by 6061
aluminum alloy, have been widely used in aircraft,

preferred connection process. The fusion welding
technology represented by MIG welding has
become the first choice among many welding
processes because of its mature process and low
cost [5]. However, some studies have shown that
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MIG welding is characterized by large heat input
and slow welding speed. During the welding
process, there will be obvious defects such as severe
softening of heat affected zone (HAZ) and large
welding deformation, which have adverse effects on
the mechanical properties and fatigue properties of
joints [6 — 8]. Compared with MIG welding, laser
welding has the advantages of high welding
efficiency, small heat input and small deformation.
However, the characteristics of aluminum alloy
materials determine that there are many low melting
points of alloy components, and the evaporation is
large during laser welding, which is prone to
porosity defects and burning loss of alloy
elements [9].

In order to improve the deficiencies of these
two welding processes, STEEN [10] proposed laser-
MIG hybrid welding, which is a new welding
method with high efficiency of heat
combining the advantages of laser welding and MIG
welding [11]. Compared with single heat source
welding technology, laser-MIG hybrid welding has
higher energy density and better heat source quality.
Under the synergistic action of hybrid heat source,
welding joints have strong bridging ability, high
welding stability and high welding quality [12-14].
In addition, the welding efficiency of laser-MIG
hybrid welding is 3—4 times higher than that of pure
MIG welding [15]. PAIL [16] used three different
laser welding methods to weld 6061 aluminum
alloy. Through comparison, he found that laser-MIG
welding had the best weld bead forming, and the
introduction of arc greatly reduced the clamping
accuracy of butt welding parts and improved the
production efficiency. However, due to the influence
of oxide film on the surface of aluminum alloy and
evaporation of low melting point elements at high
temperature, the problem of laser-MIG hybrid
welding pores is difficult to avoid [17].

At present, laser-MIG hybrid welding has
attracted worldwide attention due to its

source

breakthrough advantages. However, most of the
researches focus on the optimization of welding
parameters and the formation mechanism of
defects (porosity and undercut) [18-20]. There are
relatively few reports on the mechanical properties
of welded joints, especially the fatigue properties.
Fatigue damage is the most common failure mode
of welded joints in actual service, even for the

welded bead without obvious defects [21]. Studies
have shown that fatigue cracks would first crack at
pores in welded joints of aluminum alloys [22-24].
The existence of pores would reduce the actual load
area inside the welded joints, resulting in fatigue
failure of the welded structure in a low stress range
[25]. It is well known that the service of 6061
aluminum alloy welded structure is a long-term
process, so it is necessary to analyze the fatigue
performance of 6061 aluminum alloy laser-MIG
hybrid welded joints.

In this work, the 6061-T6 aluminum alloy
sheets with 3 mm thickness were welded by laser-
MIG hybrid welding. The microstructure and
properties of welded joints
analyzed. The research results have important
practical value for the further study of laser-MIG
hybrid welding technology of 6061 aluminum alloy.

mechanical were

2 Materials and experiments

2.1 Material and welding process

The base metal (BM) used in this work is a
3 mm thick 6061-T6 aluminum alloy. According to
its chemical composition, it is prone to hot cracks.
In order to reduce this crack tendency, ER4043 with
a diameter of 1.2 mm was used. Chemical
compositions of BM and welding wire are shown in
Table 1. Before welding, the surface of the BM is
treated by mechanical grinding to remove the oxide
film on the surface to prevent welding defects in the
welding process. Figure 1 shows the schematic
diagram of laser-MIG hybrid welding of 6061-T6
aluminum alloy. The laser system is composed of
YLS-5000 fiber laser from IPG Photonics, KR60HA
six-axis robot from KUKA, and KEMPARC450
MIG welding machine from KEMPPI. During
welding, the laser is in the front and the arc is in the
back. The angle between the laser and the welding
torch and the aluminum alloy plate is 80° and 60°
respectively, and the argon gas (99.999%) is used as
the protective gas. The welding process parameters
used in the welding test are shown in Table 2. After
welding, the welded joints were cooled at room
temperature, and the samples for tensile tests and
fatigue tests were cut from the plates, and the weld
reinforcement of the sample for test was processed
after cutting. The sample cutting and size diagrams
are shown in Figure 2.
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Table 1 Chemical composition of base metal and welding
wire (wt%)

