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a  b  s  t  r  a  c  t

High  power  laser–metal  inert  gas  (MIG)  hybrid  welding  of  AZ31  Mg  alloys  was  studied.  Microstructure  and
fracture  surface  of  welded  joints  were  observed  by  optical  microscope  and  scanning  electron  microscope.
The mechanical  properties  of  welded  joints  were  evaluated  by  tensile  test.  Under  the  optimal  welding
parameters,  the  stable  process  and  sound  joints  were  obtained.  The  tensile  strength  efficiency  of  welded
joints recovered  84–98%  of  the substrate.  It was  found  that  the  arc was  compressed  and  stabilized  by  the
eywords:
agnesium alloy

aser welding
icrostructure
echanical property

laser  beam  during  the  hybrid  welding.  The  compressed  extent  of  arc  column  increased  with  laser  power,
and the  process  stability  could  be  improved  by increasing  laser  power  and  arc  current  or  slowing  welding
speed.  The  arc  stabilized  mechanism  in  laser–MIG  hybrid  welding  of  Mg  alloys  was  summarized  in two
factors.  First,  the laser  keyhole  fixes  the arc  root  and  improves  the  igniting  ability  of  the  arc.  Second,
the  electromagnetic  force  is downward  and  increased  by  the  laser–arc  interaction,  which  prevents  the
overheating  of the droplet  and  smoothes  droplet  transfer  from  the  wire  to  the  weld  pool.
. Introduction

As the lightest structural materials, magnesium (Mg) and Mg
lloys have the potential to replace steel and aluminum in many
elds. Because of the occurrence of weld defects such as high
urning-loss, surface undercut and large porosity, they are seldom
elded except for some repaired structures. Developing reliable
elding techniques is thus interesting for the growing application

f Mg  alloys. Padmanaban et al. (2011) studied the fatigue crack
rowth behavior of the AZ31B Mg  joints welded by tungsten inert
as (TIG), friction stir and laser beam welding. Scintilla et al. (2010)
nvestigated laser beam welding of AZ31 Mg  alloys and obtained
ood welds. Liu et al. (2004, 2008) developed low power laser–TIG
ybrid welding to join Mg  alloys, which indicated laser–arc hybrid
elding would be an effective method to suppress the metallurgical
efects and increase the mechanical properties of Mg  joints.

High power laser–metal inert gas (MIG) hybrid welding has been
onsidered to be the most promising and popular method because
f its deep weld penetration, high welding efficiency, good joining
trength and strong ability to reduce weld deficiencies. Unfortu-
ately, there were few reports on laser–MIG hybrid welding of Mg

lloys because of their special physical characteristics. The vapor-
zation temperature of Mg  (about 1373 K) is only half of aluminum
nd its vaporization pressure in the temperature interval during

∗ Corresponding author. Tel.: +86 27 87792404; fax: +86 27 87541423.
E-mail address: xyli@mail.hust.edu.cn (X. Li).
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MIG  welding is 103 up to 104 higher than that of aluminum, which
leads to the droplet be overheated easily during MIG  welding of Mg
alloys because the possible temperature interval on the droplet is
very small. The overheated droplet explodes sensitively due to the
high vaporization pressure of Mg,  resulting in a great spatter and a
very unstable process without a secure drop detachment. Thus, MIG
welding of Mg  alloys is very difficult. Only two special MIG  welding
methods obtained sound Mg  joints: the triggered short-circuiting
arc welding developed by Wohlfahrt et al. (2003) and the AC-MIG
welding presented by Song et al. (2010).  This situation hampered
the development of laser–MIG hybrid welding of Mg  alloys.

As the unstable arc could be stabilized by laser–arc interaction
during the hybrid welding, Gao et al. (2009a) had reported a pre-
liminary result to obtain one accepted joint by laser–MIG hybrid
welding of AZ31 Mg  alloy. It suggested the unstable problem in the
laser–MIG hybrid welding of Mg  alloys might be overcome by opti-
mizing the interaction of two heat sources. However, there lack
comprehensive investigations into effects of welding parameters
on process characterization and joint performance. This article aims
to deepen the understanding of laser–MIG hybrid welding of Mg
alloys by presenting more experiment results.

