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Abstract

This paper presents the effects of titanium addition and heat treatment on microstructure
of 2A12 aluminum alloy joints by CO2 laser-metal inter gas hybrid welding. The 5 mm thick
2A12 aluminum alloy plates were welded by hybrid welding with and without titanium addi-
tion, respectively. The results showed that the oriented columnar dendrites were formed near
the fusion boundary without titanium addition. However, the Al3Ti particles are formed to
provide excellent nucleation sites for α-Al grains after titanium addition. Furthermore, a chill
zone consisting of fine spherical grains was formed to prevent the growth of columnar dend-
rites between the base metal and fusion zone. Moreover, the grain size of the chill zone was
much smaller than that of the weld center region. After heat treatment, the microstructure
transited from columnar dendrites to fine equiaxed grains and the eutectics are believed as
α-A1, θ phases, and some other inclusions.
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1. Introduction

Due to the excellent mechanical properties and low
density, 2A12 aluminum alloy is used extensively in
light weight structures. Arc welding is used to make
aluminum structures. However, owing to the low weld-
ing speed and high heat input, the coarse grains are
formed seriously in the heat affected zone (HAZ), and
the joint strength is very low. Laser beam welding
is used extensively in industrial applications for steel
welding. However, it is difficult to weld the aluminum
alloy because of its high reflectivity and the vapor-
ization of low boiling point alloying elements. Some
welding defects such as cracks and porosities are easily
formed, which represent a great challenge to design-
ers and technologists [1, 2]. As a new fusion welding
method, the laser-metal inter gas (MIG) hybrid weld-
ing integrates laser beam and electric arc. Advant-
ages of hybrid welding process include higher welding
stability, higher melting efficiency, easier addition of
welding wires and lower power input under the same
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welding penetration [3]. The hybrid welding method is
considered to be suitable for aluminum alloy and the
joint strength can be increased in some extent owing
to its high welding speed and low heat input when
compared to traditional arc welding methods. Due to
the rapid cooling rates associated with hybrid welding,
dendrite crystals and low melting eutectic should be
formed in fusion zone unavoidable, which results in in-
ferior mechanical properties and high crack sensitivity
[4].
In recent years, great deals of efforts have been

devoted to improve the joint strength. The heat treat-
ment is a traditional method to improve the joint
strength, and the use of grain refiners is a regular
practice for further enhancement of the joint prop-
erties. Solution and aging treatment are effective to
modify the precipitates segregation and large colum-
nar grains in welds, which are formed in welding pro-
cess. Elangovan had found that there was a significant
variation in the size and distribution of strengthening
particles about 6061 friction stir welding joint after
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Ta b l e 1. Chemical composition of parent material and welding wires, wt.%

Composition Si Cu Mg Mn Fe Ti Zn Al

Parent material 0.5 3.8–4.9 1.2–1.8 0.3–0.9 0.5 0.15 0.25
Bal.ER2319 0.2 5.8–6.8 0.02 0.2–0.4 0.3 0.2 0.1

post weld heat treated [5]. Malarvizhi and Aydin in-
vestigated the influence of post weld heat treatment
on fatigue crack growth behavior of electron beam wel-
ded AA2219 alloy and tensile properties of friction stir
welded 2024 alloys [1, 6]. However, it had been repor-
ted seldom about the effect of heat treatment on vari-
ous microstructures for 2A12 aluminum alloy joint by
laser-MIG hybrid welding.
It is common practice to add titanium to alu-

minum alloys because of its potential grain refining
effects, and the Al3Ti precipitation phases can be
formed. The beneficial effects of titanium additions
on the fusion zone grain structure and wear proper-
ties of Al-Si eutectic alloys have been studied by Laoui
et al. [7]. Moreover, the influence of titanium addi-
tion on the microstructure and hardness properties of
near-eutectic Al-Si alloys has been investigated in de-
tail by Zeren [8]. However, not much work has been
reported on the grain refinement of 2A12 aluminum
alloys. Especially, few reports can be found about the
effect of titanium addition on microstructure of 2A12
aluminum alloy joints by laser-MIG hybrid welding.
In this study, the 5 mm thick 2A12 aluminum alloy

plates were welded by CO2 laser-MIG arc hybrid weld-
ing with and without titanium additions. Post weld
solution heat treatment was conducted. The optic and
scanning electron microscopy were used to study the
microstructure characteristics and segregation beha-
vior of major alloying elements. The contents of Cu,
Fe, Mn and Al within eutectics were obtained by en-
ergy dispersive X-ray spectroscopy (EDS) and ZAF
software. Finally, the effect of titanium addition and
heat treatment on microstructures is discussed in de-
tail.