Element 6061 ER4043
Mg 0.5 <0.05
Si 0.6 5
Zn <0.20 <0.10
Fe <0.35 <0.80
Cu <0.30 <0.30
Mn <0.50 <0.05
Cr <0.30 —
Ti <0.10 <0.2
Al Bal. Bal.
KUKA robot
IPGYLS-5000 ‘
laser «@
Lascr bcam\

// MIG torch

/
807 L\;} ER4043 /

Welding direction
~ 6061-T6 aluminum alloy

SEEEAE 3 mm

Figure 1 Schematic diagram of welding process

Table 2 Welding parameters

Parameter Value
Laser power/kW 3
Current/A 131
Voltage/V 18.1
Wire feeding rate/(m+*min™") 8
Welding speed/(mm-s™") 25
Defocusing amount/mm -1

2.2 Microstructure characterization

According to GB/T3246.1—2012 standard, the
surface of the sample was polished until no obvious
scratches were found, and then the metallographic
sample was prepared by etching with Keller reagent
(V(HF): V(HCI): V(HNO,) =1: 1.5: 2.5). VHK-600
optical microscope (OM) and S-3400N scanning
electron microscope (SEM) were used to observe
the metallographic sample.

2.3 Tensile tests and fatigue tests

GB/T2651—2008 standard,
tensile tests were carried out on the base
metal (BM) and laser-MIG welded joints (WJ) at
1 kN/min. In order to ensure the accuracy of tensile

According to

data, the average value of three groups of tensile
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Figure 2 Interception positions of metallographic, fatigue
and tensile specimens (a), the size of tensile specimens

(b) and fatigue specimens (c)

tests was taken as the test result.

According to the GB/T26077—2010 standard,
the fatigue tests
temperature ((25+£3) ° C) and relative humidity
(40%—-60%) by symmetrical tension—tension cycle
with  sinusoidal

were carried out at room

loading waveform until the
specimen reached 1x10° cycles or fracture. The
stress ratio (R=0,,/0,

max

) and load frequency were 0.1
and 15 Hz, respectively. All fatigue specimens were
cyclic loaded under different stress amplitudes (Ao=
O, —Oain)- The ultimate fatigue strength (N=10°) of
BM and W] was analyzed by S-N fitting curve.

All the tensile and fatigue tests were carried
out on the Zwick/Roell Amsler HB250 hydraulic
servo material testing machine, and the tensile and
fatigue fractures were observed and analyzed by
S-3400N and TESCAN-VEGA3 scanning electron
microscope (SEM).

3 Test results

3.1 Microstructure of 6061 aluminum alloy laser-
MIG welded joint

Figure 3 describes the OM images of HAZ and
BM in the welded joint. HAZ1 in Figure 3 is the
HAZ microstructure near BM, while HAZ2 is close
to the weld bead. BM structure in Figure 3(a) is
obviously long strip, which is typical rolled
structure. The average size of grains marked with
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Figure 3 Microstructures of optical microscope (OM):
(a) BM; (b) HAZ1; (c) HAZ2

red lines in Figure 3 was calculated, and the results
are shown in Table 3. The results show that the
grain length and width of HAZl1 near BM are
coarsened obviously, but the aspect ratio remains
unchanged. HAZ2 near welding zone (WZ) has
obvious coarsening only in width, and its grain
morphology is different from that of BM and HAZI,
which is granular and close to the as-cast structure.
The grains in HAZ2 are close to the weld bead,
which is greatly affected by the heat source. The
temperature at this position during welding would
exceed the solidus temperature of BM, and the grain
partially melts and forms granular as-cast structure

Table 3 Grain sizes of HAZ1, HAZ2 and BM marked in
Figure 3

Sample  Length/um  Width/um  Length-width ratio
BM 61.4 14.7 4.18

HAZI 95.1 20.8 4.57

HAZ2 60.9 24.1 2.53

during the subsequent cooling process. However,
HAZ1 is far away from the weld bead, the welding
temperature could not reach the solution
temperature, but exceeds the overaging temperature
of the alloy, and the grains coarsen at high
temperature.