2. Experimental work
A 5 kW Rofin-Sinar TR050 CO2 laser and a Panasonic pulse MIG
welder were used. The laser beam was focused by a copper mirror
with a focal length of 286 mm to get a focal diameter of 0.6 mm.  The
base materials (BM) were commercial AZ31 and AZ31B wrought Mg
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Table  1
Chemical composition and mechanical properties of base materials and filler wire.

Materials Chemical composition (wt%) Mechanical properties

Al Zn Mn Si Fe Cu Ni Mg UTS (MPa) EL (%)

BM AZ31B 2.5–3.5 0.5–1.5 0.2–0.6 ≤0.1 ≤0.005 ≤0.05 ≤0.005 Balance 250 15
BM  AZ31 3.5–4.5 0.8–1.4 0.3–0.6 ≤0.1 ≤0.005 ≤0.05 ≤0.005 Balance 268 18
Wire  AZ31B 2.5–3.5 0.5–1.2 0.2–0.5 ≤0.1 ≤0.005 ≤0.05 ≤0.005 Balance – –
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Table 3
Welding parameters selected for microstructure analysis and tensile samples.

No. BM Welding parameter HRAL Q (J/mm)

P (kW) I (A) v (m/min)

Hy1 AZ31 2.5 120 0.5 1.06 616.8
Hy2  AZ31 3.5 120 0.5 0.75 736.8
Hy3  AZ31 3.5 120 1.0 0.75 368.4
Hy4  AZ31 3.5 120 1.2 0.75 307.0
Hy5  AZ31 4.5 120 2.0 0.59 214.2
Hy6  AZ31B 3.0 90 2.4 0.60 120.0
Hy7  AZ31B 3.0 150 2.4 1.20 165.0
Hy8  AZ31B 3.0 210 2.4 2.10 232.5
Hy9  AZ31B 3.0 150 1.2 1.20 330.0
Hy10 AZ31B 2.0 150 1.2 1.80 280.0
Hy11 AZ31B 4.0 120 3.2 0.66 124.5

Table 4
Detailed parameters corresponding to each arc current, all used arcs have the same
base and peak current of 50 A and 380 A, respectively.

I (A)

90 120 150 180 210

U (V) 20 22 24 27 30
f  (Hz) 54 72 90 108 126
r  (m/min) 3.2 4.4 5.4 6.6 7.8
Fig. 1. Experimental set-up of laser–MIG hybrid welding.

lloys and the filler wire was AZ31 Mg  alloy with the diameter of
.6 mm.  Table 1 shows the chemical compositions and mechanical
roperties of base materials and filler wire. The thickness of the
Z31 plate was 10 mm,  while that of the AZ31B plate was 5 mm.
efore welding, they were milled to be 100 mm × 100 mm and then
leaned by acetone.

Fig. 1 shows the arrangement of heat sources, which has been
ptimized in previous studies (Gao et al., 2009a,b). During welding,

 flat copper backing was used to force the formation of weld root.
he paraxial weld torch was 55◦ angle to the surface of workpiece by
sing a He–Ar (3:2) mixed gas flux of 25 l/min. A coaxial gas nozzle
as employed to protect the focal mirror by using a pure argon

as flux of 7.5 l/min. The distance between laser beam and wire tip
DLA) was 3 mm,  and the laser defocused distance was  −1 mm.

The study on the process characterization was  carried out in
he configuration of bead-on-plate, while that on the joint charac-
erization was carried out in butt configuration. Table 2 shows the
elding parameter range used for process characterization. Table 3

hows the welding parameters selected for microstructure anal-
sis and tensile test. Table 4 shows the detailed arc parameters
orresponding to each current. Where P denotes the laser power,

 denotes the arc current, U denotes the arc voltage, v denotes the
elding speed, Q denotes the heat input, r denotes the wire feed
ate and f denotes pulse frequency of the arc. The heat ratio of arc
o laser was defined as HRAL and presented as follows:

RAL = U × I

P
(1)

able 2
arameter range used for process characterization.

