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Abstract: Thin sheets of Ti-6Al-4V alloy of thickness 1 mm were butt welded using a pulsed Nd-YAG
low-power laser setup. The goal of this research is to explore the influence of pulsation on the
microstructure and mechanical properties. In addition to that, annealing at different temperatures has
been performed to compare the results of pulsation and heat treatment. The results indicate that after
annealing at 980 °C, the structure completely transformed into an equiaxed structure. When annealed
at 1010 °C, almost the total area is composed of an equiaxed « phase, and the grains are coarse as
compared to the previous. This suggests that the grain size becomes thicker when the annealing
temperature is raised above 980 °C. The volume fraction of the equiaxed structure is maximum. It
can be deduced that the volume—fraction is dependent on the annealing temperature. The volume
fraction of the equiaxed structure increases as the annealing temperature increases. A higher tensile
strength value of the sample annealed at 980 °C was found as compared with the overlapped sample
(A-2). The fusion zone overlapped sample (A-2) shows high hardness with a value of 397 HVj. In the
FZ sample, annealing at 980 °C has a hardness of 386 HV;. The (A-2) sample indicates higher (3-4%)
hardness as compared to the annealed sample at the FZ. The 3 phase is increased by 16% in the XRD
analysis of the overlapped samples. Hence, it is evident that the amount of 3 phase has increased
during heating, and a complete transformation has taken place at a temperature of 958 °C.

Keywords: Nd-YAG laser microstructure; mechanical properties; pulsation; fracture

1. Introduction

In the recent generation, titanium alloys are one of the most widely used materials
in the field of research. Among all the titanium alloys, the Ti-6Al-4V alloy is threatening
its dominant position [1,2]. Nd-YAG pulsed laser is suitable for titanium alloys. Titanium
alloys have been widely used due to their low density, high melting point, good corrosion
resistance, and high operating temperature [3].
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The Ti-6Al-4V-based alloys are prevalently utilized in numerous turbine discs, com-
pressor blades, airframes, jet engine rings, pressure vessels, propulsion system cases,
helicopter rotor hubs, fitting connectors, medical surgery equipment, spatial laboratory
compartments, inlet air conduits, and titanium caplet sachets containing the iodine125
radio-isotope in use for cancer radiotherapy [4]. Ti-6Al-4V is a two-phase alloy with alu-
minum as the alpha-stabilizers and vanadium as the beta-stabilizers that have excellent
strength and low densities, as well as remarkable tensile characteristics up to 450 °C. Ap-
propriate heat treatment could also be employed to achieve the optimal mix combination
of characteristics. In the new generation, Nd-YAG lasers have been extensively used due
to their good beam quality, low cost of maintenance, lower beam divergence, flexible
beam delivery, and compact size [4]. Nd-YAG and other lanthanide-based laser systems
might be employed on practically all materials because of their lower wavelength, enabling
absorption by nearly the majority of metallic materials and alloys [5].

Laser welding is a very complex process depending on several parameters; Tzeng [6]
has studied the influence of pulsed laser process parameters on material processing. A
mathematical equation for the overlapping factor was developed. The study showed that
the average peak power density was the most predominant processing parameter that
influences weldability to a great extent. Torkamany et al. [7] worked on the peak power
dependence on the keyhole formed during laser welding. The result showed that the
keyhole shape is transformed from a conical shape into a cylindrical shape with increasing
the overlapping factor. Ghaini et al. [8] examined the influence of pulse energy, pulse
duration, and welding speed on microstructure and mechanical properties. It was reported
that on high-peak power density, the weld exhibited high values of hardness with respect to
low-peak power density. Torkamany et al. [9] systematically investigated the impact of the
process parameter on the weld-bead profile. It was suggested that the increased peak power
was not a suitable strategy for deep penetration because, at high-peak power, the porosity
increases greatly. Gao et al. [10] studied the correlation between the overlapping factor
and welding parameters. It was revealed that upon increasing the overlapping factor, the
porosity decreases, and the porosity is almost absent in the weld joint at a 75% overlapping
factor. With further increases in the overlapping factor, the grains become coarser. Baruah
and Bag [11] worked, in detail, on the pulse parameter of the laser heat source and found
that the distortion rises with the rise in heat input because of the high amount of heat
available in a particular area. Sabbaghzadeh et al. [12] developed a mathematical formula
for calculating the melting ratio in overlapping pulsed Nd-YAG laser welding. Results
indicate that the melting ratio largely depends on the variation of overlapping factor and
peak power. The variation in welding speed does not have a greater effect on the melting
ratio. Baghjari and Mousavi [13] worked on martensitic stainless steel to investigate the
variation of hardness and mechanical properties. The report shows that the existence of
remaining delta-ferrite in the weld structures is responsible for the increase in the hardness
value. Lapsanska [14] was focused on the influence of energy and its changes in small
ranges. A mathematical expression was derived to discuss the effective peak power density.
The surface roughness increases as the energy increases.