Figure 4(a) depicts the macroscopic
morphology of the weld bead taken by OM. It can
be seen from the figure that the weld bead is well
formed without defects such as undercut and
penetration. Four locations were selected in
Figure 4(a) to analyze the microstructure of the
weld bead as shown in Figures 4(b), (c), (d) and (e).
It can be seen from Figures 4(b), (c) and (d) that the
weld bead grains are mainly fine equiaxed grains
with uniform grain size and irregular distribution.
There are obvious snowflake equiaxed crystals in
the weld bead. During the welding process, due to
the large undercooling in the molten pool, the
suspended free crystals in the molten pool can
directly nucleate in the liquid metal, and are less
constrained by the surrounding, and diverge around
to form snowflake-like equiaxed crystals [23]. The
microstructure of grains in different areas of weld
bead is mainly affected by the combined action of
temperature gradient (G) and solidification rate
(R) [26].

During the welding process, the center of the
molten pool had the highest temperature, but the
edge of the molten pool was close to BM, the heat
dissipation was fast, and the temperature gradient
was high, which resulted in a lower temperature at
this location. At the same time, the solidification
rate near the fusion line was low, so the G/R was
large. Under the action of component supercooling,
the grains grew to the center of the molten pool with
columnar dendrites, as shown in Figure 4(b) red
virtual coil. Because the welding energy density is
high, the molten pool center has higher temperature
with low cooling rate, the temperature gradient G
decreases, and at the same time the crystallization
rate R increases, so G/R of weld center decreases,
and composition of supercooling increases
gradually. Consequetly, the quick growth of
columnar dendrites was restrained, the isometric
and small dendrites began to appear in weld center,
until the liquid metal in the molten pool was firm. It
can be seen from Figure 4(b) that the microstructure
on both sides of fusion line was disorderly, mainly
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Figure 4 Morphology of the weld bead taken by OM: (a) Macro morphology of weld bead; (b) Microstructure of fusion
zone; (c) Microstructure of the upper part of weld bead; (d) Microstructure of the middle part of weld bead;

(e) Microstructure of the lower part of weld bead

including fine equiaxed grains, columnar dendrites,
heat-affected zone granular grains and semi-fused
grains. The grains morphology on both sides of the
fusion line is very different. Although the vicinity of
the fusion line was a relatively narrow area on the
scale, the strong microstructure heterogeneity would
still cause great
properties, which made it impossible for different

differences in mechanical
micro-regions to coordinate deformation under load,
thereby affecting the strength of welded structural
parts.

SEM observation was performed on the
microstructure of the weld bead and fusion line, as
shown in Figure 5. There are many second phase
particles distributed in the dark aluminum matrix in
the weld bead, which are unevenly distributed in the
grain boundary or inside the grain. The same
secondary phase particles distribution can be clearly
observed near the fusion line. From the morphology
of these particles, it can be found that the
precipitates at the grain boundary are mostly long
strips, while the precipitates inside the grains are
obviously spherical. EDS analysis was performed
for the partially numbered second phases in
Figures 5(b), (d) and (e), and the results are shown
in Table 4. According to the results, the content of
Cu element in the precipitates numbered 3, 4, 7 is

relatively high, and the content fluctuates between
4.52% and 9.92%. However, the content of Si
element in the elongated strip precipitates at grain
boundaries is relatively high, which fluctuates
between 23.32% and 29.17%. In addition, by
comparing the composition of BM in Table 1, it can
be found that the content of Mg element in these
precipitated phases is low. This is because the
weld center temperature was much higher than
the boiling point of magnesium (1090 °C) in the
welding process, resulting in the decrease of Mg
content [27].

