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Purpose: of this paper was focused on comparing the welding modes during laser welding of butt joints
of titanium alloy Ti6Al4V sheets 1.5 and 2.0 mm thick with direct diode laser and Disk solid state laser.

Design/methodology/approach: Bead-on-plate welds were produced at different parameters of
laser welding, different welding speed, different output laser power resulted in different heat input of
laser welding process. The test welds were investigated by visual test, metallographic observations
including macro and microstructure analysis. Additionally mechanical test were carried out such
as tensile tests and technological bending test of the joints. The influence of basic laser welding
parameters on the penetration depth, shape of fusion zone, width of welds and width of heat affected
zones were studied. Additionally the phenomena of laser heating and melting of the welded sheets
were analyzed.

Findings: It was found that the mechanism of HPDL laser welding of titanium alloy differs distinctly
from the mechanism of Disk laser welding. The test welds produced by HPDL laser were high quality.
Welds produced by the Disk laser are characterized by a columnar shape of fusion zones, very narrow
with narrow and fine structure heat affected zone.

Research limitations/implications: In further investigations of laser welding of titanium alloys
applying the key-hole welding mode a special care must be taken to the shielding of the weld zone and
protection the weld pool and weld metal against the harmful gases from air atmosphere.

Practical implications: Results of investigations presented in this paper may be applied directly for
welding high quality butt joints of titanium alloy with the HPDL laser. In a case of laser welding with the
Disk laser practical application requires further study, especially concentrated on the effectiveness of
gas protection of the welding area including the key-hole, weld pool and surrounding regions of metal.
Originality/value: This paper describes results of investigation concerning laser welding of the
most common used titanium alloy Ti6Al4V by two unique and modern lasers. The investigations were
carried out using the high power diode laser with a rectangular laser beam spot and also using a new
generation of Disk laser characterised very high power density of the laser beam spot.
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1. Introduction

Titanium and titanium alloys are widely used in space,
aerospace, ship and chemical, nuclear energy and medical
industries, because of many advantages compared to other
materials e.g. steel, aluminium, magnesium alloys, and even some
composites, cermetals [1-17]. Weldability of commercial pure
titanium and most titanium alloys is good in general, although
special cares must be taken during the welding process because
pure titanium and titanium alloys are highly susceptible to
contamination from atmospheric gases [1,18-20]. Pure titanium is
extremely chemical reactive at high temperature and it is easy to
absorb harmful gases from the ambient atmosphere (oxygen,
hydrogen and nitrogen) therefore the titanium may be exposed to
contamination during the welding process and also during the
subsequent cooling phase, till the temperature of titanium surface
decrease below 300°C (or 600°C in a case of some titanium
alloys) [1-3,18,19]. When the shielding is insufficient the heated
titanium surface absorbs gases from the air atmosphere and
additionally titanium forms brittle carbides, nitrides and oxides
causing hardness increasing and simultaneously reducing the
fatigue strength and notch toughness of the welded joint and heat-
affected zone (HAZ) [1,2,18-19]. The grove of the weld also must
be perfectly protected by shielding gas. Additionally any surface
impurities can diffuse into the titanium, causing porosity and
brittleness, thus the joint area must be decreased and cleaned
precisely. The content of carbon in the pure titanium should not
exceed 0.1 %, but even very low content of carbon may results in
titanium carbides formation which have very high hardness up to
900 HV, and additionally in a case of even low content of oxygen
the carbon oxide and/or carbon dioxide may be formed causing
weld porosity [1,2,18]. The electrical and thermal conductivity
(16.4 W/m:K) of titanium is relative low, and significantly affects
the thermal cycle of welding, thus the cooling rate of weld metal
and heat affected zone (HAZ) is relative low. The low cooling
rates usually leads to grain growth of weld metal and HAZ as
well. In a case of overheating of the joint, when the heat input of
welding is too high, the brittle ® phases may be formed at the
stage of low rate cooling resulting in hardness, brittleness
increase. Additionally, as a result of high temperature gradients,
significant stresses in the weld metal and HAZ may occur and
sometime even cracks [1,21].