Welding parameter Range

Laser power, P (kW) 1.5–4.5
Arc current, I (A) 60–210
Welding speed, v (m/min) 1.0–2.0
After welding, the metallurgical samples were prepared by
standard metallographic procedures and etched by a solution con-
taining 4.2 g picric acid, 10 ml  acetic acid, 10 ml  water and 100 ml
ethanol with an etching time of about 20 s. The microstructure
and fracture surface were analyzed by optical and scanning elec-
tron microscopy (SEM), respectively. The tensile samples were
prepared according to the drawing shown in Fig. 2 and tested
at room temperature. The result was  the average value of three
samples.
Fig. 2. Drawings of tensile specimens, (a) 10 mm AZ31 and (b) 5 mm AZ31B.

https://www.researchgate.net/publication/233601148_Study_of_laser_MIG_hybrid_welded_AZ31_magnesium_alloy?el=1_x_8&enrichId=rgreq-34dbbf70-510c-4b4e-9961-a8133a9c45bc&enrichSource=Y292ZXJQYWdlOzI1NzM0NTMzMjtBUzoxMDQxODk5OTY4MzA3MjlAMTQwMTg1MjI0MDExOA==
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Fig. 3. Effects of arc current on bead surface morphologies (AZ31 alloy with the thickness of 10 mm).  The arc current is (a) I = 150 A, (b) I = 180 A and (c) I = 210 A, while in
hybrid welding the laser power keeps 3.0 kW.  The welding speed is 1.0 m/min for all specimens.
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Fig. 4. Surface morphologies of hybrid welds in but

. Results

.1. Process characterization

Since the bead surface is an important reflection of the process
tability and can be observed by naked eyes directly, it was  used
o evaluate the process characterization. Regular and continuous
urface denotes a stable process, while irregular and discontinu-
us surface indicates an unstable process. To discover the laser–arc
nteraction during hybrid welding, the shapes of laser induced
lasma and arc column were recorded by a CCD camera. As shown

n Fig. 3, despite the fact that all possible welding parameters were
sed, pure MIG  welding obtains discontinuous and irregular welds,

ndicating an unstable process. However, the sound weld and sta-
le process are obtained in the hybrid welding under appropriate
elding parameters. If the arc current is too small or the weld-

ng speed is too fast, as shown in Fig. 4a andf, hybrid welding
hows some undesired surface morphologies with the defects of

verlap, undercut and discontinuity. Increasing arc current and
aser power, or decreasing welding speed could help stabilize the
ybrid welding and improve the quality of bead surface, as shown

n Fig. 4b–d.
guration (AZ31B alloy with the thickness of 5 mm).

In Fig. 5, the arc column is compressed by the laser beam dur-
ing hybrid welding compared to the shape in pure MIG welding.
When the laser power keeps constant, the compressed extent of
arc column reduces with increasing arc current because the self-
ionization or self-stability of the arc column enhances gradually
with increasing arc current. The similar phenomenon was  also
observed by Chen et al. (2006).  As shown in Fig. 6, the higher the
laser power is, the bigger the compressed extent of the arc column
is. Based on above descriptions in the process stability, a strong link
would be exist between the plasma shape and the process stability
during the hybrid welding of Mg  alloy, which will be discussed in
Section 4.1.

3.2. Effects of welding parameters on bead shape

As shown in Fig. 7, the penetration depth of hybrid welds
increases with both the laser power and the arc current, and
the increase caused by laser power is more obvious. The incre-

ment in penetration depth caused by laser power is 2–3 mm
per kilowatt, while that caused by arc power is about 0.5 mm
per kilowatt. In addition, the penetration depth of hybrid weld
is bigger than that of pure laser weld as the laser power and

https://www.researchgate.net/publication/233708615_Experimental_study_on_welding_characteristics_of_CO2_laser_TIG_hybrid_welding_process?el=1_x_8&enrichId=rgreq-34dbbf70-510c-4b4e-9961-a8133a9c45bc&enrichSource=Y292ZXJQYWdlOzI1NzM0NTMzMjtBUzoxMDQxODk5OTY4MzA3MjlAMTQwMTg1MjI0MDExOA==
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Fig. 5. Plasma shapes in pure MIG  welding and hybrid welding at v = 1.0 m/min  (top single MIG  welding to bottom hybrid welding), the base material is AZ31 alloy with the
thickness of 10 mm.