3.2 Tensile test results

The average tensile properties of BM and WJ
are shown in Table 5. The engineering stress—strain
curves of BM and W1J are shown in Figure 6. It can
be seen from Table 5 that compared with BM, the
elongation and strength of WIJ are significantly
decreased. The tensile strength (TS), yield strength
(YS) and elongations of WJ and BM were 224 MPa
and 319 MPa, 132 MPa and 287 MPa, 3.1% and
13.3%, respectively. It can be seen from Figure 6(a)
that the tensile fracture of BM is about 45° from the
tensile stress direction, which is a typical blade
fracture. The tensile fracture surface of the welded
joint in Figure 6(b) indicates that the fracture of the
joint does not show obvious ductile fracture
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Figure 5 (a) SEM images of weld bead; (b) Local enlarged view of Figure5(a); (¢) SEM image of fusion line; (d) and (e)

Local enlarged view of Figure 5(c)

Table 4 EDS results of different precipitate phases
marked in Figure 5

Location x(AD)/%  x(Mg)/%  x(Si)/%  x(Cu)/%
1 70.15 0.50 29.17 0.18
2 73.48 0.92 25.08 0.52
3 77.38 1.65 16.45 4.52
4 72.61 1.40 16.07 9.92
5 73.66 1.91 23.32 1.11
6 72.30 0.82 25.69 1.19
7 72.22 1.13 18.01 8.64
8 69.75 1.32 27.69 1.24
Table 5 Tensile test results of BM and WJ
Sample ¢ tr(;,l;f;il/ﬂle\:/IPa s trelj{;fllllePa Elongation/%
BM 319 287 13.3
A 224 132 3.1

characteristics. Figure 6(b) shows that the tensile
fracture of WIJ is located in the welded center and
accompanied by porosity defects. The existence of
pores will not only reduce the actual bearing area of
the joint, but also induce secondary cracks during
loading, as shown in Figure 6(c).

Figure 7 shows the SEM image of tensile
fracture of BM. Figures 7(a) and (b) show regular
dimples with a size of about 20 pm. The dimples
with this morphology are standard equiaxial dimples
[28]. The dimples shown in Figure 7(b) were
formed when the dispersed phases gradually
detached from the matrix and grow into micropores
when subjected to tensile stress. In the dimples,
some remnants of broken second-phase particles can
be observed. According to EDS result (Figure 7(c)),
the second phase particles in the dimple can be
judged as f phase [29]. Figure 8 shows the tensile
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Figure 6 (a) Stress—strain curve of BM; (b) Stress—strain curve of WJ; (c) OM enlarged view of pore defect in Figure 6
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Figure 7 (a) SEM images of BM tensile fracture; (b) Local enlarged view of Figure 7(a); (¢c) EDS results of the second

phase particles in dimples

Figure 8 (a) SEM image of WJ tensile fracture; (b) Local enlarged view of Figure 8(a)

fracture of 6061 aluminum alloy laser-MIG hybrid
welded joint. It can be found from Figures 8(a) and
(b) that the dimple morphology of WI tensile
fracture is broken, which is different from BM.
Since the ER4043 welding wire was selected in this
test, and its main alloy components are Al and Si,
there were few precipitation particles at the weld
bead after welding, leading to different forming
modes of WJ dimples. The tensile dimples of the
joint were mainly due to the formation of voids in
the joint under the action of tensile normal stress.
The voids grew up along all directions in the space

under the external force, and finally the dimple
morphology appeared in the fracture. A large
number of dimples distributed indicate that the joint
has a certain plasticity, but some cleavage steps can
be observed in Figure 8(a). The low elongation of
the joint in Table 5 indicates that the joint has a
certain brittleness during the tensile process. In
conclusion, the tensile fracture mode of 6061
aluminum alloy laser-MIG hybrid welding joint is
ductile-brittle mixed fracture.

