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Abstract In the present research work, an attempt has been made to study and
investigate the weldability of 1.2-mm-thick Ti6-Al-4V alloy sheet using CW (con-
tinuous wave) fiber laser. The influences of the variable process parameters such as
laser power, weld scanning speed and laser beam diameter on the microstructure,
heat-affected zone (HAZ) and mechanical properties of the final butt-welded joints
of Ti6-Al-4V sheets have been investigated. All the experiments were performed by
using a CWfiber laser having a laser power capacity of 400W.At different parameter
setting conditions such as laser power varying from 200 to 350 W, weld scanning
speed from 120 to 200 mm/min and laser beam diameter (0.4 mm) were considered
for the experimentation. Based on the experiments weld quality was investigated
and characterized in terms of the surface microstructure, micro-hardness, and tensile
strength of the welded samples. Morphological studies at different processing con-
ditions were carried out to study their effects on the HAZ (Heat-affected zone) and
weld bead geometry. Microscopic images of welded samples clearly show a decrease
in weld width of the welded sample with an increase in weld scanning speed and
with increasing laser power increase in width was observed. At a scanning speed of
120 mm/min with varying power from 200 to 350 W the size of heat-affected zone
(HAZ) are 3.55, 3.70, 3.84, 4.8 mm, and the corresponding size of fusion zones is
1.751mm, 1.83mm, 1.921mm, 2.032mm, respectively. The trend inmicro-hardness
variation was observed and it depends on grain size in laser welding. At 350 W laser
power with varying speed from 120 to 300 mm/min, the micro-hardness values of
the welded sample were found as 387.1, 395, and 403 HV. The tensile strength of the
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original sample was found to be 940N/mm2. The testing results of the welded sample
have a maximum failure strength of 507 N/mm2 at 350W and 200 mm/min scanning
speed. FESEM images of the welded sample at different processing conditions were
used for the study of microstructural changes in the welded zone and the presence
of defects at the micro level.
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1 Introduction

In the past few years, with the increasing demand for lightweight materials by the
industries where fuel consumption and resistance to adverse effects on the environ-
mental conditions are the prime aspects. Titanium alloys are known for their high
specific strength (strength toweight ratio), high toughness, good corrosion resistance,
high stiffness, and hot hardness. These remarkable properties of Ti6Al4V make tita-
nium (Ti-6Al-4V) useful for many industrial as well as in biomedical applications,
for example, it is widely used in making human body implant, biomedical devices,
nuclear, aerospace, and automotive industries. One of the important applications of
the TI-6Al-4V has been found in the static and moving parts of the turbine engines
[1]. For welding of titanium sheet fusion welding is the most preferred technique.
Welding variable process parameters such as weld scanning speed, laser power and
workpiece thickness have a great effect on dimensions of fusion zone as well as on
joining or melting efficiency [2, 3]. Macroscopic geometry, microstructure, fatigue
and tensile properties of the welded samples were greatly influenced by weld scan-
ning speed and laser power [4] and as a result, therewas a slight decrease in the tensile
strength after laser welding due to brittle intermetallic compounds formed in theweld
zone [5]. Fiber laser is being used due to its high efficiency as compared to other lasers
[6]. Themain limitation of the conventional fusionwelding is the large heat input that
results in decreasing the mechanical properties as it persuades heat-affected zone of
larger dimensions, broader weld seam, greater distortion and formation of residual
stress [7, 8]. In order to get a better mechanical property, fatigue strength [9]; a small
HAZ, less distortion, and narrower bead width are required. Phase transformation
also reported in the weld pool [10] during the welding process and it extends up
to its heat-affected zone. Laser welding is one of the most precision welding tech-
niques suitable for joining similar and dissimilar materials. LBW is used for joining
intricate geometries and configurations with a smaller weld pool than conventional
arc welding because of the small and high-intensity focusing laser diameter [11].
LBW has been used for high productivity and high welding efficiency. Previously,
many research work has been done by different researchers and analysts using differ-
ent types of lasers and their mechanical and morphological characterizations were
carried out. However, very little work has been reported on thin sheet welding of
Ti6Al4V using fiber laser. So the present work is aimed at welding of Ti64 sheets of
1.2 mm thickness using a CW 400 W fiber laser.
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The ideas of the present study are as follows: (1) Laser BeamWelding (LBW) of
Ti-6AL-4V alloy sheets at different process parameter—laser power varying from
200 to 350 W and welding speed from 120 to 200 mm/min. (2) To evaluate the
influence of welding process parameters on weld bead morphology, metallurgical
and mechanical properties particularly tensile strength and micro-hardness. (3) The
different analyses such as morphology study, micro-hardness, tensile tests and SEM
image analysis have been carried out to evaluate welding quality, which is described
elaborately in the results and discussion section.