2. Experimental

A 5 kW Rofin TR050 CO2 laser and a Panasonic
350A conventional DCEP MIG welder were used in
the experiments. A welding head combining a CO2
laser beam and a MIG torch was developed. This sys-
tem is schematically shown in Fig. 1 [9]. The 5 mm
thick 2A12 aluminum alloy plates and commercial
ER2319 welding wires were used in the experiments.
The nominal chemical composition of the substrate
and welding wires are listed in Table 1. Sheared edges
were applied for the butt-welding. The surface of the
plates was cleaned, degreased and dried before the
welding. The experiments were done with the titanium

Fig. 1. Schematic diagram of CO2 laser-MIG hybrid weld-
ing.

Ta b l e 2. Experimental set-up and parameters

Welding parameters Value

Beam wave length (µm) 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) 120
Welding voltage (V) 20
Welding rate (m min−1) 0.8
Laser power (kW) 3.5

powder pre-placed on the surface of the base mater-
ial. The optimal welding parameters shown in Table 2
were chosen to achieve full penetration. For metal-
lographic examination, fusion zone specimens were
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etched with Keller’s reagent. For post-welding solu-
tion heat treatment, weld samples were immersed in
a salt bath at 490◦C for 25 min, then immediately
quenched in water to room temperature. For natural
aging treatment, the samples were placed in air and
the aging time was more than 96 h. The optical mi-
croscopy was conducted to study the microstructure
of joints, and the distribution of main alloy elements
was obtained by map scanning analysis. The scanning
electron microscopy (SEM) micrographs were conduc-
ted to obtain secondary electron images and back-
-scattered electron (BSE) images. The contents of Cu,
Mg, Si and Al were obtained by energy dispersive
X-ray spectroscopy (EDS) and ZAF software.

3. Results and discussion

3.1. Microstructure of joints without titanium
addition

Optical micrograph of the 2A12 aluminum alloy is
shown in Fig. 2. The microstructure consists of α-Al

Fig. 2. Microstructure of 2A12-T4 aluminum alloy.

matrix and additional S and minimum θ particles [10,
11]. 5 mm sheets were successfully processed by CO2
laser-MIG hybrid welding and no superficial porosity

Fig. 3a–d. Microstructure of joint without titanium addition.
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Fig. 4a–d. Microstructure of joint with titanium addition.

or defects were observed in both top and rear surface.
Figure 3 shows the typical optical microstructure of
joint without titanium additions. The oriented colum-
nar dendrites (shown in Fig. 3a) extended from the
fusion boundary to the joint centerline. The columnar
zones were formed because the partially melted grains
along the fusion boundary provided excellent nucle-
ation sites for the growth of grains and the epitaxial
growth results in long and oriented columnar grains
under high thermal gradient conditions [12]. Figure
3b shows the predominantly continuous network dend-
rites structure in the joint center. Furthermore, there
is no obvious (shown in Fig. 3c) HAZ in the fusion
boundary because of high welding speed and low heat
input in the hybrid welding. Additionally, the well dis-
tributed dendrites in the joint center can be observed
very clearly in Fig. 3d.

3.2. Microstructure of joints with titanium
addition

Figure 4 shows the typical optical microstructure
of the joint with titanium additions. It can be observed
that a chill zone is formed between the base metal and

fusion zone. The chill zone consists of near spherical
equiaxed grains and it prevents the growth of colum-
nar dendrites [13–17]. The formation of chill zone can
be explained as follows: there exists a thin solid/liquid
layer near the fusion boundary, which has a compos-
ition similar to that of the base metal and the tem-
perature is just sufficient for recrystallization. How-
ever, the additional titanium gathers in solid/liquid
interface forward, which results in constitutional su-
percooling. As welding of aluminum alloys is a rapid
cooling process, the further grain growth is not tak-
ing place, and hence the grains are much finer in that
region [18, 19].
Furthermore, the metallographic examination

(shown in Fig. 4) reveals that the columnar solidific-
ation structure is suppressed while the fine equiaxed
grains are formed. It can be explained as follows: Fig-
ure 5 shows the map scanning analysis in the fusion
zone of joint with titanium addition. It reveals the
dark intercellular phases rich in Cu scattered at grain
boundary, but the titanium distributed uniformly in
the fusion zone, which represents the titaniferous com-
pounds (Al3Ti) distributed uniformly. Because of the
lower solubility in α-Al matrix, the partially melted
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Fig. 5a–d. Map scanning analysis of joint with titanium addition.

