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The work is devoted to evaluation of the impact of lens focus scanning along the laser radiation axis in laser and la-
ser-arc welding on welding-technological properties of the processes and physicomechanical characteristics of weld
metal in joints of low-alloyed and high-alloyed steels. It is noted that the effectiveness of welding processes here can be
increased by optimization of frequency and amplitude of focus scanning. 12 Ref., 2 Tables, 9 Figures.
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One of the main disadvantages of technological pro-
cesses using laser radiation is their low efficiency
(as a rule, not more than 60 %) [1]. This is asso-
ciated both with a relatively low absorption coef-
ficient of radiation by metals (about 10—40 %), as
well as with a small length of its caustic neck (about
0.2-2.0 mm) [2]. Therefore, in order to increase the
efficiency of such processes as welding and cutting
using laser radiation, it is reasonable to increase the
absorption coefficient by heating the treated surface
and elongation of the radiation caustic neck. These
effects can be achieved by applying a vertical recip-
rocating focus scanning with specific amplitudes and
frequencies. Such an approach can be the basis for
innovative industrial developments that can signifi-
cantly save laser power.

In the manufacture of modern lightweight struc-
tures used in different fields of engineering, steels
and alloys are often used, characterized by increased
strength. Thus, for example, in the manufacture of
fragments of hulls of large passenger liners and car-
go ships, high-strength and corrosion-resistant steels
are used; in the manufacture of similar hull structures
of small-displacement ships, high-strength aluminum
alloys can be used. At the same time, a great popular-
ity was gained by lightweight honeycomb structures
welded in slot welds using laser radiation [3].

As far as for the formation of high-quality weld-
ed joints it is necessary to achieve the formation
of upper and lower reinforcements of the weld, the
use of appropriate filler material is required, most
often in the form of a solid wire. As investigations
showed, to reduce the consumption of laser energy,
it is advisable that such wire was fed with its simul-
taneous melting by an electric arc [4]. Moreover,
the effect between the arc and consumable elec-
trode is not limited to input of additional heat to the
weld pool from the molten electrode wire. When
interacting with laser radiation (primarily with ion-
ized vapor arising above the vapor-gas channel un-
der the effect of radiation), the electric arc is con-
stricted, falls into the formed vapor-gas channel and
complements the laser energy in a hybrid laser-arc
process [5]. The so-called binding of the arc to the
focus of laser radiation occurs, which provides the
well-known advantages of hybrid welding.

However, while using laser and laser-arc (la-
ser-MIG) welding to produce butt, fillet and tee joints,
a number of characteristic defects may occur:

e defects associated with the formation of welds,
which mainly consist in the formation of shrinkage
cavities and undercuts on the both sides of the rein-
forcement bead (Figure 1);

e formation of inner pores (Figure 2);
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Figure 1. Typical defects in the formation of butt joints of high-strength steel DOMEX 390 XP (6 = 10 mm) during hybrid laser-MIG
welding [6]: concavity of the weld root (a, b), undercuts in the upper part (a—d)

Figure 2. Formation of inner pores in tee joints during hybrid laser-MIG welding of high-strength AN36 steel with OK Aristorod 12.50
electrode wire (1.2 mm in diameter) using fiber laser radiation: a, b — power 8.0; ¢ — 10.0 kW [7]

e heterogeneity of alloying the weld metal with
electrode or filler wire over the depth of the weld pool
(Figure 3);

e formation of cracks both during laser or laser-arc
welding (Figure 4), and during the further operation
of welded joints, low values of cyclic fatigue tests (al-
ternating cyclic loads) (Figure 5).

Figure 3. Absence of a uniform distribution of the electrode wire
metal along the weld depth during laser-MIG welding of steels of
large (over 8 mm) thicknesses on the example of welding SSAB
Domex 420MS steel (standard EN 10149-2) [8]
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Therefore, the aim of this work is to create a fun-
damentally new universal approach to eliminating the
characteristic defects of laser and laser-arc welding,
which at the same time allows increasing the process
efficiency, reducing its energy input and achieving
saving of laser energy.