Fig. 6. Effects of laser power on the compression of arc column in hybrid welding with I = 150 A and v = 1.0 m/min, the base material is AZ31 alloy with the thickness of 10 mm.

Fig. 7. Effects of laser power (a) and arc current (b) on penetration depth of AZ31 hybrid weld, the solid and dash lines are the penetration depth of hybrid weld and pure
laser  weld respectively, and the arrowed points are the welds for comparison.
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Fig. 8. Effects of welding parameters on transverse morpholog

elding speed keep the same, and the increment in penetration
epth of hybrid weld to laser weld varies with the welding speed.
or example, when the arc current is 120 A and laser power is
.5 kW,  the penetration depth increment of hybrid weld to laser
eld is only 1 mm (∼18% of laser weld) at the welding speed of

.0 m/min, as arrowed in Fig. 7a, whereas it reaches 2.1 mm (∼40%
f laser weld) at the welding speed of 1.2 m/min, as arrowed in
ig. 7b.

In Fig. 8, the hybrid welds have typical ‘wine-cup’ shapes. The
ide upper zone has the characteristic of arc welds, while the nar-

ow lower zone has the characteristic of laser welds. In brief, as
hown in Fig. 8c, the upper and lower zones are defined as ArcZ
nd LaserZ, respectively. Fig. 8 shows the weld shape varies with
he welding parameters. In Fig. 8d and e, the width of ArcZ decreases

y 1.4 times as the welding speed reduces from 2.0 m/min  (Hy5) to
.2 m/min  (Hy4). In Fig. 8a and b, the width of LaserZ increases by
.5 times as the laser power increases from 2.5 kW (Hy1) to 3.5 kW
Hy2). These changes indicate the width of ArcZ decreases with

ig. 9. Overview of the microstructure for typical hybrid welds of AZ31 alloy, (a) ArcZ of 
hybrid welds whose welding parameters are shown in Table 3.

increasing welding speed due to the increasing heat input, while
the width of LaserZ depends on the laser power.

3.3. Microstructure

Some typical welds in Table 3 are selected for the microstructure
analysis. As shown in Fig. 9, the microstructure of BM is massive �-
Mg grains with the average size of 25 �m.  A partial melted zone
(PMZ) is observed near the fusion zone (FZ), and the PMZ  width of
LaserZ and ArcZ varies with the laser power and the arc current.
In Fig. 9a and c, the PMZ  in ArcZ of joint Hy1 and Hy4 almost has
the same width when the arc current keeps constant, though the
laser power increases from 2.5 kW to 4.5 kW.  However, as shown
in Fig. 9b and d, the PMZ  width in LaserZ of joint Hy4 is bigger than

that of joint Hy1 due to the increase of laser power.

Fig. 10 shows the microstructure of FZ consists of dendrites.
As analyzed by Chowdhury et al. (2011) and Gao et al. (2011),
the bright arms are �-Mg  and a small quantity of �-Mg17(Al,Zn)12

joint Hy1, (b) LaserZ of joint Hy1, (c) ArcZ of joint Hy4 and (d) LaserZ of joint Hy4.
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ig. 10. Difference of the microstructure between ArcZ and LaserZ, (a) ArcZ of Hy1, 

recipitates in the �-Mg  or between the arms during the solidifica-
ion. Although scattering exists, the length of the primary dendrite
rm shown in Fig. 10c  was measured and averaged to evaluate the
ffects of the welding parameters on the size of the solidification
tructures. The average lengths of primary dendrite arm in ArcZ for
he joint Hy1 and Hy3 are 80 �m and 40 �m as shown in Fig. 10a
nd e, while those in LaserZ are 50 �m and 10 �m as shown in
ig. 10b  and f. That is, the length ratio of ArcZ to LaserZ is 1.6 and