It is clear that there has not been much study on the influence of overlapping factor
of laser-welding of Ti-6Al-4V alloys though this approach has vibrant merits over other
methods. No one has performed a comparative analysis of mechanical properties between
different overlapping factors and annealing at different temperatures. In this present work,
the influence of different overlapping factors on the weld quality of low-power Nd-YAG
laser-welded Ti-6Al-4V thin-sheet annealed joints has been studied and compared.

2. Material and Method
2.1. Work Material

Ti-6Al-4V sheets of thickness 1 mm were used as the work material. The Ti-6Al-4V
has two alloying elements: aluminum and vanadium. Aluminum generally stabilizes the
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alpha phase, and vanadium stabilizes the beta phase. The mechanical properties of the
as-received material are given in Table 1.

Table 1. Mechanical properties of work material (Ti-6Al-4V).

Tensile Strength Yield Strength Elongation Hardness
(MPa) (MPa) (%) (HV)
962 + 44 895 £+ 40 10-14 342-348

The chemical composition (wt. %) from the EDS analysis of the Ti-6Al-4V base
material has been presented in Table 2. The analysis confirms the expected composition of
the material.

Table 2. Chemical composition (wt. %) of work material (Ti-6Al-4V).

C Al \' (0] Ti
0.1 6.80 4.07 0.55 84.20

2.2. Laser Welding Procedures

A pulsed mode 600W Nd-YAG laser was employed to weld the titanium alloys (Ti-
6Al-4V) sheet. Table 3 represents the specification of the Nd-YAG laser setup. Argon (AR)
was chosen as a shielding gas. Figure 1 depicts the overall experiment welding apparatus
with sample dimensions of 165 x 50 x 1 mm.

Table 3. Fixed welding parameters during experimentation.

Parameters Value
Spot diameter (mm) 0.45
Peak pulse power (W) 1000
Pulse per energy (J) 20
Pulse duration (ms) 20
Wavelength (um) 1.06
Pulse frequency (Hz) 20

To study the laser weld quality significantly, we chose different overlapping factors
for experimentation on varying the welding speed (V). Pure argon gas with a flow rate of
8 L/min was used for shielding. The welding speed was varied on 4 levels: namely 180,
240, 300, and 360 mm/min. During the experiment, standoff distance was kept at 3 mm.
The welding has been performed from Nd-YAG laser welding setup of power ranges from
50 to 600 watts. The specimen’s size was (L x B x T) 165 x 50 x 1 mm. Every specimen
was placed on the welding table just directly below the laser head.

The thin Ti-6Al-4V sheets were cleaned properly with acetone just before the welding.
The two specimens of the same size are kept on the welding table just below the laser head,
as shown in Figure 1. The edges are aligned properly and kept just below the laser head.
Finally, after ensuring all the alignment and clamping, the welding was performed. A
protective glass was used during welding to protect operators’ eyes from harmful rays.
Highly pure commercial argon gas was employed as a protective gas in the welding process.
During the welding, the gas flow rate was kept at 8 L/min. Initially, few welding tests were
carried out to find suitable values of process parameters on the basis of good penetration
and batter weldability [15,16]. From a large number of welding tests, four combinations
of overlapping factor rates that had good penetration and superior weld qualities were
selected. We prepared our samples based on these four parameters. Five to six samples
were drawn on each set of parameters.
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Thermocouples Computer

Clamp Workpiece DAQ System
Figure 1. Schematic illustration of the complete experimental setup.

