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Effects of activating flux on CO, laser welding process of 6013 Al alloy
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Abstract: In order to increase the absorption of laser energy and improve the weld appearance in laser welding of Al alloy, 1.8 mm-
6013 Al alloy plate was welded by activating flux CO, laser welding. Activating flux includes oxide and fluoride, which was coated
on the workpiece surface before welding. The experimental results show that the activating flux can effectively improve the
absorption of CO, laser energy and increase the amount of the molten base metal. The improvement on the absorption of laser energy
by oxide activating flux is greater than that by fluoride activating flux or two-component activating flux, but the slag detachability
made from both the single activating flux and two-activating flux is poor. The gas pore sensitivity with oxide activating flux is much
higher than that with fluoride activating flux in CO, laser welding of 6013 Al alloy.
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1 Introduction

Laser welding has many advantages to be very
suitable for welding of Al alloy, such as high energy
density, high welding speed and efficiency, and narrow
welding heat affected zone. But there are some problems
in laser welding of Al alloy. For example, high reflection
and poor weld appearance make the laser welding of Al
alloy be limited in application.

A lot of studies on the high reflection of laser beam
by Al alloy were carried out by experiments. The studies
showed that the proper processing of the top surface
before welding can increase the absorption of laser
energy by Al alloy, such as sand blast, rubbing with
sandpaper, chemical etching, graphite coating and
oxidation in atmosphere [1]. In addition, butt welding of
thick plate with the sharp V-groove can absorb more
laser energy than that without groove. In laser welding
process, the formation of keyhole and laser induced
plasma can promote the coupling between laser energy
and Al alloy. But all these measures were studied to
promote the absorption of laser energy and increase the
weld penetration, the poor weld appearance is still not
improved.

The activating flux welding technology was initially
developed to increase weld penetration of TIG welding,

and the effect and mechanism of the activating flux in
TIG welding were systematically studied [2—7].
Activating flux can change the surface condition of
workpiece and the flow state in the molten pool [5—7],
which offers an idea to solve the problems in laser
welding of Al alloy. At present, the activating flux has
been studied to increase the weld penetration for laser
welding and light beam welding of steel, stainless steel,
Mg alloy and Ti alloy [8—13]. The effects of activating
flux on plasma in welding of stainless steel were studied
[14]. The study also indicated that activating flux laser
welding can improve the mechanical properties of duplex
steel [15]. But both the problems in laser welding of
stainless steel and Ti alloy and their metallurgical
characteristics are different from those in Al alloy.
Activating fluxes for stainless steel and Ti alloy are not
suitable for Al alloy.

For laser welding of Al alloy, the proper activating
flux must be developed to not only increase the
absorption of laser energy by Al alloy, but also improve
the weld appearance. In order to develop the proper
activating flux for laser welding of Al alloy, effects of
activating flux on welding process were studied.

2 Experimental

The laser device was a high power transverse
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current CO, laser oscillator with rated power of 5 kW,
and outputs laser beam with 10.64 um in wavelength. In
experiments, laser spot on the top surface of workpiece
was 4 mm in diameter, laser power was 1.6—3.6 kW,
welding speed was 0.2—-0.5 m/min, and shielding gas
flux of Ar gas was 15-25 L/min.

The material used in experiments was 6013 high
strength Al alloy with 300 mmx100 mmx1.8 mm in
dimension. The activating flux was composed of the
inorganic compounds of fluoride and oxide. Fluoride
included LiF, CaF, NaF, Na3AlFs and KCIl, and oxide
included TiO, and Ni,Os. Based on these compounds, the
effects of the single component activating flux and the
two-component activating flux on welding process were
studied by experiments.

Before welding, sandpaper was used to remove the
oxide film on the top surface of Al alloy plate, and
acetone was used to wipe off oil stain and sand particles.
The top surface of Al alloy plate was evenly daubed with
activating flux, and the activating flux layer was 0.1 mm
in thickness.

