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Abstract: Laser welding has been increasingly utilized to manufacture a variety of components thanks
to its high quality and speed. For components with complex shapes, the welding position needs be
continuously adjusted during laser welding, which makes it necessary to know the effects of the
welding position on the quality of the laser welds. In this paper, the weld quality under two (flat and
horizontal) welding positions were studied comparatively in the laser welding of Ti6Al4V titanium
alloy, in terms of weld profiles, process porosity, and static tensile strengths. Results show that the
flat welding position led to better weld profiles, less process porosity than that of the horizontal
welding position, which resulted from the different actions of gravity on the molten weld metals and
the different escape routes for pores under different welding positions. Although undercuts showed
no association with the fracture positions and tensile strengths of the welds, too much porosity in
horizontal laser welds led to significant decreases in the strengths and specific elongations of welds.
Higher laser powers and travel speeds were recommended, for both flat and horizontal welding
positions, to reduce weld porosity and improve mechanical properties.
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1. Introduction

Titanium alloys have been widely used in many industrial fields, such as aerospace and aircraft,
because of their superior properties [1]. Meanwhile, lasers are applied to weld such titanium alloy
components and achieve high quality at a high speed thanks to its high brightness and power
availability [2]. For components with complex shapes, the weld tracks are generally not straight
lines but complicated two-dimensional or three-dimensional curves (e.g., girth welds of pipelines),
which lead to changes in the welding positions during laser welding. Such changes in welding
positions may result in fluctuations in welding quality because of the different actions of gravity for
various welding positions, which then necessitates the adjustment of welding parameters accordingly.
As a basis to optimize the laser welding parameters for varying welding positions, it is therefore
necessary to study the influence of welding position on weld quality.

Some research has already been done on the effects of welding position in the laser welding of
steels. Guo et al. [3] indicated that employing the 2G (horizontal) welding position (with the laser
beam perpendicular to the direction of gravity) could mitigate the welding defects of undercuts and
sagging in laser welding of 13-mm-thickhigh strength steel plates. Such defects occurred commonly
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when using the 1G (flat) welding position (with the laser beam in the same direction with gravity).
Such an improvement in quality was attributed to a more balanced state for the weld pool between the
surface tension, recoil pressure, and gravity. Shen et al. [4] compared the process window and porosity
distribution when laser welding 10-mm-thick 30CrMnSiA ultrahigh strength steel plates using flat and
horizontal positions, and found that higher line energies were required to reach the same penetration
depth in the horizontal position than that for the flat position. In addition, the pores in the horizontal
position laser welds were located in the upper part of the weld, while those in the flat position were in
the weld center. Sohail et al. [5] studied the laser welding of 20-mm-thick low carbon steel plates in
eight different welding positions, and found that the welding position had little influence on the weld
bead shape and the fluid flow features of weld pools, but could lead to different levels and positions
of porosity.

Besides laser welding, the effects of the welding position have also been studied for other
welding processes, such as gas metal arc welding (GMAW), hybrid laser-arc welding (HLAW),
and electron beam (EB) welding. Kumar and Debroy [6] numerically investigated the fluid flow during
gas-metal-arc fillet welding for different various joint configurations (L and V shapes) and welding
positions (tilting angles), and revealed that workpiece orientation and welding configuration could
affect the free surface profile of the weld pool significantly, which might in turn affect the strength of the
welds. Cho et al. [7] numerically studied the molten pool behaviors in gas metal arc welding (GMAW)
of a 10-mm-thick V-groove steel plate with various welding positions (flat, overhead, and vertical).
Different trends were found for humping, overflow, and lack of penetration. Lin et al. [8-10]
investigated the molten pool behavior for all-position narrow gap GMAW of 25-mm-thick carbon steel
plates and found that the molten pool surfaces had different shapes when welding in flat, vertical
down, and overhead welding positions due to the different actions of gravity. Chen et al. [11] studied
the effects of welding position on the droplet transfer behavior during hybrid CO, laser-MAG welding
of 16-mm-thick steel and indicated that the gravity, in combination with the electromagnetic force,
would cause great differences in impacting positions, modes, dimensions, and frequencies of the
droplets for different welding positions (flat, horizontal, and vertical). The study by Koga et al. [12] on
the all-positional electron beam welding of 19-mm-thick pipeline steel plates indicated that the optimal
welding parameters were different for different welding positions, and therefore need be adjusted
appropriately during a girth welding.