2 Materials and Experimental Procedure

2.1 Material Selection

Among the commonly utilizedmetallicmaterials in the aerospace andmedical indus-
try are titanium and its alloys, as their mechanical properties are particularly suitable
for the service. Titanium alloys offer various advantages to be used in the aerospace
and medical industry due to its high specific strength, excellent corrosion resistance,
thermal and electrochemical compatibility with advanced component materials [12].

2.2 Experimental Setup

A 400 W continuous wave (CW) fiber laser, Model: HS Laser Systems, Make: SPI
Lasers, UK with output Laser power range of 50–400 W has been used for the
experimentation. The laser welding setup is provided with an automatic gas purging
arrangement to shield the welding and prevent the welding pool from oxidation. The
laser head is fixed to the Z-axis of the CNC stage that moves up-down to control the
laser beam spot diameter required for welding. The welding is carried out in a closed
cuboid shape chamber made up of perspex material. High-intensity laser resistant
quartz plate of dimension 50 mm × 50 mm is fixed at the top center position of the
cuboid chamber. During the laser welding operation, the chamber is filled with the
desired gas and laser is scanned on the samples through the quartz windows.

2.3 Sample Preparation

A block of Ti-6Al-4V of (30 mm × 75 mm × 75 mm) dimension was taken. The
composition of the received material (Ti6Al4V) is shown in Table 1. Twelve speci-
mens of size (30 mm× 15 mm× 1.2 mm) were cut on the Wire-EDMmachine. The
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Table 1 Composition of the Ti-6Al-4V (Grade 5) (wt. %)

Al V Fe O C H Ti

6.6 4 <0.4 <0.3 <0.003 <0.002 89.9

specimen obtained after cutting has a very fine finished edge and of exact dimen-
sions. The surfaces of the samples were then polished with emery paper to remove
oxides formed during Wire-EDM cutting and then cleaned using acetone to remove
dirt and lose particles from the surface before clamping to produce defect-free weld
joint. The specimen after cleaning is properly dried slowly.

2.4 Experimental Parameters and Processing Conditions

All the laser welding experiments were conducted by considering different input
parameters and different parameter settings as shown in Tables 2 and 3, respectively.

Table 2 Input parameters Input system parameters Value

Power (in Watt) 200, 250, 300, 350

Scanning speed (in mm/min) 120, 160, 200

Spot diameter (in mm) 0.4

Wavelength (in nm) 1070

Operation mode CW mode

Table 3 Different parameter setting for the experiment

Sl. No Power
(Watt)

Scanning
speed
(mm/min)

Sl. No Power
(Watt)

Scannig
speed
(mm/min)

1 200 120 7 300 160

2 250 120 8 350 160

3 300 120 9 200 200

4 350 120 10 250 200

5 200 160 11 300 200

6 250 160 12 350 200
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2.5 Experiment Procedure

Before butt welding operation the specimens were properly clamped at the base
with minimum or no gap between the finished edges of the joints, also to avoid the
development of crack due to rapid cooling of thewelded joint. Titanium is considered
as a reactive material at elevated temperature with the atmospheric gases. Due to this
reason the weld pool is shielded during the welding operation using shielding gas
like argon. The use of shielding gas also protects the oxidation of heat-affected zone
when it gets heated during the welding till cooling has occurred. In this study, argon
was used as a shielding gas with supply of 15 l/min at 1 bar to avoid reactions
between the molten weld pool and the atmospheric gases [13]. Welding operations
of the specimenwere carried out with 50–400WCW/Modulated fiber laser machine.
Welding operation was performed at different process parameters. In this operation,
autogenous laser welding of Ti-6Al-4V is carried out.

2.6 Output Parameters

Output parameters to be discussed in the result and discussion part are: (1) Optical
Microscope Image Analysis (2) Micro-hardness (3) Tensile Testing (4) SEM Image
analysis

3 Results and Discussion

3.1 Morphological Study

The microscopic images of the welded sample were taken at different welding pro-
cessing conditions using Olympus microscope to study the weld bead geometry and
heat-affected zone (HAZ). Images of the welded sample are shown in Fig. 1(a) and
(b). The figure shows that the weld width of the sample decreases with an increase
in welding speed and an increase in weld width with an increase in laser power [14].