In most cases of titanium welding, especially high strength
titanium alloys, the high quality of joints may be achieved just
using heat sources with high power density, enabling welding at
high speeds and low heat input [1,2,18-19,21].

The Ti6Al4V titanium alloy is one of the most widely used
titanium alloys. It is a two phase o+ alloy, with aluminum as the
alpha stabilizer and vanadium as the beta stabilizer. The Ti6Al4V
titanium alloy is characterized by satisfactory properties up to
about 300°C, that is why the alloy is widely used for
manufacturing of turbine disks, compressor blades, air frame and
space capsule structural components, rings for jet engines,
pressure vessels, rocket engine cases, helicopter rotor hubs,
fasteners and also medical and surgical devices. This alloy can be
strengthened by heat treatment or by thermo mechanical
processing [1,2,18,19].

Laser welding of titanium alloys, as well as other metals and
alloys is advantages because of low heat input, especially
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compared to arc welding processes, resulted in low distortion,
minimizing the shrinkage and residual stress of joints and
ensuring excellent mechanical properties of joints [1,2,18-22].
The disadvantages of laser butt welding is the difficulty of the
joint fit up, which requires extreme precision along the edges to
be welded.

In recent years, the development of laser devices, generators,
gain medium types is very dynamic [1,2,23-25]. There are many
new types and modified lasers, leading to rapid development of
laser technology, including laser welding technology
[1-3,5,7,13].

Laser welding is one of the most modern of all metals and
alloys joining processes and, thanks to its technological and
economical features, laser welding becomes more and more
competitive to conventional arc welding processes, even to
electron beam welding [1,2,18-25].

Therefor two types of modern lasers with different
characteristics were used for study of titanium welding.

2. Materials and experimental
procedures

Mill-annealed sheets of 1.5 and 2.0 mm thick of Ti6Al4V
(Grade 5 according to ASTM B265) were used for laser welding
of butt joints (Tables 1, 2). The study of laser welding phenomena
were carried out by means of a High Power Diode Laser ROFINH
SIANR DL 020 with a rectangular beam spot and by a Disk laser
TRUMPF TRUDISK 3302 with a circular beam spot (Tables 3,4).
The HPDL ROFIN DL 020 is a direct diode laser which emits at
808 nm (very near infra-red range IR) and the minimum area of
the rectangular beam spot of the laser is 1.8x6.8 at 82 mm focal
length or 1.8x3.8 mm at 32 mm focal length (with an extra
focusing lens). Maximum output power of the HPDL ROFIN DL
020 is 2.2 kW and the energy distribution across the beam spot is
very even (multimode TEM) (Table 3). The maximum power
density of HPDL laser beam, at maximum power of 2200 W and
spot size 1.8x3.8 mm, reaches 3.2-10" W/cm? (Table 3, Fig. 1.)

The Disk laser TruDisk emits a circular high quality laser
beam at the wave length 1.03 pum. The laser beam is delivered
into the focusing optics via fibre core of 200 pm in diameter. The
laser welding head (focusing optics) was equipped with a 200 mm
collimator lens and a 200 mm focusing lens. The beam parameter
product (BPP) of the laser beam is < 8.0 mm-mrad, which
indicates very high quality of the laser beam. According to the
configuration of the optics diameter of the laser beam spot is
200 um, (Table 4, Fig. 2). Maximum power density of the Disk
laser beam, at 3300 W, is 1.05-107 W/cm?, significantly higher
compared to the HPDL laser (Table 4).

In a case of HPDL laser welding of titanium alloy Ti6Al4V
sheets, preliminary welding tests indicated that cylindrical nozzle of
dia. 12 mm with argon flow at 12-15 1/min provides full protection
of the weld face and no trailing shield is needed (Fig. 1).