3.3 Fatigue test results
Basquin’s formula [30] was used to fit the data
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obtained from the fatigue test of BM and WJ. The
formula after fitting is shown as Eqgs. (1) and (2).
Equation (1) is the fitting formula of WJ and
equation (2) is the fitting formula of BM and the
fitting curve obtained is shown in Figure 9.

210 M EM

205

2.00 |

1.95

1.90 -

Logarithm of stress amplitude, lg(o,)

L

1} 1 1
4.4 4.8 5.2 5.6 6.0

Logarithm of cycles to failure, IgN;
Figure 9 Fatigue test data and fitting curve of WJ and BM

lgA6=2.38753-0.10861gN 1)

lgAc=2.78956-0.13021gN 2)

According to Eq. (1) and Eq. (2), the slope of
BM fitting curve is slightly smaller than that of WJ,
which indicates that the fatigue life of BM decreases
faster with the increase of stress level. At the same
time, under the condition of 1x10° cycles, the
fatigue limits of BM and WJ are 101.9 MPa and
54.4 MPa respectively, and the fatigue life of W1J is
only 53.4% of that of BM. It is worth noting that
under different stress amplitudes, the welded joint
samples all fractured at the weld bead, indicating
that the weld bead has the lowest strength of the
joints, which is consistent with the tensile test
results.

Figure 10 shows the OM image of fatigue
fracture path of welded joint. It can be seen from the
figure that the crack initially nucleates near the
fusion line. Under the action of the driving force of
the crack tip, the fatigue crack propagates in a
Z-shaped way, and there is plastic
deformation near the crack. Studies have shown that

obvious

fatigue cracks would initiate at the surface or near
surface defects of the specimen, resulting in failure
under low stress [22, 31]. Figure 11 shows the
fatigue fractures with the stress amplitude of 99,
94.5, 90 and 85.5 MPa. It can be seen from the
figure that the porosity defect located on the surface

Fusion line

Figure 10 OM image of fatigue fracture path of welded
joint

or near the surface is the main reason for the
fracture of the hybrid welded joints. In addition to
the small-size pore in Figure 11(b), the pores
leading to fatigue cracks initiation under other stress
amplitude are all large. The pores with regular shape
are considered to be caused by the evaporation of
Mg element with low boiling point in BM and the
oxide film on BM surface [27]. When fatigue test
was carried out, the stress near the edge of the pores
was much greater than the fatigue stress, which
made the fatigue cracks easily initiate and propagate
from the pores. It is noteworthy that according to
ZHAO et al [32], due to the rapid cooling rate of the
welding pool, the small pores that cannot be
escaped in time in the welding pool would
accumulate large-scale pores at the root of the weld
bead, which explains that the large pores in the
fatigue fractures were mostly located on the near
surface of the specimen.

Figure 12 shows the fatigue fracture of the
sample with the stress amplitude of 85.5 MPa after
834052 cycles. As can be seen from Figure 12(a),
after the fatigue test of the sample, the two closely
connected 1 mm pores were the main reason for the
initiation of fatigue cracks. The connected pores
create a coupling effect on the stress field around
the defect, thus further
concentration at this position

enlarging the stress
[33]. After the
initiation of the fatigue crack at the pores, the
fatigue crack would enter a stage of stable
expansion under the action of external stress, as
shown in region II in Figure 12(a). The crack in
region II began to expand around after cracking at
the pores (as shown by the red arrows), and the area
of region Il was large, indicating that the crack
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propagation stage occupied a large part in the whole
process of specimen fracture. The III region in
Figure 12(a) is the transient fracture zone of the
sample. The fatigue sample would fracture
instantaneously after the fatigue stable expansion
stage (the square zone), which took a very short
time and was completed almost instantaneously.
Figure 12(b) is an enlarged view of the yellow box
in Figure 12(a). The red arrows in the figure are the
propagation direction of the fatigue crack. The
propagation direction of the crack was not fixed, but
the morphology of the fracture extending in
different directions was the same. This is the brittle
fracture caused by the fracture of the material in a
specific and determined lattice plane under the
condition of tensile stress. In Figure 12(b), a large
number of ridge-like morphology (in the yellow
dotted line box) can be seen, and the direction of
these ridge-like patterns is consistent with the
propagation direction of fatigue crack. The ridge-
like patterns were formed mainly due to the fatigue
crack propagated on different cleavage planes, when
two different propagation planes intersected, the
ridge-like pattern in Figure 12(b) would be
produced. Figure 12(c) is the enlarged figure of