Existing research work on positional welding has focused mainly on thick steels used for
construction of pipelines, and only a few of them are concerned with laser beam welding. Within
those references, the laser welding of titanium alloy sheets under different welding positions has not
been reported so far. Therefore, this research sets out to study the influence of two welding positions
(flat and horizontal) on the weld quality in terms of weld profile, porosity, and strength, when laser
welding Ti6Al4V titanium alloy. The results obtained can then be useful in process optimization when
laser welding titanium alloy components with complex joint shapes.

2. Experimental Procedures

Titanium alloy (Ti6Al4V, annealed) sheets 3 mm in thickness were used in the study, with the
chemical composition listed in Table 1. The sheets were cut into rectangular workpieces of approximately
150 mm x 300 mm. Argon with a purity of 99.998% was used as a shielding gas in all instances.

Table 1. Chemical composition of the titanium alloy Ti6Al4V sheets (wt %).

Elements Al Vv Fe C N H (@) Ti
Contents, wt % 5.8 4.0 0.2 0.05 0.03 0.011 0.19 Balance

Welding trials were performed using an IPG Photonics YLS-6000 (6 kW) Yb-fiber laser (IPG Photonics,
Oxford, MS, USA) with an output wavelength of 1070 &+ 10 nm. Table 2 details the collimating and
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focusing units used and the resulting calculated laser beam profile characteristics. For all the trials
performed, the process head was mounted on a 6-axis articulated arm robot (Reis Robotics, Obernburg,
Bavaria, Germany).

Table 2. Optic combinations used in the butt welding trials.

Parameter Value
Delivery fiber core diameter, mm 0.2
Beam parameter product, mm-mrad 6
Collimating unit focal length, mm 100
Focusing unit focal length, mm 300
Beam width, mm 0.6
Rayleigh length, mm 0.94

A schematic diagram of the laser welding setup is shown in Figure 1. Three flows of shielding
gas were employed in welding. The main flow was used to protect the molten weld pool, with a rate
of 20 L/min. The trailing shielding flow was used to prevent the high temperature metals that just
solidified from oxidation, with a rate of 70 L/min. The root shielding flow was to protect the back
surface of a specimen, with a rate of 5 L /min.

Weld direction Main shielding gas:
[ 20-25L/min
/
Laser beam
N[
Shielding gas for
L i :
Welding pool /] \;v()eﬂ;j:‘l:i%seam.

< TV
X 0000
T T T T TN

XShielding gas on the back: 5L/min

Figure 1. Schematic diagram of the laser welding setup.

The two welding positions studied (i.e., flat and horizontal) are shown in Figure 2. For each
welding position, two sets of laser welding parameters were chosen, as listed in Table 3. In all welding
trials, the focal position of the laser beam was located on the top surface of the workpiece.

Laser beam

Laser beam

(a) Flat (b) Horizontal

Figure 2. Two welding positions studied in the study.
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Table 3. Welding parameters used in the experiments.

40f12

Welding Positions  Butt Weld Identity = Laser Power, (kW) Welding Speed, (mm/s) Heat Input (J/mm)
i FO1 22 8 275
at F02 25 20 125
Hori 1 HO01 2.2 8 275
orizonta HO2 25 20 125

Close fitting butt welds were produced with welding conditions listed in Table 3. After welding,
the specimens were firstly inspected using X-ray radiography to detect any porosity in the welds.
Secondly, metallographic samples were cut from the specimen, then ground, polished and finally
etched in a solution of 2 mL of HF + 10 mL of HNOj3 + 88 mL of water. The shapes and dimensions
of the welds were observed and the weld profile defects were measured with an optical microscope
(OM) (Olympus, Tokyo, Japan). For clarity, Figure 3 details the definition of the parameters and
defects relating to weld profiles. Thirdly, static tensile tests were carried out to evaluate the mechanical
properties of the welds, and fracture surfaces were examined with scanning electron microscope
(SEM) (FEI Company, Hillsboro, OR, USA) to determine the fracture features. Finally, the influences
of the two welding positions on the weld morphologies, porosity levels, and mechanical properties

were analyzed.