In the framework of the existing approach to laser
and laser-arc welding, the abovementioned defects
can be eliminated by different methods, the simplest
of which is the selection of mode parameters. How-
ever, in most cases, when using the currently exist-
ing commercially available equipment for laser and
laser-arc welding (for example, laser-MIG heads
manufactured by Fronius and Cloos Companies [10]),
solving the problem of producing high-quality welded
joints of steels and alloys is difficult. The disadvantag-
es of the technological scheme of the process realized
by such equipment include the inability to control the

Figure 4. Typical geometry of a longitudinal crack on the surface
of a butt joint of SS2333 stainless steel (6 = 10 mm), produced by
laser-arc welding with Avesta 253MA electrode wire (1.2 mm in
diameter) [9]
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Figure 5. Propagation of longitudinal cracks and fracture of the joint during cyclic fatigue tests. Cross-section of fillet joints of steel

SS2333, welded using laser-arc method [9]

hydrodynamics of weld pool, which would contribute
to increasing the uniformity of chemical composition
in the weld throughout its height even at significant
(over 8 mm) thicknesses of welded edges, eliminating
pore formation, and increasing quality of the fusion
zone, improvement of resistance to cyclic alternat-
ing stresses. Such a control of hydrodynamics of the
melt pool would become possible in case when an
additional factor is introduced into the technological
scheme of the process, which increases the intensity
of the melt flows in a vertical direction [11]. In ad-
dition, this would provide additional possibilities for
controlling the thermal cycle of the hybrid laser-arc
welding process.

Our proposed approach to obtaining an effective
method for controlling the hydrodynamics of a weld
pool and, therefore, to improving the quality of la-
ser-arc welding, consists in modernization of the ex-
isting technological scheme of laser-MIG welding
and creating a new welding tool based on the princi-
ple of reciprocating movements (oscillations) of the
laser radiation focus along the axis of the beam in
the certain intervals of frequency and amplitude. The
focus oscillations of, realized by reciprocating move-
ments of the focusing lens, can be also additionally
coordinated with a set pulsed mode of modulation of
laser radiation and/or burning of the MIG arc during
hybrid laser-MIG welding process.

To realize the proposed approach to changing the
technological scheme of the laser-MIG welding pro-
cess, an appropriate laboratory bench with welding
head was created, which allows realizing a recipro-
cating movement (scanning) of the focus along the
radiation axis with a frequency of up to 100 Hz and an
amplitude of 0-10 mm. The principle of operation of
such welding head is shown in Figure 6.

Laser radiation 1 is focused using lens 2 on the
butt line of parts to be welded. Lens 2 is installed in
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casing 3 of focusing lens, which, in turn, is located
in mandrel 4, having a possibility of reciprocating
movement using the system 5. The system 5 pro-
vides a controlled scanning along the axis of radiation
with a frequency f = 0-100 Hz and an amplitude A =
= #(0-5) mm. This allows changing the location of
focal plane of lens 2 relative to the surface of parts to
be welded by the value +AF, regulated by a change
in the amplitude A. The composition of the system 5
for scanning laser radiation includes solenoids 6 and
7, with whose anchors 8 and 9 mandrel 4 is rigidly
connected. The system 5 also includes rubber pads
10-13 for braking anchors of solenoids and control
device 14, which includes a master pulse generator
and an electric signal amplifier. For realization of the
arc component of the laser-MIG welding process, the
electrode wire feed is provided using the nozzle 15,
which has the ability to adjust the position relative to
the radiation focus and feed angle within the range of
30-80° relative to the radiation axis (10-60° relative
to welded butt surface).

We should note that the design of scanning lens
(focus of radiation) shown in Figure 6 is considered as
an example as one of the possible variants. Other vari-
ants of the design for such scanner are also possible.
For example, the reciprocating movement of the lens
along the axis of radiation can be carried out using
piezoelectric motors or eccentric cams, driven into ro-
tation by DC motors.

The action of the proposed device is as follows
(see Figure 6). Laser radiation 1 by means of lens 2
is focused on the butt line of the parts to be welded
with the desired deepening AF of focal plane of the
lens relative to the surface of parts to be welded. After
applying an electric signal to solenoids 6 and 7 using
control device 14, anchors 8 and 9 provide vertical
reciprocating movements of mandrel 4 with casing 3
of focusing lens 2 with a frequency f = 0-100 Hz and
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Figure 6. Scheme of design (a) and general appearance (b) of the head for laser and hybrid laser-MIG welding with the system of
reciprocating movement (scanning) of the focus (=AF) along the axis of the radiation (designations see in the text)

amplitude A = £ (0-5) mm, which provides the corre-
sponding vertical focus oscillations. At the same time,
rubber pads 10-13 soften and inhibit the movement
of anchors.

After the start of vertical oscillations of the focus
of laser radiation 1, the electrode wire is driven by the
wire feed mechanism, the electric contact of which
with the positive potential of the arc power source is
performed using nozzle 15. After touching the elec-
trode wire with a part to be welded under the negative
potential of the source, an electric arc appears that is
«attached» to an oscillating focus and also gets the
opportunity to realize an oscillation movements. In
the case of welding in the flat position, these are ver-
tical oscillations. After this, the process of hybrid la-
ser-MIG welding begins, in which due to the vertical
scanning of the focus with certain frequency and am-
plitude, the effect of increasing the penetration depth
without increasing the laser radiation power, as well
as the effects of a more uniform weld alloying along
the entire height of the metal electrode wire and elim-
inating the formation of inner pores are achieved by
improving the conditions for the floating of gas bub-
bles on the weld pool surface.