Figure 12(b). In Figure 12(c), fractures with river

=

o |

Figure 11 SEM images of fatigue crack sources under different stress amplitudes: (a) Ac=99 MPa, N=198378; (b) A=
94.5 MPa, N=485937; (c) Ac=90 MPa, N=621441; (d) A6=85.5 MPa, N=834052

pattern and ridge pattern also appear. The fatigue
crack was formed when different lattice planes were
staggered during the opening of different lattice
planes. A large number of fatigue strips can be seen
in Figure 12(c) (shown by yellow arrows in
Figure 12(c)). From the figure, it can be seen that
fatigue strips were in many different directions,
which was due to the obstruction of grain
when propagated,
resulting in different directions of fatigue cracks

boundaries fatigue cracks
propagating in different grains, and ultimately
leading to different directions of fatigue strips.

Figure 12(d) is an enlarged view of region III
in the fatigue fracture, from which a large number
of dimples can be observed, with a morphology
similar to that of the tensile fracture of WI.
Figure 12(e) shows the secondary cracks generated
by dimples in the fracture. The secondary cracks
were perpendicular to the fracture generated during
fatigue tests. Figure 12(f) is an enlarged view of the
inside of the dimples. Obvious slip bands can be
observed in the figure, which were caused by plastic
deformation as the dimples grew, and a large
number of small microscopic cavities can be
observed, which were factors contributing to the
dimple formation.
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Figure 12 SEM images of fatigue fracture of welded joints: (a) Pores under weld surface; (b) Crack propagation zone;
(c) Fatigue strip; (d) Instantaneous fracture zone; (¢) Secondary crack; (f) Dimple

4 Discussion

According to the above analysis, it can be
found that the main cause of fatigue fracture is the
existence of pores. Figure 13 shows the SEM
images of the surface of the welded joints under
different loading stress. It can be seen from the
figure that the regular slip bands can be clearly
observed on the surface of the joint under higher
stress, but the slip bands cannot be observed on the
surface of the joint under lower stress. This
indicates that the low stress is not enough to form
enough slip bands on the surface, which makes the
traditional surface intrusion extrusion mechanism
[34] not the main cause of fatigue crack initiation of
welded joints under low stress. Therefore, it can be
considered that the origin of fatigue crack is
transferred from the surface to the interior. After a

certain cyclic loading, the internal discontinuous
region where the pores are located falls off from the
matrix interface, resulting in the initiation of
microcracks at the pores. Secondly, due to the
existence of pores, the geometric conditions of the
specimen are not continuous, and a serious stress
concentration phenomenon is formed at the edge of
the pores. The stress at the edge of the pores is
much higher than the applied stress, which makes
the slip bands easier to form at the edge of the
pores, initiate cracks, and reduce the fatigue life of
the specimen, as shown in Figures 13(c) and (d). By
further observation of the fracture pores, two kinds
of microcracks propagation modes were found. One
is intergranular cracking at the edge of the pores, the
other is transgranular fracture.

When the welded joint was subjected to cyclic
loading, it was easier to produce cyclic slip inside
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Figure 13 (a) SEM image of joint surface under Ac=99 MPa; (b) SEM image of joint surface under Ag=85.5 MPa;
(c) Partial enlarged image of (b); (d) Partial enlarged image of (c)