On the other hand, in a case of Disk laser welding of titanium
alloy Ti6Al4V sheets, protection of the weld pool, and also the
surrounding regions of the joint against the harmful influence of
atmospheric air is significantly more difficult (Fig. 2). Therefor in
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a case of the Disk laser study of titanium alloy Ti6A14V welding
a special multi nozzle system was applied (Fig. 2). The high
purity argon was delivered via multi nozzle system, including
trailing shield 40.0 mm wide and 90.0 mm long, and also the beck
side of joint (weld root) was protected by high purity argon flow
(Fig. 2).

The specimens surfaces were brushed with stainless steel wire
brush and chemically cleaned by methanol prior to welding
(to eliminate surface contamination) and next mounted in the stiff
clamping device to eliminate any distortion or displacement
during welding (Figs. 1, 2).

Fig. 1. A view of the experimental setup with the HPDL ROFIN
DLO020 laser head and clamping system used for welding the butt
joints of titanium alloy Ti6Al4V 1.5 mm thick (Table 3)

To investigate the effect of the laser welding parameters on
the weld geometry, microstructure and mechanical properties of
the butt joints, the test welds were produced at different welding
speed and laser power (Tables 5, 6). In the initial stage of
experiments, bead-on-plate welds were produced at different
parameters of laser malting, to determine the ranges of parameters
for fully penetrated joint welding (Figs. 3, 4, 7, 8). In a case of
HPDL laser welding study the titanium alloy Ti6Al4V sheets 1.5
mm thick were used and the laser beam was focused on the

topsurface of sheets to be welded. Additionally the rectangular
laser beam spot of HPDL laser 1.8x6.8 mm was set along the
welding direction (Fig. 1). In a case of Disk laser welding study
the 2.0 mm thick sheets were used and the circular laser beam was
focused on the top surface of the joints (200 pm spot diameter)
(Fig. 2).

Results of metallurgical and mechanical examinations of the
bead-one-plate and test joints are given on the (Figs. 3 to 17).

Fig. 2. A view of the experimental setup with the TRUMPF
TruDISK 3302 laser, welding head and shielding gas system with
multi nozzle protection, including trailing nozzle and grove
protective nozzles (Table 4).

Table 1.
Chemical composition of titanium alloy Ti6Al4V (Table 2)
Alloying element Al v Fe C Si Mo Cu B Zr Sn (6] H
Content, % 629 412 0.18 0.14 0.1 0.1 0.02 0.01 0.1 0.01 0.19 0.0032
Table 2.

Physical properties of titanium alloy Ti6Al4V (Table 1)

Propert Density Melting point Specific heat Thermal expansion Electrical resistance ~ Thermal conductivity
perty glem’ °C Jkg K coefficient Q-cm W/m-K
Value 4.42 1649 560 8.6-10° 170 7.2
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Table 3.
Technical data of high power diode laser HPDL ROFIN SINAR DL 020 (Fig. 1)
Parameter Value
Wavelength of the laser radiation - nm 808
Maximum output power of the laser beam (cw) - W 2200
Range of laser power - kW 0.1-2.2
Focal length - mm 82/32
Laser beam spot size - mm 1.8%6.8/1.8%3.8
Maximum power intensity - W/cm® 3.2.10*
Table 4.
The technical data of the TRUMPF TruDISK 3302 and the laser optics (Fig. 2)
Parameter Value
Wave length, nm 1030
Output power, W 3300
Laser beam Divergence, mm-mrad 8.0
Fibre core diameter, um 200.0
Collimator focal length, mm 200.0
Focusing lens focal length, mm 200.0
Bem spot diameter, pm 200.0
Fibre length, m 20.0
Table 5.