Thus, the described technical solution for man-
ufacturing head for laser-MIG welding with focus
scanning along the axis of laser radiation provides
new technological possibilities. These possibilities
can be more fully revealed when the focus scanning
frequency is increased, for example, during welding
of steels to the optimum values of a pulsed effect on
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the weld pool (as is shown in [12]), or to the values
of the order of 500 Hz. Such a frequency of effect on
the molten pool is threshold, after which the metal of
the pool stops reacting to pulsed oscillations. In our
opinion, in the long term, the proposed equipment and
the technologies of hybrid welding implemented with
the help of it, as compared to conventional laser-MIG
welding, can have the following advantages:

e more than twice increase in the penetration depth
without growing the power of laser radiation;

e possibility of welding loose adjacent edges due
to oscillations of the arc of the consumable electrode
during the welding process;

e possibility of increasing the welding speed by 2
or more times without increasing the radiation power;

e possibility of modifying the thermal cycle of
welding, which helps to eliminate the formation of
undesired quenching structures in welds;

e possibility of a more uniform weld alloying
along its entire height by the metal of the electrode
Wire;

e reducing the risk of inner pores formation in the
welds.

Verification of the effectiveness of the proposed
method was performed at the E.O. Paton Electric
Welding Institute by conducting the necessary exper-
iments in the robotic laboratory bench created for this
purpose (Figure 7). The bench consisted of anthro-
pomorphic robot-manipulator for moving integrated
head for laser-MIG welding, as well as the head itself,
mechanism for electrode wire feed, electrical pow-
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Figure 7. Appearance of robotic laboratory bench for laser arc
welding with laser focus oscillations

er systems (including MIG power source, providing
welding current of up to 500 A), control and supply
of shielding gases. The integrated head for hybrid la-
ser-MIG welding consisted of focusing system with
a focus scanning along the axis of laser radiation and
MIG torch. The vertical scanning system provided
focusing of radiation by the lens with a focal length
f = 300 mm and vertical reciprocating oscillations of
the lens with a frequency of 0-100 Hz and an ampli-
tude of £(0-5) mm. The tests of this bench were car-
ried out using radiation from a disc laser of the model
TruDisc 10002 (TRUMPF Company) with a radiation
power of up to 10.0 kW. In this case, penetrations and
butt welds were produced in the flat position using
specimens of 300%100xd mm in size of steels SM41B
(09Mn2Si or 09G2S) of 5 =4—18 mm thickness, AN36
(A36) of 6 = 4-18 mm thickness, and also SUS304
(08Kh18N10) with a thickness of 8 = 8-10 mm us-
ing welding wires of the solid cross-section 08Mn2Si
(Sv-08G2S) and 01Cr18Nil0 (Sv-01Kh18N10) with
a diameter of 1.2 mm (Table 1).

3 4 5 6 7 8 9

P, kW
Figure 8. Dependence of the penetration depth h on the radia-
tion power P during laser-MIG welding with focus scanning (f =
=100 Hz, A = 3 mm) along the radiation axis (curve 1) and with-
out scanning (curve 2)

During the experiments the results of welds forma-
tion during butt laser-arc welding of plates of the men-
tioned steels, produced in the flat position with and
without vertical focus oscillation, were compared. In
this case, the focus oscillation frequency was 100 Hz,
and the amplitude was selected close to half of the
thickness of welded edges. The focus was scanned so
that its deepening relative to the top of the plates being
welded in the upper position was 1-2 mm. Based on
the results of the experiments, a diagram was plotted
showing the dependence of the thickness of the edges
of the welded sheets (penetration depth h) of carbon
steel on the laser radiation power during welding at a
speed of about 80-90 m/h, welding current of about
220-250 A and arc voltage of 22-24 V (Figure 8).

Tests on static strength were carried out using the
MTS Criterion 45.305 tensile testing machine (with a
load of up to 300 kN) on the specimens of type XIII
(XIMa) (GOST 6996-66), which were cut out from
butt welded steel plates of SUS304 steel with a thick-
ness of 6 = 10 mm. 3 groups of specimens were sub-
jected to rupture tests — produced using laser-MIG
welding with and without focus scanning, as well as
cut out from the plates of base metal. Each group in-
cluded 3 specimens; the obtained test results were av-
eraged. The welded specimens were mostly ruptured
identically — the upper ones to about 3 mm along
the fusion line, then through the weld to the oppo-
site fusion zone. The tensile strength of the specimens
welded without a focus scanning was 620-640 MPa
and with scanning — 630-650 MPa. For the base
metal, the tensile strength was 640-660 MPa. Thus,