2.3. Annealing

The selected weld samples were subjected to heat treatments to study the differences
in mechanical properties. Three temperatures were used for the annealing process 950 °C,
980 °C, and 1010 °C, respectively. The duration of annealing was one hour. The furnace
chamber dimensions were 400 mm X 400 mm X 600 mm. Specimens were kept in the
horizontal direction. After heating, the sample was kept inside for one hour and then
taken out.

2.4. Cross-Section and Metallographic Observation

For the metallographic analysis, the section perpendicular to the weld surface was
cut and polished by grinding paper of various grit sizes ranging from 400 to 1500. The
samples were polished for the same polishing time (5 min) with each grit size of paper. All
specimens were polished in a clockwise direction as well as anti-clockwise direction for
the same period of time. The polished surfaces of the samples were treated with Keller’s
reagents for 25 s for optical microscope image and 3 to 4 min for FESEM image. All activities
were performed at room temperature.

2.5. Procedures of Measurement of Microhardness

For the microhardness measurement of the samples was performed on VHM (Vickers
hardness machine ECONOMENT VH-1MD) at room temperature. The indentation load
during the measurement was 1 kg and the dwell time was 10 s. Polished samples were
used for hardness measurement. The direction of hardness measurement was along the
length, focusing on weld bead at the center position. Four measurements of each sample
were recorded to minimize error.

2.6. Procedures for Tensile Test

All samples were prepared in accordance with the ASTM E8 standard. The Tensile
Testing Machine (BISS) was fully automated with a maximum load-carrying capacity of
25 kN. The strain rate of the sample was kept constant at 0.0001/sec during the test. Using
a rubber band, we attached an axial extensometer to the middle of the gauge section of the
sample. All data were recorded by a computer, which was connected to the test machine.
Three tensile specimens were prepared for each test. The average value of all data is taken
for plotting graphs and analysis. All activities were performed at room temperature.
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(a)

3. Results and Discussions
3.1. Overlap Theory

In pulse mode laser welding, the seam consists of a series of periodic spots, and
these spots are partially overlapped. The correct overlapping rate also greatly improves
the mechanical properties. Figure 2 shows the series of pulse trains. The overlapping
percentage rate can be calculated using Equation (1) [6].

(¥) x 100 1)

(Overlapping %)Oq, = |1 — DL VT

where V is welding speed, f is frequency of the laser, D is spot diameter of the laser, and T
is pulse duration.
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Figure 2. (a) Schematic of an overlapping factor of pulsed laser; (b) Close view of the overlapping.

A peak power of 192 W has been kept constant for the entire configuration, together
with other parameters, as presented in Table 4. The welding speed was the only parameter
that varied.

Table 4. Fixed system parameter used for calculating overlapping factor.

Peak Power 192 W
Pulse energy 9.6]

Pulse Frequency 20Hz

Pulse duration 10 ms

The analysis of the weld joint suggested that the welding speed of 4 mm/sec gave the
best result.

3.2. Weld Quality Analysis on the Variation of Overlapping-Factor

The welding quality directly depends upon external parameters such as weld bead
surface smoothness and width of the welded zones. Weld bead images of the specimens
under different overlapping factors are displayed in Figures 3 and 4. Figure 3 shows the
face-side images of the weld specimens. For the sample (A-1), the weld bead color is blues
grey, the material deposition is not uniform, and there are lots of peaks and valleys. Sample
(A-2) shows the best weld bead in which the material deposition is almost uniform and
the color is grey. Figure 3(A-3) show a grey weld bead, the uniformity of the material
deposition is good but not up to the previous sample. The spatter was observed in the weld
bead and the near base metal also for this sample. The penetration depth of the sample
(A-4) is not enough. The amount of spatter is almost negligible in the weld zone and the
area adjacent to the base metal. Out of these weld parameters combinations, (A-2) gives the
best quality weld. The widths of weld bead for (A-1), (A-2), (A-3), and (A-4) are 1.87 mm,
1.63 mm, 1.52 mm, and 1.44 mm, respectively, clearly indicating that the width is minimum
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for the highest welding speed but in the case of (A-4), the penetration depth is poor, and
the weld quality is also not acceptable. So, from the above discussion, it is evident that
sample (A-2) has the best weld bead width among all the samples.