Parameters of bead-on-plate and butt joint laser welding of the titanium alloy Ti6Al4V (Grade 5) sheet 1.5 mm thick with the HPDL
ROFIN SINAR DL 020 (Table 3, Fig. 1)

Weld no. Welding speed mm/min Output laser power W Heat input J/mm Remarks
P1 400 1500 225 NC, SF, NH, LR, PW
P2 400 1800 270 NC, SF, NH, LR, PW
P3 400 2000 300 NC, SF, WH
P3 400 2200 330 NC, SF, WH

Remarks: laser beam spot size 1.8x6.8 [mm], focal length 82 [mm], argon flow rate via the cylindrical nozzle 12.0 [I/min], argon flow rate
from the root side 4.0 I/min

NC - no crack, US - uneven surface, HR - high roughness of the weld face, LR - low roughness of the weld face, UW - uneven width of
the weld, SF - smooth surface of the weld, WH - wide heat affected zone, NH - narrow heat affected zone, PW - parameters set for butt
joint welding

Table 6.
Parameters of bead-on-plate and butt joint laser welding of the titanium alloy Ti6Al4V (Grade 5) sheet 2.0 mm thick with the TRUMPF
TruDISK 3302 (Table 4, Fig. 2)

Weld no. Welding speed, Laser beam power Heat input, Remarks
mm/min W J/mm

w1 500 500 60 NG, US, HR, UW, NH, PW
W2 500 600 72 NC, UW
W3 500 800 96 NC, NH, PW
Nz 500 400 48 NC, UW
W5 1000 1000 60 NC, UW
W6 800 1000 75 NC, NH, PW
W7 900 1000 66 NC, UW
W8 1200 1000 50 NC, HR
w9 1500 1000 40 NC, NP

Remarks: laser spot diameter 200 pm, argon flow rate via cylindrical nozzles 15 1/min, argon flow rate via trailing shield 40.0 mm wide
and 90.0 mm long 25 1/min, argon flow rate from the root side 4.0 I/min

NC - no crack, US - uneven surface, HR - high roughness of the weld face, LR - low roughness of the weld face, UW - uneven width of
the weld, SF - smooth surface of the weld, WH - wide heat affected zone, NH - narrow heat affected zone, NP - no penetration,
PW - parameters set for butt joint welding
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Fig. 3. A view of bead-on-plate welds on titanium alloy Ti6Al4V sheet 1.5 mm thick laser welded with the HPDL ROFIN SINAR DL 020
(Table 5); a) face of the welds (P1 from left), b) root of welds (P1 from left)

a) v b)

Fig. 4. Macrograph of the cross section of bead-on-plate welds of titanium alloy Ti6Al4V sheets 1.5 mm thick laser welded with the HPDL
(Table 5); a) weld no. 1, b) weld no. 2, ¢) weld no. 3, d) weld no. 4

a) b)

Lo

Fig. 5. A view of butt joints of titanium alloy Ti6Al4V sheets 1.5 mm thick laser welded with the HPDL laser, weld no. 1 (P1) (Table 5);
a) weld face, b) weld root

Fig. 6. Macrograph of the cross section of butt joint of titanium Fig. 7. A view of bead-on-plate welds on titanium alloy Ti6Al4V
alloy Ti6Al4V sheets 1.5 mm thick laser welded with the HPDL sheet 2.0 mm thick laser welded with the TRUMPF
laser, joint no. 1 (P1) (Table 5) TruDISK 3302 (Table 6)
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¢)

e)

Fig. 8. Macrograph of the cross section of bead-on-plate welds of titanium alloy Ti6Al4V sheets 2.0 mm thick laser welded with the
TRUMPF TruDISK 3302, Table 6; a) weld no. 1, b) weld no. 2, ¢) weld no. 3, d) weld no. 4, e) weld no. 6, f) weld no. 7

ey i e oL s Bty S

|

Fig. 9. A view of butt joints of titanium alloy Ti6Al4V sheets 2.0 mm thick laser welded with the TRUMPF TruDISK 3302 (Table 6);
a), b) weld face and grove of the W3 joint, c),d) weld face and grove of the W6 joint
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Fig. 10. Macrograph of the cross section of butt joint of titanium alloy Ti6Al4V sheets 2.0 mm thick laser welded with the TRUMPF
TruDISK 3302, (Table 6); a) W3 joint, b) W6 joint