 for joint Hy1 and Hy3, respectively. It indicates the difference
n the size of solidification structures between the ArcZ and the
aserZ reduces with increasing HRAL when the arc current keeps
he same. Gao et al. (2008) found that increasing HRAL means more
rc heat is transferred into the lower part of molten pool to homog-
nize the heat distribution in total molten pool due to the increasing
rc pressure, and accordingly reduces the difference in the solid-
fication structures between the ArcZ and the LaserZ. Besides, as
hown in Fig. 10d  and f, the decrease of welding speed coarsens the
olidification structure obviously because of the increase of heat
nput.

.4. Tensile strength

The tensile properties are listed in Table 5. To evaluate the ten-
ile properties of welded joints, the ultimate tensile strength (UTS)
nd elongation (EL) efficiency were calculated by following formu-
as:

TS efficiency = Joint UTS
BM UTS

× 100% (2)

L efficiency = Joint EL
BM EL

× 100% (3)
The UTS efficiency is in the range of 84–98%, and the EL efficiency
f AZ31 and AZ31B alloy is in the range of 39–78% and 27–60%,
espectively. Most of the joints fracture in the FZ, but a few joints
ith higher UTS efficiency (about 95%) fracture in the heat affected
erZ of Hy1; (c) ArcZ of Hy2, (d) LaserZ of Hy2, (e) ArcZ of Hy3 and (f) LaserZ of Hy3.

zone (HAZ). These results show laser–MIG hybrid welding is an
effective joining method for Mg  alloy and has the ability to obtain
sound joints with good mechanical properties.

3.5. Fracture behavior

In Fig. 11,  many pores appear on the fracture surface of the
welded joints cracked in the FZ. The porosity of the welded joints
was measured by an image program (Photoshop CS4) and calcu-
lated by the following formula:

Porosity = Ap

A0
× 100% (4)

where Ap is the area of pores on the fracture surface, A0 is the area
of whole fracture surface. It can be found that the porosity reduces
with increasing arc current. As the arc current increases from 90 A
to 150 A and 210 A, the porosity reduces from 11% to 4% and 3% in
sequence. In addition, the fracture surface of the joint Hy9 is free
of pores because it fractures in the HAZ.

As shown in Fig. 12a andb, the fracture surfaces are mainly char-
acterized by dimple patterns but with remarkably tearing ridges
showing the brittle features. The dimples result from the weld
matrix, soft �-Mg  with good ductility, whereas the tearing ridges
are caused by the pores and brittle precipitated phase at grain
boundaries. In Fig. 12c, some plastic oxide inclusions are found
on the fracture surface. It indicates the oxide inclusion in the FZ
is one of the reasons to decrease the joining strength of hybrid
welds. Besides, some smooth depressions with slipping strips are

also observed on the fracture surface, as pointed by the rectangle
outlined area in Fig. 12b. The details in Fig. 12d suggest it is not
truly smooth, but exhibits a uniform array of fine slide striations
and a few of minute dimples.

https://www.researchgate.net/publication/233584261_Weld_microstructure_and_shape_of_laserarc_hybrid_welding?el=1_x_8&enrichId=rgreq-34dbbf70-510c-4b4e-9961-a8133a9c45bc&enrichSource=Y292ZXJQYWdlOzI1NzM0NTMzMjtBUzoxMDQxODk5OTY4MzA3MjlAMTQwMTg1MjI0MDExOA==
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Table 5
Tensile results and fracture location (Hy1–Hy5: AZ31, Hy6–Hy10: AZ31B).