3 Results and discussion

3.1 Effect of activating flux on welding process

6013 Al alloy has high reflection on laser beam. At
the welding speed of 0.3 m/min and laser power of 3.5
kW, 1.8 mm-6013 Al alloy plate cannot be absolutely
molten by CO, laser beam without activating flux. In
welding process, there is little fume, and most of laser
energy is reflected by the top surface of Al alloy plate
and forms an ablated point at the nozzle, as shown in Fig.
1(a). Figure 1(b) shows that there is no molten trace in
1.8 mm-6013 Al alloy plate scanned by laser beam,
which verifies that most of laser energy is lost because of
the high reflection by Al alloy.

At the same welding speed and laser spot, CO, laser
welding of 1.8 mm-Al alloy plate was carried out with
different activating fluxes at the laser power of 3 kW. In
the welding process, there was the heavy laser induced
plasma shown in Fig. 2. The formation of laser induced
plasma can greatly improve the coupling between laser
energy and the base metal of Al alloy. At these welding
parameters, 1.8 mm-6013 Al alloy can be welded with
activating flux, and some weld has serious subsidence for
some activating flux. All the experiments of activating
flux laser welding in this work were carried out with the
same welding parameters as those in Fig. 2.

So, the activating flux can improve the absorption
of laser energy by Al alloy because of the formation of
laser induced plasma, which is indicated by the
comparison of CO, laser welding of 6013 Al alloy with
activating flux and without activating flux. In addition,
the activating flux on the top surface of Al alloy plate can
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Fig. 1 CO, laser welding of 1.8 mm-6013 Al alloy thin plate
without activating flux (laser spot: =4 mm,; laser power: P=3.5
kW; welding speed: v=0.3 m/min): (a) Welding process; (b)
Scanned zone

Laser induced

Fig. 2 Activating flux CO, laser welding of Al alloy(laser spot:
d=4 mm; laser power: P=3.0 kW; welding speed: v=0.3 m/min)

change the surface state of Al alloy, which can reduce the
reflection of laser energy and improve the absorption of
laser energy.

3.2 Effect of activating flux on weld shape

Weld shape can be described by weld appearance,
weld width and weld penetration. Various activating
fluxes have different effects on the improvement of laser
absorption, which can be indicated by weld shape. With
different activating fluxes, the improvement of laser
absorption can be indicated by comparing the weld
penetration for partial penetration weld, and by
comparing weld width for full penetration weld. For
activating flux CO, laser welding of 1.8 mm-6013 Al
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alloy in this study, most of weld is fully penetrated. So,
the weld shape is described by weld appearance and weld
width, and the effect of activating flux on the absorption
of laser energy can be indicated by comparing the width
with different activating fluxes.

3.2.1 Weld appearance

Figure 3 shows the influence of the single
component activating flux on weld appearance of 6013
Al alloy, which indicates that 6013 alloy weld is formed
with the activating flux except for CaF,. Compared with
CO, laser welding of 6013 Al alloy without activating
flux, the single component activating flux can increase
the absorption of laser energy and the quantity of the
molten metal except for CaF,.

But the weld appearance is not improved because of
the poor slag detachability except for LiF. With LiF, the
uniform weld with good appearance can be obtained
without adhesion of slag made from LiF, as shown in
Fig. 3(d). The slags, made respectively from Na;AlFs,
Ni,O; and TiO,, are difficult to fall automatically off, as
shown in Figs. 3(a), (b), and (f), respectively. The welds
with TiO,, NaF and Ni,O; are seriously sunken, as
shown in Figs. 3(b), (e), and (f). CaF, has few
improvements on laser welding of 6013 Al alloy, and the

Al alloy cannot melt with CaF, at the same welding
parameters with the other single component activating
fluxes, as indicated by Fig. 3(c).

Figure 3 indicates that both fluoride and oxide
greatly improve the absorption of laser energy in CO,
laser welding of 6013 Al alloy, but the slag made from
the oxide activating flux is more difficult to be removed
than that made from the fluoride activating flux.

Two-component activating flux was obtained by
mixing two components. At the same welding parameters
as CO,, laser welding of 6013 Al alloy was carried out
with the single component activating flux, and with
two-component  activating flux, and the weld
appearances are shown in Fig. 4. Compared with the
single component activating flux, two-component
activating flux can also form the weld, which indicates
that the two-component activating flux can also greatly
improve the absorption of CO, laser energy by Al alloy.
To be the same as some single activating flux, the slag
made from two-component activating flux cannot
automatically fall off from the weld, which leads to the
poor weld appearance.