Ca = Face undercut
ca = Root undercut
R = Excess weld metal
r = Excess penetration
L = Face weld width
| = Root weld width

Figure 3. Weld profile parameters and defects.

3. Results

3.1. Weld Profile Defects

The cross sections of the laser welds produced with the two sets of laser welding parameters used
are shown in Figures 4 and 5, respectively. The dimensions of weld profile defects measured for these

laser welds are listed in Tables 4 and 5.

(b)

Figure 4. Cross sections of laser welds (laser power: 2.2 kW; welding speed: 8 mm/s). (a) Flat welding;

(b) Horizontal welding.
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(b)

Figure 5. Cross sections of laser welds (laser power: 2.5 kW; traveling speed: 20 mm/s). (a) Flat
welding; (b) Horizontal welding.

Table 4. Undercuts of welds produced under different welding conditions (unit: um).

Welding Butt Weld Face Undercut Root Undercut Sum of Face and Root Undercuts
Position  Identity "y .fciqe  RightSide LeftSide  RightSide  Left Side Right Side
- FO1 71.1 75.8 0 0 71.1 75.8
at F02 116.1 101.9 0 23.7 116.1 125.6
Hori | HO1 81.0 0 111.9 25.0 192.9 25
orizonta HO02 116.0 329 465 0 162.5 32.9

Table 5. Excess weld metals, excess penetrations, face and root weld widths for different welding
conditions (unit: um).

Welding Butt Weld Excess Excess Face Weld  Root Weld
Position Identity Weld Metal Penetration Width Width
il FO1 11.8 2524 6194.3 6111.4
at F02 86.1 314.0 3784.4 3265.4
Hori 1 HO1 255.8 100.3 6546.6 6339.7
orizonta H02 199.1 173.8 4169.0 3470.7

Table 4 lists the undercuts of welds, from which it can be found that, for flat welds, the face
undercut is greater than the root undercut. Undercuts on the left side and the right side are essentially
the same, i.e., symmetrical about the weld centerline. A decrease in heat input (i.e., using 2.5 kW and
20 mm/s, instead of 2.2 kW and 8 mm/s) results in a noticeable increase in face undercut, while the
root undercut is less affected. For horizontal welds, the undercuts on the left side and the right side are
no longer symmetrical. The left side (which is on the top side during horizontal welding) is notably
larger than the right side (which is on the bottom side during welding). A decrease in the heat input
results in an increase in the face undercut but decrease in the root undercut. On the whole, flat welding
leads to larger face undercuts but smaller root undercuts than horizontal welding. With regard to the
sum of the face and root undercuts on the same side (i.e., left side or right side), it can be found that
the sum on the left side for the horizontal welds is notably larger than that on the right side, and is
also larger than both the left and right side for the flat welds.

The excess weld metal and excess penetration values are presented in Table 5. Among all
welds produced in this study, the flat welds have the least excess weld metals but noticeable excess
penetrations. Large differences exist between the excess weld metal and the excess penetration for
flat welds. The horizontal welds have larger excess metal values than excess penetration values.
The differences between the excess weld metal values and the excess penetrations are smaller than the
differences for the flat welds.
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The face and root weld widths of welds are also given in Table 5. For both sets of welding
parameters, the face and root widths for the flat welds are slightly smaller than those for the horizontal
welds. Face weld widths are larger than root weld widths for both flat welds and horizontal welds.
A decrease in the heat input results in decreases in both the face weld width and root weld width,
as would be anticipated.

3.2. Porosity in Welds

Figure 6 shows the X-ray radiographs of four laser butt welds produced with the two different
welding positions and the two different sets of welding parameters.

(b)

Figure 6. X-ray radiographs of butt welds made under flat and horizontal welding positions with
two different sets of welding parameters. (a) Flat welding (left) versus horizontal welding (right) for
2.2 kW and 8 mm/s; (b) Flat welding (left) versus horizontal welding (right) for 2.5 kW and 20 mm/s.

For welding parameters with higher heat input (Figure 6a, heat input 275 ] /mm), several isolated
pores can be found along the centerline of the flat weld. By contrast, extensive chain porosity is
detected above the centerline of the corresponding horizontal weld.