weld metal

line 1
BM

line 2

Fig. 11. Scheme of the hardness and micro hardness measurement procedure
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Fig. 12. Micro hardness HV0,2 distribution on the cross section of titanium alloy Ti6Al4V butt joint 1.5 mm thick laser welded with the
HPDL laser (Table 5); a) joint no. 1 (P1), b) joint no. 2 (P2)
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Fig. 13. Hardness HV 1 distribution on the cross section of titanium alloy Ti6Al4V butt joint 2.0 mm thick laser welded with the Disk laser
(Table 6); a) W3 joint, b) W6 joint
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Fig. 14. A view of samples after tensile test of the titanium alloy Ti6Al4V butt joints 1.5 mm thick laser welded with HPDL laser, tensile
strength of the welded joints 961-994 MPa (Table 5); a) joint no. 1 (P1), b) joint no. 2 (P2)

Fig. 15. A view of the samples after bend test of the titanium alloy
Ti6Al4V butt joints 1.5 mm thick laser welded with the HPDL
laser, bending angle 37°-56° (Table 5); a) joint no. 1 (P1), b) joint
no. 2 (P2)

b)

Fig. 16. A view of the samples after tensile test of the titanium
alloy Ti6Al4V butt joints 2.0 mm thick laser welded with the Disk
laser, Table 6; a) joint no. W3, b) joint no. W6

3. Results and discussion

In the first stage of investigations, bead-on-plate welds were
produced on the titanium alloy Ti6Al4V (Grade 5 according to
ASTM B265) sheets 1.5 mm thick by the High Power Diode
Laser and on the 2.0 mm thick sheets by the Disk laser (Figs. 1,
2). Bead-on-plate welds were produced at different laser power
and welding speed to simulate the butt joint welding without an
additional material (filler material) to analyze the phenomena of
laser heating, melting and solidification, and also to determine the
range of laser welding parameters for high quality and fully
penetrated joints (Tables 5, 6).

Fig. 17. Fracture surface (brittle fracture, porosity) of the titanium
alloy Ti6Al4V butt joint no. W3 after bend test (Table 6)

The results of investigations have proved that the mechanism
of HPDL welding of titanium alloy Ti6Al4V butt joints with a
rectangular laser beam spot at wave length 808 nm differs
distinctly from very well known and described mechanisms of
conventional CO, and Nd:YAG lasers welding, especially key-
hole laser welding technique. Shape of the analyzed bead-on-plate
welds, as well as the width/depth ratio of fusion zone (FZ) in a
range from 3 to over 4 clearly show that the welds were produced
at conduction mode welding (Figs. 4, 6).

In whole range of the investigated parameters of HPDL bead-
on-plate and also butt joints welding the energy of diode laser
radiation at 808 nm is absorbed on the top surface of the titanium
alloy sheet in a region of the laser beam spot effect (Figs. 3-6).
The surrounding regions, as well as the metal under the top
surface, are heated and next melted during the conduction mode
(conduction of heat) welding. The investigated bead-on-plate
welds are characterized by an elliptical fusion line, and relatively
low penetration depth (Figs. 4, 6). Moreover the cross sections of
the investigated bead-on-plate welds, as well as butt joints showed
that the width of the welds is higher than the penetration depth, in
every case and whole range of investigated parameters of HPDL
welding of the 1.5 mm thick titanium alloy Ti6Al4V sheets (Figs.
4, 6). The depth/width ratio of the investigated welds is typical for
conduction welding mode (Figs.4, 6). The reason of this
phenomenon is a uniform energy distribution and multimode of
the laser beam TEM, and simultaneously low power density of the
diode laser beam, which doesn’t exceed 3.2-10%° W/em?, not
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enough to produce a key-hole, (Table 3, Figs. 3, 6). On the other
hand the heating and melting of the joint surface by HPDL laser
beam is very stable and easy to protect by argon flow via a single
cylindrical nozzle, Fig. 1. The protection of argon flow at 12 1/min
was very effective and sufficient for full protection of the weld
area (Fig. 3). Welds are high quality, with flat and smooth faces,
as well as roots, and meet all requirements of PN-EN 970
standard for visual inspection (Figs. 3-6). There is no evidence of
defects such as porosity, undercut, burn through and humping
(Figs. 3-6).