the grains, which promoted the fatigue microcracks
to propagate in a transgranular manner, as shown in
Figure 14. A pore can be observed in the upper right
corner of Figure 14(a), and the grains inside the
pore are clearly visible. There are obvious cleavage
steps and microcleavage surfaces at the edge of the
pore. Microcracks may form simultaneously in
multiple parts of pores and propagate along different
planes. When different cleavage planes intersect, the
cleavage steps shown in the figure would be
generated. The existence of cleavage planes and
cleavage steps is the typical characteristic of brittle
fracture, which indicates that this brittle fracture
exists at the edge of pores. When cleavage fracture
occurs, the fatigue crack is usually transgranular
propagation [28]. In addition to extending outward
along the edge of the pores, the transgranular
fracture also extended towards the interior of the
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Figure 14 SEM images of pore transgranular crack:
(a) Cleavage step; (b) Transgranular crack

pores, as shown in Figure 14(b). An obvious
microcrack (shown in the red curve) can be
observed in the figure. The crack initiated at the
edge of the pores and continued to expand towards
the interior of the pores. The microcracks were
observed to pass through two complete grains
(yellow dotted lines) about 30 um in length but only
about 10 pm in width.

In very few cases, the microcracks at the pores
would propagate along the grains. It is generally
considered that grain boundary is one of the
important factors of materials strengthening since
the bond force at the grain boundary is greater than
that in the grain, so the microcracks propagation
along the grain indicates the weakening of grain
boundary. The segregation of solute elements on the
grain boundary of metallic materials is considered
to be an important reason for the nucleation and
propagation of intergranular microcracks. Figure 15
shows a schematic diagram of the intergranular
crack at the pore, located near the fusion line of the
welded joint. It is clear from the figure that the
crack propagated along the equiaxed grains within
the pore. According to the precipitate analysis at the
fusion line in Table 4, there are many solute
elements at the grain boundaries. Their segregation
at grain boundaries would reduce the bonding
energy of grain boundaries, and the decrease of
bonding strength would lead to the decrease of local
effective fracture work, which would eventually
lead to the decrease of fracture toughness of the
sample. Therefore, when the solute elements at the
grain boundaries reach a certain level, the
microcrack will propagate along the grain
boundaries, and the corresponding critical value
depends on the yield strength, grain size and
microstructure of the material [28].

In addition to the single
intergranular a mixed mode of

microcracks
propagation,
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Figure 15 SEM image of intergranular crack at pore

transgranular
propagation was found at the fusion line, as shown
in Figure 16. After the initiation of the microcrack
in the figure, it first propagated along the grain

microcracks  intergranular  and

boundaries of the grains marked by the yellow
dotted line. Due to the complex grain types near the
fusion line, there were not only fine equiaxed
grains, but also long columnar grains. When the
microcrack propagated into columnar grains, the
energy consumption of propagation along grain
boundaries was much greater than that of
transgranular [22]. At this point, the
microcrack would choose the transgranular way to

mode

expand.

Figure 16 SEM image of mixed propagation of
microcrack at pore

5 Conclusions

In this work, tests of the microstructure, tensile
and fatigue behavior of 6061-T6 aluminum alloy
laser-MIG hybrid welded joints were conducted.
The conclusions are as follows:

1) Under the influence of welding thermal
cycle, the HAZ structure near BM is coarsened
obviously, but the morphology is still like BM long

strip; The HAZ structure near the weld is granular.
The microstructure of the weld center is mainly
single equiaxed crystal, while the microstructure
near the fusion line is complex. There are two main
kinds of precipitates, one is the long Si rich
precipitates at the grain boundaries, the other is the
intragranular Cu rich precipitates.

2) The tensile strength of welded joint and base
metal is 224 MPa and 319 MPa, respectively. There
are a large number of dimples on the tensile fracture
surface of the welded joint and the base metal, but
their morphology and size are different due to the
different formation ways.

3) Under the conditional fatigue life of
1x10° cycles, the conditional fatigue strength of the
welded joints and the base material is 54.4 MPa and
101.9 MPa, respectively. By comparing the fatigue
fracture morphology of welded joints under
different stress amplitudes, it is found that the large
porosity near the surface is the main cause of joint
failure.

4) Further analysis of the pores in the fatigue
fracture shows that the microcracks at the pores
have both intergranular and transgranular
propagation modes, and the mixed propagation
modes of the two have also been found.
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