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Abstract This paper investigates the microstructure and
mechanical properties of 1420 aluminum–lithium (Al-Li)
alloy joints before and after heat treatment by CO2 laser-
metal inter gas (MIG) hybrid welding. The 5-mm-thick
1420 Al-Li alloy plates were welded by CO2 laser-MIG
hybrid welding. Full penetration joints without any defects
were produced. Optic and scanning electron microscopy
were used to study the microstructure and fractograph char-
acteristics. The results show that the microstructures of the
heat-affected zone (HAZ) and fusion zone exist as a pre-
dominantly discontinuous equiaxed dendritic structure and
as a fine cellular dendritic structure, respectively. After heat
treatment, the microstructures change from dendritic struc-
ture to a spheroidal crystal; the grain size of fusion zone is
obviously larger than that of the base metal and the HAZ.
Furthermore, the hardness recovers substantially to a level
similar to that of the parent material. The tensile strengths of
the joints in the as-welded condition and after heat treatment
are 223 and 267 MPa, reaching up to 57 and 68 % of the
parent materials’ strength, respectively. The fractographs
show that the joint as-welded condition exhibits the charac-
teristics of dominated dimples and a small amount tear
ridges, which are associated with the mixed ductile and
brittle facture mechanisms. The fracture mode transforms
from a transgranular to an intergranular after heat treatment;

cleavage cracking coupled with an intergranular microvoid
coalescence fracture mechanism occurs.
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1 Introduction

Aluminum–lithium (Al-Li) alloy has been widely employed
in the aerospace industry for its excellent comprehensive
properties, such as lower density, higher elastic modulus,
and specific strength compared with traditional aluminum
alloys. The joining techniques used in aircraft are mechan-
ical fastening, which has the drawbacks of slow assembly
and limitations in joining thin sections. To extend the range
of applications and improve the overall performance, new
joining methods are being developed.

Pickens have discussed the weld ability of Al-Li alloys in
detail in a review [1]. The investigations about the Al-Li alloy
by friction stir welding (FSW), laser welding, electron beam
welding, and traditional arc welding had been reportedwidely.
Madhusudhan investigated the 1441 Al-Li alloy by continu-
ous current, pulsed current, and arc oscillation tungsten inert
gas (TIG) welding. Microstructure refinement was observed
in the case of pulsed current and arc oscillation TIG welding
[2]. Chen and Huang studied the influence of welding param-
eters on the microstructures and mechanical properties of
electron beam-welded 8090 Al-Li alloy plates [3]. Wei et al.
and Shi et al. carried out a study on 1420 Al-Li alloy by FSW
and laser welding, respectively [4, 5]. However, some diffi-
culties are encountered in welding Al-Li alloy through these
methods. For instance, vaporization of the low boiling point
alloying element (Li and Mg) leads to some troubles in laser
welding, whereas pores readily occur during electron beam
welding. Arc welding is often sensitive to the formation of
coarse grains in the heat-affected zone (HAZ), which
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deteriorates the mechanical properties of the joints. Further-
more, as an alternative to weld aluminum alloy, FSW over-
comes the problem of hot cracks; however, it also results in
some problems by the softening of the welding nugget zone,
thermal mechanical affected zone, and low welding speed
[6–11].

As a new fusion welding method, the laser-metal inter
gas (MIG) arc hybrid welding integrates laser beam and
electric arc. The advantages of the hybrid process over arc
welding and laser welding include higher welding stability,
higher melting efficiency, easier addition of welding wires,
and lower power input under the same penetration [12]. The
hybrid welding method can overcome the disadvantage of
alloy element vaporization, undercut, and high laser reflec-
tivity in laser beam welding and remarkably improve the
welding speed over arc welding. The investigations about
laser-MIG hybrid welding steel have been reported widely
and applied successfully in the industry. Zhang et al. exam-
ined the microstructure of AA6061 aluminum alloys using
ER4043 filler wire by 4 kW Nd:YAG laser-MIG hybrid
welding [13]. Kim et al. studied the welding phenomenon
in AA 5083 butt joints with different gap conditions by
laser-MIG hybrid welding [14]. Furthermore, some studies
explored the effects of shielding gas, laser beam diameter,
and process stability on the tolerance of joint gap and bead
shape in laser-MIG hybrid welding [15–17]. However, few
reports on Al-Li alloy welded by newly developed laser-