Al element is an active element, which easily acts
with inorganic compounds to probably form some

Fig. 3 Influence of single component of activating flux on 6013 Al alloy weld appearance: (a) NazAlFg; (b) TiO,; (c) CaFy; (d) LiF;

(e) NaF; (f) Ni,Os
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compounds. But the formation of compounds needs to be
verified by experiments. So, the slag detachability is an
important factor in developing the activating flux for the
laser welding of Al alloy besides weld penetration and
weld appearance.

The comparison of weld appearance in Fig. 3 and
Fig. 4 indicates that the slags made from both two-
component activating flux and single component
activating flux are difficultly broken off from the weld,
while the width with two-component activating flux is
obviously smaller than that with single component
activating flux of oxide.

3.2.2 Weld width

Because 6013 Al alloy plate is 1.8 mm in thickness,
it is thin enough to be fully penetrated with different
activating fluxes at the same welding parameters except
for LiF and NazAlF¢+NaF. So, the effect of activating
flux on the absorption of laser energy is indicated by
comparing the weld width among different activating
fluxes. Figure 5 shows the compared result of weld
width.

Figure 5 shows that the weld with activating flux of
TiO, is the widest, which indicates that the improvement
on laser absorption by TiO; is the greatest. The others are
Ni,0;, KCI+Ni,0;, Ni,O3+ LiF, Na3AlF+LiF, NaF+LiF
in turn. With LiF, not only is 1.8 mm-6013 Al alloy not
fully penetrated, but also the weld width is the smallest.
The comparison also indicates that the absorption of

Fig. 4 Influence of two-component activating
flux on 6013 Al alloy weld appearance:
(a) LiF+NaF; (b) Na;AlFstLiF; (c) Na;AlFst
NaF; (d) Na;AlFs+Ni,Os; (€) NaF+Ni O3

laser energy by the oxide is more than that by fluoride.

Figure 5 also indicates that the width with two-
component activating flux is obviously smaller than that
with single component activating flux of oxide.

The experiments results indicate that the 1.8 mm-
6013 Al alloy can be fully penetrated with the activating
flux except for LiF and Na;AlFs +NaF at laser spot of 4
mm, laser power of 3.0 kW, and welding speed of 0.3
m/min. While without activating flux, there is not the
molten metal after laser scanning at laser power of 3.5
kW and the same welding speed and laser spot size. The
comparison of weld between with activating flux and
without activating flux indicates that the activating flux
can greatly increase the absorption of laser energy by Al
alloy. Generally, the absorption of laser energy by the
oxide is more than that by fluoride, which is indicated by
comparing the weld width for full penetration weld. But
the activating flux brings a new problem of weld
appearance. The activating flux will form the slag after
laser scanning, while the poor slag detachability leads to
the poor weld appearance. So, not only weld penetration
and weld appearance but also the slag detachability are
the important factors in developing activating flux for
laser welding of Al alloy.

In TIG welding, the activating flux can change the
arc shape and the flow state of the molten pool, which
can improve the formation of the weld [2, 4]. But the
mechanism of activating flux to improve the absorption
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of laser energy in laser welding of Al alloy needs to be
further studied. In addition, the reason of the poor slag
detachability also needs to be explored.

3.3 Microstructure of 6013 Al alloy joint

The base metal of 6013 Al alloy used in
experiments was treated by natural ageing after solution
treatment. So, the joint will show different
microstructures in weld and heat affected zone(HAZ)
because of the effect of thermal cycle. Because gas pores
appear in welded joint with some activating fluxes, the
microstructure of the joint without gas pores were
analyzed. Table 1 shows the microstructures of 6013 Al
alloy joint of CO, laser welding with different activating
fluxes.

The different activating fluxes have the different
abilities to absorb the laser energy, which can lead to the
difference in welding heat input. But the difference in

welding heat input has few influences on the
microstructures of the joint for activating flux laser
welding of Al alloy.

Using NaF as the activating flux, the weld metal is
uniform and fine network eutectic structure of
o(Al)+a+Mg,Si, while HAZ is the coarse columnar grain
structure, and there are some reinforced phases
precipitated along the dendrite boundary. To be the same
as NaF, the welded joint of 6013 Al alloy is fine network
eutectic structure and the HAZ is the coarse columnar
structure when NazAlFs, Na;AlF¢+LiF and LiF+NaF
were used as activating flux, respectively.