Nd-YAG Laser Weld Bead Welding Speed (V) Overlapping %

Sample Surface (Face Side) (mm/sec) ©)
ad 3 83.0
A2 4 77.5
s 5 72.2
Ad 6 67.0

Figure 3. Face side images of the weld bead with different overlapping percentages and welding
speeds with a magnification scale of 50x.

Figure 4 represents the appearance of the weld backside profiles. On the backside,
the surface finish was poor as compared to the face side. The material deposition is non-
uniform, and peaks and valleys are bigger than the face side. Out of that, Figure 4(A-1)
shows that the color of the weld bead is blue-grey. The weld bead surface of the sample
(A-2) is smoother, and the width is also better than the previous sample. Figure 4(A-3)
indicates that the color of the weld bead is grey and material deposition is comparatively
uniform to the previous one. However, in this sample, the weld bead width is much
smaller compared to the previous sample. Sample (A-4) presents a very limited penetration
depth and an almost zero weld bead width. The weld bead widths of the root side welded
joints in samples (A-1), (A-2), (A-3), and (A-4) are 1.52 mm, 1.29 mm, 0.87 mm, and
0.1 mm, respectively.

Figure 5a represents the crossectional view of the sample (A-2), and Figure 5b shows
the bar chart diagram of weld bead length for the front side and root side as well. Figure 5
shows that the weld bead length is minimal in the case of samples (A-3) and (A-4), but both
have poor weld quality. Therefore, sample (A-2) gives the best quality weld. Moreover, if
the comparison is made, the weld bead length of the root side of the A-2 and A-3 samples
is minimum in the case of A-2, even when the welding speed of the A-3 is maximum. The
reason for this inconsistency is because of the overlapping factor. On the basis of the entire
discussion, it is clear that the sample (A-2) gives the best quality weld on 77.5 overlapping
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factors in terms of the minimum width of the weld bead, good penetration depth, smooth
surface, and appropriate material deposition.

Sample Nd-YAG Laser Weld Bead Welding Speed (V) Overlapping %
P Backside Surface (mm/sec) (0)
A-1 3 83.0
iR ATH ki 11T BN
50 v .. * ~’;“;’-::\::$!: “' &
A-2 bt o 4 775
etk bk
A-3 5 72.2
A-4 6 67.0

Figure 4. Images of the weld bead backside face with different overlapping percentages and welding
speeds with a magnification scale of 50 x.

(b) 204 : 20
Bead Length- 1.52 mm " - b front side 1 18
: g N 1.64 116
'y \ — ] 4
AR R L £ 144 J14
SRS B = . |
- Weld beads E 124 412
< 104 41.0
gn ] ]
S 0.3+ Jo.8
2 ] ]
= 0.6 406
g 1 J
0.4+ 404
== | j
0.2 do.2
0.0+ 0.0

T T T T T T
60 80 100 120 140 160 180 200 220 240
Welding Speed (mm/min)

Figure 5. (a) Bead length of front and root side of sample A-2 [17]. (b) Represents bar chart of weld
bead between face side and root side.
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3.3. Microstructure Analysis on the Variation of Overlapping Factor

Figure 6a,b,d,e show the SEM views of the top surface of the welded zone of the
annealed A-2 sample. The optical microscope image of the weld bead is presented in
Figure 6¢. This indicates that the heat-affected zone (HAZ) is too narrow among the three
regions of the weld bead: (fusion zone) FZ, HAZ, and BM (Base metal). The microstructure
of FZ is shown in Figure 6b. The grains in the FZ are coarse, which can be easily visualized.
During the melting process, there is a significant coarsening and local disorientation of the
grains, leading to microstructural changes. In that case, when the rate of cooling is very high,
acicular ‘o’ martensite is formed [15]. In the FZ, the microstructure consists of an acicular ‘o’
martensite phase to a great extent. Due to this high amount of acicular martensite, the weld
bead has a high hardness value. This results in reduced ductility [16,17]. Figure 6d shows
the microstructural image of the near-HAZ. It indicates that microstructure is composed
largely of acicular &’ martensite phase, blocky «, and some other phase that is not present
in the FZ compared with BM.

acicujar a’

s

Signal A = SE2 Signal A = SE2 Date 25 Jan 2016
Mag = 400K X Mag = 10.00 K X Time :16:33.06

[
H

Near-HAZ Far-HAZ.