MIG hybrid welding are available. Hence, the joint micro-
structure and mechanical properties of 1420 Al-Li alloys by
CO2 laser-MIG hybrid welding need further investigation.

In this study, the 5-mm-thick 1420 Al-Li alloy plates
were welded by CO2 laser-MIG hybrid welding. The
joints were treated with solution heat treatment and
artificial aging. The characteristics of macrostructure,
microstructure, mechanical properties, and the micro-
hardness of the joints were examined. Finally, the frac-
tographs of weld joints were observed using a scanning
electron microscope (SEM).

2 Experimental procedures

The laser-MIG hybrid system is composed of a CO2

laser (Rofin TR050; maximum output power, 5 kW) and
a MIG welder (Panasonic conventional DCEP; maxi-
mum output current, 350 A). This system is schemati-
cally shown in Fig. 1. The 5-mm-thick 1420 aluminum
alloy plates and commercial ER2319 welding wires
were used in the experiments. The nominal chemical
composition of the substrate and the welding wires are
listed in Table 1. The surface of the plates was cleaned,
degreased, and dried before welding. The edges adjacent
to the joints were mechanically prepared to minimize
porosity. In the experiments, pure argon was used as the

Fig. 1 Schematic diagram of CO2 laser-MIG hybrid welding

Table 1 Chemical composition of parent material and welding wires,
wt%

Composition Li Cu Mg Fe Si Al

Parent material 1.9–2.2 – 4.8–5.2 0.1 0.2 Remain
ER2319 – 5.8–6.8 0.02 0.3 0.2

Table 2 Experimental setup and parameters

Welding parameters Value

Beam wave length (um) 10.6

Focus spot diameter (mm) 0.6

Focal length of lens (mm) 300

Unfocused length (mm) −2

Wire extension length (mm) 14

Wire diameter (mm) 1.6

Coaxial gas nozzle pure He(L·min−1) 7.5

MIG torch nozzle pure Ar (L·min−1) 15

Welding current (A) 75

Welding voltage (V) 16

Welding rate (m·min−1) 0.6

Laser power (kW) 2.0
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shielding gas for the back surface during welding. For
the topside shielding, pure argon was provided by the
MIG torch nozzle, and pure helium by the coaxial gas
nozzle. The optimal welding parameters were chosen to
achieve full penetration. The welding parameters are
listed in Table 2 in detail. Cross-sections from the
welded joint were prepared for optical microscopy ex-
amination using standard metallographic procedures.
The mechanically ground and finish polished samples
were etched using Keller’s reagent. For the microhard-
ness testing, a load of 200 g was used throughout the
tests.

For post-welding solution heat treatment, weld sam-
ples were immersed in a salt bath at 460 °C for 20 min
and then immediately quenched in air to room temper-
ature. For the artificial aging treatment, the work pieces
were placed in an oil oven at 120 °C, and the aging
time was 10 h. To study the mechanical properties, the
joints before and after heat treatment were sliced by
abrasive cutters and then machined into the required
dimensions to obtain tensile specimens. The fractured
morphology of the specimens was analyzed through
SEM.