For welding parameters with lower heat input (Figure 6b, 125 ] /mm), a limited amount of porosity
can be seen in the flat weld. In the horizontal weld, fine scale chain porosity is detected. The pores are
very close to each other and become indistinguishable individually, and they distribute in the upper
half part of the weld.

For a quantitative characterization, the cumulative lengths of porosity over a 100 mm weld length
were measured and are presented in Figure 7. It is confirmed that the porosity contents for the flat
weld are lower than those in the horizontal welds. For both flat and horizontal welding positions,
using higher laser power and correspondingly higher welding speed (2.5 kW, 20 mm/s) can also help
to reduce the porosity content.
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Figure 7. Cumulative lengths of porosity in welds with different welding conditions.
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3.3. Mechanical Behavior

Static tensile tests showed that, irrespective of the welding position used, specimens fractured
through the weld metals in welds with the lower heat input (2.5 kW and 20 mm/s), and through the
base metals in welds made with higher heat input (2.2 kW and 8 mm/s).

Figure 8 shows the static tensile properties of the laser welds made using four welding conditions.
It can be seen that, when a lower heat input (2.5 kW, 20 mm/s) was employed, comparable tensile
strengths and specific elongations were achieved for flat welds and horizontal welds: these welds
fractured through the base metals owing to the higher strengths of the weld metals compared to that of
the base metal. The yield strengths of the flat welds made with the higher heat input (2.2 kW, 8 mm/s)
were similar to those made with the lower heat input. By contrast, the yield strengths of the horizontal
welds decreased by about 25 MPa when the higher heat input conditions were used.

In addition, marked decreases in specific elongation could be seen in both flat and horizontal
welds when the higher energy input was used. Such deterioration in ductility was more significant for
horizontal welds than for flat welds in these cases.

1000 0O 2.2kW, 8mm/ 0
. mm/s
) 0 2.2kW, 8mm/s
980 ° 2.5kW, 20mms R o 2.5kW, 20mmis
© X
x -
= S 204
o 901 Efj ¢ = :
=) 2 [
S )
S 940 3
k7 o 10 E%
o E=
© 9204 g &
> @
900 T T T T
Flat Horizontal Flat Horizontal
Welding positions Welding positions
(@) (b)

Figure 8. Static tensile properties of the laser welds made using four welding conditions. (a) Yield
strength; (b) Specific elongation.

4. Discussion

4.1. Effects of Gravity on Weld Profile

Results on weld profile defects show that using the flat welding position leads to deeper undercuts
on the top side than the bottom side of the weld, while using horizontal welding position leads to
deeper undercuts on the left side (on the top side during welding) than on the right side (on the bottom
side during welding) of the weld.

These differences can be attributed to enhanced fluid flow towards the root of the weld under
the action of gravity for the flat welding position (as shown in Figure 9a); for the horizontal welding
position, gravity drives the molten metal flow from the top side of the weld toward the bottom side,
leading to necking on the top and thickening on the bottom (as shown in Figure 9b). Such a lateral flow
also contributes to horizontal welds being wider than flat welds for a given set of welding parameters.
The notable downward movement of the weld pool metal when the flat position welding also accounts
for the smaller amount of excess weld metal and larger amount of excess penetration, when compared
with horizontal welds.
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Figure 9. Schematic representation of the molten metal flow and movement of the weld pool surface
due to the action of gravity in (a) the flat position and (b) the horizontal position.

4.2. Effects of Gravity on Porosity

Porosity content results indicated that using the flat welding position will result in less porosity
when compared with the horizontal welding position. This can be attributed to the different degree of
ease with which the pores can escape from the solidifying weld pool under different welding positions.
As shown in Figure 10a, in flat welding, the pores formed in the weld pool will float upwards under
the action of melt flow and buoyancy, which has been observed using an X-ray transmission imaging
system by Katayama et al. [13,14]. Some pores can escape through the top surface of the weld pool
before it solidifies, while others that are not able to escape will remain in the welds and form porosity.
For horizontal welding, shown in Figure 10b, the pores formed also float upwards and move away
from the weld centerline. However, the uppermost surface of the weld pool is now in contact with the
unmelted base rather than free space. This restricts those pores from escaping; consequently, almost all
end up entrapped within the weld bead. Therefore, a high porosity content, located above the weld
centerline, exists within the horizontal welds, as revealed in Figure 6, which is also visible from the
cross section of the horizontal weld shown in Figure 4b.