/, acicular o’
= blocky O
aciculara____————

e =

EKT = 1€ 00RV
WO'= 87 mrm

blocky @

Signal A = SE2 Date 25 Jan 2018 EMT = 15.00 &V Date 25 Jan 2016 ZEINy
Nag= 400KX Time 153526 WO = 88 mm Time 152707

Figure 6. Joint morphology of annealed A-2 sample in (a—e).

In Figure 6e, near-HAZ, far-HAZ and both sections have been shown. In the near-
HAZ section, more acicular «” martensite phase and some blocky « are observed. In
the far-HAZ section, less acicular &’ martensite phase and more blocky « are noticed.
Some original « was also found in the far HAZ section. This indicates that there was
incomplete transformation during the cooling process. Hence, this section can be considered
a partially transformed HAZ. The fusion zone of the weld pool produced by Nd-YAG
laser welding contained a large number of needle and fine equiaxed shapes. The reason
for this microstructure’s formation is due to the high temperature at HAZ, and at high
temperatures, the recrystallization and recovery took place, leading to the formation of
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needle and fine equiaxed shapes [16]. The reason for these different shapes: the cooling
rates must be different at different places of the FZ. These needle-shaped phases in the
martensitic «” matrix lower the beta transus, thereby changing the mechanical properties.

3.4. Effects of Annealing on Grain Structure

The FESEM view of the weld section of anneals samples are presented in Figure 7.
Some cracks are observed in the FZ, along with the full martensite «” of the needle shape in
Figure 7a. The microstructure of the sample annealed at the temperature of 950 °C is shown
in Figure 7b. The figure reveals that the formation of new grains is started and cracks
are not seen here. The uniform cooling rate is the reason for these changes in structure.
The grain structure of the sample heat treated at the temperature of 980 °C is shown in
Figure 7c. At this temperature, a new equiaxed « has come into existence. Figure 7d reveals
the fully equiaxed structures. Division of grain boundary and recrystallization was the
primary reason for the formation of the equiaxed o structure [16]. At the high cooling rate,
the sub-boundaries face a speedy recovery, resulting in boundary division taking place.
During the cooling process, resolidification takes place. During resolidification, the higher
surface energy (HSE) molecule tries to acquire less surface energy (LSE), resulting in the
contraction of the structure. Due to this mechanism, a new arrangement is created. This
arrangement is termed an equiaxed structure. At 980 °C, the grains are fine and uniform;
this is surely due to the complete recrystallization of the microstructure. The grain structure
of the heat-treated sample at 1010 °C is shown in Figure 7e. The figure reveals that the
maximum part of the area is covered with the equiaxed « phase. Grains are coarser than
the previous heat-treated sample Figure 7f indicates the enlarged view of the completely
transformed equiaxed «. This says that grain size increases on heating beyond 980 °C.
The volume fraction of the equiaxed structure is maximum. It can be concluded that the
volume fraction depends on the temperature of the heat treatment. At higher annealing
temperatures, the recrystallized structure volume increases progressively. Table 5 indicates
the volume fraction under different annealing conditions.

Table 5. Volume fraction under different annealing temperatures.