3 Results and discussion

3.1 Macrostructure

The 5-mm sheets were successfully processed by laser-
MIG hybrid welding, and no porosity or defects were
observed; in comparison to welds produced with the same
laser power and arc parameter by laser beam and MIG arc
welding, respectively. The images of typical weld beads
are shown in Fig. 2. The hybrid welding bead surface was
very smooth and regular. However, the penetration of
MIG arc welding bead was only about 1 mm, but the
reinforcement was much higher than that of the hybrid
welding joint. This outcome is attributed to the low weld-
ing current resulting in low heat input and melting capac-
ity in MIG arc welding. Furthermore, given the unstable
MIG arc, welding beadings defects were observed on the
surface. For the laser welded bead, undercut was found
due to the vaporization of the low boiling point alloying
element (Li and Mg); rough weld bead surface was also
observed. In the hybrid welding, the extra heat input from
the arc enlarged the weld pool volume, which increased
the laser power efficiency and resulted in the occurrence
of the keyhole-welding mode. Furthermore, the laser pow-
er had an excellent effect on the stability of the MIG arc,
which damped down the weld pool fluctuation and
formed a smooth weld bead surface.

3.2 Microstructure and mechanical properties

The optical micrograph of the 1420 aluminum alloy is
shown in Fig. 3. The base metal is characterized by a
laminated structure. The elongated grains are formed in a
pancake shape with their interfaces or grain boundaries
parallel to the rolling plane [5]. Figure 4 shows the typical
optical microstructure of the joint by hybrid welding. The

Fig. 2 Macrostructure of joints
by laser, MIG, and laser-MIG
hybrid welding

Fig. 3 Microstructure of 1420 aluminum alloy
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base metal, HAZ, and fusion zone are clearly distinguished in
Fig. 4a. The equiaxed grains are formed along the fusion
boundary due to the high thermal gradient and small growth
rate. Figure 4c, d present much higher magnification micro-
graphs to show the morphology of the HAZ and fusion zone,
respectively. The microstructure exists as a predominantly
discontinuous equiaxed dendritic structure in the HAZ, and
as a fine cellular dendritic structure in the fusion zone.

Standard heat treatment on the joint was performed using the
procedures described above. The microstructure of the joint
after solution heat treatments is shown in Fig. 5. Compared
with the image in Fig. 4a, the microstructures changed from a
dendritic structure to spheroidal grains. Figure 5a shows the
differences in the grain size of the HAZ and fusion zone. The
grain size of the HAZ is obviously larger than that of the base
metal, whereas the fusion zone shows the largest grain size.

The transverse tensile strength of the parent material and
the joints before and after heat treatment was evaluated. In
each condition, three specimens were tested, and the average
tensile strength of three results was obtained. For all the

joints, failure occurred only in the weld metal region. The
tensile strengths of the joints before and after heat treatment
were 223 and 267 MPa, reaching up to 57 and 68 % of the
parent materials’ strength, respectively.

Microhardness tests were conducted on the transverse
cross-sections of the samples. Results for the as-welded
and heat treatment conditions are plotted in Fig. 6. The
microhardness decreased over the fusion and HAZ in the
as-welded samples. The average microhardness of the base
metal was about Hv115, whereas the fusion was about
Hv75. After the solution heat treatment and natural aging,
the hardness recovered substantially to a level similar to that
of the parent material in both the HAZ and fusion zone. The
average microhardness was about Hv100.

The precipitate strengthened alloys show a decrease in
the mechanical properties in the weld zone because of the
dissolution and growth of the strengthening precipitates
during the welding thermal cycle. A homogenization heat
treatment of the welded samples is a logical solution to
eliminate the alloying microsegregation and improve the

Fig. 4 Microstructure of joint.
a Microstructure near the
junction. b Network dendrites
zone in the joint center. c HAZ
with high magnification. d
Network dendrites zone in the
joint center with high
magnification