Table 1. Chemical composition (wt.%) of materials of welded specimens and welding wires

Material C Si Mn Cr Ni Ti Cu S P Other
09Mn2Si <0.12 0.5-0.8 1.3-1.7 <0.3 <0.3 - <0.3 <0.04 0.035 |N<0.008
AH36 <0.18 <0.5 0.9-1.6 - - - - 0.035 0.035 -
SUS304 <0.8 <0.8 <0.2 17-19 9-11 <0.5 <0.3 0.02 0.035 -
Wire 08Mn2Si 0.05-0.11 | 0.70-0.95| 1.8-2.1 0.20 0.25 - - 0.025 0.030 -
Wire 01Cr18Nil0 0.02 0.4 1.0-2.0 |17.0-19.0| 9.5-11.0 - - 0.02 0.02 -
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Figure 9. High-quality joints of high-strength steel 10 mm thick (a) and corrosion-resistant steel SUS304 8 mm thick (b), produced
using focus scanning along the axis of radiation in hybrid laser-MIG welding

Table 2. Change in energy input of laser-MIG welding depending on thickness of welded edges

Energy input

Thickness of welded edges 5, mm

E, kiim 4 5 6 8 10 12 14 16 18
Without scanning | 320-330 | 390-400 | 440-450 | 520-540 | 570-590 | 640-650 - - -
With scanning 300-320 | 340-360 | 390-410 | 430-450 | 480-500 | 510-530 | 550-560 | 590-610 | 650-670

the strength of welds produced by welding without
scanning amounted to about 98-99 % relative to the
base metal, and with scanning to 99-100 %.

To carry out metallographic examinations ac-
cording to standard procedures, the specimens of
cross-sections of the produced welds were prepared,
which were studied with the use of the Neophot-32
optical microscope at magnifications of up to 1500
times. As a result, it was found that introduction of
focus scanning along the axis of radiation improves
the formation of welds and increases the uniformity
of their alloying with the metal of the electrode wire
over their height (Figure 9). In addition, the size of
dendrite grains of the cast zone of the welds is re-
duced as compared to conventional hybrid laser-MIG
welding.

It can be assumed that overheating and increase
in the volume of remelted metal, as well as increase
in the penetration depth in case of introducing focus
oscillations along the radiation axis at a fixed radia-
tion power, lead to improvement in the absorption of
laser radiation and increase in the efficiency of weld-
ing. The input energy of laser-arc welding is reduced
by about 15-20 % (Table 2). The carried out exper-
iments showed that the use of vertical focus oscilla-
tions allows increasing penetration depth by 20-50 %
without increasing the radiation power. The effect of
increasing penetration depth due to scanning of the ra-
diation focus becomes noticeable at thicknesses larg-
er than 4-5 mm and affects the more, the thicker the
welded edges. This allows performing laser and hy-
brid welding of the edges of metal parts of significant
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(up to 10 and up to 18 mm, respectively) thicknesses
with a minimal consumption of laser radiation power
(for example, up to 6.0 KW).

Conclusions

1. A new approach to laser and laser-arc welding,
which consists in supplementing the existing techno-
logical schemes of processes by scanning the focus
along the axis of laser radiation with a certain fre-
quency and amplitude, allows increasing the intensi-
ty of melt flows in the weld pool (including vertical
direction) and further modifying the thermal cycle
of welding, which increases the uniformity of distri-
bution the alloying additives along the height of the
weld, minimizes the risk of formation of inner pores
and at the same time by 20-50 % increases the effi-
ciency of the process and reduces its energy input by
at least 15-20 %.

2. An increase in the efficiency of laser and la-
ser-arc welding can consist in either an increase in the
speed of the process, or in the possibility of welding
edges of larger thickness without increasing the en-
ergy input. In this case, the effect of increasing the
penetration depth due to scanning the radiation focus
becomes noticeable at the thicknesses over 4-5 mm
and affects the more, the thicker the welded edges.

3. Mechanical tests showed that tensile strength of
corrosion-resistant steel joints produced by laser-arc
welding with a focus scanning along the radiation axis
approximately corresponds to the strength of the base
metal. Metallographic examinations showed an im-
provement in the formation of welds, an increase in
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the uniformity of their alloying with the metal of the
electrode wire in height, a decrease in the grain size
of the dendrites of the cast zone of the welds as com-
pared to the conventional hybrid laser-MIG welding.

4. To increase the efficiency of the proposed ap-
proach to laser and laser-arc welding, it is advisable to
optimize the frequency and amplitude of focus scan-
ning along the axis of the laser radiation.

Note. The work was carried out in the framework
of the Project No.2018GDASCX-0803 «Research and
development of laser and plasma technologies for hy-
brid welding and cutting», Guangzhou, China.
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