As-Welded 950 °C 980 °C 1010 °C
The volume fraction of
needle-shaped structure (%) % 84 52 1
The volume fraction of 2 16 48 89

equiaxed structure (%)

Figure 7. Cont.
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980 °C

200nm EHT = 10.00 »v Signal A = SE2 Date 28 Mar 2016 J—
WD = 5.8 mm Mag = 600KX Time :12:52:49

1010 °C

200nm EHT = 10.00 kV Signal A = SE2 Date :28 Mar 2016 ZEISS
H WD = 6.1 mm Mag= 400KX Time :12:59:26

Figure 7. Structure at different temperatures during annealing. (a) Base Sample (b) at 950 °C (c) at
980 °C; (d) large view of equiaxed structure growth (e) at 1010 °C; (f) close view of an equiaxed
structure [17,18].
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3.5. Tensile Property Analyses of the Samples at Different Overlapping Factors

Many welded samples of different parameters and base metals were tested in every
condition. Among all the tensile strength values, the best values have been considered
and compared with the base metal. The tensile strength of the base metal is presented in
Table 2. Figure 8a shows the welded samples after the tensile test. The fracture is away
from the weld zone in the case of sample A-2, and it is in the weld zone for samples A-1,
A-2, and A-4. It might be due to a large amount of spatter formation and excess heat input,
creating nonuniformity in the material distribution. Figure 8b indicates the stress—strain
curves of the Nd-YAG laser weld samples at different overlapping factors and the base
metal. The curve represents that the tensile strength of sample A-2 is a little higher than
the tensile strength of the base metal as well as other samples. From the tensile test data, it
can also be observed that there is a 4-10% increment in the tensile strength of the A-2 weld
sample as compared to the base metal. Hence, from the above discussion, it is clear that the
overlapping factor of 77.5% shows the best result.

1200
41100
1000
1900
800
E 1700
~ 6§00 7600
7 — A4 ]
g 500 A3 500
= 400 - 400
N — A
3004 1300
200 4 S 200
1004 —— BM {100
0 Fig e gk o Oh [ W R ¥ ) Vg & o SPg B O % D
0 1 2 3 4 5 6 7 & 9 10 11 12
AFTER TENSILE TEST Strain (%)

Figure 8. (a) Tensile tested samples of the Ti-6Al-4V; (b) Stress—strain curve of the Ti-6Al-4V.

The curves for samples A-3 and base metal almost overlapped completely in the last
stage of the profile. After the annealing, the microstructural inhomogeneity reduces, and as
a result, strength increases and the elongation percentage decreases [19]. The increase in
tensile strength is due to the availability of a high amount of acicular «” martensite phase
in the fusion region.

3.6. Tensile Properties Analysis for the Annealed Samples

Table 6 shows the tensile properties of sample (c), annealed at 950 °C, annealed at
980 °C, and annealed at 1010 °C. A stress—strain graph is presented in Figure 9 of the
above-mentioned samples. The curve of the 950 °C samples and sample (c) are similar
in nature with small deviations. The table indicates that sample 980 °C and sample (c)
show the maximum and minimum values of UTS, respectively. On the other hand, samples
at 1010 °C and sample (c) represent the lowest and highest values of elongation %. That
clearly indicates an elongation % decrease on increasing annealing temperature [20].

Table 6. Mechanical properties of samples at different conditions.

Mechanical Base Sample 950 °C 980 °C 1010 °C
Properties
UTS (MPa) 1014 1016 1048 1021

Elongation (%) 10.5 9.9 9.7 9.3
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Sample (¢)
1010 °C
980 °C
950 °C

Stress (MPa)

6 7 8 9 10 11 12
Strain (%)

Figure 9. Stress—strain graph for the annealed samples [17].

Hence, it can be concluded that at 980 °C, the overall grain refinement of the equiaxed
o is the key factor for attaining maximum UTS. In addition to that, at this microstructural,
irregularity is minimum [21-23]. However, for the sample, 1010 °C coarse grains are
responsible for the decrement of UTS.

There is a direct relation between annealing temperature and volume fraction of ‘a’
martensite, i.e., increasing the annealing temperature volume fraction of ‘o’ martensite
increases and vice versa. There is an indirect relation between needle-shaped ‘o’ and
the annealing temperature, i.e., by increasing the annealing temp., the volume fraction
decreases and vice versa [24-26].