Fig. 5 Microstructure of joint
after heat treatment. a
Microstructure near the
junction. b Microstructure in
the joint center
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weld hardness. The prime precipitate of 1420 aluminum
alloy is the δ′(Al3Li) phase, and the formation and distribu-
tion of these precipitates depend on the solution treatment
and aging treatment. The whole microstructure evolution
process consists of three stages [18]. First, the primary
dendritic grains coarsen into interconnected non-dendritic
grains and recrystallization occurs. Second, the eutectics
melt along the primary α-Al and the recrystallized grain
boundaries, and the new recrystallized grains combine and
grow. Finally, the grains become separated from each other
and spheroidized at the heat treatment temperature range. In

other words, the dendritic grains dissolve completely and
the alloy elements distribute uniformly during the solution
heat treatment. After the quenching treatment, a supersatu-
rated solid solution is formed. The long exposure in air
during the artificially aged process promotes the atom dif-
fusion. Finally, particles of the δ′(Al3Li) phase are very fine
and seem to be uniformly distributed throughout the matrix.
This outcome leads to an increase in dislocation density,
which results in an improvement in hardness and enhanced
tensile properties.

3.3 Fracture behavior

Figure 7 shows the SEM fractographs of the base metal. The
fractographs are characterized by the appearance of the
banding and delamination features, indicating an extensive
shear-dominated planar slip. The laminated structure is
shown more clearly in Fig. 7d. However, the fracture modes
of the joints are different from that of the base metal.
Figures 8 and 9 show the SEM fractographs of the joints
as-welded condition and after heat treatment, respectively.
Different fracture modes are clearly observed between the
two joints. The fracture morphology of the joint as-welded
condition exhibits the characteristics of dominated dimples
and a small amount tear ridges (shown in Fig. 8b), which are
associated with the mixed ductile and brittle facture

Fig. 6 Microhardness of joint before and after heat treatment

Fig. 7 SEM fractographs of
base metal
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Fig. 8 SEM fractographs of
joint as-welded condition

Fig. 9 SEM fractographs of
joint after heat treatment

1472 Int J Adv Manuf Technol (2013) 66:1467–1473



mechanisms. Coarse dimples and voids are observed in the
joint [19]. The voids relate to isolated second phases on the
dendrite boundaries, and the coarse dimples decrease the
tensile strength and elongation. However, the macroscopic
shear fracture is not observed, but the fracture surfaces are
perpendicular to the tensile axis in the joint after heat treat-
ment. Furthermore, the fracture mode transforms from a
transgranular to an intergranular fracture [3]. The cleavage
cracking coupled with an intergranular microvoid coales-
cence fracture mechanism occurs. Overall morphology at
the higher magnifications is predominantly intergranular
with a distinct absence of layered ledges or groove-like
features [20].

4 Conclusions

The 5-mm-thick 1420 Al-Li alloy plates were welded by laser,
MIG arc, and laser-MIG arc hybrid welding, respectively. Full
penetration joints without any defects were produced by hy-
brid welding. The microstructure characteristics, mechanical
properties, and fractographs of the hybrid welding joints in the
as-welded condition and after heat treatment were investigat-
ed. The following conclusions are derived from the experi-
mental results and discussion.

1. The microstructure of the HAZ exists as a predominantly
discontinuous equiaxed dendritic structure, whereas that of
the fusion zone exists as a fine cellular dendritic structure.
After heat treatment, the microstructures change from a
dendritic structure to a spheroidal crystal; the grain size of
the HAZ is obviously larger than that of base metal,
whereas the fusion zone shows the largest grain size.

2. The tensile strengths of joints before and after heat
treatment were 223 and 267 MPa, reaching up to 57
and 68 % of the parent materials’ strength, respectively.
The microhardness decreases over the fusion zone and
the HAZ in the as-welded condition. After heat treat-
ment, the hardness recovers substantially to a level
similar to that of the parent material.

3. The joint as-welded condition exhibits the characteristics
of dominated dimples and a small amount tear ridges,
which are associated with the mixed ductile and brittle
facture mechanisms. The fracture mode transforms from a
transgranular to an intergranular fracture after heat treat-
ment; the cleavage cracking coupled with an intergranular
microvoid coalescence fracture mechanism occurs.
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