3.4 Gas pores

6013 Al alloy has low sensitivity to gas pores for
laser welding. There is no gas pores in welded joint of
high power fiber laser welding. There also are no gas
pores in 6013 Al alloy of CO, laser welding when NaF,

15

Weld width/mm

Ni,O,f Na,AlF+ Na;AIF,+ KCl+ Ni,0, Na,AlIF, NaF TiO, LiF

NaF  NaF  Ni,O; Ni,0,

LiF+ Ni,O;+ Na,AIF+
NaF NaF  LiF

Activating flux

Fig. 5 Comparison of 6013 Al alloy weld width of CO, laser welding with different activating fluxes

Table 1 Comparison of microstructure in weld and HAZ of laser welding between with activating flux and without activating flux

Activatin
g NaF NasAlF,
flux

Na;AlF¢+LiF LiF+NaF

Weld
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Fig. 6 Gas pores in 6013 Al alloy weld for activating flux CO, laser welding: (a) Ni,O;; (b) TiO,; (c) NaF+NazAlFg; (d) Ni;Os+LiF

Na;AlFs, Nas;AlF¢+LiF and LiF+ NaF were used as the
activating flux, respectively. But a lot of gas pores appear
in weld when Ni,Os, TiO,, Ni,Os+LiF and NaF+Na;AlFg
were used as the activating flux, respectively, as shown
in Fig. 6.

The analyses on the experimental results can be
thought that the formation of gas pores is related with the
activating flux. The comparison of Table 1 and Fig. 6
shows that it is easier to form the gas pores during CO,
laser welding with oxide activating flux than that with
fluoride activating flux. So, the type of activating flux
component has great influence on the formation of gas
pores.

Generally, the formation of gas pores in laser
welding can be classified into two types. One is that the
sharp decrease of gas solution in liquid metal leads to the
formation of gas pores because the saturated gas cannot
escape from the liquid metal in cooling process. The
other is that the instability of keyhole in laser deep
penetration welding process can also result in the
formation of the gas pores because of the instantaneous
closure of the keyhole. The later mainly happens in laser
welding of thick plate. But the 6013 alloy used in
experiments only is 1.8 mm in thickness, while laser spot
irradiated on the top surface of the workpiece is 4 mm in
diameter. Because the radial diameter of keyhole is much
larger than its depth, the keyhole will be not
instantaneously closed if the keyhole forms. The
formation of gas pores during activating flux CO, laser
welding depends on the activating flux, and needs to be

further studied.
4 Conclusions

1) 1.8 mm-6013 Al alloy plate was welded by CO,
laser welding with activating flux. The activating flux
has a great effect on the increase of the absorption of
laser energy and the quantity of the molten metal because
of the formation of laser induced plasma and the
reduction of reflection. At the same welding parameters,
1.8 mm-Al alloy plate will not be molten without the
activating flux, while it can be fully penetrated with the
activating flux except for LiF and Na;AlF¢+NaF.

2) For the full penetration weld, the effect of
different activating fluxes on the absorption of laser
energy can be indicated by comparing the weld width.
The width with two-component activating flux is
obviously smaller than that with single component
activating flux of oxide. The results indicate that the
absorption of laser energy by the oxide activating flux is
more than that by fluoride activating flux.

3) The slags made from both two-component
activating flux and single component activating flux
difficultly fall off from the weld and make the weld
appearance bad.

4) The weld with activating flux is fine network
eutectic grain structure, and the coarse columnar grain
structure appears in the heat affected zone of the joint.

5) The type of activating flux components has great
influence on the formation of gas pores during activating
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flux CO, laser welding of Al alloy. It is easier to form the
gas pores during CO, laser welding of Al alloy with
oxide activating flux than that with fluoride activating
flux.

6) The slag detachability and the sensitivity to gas
pores in activating flux laser welding of Al alloy need to
be further studied. Not only weld penetration and weld
appearance but also the slag detachability are the
important factors in developing the activating flux for
laser welding of Al alloy.
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