3.7. Comparison of Tensile Strength between Overlapped Sample (A-2) and Annealed Sample (Base
Sample) at 980 °C

Figure 10 shows the comparison between the stress—strain curve of the (A-2) sample
and annealed sample at 980 °C. Up to the elastic limit, both have the same tensile strength.
A higher value (1048 MPa) of UTS is observed for a sample at 980 °C than the sample (A-2)
(1018 MPa). There is a 4-5% increment in the UTS of the sample at 980 °C as compared to
the overlapped sample (A-2).
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- - —980°C

500

Stress (MPa)

400 ]
300
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Figure 10. Comparison of stress—strain curve of the sample (A-2) and the sample 980 °C.
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3.8. Variation of Hardness at Different Overlapping Factors

Figure 11a indicates the indentation line of the hardness measurement at the middle of
the weld zone. Figure 11b represents the typical microhardness variation profile of all four
welded joints at different overlapping factors. Base metal indicates a minimum hardness
value of about 360 = 10 HV. The FZ region of the sample (A-4) shows the highest hardness
value with 405 HV. The minimum value of microhardness was found for sample (A-2), and
it is approximately 387 HV. In the HAZ, the sample (A-4) indicates the highest value, and
the sample (A-1) shows the lowest value. The sample (A-2) shows approx. the same value
in the HAZ as well as FZ, which is 387 HV. Upon increasing the overlapping factor, the
microhardness decreases in the HAZ region [27-29].

- “Indeptation line'-

e

(b)

420+
400+

3804  Base

—un—A-1
—eo—A-2

—A— A3
—v—A4

%
} N‘é"" W/

Micro-hardness (HV)

340

: <
Metal , Zone
360 4=

Distance from centre (mm)

440

420

400

380

360

340

Figure 11. (a) Indentation line of the welded joint. (b) Micro-hardness profiles across weld center line.

3.9. Microhardness Analysis of the Annealed Samples

Figure 12 represents the microhardness variation of heat-treated samples and samples
(c) at the selected temperature. The graph indicates that the microhardness value is highest
for sample (c). For sample (c), HAZ shows the lower value of hardness with HV 409,
and FZ shows the highest value with HV 417. The changes in the microhardness for the
annealed samples are minimum. Sample annealed at 1010 °C indicates the highest value of
microhardness in the HAZ region with HV399. The lowest value is found for the sample
980 °C in the HAZ region. The deviation in the microhardness value for the heat-treated
sample at 980 °C is more or less minimum [30-32]. Its microhardness value was observed
in between the HV 381 to 391. The reason for this uniform microhardness in the sample is
grain fineness [33-35]. On the other side, coarse grains are the main reason for the decrease
in microhardness [36,37]. The sample heat-treated at 1010 °C shows the minimum value of

microhardness in the FZ [38].

3.10. Comparison of Microhardness between Overlapped Sample (A-2) and Annealed Sample

(Sample c) at 980 °C

The microhardness comparison between overlapped sample (A-2) and annealed sam-
ple at 980 °C has been represented in Figure 13. From the figure, it is clear that the
overlapped sample (A-2) shows a high value of hardness approximately in every zone. The
variation of microhardness for the annealed sample at 980 °C is lower as compared with
the overlapped sample (A-2). In the fusion zone, overlapped sample (A-2) shows a high
hardness with a value of 397 HV;. The sample annealed at 980 °C presents a hardness of
386 HV in the fused zone. The (A-2) sample shows a hardness 3-4% higher compared to
the annealed sample in the fusion zone. Both have approximately the same microhardness

in the heat-affected zone.
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Figure 13. Microhardness comparison between (A-2) and annealed sample at 980 °C.

3.11. XRD Analysis for the Overlapped Sample (A-2)

Figure 14a indicates the XRD pattern of the annealed sample at 980 °C. This 26 range
covers two possible 3-titanium peaks (bcc), i.e., 100 at an angle of 40.110° and 100 at an angle
of 57.912° and seven possible x-titanium peaks. The seven « peaks were observed at an
angle of ((hcp) 100) 35.875°, ((hcp) 002) 38.568°, ((hcp) 101) 41.488°, ((hcp) 102) 53.121°, ((hep)
110) 63.522°, ((hcp) 103), 70.945° and ((hcp) 112) 76.818°. The above discussion indicates that