No. UTS (MPa) UTS efficiency (%) EL (%) EL efficiency (%) Fracture location

1 2 3 Average 1 2 3 Average

Hy1 233 238 237 236 88 7 7 7 7 39 FZ
Hy2  222 228 225 225 84 7 8 9 8 44 FZ
Hy3 256 248 255 253 94 12 11 11 11 61 HAZ
Hy4 265 259 262 262 98 13 14 14 14 78 HAZ
Hy5 251  255 259 255 95 10 10 9 10 56 FZ
Hy6  198 218 210 212 85 3 5 4 4 27 FZ
Hy7  215 220 219 218 87 5 5 4 5 33 FZ
Hy8  232 230 222 228 91 6 6 5 6 40 FZ
Hy9 242 235 243 240 96 9 9 10 9 60 HAZ
Hy10 217 213 218 216 86 6 5 5 5 33 FZ
Hy11 215 223 222 220 88 5 5 4 5 33 FZ
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Fig. 11. Macro morphologies of fracture

. Discussion

.1. Arc stabilized mechanism

According to the reported theory in laser–arc hybrid welding
nd the physical characterization of pure MIG  welding of Mg  alloy,
he arc stabilized mechanism in current study is described as the
ollowing two factors.

First, the truth that laser keyhole or laser induced plasma plume
xes the arc root during the hybrid welding to improve the igniting
bility of the arc. According to the principle of minimum voltage, the
rc prefers to pass through the channel with higher conductivity.
ecause the laser keyhole consists of large amount of high tem-
erature electrons and metallic ions, its conductivity is far higher
han that of cold substrate. The arc is then easily fixed and led by
aser keyhole rather than wanders as it is usually in pure MIG  weld-
ng. In the study of laser–MIG hybrid welding carried out by Sugino
t al. (2004),  an obvious electronic channel was observed between

he laser plasma and the arc column, as shown in Fig. 13,  indicat-
ng obvious leading effect of laser beam on arc root. Based on this
aser leading effect, the arc can burn continually or be ignited again
apidly during the hybrid welding after extinguishing temporarily
e, (a) Hy6, (b) Hy7, (c) Hy8 and (d) Hy9.

by the explosion of the overheated droplet. Accordingly, a relative
stable process is achieved in the hybrid welding.

Second, the laser–arc interaction prevents the overheating of the
droplet and smoothes its transfer from the wire tip to the weld pool.
Before the discussion, we  need refer to the transfer mechanism
of the droplet in pure arc welding. Nemchinsky (1996) reported
electromagnetic force plays a decisive role in the droplet transfer
during the arc welding. In the arc, the magnitude and direction of
electromagnetic force depends on the current distribution and the
discharge direction. Provided that the droplet has a large anode
spot as shown in Fig. 14a, the current flow diverges. The electro-
magnetic force applies in the same direction as the arc discharge,
and detaches the droplet from the wire tip. In contrast, the current
flow converges when the droplet has a small anode spot as shown
in Fig. 14b. The electromagnetic force is upward and attaches the
droplet on the wire tip. Based on this theory, the other arc stabi-
lized mechanism during hybrid welding of Mg  alloy is explained as
follows.
For the pure MIG  welding of Mg  alloy, the arc root is almost
wandering throughout the welding process owing to the frequent
explosion of the overheated droplet. It causes the anode spot
on the droplet is erratic and small as shown in Fig. 14b. The
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Fig. 12. SEM morphologies of fracture surfaces at high magnifications, (a) Hy6 at 1000×,
of  rectangle-outlined area in (b) at 10,000×.

F
a

F
(

ig. 13. Experimental observation of the interaction between laser induced plasma
nd arc column in laser–MIG hybrid welding carried out by Sugino et al. (2004).

ig. 14. Electromagnetic force and current density lines inside the droplet and adjacent p
b)  Electromagnetic force attaches the droplet with converging current lines.
 (b) Hy8 at 1000×, (c) details of circle-outlined area in (b) at 4000× and (d) details

electromagnetic force is then upward to attach the droplet on
the wire tip. It increases the overheated extent at the neck of
the droplet, and further increases the explosion sensitivity of the
droplet. As a result, the stable process is hard to be obtained during
pure MIG  welding of Mg  alloy.

During the hybrid welding, the arc burns steadily because the
arc root is fixed and stabilized by the laser keyhole as mentioned
above. A big anode spot on the droplet is then obtained as shown
in Fig. 14a, and the electromagnetic force is downward to detach
the droplet to weld pool. Meanwhile, as reported by Bagger and
Olsen (2005),  the charged particles in laser induced plasma tends
to migrate to arc column because the density and temperature of
the charged particles in laser induced plasma is far higher than that
in arc column. This migration increases the ionization degree and
the temperature in the arc column, and thus compresses the arc col-
umn. The shrinkage of arc column increases the current density in it.