Furthermore, the final amount of porosity in a weld, especially when horizontal welding, will
depend on the amount of pores formed during welding, which is closely related to the stability of
the keyhole and the fluid flow characteristics in the weld pool. Results (Figure 6) show that higher
power (2.5 kW) at higher welding speed (20 mm/s) result in less porosity compared with lower power
(2.2 kW) at lower speed (8 mm/s). This agrees with results reported previously [15], which indicated
through computational fluid dynamic (CFD) modeling that the fluid flow behind the keyhole can be
quite unstable, and vortices and pores can form, particularly more so when using lower power and
lower welding speed conditions. In contrast, when using higher power and welding speed conditions,
CFD modelling predicted that the fluid flow would be less unstable, and fewer pores would result.
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Figure 10. Schematic diagrams showing the movement of pores for (a) the flat position and (b) the
horizontal position welding.

4.3. Effects of Welding Position on Static Tensile Properties

For laser welds made in Ti6Al4V, weld toe undercuts may result in high stress concentrations,
which in turn lead to crack initiation and propagation during tensile testing [16]. This seems true in
this work in the case of the horizontal welds made with higher heat input (2.2 kW, 8 mm/s), which had
the largest undercut. However, this was not the case for the flat welds made with the same heat input,
which still also fractured through the weld metal, in spite of their smaller undercuts (ref. Table 4).
Evidently, the fracture position is determined not only by the degree of undercut but also other factors.
It has been indicated that higher heat input will make the microstructure in the (martensitic) weld
coarser, which then gives a lower toughness and a greater tendency toward cracking [16]. This could
explain why all of the welds produced with a higher heat input failed through the weld metal, while
those made with lower heat input failed through the base metal.

For welding conditions with higher heat input (2.2 kW, 8 mm/s), a greater amount of porosity is
formed (ref. Figure 6), and this may also deteriorate weld strength. This strength deterioration is not
noted in flat welds, because their porosity levels are low overall. By contrast, a great number of pores
are entrapped in horizontal welds, which could then explain the notable decrease in weld strength.
Figure 11 shows the comparative fractographs of a horizontal and a flat weld, both made with higher
heat inputs. As Figure 11 shows, large pores are seen in the fracture face of the horizontal weld, while
porosity is not detected in that of the flat weld.

Irrespective of welding position, all welds that fractured through the base metal had greater
ductility than those that fractured through the weld metal. This is because the martensite of the
weld metal has worse ductility than the phases («x + 3) of the base metal Ti6Al4V, as previously
reported [17-23]. In addition, as porosity is to the detriment of the ductility of welds when its amount
reaches a certain limit [24], the great amount of porosity present in the horizontal welds could make
the ductility even worse.
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Figure 11. Fractographs of the horizontal weld (a) and the flat weld (b) made with higher heat input
(2.2 kW, 8 mm/s).

5. Conclusions

)

)

®)

4)

©)

The following conclusions have been drawn from work carried out:

For flat welds, face undercut was larger than root undercut; for horizontal welds, the undercut
on the left side (top side during welding) side was larger than that on the right side (bottom side
during welding).

The excess penetration was greater than the excess weld metal for the flat welds, while for the
horizontal welds, the excess penetration was smaller than the excess weld metal. For the same
laser welding parameters, the horizontal welds were wider than the flat welds.

The horizontal welding position resulted in higher weld metal porosity contents than the flat
welding position, because there were fewer routes for pores to escape from the weld pool during
horizontal welding. The pores were located in the center plane of the flat welds, and above the
center plane of the horizontal welds.

In the welds investigated, the undercuts did not show an association with the fracture positions
nor the strengths in static tensile testing, although excessive porosity in laser welds did lead to
significant decreases in their strength and specific elongation.

Compared with a horizontal welding position, the flat welding position led to better weld
formation, less porosity, and higher tensile strength. For both flat and horizontal welding
positions, it is recommended to use higher laser powers and welding speeds to reduce weld
porosity and improve the mechanical properties of laser welds in Ti6Al4V alloys.
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