23% of 3 peaks and 77% of « peaks occur in the heat-treated sample at 980 °C.
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Figure 14. (a) XRD pattern for an annealed sample at 980 °C [18]. (b) XRD pattern for overlapped

sample (A-2).
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Figure 14b represents four possible 3-titanium peaks (bcc) 100 at 38.013°, (bcc) 100 at
57.34°, (bcc) 100 at 78.06°, and (bcc) 100 at 85.912° and seven possible o-titanium peaks. The
seven « peaks are ((hcp) 100) at 34.875°, ((hcp) 002) at 39.112°, ((hcp) 101) at 39.003°, ((hcp)
102) at 54.224°, ((hcp) 110) at 62.908°, ((hcp) 103) at 70.905°, ((hcp) 112) at 76.208°. The
above discussion shows that 37% of 3 peaks and 63% of « peaks occur in the overlapping
sample. The number of 3 peaks is increased in the laser-welded sample as compared with
a base metal [38,39]. Hence, it is evident that the amount of 3 phase has increased during
heating, and a complete transformation has taken place at a temperature of 958 °C.

3.12. Fractography

To further study the difference of fractures after the tensile tests of the base metal
sample, the Nd-YAG laser welded sample c, overlapped sample (A-2), and heat-treated
samples c at 980 °C. The FESEM image displayed in Figure 15a—e shows the Nd-YAG
laser-welded sample ¢, base metal, overlapped sample (A-2), and annealed welded sample
c at 980 °C, respectively. Figure 15a shows the dimple size is bigger as compared with
the dimples of base metal. Dimple size is not uniform; in some places, it is bigger, and in
some places, it is smaller. In the base metal, the dimple size is smaller, but it is uniform
everywhere. Figure 15c indicates that the sizes of the dimples are appreciably big and are
in large numbers as compared to base metal and lower than that of the normal welded
sample. It clearly indicates that the fracture was a ductile fracture [39,40].
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Figure 15. Cont.
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Figure 15. FESEM fractography of tensile samples (a) Nd-YAG laser-welded sample c; (b) Base
metal; (c) Overlapped sample (A-2); (d) Annealed welded sample at 980 °C; (e) Close view of the
selected portion.

From the literature, it is evident that the formation of dimples largely depends upon
the microstructure, and the formation of the dimples depends on the local stress at the
dimples [20]. In Figure 15d, it can be distinctively observed that the dimples are very fine
and bigger than that of the other samples. Finer dimples show that the load carried by the
welded sample is high and, hence, yields tensile strength, and the ultimate tensile strength
of the sample annealed at 980 °C is higher than that of the sample (A-2). Since the welded
sample has fine dimples and, hence, the local stress at the dimples is lower than the base
metal, this also improves the tensile properties of the joints. High local stress at the dimples
helps to grow the size of the dimple, which leads to a decrease in the yield tensile strength
and ultimate tensile strength. Figure 15e shows the close view of the selected portion. It
indicates that a high amount of oxygen and aluminum was present. Therefore, alumina is a
solid inclusion.

4. Conclusions

The present work is concerned with the investigation of the annealing and overlapping
factor on surface morphology and mechanical properties. The following are the basic
observations derived from the investigation:

i The presence of the acicular ‘«’ martensite phase in the FZ is the main reason for the
increment of tensile strength and yield strength of the welded samples. The higher
hardness in the fusion zone also supports the enhancement of tensile strength.

ii. A high amount of acicular ‘o’ martensite phase is recorded in the FZ and decrement
is observed from near-HAZ to far-HAZ, and it completely vanishes at the far-HAZ
and BM interface.
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iii. A sample having an overlapping percentage of 79.5 shows the most favorable result
in terms of weld quality.

iv. The UTS of the annealed sample (c) at 980 °C was highest with 1048 MPa.

V. Heat treatment reduces the content of the beta phase and increases the alpha phase.

Vi. XRD analysis indicates that 23% of 3 peaks and 77% of « peaks occur in the heat-
treated sample at 980 °C, but 37% of 3 peaks and 63% of « peaks occur in the
overlapped sample.

vii.  In the annealed sample at 980 °C, the dimples are bigger in size as compared to
overlapped sample (A-2). Dimples are evenly distributed, which also increases the
tensile strength.
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