Al3Ti particles having low lattice mismatch with α-Al
results in low interfacial energy between the substrate
and nucleated phase. Thus, the Al3Ti particles serve
as heterogeneous nucleation sites for the growth of
equiaxed grains, and the nucleation sites have not
enough time to grow, which results in fine equiaxed
grains during solidification [18].
In addition, there is a noticeable variation in the

grain size between the chill zone and the weld centre
zone, which can be demonstrated clearly in Fig. 4c,d.
The average grain size of the chill zone is much smal-
ler than that of the weld center zone. The different
grain size and microstructure morphology in the chill
zone and weld center regions are attributed to dif-
ferent cooling conditions. The temperature gradient
(G) and the solidification rate (R) affect the solidi-
fication behavior and final microstructure of the weld
pool. As the value of G/R increases, the interface mor-
phology changes from equiaxed dendrites to cellular
grains. Due to the higher cooling rate in the chill zone
region when compared with that in the weld center re-
gion, higher temperature gradient in the chill zone led
to higher G/R value and the equiaxed spherical grain
formed, while in the weld center, the value of G/R was

decreased and the equiaxed dendrites occurred [20].

3.3. Microstructure of joints after heat
treatment

Standard heat treatment on the joints was per-
formed using the procedure described above. Figure
6 shows the microstructure of the joint after solution
heat treatment. Compared with the images shown in
Fig. 3, the microstructures changed from the dendritic
structure to the spheroidal grains [4]. In addition, it
can be observed that a spot of eutectics retain at grain
boundaries after heat treatment. Figure 6c,d present
much higher magnification micrographs to show the
morphology of eutectics at grain boundaries. The eu-
tectics exists as polygonal and honeycomb morpho-
logy. Figure 7 exhibits the chemical composition of
two randomly chosen locations by the EDS analysis.
P1 and P2 zones denote the eutectic at grain bound-
aries and the precipitates within α-Al matrix, respect-
ively. The results demonstrate that the two zones con-
tain higher concentrations of Cu than the surrounding
matrix material. The eutectics are believed as α-A1,
θ phases and some other inclusions. Furthermore, it



296 J. Yan et al. / Kovove Mater. 51 2013 291–297

Fig. 6a–d. Microstructure of joints after solution heat treatment.

should be noted that the inclusions are rich in Mn
and Fe.
Precipitate strengthened alloys show a decrease of

mechanical properties in the weld zone because of the
dissolution and growth of strengthening precipitates
during the welding thermal cycle. Homogenization
heat treatment of the welded samples is a logical solu-
tion to eliminate the alloying micro-segregation and to
improve the weld hardness. The whole microstructure
evolution process consists of three stages [21]. First,
the eutectics melt and the primary dendritic grains
coarsen into interconnected non-dendritic grains, and
recrystallization occurs. Secondly, 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 a word, the eutectic phases
dissolve completely and alloy elements distribute uni-
formly during the solution heat treatment. After the
quenching treatment, supersaturated solid solution is
formed. The long exposure in air during the artifi-
cially aged process promotes the atoms diffusion. At
last, the θ phases precipitate within grains and at

grain boundaries from the supersaturated α-Al mat-
rix. Thus, there are massive precipitates within grains
and a small amount of eutectics re-precipitate at grain
boundaries.

4. Conclusions

The 5mm thick 2A12 aluminum alloy plates were
welded by CO2 laser-MIG hybrid welding with and
without titanium addition. Full penetration welds
without any defects were produced. The microstruc-
ture characteristics of the joints were studied. The fol-
lowing conclusions were derived from the above exper-
imental results and discussion.
1. Without titanium addition, the oriented colum-

nar dendrites and network dendrites were formed near
the fusion boundary and joint center, respectively.
However, the Al3Ti particles are formed to provide
excellent nucleation sites for α-Al grains in the joint
after titanium addition.
2. With titanium addition, a chill zone consisting of

fine spherical grains was formed to prevent the growth
of columnar dendrites between the base metal and fu-
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Fig. 7. SEM photographs (a) for EDS analysis (b) and (c).

sion zone. Moreover, the grain size of the chill zone
was much smaller than that of the weld center region.
3. The microstructure transited from columnar

dendrites to fine equiaxed grains after heat treatment.
Moreover, the eutectics existing as polygonal and hon-
eycomb morphology retained at grain boundaries. The
eutectics are believed as α-A1, θ phases and some
other inclusions, which are rich in Mn and Fe.
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