Metallographic examinations of the test butt joints of titanium
alloy Ti6Al4V 1.5 thick sheets welded by HPDL laser showed
that the fusion zone is characterized by coarse structure
(Figs. 4, 6). Additionally significant grain growth was observed in
the heat affected zones HAZ of the test welds (Figs. 4, 6). On the
other hand no internal imperfections were found (Figs. 4, 6). It
was found that the lower heat input of the HPDL laser welding the
lower grain growth occurs in the HAZ, and also in the FZ (Fig. 4).

Measurement of micro hardness conducted across the welded
butt joints revealed that the fusion zones as well as the HAZ are
softened compared to the base material BM of the titanium alloy
Ti6Al4V (Figs. 11, 12). Micro hardness measured in the fusion
zone of the test welds is in a range 230-250 HV0.2 and the micro
hardness of HAZ is about 240-255 HV0,2 (Fig. 12). High quality
of the test joints welded by HPDL laser and excellent plasticity
were proved by mechanical testing (Figs. 14, 15).

The tensile strength of the test joints is not lower than the
tensile strength of the base material titanium alloy Ti6Al4V sheet
1.5 mm thick about 961-994 MPa, because every test sample were
broken in the base material (Fig. 14).

The technological bending test of the butt joints welded by the
HPDL laser confirmed high plasticity of the test joints because the
average bend angle was over 45° (Fig. 15), but it was found that
the heat input have a strong influence on the mechanical
performance of the investigated joints (Fig. 15).

The studies showed that the grain coarsening in heat affected
zone (HAZ), and also the grain size of FZ, leads to reduction of
the mechanical performance of weld joint dramatically, in
particular significant drop of plasticity was observed during the
bend tests (Fig. 15).

In turn the initial test of bead-on-plate laser welding of the
titanium alloy sheets with the Disk laser TRUMPF TRUDISK
3302 revealed that the providing of an effective and proper
shielding of the joints is difficult, therefore special system for
shielding gas was applied, including multi nozzle weld pool
protection, trailing nozzle, and groove protection as well (Fig. 2).

Shape of the analyzed bead-on-plate welds in “V” or “X”
(hour-glass shape) configuration, as well as the width/depth
ratio of FZ about 1/2 clearly indicate that the welds were
produced at key-hole mode welding (Figs. 8, 10). Faces of the
bead on-on-plate welds are even and sooth without any external
defects, however in the case of welded joints humping and slight
undercuts were observed (Figs. 7-10).

In the range of investigated parameters of bead-on-plate laser
welding and butt joint laser welding of the titanium alloy
Ti6Al4V sheets the mechanism of melting and welding is a key-
hole welding, resulted in plasma plume formation. It was found
that the plasma plum over the key-hole disrupt the shielding gas
(high purity argon) flow and significantly decreases the
effectiveness of shielding (Fig. 7).
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For full penetration of the titanium alloy Ti6Al4V sheets
2.0 mm thick with the Disk laser beam focused on the top surface
of the sheet, the heat input of 50 J/mm is required at least, at laser
beam power 400 W and welding speed 500 mm/min
(Fig. 8, Table 6).

Bead-on-plate laser welding of the titanium alloy Ti6Al4V
sheets 2.0 mm thick in a range of the heat input from 50 to
80 J/mm resulted in columnar shape of the weld bead with
symmetric and parabolic fusion lines, typical for key-hole mode
laser welding and melting as well (Figs. 8, 10).