It was observed that as the laser power is increased, a wider molten metal pool is
formed due to high-intensity laser heat input. A higher weld scanning speed results
in low interaction of the material with a laser beam which decreases the size of the
weld pool. Higher the beam diameter, the wider the weld pool is expected. It is also
found that the microstructure gradient in the fusion zone of laser-welded Ti alloy
sheet promotes crack initiation and fatigue damage [15]. From Fig. 2(a) and (b) it is
clear that at constant scanning speed with an increase of power from 200 to 350 W
size of heat-affected and fusion zone increases. At constant scanning speed, with
the increase of laser power, a wider weld pool is observed due to high heat input.
For example, at a scanning speed of 120 mm/min with varying power from 200 to
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Fig. 1 Weld bead at (a) 200 W (b) 250 W laser power and 120 mm/min welding speed

Fig. 2 a Laser power versus heat-affected zone, b plot of laser power versus fusion zone

350 W, the size of heat-affected zones (HAZ) are 3.55, 3.70, 3.84, 4.8 mm and the
corresponding size of fusion zone are 1.751, 1.83, 1.921, 2.032 mm. Similarly for
other scanning speed with varying laser power in the given range size of HAZ &
FZ increases. Figure 2 shows the variation of the HAZ with the laser power of the
welded sample as per the input process parameter given in Table 2.

3.2 Micro-Hardness

The micro-hardness was examined by Economet micro-hardness testing machine,
using 100 gf load and a dwell time of 10 s. The micro-hardness variation of welded
joints not only depends on grain size but it is affected by the flow of molten metal
in the weld pools i.e. the flow velocity, welding time, density of fluid, etc. High
welding speed leads to the formation of more residual stress in the material as a
resultant micro-hardness of material increases.

Figure 3 shows that the micro-hardness of the welded sample increases with the
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Fig. 3 Plot of laser power
versus micro hardness

increase in scanning speed at constant laser power due to the high cooling rate at high
speed [16, 17]. For example, at a laser power of 350 W and scanning speed varying
from 120 to 300mm/min, micro-hardness or Vicker hardness value of welded sample
are found to be 387.1, 395, and 403 HV. Micro-hardness versus laser Power graph of
welded sample is shown in Fig. 3 as per the input process parameter given in Table 3.

3.3 Tensile Test

Tensile testing has been done using a Zwick Roell tensile test machine operating with
a crosshead speed of 10 mm/min with the load cell of 50 KN. The tensile strength
of the parent material was found to be 940 N/mm2. Testing results of the welded
sample has a maximum failure strength of 507 N/mm2 at 350 W and 200 mm/min
scanning speed, which is not good in comparison of the parent material.

Results have not come good may be due to improper shielding, as shielding has
been done only from the top side not on the bottom side of the welding zone and
it results in the formation of porosity and intermetallic compound weak in tension
[18–22]. Tensile test of the welded sample as per process parameter shown in Table 3
has been performed and graph between laser power versus tensile strength plotted in
Fig. 4.

3.4 FESEM

The SEM images of the welded sample at different processing conditions were taken
for the study of microstructural change in the welded zone and the heat-affected zone
of thewelded sample. Images in Fig. 5(a) and (b) show themicrostructural changes in
the welded zone of Ti-6Al-4V alloy at different operating parameters. SEM images
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Fig. 4 Plot of laser power
vs. tensile strength

Fig. 5 a SEM images of weld zone at 200 W and 120 mm/min speed, b SEM images of weld zone
at 250 W and 160 mm/min speed

of the welded sample as per the input process parameter in Table 3 has been taken
and shown in Fig. 5a, b.

4 Conclusions

LBW of Ti-6Al-4V (TitaniumGade-5) sheets of 1.2 mm thickness was carried out to
evaluate the influence of laser welding parameters on the output process parameters
such as macroscopic geometry, microstructure, micro-hardness and tensile strength
of laser butt weld joints in Ti6-Al-4V were investigated.

• It was observed that the size of weld bead is significantly influenced by changing
the input laser power, welding or scanning speed and laser beam diameter. It
was also seen that the width of weld beads and HAZ decreases on increasing the
scanning speed and an increase in width was observed with an increase in laser
power.

• Micro-hardness at the weld bead is higher as compared to both, welding interface
and the parent material. At constant laser power, Micro-hardness value increased
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with increasing weld scanning speed as a result of high cooling rate and phase
transformation.

• During the tensile test, all prepared specimens failed at a strength lower than the
strength of the base material with reduced ductility in the welded sample.
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