Because the magnitude of electromagnetic force is proportional to
the square of arc current as reported by Robert and Messler (2004),
the magnitude of electromagnetic force during hybrid welding also

lasma. (a) Electromagnetic force detaches the droplet with diverging current lines.
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ncreases compared with pure MIG  welding. Consequently, a down-
ard and increased electromagnetic force could be obtained in
ybrid welding, which is favorable for smoothing the transfer of the
roplet and improving the stability of laser–MIG hybrid welding of
g alloy.

.2. Relationship between welding parameter and joint
erformance

According to above experimental observations we  found that
he UTS efficiency and fracture mode of welded joints depend on
he porosity and solidification structures in the FZ. Since both the
orosity and solidification structures are dominated by welding
arameters, the relationship between the welding parameters and
he joint performances is worth discussing.

Zhou et al. (2003) demonstrated the arc pressure and surface
ension induce a vortex in the molten pool during the hybrid weld-
ng. Assisted by the flow of this vortex, the bubbles coming from the
rowth of original micro-void in base material (Yu et al., 2009) and
he collapse of unstable laser keyhole (Cao et al., 2006) can escape
rom the molten pool to the air. Because higher HRAL is correspond-
ng to larger arc current with bigger arc pressure, increasing HRAL
ccelerates the flow speed of the vortex by increasing arc pressure,
nd meanwhile it both enlarges the volume of ArcZ and prolongs
he solidification time by increasing arc heat. The bubbles in the

olten pool with higher HRAL then have faster speed, bigger area
nd longer time to escape to the air, resulting in the reduction of
he porosity. When the HRAL is constant, slowing welding speed
as the same impacts because it increases the total heat input and
rolongs the acting time of arc pressure per length. If the welding
peed is too slow, the solidification structures in the FZ will become
oo coarse due to excessive heat input. These discussions indicate
he match of higher HRAL and moderate welding speed is neces-
ary to obtain a sound joint with few pores and fine solidification
tructures.

The other notable thing is that a few joints with higher UTS effi-
iency (about 95%) fracture in the HAZ. Table 5 shows these joints all
mploy a relatively slow welding speed (∼1.0 m/min), resulting a
elatively large heat input. It means the liquation and over-aging of
he HAZ may  occur and make the HAZ be the softest area of welded
oint. This phenomenon has been proved by the microhardness dis-
ribution of joint Hy4 by Gao et al. (2009a). As reported by Ren et al.
2007), the softest zone is usually the weakest part of welded joints
or the wrought alloys so that the joints prefer to initially fracture in
he HAZ when the weld porosity and coarse solidification structure
re avoided.

. Conclusions

1) Stable process and sound joints were obtained in laser–MIG
hybrid welding of AZ31 Mg  alloys. It was found that the arc
column was compressed by the laser beam during the welding.
The penetration depth of hybrid welds increases with both the
laser power and the arc current, and the increase caused by laser
power is more obvious. The increment in penetration depth
caused by laser power is 2–3 mm  per kilowatt, while that caused

by arc power is about 0.5 mm per kilowatt.

2) The difference in the size of the solidification structures is found
between the ArcZ and the LaserZ, which can be reduced by
increasing the HRAL or decreasing the welding speed.
 Technology 212 (2012) 1338– 1346

(3) The UTS efficiency of hybrid welds is in the range of 84–98%.
Under the optimized welding parameters, the UTS efficiencies
of the welded joints are about 95% due to the low porosity and
fine solidification structures in the FZ.

(4) The arc stabilized mechanism in the laser–MIG hybrid welding
of Mg  alloys is concluded as two factors. First, the laser keyhole
fixes the arc root and improves the igniting ability of the arc.
Second, the electromagnetic force is downward and increased
by the laser–arc interaction, which prevents the overheating of
the droplet and smoothes droplet transfer from the wire to the
weld pool.
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