Weld bead faces and grooves produced in the range of
investigated parameters are smooth and flat, Figs. 7, 9. The width
of weld faces does not exceed 1,0 mm, simultancously the heat
affected zones (HAZ) are very narrow with fine structure (low
grain size) (Figs. 8, 10).

Increasing the heat input over 80 J/mm during laser bead-on-
plate welding of the titanium sheet resulted in significant increase
of the weld width and HAZ as well, and also significant grain
growth in weld metal and HAZ (Fig. 8). Additionally the
excessive heat input leads to weld face collapsing and excessive
penetration, and also overheating of the weld face, groove and
surrounding regions (Fig. 8). Additionally in a case of the weld
produced at too high heat input cracks and porosity occur (Fig. 8).

The hardness of base material (BM) of the titanium alloy
Ti6Al4V, measured on the surface of sheet 2.0 mm thick, is from
240 HVI to 260 HV1 (about 23.5 to 25.5 HRC) (Figs. 11, 13).
Hardness measurements conducted on the cross sections of bead-
on-plate welds and butt joints revealed that the hardness in a HAZ
region is similar as the hardness of BM, but significant increase of
hardness occurs in the melt zone (weld metal) up to 430 HV1 or
even up to 580 HV1 in a case of joint no. W3 (Fig. 13).

The tensile strength of the base material of titanium alloy
Ti6Al4V sheet 2.0 mm thick, determined experimentally, is about
820 MPa (Table 2). The tensile tests of the laser welded joints
showed that the tensile strength of the joints welded is mainly in
arange 630 to 710 MPa, that is about 25% lower than the tensile
strength of BM (Fig. 16). These joints were broken in the weld
metal (Fig. 16).

The technological bending test of the butt joints laser welded
at heat input over 70 J/mm reveled high brittleness of the joint,
because the joint were suddenly broken during bending test at the
bend angle 20-25° (Fig. 17). The brittleness of the test butt joints,
is most probably caused by the nitrogen, oxygen and hydrogen
absorbed by the weld metal from the ambient as a result of the
shielding argon flow disruption by the plasma plum formed over
the key-hole.

4. Conclusions

In whole range of HPDL welding parameters, conduction
mode melting of titanium alloy Ti6Al4V sheets was observed.
The laser beam energy is absorbed on the top surface of the
titanium alloy sheet (joint) and conducted into the surrounding
regions of the base metal. The depth/width ratio of the
investigated welds (3 to 4) is typical for conduction welding mode
with elliptical shape of fusion zone and width of the welds
significantly higher than the penetration depth (joint thickness)
(Figs. 4, 6). The conduction mode of HPDL welding of the
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titanium alloy sheets resulted in very stable heating, melting and
weld pool. Therefore a full and effective protection of the weld
pool and surrounding regions may be achieved by simply argon
flow via a single cylindrical nozzle (Fig. 1). The test welds
produced by HPDL laser were high quality, excellent plasticity
and with no internal imperfections, but heat input of the laser
welding have a strong influence on the mechanical performance
of the joints (Figs. 4, 6). In a case of the titanium alloy Ti6Al4V
welding by the Disk laser a different mode of welding was
observed. The small area of the laser beam spot of Disk laser and
significantly higher power density, compared to HPDL laser,
resulted in very intensive heating of the metal, partially
evaporating of the metal and formation of a key hole. Welds
produced by the Disk laser are characterized by a columnar shape
of fusion zones (“X” or “V” configurations), are very narrow with
narrow and fine structure heat affected zones (Figs. 8, 10).
However, the key-hole welding resulted in plasma plume
formation over the weld pool, which disrupt the shielding gas
(high purity argon) flow, and significantly decreases the
effectiveness of shielding. Although applying a special multi
nozzle system for protection of the weld pool and weld metal
during Disk laser welding of the titanium alloy, the test joints
show high brittleness, as a result absorption of harmful gases from
the atmosphere (air) (Figs. 16, 17).
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